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PREFACE

The present Volume of NATO series contains the proceedings of the NATO 
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associated and partner countries. The meeting has represented an important oppor-

to discuss about an important topic with a big impact on the society, pollution cont-
rol and remediation. The possibilities related with the application in this field  
of advanced functional materials, such as sol-gel processed materials is clearly 
emerged during the meeting. Future directions of research have been widely dis-
cussed and envisaged for a future scenario in this area. 
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DESIGN OF FUNCTIONALIZED POLYSILOXANE ADSORBENTS 

AND THEIR ENVIRONMENTAL APPLICATIONS 

YURIY L. ZUB*

O.O. Chuiko Institute of Surface Chemistry, National Academy
of Sciences of Ukraine, 17 General Naumov Str., Kyiv 03164 
Ukraine  

Abstract. Here we consider the routes of synthesis (which is performed by use 
of sol-gel method) of a new class of sorbents, namely: polysiloxane xerogels 
functionalized with nitrogen-, oxygen-, phosphorus- and sulfur content ligand 
groups. Applying a number of physical methods (SEM, TEM, AFM, IR and 
Raman spectroscopy, 1 , 13C, 29Si and 31P CP/MAS NMR, EPR spectroscopy, 
ERS, thermal analysis) we established the structure of both: the xerogels and 
their surface. An influence of some factors on the structural-adsorption charac-
teristics of such xerogels and their sorption properties is analyzed.

Keywords: Sol-gel method, functionalized polysiloxane xerogels, synthesis, structure, 

1.

Modification of silicas surface by trifunctional silanes, R3SiR  (R – l or AlkO; 
R  – functional group)1–4; realization of hydrolytic polycondensation of alkoxy-
silanes5–9 (the sol-gel method10); accomplishment of hydrolytic polycondensation 
of alkoxysilanes in the presence of surfactants (the tamplate method)11 – these 
are the most widly used approaches which are applied for synthesis of poly-
siloxane adsorbents that contain functional groups in their surface layer. 

Here we consider the sol-gel method which recently had received wide  
practice. Usually, the most applied one is its variation which is based on reaction 
of joint hydrolytic polycondensation of alkoxysilanes (Scheme 1). Introduction 
of water and catalyst (e.g., +, –, F–) in the initial system leads to hydrolysis 
of alkoxysilanes with a formation of silanol groups, Si–OH.

*To whom correspondence should be addressed: Dr. Yu.L. Zub, Head of Surface Chemistry of Hybrid 
Materials Department, O.O. Chuiko Institute of Surface Chemistry, NAS of Ukraine, 17 General Naumov 
Str., Kyiv 03164 Ukraine; e-mail: yuriyzub@voliacable.com 

Introduction

© Springer Science + Business Media B.V. 2008 
P. Innocenzi, Y. L. Zu b and V. G. Kessler (eds.), Sol-Gel Methods for Materials Processing.

sorption properties. 

______



Y.L. ZUB 2

         + H2O (Solv), catalyst 
xSi(OAlk)4 + y(AlkO)3SiR  + z(AlkO)3SiR  –

                              –  (SiO4/2)x · (O3/2SiR )y · (O3/2SiR )z
                        –AlkOH 

Scheme 1 

These groups start to interact with each other(or with alkoxysilyl groups, 
AlkO–Si ) immediately, which leads to a creation of siloxane bounds ( Si–O–
Si ), causing occurrence of oligomers. The results of further condensation of 
these oligomers are the occurrence of polymers of a various structure. The 

creation of aggregates causes transaction of sol into gel. The following treat-
ment of formed gel (its ageing, washing, drying, etc.) results in a xerogel. The 
presence of trifunctional silanes (AlkO)3SiR  (functionalizing agents) in above-
mentioned systems allows one to obtain xerogels (adsorbents) which contain 
necessary functional groups in their surface layer. Most of alkoxysilanes are liq-
uids, which are mixed up together, however, nonaqueous solvents often are used 
during synthesis – as with the purpose to avoid the occurrence of interface 
phases during the gel formation, and with the purpose of rendering influence on 
porous structure parameters of the final products. 

Application of the sol gel method to synthesising functionalized polysilo-
xane adsorbents (FPA) offers a number of advantages over other methods. The 
main one of these advantages lies in the possibility of application of multicom-
ponent systems. Firstly, it is possible to vary both nature and concentration of 
the structure-forming agent.12 Tetraethoxysilane, Si(OC2H5)4 ( E S) is most 
often used as one. However, it is possible to use bis(trialkoxy)silanes, (AlkO)3Si-

-Si(OAlk)3 (  – organic bridges)13–15 and more complicated alkoxysilanes as 
structure-forming agents.16 The combinations of structure-forming agents also 
can be used, including alkoxycompounds of other elements.17 Secondly, it is possi-
ble to vary both composition and ratio of functionalizing agents.18 In this case the 
application of one-stage process allows to prepare polysiloxane adsorbents which 
would contain simultaneously several functional groups with different nature.  

It is meant, that character of these groups and the range of their ratios can be 
sufficiently wide. However, it is necessary to remember, that both nature and 
geometrical sizes of functional groups (R’  R”) have, as a rule, an essential 
influence on a route of hydrolytic polycondensation reaction. As a result in such 
systems one can not observe gels’ formation, or the formed gels would not be 
homogeneous, etc. It is noted, that the content of functional groups in xerogels 
can reach 6.0 mmol/g, which is about an order of magnitude greater than that 
attained in the situation with modified silicas.1–4 It is noted also, that a wide 

growth of polymers conducts to occurrence of colloidal particles which conse-
quently leads to occurrence of sol. The further integration of these particles and 
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range in the choice of conditions which are acceptable for effecting the hydro-
lytic polycondensation reaction allows one to obtain final products – xerogels – 
with imperative properties. The above-stated relates, in the first place, to their 
structural-adsorption characteristics. Taking into account an existence of huge 
number of alkoxysilanes derivatives, it is possible to assert about the presence 
of significant prospect in search of new materials with unique properties. 
Therefore the fact of fast development of this chemistry area (especially last 
10–15 years) does not cause surprise. The cycle of Slinyakova team’s papers, 
which was devoted to research of organosilicon adsorbents (xerogels) with alkyl 
and aryl radicals in their surface layer,19 was the base of such progress. Else in 
1977 this team together with Voronkov’s team also described a preparation of a 
xerogel with the use of hydrolityc polycondensation reaction of mercaptom-
ethyltrimetoxysilane.20,21 It was the start of papers series which concern S-
containing silicon-organic sorption materials.22,23 It is meant, that the nature of 
functional groups R  in the initial trialkoxysilanes (AlkO)3SiR  may be rather 
different. This short review was intended to consider the methods of synthesis, 
structure and sorption properties of xerogels containing complexing groups as 
functional one’s. 

2. Synthesis of Functionalized Polysiloxane Adsorbents 

Else in 1966 3-aminopropyltrietoxysilane (C2H5O)3Si(CH2)2NH2 ( PTES) was 
offered for producing of an aminocontaining xerogel.24 Later such xerogels 
were obtained repeatedly and they are studied in details. The aim of numerous 
works25,26 was to synthesis an adsorbent with a high content of amine groups. 
However, the influence of S/ PTES and other conditions on structural-
adsorption characteristics of the final producers the ratio was not yet established. 
As it is known these characteristics have direct relation with functional groups 
accessibility. This gap was filled in.27–29 Reaction of a concurrent hydrolytic poly-
condensation of TEOS and APTES at their molar ratio of 2:1 is used for synthesis 
of such xerogel; the alkaline medium was created after addition of water. Some 
synthesis were carried out by the use of nonaqueous solvents. The procedure 
made it possible to prepare xerogels with reproducible main characteristics and 
a content of [(SiO)2.6(O3/2Si(CH2)3NH2).H2O].27–29 Depending on the synthesis 
conditions the content of amine groups varied in the interval from 2.8 to 4.2 
mmol/g. The obtained xerogels have high hydrolytic and thermal stability, for 
example, the decomposition of their surface layer begins beyond 275°C.25,30 The 
above-considered approach involved application of ethanol, which often allowed 
to avoid appearance of two phases during formation of gels and was employed 
for producing xerogels with such functional groups as Si(CH2)3NHCH3,

Si(CH2)3NH(CH2)2NH2, Si(CH2)3NC3H5N (imidazolyl), [ Si(CH2)3]2NH.18,30
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Synthesis of xerogels with aniline group (or its derivatives) were presented 
in35–38 (catalyst – HF, solvent – ethanol). Obtaining low-density xerogels that 
contain aminogroups of various nature was analyzed in,39 and obtained mono-
dispersed colloid particles which contain aminogroups were considered in.40

Obtaining xerogel-anion-exchanger with functional group of Si(CH2)3 N(CH3)3
+Cl– composition was described in26,41 (acid medium, solvent – alcohol), with 3-
n-propyl-1-azonia-4-azabicyclo[2.2.2]octanechloride – in.42

Monocomponent systems were used to obtain xerogels that contain cyclam.43

It was shown that parameters of their porous structure depend on a nature of 
catalyst, solvent, composition of hydrolysing groups [Si(OEt)3 or SiH3] and a 
temperature of gel treatment. It is interesting, that hydrolytic polycondensation 
of the monomers with a ligand group NHC(=NH)NH2 was completed only in 
70 h at 100 C, and in the situation of its symmetric analogue the corresponding 
polyalkylsilsesquioxane could not be obtained by this method. Therefore the 
hydrolytic co-polycondensation of that monomers with TEOS23 was used.

The authors18,30,44 described a synthesis of porous xerogels with a bifunc-
tional surface layer composed of Si(CH2)3NH2/CH3 (or C6H5). The ingredient 
ratio in the initial solution was 1:1:1. It allowed to keep relatively high content 
of 3-aminopropylgroups in the final products (3.0–3.7 mmol/g). A refusal to use 
of ethanol during synthesis of such xerogels leads to form two phases during 
gels formation.29 Earlier41 it was shown that an introduction of methyl groups 
increases mechanical strength of spheres of xerogels (0.2–1.5 mm) with amine 
groups.

Aminocontaining xerogels were obtained by (C2H5O)3Si(CH2)2Si(OC2H5)  
(BTESE), (C2H5O)3Si(CH)2Si(OC2H5)3 (B EST) and (C2H5O)3SiC6H4Si (OC2H5)3
(B ESB)13,14 15 studied the particularities 
which were observed in the case of the synthesis of xerogels with 3-aminopropyl 
groups and showed that in order to avoid nonhomogeneous gelation it was 
necessary to use ethanol, to effect a preliminary hydrolysis of structure-forming 
agent (with F– as a catalyst), and to enlarge the time for gel ageing with the 
purpose to increase of polycondensation degree. The content of ligand groups in 

In the last case the formation of so-called “arched structures” Si(CH2)3–NH–
(CH2)3Si  expexted, that obviously should have a high hydrolityc stability. The 
authors31–33 described a synthesis of xerogels with ethylenediamine groups  
(and an additional vinyl groups33). These synthesis did not involve any solvent. 
The ratios of alkoxysilanes EOS/(CH3O)3Si(CH2)3NH(CH2)2NH2/(C2H5O)3

SiCH=CH2 in the initial solutions were 1:1:1 and 4:1:1; a content of 
aminogroups in the final products was 1.8–2.8 mmol/g. However, no parameters 
of the xerogel porous structure of were presented. In6 it was shown when the ratio 
of alkoxysilanes of EOS/(CH3O)3Si(CH2)3NH(CH2)2NH2 = 2:1 the formed 
xerogel was practically nonporous. This agrees with the data of Silva and 
Airoldi.34

 as structure-forming agents. The authors

3
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Figure 1. SEM (  – 480x; b – 3,200x) and AFM14 micrographs of aminocontaining xerogel. 

Parish and co-workers32 proposed several approaches to obtain xerogels which 
would contain Si(CH2)2 or 3PPh2 groups (catalyst – (n-Bu)2Sn (CH3COO)2,
solvent – ethanol or toluene). Later these syntheses were reproduced in metha-
nol.45 The xerogels that contain additional groups (amine or thiol) were also 
described. Partial oxidation of P(III) atom was observed in all cases.45 Obtain-
ing xerogels with phosphine ligands was considered in details by Lindner.46

The systems with two and three components were used for synthesis of xero-
gels with (thio)urea groups (TEOS was a structure-forming agent; ethanol as a 
solvent; F–/Si ~ 1/100). The alkoxysilanes ( 2 5 )3Si(CH2)3NHC(S(O)) NHR ,
where R  = - 2 5, -C3H7; -C6H5; -CNSC6H4; -(CH2)3Si(OC2H5)3, were invol-
ved as functionalizing agents.47 Also the precursors forming arched structures 
are used.48 When the TEOS/trifunctional silane ratio is 2:1 the surface of for-
med xerogels possessed hydrophobic properties, and the xerogel did not have 
porosity, while at a ratio of 4:1 (or 8:1) they showed hydrophilic properties and 
porous structure. The xerogel surface acquired hydrophilic properties also in the 
case of introduction of additional amine groups. The content of functional groups 
was 0.9–3.3 mmol/g. For xerogels with arched structure the first exoeffect was 
observed in the range 380–430 .47,48 Synthesis of xerogels with malonamide 
ligands were considered in.40

Unger and coworker50 described the synthesis of xerogels using 1,2-epoxy-
3-propoxypropyltriethoxysilane. Initially, polyethoxysiloxane was prepared from 
TEOS by acid hydrolysis. Homogeneity of the reaction medium in the second 
stage was maintained by adding of sodium or ammonium hydroxide, therefore 
the final product contained either 1,2-dihydroxyl-3-propoxypropyl or hydroxyl-
amine functional groups.

photographs (Figure 1a, b) the lamellar structure is characteristic feature for 
these xerogels. Their AFM micrographs are presented in Figure 1c. It is brought 
about by the existence of aggregates of primary particles (globules). Their size 
amounts to 30 65 nm. 

the prepared xerogels ranged from 1.0 to 2.6 mmol/g. According to SEM micro-

a b  c

0
Data type
z range

Height
500.0 nm

1.00 m 0
Data type
z range

Amplitude
0.2000 V

1.00 m
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Synthesis of xerogels with groups Si(CH2)3SH is usually performed by 
applying such catalysts as (n-Bu)2Sn(CH3COO)2

25,26 or HCl.51,52 However, accord-
ing to the NMR spectroscopy data26,53 the polysiloxane skeleton of these xerogels 
does not have any effective cross-linking. Besides that, the polymeric matrix 
composition includes tin.25 Moreover, these systems are noted to have two 
phases, and the formed xerogel is practically non-porous.54 These drawbacks 
could be avoided by using methanol as a solvent and F  as a catalyst.54 The 
xerogel obtained at EOS/ PTMS = 2:1 possessed an extended porous struc-
ture (the content of HS groups was equal to 4.5 mmol g 1).

The vary of alkoxysilanes ratio in the range of 5:1–1:1 allowed to obtain 
xerogels with thiol groups content from 1.9 to 5.3 mmol/g.55 In the last case  
the sample consists of partly stick together particles of the spheric form (their 
size is 2.5–3.0 mkm, Figure 2). It is not typical for xerogels of this class. The 
xerogels which contain 3-mercaptopropl groups were synthesized with the use 
of BTESE and BTESB as structure-forming agents; the content of functional 
groups was 1.0–2.7 mmol/g.14,56

Obtainance of xerogel with a ligand group that contained sulphide, amine 
and thiol centers was considered in.57 A comparative characteristic of sorbents 
with SH-groups is given in.52,58

                            b 

Figure 2. SEM microphotographs of HS-containing xerogels ( EOS/ PTMS = 1:1 ( ) and 3:1 (b)).55

18,54 described also preparation of xerogels which contained a 
bifunctional surface layer of the SH/NH2 type (the structure-forming agent was 
TEOS). PTMS/ PTES ratio in an initial solution (3.0, 1.0 and 0.33 mol) deter-
mined the ratio of functional groups in the final products. Earlier synthesis of 
xerogels with thiol and amino groups were considered in.51 Most of amino-groups 
in the obtained xerogel are protonated. The exception is a sample obtained at the 
ratio of EOS/ PTMS//(CH3O)3Si(CH2)3NH(CH2)2NH2 = 4:1:3. The authors51

suppose that most of aminogroups form hydrogen bond with thiol groups. This 
hinders their protonation in the acid medium. It is interesting that the treatment 
of these xerogels by 0.11  HCl gives only 1–2% mass loss, during that time 

The authors
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when the same treatment of aminocontaining xerogels gives mass loss of  
8–10%.26

The xerogels with an analogous surface layer were obtained using BTESE 
as a structure-forming agent.59 PTMS/ PTES ratio in an initial solution was 
1:1. The synthesis of xerogel that contain simultaneously CH3– and HSCH2–
groups in its surface firstly was described in.60 Co-polycondensation of these 
two alkoxysilanes in aceton leads to polymers that as the authors suppose60 has 
the following structure of its chain: 

                  CH3

2

The surface of this polymer has weaker acidic properties than the surface  
of xerogel which was synthesized using only ( 3O)3SiCH2SH.17 Polysiloxane 
xerogels which contain 3-mercaptopropyl and methyl groups in the surface layer 

– 61 The 

(mix of trifunctional silanes) was 1:1 and 2:1. The content of HS groups in the 
xerogels obtained was 1.2–4.7 mmol/g. According to FM these xerogels are 
composed of spheric particles. The mean size of these particles is close to 35–45 

analogous conditions.62 The content of HS groups in these xerogels was 1.2–3.5 
mmol/g.

For the first time the xerogel with groups Si(CH2)2COOH was synthesized 
in 196463 by the acid hydrolysis of (C2H5O)3Si(CH2)3CN with following addition 
of TEOS. Obtained white product sorbed well the NHEt2 and Py. Later on this 
approach was considered in detail by the authors.64,65 One of the salient features 
of the synthesized xerogels was that the content of carboxyl groups (according 
to the potentiometric titration data) was always lower than the content calcu-
lated from the element analysis data for carbon (1.8–3.7 mmol/g). Therefore, 
these groups may be partly incorporated in the polysiloxane matrix, or some 
part of them forms complex ethers. Synthesis of xerogels with ligand – EDTA 
analogue was described in.66

The hydrolytic polycondensation of (C2H5O)3Si(CH2)2P(O)(OC2H5)2 in boil-
ing HCl (conc.) gives a fragile substance with a composition of [O3/2Si(CH2)2
P(O)(OH)2]x.

67 The xerogels contained (thio)phosphineoxide groups were also 
prepared using (S,O=)P[C6H4Si(OPri)3]3.

68 In this case the hydrolytic polycon-
densation was held in THF together with the presence of an excess of water, the 
catalyst was n-toluenesulfonic acid or HCl. In the last case the process resulted 
in formation of highly porous xerogels. 

were obtained with ethanol used as a solvent and F  used as a catalyst.

           –[–Si–O–Si–S–CH –Si–O–]–

nm. The xerogels that contain n-propyl group instead methyl were synthesized in 

ratio of trifunctional silanes is varied from 1:2 to 2:1, and the ratio of EOS/



Y.L. ZUB 8

The system with two components TEOS/(C2H5O)3Si(CH2)2P(O)(OC2H5)2
(DFTS) was used to obtain xerogels with P=O-groups (the ratio of components 
was 2:1–10:1; ethanol used as a solvent; F–/Si = 1/100 (mol)). 69 The content of 
functional groups in the obtained xerogels was 1.2–1.4 mmol/g. The samples 
which were synthesized at the alkoxysilanes’ ratios of 6:1–10:1 had porosity.69

At the same time the analogous xerogels which had HCl acid as the catalyst70

were porous only at the ratios of alkoxysilanes equal 10:1. The acidic treatment 
of nonporous xerogels leads to formation of porous samples with Si(CH2)2
P(O)(OH)2 functional group.71 Its content was 2.6–3.5 mmol/g. 

Also bis(trialkoxy)silanes (RO)3Si- -Si(OR)3 used for synthesizing P O-
containing xerogels.70 However, in the case of  = -(CH2)2- (at a content of  
80 mol%) and HCl as a catalyst these xerogels turned to be practically non-
porous, and porous samples were obtained only in the case of conversion –

(O)(OEt)2  – ( )( )2. In72 it was shown that gelation of alkoxysilane 
(EtO)3SiCH2CH [PO(OEt)2]CH2CH2Si(OEt)3 in the medium of 1 M HCl (with 
THF as a solvent) for 11 days led to the transparation of monolithic sample 
whose boiling in concentrated HCl yielded a xerogel with – ( )( )2 groups. 
Xerogels which contained amide derivatives of phosphonic and thiophosphonic 
acids, Si(CH2)3 NHP(O,S)(OC2H5)2 were obtained by application three compo-
nents systems ( EOS was a structure-forming agent).73 3-mercaptopropyl and  
3-aminopropyl groups were used in addition to P=O-groups. The general content 
of functional groups were reaching 3.6 mmol/g.  

Ethoxysilyl derivatives74 of - and -cyclodextrines were used for preparing 
xerogels with these macrocyclic molecules (DMF (or DMF/water) used as a 
solvent, F–/Si = 1/100 (mol)).75 The content of functional groups was 0.1, 0.5 and 
1.0 mmol/g.  

3. Structure of Functionalized Polysiloxane Adsorbents 

The research of the FPA structure have some difficulties as FPA are the amor-
phous compounds. Therefore it is necessary to apply a number of physical 
methods which allow to obtain the reliable information about FPA’s structure 
on the globular and molecular levels. There is also difficulties in the studying of 
the composition and structure of FPA surface layer, particularly, when this layer 
is polyfunctional. In this chapter the authors consider the possibilities which 
some physical methods give.

3.1.  VIBRATIONAL SPECTROSCOPY

The vibrational spectroscopy, especially IR spectroscopy, is known to be a 
traditional technique used for FPA investigation. Its wide application makes it 
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possible to ascertain that the obtained adsorptive materials contain (a) siloxane 
bonds and introduced functional groups (and/or products of their transformation 
during the course of synthesis), (b) silanol groups (and/or alkoxysilane groups), 
(c) water and/or nonaqueous solvents used during synthesis. Finally, the vibra-
tional spectroscopy data often gives possibility to make conclusions about the 
participation of functional groups in hydrogen bond formation. 

Here we considered IR spectra of some xerogels which are typical for func-
tionalized polysiloxane adsorbents. Thus, the most intensive adsorption band with 
a high-frequency shoulder is observed in the region 1,000–1,200 cm–1 of IR 
spectra of the xerogels with Si(CH2)3SH/ Si(CH2)3NH2 bifunctional surface 
layer54 (Figure 3) consistent with the presence of a three-dimensional siloxane 
framework ( Si-O-Si ). The presence of propyl chains in the IR spectra is indi-
cated by a group of adsorption bands of weak intensity in the region 1,300–
1,500 cm–1 and two (sometimes – three) adsorption bands of medium intensity 
in the region 2,800–3,000 cm–1. Last one is characterized by stretching vibrations 
of s,as(CH). In the IR spectrum of xerogel with thiol groups (Figure 3B) at 2,565 
cm–1 is legibly fixed the adsorption band which refers to (SH). The reduction 
of part of T S in a starting solution results into the decrease of its intensity 
and which becomes invisible in the IR spectra of xerogels C and D (Figure 3). 
However, Raman spectra of these xerogels6 have the line in 2,570–2,580 cm–1

region, assigned to (SH),76 irrespectively to a ratio in surface layer of thiol and 
amino groups. Besides in Raman spectra of samples C and D at higher than 
3,250 cm–1 weak lines are observed and assigned to s,as(NH) vibrations of amino 
groups. As all the samples contain water, the adsorption band of medium inten-
sity is observed in the region 1,625–1,640 m–1 , and it correspond to vibrations 
of ( 2 ). Other wide intensive band is presented at higher 3,100 cm–1 in all IR 
spectra, assigned to ( H) of adsorbed water. On its background for samples C, 
D,  and F at ~3,300 and ~3,370 cm–1 there are two additional low intensive 
adsorption bands which can be referred to s,as(NH) of amino groups (Figure 3). 
Besides in the IR spectra of samples C-F there are weak adsorption bands at 
1,585–1,595 and 1,540–1,555 m–1 which intensity increases from the sample C 
to F, that is at increasing of amino groups in surface layer. Such bands are absent 
in the IR spectrum of xerogel B. Occurrence of these bands is caused by defor-
mation vibrations of amino group (N 2).

Considering the different nature of –SH and –NH2 groups, it is possible to 
assume the protonation of amino groups. In other words, in such xerogels the 
surface layer can have salt character of type [ Si(CH2)3NH3]+[ Si(CH2)3S] .
However the line correspond to (SH) in Raman spectrum is conserved even  
at dominating quantity of amino groups in surface layer (sample ).76 Moreover 
the adsorption bands which correspond to stretching vibrations of s,as(NH) and 
deformation vibrations (N 2) of unprotonated amino groups are observed in the 
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Figure 3. IR reflection spectra of xerogels containing S–group (B); bifunctional surface layer 
with the ratio of –SH/–NH2 = 3.2 (C), 1.1 (D) and 0.4 (E); amino group (F); the xerogels treated 
by 0.1  HCl solution (DH+, EH+ and F H+).

IR spectra of xerogels C and D (Figure 3) (Worth mentioning that these figures 
have excess of thiol groups in relation to amino groups in thier surface layer). 
The similar situation was observed for the polymers which were obtained by 
reaction of hydrolytic polycondensation of mixtures MPTMS/APTES at  
the ratios 1:1 and 4:1.77 If the alkylamonium cation was formed in samples  
B–D, several typical adsorption bands would have been observed in their IR 
spectra in the region 2,500–2,800 cm–1 and the band of medium intensity at 
~2,000 cm–1

.
76. However these adsorption bands are not registered in the IR 

spectra for these samples (Figure 3). They are observed in the IR spectra of 
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samples D,  and F only after their treatment by 0.1 M HCl solution (Figure 3). 
Moreover two intensive adsorption bands at ~1,500 and ~1,610 cm–1 which are 
referred to s(N 3

+) as(N 3
+) correspondingly (last adsorption band is masked 

by less intensive adsorption band of ( 2 ) located in the same region) appear 
in the IR spectra of such samples (Figure 3). Similar adsorption bands were 
observed in the IR spectra of intercalate APTES/Zr(HPO4)2 which contained 
protonated products of the PTES condensation.78 Thus, the amino groups in 
the surface layer of the initial FPA are non-protonated but are involved in the 
hydrogen bond formation. The weak adsorption band (N 2) at 1,600 m–1is
recorded in the IR spectrum of individual APTES. This band was assigned to a 
hydrogen bond between amino groups.6 In the IR spectra of xerogels C–F there 
is low intensive adsorption band in this region (see above) which often splitted 
in two components and shifted in low-frequency area on 7–69 m–1 (Figure 3). 
This fact may indicate the formation in xerogels of hydrogen bond of different 
nature than in APTES. Probably, the mentioned hydrogen bonds differ a little in 
nature. Similar observations have been made for bifunctional xerogels which 
were synthesized using BTESE as a structure forming agent.59

The application of IR spectroscopy aiming to study xerogels which syn-
thesis involved participation of bis(trialkoxysilanes)13 15 enabled one to reveal 
the presence of Si– –Si  bridges, noncondensed silanol groups of two types 
(their absorption bands ( ) are observed at ~3,730 and ~3,650 cm–1) and 
some nonhydrolyzed Si OC2H5 groups. This provides evidence for particula-
rities of a polymeric skeleton structure of such sorbents.   

If in a surface layer of xerogels appear functional groups that are more 
complex in their composition (for instance, Si(CH2)2NHC(O,S)NHR  or 

Si(CH2)2P(O)(OC2H5)2), the IR spectra of the xerogels also becomes more 
complex. However, the presence of typical absorption intensive bands in the 
region 1,400 1,700 cm 1 (one in the case of thiourea groups and two in the case 
of urea groups) allows one to detect easily the presence of –NH–C(O or S)–NH– 
fragments in the xerogel surface layer.47 In the case of IR spectra of xerogels 
which contained Si(CH2)2P(O)(OC2H5)2 groups, the most intense absorption 
band exhibits the second shoulder at ~1,210 m–1 corresponding to (P=O)
This band is observed at 1,241 cm–1 for individual DFTS. Hence, the shift of 
this band in a low frequency region testifies to the presence of phosphoryl 
groups in the hydrogen bond formation.69 The same situation is observed in the 
case of xerogels with such groups as Si(CH2)2NHP(O)(OC2H5)2.73

The absence of absorption bands ( N) in the region 2,200 2,300 cm 1 of 
the IR spectra for carboxyl-containing xerogels gives evidence for the complete 
saponification of nitrile groups.79 At the same time in these spectra an intense 
band of absorption appears in the region 1,720 1,730 cm 1. This is a typical  
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feature of COOH groups which are connected with OH groups by hydrogen 
bonds.76 Moreover, another band appears at ~1,645 cm 1, which provides evi-
dence to formation of some carboxyl groups of ester bonds. This process is due 
to the interaction of carboxyl group with either silanol groups4 or with ethanol. 

3.2.  SOLID-STATE NMR SPECTROSCOPY 

It is noted that 13  CP/MAS NMR spectroscopy is used to study mostly FPA, 
but its results have as a rule qualitative character. Here is considered spectra of 
some xerogels with mono (–SH or –NH2) and bifunctional (–SH/–NH2) surface 
layer (Figure 4). Assignment of signals which are observed in those solid-state 
NMR spectra are represented in Table 1. This fact supports in.51

The peculiarity of these spectra is a signal overlap of the central carbon 
atom of propyl chains and the C atom which is connected with SH-group of the 
same chain.26,51 It is known that the chemical’s shift value of the central carbon 
atom of propyl radical Si-C[CH2]C-NH2 in the 13  CP/MAS NMR spectrum 
points out the status of amino groups. Thus, this resonance line is present at ~28 
ppm in the 13  CP/MAS NMR spectrum for individual APTES which have a 
hydrogen bond between amino groups while in the case of protonation of  
3-aminopropyl groups grafted to Si 2 surface this line shifted into the strong field 
region and is seen at 21–22 ppm.80

Considering a signal location of the central carbon atom of 3-aminopropyl 
chain in the 13  CP/MAS NMR spectrum of sample D (Figure 4 and Table 1), it 
is necessary to make a conclusion about protoning NH2-groups of this xerogel. 
Thus the protoning of NH2-groups can be as a result of interaction of this group 
either with a proton of thiol group or with a proton of silanol group. However it 
contradicts with the conclusions which were made on the basis of vibration 
spectroscopy data. Therefore, if the 3-aminoprpyl group is not protonated in 
xerogel D then it takes part in a hydrogen bond. This is due to shift in signal  
of the central carbon atom of propyl chains in the region of stronger fields  
(20–23 ppm). Thus, there is resonance at ~28 ppm of individual APTES in the 
13  CP/MAS NMR spectrum while at protoning of graft 3-aminopropyl groups to 
surfaceB Si 2 it is moved in the region of stronger fields (21–22 ppm). It is clear 
that the hydrogen bond characters in the sample D differs from the one which is 
realized in initial APTES. It is evident that 3-aminopropyl group in a surface of 
the sample D (and also C and ) forms hydrogen bond with a silanol group. 
Water molecules which are located in the surface layer of these xerogels54 also 
form hydrogen bond, for example, like this type [ Si(CH2)3H2N ...

2
... H Si ].

Therefore, a signal from the central carbon atom of propyl chains will be located 
in the same region (20–23 ppm) of 13  CP/MAS NMR spectrum – as well as in  
the case of protonation of the aminogroup, which is found in the xerogel surface 



POLYSILOXANE ADSORBENTS 13

                             a                                                  b c

Figure 4. 13C CP/MAS NMR spectra of samples A,  and D. 

TABLE 1. Summary of 13C CP/MAS NMR data for A, B , D and F xerogels. 

Chemical shifts (ppm) Signals assignment 
Sample A Sample B Sample D Sample 81

SiCH2CH2CH2(SH r NH2) 10.9 10.8 10.0 10.4 
SiOCH2CH3 17.7 17.7 – – 
SiCH2CH2CH2NH2 – – 21.2 22.1;  

SiCH2CH2CH2SH 27.2 27.1 27.0 – 
SiCH2CH2CH2NH2 – – 41.9 42.9 
SiOCH3 ~52 51.4 – – 
SiOCH2CH3 60.4 59.7 – – 

13

This is in that region where the signal from the central carbon atom of 
individual APTES is located. In other words, removing of water from surface 

amino and silanol groups, the role of which carried out water molecule, and to 
form a new hydrogen bond between only amino groups. 

xerogels correlates and is supported by the results of studying 13  CP/MAS NMR 
and 1  MAS NMR spectra of sample F.13

atom of propyl chains is found in the same region (21–23 ppm) in 13  CP/MAS 

25.5 (sh)

group (with participation of water molecule).

layer during the heating of the sample results into removing of a bridge between 

HCl solution (Figure 5). This signal is moved to weak fields in the 

layer, and same is in the case of its formation of hydrogen bond with a silanol 

NMR spectrum of this sample obtained before and after its treatment by

The suggested hypothesis about surface layer structure in such bifunctional 

CP/MAS NMR spectrum when the initial xerogel are heated in a oven (Figure 5).

 Thus, a signal from the central carbon 
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Figure 5. 13C CP/MAS NMR spectra of initial xerogel E (a), dried in oven (b) and treated by 
0.1  HCl (c).

Otherwise, there is a reorganization of surface layer in the xerogel. There-
fore, the state of surface layer in such xerogels depends on a drying condition  
of the samples. This conclusion is supported by the results of works26,52,82 for
which long drying of xerogels in vacuum is characterised: according to 13  CP/ 
MAS N  spectroscopy data amino groups in the surface layer of these samples 
take part at hydrogen bond the character of which is similar to one in individual 

S.
The use of 31P CP/MAS NMR spectroscopy allowed to reveal transformation 

of Si(CH2)2 ( )(OC2H5)2 functional groups in the surface layer of xerogels 
after they were treated by boiling conc. HCl.69,83 Thus, 31P CP/MAS NMR spec-
trum of the initial xerogel contains a single intense symmetric signal within the 
region from 10 to 40 pmm (Figure 6 ). The location of this signal is close to  
the one of phosphorus atom signal of the initial DFTS (32.984 or 34.5 ppm70).
The appearance of an additional signal at 23–24 ppm in the 31P CP/MAS NMR 
spectrum was observed after the treatment of the initial xerogel by conc. HCl 
and its drying in vacuum (Figure 6b). This signal gives evidence to the formation 
of Si( 2)2P(O)( )–OSi  product during the drying in vacuum at 120° .
The difference between the two signals is ~9 pmm, therefore, two types of 
functional groups are presented on the surface: those which take part in the 
hydrogen bonds formation, Si( 2)2P(O)( )2, and those which are involved 
in the Si–O–P(O)( )– bond formation.69,83 The appearance of an additional 
signal in the 31P CP/MAS NMR spectra of bifunctional xerogels most likely is 

2 2 2 5
of phosphorus containing groups.73
due to formation of similar bridges, Si(CH ) P(O)(OC H )–OSi , by the part 
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Solid-state NMR spectroscopy was found very useful for studying xerogels 
with complex functional groups, for instance, cyclodextrines (CD).75 In 13C CP/ 
MAS NMR spectrum of the xerogel which were functionalized by -CD with 
ethoxysilyl groups are presented by signals on CD fragment as Si(CH2)3
NHC(O)O– spacer.

                                              a                                                        b 

Figure 6. 31P CP/MAS NMR spectra of the xerogels containing Si(CH2)2 ( )(OC2H5)2 groups:
before ( ) and after (b) the treatment of conc. HCl. 

29Si CP/MAS NMR spectra can furnish valuable information about local 
surroundings of the silicon atoms. These spectra of functionalized polysiloxane 
xerogels contain, as a rule, two sets of resonance signals in the spectrum inter-
val from 110 to 50 ppm relating to different structural units (Figure 7). In the 
first region there are three signals at about 110, 100, and 90 ppm that are 
related to ( SiO)4Si (Q4), ( SiO)3Si(OAlk) (Q3) and ( SiO)2Si(OAlk)2 (Q2), res-
pectively (Alk = H, Me or Et).85 The second region also contains one signal at 

66 ppm with a shoulder at 57 ppm, that are related to the structural units 
( SiO)3SiR  (T3) and ( SiO)2(AlkO)SiR  (T2). 29Si CP/MAS NMR spectra of 
xerogels which contain 3-mercaptopropyl and methyl groups in their surface layer 
presented in Figure 7 as example.61 The absence of signals from structural units 
T0, 1 and Q0, Q1 type in the considered spectra testifies about a high degree of 
course of hydrolytic polycondensation reaction. The analysis of 29Si D /MAS
NMR spectra of these xerogels showed that, in all samples, the content of 
structural units of T3 type [( Si )3SiCH3 and ( Si )3Si(CH2)3SH] is signifi-
cantly higher than structural units of T2 type [( SiO)2Si(OR)CH3  ( SiO)2

2 3 3 2 5
3 2 ratio for sample 

2  equals to 4.8. Therefore, these xerogels should be characterized by a 
sufficiently high hydrolytic stability of the surface layer. Note that the use of 

Si(OR)(CH ) SH, R = H, CH  or C H ]. Thus, the T /T
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Figure 7. 29Si CP/MAS NMR spectra of xerogels with HS–groups: EOS/ PTMS/ ES ratio 
was equal to 4:1:1 (2 ) and 2:1:1 (5 ).61

Introduction of n-propyl groups instead of methyl groups are conduct to 
occurrence easy hydrolyzed structural units of T1 type in 29Si /MAS NMR 
spectra of these samples, i.e. structural units, which are connected with poly-
siloxane framework by only one siloxane bond. Moreover, if in a content of the 
xerogel with methyl groups structural units of T3 type prevail appreciably above 
T2, then in a content of the xerogel with propyl groups their contents are about 
identical. Therefore, the significant degree of incompleteness of the polycon-
densation process is typical for the last-mentioned xerogel due to influence  
of the geometrical size of functional group on this process. It is interesting,  
that replacement of amino group in the xerogel with Si(CH2)2 (O)(OC2H5)2/

Si(CH2)3NH2 in surface layer of thiol group also conducts to occurrence of a 
signal from structural units of T1 type73 in 29Si /MAS NMR spectrum. Appar-
ently, it reflects the influence of  from environment on a degree of poly-
condensation in such xerogels. 

The analysis of the 29Si CP/MAS NMR spectra of xerogels which were 
obtained by the use of B ESE/ PTES/ PTMS system (Figure 8) leads to  
the conclusion that in alkoxysilanes during the reaction of hydrolytic polycon-
densation the Si–C bond is stabile.59 The absence of any signals in the region 
of –90 to –110 ppm confirms such statement. Secondly, only one wide and 
asymmetric resonance signal is present in the range of –43 to –75 ppm in the 
29Si CP/MAS NMR spectra of these xerogels (Figure 8). A deconvolution of 
this signal gives five components that corresponds with 1, 2 and 3 structural 

other catalysts53 for preparing xeroges with thiol groups results in the formation 
of a significant number of structural units of T2 type in their surface layer.
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units. For B ESE these signals correspond with the following products of its 
hydrolysis and condensation: ( SiO)2(RO)SiC2H4– (–55.7 ppm; 2) and ( SiO)3
SiC2H4– (–64.1 ppm; 3), where R is C2H5 or  [20]. From the last three 
signals the first one (at –46.6 ppm) has been attributed to the 1 structural unit 
of PTMS, and the rest of two (at –60.0 and –69.5 ppm) has been attributed 
consecutively to the 2 and 3 structural units of PTES and PTMS. 6,53 

Therefore, solid-state NMR spectroscopy application allows to make identi-
fication of the nature of functional groups in the surface layer of xerogels. It also 
reveals the transformation of these groups during the course of xerogels synthesis 
and allows to establish structural units’ type, which form both xerogels and 
their surface layer. This spectroscopy application allows to fix the participation 
of functional groups in hydrogen bond formation and other interactions. 

                     a                                       b

Figure 8. 29Si /MAS NMR spectrum of the xerogel obtained with the use of B ESE/ PTES/
PTMS systems (4:1:1 and 8:1:1 (mol)).59

3.3. METAL MICROPROBE TECHNIQUE  

The topography of FPA surface presents un undoubtful interest. For its establish-
ment the authors86–88 employed the metal microprobe technique: composition 
and structure of complexes coordination bundle, which forms during sorption  
of copper(II) ions by amine-containing xerogels from acetonitrile solutions, were 
identified by electron reflection spectroscopy (ERS) and EPR spectroscopy. It 
was found that irrespective of degree of surface coverage by the metal on the 
surface there is the proceeded formation of complexes of one and the same 
composition (CuO2N2) only. That means that at the equatorial plane of a co-
ordination polyhedron of copper (II) there were two nitrogen atoms. However, 
the increase of copper(II) content on the surface of xerogels often leads to 
reduction, firstly, of geometry uniformity of formed complexes and, secondly, 
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to reduction of a number of the isolated paramagnetic centers, for which the 
superfine structure is typical. It encounters on an idea that the surface in such 
xerogels has quite complex character. The similar conclusion also has been 
made during the study of copper(II) complexes by ERS and EPR spectroscopy. 
This complexes are formed on the surface of bifunctional xerogels (-SH/-NH2)
during the sorption of copper(II) ions from their acidified water solutions.89 The 
signals form and the calculated values of spectra parameters89 are typical for 
tetragonal complexes of copper( ) with a coordination environment [2N, 2O].90

The analysis of ERS and EPR spectroscopy data which was received during the 
study of Cu2+ 91

also results in a conclusion that complexes form coordination bundle with 
[CuO2N2].

The comparison of EPR spectra parameters for copper(II) complexes, which 
are formed on the surface of aminocontaining xerogels, leads to following con-
clusion: two nitrogen atoms are always included in the coordination sphere of 
copper(II) ion – irrelevant to the nature of structuring agents, to the nature of 
amine groupings, to functionality of the surface layer, to structural-adsorption 
characteristics of the sorbent as well as to the nature of the solvent which was 
used for the sorption. Moreover, all of the Cu(II) complexes, which were iden-

6

sition of a coordination polyhedron, CuN2O2. All these was determined from the 
analis EPR spectra parameters.6 It gave grounds to conclude about a specific 
and, probably, similar distribution of complexing groups in the surface layer of 
those silicas. One can not exclude that this is due to exist in that layer – at least, 

4. Adsorption Properties of Functionalized Polysiloxane Xerogels 

4.1.  SOME FACTORS CONTRIBUTING TO STRUCTURAL-ADSORPTION 
CHARACTERISTICS OF FUNCTIONALIZED POLYSILOXANE XEROGELS 

Early in6 on the example of amine-containing xerogels, which were obtained 

majority of them their values of Ssp, sorption volume Vs, and size d fall within 
the interval 92 315 m2 g 1, 0.12 1.38 cm3 g 1

in all cases the introduction of a nonaqueous solvent results in a decrease of  
Ssp and Vs and an increase of d; (3) with decrease of TEOS/APTES ratio the 
porosity of samples decreases substantially (at a ratio of 1:1 the xerogel becomes 

tified on the surface of different aminocontaining silicas,  have the same compo-

 ions complexation with aminogroups on the surface of FBPS

in the case of xerogels – oligomers with the aminopropyl groupings. 

of the obtained samples are classified as mesoporous adsorbents (for the 

practically nonporous); (4) a similar effect is exerted by a decrease in the amount  

, 3.7 17.7 nm, respectively); (2) 

using of two-component system of TEOS/APTES, it was shown that (1) all 
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of water taken for the hydrolysis; (5) drying of liogels at atmospheric pressure 
leads to large-pored sorbents; (6) washing of xerogels with water (before repeated 
vacuum drying) results in a fine-pored adsorbents while washing with abundant 
amounts of water considerably increases sizes of pores. Relative increase of 
geometric sizes of the functional group leads to practically nonporous xerogels. 

These conclusions were confirmed and expanded in future by studying xero-
gels with functional groups of other nature. Thus, the increase of TEOS’s loading 
in an initial solution caused the increase in Ssp of the xerogels which contained 
(thio)urea,47 thiol,61 phosphoryl69 and propionic acid6,65 groups. However, it should 
be mentioned that formation of porous structures was observed only for the 
systems with TEOS/trifunctional silane molar ratio which was higher than 1:1 
in case of the HS-groups,61 2:1 in case of –NHC(O,S)NHR  groups47,48 or 4:1 
in case of the –P(O)(OC2H5)2 groups.69 Geometric sizes of the mentioned 
functional groups increases with the same sequence. An influence of the contain 
of functional groups on structural-adsorption characteristics is clearly seen on 
samples of xerogels with calixarene or cyclodextrine groups.75,92

It was shown by the example of EOS/( PTMS + ES) system that the 
change in molar ratio of trifunctional silanes in the initial solution from 2:1 to 
1:2 leads to the formation of xerogels with the developed porous structure. 
Thus, at TEOS/trifunctional silanes ratio of 2:1 Ssp raised from 408 to 678 m2/g
and at the molar ratio of 1:1 it raised from 44 to 394 m2/g. Simultaneously, the 
tendency to the increase of other parameters, namely Vs and d, was observed.55

Similar tendencies were defined also for the xerogels with a bifunctional surface 
layer of NH2/CH3 (or C6H5) composition.28,29 By the example of amine-containing 
xerogels6 it was shown with using of  that such distinctions were deter-
mined by sizes of globules and their packed structure.

In the case of the bridged polysilsesquioxane xerogels which were func-
tionalized by amine and thiol groups, their high values of Ssp attract attention, 
namely from 510 to 840 m2/g for xerogels with ethylene bridges and from 650 
to 970 m2/g for xerogels with phenylene bridges.13–15 The type of isotherms of 
these xerogels depends, on the first place, from the nature of functional groups 
(amine or thiol groups). In the first case the isotherms for xerogels with ethylene 
bridges are S-shaped and have a distinct hysteresis loop (in contrast to xerogels 
with phenylene bridges) while isotherms in the second case are more likely  
to be Langmuir isotherms (Figure 9). This difference is brought about by the 
nature of a medium that is created by these groups during the synthesis. It was 
shown13–15 that the parameters of the porous structure of such xerogels were 
substantially affected by the nature of a spacer, relative size of the functional 
group, ratio of reacting alkoxysilanes, and gel ageing time. 

Thus, taking into account the mentioned above factors, it is possible to 
obtain polysiloxane xerogels with controlled porosity, surface layer composi-
tion and loading of functional groups. 
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Figure 9. Isotherms of N2 adsorption/desorption and PSDs for the xerogels synthesized using the 
following systems: (1) -C2H4-/-NH2=4:1; (2) -C2H4-/-SH=4:1; (3) -C6H4-/-NH2=4:1; (4) -C6H4-/-
NH2=4:1.13–15

4.2. ADSORPTION PROPERTIES OF FPA 

Parish and co-workers25 studying in 1989 adsorption of Ni(II), Co(II), Cu(II) 
and Zn(II) by aminocontaining xerogels showed that an equilibrium in such 
systems is reached at least in 15 h. Xerogels with PPh2 groups32 absorb metal 
ions (Co and Ni(II)) from their ethanol solution slowlier. It is noted that time  
of equilibrium attainment depends on particle sizes. The other authors35 pointed 
out that the equilibrium attainment at absorption of metal ions during 20–30 
min. However even at optimal sorption conditions a part of xerogels’ functional 
groups does not take part in complex formation.25,32,33,93 This data is confirmed 
by HCl acid adsorption by aminocontaining xerogels.94 However, as it was 
shown for the Cu(II) adsorption from the acetonitrile solutions, that almost all 
the amino-groups are accessible for metal ions (adsorption time was 48 h).86,88

In acid medium these xerogels absorb copper ions best of all that is in agree-
ment with data.95
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It was shown that a separation of Ni(II) and Cu(II) is possible for xero- 
gels with bifunctional surface layer (ethylenediamine and vinyl groups).33 In96

attention has been given to sorption of microquantities of Au(III) from acidic 
solutions by xerogels which surface layers contain thiourea and thiourea/amine 
groups. It has been found that the maximum degree of extraction of Au(III) is 
typical for the sorbent with a bifunctional surface layer. It is interesting that an 
increase of solution temperature (up to 50 ) causes the significant decreases  
in the time of an attainment of sorption equilibrium (up to 5 min) and at the 
same time increases the degree of gold extraction. The xerogels with thiourea- 
and aminogroups in their surface layer also have a high efficiency in sorbing 
mercury(II) from acidic solutions.97

Hg(II) ions could be effectively extracted from their acidic solutions by 
xerogels with monofunctional surface layer containing thiol groups.98 Good 
extraction of mentioned ions from their acidic solutions (pH ~ 2) was achieved 
also for the xerogels that contain 3-mercaptopropyl and alkyl groups. The influ-
ence of surface layer’s composition and pore structures’ parameters of such 
xerogels on their complexing properties towards Hg(II) was studied in details.99

Using the model of chemical reactions,100 it was possible to calculate the con-
stants of stability for the complexes which are formed on the surface of consi-
dered xerogels. The analysis of obtained data shows, that complexes stability 
decreases at the increasing of surface concentration of 3-mercaptopropyl groups 
in these xerogels. Moreover, the bordered concentration of functional groups 
was revealed. The complexes with compositions 1:1 and 1:2 are formed above 
this concentration. In conclusion, the authors considered the values of static 
sorption capacity (SSC) for such adsorbents. One can assume, that gradual increase 
of 3-mercaptopropyl groups concentration should lead to systematic increase  
of xerogels SSC. However, this dependence has the maximum for the xerogels 
with thiol groups concentration near 3.0–3.8 mmol/g (Figure 10). Further increase 
of 3-mercaptopropyl groups concentration leads to SSC decrease. This fact is 
due to complexes’ formation with composition 1:2 in the surface of these sor-
bents. It should be pointed out, that highest SSC (620 mg Hg2+/g), which was 
achieved, is comparable with SSC for the best organic cation-exchangers which 
are used for the Hg(II) extraction.101 Hence, presented results give evidence, 
that synthesized xerogels with 3-mercaptopropyl groups could be used for the 
extraction of Hg(II) from aqueous solutions. 

In this case the surface concentration of thiol groups strongly influences  
on both: stability and composition of the complexes which are formed on the 
surface of such polysiloxane sorbents. Since the surface concentration of func-
tional groups is determined as a ratio of functional groups quantity to adsorbent
surface area, then porous structure parameters of xerogels strongly influences 
their sorption properties.
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Figure 10. Dependence of SSC sorbents from 3-mercaptopropyl groups concentration.99

It was found that FBPS xerogels which were functionalized by 3-mercap-
topropyl groups have a high efficiency in sorbing Ag(I) ions.102 It should be 
mentioned that functionalized xerogels were used mostly to study sorption  
of 3d-metals.35,57,95 However recently a range of investigated metals has been 
extended such as: (Hg(II)52,58,95,103; Ca(II)66; Zn(II)66; Cd(II)52,66; Pb(II)52; Pd(II)66;
UO2(II)104; Ln(III),105 Am(III), Pu(IV)49,105). It was shown,92 that xerogels with 
calixarene groups could adsorb Cs(I) ions from acidic aqueous solutions (1 M 
HNO3). The adsorption equilibrium in the system is reached less than in 1 h.  
It was determined that the increase of functional groups’ contain leads to the 
increase of Cs(I) sorption degree. However, no more then 10–40% of functional 
groups takes part in Cs(I) extraction process.92

Finally it should be noted that sol-gel method has a great potential at 
synthesis of sorbents “with memory” for metal ions106 or for their analytical 
determination.107,108

5. Conclusions 

In this paper we have discussed the preparation routes of polysiloxane xerogels 
which contain functional groups of different nature in their surface layer and 
which are capable to complexation. Significant influence on structural-adsorption 
characteristics of formed xerogels with a monofunctional surface layer has the 
nature and the geometrical sizes of functional groups, the nature of structure-
forming agent as well as the synthetic conditions.

The preparation paths of polysiloxane xerogels with a bifunctionalized sur-
face layer has also been discussed. In this case the ratio of alkoxysilanes and 
nature of additional functional groups influence significantly on surface hydro-
phobicity degree of such materials as well as their porosity. 
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Physical method data testify about presence of structural units with the  
same nature on the surface of functionalized polysiloxane xerogels and about 
the similar character of surface structure. 

Taking into account the presented results on sorption of metal ions as well 
as the results obtained by other authors,22,23,106–109 it as possible to assert the 
significant perspectives of the usage of functionalized polysiloxane xerogels in 
sorptive technology. 
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Abstract. This chapter will illustrate how solid-state NMR techniques can 
provide extremely valuable information on the interactions between pollutant 
and adsorbent in depollution-related systems. In a first sub-chapter, NMR tech-
niques based on dipolar coupling and well-adapted to probe spatial proximities 
between species, will be briefly introduced. The second sub-chapter deals with 
the role of solid-state NMR technique in two fields: (1) accidental dispersion of 
pollutant in soil matter and (2) volunteer adsorption within specially conceived 
hybrid organic/inorganic materials for depollution applications. Experimental 
data will be given to illustrate this last point. 

Keywords: Nuclear Magnetic Resonance, pollutant adsorption, silica, inter-
actions.

1. NMR Techniques for Pollutant/Sorbent Interactions

1.1. INTRODUCTION

Recent developments in solid state Nuclear Magnetic Resonance (NMR) offer 
appealing perspectives for the detailed characterization of interactions bet- 
ween organic molecules and inorganic surfaces.1,2 This spectroscopic technique, 
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which is a local probe in nature, can establish dialogs between nuclear spins for 
typical lengths of several Å. In that sense, solid state NMR is a perfect tool of 
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investigation for a better understanding of the interactions between pollutant 
and sorbent in depollution-related systems.

The versatility of the NMR approach relies on the fact that it is possible  
to “play” with several interactions, namely the chemical shift ( ), the scalar 
coupling (J) and the dipolar (D) and quadrupolar (Q, I > 1/2) interactions. Each 
one can provide specific structural information: local environment of a given 
site for  and Q, bond connectivity for J or spatial proximities for D. This last 
interaction relies on the through-space dipolar interaction between two nuclear 
spins. It is proportional to 1/r3 where r stands for the internuclear distance and 
will be effective for distances shorter than 1 nm. This makes it extremely well 
suited to explore the relative location of atoms with respect to each other. The 
intensity of the dipolar interaction will not only depend from the internuclear 
distance but also from the magnetogyric ratios  of the coupled nuclei. The 
higher the is, the larger the dipolar coupling, which makes the 1H spins, the 
most suitable to apply NMR techniques based on D couplings. 

All these arguments show clearly that solid state NMR experiments invol-
ving 1H nuclei will play a key role to investigate interactions between organic 
molecules and inorganic surfaces. To retrieve the maximum of information, it is 
essential to reach the highest resolution. Needless to say that all the experiments 
are performed under Magic Angle Spinning (MAS), which average out the aniso-
tropic part of most interactions to obtain high resolution spectra. In the next 
paragraph, the problems to reach high resolution in 1H MAS NMR spectra will 
be discussed. Then the various NMR sequences involving heteronuclear 1H-X
as well as homonuclear 1H-1H dipolar couplings will be presented. 

1.2. NMR METHODS 

1.2.1. 1

In contrast with high resolution 1H NMR spectra that can be easily recorded in 
solution, the 1H NMR spectra recorded on solids usually strongly suffer from a 
lack of resolution. 1H nuclei are mainly subjected to the homogeneous homo-
nuclear 1H-1H dipolar interaction. Standard Magic Angle Spinning (MAS) experi-
ments with spinning rates 15 kHz are generally unable to achieve reasonable 
resolution. Resolution has been greatly improved during the last few years based 
on the development of homonuclear decoupling techniques,3 multiple pulses 
experiments4 and tailored pulse schemes.5 Another alternative for high resolu-
tion 1H NMR is to use fast MAS, and combination with high magnetic field  
is even better. The spectacular gain in resolution at very high magnetic field 
(B0 = 17.6 T) and under fast MAS (33 kHz)  is demonstrated in Figure 1. Here, 
thymine is taken as a reference. When compared to standard MAS experiment 

H high Resolution Solid State NMR 
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(14 kHz, B0 = 7.0 T, Figure 1a), three distinct resonances are now observed at 
very high field and rotation frequency (Figure 1b) that can be safely assigned to 
the CH3 (2.0 ppm), CH (7.4 ppm) and NH (11.4 ppm) resonances, respectively. 
Similar resolution can be reached with lower magnetic field (11.7 T), but under 
ultra-fast MAS conditions (67 kHz, 1.3 mm rotor) (Figure 1c). The relative inte-
gration of the lines gives ~3:1:2, as expected. 

Figure 1. 1H MAS NMR spectra recorded on thymine and thymine-derivatives using one-pulse 
experiment: effect of MAS rate and magnetic field.

The most common NMR experiment based on heteronuclear 1H-X dipolar 
coupling is the well known CP (Cross Polarization) experiment.6 It establishes 
contacts between dipolarly coupled spins and results in a magnetization transfer 
between the two spin systems, whose efficiency will be directly proportional to 
the strength of the dipolar interaction that is proportional to 1/r3 where r stands 
for the internuclear distance. The magnetization transfer occurs during a time 
called contact time, whose value can be adjusted. A variation of contact time 
allows exploring a range of internuclear distances. The CP approach is therefore 
a method of choice for the characterization of interfaces through HETCOR  
experiments (HETeronuclear CORrelation). The resulting two-dimensional spec-
tra present correlation peaks that correspond to 1H and X nuclei, which are 
dipolarly coupled; they consequently provide direct evidence for spatial proxi-
mities between sites. 

1.2.2. NMR Experiments Based on Heteronuclear Dipolar Coupling 
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Relevant examples can be found in the field of long-range ordered silica 
obtained through the self-assembly of a variety of amphiphilic templating agents 
with an inorganic phase generated through sol-gel process.7 Silica-surfactant 
interactions in mesostructured materials have been investigated using 1H-29Si
HETCOR experiments. The sample was prepared under basic conditions with 
cetyltrimethylammonium bromide as structuring agent. The HETCOR spectrum 
recorded at short contact time (Figure 2a) shows only interactions between the 
positively charged polar head groups of the surfactant and the Si-O– surface 
sites (Q3). By increasing contact times (Figure 2b), new correlations are now 
present between the protons of the surfactant (polar head group but also chain), 
and not only the Q3 sites, but also the fully condensed Q4 sites. From this 
analysis, a schematic model for the surfactant/silica interface has been proposed 
(Figure 2c).

The CP process is strongly modulated by molecular motions and can become 
rather inefficient for highly mobile sites. In that case, it could be interesting to 
lower the temperature to decrease mobility, and to recover at least partially CP 
efficiency.

Figure 2. Two dimensional HETCOR 29Si{1H} spectra recorded on surfactant/silica meso-
structured sample with contact time of 500 s (a) and 5 ms (b), and the corresponding schematic 
model for the interface. 
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The strong 1H-1H dipolar interaction can also be used for the description of 
proton spatial connectivities and H-bonded networks. The most sensitive experi-
ment to probe such homonuclear dipolar couplings in solids is the double 
quanta (DQ) NMR experiment combined with fast MAS.8 It leads to a two-
dimensional spectrum in which the dipolarly coupled spin pairs can be directly 
identified. For 1H DQ spectroscopy, the BABA or BAck to BAck9 sequence is 

1

the vinyl protons and the N(CH3)3
+- head-group of CTA+ molecules are obser-

ved, which clearly indicates that most of the vinyl groups are located at the 
surface. Reference10 is an excellent review dealing with 1H DQ spectroscopy in 
the context of macromolecular and supramolecular systems. 

Figure 3. 1H Double Quanta experiment recorded on a surfactant templated silica sample func-
tionalized with vinyl groups.

2. Application of Solid-State NMR to Characterize Pollutant/Sorbent 
Interactions

This chapter deals with the role that solid-state NMR technique may play for 
the characterization of (organic) pollutant/sorbent interactions in two fields:

Accidental dispersion of pollutant in soil matter 
Volunteer adsorption within specially conceived hybrid organic/inorganic
materials for depollution applications.

1.2.3. NMR Experiments Based on Homonuclear Dipolar Coupling 

often used (Figure 3). For example, this sequence was used to investigate temp-
lated silicas functionalized with vinyl groups in order to characterize the location 
of the vinyl groups in the silica framework with respect to the polar head groups 

H DQ experiment, coherences between of the surfactant molecules (CTA+). In the 
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2.1.  ADSORPTION BY SOIL MATTER 

The fate of pollutant molecules in the environment is a general concern due  
to the number of unknowns still existing about interactions occurring between 
dispersed molecules and soil matter. In fact, the chemical nature of the polluting 
agent may go under severe changes after coming in contact with humic material 
and track of both original molecules and by-products becomes somewhat diffi-
cult to pursue and, in most cases, it is completely lost. Interest was then directed 
towards NMR technique, which can potentially elucidate such a matter. The 
following paragraphs will try to highlight positive as well as some negative 
aspects of solid state NMR techniques applied to the study of pollutant/soil 
interaction.

Application of NMR to the study of interactions between pollutant and 
inorganic matrices in the domain of soil science is a topic in continuous deve-
lopment and has inspired a recent review paper.11 Initially, liquid state NMR 
was used to study possible interactions between pollutant and soil after disper-
sion but this approach needs a previous and generally quite laborious treatment 
of the soil matter before recovering an analyzable liquid solution. More infor-
mation on soil treatment for analytical purposes can be found in the literature.12

Scientists are most generally concerned about the pollutant fate at the moment 
of its adsorption; thus, post-treatment of soil matter to obtain a liquid sample  
is quite a limiting factor to fully understand the pollutant/soil interactions. The 
passage from liquid to solid-state measurements was thus obvious. Study of soil 
matter alone13 and soil matter in presence of pollutant at the moment of the 
adsorption and degradation processes becomes of widespread interest. Unfortu-
nately, NMR technique imposes some important constraints to any in-situ study 
of humic matter: 

Natural presence of paramagnetic species, like iron, in soils strongly contri-
butes to poor spectral resolution. Special treatment of soil matter to reduce 
its quantity is generally needed.14

Richness of soil composition in organic matter results in quite complicated 
1H, 13C or 15N spectra, leading to difficulties in identification and quanti-
fication.
NMR sensibility is generally low for most nuclei; hence concentration of 
species of interest may be too low to be detected in reasonable time or 
within an amount of time where pollutant does not go under any change. 
When 1H NMR spectra are recorded, presence of high quantities of water 
may hide contributions from other protonated species existing at much 
smaller quantities. 
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For these reasons, interesting model studies have been performed under labo-
ratory conditions on sample clays in presence of polluting molecules. The idea 
of such approach is to follow the pollutant molecules and their trans-formation 
products in a controlled environment. 

1. Choice of model soil samples with known structure and composition. For 
instance, mobility behaviours of 4-chloro-2-methylphenoxyacetic acid was 
followed by 1H high resolution MAS-NMR inside a synthetic layered double 
hydroxide.15

2. Use of pollutants with specific, easy detectable, nuclei. For instance, 19F
solid-state NMR was used to observe a dual-mode sorption uptake of hexa-
fluorobenzene by two peat samples.16

3. Selective isotopical enrichment of one or more positions within the polluting 
molecule or the sorbent. For instance, Knicker used 13C-enriched sorbent 
(plant organic matter) as well as 15N-enriched 2,4,6-trinitrotoluene (TNT) to 
demonstrate covalent binding between TNT transformation products and 
the sorbent.17

Once major intrinsic problems related to the technique itself have been 
resolved or overcome in some way, NMR reveals to be one of the most power-
ful and reliable technique to provide information about direct interactions bet-
ween two chemical species close in space as illustrated by the last example from 
Knicker.17

When interest is shifted towards the problem of retaining persistent pollu-
tants by mean of advanced functional materials specially designed for this task, 
we will show in the next paragraphs how, even in this case, advanced solid-state 
NMR experiences may help in the characterization of pollutant/material interface. 

2.2. ADSORPTION BY SYNTHETIC HYBRID ORGANIC-INORGANIC 
FUNCTIONAL MATERIALS 

Soil adsorption of pollutants is simply a phenomenon that should be prevented. 
Natural or synthetic filtering materials that retain polluting agents have thus to 
be developed. Indeed, this research field is as old as mankind since, e.g., acti-
vated carbon is used since ancient times to accomplish this task. Nevertheless, 
advances in material science during the last century have opened the way to syn-
thetic materials whose performances give better retention capacities than activa-
ted carbon. The word “better” hides a double meaning of quantity and specificity, 
in the sense that the same material should be able to adsorb all classes of pollutants 
(e.g., organic molecules, toxic metals) in high quantities and to allow facile rege-
neration of the matrix. The next sub-chapter will summarize the state-of-the-art 
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on a particular class of hybrid organic/inorganic materials that are potentially 
good candidates in the field of pollutant adsorption. 

Long-range ordered mesoporous silica powders have been at the centre  
of interest within the material science community for the past 15 years. Their 
structural characteristics (high surface area; tunable geometry of the porous 
network; narrow pore size distribution) combined with the possibility to process 
them in various shapes (calibrated spherical powders, thin films, membranes, 
monoliths) make them extremely attractive for a wide range of applications  
in the fields of catalysis, chromatography, drug release, sensing or electronics. 
Recent review articles will help the reader to find more detailed pieces of 
information from the historical to the applicative point of view.18,19 One main 
interesting point for these material is undoubtedly the possibility for modifi-
cation of surface properties by introduction of a large variety of organic pendant 
groups.20,21

As far as applications in the depollution field are concerned, mesoporous 
(mainly silica based) materials where tested in three major domains:  

1.  Materials for VOC (Volatile Organic Compounds) adsorption
2. Materials for POP (Persistant Organic Pollutant) adsorption
3. Materials for toxic metal adsorption.

One examples regarding VOCs was given by X.S. Zhao et al.22 who showed 
that a long range ordered mesoporous silica matrix (MCM-41) was more effi-
cient than activated carbon, zeolite T and silicalite-1 materials with respect to 
benzene, carbon tetrachloride and n-hexane adsorption. Adsorption of POPs in 
water was performed, among others, by H. Zhao et al.23 who studied tri- and 
tetrachloroethylene adsorption in water using calcined MCM-41 with various 
amounts of structural aluminium sites. As far as toxic metal adsorption is con-
cerned, material surface needs, in most cases, to be chemically modified in order 
to favour metal-ligand interaction and enhance adsorption properties. In general, 
Fe3+, Co2+, Ni2+ and Cu2+ ions are trapped by amino-functionalized silica sur-
faces while Hg2+ species are adsorbed by thiol-modified surfaces.24

Little attention is generally addressed towards the fate of the pollutant after 
its adsorption. In some cases25,26, its degradation is performed by introduction of 
a photocatalytic TiO2 phase within the mesoporous silica host via the sol-gel 
process. One could also consider to recover the pollutant by washing and thus 
to regenerate the absorbent.27 In that case, it is of prime importance to charac-
terize the interactions that the pollutant may develop with the surface sites, in 
order to evaluate the possibility of later pollutant recovering and adsorbent  
recycling. Until now, almost no characterization has been performed to better 
understand the pollutant/surface interactions. Inumaru et al.28 concluded from 
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IR data that alkyl-anilines are strongly hydrogen-bonded to silanol groups on 
the inorganic pore walls. However, this type of analysis cannot be extended to 
any type of pollutants and in the same paper authors mention that no similar 
spectroscopic evidence could be obtained for nonylphenol.

ted us to prepare long-range ordered silicas whose surface is chemically modi-
fied with alkyl groups of increasing chain length. High-resolution solid-state 
NMR techniques are used to investigate the physical state of the organic pollu-
tant in the various confined environments as well as the interactions it may 
develop with the modified silica surface. Results are given below while experi-
mental details can be found elsewhere.29

2.3. ADSORPTION OF ORGANIC POLLUTANTS IN HYBRID
 ORGANIC/ INORGANIC SILICAS 

Adsorption of POP’s was tested by a number of research groups on three 
categories of (mainly) ordered silica-based materials: 

Class A: As synthesized surfactant-containing silicas
Class B: Calcined porous silicas 
Class C: Organo-modified surfactant-extracted silicas. 

Table 1 shows some examples of class A, B or C materials that have been 
tested so far in literature to adsorb organic pollutants. Though we have classify 
the materials in three main classes, each sample presents its own features (porous 
structure, overall synthesis conditions) and we suggest the reader to check the 
relative references for more information about the synthesis procedure and ad-

brium compositions for which experiments have been performed, may be very 
broad among the various studies. To this regard, we reported either the lowest 

took place. 

able surface (as high as 1,000 m2/g) belong to class B, for which the templating 
agent is removed by a calcination step. Nevertheless, materials from class B 
systematically show lower specific adsorption values of polluting agent within 
pores. On one side, this behaviour seems a bit puzzling if one does not take into 
account the existence of interactions between organic pollutant and silica sur-

To this regard, Figure 4 compares adsorption results when a modified chloro-

It is important to point out that materials having the highest specific avail-

pollutant adsorption within pores, though a smaller porous volume is available. 

This lack of knowledge regarding pollutant/silica surface interactions promp-

face. In the case of class A or C, hydrophobic interactions seem to increase 

phenol molecule is adsorbed on calcined silica sample (SiO2, specific surface 

or the highest readable equilibrium concentration value at which adsorption

sorption conditions. Adsorbed quantities are comparable but the range of equili-
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TABLE 1. Adsorption capacities of class A to C materials towards some common POP’s. 

Class of material Pollutant Adsorbed
amount

(mmol.g–1)a

Concentration at 
equilibrium
(mmol.L–1)b

Reference

A Dichlorophenol 0.6 <<1 30 
A Trichlorophenol 0.5 <<1 30 
A Chlorophenol 0.2 <<1 30 
A Pentachlorophenol      >0.1 <<1 30
A Phenol 0.6 <<1 30 
A Dichlorophenol ~1 <<20 31 
A Phenol, chlorophenol      ~0.4 <<20 31 
A – swollen pores Dichlorophenol      ~0.9 <<10 31 
A – swollen pores Phenol, chlorophenol      ~0.5 <<10 31 
A Trichloroethylene       1.1.10–2 ~0.2 31 
A Tetrachloroethylene       9.0.10–2        ~3.6.10–2 31 
B Chloro-2-methoxyphenol       5.0.10–5   1.0 29
B Trichloroethylene       3.2.10–3        ~9.0.10–2 23 
B Tetrachloroethylene      4.5.10–3        ~6.0.10–2 23 
C – Si/Al network 4-nonylphenol       0.8          4.0.10–3 28 
C – Si/Al network 4-t-amylphenol     <0.1          4.0.10–3 28 
C – Si/Al network 4-n-heptylphenol       0.7          4.0.10–3 28 
C – Si/Al network 4-n-heptylaniline       1.2          4.0.10–3 28 
C – Si/Al network p-toluidine     <0.1          4.0.10–3 28 
C – propyl grafted Chloro-2-methoxyphenol     ~1.5.10–4   1.0 29
C – hexyl grafted Chloro-2-methoxyphenol     >2.5.10–4   1.0 29
C – phenyl grafted Chloro-2-methoxyphenol     ~2.0.10–4   1.0 29
C – hexadecyl 
grafted

Chloro-2-methoxyphenol     <0.1   1.0 29

aQuantity of pollutant per mass of powder. bQuantity of residual pollutant in solution at 
equilibrium after adsorption per volume of solution. 

area, ssa ~1,100 m2/g) and a sample modified with hexyl chains (Hexyl-SiO2,
ssa ~300 m2/g). It is clear that large difference with regard to adsorption pro-
perties exists between the two materials even if hexyl-modified silica has a 
much less developed specific surface area.

2.4. CHARACTERIZATION OF POLLUTANT/SILICA INTERFACE 
BY SOLID - STATE MAS NMR EXPERIMENTS

The singular and interesting behaviour revealing apparent discrepancies in pollu-
tant adsorption between high-surface SiO2 (Class B) and Hexyl-SiO2 (Class C) 
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Figure 4. Adsorption isotherms of 4-chloro-2-methoxyphenol in water using calcined (SiO2) and 
hexyl-modified (Hexyl-SiO2) mesoporous silicas as sorbents.29

mesoporous powders was investigated by advanced solid-state NMR experi-
ments. The following sub-chapters will illustrate how NMR techniques can be 
combined to provide complementary pieces of information about silica/sorbate 
interactions. Details of NMR acquisition parameters for all experiments and 
specific referencing can be found in ref.29

13

A series of 13C NMR experiments (Figures 5 and 6) has been performed at room 
temperature to obtain information concerning pollutant mobility within the two 
powders. In single pulse experiments (Figures 5a and 6a), all carbon sites are 
detected: the region between 160 and 100 ppm are due to the aromatic carbons 
of the pollutant and the peak at 56.5 ppm to the methoxy OCH3 groups. All  
the other peaks belong to grafted ethoxy groups due to the surfactant removal  
procedure, to residues from the templating agent and to carbons from the grafted 
hexyl chains in Hexyl-SiO2.

CP and INEPT sequences are respectively based on through-space and 
through-bond magnetization transfers from 1H to 13C. They are known to be 
sensitive to rigid and mobile groups, respectively.32 If one concentrates on the 
pollutant signals observed in CP spectra (Figures 5b and 6b), it is clear that they 
are hardly detected while the same peaks gain in intensity when INEPT sequence 
is used (Figures 5c and 6c). These spectroscopic responses suggests a high 
mobility of the pollutant in both SiO2 and Hexyl-SiO2 samples, even if one 
would expect that, due to hydrophobic interactions, pollutant would have a 
lower mobility in Hexyl-SiO2. Next section hence will show variable tempe-
rature experiments recorded to verify such unexpected behaviour. 

2.4.1. Mobility of Pollutant: C NMR Experiments 
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Figure 6. 13C MAS NMR experiments performed at room temperature on pollutant adsorbed  
on mesoporous silica powders functionalized with hexyl chains (Hexyl-SiO2). (a) Single pulse 
spectrum ( MAS= 5 kHz); (b) CP (tCP = 3 ms, MAS = 5 kHz) and (c) INEPT ( MAS = 14 kHz).

Figure 5. 13C MAS NMR experiments performed at room temperature on pollutant adsorbed  
on calcined mesoporous silica powder (SiO2). (a) Single pulse spectrum ( MAS= 5 kHz); (b) CP 
(tCP = 3 ms, MAS = 5 kHz) and (c) INEPT ( MAS = 14 kHz).

1

1H MAS-NMR variable-temperature experiments are directly sensitive to the 
mobility behaviour of the adsorbed pollutant molecule: the broader the peak 

2.4.2. Mobility of Pollutant: H NMR Experiments as a Function of  Temperature
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Figure 7. 1H MAS NMR experiments as a function of temperature for pollutant adsorbed on SiO2 
(I) and Hexyl-SiO2 (II) mesoporous silica powders. (a) 298 K, (b) 258 K and (c) 238 K. 

Broad signals are recorded at 238 K while peak resolution increases with T 
up to 298 K. At this temperature, peaks due to aromatic and methoxy protons 
from pollutant are fairly narrow in both samples confirming that at room tempe-
rature, though higher affinity between organic pollutant and hexyl chains are 
expected, hydrophobic interactions are not strong enough to prevent high mole-
cular mobility. At low temperature, on the other hand, broader peaks are detec-
ted in Hexyl-SiO2 indicating that under these conditions, affinity between hexyl 
chains and pollutant molecules may increase. 13C CP MAS spectra recorded  
at the same temperatures have confirmed the same trends29 and have shown that 
increase in peak linewidth only depends on mobility issues and not on distri-
bution of chemical shift values, due to distribution of local atomic environments. 

linewidth, the lower the molecular mobility (Figure 7). The peak assignments 
are schematically indicated in the figure.  

 1 13

Heteronuclear correlation (HETCOR) experiments based on CP sequence are 
very useful (see §1.2.2) to probe through-space proximities between molecular 
species via dipolar coupling. Here, a two-dimensional 1H-13C experience was 
performed with the goal of establishing, if any, correlations between pollutant 
sites and hexyl-grafted surface sites existing at room temperature. All corre-
lations, which are observed in the 2D spectrum (Figure 8) can be sorted out in 
five major domains: each cross-peak correlates a proton site to a carbon site, 
which are dipolarly coupled. Ci, Di and Ei signals are due to intra- and inter-
molecular correlations between CH2 and CH3 groups in, respectively, ethoxy 

2.4.3. Interactions at Pollutant/silica interface: H- C HETCOR Experiments 
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groups (C, D) and grafted hexyl chains (E). The A and B cross-peaks are due  
to intra-molecular interactions within, respectively, the aromatic ring and the 
methoxy groups of pollutant. No correlation peaks between sites from the pollu-
tant molecules and the silica surface species are detected. It suggests either the 
lack of strong interactions because of excessive mobility of the adsorbed mole-
cules and/or long distances between the adsorbed pollutant molecules and the 
hexyl-modified silica surface. This behaviour is however very interesting since 
it could be possible to integrate a recycling step of the final adsorbent material 
after a washing extraction procedure of the pollutant. 

Figure 8. 2D 1H-13C CP HETCOR experiment recorded on pollutant in Hexyl-SiO2 mesoporous 
silica ( MAS = 14 kHz; tCP = 3 ms). 

Solid-state NMR experiments have been performed on a methoxy-modified 
chlorophenol adsorbed on mesoporous silicas with various surface sites. They 
have revealed high mobility of the pollutant molecules within pores at room 

3.  Conclusions 

temperature, whatever the surface sites. These results seem to be in contrast 
with the general assumption that hydrophobic interactions between organic 
molecules and long chain groups at silica surface should bring both species in 
close proximity and lead to a reduction in mobility of the adsorbed molecules. 
Indeed, some questioning about the way the pollutant is adsorbed and is located 
with respect to the grafted functions may arise. Lack of complementary funda-
mental work done on adsorption of organic molecules in confined environment 
prevents us from proposing a model able to explain the high mobility of pollu-
tant molecules observed by the different solid-state NMR techniques. 
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SOL-GEL APPROACHES IN THE SYNTHESIS OF MEMBRANE 

MATERIALS FOR NANOFILTRATION AND PERVAPORATION 

BEN C. BONEKAMP, ROBERT KREITER, JAAP F. VENTE*

Energy Research Centre of the Netherlands, Box 1, 1755 ZG 
Petten, The Netherlands 

Abstract. Molecular separation using membranes is widely considered as an 
energy-efficient alternative for conventional industrial separation techniques. 
For the preparation of such membranes sol-gel technology is highly suitable. 
Using sol-gel techniques thin (50–100 nm) amorphous nanoporous layers having 
pore sizes in the micropore (<2 nm) or fine mesoporous (<5 nm) region can  
be prepared on a porous substrate. These layered porous systems, usually in 
tubular form, can be used for nanofiltration, pervaporation and gas separation 
applications. The application window is dependent on the material properties, 
such as the pore size and pore size distribution, the interfacial properties of the 
pores, and the defect density. The success of this technology in actual industrial 
applications strongly depends on reproducible large scale production of the sol-
gel membranes and on a sufficient stability of the membranes with respect to 
flux and selectivity. In addition the production cost of the full membrane sys-
tem is an important aspect. Here, we will focus on the more chemical aspects  
in the membrane preparation. Main topics are synthesis and properties of the 
sols, the preparation of microporous thin films, and the search for membrane 
materials that have a high hydrothermal stability. 

1. Introduction

Molecular separation processes have great influence on the total use of energy 
in industry, chemical production costs and the price of products for the consumer. 
As an example, about 40% of final energy use in the Dutch (petro)chemical 
industry, an estimated 190 PJ/year, is applied to separation processes alone. The 
most commonly used technology is distillation, which has a very low intrinsic 
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as one of the most promising energy-efficient alternatives. Demands of flux, 
selectivity and lifetime, set on the membranves performances lead to the use of 
thin microporous layers. In practice this means layers as thin as 50–100 nm, a 
pore diameter of less than 2 nm and a very high porosity.1,2 These layers are too 
thin to be self supporting and a dedicated support has to be used (supported thin 
films shown in Figure 1). As the selectivity depends on the pore characteristics 
and defect density, strict control over the parameters of support manufacturing 
and sol synthesis and coating is essential for obtaining high quality membranes.3
Proper characterization techniques, such as dynamic light scattering and perm-
porometry, are important for effective membrane development and production. 

One of our main goals is the development of methods for the reproducible 
preparation of microporous membrane layers (see Figure 1) on tubular meso-
porous substrates of up to 1 m long. We have selected sol-gel technology as a 
prime tool for achieving this. The sol-gel membranes were successfully used for 
gas separation experiments, e.g. hydrogen/methane and hydrogen/carbon dioxide 
separation.4 These thin films are an alternative for crystalline zeolite membranes 
despite the broader intrinsic pore size distribution.5 We also discovered that such 
microporous films are very suitable for dewatering of organic liquids by per-
vaporation.6

As sol-gel membranes have a very thin and often amorphous structure in 
combination with a very high specific surface area, there is a significant driving 
force towards states having a lower energy. In practice, this means that the sol-
gel film has a tendency to reorganize to a lower surface area or even crystallize. 
Active operation of sol-gel membranes seems to accelerate this transformation. 
Therefore, the challenge is to reduce the kinetics of this process to obtain mem-
branes with sufficient lifetime for industrial applications. Especially the hydro-
thermal stability is an issue. In a dry atmosphere, these inorganic membranes 
can function up to temperatures of ~300°C. In the presence of small amounts of 
water the stability decreases very rapidly. 

Nanofiltration membranes demand pore size control in the region of 1–3 nm 
to achieve molecular mass cut-off values in the region of 1,000–5,000 Da. 

The materials should have a very low acid solubility for a number of impor-
tant commercial applications. 

In this paper, we present a brief overview of sol-gel technology for the 
preparation of porous membrane layers suitable for molecular separations. The 
preparation of the mesoporous support layers made from alumina or titania is 
also included. Furthermore, a historical path of the development of microporous 
selective layers is followed, starting from pure silica (SiO2), via organic end 
groups towards bridging organic groups in the silica structure. As alternatives 
metal oxide membranes based on titania and zirconia are discussed. The focus  
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exergetic efficiency of 10%. Membrane technology has been widely recognized 
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Figure 1. SEM pictures of a. fracture surface of a microporous silica sol-gel film on a mesoporous  
-alumina substrate; b. mesoporous titania sol-gel film on a macroporous -alumina substrate;  

c. surface of a microporous methylated silica thin film; d. methylated silica thin film (~50 nm). 

2.

The transition of sol species into a gel state is an important step in the formation 
of a porous structure. This transition is followed by a consolidation step con-
sisting of drying and calcining at an appropriate temperature. For the sake of  
the current discussion, we consider a sol-gel process as a route to inorganic or 
inorganic-organic hybrid materials via intermediate individual sol and gel states. 

is on sol preparation and the resulting properties of thin film coatings that are

Sols and Thin-Films 

suitable for large scale production of membrane tubes. 

MATERIALS FOR NANOFILTRATION AND PERVAPORATION 
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2.1. SOL PREPARATION 

Microporous thin films for molecular separation purposes can be obtained from 
various sol types. The type of sol needed depends on the mechanism of pore 
formation during the deposition of the thin films.7 Microporous films can be 
prepared with and without the deliberate addition of pore templates. In the former 
case it is difficult to obtain pores below 2 nm. In general, this method is more 
suitable for obtaining porosity in the small mesoporous region. In contrast, for 
the formation of crystalline microporous structures such as zeolites pore directing 
agents are commonly used, even for the smallest pore sizes.8

The preparation of sols for membrane preparation is in general a two step 
process. Starting from alkoxide precursors, oxides are obtained via hydrolysis 
and condensation steps. For silicon-based precursors it is generally accepted 
that these two processes occur consecutively, whereas for metal alkoxides these 
two processes cannot be distinguished, due to the faster kinetics. Hydrolysis 
and condensation can be represented by the following equations: 

M(OR)z + H2O  M(OH)(OR)z-1 + ROH 

-M-OH + M-OR  -M-O-M- + ROH 

The sol species formed can either consist of fractal-like or polymeric parti-
cles or of dense and possibly crystalline structures. The nature of these building 
blocks can be tailored by appropriate selection of the reaction conditions. For 
example, in the case of silicon alkoxides, the use of a base catalyst leads to 
dense particles whereas an acid catalyst leads to open polymeric species.9 During 
the gelation stage, controlled particle packing without agglomeration is important, 
especially for dense particles. For polymeric sol particles interpenetration plays 
a crucial role. For both cases the sol-gel transition occurring during the drying 
of supported thin films is different from that occurring in bulk sols. The for-
mation of microporous silica thin films requires sols that consist of relatively 
linear species with limited branching. The interpenetration of such species can 
be given by: 

321
2,1

DD
crM  ,10

where M1,2 is the number of intersections, rc the species radius and D1 and D2 are 
the fractal dimension of the respective species. So when the fractal dimension 
of the sol species is <1.5 interpenetration is almost not restricted and small 
pores can form during the drying process.

In contrast, condensation of titanium and zirconium alkoxides gives rise  
to dense particles originating from a nucleation and growth mechanism. Apart 
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from the differences in sol particles, the reaction kinetics are much faster com-
pared to those of silica-based sols.11 One of the main issues in preparing these 
sols is to slow down the kinetics and to limit the particle growth to 5–10 nm. In 
addition, metal oxides have a tendency to crystallize during heat treatment or 
during membrane application.12

For the characterization of sol species in a liquid medium Small Angle  
X-ray Scattering (SAXS) and Dynamic Light Scattering (DLS) can be used. 
SAXS can be applied to determine particle size and fractal dimensions of sol 
species. Unfortunately, SAXS equipment (often at a synchrotron facility) is not 
routinely accessible. DLS is a much more convenient alternative for a sol-gel 
laboratory as a first tool for the determination of the particle size distribution.13

2.2. FORMATION OF A THIN FILM AND THE SOL-GEL TRANSITION 

Dip-coating (Figure 2) is a suitable and well-known method for preparing thin 
film coatings from sols. This method can be used for coating of sols on macro-
porous and mesoporous substrate tubes. The physical processes that occur during 
film formation were extensively studied by Brinker et al.14 During evaporation 
of the solvent the water concentration strongly increases and influences the on-
going reactions. At the same time, gelation starts to occur. When menisci are 
formed in the network (the second drying stage) the network collapses due to 
capillary forces until the network strength prevents further collapse. At this 
stage the pore structure is formed. Polymeric sol networks are consolidated by 
further condensation reactions. Solvent molecules may function as a pore tem-
plate. The pore size can also be controlled by adding pore directing agents on 
purpose.15,16

Figure 2. Dip-coating of membrane tubes. 

MATERIALS FOR NANOFILTRATION AND PERVAPORATION 
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As stated earlier, control over the defect density is of eminent importance to 
reach molecular separation with an acceptable selectivity. However, repairing 
defects in calcined thin films by application of second sol-gel coating often 
leads to unsatisfactory results. This can be ascribed to dewetting phenomena 
reminiscent to those occurring in thin polymer films.17 Occasionally, this is also 
observed in single-layer coatings of sol-gel films (Figure 1d). The relation bet-
ween the dewetting phenomenon and specific interactions of substrate and the 
coating liquid is not fully understood. This effect decreases the membrane yield 
in production and may also affect the adherence of the thin film after calcining. 
Therefore, applying a single sol-gel layer of sufficient thickness is to be pre-
ferred over multi-coating approaches. To achieve this, suitable sols and substrates 
having a low defect density are crucial. 

3. Structure of Porous Supports 

3.1. DEFECTS

For defect free films the intrinsic micropore characteristics, such as pore size  
distribution, tortuosity, and connectivity are the determining factors for the 
separation performance. In addition, the performance is influenced by the physico-
chemical properties of the pore interfaces, such as wettability, presence of 
adsorption sites etc. The selectivity decreases when channels are present that 
are much larger than the intrinsic pore size. These so-called defect pores can be 
formed during the dip-coating process, due to asperities, larger voids, and dust 
particles (Figure 3). Alternatively, shrinkage and interaction with the substrate 
during the drying/consolidating stage can lead to microcrack formation. Defects 
in the top-layer can also originate from the larger pores present in the support.  

Figure 3. Optical micrographs of the surface of a microporous zirconia thin film having a high 
defect density (left) and a defect poor microporous methylated silica thin film (right). 
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The use of clean rooms during the coating procedure reduces the influence of 
dust particles and enhances the quality of the film.18 Other important steps are the 
pretreatment of the substrates and sol filtration prior to coating. The support 
structure must be smooth, flawless and homogeneous to obtain defect free sol-
gel membranes. This can only be achieved through the application of a multilayer
support system.19

3.2. MESOPOROUS SOL-GEL LAYERS: -ALUMINA AND TITANIA 

Mesoporous -alumina obtained from boehmite sols ( -AlO(OH), Yoldas20)
were developed by Leenaars.21 The pore size is determined by the plate-like 
structure of the primary particles in the boehmite sols consisting of ellipsoidal 
aggregates of these platelets. The aggregates are restructuring during drying and 
calcining of a coating. However, remnants of the aggregates after the sol-gel 
transition in a coating may cause larger intra-aggregate pores. Such larger pores 
(i.e. >20 nm) can be observed by bubble number porometry but are hard to 
observe with a Scanning Electron Microscope. The plate-like structure faci-
litates stress relaxation during drying stages. If required, further stress relax-
ation can be obtaining by adding suitable polymers to the coating sol. Stress 
relaxation is much more difficult in sol-gel coatings from sols with spherical 
particles, such as titania sols. Here, polymer additives are a prerequisite for 
obtaining crack free films.12 Based on previous work by Sekulic et al. and Van 
Gestel et al.,22,23 we succeeded in making crack free anatase titania mesoporous 
coatings on tubes that are suitable as substrates for microporous sol-gel films. 
The critical layer thickness of these mesoporous titania films before cracking is 
about 600 nm. This value is much lower than that observed for the boehmite 
films (~3 m).

4. Membranes Prepared from Silica-Based Sols 

4.1. PURE SILICA 

Polymeric silica sols are suitable for the preparation of microporous pure silica 
films on a mesoporous substrate if the interpenetration of the species during the 
drying phase of a dip-coating process is sufficient.24 The preparation of suitable 
sols from tetraethylorthosilicate (TEOS) by acid catalyzed hydrolysis in ethanol 
is relatively straightforward. To obtain reproducible sol properties, fresh pre-
cursors and well-defined synthesis parameters are required. A suitable formu-
lation is: TEOS/EtOH/H2O/HNO3 = 1/3.8/6.4/0.085.18 These recipes were first 
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tial to keep the reaction mixture below 0°C during mixing of the reactants. 
Subsequently, the reaction mixture is quickly heated up to 60°C, and keep it at 
this temperature for 3 h (Scheme 1).

Scheme 1. General synthesis scheme for silica-based sols; dashed steps are optional. 

membrane because of increased branching of the sol species. Using these sols  
it is possible to obtain microporous silica membranes by a single layer coating 
on a preconditioned mesoporous -Al2O3 substrate. In related work by Brinker 
et al.27 first a larger pore size silica layer was coated on the support, followed by 
coating of a second microporous layer.

The silica concentration in the sol and the coating speed determine the thick-
ness of the layer formed after dip-coating to a large extent. The critical layer 
thickness for pure microporous silica layers is about 200 nm. Above this thick-
ness microcracks occur during drying and/or calcining. The average pore size  
of pure silica thin film determined by gas permeation of several gases was 
about 0.4 nm.24 SAXS measurements showed that the fractal dimension of the 

Precursor 1
Ethanol

Ready for coating

Stirring 3-x h
60 °C

Precursor 2
Ethanol

Stirring x h
60 °C

Dilution in
Ethanol

Water, acid

Water

developed at the university of Twente by Uhlhorn,25 followed by further deve-
lopments by De Lange,24 and De Vos.26 To obtain reproducible sols, it is essen-

Directly after synthesis, the sol is diluted with ethanol, filtered and used  
in the dip-coating process. Aging of the sol leads to larger pores in the final 
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The hydrothermal stability of pure silica membranes is very limited, resulting in 
a maximum application temperature in pervaporation applications of ~70°C 
(Figure 6).28

4.2. METHYLATED SILICA 

The first approach to increase the hydrothermal stability of the pure silica 
membrane was by incorporating terminal Si-methyl groups. The reasoning was 
that by replacing silanol-groups, the surface would become less susceptible to 
hydrolytic attack. De Vos was the first to develop such a membrane.29

In the original recipe,29 the sol preparation starts with a hydrolysis step 
similar to that in the pure silica synthesis. After reacting at 60°C for 165 min 
methyltriethoxysilane (MTES, Figure 5) in ethanol is added, leading to final 
molar ratios of: MTES/TEOS/EtOH/H2O/HNO3 = 1/1/7.6/6.4/0.085. The reac-
tion mixture is cooled down to room temperature 15 min after the addition of 
MTES, and subsequently diluted with ethanol. The dip-coatings are performed 
immediately thereafter.

Molecular masses of sol species were investigated by Gel Permeation 
Chromatography (GPC). The GPC particle size of the methylated silica sol is 
similar to that of the pure silica sols. The distribution is polydisperse with a 
maximum molecular mass of 4 kg/mol. Besides the one-step acid hydrolysis 
described above, also a two-step acid hydrolysis procedure was developed to 
prepare methylated silica sols with varying methyl content.30 These two step 
sols have a much smaller GPC particle size distribution with a maximum of 
~1 kg/mol, which has been ascribed to the higher methyl content of the species. 
Coatings of these sols on mesoporous -Al2O3 and TiO2 could be prepared and 
the results were very reproducible. The layer thickness can be varied between 
50–150 nm by adjusting the sol concentration and coating speed. The defect 
density was found to be related to the layer thickness, and increases with decre-
asing layer thickness (Figure 1d). The calcination of dried films in air at 250°C 
results in membranes with a satisfactory pervaporation performance. The pore 
size distributions for individual sol and membrane preparations estimated from 
the uncorrected Kelvin equation using water permporometry31 were quite repro-
ducible (Figure 4). The average pore diameter d50 of about 0.6 nm, is 
somewhat larger than that of pure silica films. The pervaporation performance 
of these methylated silica membranes is excellent up to temperatures of 95°C 
(Figure 6).30 Above this temperature rapid degradation of the membrane takes 
place.

silica species in these sols is about 1.4 to 1.5, which points to with weakly 
branched linear species. The radius of gyration was found to be about 2 nm. 
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Figure 4. Normalized pore size distributions of methylated silica (MeSi) membranes. A, B and C 
represent individual sol and membrane preparations on mesoporous -alumina substrate tubes; 
d50  0.6 nm. 

Figure 5. Precursors used for the preparation of silica (TEOS), methylated silica (MTES), and 
hybrid silica (BTESE) membranes. 

4.3. HYBRID SILICA 

A dramatic increase in hydrothermal stability can be achieved when part of the 
siloxane bonds (Si-O-Si) are replaced by organic bridges (Si-CH2-CH2-Si). As a 
result a truly organic-inorganic hybrid material is formed.32 This hybrid silica 
material can be obtained through the application of bisfunctional precursors, 
such as 1,2-bis(triethoxysilyl)ethane (BTESE, Figure 5). The synthesis of sols 
for such membrane layers was developed by Sah et al.33,34 This synthesis con-
sists of a two step acid hydrolysis of BTESE/MTES mixtures. MTES is added 
to prevent the formation of unreactive cyclic species35 and it reduces the speed 
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of gel formation. The two step addition of the acid/water mixture suppresses 
multiple hydrolysis and therefore promotes the formation of linear and weakly 
branched sol species. The structure of sol species can be controlled further  
by the BTESE/MTES ratio, pH, hydrolysis ratio, and reflux time. Based on a 
screening of acid and water concentrations and the precursor ratio the following 
composition was selected for membrane preparations: BTESE/MTES/H2O/
HNO3 = 1/1/2/0.05.The average hydrodynamic diameter of these sols ranges 
from 3–10 nm36 and the fractal dimension of the species as obtained from 
SAXS is about 1.1.33 Based on these data, good particle interpenetration during 
drying and the formation of micropores is expected. In general, the pore size 
distributions of the hybrid thin films were broader than those of methylated 
silica membranes. The average pore diameter estimated from permporometry is 
also slightly larger (d50 = 0.6–0.9 nm). A striking feature of the hybrid films  
is the unusually large critical layer thickness of about 1 m. Presumably, this  
is a consequence of the presence of the bridging alkyl groups which decrease 
the elasticity modulus of the film, i.e. enhancing the possibilities for viscous 
relaxation.

Above, we have shown that the maximum application temperature of pure 
and methylated silica in the pervaporation of n-butanol/water is limited to a 
maximum value of 95°C.30 The hybrid silica membranes show remarkably stable 
performance at temperatures as high as 150°C. These membranes have excellent 
water fluxes and selectivity and maintain this performance up to at least 600 
days of total running time (Figure 6).33 We believe that several factors play a 
critical role in the differences in stability between silica, methylated silica, and  

Figure 6. Long-term performance of silica-based membranes in pervaporation.
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hybrid silica membranes. The presence of organic groups in the structure leads 
to a more hydrophobic character and the silicon atoms are partly shielded from 
attack by water. In addition, the network in this hybrid silica is partly formed by 
silicon-carbon bonds that do not hydrolyze. Furthermore, the bridging momomers 
are connected via six siloxane groups compared to four or three in TEOS and 
MTES respectively. This characteristic of bisfunctional precursors lowers the 
probability of full hydrolysis and subsequent removal of monomers from the 
membrane film. 

In addition to the above, we believe that mechanical factors are of impor-
tance. Pure silica sols obtained by acid hydrolysis contain a relatively large 
content of three and four membered strained siloxane rings.37 The content of 
these strained rings may even increase during the dip-coating process and the 
subsequent drying and calcining. It has been suggested that especially these 
strained bonds are susceptible to hydrolysis followed by a restructuring to a 
more favorable relaxed structure.38 This transforms microporous silica in dense 
silica with some remaining mesoporosity. 

The incorporation of (non-binding) methyl groups probably retards the 
restructuring of the silica network, which explains the increased stability of 
methylated silica. This effect is exponentially larger in the presence of bridg- 
ing -Si-CH2-CH2-Si groups. The formation of three-membered rings is much 
more unlikely using the bridging precursors. Tensile film stresses increase the 
sensitivity for water attack similar to the presence of strained three membered 
rings.39 We think the possibilities for stress relaxation in the hybrid membrane 
films are larger hence decreasing the reactivity for water. In addition, recent 
studies on the use of such materials as insulators for microelectronic devices 
have shown that crack propagation is retarded by the incorporation of organic 
bridging groups in the silica network.40

5. Membranes Prepared from Metal Oxide Sols 

As an alternative to silica-based materials we have investigated metal oxides,
such as titania and zirconia. These metal oxides are known for their stability in 
aqueous environment in a wide pH range.23,41 A number of different routes have 
been employed for the sol-gel synthesis of metal oxide particles. Most of these 
aim at the limitation of reaction kinetics involved in the sol-synthesis based on 
alkoxide precursors. Two main approaches can be distinguished. One approach 
uses ligands to stabilize the precursor (Scheme 2),42–46 the other is based on 
stabilization of nanoparticles before they aggregate (Scheme 3).47 For the first 
approach, ligands such as amino-alcohols or -diketones are used, of which 
acetylaceton (acac) is the best-known example. Aggregation of nanoparticles 
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Scheme 2. General route for ligand-based metal oxide sol preparation. 

5.1. TITANIA

Titania sols were prepared by premixing acac and titanium isopropoxide in 
isopropanol (IPA) in a molar ratio of 1:1 (sol Ti-1). To this mixture a solution 
of water in IPA was added slowly, leading to a final molar ratio H2O/Ti of 2:1. 
Using this approach, sol particles with an average hydrodynamic diameter of  
2 nm were obtained. Coatings on -alumina support tubes resulted in very thin 
layers that appeared to be defect-free by microscopy techniques. However, pore 
size analysis by permporometry indicated the presence of smaller mesopores. 
This is an indication that no complete coverage of the mesoporous support was 
achieved. We presume that the small particle size obtained by this route leads to 
sol infiltration into the support rather than the formation of a porous layer on 
top of the support. 

Metal alkoxide 
solvent

Water
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Mix and stirr

Mix and stirr
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solvent

Ready for coating

Aging at RT

can be prevented by the introduction of an acid dispersant or by using a sub-
stoichiometric amount of water. We have used both approaches for the prepar-
ation of titania and zirconia thin films. 
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In a second approach the aim was to prevent aggregation of particles during 
sol synthesis. This time a mixture of water, concentrated HNO3, and IPA was 
added dropwise to titanium iso-propoxide in IPA.47 We used water to titanium 
ratios of 1.4:1 (sol Ti-2) and 2:1 (sol Ti-3). After addition of the water mixture, 
the sols were heated to reflux for 10 min and aged for 1 day before coating. The 
average particle size of sol Ti-2, prepared with lower amount of water, was 
smaller than that of sol Ti-3, prepared with a stoichiometric water content. In 
addition, the size distribution is somewhat broader for sol Ti-2. Sol Ti-C has  
a narrow size distribution with an average hydrodynamic diameter of 10 nm 
(Figure 7). The particle size distribution of sols Ti-2 and Ti-3 did not change 
over time for at least 1 week. 

Scheme 3. General preparation of metal oxide sols using acid (used for zirconia) or a sub-
stoichiometric amount of water (used for titania). 

5.2. ZIRCONIA

A ligand-based zirconia sol was prepared using acac as modifying ligand  
(Sol Zr-1). Similar to the titania sol, a solution of zirconium n-propoxide in  
n-propanol was mixed with a solution of acac in n-propanol in a ratio of 1:1. To 
this modified precursor a solution of water in n-propanol was added drop-wise 
Different from our work on titania, a second type of zirconia sol was based on a 
approach inspired by microemulsions.48 First a mixture water, hexanol, and 
cyclohexane was stirred vigorously. This mixture was added drop-wise to a 
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solution of zirconium n-propoxide in cyclohexane in a molar ratio H2O/Zr of 
3:1. Subsequently, the resulting sol was stirred for 15 min and acetic acid in 
cyclohexane was added in one portion. After this the sol was ready for further 
use (sol Zr-2). 

The dynamic light scattering experiments for zirconia sols based on the 
second approach indicate that the hydrodynamic diameters are in the nanosize 
range and that the size distributions are quite narrow. The average hydro-dynamic 
diameters of these sols are around 5–7 nm (Figure 7). Interestingly, when the 
same sol preparation was repeated and the sols were aged for different periods 
of time, the size distributions found with DLS are very similar. Clearly, the sol 
preparation using a microemulsion is highly reproducible and the sols are highly 
stable against particle growth.

and zirconia (sol Zr-2) sols. 

Based on these measurements the membranes based on titania sols Ti-3 and 
zirconia sol Zr-2 were selected for further investigation. Pervaporation measure-
ments were carried out at 95°C using a mixture of n-butanol and water (95/5 
wt%). The zirconia membrane has an initial water flux of around 5 kg/m2 h, 
which decreases during the first 20 days of operation. After 20 days, the mem-
brane performance is stable up to at least 120 days. The measurement was termi-
nated after 123 days. The water content of the permeate stream initially is quite 
low, but after about 20 days an acceptable 90% water is reached. This increases 
to the required 95% after 40 days. 
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The titania membrane also has an initial water flux of over 5 kg/m2 h. Also 
in this case, the flux decreases rapidly during the first 20 days of operation. In 
addition, the water content in the permeate stream starts at a disappointing 75%, 
rises to 95%, after which the water content drops dramatically. This is a clear 
indication for breakdown of the membrane after about 15 days. 

The titania membrane based on sol Ti-2 was selected for nanofiltration 
experiments in supercritical CO2. Microporous membranes, such as silica 
membranes and the titania membrane described here are very effective in 
retaining a fluorinated phosphine complex, a modified version of Wilkinsons 
complex.49

Based on our data it seems that the zirconia membranes, and more heavily 
the titania membranes, suffer from densification and crystallization effects. It 
has to be noted that the actual process conditions for pervaporation resemble 
many of the hydrothermal treatments done to prepare crystalline nanoparticles. 
Therefore, the conditions of the separation process could easily provide the 
energy to transform the material to its thermodynamically favorable state. 

6. Outlook

In this chapter we have presented a brief overview of the use of different sol-gel 
approaches for the formation of microporous membranes. The examples indi-
cate that such membranes are highly suitable for molecular separations. Still, 
the issue of long-term stability in media that contain water, or in addition are 
highly acidic or basic needs to be addressed. The sol tailoring we and others 
have done shows that particle morphology and size can be directed by choosing 
the right precursors, reaction conditions, and stabilizing agents. 

The remarkable stability of the first generation of microporous hybrid mem-
branes indicates that much can be gained by including organic groups in the 
network structure. We feel that the field of membrane science would benefit 
from additional studies into the nature of this stabilizing effect. The potential  
of hybrid materials for membrane applications poses a great challenge for sol-
scientists, because of the vast amount of possible variations. 

The limited life-time of membranes based on titania and zirconia sols suggest 
that the use of (partly) amorphous mono-metal oxide sol species does not lead 
to membranes that have long-term stability. In our view, the development of 
sols for membrane preparation should either focus on stabilization of amorphous 
structures by, e.g. dopants, or on the use of crystalline nano-particle sols. As an 
additional advantage, the surface of crystalline nanoparticle can be tailored to 
the application, as was nicely demonstrated by the group of Niederberger.50,51

Recent work on mixed metal precursors by Spijksma et al. opens the way for 
amorphous mixed oxide membranes.52 The use of these mixed metal oxides for 
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membrane applications could improve stability by preventing the phase changes 
commonly observed for titania and zirconia. 

Over the years, the field of sol-gel science has had a large influence on the 
development of membranes that have to survive under industrial, often corro-
sive conditions. Based on the described recent developments in the field of sol-
gel membranes, we conclude that membrane science still is a challenging topic 
for sol-gel scientists. 
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Abstract. Sol gel method is an important technology for the synthesis of TiO2
films for water treatment. In this chapter, we will discuss the critical issues on 
the sol gel synthesis of TiO2 films with high photocatalytic activity and good 
long-term mechanical stability. The aspects will mainly include the following: 
(1) design of film structure for increasing the number of electron-hole pairs gene-
rated and number of hydroxyl radicals produced, (2) tailor-design of the film pore 
structure for increasing adsorption of treated contaminants and enhancing mass 
transfer between the contaminants and catalyst active sites, and (3) improve-
ments in the long-term mechanical stability of the TiO2 films by achieving  
good adhesion of immobilized TiO2 films on the support (substrate). Important 
achievements of our research works related to sol gel synthesis of TiO2 films 
and membranes and the application of these TiO2 photocatalysts in promising 
photocatalytic reactors are summarized. Current challenges and future directions 
on the sol gel synthesis of TiO2 films for water purification are also discussed. 

2
water purification. 

1. Introduction

During the last few years, serious water pollution problems stimulated a dramatic 

TiO2 films for water purification.1–6

sol gel methods to synthesize nanostructured TiO  films, many scientists and 2
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 Because of many advantages in the use of 
increase in research activities dealing with the development of high performance 
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engineers have focused on the development of novel sol gel methods for the 
synthesis of immobilized TiO2 films.2–12 In this chapter, we will not review 
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general aspects of TiO2 photocatalysis and sol gel chemistry, which have been 
reviewed by other researchers. Instead, we will discuss critical issues associated 
with the design of TiO2 film structural properties for improving film photo-
catalytic activity and long-term mechanical stability. 

Promising sol gel methods developed in our group and relevant photo-
catalytic reactors are summarized in this chapter. Current challenges and future 
directions on sol gel synthesis of TiO2 films for water purification will be dis-
cussed.

2. Background: The Importance for Preparing TiO2 Photocatalytic Films 
for Water Purification 

Dramatic increase in human population, urbanization, limited water resources 
especially in arid climates, development of a variety of new products that find 
their ways into our water supplies, intense agricultural activities, booming of 
industrial activities in several developing countries with dense populations, unavai-
lability of even simple processes to provide basic water sanitation in several deve-
loping countries, and several other reasons are causing serious water pollution 
threats in both developed and developing countries around the world.13

Along with a variety of other water pollutants such as pathogenic micro-
organisms and toxic inorganic chemicals, numerous harmful organic contami-
nants, such as pesticides, herbicides and other synthetic or naturally occurring 
organic chemicals can cause serious adverse health effects when present, even 
at small concentrations, in potable water.14–20 Therefore, the need for elimina-
ting toxic organic contaminants in water becomes a vital priority. Since certain 
toxic and non-biodegradable organic pollutants in contaminated water cannot be 
effectively eliminated by conventional technologies such as biological processes, 
the development of more powerful and effective technologies for water decon-
tamination becomes especially important. 

TiO2 is a ceramic semiconductor material and is characterized by a void 
energy region between its valence (VB) and conduction (CB) bands, which is 
called the band gap. The band gaps of anatase and rutile crystal phases are 3.0 
and 3.2 eV, respectively.21 When the TiO2 catalyst receives sufficient energy 
(i.e., UV radiation equal to or above the band-gap energy), there is excitation of 
an electron from the valance band to the conduction band. As a result, electrons 
and holes are generated in the semiconductor. Electrons and holes can induce 
redox reactions at the surface of TiO2 photocatalyst. Superoxide radical anion 
(O2

– ) can be formed due to interaction of the oxygen adsorbed at catalytic sites 
and photogenerated electron, while hydroxyl radicals ( OH) can be formed at 
the surface of TiO2 photocatalyst due to the interaction of holes and adsorbed 
hydroxyl groups.21–23 Hydroxyl radical is a strong and non-selective oxidizing 
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species, which can decompose organic contaminants into CO2, H2O and other 
mineral species (i.e., a process known as mineralization). 

Since the pioneering discovery of the photocatalytic properties of TiO2
24

and the demonstration of its effectiveness to generate hydroxyl radicals when 
illuminated by UV light along with its environmentally benign properties (i.e., 
non-toxicity, absence of dissolution in water, photostability), and relatively low 
cost, TiO2 photocatalyst has been considered a key material in the destruction  
of recalcitrant organic pollutants in water,21,25 as well as for killing pathogenic 
microorganisms.26 TiO2 photocatalysis, one of the so-called advanced oxidation 
technologies/processes (AOTs, AOPs) based on hydroxyl radicals, has been con-
sidered an emerging technology with great potential to completely destroy 
harmful non-biodegradable and biocidal organic contaminants in water.21 More 
importantly, TiO2 photocatalysis can utilize solar light, which is plentiful. As  
a result, the process has unique advantages over other catalytic technologies, 
especially for the elimination of toxic and bioresistant contaminants in water.21,27

Traditionally, two types of photocatalytic reactors were used in studies con-
cerning water treatment. Those that utilize powder type TiO2 photocatalysts in 
suspension and those that utilize film type TiO2 photocatalysts immobilized on 
a support. Although characterized by larger catalytic surface area and absence of 
mass transfer limitations, systems with suspended TiO2 nanocatalyst impose  
the requirement for filtering the effluent to remove TiO2 particles of nano-
scale dimensions.28 This filtration process is tedious and costly. Furthermore, it 
requires several other unit operations and separation processes and does not 
guarantee complete removal of the ultrafine particles. Therefore, most current 
research activities are centered on the area of photocatalysis using immobilized 
catalyst.1–12

Considering the fact that TiO2 photocatalytic film is the key component in 
immobilized-type photocatalytic reactors, it is especially important to design and 
synthesize high performance photocatalytic films with good long-term mechanical 
stability, which is a critical requirement in the development of large-scale photo-
catalytic reactors in large-scale industrial installations. 

3. Sol-gel Method: A Promising Approach for the Synthesis
of Immobilized TiO2 Films 

The term “sol-gel” refers to the first stage of material transformation from a 
“liquid-like” sol to a “solid-like” gel. Sol-gel preparation method is essentially a 
room temperature wet chemistry-based formation of solid inorganic materials 
from molecular precursors. Sol-gel processes for the synthesis of TiO2 films 
involve a series of processing steps: (1) formulation of a sol containing either 
colloidal TiO2 precursor or Ti (OR)4 precursors; (2) aging and deposition of the 
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sol on appropriate supports; (3) evaporation of the solvent and other volatile com-
pounds for gel formation and film solidification; (4) heat treatment for the pyro-
lysis of residual organics, densification of the film, and crystallization of the  
Ti-O-Ti inorganic network for obtaining the desired crystalline TiO2 phase. A 
typical first step of the sol-gel process from the titanium alkoxide precursor can 
be illustrated as follows29:

Ti(OR)4 + (2 + x) H2O  TiO2 x H2O (oxide nanoparticle) + 4ROH 

Ti(OR)4 is titanium alkoxide and R is a short aliphatic group. 

Compared with many preparation methods for the synthesis of immobilized 
TiO2 films, such as chemical vapor deposition (CVD), impregnation, and thermal 
oxidation of Ti metal, the sol gel method has many unique advantages because 
it requires relatively simple process equipment11 and it is suitable for coating 
the films on supports of various shapes. Moreover, in the formation of the films, 
sol-gel processes are flexible in adjusting various preparation conditions,3,30

which is beneficial to the improvement in the physicochemical properties of the 
final TiO2 films. The controllable preparation conditions in such a wet chemistry 
method include the type and concentration of precursor (i.e., Ti(OR)4), pH, 
water content, solvent, size and type of templating agents, aging conditions, sin-
tering temperature, and presence and size of solid particles in the sol. 

4. Sol gel Synthesis of Immobilized TiO2 Films for Water Purification

There are two important issues to be addressed before immobilized TiO2 films
can be used in large-scale ultraviolet or solar-based photocatalytic reactors for 
water treatment applications. One is good photocatalytic activity; another is 
good and long-term mechanical stability. In order to prepare high performance 
immobilized TiO2 films with long-term mechanical stability, it is important to 
understand what type of film properties could significantly affect their photo-
catalytic activity and long-term mechanical stability. Catalytic activity of TiO2
photocatalysts can be measured by quantum yield,22 which is determined by the 
charge transfer rate and the electron-hole recombination rate in both bulk and 
surface of TiO2 photocatalyst.22 It is well known that the anatase phase is, in 
general, the most desirable active crystalline phase for obtaining high photo-
catalytic activity.21,22,27 In addition, many other film properties can also affect 
the photocatalytic activity of such films. These film properties mainly include 
the amount of crystalline materials immobilized on the support, film thickness, 
particle size, BET surface area, pore volume/porosity, pore structure, surface 
morphology (surface roughness), and surface chemical composition.7,9 No matter 
what type of film property is improved, increase in photocatalytic activity is 
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essentially achieved by (1) increasing the number of “effective” electro-hole 
pairs on the surface of the photocatalyst,21,22,31 which are generated after the 
photoexcitation event, and/or (2) improving adsorption and/or mass transfer of 
the treated contaminants on the active sizes.8,32 On the other hand, the long-term 
mechanical stability of sol gel derived TiO2 films is determined by film hard-
ness and adhesion, which have been proven to greatly depend on the heat treat-
ment temperature during calcination.7,33 In addition, good structural integrity  
is desirable for maintaining film mechanical robustness. As a consequence, 
improving the above film properties has become an important strategy for the 
preparation of highly active TiO2 film with good long-term mechanical stability. 
Many efforts have been devoted to the sol gel synthesis of TiO2 films with 
improved film properties for water treatment.2–12,34 From one prospective, the 
current sol gel methods can be categorized as “conventional sol gel methods 
without the use of template” and “template-associated sol gel methods.” Sol gel 
methods often involve the use of relatively high heat treatment temperatures 
during film calcination7,35 to eliminate organic solvents and precursors, crystallize 
the coated gel to the desirable crystal form, and form strong chemical bonds 
between the film and the substrate for good adhesion.7,33 As a result, the TiO2
films prepared by conventional sol gel methods often present low catalyst 
activity due to several reasons induced by the high calcination temperature, 
such as low BET surface area, low porosity, and smaller than optimum pore 
size.5 Considering the fact that template-associated sol gel methods can over-
come the above shortcomings due to the formation of tailor designed crystalline 
frameworks with high BET surface area and optimum pore structure formed 
after the decomposition of the supramolecular template at higher calcination 
temperatures,35 template-associated sol gel methods are in general considered 
more promising technologies among the sol gel methods associated with an 
afterwards heat treatment process.

Based on the scientific and technological importance on the sol gel syn-
thesis of robust nanostructured TiO2 photocatalytic films for the development of 
efficient water purification systems for advanced life support in long-duration 
space missions of NASA as well as in long-term terrestrial applications, during 
the last few years, we have developed various novel sol gel methods to synthe-
size nanostructured TiO2 films and membranes, so as to develop highly efficient 
reactors and membrane systems for water purification. The supramolecular tem-
plates we have employed mainly included polymers (i.e., polyethylene glycol) 
and surfactants (i.e., Tween 20), which are also considered to be two types of 
popular pore directing agents in the sol gel synthesis of porous TiO2 films by 
other researchers.11,29,36 Based on the research results in our group, using sur-
factant Tween series as templates can present some unique advantages on the 
synthesis of TiO2 films4,37 and TiO2 membranes4,38,39 because Tween surfactants 
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are highly viscous, which is beneficial to the improvement in film thickness, 
and (3) they can induce the formation of mesoporous film structure with high 
BET surface area (i.e., above 100 m2/g). However, our research results also 
demonstrated that the photocatalytic activities of porous TiO2 films synthesized 
by template associated sol gel methods may not be optimum because of some 
problems, such as (i) relatively small amount of crystalline material at each dip 
coating cycle, (ii) poor UV absorbance due to small film thickness and (iii) 
possible mass transfer limitations between the treated contaminants and active 
sites in the inner layers due to non-optimized pore structure.40 On the other 
hand, former research results showed that incorporating highly active Degussa 
P25 nanoparticles into alkoxide precursor sol (without templates) could improve 
film thickness/film weight and obtain good mechanical stability of the films.6,9,41

However, our research results show that increasing P25 loading can lead to 
crack formation,9 which in fact has a detrimental effect on the long-term mecha-
nical stability of the films. Enlightened by the advantages of both template-
associated sol gel methods and P25 powder modified sol gel methods, we have 
recently developed promising template-assisted Degussa P25 TiO2 powder modi-
fied sol gel methods. Such approaches are the combined sol gel processes using 
Degussa P25 nanoparticles as fillers with a relatively low loading (i.e., 10 g/l in 
the sol), which is beneficial to the improvement in film thickness and avoid 
crack formation in the films, and using environmental friendly templates such 
as polyethylene glycol (PEG 2000) or polyoxyethylene (20) sorbitan monolaurate 
(Tween 20) as pore directing agent. Moreover, by employing such nanotechno-
logical template-associated sol gel methods, P25 associated larger pores (i.e., 
macropores or larger mesopores) can be formed, which is beneficial to the 
increase of mass transfer of the treated contaminants in the larger pore channels. 
As a result, the enhancement in photocatalytic activity induced by low loading 
P25 is high. By using these methods, almost all physicochemical properties of 
the films can be improved, which is beneficial for improving the photocatalytic 
activity and long-term mechanical stability of the films. After optimizing the 
preparation conditions (i.e., calcination temperature and template loading), the 
final TiO2 films possess high BET surface area, large pore volume, bimodal 
pore size distribution, enhanced film thickness, good UV light utilization, large 
amount of crystalline materials (enhanced number of active sites) on the support 
by one dip coating cycle, robust crystal structure, good structural integrity, and 
good adhesion on the substrate. Our research results proved that the final films 
exhibit high photocatalytic activity in the degradation of model organic con-
taminants such as 4-chlorobenzoic acid (4-CBA) and creatinine in water.8,40

Therefore, the as-prepared “thick” films have great potential to be used for the 
development of large-scale photocatalytic reactors for water purification. 

have the following properties: (1) they are environmentally friendly, (2) they 
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5. Summary and Future Directions

Based on the above analysis and discussion, it can be concluded that combined 
sol gel synthesis route associated with the coupling of nanoparticles as filler  
and a template as a pore directing agent seems to be a promising approach for 
the synthesis of high performance TiO2 films for water purification because 
almost all film properties can be simultaneously improved, which is beneficial  
to achieve significant improvement in photocatalytic activity and enhancement 
in mechanical stability of the films. On the other hand, considering that sur-
factant self-assembling sol gel methods (without P25 nanoparticles) can provide 
an effective way to synthesize TiO2 films with periodic surface structures,42

which allows the orientation of the treated chemical molecules in the pores to 
improve photocatalytic activity and selectivity,42 surfactant self-assembling sol 
gel methods are still considered to be an important approach especially for the 
synthesis of porous TiO2 films/TiO2 membranes with high selectivity and/or 
high permeability. Our research work showed that the as-prepared porous TiO2
films with increased photocatalytic activity, good structural integrity and adhe-
sion have great potential to be used for the fabrication of tubular reactors with 
UV (254 nm) radiation (mainly) for the continuous-mode purification and dis-
infection of wastewater in space and terrestrial applications. In such continuous-
mode tubular reactors, destruction of organic contaminants and breakdown of 
microbial debris can be achieved by both TiO2-photocatalysis (UV, 254 nm) 
and UV (254 nm) radiation (photolysis). In addition, although many studies  
on sol gel synthesis of high performance TiO2 membranes are still underway  
in our group, the photocatalytic membranes with excellent multifunctional 
properties are believed to have great potential to be used for larger integrated 
disinfection-photocatalytic-membrane reactors for the long-term continuous-
mode disinfection, treatment and purification of wastewater contaminated with 
pathogenic microorganisms (i.e., Escherichia coli, Cryptosporidium parvum),
organic contaminants (phenol, chlorinated aromatics, etc.), and other inorganic 
species (arsenic) as well as for wastewater from hand washing (i.e., containing 
surfactants) and human urine. Another issue is related to solar TiO2 photo-
catalysis, which is somewhat limited due to the fact that the solar light contains 
only a small percentage of ultraviolet light with wavelength less than 380 nm 
(3–5%).43 Therefore, sol gel synthesis of high performance TiO2 films with 
visible light response is an important issue in the field of TiO2 photocatalysis 
for water treatment. Such related studies are also underway in our group. 
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Abstract. The development and potential application of various biosystems 
based on enzymes and living cells of microorganisms, immobilized into gel-
containing carriers and capable of detoxifying neurotoxic agents such as organo-
phosphorous pesticides and chemical warfare agents as well as products of their 
destruction are discussed.

Keywords: Immobilized biocatalysts, organophosphorus hydrolase, polyhistidine 
sequence, organophosphorous pesticides, chemical warfare agents, poly(vinyl alcohol) 
cryogel, cross-linked sulphate chitosan gel, polyacrylamide cryogel. 

1. Introduction

The organophosphorous pesticides are extensively applied in agriculture despite 
their mammalian neurotoxicity. The world market analysts gave the following 
prognosis: the e turnover of the market sector will grow per 11.7% annually and 
reach the $210 billion up to 2007 year. The abundant application of organo-
phosphate compounds (OPC) along with their low water solubility results in  
the accumulation of the compounds in soil, ground and river waters. All OPC 
possess acute or delayed neurotoxicity, but the cumulative mutagenic effect of 
low OPC quantities appeared to be even more dangerous than neurotoxic one. 
The comprehension of real OPC threat for human health starts to be absolutely 
clear when someone take into account that OPC penetrate into the human body  
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via skin, inhalation and with water and foods. Today, the costumers widely used 
the OPC as domestic insecticides to treat their farmlands, backyards and pets 
without appropriate control compose the largest group of people who risk their 
health every day.1 The diagnosis of cancerous or chronic diseases as result of 
OPC poisoning became reality of our days especially for those who participates 
in the production of pesticides or works in contact with OPC.2,3

According to Chemical Weapons Convention, 1,000 t of stored organo-
phosphorous warfare agents (Vx, sarin, soman) should be destroyed in various 
countries during next several years. The technologies accepted for the des-
truction of chemical warfare agents (CWA) have various disadvantages (non-
destructed residual amounts of toxic CWA, corrosive or flammable wastes,  
etc.) and all means enabling their elimination are of high scientific and practical 
importance.

Thus, the development of effective, user-friendly and economically appro-
priate biocatalytic systems that can prevent or reduce the threat of toxic influence 
of OPC used for the indoor and agricultural purposes as well as stored in depots 
is one of the main tasks of up-to-date biotechnology.

Organophosphorus hydrolase (OPH, EC 3.1.8.1) being a key enzyme in  
the detoxification of mentioned compounds catalyses the hydrolysis of a rather 
broad spectrum of OP neurotoxins and can be used for “Green solution” of the 
problem.4

The immobilization of OPH and whole cells containing OPH into gel sys-
tems appeared to be the most effective ways in the obtaining of biocatalysts 
with high catalytic activity, long shelf life and half-life time in the operating 
systems that could be used for pollution control, water purification, and self-
defense. The examples illustrating this point of view are present in this review. 

2. Gel Biocatalysts for Pollution Control in the Processes of Detoxification 
of Neurotoxic Organophosphorous Compounds

2.1. ENZYMATIC BIOCATALYSTS IN THE GEL-CONTAINING CARRIERS 
FOR CONTROL OF DETOXIFICATION OF NEUROTOXINES 

The use of the enzyme as an active part of biosensors for discriminative OPC 
determination stimulates the development of its forms stabilized via immobi-
lization in gel systems.5,6 The attachment of OPH to various gel carriers (silica 
gel, poly(vinyl alcohol cryogel)) via multiple covalent bounds,5,7 was success-
fully applied in the development of biocatalysts for detection of various OPC 
concentrations.
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The direct control of efficiency of OPC detoxification was realized owing  
to combination of OPC hydrolysis with accumulation of hydrolytic products 
with acidic pH values. So, potentiometric analysis was accomplished by using a 
flow-through bioassay system with Corning glass pH-microelectrode.

Owing to immobilization, the stability of OPH in the solutions with acidic 
pH values was considerably higher as compared to its free form. The covalent 
immobilization of OPH8 being a part of non-covalent complex, formed by 
enzyme with 1,5-dimethyl-1,5-diazaundecamethyene polymethobromide (poly-
brene), provided five-fold increase in stability of biocatalyst in 15% (v/v) ethanol 
solution as compared to soluble enzyme.9 Immobilized biocatalyst, prepared with 
an addition of polybrene, retained a half of its initial activity in 50% (v/v) aqu-
eous ethanol solution, 90% of activity during 10 working cycles at pH 6.5–7.5, 
when the optimum of enzyme action was 8.0–9.0. 

The discriminative detection of OPC in various mixtures with carbamates 
was demonstrated, when combined biosensor containing both immobilized OPH 
and acetylcholinesterase was used. The detection ranges of this integrated bio-
sensor was 10–9 to 10–5 M for paraoxon or diisopropyl fluorophosphate. The 
elimination of organophosphorous neurotoxins from different multi-component 
inhibitor combinations via sample pretreatment with immobilized forms of OPH 
was shown to be possible. Since then, the inhibiting influence of non-OPC on 
the acetylcholinesterase could be separated and its true value might be deter-
mined by this approach.

2.2. TEST-SYSTEMS BASED ON APPLICATION OF LIVING CELLS 

A biosensor for direct detection of OPC was developed using recombinant 
Escherichia coli cells with OPH activity, immobilized into cryogel of poly (vinyl 
alcohol).10 The same potentiometric approach to determination of OPC concen-
trations as in case of immobilized OPH was utilized here. The linear detection 
range for paraoxon detection was 0.25–250 ppm (0.001–1 mM), the response 
times were 10 and 20 min in the batch and flow-through reactors, respectively. 
It was possible to use same sample of immobilized biocatalyst repetitively for 
25 analyses with a 10 min intermediate washing of granules with cells, required 
for reestablishing starting conditions. 

Recently, another one immobilized biocatalyst for the detection of various 
OPC was developed on the basis of Photobacterium phosphoreum cells. It is 
known, that photobacteria are commonly used test-biosystem allowing revealing 
of various types of ecological toxins.11 However, their use in suspended state is 
limited by several disadvantages: low enough stability of biolumine-scent signal
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Figure 1. Decrease in bioluminescence of immobilized photobacteria under the inhibiting action 
of following organophosphorous compounds:  – methylphosphonic acid,  – malathion,  – 
coumaphos,  – parathion. 

It was shown that immobilization of cells did not decrease the light emission 
and considerably stabilized the level of registered bioluminescence. The storage 
time of immobilized cells without reduction of initial level of luminescence was 
1 month at –20oC and 6 month (as minimum) at –80oC. The concentrations of 
various compounds inhibiting bioluminescence of immobilized photobacteria 
were established (Figure 1). 

The ranges of concentrations detected for various OPC by immobilized cells 
were following: 5–150 ppm coumaphos, 0.02–6 ppm parathion, 0.02–40 ppm 
malathion. The possible determination of concentrations of methylphosphonic 
acid (MPA) being product of hydrolysis of all known organophosphorous chemi-
cal warfare agents (scheme 1) was demonstrated for immobilized photobacteria 
for the first time. The range of detected concentrations for MPA was 2–500 ppm.

Thus, it was established, that it is possible to use the photobacteria immobi-
lized into PVA cryogel for quantitative determination of neurotoxins. 

Scheme 1. Biological hydrolysis of R-Vx. 
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at temperatures over 28oC, storage only in lyophilized form, etc. The cryogel  
of poly(vinyl alcohol) (PVA)12 was used as a carrier for photo-bacteria in  
our work. 
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3. Biocatalysts Immobilized in Gel-Containing Carriers for Detoxification
of Neurotoxic Organophosphorous Compounds 

3.1. BIOCATALYSTS BASED ON IMMOBILIZED LIVING CELLS-PRODUCERS 
OF ENZYMES CATALYSING OPC HYDROLYSIS 

Recently, a new line of enzymes decontaminating various toxins was developed 
by Genencor Int. in partnership with U.S. Army’s Edgewood Chemical Bio-
logical Center (Table 1). Genencor plans to spread these new products selling 
them to military and civilian fire departments and hazardous material team as 
well as to apply the products for the bioremediation of industrial and agricultural 
waste sites. The stabilized enzymatic preparations with general name DEFENZ 
can be used in immobilized state being introduced into the content of the 
fire foam.13

TABLE 1. Commercial products for OPC destruction. 

Company/product Objects for treatment References 

Genencor Int. 
DEFENZTM 120 BG 
DEFENZTM 130 BG 

Flat surfaces,
ground

www.genencor.com

Reactive Surfaces, Ltd. 
OPDtoxTM

Paints,
coatings

www.reactivesurfaces.com

Another one commercial product (OPDtoxTM) for OPC detoxification was 
developed by Reactive Surfaces, Ltd. as an additive for various environmentally 
friendly paints and latex coatings. This additive contains a dried whole-cell 
powder of E. coli DH5  cells with OPH activity.14

Thus, the commercial immobilized biocatalysts based on enzyme and whole 
cells with detoxifying activity against neurotoxic organophosphorous compounds 
are already known. Nevertheless, new variants of effective biocatalysts for OPC 
destruction are continued to be developed. 

It was established that immobilization of whole cells capable of degrading 
OPC into porous structure of poly(vinyl alcohol) cryogel guaranteed the simple 
biotechnological procedure and a high viability of entrapped cells during their 
long-term use for OPC detoxification15,16 as well as long-term storage. 

3.2. BIOCATALYSTS BASED ON IMMOBILIZED ENZYMES WITH ACTIVITY 
OF ORGANOPHOSPHORUS HYDROLASE 

To develop effective biocatalysts with OPH-activity suitable for flow systems, 
various approaches to enzyme immobilization have been applied.5,15 The use of 
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various amino acid sequences genetically introduced into OPH structure as 
ligands for enzyme immobilization appeared to be advanced and very effective 
method for biocatalyst production.15 The use of specific amino acid sequences 
allowed to combine the isolation, purification and immobilization of the target 
protein in one step.17

Macroporous hydrogel, so called cryogel produced by cross-linking radical 
polymerization of acrylamide18 and modified by metal-chelating ligands charged 
by divalent metal ions, was used as a carrier. Polymer structuring or polymeri-
zation of monomers at sub-zero temperatures results in the formation of cryogels 
in solidified state. The freezing of the solutions of polymers or monomers with 
the addition of cross-linking agents allows to synthesize the monolith with 
three-dimensional structure containing numerous pores of 10–100 µm size.  
At the same time the carrier is the integral monolith allowing to get a notable 
decrease in diffusional limitations when it is used in a column reactor. The large 
size of pores allows for liquid to flow through the cryogel monolith with high 
enough flow rates while sizeable pore surface provides a sufficient area for its 
modification by metal-chelating ligands and further effective enzyme immobili-
zation.17 The large size of pores in the cryogel structure enables the use of cell 
extracts containing the target proteins for their direct loading onto the carrier 
without additional purification steps and with no risk of blocking the pores by 
cell debris.

New immobilized biocatalysts based on polypeptides containing polyhistidine 
(polyHis-) sequences at the N- or C-terminus of protein molecules and possess-
ing activity of organophosphorus hydrolase were developed19 and investigated 
for detoxification of organophosphorous neurotoxic compounds in the flow 
systems.15,20,21,22

The catalytic characteristics of the biocatalysts (catalytic constants, tempe-
rature and pH-optima) were very similar to each other, independently on 
genetic modification of OPH used for their production. The biocatalysts had 
high enough usage and storage stability. It was established that tried biocatalysts 
could be multiply regenerated by elution of inactive enzyme from the carrier 
with chelating agent and repeatedly loaded by active polyHis-tagged OPH.  
It was possible to carry out 10–15 reloading procedure. 

The influence of the carrier composition on the catalytic characteristics of 
the immobilized biocatalysts was studied. Modification of the carrier was carried 
out via variations of co-monomer groups (allyl glycidyl ether) containing resi-
due of iminodiacetic acid. The increase in ether portion guaranteed increase in 
amount of polyHis-tagged OPH bonded with the carrier (Figure 2). At the same 
time, there was no significant difference in the catalytic characteristics between 
biocatalysts based on carriers with different chemical content (Figure 3). 
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Figure 2. Influence of the monomer composition on the protein concentration immobilized onto 
the carrier. DMAA – N,N’-dimethyl-acrylamide, AGE – allyl glycidyl ether. 

It was shown that some samples of gel-based biocatalysts could be dryed-
reswollen with more than 90%-retaining of initial enzyme activity. These bio-
catalysts with immobilized OPH derivatives were successfully tried for OPC 
detoxification in the flow water systems. It was revealed, that volume of samples 
of immobilized biocatalysts can be varied from 5 up to 50 ml with retention of 
all catalytic characteristics. The regular velocity of flow of OPC solutions passed 
through the samples of immobilized biocatalysts was close to 120 ml/h. 

Figure 3. The dependence of specific activity of immobilized biocatalyst with His6-OPH on the 
monomer composition: DMAA – N,N’-dimethyl-acrylamide, AGE – allyl glycidyl ether. 

3.3. CELLS OF MICROORGANISMS IMMOBILIZED INTO CRYOGEL
OF POLY(VINYL ALCOGOL) FOR DESTRUCTION OF HYDROLYTIC 
PRODUCTS OF ORGANOPHOSPHOROUS NEUROTOXINS 

methylphosphonate).23 The further destruction of MPA is a significant problem 

agents usually results in accumulation of certain neurotoxic ethers of MPA 
The reactions of degradation of organophosphorous chemical warfare 

(O-isopropyl-methylphosphonate, O-isobutyl-methylphosphonate , O-pinacolyl-



E. EFREMENKO ET AL. 84

since C-P bond possesses high resistance to chemical hydrolysis. The disruption 
of C-P bond present in the chemical structures of three main organo-phosphorous 
chemical warfare agents (Vx, sarin, soman) is considered as irreversible con-
version of the substances (Scheme 1). Until the bond is not destructed it is 
possible to use the MPA as precursor for restored synthesis of the neurotoxins. 
It is know, that only microbial conversion of MPA is effective, since microbial 
cells needed in source of phosphorus in nutrition media could catalyze the 
disruption of C-P bond. 

Recently, new cryogel PVA-immobilized biocatalyst was developed on the 
basis of Pseudomonas sp. capable of destructing MPA.24 It was revealed, that 
immobilized cells did not need in long-term adaptation to the toxic substrates 
like MPA or its ethers. 

The immobilized cells were characterized by considerably improved stability 
to high concentrations of MPA (up to 0.5 g/l) as compared to suspended bacterial 
cells. The multiple applications of immobilized cells Pseudomonas sp. in the 
process of MPA degradation was demonstrated (Figure 4). The velocity of MPA
destruction under batch conditions was actually the same in several working 
cycles of immobilized biocatalyst (6.6 mg/l/h or 158 mg MPA per one working 
cycle).

Figure 4. The degradation of methylphosphonic acid in cultural medium during multiple use of 
immobilized biocatalyst based on Pseudomonas sp. Arrows show the replacement of spent 
cultural medium by fresh one. 

The possible reutilization of biocatalyst for MPA degradation was demon-
strated (Table 2, Figure 5). To reveal that, the granules of immobilized bio-
catalyst used for 70 h in the process of MPA degradation were washed with tap 
water and thawed at 108°C for 20 min. 

The obtained PVA solution contained residual concentrations of protein 
being a part of cell debris. The solution was used to form new portion of gra-
nules with immobilized cells. The analysis of mechanical and catalytic charac-
teristics of fresh and reutilized biocatalysts revealed their similarity. 
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ABLE 2. Characteristics of initial and reutilized samples of immobilized biocatalyst based on 
Pseudomonas sp. cells and PVA cryogel.

Immobilized biocatalyst Characteristics
Initial sample Reutilized sample 

ATP, mol/g biocatalyst 2.01 × 10–9 1.01 × 10–9

Protein, mg/g biocatalyst 2.0 4.3

Modulus of elasticity, kPa 65.3  3.8 62.8  4.1 

Figure 5. The view of granules of immobilized biocatalyst with Pseudomonas sp. cells, immobi-
lized into PVA cryogel: A – initial sample, B – reutilized sample. 

ABLE 3. Modulus of elasticity of granules of immobilized biocatalyst formed during the growth 
of filamentous Aspergillus niger cells. 

Time (h) 0 24 48 72 96 
Modulus of elasticity, kPa 56.5 ± 3.1 68.7 ± 5.3 79.6 ± 

8.0
79.6 ± 

8.0
78.6 ± 

3.2

Another one biocatalyst was recently developed for the degradation of  
such a product of chlorpyrifos degradation as 3,5,6-trichloro-2-pyridinol (TCP). 
This compound possesses the toxic properties of both chloride- and organo-
phosphorous compounds and should be destructed. The cells of filamentous 
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fungi Aspergillus niger entrapped into PVA cryogel appeared to be effective 
catalyst in their application for TCP biodegradation. 

To obtain active immobilized biocatalyst, the fungus spores were initially 
immobilized into polymer structure. Then the granules were exposed in nutri-
tional medium to germinate the spores and form active mycelium filling the 
inner free volume of porous PVA cryogel matrix. The process of formation  
of active biocatalyst was followed by control of mechanical characteristics of 
granules (Table 3). It was shown that filamentous fungus cells increased the 
solidity of biocatalyst granules and reinforced the polymer matrix. 

The investigation of surface of biocatalyst granules with well-developed 
immobilized mycelium by SEM (Figure 6) confirmed that polymer matrix was 
completely penetrated by fungus cells. The prepared biocatalyst was success-
fully applied for degradation of TCP, obtained as a product of enzymatic hydro-
lysis of chlorpyrifos, and it was established that it can destruct 0.1 mM TCP per 
24 h. The possible multiple use of the immobilized biocatalyst in the process of 
TCP degradation under batch conditions also was revealed in experiments. 

Figure 6. SEM of surface of biocatalyst granules with immobilized filamentous A. niger cells. 

4. Biocatalytic Gel-Based Systems for Self-Defense 

Enzyme His6-OPH25 was introduced into the gel system that was applied as  
a part of self-decontaminating defense material, containing three main layers, 
providing isolation of neurotoxic agents, detoxification the toxic compounds in 
case of their penetration into the inner parts of material and playing a role of 
hygienic barrier. Such complex material patented this year in Russia26 allowed 
to considerably increase the defense degree against the CWA action and to get  
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Figure 7. SEM of section of 7% sulphate chitosane gel highly cross-linked by glutaric aldehyde 
(A), coarse calico surface modified by sulphate chitosane gel composition (B) and section of 
cellulose fibers covered with protein-polymer composition (C). 

Immobilized biocatalyst based on OPH and porous fabric materials impre-
gnated with chemically cross-linked sulphate gels was developed (Figure 7). 

The fabric matrix possessed high sorption and water-retaining capacity, stor-
age stability for at least 2 months and could effectively catalyze the hydrolysis of 
a wide spectrum of OPC. The immobilized enzymatic biocatalyst appeared to 
be very suitable form in the removal of OPC pollutions from various surfaces 
including skin.

as minimum 12-fold-prolongation of the material working time as compared  
to samples currently used in practice. It appeared that the catalytic system can 
be further activated by introduction of amines27 into the sample of immobilized 
enzyme.
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Abstract. The preparation of porous hierarchical architectures that have 
structural features spanning from the nanometer to micrometer and even larger 
dimensions which in addition exhibit defined functionalities is one of today’s 
challenges in materials chemistry. Sol-gel chemistry is a versatile tool for  
the formation of inorganic as well as inorganic-organic hybrid materials. Con-
trolled hydrolysis and condensation reactions of (organo)alkoxysilanes allow 
the combination with organic entities and even their deliberate positioning in an 
inorganic network on the nanometer level. Moreover, not only the chemical 
composition, but also the structure of the final material is easily controlled on 
different length scales from the nanometer level up to the macroscopic morpho-
logy. In the present paper, opportunities from the application of novel diol-
modified silanes are discussed for the synthesis of hierarchically organized 
inorganic, but also inorganic-organic porous monoliths. In addition, strategies 
for macroscopic shaping of hybrid materials with hierarchical porosity as well 
as exotemplating approaches are presented. In addition, strategies for macro-
scopic shaping of hybrid materials with hierarchical porosity as well as exo-
templating approaches are presented. 

Keywords: Mesostructured materials, aerogels, inorganic-organic hybrid materials, sol-
gel processing. 
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1. Porous Inorganic Materials  

1.1. SOL-GEL PROCESSING AND A DELIBERATE DESIGN OF POROSITY 

Despite the enormous progress in the synthesis of porous inorganic and inorganic-
organic hybrid materials with control of pore sizes from Ångstrom to micro-
meters, the preparation of materials with simultaneous tailoring of morphology 
(monoliths, fibres, etc.) and pore structures on different length scales still 
remains a challenging task. Maximum control of the porous structure of oxidic 
materials can be obtained by combining different synthetic strategies such as 
templating approaches and sol-gel processing. 

Discussing the different templating strategies that can be combined with 
hydrolysis and condensation reactions of alkoxysilanes (sol-gel processing), e.g. 
molecular templating is well known from the synthesis of the highly organized 
channel structures of zeolites.1 In addition to single molecules as templates, also 
supramolecular arrays of molecules such as lyotropic phases of amphiphilic sur-
factants or block copolymers can be used as structure-directing agents in the 
presence of alkoxysilanes for a deliberate design of pore systems in the meso-
scopic regime.1–3 Other approaches utilize latex spheres for periodically arranged 
macropores,4,5 microemulsion droplets,6 or other macromolecules such as bac-
terial threads to name only a few of the possibilities.7

There is a considerable interest in the manufacturing of porous materials that 
exhibit a bi- or even multi-modal pore size distribution. Such materials benefit 
from the combined advantages provided by the different pore size regimes: that 
is on one hand selectivity and large specific surface area from pores in the micro- 
and mesoscopic range. On the other hand, a high accessibility and rapid mass 
transport contributed from the macropores can be achieved. Sol-gel processing – 
thus, network formation via hydrolysis and condensation reactions of metal 
alkoxides – very often plays the key role in the synthesis of these porous mate-
rials since it provides an exceptional control over the composition and morpho-
logy of the final material by adjusting a large variety of parameters such as 
precursor concentration, pH-value, temperature, solvent, etc., to deliberately tailor 
the final network built-up and pore structure (from polymeric to particulate, 
large or small particles, etc.).

Different approaches have been published for the synthesis of hierarchi-
cally organized porous materials – not only based on silica, but also on hybrid 
inorganic-organic networks or even other metal oxides, carbon etc.8–10 Chemical
routes are often based on phase separation strategies in combination with sol-
gel processing e.g. the preparation of monolithic materials for chromatography 

1.1.1. Alkoxysilanes and Hierarchical Porosity 
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purposes. Nakanishi and coworkers published a series of papers in which they 
reported the use of water-soluble organic polymers such as poly(ethylene oxide) 
(PEO), to control macroscopic phase separation parallel to the sol-gel transition.8,9 

Lindén and Nakanishi extended this approach by applying the macroscopic, 
(PEO) polymer-controlled phase separation of silica particles in combination  
with an ionic or non-ionic surfactant as structure-directing agent in the nano-
meter regime.10 The material they obtained exhibited interconnected porosity on 
several length scales, for which the macropore diameter is controlled via PEO-
nanoparticle interactions, and the mesopore diameter by the presence of the 
surfactant e.g. cetyltrimethylammonium bromide or a poly(ethylene oxide)-based 
polymer. A different approach was published by Lev et al.11 Here, methyl-
trimethoxysilane was condensed in the presence of hydrogen peroxide resulting 
in a truly inorganic-organic hybrid material containing micro- and macropores 
and showing an excellent mechanical stability. 

The reaction of silanes with diols/polyols was already reported in the 1950s to 
1960s, however, the hydrolytic instability of these compounds was considered 
as a big disadvantage for many applications in comparison to other commercially 
available precursors. Only at the end of the last century – in the nineties – polyol 
esters of silicates and siloxanes were identified as ideal precursor candidates  
in the synthesis of functional silica-based materials for several reasons, e.g. 
biocompatibility, fast autohydrolysis, compatibility with LC surfactant phases, 
etc.12,13

Since then several groups started to use diol/polyol modified silanes for 
various applications, e.g. Brook and Brennan described the use of diglyceryl-
silane as well as sugar-and polysaccharide-derived silanes as precursors for 
silica monoliths with reduced shrinkage levels during drying and as biocom-
patible precursors for the entrapment of enzymes into sol-gel derived silica,14

Shchipunov applied tetrakis(2-hydroxyethyl)orthosilicate as water soluble pre-
cursor in sol-gel processes15 and our group reported the use of tetrakis(2-hydro-
xyethyl)orthosilicate and its glycerol- and 1,2-propanediol derivatives in the 
synthesis of porous monoliths with hierarchical network architecture.16 Figure 
1 shows some of the diol/polyol precursor molecules that have been applied by 
the different groups. However, one should keep in mind that the schematic 
drawing does not represent truly isolated molecular structures, but gives only an 
indication of the molar composition (silicon to diol/polyol). In most cases, an 
equilibrium between bridging and chelating species is present and sometimes 
even hypervalent silicon species have been reported. 

1.1.2. Glycolated Silanes and Hierarchical Porosity 
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Figure 1. Schematic representation of diol- or polyol-modified silanes used in the syntheses of 
functional silica-based materials.12–16

Processing of these diol- or polyol-modified silanes in the presence of a 
structure-directing agent such as an amphiphilic block copolymer (as shown in 
Figure 2) result in the formation of a monolithic body. The network exhibits a 
bi-modal pore size distribution with macropores between 500 nm up to 2 mm 
and periodically arranged mesopores of about 7 nm.

1.2.  POROUS HYBRID MATERIALS FROM GLYCOLATED SILANES 

For silica based systems, the inner surface of the meso- and macroporous hosts 
contains pendant silanol groups that are unfavorable for many applications  
but at the same time enable easy modification of the surface properties. The 
challenge in modifying porous silica-based materials by organic groups is to 
improve the spectrum of properties without deteriorating the existing positive 
property profile, e.g. the porosity, the periodic ordering, large surface area, etc. 
Several pathways have been reported for the functionalization of porous silica-
based systems: Postfunctionalization of a preformed calcined porous host via 
adsorption from the gas or liquid phase or in-situ modification directly during 
the synthesis by co-condensation of different silanes, respectively. 
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Figure 2. General scheme for templating of a preformed lyotropic liquid crystalline surfactant 
phase with a diol/polyol-modified silane precursor (left) and the hierarchically organized, porous 
silica-based monolith (right). 

In principle, a postsynthesis treatment of a gel body can be performed prior or 
after drying of the gel. To minimize the processing steps, this type of modi-
fication is often done with the wet gel. This approach has previously also been 
published as an alternative approach to ease drying of monolithic gels with-
out cracking and for extraction of surfactant phases from templated silica 
powders.17,18 As the driving force for this reaction the replacement of elec-
trostatic interactions at the inorganic-organic interface by covalent siloxane 
bonds, that is the formation of Si-O-SiR3, was named. The same approach was 
used for the drying of large hierarchically organized wet silica gels (see Figure 2: 
typically these highly porous gels are dried supercritically (left path); surface 
silylation corresponds to the right path).19 Upon treatment of the wet gel with 
trimethylchlorosilane in petroleum ether, a surface silylation occurs, completely 
reversing the surface polarity. The whole gel is turned from a hydrophilic, water 
containing system to a non-polar, hydrophobic one, thus resulting in an almost 
complete extraction of the non-ionic block copolymer (P123) that was used as a 

1.2.1. Postsynthesis Treatment 
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structure directing agent. In addition, this process allows drying without any 
crack formation and with complete structural integrity of the network by simply 
heating the gels to 150°C. The surface chemistry of the gels can be deliberately 
tailored by this approach resulting in hydrophobic gels after drying (Figure 3). 
The most intriguing feature of this silylation procedure are a minimized number 
of processing steps along with a dramatic reduction of the time required for the 
production of these hierarchically organized monolithic gels drastically. More-
over, this very general approach can be applied to almost any functional organo-
silane that is available. 

Figure 3. Schematic representation of the two different possibilities in the formation of hybrid 
porous materials (top); Hierarchically structured gels that were treated postsynthetically with 
trimethylchlorosilanes, thus inverting the polarity of the network to hydrophobic. Calcination at 
650°C allows to change the polarity back to hydrophilic without structural changes (bottom). 

An alternative approach towards hybrid inorganic-organic silica-based materials 
is based on the co-condensation between tetra- and organotrialkoxysilanes, the 
latter carrying an organic (functional) group connected via a hydrolytically 
stable silicon-carbon bond (a large variety of triethoxy- or trimethoxy- pre-cursor 
molecules is already commercially available). Many functional materials, e.g. as 

1.2.2. Co-condensation Approach 
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coatings, have been prepared by just mixing these different silanes. However, it 
should be kept in mind that the structure of the final material is strongly 
influenced not only by the ratio of tetra- to trialkoxysilane, but also by the 
nature of the organo (functional) group and the relative reaction rates of  
the two precursors. By substituting the glycol-modified silane (e.g. tetrakis (2-
hydroxyethyl)orthosilicate, EGMS) by glycol-modified organo(functional) silanes 
such as the methyl derivatives tris(2-hydroxyethoxy)methylsilane (MeGMS), 
organic groups can be introduced into the silica gel network.20 The major impact 
of the increasingly nonpolar starting composition on the structure of the final 
gel can be observed in the SEM images in Figure 4. Starting from a cellular 
network structure, the morphology of the structure is changed dramatically with 
increasing content of the methyl-substituted silane. The periodic ordering of the 
mesopores is maintained up to 30% substitution, however, higher concentrations 
of the methyl-modified silane result in disordered mesoporous networks. 

Figure 4. SEM images of MeGMS modified silica gels prepared via co-condensation. The 
amount of MeGMS is increased from left (2.5 mol% substitution) to right (50 mol% substitution). 
In the top left corner the corresponding specific surface areas (measured by N2-sorption) are given. 
The scale bars correspond to 10 m (left and middle image) and 50 m (right image). 

Only very few studies report on the formation of highly porous monoliths 
from pure silsesquioxanes e.g. methyltrialkoxysilanes.21,22 This can probably led 
back to the lower degree of crosslinking that is expected when precursors are 
used with only three potential reaction sites (resulting in long gelation times) as 
well as the mechanical instability of the resulting gels due to the lower con- 
nectivity. In addition, phase separation phenomena of oligomeric or polymeric 
silsesquioxanes due to the polarity differences within the precursor molecule 
also can occur. As one of the most remarkable features of the modification  
of silanes with diols it was shown that tris(2-hydroxyethoxy)methylsilane and 
other organosilanes allow for the formation of gels of very low density composed 
of 100% methylsilsesquioxane (organosilsesquioxane) over a wide pH-range 
and even in a purely aqueous environment. 
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The use of bridged silsesquioxanes [(R’O)3Si–R–Si(OR’)3 R’= -CH3 or -CH2CH3]
to synthesize periodic mesoporous organosilicas (PMO’s) is an approach that 
has gained much attention in recent years.23–26 The possibility to deliberately 
tailor framework and surface functionality on the molecular level of periodic 
mesoporous materials in addition to their unique features such as tunable pore 
size, narrow pore size distribution, high surface area, and controlled morpho-
logy, significantly increases their potential of application in e.g. catalysis, (bio-) 
immobilisation and separation, adsorption, sensing, and optoelectronics. Phenylene- 
bridged materials synthesized with cationic surfactants revealed molecular scale 
periodicity along the pore-channels with a lamellar scaffold of hydrophobic 
phenylene layers and hydrophilic silica layers, whereas the molecular scale 
ordering was very low when non-ionic surfactants were applied, and could only 
be observed by TEM.27 However, all synthesis protocols reported so far describe 
only the fabrication of PMO powders or films, and not of monolithic materials, 
although the ability to mold porous materials into any desired shape and size 
increases their range of applications significantly. In particular the synthesis of 
monolithic materials with hierarchical pore structure is under extensive investi-
gation, as the combination of different pore size regimes within one material leads 
to multiple benefits arising from each regime. Only recently, the first reports on 
monolithic organosilica materials with hierarchical architecture were published 
by us and Nakanishi.28,29 Again, diol-modified pre-cursors allow for an easy 
access towards phase separated silica monoliths with a hierarchical build-up of 
highly ordered mesopores and interconnected, uniform macropores (Figure 5).  

Starting from an ethylene glycol modified bridged silsesquioxane precursor 
molecule, 1,4-bis[tris-(2-hydroxyethoxy)silyl]benzene, which was obtained by 
simple transesterification reaction of the corresponding ethoxy-derivative with 
ethylene glycol in a molar ratio of 1:6, hydrolysis and condensation were induced 
by addition to a preformed lyotropic LC phase of P123 in aqueous hydrochloric 
acid (as depicted in Figure 2). Large, low density (0.240 g cm–1) phenylene-
bridged silica monoliths were obtained (Figure 5). Interestingly, this is the first 
report on stacking of the phenylene units to give semicrystalline pore walls  
in a mesostructured matrix that was templated by a non-ionic amphiphile. The 
macrostructure can easily be tuned by the ratio of the precursor compounds from 
a particulate network structure to a cellular one and the final material now shows 
four levels of hierarchy: monolithic structure (photograph), exhibiting an inter-
connected, uniform macroporous network (SEM image) built from particles  
or cellular strands, with a highly organized hexagonal mesopore system (TEM, 
SAXS) in addition to molecular scale periodicity of the phenylene groups in the 
pore wall. 

1.2.3. Bridged Polysilsesquioxanes 
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Figure 5. Synthesis scheme of a phenylene-bridged polysilsesquioxane material that exhibits hier-
archy on multiple levels. 

2. Macroscopic Shaping  

For several applications it is desired to built-up more complex three-dimensional 
shapes and in principle, sol-gel processing is the ideal approach to do so. The 
liquid precursor solution can be casted due to its liquid nature in any desired 
mold and on the other hand a huge variety of organic molds is available that can 
be applied. The mold material has to fulfill two prerequisites: First it should be 
easily removable after sol-gel processing, second it should be possible to shape 
it in any desired form. For purely oxidic networks these requirements present no 
limit and it has been shown that shaping of various structures is possible. Only 
if inorganic-organic hybrid materials are prepared it becomes more difficult to 
remove the mold, since thermal degradation of the organic polymer can not be 
applied anymore without destruction of the organic functionalities in the net-
work. For several applications it is strongly desirable to shape hybrid materials 
with a hierarchical porosity and therefore, alternative ways towards controlled 
molding into three-dimensional complex forms have to be developed.
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One possibility lies in the development of photocurable resins, from organo-
soluble polymers that (a) are stable in an aqueous environment, (b) can easily 
be processed in any desired form and (c) are soluble in organic solvents. As  
a possible route for shaping the polymer stereolithography is a useful tool. N, 
N-diisobutylacrylamide (DIBA) was used as a base monomer, because of its 
high reactivity and good mechanical properties of the homopolymer. Methacrylic 
acid anhydride was selected as suitable cross-linker for the polymer to avoid 
swelling of the polymer during the rapid prototyping process. Cleavage of the 
crosslinker and thus degradation of the polymer network during dissolution can 
be achieved using n-butylamine (NBA). By careful adjustment of the amount of 
base monomer, cross-linker, filler and photoinitiator cellular organosoluble 3D 
molds as shown in Figure 6 can be built.30

Figure 6. Casting of a hierarchically organized porous network in an organo-soluble mold.

Casting of the sol (see also Figure 2) into these molds, followed by sub-
sequent condensation and gelation, allowed to obtain wet monolithic gels as the 
negative of the sacrificial organosoluble photopolymer. Prior to drying of the 
inorganic gel, the polymer can be dissolved in tetrahydrofuran/NBA within  
30 minutes.30 As the next step, drying can then be performed either via super-
critical extraction or by surface silylation followed by thermal treatment. The 
structure in the dried silica gel is similar to the hierarchical network built-up 
that has been shown previously in Figure 2. Using sacrificial organosoluble 
photopolymers is a very attractive approach since it allows to combine more com-
plex three-dimensionally shapes with hybrid inorganic-organic porous materials. 

3. Chemical Transformation by Nanocasting  

Synthesis pathways towards porous materials by sol-gel processing developed 
rapidly over the last 15 years. However, the wet-chemical synthesis protocols 
(sol-gel processing) are mainly useful for oxides, hybrid materials and only 
rare examples of other compositions can be found. With the increasingly better 
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control over pore structures and assemblies, another strategy towards mesoporous 
materials came up: nanocasting. This approach is especially useful for carbon-
based materials, since porous carbons are not only very interesting for tech- 
nical applications, but more difficult to obtain by liquid precursor-based route. 
Porous monoliths and periodically arranged mesoporous powders have been 
prepared from liquid precursors by sol-gel processing, but hierarchically organi-
zed materials have not yet been reported.1 The nanocasting strategy is based on 
infiltration of a preformed mesoporous mold (the exotemplate) with a liquid 
precursor that can be polymerized in the mold material. With respect to the 
process it is very similar to that already depicted in Figure 6, however, here the 
structures to be replicated and infiltrated are interconnected channel systems in 
the nanoscopic regime.1,31–35

Hierarchically organized silica monoliths prepared from ethylene glycol-
modified silanes are very interesting exotemplates, because they combine their 
porous structures with a monolithic shape. Infiltration of this structure with a 
furfuryl alcohol, oxalic acid and mesitylene mixture, followed by polymeri-
zation of the monomers to give an organic polymer resulted in a hierarchically 
organized inorganic-organic hybrid material. Subsequent carbonization at 900°C 
in inert gas atmosphere yielded the corresponding silica/carbon composite that 
was converted to pure carbon by treatment with hydrofluoric acid. This material 
is characterized by a hierarchical network built-up (Figure 7) and very high 
surface areas up to 1,800 m2/g.

Figure 7. Schematic representation of the nanocasting approach towards carbon monoliths. 
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4. Conclusions and Future Perspectives 

The greatest appeal but probably also the major challenge of sol-gel chemistry 
is the flexibility not only in the design of the final network structure and mor-
phology, but also in the choice of the precursors. Already a simple variation of 
an alcoholic leaving group from ethanol to ethylene glycol opens completely 
new opportunities for the later materials properties and applications. Diol- and 
polyol-modified silanes have proven to be very attractive precursor candidates 
for the synthesis of silica gels, since they cannot only be processed in purely 
aqueous conditions without the need of an acid or base catalyst, but the diol 
released upon hydrolysis shows a higher compatibility with lyotropic LC phases 
of surfactants or amphiphilic block copolymers. Thereby, access to a large variety 
of novel hierarchically organized silica architectures is gained by performing 
the hydrolysis and condensation reactions in the presence of structure-directing 
amphiphiles. The few examples presented here give just a few glimpses of  
the changes for a deliberate materials design. For the systems described, the 
further development of the chemical modification of the pore walls as well as 
the possibilities of impregnation with functional moieties such as biological 
entities, e.g. proteins, living cells, etc., will broaden the potential applications of 
these hierarchically porous materials. The large variety of functional silanes in 
combination with the huge amount of different diols/polyols that are available 
allows for the formation of many different functional hybrid porous architec-
tures. One of the biggest prospects of diol-modified organosilanes lies in the 
possibility to process them as the sole precursor in the formation of monolithic 
silsesquioxane gels in reasonable fast gelation times, thereby resulting in 100% 
substitution with organic moieties.

In addition to these advantages of sol-gel processing of glycol-modified 
silanes, the combination with other methods of preparations, e.g. processing in 
sacrificial organosoluble molds or application as exotemplates in nanocasting 
strategies even opens the way to completely different fascinating materials com-
bining periodic nanostructures with several levels of hierarchy of almost any 
desired composition. 

Especially with respect to applications in sensing, separation and even absorp-
tion of molecules, e.g. for soil remediation applications, these hierarchical matri-
ces show a high potential. Nevertheless, much room is left for innovative 
preparation strategies to materials with an even higher level of organization and 
functionality.
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Abstract. Mesoporous films are a fine example of a self-assembled nanosystem, 
containing ordered porosity in the 2–50 nm range. A great number of characteris-
tics, including framework nature (composition, crystallinity), high surface area, 
pore dimension, shape, surface, accessibility and pore array symmetry and inter-
connection can be tuned using green chemistry synthetic techniques. These 
materials present potentials in several fields where a large functional interfacial 
area contained in a robust framework is required. The capability of changing  
in a separate way the characteristics of the inorganic framework and the pore 
surface leads to an amazing potential in tuning functional properties, due to  
the combined properties of a thoroughly tailored pore system and the inherent 
features of thin films. These properties can be tailored to respond to changes  
in the environment, such as relative humidity, making mesoporous hybrid thin 
films an exciting prospect for several nanotechnology applications (e.g. sensors, 
actuators, separation devices). Here we present some basic concepts revolving 
around mesoporous films. We will first comment on the synthetic approach in 
the fabrication of these materials. Second, we will discuss the aspects regarding  

applications illustrating the potentialities of theses self-assembled nanomaterials. 

*

template organization and surface functionalization. Third, we will review some 
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1. Sol-Gel Chemistry, Self-Assembly and Mesoporous Thin Films 

1.1. INTRODUCTION

Sol-gel processing is a low temperature synthesis route that is particularly sui-
table for the deposition of thin films from a liquid phase.1 The high versatility 
of the technique has allowed a wide diffusion in different fields of applications 
and several products are now on the market.2 The soft chemistry approach of sol-
gel has known a renewed interest because of the recent boom of nano-science; 
sol-gel processing has emerged as one of the most interesting routes to bottom-up 
preparation of nanomaterials, nanoparticles and surface functionalization of nano-
structures.

Two main different approaches to sol-gel nanochemistry can be envisaged. 
In the first one sol-gel reactions are used to obtain interconnected structures 
through polycondensation of the precursors, which is the typical bottom-up 
route for thin and ultra-thin film preparation. In the second one the final material 
is obtained through an intermediate step by using sol-gel chemistry for the syn 
thesis of nano-objects, such as nanoparticles or nano-building blocks (NBBs).3
Sol-gel chemistry can be, however, also combined with more sophisticated nano-
synthesis techniques to get ordered and hierarchical structures. Controlled poro-
sity in a material can be achieved, for instance, by templates that are removed 
after the preparation; templates of different dimensions can give hierarchical 
porous materials.4 Porosity in the nano-scale is an important property of a mate-
rial that should find its field of applications in nanotechnologies.

Micro- (<2 nm), meso- (2–50 nm) and macro-porosity (>50 nm)5 can be used 
to entrap organic functional molecules, to create nanoreactors or as host for 
nanoparticles.6 The properties of porous materials can be greatly enhanced if an 
organized and interconnected porous “structure” is obtained, in this case dif-
fusion, adsorption and entrapping of functional molecules are favored and the 
material can reach a high level of sophistication. Mesoporous ordered mate- 
rials are an important example of this type of nano-engineered materials whose 
synthesis is achieved through a combination of sol-gel and supramolecular 
chemistry.7,8 The formation of an organized array of pores, whose topology, size 
and distribution is controlled by the processing parameters, is obtained through  
a self-assembly process. Amphiphilic molecules, such as ionic surfactants and 
block copolymers, are used to generate organic micelles that serve as the temp-
lates; removal of the micelles leaves ordered pores (Figure 1). 

Keywords: Mesoporous, thin-films, self-assembly, sol-gel. 
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Figure 1. Schematic picture of the condensation of the nanobuilding blocks on the micelle surface. 

The micelle formation and their organization is driven by solvent evapor-
ation, and in the particular case of thin mesoporous films this process is speci-
fically indicated as evaporation-induced self-assembly (EISA).9,10 Even if several 
details of self-organization need to be studied, the overall process of self-
assembly is quite well understood. The control of the kinetics of the different 
reactions and processes involved in EISA plays the main role. Several parallel 
processes are involved in EISA: film formation upon solvent removal, template-
NBB self assembly and inorganic condensation. Controlling of the mutual inter-
actions and kinetics is very important to avoid phase separation and to obtain an 
organized templated mesostructure. The variables that affect self-assembly are 
different from those used in the preparation of mesoporous pow-ders and mono-
liths, such as MCM-41, the first one to be synthesised by Mobil researchers.11,12

Many parameters such as withdrawal rate, relative humidity and temperature in 
the deposition room, must be controlled very carefully. By this technique it is 
possible to fabricate different types of mesoporous ordered thin films, the most 
common are silica, transition metal oxides, hybrid inorganic-organic oxides, 
phosphates or carbon mesoporous films. 

Due to their properties, mesoporous materials have found important appli-
cations in several emerging fields: the high specific surface area, composed of 
well-ordered tunable porosity within the 2–50 nm range, and the possibility to 
functionalize this large surface is an important feature of mesoporous organized 
thin films; they can be used for immobilizing guest molecules, such as bio-
molecules and functional organic molecules.13–14 The pores can be also used as 
nano-reactors for the in situ growth of nanosized objects,15,16 or as preferential 
adsorption sites in catalytic and sensing applications. The large number of pub-
lications and patents in different fields such as microelectronics, photonics, 
optoelectronics, electrochemistry and biosensing are witnessing the potentialities 
of these materials.
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1.2. SELF-ASSEMBLY IN MESOPOROUS THIN FILMS 

Self-assembly of mesoporous thin films could appear a quite simple process  
if we look only to the preparation protocol. A typical synthesis is based on sol 
containing an alkoxide or an inorganic salt as inorganic precursors, and a sur-
factant or an amphiphilic block copolymer as the structure-directing agent. Self-
assembly is, however, achieved through a delicate balancing of the different 
processes: the polycondensation reactions of the precursors that will form the 
species condensing at the micelle surface, the micelle formation and the for-
mation of a hybrid interface. Solvent evaporation pushes the micelle formation 
and their organization, leading to the formation of an organized array of tem-
plating micelles into a periodic mesophase. At the same time, the sol-gel reactions 
give rise to the formation of an interconnected network that contains the organic 
ordered mesophase. The organic template is then removed either by thermal 
decomposition or by chemical extraction, and leaves an ordered array of pores 
which reproduces the micelle arrangement in their size, shape and relative spatial 
location. Post-treatments on mesoporous films are used for chemically grafting 
of functional molecules or to enhance the stability of the film.17

The sol-gel chemistry plays its major role to form the chemical species  
that will self-assemble and finally condense on the micelle surface. A cluster of 
condensed species of nano-dimension, which is obtained by controlling the poly-
condensation of inorganic molecular precursors in mild temperature conditions 
is, in general, the product of the sol-gel synthesis.18,19 The choice of the organic 
solvents, the pH and the amount of water directly affect the process. The choice 
of the pH value is a critical parameter because if the polycondensation reactions 
are too fast with respect to the micelle formation and assembly, the global self-
organization process will fail. In silica-based systems, the pH is generally set 
near the isoelectric point (pHiep 2): in this way, the inorganic colloids in the 
solution do not aggregate and the solution can be stable even for several months. 
In general, both hydrolysis and condensation have to be controlled and optimised, 
to obtain small hydrophilic silica-derived nano-objects.13 For transition-metal 
oxide precursors, hydrolysis and condensation are fast, and extended conden-
sation is avoided only in highly acidic media, lower than pH < 1. In these con-
ditions, using small hydrophilic clusters as NBBs results in good ordering.20,21

The “race towards order” gives organised structures only if the kinetic 
constants of the process are in this order: 

kinter > korg > kinorg

with kinter, korg and kinorg the relative rates of interface formation, organic array 
assembly and inorganic polycondensation, respectively. The condensation of 
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the inorganic clusters must be slowed down enough, in order to avoid that an 
extended polycondensation before the appearance of an interface and formation 
of the micelles stop self-assembly. 

The overall self-assembly process to obtain an organized mesoporous film is 
based therefore, on co-assembly of inorganic clusters to form an interconnected 
framework (the pore walls) with the template in an adequate balance of the 
different kinetics. An important point is that the framework and the template  
are in contact along the “hybrid interface”, which in the case of a mesoporous 
material reaches as much as several hundreds of square meters per gram.22

An important fraction of the energy towards stabilization of a mesostructured 
material arises from favorable interactions of NBBs at the hybrid interface. 
Figure 2 shows an ideal representation of the Evaporation-Induced Self-Assembly 
that is observed during the deposition of thin films via dip-coating. It should be 
underlined that self-assembly is also observed if the films are deposited via 
spin-coating, spraying or casting. In the dip-coating, the substrate is immersed 

Figure 2. Self-assembly of mesoporous thin films during dip-coating. 

and withdrawn from a precursor solution containing the alkoxide, water, the 
solvent, the catalyst and the surfactant at concentrations lower than critical 
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micelle concentration, cmc.23 Evaporation of the solvent (typically an alcohol 
such as ethanol) and water leaves a film that is enriched in nonvolatile species 
(inorganic and template). As soon as cmc is reached, the isolated surfactant 
molecules form disordered micelles within the film and in a second stage an 
ordered array. The organization of the micelles represents a templated order in 
the film, which can be disposed in several possible phases. Just as an example, 
several different ordered phases such as 2d-hexagonal,24 cubic,25 orthorhombic,26

bicontinuous27 and tetragonal28 have been observed in silica films. A post-
deposition thermal treatment is necessary to stabilize the structure, this is a 
delicate point because thermal induced shrinkage can change the mesophase 
(see Figure 3) and the pore shape, which typically shows an elliptical form upon 
shrinkage.29

Mesoporous thin films also exhibit a very peculiar property, tunable steady 
state, which can be defined as a particular metastable stage during which it  
is still possible to change the mesophase by intervention from the external 
environment.30 The ordered arrays of the micelles is changed by variations of 
the relative humidity that induces a controlled swelling of the micelles. The 
ordered mesophase can be also disrupted and restored by X-rays, reversible 
order-disorder transitions have been observed in hafnia films.31

Figure 3. Changes in the mesophase induced by thermal shrinkage. 
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2. Morphology and Functionalization of the Pore Surface 

2.1. ORDER-DISORDER IN MESOPOROUS FILMS 

Another fascinating aspect of self-assembled mesoporous films is associated to 
order and disorder. As we have seen, the “race towards order” that governs the 
self-assembly process is driven by the solvent evaporation. The final material, 
after film deposition, is a system in which an ordered array of micelles is entrap-
ped in an interconnected backbone. The consolidation of the framework and the 
removal of the template leave a porous ordered mesostructure, where the order 
is in the porous phase. The possibility to observe order in the pore walls, i.e. 
crystalline structures, depends on composition and processing conditions. Silica 
films give only amorphous pore walls; it seems impossible, at least at the moment, 
to obtain crystalline silica structures of any phase in the pore walls of meso-
porous films. Other oxides, such as titania or hafnia, at the proper temperature 
of treatment form nano-crystals in the pore walls, in general, at temperatures 
that are low enough to avoid collapse of the mesostructure.32,33 It should be 
underlined that in any case these mesoporous films show a surprising stability 
at high processing temperatures. Mixed oxide mesoporous films, such as per-
ovskite have been also obtained, by using templates with enhanced solubility 
difference among their hydrophilic and hydrophobic regions.34

In mesoporous films we have, therefore, two possible degrees of order, one 
is correlated with the porosity and the other with the framework that forms the 
pore walls. The first case is represented by an ordered mesoporous film with 
amorphous pore wall, which is actually the case of silica or other oxides if the 
processing temperature is not high enough to produce a crystalline phase. The 
case of silica is, however, very intriguing and the reason why we could not  
yet be able to get an ordered phase with crystalline walls is challenging several 
researchers in the field.35 The particular processing conditions that are used for 
self-assembly of silica films (the low pH) can produce, however, an intrinsic 
formation of middle range ordered nano-structures, such as four-fold and three-
fold rings at least. This case has been well documented by several researcher 
and is an intermediate case of order-disorder in silica mesoporous films, the pores 
are ordered, the pore walls are amorphous but a medium range order (the silica 
rings) is observed. This is not just an “academic” classification because it has 
been demonstrated that the presence of silica rings in the pore walls strongly 
influences the mechanical properties, such as the elastic modulus.36 The third 
case is represented by ordered porous films whose pore walls are crystalline.  
In this case nanocrystalline domains of different orientations form the mate- 
rial framework. The last case is also peculiar of mesoporous materials, even  
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if not yet reproduced in films, which is the formation of an ordered hybrid 
organic-inorganic structure in the backbone. This has been reported by Inagaki 
and coworkers for mesoporous powders and can be observed if the organically 
modified alkoxide precursor is a bridged silsesquioxane.37

2.2. MONOCRYSTALS – POLYCRYSTALS 

The organization of the pores within a mesoporous films is achieved through 
self-assembly and the mesostructure that is formed is governed by the chemical-
physical parameters of the process. We have seen that the concept of order is 
very important in mesoporous films and that several types of ordered nano-
structures can be found. In general, the ordered arrays of micelles, or, after 
template removal, the ordered porous structures that are observed, can be des-
cribed using crystallographic tools in terms of a “crystal-like” phase.

There is a good correspondence between the phases that can be indexed by 
small angle X-ray scattering (SAXS) and TEM and the crystalline structures  
of the phase group. The variation of the electronic density that is measured  
by SAXS allows indexing the mesostructure such as a crystalline-like phase. In 
general, detailed SAXS measurements in grazing and normal conditions deter-
mine that there is a polycrystalline distribution of mesoporous domains, which 
are well oriented along the substrate (i.e., the z direction), but present all possi- 
ble orientations in the x-y plane (Figure 4). This feature is commonly known as 
planar disorder.

Figure 4. “Polycrystal”- and “monocrystal”-like porous structures. 

Detailed TEM analysis shows grain boundaries at the mesoscale.38 The pre-
paration of a “monocrystal”, in which the order is extended on the whole film, 
or at least on a longer scale (mm to cm) can be carried out by depositing the 
mesoporous thin film on a polymeric substrate which has been pre-patterned  
by rubbing.39 This perfection is however hard to achieve. Another point is the 
quality of the ordered phase that can be obtained. Some studies have shown  
that defects, similar to those observed in metallic crystalline structures can be  



MESOPOROUS THIN FILMS: PROPERTIES AND APPLICATIONS 113

formed, such as stacking faults and dislocations.40 Controlling the order and  
the defects is however possible, as shown by some researchers that obtained 
“mono-crystals” like films and “defect” free mesoporous films.41 It is, however, 
important to be aware that in most cases it is quite difficult to control defects in 
the porous phase and to obtain an extended organization (from a micron scale 
up to centimeters). 

Figure 5. TEM image of a section of a mesoporous silica film, different mesophases can be iden-
tified.

The TEM image in Figure 5 shows a cross-section of a mesoporous silica 
film, the light regions of the sample are the pores. Specific domains of different 
phases are observed in this sample; in particular, a lamellar phase is formed at 
the bottom of the film, closer to the substrate, worm-like disordered domains 
can also be identified in the middle of the films and a cubic ordered phase is 
located close to the external surface.

2.3. PORE SURFACE FUNCTIONALIZATION 

The large reactive surface area is one of the most interesting features of meso-
porous films. Silica mesoporous films show a high silanol coverage of the pore 
surface even after a mild thermal treatment to stabilize the mesostructure.42 The 
presence of silanols on the mesopore surface can be used to graft organic func-
tional molecules to add specific properties such as the capability of adsorbing 
heavy metals or sensing species.43,44

Surface functionalization can be achieved mainly by two different routes 
that are generally indicated as “one pot” and post functionalization. In the first 
case an alkoxide (or a metal salt) is co-reacted with an organically modified 
alkoxide to add the functional species. By this type of approach the functional 
group will reside on the external surface of the pores, with the exception of  
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the synthesis that employs a type of organically modified alkoxides, bridged 
silsesquioxanes (Figure 6).37 In this case the organic groups will be part of an 
interconnected hybrid organic-inorganic network that forms the backbone of  
the mesoporous films. Post grafting is another viable route, after deposition  
the film is functionalized by immersing in a solution (a typical example is 3-
aminopropyltriethoxysilane in toluene) containing the organically-modified 
alkoxide.14 Functionalization is, however, not a trivial process and a full control 
and reproducibility, especially in the case of post grafting, is still quite difficult 
to achieve. 

Figure 6. Pore surface functionalization: (a) post grafting; (b) “one pot” route; (c) “one pot” with 
bridged silsesquioxanes. 

3. Applications of Mesoporous Films 

3.1. HUMIDITY SENSORS BASED ON MESOPOROUS SILICA THIN FILMS 

The importance of pore surface and the presence of silanols (in silica based meso-
porous films) or -OH groups in other materials is shown by the properties of the 
films that are achieved by controlling the pore surface. An interesting example  
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is the response of silica mesoporous films to changes of relative humidity in the 
external environment.45 Humidity and alcohol vapor sensor devices are fabric-
cated using mesoporous silica thin film as sensitive membranes. The films have 
shown a very different sensitive response with respect to non-mesoporous silica 
sol–gel thin films used as reference in testing measurements. In general, silica 
dense films do not show any electrical response and are not used for sensing 
applications, but in the case of mesoporous silica the high silanol coverage allows 
activating a protonic conducting mechanism of the “Grotthus” type and work 
well as simple humidity sensors (Figure 7). 

Figure 7. Schematic drawing of a the “Grotthus” model applied to mesoporous silica films. 

The mesophase is easily accessible by the external environment and increases 
the performances for sensing applications. A strong response has been observed 
in continuous current in mesoporous silica films that have been treated to 350°C; 
this temperature is high enough to remove the template and stabilize the meso-
structure. The films deposited on an interdigited circuit have shown a fast and 
reproducible electrical response whilst dense sol-gel silica films did not exhibit  
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Figure 8. Electrical response of a mesoporous thin films to cyclic changes of relative humidity 
from the external environment. 

3.2. MESOPOROUS TITANIA FILMS FOR DYE-SENSITIZED SOLAR CELLS 

Mesoporous titania materials have important applications in photocatalysis, 
electrochemical sensors and photovoltaic devices. Mesoporous films prepared 
by wide-band gap semiconductor oxides, such titania, niobia or tantalia and 
formed by interconnected nanocrystalline particles allow, in fact, an efficient 
charge carrier transport. The interface between the organic dye and the surface 
of the titania mesoporous walls forms a heterojunction where photo-induced 
charge transfer separation is observed. By filling the mesopores with a proper 
liquid hole conductor (usually a solution containing the redox couple I–/I3–), a 
heterojunction with a very large contact area will be formed. If the formation  
of an interconnected network of oxide nanocrystals is crucial for electronic 
conduction, oxide porous films with a large surface area and controlled pore 
organization are expected to add a significant improvement to the overall per-
formances of a dye-sensitized solar cell (DSSC) device. The presence of an 
organized porosity within the films can, in fact, allow the formation of highly 
controlled morphology that facilitates the electronic conduction. Mesoporous 
channels organized with a preferential orientation that is normal to the substrate 
will give, therefore, one of the best configurations for DSSC materials. 
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any change (Figure 8). A good reproducibility of the electrical response and a 
different response as function of the surfactant used as templating agent have 
been observed.
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Since the discovery of organic-sensitized photovoltaic devices, the utilization 
of nanocrystalline anatase electrodes is a standard in the Grätzel-type solar cells.46,47

The DSSC combines the high light absorption of a specifically designed organic 
dye with the electronic conductivity of a nanocrystalline anatase network. Several 
papers have reported systematic studies about the optimal conditions to prepare 
thick titania layers by screen-printed (or doctor-bladed) colloidal solutions;48,49

using this technique, the typical thickness of nano-crystalline anatase electrode 
is 1–10 m. The control of the synthesis parameters in the EISA technique allows 
obtaining thick films via multiple dip-coating, this process does not disrupt the 
organization of the pores in the single layers and the structure of the porous 
phase is maintained even after removal of the organic template. Controlled 
crystallization of the amorphous titania pore walls into crystalline anatase, whose 
crystallite dimensions can be adjusted within a certain degree as a function of 
the processing conditions, is attained through thermal calcination. Thermal treat-
ments at temperatures between 400°C and 600°C give a high surface area 
mesoporous nano-anatase coating presenting channel-voids very interesting for 
dye-sensitized solar cells. 

Figure 9. Photoaction spectra of a 1 m thick mesostructured titania film (calcined at 350°C) 
compared with a 7 m thick TiO2 reference electrode. The incident photon current conversion 
efficiency is shown as a function of the wavelength. The two samples are both sensitized by N3. 

In order to improve the control of morphology of TiO2 electrodes for DSSC 
applications, mesostructured titania films have been prepared by EISA.50 These 
films are composed of a continuous TiO2 network of organized porosity that  
is partially crystallized. TiO2 thick films, impregnated with a ruthenium dye, 
have been used to fabricate a DSSC device whose photoactivity have been 
tested.51 The measurement of the incident-photon-to-current-efficiency (IPCE) 
of proto-typed solar cell based on titania mesostructured films (Figure 9) showed 

400 500 600 700 800
0

20

40

60

80

100
  Standard TiO2  (  7 m)

Mesop. TiO2 (  1 m)

IP
C

E
 %

Wavelength / nm



P. INNOCENZI ET AL. 118

that this mesostructured material can be efficiently used, upon optimization of 
the thickness and processing conditions, as electrode in dye-sensitized solar cells. 

3.3. X-RAY PATTERNING OF MESOPOROUS FILMS 

The integration of bottom-up synthesized materials in devices requires a top-
down processing.52,53 Self-assembled mesoporous thin films are no exception, 
because specific patterning of mesoporous films in order to obtain circuits or 
dot arrays cannot be fulfilled by coating a substrate with the sol-gel film, with-
out further processing.54 In particular, the bottom-up route needs coupling with 
top-down processing such as substrate pre-patterning or film lithography.55,56 In 
this way, hierarchically-structured materials can be obtained where organization 
resides on multiple length scales. The ordered mesopores are an ideal host for 
functional organic molecules or nanoparticles and the patterns, from the nano- 
to the micro-scale, allow designing devices for different types of advanced appli-
cations,57 for example in DNA nanoarrays or lab-on-a-chip devices. 

The possibility to pattern mesoporous films was first demonstrated by 
Brinker and coworkers, who employed a wide range of different several litho-
graphic techniques. These were based either on mesophase change or on meso-
structure disruption occurring upon irradiation with UV light. Alternatively, 
dip-pen nanolithography, ink-jet printing using a “self-assembling ink” and selec-
tive de-wetting were used to obtain patterned mesoporous arrays and micro-
fluidic devices. 

The possibility to pattern of mesoporous films was first demonstrated by 
Brinker and coworkers, who applied several lithographic techniques to fabricate 
patterned mesoporous films.58,59 These techniques were based either on mesophase 
change or on mesostructure disruption occurring upon irradiation with deep UV 
light (wavelength 256 nm). Thin (max thickness 360 nm) films were patterned 
with a lateral resolution of 10 m. Using an excimer laser (wavelength 248 nm) 
coupled with a phase mask, a resolution of around 560 nm could be reached. 
However, the use of a phase mask is restricted to the patterning periodical objects 
and is not suited for the fabrication of non-periodical structures. Alternatively, 
dip-pen nanolithography or ink-jet printing using a “self-assembling ink”, dip-
coating and selective de-wetting were used to obtain patterned mesoporous 
arrays with high resolution (150 nm) and micro-fluidic devices.60

Photopatternable cyclic silsesquioxane compositions containing a photoacid 
generator were prepared, with the goal of achieving a photoresist-free porous 
low-dielectric constant precursor.61 The films were patterned with a standard 
UV lamp (wavelength 350 nm), reaching a pattern lateral resolution on the micro-
metre scale ( 2 m) with the possibility of patterning thick (1.3 m) films.  



MESOPOROUS THIN FILMS: PROPERTIES AND APPLICATIONS 119

demonstrated to be effective in selectively removing surfactant molecules from 
mesostructured thin films, generating patterns as small as 3 m.62 However, only 
thin (300 nm) films could be obtained, Immersion in a NaOH solution prefer-
entially and completely etched the mesostructured material from the surface, 
leaving patterned mesoporous islands. This process was studied using optical 
microscopy, spatially resolved FTIR and spatially resolved ellipsometry. 

Figure 10. Optical micrograph of a patterned mesostructured silica film. The patterned objects 
can be discerned by their color, due to the difference in refractive index between the masked and 
the unmasked regions (a–c). Illustration of a mesostructured film subjected to DXRL (d). 

Deep X-ray lithography (DXRL) can be used to pattern mesostructured 
silica thin films. DXRL is a manufacturing process by which a material that is 
exposed to high-resolution, high-intensity and extremely collimated synchrotron 
radiation through an X-ray mask changes its dissolution rate in a liquid solvent 
(developer). By this lithographic method, the mask pattern is, therefore, trans-
ferred to the material (Figure 10).63

This lithographic approach is based on selective template removal and silica 
polycondensation induced by synchrotron radiation. The areas of the film that 
are not exposed to radiation can be selectively etched due to a lower cross-
linking degree of the inorganic network. An important advantage of this method 

A spatially-directed impingement of UV light (wavelength 187–254 nm) was 
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Mesoporous pillars fabricated by DXRL were specifically functionalized  
by means of a dip-pen technique using the cantilever tip of an atomic force 
microscope (AFM). In a proof-of-concept experiment, the cantilever tip was 

selected mesoporous pillars. The AFM cantilever tip was dipped into the 
rhodamine solution to take up a drop of solution, then it was approached to its 
destination pillar. When the tip landed on the pillar and the solution came into 
contact with the film, capillary forces drove the solution from the cantilever tip 

The results of this controlled writing process demonstrate that, using this method, 
it is possible to fabricate highly fluorescent mesoporous microstructures by  
the functionalization of micrometric mesoporous objects with different guest 
molecules (for example, oligonucleotide strands can be attached to the pillars  
in the fabrication of microarrays for DNA spotting). The lateral feature size of 
the patterned pillars corresponds to the conditions for microarray deposition, 

64 The lateral resolution of AFM enables func-
tionalization of sub-micron mesoporous objects using small amounts of analytes; 
in addition, the patterned mesoporous support maximizes adsorption of guest 
molecules due to the high specific surface area of mesoporosity. Further-more, 
hexagonal p6 m mesostructures associated with cylindrical pores allow acces-
sibility of the material from the outside and diffusion of analytical species into 
the material, opening the route for efficient immobilization of biological species 
in analytical applications. 

4. Conclusions

Mesoporous thin films are an important class of bottom-up fabricated nano-
structured materials. Evaporation-induced self-assembly allows preparing mate-
rials containing controlled ordered pores in the 2–50 nm range and with a 
number of functional properties. The high flexibility of the low-temperature and 
self-assembling route is a big advantage in designing materials with complex 
geometries and applications in advanced materials. Several applications have 
been demonstrated in different fields and high capability to integrate in the 
current technologies for photonics, sensors and electronics. The development of 
complex systems, such multifunctional hierarchical materials, based on meso-
porous thin films is one of the main future directions of research in this field. 

is the possibility to simultaneously remove the surfactant and to induce con-
densation of the silica network in a single-step process. 

used as a dip pen using rhodamine 6G as the ink in order to functionalize 

into the pillar, so that the mesopores became filled with the rhodamine solution. 

which are typically around 30 m.
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MAREK JASIORSKI*, BEATA BORAK, ANNA UKOWIAK,
AGNIESZKA BASZCZUK 
Wroclaw University of Technology, Institute of Materials Science 
and Applied Mechanics, Smoluchowskiego 25, 50-370 Wroclaw, 
Poland

Abstract. Sol-gel technology has attracted considerable attention due to pos-
sibility of obtaining submicron and nano-sized materials. The method of silica 
and titania nanopowders and thin films obtaining will be presented. Also pro-
perties and prospective application of these materials will be express. Addi-
tionally, methods of obtaining nanomaterials with different grains shape and
specific properties (submicron spherical silica powders, titania nanofibers) will 
be showed. One of the main advantages of the sol-gel technique is the easiness 
of doping of the obtained materials with various substances (inorganic, organic, 
biological). Materials activated this way possess several useful properties. For 
example, silica spherical matrices with metallic nano-islands on their surface will 
be presented. Such silver-doped silica powders display anti-microbial capabilities 
and can be used to obtain doped thin-film coatings e.g. for the production of bac-
teriostatic textiles. Moreover, materials obtained by the sol-gel method have 
found wide application in the area of sensors. Examples of optical sensors based 
on sol-gel derived thin films and optical fiber or planar wave-guide will be also 
presented.
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are usually organosilicates (e.g. TEOS – tetraethoxysilane) yielding silicate sol-
gel materials. However, the method is not restricted to the silicon compounds – 
for example compounds of zirconium, vanadium, titanium etc. can be used as 
precursors leading to materials possessing different physico-chemical properties. 
Furthermore, it is possible to obtain modified organosilicate precursors with 
direct Si-C bonds (which do not undergo hydrolysis) and possessing terminal 
functional groups (e.g. -NH2, -SH2 etc.). Such precursors, either pure or mixed 
with the conventional ones, yield inorganic-organic materials with mechanical 
(e.g. elasticity) and physico-chemical properties (e.g. wetability) modified by 
the organic components of the inorganic polymer network. The functional 
groups can be also used for covalent binding of various chemicals (including 
biomolecules) giving specifically modified glassy materials.1 Since the early 
steps of the sol-gel process occur in liquid phase, it is possible to add basically 
any substance (as solutions or suspensions) at this stage. Simple mixing provides 
uniform distribution of the dopant within the liquid host phase. After the 
gelation the guest molecules become physically entrapped within the solid host 

Figure 1. Wide range of sol-gel materials forms. 

1. Introduction

The sol-gel process is a versatile solution process for making ceramic and glass 
materials. In general, the sol-gel process involves the transition of a system 
from a liquid “sol” (mostly colloidal) into a solid “gel” phase. The precursors 
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surrounding medium. Furthermore, the doped matrices usually possess good 
optical characteristics (transparency and high refractive indexes). Those features 
are of key importance for production of optical sensors (optodes). Another 
convenient feature of this technology is the fact that applying the sol-gel pro-
cess it is possible to fabricate materials of high purity and homogeneity in a wide 
variety of forms: ultra-fine or spherical shaped powders, thin film coatings, cera-
mic fibers, microporous inorganic membranes, monolithic ceramics and glasses, 
or porous aerogel materials (Figure 1). 

Many specific applications of sol-gel materials include optics, protective 
and porous films, optical coatings, window insulators, dielectric and electronic 
coatings, high temperature superconductors, reinforcement fibers, fillers, and 
catalysts. A brief overview of the sol-gel process conducted in our Sol-Gel 
Laboratory is presented in this paper. 

2. Sol-Gel Optical Sensors (optodes) 

The idea behind the sol-gel optical sensors (optodes) is based on changes of 
optical parameters of active (sensing) molecules physically entrapped in (or, in 
some cases, covalently bound to) porous sol-gel thin films. Changing external 
physico-chemical parameters such as temperature, hydrostatic pressure or pre-
sence of analyte molecules or, for example, bacteria induces those changes.2

There are several kinds of optical signals, which could be used as analytical 
response of such optodes. In general, one can observe changes of: (a) intensity of 
light absorbed or emitted by the sensing molecules, (b) time of decay of the sen-
sing molecules luminescence, (c) changes in vibrational spectra (bands intensity 
and frequency) of the sensing molecules and (d) polarization properties of the 
sensing molecules. 

Electronic spectroscopy in the visible region offers several advantages stem-
ming from molecules possesses electronic transitions in the VIS range. This fact 
lowers the possibility of optical interference with the sensing molecules 
coming from unwanted molecules (in most cases organic), which might diffuse 
into the matrix pores or adhere to the optode surface. Furthermore, spectral bands 
corresponding to such transitions are usually broad in condensed phases and 

above described manner, are of the form of xerogels and possess a network of 
internal pores and cavities enabling the entrapped molecules to interact with the  

matrix. Furthermore, the hydrolysis, doping and gelation occur usually at ambi-
ent temperatures – allowing entrapment of even such delicate molecules as 
proteins without their decomposition. Sol-gel doped matrices, obtained in the 
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Sol-gel optodes for ammonia based on pH depended color changes of rosolic 
acid have been made using the sol-gel method. Figure 2 presents absorption 
spectra of rosolic acid entrapped in silicate thin films obtained via the sol gel 
method and coated onto a glass planar support (A) and onto an unclad fragment 
of a commercial optical fiber (B). In the latter case the light passing through  
the fiber interacts with the dye molecules immobilized in the sol-gel film on its 
surface via the so-called “evanescent wave” effect.4 Signal from this optodes 
informs about base or acid pollutions presented around sensor. The process is 
fully reversible, replacing the ammonia solution with clean water results in a 
return to the original spectrum of the dye (Figure 2C). The gaseous optode may 
be used even for detection of ammonia traces. 

Next example of sensor is gamma radiation optode. Changes in absorption 
spectrum of Safranine O entrapped in bulk silica matrices caused by gamma 
radiation are presented on Figure 3.

The samples were exposed to 60Co radiation source at a dose rate of  
15.8 Gy/min. The Safranin O in silica has maximum absorption at 519 nm. 
Intensity of absorption decreases as a function of increasing irradiation dose. As 
a reference Safranin O in DMF solution was measured. The absorption changes 
at 519 nm, characterized by linear relation versus intensity of radiation in very 
wide range from 0 to 40 kGy, are presented in Figure 3b. 

Similar effect was observed for magnesium (II) phthalocyanine entrapped  
in silica matrix. The intensity of dye absorption (observed at e.g. 750 nm) dec-
reases as a function of increasing irradiation dose (Figure 4). The dyes in DMF 
solution were also measured as references. The decrease of absorption intensity 
was very fast for dyes in DMF solutions and much slower for molecules in 
silica matrices. For selected Mgpc concentration, color of the sample with DMF 
disappears at radiation dose of about 10 kGy, while the color of silica sample 
disappears at doses higher than 1 MGy. 

This experiment provides that silica matrix protects entrapped molecules 
from gamma radiation. Silica matrix has good mechanical and optical (it is 
transparent) properties and can be used in dosymetry. Choice of dye and concen-
tration of molecules allows measuring wide range of gamma radiation intensity.5

even in gases. This property makes them easier to detect. Simple colorimetric 
measurements of acidity supply an example of this analytical method. In this 
case changes in pH result in changes of absorption patterns (color) of organic 
indicator dyes such as, for example, henolophtaleine, bromocresol blue, rosolic 
acid etc.3
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Figure 2. Absorption spectra of rosolic acid entrapped in silicate thin films obtained via the sol 
gel method and coated onto a glass planar support (A) and onto an unclad fragment of a com-
mercial optical fiber (B and C). 
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The sol-gel method can be employed to produce powder materials. One of 
the most interesting aspects of this approach is possibility of uniform submicron-
sized silica particles production. Modifications of the original Stöber method10

a)       b)
Figure 3. Changes in absorption spectrum of Safranin O in sol-gel-derived silica matrix caused by 
gamma radiation. 

(A 750).

2. Sol-Gel Nanopowders 

Nanostructured materials possess unique mechanical, chemical and optical 
properties.6 Nanometer-sized metal and semiconductor particles have been attrac-
ting much attention due to their novel properties significantly different from 
those *-*-of corresponding bulk materials, such as quantum-size effect, non-
linear optical properties and unusual luminescence.7,8,9

Figure 4. Changes in absorption spectrum of Mgpc in DMF solution (A 670) and silica matrix  
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particles with 60 nm diameters, larger tendency to aggregates and creation clusters 
was observed. Figure 5 presents SEM micrograph of silica submicron-sized 
spheres.

The sol-gel method can be successfully used to obtain well separated metallic 
nanoparticles. The effective method for prevention of aggregation of nano-
particles is placement of metal ions on the surface of uniform separated silica 
spheres. For this purpose silica submicron powders presented on Figure 5 were 
impregnated in solution of silver nitrate. The impregnated silica powders were 
reduced to transform cationic form of silver Ag+ to metallic silver. Reduction was 
conducted using formaldehyde, NaBH4 or H2. On Figure 6 SEM micrograph of 
the silica spheres with silver nanoislands is presented. 

Figure 5. SEM micrograph of silica submicron-sized spheres. 

have yielded11,12 nanopowders consisting of silica spheres having virtually iden-
tical diameters. It has to be stressed that these syntheses are carried out at room 
temperature in water solutions of the precursors. SEM and AFM studies have 
revealed that shape of silica particles was evidently regular and spherical, with 
diameter of 60 or 500 nm depending on type of substrates (silica precursors, type 
of solvent). Because of very small diameter of the silica spheres, close-packed 
thin layer of particles on the glass support was observed. In the case of smaller 

It is well known that in certain cases adsorption of organic molecules on 
silver or gold electrodes resulted in significant increase in intensity of Raman 
scattering of the adsorbed molecules. This phenomenon is known as Surface 
Enhanced Raman Scattering (SERS).13 Such enhancement has been also observed 
for molecules adsorbed on aqueous Ag sols,14 on silver nanoparticles embedded 
in a cellulose film15 or on Ag evaporated onto SiO2 nanoparticles.16 In order to 
establish if the SERS effect would work also for organometallic molecules 
possessing D3 symmetry adsorbed on silver nanoclusters, the SiO2-Ag0 powders 
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were soaked in Ru(bpy)3
2+ ethanol solutions. Subsequently, the powders were 

filtered, washed, dried and their Raman spectra were obtained. Figure 7b presents 
the FT-Raman spectra of the Ag0-doped submicron silica powders after impreg-
nation in solutions of tris(bipirydyne)ruthenium(II) with the complex concen-
trations of: 5.2 × 10–7 M/l (Trace A), 7.81 × 10–6 M/l (Trace B) and 7.81 × 10–5

Figure 7. (a) FT-Raman spectra of the ethanol solutions of the ruthenium complex and of the  
pure solid (C). The solution concentrations are: 1.6 × 10–2 M/l (A) and 2.6 × 10–3 M/l (B). The 
asterisk denotes ethanol bands; (b) FT-Raman spectra of the Ag0-doped submicron silica powders 
impregnated in solutions of tris(bipirydyne)ruthenium(II) with the complex concentrations of:  
5.2 × 10–7 M/l (A), 7.81 × 10–6 M/l (B) and 7.81 ×10–5 M/l (C). The asterisk denotes ethanol bands. 

Figure 6. SEM micrograph of silica submicron-sized spheres with silver nanoislands on the grains 
surfaces.
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Thus, such materials could be used for improving analytical methods employed 
in, for example, medicine (detection of drugs or important metabolites), crime 
prevention (detection of chemical or biological weapons) or environmental

Bacteriostatic properties of silver have been known for centuries.17,18,19 The 
antimicrobial activity of silica particles with nanosilver on the surface (presented 
on the Figure 6) against Staphylococcus aureus, Klebsiella pneumoniae and 
Escherichia coli as a model of Gram-negative and Gram-positive bacteria was 
observed. Thinking about future applications the best way of using nanosilver-
silica powder was their connection to everyday used textile materials. First step 
was to prepare thermo-polymeric paste consisting of good dispersed silica 
powders with silver nanoislands. Figure 8 presents SEM micrographs of thin 
(20–40 m) polymeric coats on the surface of textiles. This membrane, pre-
pared by Institute of Textile Materials Engineering (from ód ) led by Prof  
S. Brzezi ski has important properties such as: letting in the steam, water-resistant, 
good mechanical properties (resistance to washing) – significant in application 
aspect of this materials. 

Figure 9 presents silica silver particles incorporated into porous polymeric 
coat on textile. Unfortunately, aggregates of spherical particles, which are the 
result of membrane creation process, are clearly seen (Figure 9a). After modi-
fication of synthesis process and creation of stable polymeric paste with good 

Figure 8. SEM micrographs of thin (20–40 m) polymeric coats on the surface of textiles.

reveals that using the Ag0-doped silica powders for the SERS measurements 
allows to lower the Ru(bpy)3

2+ detection limit by approximately four orders of 
magnitude (in this experimental set-up). It is important to note that in the case 
of silica powders without silver nanoclusters no Raman signal was observed 
upon their impregnation even in the concentrated Ru(bpy)3

2+ solutions. 

M/l. As it can be seen, the Ru(bpy)3
2+ Raman spectrum can easily be observed 

even for its concentrations as low as ca. 5 × 10–7 M/l. Comparison with the 
results obtained for aqueous solutions of the ruthenium complex (Figure 7a) 
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were used. Additionally all textile materials were washed ten times to check 
their biological activity after that. It was found that, the lowest concentration of 
silica-silver dopant in dry polymeric substance, which created good bacterios-
tatic properties, is about 2%. After washing slight decrease of bacteriostatic effect 
(induced by leaching active silver) was observed. Summarizing, these hybrid 
active powders could be used as a novel bacteriostatic agent. They can have a 
wide field of application in sport and recreational clothes production, shoes inser-
tions, hospital and nursing bed-sheets and protective uniforms for personnel, 
clothes for newborn, surgical and dressing materials.20

Other interesting material with photocatalitical, biological and bacteriostatic 
properties is titania dioxide. Titania dioxide exists in four forms: amorphous and 
three crystallic forms: anatase, brukite and rutile. It was shown, that the mixture 
of anatase/rutile in proper ratio has the best photocatalitic properties for the oxi-
dation of organic materials in the wastewater treatment.21,22 For this reason 
extremely important is to understand and control the most critical para-meter of 
anatase/rutile transition. There are several factors such as: type of precursor, type 
of solvent, catalyst, aging time, water-alkokside molar ratio which have influence 
on titania dioxide crystal structure. Very important parameter for physicochemical 
properties is specific surface area of material. Good way to increase active 

Figure 9. SEM micrographs of thin polymeric coats consisting of aggregates (a) and good 
dispersed silica powders with silver nanoislands (b) on the surface of textiles.

distribution of active silica particles, homogenic layer with uniformly distri-
buted silver dopant (Figure 9b) was obtained. 

The antimicrobial activity of textile samples with silver-doped silica materials 
against Staphylococcus aureus, Klebsiella pneumoniae and Escherichia coli 
were investigated. All biological measurements were conducted basing on inter-
national standard: ISO: Textile fabrics Determination of antibacterial activity. 
Agar diffusion plate test ISO/DIS 20645:2002. As a reference: pure textile mate-
rial without dopants and textile material with silica but without silver islands 
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TiO2 anatase nanoparticles obtained by the sol-gel method and used as a 
precursor in hydrothermal synthesis and well isolated nanowires successfully 
obtained after the synthesis are presented on Figure 10. The as-prepared materials 
have diameter of about 50 nm and several micrometers in length.

Figure 11 shows XRD profiles of starting anatase and nanowires synthesized 
in hydrothermal process and annealed at different temperatures.

Figure 10. SEM micrographs of TiO2 anatase nanoparticles obtained by the sol-gel method (a) 
and well isolated nanowires obtained after the hydrothermal synthesis (b).

Figure 11. The XRD profiles of starting form of titania (anatase) and hydrothermal synthesized 
TiO2 nanowires. 
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surface of titania dioxide powder is transformation of crystalline anatase into the 
nanofiber/nanowires form using hydrothermal method. Titania nanowires have 
large specific surface area available for the absorption of photons compared to 
bulk material and they also provide channels for enhanced electron transfer, 
thereby are helping to increase the efficiencies for solar cells, electrolysis, and 
photocatalysis.23,24 Also, the TiO2-derived nanotubes such as sodium titanate and 
hydrogen titanate have useful optical and magnetic properties.25
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3. Conclusions 

Presented in this paper sol-gel materials are only small part of researchers which 
are done in our Laboratory. It was a short review about synthesis, creation of 
different shape, structure transformation and possibility application of silica and 
titania particles and thin films. Prepared materials can be modified by doping 
active molecules what provides to creation of new optical, biological, mech-
anical properties. Showed materials are in nano and submicro-size which are 
easer to incorporate into textile, paper and other useful materials changing its pro-
perties and area of application. This review presents interdisciplinary character 
of measurements and cooperation between different groups of scientist, which is 
important in creation and application of new active nanomaterials.  
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Abstract. The review considers principal mechanisms in solution transformations, 
hydrolysis and condensation of alkoxysilanes and metal alkoxide complexes and 
the pathways of further transformations of the thus formed colloid systems. The 
versatility of silica sol-gel is provided by the possibility to direct the kinetically 
controlled process towards either polymeric or micellar colloids. The hydrolysis 
of metal alkoxides is kinetically unhindered and results in formation of Micelles 
Templated by Self-Assembly of Ligands (MTSALs) under the local equilibrium 
conditions. The morphology, reactivity, long term stability and biocompatibility 
of MTSALs can be efficiently controlled by the choice of metal cations, ligands 
and the conditions of hydrolysis. Application of the MTSAL concept for the 
synthesis of hierarchically porous materials and the prospects of their use in bio-
encapsulation and biodelivery for water and soil remediation processes are 
discussed.

Keywords: Chemical modification, functional ligands, micelles templated by self-
assembly of ligands (MTSAL) mechanism, drug delivery, controlled release, biocontrol 
applications, soil and water remediation. 

1. Introduction

The growing interest in water and soil remediation strategies based on environ-
mentally friendly approaches in combination with the need in monitoring the 
biologically significant concentrations of potentially hazardous pollutants has 
urged during the last decade a search for directly biological means for solution  
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of these problems. An especially attractive possibility is provided by the use of 
naturally immobilized organisms such as marine algae for water remediation. 
The species of a very common Porphyra family have been shown, for example, 
to be able to decrease strongly the nitrogen content in waters deteriorated by 
common agricultural fertilizers, permitting a quick and efficient restoring of the 
biodiversity.1 Application of bacterial and bacteria-fungi co-cultures can signi-
ficantly broaden the spectrum of environmental problems that can be solved 
using biological tools. There has been reported in particular a successful removal 
of uranium from groundwater by iron-reducing Geobacter species stimulated by 
acetate amendment2 and remediation of soils highly polluted by polycyclic 
aromatic hydrocarbons using a co-culture of Aspergillus terreus and Penicillum 
species.3 A brief overview of the enormously broad field of the use of bacteria 
in bioremediation has been recently provided by Saier in.4

Efficient application of microorganisms for biosensing and bioremedia- 
tion requires their immobilization in biocompatible matrices able to support their 
survival and useful activity during a long time. The quest for immobilization 
becomes ultimate for the application of biomolecules for these purposes. Immobi-
lization and, more specifically, encapsulation for the microorganisms and solid 
grafting for biomolecules are also indispensable for preventing the leakage of 
the non-inherent biological material into the environment. The research in deve-
lopment of materials for bioencapsulation has originally been focused almost 
exclusively on organic and, in the first hand, biodegradable polymers such  
as starch,5 guar gum6 and calcium alginate,7,8 being directed primarily on the 
delivery of probiotics into human organism. The focus on biosensing and bio-
remediation applications urged then interest for the systems able to host living 
microorganisms while at the same time preventing their proliferation.9 Capsules 
of this kind had to be highly resistant to biodegradation and the approach to 
their preparation was sought in the inorganic sol-gel technology.10 The aim of 
this review is to demonstrate how the fundamental mechanisms of sol-gel pro-
cessing can be exploited for the preparation of different types of bioencapsula-
tion materials with controlled porosity, biocompatibility, stability and chemical 
reactivity.

2. Sol-Gel Synthesis of Silica 

Silica along with calcium carbonate and calcium hydroxide phosphate, apatite, 
belongs to the most widespread natural mineral components in the skeletal 
tissues, which made it an attractive and the historically first candidate for the 
role of the sol-gel bioencapsulation matrix. 
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2.1. HYDROLYSIS OF ALKOXYSILANES 

The most important feature of the alkoxide derivatives of silicon – alkoxysilanes, 
Si(OR)4, and alkylalkoxysilanes, RnSi(OR)4-n, where n = 1–3, lies in the character 
of the chemical bonding in these species. Silicon is a non-metal with a pronoun-
ced trend to formation of high energy Si O bonds with increased multiplicity 
due to p -d  interactions. The latter compensate for the relatively electropositive 
character of the silicon atom (Pauling electronagativity 1.8) in the -bonds,
which results in anomalously low polarity of the silicon-oxygen bonds.11–13 The 
calculated partial charge at the silicon atom equals approximately +0.32.14 It is 
even possible to draw an analogy between the conjugation in the tetrahedral 
ensemble of the Si O bonds in Si(OR)4 with that in the carboxylic ester groups 
C=O(OR) (see Figure 1).13

Figure 1. Bond conjugation in silica and carboxyl esters. 

Due to the low polarity of bonds, the alkoxysilanes display a complex of 
properties typical for the esters (fats) as a class of compounds: they are well 
soluble in organic solvents, but practically insoluble in water and, due to their 
extremely low acidity and basicity by Lewis, are rather stable to hydrolysis. The 
latter can be facilitated using protolytic catalysts, acids or bases, i.e. by the 
same approaches as the hydrolysis of carboxylic esters. The analogous reaction 
mechanisms belonging to the nucleophylic substitution type have been origi-
nally proposed for these processes by Bradley, Mehrotra and Gaur.15 It can be 
noticed that in analogy with the organic esters, where the increase in the size of 
the alkyl group in the alcohol residue and, to a smaller extent, in the size of the 
carboxylic acid residue are hindering the kinetics of hydrolysis, the speed of 
hydrolysis decreases in the series Me > Et > nPr > iPr nBu and is slightly 

4

accelerated by addition of basic reagents, usually ammonia or alkylamines. The 
reaction mechanism involves nucleophylic attack of the hydroxide group on  
the positively charged silicon atom with formation of an intermediate penta-

The hydrolysis of alkoxysilanes in solution in water-alcohol medium can be 

lower for alkylalkoxysilanes compared to unsubstituted Si(OR) .

2.1.1. Basic Catalysis in Hydrolysis of Alkoxysilanes 
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coordinate anion (SN2-type process, see Figure 2). The alkoxide anion is a bad 
leaving group and the process results in the further proton transfer to it from the 
more acidic Si-OH group with formation of an alcohol. The hydrolyzed species 
is initially negatively charged and can loose this charge through hydrolysis 
equilibrium with the excess of water. The decreased spatial hindering and lower 
inductive effect of the proton replacing the alkyl group makes the partially 
hydrolyzed species more prone to further hydrolysis, while the negative charge 
obtained through their deprotonation is a considerable hinder for the conden-
sation. The practically complete loss of alkoxide groups with formation of ini-
tially mainly monomeric species is a matter of minutes at room temperature.16, 17

Figure 2. Basic catalysis in hydrolysis of alkoxysilanes. 

The hydrolysis of alkoxysilanes in the presence of acids becomes a really facile 
reaction. The mechanism15,17 involves at the beginning the protonation of an 
oxygen atom of the alkoxide ligand and passes through a tetra-coordinate alkoxide 
cation (proton-assisted SN1 reaction, see Figure 3). 

This indicates that the Lewis basicity dominates over Lewis acidity for the 
alkoxysilane compounds. The intermediate species formed in the acid-catalyzed 
hydrolysis is uncharged and its acidic dissociation is hindered by the low pH in 
the solution, which opens the ways for condensation reactions. 

Figure 3. Acidic catalysis in hydrolysis of alkoxysilanes. 

The covalent character of bonding in the silicon-based species makes the reac-
tions of hydrolysis and condensation/polycondensation kinetically independent.  
Moreover, two different kinetically independent pathways, oxolation and alkoxo-
lation (see Figure 4) have been discussed in literature, but the occurrence of the 
latter one is strongly questionable at least in the basic media.16

2.1.2. Acidic Catalysis in Hydrolysis of Alkoxysilanes 

2.1.3. Polycondensation Reactions in Formation of Silica 
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The rheology and structure of the resulting colloids is very strongly depen-
dent upon the conditions of their preparation: application of basic catalysis leads 
to formation of monomers that are transformed further into smaller cross-linked 
aggregates with micellar type rheology (weak interactions between micelles). 
The acidic catalysis results initially in less cross-linked long chain polymer 
molecules. Such colloids display well-pronounced aging behavior, starting with 
low viscosity but soon becoming highly viscous and then turning into trans-
parent monoliths16–18 (see Figure 5). Addition of an excess of acid (achieving pH 
below 1.0) results, however in peptization of gels with formation of positively 
charged highly internally cross-linked micelles. 

The application for bioencapsulation purposes requires normally pre-
synthesis of a sol (colloid solution) and mixing it with a solution of biological 
components (biomolecules, organelles, microorganisms) buffered at neutral pH. 
The achievement of the gelation point is most commonly assisted by drying. 
The alternative approach to biocompatible silica is provided by the use of the 
soda glass – the water-soluble sodium silicate. Its solution with appropriate 
concentration is simply mixed with a buffered solution of the biological samples 
and the condensation occurs in analogy with that for the alkoxysilanes hydro-
lyzed in the basic media through formation of loosely connected aggregates. 

Figure 4. Condensation reactions of silicon-based species. 

Figure 5. The structure of typical silica colloids obtained via polycondensation in acidic (upper 
image) and basic media (below) respectively. 

Si Si HOH

ROH

O

O

Si

SiSi

OH

OH

OH

OR

Si

Water
Elimination

Alcohol
Elimination

Oxolation

Alkoxolation

+ +

++ SiSi



      V.G. KESSLER AND G.A. SEISENBAEVA144

as purely fundamental structural research in the early 1980s. It appeared intri-
guing to be able to approach the “hypervalent”, highly coordinated, derivatives 
of silicon. The first and rather fascinating result of these works was that the 
ligand-induced deviation of the O-Si-O angle from the ideal tetrahedral values 
causes directly the weakening of the Si-O bonds through elimination of the p -
d  component. Thus if the Si-O bond length in the ideally tetrahedral Si(OiPr)4

is 1.615 Å19 and in the symmetric octamethoxy-octasiloxane, [CH3OSiO3/2]8, even 
shorter 1.592–1.605 Å,20 the bond length within the SiO4 tetrahedron formed by 
two chelating ligands in the silicon pinacolate-monomethyl-diethanolaminate
varies already in the interval 1.644–1.671 Å.21 The increase in bond lengths in 
combination with unchanged coordination number gives a strong indication of 
enhanced charge distribution. In the structures of pentacoordinated glycolato-
silicate alkoxides (see Figure 6) the bond lengths within the chelating cycles are 
approximately in the same range or even slightly elongated compared to the 
tetracoordinate chelates, 1.663–1.762 Å.22,23

Figure 6. Structure diagrams for the pentacoordinated glycolato-silicate alkoxides.22,23

– ligand is in these species also increased to 1.654–1.679 Å, independently

pinacolate and glycolate complexes. This means that introduction of the chelating 
ligands is generally associated for the alkoxysilane species with appreciably 
increased polarity of bonds. The anionic pentacoordinate chelate complexes of 
silicon with glycolate ligands are rather stable and can in fact be obtained through 
facile dissolution of silica in glycol in the presence of alkali hydroxides.23 It has 
been noticed already at the end of 1990s that pentacoordinate silicon complexes 

2.1.4. Activation of Silicon Alkoxides Through Complexation with Chelating 

The studies of silicon alkoxide complexes with chelating ligands have started  
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with chelating glycolate ligands are demonstrating much higher reactivity in  
the reactions of ligand exchange in comparison with tetracoordinate homoleptic 
alkoxysilanes. In analogy with metal alkoxides (see below) they are readily 
exchanging the alkoxide ligands with the alcohol solvent without need in pro-
longed reflux to shift the equilibrium.24 It has also been noticed that both the 
pentacoordinate glycolate alkoxide and also the recently studied hexacoordinate 

-diketonato-alkoxide complexes of silicon25 are hydrolyzed already in contact 
with atmospheric moisture, without any need in a protic catalyst. This increased 
reactivity can only be attributed to strongly increased Lewis basicity of these 
species, originating from the efficiently increased charge distribution, and per-
mitting to exploit the proton-assisted SN1 pathway. 

2.2. BIOENCAPSULATION IN THE SILICA MATRICES 

The development of silica-based bioencapsulates has a long and successful 
story. Already in the mid 1990s the classic sol-gel approaches based on hydro-
lysis of alkoxysilanes and alkylalkoxysilanes have been applied for the efficient 
immobilization of proteins and whole cells in chemically and mechanically 
resistant inorganic matrices.26–28 As it was summarized in 1998 by Gill and 
Ballesteros29 an impressive success had been achieved, just to mention some 
examples, in using silica immobilized enzymes, catalytic antibodies, noncatalytic 
proteins, (poly)nucleic acids and microbial, plant, and animal cells for the pre-
paration of biocatalysts,27,30–36 biosensors,37–41 immunodiagnostic kits,42–45 bio-
optical devices,46–49 bioimplants and artificial organs,50,51 adsorbents for the 
removal of enzymes52 etc. The use of alkoxysilanes, however, was envisaged  
to import a number of considerable drawbacks, decreasing the possible bio-
compatibility and viability/long term biological stability of encapsulates obtained 
from them. The major difficulties turned to be associated with liberation of 
alcohols and the need in a co-solvent and catalysts for the carrying out of hydro-
lysis. A principal innovation proposed by Gill and Ballesteros lied in application 
of silica esters of polyols.29 The products of pre-hydrolysis of Si(OMe)4

together with polymethylsilicate were subjected to transesterification with glyce-
rol offering water-soluble and biocompatible polyglycerolsilicate, providing an 
approach to a silica matrix under pH-neutral and alcohol-free conditions. Broad 
variety of enzymes have been encapsulated in thus obtained matrix revealing 
stable high longtem activity. The results of this work have been summarized 
in53 and developed further towards preparation of hybrid polymers in combi-
nation with conjugated polydiacetylenes as copolymers possessing useful optical 
properties. The hybrids have been successfully used then as optical immuno-
sensors.54 The idea of employing a hybrid matrix in encapsulation of enzymes 
had been developed further by the group of Livage towards com-bination of the 
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most biocompatible organic matrix – calcium alginate – with a silica-based 
inorganic one. Both coating of alginate capsules with a silica layer55 and coating 
of a mesoporous silica beads with a calcium alginate layer56 have been reported. 
Further search for improved biocompatibility has attracted attention of many 
researchers to creation of truly biomimetic conditions, urging application of the 
biosynthetic pathways offered by the metabolism of micro-organisms posses-
sing a silica skeleton. Transformation of amorphous silica with the aid of silaffin 
polypeptides from diatoms permitted to obtain at pH-neutral conditions and at 
ambient temperature and pressure the silica spheres loaded with enzymes demon-
strating unreduced long-term activity.57

The polycondensation of sodium silicate in a buffered solution of living 
cells provided an approach to immobilization of the living cells in a silica 
matrix.10 This approach has failed, however, in achieving the conditions of  
true encapsulation: the immobilized cells (E-coli bacteria) displayed unhindered 
proliferation when spread on the cultivation plates. The practical solution for 
the application of the thus immobilized bacteria has been sought in placing the 
prepared silica matrix into a specially designed filter constructed using a small-
pore polyester membrane58 (see Figure 7).

The biological application of silica-based sol-gel materials have been recently 
reviewed in.59

Figure 7. Experimental scaffold for enclosure of silica-immobilized biomass.58

3. Sol-Gel Synthesis of Metal Oxides 

While metal oxides are actually not found as skeletal materials in the living 
beings, many of them are present as mineral components in natural biosystems 
and display high chemical and biological inertness and excellent biocompatibility. 
As the best studied examples one can mention titanium dioxide and iron(III) 
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oxide. Titanium dioxide is even classified as an internationally accepted food 
additive (E171) and is used as a component in toothpaste, drug formulations 
(tablets) and, as a pigment, in food, for example, mayonnaise. The application 
of metal oxides as matrices in bioencapsulation is only uprising and we will 
discuss below the particular features of their formation in sol-gel approaches. 

3.1. HYDROLYSIS OF METAL ALKOXIDES 

Metal alkoxides are compounds resembling the alkoxysilanes in some of their 
physicochemical characteristics, such as solubility in organic solvents, in many 
cases – volatility, and last, but far not the least, in a possibility to convert them 
into oxides through hydrolytic treatment, constituting the basis of the sol-gel 
technology. This resemblance, however, is just illusory. The theoretical analysis 
of the chemical bonding in metal alkoxides demonstrates clearly that the nature 
of the alkoxide ligand as a weak - and a strong -donor favors the predomi-
nantly electrostatic interactions for the metal cations incomparable with silicon 
in the ability to charge-compensation via p -d  interactions. Metal alkoxides 
can be described as ionic salts not only for the derivatives of the most electro-
positive metals, such as alkali or alkaline earth ones. The theoretical studies indi-
cate domination of the electrostatic interactions even for the derivatives of Mo(VI) 
and W(VI),60 and Nb(V) and Re(V,VI).61 The partial charge distribution in the 
structures of the known titanium alkoxides turns out to be very closely analo-
gous to that in the polymorphs of crystalline TiO2 – typical ionic close-packed 
structures.62 It is necessary to keep in mind that metal alkoxides are salts of 
alcohols – extremely weak and often volatile acids, which makes them to behave 
as strong Brønsted bases as they involve the corresponding bases of these pro-
tolyte solvents as ligands. The ability of metal alkoxides to react immediately 
with acidic ligands was first reported by Wengrovius et al. in 1986.63 Another 
important combination of properties – extremely weak Lewis acidity and high 
Lewis basicity has been noticed by Bradley et al. already in the early 1960s: 
metal alkoxides form eagerly aggregates, using alkoxide ligands for bridging. 
Formation of solvates is possible only if the solvating ligand can form a hydro-
gen bond to an alkoxide ligand, i.e. acts as a Brønsted acid.64,65 The solvates are 
naturally common for the alkoxides of the most electropositive metals – alkaline, 
alkaline earth and rare earth ones, but are extremely scarce or non-existent for 
high-valent metals, e.g. Nb(V), Mo(VI), W(VI), where the Lewis basicity is 
decreased by the increased charge of the cation. The Lewis acidity of the metal 
centers themselves is apparently insufficient to influence reactivity of the species. 
A plethora of structural confirmations of this fact has recently been produced by 
Schubert et al.66
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One of the most important consequences of the electrostatic character of bonding 
in metal alkoxides lies in low activation energies of the ligand exchange processes. 
According to the experimental kinetic measurements carried out for the alkoxi-
des of aluminium in 1986 by Wengrovius et al.63 and recently for Ti(IV) by 
Brown et al.67 their values normally do not exceed 30–40 kJ/mol. The reaction 
starts with the protonation of the highly basic alkoxide ligand with the formation 
of the intermediate alkoxide cation as the speed-limiting step followed by addi-
tion of the corresponding base of the new ligand with simultaneous elimination of 
alcohol,67 i.e. follows the proton-assisted SN1-type transformation (see Figure 8). 

The SN2 mechanism sometimes earlier argued for the ligand exchange in 
metal alkoxides (see, for example,14) is contradicting to the experimental kinetic 
data and should be, according to the theoretical calculations reported in,68

associated with activation energies of about 600 kJ/mol, i.e. about 20 (!) times 
higher than those observed experimentally.

The low activation energies in the ligand exchange reactions in combina-
tion with extremely facile rearrangement of the metal-oxygen cores convert 
microhydrolysis and condensation for metal alkoxides into one single process 
leading to equilibrium oxoalkoxide products.69,70 Introduction of the chelating 
ligands has recently been demonstrated to additionally accelerate the hydrolysis-
condensation process through increased charge distribution, decreased sterical 
protection of the metal centers and high mobility of the chelating ligands enhan-
ced additionally on application of polar and protic solvents such as alcohols.71

The molecular species isolated in microhydrolysis display often the fraction  
of chelating ligands considerably different from that observed for the non-
hydrolyzed species in solution.72

It should thus be concluded that the sol-gel transition in metal oxide colloids 
produced from metal alkoxides could impossibly be due to the hydrolysis-
condensation reaction. The latter is tremendously quick and results in self-
assembled micellar particles formed under the conditions of local equilibrium. 
The ligands attached to the hydrolyzed metal hydroxide units are concentrated 

Figure 8. Proton-assisted SN1-type mechanism for ligand exchange in metal alkoxides. 
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Figure 9. Formation of Micelles Templated by Self-Assembly of Ligands (MTSALs) on hydrolysis-
condensation of metal alkoxides.

on the surface of the thus formed aggregates and act as surfactants stabilizing 
the resulting micelles (see Figure 9). We have proposed to designate these parti-
cles by a term Micelles Templated by Self-Assembly of Ligands (MTSALs).71

3.2. ENCAPSULATION PROSPECTS IN THE METAL OXIDE MATRICES 

The inverted micellar systems are formed when a solution in a polar solvent, 
most often water, is introduced into a non-polar medium with controlled visco-
sity (solvent or oil) and stabilized by a surfactant. As the modified alkoxide pro-
duces units, acting as surfactant on hydrolysis, we investigated the formation of 
vesicles on introduction of water-based solutions of inorganic and organic dyes 
into hydrocarbon (hexane) solution of modified zirconium and titanium alkoxides 
on vigorous shaking. This procedure resulted in formation of spherical capsules 
with an approximate size of about 100 m. The optical properties of the cap-
sules indicated that they had dense walls: the color of the dyes was lighter in 
reflected and darker in transient light. That demonstrated the occurrence of the 
complete inner reflection phenomenon requiring the ideal mirror properties of 
the inner surface of the shell walls. 
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We wanted also to apply a sensitive marker to demonstrate that the hydro-
carbon solvent does not diffuse efficiently inside the inverted micelles. As a 
marker, we have chosen the whole blood cells. The solution of erythrocytes was 
prepared by diluting 0.2 ml of fresh blood with 20 ml of isotonic NaCl solution. 
0.5 ml of this bright red solution, containing undestroyed erythrocytes according 
to microscopic observation, were added by syringe on vigorous shaking to  
the of solution of Zr(OnPr)3(thd) in 5 ml dry hexane. The water phase was 
immediately transformed into tiny light brick-red spheres hardly distinguishable 
by a bare eye. The solution above them remained completely clear for at least 1 h, 
when light opalescence started to appear. The spheres were stable on shaking in 
the hexane solution but were destroyed by putting a cover glass over them. The 
immediate observation of the water phase released then into paraffin oil (about 
3 h after encapsulation) showed a fraction of undestroyed erythrocytes (which 
are highly sensitive and destroyed rather quickly on contact with hexane).

The amphiphylic nature of the walls of the prepared vesicles was additionally 
demonstrated by encapsulation of a water suspension of green fluorescing  
2.2 µm polystyrene microspheres (Duke Scientific Corp., Palo Alto, CA, USA). 
These suspensions are commonly used in the microbiological studies and are 
stable in water. Polystyrene, however, is a weakly hydrophobic material, which 
meant it should have been extracted into the amphiphylic shell in the process  
of encapsulation. The microscopic observations were completely in accordance 
with the expectations – the microspheres have not escaped from the droplets 
into hexane solution as the formation of the shells is a quick process, but turned 
to be located inside the shells and not in the volume of the droplets. 

The stability of these latter thin-walled shells was evaluated in the presence 
of humidity and shear forces via drying of a colloid solution, containing “hollow” 
(water solution filled) spheres on carbon grids, followed by investigation by 
Scanning Electron Microscopy (SEM). This treatment (see Figure 10) resulted 
in formation of dense films incorporating spherical cavities – potential hosts  
for encapsulation of a target aqueous medium. This deep transformation of the 
original spherical shells indicates that the mobility of ligands is actually very 
high even after the formation of the capsules. Films with random distribution of 
closed spherical cavities filled with a hydrophilic component are a new and 
interesting type of material. 

A series of experiments on encapsulation of microorganisms and of plant 
seeds applying direct micelles prepared from titanium and zirconium alkoxides 
has also been carried out, demonstrating biocompatibility of the produced 
encapsulates and also their high mechanical stability. The details of this work 
have been protected by a Patent73 and will be reported in a near future. 
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Figure 10. Films prepared on carbon grids from the colloids containing hollow spheres.71
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SELECTED CONTEMPORARY TOPICS IN SOL-GEL

ELECTRO-CHEMISTRY

The Casali Institute, The Institute of Chemistry, The Hebrew 
University of Jerusalem, Jerusalem, 91904, Israel

Abstract. This review provides an overview of some exciting, new as well as 
somewhat older, directions in sol-gel electrochemical applications of silicates 
and composite silicate electrodes. Rather than provide an exhaustive account of 
all the many papers that have been published on sol-gel electrochemistry and 
composite sol-gel electrodes, we prefer to illustrate the versatility of sol-gel 
chemistry by a few select examples which on the one hand illustrate the power 
entailed in sol-gel technology for electrochemical applications, and on the other 
hand point to hot electrochemical fields in which more research is due and 
exciting developments are to be expected. We start this review with a brief his-
torical perspective. The inorganic sol-gel and silicone electrochemistry fields 
are both rather old though never extensively dealt with particularly when  
it comes to sensing applications. In contrast, the sol-gel electrochemistry of 
inorganic-organic hybrids is a relatively young field whose importance was 
recognized only in the last 30 years, and despite, or maybe even owing to the 
late recognition it is being very extensively studied nowadays. The use of com-
posite electrodes for sensing and other applications is emphasized in this review, 
and the fast evolving electrodriven deposition techniques are reviewed. 

Keywords: Silica, silicate, ormocer, doped sol-gel, polymer, redox, graphite, CCE. 

1. Introduction with Some Historical Perspective 

Sol-gel electrochemistry is by now a mature technology that is used regularly 

appeal for electrosensing applications.1–7 Silicates are by far the most useful non 
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for diverse applications in practically all fields of electrochemistry with a special 
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transition element oxide for sensing applications, partly owing to the redox 
inertness of the silicates and partly to their inherent rigidity. Indeed for many 
applications – some of which reviewed here – these two properties are even too 
constrictive for practical applications and are therefore delicately interfered 
with by appropriate precursor selection, choice of processing conditions, and 
more relevant to the current review, by incorporation of a second phase into the 
silicate network. 

This review has the following general structure: It starts with an historical 
perspective describing in chronological order milestones in the evolution of sol-
gel electrochemistry. The second chapter is devoted to a description of some 
major general advantages entailed in the use of composite materials in sol-gel 
electrochemistry with extensive referencing and test case demonstrations. The 
third chapter is devoted to a review of some of the activities in sol-gel electro-
chemistry of carbon ceramic electrodes with emphasize on their versatile bio-
sensing applications. The fifth chapter describes a recent offspring of the carbon 
ceramic electrodes – namely the nanoparticle and ATO modified clay – silicate 
electrodes. Biosensing applications of CCEs are then used to demonstrate the 
versatility of these composites. The last section is devoted to a brief outline of 
the fast growing ceramic electrodeposition techniques. 

1.1. EARLY STEPS IN THE EVOLUTION OF SOL-GEL ELECTROCHEMISTRY

For centuries the technology of silicon compounds was governed by high tempe-
rature processing, limited therefore, to the production of inorganic ceramics. 
The modern era of silicon chemistry can be traced to the discoverer of silicon. 
Brezelius used potassium for the reduction of potassium fluosilicate to receive 
solid silicon and potassium fluoride. Moreover, he soon prepared one of the 
most important sol-gel precursors, tetrachlorosilane by oxidation of silicon with 
chlorine.

KFSiSiFKK 64 62 (1)

422 SiClClSi  (2) 

The first record of sol-gel chemistry of silicates is attributed to the French 
engineer, Jacques Joseph Ebelmen. Looking for a way to prepare tetraethoxysilane 
from tetrachlorosilane and ethanol, he discovered that the material hydrolyzed 
slowly to give solid monoliths.8 Ebelmen’s experiment is also a remarkable 
example of the importance of catalysis in sol-gel processing. Ebelmen did not 
catalyze the gelation process, and it took 2 years to form the silicate monolith. 
The experiment that is generally regarded to be the first record of sol-gel pro-
cessing deserves therefore also a patience award. 
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HClCHOCHSiOHHCSiCl 4)(4 432524  (3) 

The first production of tetraethoxysilane, Ebelmen’s original synthesis goal, 
had to await Mendeleev’s time. In 1918 Walter A. Patrick from the John 
Hopkins University patented the use of silica gel absorbents and licensed it to 
Grace Davison who continues to manufacture silica gel absorbents up to these 
days. This development paved the road for the production of chromatographic 
and other separation media. 

Surprisingly, none of the contemporary activities in sol-gel electrochemistry 
can be traced to the pre-eighties time. The electrochemical applications of sili-
cates did not materialize until the production of NASICONs by sol-gel proces-
sing in the early eighties of the last century. NASICON, an acronym for sodium 
(Na+) super ion conductor, is a useful class of material exhibiting selective and 
fast transport of sodium ions.9 NASICONS have many potential applications in 
sodium-sulfur batteries and electrochromic displays as well as sodium and carbon 
dioxide sensing. Until 1980, NASICONs, Na1+xZr2SixP3-xO12 were prepared by 
high temperature treatment of different mixtures of metal oxides and carbo-
nates. However, at elevated temperatures segregation of a zirconia phase takes 
place, which interferes with the formation of the NASICON phase. The intimate 
mixing provided by sol-gel processing allowed reduction of the operating 
temperature down to 750oC.10

The development of organic silicon materials occurred within approximately 
the same time frame, the most pronounced milestone being the synthesis of 
tetraethylsilane by Charles Friedel & James Mason Crafts in 1863. 

24522524 2)()(2 ZnClSiHCHCZnSiCl  (4) 

It took an additional century until the Rochow-Muller copper catalyzed 
synthesis of dimethylsiloxanes materialized and gave birth to the silicone revo-
lution.

COHClSiClMeClCHCSiO Cu 2222 22242  (5) 

nHnClHOCHSiOHOHnSiCHnCl n 22])([)1()( 232232  (6) 

The methylsilicones became, almost immediately after the discovery of 
their industrial synthesis technology in 1940, a center of immense technological 
activity, and methods to control the molecular size and reactivity of the mono-
mers and for crosslinking of polymers were devised. Compatible pigments, 
reinforcement agents and additives were developed to extend the range of 
physical properties attainable by silicones and silicone composites. This effort 
yielded commercial oils, adhesives, sealants, paints, insulating resins, and many 
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other useful, widely used products.11 However, the electrochemical manifes-
tation of this discovery was slow to follow. Early, pre-1980 electrochemical 
applications were almost exclusively restricted to liquid paste electrodes (made 
of a mixture of silicone oil and graphite powder), to applications based on RTV 
binding material (a vulcanized form of dimethylsiloxane), and to gas permeable 
membranes, such as the oxygen permeable membrane of the Clark type oxygen 
electrode.

In the early seventies of the last century the field of modified electrodes 
started to dominate electrochemical sciences. The research was largely driven 
by the understanding that it is possible to modify electrode properties by poly-
mer or monolayer coatings. Indeed, the first recognition of the importance of 
organic silicon chemistry for electrochemists came with the emergence of the 
polymer modified electrodes. Murray and co-workers12–15 were the first to apply 
redox modified siloxane films on silicon, platinum, and other metal electrodes. 
Monolayers and thin films based on trichloro- or trimethoxy-aminosilanes were 
first coated on electrodes, and redox species were then anchored onto the pre-
prepared layers. Although the original intention was to apply a monolayer of 
redox modifiers, a thin cross-linked polymer coating was often observed. Later, 
Wrighton and co-workers applied chloro- or ethoxy-silylferrocene modifiers on 
inert metals and n-type semiconductors.16,17 These studies can be regarded as 
the earliest electrochemical investigations of sol-gel derived materials, though 
the terminology “sol-gel” was never mentioned in these studies. However, even 
at this point, electrochemists failed to recognize the importance of reconcilia-
tion of sol-gel inorganic chemistry and silicone (organic) chemistry in order to 
make the most of the two fields through the formation of inorganic-organic sol-
gel derived hybrids. This situation was radically changed with two scientific 
developments that took place in the early eighties.

Schmidt and coworkers from the Fraunhofer-Institute fur Silicatforschung in 
Wurzburg exploited the fact that Si-C bonds are stable and do not hydrolyze 
during sol-gel processing in order to develop and nickname the organically modi-
fied ceramic (Ormocers) and silicate (Ormosil) materials, using organo-functional 
silane precursors such as methyltrimethoxysilane.18 This class of materials, in 
which the organic moiety is covalently attached to the siloxane backbone, is now 
classified as class I inorganic – organic hybrids.

David Avnir, Renata Reisfeld and their doctoral student, David Levy19 intro-
duced yet another way to form inorganic-organic hybrids by the so called sol-gel 
doping process. They introduced different dye compounds into the silicate during 
sol-gel polymerization. Some of the organic hybrids could then be retained within 
the silicate for prolonged periods without dye leaching and loss. David Avnir 
and Michael Ottolenghi from the Institute of Chemistry of the Hebrew Univer-
sity collaborated with Sergey Braun from the Life Science Institute of the same 
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university to initiate another major scientific breakthrough.20,21 They encapsulated 
various enzymes in sol-gel silicates by mixing the biomolecules with sol-gel 
precursors. Surprisingly, the enzymes withstood the harsh conditions of the in-
organic polycondensation. They were not completely denatured by the alcohol 
solvent and remained active and encapsulated in the silicate network even after 
shrinkage of the porous structure during the drying stage.

These two methods for obtaining organic-inorganic hybrids were not merely 
an addition to the repertoire of the already reported organic and biochemical 
adsorption and impregnation. The new methods showed higher stability and  
low or nil leaching, and active organic-inorganic hybrids could be attained by 
relatively simple processing. The two technologies thus opened new avenues 
to combine the superior physical properties of inorganic materials with the 
large variety of organic compounds. The availability and the power of the new 
inorganic – organic hybrids, the versatility provided by this set of materials,  
and the facile sol-gel processing techniques especially when it came to film 
formation proved irresistible to the electrochemical community. Today, sol-gel 
processing finds applications in numerous electrochemical fields including cor-
rosion protection, battery solid electrolytes, membrane and electrodes, electro-
chromic windows, fuel cell membranes and electrodes as well as sensors and 
biosensors – the primary subject of this report. Of particular contemporary impor-
tance is the use of sol-gel composites – integrating a second phase of organic, 
inorganic or biochemical moiety within the sol-gel porous matrix. In the follow-
ing sections we shall briefly review recent landmarks in the evolution of these 
materials.

2. Electrochemical Properties of Composites 

Blends and composites based on sol-gel technology are used in order to improve 
stiffness, strength, toughness, and to a certain extent also to gain temperature and 
corrosion resistance.22 The advantages entailed in composite electrode materials 
are completely different, and they are detailed below.

2.1. FUNDAMENTAL BACKGROUND: WAYS TO ENHANCE SENSORS’ 
SIGNAL TO NOISE 

The signal and sensor sensitivity of electrochemical cells is determined by the 
flux of analytes and their electrochemical products to and from the electrode 
conductive surface. Examination of the undimensional, diffusion-limited current 
through a porous film of thickness l to an electrode with surface area A is given 
by (7). 
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DCi FA l
     (7) 

F is the Faraday constant, and D is the effective diffusion coefficient of a 
key analyte in the film. Another, equally simplified equation which is relevant 
to our discussion is the differential capacitance of electrodes during potential 
scan at a scan rate, v (usually expressed in V/sec). The current density in (8), 
i/A is the background current observed during cyclic voltammetry, which can 
be taken to represent the background current or noise level in many other 
electrochemical methods as well. 

dl
i c vA                           (8) 

dlc  stands for the double layer capacitance of the electrode. Equations (7)  
& (8) show that there are several facile ways to increase the current density of 
the Faradaic reaction while retaining low background current. The first is to 
increase the concentration of the analyte at the gel side, very near the liquid-gel 
interface. The concentration at the gel phase, C is determined by a partition 
coefficient, K times the concentration of the analyte in the liquid phase, c, Now, 
since the concentration in the liquid side is an external constraint which is 
beyond the control variables of the experimentalist, the most important adjust-
able parameter that determines the flux to the electrode surface under a given 
analyte concentration is the affinity of the analyte to the gel.

Under usual conditions, except for very low pH (pH < 2), silica gels are 
negatively charged in aqueous solutions due to the deprotonation of the surface 
silanol groups ( SiO–), which endows large surface area silica gels with cation 
exchange properties. Thus, unmodified silica gel films exhibit large partition 
coefficients for positively charged species. Indeed, inorganic silicate modi- 
fied electrodes show larger selectivity for cationic species (e.g., ruthenium(II) 
tris(bipyridine)), while the flux of anionic redox species such as ferricyanide/ 
ferrocyanide is significantly hindered.23 This permselectivity is reversed by incor-
poration of cationic functional groups such 3-aminopropyl-methyl-diethoxysilane  
into the starting sol-gel solution. Thus, the first mode by which composites can  
increase the current density is by the incorporation of another phase with high 
affinity to analytes, which increases the effective concentration of the analyte in 
the film. This is the most important reason for incorporation of Nafion and amine 
containing polymers (e.g. the natural positively charged polymer, chitosan) 
within sol-gel materials, though the entailed premselectivity by hindrance of  
the mobility of negatively charged ions is often of the same or even higher 
importance, as discussed below. 
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Equation (7) also reveals the importance of the effective diffusion coeffi-
cient for efficient current generation. The effective diffusion parameter can be 
expressed as the product of the pore diffusion coefficient and the void fraction – 
thus, the larger the void fraction the larger the flux to the electrode and the 
resulting current signal. Thin silicate films that are produced by virtually all 
conventional sol-gel film casting protocols (with the possible exception of meso-
porous silicate films) are more compact than monoliths that are formed under 
similar pH conditions, and thus possess a very small void fraction. This limits 
the diffusion rate inside the porous network, which in turn reduces the attainable 
current and the response time in amperometric applications. Incorporation of a 
guest phase may improve the diffusion in the composite electrode by several 
ways.

Incorporation of a second phase and leaching out of the guest phase vacates 
large voids in sol-gel films and monoliths. This concept was indeed used for 
sol-gel thin layer chromatographic plates24 and monolithic columns.25 A remark-
able example, which is not connected to the electrochemistry of silicates, is the 
incorporation of poly(ethylene oxide), a water soluble polymer which under-
goes phase separation during sol-gel processing of monoliths. This technique 
was used by Nakanishi and coworkers to form monolithic chromatography 
columns with exceptionally high accessibility.25 The chromatographic monoliths 
are marketed by the trade name Chromlith. Template formation by introduction 
of porogens or surfactants is another attractive and popular way to form ordered 
mesostructured materials and thus increase the void fraction in sol-gel silicates.26

This method has been gaining immense popularity among electrochemical practi-
tioners over the last few years.27

Another approach to increase the current is to introduce solid guest fillers 
into the sol-gel film. Enhanced diffusion takes place along the grain boundaries 
and along the volume of the silicate film adjacent to the interfacial area. Despite 
the increased tortuosity of the analyte diffusion pathway between the electrolyte 
and conductive electrode interfaces, the observed diffusion is accelerated. It is 
plausible that fast polymerization of the silicate creates a third phase of macro-
porous voids or less dense film through which accelerated diffusion takes place.  
Another possibility is that the segregated phases do not wet each other efficiently,
and a third phase with different properties is formed near the interface between  
the phases. Enhanced diffusion can then take place through this phase. The large 
nanostructured metal-silicate and graphite powder-silicate interface is probably 
one of the reasons for the favorable electrochemical characteristics of carbon 
and metal-doped silicates28 as discussed below. 

A large charge-preferred permeability is obtained by incorporation of 
negatively charged polymers that facilitate H+ and other cations’ (e.g., methyl-
viologen) transport.29,30 By far, the most useful anionic polymers are the per-
fluorosulfonic acid polymers and particularly Nafion (Du Pont). Similarly, 
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amine containing polymers, such as the natural chitosan31 or the synthetic 
poly(ethyleneimine) are used to enhance the transport of small anionic species.

Another important parameter in (7) is the effective film thickness l, or to put 
it another way, the average distance between the outer gel – liquid interface  
and the interface on which charge transfer can take place. For a unidimensional 
homogeneous film, l is indeed the film thickness, but for a heterogeneous elec-
trode incorporating, for example, graphite powder, l is of the order of magni- 
tude of the average pore diameter, much lower than the thickness of the film. 
Incorporation of heterogeneity by introduction of grains of a second phase can 
therefore provide alternative routes to increase the current in composite elec-
trodes.

Equation (8) shows that the signal to noise of the electrode can be enhanced 
by the formation of a partially blocked electrode configuration. Incorporation  
of an intercalated conductive phase (such as those formed in carbon ceramic 
(CCE) or metal silicate electrodes) in hydrophobic silicate exposes only the 
surface of the conductive phase to the outer electrolyte and prevents the wetting 
of the bulk of the composite by the electrolyte. Figure 1 shows that for an 
ensemble of microelectrodes configuration (such as those obtained for hydro-
phobic CCEs), only the array of microelectrodes at the outer surface of the 
CCEs is exposed to the electrolyte, whereas the remaining surface is isolated 
from the electrolyte by the surface hydrophobicity. Since the background current 
in electrochemistry is proportional to the exposed conductive surface of the 
electrode (A in (8)) and the sensing signal is determined by the diffusion of  
the analytes to the geometric cross section of the electrode, the ensemble of 
microelectrodes configuration such as that formed by hydrophobic CCEs pro-
vides an ideal balance between low background and high accessibility of 
solutes. The ratio of the Faradaic signal to the background current of carbon 
black CCEs is several orders of magnitude superior to the response of glassy 
carbon electrodes as can be observed in Figure 2 (from G. Gun et al.32).

Figure 1. A scheme of the equiconcentration lines in the vicinity of partially blocked electrode, 
such as the hydrophobic carbon ceramic electrodes. (From ref.32)
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Figure 2. A comparison of the signal to background (current density divided by the background 
current density, I/Ib) obtained for CCE (made of small grain acetylene black graphite, large grain 
graphite, and glassy carbon electrodes). The signal to noise is considerably enhanced by the 
formation of the ensemble of microelectrodes configuration. (From ref.32)

2.2. ADDITIONAL ELECTROCHEMICAL BENEFITS OF COMPOSITES 

In addition to the significant advantages entailed in composites, sol-gel pro-
cessing provides efficient ways to obtain favorable structures and other elec-
trode material attributes. The most important examples of such benefits follow. 

2.2.1.

The silicate network can act as an efficient size exclusion membrane. The pore 
size distribution can be controlled, at least to some extent, by incorporation  
of water soluble polymers such as poly(ethyleneglycol) or by pH changes.33

Carefully tailored silicate membranes, using low pH synthesis exhibit Knudsen 
flow, thus facilitating the separation of air components.34 Incorporation of zeolites, 
surfactants, templated mesoporous silicates, and leaving template materials can 
be used to generate tailored size excluding films.5

Silicates have low specific affinity to organic compounds, and although depro-

selective. Incorporation of an organofunctional group or addition of a chemical 
or biochemical can be used to concentrate with high specificity desirable 
compounds. The most striking example of specific recognition is through the 
encapsulation of enzymes, antibodies and oligonuclides,20,35 but specific recog-
nition can be achieved also by doping the silicates with low molecular weight 
complexation agents36,37 or by molecular imprinting as discussed above. 

Size Exclusion by Composite Electrodes 

tonated surface silanols attract positively charged groups, the uptake is not 

2.2.2. Specific Recognition 
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2.2.3. Adhesion to the conductive support 

Composite sol-gel silicate – organic compounds can be tailored to have very 
good adhesion to oxide substrates due the Si-O-M  bonding (where M is  
a metal atom). For example, polyaniline/silica composite coatings have much 
higher operational stability compared to polyaniline films.38 It is difficult  
to construct sol-gel films thicker than ca. 10 m. The high surface tension that 
builds up in partially filled pores during the drying stage fractures sol-gel matri-
ces and limits their usefulness. The inherent heterogeneity of composite elec-
trodes provides routes for stress relaxation and prevents fractures. Indeed, thick 
polymer/silicate and carbon/silicate films can be easily deposited on solid 
substrates.

2.2.4.

The design of porous films attracts considerable attention in contemporary sol-

chemistry. Two central approaches dominate the main thrust of scientific activity 
in this field: (a) Formation of porous materials with narrow pore size distri-
bution. (b) Design of artificial enzymes, receptors exhibiting a key-hole recog-
nition capability. Although the final products are conceptually different, both 
approaches rely on the introduction of a foreign pore forming agent during gela-
tion and subsequent removal of the guest after cross-linking.  

2.2.5.

The successful production of mesoporous silicate molecular sieves by Mobile 
Corporation scientists26 by addition of surfactants and by introduction of linear 
polymers during sol-gel synthesis39 introduced several efficient ways to design 
porous silicates. A similar procedure yields thin mesostructured films by dip 
coating.40 Indeed, the surfactant template process was already used to fabricate 
thiol grafted mesoporous electrochemical sensors for stripping electroanalysis 
of lead (II) ions41 and to control the porosity of silicate-carbon paste composite 
electrodes.42 Recently Walcarius and his team advanced this technology con-
siderably by attaining mesoporous materials by electrochemical deposition.  
A review of mesoporous sol-gel electrode was recently published. 

Porous structures were also obtained by introduction of micron dimension 
particles such as latex beads2 or bacteria cells,44 though the latter has not been 
used for electrochemical applications yet. 

A third templating approach involves block polymerization of two precur-
sors followed by the selective removal of one. This class of templating is rather 

gel science, though this activity is still only partly reflected in sol-gel electro-

Tailored Design of the Porous Structure of the Sol-Del Films by Tem-
plating Approaches 

Formation of Ordered Mesoporous Materials 
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Figure 3. Typical forms of hexagonal (right), cubic (center) and bicontinuous mesoporous material. 
(From Raman et al.43)

wide, encompassing a range of affinities between the different mono-mers. An 
example is the macroporous materials which – as mentioned above – were pro-
duced by Nakanishi et al.45 by copolymerization of polyols (e.g., PVA or PEO) 
and tetraethoxysilane. Polymerization induced phase separation, and thermal 
removal of the segregated organic phase resulted in the formation of macro-
porous materials with narrow pore size distributions. In a related approach, 
Tsionsky et al.24 used bromocresol as a template former in Ormosils. In this case, 
bromocresol aggregates were formed during sol-gel polymerization and their 
alcohol extraction from the cross-linked silicate induced macroporosity.

2.2.6.

Molecular imprinting is a related technique in which a guest molecule or a 
hydrolyzable leaving group is incorporated into the silicate film.46 The guest 
molecule is usually of asymmetric geometry with two or more different func-
tionalities. Each functionality interacts with a complementing functional group 
on the walls of the encapsulating pore. Removal of the guest molecular imprint 
after gel formation leaves a vacant hole with specific affinity to compounds of 
the same size, shape and functionalities of the imprint. Mandatory requirements 
for successful imprinted polymers were summarized by Srebnik and Lev.47 (1) 
The polymerization process should be a soft one as to avoid deformation of the 
imprinting molecule. (2) The polymer should contain intimately mixed different 
attractive functionalities that will complement their matching groups on the 
imprinting molecule. (3) The polymer should be sufficiently rigid so that it will 
retain the shape of the imprint long after its removal. (4) The polymer should be 
porous in order to allow evacuation of the imprinting molecule and interaction 
with the target molecules in the surrounding. (5) Thin film formation capability 
is a mandatory requirement for accessibility. Sol-gel technology fulfills all of 
these requirements. 

Today, there are two generic methods for the introduction of template agents 
into cross-linked silicates. The most common involves polymerization and cross-
linking in the presence of non-covalently bonded templates that are removed after 
gelation. Small molecules such as methyl orange,48 dopamine,1 propranolol49,50

Molecular Imprinting and Artificial Enzyme Formation 
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and phenanthroline – iron complexes51 were used as molecular imprints. A sec-
ond approach involves polycondensation, where the pendant group induces a 
pore distribution. Hunnius et al.52 used bornyloxytriethoxysilane and methyltri-
ethoxysilane sol-gel precursors, where the borneol acts as a pore forming agent. 
Boury et al. 199953 used a similar approach for the preparation of inorganic 
porous silicate networks by removal of an organic bridge from organic silses-
quioxanes of the general structure (OCH3)3Si (R)Si (OCH3)3 (where R, the 
removable bridge, is for example an ethylene group) using a mild ammonium 
fluoride treatment. Only very few successful electrochemical applications of 
molecular imprinting were reported so far, but those reported are exciting and 
stimulating.1,2,7,49–51 

In a remarkable demonstration of this technology, Makote and Collinson54 
presented a highly selective sensor for catechol amine (dopamine). The sol-gel 
precursors were phenyltrimethoxysilane, methyltrimethoxysilane and tetra-
methoxysilane with ethoxyethanol as solvent. Every one of these ingredients 
was crucial for specific molecular recognition. The phenyl group was selected 
because it had a high affinity to the aryl group of the catechol. Ethoxyethanol 
was selected due to its affinity for polar as well as apolar molecules. Methyl-
trimethoxysilane contributed hydrophobicity and increased the adhesion to the 
support. The electrode showed high accessibility for dopamine (see Figure 4 
after54), rather low accessibility for positively charged interferences such as 
norepinephrine and epinephrine, and practically zero interference of negatively 
charged species. 

The complex multicomponent starting sol-gel solution explains why there are 
still so few successful electrochemical manifestations of this approach. A notable 
exception is the successful imprinting of iron complexes and the pesticide 
paraoxon which was demonstrated by the groups of Mandler and Marx.51 

 
Figure 4. Selective detection of Dopamine by template film compared with a blank film lacking 
dopamine recognition capability. (From Makote and Collinson54.) 
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2.2.7. Biocompatibility

Improvement of protein stability in sol-gel materials is perhaps one of the most 
innovative and rapidly developing areas of research in the field of sol-gel 
electrosensing. Braun and his coworkers,21 the pioneers of the current wave  
of sol-gel biochemical encapsulation were also the first to report that sol-gel 
encapsulation endows increased protein stability and protects the biochemicals 
against heat denaturation. A dramatic increase of stability was noted by a number 
of other researchers for a wide range of biochemicals.35,36,55–58 Heller reported a 
200-fold stability increase of glucose oxidase by encapsulation in monolithic 
silica.56 However, unlike monoliths and powders the encapsulation of proteins 
in silicate films is more demanding. Only a few authors reported successful 
immobilization of proteins within thin sol-gel silicate films; for the most part 
this was unsuccessful due to physical constraints imposed by the silicate net-
works. Successful encapsulations protocols of active biochemicals were reported 
for composite films or for sandwich like materials where the biomolecules are 
entrapped in the interface between a solid support and a sol-gel membrane. The 
incorporation of second, less crosslinked, organic polymer phase provides modes 
for stress relaxation and reduces the physical constraints on the encapsulated 
proteins, probably by creation of flexible microdomains within the silicate 
matrix. Additionally, it seems that the adsorption of the proteins onto solid 
grains within the silicate films stabilize the globular 3-D structure of the bio-
chemicals. These two mechanisms are probably responsible for the success of 
guest fillers such as glycerol,59 polymers,50,51,56 graphite,28,52–54 metallic particles55

and nanoparticles,56–58 and even inorganic additives such as Prussian blue59,70 in 
enzyme preservation within silicate composite films. 

Ionic conduction in silicate sensors and biosensors is important in order to 
decrease the Ohmic drops in Amperometric applications. The conductivity of 
silicate networks is dependent on the imbedded salts, and it is amply discussed 
in references within the context of ionic membranes.71,72 Conductivity of silicates 
can be improved by surface modification so as to increase the concentration of 
the surface charges within the porous network or by incorporation of cationic or 

 and poly(ethyleneoxide)–phosphotungstic74

as mentioned above. 

Electrochemistry involves electric charge transport in an electron conductor and 
ionic conductivity in an adjacent phase – the silicate film. For practically all the 
amperometric applications and for most of the potentiometric ones, it is bene-
ficial to increase the interfacial area between the ionic and electronic conductors 

2.2.8. Ionic Conductivity 

2.2.9. Electric and Redox Conductivity 

anionic polymers such as Nafion61,73
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and to minimize the mass transport barrier in the ionic conductor. A way to 
accomplish that is to minimize the length of the diffusion pathway of the 
analyte by very thin silicate films (i.e. decreasing l in (7)). However, the thin 
layer configuration implies low capacity for encapsulated reagents and catalysts 
in the silicate film. A way to approach thin layer configuration and still benefit 
from large encapsulation capacity is to minimize the pathlength from the reaction 
center or the liquid sensor interface to the electronically conductive phase by 
incorporation of an additional conductive phase within the silicate. This, in a 
way, can be viewed as a combination of increasing the surface area A in (7) and 
decreasing the pathlength l in the same equation. This can be done by coating of 
a porous conductive network (e.g. reticulated vitreous carbon cylinder) with 
silicate film75–77 or by the incorporation of a second, electron conductive phase 
made of interconnected particles or conducting polymer. The catalyst or bio-
catalyst can then be imbedded in the three dimensional silicate structure.28,78

Sol-gel electrochemical applications based on this approach include carbon 
ceramic28 and metal ceramic,65,66,79 sensors and biosensors, in which a network 
of metallic particles provides large surface area and long range electron per-
colation. Similar approaches using electrically conductive organic polymers 
such as polyaniline and polypyrrole instead, or in addition to the conductive metal 
phase.80,81 Electric conduction can also be carried out by a hopping mechanism 
between adjacent redox sites. This mode of self exchange charge transfer within 
a silicate composite was exploited by the incorporation of redox polymers such 
as osmium redox polymer, [Os(bpy)(2)(PVP)(10)Cl]Cl82 in the silicate backbone. 
A similar approach based on the creation of redox silicate polymers was also 
demonstrated, and it is discussed in application section. 

3. Preparation of Hybrid Materials 

The preparation of four types of hybrids are described in this section: Nano-
porous Composite Materials – Polymer–Silicate Composite Electrodes; Carbon 
ceramic electrodes; Metal ceramic electrodes; and conductive clay modified 
electrodes.

3.1. NANOPOROUS COMPOSITE MATERIALS – POLYMER–SILICATE 
COMPOSITE ELECTRODES 

This mode of hybrid synthesis involves the formation of a domain containing 
organic polymer or inorganic amorphous material. The guest polymer partly 
interpenetrates the porous inorganic silicate. The guest polymer can be either of 
inorganic nature such as Prussian blue69 or polyoxometalates83 or more often 
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chemically deposited. Polymer science makes a distinction between polymer 
blends and interpenetrating polymers. The distinction is based on the formation 
of segregated phases in interpenetrating polymers, which are often distinguished 
from molecularly mixed materials by some opacity due to light scattering by the 
interfacial area. For optical materials segregation should be avoided because it 
leads to optical losses and lower material strength. However, for most electro-
chemical applications, segregation on an appropriate, 50–500 nm scale is favor-
able since it provides enhanced diffusion, and the segregated composites can 
provide soft, accommodating nanodomains for biochemical guests as well as a 
tough network to prevent matrix deformation under flow conditions. For most 
electrochemical applications the loss of material strength due to the incorporation 
of the organic phases can be compensated by the toughness of the conductive 
electrode support.

Four methods to prepare polymer – silicate composites were reported and 
employed in demonstrative electrochemical applications. 

3.1.1.

Sol-gel polymerization of the silicate network in the presence of a preprepared 
guest polymer yields an inorganic-organic hybrid copolymer. Both synthetic 
(PVA, polysiloxane) and natural (chitosan, starch) polymers were used for electro 
and biosensing. In all these cases the polymer should be sufficiently bulky to 
prevent leakage from the inorganic-organic film.

Sol-gel polymerization of the silicate network takes place in the presence of a 
preprepared guest polymer that can link to the silicate network. Although the 
preparation conditions are identical to the previous protocol, here, the covalent 
linkage provides stronger attachment, which is important when linear polymers 
or thin film configuration are involved. The covalent bond between the two 
polymers is often created by condensation reactions between the silane monomer 
and the alcohol groups on the polymer. This is indeed the case in the formation  
of PVA/polyvinylpyridine (PVA-g-PVP) and polyethylene glycol and dextran 
sulfate – silica sol composite which was used for hydrogen peroxide or glucose 
electrosensing.60,84 Another synthesis procedure involves linear polymers con-
taining reactive end-groups such as hydroxyl terminated poly(dimethyl siloxane), 
[OH [Si(CH2)2 O]n Si(CH2)2 OH].85

The silicate film is first deposited on the solid substrate and then monomers of 
the guest polymer are impregnated into a preformed porous silicate film, then 

organic polymer. The guest polymer can be either grafted, doped or electro-

Polymer Doping 

3.1.2. Polymer Grafting 

3.1.3. Polymerization of Organic Polymers within a Preformed Silicate Films 
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polymerization of the guest polymer is initiated either by ultra violet irradiation 
(e.g. for monomers containing epoxide groups) or by chemical oxidation (for 
example by peroxodisulfate for aniline and thiophene based polymers). 

3.1.4.

A related method that is specific for electrochemical applications is the poly-
80,81 Polyaniline, 

polypyrrole, and polythiophene are popular conductive polymers, widely used 
by electrochemists, and they all can be easily polymerized by electrooxidation 
within interconnected pores of silicate films. This mode guarantees electro-
conductivity by the conductive polymer material, material strength which is 
donated by the silicate and good adhesion due to surface silanols. This technique 
was reported this year for the electrodeposition of Prussian blue in ATO/Clay/ 
silicate86 and CCE.70

3.2.  CARBON CERAMIC ELECTRODES (CCES)

Carbon-ceramic composite electrodes (CCEs) and the closely related metal – 
silicate electrodes are comprised of carbon or metal dispersion in sol-gel derived 
silicates or Ormocers. In this construction the silicate serves as a binder for the 
conductive dispersion. The conductive component is added as powders, nano-
particles, ATO coated clays, or carbon nanotubes. The improved conductivity 
by the interconnected conductive powder, as well as other favorable attributes 
of composites, including improved catalytic reactivity, biological compatibility, 
and control of the thickness of the wetted section of the electrodes in aqueous 
electrolyte attract practitioners. Since the metal silicate electrodes call for 
different preparation protocols they are addressed separately.

The carbon ceramic electrodes are prepared by mixing different forms of 
graphitic materials with the sol-gel reactants.28 A porous brittle composite matrix 
is formed after gelation and drying. The composite electrodes benefit from the 
mechanical properties of the silicate backbone, from electron percolation con-
ductivity through the interconnected carbon grains and from the ability to 
manipulate the physicochemical characteristics of the matrix by incorporation 
of suitable guest moieties including monomer precursors or sol-gel dopants.

The preparation protocols of CCEs allow wide flexibility in choosing  
the starting carbon type as well as with the choice of the inorganic binder. 
Graphite, carbon black, glassy carbon particles and carbon nanotubes were all 
successfully incorporated in CCEs. Like different Ormosil binders as well as a 
large variety of inorganic oxides such as titanium, zirconium and ruthenium 
oxides78,28 were used for CCE preparation. Ormosils are usually preferred over 

Electropolymerization of Organic Polymers within a Preformed Silicate 

merization of conductive polymer within a preformed silicate film.

Film
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pure inorganic networks for several reasons. It is possible to control the exposed 
surface area of the electrode in aqueous electrolytes by tuning the hydrophobicity 
of the Ormosil binder. Appropriate organofunctional groups are useful anchors 
for subsequent covalent modification of the electrodes with desirable func-
tionality. Popall has shown that for some applications such as the lithium ion 
batteries it is useful to use an aprotic binder which can be easily accommodated 
by sol-gel technology.77 As discussed earlier, aminopropyl functionalities provide 
a useful anchor for aldehyde and carboxylate reagents.12 Finally, the silane mono-
mer can contain organofunctional ligands, charge mediators, electrocatalysts or 
redox groups which can participate in desirable electroanalytical tasks. Several 
applications demonstrating these capabilities will be briefly addressed below.  

The choice of carbon powder affects significantly the properties of the 
CCEs.32 The conductivity percolation threshold ranges between a few weight 
percent for carbon black up to approx. 30% for 40 m, graphite powders 
(Figure 5). The type of carbon used also affects the maximum attainable carbon 
loading which ranges between ca. 15% (w) for carbon black electrodes and up 
to ca. 90% for 40 mr graphite particles. The pore size distribution of CCEs can 
be influenced by changes of the water:silicon ratio used for preparation of the 
CCEs and by pH tuning.87 It is possible to cast CCEs in a wide range of elec-
trode configurations including supported and unsupported thick films, rods and 
disks. Since large grain carbon powder CCEs do not shrink during gelation and 
they adhere very well to metal oxide supports it is possible to cast electrodes 
and microelectrodes in glass tubes.

Figure 5. Conductivity – graphite loading relationship for various methylsilicate CCEs. 

It is possible to control the configuration of the wetted section of CCEs in 
aqueous electrolytes by manipulation of the hydrophobicity of the graphitic 
filler and the organofunctionality of the Ormocer binder. Methyltrimethoxysilane 
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or phenyltrimethoxysilane based binders reject water leaving only segregated 
islands of carbon at the outer surface exposed to the electrolyte. Hydrophilic 
starting monomers (e.g. tetraalkoxysilane or aminoalkyltrimethoxysilane) yield 
completely wetted electrodes. A controlled wet porous section of CCEs, ranging 
between some 50 and 1,000 μm was demonstrated. The active section of the 
CCEs does not clog upon repeated polishing due to the brittleness of the sol-gel 
silicate backbone, and thus the electrode active section can be renewed by 
mechanical polish after each – or several – measurements. The reported relative 
standard deviations of renewal repeatability28,88,89 or sensor-to-sensor reproduci-
bility by screen printing are usually only several percents.28 

An important variant of the CCEs was introduced by Gavalas et al.90 In this 
electrode material carbon nanotubes replaced the carbon grains. Carbon nano-
tubes were introduced into the electrochemical arena by the Crooks group,91 and 
they acquired large popularity owing to their favorable characteristics: large 
aspect ratio, low double layer capacitance, fast charge transfer rate, and high 
selectivity for certain classes of compounds. Additionally, as a CCE filler the large 
anisotropy of this material ensures electric percolation threshold at relatively 
low carbon concentrations. Figure 6 (from Gavalas et al.90) shows a comparison 
between the CV of a CNT-methyl-silicate composite electrode and a conventio-
nal CCE. In this particular example it can be seen that the CV peaks of the CNT-
CCE are more pronounced compared to regular CCEs. The CNT–CCEs have 
already been used for the construction of ethanol biosensors by Nim Choi et al.92 

 

Figure 6. A comparison of the cyclic voltammograms of 1 mM ferricyanide at CNT-CCE (solid) 
and regular CCE. (dotted) Scan rate 50 mV. (From Gavalas et al.90) 
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3.3. METAL-CERAMIC COMPOSITE ELECTRODES (METAL CCES)

Gold and other metals can be used instead of graphite as the conductive net-
work in CCEs. The main difference between the metal and graphite fillers stems 
from the larger density of the latter. The specific density of gold is about 20, 
thus while 15–20 wt% of carbon is sufficient for electron percolation, over 80% 
of the metal CCE should be comprised of gold in order to exceed the per-
colation threshold. This limits the practical application of the metal ceramic 
electrodes to thin films and microelectrodes. On the other hand, metal ceramic 
electrodes have several advantages compared to graphite CCEs. Metals provide 
better electrocatalysis, and it is easier to prepare metal nanoparticles of con-
trolled dimension and to functionalize their surface. 

Procedures for the preparation of metal ceramic electrodes range from simple 
mixing of a fine metal powder with the silicate precursors to elaborate techni-
ques which involve preprepared metallic nanoparticles. Wang and Pamidi65 used 
0.5 m gold microparticles, tetramethoxysilane, and glucose oxidase to cast  
a sol-gel composite glucose biosensor. Aminosilane stabilized gold nanopar-
ticles (ca 3–10 nm) were prepared in a one pot procedure by reduction of gold 

Figure 7. Aminosilicate-stabilized gold particles. (From Fishelson et al.79.)
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Figure 8. AFM microscope image of electropolymerized gold nanoparticles – aminosilicate. 
(From ref. 94.)

tetrachloride in aminopropyltrimethoxysilane solution (Figure 7). The sol was 
used to dip-coat electrodes with a thin gold-silicate composite film.66 One of the 
major limitations of carbon CCEs is the lack of transparency, prohibiting optical 
analysis. The metal nanoparticle – silicate films provide sufficient transpar- 
ency and overcome this problem. We used a similar protocol to prepare glucose 
biosensors after mixing glucose oxidase with the gold sol. However, in this 
construction the active concentration of gold particles in the film was rather  
low (<2%). Electropolymerization using potential driving force helped us to 
increase the active gold nanoparticle concentration in the film and even to 
exceed the gold percolation threshold by electrochemical deposition of the gold 
sol on conductive substrates as described schematically in Figure 9.67 The 
aminosilicate capped sol of Figure 7 was first deposited on an ITO or metal 
electrode by dip-coating. Then the nanoparticles were partly electrooxidized, a 
procedure that desorbed the organic moieties from the gold surface and pre-
pared the film for another round of dip-coating and for the attachment of yet 
another layer of nanoparticles. The process could be repeated giving eventually 
a conductive film of sub-micrometer thickness.67,68 Interestingly, the electro-
deposition took place only above about 0.7 V vs. Ag/AgCl which shows that 
both electrophoretic mobility and oxidation of the surface of the nanoparticles 
were essential for efficient electropolymerization. A combination of XPS and 
direct quantification of the gold surface by gold oxide formation showed that 
approx. 25% of the theoretically calculated surface of the gold nanoparticles in 
the film could participate in charge transfer reactions and is therefore in direct 
contact with the solution as well as electrically connected to the electrode. 
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Moreover, the Au:Si ratio in the film is about 100 fold higher than the ratio 
between these atoms in the precursors solution. The same procedure was later 
used by Nagomi and Bharathi to prepare fast responding glucose biosensors.93

Figure 9. Multilayer deposition of aminosilane doped gold nanoparticles on a conductive ITO 
substrate. (From Bharathi et al. 95.)

More recently Mandler and coworkers96 demonstrated that it is possible to 
deposit by a single electrochemical step, copper and silicate on electrodes using 
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cathodic bias. The deposition mechanism involves two important steps, a pH 
increase in the vicinity of the electrode surface, which accelerates the electro-
polymerization of the silicate, and reduction of the metal ions.

3.4. ATO COATED CLAY SILICATE POROUS AND CONDUCTIVE 
ELECTRODES

The research on conductive CCEs is in a way frustrating, since it involves 
silicate research without benefiting from one of the most attractive features of 
silicates – optical transparency. In fact, there is a real need for a transparent con-
ductive and porous electrode material. Every combination of two of these three 

apparent; (B) 40% ATO modified mica platelets in methyl silicate film deposited on a glass slide; 
(C) cross section of a film of the same composition as of B, but this film was deposited on PET 
and covered by epoxy resin. Alignment of the mica platelets in parallel to the glass substrate is 
apparent. (D) 40% ATO modified mica platelets in silicate. E) 40% ATO modified mica platelets 
in methyl silicate matrix. (From Sadeh et al.86)

Figure 10. ATO/mica clay silicate composites. (A) ATO modified clay powder- lack of order is 
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attributes can easily accomplished, but it is difficult to achieve all three features 
together. A new form of conductive, porous and transparent composite electrode 
was introduced by our group very recently.86 The electrode material is com-
prised of antimony-doped tin oxide (ATO) coated mica platelets imbedded in a 
sol-gel derived silicate or methyl-silicate network. The platelet clays self align 
in a layered structure within the silicate film, an anisotropic construction which 
minimizes the ATO loading required to achieve electric percolation. Figure 10 
from Sadeh et al.86 shows that the ATO coated Moskovite clays predominantly 
self align in the direction of the substrate providing the aniso-tropy that is 
needed for reduction of the electric percolation threshold. Typical values of 100 
k /sq. sheet resistance and 1.5 OD for a 20 m thick film were reported. The 
transparency is lower as compared to sputtered ATO glasses (or for sol-gel 
derived ATO–GLYMO coatings97), but this is apparently the best method for 
low temperature preparation of transparent, porous, and electrically conductive 
electrode material. Permselectivity induced by the silicate and clay ingredients 
was demonstrated by the fast permeation of positively charged Methyl vio-
logen compared to hindered transport of the negatively charged ferricyanide. 
Prussian blue modified ATO coated platelets dispersed in sol-gel derived silicate 
were prepared in several alternative ways and used to demonstrate the feasibility 
of a transparent and electrically conductive. 

4. Bioapplications of CCEs 

The versatility in configuring composite sol-gel electrodes in the molecular and 
the macrodomain levels is reflected in the large number of different applications 
that were proposed for these composites within a fairly short period of time. 
Rather than to attempt a comprehensive description of all these applications,  
a description that is bound to be outdated before this chapter is published,  
we address here only a single application, which illustrates the most important 
property of sol-gel electrochemistry – its versatility.

We shall take a simple example – glucose sensing – and follow ways by 
which sol-gel technology can accommodate different ways to produce electro-
chemical biosensors. The overall chemistry of glucose sensing is rather simple. 
Glucose is oxidized to gluconolactone by the flavin prosthetic group imbedded 
in the glucose oxidase (GOD), a 160 KD enzyme.

This reaction is a favorite case study for the analytical community due to the 
high stability and low cost of GOD. The flavin is then regenerated by chemical 
oxidation; in nature it is done by dioxygen which is converted to give hydrogen 
peroxide as a byproduct.
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2( )] [ . . . ( )]FAD G O D FADH Gluconolactone         (9) 

2 2 2 2[ . . . ( )] [ . . . ( )]G O D FADH O G O D FAD H O               (10) 

Translation of this technology to sol-gel electrochemical sensing faced two 
challenges. First it was not simple to produce thin silicate films without enzyme 
denaturation. Two ways were devised to solve this problem. The first involved 
encapsulation of the enzymes in the interface between a solid electrode support 
and the sol-gel film, a configuration that is sometimes referred to as sandwich 
type electrodes. The second involved the production of composite materials such 
as carbon CCEs and metal CCEs or by incorporation of latex beads or inorganic 
or organic polymers in silica, alumina, titania or other metal oxides. The second 
challenge was to generate an electrochemical signal from reactions 9 and 10. 
The simplest way to do so is by oxidation of the hydrogen peroxide to oxygen 
on the electrode surface. The selectivity of most electrochemical biosensors is 
determined by the specificity of the electrode charge transfer rather than by the 
enzymatic specificity. The overvoltage for the oxidation of hydrogen peroxide on 
graphite is larger than 0.5 V which makes the blank CCE sensors susceptible to 
interferences from reducing agents such as ascorbic acid and acetaminophen.

Several ways were devised in order to reduce this high overvoltage. 

4.1. INCORPORATION OF INERT METAL CATALYSTS 

Electrocatalysis of hydrogen peroxide conversion was used to reduce the 
sensing potential. Several groups incorporated metal and metal oxide catalysts 
such as palladium, rhodium and ruthenium in CCE biosensors.63–65

4.2. INCORPORATION OF CHARGE MEDIATOR DOPANT 

Another way to lower the overpotential of the glucose sensor was to introduce 
charge mediators that will replace the oxygen, oxidize and regenerate the pros-
thetic group of the enzyme and will be regenerated by the Faradaic reaction. 
Several different mediators (e.g. ferrocene (Fc) or other ferrocenyl compounds 
and tetrathiafulvalene) were incorporated in glucose biosensors.62,64 Glucose 
sensing is then described by (9), (11) and (12). 

FcFADDOGFcFADHDOG )](...[)](...[ 2             (11) 

eFcFc                                        (12) 

Glucose [G.O.D.
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However, slow leaching of the free mediator was encountered when small 
mediators were used. At least four different methods were used in order to pre-
vent leaching of the mediators from CCEs. Similar approaches were used for 
other polymer-silicate biosensors. 

4.3. ENCAPSULATION OF MEDIATOR MODIFIED GOD IN CCE64

In this construction, ferrocenyl functionalities were first covalently bonded to 
lysine groups on the GOD. After purification, the redox labeled proteins were 
encapsulated in the sol-gel – graphite matrix. Thus, electron transfer from the 
active center of the enzyme to the carbon network was accomplished by media-
tion through the immobilized ferrocenyl groups. 

4.4. D. IMMOBILIZATION OF ENZYMES IN REDOX MEDIATOR COATED 
GRAPHITE CCE98

The graphite surface was coated by the ferrocenyl functionalities. First the 
graphite was coated by a gold layer. Then cystamine was self assembled on  
the gold. An alkyl diamine spacer was subsequently attached by glutaraldehyde 
linkage; finally a ferrocenyl group was attached to the pending amine, and the 
ferrocenyl modified grains were impregnated with GOD. The modified graphite 
was then used for CCE production. The charge transfer mechanism involves 
oxidation of the flavin group by the immobilized ferrocinium, which is then 
reduced back by a charge transfer step.

4.5. ENCAPSULATION OF ENZYMES IN REDOX MODIFIED CCE99

The electrode material was comprised of a dispersion of GOD. impregnated 
graphite powder in ferrocenyl-, and methyl-modified silicate. The siloxane poly-
mer provided for a highly crosslinked and rigid backbone, and the ferrocenyl 
was responsible for the signal transduction from the active center of the enzyme 
to the interconnected graphite network by an electron hopping mechanism.

There are other methods to use leaching-free glucose CCEs including the 
use of redox polymer dopants82; the use of Prussian Blue doped mediator70; the 
use of consortium of two enzymes for catalytic utilization of the hydrogen 
peroxide product100 but the few examples described here are sufficient for our 
purpose – demonstration of the versatility and capabilities of composite sol-gel 
electrodes.
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5. Electropolymerization of Sol-Gel Silicate and other Films 

The last section of this chapter describes briefly milestones in the evolution of 
an exciting new development in sol-gel electrochemistry, namely the electro-
polymerization/electrodeposition of silicates and composite silicate materials. 
Despite the fact that theoretically silicates lack redox properties, the electro-
deposition of silicates is well known. Electrophoretic deposition of inorganic 
polymers and silicates is an established procedure to induce concentration change 
near the electrode which may yield deposition by increased concentration or 
precipitation on the conductive electrode.

The simplest and most well known approach is to deposit the silicate by 
electrophoretic driving force.101 We have used the approach for the deposition of 
2-chloro-3-[[2-(dimethyl(3-(trimethoxynaphthoquinonetrimethoxysilyl)-propyl-
ammonio)ethyl]amino]-1,4-naphthoquinone bromide (NPQ) and electrodeposited  
it on a glassy carbon electrode. Another method which was mentioned in this 
short overview involved the polymerization of aminosilicate capped gold nano-
particles. The first technique involved a straightforward electrophoretic mecha-
nism whereas the second, the nanoparticle deposition technique, is more intricate 
and involves a two step mechanism: electrophoretic attraction of the amino-
silicate capped gold and an electrochemical oxidation step to remove the capping 
agent and oxidize the gold to allow gradual build up of additional layers of gold-
silicate on the electrode material. A third attractive electrodeposition technique 
involves a Faradaic reaction that converts a silicate electroactive and soluble 
species into an uncharged precipitate. The precipitate can then crosslink and 
form the gel directly on the electrode surface. The technique was successfully 
used by Leventis and Chen102 to deposit methylene blue appended with tri-
methoxysilane on electrode surfaces.

Recently the groups of Avnir and Mandler from the Hebrew university pro-
posed an interesting variant of the electrochemically driven deposition. Faradaic 
current was used to increase the pH near the electrode surface and thus catalyze 
the gelation process.103 The process was successfully adapted by others7 and 
perhaps the most remarkable demonstration of its versatility is the ability to 
produce ordered mesoporous materials as demonstrated by Walcarius104 and the 
ability to deposit active enzymes by this process.105

The electrophoretic deposition and for that matter all other electrochemical 
depositions offer substantial advantages for sol-gel practitioners: first the pro- 
cess is controlled, and an exact amount of deposit can be accumulated on the 
electrode. Secondly the polymerization and sol-gel coating is confined to the 
electrochemically active material, and the insulator remains bare of sol-gel 
coating. Third, the electropolymerized layer contains a substantially different 
concentration of the active ingredients – different from the composition of the sol. 
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The electropolymerization technique is a mild deposition technique that does 
not involve harsh conditions. Electrodeposition also usually results in denser 
more uniform films. Finally electrodeposition is very suitable for coating of com-
plex configuration and high aspect ratio cervices and patterns which are not 
readily deposited by spray coating or dip coating techniques. 
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Abstract. The development of mesoporous silicas containing organic functiona-
lity via templated sol-gel methodology has led to a great deal of interest, pri- 
marily as catalysts, but also in applications such as adsorbency.  

It is possible to prepare materials with a mechanically stable silica backbone, 
with mesopores having narrow pore size distribution, and which can be coated 
with a wide range of functionality. They are promising adsorbents due to their 
controllable surface chemistry and their significant pore volumes. 

We have also demonstrated that starch can be expanded to give a gel, which 
can be converted to a novel range of mesoporous carbons, with tuneable surface 
functionality, high surface area and good pore volume. 

They display remarkable catalytic activity (for example, they can completely 
esterify succinic acid in aqueous environments). We believe that this unusual 
behaviour can be related to their adsorbency properties. 

We present details of the properties of these materials, as well as preli-
minary results on their ability to adsorb a range of compounds.  

 
 

Keywords: Mesoporous silicas, starch, starbon, mesoporous carbon, surface chemistry, 
adsorbency, organics. 

1. Introduction 

The synthesis of silicas with controlled regular porosity, high surface area has 
led to an explosion of interest in their use, primarily as catalysts, but also in 
many other applications such as sensors and as hosts for nanoparticles.1 

It is well known that the rate of catalysis of liquid phase reactions with  
solid catalysts such as mesoporous silicas can depend not only on the intrinsic 
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reaction step(s) but also on adsorption/desorption of reactants and products to/ 
from the active site. Therefore, it is not only important to provide the silica with 
catalytically active sites, but also with the appropriate surface properties for the 
reaction. These may include modification of the polarity of the surface to improve 
adsorption/desorption processes, by the inclusion of second “spectator” groups, 
which are themselves devoid of catalytic activity. Given that such processes can 
deliver significant (order of magnitude in some cases) improvements in cata-
lytic activity,2 it seems reasonable that the same materials and the same approach 
might be used to adsorb organic species from solution. 

2. Experimental

Materials were prepared by standard procedures.6,7,9 Adsorbency experiments 
were carried out by stirring the adsorbent with the desired compound in distilled 
water at 298 K for 16 h, unless stated otherwise. The quantities adsorbed were 
determined by centrifugation and UV-vis analysis of the supernatant. 

3. Results and Discussions 

3.1. SYNTHESIS OF ORGANICALLY MODIFIED SILICAS 

The basic templated synthesis of silicas, involving (EtO)4Si (TEOS), a micelle 
forming system such as a long chain amine, a quaternary ammonium salt or a 
block copolymer, and water can be carried out to give the micelle templated 
silica. This can be functionalised with a range of silanes to give surface organic 
groups (Figure 1a).

(EtO)4Si
R

R

R

(EtO)4Si R

R R

water

(solvent)

1. template 
removal

2. (MeO)3SiR
(a)

(b)

(MeO)3SiR
+

1. water
(solvent)

2. template 
removal

Figure 1. The two major routes for the preparation of organically modified micelle templated 
silicas. In route (b) it is possible to add more than one functional silane. 
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A shorter alternative incorporates the functional silane directly in the syn-
thesis. This leads to organically functionalised silicas in one stage. (Figure 1b) 
The loading of groups is controlled by variation in the ratio of TEOS: organo-
silane; up to ca. 10–20% is possible, while preserving the templated structure, 

–1) are possible 
but lead to amorphous materials. 

It should be noted that the materials prepared from each of these two routes 

have been ascribed to different distributions of silanes (in-pore vs. external3;
clustering on hydrophobic patches4 as opposed to evenly distributed; occluded 
within walls vs. on the surface5).

Template removal is an important consideration, not just from the point  
of view of green chemistry (recovery and reuse of template) but also because  
a considerable amount of chemistry can take place in the washing stage. We  
have found that solvent extraction of template (in our case 1-aminododecane, 

6

 leads to 3.2 mmol g–1
8

still giving >2 mmol g–1. Thermal stability is good – those which can readily 
°

stabilised alkene products (e.g. linear alkyl) which decompose at ca. 500°C.
Methanol begins to decompose around 700°C via a different mechanism, possibly 
by elimination of HCHO. Hydrolytic stability of small R groups is relatively  
low, but larger groups such as hexyl or benzyl give materials of pronounced hydro-
phobicity, and are water stable, at least at lower temperatures.

A further opportunity to modify the surface of silica materials comes from 
the possibility of removing template by reaction of the as-synthesised material 
with a silane. This can migrate into the template-filled pore, cap the silanol  
and thus disrupt the H-bonding interaction with the template, which can then  
be readily removed by non-polar solvents such as toluene under conditions 
where the template would otherwise remain in pore. Functional silanes (i.e. 
(MeO)3SiR) can be added to attach a second silane to the surface, as can Me3Si
groups to improve hydrophobicity and lower polarity. 

In particular, we have recently found that the incorporation of CF3SiMe3

directly into the synthesis mixture provides material with exceptional hydro-
phobicity, far more than more conventional silylating agents such as Me3SiCl

eliminate alkenes (e.g. 2-propyl) being lower (ca. 400 C) than those with less 

are not necessarily the same. Differences in behaviour have been noted, which 

depending on the silane. Higher loadings (up to ca. 3.8 mmol g

 loading of SiOMe, with larger alcohols (up to C )methanol

leading to the HMS series of mesoporous silicas) is successful where the solvent 
has a significant H-bonding capacity. This disrupts H-bonding interactions between
the template head group and the silanols on the surface and allows the template to

 Alcohols, acetone and acetic acid are all effective.be removed and reused.
Importantly, alcohols react with the silanols, possibly catalysed by the amine
template, to generate surface SiOR species (Figure 2). Thus, template removal with 
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Figure 2. Strategies for reactive template removal. 

or Me3SiNHSiMe3.7 Thus, it is possible to produce extremely hydrophobic 
materials directly from an aqueous synthesis gel, without the need for sub-
sequent treatment. Thermal analysis indicates that no water is present on the 
surface after template extraction (weight loss <150°C is <0.2%) 

We have utilised these strategies for the preparation of a series of silica 
materials with differing surface chemistries, and have applied them to the adsorp-
tion of small molecules from water.

The adsorption of phenols from water is a system often studied for adsorp-
tion processes.8 We studied the adsorption of phenol from water at 25°C
(initial concentration of phenol 1,000 ppm). After 16 h, samples were centri-
fuged and the supernatant analysed for phenol. The results are given in Figure 3.

The more polar materials are poor adsorbents of phenol, with no adsorp- 
tion for silica itself or for HMS-Et, which has limited stability in water, and is 
likely to lose Et groups rapidly. The benzyl system, the most hydrophobic of 
the alcohol-extracted systems works very well, and surprisingly, the acetone 
extracted system has some activity. However, the CF3SiMe3 system displays 
excellent activity, adsorbing more than its own mass. Clearly, the best systems 
allow very effective removal of phenol from aqueous environments into the 
non-polar pore system.

The more polar benzoic acid was also investigated, and the trend obtained 
was the opposite, with the more polar materials adsorbing the acid much better 
than the more hydrophobic systems. It should be noted that the quantities 
adsorbed were significantly lower in all cases (Figure 4).



HYBRID ADSORBENTS FROM POLYSILOXANE XEROGELS 191

phenol adsorption

0
0.2
0.4
0.6
0.8

1
1.2
1.4

si
lic

a

H
M

S
 A

c

H
M

S
 E

t

H
M

S
 B

u

P
hC

H
2

H
M

S

H
M

S
-T

M
S

H
M

S
-

H
M

D
S

H
M

S
-

C
F3

S
iM

e3

adsorbent

qu
an

tit
y 

ad
so

rb
ed

 g
/g

Figure 3. Phenol adsorption over a range of silicas. HMS-Ac – acetone extracted micelle 
templated silica (no surface functionalisation; HMS-Et (EtOH extracted, 2.4 mmol/g loading of 
SiOEt); HMS Bu (toluene/1-BuOH extracted, 2.2 mmol/g loading of SiOBu; PhCH2HMS – 
micelle templated silica extracted with toluene/PhCH2OH, 2.1 mmol/g loading. The three to the 
right were synthesised by variations of the bottom route in Figure 2 using Me3SiCl (TMS), 
Me3SiNHSiMe3 (HMDS) and CF3SiMe3 respectively. 
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Figure 4. Adsorption of benzoic acid from water with modified silicas. 
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3.2. STARBONS 

Starbons9 are prepared from starch by expansion and acid catalysed carboni-
sation. Carbonisation can take place from 200°C to 1,000°C. As this tempe- 
rature increases the materials are converted from a hydrophilic hydroxylic  
polysaccharide to a partly carbonised material with carbonyl functionality as 
well as hydroxylic, through to more aromatic-rich materials. Throughout this 
process, surface area remains broadly constant at ca. 100–130 m2 g–1 and the 
pore diameter is also relatively constant at ca. 10 nm. 

We have used these materials, in a sulfonated form, as solid acid cata- 
lysts for esterifications.10 Remarkably, they catalyse esterifications in water. 
Diethyl succinate can be formed from succinic acid and ethanol in water in 
almost 100% yield. This is invaluable in the valorisation of fermentation-derived 
feedstocks, where isolation from the broth is expensive and difficult. Organic 
transformations (especially to water-insoluble products) in situ is an important 
short-cut to key products.

We believe that the key to this activity is its ability to partition acids (and 
alcohols) into the pores, to the (partial) exclusion of water, so that catalysis 
actually occurs in a low-water environment.

Thus, we have looked at the adsorption of acids from water onto starbon. 

°
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Figure 5. Adsorption of acids from water onto Starbon 400. 

°esterification is 400 C (the materials is designated starbon 400), we studied the 
temperature, and since the optimum preparation temperature for succinic acid 

adsorbency using 400 C starbon.

(Figures 5, 6). Since there is a marked dependence of reaction rate on preparation 
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Figure 5 shows that succinic acid is adsorbed onto the material more than 
the others. Succinic acid appears to be less well adsorbed onto other starbons, 
consistent with the theory that adsorption is a key step in catalysis.
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Figure 6. Adsorption of benzoic acid on starbons. 

4. Conclusions

Control over surface chemistry can be readily achieved in micelle templated 
silicas by a combination of in situ synthetic strategies during the sol-gel synthesis 
of the materials, and appropriate template removal strategies. Materials can be 
designed to have optimum activity by a combination of appropriate active sites 
and surface polarity and hydrophobicity modification. Likewise mesoporous 
carbons can be prepared from expanded starch and thermal treatment, which 
allows excellent of control over surface chemistry. 

Initial results on adsorbency, have shown that appropriately modified mate-
rials can display interesting adsorbency effects on simple systems. 
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Abstract. Recent developments of calorimetric techniques for the characteri-
zation of porous materials and gels are presented. In particular thermoporo-
simetry is introduced along with recent applications to soft materials like gels 
and polymers. In a second part, photo-DSC technique is presented with the new 
developments for the study of gels networks and photo-ageing of polymers. An 
overview of the potential of the two techniques towards sol-gel materials is 
finally given. 

Keywords: Sol-gel, calorimetry, photo-DSC, gels, networks, crosslinking, porous mate-
rials, polymers, hybrid organic-inorganic materials, confinement effects. 

1. Introduction

Porous materials are solids made up of interconnected networks of pores 
delimited by solid walls. These materials are omnipresent in nature and find 
various industrial applications. Numerous biological processes also involve such 
porous materials making them the object of abundant studies. The characteri-
zation of porosity is therefore a crucial issue.

*To whom correspondence should be addressed: Dr. J.-M. Nedelec, TransChiMiC, Laboratoire des 
Matériaux Inorganiques, CNRS UMR 6002, Université Blaise Pascal & ENSCCF, 24 Avenue des Landais, 
63177 Aubière, France; e-mail: j-marie.nedelec@univ-bpclermont.fr

© Springer Science + Business Media B.V. 2008 
P. Innocenzi, Y. L. Zub and V. G. Kessler (eds.), Sol-Gel Methods for Materials Processing.

______



J.-M. NEDELEC AND M. BABA196

The control of 3D organization is also a major challenge in soft matter like 
polymers and gels. In this case, the function of the material is controlled by the 
cross-linking level and chains arrangement. As far as polymers are concerned, 
the reticulation level is strongly dependant on the history of the material, from 
processing to ageing. This cross-linking level greatly affects the mechanical 
properties of the material and knowledge of its evolution is therefore crucial  
for long term durability prediction. Numerous experimental techniques have 
been used for the study of spatial organization in polymers and gels. In most 
cases, the information is derived at a molecular or macroscopic level. In this 
paper, we would like to present new applications of calorimetric techniques to 
study porous materials and soft matter organization directly on the mesoscopic 
scale. Two original techniques, namely thermoporosimetry (TPM) and photo-
Differential Scanning Calorimetry (Photo-DSC) will be presented and recent 
applications will be given. 

2. Thermoporosimetry

2.1.  EFFECT OF CONFINEMENT ON THERMAL TRANSITIONS 

If one considers the thermodynamical equilibrium between the three phases 
(solid, liquid, gas) of a pure compound, three volumic phases and two inter-
phases, liquid/solid (ls) and solid/gas (sg) considered as surfacic phases have to 
be taken into account. 

On each side of the interfaces, there is equality of both chemical potentials  
and variations of these potentials. These variations can be expressed using the 
first principle of thermodynamics1:

iiiiiii dvPdsTwqdu                         (1) 

iiiiii dTsdsTdhd                                      (2) 

iiiiii dPvdvPdudh                                     (3) 

Combining (1), (2) and (3), the variation of the potential can be written: 

iiiii dTsdPvd                          (4)

Subscript i refers to the phase in which the compound is (i = l, s or g). 
For a multiphasic system, the thermodynamical equilibrium implies tempe-

rature homogeneity but not pressures equality. If the interfaces are not planar, 
the pressure on the concave side is superior to the one on the convex side. The 
difference of pressure between the two sides is given by Laplace law: 
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At the liquid-solid interface one can write: 
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Similar consideration at the solid-gas interface allows writing: 
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Neglecting the molar volume of condensed phases in front of the one of gas 
phase, combination of (6) and (7) yields: 
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dT               (8) 

According to (8), the thermodynamical equilibrium temperature, called the 
triple point temperature, is not a constant. The variation of the triple point 
temperature depends on the curvatures of both interfaces solid-liquid and solid-
gas. These curvatures are controlled by the geometry of the volumes confining 
the solvent. In the general case solving of (8) is difficult.

If one considers the thermodynamical equilibrium between gas, liquid and 
solid phases in a cylindrical pore, combination of Clausius-Clapeyron and Kelvin 
equations yields: 

rH
V

T
T

m

slmp 2
ln

0

                                          (9) 
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Relating the melting temperature inside the pore Tp to T0 the normal melting 
temperature and to 1/r. Hm is the enthalpy of melting, Vm the molar volume, 
and sl the interfacial energy. 

Writing T = Tp –T0, a serial development of (9) at the first order yields: 

rH
VT

TTT
m

slm
p

0
0

2
                (10) 

Equation (10) is known as the Gibbs-Thomson1 equation and is classically 
used experimentally to calculate r from the measurement of T. In the case of a 
cylindrical pore of radius rp, (10) can be written: 

pm

slm
p rH

VT
TTT

cos2 0
0                              (11) 

Where  is the contact angle between the liquid and the solid usually taken 
to be 0°. 

In general, the creation of an adsorbed layer of non freezing solvent of 
thickness t is assumed on the surface of the pores (Figure 1). In this case, the 
measured rp corresponds to (Rp –t), Rp being the real radius of the pore. 

This thickness t is usually found lower than 2 nm (usually a few molecular 
layers) and gives the lower limit of measurable pore size. This layer must be 
taken into account for precise derivation of Rp through T measurement. 

Figure 1. Scheme of liquid-solid equilibrium in a cylindrical pore of radius Rp considering the 
creation of an adsorbed layer t. 
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2.2. APPLICATION OF THERMOPOROSIMETRY
FOR THE CHARACTERIZATION OF POROUS SOLIDS 

Equation (11) gives a direct relation between the depression of the melting 
point of a given confined solvent and the radius of the pores in which it is 
confined. Measurement of T can then give access to the pore size. In the 1950s 
Kuhn et al.2 proposed to use Differential Scanning Calorimetry (DSC) to measure 

T and invented the so called thermoporosimetry technique (TPM). This tech-
nique has been further described by Fagerlund3 and popularized and developed 
by Brun.4 It is now a recognized technique even if gas sorption remains the gold 
standard for porosity measurements in solids.  

In a thermoporosimetry experiment, not only the average pore size can be 
determined but also the full pore size distribution (PSD) by considering the 
whole DSC curve. Using (11) the PSD can be derived as follows: 

( ) ( ) ( ) 1
( ) ( ) ( ) ( )

p

p p a

d V dQ T dt d T
d R dt d T d R W T

                       (12) 

where Vp (cm3 g–1) is the pore volume, dQ(T)/dt (W g–1) is the heat flow per 
gram of the dry porous sample given by the ordinate of DSC thermogram, 
dt/d( T) (s K–1) is the reverse of the cooling rate, d( T)/d(Rp) (K nm–1) is deri-
ved from the empirical relationship corresponding to (11) and Wa(T) (J cm–3) is 
the apparent energy as defined by Brun. However, the specific energy of 
crystallization is temperature dependent and, in addition, all the solvent does 
not take part in the thermal transition since, as stated before, a layer of the 
solvent remains adsorbed on the internal wall of the pores. Only an apparent 
energy (Wa) can be calculated, dividing the total heat, released by the thermal 
transition, by the total volume or mass of the confined solvent. 

In order to reach the PSD calculation, it is necessary to establish the 
temperature dependence of both Rp and Wa. This is obviously a severe drawback 
for thermoporosimetry as a precise calibration procedure is requested. The extra-
ordinary progress in the preparation of porous materials with well controlled pore 
sizes during the last 20 years is now circumventing this problem. Comparison of 
PSD derived from gas sorption, TPM and NMR cryoporometry5,6 clearly demon-
strated the validity of TPM for the study of nanoporous materials. 

Various solvents have been calibrated providing data for TPM measurements. 
The first studies dealt essentially with water and benzene. In the 1990s Jackson 
and McKenna published data for n-heptane, cis- and trans-decaline, cyclohexane, 
naphthalene, and chlorobenzene.7

In recent years, numerous solvents have been calibrated for thermoporosi-
metry including acetonitrile,8 CCl4,9,10 xylenes, various substituted benzenes,11

linear alkanes,12,13 cyclohexane,14 dioxane15 and acetone.16
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Thanks to the calibration curves proposed in the literature for various 
solvents, thermoporosimetry has become a functional technique. TPM also 
addresses some major fundamental issues concerning melting/freezing in 
confined geometries and the underlying energetic and thermodynamics. In the 
following section we will show how TPM can also be used very efficiently to 
study less rigid materials like polymers and gels.

2.3. APPLICATION OF THERMOPOROSIMETRY
FOR THE CHARACTERIZATION OF SOFT MATERIALS 

In the 1950s Kuhn already observed the peculiar behavior of liquids swelling 
polymeric gels.2 Indeed a strong analogy can be proposed between solvent 
trapped inside the pores of a rigid material and the solvent swelling the chains 
of a polymeric network. In the case of polymer swelling, the network limits the 
mobility of the solvent molecules inducing a confinement effect. As observed 
for nanoporous materials, the trapped solvent exhibits a shift of its melting/ 
freezing temperature directly related to the size of the confinement domain. The 
shift T can be associated with the size of the meshes defining the 3D network 
between successive reticulation knots. 

The use of TPM on swollen polymers can give access to Mesh Size Dis-
tribution (MSD) in the swollen state. The ability of the polymer to swell depends 
on the reticulation level which in turn can vary a lot during polymer ageing.

In the following some examples will illustrate the use of TPM to charac-
terize soft materials. 

2.3.1. Elastomers 

Since the pioneering work of Kuhn, the solvent freezing point depression 
observed in swollen cross linked rubbers has been the subject of many works. 
In 1991, Jackson and McKenna17 studied both the freezing and melting of sol-
vent crystals in crosslinked and uncrosslinked natural rubber swollen in benzene. 
More recently, the authors18 proposed a detailed study of natural rubber con-
taining fillers. This possibility offered by TPM to work on formulated polymers 
makes it a very unique technique.

In 2006, McKenna and coworkers reviewed recent work devoted to the use 
of TPM to study polymer heterogeneity.19 In this work, uncrosslinked and cross-
linked polyisoprene was studied with benzene and hexadecane as swelling sol-
vents. It was shown that for uncrosslinked sample, an excess shift T is 
measured compared to Flory Huggins theory.20,21 This is interpreted in terms of 
nanoheterogeneities in the uncrosslinked polymer.
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Photo-oxidation of various elastomers has been studied by TPM in recent 
years.13–14 The effect of photo-ageing is clearly observed with an important shift 
of the mean mesh size towards low sizes upon ageing and also a narrowing of 
the MSD (Figure 2). The MSD is clearly a good indicator of the evolution of 
the polymer network upon ageing. Its measurement by TPM gives a very 
efficient tool for the follow up of the ageing.

Figure 2. Mesh Size Distributions determined by n-heptane TPM for EPDM samples crosslinked 
during various irradiation times. Reproduced from,13 © 2003. With permission from Elsevier. 

In 2000, Iza et al.22 described a TPM study of hydrogels. In the meanwhile, 
TPM has become a popular tool for measuring pore size distribution in polymer 
membranes as illustrated by recent reviews.23,24 Cellulosic membranes were 
also studied by water TPM.25,26 In 2005 TPM was used to measure pore size 
distributions in porous polymers networks.27

Recently we studied polyolefin samples presenting various degree of cross-
linking by TPM with xylenes.28 Upon increasing irradiation dose, a correlative 
decrease of G and of the maximum of the MSD (RMax) measured by TPM is 
observed (Figure 3). These observations are in agreement with the subsequent 
cross linking increase upon irradiation making TPM a valuable technique to 
discuss the evolution of the polymeric network. 

TPM appears to be a unique technique to study soft matter organization on  
a nanoscopic level. TPM can also be very valuable for the study of hybrid 
organic-inorganic materials associating a rigid inorganic part (that can be porous)  

2.3.2 Other Polymers 
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Figure 3. Evolution of the maximum of the Mesh Size Distribution (Rmax) as a function of the 
swelling ratio (a) and the irradiation dose (b) for p-xylene.

and a more flexible organic counterpart. In this sense, TPM appears to be a uni-
versal technique directly associated to the physics of confinement. The intense 
development of porous samples with very well controlled pore size distribution 
allows determining calibrations curves for numerous solvents. The simplicity and 
the low cost associated with TPM are further arguments for extended use of this 
technique.

4. Photo-DSC: A Powerful Tool for the In Situ Study of Photo Initiated 
Reactions

4.1. PHOTO-DSC: THE STATE OF THE ART 

Photo-DSC, or Photo-Calorimetry, combines in a single equipment light irradi-
ation and classical DSC measurement. Irradiation conditions (wavelength, inten-
sity, duration,…) can be chosen in a wide range. It is also possible to easily 
control the temperature (–150°C to 500°C) and the nature of the atmosphere 
(inert, reactive, oxidative,…) making Photo-DSC a very useful and versatile 
device.

Until very recently Photo-DSC was essentially used for the study of photo-
curing and photopolymerization reactions. A well documented review has been 
recently dedicated to the curing of composites by ultraviolet radiation.29 Two 
main curing mechanisms are reported: radical polymerization for acrylic-based  
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resins and cationic polymerization for epoxies and vinyl ether. In both cases the  
properties of the photocured matrix are determined by its crosslinking density. 
Khudyakov and his co-workers30,31 combined Photo-DSC with the curing moni-
toring and Time-Resolved Electron Paramagnetic Resonance to follow the course 
of the photopolymerization of a variety of acrylates. Photo-polymerization has 
also been studied by Photo-DSC in solution. The study of HEMA/DEGDMA 
hydrogel provides a nice illustration.32

4.2. ACCELERATED AGEING OF POLYMER MATERIALS: APPLICATION
OF PHOTO-DSC 

Photo-oxidation is the most common cause of polymer degradation in outdoor 
conditions. Light-polymer interactions lead to drastic changes in the physical 
and chemical properties of the material. Many studies have been devoted to the 
comprehension33,34 and the prediction of complex phenomena occurring upon 
the photo-ageing of polymers. Several accelerated photo-oxidation devices have 
been proposed.35,36 In these devices the irradiation step mimicking the aging of 
the materials is performed independently from the analysis usually performed 
afterwards by non destructive methods such as FTIR spectroscopy.

We recently proposed to use photo-DSC to study polymer photo-ageing. 
Indeed, the ability of a semi-crystalline polymer to crystallize is greatly affected 
by its photo-ageing. Notably, crosslinking and chain scissions, by altering the 
macromolecular chain mobility, decreases the “crystallizability” of the polymer. 
Photo-DSC, by following the change of the temperature and the heat of crystalli-
zation, is a good tool to study semi-crystalline polymers photo-ageing. In the 
following, we will illustrate the great potential of Photo-DSC through two 
selected examples 

4.3. CROSS LINKING OF POLYCYCLO-OCTENE 

The effects of ageing conditions (irradiation time, light intensity and atmosphere) 
of polycyclo-octene have been studied.37

Photoageing has been performed in situ followed by a crystallization step 
and then a melting step. Both the area and the maximum of the crystallization 
peak decrease when the light intensity increases. 

The same polycyclo-octene sample was subjected repeatedly to the same 
program with time increment of 10 min. Upon increasing irradiation time the 
peak of crystallization shifts towards low temperatures while the released heat 
decreases as shown in Figure 4. 
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Figure 4.  DSC traces of the crystallization of polycylo octene irradiated at 35°C with Xe/Hg 
lamp having a light intensity of 6.5 mW/cm2 for irradiation times ranging from 0 to 100 min. The 
cooling rate was 10°C/min. 

The composition of the atmosphere surrounding the polymeric sample can 
be controlled. The experiments previously described were repeated under nitro-
gen, air and oxygen atmospheres. No significant modification is noticed under N2
atmosphere while pure O2 seems to accelerate the decrease of the crystallization 
temperature of the material. These results confirm that the changes observed in 
the polymer aptitude to crystallize can be attributed to an oxidative process. 

Photo-oxidation can be classically monitored by FTIR spectroscopy by 
following the vibration bands corresponding to carbonyl functions at ~1,700 
cm–1. To investigate the relation between the accumulation of the oxygenated 
photo-products and the change in the crystallinity of polycyclo-octene, the de-
crease of the heat of crystallization was compared with the rise of this vibra- 
tion band (Figure 5). The enthalpy of crystallization falls at early stages of 
irradiation before significant accumulation of the carbonyl. Assuming that the 
decrease of the polymer crystallizability is related to the network densification, 
polycyclo-octene seems to predominantly undergo the cross linking reactions 
before a noticeable formation of oxygenated photo-products. This behaviour is 
observed for the first time in this system thanks to the use of Photo-DSC as it 
was also the case for other dienic elastomers like polybutadiene38 and ethylene-
propylene-diene-monomer (EPDM).39
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Figure 5.  Polycyclo octene irradiated in PhotoDSC system at 35°C and under air. ( , left ordinate): 
IR kinetic evolution of carbonyl band (1,721 cm–1). ( , right ordinate): change in crystallization 
heat. (Reproduced from,38 © 2005. With permission from Elsevier.) 

4.4. KINETICS OF CHAIN SCISSIONS DURING ACCELERATED AGEING
OF POLY(ETHYLENE-OXIDE) 

PEO is a semi-crystalline water-soluble polymer, with a crystallinity which  
is very sensitive to the thermal history of the samples, making this property 
interesting as an indicator of degradation. Because it is biodegradable and bio-
compatible, PEO is a good candidate for environmental and medical applica-
tions.40–42 The mechanisms of thermo and photooxidation of PEO have already 
been investigated43,44 on the basis of IR identifications of the oxidation products. 
The chain scissions predicted by this chemical mechanism have been observed 
by IR spectroscopy. Photo-DSC, provides a direct mean to observe the transi-
tion temperature shift and the change in the heat of crystallization/fusion upon 
chain scissions as demonstrated recently.45

Here, we would like to report another study concerning isothermal crystalli-
zation kinetics study of PEO ageing.46

Isothermal crystallization thermograms of thermally and photo-oxidized PEO 
have been subjected to Avrami analysis formalism.47–49 Fundamental Avrami equa-
tion can be expressed as: 

( ) 1 exp( )n
at k t                  (13) 
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where ka is Avrami rate constant and n Avrami exponent. (t) is the relative 
crystallinity defined as follows: 

H
tHt )()(        (14) 

H(t) is the enthalpy of isothermal crystallization at t and H  its value after 
complete crystallization. 

The value of Avrami exponent ranges from 1 to 4 depending on the geo-
metric characteristics of nuclei: n = 1 being ascribed to a rod, 2 to pellets and 3 
or 4 to three-dimensional structure.

To calculate ka and n, a log-log graphic representation is classically used: 

           log( ln(1 ( )) log( ) log( )at k n t                      (15) 

Thus, if the experimental data follow Avrami’s theory, the plot of log(–ln(1– (t)) 
as a function of log(t) should be linear yielding log(ka) as intercept and n as 
slope.

Figure 6. Isothermal crystallization of PEO photo-aged at 15°C for the ageing times ranging 
between 0 and 240 sec and under 100 mW/cm2 as selected light intensity. (a) DSC exotherms of 
isothermal crystallization at 55°C. (b) Integrations from the exotherms of isothermal crystalli-
zation. (c) Relative crystallinity ( (t)) as a function of isothermal crystallization time after varying 
ageing times. (d) Avrami analysis of the isothermal crystallization data. (Reproduced from,46 © 
2007. With permission from Royal Society of Chemistry.) 
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Figure 6 shows, thermograms of isothermal crystallization, the correspond-
ding integrals, the relative crystallinity and Avrami plots related to photo-aged 
PEO at 15°C. These plots were drawn for (t) ranging between 0.1 and 0.56. It 
was found that isothermal crystallization of Photo-DSC aged PEO follows 
Avrami’s model. Indeed the crystallization half-time (t0.5), defined as the time 
required for the relative crystallinity ( (t)) to reach 0.5, was calculated from  
the knowledge of ka and n and compared with its experimental value. A good 
agreement was observed between the two sets of data.

The half-time crystallization can be converted into the rate of crystallization 
as follows: 

1
0.5

1 1
ln 2( )

cal
cal n

a

G
t

k

        (16) 

where t0.5cal is the calculated half-time crystallization and Gcal the calculated 
crystallization rate. 

Figure 7 shows a comparison between the experimental and calculated 
crystallization rate of PEO submitted to the photo and thermal ageing at various 
temperatures. It is clearly evidenced that the light irradiation increases dras-
tically the fall of the crystallizability of the polymeric material and that the 
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Figure 7. Isothermal crystallization rate G (empty symbols for Gcal and the filled ones for Gexp) of 
PEO as a function of exposure time (a) thermoaging at 60°C, 75°C, 80°C and 90°C, (b) photo-
aging at 0°C, 15°C, 35°C and 60°C. The isothermal crystallization temperature (Tc) was 55°C. 
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PhotoDSC constitutes a good alternative, in the accelerated ageing field of 
materials, to the traditional, sequential and time consuming techniques. 

5. Conclusions 

Two techniques based upon calorimetric measurements have been presented for 
the structural characterization of soft matter and porous materials.

New developments of thermoporosimetry are presented. In particular TPM 
application in polymers is an emerging field full of promises. The simplicity 
and the low cost of the technique make TPM a very valuable characterization 
tool for soft materials.

On the other hand, new applications of Photo-DSC have been presented. 
This technique was mainly intended to be used to study photo-polymerisation or 
photo-curing reactions by measuring the heat of reaction. We proposed to use 
this powerful technique to study polymer photo-ageing, using the Photo-DSC as 
an accelerated ageing device and coupled in-situ analysis of the modification of 
the morphology of the materials. In this case, the crystallisability of the polymer 
is used as an indicator of the structural modifications. It has been shown that 
kinetics studies can also be performed bringing information on the crystalliza-
tion process in particular in confined geometry. 

These two techniques offer new tools for the study of porous materials 
including polymers and hybrid organic-inorganic materials and should, in our 
opinion, receive much attention in the coming years.
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Abstract. The tremendous developments of materials with fine tuning of the 
composition, shape, size and chemical functionalities at the nanometre scale has 
opened a wide range of applications in medicine. An overview of hybrid nano-
materials for applications in biological environment will be presented. The use 
of functional particles for medical imaging and therapy will be especially dis-
cussed. These functional systems usually require combination of different pro-
perties such as luminescence (imaging) or molecular recognition (targeting) and 
non-linear optical properties (therapy), together with size/shape control and 
biocompatibility (cells diffusion, solubility, biochemical stability). For example 
series of hybrid metal or oxide nanoparticles can be prepared for medical imag-
ing. Some of them are already commercially available. The most recent work  
in this field will be presented and the future developments will be discussed. 
For example one can expect to combine several imaging techniques (multimodal 
contrast agents) or imaging and therapy in the same nanocomposite. The use of 
hybrid systems combining inorganic (metal or oxide) with their organic counter-

environment. New trends in the field of phototherapy will be discussed.

Keywords: Nanoparticles, hybrid, sol-gel, luminescence, phototherapy, imaging, non-

1. Introdu1ction

Hybrid materials for biology have been intensively studied for the past 15 years. 
Most of them are dealing with encapsulation of biomolecules (proteins, enzymes, 
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parts shows the most promising routes towards such applications in biological 
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antibodies, cells) in sol-gel matrices. Even if the first work concerning enzyme 
encapsulation was already published in the 1950s by F.H Dickeys1 and a second 
paper by Johnson and Watheley2 appeared some 15 years later on the immobi-
lization of Tripsin, the real breakthrough happened in the early 1990s with the 
work of D. Avnir and co-workers on the protein entrapment in sol-gel silica 
glasses.3 From this point, several papers dealing with encapsulation of biomole-
cules were published, with for instance the work from Zink and co-workers4 on 
the retention of the O2 binding ability of myoglobine entrapped in sol-gel sili-
cate, or the work from Livage et al. on the entrapment of living cells in silicate.5
Several reviews are reporting on these materials.6–8

More recently systems organized at the nanolevel, combining inorganic nano-
particles or capsules with organic based functionalities were investigated for 
medical applications in imaging (fluorescence or magnetism) or therapy (PDT, 
trafficking, targeting). Typically such multifunctional systems are expected to 
provide wide range of advantages compared to conventional approaches, from 
biocompatibility and targeting to optical properties (luminescence, non linear 
optics…). One of the most important targets are the cancer cells. The general 
idea is to provide highly sensitive systems which can be excited under irradi-
ation. The response should then be as efficient as possible in order to gain in 
sensitivity, contrast and resolution and eventually penetration depth when con-
sidering photodynamic therapy. In any case the size and surface of the parti- 
cles play an important role in the blood dissemination through the body and the 
targeting of the tumor cells. The materials should possess sizes in the range  
2–100 nm. The surface of the particles can also be of importance in the site 
recognition and trafficking of the particles. Finally some properties might be 
influenced by the morphology of the particles but very few papers are deal- 
ing with this final aspect. The synthesis of hybrid materials involves several 
approaches depending on the morphology of the final material (films, bulk and 
particles) and the expected organization and structure. This was fully reported 
previously in particular by C. Sanchez and co-workers.9 In this paper we will 
focus essentially on the most recent nanohybrid systems with optical properties 
prepared for imaging of cells or for therapy (photodynamic and photothermal 
therapies).

2. Hybrid Nanoparticles for Medical Imaging 

2.1. HYBRID PARTICLES FOR FLUORESCENCE IMAGING 

Organic-inorganic hybrid materials are potential probes in biomedical appli-
cations. The use of dye-doped nanoparticles for medical imaging can provide 
high photostability to the system (stabilization of dye molecules in a protective 
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matrix), amplification of the fluorescent signal (for example through high dye-
incorporation capabilities of silica NPs) and biocompatibility. Several approaches 
have been explored to prepare dye-doped nanomaterials. Silica based materials 
have been one of the most extensively studied materials. For instance one can 
functionalize mesoporous silica with luminescent dye. Corriu and co-workers 
have prepared SBAn type silica post-functionalized with Eu(III) complexes with 
cyclane ligands attached to the silica walls (Figure 1).10 Following a different 
approach, L. Sun et al. have prepared similar materials using phenantroline 
based Europium complex.11 Hybrid materials prepared from MCM-41 meso-
porous silica combined with Ln(III) complexes were also reported for similar 
purposes.12,13

Figure 1. Example of SBAn porous silica functionalized with luminescent dye. (10Reproduced by 
permission of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la Recherche 
Scientifique (CNRS)). 

The synthesis of functional nanoparticles remains the most interesting 
approach for bio-imaging because of the size compatibility with the blood vessels 
for easy trafficking in the body and the cells penetration mechanisms. The surface 
of the particles, which are at the moment essentially spherical, can play an impor-
tant role in the way the material will diffuse in the organs and the cells. In vivo 
studies on the effect of the surface charge on the distribution of the particles 
have shown for example important changes in the behavior of the particles in 
the body depending on the surface modification.14 In this work, the luminescent 
particles were prepared in the system Ca0.2Zn0.9Mg0.9Si2O6 doped with Eu2+,
Dy3+ or Mn2+. The NPs surface charge modification was achieved through func-
tionalization by positive amino groups, negative carboxylates or neutral PEG 
(Figure 2). The authors showed that positive surface led to lung retention (1st 
highly vascularized organ encountered by NPs (iv injection)). This was attri-
buted to either aggregation (increase of the size of the particles) or to electro-
static interactions with the negative charges of the capillary endothelial cells.  
In the case of negative or neutral surface, the particles remain longer time in 
circulation. They are cleared from blood by liver with some accumulation in 
the case of neutral particles for time >30 min. 
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Figure 2. Modification of the surface charges of the particles. (From ref.14 Copyright 2007 
National Academy of Sciences, U.S.A.) 

2.2. TOWARDS NEW MULTIMODAL CONTRAST AGENTS COMBINING 
FLUORESCENCE AND MAGNETISM FOR MEDICAL IMAGING (FI
AND MRI) 

Inorganic nanomaterials have been recently evaluated as potential probes for 
biomedical applications. Their specific properties obtained from nanoscale effects 
and their size fully compatible with biological systems has allowed for example 
sensitive detection of biomolecular targets. Quantum dots and fluorescent hybrid 
silica NPs have for instance been used as nanoprobes for optical imaging. Dye-
doped silica NPs possess high photostability (stabilization of dye molecules in a 
protective silica environment), amplification of the fluorescent signal (high dye 
concentration in silica nanoparticles), and enhanced biocompatibility. 

The need for new materials for use as contrast agents with other imaging 
techniques has recently emerged concomitantly with the development of lumi-
nescent NPs for bio-imaging. Because of its non-invasive nature, high spatial 
resolution and processes using non radioactive contrast agents, improving thus 
the comfort of the patient, magnetic resonance imaging (MRI) has emerged as 
one of the most interesting and powerful diagnostic technique in the field of 
medical imaging. In this sense, magnetic NPs can be used as high contrast 
agents that provide magnetic-resonance enhancement effects allowing MR imag-
ing of cells, cancer. However, both resolution and sensitivity remain low when 
considering the MRI technique. Among the various contrast agents available for 
clinical use, a large majority are based on gadolinium and manganese coordi-
nation complexes. These complexes require high concentration in order to 
provide sufficient contrast images. Nanoparticles containing high payloads of 
contrast agents can be prepared and are susceptible to provide similar quality of 
imaging with lower concentration. Iron oxide NPs are for example currently 
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available. Until recently, most studies using optical or magnetic nanoparticles 
focused on monofunctional probes. But the combination of both potentialities 
for fluorescence imaging (FI) and magnetic resonance imaging (MRI) in the 
same material would be very convenient in order to gain in reliability for the 
medical diagnostics. The synthesis of multimodal contrast agents for in vivo
imaging, in particular combining FI and MRI potentialities, is a research area of 
growing interest. Such nanosystems provide both the high sensitivity of the 
fluorescence and the high spatial resolution of MRI. 

Several approaches were investigated for the preparation of bimodal probes. 
For example S. Roux and co-workers prepared hybrid gadolinium oxide nano-
particles.15 The systems are built of magnetic Gd2O3 cores covered with hybrid 
silica shells doped with a common fluorescent organic dye such as fluoresceine 
or rhodamine and finally surrounded by a polyethylene glycol (PEG) layer. The 
PEG shells confer high solubility and permit dissemination through the body 
without accumulation in the liver and the lung, to the contrary of similar non 
Pegylated systems. Following the same idea, core-shell SiO2 coated magnetic 
ferrite (Fe3O4) functionalized at the surface with Ln3+ complexes were also 
recently reported.16

Another approach is to prepare nanoparticles via a luminescent core coated 
with paramagnetic such as reported by Rieter et al. (Figure 3).17

Figure 3. Example of hybrid silica nanoparticles with luminescent core and paramagnetic coating. 
(17 Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission). 

The luminescent part is provided by a Ruthenium complex entrapped in silica 
nanoparticles which are covered by a paramagnetic gadolinium complex providing 
high loading of magnetic centers. The authors have shown that the NPs were 
not toxic to monocyte cells using (MTS) cell-viability assays. The nanoparticles 
were used as multimodal contrast agents for in vitro imaging and they were able 
to run fluorescence and MR imaging of monocyte cells.

It is also possible to combine two types of nanoparticles as shown by J. H. 
Lee et al. (Figure 4).18 The silica NPs are doped with Rhodamine and attached  

100 nm 
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to Fe3O4 NPs through a coupling agent which is in this case the sulfosuccinimidyl-
(4-N-maleimidomethyl)cyclohexane-1-carboxylate. The authors have shown an 
interesting synergistic MR enhancement effect of DySiO2–(Fe3O4)n compared to 
the single iron oxide particles.

Figure 4. Dye-doped silica NPs coupled with Fe3O4 NPs.18 (Copyright Wiley-VCH Verlag GmbH 
& Co. KGaA. Reproduced with permission.) 

As shown in these examples, multimodal NPs are a growing field of research 
and one can expect strong enhancement of the properties of these systems in the 
near future. 

3. Hybrid Nanoparticles for Phototherapy 

The history of Phototherapy started in the early 1900 when Oscar Raab showed 
the cytotoxic effects f the combination of acridine and light on infusoria. Then, 
Niels Finsen received the Nobel Prize in 1903 for his work on phototherapy using 
light for the treatment of cutaneous tuberculosis for example. At the same per-
iod, H. von Tappeiner and A. Jesionek used white light to treat for the first time 
tumrs on the skin. In 1913, F. Meyer-Betz realized for the first time a Photo-
dynamic experiment on his own hand using combination of haematopor-phyrin 
and light. However, it’s only in the middle 1970s that Thomas Dougherty suc-
cessfully treated skin cancer in patients and performed the first clinical studies 
in humans. Finally it’s only in 1999 that the first PDT drug was approved in 
Canada. This was fully reviewed.19–21
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The procedure involves the generation of cytotoxic singlet oxygen through 
interaction between light and a photosensitizer. Typically, the photosensitizer is 
excited trough absorption of photons from the light with tranfert to the triplet 
state of the chromophore. The excited molecule is then susceptible to interact 
with neighboring oxygen to generate radicals (singlet oxygen…). These species 
are strongly toxic and initiate cells death mechanisms (apoptosis, necrosis…). 
At the moment, PDT is based on one photon absorption mechanism, but we will 
see later on that the future might be in the utilization of multiphoton absorption 
processes in order to improve the efficiency of the treatment. Few photosensitizer 
are commercially available and have been approved in few countries. For 
instance the Photofrin (haematoporphyrin derivative), can be used for Cervical, 
endobroncheal, oesophageal and gastric cancers, brain tumors, (630 nm), the 
Metvix (5-aminolevulinic acid 5-methylesther) for basal-cell carcinoma, (635 nm) 
or the Foscan (metatetrahydroxyphenylchlorin) for head, neck, prostate and pan-
creatic tumors (652 nm). However the limitation of single-photon approach is 
mainly due to the fact that excitation occurs by excitation with visible light 
and photons in this spectral region do not penetrate deep enough.. Indeed, it is 
only possible to obtain a limited penetration depth due to the restrictive tissues 
absorption in the visible (tissues transparent spectral window is 700–1,100 nm). 
Another drawback is the limited resolution of the technique due to excitation  
of all the irradiated zone and thus destruction of adjacent healthy tissues. A 
recent idea was then to use multiphoton absorption process in order to gain  
in penetration depth and spatial resolution for both imaging and therapy.22–30

The spatial probability of having a Two Photon Absorption (TPA) process is 
proportional to the square of the intensity of the laser light (cube for three 
photon absorption). This means that the probability is extremely high at the 
focal point of the laser and decreases rapidly out of this point. The 3D spatial 
resolution becomes then much higher because excitation occurs essentially at 
the focal point (focal volume 1 m3) and healthy tissues can be preserved. 
Moreover, the working wavelength can be shifted to the NIR (800–1,000 nm) 
because of the simultaneous absorption of two photons. The utilization of higher 
wavelengths, out of the absorbing range of the human tissues, allows a much 
better penetration depth (>4 mm). Often the photosensitizers are toxic and require 
encapsulation into a neutral, hydrophilic matrix. For example polyacrilamide 
matrix incorporating porphyrin based photosensitizer (5,10,15,20-tetrakis(1-methyl 
4-pyridinio) porphyrin tetra(ptoluenesulfonate)) was prepared by microemulsion 
approach, thus avoiding drug toxicity to cells.31 The authors have shown that 
utilization of TPA-PDT combined with these safe NPs, is an efficient method 
for killing glioma cancer cells in vitro and are thus potential for application to 
deep tissue therapy. 
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For this purpose hybrid materials can also present several advantages com-
pared to pure inorganic or organic materials. They can provide isolation of the 
photosensitizer from the medium, providing biocompatibility, lowering photo-
bleaching effects (capsules, shells). NPs can be functionalized for site recognition 
and targeting. Interactions between metal nanosystems and the photosensitizer 
can provide electric field enhancement through surface plasmon resonance trans-
fert towards the molecular system. Another interesting property of metal nano-
particles and in particular gold NPs is that they can be used for photothermal 
degradation of tumor cells (hyperthermia process).

P. N. Prasad and co-workers have proposed the encapsulation of a com-
bination of organic photosensitizers (9,10-bis[4’-(4’’- aminostyryl) styryl] 
anthracene (BDSA) + 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide (HPPH)) 
into ORMOCIL NPs obtained by co-precipitation in the presence of micelles 
(Figure 5).32

Figure 5. hybrid silica particles for two photon induced PDTand emission spectrum of singlet 
oxygen. (Reprinted from ref.32 Copyright 2007 American Chemical Society. With permission). 

                   
Figure 6. Example of Surface Plasmon Enhancement of Two Photon Absorption by a mixture of 
Hoechst 33 258 photosensitizer and gold NPs. (Reprinted from ref.34 Copyright 2005 American 
Chemical Society. With permission).
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The BDAS (energy donor) is used as TPA unit while the HPPH (energy 
acceptor) plays the role of photosensitizing. They reported in vitro fluorescence 
imaging of live tumor cells under two-photon excitation at 850 nm showing  
the efficiency of HPPH/BDSA co-encapsulating NPs. An intense fluorescence 
signal characteristic for HPPH emission is observed from the cells. This confirms 
that the intraparticular Fluorescence Resonance Energy Transfer (FRET) from 
the BDSA to the HPPH is operating as expected. They showed a FRET induced 
generation of singlet oxygen as shown by the typical emission of 1O2 when 
excited at 532 (Figure 5). These hybrid NPs possess a good potential to induce 
cell necrosis.

Few years ago it was proposed by Kano and Kawata to use interaction bet-
ween metal and the photosensitizer to induce electric field enhancement through 
surface plasmon resonance transfert from the metal to the molecular system.33

They showed the possibility to enhance two-photon induced fluorescence by 
surface plasmon effect. With the same idea, Cohanoschi and Hernàndez used 
a two- and three- photon absorption photosensitizer (Hoechst 33 2587) mixed 
with gold nanoparticles prepared through the wet chemical method.34,35

the presence of the NPs (Figure 6). Looking closer to the surface plasmon 

Figure 7. Phtalocyanine functionalized gold particle. (Reproduced from ref. 40 With permission of 
The Royal Society of Chemistry (RSC) on behalf of the European Society for Photobiology and 
the European Photochemistry Association). 

resonance band of NPs in the presence of Hoechst 33 258, a shift can be 

The absorption spectrum of the dye remains approximately unchanged in 
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observed indicating interaction between dye molecules and the particles. The 
2nd and 3rd order absorption coefficients and cross-sections in the presence of 
activated gold NPs were found to be 2’ = (1,160 ± 0.2) × 1047 cm4 s photon–1

and 3’ = (244 ± 10) × 10–78 cm6 s2 photon–2. The presence of activated gold 
NPs enhanced by 480- and 30-fold the two- and three-photon absorptions cross  
sections of the chromophore. The change in TPA and 3PA absorption was assu-
med to be a consequence of the surface plasmon electric-field enhancement on 
Au NPs. 

Another approach is to prepare functional hybrid NPs with photosensitizers 

disulfides or phenantroline functional groups.36–39 Example of system produced 
by Russel et al. is the Phtalocyanine-nanoparticle conjugates designed for the 
delivery of the photosensitizer for PDT of cancers (Figure 7).40

thermal therapy. Gold NPs can be, for example, interestingly functionnalized 
41

Figure 8. -Fe2O3–hybrid SiO2 microspheres for biomedical applications. (Reproduced from ref. 42

With permission of The Royal Society of Chemistry). 

As previously mentioned, hybrid gold particles can also be used for photo-

organics or organometallics onto gold NPs surface using for example thiols, 
attached to the surface of the particles. It is possible to easily attach functional 

with viral vectors for a combination of hyperthermia and targeting.  This 
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should allow selective delivery of the gold nanoparticles to tumor cells, with  
the perspective to combine hyperthermia and gene therapy. Multifunctional 
hybrid platforms will probably take over conventional systems in the near 
future, allowing multimodal imaging combined with multitherapy approaches 
(Hyperthermia, PDT, gene therapy, MRI, FI…). A recent example published by 
Sanchez and co-workers reported a route to such multifunctional hybrid plat-
form which can be used for either imaging, or therapy (hyperthermia) or drug 
delivery, or a combination of processes (Figure 8).42

4. Conclusion

The study of nanohybrid materials is a field of growing interest, especially for 
medical applications, even if very few is known at the moment concerning the 
real toxicity of such nanosized systems. As shown by the recent publications, 
one can expect interesting improvements of these materials in the near future. 
Among the possibilities one can quote the enhancement of the contrasts in 
imaging processes (MRI, FI) using potentialities of new dyes combined with 
stabilizing inorganic particles or organic-inorganic synergistic contributions,  
the improvement of the efficiency in phototherapy, or help with trafficking  
and targeting in the human body using surface modification with possible site 
recognition. Further researches on multifunctional hybrid nanomaterials com-
bining at least two of the explored properties are ongoing and will probably 
represent most of the future developments in the multidisciplinary field of 
optical hybrid materials devoted to medicine. Finally one should probably also 
consider the morphology of the particles which can drastically change some of 
the properties (surface plasmon resonance…) of the material which should have 
a strong impact in the case of medical applications.
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METHOD OF COMPETING IONS FOR SOL-GEL PROCESSING

OF SORBENTS AND CATALYSTS IN AQUEOUS SOLUTIONS

OF INORGANIC SALTS
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Abstract. An original method of competing ions has been proposed and experi-
mentally tested permitting a sol-gel process to be conducted only with water 
solutions of simplest salts, alkalis and acids without using chelating reagents. 

The data are also presented on the “oil-drop” and “air-drop” technologies 
for continuous sol-gel production of spherically granulated inorganic ion ex-
changers such as titanium and zirconium phosphates as well as solid high-
porous acid catalysts based on sulfonated zirconium and titanium dioxide. The 
information is given about selective sorption of trace amounts of heavy metals, 
radionuclides, and uranium from a variety of technological solutions and drinking 
water on the prepared titanium and zirconium phosphates. 

Keywords: Sol-gel processing, aqueous salt solutions, continuous granulation, inorganic 
ion exchangers, titanium and zirconium phosphates, titanium silicates, heavy metals, 
uranium and radionuclides, hard solid acids. 

1. Introduction

Today the sol-gel approaches have realized their potentials in the preparation of 
a new generation of advanced materials: ceramic powders, membranes, glasses, 
fibers and monodisperse particles, coatings, biomaterials and sensors, electronic 
materials, and even untraditional sorbents and catalysts.1
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Two main sol-gel techniques are used nowadays. The first one involves 
aqueous solutions of salts as precursors and the second one is based on hydro-
lysis of metal-organic molecular precursors, such as metal alkoxides (mostly in 
alcohols as solvents).

The aqueous solutions of salt precursors free from any additives are employed 
only in sol-gel methods of processing silica gels and amorphous aluminosilicates 
(especially on industrial scale) using sodium silicate and aluminate as well as 
mineral acids. As regards water solutions of other polyvalent metal salts, the 
sol-gel process can be realized, as a rule, by chelating metal ions by organic 
ligands such as citrates or oxalates thus forming polymeric gel precursors. 

The traditional method of sol-gel synthesis using polyvalent metal alkoxides 
may have a variety of modifications, for instance, the use of non-hydrolytic sol-
gel techniques. 

It should be, however, noted that in spite of many attractive prospects of 
using alkoxides in the sol-gel synthesis of materials (mild chemical conditions, 
easy miscibility of different metals, easily controlled homogeneous doping, high 
purity of products, use of functionalized precursors, etc.), this widespread method 
possesses a number of limitations. Indeed, alkoxides are not always available 
and easy to handle, and they are also quite expensive and volatile, sensitive  
to atmospheric moisture; moreover, application of usual organic solvents (e.g., 
alcohol) in the sol-gel method on an industrial scale is very dangerous due to 
their flammability. 

In the above context, this paper presents the data on development of new 
continuous sol-gel methods for the synthesis of spherically granulated disper-
sed individual and mixed oxides (inorganic ion exchangers, solid catalysts, and 
catalyst supports) with controlled porosity and surface chemistry. An important 
feature of these sol-gel methods is the use of convenient and accessible water 
solutions of inorganic salts, alkalis (hydroxides), and acids as precursors without 
addition of chelating organic ligands. 

In other words, the present study demonstrates possibility to realize the sol-
gel process only with metal salt precursors using no alkoxides or organic chela-
ting ligands. The emphasis will be on the description of an original method of 
sol-gel synthesis, mostly focusing on preparation of porous dispersed materials 
with spherical granulation, namely, inorganic ion exchangers and catalysts. 

It is well known that the methods of wet chemistry (precipitation and co-
precipitation, sol-gel synthesis from alkoxides, etc.) are widely practiced now 
for production of sorbents, catalysts, and catalyst supports. However, they have 
some grave drawbacks: the impossibility of continuous technological process, 
necessity of the granulation step (tableting, extrusion with a binder, etc.), and 
poor control of porometric characteristics. 

A pivot concept of the approach stems from the fact that precipitation occurs 
always more rapidly than sol or gel formation in the course of dispersed oxide 
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preparation. Accordingly, the sol-gel process can be realized using water solu-
tions of metal salts with the addition of organic ligands, as the chelation of 
metal ions slows down the solid phase formation (generation of sol particles 
and their coagulation to gels). 

From our point of view, the slowing down of solid phase formation (sol-gel 
preparation from water solutions of metal salts) can also be caused by the 
competition of cations and anions added to one of starting precursors. 

For experimental confirmation of the developed concepts, it is appropriate 
to consider the possibility of the occurrence of sol-gel processes in formation  
of classical inorganic ion exchangers, namely, acidic titanium phosphates (TiP) 
and zirconium phosphates (ZrP).2,3 These materials are inorganic polymers con-
sisting of individual or cross-linked chains as shown in the following scheme: 

It is assumed that such polymer species are partially or entirely globule-
folded preserving their ion-exchanging properties. As an example, Figure 1 
shows the molecular structure of ZrP and the corresponding 31P NMR spectrum 
which indicates the relative contents of the groups in the ion exchanger matrix 
and some amount of H3PO4 occluded in the synthesis.4 TiP has a similar 
molecular structure. 

One can obtain such ion exchangers with much developed porosity; they are 
known for thermal, chemical, and radiation stability and manifest, due to surface 
complexing, high absorption selectivity even with respect to traces of heavy 
metals, radionuclides, and transuranium elements to be extracted from solutions 
of complex composition.2,3

(1)
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Figure 1. The suggested molecular structure and the 31P NMR spectrum for a typical sample of 
zirconium phosphate.4

As a rule, these materials are obtained as precipitates, according to the 
equation:

 TiCl4(ZrOCl2) + nH3PO4  Tix(HPO4)y·nH2O + Zrv(HPO4)w·nH2O + mHCl  (2) 
     precipitates 

By addition of Ti- and Zr-chelating organic ligands (e.g., urea or acetate and 
lactate anions) to the initial salt solution, we succeeded, under certain regimes, 
to obtain TiP and ZrP gels rather than precipitates, just as in the sol-gel pre-
paration of Ti and Zr oxides when the metal complexes with the mentioned 
ligands are treated with ammonia.5

2. Competing ions as a Control Factor in the Sol-Gel Synthesis Based  
on Aqueous Salt Solutions 

In our opinion, the solid phase generation in reaction (2) can also be slowed 
down by preliminary addition of some cations and anions to one of the com-
ponents of the reaction medium; these ions are also capable of forming a solid 
phase (precipitate) or a stable soluble compound with Ti (Zr) or phosphoric 
acid. In this case, competing interaction should occur which can essentially 

230



SORBENTS AND CATALYSTS FROM AQUEOUS SOLUTIONS 

influence the formation of a solid phase (sol). As an example, the following 
reactions can proceed in the reaction system presented by (2) if SO4

2– anions 
(competing with H3PO4) are introduced into it: 

– The traditional reaction producing the TiP precipitate 

  TiCl4 +H3PO4+H2O Tix(H2PO4)y·nH2O+HCl                       (3) 
 precipitate 

– The competing reaction producing the stable soluble TiOSO4 compound

  TiCl4+H2SO4+H2O TiOSO4+4HCl,                       (4) 

– TiP gelation induced by the addition of SO4
2- anions:

 TiCl4+H3PO4+H2SO4+H2O   Tix(H2PO4)y·(HSO4)z
* + nHCl.    

 gel 

If SO4
2– anions compete with phosphate anions in the reaction medium (5), 

the formation time of the solid phase (sol and gel) rises and grows almost 
linearly with the increasing SO4

2- content in the system (Figure 2). 
It is interesting to note that the variation of SO4/TiCl4 ratio in the reaction 

medium allows to regulate, in a certain range, the volume of sorption pores, Vs
(measured by benzene vapor sorption), the specific surface area, Ssp (Figure 3), 
and the mesopore volumes distribution per radii of the corresponding xerogels 
(Figure 4). 

Figure 2. The effect of the SO4
2–-/TiCl4 molar ratio in the reaction mixture on the TiP gelation 

time (T = –100C).
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Figure 3. The effect of the SO4
2–/TiCl4 molar ratio in the reaction mixture on TiP xerogel poro-

metric characteristics. 

Figure 4. The distribution of pore volumes per radii for TiP samples synthesized from TiCl4
solutions with different SO4

2- ion contents: 1 – SO4
2–/Ti = 0.1; 2 – SO4

2–/Ti = 0.5; 3 – SO4
2–/Ti –1.0; 

4 – SO4
2–/Ti – 2.0. 
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reaction of H3PO4 with TiOSO4. Titanyl sulfate arises in process (5) as an 
intermediate in the reactions of the sol-gel formation of TiP. The affinity of Ti 
(IV) to the phosphate anion is likely to be higher than to the sulfate anion, which 
is evidenced by the fact that TiP does form in a system containing H2SO4.

In the following, we shall demonstrate that not only phosphate groups but 
also some amount of sulfonic –SO3H groups are chemically immobilized on the 
titanium phosphate surface at the presence of SO4

2– anions in the solution (5). 
For simplicity, this material is designated from here on as TiP. 

In fact, the process occurs according to the following equation: 

  TiOSO4 +H3PO4 Tix(H2PO4)y(HSO4)n·nH2O.        (6) 
 gel 

For this reaction, the temperature dependence of gelation time (Figure 5) 
and the time dependence of viscosity (Figure 6) were studied at varied P/Ti 
molar ratios. As it can be seen from Figure 6, the gelation time increases with 
the increasing TiOSO4 content (the decreasing P/Ti molar ratio) in the system, 
thus corroborating the assumption represented by (5) and (6). Clearly exponen-
tial increase of viscosity in the system (Figure 6) results in formation of gel 
with various TiP content. 

On the other hand, it is well known that Fe3+, Al3+, Cr3+, Ti3+, and other 
triple-charged cations, as well as Ti (IV), form insoluble phosphates in the 
reaction with phosphoric acid. That is why one would expect that the addition 
of these cations to the reaction medium presented by (2) can cause the com-
petition between them and Ti, Zr(IV) for the interaction with phosphate anions 

Figure 5. Gelation time of the synthesized TiP samples as a function of temperature (for the ini-
tial molar ratio /Ti = 1). 

A special investigation has been carried out in order to confirm (5), i.e., to 
insure that the TiP solid phase can be generated, though more slowly, by the 
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(phosphoric acid). Finally, this should also slow down the process and hence 
may lead, under certain conditions, to the formation of the TiP sol and gel with 
the matrix containing the chemically bound triple-charged cations added in the 
synthesis.

Figure 6. Effective viscosity plotted against reaction time for the TiP samples synthesized from 
TiOSO4 at varied P/Ti molar ratios: 1 – 1.25; 2 – 1; 3 – 0.75. 

Figure 7. The effect of the sequence of the Fe(III) salt addition on the TiP gelation time at varied 
Fe(III)/TiOSO4 molar ratios. 

In this case, it is apparent from general principles that the sequence of add-
ing triple-charged cations (Fe3+ as an example) to the reagents can notably effect 
the course of the process. It is known that FeCl3 addition to H3PO4 immediately 
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results in the soluble acidic phosphate, which should be destroyed in the reaction 
with TiCl4. Indeed, we succeeded to demonstrate that adding Fe3+ to various 
precursors (a solution of TiOSO4 or H3PO4) significantly changes the kinetic 
parameters of the process, as seen from the experimental data presented in 
Figure 7. 

After drying the TiP hydrogels, the triple-charged cations involved in the 
sol-gel processing are almost completely removable from the ion exchanger 
matrix by washing with a mineral acid and then with water. 

We have carried out an analogous study to assess the possibility that the ZrP 
sol-gel synthesis is induced by the addition of Al3+ ions competing with Zr(IV) 
to the starting precursors. The process occurs according the equation: 

 Al3+ H+

   ZrOCl2 + H3PO4  Alx
3+Zry(H2PO4)z· nH2O  Zr(H2PO4)2 ·nH2O +Al3+ (7)

                       mixed AlZrP gel                        pure ZrP gel 

Figure 8 shows the data testifying the essential influence of Al

3+

 ions on the 
ZrP gelation time at various temperatures. 

titanium and zirconium phosphates do not exceed 150–250 m2/g. If they are 
prepared by the suggested procedure, i.e., by the sol-gel processing in the 
presence of triply charged cations, the Ssp values reach 300–700 m2/g after 
desorption of these template cations from the matrix because they leave ultra-
pores of comparable size (Figure 9): 

We have been first to reveal not only the slowing-down effect of triply 
charged cations on TiP and ZrP gel synthesis but also their template action on 
the matrix of these materials. Indeed, the Ssp values of traditionally produced 

Figure 8. The temperature dependence of the ZrP gelation time at varied molar Al/Zr ratios:  
1 – 0.5 and 2 – 1.0.
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Figure 9. The scheme of the template action of Al3+ ions in the synthesis of ZrP cation 
exchangers.

It is essential that the TiP and ZrP samples synthesized in the presence of 
templating gel-forming cations (slowing down the process) exhibit much higher 
selectivity to d-metal cations. In the ZrP matrix, phosphate and hydroxyl groups 
oriented in the course of the synthesis and fixed in ultrapores (Figure 9) are 
spaced so that the coordination interaction with complexing cations is facili-
tated.

Figure 10 shows the isotherms of ion-exchange sorption for a series of  
d-metal cations. We notice from this figure that in the region of equilibrium 
near-zero concentrations, the isotherms start just at the ordinate axis, which 
unequivocally confirms high ion exchanger selectivity. Selectivity coefficients, 
Kd, for some cations have large values (10,000–20,000) and the selectivity 
series for ZrP is as follows: 

Figure 10. Typical isotherms of sorption of heavy metal cations onto the ZrP sample templated 
with Al3+ ions. 
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Summing up, it is appropriate to demonstrate (Figure 11) the appearance of 
solid transparent hydrogels containing various competing cations in the matrix; 
for comparison, gel-like precipitates (often misnamed gels) are also shown. 

Figure 11. The appearance of gels and gel-like precipitates. 
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Figure 12. The schematic diagram of the “oil-drop” (A) and “air-drop” (B) sol-gel technologies 
to prepare spherically granulated hydrated oxides and phosphates of Ti and Zr by the method of 
competing ions. 

By testing various reagent ratios, temperatures, pH values, and quantities of 
competing ions (mostly -2

4SO ), we managed to reduce the sol-gel conversion 
time to 3–5 sec. This allowed us to develop two semi-pilot technologies (the 
“oil-drop” and “air-drop” technologies) for the continuous preparation of indivi-
dual and mixed hydrated oxides and phosphates of polyvalent metals (mostly Ti 
and Zr) obtained as highly porous spherical granules (Figure 12).

The “oil-drop” technology is based on fast injection of quickly mixed reagents 
into a column with oil or another water-immiscible liquid (like undecane). Enter-
ing the column, the reaction mixture stream is divided into spherical drops of 
controlled size which are transformed into hydrogel spherical granules within 
3–5 sec during the slow movement through the organic liquid layer in the 
column.

The “air-drop” technology is organized in the same way; however, the drops 
of the reaction mixture enter the air stream (rather than organic liquid) blowing 
from the bottom of the column and controlling the air temperature and move-
ment time of the hydrogel drops until they reach the flow of a washing solution 
or water. 
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The resulting spherical granules of hydrogels can be subjected to a number 
of different treatment schemes (washing with solutions of various pH values, 
substitution of intermicellar liquid, thermochemical and hydrothermal processing, 
etc.) which enable a wide-range variation of the porous structure and the sur-
face chemistry of the materials obtained. 

Figure 13 gives the appearance of the initial typical hydrogel produced by 
the continuous method and the corresponding dried xerogel with highly deve-
loped porosity and glass-like transparent granules of regular spherical shape. 

Figure 13. The appearance of the ZrP typical hydrogel and dried xerogel. 

4 4

the conditions of the sol-gel TiP synthesis with the TiOSO4 precursor affect the 
physico-chemical properties of target materials. 
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 Using Competing Ions 

Taking into account that TiOSO  is easier to handle and cheaper than TiCl , and 

3. Porous Structure, Surface Chemistry, and Sorption Properties of 
Spherically Granulated TiP and ZrP Synthesized by the Sol-gel Method 

also accessible as an industrial semi-product, we investigated thoroughly how 
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This study addressed the effect caused by the P/Ti molar ratio in the syn-
thesized ion exchanger on its porometric characteristics. Figure 14 demonstrates 
the N2 adsorption-desorption isotherms for two TiP samples at –1960C and the 
effective pore volumes distribution per radii. The mesoporous character of the 
samples with the P/Ti molar ratios 1 and 1.5 is evident from the figure.

It should be noted that the pore radius is ~120 Å, irrespective of the P/Ti 
molar ratio. The overall picture of how the P/Ti ratio affects the volume of 

Figure 14. The N2 adsorption-desoprtion isotherms (a) and pore volumes distribution per radii (b) 
for the TiP samples synthesized from TiOSO4: TiP – 1.0 (1), TiP – 1.5 (2). 

TABLE 1. Porometric characteristics of the synthesized TiP samples.

P/Ti ratios of TiP 
samples

Pore volume 
Vs

benzene (cm3/g)
Specific surface area 

Ssp
Ar (m2/g)

0.75 0.89 295 
1.00 0.72 280 
1.25 0.84 285 
1.50 0.66 240 
1.65 0.65 255 
2.00 0.42 210 
2.50 0.46 185 
TiP – TiCl4 0.15   90 

sorption pores and Ssp. values is judged from the data in Table 1. The Table lists 
also the corresponding data for the TiP sample obtained by the traditional 
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It is also worth noting that the TiP samples synthesized by the sol-gel 
method from the TiSO4 precursor are characterized by a different kind of 
surface chemistry than ion exchangers produced on the TiCl4 precursor. First 
and foremost, this can be deduced from the curves of potentiometric titration  
of the samples with a 0.01 M NaOH solution (Figure 15). As it can be seen,  
the TiP samples with different P/Ti ratios are very different from each other, 
especially on the initial portions of the curves (up to pH = 2.1). It can be assu-
med that the bending points on the curves occurring at pH  2 are caused by the 
presence of strongly acidic –SO3H surface groups which are fixed in the surface 
layer during the sol-gel synthesis. In this case, the contribution to sorption 
capacity from these groups rises, as the P/Ti ratio in ion exchangers decreases. 
Our supposition is supported by the fact that the bending point at pH ~ 2 is 
lacking on the titration curves of the TiP samples produced from TiCl4. Thus, 
the molecular structure of the surface layer for the TiP samples synthe-sized by 
the sol-gel method from the TiOSO4 precursor can be schematically represented 
as in Figure 16. 

The thermal stability of functional phosphate and sulfate groups on the TiP 
surface is characterized by the data of Figure 17. It is seen that even after cal-
ination at 200°C, the ion-exchange capacity of the material does not decrease 
but even somewhat increases.

method based on TiCl4. It is important to note that the porometric characteristics 
of this material are inferior to those of TiP produced from the TiOSO4 pre-
cursor.

Figure 15. The pH-metric titration curves for the TiP samples synthesized from TiOSO4 at 
different P/Ti ratios: /Ti = 0.70 (1), 1.0 (1), 1.25 (3), 1.4 (4), 1.65 (5) and for the TiP sample 
synthesized from TiCl4 at the molar ratio P/Ti = 1.5 (6).
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With the above considerations, it makes sense to present the data demonst-
rating the peculiarities of the ion-exchange sorption on TiP and ZrP; in particular, 
it is appropriate to elucidate their sorption selectivity.6 We have already noted 
that the isotherms of the ion-exchange sorption on templating ZrP (Figure 10) 
imply the high selectivity of this ion exchanger.

Figure 16. The molecular structure of the TiP surface synthesized from the TiOSO4 precursor.

Figure 17. The pH-metric titration curves of the TiP samples calcinated at different temperatures:
(1) before calcination; (2) 200°C; (3) 300°C; (4) 400°C; (5) 500°C.

The same is evident from the data on TiP efficiency in the purification of 
water wastes containing a number of organic compounds and also Cd2+ ions 
(formed in the acetaldehyde production with the Cd catalyst) – see Table 2. On 
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purification, the content of toxic cadmium ions decreases from 0.05–10 to 
<0.002 mg/l.7

The data of the Table 2 (below) illustrate also the high efficiency of these 
ion exchangers in purification of some process solutions (concentrated salt 
solutions) which permits certain undesirable ion admixtures to be removed. 

TABLE 2. Application of TiP(ZrP) for deep purification of cadmium-containing wastes and some 
process solutions. 

Composition and content of undesirable 
admixture

Technological
process

Before purification After purification 

Cd removal from 
wastes of 
acetaldehyde
production

Cd ~ 0.05 – 10 mg/l 

Cd < 0.002 mg/l 

Fe removal from 
solution of 
mercury
electrolysis

NaCl – saturated solution 
Fe – 5 mg/l Fe < 0.02 mg/l 

Cu2+ and Cd2+

removal from
Zn-electrolyte

Zn2+ – 145 g/l 
Cu2+ – 2.0 g/l 
Cd2+ – 0.6 g/l 

Cu2+ – 0.0005 g/l 
Cd2+ – 0.0015 g/l 

Cu2+ removal from 
the electrolyte
of nickelation 

Ni2+ – 63 g/l 
Cu2+ – 0.1 g/l Cu2+ – 0.0005 g/l 

Finally, an essential advantage of TiP and ZrP is a potential possibility to 
use them in autonomous systems of drinking water purification.8 In the known 
“Brita” system, the sorption column of the water-purifying unit contains a 
mixture of active carbon and carboxylic resin absorbing traces of heavy metals. 
In our system, spherically granulated TiP or ZrP are used instead of the synthetic 
resin.
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Figure 18. Sorption dynamics for Pb2+, Cd2+, Mg2+ and Ca2+ traces in drinking water purification 
on the combined sorption layers, viz., active carbon-titanium phosphate and active carbon-
carboxylic resin.8

As Figure 18 suggests, it is possible to purify up to 5,000 column volumes 
of drinking water from lead and cadmium contaminants using combined 
sorption layer consisting of active carbon and titanium phosphate; at the same 
time, a breakthrough immediately occurs for biologically vital elements (such 
as Mg2+ and Ca2+ ions), i.e., they are not removed from drinking water. In con-
trast, in the case of the “Brita” system, the cadmium breakthrough is observed 
right after passing through the sorption layer, whereas Mg2+ and Ca2+ ions are 
completely absorbed in purification of the first 300–400 column volumes. 

Of particular interest is the possibility to use inorganic ion exchangers for 
the absorption of uranium, cesium, and strontium radionuclides from liquid 
radioactive wastes, in particular, water solutions of complex composition. In  
a detailed study of this problem, we have revealed high sorption capacities 
(4–7 mg-eq/g) and unusually long times of sorption equilibration for most of 
TiP samples.
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Figure 19. The kinetics of UO2
2+ sorption from a uranyl-acetate solution (Cin = 1.5  10–3 M) on 

TiP samples synthesized with different initial P/Ti molar ratios: 1 – 0.8; 2 – 1.0; 3 – 1.25. 

As it is clear from Figure 19, the kinetic curves reach the plateau only 
within ~3,000 h, although their initial portions rather suggest fast saturation of 
some sorption centers.

Using the XPS method and X-ray analysis, it has been shown that the sorp-
tion process requiring such a long time to reach equilibrium is contributed not 
only by the ion exchange but also by formation of a new phase, (UO2)3(PO4)2.
This phenomenon is probably due to the fact that the phosphate anion affinity to 
uranyl cations is higher than to Ti (IV).

In our opinion, the revealed features of uranium sorption on TiP make this 
sorbent also applicable in the so-called “capping method”9 which implies bind-
ing of undesirable admixtures by placing a thin sorbent layer onto the ground 
sediments in cooling ponds or in natural reservoirs contaminated with uranium 
and transuranium elements. As a result, uranium and other radio-nuclides will 
be fixed on TiP in the bottom zone and its drainage into water horizons will be 
prevented.

As regards Cs-137 and Sr-90, the titanium silicate ion exchangers developed 
by us (produced by the sol-gel technique from the TiOSO4 and Na2SiO3 pre-
cursors) appear to be most promising for selective adsorption of traces of these 
radionuclides. The synthesis of such ion exchangers can be generalized by the 
following equation: 
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TiOSO4+Na2SiO3 + NaOH Na2O·TiO2·SiO2·nH2O Na2Ti2O3SiO4·nH2O (8)
amorphous hydrogel         semicrystalline product 

As it is evident from the equation, this process permits preparation of ion 
exchangers in the semicrystalline form under mild conditions, contrary to the 
reported methods of hydrothermal action10 leading to full material crystalli-
zation. At the same time, it has been found that the ion exchanger with the 
molar ratio Ti/Si = 1:1 is selective to Sr-90 and the material with Ti/Si = 2:1  
is selective not only to Cs-137 but also to UO2

2+. Selectivity coefficients being 
rather large: Kd(Cs-137) = 137,000; Kd(Sr-90) = 34,000, and Kd(UO2

2+) = 
310,000.

It is also significant that due to the small thermal expansion coefficient, this 
universal rationuclide absorber can be melted, after saturation with the Cs and 
Sr radioisotopes, as well as U, to chemically stable ceramics and then kept in 
special depositories. 

4.  Sulfated ZrO2 and TiO2 as Strong Solid Acid Catalysts 

According to K. Tanabe et al.,11 about 120 of 130 modern industrial processes 
are catalyzed by solid acids. Solid acid catalysts have many advantages over 
their liquid Broensted- and Lewis-acid counterparts, especially in liquid-phase 
processes: strong solid acids are non-corrosive and environmentally benign, 
create fewer disposal problems, are much easier in recycling and separation 
from liquid products, have a longer catalyst life, etc. In this context, solid 
catalysts are now regarded as most promising in view of the challenges of the 
green chemistry. 

It should be noted that, along with solid acid catalysts of the zeolite type 
(mostly used in high-temperature large-scale processes like cracking or isomeri-
zation), much recent attention has also been paid to the solid acids derived from 
sulfated Zr, Ti, and Sn oxides.12 The practical advantage of the latter catalyst 
type is exemplified by sulfated zirconia (ZrO2/SO4

2–) which is used as a solid 
acids catalyst in fine organic synthesis; it displays excellent activity and good 
selectivity for a variety of processes including those of commercial value. Among 
them are isomerization, hydration, dehydration, etherification and esterification 
(e.g. in the production of dibutyl and dioctylphthalate plasticizers, as well as 
numerous drugs and pharmaceuticals), the Friedel-Crafts alkylation of phenols 
with alkenes, alkanols, ethers and alkyl halides, etc.13–15

The synthesis of these new catalytical materials is rather simple and consists 
in covering the surface of porous oxides with 3–4% H2SO4 or (NH4)2SO4,
followed by drying and calcination at 500–700°C in the open air. 
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Figure 20. The curves of potentiometric titration for the initial ZrO2 sample and for the samples 
treated with H2SO4 and calcinated at various temperatures .16

Previously we proposed a mechanism for strong-acid center formation result-
ing from the mentioned treatment.16 Leaving aside the details of this mechanism, 
such centers arise during thermally induced recrystallization of the material

(Figure 20); they are represented by stable sulfate groups chemically immobi-
lized in the surface layer. As already mentioned, such sulfate groups are also 
fixed in the surface layer of TiP synthesized from TiOSO4, as evidenced by the 
potentiometric titration curves plotted in Figures 15 and 17. One can thus infer 
that TiP samples even with a small P/Ti molar ratio display properties of strongly 
acidic mesoporous catalysts. It is just mesoporous materials free of kinetic res-
trictions that are necessary for liquid-phase catalysis. 

On the other hand, the above-described semi-pilot technologies (Figures 12, 
13) for the continuous sol-gel synthesis of Ti and Zr phosphates and oxides 
(obtained as easy-to-handle spherical granules of a controlled diameter) can be 
used in large-scale production of high-quality solid acid catalysts. 

To conclude, the wet sol-gel method of competing ions pioneered by us 
represents a convenient, easy-to-handle, safe, and cheap technological strategy. 
It provides great potentialities for large-scale production of sorbents, selective  
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inorganic ion exchangers and strong solid acid catalysts for fine organic syn-
thesis. Moreover, a pronounced porosity and thermal stability of these materials 
make them applicable as stable catalyst supports. 

5. Conclusions

The original methods for sol-gel synthesis of hydrated oxides and phosphates 
of polyvalent metals have been proposed and experimentally tested. The 
methods are based on the use of simple salts, acids, and alkalis with the 
addition of competitive cations and anions affording the control of gelation 
time.
Using the proposed method of competing ions, we have developed the “oil-
drop” and “air-drop” semi-pilot technologies for the continuous production 
of spherically granulated sorbents derived from hydrated oxides and phos-
phates of polyvalent metals. 
The templating effect of competing M3+ cations in the sol-gel synthesis of 
TiP and ZrP has been discovered improving significantly the adsorption 
properties of inorganic cation exchangers. 
As demonstrated, inorganic ion exchangers synthesized by the sol-gel method 
remove efficiently the traces of radionuclides (including uranium) and heavy 
metals from waste and drinking water as well as from process solutions 
thus enabling their deep purification. 
It has been found that spherically granulated Ti and Zr oxides can be used 
in the preparation of strong solid acid catalysts with controlled porosity and 
surface chemistry. 
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Abstract. Sol-gel derived silica and titania have a specific interaction with many 
biological molecules, microbes, algae, cells and living tissue. The specific inter-
actions mean that they differ from common reactions between non-viable mate-
rials and biomolecules or living tissues and the interactions are mostly beneficial 
from the viewpoint of biotechnical applications. Pepetides and proteins may pre-
serve their activity and bacteria, algae and cells may preserve their viability and 
viruses their infectivity as encapsulated in sol-gel derived silica. Silica and titania 
are known to form a direct bond with living tissue which can be utilized in  
the biomaterial applications. Other application areas of silica and titania are in 
biosensing, tissue engineering, gene therapy, controlled delivery of therapeutic 
agents and environmental protection.

1. Introduction

Silica is one of the naturally occurring substance in living systems and it is 
found e.g. in diatoms, plants and in humans. Silica is also a potential candidate 
for biomaterial applications. Implantable biomaterials can be used for example 
to replace injured or damaged soft or hard tissue and in drug delivery applications. 
Silica is the main component in bioactive glass which was originally developed 

in applications where load bearing properties are not needed.1 It is known that 
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by Larry Hench. Bioactive glass is used as bone replacement material mainly  

bioactive glass has the ability to bond to bone which is a good example of the 
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suitability of silica in biomaterials. On the other hand titanium metal, with natu-
rally occurring titania thin film on the surface, is used as an implant material  
in load bearing applications. Titania films can be prepared also with sol-gel 
method and it has been shown that these films can bond directly to tissue. These 
two examples on bioactive glass and sol-gel derived titania coatings show that 
silica and titania are able to bond directly to the surrounding tissue and no cap-
sule formation around the implant is observed after implantation. Typically if  
a foreign material is implanted in body a capsule layer forms around it, which 
prevents the higher interaction between the material and living tissue.

Generally biomaterials can be divided in four categories which are (i) toxic 
materials, which elicits a harmful response and thus causing the death of the 
host tissue, (ii) biologically inactive, nearly inert materials that are encapsu-
lated by fibrous capsules, (iii) bioresorbable materials, which dissolve during 
the tissue and body fluid contact and (iv) bioactive materials that can be either 
bioresorbable or biostable. Furthermore, the bioactive materials can be classified 
as class A (osteopromotive i.e. material elicits both an intracellular and an extra-
cellular response at its interface) and class B (osteoconductive i.e. material elicits 
only an extracellular response at its interface). The bioactive material can also 
be defined as: “a material that elicits a specific biological response at the inter-
face of the material, which results in the formation of a bond between the tissues 
and the material”.2

Sol-gel derived silica matrices, which are typically biodegradable, can be 
used in drug encapsulation and delivery applications. In the beginning of 1990s 
the interest on the delivery and/or encapsulation of different active agents 
(therapeutic or biologically active) started to grow for many reasons, one of them 
was the first biopharmaceuticals or biotechnically produced agents (e.g., thera-
peutic proteins) that reached the phase where the controlled delivery became  
a real issue. Choradin et al. have reviewed the use of sol-gel materials in 
medicinal science and they give many good examples on the encapsulation of 
proteins as well as DNA, cells, algae and bacteria in silica.2 They discuss also 
organic modifications of silica and hybrids materials that further widen the 
possibilities to use silica-based materials in medical applications. Approximately 
at the same time in 1980s and to a larger extent in the beginning of 1990s, 
several groups started to encapsulate enzymes, other proteins and cells in the 
sol-gel derived silica, not to develop delivery device, but to use silica as a 
matrix material for, e.g., (bio)catalysis and sensors. Avnir et al., Gill et al. and 
Livage et al. have made excellent reviews on the topic.3–6 These studies contain 
a lot of information on the silica sol-gel formulations as well as on the pre-
servation of the activity of proteins encapsulated in silica.
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Preparation of SiO2 and TiO2 by sol-gel processing is well studied and it  
is shown that the final structure of the material depends on the preparation 
parameters. This is advantageous also in biomaterial applications. Sol-gel tech-
nique makes it possible to prepare different formulations like monoliths, films, 
fibres or powders. Sol-gel processing also offers an alternative for the pre-
paration of bioactive glasses with potential advantages over conventional melt 
processing, such as higher purity, lower processing temperature, and the possi-
bility to modify pore structure, nanoscale topography, composition, adsorption 
capacity as well as dissolution rate.7,8

In this paper is described the suitability of sol-gel derived silica in encap-
sulation of viruses and the suitability of titania films in tissue bonding appli-
cations. Also the interaction between silica, titania and living tissue are discussed. 

2. Silica in Living Tissue 

The Nobel Price winner for chemistry, Professor Adolf Butenandt, provided 
that life can not exist without silica. According to his research conducted in 
1972, silica is an essential nutrient and must be supplied continuously from food. 
Silica is also the most common substance in earth’s crust. Silicon is found in  
the same element group on the periodic chart as carbon. In the past, this close 
family relationship to carbon has led many scientists to speculate that a realm of 
silicon chemistry awaited discovery, however silicon was not a replacement for 
carbon. However silica is an important element in many body functions like in 
bone and cartilage growth. Silica is also a natural constituent of blood and urine 
(<1 ppm). The average human body has about seven grams of silica. Since silica 
is so common in earth’s crust and in living systems it has led to the situation that 
living systems have been adapted to the presence of silica very well.  

Silica can be found in crystalline and amorphous forms. It has been reported 
that crystalline form of silica can cause fibrosis in lungs as inhaled, this is a 
serious illnesses called silicosis, which was called at the old times “coal workers 
disease”. Crystalline silica has very low water solubility.9 Whereas the amorphous
silica is water soluble and biocompatible. The solubility of amorphous silica 
in water at body fluid pH is most commonly determined to be 130–150 ppm 
(µg/ml). Amorphous silica is known to dissolve into body fluids as silicic acid 
and is removed through urine. No silica accumulation is observed in organs.

The interest on the delivery of large biologically active molecules such  
as proteins, peptides and polysaccharides is growing fast. However the direct 
administration of these new biotechnically produced drugs is difficult due to 
intestinal decomposition. The difficulties can be avoided by encapsulating the  
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administrated molecules into amorphous sol-gel derived silica matrices and by 
implanting or injection these systems locally into the desired tissue.10 One para-
meter, which affects the drug release rate is the silica matrix degradation rate 
e.g. the release of proteins from silica matrix is totally controlled by the matrix 
degradation.11

During the material development, first the in vitro matrix degradation and 
drug release are studied and in the second stage the correlation between the in 
vitro and in vivo matrix degradation is studied. According to our experimental 
observations, the in vitro-in vivo correlation of the biodegradation rates for 
silica structures with high silanol amounts and more or less encapsulated water 
(processed at 40 C) is about 8–10. This means that already in vitro dissolution 

weeks. This correlation has been observed several times for sol-gel derived 
12,13 in mice and 

rats, but also in our studies in intraperitoneal implantation in mice. The same 
correlation has been observed for relatively different silica implants developed 
for drug delivery, i.e., for hydrogel implants with 90% (w/w) water in structure 
and for xerogels (drying up to constant weight at 40 C). Both silica hydro- 
gels and xerogels contain a lot of silanol groups and both are quite porous,  
only larger difference is in the water amount. The in vitro biodegradation rates 

respectively. The difference between in vitro and in vivo degradation rate is 
suggested to depend on two main reasons, (1) the obvious difference in the fluid 
flows in vitro and in tissue and (2) the fibrous capsule formed on the silica 
implants, which may retard any transfer of matter between the implant, also the 
fluid flow. 

3. Encapsulation of Viruses in Sol-Gel Derived Silica 

Wet silica gels can be used to encapsulate proteins, cells and viruses. Livage  
et al. and Avnir et al. discussed the idea to use wet silica gels in the cell and 
protein encapsulation.3,6 We have developed silica gel with high water content 
that preserved the activity of encapsulated adenoviruses that can be utilized in 
gene therapy or in cancer vaccines.14 Such silica with encapsulated viruses can  
then be implanted and the viruses are released by silica dissolution in the living 
tissue so that the gene transfer occurs.12

rate of few days will result in relatively slow in vivo degradation, i.e., several

silica, mostly in subcutaneous implantation in recent studies

to pH = 7.4 at 37 C) in sink conditions varied from 2–3 days to 6–7 days, 
respectively. These resulted in 25–30 and 55–60 day’s degradation in vivo, 

(dissolution rates in simulated body fluid or in corresponding medium buffered 
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Figure 1. Schematic presentation of a virus and the typical sizes of the viruses. 

In order to maintain the functional structure of viruses inside the silica gel, 
wet gels have to be used. These gels are called silica hydrogels. Water content 
in silica hydrogels is about 90% (w/w) and silica about 8–9%. Typical pre-
cursors in sol-gel process are silicon alkoxides (e.g. tetraethoxysilane, TEOS), 
acid, base and water. First the hydrolysis of TEOS is done at low pH (pH 1–3) 
and before adding the viruses into sol the pH of the sol is adjusted to higher 
level (pH 5–7). After adding the viruses the sol gelation occurs and hydrogel 
structure with encapsulated viruses is formed. The sols for these hydrogels are 
typically prepared at high water-to-alkoxide ratios (“R”), typical value of R is 
between 50–100. Ethanol is the by-product of the hydrolysis and condensation 
reaction of TEOS (Figure 3), but concentration of ethanol is quit low in the sol 
because high R-values are used and no harmful effects of ethanol on the via-
bility of adenoviruses has been detected. The hydrolysis reaction of TEOS is 
closely to 100% because the remaining TEOS amounts in the hydrogels were 
near the detection limits giving at maximum 0.01 ppm (µg/ml) by GC/MS after 
extraction of the silica implants as such and as crushed in 5 ml of EtOH at 37–
50 C for 3 days, i.e., TEOS content in the ready-made silica hydrogel implant 
was less than 0.001% (w/w). Ethanol content was maximally 0.5% (w/w). It is 
quite clear that silica structures that are full of water are also ready to dissolve 
in water. In addition, it is obvious that the pores are quite large and the porosity 
is high. The pore structure is difficult to measure directly due to high water 
amounts, but indirect measurements (dried structures) gave specific surface 
areas of several hundreds of square meters per gram. This kind of hydrogel silica 
structures dissolve in sink conditions (in body fluid mimicking water solutions 
buffered to pH 7.4 at 37 C) totally in 2–3 days. 
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3.1. STORAGE AND RELEASE 

Sol-gel derived silica hydrogels are naturally structurally labile, the preservation 
of high water content (needed to keep the hydrogel structure virus-compatible) 
depends on the surrounding conditions, if the hydrogels are stored in dry envi-
ronment silica matrix will dry and encapsulated viruses may lost their infectivity. 
This problem was solved by storing the hydrogels in silica-saturated water. We 
have showed that the labile water-containing silica structure could be stabilized 
from the viewpoint of virus infectivity by adding the silica implants in water 
that is saturated with respect to silicic acid or into water of which volume is  
so low that the slight degradation of the implant will saturate the solution and 
silica dissolution is terminated. At the same time, the aging of the silica struc-
ture in the water storage did not significantly change the dissolution rate of 
silica.15 Due to the saturation the silica hydrogel implants do not dissolve in the 
liquid, but the aging of the silica structure proceeds. It was also observed that  
it is important to determine a proper aging of the gel prior to storage in silica-
saturated water. Too early or too late immersion into water solution may break 
the implant during the storage. The structure develops during the water storage, 
dissolution rate decreases slightly within the first month after which it stays 
rather stable. The water content inside the silica structure may also decrease, 
but from the point of view of desired virus infectivity, the water storage has 
been found to be good, e.g., adenoviral vectors preserve their infectivity at least 
for several months. It is also important to note here that silica hydrogels are 
primarily developed for encapsulation of large biologically active agents, such 
as viruses and proteins and other large biomolecules that are not able to diffuse 
out from the silica structure, but are released by the silica matrix degradation. 

In our previous studies where protein (BSA) was encapsulated into the silica 
matrix it was shown that the protein release was controlled by the matrix degra-
dation. The protein release was studied in sink conditions where the free dissolu-
tion of the matrix was allowed and also in the SiO2 saturated Tris buffer where 
no matrix degradation was possible. Results indicate that big molecules like pro-
teins or even bigger viruses, cannot be released from the silica matrix without 
the matrix degradation. By storing the virus containing silica matrices in silica 
saturated solution viruses can be kept inside the matrix during the storage time 
and no matrix degradation occurs.11

4. Implant Fixation 

Traditionally bioactive glasses and ceramics which are used as bone replacement 
materials are divided in two categories: class A and B. Class B materials are 
only osteoconductive, which means that the bone can grow onto the surface of 
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these materials with a passive process. Where as the class A materials are also 
osteopromotive which means that they are able to awoke a biological response 
where chemical signals induce bone formation which leads to direct bone growth 
and formation of the implant surface, bioactive glass belongs to this class. 

4.1. MECHANICAL IMPLANT FIXATION 

Metal implants are widely used in load-bearing orthopedic and dental appli-
cations. However, these materials are biologically inactive and they do not form 
a chemical bond with bone but are rather surrounded by a fibrous tissue capsule. 
In order to overcome the poor tissue bonding of the metal implant, the concept 
of mechanical implant fixation i.e. biological fixation by bone ingrowth through 
a metallic cage, is issued already in the early 1900s.16 Mechanical fixation is 
still the most widely applied concept for ensuring implant fixation, which is 
frequently done by either controlling the materials pore size and interconnectivity 
or by surface roughening techniques such as mechanical grinding, sand-blasting 
and chemical etching. These techniques are also applicable to porous polymers.16

The optimal pore size for bone ingrowth has been shown to be approximately 
200–400 µm.17,18 The surface roughening techniques are used to produce surfaces 
with less than 10 µm of micro-roughness.19–22 Although improved mechanical 
interlock between the implants and bone have been achieved, metal implants do 
not attach to bone through chemical bonding. 

4.2. CHEMICAL IMPLANT FIXATION BY SOL-GEL DERIVED COATINGS 

Sol-gel derived TiO2 coatings on metal surface enhance the bone bonding (class 
B bioactivity) of metel implants. This has been studied in vitro and in vivo.
Based on the in vitro experiments in simulated body fluid (SBF) it has been 
shown that the bone bonding starts with the formation of negative charged 
surface which attract positively charged Ca2+ ions from the body fluid and after 
that adsorption of phosphate (HPO4

2–/PO4
3–) ions occurs. First the adsorbed 

layer will be amorphous calcium phosphate and will finally turn in to bone 
mineral-like hydroxyapatie (HA) through which the material bonds to bone. 
Thus the following general calcium phosphate formation mechanism on TiO2

surfaces was suggested23,24:

Step 1.  Formation of TiO- groups on the surface. This is followed by a 
rapid accumulation and adsorption of Ca2+ and PO4

3– ions on 
the surface due to electrostatic interactions. 

Step 2.  The formation of the initial calcium phosphate nuclei. 

257SOL-GEL DERIVED SILICA AND TITANIA 



R. VIITALA ET AL.

Step 3.  Organization of the initially formed nuclei to a more stable and 
larger structure, which is influenced by the surface curvature. 

Step 4.  Once the nuclei has obtained a more stable structure and the 
critical size is achieved it will rapidly grow forming a poorly 
crystalline bone mineral-like hydroxyapatite layer on the surface 
via dissolution and reprecipitation processes, which is similar 
to the processes occurring on the surfaces of many bioceramics. 
This stage is delayed or inhibited in the presence of proteins. 

TiO2 is negatively charged at pH 7.4. In addition to the charge complemen-
tary of the negatively charged TiO2 surface (at pH 7.4) and the firstly adsorbed 
Ca2+ ions, the nucleation property (or the lowering of the nucleation activation 
energy) is also dependent on the surface topography, which is one of the things 
that can be adjusted by the sol-gel method. 

4.3. SURFACE MODIFICATIONS OF METAL IMPLANTS 

Titanium (Ti) metal and its alloys are used in dental and orthopaedic appli-
cations. The biocompatibility of titanium metal is related to its surface oxide 
layer, which naturally occurs on the metal surface. In addition to biocompati-
bility, the bioactivity of the metal can be increased by introducing thicker titania 
coatings by different surface treatment techniques. One method is to use sol-gel 
technique to produce bioactive titania films on metal surface and an other method 
is to use simple chemical surface modification methods. Such methods were 
well known in conventional metallurgy, but their use for implant surface func-
tionalization was novel. First the titanium metal was treated with mild H2O2

solutions as a chemical surface cleaning procedure leading to Ti-peroxide (TiO2
2-)

and Ti-superoxide (TiO2
-) formation on their surface.25–28 However it has been 

shown that H2O2 treatments using higher concentrations produce a thick titania 
gel layer with microporous structure on the surface of titanium implant enhanc-
ing the bioactivity and biocompatibility.29–38 The most widely used and studied 
bioreactive metal implant of such type has been obtained by soaking of metal 
implant in either NaOH or H2O2 solutions with subsequent heat-treatments. 

An other approach is to employ a bioceramic coating on the metal. Various 
bioceramic coatings have been used including calcium phosphates and hyd-
roxyapatite coatings.42–48 Techniques like sputtering and plasma spraying have 
been applied for preparation of these coatings on metal implants. Bioactive 
ceramic coatings have been widely applied to ensure direct chemical implant-
bone contact and to reduce the time required for osseointegration. In this respect 
the plasma-sprayed calcium phosphate coatings are the most widely applied33–35

although the composition, structure and the adhesion to the substrate are difficult 
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to control. One potential risk connected to the clinical use of any bioactive 
ceramic coatings is delamination or fragmentation. For example, recent studies 
have suggested that a breakdown at the metal-ceramic interface may occur36,37

Recent findings also suggest that bioactive surfaces (in terms of cell adhesion 
and activation) can also be obtained by controlling the surface roughness in  
the nanometer scale.38–41 The surface nanoscale dimensions were shown to be 
important with respect to the interaction between the nanostructured surfaces 

nanostructured ceramics and polymeric surfaces showed similar enhanced cell 
adhesion and activation effects compared to conventional materials. These studies 
showed that there are specific dimensions between 1–100 nm that have a direct 
influence either on the adsorption of proteins (e.g., vitronectin) that are impor-
tant with respect to adhesion and growth of bone tissue forming cells (osteoblast) 
or on the gene activation of soft-tissue forming cells, fibroblasts. 

Surface dimensions between 1–100 nm can be achieved by sol-gel derived 
TiO2 coatings that together with titanium metal provide a potential material for 
good tissue attachment.

4.4. SOL-GEL DERIVED TITANIA COATINGS 

The sol-gel systems of TiO2 can be adjusted to form versatile coatings struc- 
tures and the applying techniques are quite simple. The sol-gel reactions are 
induced by polymerizing Ti-alkoxides via hydrolysis and condensation reactions 
(Figure 2). The polymerization stages can be described as, (i) polymerization of 
monomers to oligomers, (ii) condensation of polymers to primary particles, (iii) 
growth or agglomeration of primary particles to larger particles and (iv) linking 
of particles into chains followed by extension of their network eventually trans-
forming into a gel.7,9 In the preparation of sol-gel derived coatings by dip-coating, 
the substrates are immersed into a dilute sol and the gel-like coating is formed 
during substrate withdrawal.

M-OR  +  H2O   M-OH  +  ROH 
   Hydrolysis       Esterification 

M-OR  + HO-M M-O-M  + ROH 
Alcohol condensation     Alcoholysis 

M-OH  + HO-M M-O-M  + H2O
Water condensation      Hydrolysis 

Figure 2. Hydrolysis and condensation reactions of (IV)-metal alkoxides. M=Ti or Si. 

and proteins as well as cells affecting the soft and hard tissue formation. Both 
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During film deposition, the structure of the film forms rapidly (as compared 
to bulk structures) and is influenced by several complex factors. The film thick-
ness can be controlled, for example, by sol viscosity and withdrawing speed, 
where the increasing viscosity and/or increasing withdrawing speed increases 
film thickness. In addition to film thickness, the pore volume, pore size and 
surface area of the final film can be controlled by controlling the size and extent 
of branching of the reacted species in the sol prior to film deposition. Also the 
contribution of the competition between evaporation and continuing conden-
sation reactions is crucial for the final film structure. If the rate of evaporation is 
significantly higher than the condensation, it results in a more compact film 
structure and vice versa. After the film deposition films are heat-treated, typically 
the heat-treatment temperature for sol-gel derived films is between 80–500˚C.
Dip-coating can be done at room-temperature which allows the preparation of 
ceramic coatings at lower temperatures.

Since the ceramic coatings are deposited from colloidal sols, film thickness, 
surface area, porosity etc. can be controlled. In Figure 3 is schematically pre-
sented how the colloidal structure in the sol has an effect on the film surface 
topography. Furthermore, sol-gel dip-coating method is cost effective and tech-
nically simple giving the possibility to coat substrates with difficult geometries. 

Figure 3. A schematic presentation of sol-gel dip-coating method.
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It is now well established that the sol-gel derived titania coatings promote 
bone bonding (class B) via the formed bone mineral-like calcium phosphate  
on their surfaces in vitro and in vivo.49–51 The use of sol-gel-derived titania 
coatings is also motivated by the fact that a nonresorbable, reactive coating 
might guarantee a direct and immediate contact between the implant and the 
tissues, whereas for resorbable reactive coatings, the underlying inert substrate 
might be exposed during long-term implantation. Although, titanium metal and 
metal alloy implants have been shown to leach metal ions during long-term 
implantation52,53 the titania (TiO2) is not degraded and it is thought to be stable 
in the body environment. Furthermore, coatings thinner than 1 µm are known  
to possess self-healing properties due to crack and dislocation annihilation, pro-
viding enhanced material toughness as for the whiskers and glass fibers, which 
get more elastic as they get thinner54 Also the energy required for coating self-
healing becomes smaller the thinner the coating. One of the attractive features 
of the application of TiO2-sol-gel derived coatings lays in the possibility of 
local processing, for example with a focused CO2-laser beam.

Sol-gel derived TiO2 coatings can be locally treated with CO2 laser beam, 
achieving local modification of the bioactive properties of the surface.56–58 The 
use of a CO2 laser is based on the fact that the radiation on the 10.6 µm wave-
length is absorbed by the titania film. Besides, CO2 lasers are rather common 
and inexpensive devices. The output of the laser can be controlled to obtain the 
desired effect on the surface.58–60 Unlike the traditional furnace firing direct laser 
densification of sol-gel derived TiO2 coatings allows the selective treatment  
of the surface of the coating. Further, the surface is only heated locally in the 
proximity of its surface. This permits the manufacture of the coatings with 
different areas of the same coating having different properties and coatings of 
implant materials other than titanium, including those that do not withstand 
extensive heat-treatment. The CO2 laser treatment on the sol-gel-derived TiO2-
coatings has been successfully applied in inducing in vitro calcium phosphate 
formation either as post treatment method or as direct densification after dip-
coating.55,56

4.5. BIOACTIVE PROPERTIES OF SOL-GEL DERIVED TITANIA COATINGS 

The heat-treatment of sol-gel derived TiO2 coatings at different temperatures 
produces titanates with different structures i.e. amorphous, anatase or rutile (in 
the order of increasing calcination temperature). The amount of hydroxyl groups 
on the TiO2 film depends also on the heat-treatment temperature, the higher the 
heat-treatment temperature less OH-groups will remain on the film.61–64 It has 
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been shown that hydroxyl groups and the negatively charged surface at pH 7.4 
are properties which enhance the chemical bonding of TiO2 coatings to bone.  
In addition, there is also evidence of strong surface structural dependence to  
the calcium phosphate formation properties on these coatings. The surface topo-
graphy at the nanometer level has been shown to influence the in vitro bioactivity. 
This phenomenon was related to the charge density and the topographical match-
ing of the titania surface and calcium phosphate crystal size found in bone (i.e. 

Figure 4. The most favourable dimensions on the titania surface for the formation of calcium 
phosphate match the natural size of calcium phosphate crystals in bone (plate-like calcium 
phosphate crystals, X = 20 nm, Z,Y = 3–7 nm).73–74

2

activity was enhanced on the coatings with existence of surface OH-groups and 

coatings were produced by the laser induced thermal “shock” treatment (i.e. the 
surface OH-groups are not removed by extensive heat-treatment) it was obser-
ved that the as prepared rutile phase favors the bone mineral-like hydroxyapatite 
formation compared to the anatase phase prepared by conventional heat treat-
ment.57 It should be noted that the bone mineral-like hydroxyapatite formation 
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hydroxyapatite formation compared to rutile when the rutile is produced by increased
70,71

anatase crystal phase. It was shown that the anatase structure favours bone minerallike

structure is studied in simulated body fluid and it is shown that in vitro bio-

heat-treatment temperatures.       However, when the rutile phase on the coatings 

not with the matching of the atomic distances in single crystals) as shown in 
Figure 4.65–67 It was shown that the anatase structure favours bone minerallike 
hydroxyapatite formation compared to rutile when the rutile is produced by 
increased heat-treatment temperatures 70,71. One possible reason could be that 
the crystallographic lattice match of anatase and hydroxyapatite (HA) is closer 
to each other than that of rutile and HA.68,69



experiments were done in a competing system where the coatings having  
anatase and rutile structures were in the same flask and these results are not 
interpreted so that the anatase coatings produced by laser treatment are not bio-
active at all. These results indicate that the precise lattice matching of anatase and 
HA is not a crucial factor in the in vitro properties of TiO2 based coatings.

A possible reason for the low bioactivity of amorphous TiO2 may be that 
particle size on the film surface is smaller than what is required for the opti- 
mal topographical features. During the film densification (e.g. by heat- or laser-
treatment) the deposited particles form particles and/or aggregates, and the final 
surface structure is formed. Furthermore, during densification the mechanical  
and chemical stability of the coating is enhanced. Following this reasoning bio-
active amorphous TiO2 coatings could be obtained if the initial deposited parti-
cles and/or aggregates are large enough although their mechanical properties and 
chemical stability probably remains too poor for practical application. 

The influence of topography on calcium phosphate formation on sol-gel 
derived TiO2 coatings is shown experimentally using AFM image analysis.65,66

By controlling the particle size and particle size distribution in the dipping sol, 
the surface topography on the nanometer scale can be varied. It was concluded 
that the optimal topographical features of the outermost surface for calcium 
phosphate formation was in the range of 2–50 nm (as obtained from the line sec-
tion analysis of the AFM images in vertical and lateral directions). It should be 
noted that also the highly bioactive rutile containing coatings exhibited such topo-
graphical features.57 The aspect of topography on nucleation of inorganic solids 
has been well studied in the context of organic matrix-mediated biominerali-
zation processes. It has been stated that “electrostatic accumulation of ions on 
organic surfaces is influenced by the localized clustering of ligands and their 
spatial charge distribution, which in turn depend on the surface structure and 
topography”. For example, surfaces with concave-like topographical features 
give rise to a high spatial charge density and 3-D clustering of ions and are thus 
good nucleation sites.72 This theory has been applied in one model of bone 
mineralization where the calcium phosphate nucleation is proposed to occur in 
regiospecific hole zones of collagen having a distinct size and topography.

A firm bond between the soft tissue and implant is also important for the 
performance of many medical devices like stents, canyls and dental implants. It 
is shown that the sol-gel derived titania coatings can bond also to soft tissue.  
A direct attachment between soft tissue and sol-gel derived titania coating was 
found in vivo after 2 days of implantation in rats, where as the titanium control 
implants showed no evidence of soft tissue attachment. The coated implants 
were in immediate contact with connective tissue, whereas the titanium controls 
formed a gap and a fibrous capsule on the implant-tissue interface. The good 
soft tissue attachment of titania coatings may result from their ability to initiate 
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calcium phosphate nucleation and growth on their surfaces in vitro, thus the 
formation of bone mineral-like calcium phosphate layer is not crucial for their 
integration in soft tissue.73

5. Conclusions

Both silica and titania based materials can be produced with sol-gel method  
and can be used as biomaterial in different applications. Sol-gel derived silica 
and titania are biocompatible and can be used in direct contact with different 
organisms e.g. microbes and living tissue. The main parameter controlling the 
beneficial interactions between silica and living organisms is nanoscale and mole-
cular structure of sol-gel derived silica combined with a large amount water in 
structure during encapsulation in silica structure. Whereas the most important 
driving force for calcium phosphate nucleation on sol-gel derived TiO2 coatings 
is the electrostatic accumulation of ions in the localized regions (grooves and/or 
pockets) of high spatial charge density. This can be achieved with the negatively 
charged TiO2 surface at pH 7.4 and also the surface topography has to be suitable 
the calcium phosphate nucleation. It is shown that sol-gel derived titania films 
can bond to living bone and soft tissue.
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MESOPOROUS SILICAS: MORPHOLOGY CONTROL

AND TEMPLATE SYNTHESIS INSIDE LARGE PORES OF SILICA 

GEL

O.O. Chuiko Institute of Surface Chemistry of National Academy 
of Sciences of Ukraine 17 General Naumov Str., 03164 Kyiv, 
Ukraine

Abstract. The influence of pH, nature of alcohol and initial components con-
centrations in micellar solution on the structural-adsorption characteristics of 
spherical mesoporous silicas has been investigated. The peculiarities of template 
synthesis of mesoporous silicas inside large pores of silica gel were also studied. 
Synthesized silicas were characterized by low-temperature nitrogen adsorption-
desorption, X-ray diffraction and scanning electronic microscopy. 

Keywords: Mesoporous silica, template synthesis, spherical particles, MCM-41, nano-

1. Introduction

The use of supramolecular micellar templates for synthesis of ordered meso-
porous materials is considered as one of the most important discoveries in the 
field of materials science. The ability of this approach to design nanoscale pore 
structure is being intensively investigated with the aim to create new type of 
catalysts and adsorbents.1,2 Pore structure control and regulation of macro-
scopical shape of mesoporous silicas are the current trends in the template 
synthesis of ordered porous materials.3–5 Besides, the improvement of MCM-41 
silicas mechanical stability is a significant parameter for MCM-41 appli-cation. 
In the present paper the optimal conditions for synthesis of mesoporous silicas 
with spherical morphology of particles were determined. It was also proposed 
an approach for improvement of mechanical properties of the nano-materials by 
carrying out template synthesis of mesoporous silicas inside pore volume of 
silicas with more stable porous structure. 

* To whom correspondence should be addressed: Berezovska I., Institute of Surface Chemistry, NAS of 
Ukraine, 17 General Naumov Str., 03164 Kyiv, Ukraine; e-mail: berinna2003@rambler.ru 
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2. Experimental

2.1. SYNTHESIS OF MESOPOROUS SILICAS WITH SPHERICAL 
MORPHOLOGY OF PARTICLES 

Syntheses were carried out in the alcohol-ammonia media by the modified 
Stöber method6 in ethanol and isopropanol using tetraethoxysilane (TEOS) as a 
silica precursor and cetyltrimethylammonium bromide (CTAB) as supra-
molecular template with the molar ratio of components 1 E S: x : 11NH3 :
144H2O : 58ROH, where  = 0.1, 0.2 and 0.3. Synthesis in the acidic media 
was held using TEOS and CTAB with the molar ratio of components 1TEOS: 
0.1 : 0.45HCl: 100H2O.

2.2. SYNTHESIS OF MESOPOROUS SILICAS IN NANOREACTORS BASED ON 
LARGE PORES OF SILICA GEL 

Step-by-step incorporations of micellar solutions inside pore volume of silica 
gel with the surface area about 115 m2/g and the average pore diameter about 
24 nm were made. Micellar solution with molar ratio of components 1TEOS: 
0.18CTAB: 5NH3: 75H2O was prepared according to procedure.7

After template elimination the synthesized materials were characterized by 
low-temperature adsorption-desorption of nitrogen (ASAP-2000) to estimate 
surface area (BET equation), pore size distribution (BJH method). Structure of 
samples was determined by X-ray diffraction at small angles. Scanning elec-
tronic microscopy was used to investigate particle size and morphology of the 
synthesized silica materials. 

3. Results and Discussions 

3.1. SYNTHESIS OF MESOPOROUS SILICAS WITH SPHERICAL 
MORPHOLOGY OF PARTICLES

Nitrogen adsorption-desorption isotherms for silicas synthesized in the alcohol-
ammonia media using ethanol at different molar ratios to / EOS are type 
IV in the IUPAC classification.8 In the interval of relative pressures /  = 0.15–
0.27 the range of capillary condensation with steep increase in the adsorbed 
nitrogen is observed. Surface areas of the synthesized silicas were 700–1,200 
m2/g, pore sizes determined by the BJH-method are 2.5–3.0 nm. Nitrogen 
adsorption-desorption isotherms for the silicas synthesized in the alkaline media 
with use of isopropanol with molar ratio of CTAB/TEOS = 0.2 and 0.3 are  
also the type IV in the IUPAC classification, surface areas of synthesized 
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samples are 400–500m2/g. Nitrogen adsorption isotherm for silicas synthesized 
in acidic media is the type I in IUPAC classification, surface area of synthe-
sized sample is 600m2/g (Figure 1). 

a

0

100

200

300

400

500

0 0,2 0,4 0,6 0,8 1
p/po

V(
N 2

), 
cm

3 /g

1

2

3

b

0

6000

12000

18000

0 2 4 6 8 10 12
2

In
te

ns
ity

 
0

400

800

1200

1600

In
te

ns
ity

1

2

3

Figure 1. Nitrogen adsorption-desorption isotherms (a) and diffractograms (b) for silicas 
synthesized in the alkaline media using ethanol (1) or isopropanol (2) in acidic media (3). 

X-ray powder patterns of silicas synthesized in ethanol with ratio of TEOS/ 
CTAB = 0.3 and 0.2 show three Braggs peaks in the range of 2  = 2.5–7.0 
with (100), (110) and (200) indexes, characterizing the periodic structures with 
the hexagonal pore orientation. X-ray powder patterns of silicas synthesized in 
isopropanol with molar ratio of CTAB/TEOS = 0.2 and 0.3 have only one 
marked peak. Lattice parameter  (a distance between cylindrical pore centers) is 
estimated by a = 2d100/30.5. Pore thickness is determined according to the 
formula h = a  – dp, where dp – a pore diameter determined by the BJH-method; 
and the values of h are 1.4–2.0 nm that are typical for the MCM-41 silicas.9
X-ray powder patterns of silicas synthesized in acidic media have only one peak 
characterizing a weakly ordered pore structure (Figure 2). Structural-adsorption 
characteristics of the materials synthesized in the alcohol-ammonia media are 
presented in the Table 1. 
TABLE 1. Structural-adsorption characteristics of materials synthesized in the alcohol-ammonia 
media.

/TEOS
molar ratio Alcohol Structure a  (nm) dp

(nm)

Surface
area

(m2/g)
0.1 Isopropanol Disordered – 3.4 166 
0.2 Isopropanol Disordered – 3.0 505 
0.3 Isopropanol Disordered – 3.1 458 
0.1 Ethanol Weakly ordered 5.2 3.0 701 
0.2 Ethanol Hexagonal ordered 4.0 2.7  1,227 
0.3 Ethanol Hexagonal ordered 3.9 2.5     946 
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Scanning electronic microscopy results for silicas synthesized with molar 

have larger particle diameter and SEM-photos show spherical particles of 10

hydrolysis and further polycondensation of hydrolysis products. In the alkaline 
media fast hydrolysis and polycondensation provide the formation spherical 
particles after two-hours stirring. On the contrary, slow condensation rate in the 
acidic media is favor for the larger size particles growth. Mesophase for-mation 
in the acidic media is possible due to halide anions coordination of positive 
charged micellar aggregates and silica surface. Such weak interactions are 

alkaline media pore structure formation is a result of direct interaction between 
silica macroanions and positive charged CTAB micelles. Thus, in the alcohol-
ammonia media mesoporous silicas with the ordered hexagonal pore structure 
and high specific surface area have been synthesized. 

Figure 2. SEM-photos of silicas synthesized in the ethanol-ammonia media with molar ratio of 
CTAB/TEOS = 0.3 (a) and in the acidic media with molar ratio of CTAB/TEOS = 0.1 (b). 

Particles of unimodal spherical granulation have been obtained in ethanol 

ordered pore structure and spherical particles of 10  size have been synthesized 
in the acidic media. 

3.2. SYNTHESIS OF MESOPOROUS SILICAS INSIDE NANOREACTORS 
BASED ON LARGE PORES OF SILICA GEL 

Nitrogen adsorption-desorption isotherm for silica gel is a type III in the IUPAC 
classification,8 has a hysteresis loop at high relative pressure and reveals the 
existence of large pores in the sample. Nitrogen adsorption-desorption isotherms 
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The silicas synthesized in hydrochloride acid, unlike the alkaline media samples,  

size (Figure 3). The final particles size depends on the rates of precursor silica 

ratio of CTAB/TEOS = 0.3 testify the unimodal spherical particles of 0.5  size. 

using molar ratio of CTAB/TEOS = 0.2 and 0.3. Porous silicas with weakly 

considered to provide the organization of weakly ordered pore structure. In the 
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of silica gel after template syntheses inside nanopores are characterized by 
appearance of capillary condensation ranges (0.3 < p/po < 0.4) and testify the 
mesopores presence. The sharpness of these sections was increased after each 
template synthesis and accompanied with decreasing of hysteresis loop that can 
be explained by filling of silica gel pore volume with mesoporous silicas.

Specific surface area of the initial silica gel is 115 m2/g (by the BET- 
equation) and the BJH pore size distribution curve for silica gel has a broad 
peak in the range of pore size 30–50 nm (Figure 3, curve 1). Samples with 
incorporated mesoporous silicas are characterized by increase in specific 
surface area from 115 up to 377 m2/g (Figure 3a). Pore size distributions curves 
exhibit the presence of peaks corresponding to pores of 2.5 nm size (Figure 3c).

Absence of any peaks in the X-ray powder patterns of initial silica gel 
confirms its amorphous nature (Figure 3b, curve 1). It is clear from X-ray diff-
raction patterns that introduction of micellar solution increases the reflections’ 
intensity in the low-angle region (Figure 3b, curves 2–7). Broad low angle 
diffraction peak should result from the formation of wormlike pore struc- 
ture and weak intensity of reflection can be explained by small quantity of 
incorporated silicas (20% of sample total weight after the sixth introduction of 
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Figure 3. Nitrogen adsorption-desorption isotherms (a), diffractograms (b) and differential curves 
of dependence of pore size on pore volume (c) and surface area (d) for silicas synthesized inside 
large pores of silica gel: initial silica gel (1) and silica gels after the first (2), the second (3), the 
third (4), the fourth (5), the fifth (6), the sixth (7) introducing of MCM-41. 
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TABLE 2. Structural-adsorption characteristics of synthesized silicas (where SBET – specific 
surface area by BET-equation; St – total surface area, Sex – external surface area, Sp – pore surface 
area, Vp – pore volume, Vc – core volume and rp – mesopore radius estimated by s-analysis ). 

s-analysisN Samples SBET

(m2/g) St

(m2/g)
Sex

(m2/g)
Sp

(m2/g)
Vp

(cm3/g)
Vc

(cm3/g)
rp

(nm)
1 Initial silica gel 115 116 – – 0.615 – – 
2 Silica gel after the 

first introduction o
f micellar solution 

170 173 – – 0.54 0.018 – 

3 Silica gel after the 
second introduction 
of micellar solution 

233 237 – – 0.34 0.033 – 

4 Silica gel after the 
third introduction
of micellar 
solution

283 289 11.56 277 0.32 0.060 1.3 

5 Silica gel after the 
fourth introduction
of micellar 
solution

349 347 5.78 341 0.34 0.079 1.3 

6 Silica gel after the 
fifth introduction
of micellar 
solution

362 364 5.78 358 0.35 0.098 1.4 

7 Silica gel after the 
sixth introduction 
of micellar 
solution

377 376 5.78 370 0.36 0.105 1.4 

micellar solution). Structural-adsorption characteristics of synthesized silicas 
were estimated by s-analysis.8,10 

Elaborated synthetic procedures are systematic combination of template syn-
thesis and conventional sol-gel process. Syntheses were realized via two stages: 
at the first stage silica gel was impregnated with micellar solution and at the 
second stage ammonia was added in order to catalyze hydrolysis and conden-
sation of TEOS to provide mesoporous silicas formation. The main condition for 
successful template synthesis inside pores of silica gel matrix was a high value  
of TEOS/H2O molar ratio. Template synthesis of mesoporous silicas with pore 
diameter of 2.5 nm were carried out inside nanoreactors based on large pores of 
silica gel. Specific surface area of initial silica gel was 115 m2/g and after micellar 
solution introducing the calcined samples had surface area about 377 m2/g. 
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HYBRID SILOXANE-POLYAMINOAMIDES FOR THE ABSORPTION 

OF HEPARIN FROM BLOOD 

DANIELE CAUZZI*, ALESSANDRO STERCOLI, GIOVANNI 
PREDIERI
Dipartimento di Chimica Generale ed Inorganica, Chimica 
Analitica, Chimica Fisica,Università degli Studi di Parma, Viale 
Usberti 17/A, I-43100, Parma, Italia 

Abstract. Heparin is an anticoagulant which is widely used during blood-dialysis. 
To now, there is not a commercial device able to “filter” heparin from blood after 
or during the medical treatment. Heparin can give, on life-long treatments, several 
health problems. We prepared siloxane-modified hybrid poly(aminoamides) which 
can be obtained from water solution. They shown good heparin absorption pro-
perties.

1. Introduction

The use of an extracorporeal apparatus for the medical treatment of blood, 
implies the presence of anticoagulant substances such as heparin, in order to 
avoid the formation of blood-clots inside the artificial circuit. Haemodialysis is 
widely used to remove waste products form blood and often the patient under-
goes life-long cares with a frequency of two-three times a week. Generally, hep-
arin is used as an injectable preparation. 

Heparin is a mucopolysaccharide acting on the antithrombin mechanism 
which inhibits the serine-proteases involved in the coagulation processes.

Heparin is a polymer with variable chain lengths having a molecular weight 
ranging from 3,500 to 35,000 Da. It is formed by different di-saccharide units 
and is acidic, due to the presence of a high content of sulphate (HOSO3) groups. 
The most common disaccharide found in heparin is formed by 2-O-sulfated 
iduronic acid and 6-O-sulfated, N-sulfated glucosamine. 

* To whom correspondence should be addressed: Daniele Cauzzi; e-mail: cauzzi@unipr.it 
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At the physiological pH, heparin is found in its poly-anionic form; the cations 
present in the medical preparations can be changed following the treatment needs; 
sodium and calcium are the most used. Heparin binds to the enzyme inhibitor 
antithrombin III (AT-III) causing a conformational change which results in its 
active site being exposed. The activated AT-III then inactivates thrombin and 
other proteases involved in blood clotting. The rate of inactivation of these 
proteases by AT-III increases 1,000-fold due to the binding of heparin .1

Heparin is normally absorbed and degraded in the human body with a half-
life of about one hour, depending on its molecular weight. Sometimes heparin, 
mostly on life-long treatments, can give several problems like hemorrhage, hyper-
sensitivity, bone decalcification. As far as we know, the only practically applied 
method of de-heparinization is a plasmapheresis system that uses polylysine 
cationic polymers.2 Another approach that seems effective, is the use of poly 
(amido-amine)s (PAAs), polymers obtained by the reaction of bis-acrylamides 
and primary or bis-secondary amines. They were widely studied by the group of 
Ferruti.3 It appears that hydrolysis and solubility of these polymers, even when 
organically crosslinked, is preventing them to be practically applied. PAAs can 
be easily prepared in water or alcohol as solvent and without the need of a cata-
lyst through a Michael addition: 

Every aminic hydrogen is a point of polymerization by reacting with  
an acrylamidic group. Primary amines and secondary diamines will yield 
linear polymers. Primary diamines, e.g. ethylenediamine, will produce branched 
polymers. 
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2. Results

Organic PAAs can be modified in order to be used for the preparation of hybrid 
materials by the sol-gel method. 

In fact, the use of 3-aminopropyl-triethoxysilane (APTES), allows for the 
introduction of the (EtO)3Si- group covalently bonded to the polymer chain.4

Different formulations have been tested, by changing the reaction com-
ponents. The aim of the research was to find a formula able to yield a flexible 
polymer, to be used as a thick coating on the surface of biomedical PVC objects. 
The better composition was found to be a mixture of a bis-acrylamide, APTES 
or APMDES (3-aminopropyl-methyldiethoxysilane) and 1,6-dimethylamino- 
hexane, a secondary diamine. The polymers obtained from water only are trans-
parent, flexible and insoluble in water or any other solvent. They possess, as 
expected (Figure 1), an intermediate character with respect to the brittle and 
opaque TEOS xerogel (on the left in the figure) and the sticky an water soluble 
PAA polymer (on the right in the figure). 

Figure 1. TEOS xerogel, hybrid siloxane-PAA, organic PAA. 
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Two bis-acrylamides were used, methylenebis-acrylamide (MBA) and bis-
acryloylpiperazine (BAP). 
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The choice was dictated by their low cost required in the case of real pro-
duction. 1,6-dimethyl-diaminohexane was found to infer elastic properties to 
the polymer, together with a higher capacity to bind heparin. 

Typical infrared and X-Ray powder dif fraction are reported in Figure 2: 

Figure 2. Infrared spectrum and XRD spectra of typical hybrid PAAs. 

Absorption tests in vitro and on human blood 
Heparin absorption in-vitro tests were performed on these materials using 

com-mercial heparin solutions (Sodium heparin, Liquemin Roche). Following 
the published literature, we decided that spectroscopic determination would be 
the quickest way to analyze many samples. Other methods, based on biologi-
cal activity, could be used but were to complex for a quick screening of the best 
formulation. We then applied an indirect method,5 which consists in measuring 
the lowering of the absorption bands of the dye O-Toluidine blue, due to the 
formation of a heparin-toluidine complex. Suitable PVC medical devices were 
coated using a water solution of the forming polymers. In order to produce more 
robust coatings, a PVC-SiO2 blend was also tested (Figure 3). 

Surface heparin absorption values ranges from 250 to 750 mg/m2, which are 
more than enough to absorb the heparin injected in one treatment. The highest 
values were found for polymers obtained from MBA with a high content of 
secondary diamine, and probably depends on the swelling ability of the coating. 

Wavenumber (cm-1)
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Figure 3. On the upper left, a PVC blood dropper, upper right a PVC/SiO2 blood dropper; down 
left: the surface, washed with ethanol to remove the plastifier, of a PVC/SiO2 dropper. down 
right; the same surface after coating with a hybrid polymer. 

Tests performed on human blood were also very promising. Human blood 
contains a very high quantity of albumin which is in competition with heparin 
in the absorption process; polymers obtained from MBA resulted more selective 
towards heparin when in competition with albumin. 
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SOL-GEL SILICA FILMS DOPED WITH CHROMIUM (III) 

ACETYLACETONATE ON ALUMINIUM SUBSTRATE 
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Abstract. Sol-gel silica films doped with Cr(acac)3 and having ca. 100 nm 
thickness on aluminium substrate were synthesised by dip-coating from the pre-

the that the C = O groups of doping Cr(acac)3 molecules are involved into inter-
action with silica network terminated with silanol groups. Upon thermal treat-
ment of Cr(acac)3-SiO2 film in air, the ligand elimination from doping Cr(acac)3

molecules took place, resulting in complete thermolysis at 613 K. The latter 
was accompanied by oxidation of Cr (III) to Cr (VI). 

Keywords: Sol-gel silica films, TEOS acidic hydrolysis, chromium acetylacetonate. 

1. Introduction

Presently, trivalent chromium Cr (III) anticorrosion pretreatments of metal sub-
strates are of great interest as an alternative to toxic hexavalent chromium Cr (VI) 
corrosion-inhibiting formulations. Pretreatments based on Cr (III) were reported 
to improve corrosion resistance of aluminium and aluminium alloys.1,2 Protec-
tion of aluminium was provided by seal coatings consisting of insoluble Cr (III) 
compounds.1 The improving of the coating’s protective action was achieved  
by combining Cr (III) with silica3 or organically modified silica ORMOSIL.4,5

Combustion chemical vapour deposition (CVD) of chromium (III) acetylaceto-
nate and tetraethylorthosilicate (TEOS) was used for the development of multi-
layer chromia-silica coatings with increased corrosion resistance on aluminium 
substrate.3

*To whom correspondence should be addressed: L. Davydenko, O.O. Chuiko Institute of Surface 
Chemistry, 17 General Naumov Str., Kyiv 03164, Ukraine; e-mail: l.davydenko@yahoo.com
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Acetylacetonate ligands undergo thermally activated elimination from metal 
acetylacetonates deposited on the surface of oxide supports that was studied in 
detail upon the synthesis of heterogeneous catalysts.6,7 The resulting coordi-
natively unsaturated Cr (III) species may be attractive for the development of 
protective corrosion-inhibiting coatings. In addition, the environmentally benign 
by-products of thermal decomposition of acetylacetonate ligands (carbon dioxide 
and water) are acceptable for manufacturers with respect to environmental 
policies.

Sol-gel approach is a low-temperature alternative to a high-temperature 
CVD synthesis of SiO2 films. The thickness of SiO2 sol-gel film can be easily 
varied by the degree of condensation of primary siloxane oligomers and the 
withdrawal or spinning rate for a dip- or spin-coating, respectively. Introduction 
of organic or inorganic doping components to silica sol for the rational design 
of functional coatings enables a direct tailoring of their properties.  

Interaction of metal acetylacetonates with a supporting matrix has a sub-
stantial influence on properties of the resulting surface species (degree of dis-
persion as well as chemical composition) formed upon thermal transformations. 
The high dispersion of supported species is ensured by hydrogen bonding (H-
bonding) of metal acetylacetonates with surface groups or ligand substitution.6
In contrast, the unbound metal acetylacetonates may transform to crystalline 
phase upon thermal activation or be eliminated in the case of volatile acetyl-
acetonates. Therefore, information about the mechanism of anchoring of metal 
acetylacetonates in oxide matrixes is important for the rational design of the 
materials in which Cr (III) species play a critical role.

The objective of the present work was to study the state of chromium (III) 
acetylacetonate in sol-gel silica films deposited on aluminium substrate.

2. Experimental

Silica films of ca. 100 nm thickness on aluminium substrate were synthesised 
by sol-gel dip-coating method using TEOS precursor composition.

The as-received aluminium substrate made from bare 3003 H14 alloy 
(Type A test panels, Q-Panel Lab Products) was cleaned with acetone, etched  
in 0.01 M aqueous KOH for 10 min at 303 K, rinsed with deionised water and 
dried under the flow of air.

The TEOS precursor composition was prepared by Si(OC2H5)4 (Aldrich,  
98%) acidic hydrolysis8 (the reactant molar ratio was 1.0 Si(OC2H5)4 : 0.05 HCl : 
3.82 H2O). For the synthesis of SiO2 films by dip-coating, TEOS precursor 
composition was diluted with C2H5OH in the proportion 1:3 per volume. Silica 
films doped with Cr(acac)3 (Aldrich, 97%), hereinafter denoted as Cr(acac)3-
SiO2 films, were synthesised from the similar precursor composition diluted 

284



SOL-GEL SILICA FILM DOPED WITH CHROMIUM (III) 

with Cr(acac)3 solution in C2H5OH in the proportion 1:3 per volume. To reach 
the highest loading of Cr(acac)3 in silica film, the sutured solution of Cr(acac)3

(c = 0.037 M) was used.
IR spectra in a reflectance mode were recorded within 400–4,000 cm-1 by 

Nexus Nikolet FTIR spectrometer (Thermo Scientific) equipped with a Smart 
Collector reflectance accessory. For recording the spectra of the as-synthesised 
films on aluminium substrate, the background correction was performed using 
the golden mirror as a reflectance standard. Powder of bulk Cr(acac)3 was dilu-
ted with KBr (1:35) before IR spectrum recording and KBr was used for the 
background correction in this case. 

UV-vis spectra were recorded within 190–1,100 nm using Lambda 35 UV-
vis spectrometer (Perkin-Elmer) equipped with a Labsphere RSA-PE-20 diffuse 
reflectance and transmittance accessory with 8o sample holder. Background 
correction was performed using a cleaned aluminium substrate as reflectance 
standard.

3. Results and Discussion 

The formation of silica network in the presence of doping Cr(acac)3 molecules 
in the films on aluminium substrate was proved by FTIR. The IR spectra of the 
initial aluminium substrate, air-dried SiO2 and Cr(acac)3-SiO2 films dip-coated 
on aluminium substrate are shown in Figure 1. The presence of silica network 
in the case of air-dried SiO2 and Cr(acac)3-SiO2 films is seen from Si-O-Si stret-
ching bands9,10 within 980–1,260 cm–1 (Figure 1, curves 2 and 3) which are absent 
in the spectrum of the initial substrate (Figure 1, curve 1).

2000 1500 1000 500

3

2

1

W avenum ber, cm -1

Figure 1. FTIR reflectance spectra of aluminium substrate (1) air-dried SiO2 (2) and Cr(acac)3-
SiO2 (3) films on aluminium substrate. 
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The presence of the vibration bands within 1,250–1,650 cm–1 characteristic 
for acetylacetonate ligands11,12 in the IR spectrum of Cr(acac)3-SiO2 films 
(Figure 1, curve 3) indicates the presence of doping Cr(acac)3 molecules. The 
doping of silica film with Cr(acac)3 does not lead to the noticeable changes  
of the spectrum within Si-O-Si stretching bands. One can conclude that silica 
doping with Cr(acac)3 does not have a significant influence on Si-O-Si bonds 
and thus insertion of the complex into siloxane chains does not occur. Never-
theless, Cr(acac)3 appears to be localised within silica network.

In order to investigate the interaction of doping Cr(acac)3 molecules with 
active sites of silica network, one should perform the analysis of IR spectra in 
the region of stretching vibrations of free and hydrogen-bonded silanol groups 
(3,000–3,800 cm–1).9,10 However, this approach can hardly be applied for silica 
sol-gel films because of superposition of the bands of free (3,740–3,748  
cm–1)9,10,13,14 and hydrogen-bonded (2,600–3,700 cm–1) silanol groups 9,10,14 with 
hydroxyl groups in the molecules of the residual solvent and water (3,327–
3,636 cm–1).15 Therefore, the alternative approach was applied.

The IR spectra of bulk Cr(acac)3 and Cr(acac)3-SiO2 film in the region of 
1,250–1,650 cm–1 are shown in Figure 2. The bulk Cr(acac)3 exhibits the bands 
of acetylacetonate ligand vibrations at 1,278, 1,330–1,470, 1,521 and 1,577 cm–1.
In IR spectrum of the Cr(acac)3-SiO2 film the bands are observed at 1,283, 1,330–  
1,470, 1,527 and 1,562 cm–1. The bands position and their assignments11,12,16–18

are summarised in Table 1. 

1600 1500 1400 1300

2

1

Wavenumber, cm-1

Figure 2. FTIR reflectance spectra of bulk Cr(acac)3 (1) and air-dried Cr(acac)3-SiO2 film on 
aluminium substrate (2). 
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TABLE 1. The bands position and their assignments in IR spectra of bulk Cr(acac)3 and 
Cr(acac)3-SiO2 film on aluminium substrate. 

Band position (cm–1)Band assignment 
Cr(acac)3 Cr(acac)3-SiO2

(C – O) 1,278 1,283
(C – H) + (C – C) 1,330–1,470 1,330–1,470 
 (C = C – C) 1,521 1,527 
 (C = O) 1,577 1,562 

As one can see, the positions of the vibration bands of acetylacetonate ligands 
in the spectrum of Cr(acac)3-SiO2 film significantly differ from those in the spec-
trum of bulk Cr(acac)3. The shift of C = O vibration band in the IR spectrum  
of the Cr(acac)3-SiO2 film to lower wavenumbers can mean the involvement of 
C = O groups of doping Cr(acac)3 molecules in interaction with silica network 
terminated with silanol groups. The observed shift which reaches 15 cm–1 can 
be attributed to the formation of H-bond of the middle strength.16 The slight 
shift to higher wavenumbers of the bands corresponding to C – O and C = C –C 
vibrations of acetylacetonate ligands can mean that H-bonding is strong enough 
to perturb the bonds which are not involved into this interaction.

The thermal treatment of Cr(acac)3-SiO2 film in air at 473 K resulted in 
slight decrease in the intensities of bands in IR spectrum (Figure 3, curve 2) while 
they retained their positions. This means that Cr(acac)3 molecules in Cr(acac)3-
SiO2 film after treatment at 473 K remained H-bonded with silanol groups of 
silica network. This is in good agreement with our earlier work19 where H-
bonding of Cr(acac)3 molecules with silanol group of silica surface up to 463 K 
was observed. The complete disappearance of the vibration bands of acetyl-
acetonate ligands in the IR spectrum of Cr(acac)3-SiO2 film is observed after 
thermal treatment at 613 K (Figure 3, curve 3) and confirms a complete thermo-
lysis of the doping Cr(acac)3 molecules.

UV-vis reflectance spectra of the air-dried Cr(acac)3-SiO2 film and Cr(acac)3-
SiO2 films thermally treated at 473 and 613 K in air are shown in Figure 4. In 
the UV-vis spectrum of the air-dried Cr(acac)3-SiO2 film (Figure 4, curve 1), 
the intense bands at 214, 258 and 331 nm are observed. These bands correspond 
to Cr O charge transfer transitions in Cr(acac)3 molecule.20 The intensity of 
these bands decreases after thermal treatment at 473 K (Figure 4, curve 2) that  
means the beginning of the thermolysis of doping Cr(acac)3 molecules. This con-
clusion is in agreement with the data obtained by IR spectroscopic characteri-
sation of Cr(acac)3-SiO2 film thermally treated at 473 K (Figure 3, curve 2).
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Figure 3. FTIR reflectance spectra of air-dried Cr(acac)3-SiO2 film (1) and after thermal treat-
ment at 473 (2) and 613 K (3). 

Figure 4. UV-vis reflectance spectra of air-dried Cr(acac)3-SiO2 film (1) and after thermal treat-
ment at 473 (2) and 613 K (3). 
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Cr(acac)3-SiO2 film after thermal treatment at 613 K becomes yellow  
that results in appearance of the bands at 261 and 353 nm in UV-vis spectrum 
(Figure 4, curve 3). These bands have to be attributed to the Cr O charge 
transfer transitions in Cr (VI) oxy-species.21,22 The appearance of Cr (VI) species 
means the complete thermolysis of doping Cr(acac)3 molecules that is accom-
panied by Cr (III) to Cr (VI) oxidation. This conclusion agrees with a complete 
disappearance of the vibration bands of acetylacetonate ligands in IR spectrum 
of the Cr(acac)3-SiO2 film after thermal treatment at 613 K (Figure 3, curve 3).

4. Conclusions

Sol-gel silica films doped with Cr(acac)3 of ca. 100 nm thickness on aluminium 
substrate were synthesised by dip-coating from the precursor composition pre-
pared by TEOS acidic hydrolysis. It has been found out that the observed C = O 
band at 1,577 cm–1 of acetylacetonate ligands in IR spectrum of bulk Cr(acac)3

appeared to be shifted to 1,562 cm–1 in the case of Cr(acac)3-SiO2 film. This 
means the involvement of C = O groups of doping Cr(acac)3 molecules into inter-
action with silica network terminated with silanol groups. Upon thermal treatment 
of Cr(acac)3-SiO2 film in air, the decrease of the intensities of IR bands of acetyl-
acetonate ligands in the region of 1,250– 1,650 cm–1 was observed and resulted 
in the complete thermolysis of doping Cr(acac)3 molecules at 613 K. This was 
accompanied by Cr (III) to Cr (VI) oxidation observed from the appearance of 
UV-vis bands at 261 and 353 nm characteristic for Cr O charge transfer tran-
sitions in Cr (VI) oxy-species instead of the bands at 214, 258 and 331 nm cor-
responding to Cr O charge transfer transitions in Cr(acac)3 molecules.
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SORPTION OF Hg2+ BY MESOPOROUS SILICAS

WITH A FUNCTIONAL Si (CH2)2NHP(S)(OC2H5)2 GROUP 

IN THE SURFACE LAYER

OKSANA A. DUDARKO*, VASYL’ P. HONCHARYK,
YURIY L. ZUB 
O. O. Chuiko Institute of Surface Chemistry, National Academy
of Sciences of Ukraine, 17 General Naumov Str., Kyiv 03164, 
Ukraine  

Abstract. Polysiloxane materials containing residual thiophosphonic acid 
groups Si(CH2)3NHP(S)(OC2H5)2 in the surface layer have been prepared by 
sol-gel template methods (Ssp = 240 – 670 m2/g; Vs = 0.19 – 0.41 cm3/g; d = 
3.3 – 4.5 nm). It was supposed that synthesized silicas are able to adsorb 
mercury(II) ions from nitric acid solutions (their SSC can be close to 450 mg/g). 
It was shown that the complexes in 1:1 ratio were formed in the surface layer. 
The excessive sorption of metal ions was shown to be due to partial hydrolysis of 
ethoxy-groups attached to the phosphorus atom.  

Keywords: Sol-gel method, polysiloxane xerogels, thiophosphonic acid functional groups, 
adsorption of mercury. 

1. Introduction

Sorbents of organic and inorganic nature that contain a number of derivatives  
of phosphonic acids in a superficial layer, find broad application in adsorption, 
catalysis, ion-exchange processes, as carriers in chromatography, etc.1,2 Use of 
inorganic carriers for creation of such sorbents has certain advantages compared 
to organic ones. Greater firmness of such materials in aggressive environments 
and under promoted radiation makes them more attractive. Earlier3,4 we  showed 
that it was possible to obtain mesoporous silicas with derivatives of phosphonic 
acids in a superficial layer using sol-gel and template methods. 
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Mesoporous silicas which contain thiophosphonic complexing groups ( =S)
evoke special interest. It is known that such sorbents have affinity to ions of 
heavy and noble metals. Hence, the goal of the present work was to use the tech-
nique of synthesis of inorganic sorbents (similar to the above mentioned methods) 
with thiophosphonic acid groups Si(CH2)3NHP(S)(OC2H5)2 in the surface layer. 
Furthermore the ability of these sorbents to extract cations of toxic metals from 
aqueous solutions was proved here, using the adsorption of Mercury(II) as an 
example.

2. Experimental

Procedure for the synthesis of M I and M II: 0.0075 mol (C2H5O)3Si
(CH2)3NH (S)(OC2H5)2 (DTPPA ) (0.01 mol for the sample M II) and 0.06 
mol Si(O 2 5)4 (TEOS) were dissolved separately in ethanol (10 ml). NH4F
(F–/Si = 1/100) solution in water was added in small portions to the first solution. 
The resulting solution was agitated for 2 min, and the TEOS solution was grad-
ually added. The obtained sol was agitated for 1 min and left to stand at room 
temperature. Already within 1 min, the gel with a marked opalescence was for-
med. After 24 h aging, the gel was ground and dried in vacuum for 1 h at room 
temperature, 1 h at 50°C, and 4 h at 105°C. 

Procedure for the synthesis of MSIII and MSIV: 0.075 mol S and 

NH4F (F-/Si = 1/100) solution in water was added in small portions to the second 
solution. Then 0.0225 mol of 1-dodecylamine, 3( 2)11NH2 (DDA) in a 
mixture with 40 cm3 ethanol and 50 cm3 water was added to previously mixed 
solutions of these alkoxysilanes on constant stirring. After 2 min, a white, bulk 
substance precipitated, and stirring was stopped. After 24 h, the precipitate was 
filtered off, washed with 50 cm3 of ethanol, and air-dried for 24 h. The template 
was then removed with boiling methanol (30 cm3 of methanol per gram of the 
sample) over a period of 3 h (this step was repeated three times). The resultant 
material was vacuum-dried at 100°C for 4 h. 

The structure-related adsorption characteristics of the silicas were calculated 

sured by a Kelvin-1042 instrument (Costech Microanalytical Ltd). Before 
measurements, the samples were degassed in flowing helium at 100°C for 2 h. 
The specific surface area of adsorbents was determined by BET measurements,5
and the pore size distribution, by BJH measurements.6

studied in static conditions at 20 . In all experiments the weight of sorbents  
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0.0075 (0.015 for MSIV) DTPPA were dissolved separately in ethanol (10 ml). 

The sorption of Hg(II) from acidic solutions by the obtained sorbents was 

from the isotherms of low temperature adsorption–desorption of nitrogen mea-
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under study was 0.1 g, the volume of liquid phase – 20 cm3, period of sorption – 
3–5 days. The residual metal contents were determined in solution after sorption 
by standard, well-established techniques.7,8 The value of adsorption (in mmol/g) 
was estimated on the basis of difference before and after sorption. The data 
obtained were used for construction of isotherms of metal ion sorption. 

3. Results and Discussion 

Polysiloxane xerogels containing residual thiophosphonic acid groups 
Si(CH2)3NHP(S)(OC2H5)2 in the surface layer have been prepared by sol–gel 
method. The variation in the ratio ( S/DTPPA) – from 8:1 (M I) to 6:1 
(M II) in an initial solution – allowed us to obtain porous sorbents with different 
contents of ligand groups (Table 1). 

TABLE 1. Elemental analysis data and structural–adsorption characteristics of the samples obtained.

Sample aCf.gr.

(mmol/g)
Ssp.

(m2/g)
Vs.

(cm3/g)
def.

(nm)

bSSC
(mg/g)

aCf.gr.

(mmol/m2)
Hg

2+/ f.g

r.

M I 1.2 470 0.41 3.8 360 0.0026 1.6/1 

M II 1.6 240 0.19 3.6 450 0.0067 1.3/1 

MSIII 1.3 360 0.23 3.3 180 0.0033 0.6/1

MSIV 1.9 670 0.36 4.5 420 0.0028 1.1/1
     a b

The second series of samples with the same functional groups in the surface 
layer was obtained using template method (template – DDA) (Table 1, MSIII 
and MSIV).

All the synthesized materials are pale yellow, loose, powdered substances 
(Figure 1a) with hydrophobic properties. The samples MSIII and MSIV, obtai-
ned by template method, consist of primary spherical particles which form agglo-
merates with a size up to 200 m (Figure 1b, c). 

As shown in Table 1 the xerogel M II possesses maximal surface concen-
tration of functional groups, expressed in mmol/m2. This value was within quite 
a narrow range of 0.0026–0.0033 mmol/m2 for the rest of samples.

In Figure 2 there are displayed the isotherms of sorption for mercury (II) by 
the sulfur-containing samples. All isotherms are characterized by rapid increase 
in the region of small-scale equilibrium concentrations of Hg2+ and emerged on  
the plateau at equilibrium concentrations of mercury(II) equal ~2 mmol/l in 
case of mesoporous silicas and 2.5–5.0 mmol/l – for xerogels. It confirms high 
affinity of sulfur-containing sorbents to Hg( ) ions. 
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Figure 1. SEM micrographs of xerogels M II (a), MSIII (b) and AFM graph of sample MSIII (c). 
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Figure 2.  Isothems of Hg(II) sorption for the sulfur-containing samples. 

The formation of surface complexes of 1:1 composition is observed for 
mesoporous silica MSIV with high value of specific surface area and relatively 
low surface concentration of functional groups. Obviously all thiophosphonic
groups of this sample (def  4.5 nm) are available for Hg( ) ions. 

Apparently, the functional groups are evenly distributed on the pore surface 
of this sorbent. According to calculations, the distance between them is ~7 Å. 
Under these conditions the formation of complexes of Hg( ) with two sulfur 
atoms in coordination sphere is unlikely, which is confirmed experimentally. 

The surface concentration of functional groups for mesoporous silica MSIII,
is close to that of the sample MSIV (Table 1), and the ratio of Hg2+ adsorbed to  
the concentration of functional groups equals to 0.6:1. It is difficult to imagine  

b
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that island station of functional groups for the sample MSIII, resulted in for-
mation of surface complexes Hg( ) with a composition of 1:2. Most likely, the 
formation of surface complexes with a composition of 1:1 occurred during sorp-
tion. This implies that around half of the functional groups are inaccessible for 
metal ions, a possible scenario if there is a considerable structure disorder. This 
has been indeed unambiguously proved for this sample by its XRD pattern.4

For the mesoporous xerogels M I and M II the molar ratios of “adsorbed 
metal/functional group” are (1.6–1.3):1 (Table 1). It is obvious, that there exists, 
in addition to the thiophosphonic acid groups on the surface of xerogels (MX),
an additional type of sorption center of a different nature. Measured  of aqu-
eous suspensions of xerogel M I was shown to be slightly acidic (  = 4) – in 
contrast to the analogous sample MSIII, obtained by template method (  of 
its suspensions equals to 6.9). It was observed  in the previous work that some of 
the phosphonic acid groups formed –(HO)(O)P–O–Si linkages during vacuum 
drying due to condensation of phosphonic-silanol groups for the same type of 
xerogels. Such linkage is hydrolytically unstable and it was hydrolysed during 
the contact with water, forming =P( )(O ) groups. Indeed, as was proved by 
reverse titration of aqueous suspension, the xerogel M I contained 0.7 mmol/g 
proton-donor groups. onsequently, it was supposed, that for the M I sample 
the formation of –P(S)–O  groups occurs. The sorption of excessive amount  
of Hg2+ is connected with this. For this case the value of its limited sorption 
(Figure 2) is dependent on the content of functional groups. 

4. Conclusions

Xerogels containing residues of amide derivatives of thiophosphonic acids, Si 
(CH2)3NHP(S)(OC2H5)2 have been prepared by sol-gel and template methods.  
It was shown that parameters of porous structure of such sorbents – at given 
nature of reacting alkoxysilanes – depend on both the ratio of the last and on the 
method of synthesis. It is shown, that polysiloxane xerogels, and mesoporous 
silicas containing thiophosphonic ligand groups in the superficial layer, are able 
to adsorb the ions of mercury(II) from nitric acid solutions. Thus SSC of such 
sorbents can reach 450 mg/g. The obtained functionalised silicas can find appli-
cation in environmental analytical chemistry and sorption technologies. 
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SOL-GEL PROCESS PREPARATION OF FUNCTIONAL SILICA 

MATERIALS AND THEIR APPLICATION 

VLADIMIR E. GAISHUN*, YANINA A. KOSENOK, DMITRY 
L. KOVALENKO, ALINA V. SEMCHENKO 
Advanced Materials Research Laboratory, F. Skorina Gomel 
State University, 104 Sovetskay Str., Gomel, 246019, Belarus 

Abstract. The development of new high-performance materials for electronic, 
optical-mechanical and other industries is restrained by traditional mode of their 
production. It concerns materials technologies based on physical processes, for 
example, fusion and sintering, which require heat treatment and high pressure. 
The synthesis of materials with new properties is possible using chemical, col-
loid processes. In this respect the processes of transition of a sol into a gel, and 
further into a solid body with particular properties, is the basis of development 
of new sol-gel technologies. 

Keywords: Sol-gel technology, silicon alkoxides, thin films, protection coatings, thick 

1. Introduction

Sol-gel science and technology continues to interest researchers decades after 

since the early 1930s, it met a renewed interest1,2 in the early 1970s, when mono-
lithic inorganic gels were formed at low temperatures and converted to glasses 
without high temperature melting process.3 Using this approach, homogeneous 
inorganic oxide materials with desirable properties of hardness, optical trans-
parency, chemical durability, tailored porosity, and thermal resistance, can be 
produced at room temperatures, in contrast to much higher melting temperatures 
required in the production of conventional inorganic glasses.3–5 The specific 

*To whom correspondence should be addressed: V.E. Gaishun, Advanced Materials Research Laboratory,  
F. Skorina Gomel State University, 104 Sovetskay Str., Gomel, 246019, Belarus; e-mail: vgaishun@gsu.unibel.by

its discovery. Although first discovered in the late 1800s and extensively studied 
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use of these sol-gel produced glasses and ceramics is derived from various 
material shapes generated in the gel state, i.e., monoliths, films, fibers, and 
monosized powders.

2. Experimental

The sol-gel process, as the name implies, involves evolution of inorganic net-
works through formation of a colloidal suspension (sol) and gelation of the sol 
to form a network in a continuous liquid phase (gel).2 A precursors for synthesis 
of these colloids consists of a complex of metal or metalloid element with vari-
ous reactive ligands. Metal alkoxides are most popular because they react readily 
with water. The most widely used metalloid alkoxides are the alkoxysilanes, such 
as tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS). However, other 
metal alkoxides such as alkyl aluminates, titanates, or metalloid alkoxides such 
as alkyl borates are also commonly used in the sol-gel process, often mixed with 
TEOS.

The sol-gel coating process consists usually of four steps: 

1.  The desired colloidal particles are dispersed in a liquid to form a sol. 
2.  The deposition of sol solution produces coatings on the substrates by spra-

ying, dipping or spinning. 
3.  The particles in sol are aggregated through the removal of the stabilizing 

components and produce a gel in a state of a continuous network. 
4.  The final heat treatment pyrolyzes the remaining organic or inorganic com-

ponents and form an amorphous or crystalline coating.3,6–8

During hydrolysis, addition of water results in the replacement of [OR] group 
with [OH] group. Concerning the mechanisms of hydrolysis under different con-
ditions, see.9 Hydrolysis can be accelerated by adding a catalyst such as HCl 
and NH3. Hydrolysis continues until all alkoxy groups are replaced by hydroxyl 
groups. Subsequent condensation involving silanol group (Si-OH) produced silo-
xane bonds (Si-O-Si) and alcohol and water.

Polymerization to form siloxane bond occurs by either a water or alcohol 
release. The condensation leads to formation of monomer, dimer, cyclic tetramer, 
and high order rings. The rate of hydrolysis is affected by pH, reagent concen-
tration and H2O/Si molar ratio (in case of silica gels). Also ageing and drying 
are important. By control of these factors, it is possible to vary the structure and 
properties of sol-gel derived inorganic networks. 

As the number of siloxane bonds increases, the molecules aggregate in solu-
tion, where they form a network, a gel that can be reinforced by drying. The water 
and alcohol are driven off and the network shrinks. At pH of greater than 7, and 
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Figure 1. Applications of the sol-gel method. 

H2O/Si ratio ranging from 7 to 5, spherical nano-particles are formed. Polymeri-
zation to form siloxane bonds by either an alcohol or water elimination occurs. 

2 HOSi (OR)3  (OR)3 Si O Si (OR)3 + H2O
or

2 HOSi (OR) 3  (OR)2OH Si O Si (OR)3 + ROH 

Above pH of 7, silica is more soluble and silica particles grow in size. Growth 
stops when the difference in solubility between the smallest and largest particles 
becomes indistinguishable. Larger particles are formed at higher temperatures.

3. Results and Discussion 

The applications of sol gel-derived products are numerous (Figure 1).
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One of the largest application areas is thin films, which can be produced on a 
substrate by spin-coating or dip-coating. Other methods include spraying, electro-
phoresis, inkjet printing or roll coating. Optical coatings, protective and deco-
rative coatings, and electro-optic components can be applied to glass, metal and 
other types of substrates by these methods. 

Sol-gel silica films for integrated circuits protection

1. Sol deposition onto circuits by spin-coating method 
2. After heat treatment at 5000C on a surface of circuits a homogenous trans-

parent coating was formed
3. Thickness of the coating was 0.2–2 m
4. Good adhesion to a surface of silicon, silicon dioxide, aluminum (aluminium 

distributings of a microcircuit) 
5. Electric strength not less than 500 V/mm 
6. Mechanical stability to a temperature cycling 

Sol-gel silica films as source of B and Sb diffusion dopants in silicon electronic 
engineering

We developed a sol-gel technique for preparation of B and Sb doped glassy film 
on silicon wafers. The use of both types of dopants allowed fabrication of p-n 
layers in silicon. Homogeneous and transparent films of thickness in the range 
0.2–2 m were produced after the heat treatment at 500  and 1,100  in air 
with good adhesion to the surface of glasses and silicon wafers. Table 1 below 
demonstrates main characteristics of the sols for boron doping. Dielectric proper-
ties of the films were controlled within the operations used, and the final resis-
tance of silicon was in the range 7–90 /cm.

TABLE 1. Characteristics of the sols for boron doping. 

Kinematic viscosity at 20 C (cSt) Density at 20  (g/cm3) Content of boron oxide (g/l) 

2.2–5.0 0.84–0.86 7.0–9.0
2.3–5.0 0.84–0.86 14.0–18.0
2.3–5.0 0.84–0.86 22.0–26.0
1.4–1.6 0.85–0.88 51.0–61.0

Protection coatings

Technology for manufacturing of coatings by sol-gel method includes following 
steps: preparation of mixture (sol); sol aging for 1–2 weeks; filtration; application 
of a medium on the wafer by centrifugation method; thermal treatment in the 
controlled gas atmosphere. 
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Figure 2. SEM-edge of protective sol-gel  film. 

Protective quartz coatings (Figure 2) have following characteristics:

Homogeneous clear coating is formed after thermal treatment at tempe-
ratures 200–500
Coating thickness is 1–3 m
Coating size: 1–11 cm in diameter 
Mechanical durability to temperature variation 
Humidity and corrosion resistance
Dielectric capacitance coefficient: 10.5 
Initial charge on the board of silicon division: approximately 2*1,010 cm–2

 Ion Na, K, Li charge: 1,012 atoms/cm2

Decorative coatings have following characteristics: 

• Treatment temperature: 200–500
•  Good adhesion to glass surface, plastics, silicon 
•  Coating thickness: 0.2 m
•  Humidity and corrosion resistance 
•  Ultraviolet radiation resistance (Figure 3) 

Cast into a mold, and with further drying and heat-treatment, dense ceramic
or glass articles with novel properties can be formed that cannot be created by 
any other method. Macroscopic optical elements and active optical components 
as well as large area hot mirrors, cold mirrors, lenses and beam splitters all with 
optimal geometry can be made quickly and at low cost via the sol-gel route. 

Thick silica gel glasses

Thick silica gel glasses (Figure 4) can be applied in optics, quantum electronics, 
microelectronics, spectacles of different types, screens of TFT- displays, optical 
windows in devices, plates for a microwave microcircuit, etc.
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With the viscosity of a sol adjusted into a proper range, both optical and re-
fractory ceramic fibers can be drawn which are used for fiber optic sensors and 
thermal insulation, respectively. 

Ultra-fine and uniform ceramic powders can be formed by precipitation. 
These powders of single- and multicomponent compositions can be made in 

Figure 4. The steps of sol-gel glass synthesis. 

Figure 3.  Colored sol-gel films doped by oxides of metals (A) and organic dyes (B). 

submicrometre particle size for dental and biomedical applications. Composite 
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b

powders have been patented for use as agrochemicals and herbicides. Also pow-
der abrasives, used in a variety of finishing operations, are made using a sol-gel 
type process. 

Spherical particles 

Silica spheres were prepared by hydrolysis and polycondensation of tetraethyl-
orthosilicate in water solution with basic catalyst and continuous mixing. The 
silica spheres were dried at temperatures 293 K. Spherical silica particles of  
1–3 mm average diameter have been obtained (Figures 5, 6). 
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Colloidal nanosized silica 

– Density of suspension   1.09–1.10 / 3

  –  at 2000     5.5–7.0 
  – Contents SiO2, wt%   13–17 

– Size of fragments, nm   30–80. 

particles.

We produced new ultra dispersed suspension on the basis of pyrogenic silicon
dioxide (Figure 7). The obtained product has following characteristics: 

sol-gel spherical silica particles. 
Figure 5. SEM micrograph of the spherical silica Figure 6. Distribution on the sizes of the
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Colloidal nanosized silica is of huge interest for application in various bran-
ches of a science and industry: during production of paper, high-temperature 
wear-resistant ceramics, quartz glass by sol-gel method, polishing of semicon-
ducting materials, manufacturing of cellophane et al. 

Aerogels

If the liquid in a wet gel is removed under a supercritical conditions, a highly 
porous and extremely low density material called aerogel is obtained. Aerogels 
are a novel class of porous materials with wide range of applications. The uni-
que properties include low density, high surface area, low thermal conductivity 
and low dielectric permittivity. They are highly porous solid materials with 
extremely low densities (bulk densities 0.004–0.500 g/cm3), large, open pores, 
and high specific surface areas. Aerogels possess high thermal isolation ability – 
up to 800 , acoustic isolation – speed of a sound through aerogel makes only 
100 m/s. The refraction coefficient of aerogel is very small: – 1.0–1.05. One 
ounce (28,349 g) aerogel has a surface area equal to ten areas of a football field.

The most famous examples of inorganic gels are produced from silicon 

(TMOS, Si(OCH3)4), and tetraethylorthosilicate (TEOS, Si(OCH2CH3)4. The 
balanced chemical equation for the formation of a silica gel from TEOS is:

Si(OCH2CH3)4(l) + 2H2O (l)  SiO2 (s) + 4 HOCH2CH3                (l) 

The physical-chemical properties of SiO2 aerogels vary over a wide range 
because of the differences in the structure of the primary particles and network 
formation.

Drying the gel at low temperature (25–1000C), it is possible to obtain porous 
solid matrices called xerogels.

One of the more important applications of sol-gel processing is to carry out 
zeolite synthesis. Other elements (metals, metal oxides) can be easily incorpo-
rated into the final product and the silicalite sol formed by this method is very 
stable.

Other products fabricated with this process include various ceramic mem-
branes for microfiltration, ultrafiltration, nanofiltration, pervaporation and reverse 
osmosis.

4. Conclusions

The sol-gel method is known to produce materials from solutions either in bulk, 
coatings, films, fibers or powders. It is also known that this method makes 
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cally grown in the last three decades. Concerning the microstructures, the sol-gel 
method applies to porous materials, dense materials like glasses and ceramics, 
organic-inorganic hybrids and nanocomposites.

Advantages of Sol-Gel Technique 

1. Can produce thin bond-coating to provide excellent adhesion between the 
metallic substrate and the top coat 

2. Can produce thick coating to provide corrosion protection performance 
3. Can easily shape materials into complex geometries in a gel state 
4. Can produce high purity products because the organo-metallic precursor of 

the desired ceramic oxides can be mixed, dissolved in a specified solvent and 
hydrolyzed into a sol, and subsequently a gel, the composition can be highly 
controllable

5. Can have low temperature sintering capability, usually 200–600°C 
6. Can provide a simple, economic and effective method to produce high quality 

coatings

References   

1. L.L. Hench and J.K. West Chem. Rev., 90, 35–40 (1990). 
2. O. Lev et al., Anal. Chem. 67(1), 22A–30A (1995). 
3. C.J. Brinker and G.W. Scherer, Sol-Gel Science: The Physics and Chemistry of Sol-Gel 

Processing (Academic, New York, 1990). 
4. C.J. Brinker and G.W.J. Scherer, Non-Cryst. Solid. 70, 301–322 (1985). 
5. K.D. Keefer, in: Silicon Based Polymer Science: A Comprehensive Resource; eds. J.M. Zeigler 

and F.W.G. Fearon, ACS Advances in Chemistry Ser. No. 224 (American Chemical Society, 
Washington, DC, 1990), pp. 227–240. 

6. C.J. Brinker, A.J. Hurd, P.R. Schunk, C.S. Ashely, R.A. Cairncross, J. Samuel, K.S. Chen, 
C. Scotto and R.A. Schwartz, Sol-gel derived ceramic films–fundamentals and applications, 
in: K. Stern (Ed.), Metallurgical and Ceramic Protective Coatings (Chapman & Hall, London, 
1996), pp. 112–151. 

7. T. Troczynski and Q. Yang, Process for Making Chemically Bonded Sol-Gel Ceramics. U.S. 
Pat. No. 6,284,682, May 2001. 

8. T. Olding, M. Sayer and D. Barrow, Ceramic sol-gel composite coatings for electrical insu-
lation, Thin Solid Films 398–399, 581–586 (2001). 

9. V.G. Kessler, G.I. Spijksma, G.A. Seisenbaeva, S. Håkansson, D.H.A. Blank and H.J.M. 
Bouwmeester, J. Sol-Gel Sci. Tech. 40, 163–179 (2006). 

possible a low temperature processing of materials. This technology has dramati-

305



SOL-GEL DERIVED FILMS IN POROUS ANODIC ALUMINA 
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Minsk, Belarus 

Abstract. The report summarizes peculiarities of synthesis and optical properties 
of the structures xerogel/porous anodic alumina doped with Er, Tb and Eu. 
Porous anodic alumina is considered as attractive material for sol-gel synthesis 
from viewpoint of luminescence properties of the structure xerogel/porous anodic 
alumina. Origin of strong luminescence of lanthanides from xerogels in meso-
porous matrices is discussed. 

Keywords: Sol-gel, xerogel, porous anodic alumina, photonic crystal, luminescence, 

1. Introduction

Interest in sol-gel synthesis arises from the relatively low cost and the approach 
allows the chemical content and concentration ratio of the elements of the sol-
gel derived films to be tailored, with ready fabrication in a form of powder, thin 
films and bulk materials. Sol-gel derived materials could be prepared from a 
colloidal solution which is a dispersion of colloidal particles with diameter of 
1–100 nm in a liquid.1

About a decade ago it was demonstrated that colloidal solutions deposited 
by spinning are able to penetrate through the channels of mesoporous matrices, 
enabling after heat treatment fabrication of a xerogel (dried gel) located within 
the porous layer of several micrometers thickness. Most of the experiments with 
this property of sol-gel synthesis have been done with mesoporous materials as 
porous silicon, porous anodic alumina and artificial opals. 
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Synthesis of sol-gel derived oxides in mesoporous materials was started from 
porous silicon, indeed, fabrication of porous silicon still remains one of the most 
simply method of synthesis porous material due to silicon ability to oxidize or 
dissolve.2

Type of porosity of this material depends on the doping level of silicon sub-
strate, the current density and concentration of electrolyte, thus micro-, meso-, 
and macroporous silicon could be fabricated using the same electrochemical 
cell.3 Although porous silicon had been investigated in microelectronics since 
1950s,4,5 a burst of interest to it occurred in 1990 when luminescent properties  
of porous Si has been reported.6 Interest in fabrication of the structure xerogel/ 
porous silicon was initiated in 1990s by a challenging problem of development 
light-emitting devices for visible and infrared emission on silicon basis. In the 
experiments micro-,7 meso-8–14 and macroporous15 silicon was used for spin-on 
deposition of coatable sols containing erbium nitride dissolved in water and etha-
nol. Penetration of the sols of metalloorganic precursors through the channel of 
the pores was concluded from observation the components of xerogels with 
SIMS and SNMS,9 TEM13 and RBS12 analyses in porous silicon 0.3,13 1.512 and 
59 µm thick. However, wide size dispersion of the pores and their orientation 
hampers in reproducible synthesis of xerogels, that was concluded even from 
comparison of PL measurements from xerogels in micro-, meso- and macro-
porous silicon.7,9,12

2. Experimental

Furthermore, porous anodic alumina (PAA) is known to exhibit a regular pore 
morphology with pores at the center of approximately hexagonal cells, whose 
size can be tailored.16,17

cells by choosing the electrolyte and anodizing conditions is given by Figure 1, 
which bring together selected SEM-images of our PAA samples taken at the 
same magnification 40,000. 

(a) (b) (c) (d) 

Figure 1. SEM-images of porous anodic alumina films illustrating variation in size of the honey-
comb cells and diameter of the pores. All images were selected for magnification 40,000. The 
samples were prepared at different electrolytes: (a) phosphoric acid 1.7%, (b) oxalic acid 3%, 
(c) sulphosalicylic acid 17%, (d) sulphuric acid 9%. 

 Illustration the possibility of tailoring the size of the 
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Transmission of porous anodic alumina film within the wide visible range 
could be greater then 90% at direction parallel to the pore channels and increases 
with perfection of the structure due to diminishing diffuse scattering caused by 
the defects of a sample. Transmission of porous anodic alumina film drastically 
reduces even with slight deviation the angle of incidence (registration) from 
direction parallel to the channels of the pores (Figure 2a). This feature is consi-
dered regarding anisotropy of the photonic density of states (DOS) in mesoscopic 
structures with periodically modulated refractive index in two dimensions – 2D 
photonic crystals 18. Anisotropy of DOS in porous anodic alumina is well-refined 

at scattering indicatrixes measured for different angles of incidence. The one 

fuse scattering of light through the matrix with nonisotropic DOS like porous 
anodic alumina film. DOS has a maximum value in the direction along the pores 
of anodic alumina films and a minimum in the perpendicular directions. 

Figure 2. Angular diagrams of the porous anodic alumina membrane: (a) transmission angular 
diagram and diagram of glass given for comparison; (b) scattering indicatrixes for different angles of 
laser beam incidence. Inset of (b) depicts scheme of experimental setup. Laser beam wavelength 
632 and 531 nm (a), 632 nm (b) (After ref.18).

High-transparency of anodic alumina oxide on the one hand and strong opti-
cal anisotropy on the other hand may be one of the reasons of growing interest 
to exploit this material as a cage for light-emitting species. Filling the channels 
of the pores of anodic alumina films with silica,19–21 titania,22–26 alumina27–29

xerogels doped with lanthanide ions Er, Tb, Eu, organic dyes,30 semi-conductor 
nanocrystals,31,32 polymers33,34 quantum dots35,36 and biological samples37 has 
been investigated, and strong luminescence of optically active species incur-
porated in voids of anodic alumina was reported. 

the pores regardless the angle of incidence. This central petal originates from dif-

the other side petal shows mirror symmetry to incident beam with respect to the  
pore axis. Significantly is appearance of the central petal along the channels of

side petal coincides with incident beam propagation, whereas orientation of

from the scattering measurement (Figure 2b). Three petals are always observed 

309



N.V. GAPONENKO 

To investigate the spatial distribution of xerogel deposited onto porous 
anodic alumina by spinning followed by thermal treatment, selected samples 
containing terbium-doped titania and – alumina xerogels were examined by 
SIMS, 21,23 TEM, SEM and EDX analyses.22,24,28,38 After the first spin-on depo-
sition of a sol followed by drying transmission electron micrographs revealed 
relatively dark, fine textured material of amorphous appearance at the base of 
the pore. Gel material towards the middle of the film appeared to be limited to a 
thin film on the surface of the cell material adjacent to the pores with the main 
parts of the pore volumes remaining unfilled. Further the base of the pore 30 µm 
thick is completely filled with the microporous alumina xerogel after five 
sequential spin-on depositions. 

Technological methods of increase the PL intensity through electrochemistry 
and sol-gel synthesis is given in Figure 3. Er, Tb and Eu luminescence from 
xerogels fabricated by spinning on porous anodic alumina is much stronger then 
from the same xerogels fabricated on flat silicon substrate.22,29 Because of the 
low efficiency of Er PL, fabrication of one spin-on layer is not sufficient for 
registration 1.54 µm light emission. Generally, PL of lanthanide from the struc-
ture xerogel/PAA increases with the thickness of porous anodic alumina, and 
for some excitation wavelength increases with the number of xerogel layers 
inside the pores,39 and even with the chosen concentration of lanthanides in xero-
gels.22,26,28,40 Concentration quenching of lanthanides in xerogels embedded in 
mesoporous matrices has not been detected. 

(a) (b) (c) 
Figure 3. Technological factors towards increase in PL of lanthanides from xerogel/porous 
anodic alumina structure: (a) increase the concentration of lanthanides in xerogel (see for the 
details22,26,28,40); (b) increase the number of xerogel layers22,23,25,28; (c) increase the porous Al2O3
film thickness.21,23,45

Some porous anodic alumina samples fabricated in oxalic acid exhibit blue 
PL visible to the naked eye with a strong band at about 450 nm.36,41–43 The 
origin of the blue PL from PAA grown in oxalic acid is associated with gene-
ration F-centres during anodizing of aluminium or excitation of residual chemical 
components absorbed from the electrolytes. 

A method for the fabrication of luminescent visible images based on anodi-
zing of aluminium, photolithography and sol-gel synthesis of Tb- and Eu-doped 
xerogels was recently proposed.44,45 Development of multicolor luminescent 
images with the use of blue PL of porous anodic alumina, light emission of 
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quantum dots, lanthanides and also dye molecules46,47 from xerogels in porous 
anodic alumina needs further experimental work. 

In conclusion, penetration of sols containing lanthanide ions through meso-
scopic channels of porous anodic alumina followed by thermal treatment pro-
motes strong photoluminescence of lanthanides. One of the reasons of enhanced 
photoluminescence observed from porous anodic alumina is supposed to be the 
anisotropy of photonic density of states. 
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LIGHT SENSITIVE TiO2/CdS HETEROSTRUCTURES 
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Abstract. Mesoporous TiO2 films were prepared by template assisted sol-gel 
method and used as support for deposition of CdS particles on its surface to 
produce visible light sensitive nanocomposites. The influence of the surface 
morphology of mesoporous titania matrix onto the TiO2/CdS heterostructure 
formation was investigated using UV-Vis, IR, low-angle XRD, SEM and AFM 
methods.

Keywords: Sol-gel, mesoporous TiO2 films, TiO2/CdS.

1. Introduction

Modified titania materials are good candidates to produce efficient photocatalysts, 
solar cell devices, self-cleaning surfaces, gas sensors, etc.1,2 For most appli-
cations one would prefer to obtain visible light sensitive titanium dioxide with 
the developed porous structure and high surface area. A lot of ways have been 
explored to reach desired properties. Sol-gel synthesis for the preparation of 
modified oxides is usually used at the laboratory scale due to its low cost and 
possibility to perform different kind of modifications. Surfactant incorporation 
for synthesis of porous powders and films, metal ion introduction to control the 
phase composition, porosity, band gap and electronic structure could be easily 

*To whom correspondence should be addressed: Dr. N. Smirnova; e-mail: smirnat@i.com.ua
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achieved utilizing sol-gel technology.3–5 Alternative route is modification of 
sol-gel synthesized mesoporous titanium dioxide films through adsorption or 
precipitation of semiconductor nanoparticles to produce coupled nanocomposites 
with increased efficiency.6

This study is devoted to investigation of the influence of surface morpho-
logy of sol-gel synthesized mesoporous TiO2 films on the structure and spectral 
response of visible light sensitive TiO2/CdS nanocomposites prepared via pre-
cipitation of CdS particles by bath method. 

2. Experimental

Mesoporous TiO2 thin films were synthesized by sol-gel method using titanium 
tetraisopropoxide as a metal source and three-block copolymer (PEO)20(PPO)70

(PEO)20 Pluronic P123 as a template in alcoholic medium. Concentrated hydro-
chloric acid and acetylaceton were added to the precursor as stabilizers for the 
resulting colloid. Molar ratio of the components in the sol for films deposition 
was as following: Ti(O iPr)4 : 123 :  : HCl : 2  : 2 5  = 1 : 0.05 : 0.5 : 
4.6 : 10 : 41. To burn out organic residues and to form titania photocatalytically 
active phase, anatase, the films were heat treated at 300°C, 400°C and 500°C  
in air. 

TiO2/CdS heterostructures were prepared by chemical bath deposition method.7
CdS particles were precipitated onto the surface of the mesoporous TiO2 films 
under thiourea decomposition in alkaline medium (NH4OH, 25%) in the pre-
sence of Cd2+ source (CdSO4·2.5 2  (AnalaR grade)). 

Samples were characterized by UV-Vis, IR, low-angle XRD, SEM, AFM 
methods.

3. Results and Discussion 

Template assisted sol-gel synthesis method of mesoporous TiO2 films was chosen 
for the preparation of titania coatings with developed porous structure. Selec-
tion of amphiphilic three-block copolymer of ethylene and propylene oxides 
Pluronic P123 as the structure directing agent is based on its ability to interact 
with the polar fragments of titania/alkoxide network by means of hydrogen 
bonding and weak electrostatic interactions8–9

structure after template removal under moderate conditions (solvent extraction, 
slow heating, etc.). Concentrated hydrochloric acid and acetylacetone were added 
to the precursor to slow down the agglomeration of TiO2 primary particles and 
to prevent immediate precipitation of oxide phase with p r porosity.10 As-
prepared TiO2 films have a set of reflections in the low-angle XRD spectra 
(Figure 1) for which calculated d spacing values are 19.6, 10.9, 5.6, 3.7, 2.8 and 
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2.3 nm correspondingly. This set of reflections can be attributed to the forma-
tion of ordered lamellar mesophase11 for organic/ inorganic hybrid films before 
calcination. After calcination at 300°C and 400°C, only one peak was preserved 
in the low-angle XRD spectra of the TiO2 films (Figure 1, inset) due to the partial 
disordering of the mesoporous structure of the films as a result of organic resi-
duals burnout/TiO2 matrix crystallization. In addition, considerable shrinkage of 
the mesoporous structure of the films can be postulated taking into account  
d spacing values (300°C – 15.1 nm, 400°C – 14.9 nm) calculated for films after 
thermal treatment. Further increase of calcination temperature up to 500°C led 
to disappearance of the low-angle XRD reflections for the TiO2 films as a result 
of loss of long-range meso-ordering in the films because of the high tendency of 
titanium dioxide to crystallize at temperatures higher than 400°C. 
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Figure 1. Low-angle XRD pattern for as-
prepared TiO2 film. Inset: low-angle XRD pat-
terns for TiO2 film heat treated at 300°C – 
1and 400oC – 2.
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Figure 2. FT-IR spectra of the TiO2 meso-
porous films: 1 – as-prepared, 2 – heat tre-
ated at 500°C.

FT-IR spectra of the investigated TiO2 films (Figure 2) deposited onto steel 
substrates indicate clearly that the organic part of the gel is burnt out after ther-
mal treatment of the films up to 500°C. 

Chemical deposition of the CdS particles onto the surface of the TiO2 films 
was made by early-described bath method.7 The deposition process is based on 
the slow release of Cd2+ and S2  ions in the solution, which permits controlled cry-
stal growth on the substrates that are suitably mounted in the solution. The slow 
release of Cd2+ ions is achieved by the dissociation of a complex species of 
cadmium [Cd(NH3)4]2+. The S2  ions are supplied by decomposition of thiourea. 

The overall reaction for the process is given by.7

[Cd(NH3)4]2+ + SC(HN2)2 +4OH  CdS + 6NH3 + CO3
2  + H2O
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Cadmium sulphide precipitation on the surface of the mesoporous TiO2

films was monitored by means of UV-Vis spectroscopy and characterized by 
SEM and AFM microscopy (vide infra).
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Figure 3. Optical absorption spectra of the TiO2 – 1 and TiO2/CdS – 2 films. Inset: ( h )1/2 = 
f(h ) and ( h )2 = f(h ) dependences for TiO2 and TiO2/CdS films. 

Synthesized TiO2 films were optically transparent in the wide spectral range 
350 <  < 1,000 nm (Figure 3, curve 1). Absorption onset for the TiO2 films is 
observed near 350 nm and is shifted towards higher energy in comparison with 
bulk TiO2 powders (380–400 nm). TiO2/CdS composites were yellow colored, 
that is typical for cadmium sulphide, which has absorption band in the visible 
range of the spectrum with absorption onset at  = 517 nm (Figure 3, curve 2). 
Band gap energy Eg values were calculated by extrapolation of the linear parts 
of the dependences ( h )1/2 f(h ) and ( h )2 f(h ) to abscissa axis for TiO2

and CdS nanocrystals (Figure 3, inset) assuming indirect and direct electronic 
transitions to prevail for above semiconductors,12,13 correspondingly. Eg value 
of 3.5 eV was obtained for mesoporous TiO2 films that is considerably higher 
than reported Eg for bulk titanium dioxide, 3–3.2 eV, and corresponds to the 
formation of nanosized crystallites of TiO2 in our films.12 Eg value for chemi-
cally deposited CdS does not exceed that one for bulk cadmium sulphide and is 
equal to 2.4 eV. 

Surface morphology of the mesoporous TiO2 films as well as TiO2/CdS
heterostructures was studied using AFM microscopy. Surface of the TiO2 film 
heat treated at 400°C consists of ordered rows of formations with sizes of 600–
800 nm and heights in the range of 220–800 nm (Figure 4a) that might be attri-
buted to the structure directing action of the template agent. Root mean square 
roughness Rq of the film is 105.3 nm. As it was stated earlier, further increase of 
heat treatment temperature up to 500°C leads to the loss of long-range meso-
ordering of the films. Now this effect can be observed assuming AFM image  
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of surface of the film (Figure 4b), from which it can be seen that the surface  
is much smoother and composed of densely packed formations with sizes of 
300–600 nm and heights of 5–32 nm compared to the surface of 400°C treated  

Figure 4. 3D and 2D AFM images of the surface of TiO2 and TiO2/CdS films deposited onto 
glass substrates: ( ) TiO2 (400° ), (b) 2 (500° ), (c), (e) 2/ dS (400° ), (d), (f) 2/ dS
(500° ).

319



Y. GNATYUK ET AL. 

film.Substantial decrease of surface roughness Rq to 4.7 nm for the TiO2 film 
treated at 500°C can be attributed to the crystallization of the titanium dioxide 
and possible compression of the structure. It was observed that size distribu- 
tion of CdS particles over the TiO2 support surface depends strongly on the 
substrate morphology. Large cadmium sulphide particles were formed on the 
surface of TiO2 film calcined at 400°C with mean size in the range of 1.6–1.8 

m and heights of 5–170 nm (Figure 4c, e). Root mean square roughness Rq of 
the TiO2(400°C)/CdS composite film is 35.1 nm. On the other hand, more homo-
geneous coverage with uniform CdS particles was observed for titanium dioxide 
film calcined at 500°C. As was evaluated from the AFM image, CdS particles 
with mean size of 0.8–1.0 m and heights in the range of 65–265 nm (Figure 
4d, f) homogeneously cover TiO2 substrate surface treated at 500°C.

Figure 5. SEM image of TiO2/CdS heterostructure. 

Observed variations in the formed cadmium sulphide particles can be obvi-
ously attributed to the changes in the surface morphology and roughness of TiO2

films’ surface that in its turn is determined by heat treatment conditions. Homo-
geneous surface structure as well as low roughness of the mesoporous TiO2 film 
calcined at 500°C favors the formation of great number of nuclei in crystalli-
zation of CdS particles with uniform growth rate in z-axis direction relative  
to the substrate. In opposite, in our opinion, highly rough surface of the TiO2

film treated at 400°C has energetically not equivalent surface sites on which cad-
mium sulphide parti-cles nucleate during deposition process and thus, preferen-
tially grow on them. Nevertheless high width to height ratio for formed CdS 
particles witnesses of high degree of coverage of TiO2 surface by cadmium 
sulphide that was also proved by SEM microscopy of TiO2 films surface after 
modification (Figure 5). As it was determined from SEM images, surface of 
mesoporous titanium dioxide films with pores in the range of 8–26 nm is homo-
geneously covered by CdS agglomerates that are aggregates of nanorod type 
formations with width of 50–70 nm and length in the range of micron. 

320



MESOPOROUS TiO2 FILMS 

4. Conclusions

Mesoporous TiO2 films were synthesized using template assisted sol-gel method. 
Thermal treatment conditions determined the surface morphology and rough-
ness of titanium dioxide films that in one’s turn depends on degree of burnout 
of organic residuals and crystallization of oxide matrix. 

Deposition of CdS particles onto the surface of mesoporous TiO2 film can 
be proposed as a way of inorganic sensitization of titania film to visible light. 
Distribution of cadmium sulphide particles was highly sensitive to surface mor-
phology and roughness of titanium dioxide films’ surface. 
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OBTAINING OF THE HYBRID SLICA-POLYMER SORBENTS

FOR LIQUID CHROMATOGRAPHY 
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LUSINE G. MANGASARYAN,
HAMBARDZUM G. KHACHATRYAN*

Yerevan State University, Department of Chemistry, 
 Chair of Analytical Chemistry, 
1, Alek Manoukian Str., Yerevan, 375025 Armenia 

Abstract. The obtaining of hybrid mineral-polymer sorbents, based on wide-
porous microspherical silica gels (with 30 nm average pore diameter) and polymer 
components, has been discussed. The possibility to apply the obtained sorbents 
in reversed-phase high performance liquid chromatography has been studied. 
Introducing the polymer layer onto the surface of micro-spherical silica gel has 
been realized by means of “dry polymerization” of the corresponding mono-
mers in the adsorbed layer of the porous matrix surface.

Keywords: Polymer-mineral packings, reversed-phase high performance liquid 
chromatography, poly-octadecylmetacrylate (Poly-ODMA), poly-octadecylmeth-
crylate-methylmethacrylate (Poly-ODMA-MMA), poly-octadecylmethacrylate-methyl-
methacrylate-divinylbenzene (Poly-ODMA-MMA-DVB), dry polymerization. 

1. Introduction

The development of new methods for the synthesis of packing materials for chro-
matography aiming to improve their structure and chromatographic parameters 
always was and remains significant even today. Most often, researchers turn to 
different means of modification of the surface of already existing chromato-
graphic systems. Reversed phase high performance liquid chromatography (RP-
HPLC) is considered as the most popular HPLC technique. At present silica 
remains the most widely used packing material for HPLC.1–4

Problems with the modification of porous silica by organic compounds with 
different functional groups occupy the central place during the design of HPLC-
packings.5
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Silanol groups play a key role during the modifying process of the silica gel 
surface by series of modifiers (in particular, alkylchlorosilanes).6 It is important 
to mention that the presence of the silanol groups grafted to the surface of the 
obtained phases is mandatory. At the same time, this fact causes problems during 
the chromatography of basic compounds (peaks “tailing”, restricted pH-stability 
range, etc.).7,8 Different methods are used to avoid these disadvantages of the 
silica gel packings. In our opinion, among these methods the polymer modifica-
tion (more exactly encapsulation of the silica surface) may be the most reliable. 
In this case not only silanol groups undergo screening but also an access of the 
aggressive environment to the silica surface may be completely excluded. This 
circumstance augments pH-stability of the sorbent.  

The polymer-based chromatographic materials possess following disadvan-
tages: they don’t have hard structure, are less efficient, swell in the organic sol-
vents.3 The joining of positive properties of these components permits to obtain 
hybrid mineral-polymer (silica-polymer) packings deprived of disadvantages 
intrinsic to the silica and polymer materials.

The polymer modification of porous systems (particularly, silica gel) sur-
face has the following advantages in comparison to alkylsilanes:

–  The disadvantages of silica materials are eliminated (silanol groups are absent 
(screened), pH working range may be broadened). 

–  The quantity of the inserted phase is not restricted. 
–  It is possible to introduce simultaneously several functional groups (inclu-

ding the groups with inverse polarity). 
–  Such systems may be successfully applied in RP-HPLC.9–12

2. Experimental

2.1.  INSTRUMENTATION AND RAW MATERIALS 

Micro-spherical silica gel (MSG) with the following characteristics has been 
used as the initial porous silica: specific surface area Ssp. = 80 m2 g–1; specific 
pore volume Vsp = 0.50; 0.57; 0.70 cm3 g–1; average pore diameter dav. = 30 nm, 
particle size dp. = 7.5 µm, obtained by hydrothermal treatment (T = 200° ; dur-
ation – 4 h, pH 8.0). The process was carried in the 0.5 l capacity autoclave; 
solid:liquid ratio (S:L) 1:14; autoclave loading level 0.8.

Monomers and polymerization initiator, dicumyl peroxide (DCP), were 
obtained from Aldrich. 

The content of the polymer component was determined gravimetrically (from 
sorbent mass values before and after the baking at 800 C during 4 h).
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2.2.  “DRY POLYMERIZATION” ON THE SURFACE 

Silica beads were added to a solution of the monomer and DCP in n-pentane.
The monomers composition and their quantities are given in the Table 1. DCP 
quantity consists 5.0% mass of the total monomer mass. Subsequently, the eva-
poration of the solvent was carried out in a rotary evaporator. Temperature was 
initially increased to 100oC over 1 h then kept for another hour at this tempe-
rature, then heated to 130oC over 1 h and then kept at this temperature for another 
1 h. The sorbent thus obtained was rinsed with a hot mixture of dimethylfor-
mamide-toluene, further with ethanol then dried by acetone on a filter. The final 
drying of the samples was carried out in the drying oven at 120oC during 2 h.

2.3.  CHROMATOGRAPHIC INVESTIGATIONS   

Chromatographic investigations have been carried out on a Waters HPLC sys-
tem (Waters 626 Pump, Waters 600 Controller, Waters 486 Tunable Absorbance 
Detector) using 150 × 4.6 mm columns. An acetonitrile-water (50/50) mixture 
was used as a mobile phase (pH 7.0; flow rate 1 ml/min). Absorbance was mea-
sured at UV 254 nm wavelength.

3. Results and Discussion 

The chromatographic data for separation of uracil (1) – pyridine (2) – phenol 
(3) – toluene (4) test mixture (are presented in Table 1, line 1) was obtained 
with the column packed by the MSG modified by the ODMA homo-polymer. 
The toluene retention time in the given case is 5.04 min which is 1 min more 
than its retention time on the Si-300 C18 column. It is notable that the ODMA 
homo-polymer practically screens the silanol groups on the silica gel surface 
which is proved by the coincidence of the retention times for pyridine and 
phenol. Apparently the “methacrylate” part of the polymer “secures” the polymer 
encapsulation of the surface and the “octadecyl” part – provides the presence of 
the C18-groups on it. 15.0 mass% polymer content on the surface provides about 
10.0–12.0 mass% C18-groups content, which exceeds two times the amount of 
the reversed phase obtained as a result of modification of the surface by octa-
decyltrichlorosilane ODS.13 The increase of the toluene retention time from 
3.70 to 5.04 min may be explained namely by this circumstance.  

The increase of the toluene retention time depends on the increase of the 
polymer (ODMA-MMA co-polymer) quantity introduced into the silica gel 
surface. Conceivably, structuring of the polymer occurs and the influence of 
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quantity. Such assumption is based on the fact that the reverse picture must be 
observed with increase of the polymer quantity.

Namely, the retention time for the toluene must decrease as much as the sur-
face area value of the porous material decreases when polymer content increases. 
This fact contradicts with the known equation connecting the retention factor 
with the specific surface area values:

k’ = S / Vm K

where S is the surface area of the column, Vm the volume of the mobile 
phase in the column, and K is the distribution coefficient. 

One can solve this problem only when assuming that the polymer intro-
duced into the surface possesses its own porosity. Only in this case it becomes 
possible to involve more C18-groups into the chromatography process. The intro-
duction of the DVB to the co-polymer composition increases the porosity of the 
polymer cover (see Table 1, lines 5–7). This allows involving of higher number 
of C18- and phenyl groups into the chromatographic process. The accessibility 
of the surface for modification by silanes is determined by porous charac-
teristics of the sorbent. In case of polymer modification the situation looks a bit 
different. As the value of the specific surface area isn’t the limiting factor for 
the quantity of the modifier (most likely pore volume, and average pore dia-
meter in some level) in this case polymer coatings consisting of several layers 
may be obtained. In addition, mutual overlapping of functional groups takes 
place when increasing the quantity of the polymer introduced. Furthermore, as a 
result of the polymer layer structuring, it is not only the maximal participation 
of the whole amount of the C18-groups that influences the toluene retention time. 
It is necessary to account for the influence of the phenyl groups of the DVB as 
well, because it is known that such groups are not inferior to C18-groups by their 
hydrophobicity.

It is evident that the modification by the ODMA homo-polymer in 15.0 
mass% quantity secures 11.5 mass% C18-groups content and the toluene retention 

mass%, which corresponds to the 12.5 mass% C18-groups content. The toluene 
retention time in this case is 6.10 min. 

this phenomenon becomes more appreciable with increase of the polymer 
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When the polymer content is 33.33 mass%, the ODMA content equals 16.67 

time is 5.04 min. When modifying by ODMA-MMA co-polymer, the toluene 
retention time increases with the increase of the introduced polymer quantity. 

18
values are somewhat higher as compared with ODMA homo-polymer (Sample 
1). It is necessary to note that in the latter case the pore volume is lower than 
in the first case owing the presence of the MMA in the polymer composition. 

We can see from the dependence of the toluene retention time on the 
C -groups content for the ODMA-MMA systems, that the retention time 
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conclude that the polymer layer is more structured (more porous) in the ODMA-
MMA system. We assume that some part of the C18-groups in the pore spaces is 
inaccessible for chromatography process. The chromatograms of the systems 
modified by the ODMA-MMA-DVB co-polymer prove this fact. When the total 
content of C18- and phenyl groups does not exceed 12.0 mass% (11.88 mass%), 
the calculated value of the toluene retention time must be 5.70 min while 

hybrid sorbent samples obtained on the base of the silica gels with pore volume 
Vsp = 0.50; 0.57; 0.70 g cm –3

0.50 to 0.70 g cm–3, the toluene retention time increases from 8.14 to 9.20 min. 
So, it is more expedient to use silica gels with comparatively higher pore volume 
to prepare polymer-containing sorbents as the hybrid sorbents thus obtained 
possess higher capacity.

4. Conclusions

The polymers introduced onto the silica surface possess their own porosity. The 
porosity of the polymer layer increases in the poly-ODMA, poly-ODMA-MMA, 
poly-ODMA-MMA-DVB series. The increase of toluene retention time is obser-
ved when polymer layer composition is multi-component and the sewing agent 
(DVB) is introduced. This may be explained by the polymer layer porosity 
increase.

It is more expedient for polymer modification to use the silica gels with 
higher pore volume.  
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BIMETALLIC Co-BASED CATALYSTS PREPARED BY SOL-GEL 

FOR METHANE REFORMING BY CARBON DIOXIDE 

SHOLPAN S. ITKULOVA , GAUKHAR D. ZAKUMBAEVA, 
ANATOLIY A. SHAPOVALOV, LARISSA V. KOMASHKO 
D.V. Sokolsky Institute of Organic Catalysis and 
Electrochemistry; 142, Kunaev Str., Almaty, 050010, 
Republic of Kazakhstan 

Abstract. The 5% - /SiO2 catalysts (M – VIII Group metal) prepared by 
sol-gel method have been tested in dry reforming of methane by carbon dioxide 
and in bi-reforming of methane by both carbon dioxide and water steam. The 
conditions for formation of stable bimetallic nano-sized particles have been 
determined. The activity and selectivity of catalysts depend on the nature of the 
second metal. Presence of water in initial CO2 + CH4 mixture causes a decrease 
in the catalyst activity. 

Keywords: Co-containing catalysts, sol-gel method, dry reforming of methane, bire-
forming of methane, syngas.

1. Introduction

CO2 reforming of methane (1) attracted great attention during the last years, 
since it produces synthesis gas with high CO/H2 ratio (1/1) suitable for the syn-
thesis of higher hydrocarbons and oxygenates. Both CO2 and CH4 are green-
house gases that stimulate additional interest in the processes of their utilisation, 
because of converting these gases into a valuable feedstock may significantly 
reduce the atmospheric emissions of CO2 and CH4.1

                     CH4 + CO2  2CO + 2H2    247 kJ/mol                        (1) 

Most of the group VIII metals are more-or-less catalytically active toward 
this reaction.2 A major problem in the reaction is  the deactivation of the catalyst 
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because of the deposition of carbon under reaction conditions (typically, 800–
900oC). Although noble metals have proved to be very active and insensitive/or 
low sensitive to coking,2 the expensive cost and restricted availability limit their 
large-scale commercial use. While the Ni- and Co-based catalysts are easily 
available, they are rapidly deactivated, when the conventional supports, such as 
Al2O3 or SiO2, and conventional methods of preparation are used.3,4

To suppress carbon deposition, noble metals are better to use as an active 
promoting component. Also, the preparation method for catalysts has signifi-
cant effect on catalytic activity and coking resistance for methane conversion to 
synthesis gas.1,5 Among various approaches to catalyst preparation, the sol-gel 
method was proposed as a new flexible approach to preparation of supported 
metal catalysts with high dispersion, high thermal resistance to sintering, and 
low deactivation rate, compared to the conventional impregnated catalysts.6

At present, a significant number of works have been focused on the deve-
lopment of the Ni-based catalysts for this reaction, while the Co-containing 
catalysts are incomparably less studied.

The objective of this study was to in vestigate the performance of cobalt-
based catalysts modified by platinum metals (M = Rh, Pd, and Pt) and sup-
ported on SiO2, prepared by a sol–gel method, in CO2 reforming of methane. 
Also, the effect of water steam has been studied.

2. Experimental

2.1. CATALYST PREPARATION

The - /SiO2 catalysts (M = Rh, Pd, and Pt) we re prepared by sol-gel method. 
For preparation of the catalysts, the tetraethyl orthosilicate (TEOS) – Si(C2H5O)4

has been added to absolute alcohol. After 1 day, the aqueous solution of appro-
priate metal precursors (Co(NO3)26H2O, and RhCl3nH2O, or H2PtCl6nH2O, or 
H2PdCl4nH2O) has been added with a suitable amount of nitric acid to avoid the 
reduction of metals and formation of metallic black. The final solution was left 
for 3 days for gelation. Drying of the samples was carried out in a vacuum drying 
oven at  = 50  and  = 0.5 atm. After complete drying, the samples were 
calcined at 400–600 . The total content of metals was 5 wt% for all the cata-
lysts. Weight ratio of Co:M (M = Rh, Pt, Pd) was 8:2.

2.2.  CATALYST TESTING 

The catalysts were tested in dry reforming of methane (interaction between 
carbon dioxide and methane), where the ratio of CH4/CO2/Ar was 1/1/8, and in 
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bi-reforming of methane (combining the dry reforming of methane (1) and steam 
reforming of methane (2), where the ratio of CH4/CO2/H2O/Ar was 1/1/0.1/8.  
The processes have been carried out in a quartz flow reactor at varying tempe-
ratures from 300oC to 880oC, P = 1 atm, and space velocity of 1,000 h -1. The 
initial and final reaction products have been on-line analysed by the GC’s.

 CH4 + H2O  CO + 3H2           (2) 

The physico-chemical properties of catalysts were studied by electron 
microscopy (EM) and using BET surface area measurements.

3. Results and Discussion 

3.1. PHYSICO-CHEMICAL PROPERTIES OF SOL-GEL 5% Co-M/SiO2

The samples were studied at different stages of their preparation, treatment and 
exploitation.

After drying, the initial samples of the 5% Co-M/SiO2 catalysts are rigid and 
have different colours depending on the nature of the second metal. Table 1 
shows the physico-chemical characteristic of the initial samples before their 
treatment (calcination and reduction) and exploitation. As it is shown in Table 
1, the initial samples possess high BET surface area lying in the range 550.5–
747.9 m2/g. The high support surface area is essential for reforming catalysts 
because it helps in the stabilization of metal dispersion. Mainly the nano-sized 
uniformly distributed metallic particles were observed by electron microscopy. 
Average size of metal particles for all the initial samples is varying within 2.5– 
7.0 nm depending on the nature of second metal (Table 1).

There is no significant growth of metal particle size and decrease in the 
BET surface after calcination and reduction under mild conditions (400oC, air 
and 300oC, H2 respectively). Besides the amorphous nano-sized particles, the 
separate particles of noble metals with size varying within 2.0–7.0 nm in redu-
ced and oxidized states are formed in calcined and reduced samples of catalysts. 

TABLE 1. Physico-chemical properties of 5% sol-gel made Co-M/SiO2
a

Catalyst Colour of catalysts BET surface area 
of  catalysts (m2/g)

Average size of 
metallic particles (nm) 

estimated from EM 
5% -Pt(8:2)/SiO2 Orange 747.9 6.0–7.0 
5% -Pd(8:2)/SiO2 Dark-brown 557.9 2.5–3.0 
5% -Rh(8:2)/SiO2 Brown 550.5 3.0–5.0 

aInitial samples 
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After calcination at higher temperature – 600oC, the agglomeration of meta-
llic particles is occurred and the size of some particles is reaching 40 nm.  The 
BET surface area is decreased to 170 m2/g.

The electron microscopic study of the catalysts exploited in bi-reforming of 
methane (  = 900 , 2 + 4 + 2 ) showed the improved uniform distri-
bution of small metal particles over the support. At the same time, the large metal 
particles (up to 100 nm) are formed due to the agglomeration under severe con-
ditions (  > 800 ).

3.2. DRY REFORMING OF METHANE OVER SOL-GEL 5% Co-M/SiO2

All the sol-gel 5% Co-M/SiO2 catalysts are more or less active in dry reforming 
of methane. The main reaction product is syngas. Also, insignificant amount of 
oxygenates and C2+ hydrocarbons are formed. In Table 2, the comparative data 
on behaviour of 5% Co-M/SiO2 catalysts (M = Pt, Pd, Rh) in dry reforming of 
CH4 are given.

Activity and selectivity of the sol-gel catalysts in reforming depend on the 
nature of second metal and process conditions. With increase in the process 
temperature, the conversion of both initial products and yield of reaction pro-
ducts are grown over all the catalysts and reached a maximum value at a certain 
temperature depending on the catalyst composition. The following raising tempe-
rature does not effect the conversion and selectivity. For instance, the maximum 
conversion of methane and carbon dioxide over the 5% -Pt (8:2)/SiO2 is
reached at temperature of about 450 , while maximum selectivity to syngas is 
observed at higher temperature – 680 . Both conversion and selec-tivity are not 
changed with temperature increase from 450oC and 680oC respectively to 
900oC. For this reason, in Table 2 the results are given for temperatures, when 
maximum selectivity is observed. 

The composition of syngas formed during dry reforming over the sol-gel 
made catalysts depends on the catalyst nature. While the high ratio of H2/CO = 
1.1 is observed over the Co-containing catalysts modified by Pd and Rh, the 
catalyst modified by Pt shows producing syngas with lower content of hydro-
gen (H2/CO = 0.75) (Table 2). 

TABLE 2. Dry reforming of methane over the sol-gel 5% -M/SiO2 catalysts 
(  = 0.1 , S.V. = 1,000 h –1, 2: 4 = 1:1) 

Conversion (%) Catalyst T (°C)
CH4  CO2

H2/CO

5% -Pt (8:2)/SiO2 680     45 48.9   0.75 
5% -Pd(8:2)/SiO2 885 40.9 14.8 1.1 
5% -Rh(8:2)/SiO2 660 80.2 57.9 1.1 
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The comparison of catalysts demonstrates that 5% со-rh(8:2)/sio2 is the most 
effective catalyst in dry reforming of methane. maximum stable conversion is 
80.2% and н2/со = 1.1 at т = 660ос. 

3.3. BI-REFORMING OF METHANE OVER SOL-GEL 5% Co-M/SiO2  

Aiming to increase the content of hydrogen in syngas, water steam has been 
added to the initial reactants in amount of 10 vol%. Activity of all synthesized 
catalysts in bi-reforming of methane, representing the combination of dry refor-
ming of methane and steam reforming of methane, is significantly less than in 
dry reforming (Table 3). Conversion of both methane and carbon dioxide is 
12.1–33.2% and 10.0–14.9% respectively (Table 3).  

Study of the effect of water showed that the yield of hydrogen and con-
sequently the H2/CO ratio are varied depending on nature of second metal. While 
Н2/СО ratio is increased from 0.75 to 1.2 and from 1.1 to 1.5 over 5% Со-
Pt/SiO2 and 5% Со-Pd/SiO2 respectively, a non-significant decrease in hydro-
gen formation is observed over 5% Со-Rh/SiO2 (Table 3).  

Thus, water addition has no direct positive effect for reforming of methane 
over the sol-gel silica supported catalysts. 
 
TABLE 3. Bi-reforming of methane over the sol-gel 5% Со-M/SiO2 catalysts 
(Р = 0.1 МРа, S.V. = 1,000 h–1, СО2:СН4:Н2О = 1:1:0.1). 

Conversion (%) Catalyst T (°C)  
CH4 CO2 

H2/CO 

5% Со-Pt (8:2)/SiO2 680 12.1 12.5 1.2 
5% Со-Pd(8:2)/SiO2 650 33.2 10.0 1.5 
5% Со-Rh(8:2)/SiO2 760 28.5 14.9 1.0 

4. Conclusions 

The nano-sized 5% Co-containing silica supported catalysts modified by noble 
metals have been synthesized by sol-gel method. A size of metal particles is 
varied within 2–7 nm depending on nature of second metal. 

It has been established that the sol-gel made 5% Со-M/SiO2 catalysts pos-
sess the with a high BET surface area – 550–755 m2/g 

The formation of metal particles, their size and stability depend on a nature 
of the second metal, pH of medium and pretreatment conditions. 

Depending on nature of the second metal, the Co-containing catalysts pre-
pared by sol-gel show different activity in dry reforming of methane. 
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Stability, activity and selectivity of the sol-gel catalysts in reforming and bi-
reforming of methane depend on the nature of the second metal and the process 
conditions.

Water effects negatively the conversion of CH4 + CO2 over all catalysts 
studied and has a different effect on ratio H2/CO depending on the catalyst nature.  
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Abstract. Cationic and anionic surfactants are used for structuring of the nega-
tively charged silica species during the formation of ordered mesoporous sili-
cas from stable dilute silica sols, obtained by ion-exchange method. Isotherms 
of nitrogen adsorption-desorption at 77 K on silicas, which are prepared by the 
thermal decomposition of silica hydrogels, obtained at different  pH using sodium 
dodecylsulfate or cetylpyridinium chloride as surfactants, are measured. The 
shape of the capillary condensation hysteresis and the type of the sorption iso-
therms are identified using the IUPAC classification. It is found that the adsorp-
tion and textural properties of the si1ica gels depend on the concentration and 
the type of surfactant (SAA), and also on pH.

Keywords: Mesoporous silica gel, stable silica sol, templation, cationic and anionic 
surfactants, nitrogen adsorption-desorption isotherms, type of isotherms and shape of 
hysteresis loops, pore volume, surface area.
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1.   Introduction

Amorphous and crystalline silicas are widely used as catalyst supports and adsor-
bents. Despite the outstanding progress made in preparing new silica materials 
with uniform pores in the mesoporous region, up to now, we are still uncertain 
whether very small initially formed particles of  silicon(IV) oxide hydroso1, 
being of 1.0–1.5 nm in size, grow b  the coa1escence of primary particles1,2 or 
due to the formation of c1usters.3,4 In this work, by means of the c1uster model,4
we studied the influence of cationic and anionic surfactants, used for structuring 
of the negatively charged silica species, n the change in the sorption and tex-
tural properties of silicas prepared from silica sol, which has b n decationized 
b  an ion-exchange method. Synthesis of silica ge1 from such  sol5 ensures the 
presence of dense particles of silicon(IV) oxide u  to the onset of ge1ation. At 
the same time, the adsorption properties of silica ge1 produced b  the acidifi-
cation of si1icate in an aqueous medium, depend n the conditions of the con-
densation-polymerization reaction fo11owed b  the treatment of gel (washing, 
syneresis, drying, etc.).3

2.   Experimental

The decationized silica sol with  3.5 containing 4 wt% of silicon (IV) oxide, 
was prepared b  passing a dilute aqueous sodium metasilicate solution through 
 column with  KU-2 sulfonic cationite in the H-form.5 The sol was then mixed 

with the aqueous solutions of cetylpyridinium chloride and sodium dodecyl-
sulfate in various concentrations ranging from 0.1 to 5.0 wt%. n aqueous 
ammonia or hydrochloric acid solutions were added to the mixture to achieve 
the necessary , and the ge1 was precipitated. After syneresis and aging for 16 h, 
the gel was dried first in air at room temperature and then in  desiccator for 4 h 

Adsorption-desorption isotherms of nitrogen were measured by volumetry at 77 
 after preliminary evacuation of samples for 2 h at 523  using Surface Area 

and Porosity Analyzer ASAP 2020 MP (Micromeritics, USA). The specific 
surface area was calcu1ated from the monolayer capacity using the Brunauer-
Emmett-Teller ( ) equation. Adsorption cumulative volume of pores between 
1.7 and 300.0 nm and adsorption average pore diameter were estimated by the 
Barrett, Joyner, and Halenda method (BJH), micropore volume – by t-plot method. 
The shape of pores was an lyzed, according to the IUPAC recommendations.6
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at 393 . The thermal decomposition of silica gels was carried out at 923 K. 
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3.   Results and Discussion 

Isotherms for the obtained silicas belong to Type IV, Type I or Type (I + IV) 
isotherms of physical sorption. It is demonstrated that the silica gel synthesis with 
templates leads to changes in the shapes of hysteresis loops from H4 (samples 
184, 188, 185, 146, 148) to H2 (samples 182, 183, 186, 195, 147, 149, 141, 143, 
189, (H2 + H4) (samples 194, 150, 142, 144), (H2 + H1) (samples 145, 179) or 
H1 (sample 190), resulting from the original changes in the pore shape of the for-
ming mesoporous adsorbents. 

Almost all nitrogen sorption isotherms belong to type IV with the typical 
reversible part at low relative pressure p/p0, the hysteresis at larger p/p0 ratios 
that is associated with the capillary condensation in mesopores, and, finally, a 
small part of limiting adsorption at the largest p/p0 ratios. The pattern of the 
hysteresis loop, as well as the reversible part of the isotherm, changes from sample 
to sample (Table 1). In general, the loops correspond to three types of hysteresis 
(H1, H2, H4). The observed forth type of hysteresis is, presumably, a combi-
nation of the H2 and H4 types of loops (samples 194, 150, 142, 144) and fifth 
type is a combination of the H2 and H1 types (samples 145, 179). Sorption iso-
therms 192, 146 belong to type I, and isotherm 148 – to the hybrid type (IV + I).  

The obtained gels have a specific parity between concentration, and also a 
template sort, pH value, on the one hand, and pore volume and surface area, on 
the other hand. At templating by cetylpyridinium chloride the growth of silica 
pore volume and reduction of the particle size or increase of a BET surface area 
are observed (Table 1). The average pore diameter thus increases. It testifies that 
coefficient of spontaneously occurring coalescence between SiO2 particles is 
higher for finer particles so that the resulting silica gel appears mechanically 
stronger and more stable in relation to shrinkage. The effect of compression for-
ces arising from a superficial tension of water during its removal, at SAA pre-
sence is not essential even in narrow pores between very small silica particles.

At templating by sodium dodecylsulfate the increase in its concentration leads 
to the increase in the size of silica particles and also some increase of cumu-
lative volume of the pore diameter from 1.7 up to 300.0 nm and average pore 
diameter. The micropores disappear. Unlike templating by cetylpyridinium chlo-
ride, the presence of anionic template leads to larger formations of primary parti-
cles strongly connected with each other, the so-called agglomerates (clusters), 
which then are reconstructed into a dense structure. These large structural ele-
ments communicate with each other relatively weakly, easily moving on drying, 
and are packed, or aggregated, more densely in comparison with smaller size 
primary particles, than in case of templating by cetylpyridinium. 
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TABLE 1. Effect of pH and SAA concentration on the textural and sorption properties of silicas. 

Sample
no.

SAA
wt%

 Isotherm   
type

Hysteresis
shape

BJH
adsorp-

tion
cumula-

tive
volume
of pores 
between
1.7 and

300.0 nm 
( m3/g)

t-Plot
micropore

volume
( m3/g)

BET
sur-
face
area

( 2/g)

BJH
adsorp-

tion
average

pore
diame-
ter (4 
V/A)
(nm)

192 abs 5.0 I abs 0.0605 0.1142 584 3.3515 
193 abs 7.0 IV H2 0.3796 abs 692 3.3048 

Cetylpyridinium chloride 
184 0.1 5.0 I + IV H4 0.1686 abs 697 3.5052 
188 0.3 5.0 I + IV H4 0.3130 abs 776 3.6387 
185 1.0 5.0 IV H4 0.8323 abs 834 4.7891 
182 2.0 5.0 IV H2 1.1779 abs 918 4.8092 
183 3.0 5.0 IV H2 1.3171 abs 967 4.7882 
186 5.0 5.0 IV H2 1.5282 abs   1090 4.8122 
194 0.1 8.0 IV H2 + H4 0.3615 abs 672 3.4564 
195 0.3 8.0 IV H2 0.6072 abs 698 4.1299 
190 5.0 8.0 IV H1 2.4151 abs 968 9.5790 

Sodium dodecylsulfate 
146 0.1 5.0 I H4 0.0542 0.0644 413 3.2613 
148 0.3 5.0 IV + I H4 0.0796 0.0378 363 3.5612 
150 2.0 5.0 IV H2 + H4 0.1413 0.0023 205 4.6210 
142 3.0 5.0 IV H2 + H4 0.2045 abs 143 6.2489 
144 5.0 5.0 IV H2 + H4 0.1812 abs 160 5.6665 
147 0.1 7.0 IV H2 0.4835 abs 572 3.8058 
149 0.3 7.0 IV H2 0.4657 abs 558 3.7081 
141 1.0 7.0 IV H2 0.6215 abs 496 4.3652 
143 3.0 7.0 IV H2 0.6758 abs 481 4.7237 
145 5.0 7.0 IV H2 + H1 0.6626 abs 370 5.8040 
189 1.0 8.0 IV H2 0.5962 abs 543 4.1453 
179 3.0 8.0 IV H2 + H1 0.6920 abs 431 5.0644 

pH Value, according to literature,1 influences mainly the size of particles 
which is firmly established before the start of the gel formation. In spite of the 
fact that increase in pH causes normally an increase in the size of the primary 
particles, in the template synthesis of SiO2 the pH together with silica concen-
tration is only a secondary factor. It is due to the fact that mesopores at temp-
lating are developed according to the mechanism based on micellar self-assembly 
of SAA that forms a supramolecular structure of silicate anions.7 The textures 
changes are observable at templating silica by cationic and anionic SAA at  
pH value 5.0, H 7.0 and 8.0. However, A and V values increase always with 
increasing H. The highest mesopore volume, equal to 2.4151 cm3/g, and the 
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largest pore diameter, equal to 9.5790 nm, were obtained through silica templating 
by cetylpyridinium  chloride at H 8.0. 

For the process of silica formation in the presence of cationic SAA in mother 
liquor and on drying it is characteristic that the particles, formed at the sol stage, 
keep their sizes in the structure of gel. Presence of cationic SAA, on one hand, 
suppresses the influence of H on the size of the particles, firmly established 
before the start of gel formation, and also on their size distribution and density of 
packing, and, on the other hand, prevents a damp deposit of hydrogel from con-
densation on drying. 

The silica structures prepared without compression during dehydration and 
constructed of very small primary particles (or their doublets and triplets) have 
high values of BET surface area and great pore volumes (samples 182–186, 190, 
194, 195). The observed dependence between H values and changes of A and 
V values of the samples obtained in the presence of cationic SAA, is caused by 
that adsorption SiO2 on the surface of SAA micelles results from the general 
surface charge defined by the pH value. The increased H there increases the 
negative SiO2 charge, leading to its better adsorption on positively charged cetyl-
pyridinium ions. 

It is interesting to note that the increase in concentration of cetylpyridinium 
chloride decreases the particles size, while the micropores are, however, absent. 
Micropores appear only on silica templation by dodecylsulfate anion (samples 
146, 148, 150). However, with increase of its concentration the micropores de-
generate, and only the mesopore texture is formed. As pyridinium bases possess 
an ability to connect silicate-anions, their influence on processes of sol-gel 
transformation will, probably, result in precipitation of dissolved silica during 
drying and partial blocking of their microporous texture. In the presence of 
pyridinium bases aggregating around silicate-ions, the BET surface area increases 
with the increase of pH. In case of anionic SAA it is necessary to consider speci-
ficity of their orientation on interaction with silicate anionic centers on the sur-
face of silica – an acidic sorbent. 

Decrease in structuring action of sodium dodecylsulfate is caused by the 
competition between SAA micellar phase and SiO2 phase, due to decrease in 
alkylsulfate adsorption on silica in comparison with cetylpyridinium chloride. 

4. Conclusions

Ordered mesoporous silicas, possessing BET surface area ranging from 600  to 
1,100 2/g, are obtained from decationized silica sols with cationic surfactant 
at pH in the range 5.0–8.0. Templation by anionic SAA leads to decrease in the 
BET surface area from 600 to 200 2/g, to some increase in the pore volume, and
appearance of micropores. It is shown that the synthesis of silica leads to changes 
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in the shapes of hysteresis loops in the isotherms of nitrogen low-temperature 
adsorption-desorption.

The effect of SAA and pH is manifested mainly in the spatia1 rearrange-
ment of the particles of silicon (IV) oxide into supramolecular structure in case 
of cationic SAA or into dense agglomerates in case of anionic SAA as far as 
there is an electrostatic interplay among negatively charged silica species and 
SAA ions.
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Abstract. The adsorbents (polysiloxane xerogel, silicagel Davisil, mesoporous 
silica SBA-15) containing macroligands, such as calix[4]arenes, diaminodibenzo-
18-crown-6-ethers, α- and β-cyclodextrins, have been obtained by the sol-gel 
method and the surface modification method. The influence of the synthesis 
conditions, the nature of macrocyclic compounds and routes of their grafting on 
the structural-adsorption characteristics of the obtained polysiloxane materials 
and their sorption properties toward Cs+ (137Cs) and Na+, K+, Sr2+ (90Sr), and 
organic compounds of different kind, has been investigated. 

Keywords: Organosilicon sorption materials, calixarenes, cyclodexrins, crown-ethers, 
adsorption of alkali-earth, alkaline and organic compounds. 

1. Introduction 

The chemistry of macrocycles able to form “guest - host” complexes is a strongly 
developing direction of supramolecular chemistry.1 Nowadays in chemistry of 
“guest - host” complexes a special attention is given to several groups of macro-
cyclic ligands, first of all, to calix[n]arenes,2 crown-ethers3 and cyclodextrins.4 
This is due to unique property of such compounds – to form selective “guest - 
host” complexes with some metal ions and organic compounds. 

These properties explain wide practical application of macrocyclic com-
pounds in the radiochemical industry for selective extraction of radionuclides, 
chromatography, capillary electrophoresis, atomic engineering, pharmaceutical 
industry as chiral selectors5,6 etc. However, the high cost of complexing agents, 
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their low stability to action of aggressive environments, high solubility in water 
and/or polar solvents reduce considerably the application areas of such macro-
cyclic compounds. Therefore the development of new highly effective adsor-
bents based on hybrid organic-inorganic materials is perspective. 

In the literature, however, there is no systematic approach to the development 
of techniques for the synthesis of silica matrixes functionalized by macrocyclic 
ligands. Moreover, the influence of the route and conditions of synthesis of such 
materials on their adsorption properties integrally and, in particular, in relation 
to selectivity, has not yet been investigated. Taking into account the structure 
features of the macrocyclic compounds, causing their specific adsorption pro-
perties, it is often difficult to expect changes, which can occur to macrocycles 
during their grafting to a matrix. Though, these changes could essentially influ-
ence the ability of the grafted macrocycles to selective complexing. Therefore 
the aim of this study was to estimate the influence of some factors (synthesis con-
ditions, the structure of a macrocycle, an approach to its grafting) on adsorption 
properties of such matrixes, for example, of silica matrixes, functionalized by 
calix[4]arenes, 18-crown-6-ethers, α-and β-cyclodextrins. 

2. Experimental  

The grafting of macroligands onto silicas surface has been carried out by two 
approaches.  

А. Using the reaction of hydrolytic polycondensation the polysiloxane 
xerogels with embedded molecules of calix[4]arene (further THC, samples АІ-
АІІІ) and covalently bounded calix[4]aren-crown-6 (К18С6, samples ВІ-
ВІІ),7,8 diaminodibenzo-18-crown-6 (DADB18C6 (СІ-СІІІ)), α-cyclodextrin 
(α-CD, samples DI-DII) and β-cyclodextrin (β-CD, samples ЕІ-ЕІІ)9 groups 
have been obtained. The content of functional groups has been set by the con-
centration of the macrocycles in the initial solution. Xerogels with the content 
of functional groups of about 0.1, 0.5 and 1.0 mmol/g have been obtained. 

В. The mesoporous silicas with supramolecular surface layer have been syn-
thesized by the method of silica surface modification. Two types of mesoporous 
silicas have been chosen as carriers: commercially available silicagel Davisil, and 
mesoporous silica SBA-15, obtained by the template method.10 Before modifi-
cation, the surface of mesoporous silicas has been activated by HCl with sub-
sequent water flushing and vacuum drying. After activation of SBA-15 (sample 
A) its surface has been modified by macrocyclic compounds from water-ethanol 
solution (by β-CDs, sample B), THF (by calix[4]arene-18-crown-6, sample C) 
and toluene solution (by calix[4]arenes, sample D). The surface of Davisil 
(sample J) after initial activation has been modified by DADB18C6 groups 
(from ethanol solution, sample E), β-CD groups (from water-ethanol solution, 
sample F) and calix[4]arene groups (from toluene solution, sample G). 



SILICA FUNCTIONALIZED BY MACROCYCLES 
 

345 

In case of samples D and G has been used the technique described in11, 
where the silica’s surface has been previously treated by SiCl4. 

3. Results and Discussions 

The adsorptions properties of the polysiloxane xerogels with embedded  
THC molecules (samples АІ–АІІІ) and functionalized by DADB18C6 groups 
(СІ–СІІІ) and also the mesoporous silica SBA-15 modified by calix[4]arene 
(sample D) and calix[4]arene-crown-6 (sample C) have been studied in relation 
to Cs+ (1 M HNO3, pH 0.1, static conditions). The obtained results are pre-
sented in Table 1. The data of Table 1 show that adsorption equilibrium in case 
of sample AI and CII is attained in 1 hour. In case of sample D this dependence 
has more complex character. The kinetic curve of Cs+ adsorption for sample D 
has two-stage character. Apparently it is caused by participation in adsorption 
of several types of active centers. It should be noted that at selected adsorption 
conditions the surface layer in these samples is hydrolytically stable. It is 
confirmed by the data of elemental analysis and IR spectroscopy. 

The data presented in Table 1 indicate that the quantity of adsorbed cesium 
cations increases with an increase in amount of embedded THC molecules in 
xerogels (samples AI-AIII) (the reference experiment shows that the xerogel 
without immobilized macrocycles does not extract cesium cations under similar 
conditions). However, only 40% functional groups take part in adsorption of 
cesium. 

Furthermore, it should be noted that no relation between the structural-
adsorption characteristics of the xerogels with embedded THC molecules and 
their adsorption ability towards cesium ions is observed. The data of Table 1 
testifies that adsorption activity of the xerogels containing DADB18C6 groups 
(samples CI – CIII) essentially depends on its structural-adsorption charac-
teristics. An increase in DADB18C6 groups in the xerogels (from 0.1 to 1.0 
mmol/g) causes decrease in the value of specific surface area and the sorption 
volume leading to nonporous matrix in case of sample CIII. The data of Table 
1 indicate that on the increase in crown-ether groups to 0.5 mmol/g in the xero-
gels (samples CI and CII) the cesium adsorption by these materials increases 
and maximum quantity of groups take part in adsorption that amounts to 90%. 
However, the adsorption ability of the nonporous xerogel CIII, con-taining 
maximum quantity of functional groups, decreases significantly. 

The adsorption selectivity of the xerogels with crown-ether groups (samples 
CI – CIII) towards alkali metals (Na+, K+ and Cs+) has been investigated. It has 
been established that these adsorbents develop selectivity towards K+. It’s caused 
by the closeness of the DADB18C6 cavity size (0.26–0.32 nm) to the diameter 
of a potassium ion (0.266 nm).12 
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TABLE 1. Structure-adsorption characteristics and sorption data of cesium ions from 1 М HNO3 
for the synthesized xerogels. 

Maximum quantity of 
groups taking part in 

sorption (%) 

Sample Ssp 

(m2/g) 

Vs 
(cm3/g) 

1 hour 24 hours 

SAC 

(mg/g) 

АI 643 0.39 11 10 9 
AII 531 0.41 18 20 12 

AIII 381 0.24 41 40 53 

CI 550 0.40 38 40 5 

CII 291 0.20 77 90 62 
CIII <2 – 8 7 11 
C 543 0.78 48 46 62 
D 384 0.45 16 32 (48) 36 

 
Adsorption properties of samples АІІ, СІ and D have been studied towards 

137-cesium and 90-strontium. The analysis of obtained data testifies that all mate-
rials show higher adsorption activity towards 90Sr in comparison with 137Cs. The 
maximum amount of isotopes extraction is typical for SBA-15 modified by 
calixarene groups (sample D). This adsorbent is able to adsorb equal quantity of 
both isotopes: 53% 137Cs and 50% 90Sr. 

The adsorption of p-nitrophenol from buffer solution in static conditions 
(рН 7, Na2HPO4 + NaH2PO4) has been investigated for samples containing α- 
and β-CD groups. It has been determined that adsorption equilibrium is achi-
eved in 2–3 hours. Moreover, the adsorption rate of p-nitrophenol by samples 
DII and EII with the content of α- and β-CD groups ~0.5 mmol/g is higher. 
Davisil modified by β-CD (sample F) is characterized by the optimal adsorption 
activity. 

The adsorption activity of materials with α- and β-CD groups towards various 
classes of organic compounds has been investigated in dynamic conditions by 
gas chromatography method. It has been shown that bonding organic molecules 
with α- and β-CD active centers results from both the electrostatic interactions 
(dipole-dipole) and hydrogen bonds. The xerogel with the concentration of  
β-CD groups ~0.5 mmol/g (sample EII) corresponds to requirements to adsor-
bents applied as a stationary phase in gas chromatography and can find appli-
cations as selective adsorbents for cyclohexanone, cyclohexanol and phenol.13 
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4. Conclusions 

The polysiloxane xerogels with embedded molecules of calix[4]arene and 
covalently bounded calix[4]arene-crown-6, DADB18C6, α- and β-cyclodextrin 
groups have been synthesized by the sol-gel method. 

The approaches for obtaining mesoporous silicas as SBA-15 and Davisil with 
surface layers containing β-cyclodextrin, calix[4]arene, calix[4]arene-crown-6 
and DADB18C6 have been proposed. 

The adsorption properties of the synthesized materials towards Cs+ have 
been studied. The structural-adsorption characteristics’ impact on adsorption 
properties of samples with covalently grafted macrocyclic groups has been deter-
mined. Though in case of samples with embedded macrocycles an influence of 
these parameters has not been revealed.  

The adsorption properties of xerogels with DADB18C6 towards Na+, K+ 
and Cs+ have been studied. It has been established that synthesized adsorbents 
adsorb better K+-cations. 

The adsorption ability of the obtained materials towards cesium-137 and 
strontium-90 has been investigated. It has been shown that SBA-15 modified by 
calix[4]arene groups are characterized by sufficiently high adsorption activity 
towards both isotopes. 

The adsorption properties of polysiloxane materials containing α- and β-
cyclodextrin groups towards a number of different organic compounds have been 
studied in static and dynamic (gas chromatography method) conditions. It has 
been pointed out the adsorption properties of adsorbents with α-CD groups are 
higher toward to p-nitrophenol. 

Gas chromatography investigations have shown that the synthesized mate-
rials are characterized by higher adsorption activity towards oxygen-containing 
organic compounds. 
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SENSORS WITH BIORECOGNITION ELEMENTS ENTRAPPED

INTO SILICA BASED POLYMERS 

GABRIELA KUNCOVÁ*

Institute of Chemical Process Fundamentals ASCR v.v.i., Prague 
6, Czech Republic

Abstract. The paper presents characteristics of biosensors with biorecognition 
elements entrapped in silica based polymers developed and tested in the Institute 
of Chemical Process Fundamentals ASCR, Prague (ICPF). Prepolymerized alkoxy-
silanes were used for preparing whole cell biosensors of phenol, naphthalene or 
salicylic acid intermediate, and polychlorinated biphenyls (PCB). Modifications 
of prepolymer composition and immobilization procedure could increase via-
bility of entrapped cells but can also influence sensors properties. UV curable 
polymers with silica skeleton, ORMOCER®s, have been matrices of a sensitive 
element of optical sensor for the in-situ continuous monitoring of glucose in 
bioreactors. This enzymatic sensor, developed within the project MATINOES, 
displayed 3 week stability during fermentation in a laboratory bioreactor.

Keywords: Whole cell biosensor, silica based polymers, sol-gel method, immobiliza-
tion, sensor of polychlorinated biphenyls, bioluminescent bioreporters, optical biosensor.

1. Introduction 

Safeguarding human and environmental resources against harmful agents and 
monitoring of biotechnological processes require in situ real time sensors with 
biorecognition element encapsulated in a matrix that is strong enough to endure 
the rigour of the environment yet resilient enough to viably maintain enzymes 
and the fragile cells. Silica based polymers possess some of the most desirable 
properties for immobilization of biorecognition elements; biocompatibility, trans-
parency, controlled porosity, and chemical, thermal and dimensional stability. 
In the Laboratory of immobilized biocatalyst and optical sensors of ICPF, silica 
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matrix was used for the construction of biosensors of phenol, PCBs, naphthalene, 
salicylate and other aromatic compounds. A sensitive element of glucose optical 
sensor (project MATINOES), which was tested in this laboratory, was immobi-
lized in UV curable organic- inorganic polymer ORMOCER®.

2. Whole Cell Biosensors

Biorecognition elements of whole cell biosensors were living cells encapsu-
lated into silica gel films. The films were prepared from mixtures of cells with a 
colloid solution of silica nanoparticles or prepolymerized alkoxysilanes (tretra-
methoxysilane, tetraethoxysilane). Sensitive elements of phenol sensors were thin 
films (2 m) on nylon meshes1 while in case of optical sensors of naphthalene, 
salicylate2 and PCBs these were ~1 mm thick films on glass. Mixtures of cells 
with the colloid solution of silica and prepolymerized tetraethoxysilane were 
sufficiently stable to prepare thin films by dip coating. Due to fast gelation, repro-
ducible formation of the films from prepolymerized tetramethoxysilane was 
possible only by dropping. During the time between gelation and the first immer-
sion of the film, the cells suffer from the presence of evolved methanol and gel 
shrinkage. To maintain the cells alive, the films have to be immersed in water 
solution within few minutes after gelation.3 We worked out some modifications, 
which made encapsulation into prepolymerized tetramethoxysilane less harmful3:

Encapsulation of cells in the stage of stable growth phase

Encapsulation into water diluted silica prepolymer 

Addition of nutrient rich media 

Addition of elastic, soft and cell-friendly polymers, such as alginate that 
ensures the viability of large and more fragile cells as yeasts and plant cells. 

Nevertheless, biorecognition elements with these modified cell friendly 
matrices, can suffer from some side effects:

Encapsulation of slowly proliferating or dormant cells could prolong sensor 
initiation.

Bacteria, especially small and fast growing, escape from water rich, less 
mechanically stable matrix. 

Higher content of coimmobilized nutrients improves cell viability. However 
this often leads to the decrease in sensor sensitivity for organic pollution 
because cells preferably utilize nutrients. 
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2.1.  PHENOL SENSOR

Phenolic compounds represent an important group of chemicals with 
environmental, industrial and toxicological significance. Metabolism of cells 
utilizing phenol derivatives as a sole carbon source consumes 2 mol O2 per mol 
phenol. This high oxygen consumption was utilized for the measurement of 
phenol concentration by placing immobilized cells on oxygen electrode mem-
brane.4 We prepared biorecognition elements of phenol sensor by withdrawing 
a polyester mesh from a suspension of mixed bacterial consortium, in colloidal 
silica or prepolymerized tetraethoxysilane.1,5 This mesh, with the cells encap-
sulated in 2 m thick silica gel film, was placed on transducer, a tip of oxygen 
electrode. The encapsulation into colloidal silica was less stressful for micro-
organisms than in prepolymerized tetraethoxysilane. After encapsulation, three 
hour pre-conditioning was necessary to attain maximum signal response. The 
phenol concentration was proportional to oxygen consumption in the 2–10 mg/l 
range for both sensitive films, but the film with colloidal silica exhibited higher 
voltage response. Sensors performance was limited due to release of the cells 
from silica matrix for 1 week. 

2.2.  BIOLUMINESCENT SENSOR OF NAPHTALENE, SALICYLATE AND SOME 
OTHER AROMATIC DERIVATES 

Biorecognition elements of optical sensors of naphthalene and/or salicylic acid 
intermediates and of their metabolisms have been living bacteria Pseudomonas 
fluorescens HK44 entrapped into prepolymerized tetramethoxysilane ~1 mm 
thick films.2 Pseudomonas fluorescens HK44 is a genetically modified micro-
organism that harbors the pUTK21 plasmid which contains the nah genes coding 
for naphtalene degradation linked to the luxCDABE gene cassette from Vibrio
fisheri coding for bioluminescence.6 Induction of the nah genes by naphtalene 
and its degradation intermediates such as salicylic acid results in associated 
induction of the luxCDABE genes and subsequent bioluminescent light emission 
at 490 nm. Strain HK44 has been used to monitor the degradation of polyaro-
matic hydrocarbons by the direct measurement of emitted light7 and monitoring 
of naphtalene in wastewater.8 Bioluminescence of silica immobilized HK44 
cells was first detected 50 min after the induction;. which is the higher value 
than 8–30 min published for the free and strontium alginate immobilized cells.9
The reason was most likely the slower diffusion of the inducer, the medium  
and oxygen in the microporous (400 m2/g) silica matrix compared to alginate 
(12 m2/g). The silica gel films which performed 40 times induction of bio-
luminescence during 1 year, contained 15–20 gsilica/lfilm and 107 cells/mlfilm. The 
films with lower silica content or higher cell concentrations fall apart and in the 
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tougher films (with the higher content of silica) cells viability is lowered.2
Limits of detection with the free and silica immobilized cells were identical: 
0.05 mgnaphtalenel–1 and 0.5 mgsalicylatel–1, and the storage stability >3 months. From 
72 compounds substituted naphtalenes, naphtalene-like compounds, substituted 
salicylic acids, salicylic acid-like compounds, oligocyclic aromates and inter-
mediates of naphtalene metabolism, three – o-cresol, isochinoline and salicy-
lamide induced bioluminescence significantly greater than naphtalene, 42 
compounds induced bioluminescence lower than naphtalene and 27 of them 
showed no bioluminescent response.2,10

2.3.  WHOLE CELL OPTICAL SENSOR OF POLYCHLORINATED BIPHENYLS

Aerobic bacteria, isolated from contaminated soil, co-metabolically transform 
PCBs to chlorobenzoic acids through the biphenyl catabolic pathway.11 The 
third step of this catabolic pathway generates the corresponding chlorinated 2-
hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (HOPDA), a yellow meta ring-
fission metabolite which absorbs light at 398 nm. The reusable whole cell 
biosensor (WCB) was prepared by immobilizing the cells of Pseudomonas sp. 
P2 in a silica matrix containing biphenyl.12 WCBs were exposed to 17 indi-
vidual PCB congeners, or to the commercial PCB mixture Delor103, toluene, 
xylene, naphthalene, 1-methylnaphthalene, anthracene, pyrene, phenanthrene  
or dibenzofuran. The results show that silica entrapped cells produce yellow, 
water soluble meta ring-fission products selectively in the presence of three 
PCB congeners: 2,3,4´-trichlorobiphenyl, 2,4,4´-trichlorobiphenyl and 2,5,4´-
trichlorobiphenyl and also with the commercial mixture Delor103. PCBs detec-
tion was not influenced by anthracene, phenanthrene and pyrene. Naphthalene, 
toluene, 1-methylnaphthalene and xylene decreased the production of the yellow 
intermediates. Dibenzorufan was metabolized to an orange metabolite that 
interfered with PCBs detection. The WCB’s detection limit was 0.5 mgDelor 103 l–1 

and 0.2 mg2,4,4´CB l–1, reproducibility ±10%, reusability four times and 2 week 
storage stability. The WCB is a successful example of encapsulation of viable 
Pseudomonas sp. P2 cells into prepolymerized tetramethoxysilane for construc-
ting low cost sensors for environmental monitoring. Dissolution of biphenyl in 
tetramethoxysilane prior to prepolymerization ensures the accurate biphenyl 
dosage. This extends PCB detection based on monitoring of the yellow inter-
mediates from qualitative to semiquantitative analytical method. The advan-
tages of silica entrapped Pseudomonas sp. P2 cells in comparison with the cells 
physically adsorbed on porous glass13 are: the shorter time for immobilization 
process, the accurate cometabolite dosage at the same time with the higher and 
the controlled cell concentration. Immobilisation into colloidal silica or modi-
fied, alcohol free sol-gel process14 was not used because methanol released 
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from pre-polymerized TMOS during gelation neither negatively influenced 
Pseudomonas sp. P2 viability nor interfered sensing. In addition, the samples 
were dosed as methanol solutions. 

3. Glucose Optical Sensor for Bioreactors

Biorecognition element of an enzyme based optical sensor for the in-situ con-
tinuous monitoring of glucose in bioreactors, developed within the project 
MATINOES, involved the combination of a fluorophore compound sensitive to 
oxygen with an enzymatic biotransducer within a rugged, permeable and trans-
parent matrix ORMOCER® with a siloxane based network. The enzyme, glucose 
oxidase, catalyzes oxidization of glucose to gluconic acid by depleting oxygen. 
Oxygen consumption is determined by measuring the fluorescence lifetime  
of metal complex, which is quenched by oxygen. To protect the enzyme against 
harsh conditions during UV curing of ORMOCER®, the enzyme was pre-
immobilized-stabilized via multipoint covalent attachment on pre-existing porous 
solids, sepabeads, before incorporation into inorganic-organic hybrid polymer 
ORMOCER®. Pre-immobilization prevented enzyme leakage and undesired 
interactions between the enzyme metal complex and the polymer. The bio-
sensor survived in the bioreactor (yeast fermentation) up to 30 days and measured 
glucose concentration with an accuracy 0.1 mmol/l in the range of 0–30 mmol/l. 
Its storage stability was 2 months.15,16

4. Conclusions 

The results of our research demonstrate the versatility of polymers with silica 
skeleton as matrices of biorecognition elements. These are silica gels with viably 
entrapped cells as well as rugged organo-silica polymers with firmly embedded 
enzymes. The applicability of developed sensors ranges from cheap screening 
tests of environmental pollution to the in situ sensors for on-line monitoring of 
glucose in bioreactors. Further improvement of characteristics of biorecognition 
elements such as the zero cell leakage and shorter response times, should bring 
encapsulations into nanostructured films.
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SOL-GEL TEMPLATE-FREE AND TEMPLATE-STRUCTURED SILICA 

FILMS FUNCTIONALISATION WITH METHYLENE BLUE DYE

AND Ag NANOPARTICLES 
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Abstract. Sol-gel derived silica films are promising for application as working 
elements of sensors for environment control. The goal of the present work was 
to examine the difference in the post-synthesis functionalisation of nanometer-
scale silica films prepared on glass substrates via template and template-free 
sol-gel routes. The films were prepared by dip-coating from TEOS sol-gel pre-
cursor in the absence or presence of CTAB template. It has been found out that 
the template-structured silica films can be functionalised with Ag nanoparti-cles via
[Ag(NH3)2]NO3 ion-exchange or with adsorbed Methylene Blue (MB) cationic 
dye due to the presence of the well-organised mesopores after template remo-
val. In contrast, only the external geometric surface of the template-free silica 
films appeared to be accessible for modifier molecules.

Keywords: Sol-gel synthesis, silica film, post-synthesis functionalisation, methylene blue, 
Ag nanoparticles.

1. Introduction  

Sol-gel derived silica films possess a number of attractive properties like suf-
ficient adsorption capacity, favourable acid/base chemistry, high thermal stabi-
lity that make them promising for analytical application as working elements  
of optical sensors or electrochemical detectors.1,2 Besides, silica films can 
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serve as host matrixes for immobilisation of different modifiers (post-synthesis 
functionalisation) that results in substantial extension of their applicability.

In the recent work of Walcarius et al.3 the advantages of the template-
structured mesoporous silica materials tailored with organic ligands and their 
application in electroanalysis was discussed in comparison with corresponding 
non-structured counterparts.

The goal of the present work was to examine the difference in ion-exchange 
and adsorption functionalisation of silica films prepared via template and 
template-free sol-gel routes.

2. Experimental  

Template-free silica films on the pre-cleaned glass slides as model substrate 
were prepared by dip-coating technique (withdrawal rate 25 cm/min) using sol-
gel precursor synthesised by acidic hydrolysis of Si(OC2H5)4 (reagents molar 
composition was 1 Si(OC2H5)4 : 22 C2H5OH : 5 H2O : 0.004 HCl) following the 
scheme published previously by Lu et al.4

Template-structured silica films were prepared in a similar way using the 
above-mentioned precursor solution to which the CTAB template [cetyltrimethyl-
ammonium bromide, CH3(CH2)15N+(CH3)3Br–] was added (reagents molar com-

2 5 4 2 5 2

dip-coated silica films of both types were calcined in air at 400°C (heating rate 
1.5°C/min) for 1 h to complete condensation of siloxane oligomers into silica 

The surface morphology of the prepared silica films were determined by AFM 
technique using a Nanoscope IIIa (Digital Instruments, USA) in a tapping mode. 
For the film thickness measurements, special specimens were prepared by scrat-
ching the sections of the as-deposited films with sharp steel needle to the level 
of glass slide before calcination.

X-ray diffraction characterisation of silica films on glass slides were performed 
using a DRON-4-07 (LOMO, Russia).

UV-Vis absorption spectra of the initial and functionalised silica films were 
measured with a Perkin-Elmer Lambda 35 UV-Vis spectrometer.

For the adsorption functionalisation template-free and template-structured 
silica films on glass slides were contacted with 5  10–5 M aqueous Methylene 
Blue (MB) dye (pH 6.6) at room temperature for 20 min under permanent stir-
ring, rinsed thoroughly with deionised water to remove non-adsorbed dye and 
dried in a flow of warm air.

For the ion-exchange functionalisation template-free and template-structured 
silica films on glass slides were contacted for 15 s with aqueous [Ag(NH3)2]NO3

complex (pH 10.5) prepared by a dropwise addition of 24% aqueous NH4OH to  

framework and to remove the template molecules from the template-doped films.

position was 1 Si(OC H )  : 22 C H OH : 5 H O : 0.004 HCl : 0.096 CTAB). The 
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5  10–2 M aqueous AgNO3 up to formation of a clear colourless solution. The 
samples were immediately rinsed thoroughly with deionised water and dried  
in a flow of warm air. For the reduction of incorporated Ag+ species, the as-
synthesised samples were subjected to thermal treatment in hydrogen flow at 
400°C (heating rate 5°C/min) for 1 h and cooled to room temperature.

3. Results and Discussion  

The template-free and template-structured silica films on glass slides were 
prepared in a similar way in order to minimise a number of parameters which can 
influence their structure. The difference in applied sol-gel precursors concerned 
only the presence of CTAB template which was used upon the synthesis of the 
template-structured silica films. Both template-free and template-structured silica 
films were transparent and continuous of ca. 200 nm thickness.

Figure 1. Surface morphology of the template-free (left) and template-structured (right) silica films. 

AFM images of the template-free and template-structured silica films reveal 
a substantial difference of their surface morphology. The surface of the template-
free film exhibits the irregularly located nanoscopic bumps of about 25 nm 
diameter and 2–3 nm height (Figure 1, left). In contrast, the template-structured 
silica film exhibits a relatively smooth and homogeneous surface morphology 
with no special surface features on a nanometer scale (Figure 1, right). We sup-
pose that the difference in surface morphology of the template-free and template-
structured silica films may be connected with the difference in their porosity. 
The bumps on the surface of the template-free silica film may originate from 
the explosive elimination of the residual ethanol solvent and water that evolves 
upon silanol group condensation and accumulates inside the film. In the case of 
template-structured silica film, the residual ethanol solvent and water can evolve 
through mesopores. As the result, the surface of the template-structured silica 
film appeared to be a defect-free.
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Figure 2. XRD patterns of the template-free (a) and template-structured (b) silica films. 

For the template-free silica film (Figure 2a) no evidence of the formation 
of the arranged pore structure was detected in the low-angle XRD. In the case 
of the template-structured silica film, subjected to calcination at 400oC for the 
template removal (Figure 2b), the low-angle XRD pattern shows the peaks con-
sistent with hexagonally arranged system of cylindrical pores.4 The unit cell 
constant a0 was calculated as 3.71 nm, the pore diameter of the prepared template-
structured silica films the can be estimated as 2.7 nm.

Organic dyes of different nature immobilised on solid surfaces have a good 
potential for the detection of hazardous industrial substances such as hydrochloric 
acid, acetic acid and ammonia.5, 6 Therefore, Methylene Blue (MB) cationic dye 
was selected as a model for functionalisation of the template-free and template-
structured silica films since the MB molecules ([RC6H3SNC6H3R]Cl where R =  
N(CH3)2) have extremely high molar absorption coefficient (  reaches 9.5 
104 M–1 cm–1 at  = 664 nm)7 and the ability to interact with silica surface via
physical adsorption8 or electrostatic interaction9 mechanism. 

It was revealed that contact of the template-structured silica films with aqu-
eous solution of MB resulted in their intense colouring. In contrast, the template-
free silica films remained almost uncoloured even after prolong (up to 24 h) 
immersion into MB aqueous solution. UV-Vis absorption spectra of the template-
free and template-structured silica films contacted with MB aqueous solution are 
presented in Figure 3, left. For the template-structured silica film, the spectrum 
reveals the presence of the intense bands at 664 and 605 nm (Figure 3, left, b)
which can be attributed to monomeric and dimeric MB molecules, respectively.7
The intensity of corresponding bands in UV-Vis spectrum of the template-free 
silica film (Figure 3, left, a) is very low. 

The differences in the behaviour of the template-free and template-structured 
silica films may be connected with their structure rather then with their surface 
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morphology. We suppose that the pore size of the template-structured silica film 
(2.7 nm as estimated from XRD) is large enough to accommodate the relatively 
small MB molecule with van der Waals size of 0.4 × 0.8 × 1.8 nm.10 In the case 
of the template-free silica film MB molecules are located only at external geo-
metric surface. To verify this supposition the experiments on functionalisation 
of silica films of both type were continued. 

Figure 3. UV-Vis spectra of the template-free (a) and template-structured (b) silica films after 
contact with aqueous solution of MB (left) or ion-exchange in aqueous solution of [Ag(NH3)2]
NO3 complex followed by reduction in hydrogen (right). 

For Ag nanoparticles, the presence of the intense optical absorption band, 
named as plasmon resonance peak, which depend both on the particle size and on 
the refractive index of the surrounding medium11 is typical. The adsorbed mole-
cules modify the dielectric properties of the surrounding medium and influence 
the optical absorption of Ag nanoparticles enabling to use this effect for the 
detection the nature and amount of the adsorbed substrates and its successful 
exploitation in chemical sensing.12

The ion-exchange route for functionalisation of the template-free and 
template-structured silica films with Ag nanoparticles13 was selected. During 
the contact of silica films with aqueous solution of [Ag(NH3)2]NO3 complex an 
incorporation of Ag+ species into films due to deprotonation of hydroxy groups

Si–OH + Ag(NH3)2
+ Si–OAg(NH3) + NH4

+

on silica surface should occur. A subsequent reduction of Ag+ species upon 
thermal treatment of the ion-exchanged films

Si–OAg(NH3) + 1/2H2 Si–OH + Ag + NH3
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should result in Ag nanoparticles exhibiting the intense peak at ca. 400–450 nm 
due to plasmon resonance absorption.

Both template-free and template-structured silica films were colourless after 
ion-exchange. The ion-exchanged template-free and template-structured silica 
films exhibited different behaviour upon subsequent thermal treatment in hydro-
gen at 400ºC. The template-free silica film remained colourless and no evidence 
of the formation of Ag nanoparticles was observed (Figure 3, right, a). In contrast, 
a yellowish colour appeared in the case of the template-structured silica film. The 
presence of the broad intense peak at 415 nm in the UV-Vis absorption spectrum 
(Figure 3, right, b) was due to the plasmon resonance of Ag nanoparticles.

The obtained results mean that the template-structured silica film can be 
easily doped with Ag nanoparticles using ion-exchange functionalision that can 
hardly be achieved in the case of the template-free silica film. In spite of the low 
thickness of the template-free silica film, only its external surface is accessible for 
doping with Ag+ ions.

4. Conclusions  

The template-free and template-structured silica films of ca. 200 nm thickness 
prepared on glass slides by dip-coating from TEOS sol-gel precursor in the 
absence or presence of CTAB template, respectively, differ in their surface 
morphology and in their ability to post-synthesis functionalisation. The template-
structured silica films exhibit smooth surface morphology, whereas on the sur-
face of the template-free film the irregular nanoscopic bumps were detected. It 
has been found out that the template-structured silica films can be doped with 
Ag nanoparticles via ion-exchange with [Ag(NH3)2]NO3 complex or func-
tionalised with the adsorbed Methylene Blue cationic dye due to the presence of 
the well-organised mesopores after template removal. In contrast, only the exter-
nal geometric surface of the template-free silica films appeared to be accessible 
for modifier molecules.
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Abstract. SBA-15 mesoporous organosilicas with the p6m symmetry were 
synthesized by sol-gel co-condensation of tetraethyl orthosilicate with merca-
ptopropyltriethoxysilane, bis[3-(ethoxysilyl)propyl]ethane, bis[3-(ethoxy-silyl) 
propyl]disulfide, and bis[3-(ethoxysilyl)propyl]tetrasulfide. Final samples were 
characterized by X-ray diffraction and nitrogen sorption measurements. Depen-
ding on the monomers used, the resulted materials exhibit well or poorly ordered 
structures. All materials have a well-developed porous structure and high con-
tent of sulfur-containing moieties introduced by co-condensation. 

 

Keywords: Hybrid materials, adsorbents, adsorption, SBA-15, sol-gel, porosity, thiol 
groups, functionalization. 

1. Introduction 

Ordered mesoporous silicas (OMS) are very attractive materials due to their 
high surface areas, large pore volumes, large, uniform and adjustable pore sizes, 
and diverse morphology making them interesting as potential catalysts and adsor-
bents.1 The first successful attempt in these exciting field was done by resear-
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chers from Mobil, when a family ordered mesoporous aluminosilicates, denoted 
as M41S materials, was obtained by supramolecular templating approach.2,3

The use of cationic surfactants as templates made it possible to obtain mate-
rials with the sizes of the pores in the range 2–7 nm. Sometimes, such pores are 
too small for catalytic or sorption application. Moreover M41S materials (parti-
cularly MCM-41 which is probably the most studied structure from the M41S 
family) had some unfavourable properties, such as for example low thermal and 
hydrothermal stability. Thus, a lot of efforts have been done to broad the acces-
sible size of the pores and improve mechanical properties of OMS materials.

After discovery of M41S materials a broad spectrum of other mesoporous 
materials has been reported. The range of surfactants used as the structure direc-
ting agents has been gradually broadening from long-chain quaternary ammonium 
salts via anionic and neutral to nonionic polyethylene oxide (PEO).4 In 1998 the 
use of a commercially available block copolymers resulted in obtaining a new 
family of mesoporous materials called SBA materials. These materials exhi-
bited various types of ordered structure and large sizes of mesopores up to 30 
nm.5–7 Structure of SBA differs from M41S not only because of the size of the 
mesopores – in the case the network of ordered primary mesopores is addi-
tionally connected to each other by a network of micropores and smaller meso-
pores.8 SBA materials have also thicker walls, which improves the thermal and 
hydrothermal stability.9 The most studied structure from this group is hexagonally 
ordered SBA-15 structure with the p6mm symmetry. 

Very important advantage connected with the sol-gel synthesis of SBA-15, 
as well as other materials, is the possibility of introduction of organic groups 
into the ordered structure during one-pot synthesis. In this way new organic-
inorganic hybrids with desired optical, mechanical and electrical properties can 
be created, what make such materials attractive in adsorption, catalysis or sen-
sing.10 Functionalized materials are called ordered mesoporous organosilicas 
(OMOs) or periodic mesoporous organosilicas (PMOs) depending on the type 
of moieties incorporated (side-end groups sticking inside the pores in the case 
of the former or bridging groups incorporated in the mesopores walls in the case 
of the latter). Up to now dozens of organic moieties have been successively 
introduced into the framework of SBA-15 materials. A lot of attention is 
focused on the synthesis of sulfur-functionalized (particularly, but not only, 
thiol-functionalized) sorbents due to high affinity of such materials towards 
heavy metal ions, such as mercury, cadmium or lead.10

The main goal of this work is to take advantage of co-condensation method 
to introduce mercaptopropyl groups into the internal surface of the pores and 
ethylene, phenylene, disulfide and tetrasulfide bridges into the framework and 
study how structural-adsorption properties change with incorporation of these 
groups into the hexagonal structure of SBA-15 materials. 
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2. Experimental 

2.1. REAGENTS 

Initially the following compounds were used: tetraethoxysilane: (TEOS,  
96%, ABCR), 1,2-bis(triethoxysilyl)еthane (BТЕSЕ, 96%, ABCR), 1,4-bis(tri-
ethoxysilyl)benzene (BТЕSB, 95%, Aldrich), bis[3-(triethoxysilyl)pro-pyl] dis-
ulfide (BTESD, 90%, ABCR), bis[3-(triethoxysilyl)propyl]tetrasulfide (BTEST, 
95%, ABCR), 3-mercaptopropyltriethoxysilane (MPTES, 95%, ABCR), poly 
(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) tri-
block copolymer Pluronic P123 (P123, BASF), hydrochloric acid (37%, POCH), 
ethanol (99.8%, POCH). All chemicals were used as received. 

2.2. SYNTHESES OF THE SAMPLES 

Syntheses of all channel-like mesoporous SBA-15 silicas were performed in the 
presence of P123 triblock copolymer by co-condensation of TEOS, MPTES and 
one of bridged monomers (BTESE, BTESB, BTESD or BTEST) to introduce the 
desired surface and framework functional groups. All materials were synthe-
sized by one-pot route using by the similar synthesis procedure reported else-
where.10 In a model synthesis, 2 g of P123 was dissolved in 60 ml of 2 M HCl 
and 10 ml of deionized water under vigorous stirring at 40°C. After 6 h of 
stirring a specified volume of TEOS was added dropwise to this solution under 
vigorous mixing, and then the proper bridged silsesquioxane was pipetted after 
10 min, and the MPTES after next 5 min. The resulting mixture was stirred for 
24 h and aged at 100°C for 48 h. The white solid was thoroughly washed with 
deionized water, filtered and dried at 70°C. The template was removed by triple 
extraction with the acidic absolute ethanol (99.8%) at 70°C.  

2.3. MEASUREMENTS 

The content of the sulfur in the obtained samples was determined by XRF spec-
troscopy (Canberra). Nitrogen adsorption isotherms were measured at –196°C 
(ASAP 2405N sorptometer, Micromeritics) after degassing at 105°C. The BET 
surface area (SBET) was evaluated in the 0.05–0.25 range of relative pressures. 
The total pore volume (Vp) was calculated by converting the amount adsorbed 
at a relative pressure about 0.99 to the volume of liquid adsorbate. The average 
pore size (d) was estimated using the BJH and KJS method.11 Powder XRD 
measurements were recorded using a Carl Zeiss Jena HZG-4 diffractometer 
with Seifert RTG DRON-3 generator (Cu Kα radiation), 0.02° step size and 10 
s step time over a range 0.5° < 2θ < 5.0° at RT. 
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3. Results and discussion 

Figure 1 presents the XRD patterns of the samples S1-S6. In the case of samples 
S1-S3 three well-resolved peaks are observed in the range of 2  0.8–2°. The 
peaks can be indexed according to two-dimensional hexagonal p6m symmetry, 
indicating a well-defined SBA-15 mesostructure6: one sharp reflection at 2
0.8 indexed as 100 and two minor but distinct reflections at 2  1.5 and 2
1.8, indexed as 110 and 200, respectively. The samples S4-S6 have less ordered 
structure confirmed by the lack of 110 and/or 200 signals on corresponding 
XRD patterns. An increase in the concentration of disulfide and tetrasulfide brid-
ges affect meaningfully the XRD profiles, which is confirmed by deterioration 
of 100 signal of samples S4 and S6 in comparison with stronger 100 signal of 
samples S3 and S5, respectively. Moreover, XRD patterns of samples S4 and
S6 possess only one very broad signal what testify to very poor mesostructural 
ordering. Thus, the increase of concentration of BTESD and BTEST in the ini-
tial mixture of monomers causes a deterioration of the mesostructural ordering.

Figure 1. The XRD patterns of samples S1-S6.

Nitrogen adsorption/desorption isotherms of the materials studied are shown 
in Figure 2. Hexagonally ordered S1-S3 samples exhibit type IV adsorption-
desorption isotherms. Isotherms of these samples have a sharp capillary con-
densation steps, reflecting capillary condensation of adsorbate in the uniform 
mesopores channels, and evaporation step related to the evacuation of adsorbate 
from the pores. Thus, it can be concluded that a framework of materials S1-S3
has array of mesopores with the same diameter, what is also supported by XRD 
patterns (Figure 1). Samples S4-S6 don’t have sharp capillary condensation 
step, what testifies to deterioration of the structure’s ordering.

All the materials have high values of SBET in the range 568–820 m2/g and 
pore volume in the range 0.52–1.02 cm3/g. Values of pore volume are pro-
portional to the degree of mesostructural ordering: highly ordered samples (S1-
S3) have higher values of Vp (0.71–1.02 cm3/g) while poorly ordered samples 
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(S4-S6) lower values of Vp (0.52–0.64 cm3/g). KJS method was proved to be an 
elegant method for calculations of PSD of SBA-15 materials,11 in opposite to 
often used BJH method which underestimates the pore size even by 50%. As 
can be seen from Table 1 the average pore sizes by BJH method (dBJH) are lower 
than corresponding pores sizes obtained by KJS method (dKJS).

Figure 2. The nitrogen adsorption/desorption isotherms of samples S1-S6.

We also testified a new method of determining average pore size directly 
from XRD data proposed recently by Pikus et al.12 As it can be seen form the 
Table 1, the average pore sizes by this method (dXRD) correspond very well with 
those obtained by KJS method.  

The amounts of side-end thiol groups as well as disulfide and tetrasulfide 
bridges were estimated by elemental analysis and are presented in Table 1. The 
sulfur contents represent around 70–95% of the theoretical values estimated 
from the initial molar composition, indicating good incorporation efficiency. 

TABLE 1. Properties of the materials S1-S6.

Structural-adsorption characteristics No
Molar ratio of monomers 

Content
of sulfur 

(%) SBET
(m2/g)

Vp
(cm3/g)

dKJS
(nm)

dXRD
(nm)

dBJH
(nm)

S1 TEOS/BTESE/MPTES
18:1:1 1.81 777 1.02 7.7 7.8 4.6 

S2 TEOS/BTESB/MPTES
18:1:1 1.56 820 0.93 7.7 6.5 4.3 

S3 TEOS/BTESD/MPTES
19:0.5:0.5 5.62 679 0.71 7.2 7.0 3.7 

S4 TEOS/BTESD/MPTES
18:1:1 8.47 675 0.64 – – 3.2 

S5 TEOS/BTEST/MPTES
19:0.5:0.5 7.99 637 0.63 – – 3.4 

S6 TEOS/BTEST/MPTES
18:1:1 11.0 568 0.52 – – 3.0 
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4. Conclusions

Mesoporous organosilicas with high content of thiol side-end groups and 
ethylene, phenylene disulfide and tetrasulfide bridges were obtained. Some of 
the materials have a highly ordered SBA-15 structure, other are disordered. The 
degree of ordering is dependent upon the type and amount of added organo-
silane monomers. The presence of ethylene and phenylene bridges leads to highly 
ordered structures, but mesostructural ordering decreases with the increase in 
the concentration of disulfide and tetrasulfide bridges. Values of average pore 
sizes by KJS method correlate very well with those determined by new method 
proposed by Pikus.12 All materials have high loading of sulfur-containing moi-
eties what make them attractive for adsorption applications. 
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Abstract. Molecular sieve adsorbents have been prepared by the sol-gel route 
comprising simultaneous hydrolysis of tetraethylorthosilicate (TEOS) and poly-
merization of furfuryl alcohol (FA). The mixtures of TEOS (10%) and FA 
(90%) have been forced to interaction in the presence of small amounts of water 
(hydrolyzing agent) and sulfuric acid (polymerization catalyst) under ambient 
conditions, and successive carbonization at 923–1,023 K under argon. Adsorp-
tion of nitrogen at 77 K appears to be essentially non-equilibrium indicating 
activated character of diffusion. The ratio of CO2/N2 adsorption uptake at 1 bar 
changes from 9:1 for carbon, obtained without TEOS additives under other 
similar conditions, to ~1:3 for carbon-silica composite, indicating the reciprocal 
change of the adsorption selectivity factor. 

Keywords: Molecular sieve, adsorption selectivity, pressure swing adsorption. 

1. Introduction

Molecular sieving adsorbents (MSA) are widely used for gas separation, drying 
and purification, as well as catalysts and catalyst supports. These materials show 
adsorption selectivity for molecules of various limiting sizes. Well known are 
alumo-silicates (zeolites), alumo-phosphates, carbon molecular sieves. New types 
of MSA are: metal-organic frameworks of MIL type, mesoporous silicates and 
carbons.

* To whom correspondence should be addressed: Maxim S. Mel’Gunov; e-mail: max@catalysis.ru 
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The main aim of this work was elaboration of carbonaceous molecular sieves, 
which are suitable for nitrogen, hydrogen or CO2 purification from gaseous mix-
tures by means of pressure swing adsorption processes. 

There are several known ways to prepare carbon molecular sieves. For 
example, natural precursors1 such as lignin, cellulose, shells of various nuts are 
carbonized and partially burned-off to develop microporosity. This can be fol-
lowed by carbon deposition in diffusion regime to tune the size of the micro-
porous openings that provide molecular selectivity. The main disadvantage of 
this approach is application of natural precursors with technological charac-
teristics that are too complex to be thoroughly controlled. Moreover, special addi-
tional procedures should be applied to give the resulting material a form suitable 
for particular separation process (film or membrane, granules of spherical form, 
or honeycombs). More technologically friendly is application of pure chemical 
liquid carbonaceous compounds (e.g. furfuryl alcohol (FA), phenol-formaldehyde 
resin, etc.) that can be polymerized and than carbonized under certain condi-
tions.2 During polymerization step the material changes its viscosity from very 
low to increasingly high, approaching the hard solid state. The forms with inter-
mediate viscosity can be easily used to prepare materials of desirable form by 
extrusion and other related techniques. Known is also the way of impregnation 
of mineral molecular sieves (zeolites, for example, of Y-type) with carbonaceous 
liquid, carbonization and mineral template removal by dissolving in HF (for 
recent review one can consider3). The disadvantage of this way is its relatively 
high cost. 

To enhance the separation properties of CMS one can apply functionaliza-
tion of the carbon matrix with compounds that display high affinity to one of 
the permeating gas species. For example, addition of Ag nanoclusters increases 
the selectivity to O2 over N2 by a factor 1.6 compared to a nonfunctionalized CMS 
membrane prepared by the same pyrolysis procedure.4 To increase hydrogen/ 
methane permoselectivity copper(II) nitrate can be added (0–6 wt%) to cellulose–
hemicellulose precursor followed by carbonization at 823, 923 K.5

“One pot” mixing of FA with tetraethyorthosilicate (TEOS), accompanied 
with successive polymerization and carbonization results in micro-mesoporous 
materials,6 which even referred to as molecular sieves7 with no exact example 
of molecular sieving effect. Polymerized FA + TEOS mixture was successfully 
applied for shapeless monoliths formation.8 This is of real importance for gas 
separation techniques such as pressure swing adsorption, for which structured 
sieving adsorbents have strong advantage over granular adsorbents due to lower 
gasodynamic resistance and attrition.
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In this work we present the results of the experiments on molecular sieving 
properties of carbon-silica adsorbents, synthesized from FA and TEOS mixture. 

2. Experimental

2.1. MATERIALS PREPARATION 

Furfuryl alcohol and tetraethylorthosilicate of 98+% grade were purchased from 
Alfa Aesar and Fluka, respectively, and used without additional purification. In 
typical synthesis 1 g of TEOS was mixed with 9 g of FA under ambient con-
ditions, and 0.1 g of 0.03 M H2SO4 was added to the mixture under stirring. The 
mixture was heated up to 70°C for 5 min, and then cooled to 20°C in water 
thermostate and kept there until formation of solid composite. It is important to 
note that long exposition at 70°C results in rapid polymerization with high rate 
of gaseous ethyl alcohol formation. The reaction is exothermic and can result in 
flameless blowing of the mixture. After that the material was crashed to gran-
ules of ~1–2 mm size and carbonized unde r argon at 923, 973, and 1,023 K. 
The corresponding samples are referred to as CSMS XXX, where CSMS means 
carbon-silica molecular sieve, and XXX is the temperature of activation. Blank 
experiment was also performed without TEOS addition other conditions being 
same. The material from pure FA was carbonized at 1,023 K and refereed to as 
FAC. NaX zeolite from UOP was also studied as reference. 

2.2. CHARACTERIZATION

N2 adsorption at 77 K, N2 and CO2 adsorption equilibrium and rate at 300 K 
were studied using ASAP-2020 instrument. Before the experiment the samples 
were degassed under dynamic vacuum of 10–4 torr for 15 h. 

3. Results and Discussion 

The result of nitrogen adsorption-desorption experiment under standard program 
suitable for microporous materials at 77 K is shown in Figure 1. 

Such shape of the isotherm indicates that it is not adsorption-desorption 
equilibrium isotherm. The diffusion of N2 molecules at 77 K has activation char-
acter. This is typical for the adsorbents (e.g. zeolites), which micropore size is 
close to the size of N2 molecules. Since the measured isotherms are obviously 
non-equilibrium one can only estimate the specific surface area of >100 m 2/g
and micropore volume of ~0.05 cm 3/g.
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Figure 1. N2 adsorption-desorption at 77 K for carbon-silica molecular sieve (CSMS 923) carbo-
nized at 923 K. 

Figure 2 shows N2 and CO2 adsorption-desorption isotherms for the studied 
materials at 300 K below atmospheric pressure. Noteworthy, nitrogen adsorption-
desorption on CSMS 1023 and FAC has not absolutely equilibrium character. 
N2 adsorption uptake has same order of magnitude for NaX, FAC and CSMS 
1023, except only that the form of the adosprtion isotherm for NaX is closer to 
Henry type. Most probably, lower values of N2 adsorption compared to FAC 
correspond to the presence of silicate in the CSMS sample, which does not  
add microporosity, but makes the material heavier, thus decreasing the values 
of specific adsorption (per gram). Decrease of the activation temperature 

Figure 2. Adsorption-desorption isotherms (300 K) of (a) N2 and (b) CO2. NaX is a commercial 
NaX zeolite, FAC is furfuryl alcohol carbon. 
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is also accompanied by decrease of N2 adsorption uptake that can be explained 
by insufficient degree of carbonization and microporosity development. On the 
other hand, the adsorption of CO2 on CSMSs does not significantly depend on 
the activation temperature, indicating that CO2 adsorbs mainly on the external 
surface.

CO2 adsorption isotherms at 300 K differ significantly from the isotherms 
for N2. FAC sample has high values of CO2 uptake comparing to that for N2,
which is typical for microporous carbon adsorbents due to usually higher values 
of adsorption heat for CO2. Controversially, CO2 uptake over CSMS samples is 
lower that that for N2, indicating the reciprocal change of the adsorption selec-
tivity factor. The values of the latter (ratio of N2 to CO2 adsorption) under 1 bar 
(experiment) and 10 bar (calculated from Langmuir extrapolation) are shown in 
Table 1. 

TABLE 1. Adsorption selectivity factor for CO2 and N2.

Pressure
(bar)

NaX FAC CSMS 
 923 

CSMS
 973 

CSMS
1023

1 1.5 2.1 2.3 2.7 0.12 
10a 5.6 3.4 3.7 4.5 0.10 

                                                        aCalculated from Langmuir extrapolation to 10 bar from the measured isotherms. 

The values of adsorption selectivity factor for CSMS samples are higher 
under 1 bar, and approach to that under 10 bar compared to NaX zeolite. Of 
course, extrapolation to 10 bar from the isotherms measured below 1 bar is rather 
rough, nevertheless, this extrapolation shows that selectivity of CSMS samples 
for N2 and CO2 is close to that for pure molecular sieve NaX. Reciprocal change 
of adsorption selectivity factor from preferable CO2 adsorption for FAC to the 
preferable N2 adsorption for CSMSs indicates changes of mesoporous structure 
of the material due to incorporation of silica most probably in a mono- or oligo-
molecular form. 

Figure 3 shows the typical behavior of the rate of N2 and CO2 adsorption. The 
rate of adsorption for both gases and adsorbents starts from linear behavior in 
coordinates “adsorption vs time–1/2” that is typical for microporous adsorbents. 
CO2 adsorption goes faster compared to N2 adsorption for both adsorbents. Si-
multaneously, adsorption of CO2 over MSCS 923 is faster than that for FAC. 
Taking into account the dramatic change in CO2 adsorption uptake between 
FAC and CSMS 923 one can assume, that decrease of CO2 adsorption rate for 
FAC comparing to CSMS 923 is caused by slow diffusion in micropores, which 
are accessible for CO2 in FAC and inaccessible in CSMS 923 at 300 K.
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Figure 3. Typical rate of N2 and CO2 adsorption at 300 K for FAC and CSMS 923 samples. 

4. Conclusions

One pot synthesis of carbon-silica adsorbents from furfuryl alcohol and tetra-
ethylorthosilicate mixture catalyzed by sulfuric acid results in formation of mate-
rials that show adsorption selectivity towards N2 in N2-CO2 system under ambient 
conditions. This is opposite to the properties of traditional activated carbons, can 
be refereed to as molecularly sieving effect, and can be applied for CO2 purifi-
cation from N2.

References

1. W.M.A. Wan Dauda, M.A. Ahmad, Sep. Purif. Technol 57, 289–293 (2007) (and references 
therein).

2. A.F. Ismail, L.I.B. David, J. Membr. Sci. 193, 1–18 (2001); H. Wang, L. Zhang, G.R. Gavalas, 
J. Membr. Sci. 177, 25–31 (2000); W. Wei, G. Qin, H. Hu, L. You, G. Chen, J. Membr. Sci. 
303, 80–85 (2007) (and references therein). 

3. B. Sakintuna, Y. Yürüm, Ind. Eng. Chem. Res. 44, 2893–2902 (2005). 
4. J.N. Barsema, J. Balster, V. Jordan, N.F.A. van der Vegt, M. Wessling, J. Membr. Sci. 219, 

47–57 (2003).
5. D. Graingera, M.-B. Hägg, , J. Membr. Sci. 306, 307–317 (2007). 
6. H. Müller, P. Rehak, C. Jager, J. Hartmann, N. Meyer, S. Spange, Adv. Mater. 12, 1671 

(2000).
7. J. Liu, H. Wang, L. Zhang, Chem. Mater. 16, 4205–4207 (2004). 
8. S. Grund, A. Seifert, G. Baumann, W. Baumann, G. Marx, M. Kehr, S. Spange, Micropor. 

Mesopor. Mater. 95, 206–212 (2006). 

374 M.S. MEL’GUNOV, A.N. VODENNIKOV AND V.B FENELONOV
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Abstract. The mesoporous silicas with thiourea functional group 
Si(CH2)3NHC(S)NHC2H5 were synthesized using sol-gel and template methods 

(with cetylpyridinium chloride as template). It has been found that the sorption 
properties of these mesoporous silicas are influenced both by the functional 
group content and the character of the sorbent’s porous structure. At low density 
of ligand groups all of them are accessible for Hg2+ sorption with formation, as a 
rule, of the simplest complexes (1:1 composition). The rising density of functional 
groups in the surface layer of sorbents results in the reduction of their acces-
sibility and complicates the complex formation process. This, causes reduce-
tion of static sorption capacity of such materials (from 357 to 46 mg/g). It was 
shown that mesoporous materials with thiourea groups synthesized by temp-
late method and possessing highly ordered structures have superior kinetic char-
acteristics compared to xerogels with the same functional groups. is stable 

Keywords: Sol-gel method, template method, mesoporous silica with thiourea groups, 
mercury(II) sorption. 
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1. Introduction

Silica is most frequently chosen as an initial matrix for production of highly effec-
tive and selective adsorbents. It does not swell in organic solvents and in a wide 
range of pH. Moreover, it can be provided with desirable textural characteristics. 
Sol-gel and template methods of synthesis are often used in this purpose to 
obtain materials functionalized with different organic groups. These synthetic 
approaches are based on the hydrolytic polycondensation reaction of silica 
alkoxy-derivatives1–5. The reaction mixture can be doped by various organic and 
inorganic substances, depending on the assigned target. This approach is, in 
particular, frequently used for the regulation, in broad limits, of structural and 
adsorption characteristics of silicas. The surfactants are therefore brought in 
during the hydrolytic polycondensation reaction, when the so-called template 
synthesis is carried out. In this case, the role of the surfactants is limited to for-
mation of an organized phase with corresponding micelle packing and inclusion 
of these micelles into the matrix of the organo-silica anions. As a result of poly-
condensation and polymerization processes, a removable, instable framework of 
sorbent, a mesophase, is formed. Further hydrothermal and thermal processing 
of the materials results in formation of the inorganic framework of sorbent and 
surfactant removal which leads to the formation of mesoporous silicas, which 
pores are equal in form and size. Such approach enables to improve signifi-
cantly the kinetic characteristics of the abovementioned sorbents. From this 
point of view, in this work there is made a comparison of structure and sorption 
properties of xerogels and mesoporous silicas, which contain the same func-
tional group. The latter was the thiourea group possessing considerable poten-
tial for the sorption of heavy metal ions.2,6

2. Experimental

As sorbents, three xerogels and three mesoporous silicas which synthesis has 
been described earlier7,8 were used (Table 1). The xerogels differed by the ratio 
between tetraethoxysilane (TEOS) and the trifunctional silane with thiourea 
group, which was used in the synthesis, and, as a result, by their structural-
adsorption characteristics and functional groups content. Mesoporous silicas 
M1 and M2 differed also by the TEOS/trifunctional silane ratio. Furthermore, 
in their synthesis 1-dodecylamine (DDA)7 and for the M3 synthesis cetylpyri-
dinium chloride (CPyCl)8 were applied as a templating agents. 

IR spectra of sorbents before and after mercury(II) sorption (in the latter 
case the samples were preliminary dried in air) were recorded using Nicolet 
NEXUX FTIR spectrometer in the region 4,000–400 cm–1 in reflection mode. 
The samples were initially mixed with calcined KBr (1:30). 
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TABLE 1. Functional groups content, parameters of porous structure and sorption characteristics 
of silicas with thiourea groups.

Sample Ratio TEOS/ 
trifunctional
silane during 

synthesis

gr.,
mmol/g

S sp.,
m2/g

Vs.,
cm3/g

d ef., nm Ratio “Hg(II)/ 
functional group 
content” (in %) 

(in parentheses – 
sorption time, h) 

Static Sorption 
Capacity

(SSC), mg/g 

1 2:1 3.0 <1 – – 8 (72) 46 
2 4:1 2.3 48 0.07 3.6 38 (72) 178 
3 8:1 1.4 180 0.53 10.4 127 (72) 357 
1 10:1 1.2 925 0.51 2.5 143 (24) 345 
2 10:2 1.8 400 0.21 3.6 58 (72) 211 
3 10:2 1.8 1,157 0.64 2.9 103 (3) 369 

For the sorption studies (under static conditions) was used a mercury(II) 
nitrate solution of with concentration 0.049 mol/l in the 0.01 M nitric acid. The 
volume of mercury solution sample was 20 cm3 and the sorbent weight 0.1 g 
(the xerogel fraction with particle size <0.063 mm was applied). Since the 
surface of resulting materials is hydrophobic, the sorbents were wetted in 
advance with 0.1 cm3 ethanol. The distribution of metal was controlled through 
the aqueous phase by reverse titration with Trylon B and gSO4 solution. pH 
of working solutions was controlled by Universal EV74 Ionometer. 

3. Results and Discussions 

The Figure 1 shows sorption isotherms of mercury(II) ions by X1, X2 and X3
xerogels. The analysis of these isotherms leads to the following conclusions: in 
case of X3 xerogel, which is characterized by the lowest density of functional 
groups (0.008 mmol/m2) in its surface layer the mercury (II) complexes, 
apparently, are formed in 1:1 composition with thiourea groups. The somewhat 
elevated adsorbed metal content, in comparison with the number of functional 
groups, may be explained by the fixation of some amount of mercury(II) aqua 
complexes in the pores of this sorbent. The shape of mercury(II) ion sorption 
isotherm for the X2 xerogel (density of functional groups is 0.048 mmol/m2) is 
rather interesting, displaying two distinct plateaus (Figure 1). For the first one, 
the amount of adsorbed mercury is 0.45 mmol/g, for the second – 0.90 mmol/g. 
It may be assumed that in this case, on the surface of sorbent there exists a 
polymeric functional layer of specific structure. In addition, in the region of low 
equilibrium metal salt concentrations, only about 40% of thiourea groups take 
part in the sorption interaction and the formation of mercury(II) complexes with 
1:2 composition occurs.
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Figure 1. Isotherms of mercury adsorption by X1, X2, X3 and M3 samples. 

Further increase in the equilibrium metal cation concentration stipulates the  
formation of complexes with simplified composition, with the 1:1 ratio (this 
assumption is confirmed by the fact that, in the second section of isotherm, 
the same amount of metal as in the first one is adsorbed). Consequently, 60% of 
the functional groups in the X2 xerogel are inaccessible for metal ions under 
conditions of the experiment. In case of the X1 xerogel a similar picture is 
observed, though it is not so clearly expressed (Figure 1). It is clear that the 
absence of porous structure in this xerogel with relatively high thiourea group 
content (3.0 mmol/g) should stipulate more pronouncedly the formation of a 
polymeric functional layer. In this connection, almost 80% of ligand groups 
become inaccessible for mercury(II) ion sorption. It may be concluded that the 
sorption properties of xerogels with thiourea groups are determined not only by 
the latter content but also by the chatacter of porous structure of the sorbents. In 
other words, the increase in functional group density stipulates increasingly 
their inaccessibility for metal ion sorption. 

Comparing the sorption properties of mesoporous silica in relation to mer-
cury(II) ions, the following conclusion may be made: in case of M2 sample, 
even after 3 days of sorption, only about 50% of its functional groups participate 
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in binding the metal ions. The elevated mercury(II) sorption, in comparison 
with ligand group content, observed for M1 sample is caused, apparently, by 
the incomplete removal of DDA (the presence in such samples of template has 
been previously acknowledged by solid NMR spectroscopy9). High sorption 
properties were observed for the M3 sample obtained using CPyCl (Table 1). 
Thus, already during 3 h, the participation of all its thiourea groups in the com-
plex formation was observed, the forming complexes being of 1:1 composition. 
This has been expected considering the density of functional groups in this 
sample (0.0016 mmol/m2).

Figure 2. IR spectra of some samples 1-before Hg(II) sorption and 2-after Hg(II) sorption.

The Figure 2 shows IR spectra of some samples with adsorbed Hg2+ ions. 
On the basis of analysis of these spectra, the conclusion may be made that the 
intensive absorption band at 1,575 cm-1 (vas NCN) preserves practically its 
position in comparison with the IR spectra of the original sorption materials 
(1,562 cm–1). However, it should be noted that its shape becomes structurally 
related. Moreover, in IR spectra of these samples, the appearance, as a shoulder, 
of a new low-intensity absorption band at above 1,610 cm–1 is indicated. It  
may be assumed that in the course of mercury(II) sorption the thion-thiol 
tautomerism is observed for a part of thiourea groups. The band in the region 
above 1,610 cm–1 in the examined IR spectra of xerogels may be attributed to  

measurements of pH during the experiment have shown that with the rise of 
metal ion equilibrium concentration in sorption series is associated with 

379

the valence vibration of the forming azomethine group (–C=N–). The control  

successive reduction of pH in the suspension: for 1 – from ~2.0 to ~1.94; 2– 



from ~2.01 to ~1.86; 3 – from ~2.01 to ~1.75. This is in agreement with the 
above assumption. 

4. Conclusions

It has been found that the sorption properties of xerogels and mesoporous 
silicas containing thiourea groups in the surface layer are influenced by both the 
functional group content and the nature of the sorbent’s porous structure. At 
low density of ligand groups (expressed in mmol/m2), all of them are accessible 
for mercury(II) ions sorption with formation, as a rule, of simplest complexes 
with 1:1 composition. The rising density of functional groups in the surface 
layer of sorbents results in reduction of their accessibility and complicates the 
complex formation process. This, in its turn, causes reduction of SSC of such 
materials.

It has been found that mesoporous materials with thiourea groups in surface 
layer, synthesized by template method and possessing highly ordered structure, 
possess superior kinetic characteristics compared to xerogels with same 
functional groups. 

On the basis of the obtained data, it can be concluded that the presence of 
thiourea functional groups in the surface layer of sorbents enables to use them 
for removal of heavy and noble metals including such dangerous for human 
organism ion as Hg2+ from solutions. The approaches proposed in this work for 
the synthesis of new materials permit, depending on the assigned task, to create 
sorbents with in advance designed characteristics. 
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Abstract. Sol-gel method was used to synthesize polysiloxane hydrogel with 
encapsulated urease (immobilization degree in the range of 79–88%) which 
preserved the enzymatic activity at the level of 56–84%. The nature of fun-
ctional groups was shown to influence the pore structure parameters. Immo-
bilization degree and preservation of adsorbed urease activity depend on the 
structural-adsorption characteristics of matrices. The possibility of “double 
immobilization” of urease on silica gel by sol-gel method and the oppor- 
tunity of reuse of the synthesized formulations was investigated. Urease immobi-
lization on the surface of magnetite (FeO·Fe2O3) was also studied by adsorption 
method.

Keywords: Urease, immobilization, sol-gel method, magnetic nanoparticles, silica gel.

1. Introduction

Constant need in increasing control of environmental contamination, food quality, 
and increasing number of clinical studies require introduction of new analytical 
technologies. In particular, the application of high-sensitivity, selective, fast and 
economic biosensors is based on bio-sensitive membranes.1,2 Such membranes 
are thin organic or inorganic films containing immobilized biopreparations.3,4

Sol-gel method proposed in recent studies of enzymes immobilization was 
8,9

It is possible also to synthesize such films on electrode surfaces. 
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The opportunity of multicomponent systems application in such synthesis 
permits to obtain films with necessary properties and functions11,12 In the 
present work the method of covalent and non-covalent urease immobilization 
using sol-gel approach is presented.

2. Experimental

For incorporation of urease in polysiloxane matrixes (PSM) after alkoxysilane 
hydrolysis, a water solution of urease in a phosphate buffer was introduced in 
the system. Hydrogels containing incorporated urease and without it were 
pounded and diluted with a buffer solution to the desired volume. Synthetic 
procedure included vacuum drying of obtained hydrogels without urease at 
100–110° , and with it at 20–25° .13

To immobilize an enzyme, the xerogel (0.1 g) was impregnated with 
phosphate buffer containing urease solution (25 cm3) and left overnight in a 
fridge. This method was used also to immobilize enzymes on silica hydrogel. 
For this propose a hydrogel suspension (1 cm3), containing solid phase (0.04 g), 
was mixed with urease solution (10 mg) in a phosphate buffer (2 cm3). In 12 
hours the xerogel or hydrogel suspensions were centrifuged and the removed 
precipitates were washed five times by a phosphates buffer (5 cm3).14

Double immobilization of urease on silica gel surface was realized by 

mixed in the chosen ratio, applying a catalyst (fluoride-ion), polyvinyl alcohol 
(PVA) and urease.15 3

3 3 3
4

3

10 mM/l), urease solution (0.75 cm3, 17.5 mg urease in phosphate buffer,  = 
7), silica gel (0.25 g).

For urease immobolization was used magnetite and magnetite modified by 
silanol and 3-aminopropil groups. For this purpose a weighted portion of 
substrate (100 mg) was introduced in a phosphate buffer (3 cm3) and left 
overnight in a fridge. The subsequent washing and determination of immo-
bilized urease activity were carried out by standart technique described above.

unit of activity was transformation of 1 mol of urea per minute of enzymatic 
reaction. The medium value of three parallel tests was used in all cases. The 
error in urease activity determinattion was not more than 10%.

Reservation of immobilized urease activity (%) was estimated by the 
formula:

imm
res 35

100.
.
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Typical method of synthesis. TEOS (0.15 cm ), MTES 

Enzymatic activity of urease was determined by biochemistry methods. The 

(0.05 cm ), DMDES (0.05 cm ), solution of PVA (0.05 cm ), NH F (0.01 cm ,

carrying out of hydrolytic polycondensation of alkoxysilanes, preliminary 
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where:
res.– preservation of immobilized urease activity, % 

mm.– activity of the immobilized urease, un/g  
m – weight of the initial urease in 1 g of synthesized sample, mg 

3. Results and Discussion 

Immobilization of urease in hydrogels and xerogels was realized via two ways: 

1. Inclusion of enzyme at the stage of the hydrogel synthesis with subsequent 

(one-stage process). In this way the immobilization of urease is influenced 
by the process of matrix structure formation. 

2. Adsorption of urease on the hydrogel and xerogel with an already formed 
structure (two-stage process). 

It was established that functionalization of polysiloxane hydrogel by 3-

bonding of enzyme in both ways of immobilization. Introduction of methyl 
groups in hydrogel provokes decrease in the extent of binding of the enzyme in 
the one-stage process and does not influence the extent of binding in the two- 
stage process. 

aminopropyl groups provides gradual reduction of preservation of urease 

and methyl groups doesn’t influence significantly the preservation of urease 
activity both in one-stage and two-stage processes, and the value of urease 
activity preservation is 60–100%. 

Hydrogels have high lability of polysiloxane skeleton. Possibly in such 
systems the influence of PSM on the urease structure (incorporated or absorbed) 
was insignificant, and diffusion obstacles for the substrate are practically absent. 
Therefore, in the experiment we observed high activity of enzyme (Figure 1). 

Functionalization of PSM influences essentially the preservation of urease 
activity in time (see Figure 2). This figure shows that the urease immobilized on 
PSM with 3- mercaptgopropyl groups had the highest stability in time. In 300 
days the activity of the enzyme immobilized on PMPSG decreased only by 
30%.

 Structural-adsorption characteristics of xerogels with and without urease 
are presented in Table 1.
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aminopropyl groups and 3-mercapthopropyl groups leads to almost complete 

transformation of the hydrogel with immobilization of urease in a xerogel 

activity from 80% to 50%. Functonalization of hydrogel by 3-mercapthopropyl 

Increasing the quantity of modifier for functonalization of hydrogel by 3-
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vation of activity urease from its way 
immobilization.

included in hydrogels, in time: 1 – PSG; 2 – 
PMSG; 3 – PAPSG; 4 – PMPSG; 5,6 – 
PMPSG.

TABLE 1. Parameters of the porous structure of the polysiloxane xerogel, prepared with urease 
(1) end without it (2). 

Sample
1 2 1 2 1 2 1 2 

Ssp,
m2/g

230 570 – 130 280 280 140 230 

Vs,
cm3/g

0.14 0,37 – 0.45 0.16 0.49 0.09 0.23 

d, nm 2.3 2,6 – 14.0 2.3 6.9 2.6 4.0 

Analysis of the results presented in Table 1 shows that the quantity of 

size increases the amount of immobilized urease.13 It was known, that the 
diameter of urease macromolecule is approximately 5 nm.  It was possible to 

can be adsorbed on the surface of the particles. For the samples PMSX and 
PAPSX with pore diameters of 6.9 and 14 nm, urease can be adsorbed both on 
surface of the particles, and in their pores.

Obtained samples with immobilized urease have some disadvantages. Such 
forms can’t be reusable because it is difficult to separate hydrogels and powdery 
xerogels with immobilized urease from reaction solution. To avoid this defect we 
proposed a procedure of urease immobilization on silica gel by «double immo-
bilization» method using sol-gel approach. Synthesis of biocatalysts in this case 
includes homogenous distribution of a solution, containing alcoxisilanes, and the 
enzyme on the surface of inorganic substrate. 
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Figure 1. Dependence of size of preser- Figure 2. Preservation of activity urease, 

15

PSG PAPSG PMSG PMPSG

          (PSG – polysiloxane xerogel; PAPSG – poly(3-amino r pil)siloxan xerogel; PMSG –

surface area, but by the pore size of the xerogel. Therefore, enlargement of pore 

          polymetylsiloxan xerogel; PMPSG – poly(3-mercapto r pil)siloxan xerogel). 

urease immobilized by adsorption was not determined by the value of specific 

assume, that for PSX and PMPSX with pore diameters of less than 5 nm, urease 
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Two systems have been used for coating: ( ) tetraethoxysilane and 
methyltriethoxysilane, (b) tetraethoxysilane, methyltriethoxysilane and dimethyl-
diethoxysilane. Other components of systems were similar. 

The analysis of the results presented in Table 2 allows assuming that pre-
servation of activity of immobilized urease depends on the ratio of the volume 
of alcoxisilanes and the weight of the substrate. The influence of this factor was 
examined in details using two-component (TEOS/MTES) and tree-component 
(TEOS/MTES/DMDES) systems. The obtained results are presented in Figure  3. 
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Figure 3. Change of activity of urease immobilized on silica gel in time: for TEOS/MTES/ 
DMDES system (introduced alkoxysilanes, cm3/g: 1.0 (1); 0.5 (2); 0.25 (3); 0.16 (4)); for 
TEOS/MTES system (introduced alkoxysilanes, cm3/g: 0.4 (1); 0.2 (2); 0.13 (3)). 

The possibility to reuse systems described above in practice (Figure 4) was 
demonstrated. The figure shows that double immobilization provides strong 
grafting of enzyme on a silica gel surface; the urease was not washed off and 
showed stable values of preserved activity. 

A perspective direction in biotechnology is immobilization of enzymes on 
magnetic substrates. It could be explained by an advantage of using such 
formulations in practice. In particular, such substrate ensures fast separation of 
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Figure 4. Influence of the number of cycles on the preservation of activity of urease, immobilized 
on silica gel by non-equilibrium adsorption (1) or sol-gel method (2–4; introduced alkoxysilanes, 
cm3/g: 0.4 (2); 0.5 (3); 1.0 (4)). 
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immobilized enzyme from a reaction solution or its moving to the necessary 
point using an external magnetic field.

Data on adsorption of urease by magnetite and by modified magnetite are 
presented on Figure 5. As it can be seen from the figure, the highest level of 
enzyme binding was demonstrated for the magnetite modified by 3-aminopropil 
group resulting from ionic bonds formation between negatively charged groups 
of protein and ammonium cations on the magnetite surface. The highest preser-
vation of activity of immobilized enzyme was observed for unmodified mag-
netite, which was connected with the accessibility of active centers. This effect 
can be explained by insignificant forces of enzyme bonding. 

Figure 5. Influence of chemical modification of magnetite on adsorption and properties of 
immobilized urease. 

4. Conclusions

Immobilization of urease by its inclusion in PSX in the process of hydrolytic 
polycondensation leads to encapsulation of enzyme and accordingly to loose of 
the enzyme activity. Urease immobilized by adsorption on xerogel keeps its 
activity at a level of 10%. The highest level of preservation of activity ( 80%)
was observed for urease immobilized on hydrogels. The effective method of 
urease immobilization in a polysiloxane layer on silica gel surface is proposed 
with the use of sol-gel technology. Therefore enzyme showed stable activity 
(10–20%) at least after 10 cycles of reactions. For modified magnetite the 
extent of enzyme binding increases up to 61% compared to unmodified mag-
netite with only 2% of urease adsorbed. This fact can be explained by formation 
of additional chemical bonds between enzyme and the modified magnetic 
substrate.
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EPR STUDIES OF NEW MESOSTRUCTURED SILICA SYNTHESIS 

AND HEMOGLOBIN ENCAPSULATION 

1Institut Charles Gerhardt, UMR 5253 CNRS-UM2-ENSCM-
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8 rue Ecole Normale, 34296 Montpellier, France; 2Istituto di 
Scienze Chimiche, Università degli Studi di Urbino Carlo Bo, 
Piazza Rinascimento8, 61029 Urbino, Italy 

Abstract. Enzyme encapsulation in ordered porous silica has been modified by 
introducing a natural surfactant such as lecithin during the sol-gel process. -
lactose has been used as the enzyme protecting agent and tetraethoxysilane as 
the source of silica in an hydroalcoholic media. In the present study, the EPR 
spectroscopy of paramagnetic probes has allowed to monitor the formation of 
mesophases and the condensation of silica in an isotropic three-dimensional 
structure, named Sponge Mesoporous Silica, with a pore size of 6 nm and a 
specific surface area of 600 m2/g. Different techniques of characterization 
(nitrogen sorption, XRD, TEM, SEM) have been used to study the influence of 
the different reactants on the structure of the materials. Hemoglobin has been 
encapsulated in the different materials and its catalytic pseudo peroxydase 
activity has been evaluated. 

Keywords: Phospholipid, mesoporous materials, sponge phase, enzyme encapsulation, 
SMS.

1. Introduction

Supported enzymatic catalysts are powerful tools for the remediation of oil-
polluted sites, especially as far as toxic compounds are concerned. Immobilized 
hemoproteins have been proposed for reducing  the content of the highly toxic 
______
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polycyclic aromatic hydrocarbons (PAH) in a liquid medium, like as water from 
rainfall on petroleum refineries or leachate from polluted sites.1

Enzymes are powerful and environment-friendly oxidation catalysts but 
their fragility often hinders their application in technological processes. 

A simple and economic method to stabilize enzymes against denaturation 
and to enable their separation from the reaction media can be realized by 
immobilizing the enzymes in an inorganic support such as silica gel.2

Hemoglobin has been encapsulated in different materials and its catalytic 
activity has been evaluate to determine the best structure for the encapsula- 
tion of the protein. Hemoglobin is a globular protein of 6 nm which pseudo-
peroxidase activity is well known.3 This protein is able to oxidize different 
substrates in presence of H2O2. The oxidation of ABTS in aqueous media  
was used as test reaction and catalysis results were followed by UV spectro-
photometry.

Our group has recently developed a new method of enzyme encapsulation, 
which add a control of porosity to classical sol-gel synthesis by introducing 
natural surfactants, such as lecithin, during the sol-gel process.4,5 -lactose has 
been used as enzyme protecting agent and tetraethoxysilane as source of silica 
in an alcoholic/water media. 

In the present study, we show, by introducing EPR probes into the system, 
that initial mixed micelles of dodecylamine and lecithin are formed and con-
tribute to the formation of an isotropic tridimensional structure, named Sponge 
Mesoporous Silica (SMS), with a pore size of 6 nm and a specific surface area 
of 600 m2/g. Different techniques of characterization (nitrogen sorption, XRD, 
TEM, SEM) have been used to study the influence of the different  reactants on 
the structuration of the materials. The kinetic of synthesis of each materials has 
been followed by EPR by using radical probes dissolved into micellar systems. 
First results show that materials are formed following two steps, a rapid one in 
100 minutes and a slower one which end after 5 hours. Addition of NaF 
accelerates the kinetics and change the structure of the materials.

2. Experimental

2.1. SYNTHESIS PROCEDURE 

392 F. SARTORI ET AL. 

SMS synthesis was performed by using the following reactants: TEOS, 
Dodecylamine (in some syntheses), Lecithin from egg yolk, -D-Lactose, NaF (in 
some syntheses, NaF/Si 1.10-4 or 1.10-3), see Figure 1. For the standard synthesis 
the molar ratio used was: 1/2 TEOS/0.055 Lecithin/0.05 Dodecylamine/8.5 
EtOH/30 H2O. The first solution of -lactose, H2O and NaF was prepared  



LECITHIN-TEMPLATED MESOPOROUS SILICA  

                                                                              
Figure 1.  Reagents of SMS synthesis. 

and added slowly under stirring to the second solution containing lecithin, 
dodecylamine and ethanol. Next, TEOS was added, while stirred at 37°C. The 
system was later left unstirred for 24 hours at the same temperature. In the end 
the material was dried  under vacuum in the presence of  P2O5. 

3. Results and Discussions 

3.1. CHARACTERIZATION OF THE MATERIALS 

Nitrogen adsorption isotherms for calcined samples are type IV according to  
the IUPAC classification, indicating the presence of mesopores (Figure 2). The  

Figure 2.  Adsorption isotherms and TEM micrograph of SMS. 
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size of the pores, calculated by the correlations of Broekhoff and de Boer, is 
centered around 6 nm. Mesoporous solids are formed both in the presence of 
amine and when NaF is used to condensate silica around the lecithin aggregates. 
The pore size distribution is broader for the solids formed in the absence of 
amine cosurfactant, with the exception of the solid formed at low NaF concen-
tration.

Transmission electron microscopy of cross sections of the materials confirms 
the presence of 5–6 nm cavities in a sponge-like silica structure (Figure 2).

Powder X-ray diffractions (not shown) present a broad peak centered at  
7 nm, indicating a non-ordered system with a periodicity corresponding to the 
average cage opening plus the thickness of the intermediate silica structures. 

3.2. STUDY OF  THE SYNTHESIS KINETICS BY EPR OF PROBE MOLECULES 

The addition to the synthesis system of a small amount of a surfactant EPR 
probe (CAT16: 4-cetyldimethylammonium-2,2,6,6-tetramethyl-piperidine-N-oxide 
bromide) allows to monitor the state of lecithin and its interaction with the 
inorganic part of the composite material. 

The evolution of the ratio between surfactant interacting with silica and  
free surfactant allows to follow the kinetics of condensation of the material 
(Figure 3). 

Figure 3. Kinetics of synthesis of a lecithin-dodecylamine templated SMS monitored by the 
evolution of the CAT16 EPR spectra (first derivative) and the evolution of the fraction of EPR 
probe interacting with silica. 

By adding NaF, the synthesis is modified. The spectrum does not change 
over time, indicating that condensation of silica has been nearly instantaneous 
(Figure 4). However, after subtracting the free component, the interacting 
component  is characterized by a much higher mobility than the interacting  
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Figure 4. Superposed EPR spectra of CAT16 at 10 and 190 minutes of synthesis in the presence 
of lecithin, amine and NaF.

component without NaF. This means that NaF improves the polymerization of 
the solid, but the fast kinetics bring to the formation of a less ordered solid. 

3.3. TEST OF CATALYTIC ACTIVITY 

The catalytic activity of the biomaterial was measured through the trans-
formation of ABTS (2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) into 
its radical in the presence of H2O2.6 The reaction was followed by spectro-
photometry at 414 nm.

The highest specific activity is obtained for the biomaterial which has the 

have a higher quantity of encapsulated hemoglobin than 1-Hb, show a lower 

TABLE 1. Amount of hemoglobin incorporated in the biomaterials and initial rate of oxidation. 

Sample Amine/Si
mol/mol

NaF/Si
mol/mol

Hemoglobin
mg g–1

r°
µmol s –1 g(Hb)-1

1-Hb No 1.10-3 65 0.057 
2-Hb No 1.10-4 150 0.117 
3-Hb Yes 1.10-3 130 0.018 
4-Hb Yes 0 85 0.032 
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highest quantity of hemoglobin (HB-2, see Table 1). However, the activity is not 
simply proportional to the amount of hemoglobin. Concentrated NaF decreases
the activity. It may have a bad effect on the protein structure. Dodecylamine has 
a more negative effect on the activity. Indeed, materials 3-Hb and 4-Hb, which 
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activity. The simultaneous presence of NaF and dodecylamine has a more nega-
tive effect, because the material 3-Hb with a higher quantity of encapsulated 
hemoglobin has a lower activity than the 4-Hb. This indicates that 3-Hb contains 
a higher quantity of encapsulated hemoglobin in an inactive conformation than 
4-Hb biomaterial. 

4. Conclusions

A biological and biocompatible surfactant such as lecithin (phosphatidyl-
choline) has been used to template mesoporous silica materials with controlled 
pore size. The pore structure is isotropic and close to a disordered cubic phase. 
The addition of lactose in the synthesis mixture does not affect the pore 
structure but helps to maintain the catalytic activity of enzymes immobilized by 
this new SMS synthesis route. This new kind of material opens large pers-
pectives for biomolecules processing for applications such as biocatalysis for 
green chemistry or remediation, biosensors or biofuel cells. 
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MOLECULAR PRECURSORS OF MIXED OXIDE MATERIALS

FOR SENSOR APPLICATIONS AND MOLECULAR IMAGING 
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KESSLER
Department of Chemistry, SLU, Box 7015, SE-75007, Uppsala, 
Sweden

Abstract. Cation-doped perovskite materials based on barium titanate, such as 
(Ba,Sr)(Ti,Nb)O3 , are of interest as transparent ceramic semiconductors with 
conductivity strongly dependent both on the cation and the oxygen stoichiometry. 
Development of precursor systems offering proper control over the cation stoi-
chiometry and permitting to efficiently avoid residual carbon impurities is 
therefore an important problem. In the present communication we report the 
synthesis and structural characterization of a series of hetero-metallic precursors 
of these materials with the general formulae MII

2Ti2(L)4(OR)8(ROH)2 and 
MII

2MV
2(L)2(OR)12(ROH)2, where R = Et, nPr; MII = Ba, Sr; MV = Nb, Ta; L = 

thd or R’OAcAc (R’ = tBu, iPr). The compounds have been characterized by 
single crystal and power X-ray and by 1H and 13C NMR, vibration spectroscopy 
and mass-spectrometry. These species are very stable in solution and display 
even considerable gas phase stability. Solution microhydrolysis of the molecules 
in these series leads most often to oxo-aggregates with the cation stoichiometry 
rather close to 1:1, which additionally simplifies handling of solutions based on 
these precursors. The obtained precursors have been used for preparation of 
powders and films (on Si substrates), which were characterized by SEM-EDS 
and X-ray powder techniques. 

Keywords: Perovskite materials, molecular precursors, barium titanate, strontium, 
niobium, tantalum, doping, rare earths, optical imaging, X-ray, nanoparticles. 
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1. Introduction

The interest to mixed metal oxides in biological and environmental applications 
is due to their high potential as sensor materials and as contrasting agents in the 
medical diagnostics. The sensor properties, most commonly the variations in 
electric or optical characteristics, are originating from surface interactions with 
the molecules of targeted impurities and are exploited most commonly for such 
classes of compounds as transparent conductors, such as, for example, indium-
tin oxide.1–3 The objectives of medical imaging is to introduce chemically inert 
nanoparticles into the metabolic fluids and follow the major fluxes in them, 
indicating the enhanced biochemical activity associated commonly with the 
development of cancer tumors.4,5 The characteristics, exploited in imaging can 
be the luminescent6,7 or magnetic8 properties and also high electron density for 
contrasting in electron microscopy.9 It is necessary to mention that in spite of 
the inertness of the corresponding bulk materials, the related nanoparticles 
display often non-negligible biological activity and have even been applied in 
different bioassay studies.10

Perovskite materials based on barium titanate are good candidates for the role 
of sensor materials and nanoparticulate contrasting agents: they are highly chemi-
cal inert in bulk, which can be explained through their stable crystal structure 
ABO3. The latter permits doping these materials with different cations. Doping 
can be made in two directions: in A-position they can be doped with Rare Earths 
to produce luminescent nanopowders and in B position they can be enriched 
with high-valent heavy metal cations, such as, for example, tantalum or tungsten, 
to achieve high electron concentration. 

Development of the sol-gel approaches to the related perovskite materials, 
in particular BaTiO3 and SrZrO3, has attracted a lot of attention during the  
last two decades. Preparation of high purity dense coatings and narrow size dis-
tribution nanopowders of these phases requires application of highly solution 
stable single-source precursors.

2. Design and Synthesis of the Molecular Precursors 

The development of approaches to design of the molecules of metal alkoxide 
complexes needs to exploit the occurrence of predominantly electrostatic bond-
ing in their metal-oxygen cores.11,12 The structures of bimetallic metal alkoxide 
molecules can be predicted following the principles of Goldschmidt’s concept 
for design of ionic solids taking into account the complex shape of the alkoxide 
and other organic ligands. The Molecular Structure Design Concept we des-
cribed in13,14 is based on the choice of a proper molecular structure type and 
completing it with ligands providing the required number of donor atoms and 
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the necessary protection of the metal-oxygen core. The single-source precursors 
of perovskite materials have to contain the atoms of a heavy main-group cation 
together with an early transition metal cation in 1:1 ratio. The by far most com-
mon molecular structure type corresponding to this composition requirement is 
the M2M’2O16+n (n = 0, 2) – a fragment of dense hexagonal packing of metal 
and oxygen atoms following the CdI2 motive common for the ionic solids. The 
approach to the complexes of this type has been originally developed for barium 
and strontium titanates: understanding that the sum of cation charges in this 
case (2 x 2 + 2 x 4 = 12) was in this case insufficient to provide the necessary 
number of donor atoms, we proposed to use four equivalents of bulky chelating 
ligands, for example, 2,2,6,6-tetramethyl-heptanedionate (thd) ones not forming 
insoluble salts with barium or strontium cations. The ionic nature of bonding  
in the precursor complexes made the preparation procedure extremely simple 
and efficient: the alkaline earth metal was dissolved in the parent alcohol and 
mixed (without any importance in the order of addition) with the stoichiometric 
amounts of the titanium alkoxide and chelating ligand in one pot. The products, 
Ba2Ti2(thd)4(OEt)8(EtOH)2

15 and Sr2Ti2(thd)4(OiPr)8
16 could be easily purified 

by re-crystallization. The sub-sequent study of solution stability for the related 
barium-zirconium and strontium-zirconium complexes, Ba2Zr2(thd)4(OnPr)8

(nPrOH)2, Ba2Zr2(thd)4(OnPr)2(OiPr)6 and Sr2Zr2(thd)4(OiPr)8 has been reported 
in.17 It has been notices at this point that the solution and especially gas phase 
stability was directly connected with the sterical requirements for the ligands 
and was granted by the application of the linear chain alkoxide moieties. While 
the n-propoxide strontium-zirconium complex, Sr2Zr2(thd)4(OnPr)8(nPrOH)2, was 
perfectly stable in both hydrocarbon and parent alcohol media,18 the corres-
ponding isopropoxide, Sr2Zr2(thd)4(OiPr)8, underwent solvolysis in the presence 
of the parent alcohol transforming into Zr(OiPr)(thd)3 and Sr2Zr(thd)4(OiPr)4

(iPrOH)19,20 (see Figure 1). 
Following the same concept we proposed to approach the derivatives of 

alkaline earth and pentavalent metals, Nb and Ta. For the most common M4O16

structure type in this case the sum of metal atom charges was giving 2 × 2 + 2 × 
5 = 14, requiring only two additional donor atoms, i.e. application of two chel-
ating ligands. For this role were chosen 2,2,6,6-tetramethylheptanedionate (thd) 
and isopropylacetoacetate (iPrAcAc) ligands, supporting solubility and impro-
ving the solution stability of alkaline earth metal complexes. Five new bimetallic 
complexes, Sr2Nb2(thd)2(OEt)12(EtOH)2, Sr2Ta2(thd)2(OEt)12(EtOH)2, and Ba2Ta2

(iPrAcAc)2(OEt)12,21 and also Ba2Nb2(thd)2(OnPr)12 and Sr2Nb2(thd)2(OnPr)12

have been successfully isolated in efficient one-batch syntheses. The solution 
stability of these species turned out to be very different.
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Figure 1.  Molecular structures of Sr2Zr2(thd)4(OnPr)8(nPrOH)2 and Sr2Zr(thd)4(OiPr)4(iPrOH).

Sr2Ta2(thd)2(OEt)12(EtOH)2 re-crystallized as the initial individual complex even 
from solutions containing minor amounts of water. At the same time, the mole-
cules displaying more structural tension, Sr2Nb2(thd)2(OEt)12(EtOH)2 and Sr2Nb2

(thd)2(OnPr)12, transformed very easily on microhydrolysis into oxo-complexes 
with the same metal cation stoichiometry but higher content of chelating ligands, 
Sr2Nb2O(thd)3(OR)9(ROH)3, R = Et, nPr, showing in their turn the improved 
solution stability (see Figure 2). 

Figure 2. Molecular structures of Sr2Ta2(thd)2(OEt)12(EtOH)2 and Sr2Nb2O(thd)3(OnPr)9(nPrOH)3.
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3. Transformations of The Molecular Precursors on Hydrolysis – 
Hierarchical Self-Assembled Structures 

As it has recently been demonstrated, the hydrolysis in homogeneous media of 
metal alkoxides – highly reactive and kinetically unhindered species – leads to 
conditions of local thermodynamic equilibrium resulting in formation of  
self-assembled phase-separated nanoparticles, Micelles Templated by Self-
Assembly of Ligands (MTSALs).20 The size of MTSALs is normally of about 
2–4 nm. If not crystalline, which is normally the case unless the hydrolysis is car-
ried out under solvothermal conditions, they conserve a great deal of surface 
reactivity. The latter leads to their partial coalescence driven by the trend to mini-
mization of the surface energy. The aggregates of partially coalesced particles 
develop the spherically shaped uniform outer shells, which can coalesce further 
providing next level aggregates. The resulting structures are not fractal polymer 
networks as it was earlier supposed in,22 but hierarchical self-assembled struc-
tures. Our first observation of their formation in 200423 was recently followed by 
the analogous results from the groups of Mann,24 Bao-Lian Su25 and Guizard26.

Figure 3. Hierarcical self-assembled structures from the gels derived from Ba2Ti2(thd)4(OnPr)8

(nPrOH)2.
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In fact the trends in materials formation in sol-gel process, applying single-
source heteroleptic alkoxide precursors, were shown to follow the same mech-
anism. High-resolution SEM indicated clearly the formation of hierarchical 
self-assembled structures in the gel derived, for example, from Ba2Ti2(thd)4

(OnPr)8(nPrOH)2 (see Figure 3).27

The occurrence of the self-assembly process indicates possibility to obtain 
uniform dense coatings of perovskite materials for sensor application using 
low-polarity solvents, such as n-butanol or toluene and applying moist air as the 
source of water. Preparation of the uniform nanoparticles will present a chal-
lenge as it will require to provide much higher temperature for the formation of 
MTSALs. The results of this further work will be reported in the near future. 
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PROPERTIES OF MAGNETIC SILICA GEL FOR ENVIRONMENT 

MONITORING

Advanced Materials Research Laboratory, Gomel State 
University n. a. F. Skorina, 104 Sovetskay St., 246019
Gomel, Belarus 

Abstract. Sol-gel method allows production of effective adsorbent systems from 
fine SiO2 powder and magnetite. The protolytic exchange capacity of synthesized 
gels was studied within the pH range of 4–12. The main characteristics of the 
synthesized silica gel are: surface – 250–350 m2/g; density –  0.9 g/cm3; thermal 
stability – 900°C; sorbent capacity – 0.8–1.2 mmol-eq/g. 

Synthesized silica gels have high sorption capacitance in relation to Pb2+

and Sr2+ ions and provide steep withdrawal of these ions from liquid environ-
ments. The isotherms of ion sorption on SiO2–Fe3O4 as sorbent display two steps 
of sorption. The first step is responsible for the main contribution to capacitance 
of sorption, the second step provides complete extraction of metal from depletion 
at the maiden stage of solution. 

With increase of the content of magnetite in the SiO2–Fe3O4 sorbent, the 
sorption capacity of metals and depth of their withdrawal increases, indicating 
prospects to apply the data on such sorbents in geochemical research. 

Keywords: Sol-gel process, silica gel, strontium, lead, selective sorption, sorption capa-
city, porosity. 

1. Introduction

Silica gel is one of the most widespread solid sorbents because of its high thermal, 
chemical, and mechanical stability compared to other organic and inorganic 
substrates. Moreover, silica gel is characterized by a high rate of mass exchange, 

______
 To whom correspondence should be addressed: A.V. Semchanko, BGU, Minsk 220050 pr .Nezavisimosty

 4; e-mail: semchenko@gsu.by 
 *

           405 
© Springer Science + Business Media B.V. 2008 
P. Innocenzi, Y. L. Zub and V. G. Kessler (eds.), Sol-Gel Methods for Materials Processing.

ALINA V. SEMCHENKO*, VLADIMIR E. GAISHUN, 
*

 OLGA V. BAGHKO*, STANISLAV S. MECHKOVSKY*
VITALY V. SIDSKY, NATALYA A. STANKEVICH ,



limited swelling and has high hydrolytic stability in some cases. The structure 

dimensions can be varied within quite wide ranges. This substrate is non-
deficient and cheap. The surface of silica gel is covered by silanol groups reacting 
with metal ions rather weakly. The above advantages of silica gel explain the 
fact that numerous studies of sorbent modification have been carried out leading 
to different kinds of silica gel. To obtain a solid phase having certain selectivity, 
the silica gel surface is modified by various functional groups. 

The composite sorbent materials synthesized on the basis of highly dis-
persive SiO2 and Fe3O4 using colloidal sol-gel method,1 can be referred to as a 
category of ions-exchangers with properties, typical for hydrated oxides with 

Z 2
2–3 The sorption capacity of these materials is determined 

by chemical state of sorption centers and adsorbed components. According to,2
for the description of the sorption act it is possible to dedicate some varieties of 
sorption centers. The molecules of water, located in the direct proximity, play a 
role of coordinated molecules and are capable to enter a dipole-dipole inter-
action with polar components of solution, determining thus power condition of 
sorption for the surface of solid fragments. 

The hydroxyl groups of a solid phase can function as a “bridge”2 towards 
hydrolyzed ions of metals, essentially influencing thus the protolytic properties 
of a system. The atoms of oxygen in a bridge position are capable to enter co-
ordination interaction with metal ions, boosting thus the sorption last. The atoms 
of metals, which are included into a matrix of sorbent, can also interchange with 
ions of other metals located in liquid. 

During formation of fragments of aqueous sorbents the empty space in the 
structure is filled by cations (including 3

+) or anions if possible. The empty 
space can include atoms possessing uncompensated electric charge or coordi-
nation unsaturation. In some cases the origin of a charge can be a change of an 
oxidation state of an atom included in the structure of the sorbent matrix. Iso-
morphous substitution of ions of the matrix with ions that differ in charge can 
also change the charge of the surface. 

The metal cations participating in ion exchange or adsorption on a sur- 
face of solid fragments dependent on protolytic properties of the fluid phase and 
the sorbent can be present in one of the forms of the aquaacid: M(H2O)n

m+,
M(H2O)n-1OH(m-1)+, … M(H2O)n-mOHm

0. These forms can pass into a solid phase 
due to exchange of protons or metal ions located in the empty space of the 
structure with subsequent compensation of the charge of atoms, which are 
included in the nearest environment. An exchange of metal ions of the matrix or 
affixture to oxygenated centers of sorbent (contact adsorption) owing to coordi-
nation unsaturation of oxygen atoms is also possible. 

A.V. SEMCHENKO ET AL. 

characteristics of silica gel such as specific shape, pore size, and particle

formula  n .
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There is a possibility of joint occlusion by sorbent of both cations and anions. 
This can be connected with recharge of the sorbent matrix because of ion-
exchange and occluding highly charged cations or anions of the opposite charge. 
The metabolic sorption of ion pairs of a type M(OH)n

(m–n) +, M(Cl)n
(m–n)+ or 

sorption of molecules MXn (where  – OH–, Cl–, etc.) due to a coordination 
unsaturation of atoms of a matrix is also possible. There is also possibility of 
absorption of cations and anions by hydroxides of metals which are generatrix 
as a result of spurious processes in liquid or solid phase. 

2. Experimental

The method of a frontal chromatography opens broad prospects in research of 
interphase concentration distribution of ions at high dilution. 

The key feature of this method is that at given chemical quantity (n) of an 
adsorbed component is directly proportional to both the volume of a mobile 
phase, V, ml, and the concentration of the adsorbed substance according to a 
simple ratio: 

VC            (1) 

To sorption capacity (Z, mmol/g) at weight of sorbent m is set by a ratio: 
C VZ

m
          (2) 

The large role in this method is plaid by sensitivity and reproducibility of 
concentration measurements of the adsorbed metal in a mobile phase. For these 
purposes we used two methods: the chromatrimetricy method6,7 and the atomic 
absorption spectrometry. Both methods give reliable outcomes up to minimum 
concentrations at a level 10–7 mol/l. 

3. Results and Discussions 

In Figure 1 the curves for ions Pb2+ and Sr2+ obtained using micropillars with 
0.3 g of composite sorbents SiO2-Fe3O4 at components ratio 9:1, 5:1 and 7:3 
and constant initial concentrations (3·10–4 mol/l) of metal ions in  mobile phase 
are displayed. The obtained curves have following general characteristics: 

– “zero” concentrations of Pb2+ and Sr2+ in mobile phase, when leaving the 
pillar. This indicates capacity of sorbents for practically complete extraction 
of Pb2+ and Sr2+ ions from aqueous solution in dynamic conditions. Subject 
to the conditions of experiment (analysed by chromatrimetricy and atomic  
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Figure 1. Sorption curve on composite sorbent SiO2-Fe3O4 with SiO2/Fe3O4 molar ratio: 1. – 9:1; 
2. – 5:1; 3. – 7:3. (a) For Pb2+ ions; (b) for Sr2+ ions. 

absorption spectrometry) the residual concentration of metals does not exceed 
10–7 mol/l. The latter testifies the capacity to provide steep cleaning of liquid 
environments from ions of heavy metals. 

– With increasing of the content of magnetite in sorbent in case of Pb2+ ions 
the tendency to increase in the volume of a mobile phase is observed. For 
Sr2+ ions the opposite trend is observed. It is possible to explain this by 
essential influence on sorption of process of the formation of hydrooxo-
complexes in liquid or on the phase border aqueous solution – solid phase. 
It is known,7 that the tendency to formation of hydrooxocomplexes for ions 
of lead is much higher than for strontium ions. 

– As relevant characteristics of the curves can be taken their slope values  
in the concentration area, close to the “center of gravity” of the curves. From 
this point of view it is possible to judge about the “force” of acid-base (on the 
Lewis) interactions between metal ions (acids) and adsorbent centers (bases). 
The large angle of leans are characteristic for Pb2+ ions at any Fe3O4 content 
in the adsorbent. Here the adsorption process can be explained as inter-
action between a strong acid and strong base. In case of Sr2+ ions the slopes 
of output curves decrease also much less with increase of the Fe3O4 fraction. 
We can see that in case of lead the formation of hydroxocomplexes provides 
hard interaction with functional groups of the adsorbent, that, apparently, is 
contributing to lower hydration (coordination of water molecules) in com-
parison to free Sr 2+ cations. 
The isotherms of Pb2+ and Sr2+ sorption are displayed in a Figures 2, 3. It is 

possible to notice two features of the diagrams: 

– Legibly expressed dome shape of initial segments of isotherms, that reflects 
the decreased influence of interphase distribution of lead and strontium ions 
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in the process because of their decreasing concentration in the mobile 
phase. This feature of isotherms determines depth of withdrawal of micro-
components (in our case of metal ions) from the fluid phase. 

– The bending (Figure 2), indicating sharp increase in sorption of metals after 
achievement of a distinct level in their concentration in the mobile phase 
are characteristic for the majority of reduced isotherms. 

Such combination of two shapes of sorption isotherms reflects two steps of 
the process of interphase transfer for metal cations that can be considered as a 
positive factor. In this case the chromatographic system involves the greater 
part of sorbate (area of increased sorption capacity) at the maiden stage. At the 
second stage there is “after-purification” of the mobile phase, i.e. steep with-
drawal from an already diluted solution to full development of the features of 
accumulative system. 

It is important to mark that two steps of sorption are more characteristic for 
Pb2+ and less for Sr2+ (compare Figures 2 and 3). This is in agreement with the 
assumptions made about the role of formation of hydrooxocomplexes in the 
adsorption process. 

Figure 2. Pb2+ ions sorption isotherm on SiO2-Fe3O4 composite sorbent with SiO2/Fe3O4 molar 
ratio:1. – 9:1; 2. – 5:1; 3. – 7:3, (a) Z = m (SiO2 + Fe3O4), (b) Z = m (Fe3O4), ( ) Z = m (SiO2).

It is important to notice the influence of the SiO2 to Fe3O4 ratio in sorbent  
on the shape of Pb2+ and Sr2+distribution isotherms. As it follows from the data 
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Figure 3. Sr2+
2 3 4 2 3 4

ratio: 1. – 9:1; 2. – 5:1; 3. – 7:3, (a) Z = m (SiO2 + Fe3O4), (b) Z = m (Fe3O4), ( ) Z = m (SiO2).

Thus, doping of silica gel by magnetite not only permits magnetic extraction 
of sorbent from the environment, but also essentially improves the sorption char-
acteristics of the material. 

3. Conclusions

Sol-gel method allows creation of effective sorbent systems with a particular 
mission. It is possible to use these systems for: (1) monitoring of sewages of 
industrial enterprises and public utilities, cleaning of liquid radioactive waste etc.; 
(2) monitoring of strongly contaminated sites of soils, bottom sediments, ash etc. 

The main characteristics of the synthesized silica gel are: surface – 250–350 
m2/g; density –  0.9 g/cm3; thermal stability – 9000C; sorbent capacity – 0.8–1.2 
mmol-eq/g.
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of composite sorbent as a whole) increases in all ranges of the studied 
concentrations with increased fraction of Fe3O4. It allows to give high 
estimation to the contribution of Fe3O4 to sorption. It is confirmed by the data 
of where the value of sorption is referred to the weight of SiO2 in the sorbent, 
and also the data of showing values of adsorption capacity in relation to the 
weight of Fe3O4.

of the Figure 3, gross-sorption (i.e. the sorbent capacity referred to the weight 

 ions sorption isotherm on composite SiO -Fe O  sorbent with SiO /Fe O  molar 
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Synthesized silica gels with magnetic properties have high sorption capacity 
in relation to Pb2+ and Sr2+ ions and provide steep withdrawal of these ions from 
liquid environments. 

The isotherms of metal ions sorption on SiO2-Fe3O4 as sorbent have stepwise 
appearance that reflects two steps in sorption. Thus the maiden stage introduces 
major contribution to capacity of sorption, the second stage provides complete 
extraction of metal from depletion at the maiden stage of solution. 

With increase of the contents of magnetite in the SiO2-Fe3O4 sorbent, the 
sorption capacity of metal cations and the depth of their withdrawal increase 
indicating prospects of application of the data concerning such sorbents in geo-
chemical research. 
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SOL-GEL SYNTHESIS OF FUNCTIONALIZED NANOCOMPOSITE 

SORBTIONAL MATERIAL WITH POLYMER-SILICA MATRIX 

1Tashkent State Technical University, Scientific-Technical 
Complex “Science and Progress” 
2 Moscow State university,  Chemical Faculty, Moscow, Russia 

resulting product was characterized by microscopy, FTIR-spectrometry, XRD 
and chromatography. XRD analysis has shown the suppression of crystallinity 
of chitosan included into silica network. 

Keywords: Nanocomposite, chitosan/silica hybrid, sol-gel process, chromatography. 

1. Introduction 

Perspective direction of nanotechnology is the development of synthetic appro-
aches to nanostructural polymer/silica nanocomposites possessing given porous 
morphology for application in sorption technologies.1,2

The general approach to preparation of such materials is synthesis based on 
sol-gel process in situ, in which the formation of reaction products occurs by 
assembly from components under conditions of certain stereochemical orien-
tation of reagents. 

The sol-gel technique including the polymers in hydrolysis process of 
alkoxysilane allowed to obtain the polymer/silica hybrid materials combining 
the hardness of silica gel and functional properties of polymers.2–4

process comprises hydrolysis (1) and subsequent condensation reaction of 
alkoxy-or hydroxysilanes5:

______
*

dilshoda06@yahoo.com
State Techni-

 The sol-gel 

To whom correspondence should be addressed: D.SH. Shakarova, Ph.D. student,  Tashkent
 Technical University, Scientific-Technical Complex “Science and Progress”; e-mail:

           413 
© Springer Science + Business Media B.V. 2008 
P. Innocenzi, Y. L. Zub and V. G. Kessler (eds.), Sol-Gel Methods for Materials Processing.

by sol-gel method based on of chitosan and polyethoxysilane oligomer. The 
Abstract. Functionalized nanocomposite sorbtional material was prepared 

BAHODIR D. KABULOV1, DILSHOD H. SHAKAROVA2*,
KAZIM A. AKHUNDJANOV1, SAYIBJAN S. NEGMATOV1,
OLEG A. SHPIGUN 



D. KABULOV ET AL. 

The Si-OH groups are formed by hydrolysis of alkoxy-groups and then, by 
condensation of hydroxyl-groups with alkoxy-groups, the Si-O-Si  linkage(2) 
would be obtained. With further hydrolysis and condensation a siloxane net-
work develops via cross-linking of the oligomers. 

The peculiarity of forming silica gel is presence of residual Silanol groups.
Then functional organic polymers capable to interact with silica are available. 
Experiments with polyethylene glycol,6 polyacrylic acid and polysty- 

rene sulfonic acid,7 polybuthyl methacrylate,8 poly-E-caprolactane,9 polyacryl-
amide,10 nylon-611 have shown that homogeneity between polymer and silica is 
achieved owing to formation of hydrogen bonds between silanol groups of silica 
and functional groups of polymer. 

Of special interest are hybrid materials, in which the organic phase consists 
of polysaccharides (chitosan12,13 and acetyl cellulose13,14). Chitosan possessing 
regular chain structure and forming true solutions in the dilute aqueous solu-
tions of organic and inorganic acids permits to obtain hybrid materials using 
sol-gel process. 

We have investigated a possibility to obtain microspheric chitosan/silica 
nanocomposite sorptional material by sol-gel technique. Polyethoxysoloxan oly-
gomer was used as silica precursor. 

2. Experimental 

Materials: Tetracthoxsilan (TEOS)(Angarsk, Russia), acetic acid, aqueous 
ammonia and solvents were analytical grade. Polyethoxysiloxan (PES) oligomer 
was obtained from TEOS by method described in.15 Chitosan (deacetylation 
degree = 79%, average molecular weight  = 80 kDa) was prepared from chitin of 
silkworm Bombyx mori by method described in.16 Gelling process in reaction 
mixture of PES oligomers with chitosan dissolved in acetic acid was studied 
using Reotest-2 rotary viscometer (VEB MLW, Germany). IR Spectra were regi-
stered in Specord 75-IR (Bruker, Ettlingen, Germany). The chromatographic 
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experiments were performed on a Shimadzu LC-10 Avp. Series equipped with a 
UV-Vis detector (Shimadzu, Kyoto, Japan). The chitosan/ silica sorbent (5 mm) 
was packed into stainless steel column (150 mm* 4.6 mm i.d.). The volume of 
injected sample was 3 ml. The mixture of hexane and 2-propanol (49 + 1) as a 
mobile phase and o-, m-, p- nitroanilines were used as test compounds.

The mixture of 100 ml of 1% chitosan solution in 2% acetic acid and 10 ml 
of PES oligomer were stirred at 1,800 rpm at room temperature for 0.5 h, then 
the mixture was poured out into a flask, containing 200 ml of 3% ammonia 
solution, After 24 h the resulting precipitate was filtered, washed by water  
(up to neutrality), ethanol and hexane and dried first in air, and then on heating  
(at 80°C).

3. Results and Discussion 

The formation of specific network structures forming on hydrolytic poly-
condensation of PES oligomer in combination with multifunctional molecules 
of polymer depends on its nature and ratio of elementary reaction speeds between 
various functional groups, determining the critical life time of the colloid sys-
tem, answering for loss of fluidity and causing the structuration of sol (gelation). 
One of such polymers is chitosan, containing reactive hydroxyl, amine and 
acetamide groups. 

We have studied the sol-gel process of hydrolytical polycondensation of PES 
oligomer in the presence of chitosan with ammonia as catalyst. The optimal 
conditions to precipitate the chitosan/silica nanocomposite sorbent, with 5% 
chitosan content in hybrid, such as reaction temperature (65–70°C) and concen-
tration of the catalyst and process duration (0.5 h) were determined experi-
mentally.

The resulting chitosan/silica hybrid was obtained as a porous powder 
consisting of microspherical particles. The micrograph of this product is shown 
in Figure 1. The analyses have shown that resulting samples of chitosan/silica 
sorbent revealed properties different from those of both the silica.(prepared from 
PES oligomers) and the chitosan. Thermogravimetric analyses were performed 
from room temperature to 600°C to test thermal stability of the samples. Exo-
thermic effect in the temperature interval from 260°C to 360°C indicated as 
DTA peak characterized the chemical conversions connected with the weight 
loss up to 35–40% (Figure 2). 

The X-ray diffraction analysis has shown that inclusion of chitosan into 
silica network leads to decreased crystallinity. Chitosan/silica hybrid is amor-
phous with no diffraction at 2  = 1623° (Figure 3(3)) in analogy with silica 
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Figure 1.  Micrographs of chitosan/silica hydride sorbents. 

Figure 2.  TGA curves for the chitosan/silica hybrid. 

(Figure 3(1)), as compared to chitosan displaying an intensive reflex at 2  = 
22–23°C (Figure 3(2)). This difference suggests that strong hydrogen bonds  
are formed between silanol groups of silica network and functional groups of 
chitosan.

For the hybrid sample the broad absorption band at 3,440 cm–1 is assigned 
to hydrogen bonded Si-OH groups, the increased frequency resulting from 
interaction between Si-OH groups and the functional groups of chitosan. For 
the chitosan sample absorption bonds at 1,600 and 1,510 cm–1 are observed and 
assigned to stretching of amide groups, while for chitosan/silica hybrid the shift 
of these bands in the lower wave numbers (1,600  and 1,495 cm–1) is observed, 
indicating the presence of hydrogen bonds between Si-OH groups and C=O of 
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Figure 3. XRD patterns of silica gel (1), chitosan (2), and chitosan/silica hydride (3). 

Figure 4. The IR-spectra of chitosan, silica and chitosan/silica hybrid. 

Therefore, due to these interactions the decrease in adsorption ability for 
hybrid sorbent in comparison with silica can be expect, which is confirmed by 
HPTLS on testing a mixture of isomeric nitroanilines (Figure 5).

The results have shown well-defined separation of chromatographic peaks 
without tails in contrast to silica gel. 
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The possibility of application of chitosan/silica hybrid sorbent was also 
shown for separation by HTPLC of various organic compounds, such as carbo-
hydrates, phenols, dyes and alkaloids. 

Figure 5. Resolution of test compounds on chitosan/silica hybride (1 – o-nitroaniline, 2 –  
m-nitroaniline, 3 – p-nitroaniline) and silica gel sorbent (4 – o-nitroaniline, 5 – m-nitroaniline,  
6 – p-nitroaniline). 

4. Conclusions

Chitosan/silica nanocomposite sorbent was prepared by sol-gel method. Effec-
tive separation of functional derivates of organic compounds results from for-
mation of material via sol-gel reaction in situ from PES oligomer and chitosan 
resulting in new properties, different from silica, caused by interphase interact-
tions between chitosan molecules and silanol groups of silica network. 
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PHOTOCATALYTIC DEGRADATION OF CHLOROFORM USING  

A NEW TYPE OF PHOTO-REACTOR  
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Vej 8, 6700 Esbjerg, Denmark 

Abstract. In the present study a new type of continuous photo-reactor is deve-
loped in which the TiO2 catalyst is immobilized on the surface of quartz tubes 
surrounding the UV lamps. The paper presents the results of an initial investi-
gation of the performance of a laboratory scale photo-reactor using chloroform 
as a model compound. The study showed that an initial chloroform concent-
ration of 7 mg/l was degraded to under the detection limit in a period of 350 h. 
The half time t½ for the photo-reactor was found to be 8 h.  
 

 
Keywords: Photo-reactor, immobilized TiO2, CHCl3, photo-catalysis, trihalomethane. 

1. Introduction 

Swimming pools are disinfected in order to secure swimmers from getting infec-
tions caused by microbial pathogens. Chlorine is the most common disinfectant 
used in water disinfection practice due to its high efficiency and low cost.1 
However, the use of chlorine has been reported to produce various halogenated 
organic compounds.1 These compounds are formed by reaction between chlo-
rine and organic material (perspiration, urine, mucus, skin particles, hair, lotion, 
etc.). The two key disinfection by-products in swimming pools originating from 
chlorination are trihalomethanes (THM) and chloramines, whose health impacts 
have been subject to much study over the last years.2,3 The presence of these dis-

form, which is the primary component of THM, has been identified as possible 

 To whom correspondence should be addressed: Morten E. Simonsen; e-mail: mes@aaue.dk 

infection by-products in even small amounts are a potential health issue. Chloro-

*

carcinogenic.4 The maximum allowed THM concentration in swimming pool 
water is 0.1 mg/l.5 
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In the present work the removal of THM using heterogeneous photo-catalysis 
will be investigated. Heterogeneous photo-catalysis is an advanced oxidation 
process that couples low-energy UV light with TiO2 acting as a photo-catalysts. 
In this process completely destruction of organic pollutants is achieved.6

In order to incorporate photo-catalysis into the water treatment unit of swim-
ming pool water a flow reactor has to be developed. Generally two types of 
photocatalytic reactors exist, slurry reactors applying TiO2 in suspension or 
photo-reactors where the TiO2 is immobilized.

There have been made numerous attempts to study the photocatalytic degrad-
ation of chloroform and other chlorinated compounds using a TiO2 suspension.7–9

The reaction stoichiometry proposed for the photocatalytic degradation of 
chloroform is shown in (1). 

                6HClCO2OO2H2CHCl 2
 ,

223
2TiOhv                        (1) 

The use of TiO2 in suspension is efficient due to large surface area of the 
catalyst available for reaction. However, the use of suspensions requires an addi-
tional separation step, where the TiO2 particles are removed after reaction. This 
is both time consuming and expensive.10

  In order to avoid the separation step attention has been directed towards 
photo-reactors in which the TiO2 catalyst is immobilized. There have been made 
several attempts to immobilize TiO2 on different substrates in order to maxi-
mize the surface area of the catalyst.6,11 However many of the proposed photo-
reactor in literature suffer from non-uniform UV irradiation where only some of 
the TiO2 is activated.10

In the present study a new type of continuous photo-reactor in which the 
TiO2 catalyst is immobilized on the surface of quartz tubes surrounding the UV 
lamps has been developed. Immobilizing of the TiO2 directly on the quartz 
tubes surrounding the UV lamps will remove the shielding effect in the reactor. 
The design also eliminates the loss of UV intensity due to absorption of UV light 
by the different chemical species in the water. The paper presents the results of 
an initial investigation of the performance of a laboratory scale photo-reactor 
using chloroform as a model compound. 

2. Materials and Methods 

The immobilized TiO2 film was prepared from a modified sol-gel method 
initially described by Barbe et al. and Mills et al.12,13 The sol-gel method pro-
duces a TiO2 paste which can be coated onto different substrates. The TiO2

paste was prepared by adding 5 ml titanium (IV) tetraisopropoxide to 1.1 ml  
glacial acetic acid which was mixing 30 ml 0.1 M nitric acid solution. The 
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solution was placed in a microwave system for 4 h at 220°C and a pressure of 
60 bar. The particles were redispersed using ultra sound. The solution was 
rotary evaporated until the TiO2 content was 10 wt%.

The TiO2 coated quartz tube was prepared by spinning the quartz tubes in a 
TiO2 paste which produced a homogeneous non scattering TiO2 film. The 
coated quartz tubes were calcinated at 450°C for 1 h in order to achieve good 
mechanical stability. 

The developed photoreactor was designed to allow insertion of four 16 W 
UV low pressure mercury lamps (254 nm) immersed in TiO2 coated quartz 
tubes. The intensity of the emitted UV light was measured using a UV meter to 
40 W/m2 at the surface of the quarts tubes before coating. The quartz tubes were 
coated with a layer of TiO2 with a thickness of approximately 1 m.

Figure 1. Flow system used in the experiments. 

The flow system used in the experiments is shown in Figure 1. The polluted 
water was pumped from a 66 l storage tank equipped with stirring into the 
photocatalytic reactor. The reactor volume was 9 l which makes the recycled 
volume 75 l. The flow system was equipped with sampling ports at the inlet and 
outlet of the reactor allowing measurement of the degradation of chloroform 
over the photo-reactor. The recycling flow rate in the experiments was 11 l/h. 
The experiment was conducted using oxygen saturated distilled water with a 
chloroform concentration of 7 mg/l. The degradation of chloroform was fol-
lowed using a gas chromatograph. 

3. Result and Discussion 

The photocatalytic degradation of chloroform in the developed photo-reactor is 
shown in Figure 2. It is seen from the degradation profile that the concentration 
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of chloroform is below the detection limit of the GC-ECD method after 350 h. 
Blank experiments showed that only negligible amount of chloroform were lost 
during experiments. Further analysis has shown that no hazardous by-products 
were formed during the photocatalytic degradation of chloroform. 

Figure 2. Degradation of chloroform as a function of time in the photo-reactor. The curve is a fit 
to the experimental data using Langmuir-Hinshelwood kinetics. The dotted line indicates the 
detection limit of the GC-ECD method. 

Investigations of several photocatalytic reactions in batch reactors using a 
TiO2 suspension have shown the existence of a linear relation between the rate 
of reaction and the level of substance adsorbed on the surface of the catalyst. In 
these cases the Langmuir adsorption isotherm has been proposed.6,11

In this investigation the system is assumed to perform as a batch or semi 
batch reactor since the polluted water is recycled. The Langmuir isotherm has 
been reported to be valid in flow systems, however the rate constant has been 
found to depend on the flow rate, indicating a mass transfer dependence not 
found in batch reactors.6

The Langmuir-Hinshelwood kinetic model proposed in this work for the 
degradation of chloroform is shown in (2). 

][1
][
3

33

CHClK
CHClKkr

dt
dC rCHCl                              (2) 

where kr is the rate constant and K is the adsorption constant. The L-H model is 
fitted to the experimental data using a non linear least square method. The result 
of the approximation of the L-H model to the data is shown in Figure 2. The 
results show that there is a very good correlation between the fitted curve and 
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the experimental data. This result suggests that it is possible to apply the L-H 
model to describe the photocatalytic degradation of chloroform in the applied 
photoreactor. The rate constant and adsorption constant in the L-H model is 
estimated to 0.3262 mg l–1 min–1 and 0.0317 l mg–1 respectively. It is difficult to 
compare the fitted rate and adsorption constant to constants obtained by applying 
different photoreactors as the constants depends not only on the applied UV 
intensity but also on the reactor geometry.

From the stoichiometry of the photocatalytic degradation of chloroform in 
(1) it is clear that the concentration of Cl– and H+ in the system increase by a 
factor of 3 compared to the rate at which chloroform is degraded. The degra-
dation profile in Figure 3 shows that there is a good correlation between the 
decrease in the chloroform concentration and the increase in the Cl- and H+

concentrations indicating that no major long lived intermediates are formed dur-
ing the degradation. 

The efficiency of the photo-reactor was analyzed from the ratio between  
the chloroform concentration at the inlet and outlet of the photo-reactor. The 
efficiency of the photo-reactor was found to be 15–20 % independent of the 

Figure 3.  Relationship between the [CHCl
3
], [Cl

–
] and [H+].

concentration of chloroform in the investigated concentration interval. The half 
time t½ for the photocatalytic degradation of chloroform in the system can  
be calculated to 68.3 h. However, as the reactor volume is 9 l and the recycled 
volume is 75 l only about 1/8 of the polluted water is in the photo-rector at  
any given time. Therefore, the t½ for the photo-reactor can be assumed to be 
about 8 h.
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4. Conclusion 

The conducted investigations showed that chloroform was degraded using the 
developed photo-reactor. The study showed that an initial chloroform concen-
tration of 7 mg/l was degraded to under the detection limit of the GC method in 
a period of 350 h. Furthermore the half time t½ for the photo-reactor was found 
to be 8 h. 

Based on the conducted investigations photo-catalysis appears to be an inter-
esting alternative which in time could be implemented in the water treatment of 
swimming pool water.  
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2 2

tributed in the matrix and on the surface were characterized by TEM, AFM and 
UV-Vis spectroscopy. Direct photoelectrochemical investigations of the TiO2/
Ag and Ti 2/Zn /Ag heterojunctions showed the cathodic shift of the flat-band 
potential position and the increase of photocurrent quantum yield in comparison 
with unmodified TiO2 electrodes. Photocatalytic activity of Ag/TiO2 and Ag/ 
TiO2/ZnO films estimated in the process of Rhodamine B dye degradation is 

Keywords: Mesoporous titania films, silver nanoparticles photodeposition, flat band 
potential, photocatalysis.

1. Introduction

In the past years the problems related to the elimination of toxic and hazardous 
chemical substances from air and wastewaters with the focus on titanium dio-
xide photocatalyst application have emerged as a high international priority.1–3

Many of these processes require the semiconductor films with developed porous 
structure and high surface area.3–5
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addition of noble metals to the semiconductor enhanced the charge separation 

processes.6–9 This work is devoted to thermo- and photochemical deposition  
2 2

2. Experimental 

Mesoporous TiO2 and TiO2/ZnO films were obtained as it was described earlier 
in10,11 using titanium tetra-isopropoxide and zinc acetate as metal sources and 
Pluronic P123 triblock copolymer as the templating agent. Ag-modified films 

+

3
–3M aqueous solution, by calcination 

at 500°C; (2) photoreduction of Ag+ ions deposited on mesoporous TiO2 and 
ZnO/TiO2 (1 t% Zn ) films from aqueous solution of [Ag(NH3)2]NO3 under 
UV-irradiation followed by heat treatment at 20–550°C. TEM measurements 
were performed with films scratched from glass substrate and coated onto a 

microscope. Atomic force microscopy (AFM) was carried out using a Digital 

by a Perkin-Elmer Lambda Bio-40 spectrophotometer. 
The photoelectrochemical characteristics of the TiO2/ZnO, Ag/TiO2 and 

Ag/TiO2/ZnO electrodes were estimated using the spectral dependence of the 
photoelectrochemical current (iph) as reported previously.5 The iph spectra
were expressed in units of quantum efficiency (electron/photon). Photocatalytic 

M = 5·10 –5 8

3. Results and Discussion 

3.1.  THERMOINDUCED REDUCTION OF Ag+ IONS IN TiO2 MATRIX 

2
+

mation is shown in the Figure 1a and confirms the samples mesoporosity but with 
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optical absorption and reflection), electrical and photocatalytic properties. The 
system with peculiar optical (third order nonlinear optical effects, selective 

via templated sol-gel route, and investigation of Ag doping effect on the photo-
of Ag NP’s onto mesoporous Ti  and Ti /Zn  (1% Zn ) films, prepared  

Nanoscope (Nanoscope IIIa). UV-Vis optical absorption spectra were recorded 

and improved their photocatalytic activity in important environmental redox 

have been prepared via two techniques: (1) thermoinduced reduction of Ag

Rhodamine B photodecomposition. 

carbon-coated copper grid. The samples were imaged by the JEOL 200C electron 

electrochemical properties and photocatalytic efficiency in xantene dye – 

Rhodamine B photodegradation (C ) as described previously.  

The bright-field TEM image of TiO /Ag film prepared via thermoinduced 
reduction of Ag  ions that were added to the precursor at the step of film for-

activity of synthesized films was checked in the process of xantene dye 

ions, added to the precursor as AgNO  10

films containing nanosized semiconductor or metal particles leads to the
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an overall reduction in the long-range order. The formation of Ag nanoparticles 

1b) and literature data.11,12
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Figure 1. TEM image of the TiO2/5 at% Ag film (a) and absorption spectra (b) of TiO2/Ag films 

tron diffraction. 

3.2.  PHOTOINDUCED REDUCTION OF Ag+ IONS ON THE SURFACE
OF MESOPOROUS TiO2 AND TiO2/ZnO FILMS 

429

to be 4–20 nm. This coincides with the results of electron spectroscopy (Figure 
Electron diffraction experiments (Figure 1a, inset) 

show the pattern of rings corresponding to the anatase phase of TiO2 and
cubic Ag crystals. Figure 1b (curves 1–4) shows the optical absorption 
spectra of the TiO2/Ag films in comparison with undoped TiO2 (curve 5). 
The maximum observed at around 400 nm can be assigned to the surface 

Ag NP’s 11 and confirms the thermoinduced reduction of Ag+ ions to the 
Ag0 state. The easy reduction of Ag+ to Ag0 through removal of an 
electron from the organic moieties under thermal treatment conditions 
can be expected in the view of high value of the standard electrode 
potentials for the Ag+ to Ag0 couple (-1.8 V) in aqueous solutions.14

with different Ag contents: 1% – 1; 3% – 2; 5% – 3; 10% – 4;  0% – 5. Inset in Figure 1a, elec-

2
ZnO/TiO2 films is a two-step procedure adopted from Ref.9,13 The TiO2 films 
were dipped in 10-3 M aqueous solution of [Ag(NH3)2]NO3 (pH = 10), washed 
with ultra pure water and dried at 20oC. The following irradiation by UV – light 
at 254 nm was performed to reduce the deposited Ag+  ions to Ag0 nanoparticles. 
Available Ag+ concentration was adjusted by repetition of the dipping procedure. 
During contact of ZnO/TiO2 films with basic [Ag(NH3)2]NO3 solution partial 

(Ag NP’s) is clearly observed. The mean diameter of the particles was calculated 

plasmon resonance (SPR) peak of spatially confined electrons in  

Another method of Ag nanoparticles deposition on mesoporous TiO  and 



E. MANUJLOV ET AL. 

Figure 2. 3D AFM images of the surface of TiO2/ZnO/Ag films deposited onto glass substrate: 

2

spectra of TiO2

could be attributed to the formation of larger silver particles and/or silver oxide.15

430

dissolution of ZnO followed by exchange of Zn2+ ions in the film with Ag+ took 
place. This resulted in more homogeneous distribution of silver and stabilization 
of Ag NP’s formed on the surface.9 Surface morphology of mesoporous 
TiO2/ZnO/Ag films with photodeposited Ag nanoparticles before as well as after 
thermal treatment at 500oC was studied using AFM microscopy (Fig. 2). Surface 
of as-prepared TiO2/ZnO/Ag films consisted of agglomerates of the silver 

(maximum at 70 nm). Root mean square roughness of the film is 21.3 nm. After 
o

2

mesoporous TiO2 film topology. 

nanoparticles with sizes of app. 1.1 µm and heights in the range of 10–160 nm 

heat treatment at 500 C the surface of TiO /ZnO/Ag films is much smoother 

(a) – the film with as-deposited Ag particles; (b) – film treated at 500°C. 

AFM data correlate with the absorption spectra of Ag/TiO /ZnO films 
(Figure 3): as-prepared films show a broad band in absorption spectra 
with maximum at 450 nm, indicating inhomogeneous distribution of Ag NP’s 

distribution. Only wide band in the visible region was seen in the absorption 

direction were obtained (b) that gives bright yellow color and intensive 

range of spectra and discoloration of the films. We suggest that the heat treat-
Subsequent thermal treatment leads to the decrease of absorption in visible 

on the surface; after heat treatment the smaller particles oriented along one 

2 nm) particles which do not possess the characteristic SPR spectrum. 
ment leads to the melting of Ag NP’s a nd formation of extremely small (less than

/Ag films prepared for comparison via the same procedure that 

10–95 nm with maximum app. 45 nm) oriented along one direction that follows 

plasmon resonance peak at 400 nm characteristic for particles with narrow size 

(roughness of the film is 15.3 nm) with rows of smaller Ag particles (height 
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Figure 3. Absorption spectra of the TiO 2 – (a) and TiO2 /ZnO films – (b) with photodeposited 
silver nanoparticles as-prepared (20°C) and after thermal treatment at different  temperatures up 
to 550°C.

2 2

extrapolation of the photocurrent (iph) dependences on the applied potential. Flat-
band potential values of the mesoporous Ti 2 and Ti 2/Zn  samples (Table 1) 
differ insignificantly from each other and are comparable with the value of –
(0.47–0.49) V obtained at  7 for nitrogen-doped titanium dioxide16 and 
Ufb

17 The charge distribution bet-
ween semiconductor and Ag NP’s causes th e flatband potential shift (see Table 1) 

2

taining thermoreduced and photodeposited Ag NP’s and much more prominent 
2

500°C). This strong effect is attributable to stabilization of numerous small Ag 
NP’s on the TiO 2 surface under the conditions of ion-exchange process,9

TiO2 and Ti 2/Zn  films modification with Ag NP’s causes an increase in 
photocurrent quantum yields (Figure 4) for the nanocomposites with Ag NP’s 
homogeneously distributed in the bulk or deposited on the surface (prepared by 

current generation efficiency is indicative of the fact that the deposition of Ag 

IN RHODAMINE B PHOTODEGRADATION
ACTIVITY OF Ag-MODIFIED TiO  AND TiO /ZnO COATINGS

431

3.3.  PHOTOELECTROCHEMICAL PROPERTIES AND PHOTOCATALYTIC 

The position of the flatband potential (Ufb) of titania and Ag modified Ti 2 and 
Ti 2/Zn  films coated on the titanium substrates was estimated from the 

to more negative values. The shift is minor (0.11, 0.2 V) for TiO  films con-

(0.9 V) for Ag/TiO /ZnO films (before as well after thermal treatment at 

the thermo- or by the photoreduction method). The enhancement in the photo-

followed by photoreduction of Ag+. It is well known6,7,18 that the more negative 

the charge separation. 
flat band potential resulted in better ability of semiconductor film to faciliate 

= –0.58 V measured for anatase single crystal.
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2 2 2

2 2
photodeposited – before (6) and after (7) calcination at 500°C. 

TiO2 film as well as improving the interfacial charge transfer process.7,8

The decrease of photocurrent quantum yield in the short-wave region is 
observed only for Ag/TiO2 samples prepared via thermo-induced reduction. 

dic photocurrent to the whole process.19 The activity of the samples in photo-
oxidation processes was estimated in xantene dye Rhodamine B decomposition. 
For comparison of the Ag modified films photoactivity the samples with equal 
intensity of SPR were chosen. Rates of photooxidation were calculated in pseudo 

TABLE 1. The values of flat-band potential and photocatalytic efficiency for TiO2 and TiO2/ZnO
films modified by Ag NP’s. 

Sample Efb,[V, NHE] Photocatalytic 
efficiency k, min–1

TiO2 (six layers on i) –0.51 4,10E-03 
TiO2 Ag Thermo –0.62 15,1 E-03 
TiO2 Ag Photo –0.71 10,1E-03 
TiO2 Ag Photo + 500°C –1.41 3,98E-03 
1% ZnO/TiO2 –0.71 4,50E-03
1% ZnO/TiO2 Ag Photo –1.41 12,4 E-03 
1% ZnO/TiO2 Ag Photo + 500°C –1.41 15,5 E-03 

photodeposited – before (3) and after (4) calcination at 500°C; TiO /ZnO – 5, TiO /ZnO/Ag –

This effect can be explained by the appearance (due to heat treatment of film 

Figure 4. Quantum yields of photocurrent for TiO  – (1), TiO /Ag thermoreduced (2), TiO /Ag –

containing high amounts of organic residuals) of additional defect centers on 
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NP’s is beneficial for promoting the ch arge separation within the nanostructured 

the surface participating in cathodic photoreactions and contribution of the catho-

first order reaction approach under equal conditions (Table 1).
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MESOPOROUS Ti 2 AND Ti 2/Zn /Ag FILMS

Silver modified samples prepared via thermoreduction as well as photo-
deposition procedure show the enhanced activity (in –three to four times) toward 
the undoped TiO2 and ZnO/TiO2 coatings that coincides with high efficiency of 
photocurrent generation and negative shift in flat band potential position.

4. Conclusions 

Optically transparent, mesoporous TiO2 and ZnO/TiO2 thin film photocatalysts 

Direct photoelectrochemical investigation of the TiO2/Ag heterojunctions 
showed cathodic shift in the position of the flat-band potential in comparison to 
the unmodified TiO2 electrodes. TiO2 modification with silver particles causes 

TiO2 and Ag/ZnO/TiO2 films in Rhodamine B decomposition. 
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POSSIBILITIES AND LIMITS OF TEXTURE PROPERTIES 

CHARACTERIZATION 

1Institute of Chemical Process Fundamentals, Academy  
of Sciences of the Czech Republic, v.v.i, Rozvojová 135,  
165 02 Prague 6-Suchdol, Czech  
2Department of Petroleum Technology and Petrochemistry, 
Faculty of Chemical and Food Technology, Slovak University  
of Technology, 812 37 Bratislava, Slovak Republic 

Abstract. A series of microporous-mesoporous mechanical mixtures of zeolite 
NaY and γ-alumina was used for testing the applicability of the modified (three-
parameter) BET isotherm equation. Nitrogen adsorption isotherms (77 K) of 
NaY+ γ-alumina samples were analyzed by this equation and the results com-
pared with the independent textural information obtained from t-plots (with  
the standard isotherm of nonporous α-alumina and the standard isotherms of 
Lecloux-Pirard). It appeared that the use of the modified BET equation as same 
as the standard t-plot method provided good micropore volumes and mesopore 
surface areas contrary to the incorrect results of the classic BET equation. 

Keywords: Adsorption isotherm, microporous-mesoporous samples, modified BET 
equation, t-plots. 

1. Introduction 

The attention to microporous-mesoporous solids increased recently tremendously 
due to appearance of a couple of new materials (e.g. sol-gel materials etc.). This 
makes the textural analysis based on transformation of physical adsorption iso-
therms of inert gases (nitrogen, argon, krypton) much less straightforward than 
in case of porous solids with mesopores only. The simple BET analysis1 is, 
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nevertheless, usually (and incorrectly) performed. The reason is that the simple 
BET isotherm was developed explicitly for non-microporous solids and in the 
relative pressure range, xBET, which guarantees the absence of capillary conden-
sation in mesopores (e.g. 0.25 > x BET > 0.05). The correct way is to use the com-
parative plots (t-plots, -plots) which can supply the micropore volume, a , as 
well as the mesopore surface area, Sm. The complication with comparative plots 
arises from the requirement to know the adsorption isotherm for a non-porous 
solid with same chemical character as the analyzed porous sample (standard 
isotherm).2 We have suggested3 to use the modified BET (1) (three-parameter 
BET), which when applied to the analyzed sample gives the micropore volume, 
monolayer capacity as well as the correct parameter C. 

ma Cxa a
1 x 1 C 1 x

                   (1) 

Here a is the adsorbed amount at relative pressure x (x = p/p o with p the 
adsorbate pressure and po the saturation adsorbate pressure at the measurement 
temperature), a  the adsorbate amount corresponding to complete filling of 
micropores and C is a constant proportional to adsorption equilibrium constant 
in the first adsorbed layer. The mesopore surface area, Sm, is obtained from the 
monolayer capacity am as 

m mS =a A                        (2) 

with the Avogadro constant, A, and the area covered by one adsorbate atom/ 
molecule, . For nitrogen at normal boiling point (77 K) = 0.162 nm 2 is 
usually taken. Thus, the modified (three-parameter) BET equation differs from 
the classic (two-parameter) BET equation by the presence of the a  term, only. 

2. Experimental

As microporous-mesoporous materials mechanical mixtures of microporous 
zeolite, NaY (batch No. NaY-091087V3 with Si/Al = 2.24), and mesoporous  
-alumina (laboratory prepared carrier for reforming catalysts from boehmite) 

with -alumina weight fractions, f, varying between 0 and 1 were used. 
Adsorption measurements were performed with the ASAP2400 instrument 

(Micromeritics, USA). Prior to measurement the samples were degassed over-
night at 350°C and 2 Pa. 

Nitrogen adsorption isotherms at 77 K of the pure NaY zeolite and -alumina
are shown in Figure 1 and for mixed NaY+ -alumina samples in Figure 2. 
Textural properties of pure samples are summarized in Table 1. 
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NaY/ -alumina mixtures. 

TABLE 1. Textural properties of pure NaY and -alumina.

NaY 
Monolayer capacity, am (mm3

liq/g)a 11.7 71.2 

Mesopore surface area, Sm (m2/g)a 32.9 199.7 

Micropore volume, a  (mm3/g)a 335 0 

Ca 22.6 95.2

Most frequent pore radius (nm)b – 5.1,c 6.9d

aFrom (1), for recalculation of adsorbed amounts in cm3
NTP/g to mm3

liq/g multiplication by the 
factor 1.4568 was used; bfrom Barrett-Joyner Halenda,4 pore-size distribution with alumina
standard isotherm5; cfrom adsorption isotherm branch; dfrom desorption isotherm branch 

3. Results and Discussion 

First, a thorough analysis of mixed sample isotherms by the use of the modified 
BET (1) was performed. Figure 3 summarizes the micropore volumes, a , and
mesopore surface areas, Sm, obtained by fitting of experimental mixed sample 
a(x) data to (1) with the C parameter fixed at the value for parent -alumina
sample (C = 95.2 see Table 1). The non- linear data fitting was performed with 
use of simplex algorithm. 

x

0,0 0,2 0,4 0,6 0,8 1,0
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 (c

m
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/g

)
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100
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300
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500
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NaY des. branch
-alumina ads. branch

NaY des. branch

of NaY and alumina.
Figure 1. Nitrogen adsorption isotherms (77 K) Figure 2. Adsorption branches of isotherms of

-alumina 

As can be seen the micropore volumes, a , and mesopore surface areas, Sm,
depend linearly on the amount of NaY (or -alumina) in the sample. The 
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Figure 3. Micropore volumes, a , and mesopore surface areas, Sm, for mixed samples determined 
by the modified BET equation.

micropore volume of NaY, a , obtained by extrapolation of the linear depen-
dence a  – f to f 0 (i.e. a (NaY)= 0.313 cm 3

liq/g) and the specific surface area of 
-alumina, Sm, from extrapolation of Sm – f dependence to f 1 (Sm( - alumina) 

= 196 m 2/g agree with values of the pure samples (Table 1)These linear depen-
dences make possible to determine the mesopore surface area of -alumina,
Sm( -alumina), and the micropore volume of NaY, a (NaY), from a  and Sm of 
mixed samples also as a (NaY) = a /(1-f) and Sm( -alumina) = S m/f. The obtain-
ned numbers do not exceed the 3% deviation of results for pure samples. 

The comparative t-plots were constructed in the usual way. Standard isotherm 
of nonporous -alumina was used as the source of film thicknesses5. Figure 4 
summarizes the t-plots for individual mixed samples and the resulting micro-
pore volumes, a . As can be seen a decreases linearly with the fraction of  
-alumina in the sample, f. The micropore volume extrapolated to f =0 (i.e. pure 

NaY), a  = 0.312 cm 3
liq/g differs only slightly from the value of parent NaY 

(Table 1).
Figure 5 compares micropore volumes, a , obtained from the modified BET 

equation with C = 95.2 and t-plot analys is with the standard isotherm of non-
porous -alumina.5 It can be seen that values of micropore volumes obtained  
by both independent methods differ only slightly. The general agreement of the 
modified BET equation and t-plot results prove the applicability of these equ-
ations for analysis of microporous- mesoporous samples. 
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Figure 4. t-plots for mixed samples (standard isotherm: non-porous -alumina) and the 
corresponding micropore volumes. 

Figure 5. Comparison of micropore volumes, Figure 6. Experimental adsorption points and 
isotherms calculated with parameters of the 
classic (solid line) and modified BET (dashed 
lines).

Figure 6 compares the application of the classic and modified BET equ-
ations to microporous-mesoporous mixed samples. For illustration, adsorption 
points from the BET region (0.05 < x BET < 0.25), for the sample with 50%  
-alumina and 50% NaY, were chosen. It can be seen that the isotherm calcu-

lated with use of parameters from the classic BET equation (solid line) deviates 
significantly from experimental points. Quite the opposite is true when para-
meters from the modified BET equation were used (dashed line). Also the physi-
cally incorrect value of the C constant obtained from the classic BET equation 
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(C = –71) points to the inappropriateness of application of the classic BET 
equation for isotherms of microporous-mesoporous samples.

4. Conclusions

The textural characteristics of mixed sample isotherms obtained directly from 
the modified BET equation agree very closely with independent results based 
on t-plots. This proves the suitability of the modified BET equation for analysis 
of adsorption isotherms of microporous-mesoporous samples. For illustration, 
the failure of classic (two-parameter) BET equation usually (and incorrectly) 
performed for samples of this type was clearly demonstrated. 
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Abstract. Thin nanolayers of titania prepared by repeated dip-coating of silica 
glass into transparent homogeneous sol from nonionic surfactants with various 
number of oxyethylene units were studied. Calcination in the air flow and/or 
extraction by supercritical CO2, subcritical H2O and subcritical CH3OH were 
used to convert transparent gel layers into anatase layers. The influence of indi-
vidual surfactants on the surface morphology, roughness, structural and textural 
properties was evaluated. 

Keywords: Sol-gel method, thin films, texture, nanostructure, AFM, XRD, nitrogen 
adsorption. 

1. Introduction 

Recently, a huge research interest to nanoporous titania with special attention to 
its photocatalytic properties, significantly widening their promising application 
______ 
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potential, was noticed.1–5 Nowadays, titania is prepared in various forms such as 
nanotubes, powder particles and transparent thin layers deposited on carriers6–9

to optimize its photochemical efficiency. To achieve high photo-catalytic 
activity it is necessary to prepare crystalline anatase with suitable grain size, 
purity and textural morphology. Thin titania layers deposited on suitable 
carriers seem to be an optimal solution for industrial applications of the photo-
catalytic reactions. For optimization of the photocatalytic activity the knowledge 
of structural and textural properties of titania layers is indispensable. Unfortu-
nately, such studies appear only rarely.10 Therefore our study was focused on 
preparation of a set of various titania layers by dip-coating via sol-gel method 
controlled in inverse micellar environment with tailoring textural and structural 
properties for photoactivity. 

2. Experimental

2.1. SOL PREPARATION AND LAYER DEPOSITION 

Nano-TiO2 was synthesized by sol-gel process. Titanium (IV) isopropoxide 
(Ti(OCH(CH3)2)4, Aldrich, 99.999%) was added into formed inverse micellar 
solution of cyclohexane (Aldrich, 99.9+%, HPLC grade), nonionic surfactant 
Triton X-(Aldrich) and water. The molar ratio of cyclohexane/Triton X-/water/ 
Ti(OC3H7)4 was kept at 11/1/1/1.7

Firstly, the solution of cyclohexane, Triton X and water was intensively 

the titanium isopropoxide was regularly dropped into the micellar solution under 
continued stirring. After the addition of the isopropoxide the sol was stirred for 
additional 10 min and then left for 2 h for stabilization. In this way the sol for 
dip-coating was prepared.

Ultrasonicly cleaned glasses were dipped into the sol with velocity 6 cm/min 
and kept in the sol for 10 s. After 4 h of stabilization the rigid gel layer was for-
med. The organic content was then reduced by calcination in air stream and/or 
extraction by supercritic CO2, subcritical H2O and subcritical CH3OH. After this 
treatment the transparent nanoporous titania thin layer was obtained. To guaran-
tee the homogeneity of the titania layer surface this procedure was repeated at 
least three times. 

on the textural and structural layer characteristics, five different Triton X (102, 
100, 114, 45 and 15) were used for layer preparation. Their characteristics are 
summarized in Table 1 and for better imagination the structural formula of 
Triton X is shown in Figure 1. 
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TABLE 1. Characteristics of used Triton X. 

CH3

CH3

C
H2

CH3

CH3

CH3

O C
H2

C
H2

O Hn

Figure 1. Structural formula of the surfactant Triton X molecule. 

2.2. TREATMENT OF PREPARED GEL LAYERS 

The samples were purified by calcination and three different extraction tech-
niques and/or their combination: (a) supercritical fluid extraction (SFE), (b) 
subcritical water extraction (SWE) and (c) pressured solvent extraction (PFE).

Samples were calcined at 400°C for 4 h with temperature ramp 1°C/min in 
an air flow. 

SFE was performed with a PrepMaster extractor (Suprex, USA) equipped 
with VaryFlow restrictor operating at 40°C. Carbon dioxide of SFE/SFC purity 
was used as extraction medium. The samples were placed in a 10 ml stainless 
steel extraction vessel and purified at 400 bar and 100°C with a CO2 flow rate 
1.5 ml/min for 500 min. 

SWE and PFE were performed with the same system: a common HPLC 
pump (Varian, Series 200) equipped with a GC oven and Valco needle valve as 
a back pressure restrictor. Ultra pure water or methanol (gradient grade, Merck) 
was used for extraction at 5 ml/min flow rate; samples were purified in a 100 ml 
extraction vessel for 200 min. 

2.3. SAMPLE CHARACTERIZATION 

Textural properties of the samples were evaluated from nitrogen physical 
adsorption-desorption isotherms at 77 K obtained with the ASAP2020M (Micro-
meritics, USA). 

Surface topography and roughness were measured by the Atomic Force 
Microscopy (AFM – Metris – 2001A – NC, Burleigh Instruments Inc.). A com-
mercially available silicon probe was used. All AFM measurements were carried 

Type of Triton Triton X-102 Triton X-100 Triton X-114 Triton X-45 Triton X-15 
Molecular
formula C39H72O13.5 C33H60O10.5 C29H52O8.5 C23H40O5.5 C17H28O2.5

Number of 
oxyethylene 
units

12.5 9.5 7.5 4.5 1.5 
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out in the non-contact mode under ambient atmosphere and at room temperature. 
The scan area varied from 1.2 × 1.2 m to 25 × 25 m. Scans were made with 
256 × 256 pixels resolution. 

The sample crystallinity was characterized by X-ray diffraction (XRD).  
For all samples the Seifert-FMP or the Panalytical-MPD laboratory diffracto-
meter with a Cu anode in the conventional focusing Bragg-Brentano experi-
mental arrangement was used. 

3. Results and Discussions 

By dissolving the initial metal alkoxide in reverse micelles (of Triton X) the 
hydrolysis with a controlled amount of water, contained inside the micelle, takes 
place. At low water/surfactant molar ratio the generation of uniform spherical 
nanoparticles is expected. Micelles become entrapped in the forming inorganic 
matrix as an ordered liquid-crystalline phase that after treatment should be trans-
formed into rigid nanocrystals essential for photocatalytic activity. 

The surface topography and roughness of calcined layers for all used Triton 
X are shown in Figure 2. It is clearly seen that the surface layer prepared from  
Triton X15 and X45 surfactants are nearly smooth without presence of 
crystallites. Surfaces layers from Triton X114, X100 and X102 are somewhat 
rough with the size of crystallites in the range 6–10 nm. This is confirmed by 

Figure 2.  Photographs of calcined layers from AFM analysis. 
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XRD analysis (see Figure 3), where the shapes of curves for Triton X15 and 45 
are similar to pure glass and do not indicate any crystalline phase; the curves for 
layers from Triton X114, 110 and 102 demonstrate clearly the presence of 
a crystalline phase. The phase analysis confirmed the presence of nearly pure 
anatase with a small amount of brookite. 
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Figure 3. XRD patterns of pure glass and calcined films deposited on glass.

The influence of the treatment for removal of organic matter is shown in 
Table 2. Obviously, an ideal removal of the organic matter should preserve the 
order of the template structure. The common thermal treatment may result in 
the collapse of the forming structure and cause a significant decrease of surface 
area. This is noticed in Table 2, where the BET surface areas for all surfactants 
and calcination and extraction are summarized. The specific surface area of 
extracted samples is three to four times higher than for samples treated by 
calcination.

TABLE 2. Specific surface areas of calcined and extracted layers. 

4. Conclusions

The influence of various surfactants used for preparation of titania thin layers 
on the surface morphology, roughness, structural and textural properties was 
studied. It was confirmed that thermal treatment causes an important decrease 
of specific surface area as compared to the organic matter removal by extrac-
tion, which results in approximately three times higher surface areas. It was 

Calcination SFE SWE+PFE 
                            SBET[m2/g]

TX-15 28.3 – – 
TX-45 70.2 292.6 250.4 
TX-114 80.1 281.3 233.6 
TX-100 77.5 278.7 246.3 
TX-102 74.3 310.4 248.2 
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determined that the number of oxyethylene units in surfactant influences the 
morphology of the layer surface; more than 7 units leads to a crystalline phase 
and less than 4.5 units leads to an  amorphous phase.

Acknowledgement

The financial support of the Czech Academy of Sciences, Program Nano-
technology for Society (KAN400720701) is gratefully acknowledged. 

References

1. Maira A.J., Yeung K.L., Soria J., Coronado J.M., Belver C., Lee C.Y., Augugliaro V., Gas-
phase photo-oxidation of toluene using nanometer-size TiO2 catalysts, Applied Catalysis B 
29, 327–336 (2001). 

2. Neppolian B., Jung H., Choi H., Photocatalytic degradation of 4-chlorphenol using TiO2 and 
Pt-TiO2 nanoparticles prepared by sol-gel method, Journal of Advanced Oxidation Tech-
nologies 10 (2), 369–374 (2007). 

3. De la Fourniere E.M., Leyva A.G., Gautier E.A., Litter M.I., Treatment of phenylmercury 
salts by heterogenous photocatalysis over TiO2, Chemosphere 69 (5), 682–688 (2007). 

4. Evans P., Sheel D.W., Photoactive and antibacterial TiO2 thin films on stainless steel, 
Surface and Coatings Technology 201 (22–23 Special issue), 9319–9324 (2007). 

5. Yang L., Liu Z., Shi J., Hu H., Shangguan W., Design consideration of photocatalytic 
oxiadation reactors using TiO2-coated foam nickels for degrading indoor gaseous formal-
dehyde, Catalysis Today 126 (3–4 Special issue), 359–368 (2007). 

6. Sheng Q., Yuan S., Zhang J., Chen F., Synthesis of mesoporous titania with high photo-
catalytic activity by nanocrystalline particle assembly, Microporous And Mesoporous 
Materials 87, 177–184 (2006). 

7. Kluson P., Luskova H., Cajthaml T., Solcova O., Non thermal preparation of photoactive 
titanium (IV) oxide thin layers, Thin Solid Films 495, 18–23 (2006). 

8. Addamo M., Augugliaro V., Di Paola A., Garcia-Lopez E., Loddo V., Marci G., Palmisano L., 
Preparation and photoactivity of nanostructured TiO2 particles obtained by hydrolysis of 
TiCl4, Colloids and Surfaces A 265, 23–31 (2005). 

9. Kluson P., Luskova H., Cerveny L., Klisakova J., Cajthaml T., Partial photocatalytic oxi-
dation of cyclopentene over titanium (IV) oxide, Journal of Molecular Catalysis A 242, 62–
67 (2005). 

10. ernigoj U., Lavren i  Štangar U., Trebše P., Opara Krašovec U., Gross S., Photo-catalyti-
cally active TiO2 thin films produced by surfactant-assisted sol-gel processing, Thin Solid 
Films 495, 327–332 (2006). 

446
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Abstract. Mesoporous sol-gel materials are among the ideal host matrixes for 
immobilizing enzymes because of their large pore volumes and controllable pore 
sizes appropriate for inclusion compounds. Although indirect enzyme immobili-
zation in mesoporous materials has been achieved by impregnating of the MCM41 
matrix with an enzyme, there are only few reports on one-step direct immobili-
zation of bioactive species in surfactant-templated mesoporous sol-gel mate-
rials. We demonstrate here the principle by immobilization of 2,4D herbicide 
and mycotoxins T2 as model system. With that goal in view, various silica mat-
rices with miscellaneous structural parameters were prepared and characterized. 
 

peroxidise, 2,4D herbicide.  

1. Introduction 

Inorganic supports with surfaces favourable for the immobilization resulting  
in high sensor activity have been highly sought.1,2 However, formation of the 
channels and the pores of the sol–gel matrix are not controlled, and various sizes 
of pores and channels are formed, ranging from 0.1 to 50 nm in size. Often  

*
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interconnected micropores and channels are formed, allowing only the smallest 
of the substrates to penetrate, while the bigger substrates block the channels, 
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slowing the reactions. The hexagonal mesoporous silicas have great potential 
for high organic molecules loading, provided that pore size is sufficiently large 
for anchoring some organic molecules (enzyme, pesticide, toxin, biomolecules) 
and also for permitting substrates to access and diffuse easily through a pore 
channel, while appropriate functional groups provide high affinity for various 
biomolecules.3,4 Self-organized materials with high surface area and 3–25 nm 
pore size were produced using templation and co-assembly. The highly porous 
nature of the ordered structure combined with low adsorption and emission in 
the visible area of spectrum and facile diffusion make them good candidate for 
optical and chemical sensor applications and provide new avenues for encapsu-
lation/immobilization processes. We have shown that such mesoporous silica 
materials with variable pore sizes and surface susceptible for functionalization, 
can be utilized as good separation devices and immobilization hosts for bio-
molecules. The latter can be sequestered and released depending on their size 
and charge within the channels. Mesoporous silicas with large-pore-size struc-
tures are best suited for this purpose, since more molecules can be immobilized 
and the large porosity of the materials provide better access for the substrates to 
the immobilized molecules. The mechanism of bimolecular adsorption in the 
mesopore channels was suggested to be ionic interaction. On the first step on the 
way to creation of chemical sensors on the basis of functionalized mesoporous 
silica materials for selective determination of herbicide in an environment the 
study of sorption activity number of such materials in relation to 2,4-D was 
conducted.

Various morphologies can be achieved for mesoporous silica using either 
the templation method or the phase transformation approach. These usually 
involve ordering or shaping on the micron scale. In addition to the normal parti-
culate form, there are obtained fibres and ropes, gyroids and discoids, hollow 
and solid spheres, films, tubular, and pillar-within-spheres.5

Organic-inorganic composites may combine the unique properties of both 
components.6 Due to own microstructures they would greatly improve their per-
formances, such as better mechanical properties, chemical and thermal stability, 
higher sensitivity, etc. We could have focused on three sorts of organic–inorganic 
nanocomposites from mesoporous and mesostructured materials – organic sub-
stances molecularly dispersed in the frameworks, functional organic molecules 
or groups in the internal pore channels, and polymer materials encapsulated in 
the pore channels. The discovery of meso-structured silica formed by the co-
operative self-assembly of silicates and surfactants has opened up a new range 
of possibilities for chemical sensors. The highly porous nature of these mate- 
rials makes them excellent hosts for sensing molecules, since the species to be  
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in large-pore mesoporous materials by covalently anchoring the active sensor 
dye during synthesis and low-temperature removal of the structure directing agent 
afterwards.

2. Results and Discussion  

In order to control the morphology of the pore structure, doped mesostructured 
silicas should be carefully investigated for development of new materials with 
excellent sensor properties. In the present work we have explored further appli-
cation of mesoporous silicas for direct immobilization of biomolecules. We 
demonstrated the principle by immobilization of horseradish peroxidase (HRP) 
and 2,4 D herbicide as model enzyme system. To achieve this aim, various silica 
matrices with miscellaneous structural parameters were prepared by sol-gel 
synthesis and characterized (Table 1). The release was dependent on the size 
and charge distribution within the channels. 

TABLE 1. Structural characteristics of the monitored mesoporous materials. 

Sample Symmetry D, nm V, cm3/g S,m2/g

MCM-41 Hexagonal 3.0 0.67 989 

MCM-48 Cubic 2.5 1.29    1,690 

KBT-22 Hexagonal 3.3      0.6 834 

SBA-15 Hexagonal    10.7 1.02 375 

SBA-15 Hexagonal 1.13 420 

MCF-1 Spherical      8.1 1.74 770 

MCF-2 Spherical    11.9      1.9 790 

MCF-3 Spheric    13.9      2.1 840 

The sample KBT-22 presents amino modified form of the MCM-41 structure 
(first in the Table 1). The apparent activity of HRP/2,4D conjugate was studied 
in order to monitor the influence of the matrix on the level of selectivity to-
wards binding of conjugate in various mesoporous materials (Table 1). Results 

   10.7  

sensed can easily diffuse towards the sensing centre.7,8 Principally, the require- 
ments of fast response and negligible leaching can be fulfilled advantageously 
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Figure 1. Level of selective binding of HRP in the various mesoporous materials. 

Optimum there appears to be the SBA-15 matrix to the type SBA-15, that 
has the relatively small area of specific surface area (420 cm2/m), diameter of 
channels a 10.7 nm and pore volume of 1.13 cm3/g.

obtained with the help of enzyme immunoassay (ELISYS 2 HUMAN), are 
shown in Figure 1. 

The above results testify that none of the explored structural parameters of 
matrix can be considered negligible in relation to the efficiency of binding of 
biomolecules (see Figure 2).  
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Figure 2. Factors influencing the level of the selective binding (from above resulted parameters 
of matrix which has the greatest level [705, 2,138] pore diameter, the pore volume and specific 
surface area). 

3. Conclusions 

Mesoporous materials can function as biological molecules separation devices, 
where we can isolate a desired biomolecule and perspective especially for 
potential applications at the creation of sensitive element of new biosensors, 
such as effective substances for the decontamination of environmental objects 
from low molecular weight toxic elements presented in form of pesticides and 
mycotoxins.
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Abstract. The Ag/TiO2 materials synthesised by a pH-controlled photocatalytic 
process and triblock copolymer-induced reduction of the [Ag(NH3)2]+ ions under 
ambient light illumination appeared to be active and selective catalysts for the 
photocatalytic reduction of the nitrate ions in water. High efficiency of such 
Ag/TiO2 catalysts was attributed to the presence of both the highly dispersed 
silver nanoclusters on the surface of titania and the hetero-junctions in the TiO2 
support. The influence of the structural features and the phase composition of 
the titania support on catalytic properties of the Ag/TiO2 materials is discussed. 

 
Keywords: Photocatalysis, titania, silver, photoreduction, nitrate ions. 

1. Introduction 

Abundance of nitrate ions in ground water, which is the main source for drink-
ing water, has strongly increased during the last years throughout the world as a 
result of intensive agricultural activities, mainly due to the overuse of man-made 
fertilisers. In some regions, the nitrate concentration in the ground water can be 
as high as 50 mg/l (calculated by the nitrogen weight).1 Too high concentration 
of the NO3

– ions may be fatal to infants in the bodies of whom they are reduced 
to nitrites that combine with hae-moglobin to form methaemoglobin. This results 
in methaemo-globinemia, commonly known as “blue baby syndrome”. Moreover, 
the nitrate ions can be converted into nitrosoamine causing hypertension or can-
cer. Thus, to reduce the nitrate content in water is presently an imperative task. 
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Direct conversion of the nitrate ions into nitrogen via their liquid-phase hydro-
genation is an interesting and challenging subject, which is expected to be more 
economical and to have ecological advantages. 

During the last two decades, the photocatalytic water denitrification over 
metal-loaded semiconductors was also extensively investigated.1,2 Titania was 
considered to be the carrier material with a great potential for this purpose,  
due to its unique optical and electronic properties, chemical stability, and non-
toxicity.1,2 The nature of metal, its loading, and presence in the reacting medium 
of hole scavengers play a key role in the efficient photo-reduction of the NO3

–

ions. Recently, the Ag/TiO2 catalysts synthesised by a pH-controlled photo-
catalytic process3 were used in the photocatalytic nitrate reduction. It was 
reported that their performance was better than that of the Pd/Cu-based hydro-
genation systems. It was suggested that silver nanoparticles enhanced the photo-
catalytic activity of TiO2 while stimulating formation of the Schottky barrier at 
every Ag/TiO2 contact surface.1 Thus, they promote the charge separation and 
inhibition of the electron-hole pairs recombination, whereas the hole scavengers 
are essential for the reduction of the target ions. 

In this study, we evaluated the significance of both the preparation procedure 
and the potentially controlling photocatalytic behaviour of the Ag/TiO2 system 
towards its performance in the water denitrification. The influence of the struc-
tural features and phase composition of a titania support on the catalytic pro-
perties of the Ag/TiO2 materials was investigated as well. 

2. Experimental

Nanocrystalline TiO2 anatase (NTi) has been prepared by the sol-gel method 
described by Gnanasekar et al.4 Ordered macroporous titania (OMT) was syn-
thesised, in accordance with the method reported in the literature,5 by the drop-
wise addition of the above-mentioned titanium alkoxide to ammonia.

The Ag/TiO2 catalysts, denoted as AT, were synthesised by a pH-controlled 
photocatalytic process3 with AgNO3 as the source of silver, whereas the mate-
rials designated as PAT were prepared by reduction of [Ag(NH3)2]+ in ethanol, 
induced by the P123 triblock copolymer (PEO20PPO70PEO20).6,7 All the catalysts 
were characterised by means of the UV-Vis and IR spectroscopies, transmission 
electron microscopy (TEM), N2 adsorption, and X-ray photoelectron spectroscopy 
(XPS). The photocatalytic reaction was carried out in a double-walled quartz 
cell cooled with water, using a 125-W high pressure Hg lamp (main wavelength 
around 365 nm) as a light source. The initial concentration of the nitrate anions 
was 100 mgN/l (calculated by the nitrogen weight). No treatment was perfor-
med to remove the dissolved oxygen. The residual concentrations of the nitrate, 
nitrite, and ammonium ions in supernatant were determined with the ion-exchange 
chromatography.
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3. Results and Discussions 

As reported by Gnanasekar et al.,4 the TiO2 sol obtained by hydrolysis of 
titanium isopropoxide in excess of 2-propanol and subsequently heated in water 
at 85°C exhibits, indeed, the anatase structure. This points to an important role 
of the 2-propanol excess in the hindering of an agglomeration process, which 
promotes the titania sol transformation directly to the nanocrystalline TiO2
particles affected by the heat treatment of the reacting mixture. The heating of 
the material obtained in the presence of the 2-propanol excess at 400–410°C 
could not significantly affect the width of the XRD peaks, which points to the 
absence of the intense growth of the anatase grains. Similarly to the reported 
results,4 our TiO2 material contains a small fraction of the brookite phase. The 
BET surface area of the titania precipitate obtained in excess of isopropanol and 
then dried at 85°C is about 240 m2/g, being much larger than that of the P-25 
titania. As expected, the drop-wise addition of titanium isopropoxide to a 5-wt% 
ammonia solution leads to formation of the ordered macroporous titania (OMT). 
This material is arranged by millimetre-sized, irregularly shaped TiO2 grains 
that are fragments of larger particles with heterogeneous channel dimensions 
(5–8 mm, SEM). Under heating, the air-dried precipitates transform to a mixture 
of crystalline anatase and rutile, with a complete or partial retention of the macro-
porous architecture. The ratio between those two phases depends on the calci-
nation temperature. The BET surface area of the air-dried precipitates was as 
high as 350 m2/g. After calcination, this value decreased to 80–90 m2/g, most 
likely due to sintering of the titania particles in the channel walls.5

The AT catalysts synthesised by a pH-controlled photocatalytic process 
contain silver particles with diameter of ca. 2 nm (TEM), homogeneously dis-
persed on the surface of TiO2. Based on the binding energy of silver in the XPS 
spectra (around 367.0 eV), the coated silver on those catalysts is expected to be 
in the metal state. All these data agree very well with those previously pub-
lished by Zhang et al.3 Upon preparation of the PAT catalysts, the reduction of 
[Ag(NH3)2]+ under ambient light in the P123-ethanol solution led to the for-
mation of highly dispersed silver nanoclusters (the average size of ca. 2 nm) on 
the surface of titania (TEM and HRTEM). Most likely, the surfactant micelles 
and TiO2 nanoparticles prevent aggregation of the silver clusters, as suggested 
by Zhang and Yu.6 The silver in the silver-coated TiO2 is of a metallic nature, 
as evidenced by the presence of the UV-Vis absorption band at 480 nm, attri-
buted to the surface plasmon resonance of metallic silver. However, the atomic 
ratios of Ag/Ti in the PAT catalysts noticeably differ in relation to the amount 
of the [Ag(NH3)2]+ solution used for their preparation. One of possible reasons 
for that could be incomplete reduction of the [Ag(NH3)2]+ ions during 1-h 
ambient light illumination.6
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In order to enable comparison with the literature data,1 the catalytic experi-
ments were performed using formic acid as the hole scavenger in the amount of 
0.04 mol/l. It was found that, when the P-25 titania was utilised as a carrier for 
silver nanoparticles, the Ag/TiO2 catalysts prepared by the two applied methods 
exhibited a similar denitrification efficiency. Hence, further study was con-
ducted while applying the P123 triblock copolymer for inducing the reduction 
of [Ag(NH3)2]+ in ethanol. The dependence of catalytic activity on the silver 
content in the synthesised catalysts is of a volcano-type shape (Figure 1) that 
has commonly been detected for a number of photocatalytic systems.
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Figure 1. Influence of Ag loading on activity 
of differently prepared Ag/TiO2(P-25) catalysts: 
(1) pH-controlled route, (2) ambient light 
reduction.

Figure 2. Influence of the TiO2 origination on 
photocatalytic activity of Ag/TiO2 catalysts. 

To explain this feature, we have considered some optional hypotheses. It is 
well known that noble metal clusters can efficiently trap the photoinduced elec-
trons.1 At the same time, metal coating can reduce the photocatalytic ability due 
to the decreasing photoinduction efficiency of the semiconductor or because of 
formation of new recombination centres of photogenerated electrons and holes, 
when metal particles are too large. In the catalysts containing ca. 1% of silver, 
dispersion and/or size of coated Ag nanoparticles, most likely, provide in an 
optimum way prolongation of the lifetime of photogenerated electrons res-
ponsible for reduction of the nitrate ions, as manifested by the highest activity 
of these samples. Preliminary calcination of the NTi titania significantly improves 
activity of the Ag/TiO2 catalyst prepared on its basis (Figure 2). Although the 
anatase structure of this material was already formed at 85°C, such a result 
indicates importance of the TiO2 crystallinity, which increased upon heating, in 
the creation of a phocatalytic function of the Ag/TiO2 system. The NTi-based 
catalyst exhibits a significantly larger surface area as compared to that of the  
P-25 titania; however, it shows somewhat lower activity. One option explaining 
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this finding is that this material contains a noticeable amount of micropores (as 
reflected in the shape of the N2 adsorption isotherm) in which transfer of the 
formic acid molecules and/or nitrate ions to the active sites can be hindered. It 
cannot be excluded that the presence of the rutile phase in the P-25 titania can 
also favourably affect the photocatalytic activity of the resulting Ag/TiO2 cata-
lyst. This suggestion is supported by the results obtained using the catalysts 
prepared from the ordered macroporous titania, OMT (Figure 2). Under heating, 
OMT transforms to a mixture of crystalline anatase and rutile, the ratio of which 
depends on the temperature. Since such TiO2, pre-calcined at 700°C, contains 
about 15–19% of the rutile phase (XRD), its photocatalytic behaviour can be 
compared with that of P-25.

It is interesting that the denitrification activity of the catalysts prepared 
using OMT pre-calcined at 700°C is higher than that of the materials synthesised 
from the P-25 titania. This can be attributed to the fact that hetero-junctions, 
such as anatase/rutile, Ag/anatase, and Ag/rutile, existing in the Ag/TiO2 multi-
phase, can promote activity of those composite catalysts towards deni-trification. 
Also the macroporous architecture of the Ag/TiO2 catalyst based on OMT could 
provide better mass transfer of the reacting hole scavenger molecules and nit-
rate ions and, thus, enhancement of the activity of the resulting catalysts. The 
preparation mode and origin of the titania support do not influence selectivity 
towards nitrogen formation of all the Ag/TiO2 catalysts containing ca. 1 wt% of 
silver. Using the materials prepared from P-25 and OMT, it was possible to 
achieve the denitrification activity of about 20 and 25-26 mmol NO3

– (g Ag)–1

min–1, respectively, with the selectivity to N2 of ca. 100% after a 30-min illu-
mination with UV. 

4. Conclusions

The Ag/TiO2 catalysts synthesised by both the pH-controlled photocataly- 
tic process and the triblock copolymer-induced reduction of the [Ag(NH3)2]+

ions under ambient light illumination are active and selective catalysts for the 
photocatalytic reduction of the nitrate ions in water. These differently prepared 
materials exhibit comparable catalytic behaviour although the same titania sup-
port was used. Nevertheless, the latter method is more preferable since it does 
not require use of the UV irradiation nor an energy-consuming thermal treat-
ment process. The presence of hetero-junctions in the TiO2 support enhances 
catalytic activity of the resulting Ag/TiO2 catalysts. The ordered macroporous 
titania prepared by the drop-wise addition of titanium isopropoxide to ammonia 
seems to be a promising material for the synthesis of advanced photocatalysts 
for reduction of the nitrate ions in a water medium. 
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Abstract. In this communication, a different approach to the preparation of 
mesoporous SiO2 and TiO2 thin films and nanocomposites has been adopted, 
aimed at preparation of oriented mesoporous thin films with highly stable 
roughness of the film surface and controlled pore dimension. We describe the 
preparation and compositional analysis of thin film coatings prepared using sol-
gel techniques (thickness 50–500 nm, roughness ± 0.5 nm with pore distribution 
2.4–8 nm for silica oxide and up to 300 nm for titanium oxide and porosity 30–
50%). Analyses of these systems were based on XRD, AFM, FTIR, and elipso-
metry porosimetry data. The structural evolution of the film during thermal 
treatment was observed by FTIR spectroscopy and XRD. 
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1. Introduction

In the recent years, a substantial progress in the synthesis and performance 
characterization of SiO2 and TiO2 based materials has been achieved. First, 
there has been an interest in the development of mesoporous dioxide thin films. 
The preparation procedures usually combine the use of structure directing agents in 
non-aqueous or highly acidic solutions for organizing the network forming dio-
xide species and the dip-coating technique. Thin mesoporous films of silicon 
and titanium oxide have extensive applications in many fields such as photoelectric 
devices, optical components, materials for analytical sensing and separations of 
environmental contaminates and enhanced environmental measurements.1,2 In 
this communication, a different approach to the preparation of mesoporous SiO2
and TiO2 thin films and nanocomposites has been adopted, namely the preparation 
of oriented mesoporous thin films with highly stable roughness of the film sur-
face and controlled pore dimension is aimed at.3 The latter property is of utmost 
importance for the above mentioned materials for separations of environmental 
contaminates and enhanced environmental measurements such as photo catalytic 
degradation of organic compounds highly diluted in water for titanium surface, 
which is, as mentioned above, unfortunately further enhanced due to the illumi-
nation, precludes efficient adsorption of organic compounds on the photo-catalyst 
surface and their effective degradation.4

2. Experimental

Silica and titania mesostructured films have been produced using evaporation 
induced self-assembling processing via spin-coating. Ionic and non-ionic sur-
factants as structure–directing agents such as cetyltrimethylammonium bromide 
(CTAB), block copolymer (Pluronic F-123) and 18-Crown-6 and have been 
removed from the films by calcinations (350–500°C). A source of silica and 
titania was tetraethylortosilicate (TEOS) and titanium tetraisopropoxide (TIP). 
The stock and templating solution was finally stirred at room temperature and 
subsequently aged with stirring before the films were spin-coated onto glass 
slides, cleaned by “piranha” solution, at various speed for silica and titania in the 
range of 2,000–5,000 min–1. Then the films were aged overnight, calcined by 
heating at a rate of 5°C/min to 350–500°C (depending on the template) and held 
for 4 h to remove the organic species. 

The templated films have been characterized as function of the temperature 
of calcination by FTIR (Fourier Transform Infrared Spectroscopy) to obtain com-
positional information and allow checked degree of structural evolution of the 
films during thermal treatment. Spectra had been recorded in the 4,000–400 cm–1

range. Low angle X-Ray diffraction (XRD) was used to provide structural char-
acterization. Texture parameters (Porosity and Pore Size Distribution) are 
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calculated from the isotherm of adsorption using the Kelvin equation by Elipso-
metry Porosimetry method using water as the adsorptive. The parameters were 
measured and then modeled using a dispersion law in order to determine its 
exact refractive index.5 Once determined, the optical parameters of the substrate 
were then implemented in the sample model. All starting values were determined 
for the first measurement which had been performed for a relative humidity 
(RH) of 0% before any adsorption took place. Morphological parameters of the 
films were obtained by combining several techniques. The surface relief of the 
films was revealed by atomic force microscopy (AFM) using NanoScope D 300 
(Digital instrument) .The details of the surface texture were provided by trans-
mission and scanning electron microscopy (TEM, SEM), using a Hitachi S-900 
apparatus.

3. Results and Discussion 

Mesostructured films were obtained via evaporation-induced self-assembly, a 
deposition process, which is driven by the preferential evaporation of the sol-
vent. Thin films of surfactant-templated mesoporous silica and titania have been 
prepared by a spin-coating method. In this method an oligomeric solution of 
silica or titanium was prepared prior to the addition of surfactant. Using the spin-
coating method, the pore diameter could be controlled by surfactant chain-length 
as in bulk materials. In films with lamellar ordering, silica (titanium)/surfactant 
ratio value was found to control the wall thickness of the silica. Macroscopic 
cracks, which were observed in the films prepared by spin-coating, could be 
prevented by pre-treatment of the glass support with piranha solution: it was 
suggested that the pre-treatment invokes covalent bonds between the film and 
the substrate, and thus improves their adhesion.

The progress of mesostructure formation of the materials in the as-synthesized 
films was monitored by powder X-ray diffraction.4 The as-synthesized and cal-
cined silica films showed good optical quality, with thicknesses in the range of 
30–700 nm. The XRD patterns of the films, in comparison with an as-deposited 
film, have shown decrease in d-spacing (equivalent to the increase in Bragg 
angle) suggesting that a contraction of the framework structure occurred in a 
direction perpendicular to the substrates, which resulted from the removal of the 
template as well as additional condensation of silanol (Si-OH) species.

The TiO2 films calcined at temperature up to 300°C were amorphous by 
XRD. On the other side, diffraction peaks atlow  were found for the as dried 
film with template. Similarly these peaks disappeared after calcination at 300°C 
for Plutonic 123 film and 450 C for 18-Crown-6 template film. Diffraction peaks 
of crystalline TiO2 (anatase) were found for samples calcined at 500°C. This  
result shows that surfactant was removed by heating in range 300–500°C. The 
XRD patterns hardly changed with the type and concentration of template. The 
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relatively wide width of the peaks indicates small crystallite size, which was 
estimated to be approximately 9 nm using Scherrer’s equation from the XRD 
peak broadening analysis at (101).26 For the Crown templated TiO2 film the 
crystallite size was more uniform and was estimate as 10 nm. It is worth to note 
that the crystallite size was in the range of 8–10 nm, which is known to be opti-
mum for high catalytic activity. For the Crown templated TiO2 film the crystal-
lite size was more uniform and was estimated as 10 nm. 

The microstructural evolution of the films during thermal treatment, up to a 
complete removal of the organic phase, was observed by FTIR Spectroscopy. 
Spectra had been recorded in the 4,000–400 cm–1 range. The absorption band 
related to C-H mode vibration of the surfactant was detected in wave number 
range 2,700–3,000 cm–1. For example, for the sample containing Pluronic as 
template, this band was complete absent after the 350°C thermal treatment. At 
3,000–3,750 cm–1, instead, there was the band of –OH groups, at 1,640 cm–1 the 
absorption of molecular water and finally at 500–1300 cm–1 the band related to 
the silica polymerization. In the 3,800–3,700 cm–1 spectral region two over-
lapped regions of vibrational modes can clearly be distinguished. The first one 
in the lower wave number range, due to absorption of organic groups in Pluronic 
F127, can be taken as a signature of the presence of the block co-polymer within 
the material, and next one at higher wavenumber due to hydroxyl’s absorption. 
This broad band appears as composed of several overlapping bands assigned to 
different types of O-H vibrational modes. In particular, at the low wave number 
side three overlapped vibrational modes at 3,743, 3,676 and 3,635 cm–1 are 
appeared. According to literature data this bands are assigned as: free single sila-
nol groups; pairs of silanols mutually hydrogen bonded where only one oxygen 
is participating in the hydrogen bonding and the same pairs of silanols where 
hydrogen atoms form H-bonds with an oxygen atom of an adjacent silanol 
respectively. These bands appear only after calcination at over 150°C.

Similar results can be obtained for samples synthesized using other surface-
tant. After calcination at 350°C, the templating agents were removed (the block 
copolymer bands disappeared) whilst the –OH concentration increased in inten-
sity in comparison with the non-mesoporous silica film (broad band in the 
3,750–2,800 cm–1 range). For a film synthesized with CTAB and 18-Crown-6 
as templating agent the surfactant (bands at 2,950 and 2,860 cm–1 was removed 
upon thermal calcination between 500°C and 550°C. FTIR study of short-range 
and local order in silica films was used for the crystallization analysis of the 
structure in situ. Correlation was found between shift maximum of Si-O-Si bands 
and the crystallization of the SiO2 film structure. The finished spectra show that 
film is considered as a mixture of four- and six-fold rings of SiO4 tetrahedra. 

The Elipsometric Porosimetry investigations data are presented in Figure 1 
by isotherms of water-adsorption-desorption for all prepared films. These iso-
therms are reported in terms of volume percent of water adsorbed at relative 
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pressure of water applied at the film atmosphere. The first information is the 
porosity of each film that corresponds to the maximal volume of water adsorbed 
at high pressure. The maximal porosity is measured to be 47% at room tempe-
rature for calcined films. The second part of very useful information is a possi-
bility to extract from isotherms the type of pore distribution and inter-connection 
between them. All plotted isotherms show stiff adsorption and desorption sloops 
at different relative pressures.

They revealed that pores do grow in diameter 2.5–4 nm for STAB and from 
5–7 nm for Pluronic 127 surfactant. In case of titanium oxide film we observes 
the pore do grow from 4 up to 100 nm in case of 18-Crown-6 as template. 

Surface topographies of SiO2 and TiO2 mesoporous film have been revealed 
by AFM. Figure 2 compares the AFM images of typical mesoporous titania 
films obtained using of different template. Indeed a more regular topography is 
observed for the Pluronic-127 template derived films. Figure 2 shows that the 

Figure 1. Adsorption-desorption isotherms (a, c) and pore size distribution from branches of 
isotherms (c, d) plotted for silica films templated by STAB (a, b) and triblock sopolimer (c, d). 
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Figure 2. AFM image of calcined TiO2 films template by triblock copolimer (a) and 18-Crown-6 (b). 

surface morphology of the 18-Crown-6 template film is rougher than that of the 
triblock copolymer films. The high roughness structure observed by AFM for 
18-Crown-6 template attributed to the another mechanism of crystallisation of 
films when 18-Crown-6 template used. The STAB films presented morphologies 
with a surface roughness between 0.5 and 0.6 nm, Pluronic are 2–3 nm and for 
18-Crown-6 up to 40 nm with quasi regular pores approximately 100 nm.

4. Conclusions

Macrostructure silica and titania films have been prepared by sol-gel method 
using different surfactants as template by a spin-coating method. We describe 
the preparation and compositional analysis of thin film coatings prepared using 
sol-gel techniques (thickness 50–500 nm, roughness ±0.5 nm with pore distri-
bution 2.4–8 nm for silica oxide and up to 300 nm for titanium oxide and porosity 
30–50%). Furthermore, the morphology and microstructure is strongly affected 
by organic template. Finally we have evaluated their possible applications as 
matrix for various nanostructures (semiconductor, dyes, and polymer) nanocas-
ting such as sensing membranes for chemical sensor devices.
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by a modified sol-gel method. It was shown that the modification leads to sharp 
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1. Introduction 

The modification of clay minerals from aqueous dispersions by substitution of 
natural cations in their exchange complex by organic cations from the solution, 
and the properties of thus obtained sorbents were studied quite extensively.1,2 
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Abstract. The modification by cationic surfactants of sorbents based on hydro-

the molecules of anionic and non-ionic surfactants. Significant increase of the 
sorption capacity of modified minerals with respect to non-ionic surfactants was 

decrease of the minerals hydrophilicity, and to the increase of their affinity to 

ascribed to the formation of bulk associates of cationic and non-ionic surfactants. 

mica and kaolinite – layered silicates with rigid structural cell – was performed 

However, these works have dealt mainly with the mineral sorbents with 
swelling structural cell (montmorillonite, vermiculite), while the similar studies 
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scarce. In particular, almost no attention was devoted to comprehensive studies 
regarding the structural-sorption properties of organoderivatives of hydromica 
and structurally imperfect kaolinite. At the same time, the structural features of 

2. Experimental 

All impurities and inclusions visible by an unaided eye were eliminated in 
advance from studied samples of natural minerals. The enrichment of the samples 
was performed then by wet elutriation according to.3 The cation exchange capa-
city of the samples was determined by inverse conductometric titration4 of the 
Ba-forms of the minerals obtained earlier.5

The modification process was as follows. The elutriated natural mineral in 
the form of suspension was brought into contact with cetyl pyridinium bromide; 
the sorbent concentration was 3.5 3.8 g/dm3, and the amount of the cationic sur-
factant was by a factor of 1.3 larger than the cation exchange capacity of the 

and the surfactant solution was 3 days; the stirring was applied periodically. The 
settled solution was decanted; the precipitate was washed out three times by 
distilled water, and then compacted by centrifugation (2,000 rpm) in 5 minutes. 
Then the physically bound modifier was washed out from the sorbent by seven-
fold processing by water/alcohol (1:1) solution with intensive stirring and cen-

distilled water. Thus prepared sorbent was dried at 60°C. The amount of modi-
fier adsorbed on the clay surface was determined by combustion technique.6

The low-temperature adsorption/desorption of nitrogen vapours on natural and 
modified minerals was studied using the NOVA 2200e device (Quantachrome, 
USA). The natural and modified samples were preliminary evacuated at 150°C  
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of layered alumosilicates with rigid structural cell (especially hydromica) are quite 

In view of the considerations presented above, we performed a comprehensive

these minerals make it possible to obtain surfaces with necessary hydrophobicity 

study of structural-sorption properties of sorbents prepared by modification

using much lower amount of modifier. It is to be noted also that the hydromica 

of these natural alumosilicates with rigid structural cell by cationic surfactant

possesses high dispersity and, therefore, quite high specific surface area, which 

(cetyl pyridinium bromide) from their aqueous dispersions with subsequent

essentially determines the adsorption capacity of the sorbent. 

isolation of the disperse phase by centrifugation (modified sol-gel technology

from Cherkasy deposit (Ukraine) is promising for industrial applications: it 

method).

trifugation (2,000 rpm) in 5 minutes and, subsequently, by four-fold processing by 

corresponding mineral. The duration of the contact between the clay dispersion 
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and 110°C, respectively. The BET values of specific surface area with respect 
to nitrogen S(N2), limiting adsorption volumes VS and the plots of pore volume 
distribution of the sorbents with respect to pore radius were obtained using the 
device software. 

The adsorption/desorption isotherms were recorded using the vacuum 
adsorption device with the McBain quartz spring balance at 26°C and 24°C for 
n-hexane and water, respectively; the preliminary evacuation temperature of  
the samples was 110°C. From the adsorption/desorption isotherms of n-hexane 
and water, the values of specific surface area, arbitrary monolayer capacity,  
the energy constant C and the area per one water molecule were calculated via 
the BET equation; the pore volume distribution of the sorbents with respect to 
the effective pore radius were determined using the Kelvin-Thomson equation. 

calculated assuming its molecular area to be equal to 0.5 nm2.
To determine the integral heat of wetting of the sorbents by water Q, the 

samples were loaded into glass sample tubes and evacuated during 6 hours  
at 150°C and 110°C for natural and modified samples, respectively. Then the 
sample tubes were sealed in vacuum and placed into the microcalorimeter. The 
integral heat of wetting was measured as described in.7 The specific heat of 
wetting was calculated as q = Q/S(N2).

ionic surfactant APh9-10, which contains 10 oxyethyl groups and a C9 hydro-
carbon chain were chosen. To obtain the adsorption isotherms, the weighted 
amounts (0.1 g) of fine fraction (<0.2 mm) of the sorbents were immersed into 
50 cm3 of adsorbate solutions with concentrations of 0.02  5.6 g/dm3 (DDSNa) 

3
9

(APh9-10 adsorption on natural and modified kaolinite, respectively). The spec-

solutions was performed using the SF-26 device: for DDSNa – from extraction-
photometric method8; for APh9-10 – from the intrinsic adsorption of the fugate 
(8,000 rpm, 60 90 minutes); for the modified sorbent the two-wave spectro-
photometry9 was used. 

3. Results and Discussion 

It can be seen from Table 1 that the amounts of the sorbed modifier were approxi-
mately equal to the cation exchange capacities of the studied minerals, indicating 
that the modifier, which remained on the samples surface was adsorbed due to 
the ion-exchange mechanism. 
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The specific surface areas of the sorbents with respect to hexane were 

trophotometric measurements of the surfactants concentration in the equilibrium 

continuous shaking during 6 hours at 24°C (DDSNa adsorption), 19°C and 16°C 

solutions, an anionic surfactant, sodium dodecyl sulphate (DDSNa), and the non-

and 0.06 12.11g/dm  (APh -10). The adsorption equilibrium was established via 

To study the adsorption of various types of organic substances from the 
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TABLE 1. Cation exchange capacity of sorbents and amount of the modifier sorbed thereon. 

Adsorbent Cation exchange capacity, 
mg-eq/100 g 

Amount of modifier, 
mg-eq/100 g 

Kaolinite 25 30 
Hydromica   27.5 27

TABLE 2. Structural-sorption characteristics of studied sorbents. 

Adsorbate

N2 C6H14 H2O

Adsorbent

S,
m2/g

VS,
cm3/g

r,
nm

S,
m2/g

r,
nm

C
(BET)

am,
mmol/g

am,
mmol/g

,
nm2

q,
mJ/m2

Kaolinite
natural

69 0.13 2.0; 4.7  69 2.0–2.2; 
5.9–7.4

15.0 0.23 1.39 0.08 661 

Kaolinite
modified

39 0.08 2.2; 3.9; 
6.2

 57 
7.8

Hydromica
natural

160 0.26 2.0;  
6.3–8.8

161 1.2;  
6.6–7.2

31.4 0.54 2.55 0.10 450 

Hydromica
modified

69 0.14 2.2;  
4.8–6.1

 92 2.3;  
4.9–6.8

6.2 0.31 0.85 0.13 361 

Table 2 summarises the structural-sorption characteristics of the studied sor-
bents obtained from the analysis of data for the adsorption from vapour phase; 
also the values of specific heat of wetting are listed. It can be seen that both the 

to the decrease of the specific surface area with respect to the nitrogen and hexane 

that the modification results in the hydrophobisation of the sorbents. 
Adsorption isotherms of anionic surfactant on natural and modified sorbents 

are shown in Figure 1; the results are illustrated also by Table 3. It can be seen 
that the shape of the isotherms in the initial coverage range for the modified 
sorbents is essentially different from that for the natural ones. In particular, the 
degree of extraction of anionic surfactant from water for modified samples in 
the initial coverage range is more than by a factor of two higher than that for the 
natural samples. 

9

of the sorption capacity of kaolinite with respect to the non-ionic surfactant. 
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2.2; 3.5; 6.7 0.19 0.49 0.19 258 

surfactant. The data of water adsorption and specific heat of wetting indicate 

The APh -10 adsorption isotherms on natural and modified kaolinite are shown 

natural and modified sorbents are mesoporous materials. The modification leads 

in Figure 2. It can be seen that the modification results in a essential increase 

due to the aggregation of the sorbent particles caused by the influence of cationic 
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Figure 1. Sodium dodecyl sulphate adsorption isotherms on (a) hydromica and (b) kaolinite at 
24°C; adsorption on:  natural, and  modified samples. 

TABLE 3. Equilibrium concentrations Ceq, adsorption a and extraction degree R of DDSNa from 
aqueous solutions with initial concentration C0 = 81.25 mg/dm3 by natural and modified sorbents. 

dsorbent eq, mg/dm3 , mg/g R, % 

Kaolinite natural        49.50 15.88 39.08 
Kaolinite modified 0.01 40.54 99.99 
Hydromica natural        45.40 17.93 44.12 
Hydromica modified 7.50 36.84 90.77 

Figure 2. Ph9-10 adsorption isotherm on kaolinite: (a) natural at 19°C and (b) modified at 16°C. 

The degree of the non-ionic surfactant extraction at the initial solution 
concentration C0 ~ 5.5 g/dm3 is 90%. This behaviour of the modified sorbent with 
respect to the non-ionic surfactant is due to the formation of bulk associates of 
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cationic and non-ionic surfactants. Our preliminary data indicate similar beha-
viour for the modified hydromica. 

4. Conclusions 

It is shown that the studied sorbents possess inhomogeneous porous structure in 
which mesopores prevail. The modification results in significant decrease of the 
hydrophilicity of natural sorbents, and sharp increase of the adsorption and the 
extent of the anionic surfactant extraction in the low sorbent surface coverage 
range. The sorption capacity of modified sorbents increases by dozens of times 
with respect to non-ionic surfactants. 
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Abstract. The Ag-Au alloy and core-shell bimetallic nanoparticles (BMNP) in 
colloids can be successfully prepared by photoinduced reduction of correspond-

2 ads (silica film with adsorbed Benzophenone) 
photocatalyst in water-IPA solution as a source of ketyl radicals and BP anion-
radicals as the reductive agents, and CTAB as a stabilizer. Generation of BMNP 
during the photochemical process happens right away of UV-irradiation. The 

alloy–to–core-shell structure occurs with time (from hours to days) and depends 
on the order of metal ions photoreduction, viz simultaneous or successive UV 
irradiation of silver and gold ions in solution, and varying of Ag/Au mole ratio. 
Ageing of photoproduced colloid nanocomposites accompanied by the change 
of structure from alloy to core-shell what is proved with UV-vis absorption spec-
tra. Optical spectra demonstrate formation of core-shell structures, where the shell 
is enriched with the core atoms. For now, first conclusion should be that BMNP 
Ag:Au 1:1 in colloids are formed mainly with Au NP’s in the shell. Photo-
chemically produced and stabilized within pores of silica film Ag/Au BMNPs 
are formed as separate Ag and Au NP’s, together with the big aggregates.  
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1. Introduction 

One of the recent research targets in the field of new and advanced materials is 
the synthesis of composite nanoparticles, in which two or more metals coexist 
and enhance the tailored properties, i.e. catalytic, bactericide, optical etc. Bim-
etallic nanoparticles can exhibit electronic, optical and catalytic properties that 
are distinct from those of mono-metal particles, prompting numerous preparations 
of layered core-shell, alloys, nanorods, gold-coated silver particles, nanorattles, 
nanotubes etc.1–12 Ag-Au bimetallic nanoparticles receive significant attention 
because of their optical and electrochemical properties. There are four basic 
concepts for BMNP behaviour manipulation: size and shape control, regulation 
of counterparts’ concentration, production of layered structures and nanocrystal 
ordering. A variety of preparation methods have been used, such as photore-
duction,13 chemical reduction in aqueous medium with stabilizing polymers14 and 
in reverse micelles15 or thermal decomposition.16 Chemical and thermal reduction 
ways demand either expensive reagents or require much more energy and time 
to produce metal nanoparticles, than the photochemical way, which is energy 
and time conserving.17,18

In this work, the photochemical preparation of Ag-Au bimetallic nanopaticles 
in colloid form and embedded in silica films in the presence of a photocatalytic 
element SiO2/BP (benzophenone) developed by us17,18 has been studied. Porous 
sol-gel produced silica films and powders modified with adsorbed benzophenone 
(BP) molecules have been found to be effective in photoreductive formation of 
nanosized silver and gold nanoparticles in colloids and solids.17,18 Bimetallic 
Ag/Au compositions have been prepared by simultaneous photoinduced coreduc-
tion of silver and gold ions or successive reduction of one metal over the nuclei 
of another in presence of silica/BP systems. UV-vis, DRS, TEM and SEM 
techniques have been used for the characterization of the compositions under 
investigation.

2.  Experimental 

2.1.  REAGENTS 

The following chemicals: Silica gel (SG-150Å Davisil) with specific surface 
area of 300 m2/g (Aldrich), AgNO3, HAuCl4, CTAB, Pluronic P123 and tetra-
ethoxysilane 98% (TEOS) (Aldrich) were used as received. Benzophenone (BP, 
Fluka) was purified by double recrystallization from ethanol. Isopropyl alcohol 
(IPA) (Fluka) and hexane (Fluka) were purified by repeated distillation.
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2.2.  SILICA FILM PREPARATION 

The mesoporous silica films have been prepared by the sol-gel method using 
template nonionic tri-block copolymer Pluronic EO20PO70EO20 (P123, Aldrich) 
by the technique described in literature.19,20 The precursor sol was prepared  
by hydrolysis of TEOS in a mixture of distilled water, ethanol (Fluka), and 1 M 
HNO3 solution. After 24 h of prolonged hydrolysis, an ethanol solution of P123 
was added. The total molar ratio of the precursor was 1 TEOS: 0.008 P123: 
0.16 HNO3: 15 H2O: 15 C2H5OH. The coatings were deposited onto clean glass 
substrates by dip-coating technique. The films were dried for 12 h at ambient 
temperature, followed by heat treatment at 400 C with a rate of 1 C/min and 
held at 400 C for 6 h. The films have been used as the base to be modified with 
BP as well as the carrier of Ag/Au composites. 

2.3.  MODIFICATION OF SILICA FILMS AND POWDERS WITH BP VIA 
ADSORPTION

The adsorption of BP on the silica gel powders and SiO2 films thermally pre-
treated at 250 C was carried out from hexane solution. To measure the adsor-
ption isotherm, the samples of silica gel were placed in the BP hexane solution 
with the initial concentration in the range of 10–5 to 10–3 M for 24 h until the 
adsorption equilibrium was achieved. The amount of adsorbed BP molecules was 
monitored by the measurement of the optical density of BP-hexane solution at 
355 nm before and after adsorption using a Lambda UV-Vis spectrophotometer 
(Perkin Elmer). Special experiments defined that optimal amount of BP to initiate 
photoreduction of Ag and Au salts in solution is 8% of monolayer covering of 
silica surface.21,22 In this case BP is strongly immobilized on the hydroxylated 
silica surface via H-bonding and no desorption of BP into solution from silica 
surface during UV-irradiation of Ag-Au salts occurred.

2.4.  PHOTOREDUCTION EXPERIMENT 

Porous silica powders and SiO2 films with adsorbed BP (SiO2/BPads) have 
been used as catalysts in the photochemical reduction of both silver and gold 
ions in water-alcohol solvent under mercury lamp irradiation. The catalyst was 
removed immediately after irradiation and the absorption spectra of the irradi-
ated solutions were measured. A monochromatic 1,000-W high-pressure mercury 
lamp was used as an irradiation source for 253.7 nm light. The reaction cell was 
a cylindrical quartz vessel having a volume of 25 ml. Incident photon intensity 
(as determined by a tris(oxalato)ferrate(III)actinometer17) was determined at 
253.7 nm to be 2 * 1017 cm–2 s–1. Irradiation of the solution was carried out while 
bubbling argon through it at room temperature. The absorption spectra of the 
Ag-Au salt solutions before and after irradiation were measured with a Lambda 
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UV-Vis spectrophotometer (Perkin Elmer) in a rectangular 1 cm thick quartz 
cell. Diffusion reflectance spectra of SiO2-BP films and SiO2-BP powders were 
also measured with this spectrophotometer. For the TEM measurements of silver 
nanoparticle solutions, a drop of solution was allowed to dry overnight on a car-
bon coated copper TEM grid (Ted Pella) and imaged using an accelerating vol-
tage of 100 kV in the JOEL JEM-100C transmission electron microscope (TEM). 
A scanning electron microscope (SEM) (LEO 1530) was used to probe the 
SiO2-Ag film. 

The formation of Ag-Au nanoparticles within the thin silica film has been 
achieved by introducing their ions in the SiO2 porous matrix on the basis of 10 
wt% Ag + Au NP’s and the subsequent irradiation in the BP-IPA medium. 

3.  Results and discussion 

We investigated the morphological, structural, compositional and spectral changes 
of Ag-Au BMNP photochemically produced in water-IPA (40:1) solution in 
presence of SiO2/BP film or powder as photosensitizer and CTAB as stabilizer 
of NP’s.

Principal scheme of photoreductive process is shown in.18,19 The proposed 
reaction mechanism includes formation of triplet state of adsorbed BP followed 
by hydrogen atom abstraction by BP triplet from i-propanol and formation of 
two ketyl radicals, then protolytic dissociation of ketyl radicals and reduction of 
silver ions by the BP anion radicals leading to metal nanoparticles formation. 
Changes in the absorption spectra of colloidal solution during BMNP formation 
(after photolysis in presence of SiO2/BP film) are presented in Figures 1 and 2. 
Corresponding changes in particles’ size distribution and morphological changes 
monitored by TEM are shown in these figures too. 

By simultaneous photochemical co-reduction of silver and gold ions with 
Ag:Au molar ratio 1:1, right away of irradiation, the intensive absorption band 
with maximum at 463 nm belonging to the Ag-Au alloy and located between 
SPR spectra of gold (520 nm) and silver(420 nm) appeared (Figure 1). After 60 
min of irradiation the optical density of the absorption band remains constant. 
In dark storage, bimetallic alloy absorption spectrum of BMNP composition  
is changed, the maximum being shifted to the one typical for Au NP position. 
Intensity of light absorption decreases in time during 10 days, later not chan-
ging for months. Optical spectra and TEM image of this composition are evi-
dence of the de-alloying of Ag/Au alloy and its transfer to core-shell structure 
with facing Au NP (Figure 1). TEM image of this composition corresponds to the 
core-shell structure. Besides, TEM image encloses another particles corres-
ponding to the NP aggregates, probably alloy particles. Average diameter of NP 
corresponds to 2–10 nm.

3.1.  Ag/Au BMNP IN COLLOID SOLUTIONS 
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Figure 1. Optical spectra of Ag/Au BMNP prepared under 60 min UV-irradiation (1) of Ag and 
Au salts (1:1) in presence of SiO2/BP as a sensitizer in the water – IPA – CTAB solution under 
Ar bubbling and 1–10 days-ageing (2–6) (a). TEM images of core-shell structure and aggregates 
formed in 24 h. Scale bar 100 nm (b). BMNP size distribution (c). 

Ag/Au core-shell structure was photochemically formed also under succes-
sive reduction of gold over the nuclei of silver atoms. Spectral evolution of the 
plasmon band of the Ag core coated with Au NP’s at different times of irradi-
ation is shown in Figure 2. Ag NP’s alone have been formed as first step of the 
BMNP photoreduction. SPR spectrum of silver NP’s is formed in 20 min of 
irradiation with maximum at 415 nm. After that, HAuCl4 solution has been added 
under continuous irradiation. Optical spectrum changed dramatically in 1 min 
demonstrating appearance of Ag/Au alloy (max 466 nm) and Au nanoparticles 

PHOTO PRODUCED BIMETALLIC Ag/Au NANOPARTICLES 

Figure 2. Kinetics of Ag/Au BMNP photoproduction. Kinetics of Ag/Au BMNP photoproduction 
in colloid solution by sequential irradiation AgNO3 (7.5 10-8 ) 30 min, whereupon HAuCl4
(7.5 10-8 ) was added and irradiated,  = 4.5 10-4 , SiO2/BP, Ar bubbling (a). TEM 
image of the particles, scale bar 100 nm (b). 
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(max 536 nm) as the transient states of formation of photo-reduction products. 
This state is non-stable. During next 30 min of UV-irradiation the position of max 
absorption band of AuNP shifted from 536 to 507 nm. Absorption band is not 
symmetrical, rising in the Ag NPs area (Figure 2). The shape of the NP’s is 
shown in the TEM image. It seems that in this case the Ag core/Au shell NP’s 
enriched in the outer layer with Ag have been formed. The Ag atoms interdif-
fuse in Au shell. The spectral max positions at 509 nm is stabilized after 20–30 
min of irradiation (Figure 2), and formation of core-shell structure is probably 
completed within this time. 

The formation rate of Au nanoparticles is faster than that of Ag nano-particles. 

Dependence of the SPR maxima on Ag/Au ratio is linear till 30–35% of gold 
in the binary (Figure 4), excess of gold results in the Au NP’s accu-mulation in 
the shell of particles. 

Figure 3. Kinetics of Ag/Au BMNP photoproduction in colloid solution by sequential irradi- 
ation HAuCl4 (7.5 10–8 ) 30 min, whereupon AgNO3(7.5 10–8 ) was added and irradiated, 

 = 4.5 10–4 , SiO2/BP , Ar bubbling (a). Simulation of optical spectrum obtained after 20 
min of irradiation (b). 

Figure 4. Dependence of SPR spectral maxima on Ag:Au ratio in BMNP colloids. 

Depending on sequence of introduction of Ag(Au) ions in the irradiated 
solution, we have gained two type of core-shell structures, with Ag or Au shell. 
When Ag is positioned on the shell, we observed two distinct bands (Figure 3a). 
The spectra simulations confirm the existence of separate Ag and Au NP’s 
(Figure 3b). 
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3.2.  Ag/Au BMNP WITHIN SILICA FILM PORES

Kinetics of photochemical production of 10 wt% Ag and Au NP’s (Ag:Au 1:1) 
within porous silica films is shown in Figure 5. Intensity of the SPR increased 
monotonously with time of irradiation and in 60 min was completed. Position 
of Au SPR spectrum is stable during irradiation (shift from 551 to 547 nm), 
maximum position of Ag NP’s wide band at 435 nm transformed to the shoulder 
with max approx. 424 nm (Figure 5). Intensity of absorption bands increased 
under irradiation concurrently. The simulation of the spectra brings three sepa-
rate absorption bands belonging to Ag NP’s, Au NP’s and big aggregates with 

NP’s have been formed as separate particles in the porous silica matrix. Photo-
produced BMNP in colloid form and being adsorbed on dispersive silica reve-
aled good bactericide activity. This part of study is in progress. 

irradiation of adsorbed Ag and Au ions with Ag:Au ratio 1:1 in presence of SiO2/BP as photo-
sensitizer. (b) TEM image shows the formation of Ag spheres and Au triangles within silica film. 

4. Conclusions 

Thus, the Ag-Au alloy and core-shell nanoparticles in colloids can be success-
fully prepared by photoreduction of corresponding salts in presence of SiO2/BP
photocatalyst in water-IPA solution as a source of ketyl radicals and BP anion-
radicals, and CTAB as stabilizer. Formation of alloy or core-shell structures 
depends on the order of photoreduction – simultaneous (Ag + Au salts) or suc-
cessive (Ag or Au salt is photoreduced one after another) adding in the solution 
under UV irradiation, and varying of Ag/Au mole fraction. Ageing of the photo-
produced colloid nanocomposites occurred with the change of structure from 
alloy to core-shell. Photoinduced production of Ag/Au NP’s adsorbed in silica 
pores resulted in the separate silver and gold particles formation. 

PHOTO PRODUCED BIMETALLIC Ag/Au NANOPARTICLES 

Figure 5. (a) Kinetics of accumulation of Ag/Au NPs within silica film pores under UV-

absorption maximum at 840–940 nm. We suggest that in this case silver and gold 
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SOL-GEL TECHNOLOGY OF THE MESOPOROUS METHYLSILICIC 

ACID HYDROGEL: MEDICINE ASPECTS OF GLOBULAR POROUS 

ORGANOSILICON MATERIALS APPLICATION 

JSC “Ecologoprotective Firm” “KREOMA-PHARM”, 3, 
Radishcheva Str., Kyiv 03680 Ukraine 

Abstract. Determination of the chemical mechanisms and the influence of 
solvation-desolvation phenomena on the gel formation in methylsilicic acid sol-
gel processing, based on theoretical modeling and modern physicochemical 
investigation techniques, led to creation of a new industrial technology for dir-
ect synthesis of materials and formulations for industrial and medicinal use. An 
industrial technology of synthesis of stable pastes characterized by selective 
adsorption properties has been developed. Medical aspects of application of 
«Enterosgel» developed on the basis of methylsilicic acid hydrogels, a new effec-
tive and safe medical formulation for organism detoxication have been presented. 

Keywords: Sol-gel technology, mesoporous methylsilicic acid hydrogel, enterosgel, 
paste-like medicinal formulation, drug. 

1. Introduction 

Organosilicon adsorbents with the porous globular structure of matrices have 
been obtained first in the middle of 1960s and were rather well studied by the 
team of Prof. I.B. Slinyakova1 until the end of 1980s. In contrast to the well-
known organosilicon polymers2,3 these compounds are characterized by such 
structural-adsorption characteristics as high specific surface area, specific pore 
radius and volume, and have high adsorption capacity. The most widespread 
became the polymethylsiloxanes (PMS), prepared via two major approaches: 
through formation of methylsilicic acids lyogel in a water-organic medium or 
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through hydrogel precipitation from an aqueous alkaline solution of sodium 
methylsiliconate.

The xerogel of methylsilicic acid – a solid porous adsorbent – has been 
synthesized by desolvation of the hydrogel and accordingly the lyogel of 
methylsilicic acid at 120 C:

( 3SiO1,5  n Solv)   ( 3SiO1,5)  + n Solv 

where Solv is 2 , 3 2  or other organic solvent. 

The composition of a sol of methylsilicic acid has been studied in paper4

using the quantum-chemical methods, and modern physicochemical methods, 
such as FTIR, inelastic neutron dispersion spectroscopy, and 29Si CP/MAS NMR. 
The chemical mechanism and reasons of globule formation have been esta-
blished. The influence of the solvation-desolvation processes on gelation has 
been also investigated. It has been shown that globules form in these solutions 
via cross-linking of the pentameric cyclic structural units composed by siloxane 
bonds Si-O-Si  and connected to each other via strong hydrogen bonds Si-
O HO-Si . Due to the presence of high (-0.4)  (-0.6)  negative charge on  
the methyl groups, they are solvated by the solvent. At reduced alkalinity of the 
medium the globules are coalescing and forming a porous gel structure – the 
hydrogel of methylsilicic acid.

Dependent on the nature of the solvent, the interaction of solvated particles 
with the globule surface, producing a double electric layer, can occur either due 
to electrostatic forces (a dipole-dipole interaction), through hydrogen bonds, or 
due to hydrophobic interactions, see Figure 1: 

Figure 1. Interaction of solution particles with the globule surface. 

At certain alkalinity of the colloid solution, the globules aggregate through 
formation of siloxane bridges and form pores with the following structure 
displayed below in Figure 2.
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Figure 2. The structure of globule aggregates: 1 – first solvent shell, 2 – solvent in the pores,  
3 – an individual globule.

These ideas have been applied for the development of industrial technology 
for directed synthesis of materials and formulations for industrial use and the 
medicine, characterized by selective adsorption properties, because the size and 
the chemistry of the globules’ surface determine the porous structure of the 
formed organosilicon adsorbent. 

2. Experimental

On implementation of the paste obtaining technology product properties were 
judged by the bulk weight (g/100 ml), indirectly characterizing the paste whip; 
by its colloid stability according to GOST 29188.3-91 (the quantity of liquid 
separated after centrifugation at 600 rev/min), and also by brightness, deter-
mined by leukometer on reflectance of luminous flux, comparing it with a stan-
dard, having in visible region a reflectance coefficient of 0.85.

The degree of dispersion of HGMSA was estimated using KRUSS MDL 
2100 microscope, for suspensions of pastes (HGMSA) in a solution of Congo 
red dye. The linear size of particles has been measured from the maximal 
distance between most distant points counting particles manually in the groups 
below 5; 5–10; 10–20; 20–30 …, etc. to 250 m and particles over 250 m.
Percentage of particles of the set size X has been determined as the relation  
of the number of particles with the size X to the total number of particles, 
multiplied by 100. 

Structural-adsorption characteristics (the specific surface area, adsorption 
pore volume, average pore radius, pore size distribution) of the paste xerogels 
obtained under various dispersion conditions were evaluated by the BET 
method from low-temperature nitrogen adsorption using Quantachrome Nova 
Win 2 instrument (Institute of sorption and problem of ecology NAS of 
Ukraine).
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3.

At JSC “Ecoprotective Firm” “KREOMA-PHARM” the hydrogel of methylsilicic
acid (HGMSA) has been developed for the first time and certified as a formula-
tion with adsorption-detoxication effect for medical applications (formulation 
“Enterosgel”), having the formula: 

(CH3SiO1,5 n H2O) , where n = 44-49. 

The compound is characterized by high selectivity towards medium molecular 
weight toxic metabolites (m.w. from 100 to 1,000 a.u.), high compatibility to bio-
logical tissues, blood, lymph, and body fluids. The adsorption properties of the 
formulation are similar (in the ratio 3.2  4.5 µmol/g) towards two colorants: 
Congo red (a marker of toxic metabolites for liver diseases), methyl orange  
(a marker of toxic metabolites for nephritic insufficiency). 

The porous structure of the corresponding xerogel has the following char-
acteristics:

Specific surface area       Ssp  from 400  to  650    m2/g
Adsorption pore volume Vs   from 1.0   to  1.3    cm3/g
Average pore radius        rav   from  45   to  100   nm 

HGMSA forms with water a stable suspension of a different consistence – 
from paste (water content 5–10%), viscous suspensions (water content up to 
70 %), and stable liquid suspensions.

At JSC “Ecoprotective Firm” “KREOMA-PHARM” the industrial tech-
nology for obtaining a paste on the basis of hydrogel of the methylsilicic acid in 
a mixture with water has been developed by the dispersion-homogenization 
technique in a -3000 reactor (developed by the Institute of thermal physics, 
NAS of Ukraine). The new medical formulation of «Enterosgel-pasta» has been 
produced taking into account the influence of the following parameters on the 
stability of the HGMSA – water system: the affinity of HGMSA to water, the 
concentration of components, the dispersity of HGMSA. 

In the view of significant affinity of HGMSA to water, it was considered 
that the crucial conditions for obtaining a stable colloid system HGMSA-water 
are concentrations of the components and degree of dispersion of HGMSA. On 
the basis of homogenization experiments we have found out that a paste with 
satisfactory consumer properties can be obtained at the HGMSA: water ratio of 
70:30. The homogenizer rotation speed and homogenization duration were 
chosen to avoid segregation of the paste on both the centrifugation and also on 
long-term storage.

Results and Discussion 

484



HYDROGEL OF METHYLSILICIC ACID – MEDICINAL ASPECTS 485

It is interesting to note that the initial HGMSA and the paste obtained from 
it, and also xerogels, obtained by drying of HGMSA and pasta at 185°C are 
identical with relation to the particle size distribution criterion (see Figure 3). 
The HGMSA xerogels and Enterosgel-pasta are characterized by identical total 
pore volume by benzene sorption (1.0–0.9 cm3/g). It is determined in the course 
of synthesis of HGMSA during transformations in the sol-gel process as the 
stable polymethylsiloxane structure is formed, and changing practically not at 
all on mechanical dispersion and homogenization, and under action of moderate 
temperatures.

Figure 3. PSD for HGMSA, paste and xerogels.

The influence of the high-energy dispersion on colloid stability of formed 
pastes was also studied. It has been established, that significant changes of the 
porous structure of the initial adsorbent (HGMSA) are possible at long term and 
high-energy dispersive treatment. Thus within the first three days the external 
characteristics of the obtained paste remained satisfactory (it had the cream 
consistence), and then the paste segregated releasing huge amounts of water. 
Figure 4 illustrates the structural-adsorption characteristics and curves of pore 
size distribution by radius for the xerogels obtained from pastes after dispersing 
the mixture of HGMSA : H2O with 70:30 ratio during 10 min (a) and 25 min (b). 
Structural-adsorption characteristics of the initial HGMSA completely coincide 
with those of the sample ( ).

It is well known5 that stability of the colloid systems towards aggregation 
depends on thermodynamic and kinetic factors. Their aggregative instability is 
caused by an excess of surface energy and the trend to increased enthropy. The 
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loss of stability to aggregation can be associated with increase in size for the 
particles in the dispersed phase, the coagulation in our case. Dependent on the 
system nature and the concentration of the dispersed phase, this process can 
result in either precipitation or structuring.

The measure of the kinetic stability towards aggregation is the coagulation 
rate constant, which depends on the viscosity of the medium, temperature, steric 
factors and interaction energy (potential barrier) for the particles. At consi-
derable potential barrier the system can enter a state, where the aggregation rate 
for the particles is equal to the disaggregation rate and the system becomes 
stable to coagulation. All these factors have been taken into consideration for 
the development of technological parameters for the synthesis of dispersed 
systems such as pastes of the methylsilicic acid hydrogel. 

Figure 4. Curves of the distribution porous radius of the xerogel: ( ) paste was obtained by 
dispergation during 10 min; ratio HGMSA: water = 70:30. Surface area = 590 2/ , volume of 
pores VS = 1,0 / 3; (b) paste was obtained by dispergation during more then 25 min; ratio 
HGMSA: water = 70:30; surface area 32.4 2/ , volume of pores VS = 0.45 g/ m3.

4. Medicinal Aspects 

During the short period that passed after the introduction of the detoxicator 
Enterosgel into the market it has gained trust from both medical personal – 
doctors of various specialties and pharmacists, and also from patients. This 
formulation adsorbs selectively the medium molecular weight toxic metabolites 
from the intestinal contents and blood (through the capillaries membrane of 
mucous tunic). Enterosgel interacts selectively with intestinal microflora. It 
binds and removes (adhesive interaction) only pathogenic microorganisms. Thus, 
1 g of this formulation can bind up to 1014 pathogenic microbes. At the same 
time it does not oppress the normal microflora and promotes its distribution in 
the intestines. Enterosgel adsorbs actively various viruses – rotavirus, A hepatitis 
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virus and others. At 20–30 mg/ml concentration the formulation is able to bind 
109 (to 98%) virus particles from a liquid medium. 

Enterosgel is safe drug since it has no contraindications or side effects. It does 
not damage the mucous membrane of intestines, envelops and defends against 
erosive processes. Enterosgel does not adsorb in blood, is not accumulated in the 
organism, and removes quickly with the collected slags. Enterosgel acts as an 
additional eliminative organ and indirectly optimizes functions of vital organs 
and systems, normalizes the exchange processes in an organism. Thus, Enteros-
gel has a general and local detoxication effect, it normalizes the intestinal micro-
flora, restores the hemato-intestinal barrier, reduces the cholesterol and lipid levels 
in blood, improves digestion, reduces expressiveness of the inflammatory re-
actions, actively binds bacterial endotoxins and reduces the antigenic loading on 
immune cells that promotes indemnification of a secondary immunodeficiency. In 
general, the Enterosgel application in the complex therapy of various diseases 
prevents serious complications and development of chronic pathological process. 
Enterosgel can be used in a complex therapy with any other formulations (if 
Enterosgel and other drugs are introduced separately). At the same time, Enteros-
gel prevents and eliminates side effects of other drug (infringement of a liver 
function, kidneys, an intestinal dysbacteriosis etc.). It allows the use of Enterosgel 
in a complex treatment of helycobacter infections, nonspecific ulcerous colitis, 
tuberculosis and HIV-infection. The latter can appear even more interesting, 
taking into account numerous testimonies of the leading role played by intestinal 
inflammatory syndrome in the progress of AIDS.

Enterosgel can be applied for treatment of wide variety of diseases in adults 
and children: virus and microbial infections; various intoxications, including 
mushrooms and alcohol poisoning; toxic and virus hepatite, enterocolitis, colitis, 
dysbacteriosis of intestines, diarrhea, kidney diseases (pyelonephritis, glomeru-
lonephritis and others); especially with chronic renal impairment, toxicosis during 
pregnancy, skin diseases (neurodermatitis, diathesis, psoriasis and others); aller-
gic reactions, bronchial asthma, diabetes, purulent-septic processes, autoimmune 
and oncological diseases. Enterosgel is able also to extract the embedded radio-
nuclides. The therapeutic effect of a two-week course of enteroadsorption by 
Enterosgel drug is comparable with the instrumental detoxication methods, 
but much easier and cheaper than the latter. It is not associated with any con-
traindications and complications.

Enterosgel is also used for preventive health care and pre-time aging. Such 
preventive courses are recommended to be carried out during two weeks, better 
in spring and in autumn. 

The high efficiency of Enterosgel, its adsorption selectivity, safety and 
usability, absence of contraindications and an opportunity of combination with 
other medical products in the treatment of a wide range of diseases allow a 
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physician to individualize medical tactics, to avoid side effects of therapy and 
to realize a more efficient treatment with shorter duration. 

5. Conclusions

1.  The industrial sol-gel technology for the synthesis of mesoporous hydrogel 
of methylsilicic acids (HGMSA), through precipitation from water-alkaline 
solution, has been developed.

2.  The industrial technology for production of a new medicinal form of an 
adsorbent based on a HGMSA paste with high colloid stability has been 
developed. The obtained paste is characterized by similar structural-adsorption 
characteristics as the initial gel.

3.  HGMSA and the paste obtained from it are characterized by developed 
specific surface area with prevalence of mesopores that causes selective 
adsorption of medium molecular weight toxins from an organism.

4.  Enterosgel is a drug based on HGMSA and has selective sorption pro-
perties. Formulation adsorbs only toxic products of metabolism and it binds 
and extracts (adhesive reaction) pathogenic microorganisms and viruses – 
rotavirus, virus hepatitis A and other. The formulation neither adsorbs nor 
depresses the normal microflora, but aids to its dissemination in the colon. 
Enterosgel is absolutely harmless.
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SOL-GEL SYNTHESIS OF MODIFIED SILICA  

ANTI-REFLECTING COATINGS 

Department of General and Inorganic Chemistry, Vilnius 
University, LT-03225 Vilnius, Lithuania 

Abstract. The thickness of the modified silica coatings and their transparency 
at specified wavelength were easily controled by changing sol concentration 
and the parameters of the spin-coating formation process. It was demonstrated 
that the modification of sols changes the maximum of the transmittance for the 
certain range of wavelength. Using modification process of the sols in the 
technology of preparation of transparent coatings, their hydrophobic properties 
and resistance to humidity increased. The transmittance spectra of the 3% SiO2 
coatings, which were applied on different glass substrates, showed that the usage 
of suitable sol and coating program will result a formation of films which possess 
antireflective properties 
 
Keywords: Sol-gel method, silica coating, anti-reflecting coating, colloidal silica. 

1. Introduction 

Anti-reflection (AR) coatings are often used for optical components in order to 
reduce optical losses.1 The residual reflectivity for a given wavelength and 
angle of incidence is often of the order of 0.2%, or less (in a limited bandwidth) 
with careful optimization. For application on prescription glasses, the achie-
vable suppression of reflections is significantly lower, since the coating must 
operate in a wide wavelength range and for a wide range of incidence angles. 
AR coatings are also used on laser crystals and nonlinear crystals.  

technique.2–4
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AR and protective coatings are usually applied on the substrates via sol-gel 

 ______ 

silicon or metal alkoxide monomer precursors. Through this process, homo-
geneous inorganic oxide materials with desirable properties of hardness, optical

 This chemistry produces a variety of inorganic networks from
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glasses and ceramics are derived from the various material shapes generated in 
the gel state, i.e., monoliths, films, fibers, and monosized powders. Many specific 
applications include optics, protective and porous films, optical coatings, win-
dow insulators, dielectric and electronic coatings, high temperature supercon-
ductors, reinforcement fibers, fillers, and catalysts.5–7 Colloidal silica sols are 
created by the hydrolysis and condensation of silicon alkoxides in alcohol 
solvents in the presence of a base (e.g., NH3) and H2O. Controlling the amount 
of NH3, it is possible to synthesize  colloidal particles of different sizes.8 In order 
to create an amorphous colloidal SiO2 optical film - silica nanoparticles are used 
with variation in size from 20 to 35 nm. The refractive index of such films is 
somewhat about 1.23 and the porosity of the films is about 50–60%.9 Though 
these films have a lack in being hydrophobic, they absorb molecules of water 

properties of the nanoparticles or by modifying the surface of the film changing 
the from hydrophilic to hydro-phobic. Various reagents are used for the modifi-
cation of silica particles and films, such as: heksamethyldisilo-zane (HMDS), 

 The main 
aim of this study was investigation of sol-gel derived and modified silica coatings 
on different substrates. 

2. Experimental

Colloidal silica oxide films were applied on different substrates, such as “Menzel–
Glaser” (76 × 26 mm), BK-7 optical glass, quartz and KDP crystals. The coatings 
were formed either by dip-coating technique using “KSV Instruments Ltd. KSV 
D™” device, or by spin-coating technique using  “Cookson electronics company SCS 
P-6708” device. The parameters for dip-coating were as follows: withd-rawal 
speed 40 mm/min, immersion time 20 s. The parameters for spin-coating were 
2,000–3,000 rounds per min. Contact angle measurements were done by “KSV 
instruments CAM – 100” device. A drop of 0.0125 ml was introduced on the sur-
face of the film. Coating transmittance and reflectance of normally incident light 
was measured using UV-VIS spectrophotometers (Perkin-Elmer Spectrum 
Lamda 19 and LOMO) over the spectral range of 350–1,000 nm. The particle size 
was determined from the micrographs obtained from TEM measurements. 

Reagents used: tetraethylorthosilicate (Si(OC2H5)4, 99–99.9%), ammonium 
hydroxide (33%), heksamethyldisilozane (C19H19NSi2, 98%), anhydrous ethanol, 
2-propanol, decane. Different sol-gel solutions SiO2 (2%, 3%, 5%)  and modified 
SiO2 (3%, 5%) with HMDS (hexamethyldisilazane) were used for preparation 
silica coatings. Sol-gel synthesis of colloidal SiO2 (2%, 3%, 5%) nanoparticles 

produced at room temperatures. The specific uses of these sol-gel produced 
transparency, chemical durability, tailored porosity, and thermal resistance, can be 

10–16methyltrietoxisilane (MTES) and methyldietoxisilane (DDS), etc.

from the air on the surface of the film. This problem can be fixed by changing the 
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by the following method of preparation of Stöber et al.17 colloidal silica. The 
alkaline solution was added to the solution of TEOS in ethanol with continuous 
stirring at room temperature. The solutions with final silica concentration of 
2%, 3%, 5% SiO2 were prepared. The molar ratio of ammonium hydroxide to 
TEOS was 0.2 mol, to water – 0.4 mol, to ethanol – 39, 38 and 25 mol respec-
tively. The obtained reaction mixtures were stored for 14 days at room tempe-
rature to allow hydrolysis as much as possible. The final product consisted of 
colloidal suspension of SiO2 nanoparticles in an anhydrous solvent was used for 
preparation of the sol-gel coatings. The modified solutions were prepared by 
adding HMDS to stirred colloidal 3%, 5% SiO2 suspensions.  The molar ratio of 
HMDS to colloidal silica was from 0.05 to 1.5 parts per volume.  The modified 
sol solution was stored for 1 day, after dilution three times with anhydrous etha-
nol was applied for sol-gel coatings at room temperature. 

3. Results and Discussion 

As was already mentioned, the main goal of this work was to prepare the modified 
sol-gel AR coatings on different substrates. For that reason several colloidal 
SiO2 sols (2%, 3%, 5%) were synthesized. The morphology of colloidal silica 
was analyzed using transmitting electron microscope (TEM). Pictures of particles 
from 2%, 3%, 5% and modified SiO2 sols are presented in Figures 1 and 2. 

Figure 1. TEM pictures of colloidal silica particles: (a) SiO2 (2%) (~20–35 nm) and (b) SiO2
(3%) (~30–45 nm). 

The change in the concentration affects the size of the particles, which means 
that the refractive index and the thickness of the coating will also change. 
Different amount of HMDS were mixed with SiO2 sols and after applying 
them on the glass substrates via “dip-coating” technique, a number of permeability 
and contact angle analysis were done. The best result in this case was reached 
using modified sol, when the concentration of HMDS was 0.5 (p.p.v). Heating 

was performed in non-aqueous system of TEOS. The precursor of SiO2 colloidal
sol was prepared by the base catalyzed hydrolysis of tetraethylorthosilicate  
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Figure 2.  TEM pictures of colloidal silica particles: (a) SiO2 (5%)  sol and modified with HMDS
(b) sol SiO2 (5%) : HMDS (1:1.5). 

Figure 3. SiO2(5%) : HMDS contact angle dependence on temperature of drying. 

The transparency of the coatings, made from SiO2 (5%):HMDS (1:1.5 
p.p.v.) reaches 97.37%  in the interval of wavelength from 516.18 to 598.91 nm. 
The value of contact angle increases both with concentration of HMDS and in 
time (Figure 4). 

The highest value of contact angle was obtained when the concentration of 
HMDS is 1.5 p.p.v, is 137.35°, after 40 days this value is changed and the contact 
angle of the applied coating is ~164°. There are several types of coatings, basing 
on the value of contact angle, hydrophilic (<60°), hydrophobic (60°–150°), super-
hydrophobic (>150°). Figure 5 shows us how the surface properties of our coat-
ings are changed from hydrophilic SiO2 (5%) – 15.73°, to superhydrophobic 
SiO2 (5%):HMDS (1:1.5 p.p.v.) after 40 days – 164.98°. 
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the substrates until 100°C also generates changes in contact angles of water 
drops on the coatings. The contact angle measurements are plot-ted in Figure 3.
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Figure 4. Contact angle of SiO2 (5%):HMDS (1:1.5 p.p.v.) coating dependence on (a) time, (b) 
concentration.

The optical transparency is more likely to be dependent on the formation 
process of the coating, especially on the first stage of rotation. The best result is 
achieved using first program during the employment of SiO2 (5%) sol, on the 
substrate, transparency of the coating reaches ~93%, thought it is not the best 
result in seeking for high optical properties. The transparency spectra of the 
samples are shown in Figure 6. 

Figure 5. Pictures of water drops on the coatings made from: (a) SiO2 (5%):HMDS (1:1.5 p.p.v.) 
after 40 days – 164.98°, (b) SiO2 (5%):HMDS (1:1.5 p.p.v.) after 1 day. – 137.35°, (c) non-modified 
SiO2 (5%) – 15.73°. 

Figure 6. Transmission spectra of samples coated with: 5% SiO2 HMDS (left) and 5% SiO2 (right).
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Nonetheless, modification of sols changes the maximum of the transmittance 
for the certain range of wavelength, this fact is really important in describing 
optical properties of the coatings. Coatings were also applied on different sub-
strates, in order to investigate their optical properties. Lime glass, BK-7 (borosili-
cate glass) and quartz were coated using spin-coating technique. Glass substrates 
were coated with SiO2 sols of different concentration (2%, 3%, 5%). This spec-
tral analysis showed us, that the best transparency is ascribed to the coating 
which was formed using 5% SiO2 sol.  Afterwards we took 3% SiO2 sol and 
applied coatings on simple glass, BK-7 glass and quartz using program No. 2. 
Transparency spectra are shown in Figure 7. 

Analyzing the obtained data, we see that the transparency of a simple glass 
increased from 90.6% to 94.24% when the value of wavelength is 528 nm, BK-7 
from 91.3% to 94.7% when the value of wavelength is 410 nm, quartz from 
92.3% to 95.3% – 452 nm, so it is obvious that formed coatings possess antire-
flective properties. 

Figure 7. Transmission data for coated Lime and BK-7 glass substrates with 3% SiO2 sol: Lime 
glass (top) and BK-7 glass (bottom).

4. Conclusions

Thickness and transparency of the coating depends on the first stage of the 
program due to the fact that viscosity of the sol solutions is small and evaporation 
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rate of the ethanol is quite high. Modification of sols changes the maximum of 
the transmittance for the certain range of wavelength, the refractive index of the 
coating and the amount of air in it decreases, this fact is really important in 
describing optical properties of the coatings. Using modi-fication process of the 
sols in the technology of creating transparent coatings increases their hydro-
phobic properties and resistance to humidity. Trans-mittance spectra of the 3% 
SiO2 coatings, which were applied on different glass substrates, showed that the 
usage of suitable sol and coating program will result a formation of films which 
possess antireflective properties. Simple glass 94.24% at 528 nm, BK-7 94.7% 
at 410 nm, quartz 95.3% at 452 nm. 
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