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Professor A. A. Chuiko’, NATO ARW co-director from which these
proceedings are derived, died on the 16th of January, 2006. His outstanding
contributions to the fields of physical chemistry, physics, chemistry and solid
surface technologies will be a lasting legacy. Professor Chuiko obtained his
Doctorate in Chemical Sciences in 1972. Since 1988 he was an academician of
the National Academy of Sciences of Ukraine. Some activities and awards
during his career include being an active member of the Academies of
Technological Sciences of Ukraine and Russian Federation, an Honored
Scientist and Technologist of Ukraine, a laureate of the State Prize of UkrSSR
in Science and Engineering and the Pisarzhevsky Prize, and the President of the
Ukrainian Chemical Society. Professor Chuiko in 1986 was a founder and
permanent Director of the Institute of Surface Chemistry of the National
Academy of Sciences of Ukraine, a world renowned research organization in
which he was a driving force.

A. A. Chuikof expended considerable effort to the training of young
scientists, having trained more than 100 Ph.D. and Doctors of Sciences
students.

A. A. Chuikof and his co-workers developed fundamentals of modern sur-
face chemistry of ultra-dispersed solids, new types of functional nanomaterials,
and founded a new direction in pharmacology based on nanomaterials. His
compre-hensive creative activity was characterized by deep intuition and
understanding of new and perspective directions in chemical science. Many of
his projects led to industrial materials production.

Prof. Chuiko was a positive force in many people’s lives. He is remembered
as an outstanding and talented scientist, a man of deep erudition possessing a
sharp and ever active mind. He was a man of inexhaustible energy, initiative,
and wisdom. His sincere generosity will remain in the hearts of his colleagues.
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PREFACE

This volume details work presented at the NATO Advanced Research
Workshop entitled “Pure and Applied Surface Chemistry and Nanomaterials for
Human Life and Environmental Protection” held in Kiev, Ukraine, September
14-17, 2005. A total of 39 selected works have been compiled detailing
research in three categories all related to the surface chemistry of nano-
materials: fundamentals, biomedical applications for human life, and environ-
mental protection.

There exists great hope throughout the scientific community for the
application of nanotechnologies to solve myriad technological problems.
Nanomaterials and nanoparticles exhibit unique properties which are now being
explored for potential uses, as well as hazards. Given the scale of nanomaterials
surface chemistry inevitably plays a huge role in their properties, since most of
these materials are largely comprised of surface. The synthesis of nanomaterials
ranging from core-shell particles, microencapsulation techniques, molecular
layering of nanoparticles, mixed oxide nanoparticles, carbon nanoparticles,
hybrid carbon/mineral nanoparticulate and functionalized materials, as well as
artificial polymer biomaterials filled by modified nanoparticles, catalysts, etc.
are all topics that are discussed.

A common theme throughout this volume involves the adsorption and
interfacial, especially biointerfacial, behaviour of all of the above mentioned
nanomaterials. For environmental and human protection, the adsorption of
heavy metal ions, toxins, pollutants, drugs, chemical warfare agents, narcotics,
etc. is often desirable. A healthy mix of experimental and theoretical
approaches to address these problems is described in various contributions. In
other cases the application of materials, particularly for biomedical
applications, requires a surface rendered inactive to adsorption for long term
biocompatibility. Adsorption, surface chemistry, and particle size also plays an
important role in the toxicological behaviour of nanoparticles, a cause for
concern in the application of nanomaterials. Each one of these issues is
addressed in one or more contributions in this volume.

We believe this volume holds a special niche in describing the current state
of the art in the fundamentals and applications of a variety of nanomaterials.
We thank all of the authors for their fine contributions, which make us proud to
be editors of this book. We also thank the NATO Security Through Science
Program for making the workshop and this series volume possible, for which
we are most grateful. We sincerely hope you will find this volume useful.

January, 2006
Professor Jonathan Blitz — Charleston, IL, USA
Professor Vladimir Gun’ko — Kiev Ukraine
Co-editors
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WATER STRUCTURING AT COLLOIDAL SURFACES

MARTIN CHAPLIN
London South Bank University, Borough Road, London SE1 044, UK

Abstract. Colloids in contact with water exert control over the arrangement of
the first shell of the surrounding water by means of polar, dispersion and
directed hydrogen-bonding effects. The preferred orientations of this first shell
water are affected by the favored orientations of the second and more distant
aqueous shells. If the colloid surface is flexible, it enables greater freedom of
movement within the surface water molecules whereas if the surface is fixed,
the adjacent water is more static and more extensively structured. The surface
structuring of water is affected by, and will affect, the thermodynamics and
kinetics for the binding of other molecules to the surface. In this paper,
examples of the organization of water at colloidal surfaces are described and
general conclusions drawn. These examples include (Cgo-1y)[5,6] fullerene,
B-helix antifreeze proteins, and oxomolybdate clusters.

Keywords: antifreeze protein; B-helix; Cg; fullerene; hydration; hydrophilic surface;
explicit water model; ice crystal; icosahedral water cluster; polyoxomolybdate; colloid

1. Introduction

Water consists of small molecules (H,O) with significant dipole moment. The
hydrogen atoms are positively charged with depleted electron density away
from the electron dense oxygen atom. The charge effect alone would cause
water molecules to be attracted to each other, but the attraction has added
directionality due to the location of the electron depletion, away from the
oxygen atom and in line with the O-H covalent bond. Increased directionality
results from the partial covalency of the resultant hydrogen bonding which is
most evident when the three atoms O-H:-O are linearly arranged with the
O-atoms close to 0.28 nm apart. Liquid water possesses a unique set of

" To whom correspondence should be addressed. Martin Chaplin, London South Bank University, Borough
Road, London SE1 0AA, UK; email: martin.chaplin@lsbu.ac.uk

1

J.P. Blitz and V.M. Gun’ko (eds.), Surface Chemistry in Biomedical and Environmental Science, 1—10.
© 2006 Springer.



2 MARTIN CHAPLIN

properties due to the high density of this hydrogen bonding, almost equivalent
to the density of covalent bonding, and their preferred tetrahedral organization.
Although hydrogen bonds are weak, if compared to covalent bonds, they form
cooperatively with the result that most water molecules act as within clusters
rather than individually. The size and density of these water clusters is
determined by the temperature, pressure, solutes and the presence of surfaces;
low density water with more extensive tetrahedral clustering being most evident
at low temperatures and pressures. It has previously been shown that there is a
sufficient and broad evidential base for the tendency of such water to ideally
form icosahedral water clusters (Figure 1a), which accommodates the unique
properties of water.'”

2. Liquid Water Clustering at Surfaces

The colloidal solid-liquid water surface shows complex structuring that may

involve several water layers. It depends on the direct surface-water interactions,

polarization effects, the extent, charge and shape of the surface, rotational
diffusion and interactions with secondary hydration layers and solutes. The
structuring has both binding enthalpic and breaking entropic contributions, with
the main difference between these surface-water interactions and bulk water-
water interactions being due to the unchanging nature of the surface compared
with the shifting nature of bulk water. This lowers the entropic penalty for the
surface binding of water.

There are several (equivalent) ways of describing what happens to the
structure of water at surfaces:

1. Water molecules at hydrophobic surfaces lose hydrogen bonds and therefore
have increased enthalpy. They compensate for this by doing pressure-
volume work, i.e. the network expands to form low-density water with
lower entropy (e.g. see Ref. 3).

2. Water covers a hydrophobic surface with clathrate-like pentagons in partial
dodecahedra. This minimizes the loss of most of the hydrogen bonds,
maximizes the van der Waals contacts between the hydrophobic solute and
the water, while reducing the hydrogen bonding between the surface water
molecules. The rotational restriction of the hydrogen bonds at such
hydrophobic surfaces may be partially responsible for their increased
strength.

3. The chemical potential of water is raised due to the bonds left dangling if
water cannot directly interact with the surface. The potential of water is
decreased by expanding the water network. This expansion has been
verified experimentally.’
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4. Water molecules at hydrophilic surfaces form hydrogen bonds to the
surface. These develop because either (a) they are enthalpically stronger
than water-water hydrogen bonds and so energetically able to break water-
water bonding, or (b) because otherwise water’s hydrogen-bonding sites
may be left ‘dangling’ at the surface or (c) because the entropic cost is low
so allowing enthalpically weaker bonding for the same free energy change.
Clearly if more than one of these factors is operational then the bonding will

appear much stronger. The primary surface-water will tend to orient to facilitate
hydrogen-bonded connections amongst them. Secondary water-water hydrogen
bonding then tends to mutually form the most stable preferred clustering; this
extensive clustering being determined by polarization, hydrogen bond coopera-
tivity and the favored tetrahedral stereochemistry.

If the colloid surface possesses conformational flexibility, the water
structuring will have reciprocated effects on the surface structure. This enables
greater freedom of movement within such surface water molecules and
increases the entropic cost of hydration and so reduces the extent, duration and
degree of order within the surface hydrogen bonding. Although often apparently
little regarded, sometimes ignored and frequently poorly or misleadingly
modeled, the surface structuring of water will affect, and is affected by, the
thermodynamics and kinetics for the binding of other molecules to the surface.
When there is significant rotational diffusion, such as with small proteins, then
hydrogen bonds will break and water molecules will be cast off within the
volume corresponding to secondary hydration.

The icosahedral cluster model'* offers a structure on which large molecules
can be mapped in order to investigate their interaction with water within a
three-dimensional hydrogen-bonded network, and here offers new insights into
the ways fullerene and polyoxomolybdate molecules interact with water in
aqueous solution.

3. Fullerene Hydration

An interesting, if lesser-known fact concerning (Cego-1,)[5,6] fullerene, is that it
can be dissolved in water on transference from an organic solvent using
sonication without the need of stabilizers or chemical modification.” The result
is a molecular colloidal solution containing a variety of negatively charged
clusters. This Cg fullerene is an electronegative molecule showing some
aromatic behavior in its twenty six-membered (but not its twelve five-
membered) rings, with the m-orbitals biased outwards.’ The solubility of
individual C4p molecules may be explained if the fullerene sits (ideally) within
an icosahedral water cluster (Figure 1) missing its inner water dodecahedron.
All twenty remaining next-to-inner water molecules are ideally situated to form
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HO-H- © hydrogen bonds to each of the twenty six-membered rings in the
fullerene, by the positioning of O-H orthogonally over these aromatic rings; the
optimum positioning for the hydrogen bond to a benzene molecule. Such
HO-H- ® hydrogen bonds are known to possess about half the binding energy
of HO-H:--O hydrogen bonds with O-H atoms centrally and vertically placed
and the distances from the oxygen atom to the aromatic centroid of about 3.1-
3.7 A7 (¢.f 3.2 A for all 20 such bonds to fullerene in this model, Figure 1b).
These twenty water molecules can then be further linked through their
remaining three hydrogen bonds to the twelve water pentagons formed from the
sixty fully triply hydrogen-bonded water molecules in the outer shell. The
fullerene thus presents a negatively charged surface to the environment and thus
the positively charged H-atoms of water, as found experimentally. In such a
structure, the carbon atoms become centers of electron-deficiency and capable
of interacting with lone pair electrons donated by extra water molecules. These
extra water molecules have room to sit under the outer shell water molecules
without unrealistic close contacts. An increased tendency to ionize by these
carbon-linked water molecules increases the negative charge on the Cg
molecules and makes the Cg solution acidic, as found experimentally.® The
resultant positioning of up to six hydroxide ions (0.184 nm and 0.28 nm from
the nearest C and O atoms respectively) increases the aromatic electron density
so strengthening the HO-H-m hydrogen bonding in the surrounding inner
aqueous shell. The corresponding hydrogen ions may be associated with the
water in the immediately surrounding shell or the bulk. It is clear that (Cgo-
1,)[5,6] fullerene interacts with water via weak m-hydrogen bonds, which enable
an unstrained surface coating with water molecules, so promoting the
fullerene’s unexpected aqueous solubility.

The structure is also compatible with findings by Andrievsky® using
piezogravimetry (20-24 H,O per Cq) and agrees with low temperature
differential calorimetry’ where two types of water were evident, fully hydrogen
bonded water melting at 0°C (~60 H,O per Cqp) showing a necessary hydrogen-
bonding to hydrogen-bond deficient water, melting at —2.3°C (19+1H,0 per
Ceo) with 30% less enthalpy change. In icosahedrally hydrated Ce (Figure 1b),
there are 20 inner sphere H,O and 60 outer (second) sphere H,O molecules.

Cgo molecules in water also form colloidal clusters based on 3.4 nm
diameter (carbon atoms) icosahedral arrangements of thirteen Cgy molecules.’
Here the Cgy molecules are necessarily separated by water molecules to form
clusters with this diameter.'” Such an arrangement is shown in Figure 2 within
an expanded, but now strain-free, cluster of water icosahedral clusters. The
water network is formed by tetrahedral tricyclo decamer (H,O)o structures
connecting groups of four Cq molecules. The modeled diameter of the cluster
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Figure 1. (a) The inner 100 molecules of water from the expanded icosahedral (H,0),5o network.!
(b) A Cq molecule sitting inside this icosahedral water network by replacing the inner 20
molecules.

Figure 2. A tessellated network of icosa-
hedral water clusters, (H,0) g9, surround-
ing and separating an icosahedral cluster of
thirteen Cgy molecules, shown black. The
tetrahedral network of water’s oxygen
atoms is shown white.

(carbon atoms) is slightly larger at 3.5 nm but well within the experimental
error. The required H-bond orientation toward the Cg, molecules is allowed for
this cluster size but become problematic as the condensed fully-tessellated
cluster grows larger. It would, however, not offer any problem for more porous
open tessellated structures. The ratio of inner sphere to outer (second) sphere
water molecules varies between 1:3 for single molecules and 2:3 for infinite
sized aqueous Cg clusters. It may be noted that ions that destroy the expanded
water network also coagulate such Cg hydrosols.]1
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4. Water Structuring Around Ice

The growth of hexagonal ice crystals (ordinary ice) shows preference for
particular faces. As such, ice formation may be considered as an extreme case
of water clustering. Ice crystals may form by (slowly) growing on the basal
faces in the direction of the c-axis, as inside vertical freezing pipes or where ice
crystals grow down vertically from crystal platelets nucleated on still water with
their c-axes vertical, and where sideways growth is prevented but axial growth
allowed. Alternatively they may grow more rapidly from the prism faces, as at
the disturbed randomly-directed surface of rapidly freezing or agitated lakes.
Growth on the {11-20} face is even faster but forms new prism faces.'” The
hexagonal crystal structure plus the different growth characteristics of the
crystal faces are behind the flat six-pointed shape of snowflakes. The relative
speeds of this crystal growth, on the different faces depend on the ability of
these faces to form greater extents of cooperative hydration (Figure 3).

Figure 3. Views perpendicular to the faces of the ice (1h) crystal showing the next layer attached
(with O-atoms black). (a) Basal face; where only isolated water molecules attach. (b) Prism face,
where pairs of newly-attached water molecules may hydrogen bond to each other; one hydrogen
bond/two water molecules. The distance between equivalent water molecules are 0.452 nm
(marked *) and 0.738 nm (marked **). (¢) {11-20} face, where chains of newly-attached water
molecules may cooperatively hydrogen bond to each other; one hydrogen bond/water molecule.
These form ridges which divide and encourage conversion into two prism faces.

Ice inhibitor (antifreeze) proteins achieve their objective in a number of ways.
Some antifreeze proteins possess regular arrays of hydrogen-bonding and
hydrophobic sites that fit well with the ice lattice. Surprisingly it is not just the
hydrophilic hydrogen bonding groups but also the hydrophobic interactions that
appear to be of particular relevance in preventing the growth of ice crystals.
Amongst these are proteins with B-helix domains that bind to faces of the
hexagonal ice crystal."'* In the Tenebrio antifreeze protein there are tandem 12-
residue repeats (TCTxSxxCxxAx) that form a P-helix with regularly spaced
threonine residues (0.744 nm and 0.464 nm) that make a match to water
molecules in the ice prism plane (0.738 nm and 0.452 nm, Figure 3b)."”
Importantly, not only is there a good fit with these hydrophilic hydrogen-bonding



WATER STRUCTURING 7

sites but also the associated methyl groups fit into the interstitial spaces in the
ice’s hexagonal shells, so creating multiple van der Waals contacts and
reducing the free space.

5. Polyoxomolybdate Hydration

The icosahedral water cluster (Figure la) is a highly symmetrical idealized
structure found in supercooled liquid water. The inner four shells of the cluster,
consisting of 160 oxygen atoms (mostly water molecules) have been found
experimentally in almost identical positions and orientations within a cavity-
encapsulated icosahedral nanodrop of water in a polyoxomolybdate
{(NH2)3C}2. {(M0)Mo05O2(H;0)6}12. {M0,04(SO4)}10. {M0,04(H;PO;)} 2.
100H,O (Figure 4a).” The water nanodrop is held to the molybdate by its
pentagonal (Mo)Mos clusters (Figure 4b).

Figure 4. (a) Polyoxomolybdate nanodrop containing twelve internal pentagonal boxes, see (b).
The 160 internal oxygen atoms (mainly water molecules corresponding to the icosahedral water
clustering) are shown in black. (b) Linkage of water (above) to the pentagonal (Mo)Mos groups
(below). Five hydrogen-bonded links form between pentagonal boxes of water molecules (H,0),s
in the nanodrop and each of twelve such groups.

Recently some properties of a polyoxomolybdate super-cluster have been
described.' Its most remarkable feature is that it is formed from about 1165
polyoxomolybdate [ {(M0)MosMo0s033(H,0)s} (H,0),]14 (henceforth abbreviated
as {Mos4}) clusters that form the surface of the 90 nm diameter spherical
super-cluster. The mechanism for such clustering is initially difficult to discern
as (a) each {Mo;s4} shows seven-fold symmetry with seven (Mo)Mos groups
alternating on each outside edge of a hollow tire-shaped cluster, and (b) the
surface density of the {Mos4} clusters on the spherical super-cluster is such
that they must be separated from each other by several layers of water.'® The
super-cluster model described here presupposes that the wheel-shaped mixed
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valence polyoxomolybdate {Mos4} clusters are hydrated through their penta-
gonal (Mo)Mos groups as described above for the polyoxomolybdate nanodrop
(Figure 4b). This then allows preferential linking between two nanowheels
(Figures 5) utilizing similar water clustering arrangement to that found in
supercooled water.

Figure 5. Two {Mo;s4} clusters can be held to each other through a water network involving two
pentagonal boxes (one associated with each (Mo)Mos), each with five hydrogen bonded links (as
Figure 4b) plus four further hydrogen bonded links from each of the local (Mo)MosMosO;;3
clusters and associated links from neighboring clusters and including 45-plus shared molecules
from the partial icosahedral water clusters. Water O-atoms are shown white with the Mo cluster
atoms darker. The Mo—Mo distance between the two central surface Mo atoms of the Mo
clusters is about 1.59 nm.

These {Mo;s4} dimers can themselves dimerize to form tetramers and then
link to form octamers eventually forming the pentagons (five tetramers formed
from 20 {Mo;ss} clusters) and hexagons (six tetramers from 24 {Mojss}
clusters) on the surface of the super-cluster and further stabilized by the ring
closure, as shown in Figure 6.

The route to the supercluster can thus be seen as a number of associations

driven by increasing hydrogen bonded links (as Figure 5).
Hydrogen-bonded links/{Mojs,}

Mojss + Moysy —> {Moys4}2 0.5
2 {Moysa}r — {Moysatq 1.0
2 {Moysa}a — ({Mois4}4)2 1.25
3 ({Moysa}a)2 —  [({Moisa}a)als 1.375
40 [({Mosa}a)als —>  ([({Moysa}a)2]s)ao 1.5

The overall structure of the supercluster has the following topology (Figure
6) where each vertex represents one of the two central Mo atoms (one inside the
other relative to the sphere) in the linking (Mo)Mos groups holding the water
H-bonded connecting clusters.

Each vertex, therefore, corresponds to a tetrameric {Mo;s4}4 clusters which
also stretch out along the links. The model radius is 45.1 nm which is the same



WATER STRUCTURING 9

as the hydrodynamic radius of the supercluster found experimentally by static
light scattering (45 nm) and determined from the radius of gyration (45.2 £ 1.4
nm) and by less precise, as somewhat dehydrating, transmission electron
microscopy (35-45 nm).'® This accounts for 960 of the {Moyss} clusters,
considered as 12 pentagons each made from five tetramers plus 30 hexagons
each made from six tetramers. Additionally, each tetramer has two further
equivalent, but exclusive, stabilized sites towards the inside of the tetramer,
available for the optional binding of a further single {Mo;s4} cluster. If these
sites are fully decorated, an average cluster size up to 1200 nanowheels may
develop, ([{(Moys4)s}2]3)s0, in line with the Zimm plot value of ~2.54 x 107 g
mol™ (~1,165 nanowheels at 85% decoration).'®

Figure 6. The polyoxomolybdate {Mojss}
supercluster showing how 20 nano-wheels
may form one of the 12 pentagons and how
24 nanowheels may form one of 80
distorted hexagons. The short links are the
Mo—Mo linkages (~1.59 nm) as in Figure
5 and the long links (~12.36 nm) along the
octamers are close to the major peak found
in the SAXS experimental data (12.9 nm)."”

Summing up, various oxomolybdates possess (Mo)Mos ring structures that
strongly hydrogen bond to water, forming almost unstrained water clusters that
can extend for several aqueous shells and enable extensive colloidal clustering.
The organized interfacial water surrounding {Mo;s4} clusters cause cluster self-
association into very large spherical shells with diameter 90 nm and containing
a large volume of water. The {Mo;s4} clusters only contact each other through
the water network as evidenced by comparison of the spherical shell size, its
mass and the size of its components. This is a clear, if unusual, example of how
a relatively small amount of interfacial water can organize very large volumes
of liquid water.

6. Conclusions

The surface properties of colloids depend on the organization and structuring of
their aqueous environment, which is best modeled, at the present time, using
explicit water clusters. The orientation of bound water molecules depends on a
number of factors including the surface charge distribution, polarization and
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optimization of the secondary hydration. Access to this surface by other solutes
will depend on the strength and extent of this hydration layer, which will
control both the thermodynamics and kinetics of binding.

Further and updated information is available elsewhere.”

References
1. M. F. Chaplin, A proposal for the structuring of water, Biophys. Chem. 83, 211-221 (1999).
2. M. F. Chaplin, Water structure and behavior, (August 1, 2005); http//www.Isbu.ac.uk/water/.

3. T. V. Chalikian, Structural thermodynamics of hydration, J. Phys. Chem. B 105,
12566-12578 (2001).

4. T. R. Jensen, M. @. Jensen, N. Reitzel, K. Balashev, G. H. Peters, K. Kjaer, and T.
Bjernholm, Water in contact with extended hydrophobic surfaces, Direct evidence of weak
dewetting, Phys. Rev. Lett. 90, 086101 (2003).

5. G. V. Andrievsky, V. K. Klochkov, E. L. Karyakina, and N. O. Mchedlov-Petrossyan,
Studies of aqueous colloidal solutions of fullerene Cg, by electron microscopy, Chem. Phys.
Lett. 300, 392-396 (1999).

6. M. Biihl and A. Hirsch, Spherical aromaticity of fullerenes, Chem. Rev. 101, 1153-1183
(2001).

7. T. Steiner, Hydrogen bonds from water molecules to aromatic acceptors in very high-
resolution protein crystal structures, Biophys. Chem. 95, 195-201 (2002).

8. G. V. Andrievsky, 2001, Personal communication.

9. M. V. Korobov, E. B. Stukalin, N. I. Ivanova, N. V. Avramenko, and G. V. Andrievsky,
DSC study of Cg - water system, unexpected peaks, in: The exciting world of nanocages and
nanotubes, edited by P. V. Kamat, D. M. Guldi, and K. M. Kadish, The Electrochemical
Society Inc., Pennington, NJ, USA, Fullerenes, 12, 799-814 (2002).

10. G. V. Andrievsky, V. K. Klochkov, A. B. Bordyuh, and G. 1. Dovbeshko, Comparative
analysis of two aqueous-colloidal solutions of Cg fullerene with help of FTIR reflectance
and UV-Vis spectroscopy, Chem. Phys. Lett. 364, 8-17 (2002).

11. N. O. Mchedlov-Petrossyan, V. K. Klochkov, G. V. Andrievsky, and A. A. Ishchenko,
Interaction between colloidal particles of Cgy hydrosol and cationic dyes, Chem. Phys. Lett.
341, 237-244 (2001).

12. H. Nada and Y. Furukawa, Anisotropy in growth kinetics at interfaces between proton-
disordered hexagonal ice and water, A molecular dynamics study using the six-site model of
H,0, J. Crystal Growth, Article in press (2005).

13. Y-C. Liou, A. Tocilj, P. L. Davies, and Z. Jia, Mimicry of ice structure by surface hydroxyls
and water of a B-helix antifreeze protein, Nature 406, 322-328 (2000).

14. E. K. Leinala, P. L. Davies, D. Doucet, M. G. Tyshenko, V. K. Walker, and Z. Jia, A
B-helical antifreeze protein isoform with increased activity. Structural and functional
insights, J. Biol. Chem. 277, 33349-33352 (2002).

15. A. Miiller, H. Bogge and E. Diemann, Structure of a cavity-encapsulated nanodrop of water,
Inorg. Chem. Commun. 6, 52-53 (2003); Corrigendum: A. Miiller, H. Bogge, and E.
Diemann, /norg. Chem. Commun. 6, 329 (2003).

16. T. Liu, E. Diemann, H. Li, A. W. M. Dress, and A. Miiller, Self-assembly in aqueous
solution of wheel-shaped Mo s4 oxide clusters into vesicles, Nature 426, 59-62 (2003).

17. A. Miiller, E. Diemann, C. Kuhlmann, W. Eimer, C. Serain, T. Tak, A. Kndchel, and P. K.
Pranzas, Hierarchic patterning, architectures beyond ‘giant molecular wheels’, Chem.
Commun. 1928-1929 (2001).



MICROGELS AND CORE-SHELL PARTICLES

BRIAN VINCENT
School of Chemistry, University of Bristol, Bristol, BSS8 1TS, UK

e-mail: brian.vincent@bristol.ac.uk

Abstract. An overview of the synthesis and applications of microgels and core-
shell particles is provided, with emphasis on work originating from the author’s
laboratory. Microgels, which are cross-linked polymer latex particles, can be
used for selective uptake of ions or polymers, or the controlled release of
various compounds. Various methods for the synthesis of core-shell particles
are described such as interfacial polymerization, layer-by-layer deposition,
“colloidosomes”, internal phase separation, and silica shells. The release
kinetics for controlled (sustained or triggered) release purposes is discussed.

Keywords: microgel particles, core-shell particles, controlled release, triggered release

1. Introduction

Along with the rapid development over the last few decades in our theoretical
understanding of colloidal dispersions and experimental techniques to study
them, there have been significant advances made in the design and synthesis of
colloidal particles of various kinds. The objective has usually been to design
particles with a given structure and properties, having some specific function or
application in mind. Some parameters which it is now possible to control well
include: (a) size and shape (e.g. spheres, ellipsoids, rods, plates), including their
distributions; (b) rheological properties (solid, gel, liquid particles); (c) magnetic
and electrical properties; (d) porosity; (e) surface properties (charge density,
hydrophobicity/hydrophilicity, grafted polymers); (f) non-uniformity, e.g. Janus
and patchy particles; and (g) core/shell particles of various kinds.

One widespread application, which has been much researched in recent
years, is the use of colloidal systems for controlled uptake and release purposes.
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This process is widely-used in a range of technologies, including:
pharmaceuticals (drugs); agrochemicals (pesticides, herbicides and fungicides),
food processing (flavors); household and laundry products (perfumes); printing
(inks). The nature of the colloidal particles used depends on the nature of the
uptake/release process and the type of “active” molecules involved. Microgel
particles and core/shell particles may both be used for sustained or triggered
release. In addition, as described below, microgel particles also may be used for
selective uptake purposes.

The purpose of this article is to review the use of microgel particles and of
core shell particles, primarily in the context of selective uptake and controlled
release applications. Most of the examples will be taken from the work of the
author and his coworkers in Bristol, carried out over many years of researching
this topic.

2. Microgel Particles

2.1. INTRODUCTION

Microgel particles are cross-linked polymer latex particles which swell in a
good solvent environment for the polymer concerned.'” Swelling and de-
swelling of the particles can be induced, therefore, by changes in the local
thermodynamic conditions for the polymer chains (e.g. temperature, solvency,
osmotic pressure, and for polyelectrolytes pH or ionic strength). The maximum
extent of swelling is controlled by the degree of cross-linking co-monomer
introduced.

Various types of (heterogeneous) polymerization processes have been
described in the literature for making microgel particles, depending on the nature
of the polymer involved. Some examples are: (a) dispersion polymerization
for making, e.g. poly(N-isopropylacrylamide) [PNIPAM] particles’ or poly
(vinylpyridine) particles [PVP]* (the cross-linking (difunctional) monomers used
were bisacrylamide and divinylbenzene, respectively); (b) for more water-soluble
monomers (and polymers), inverse emulsion polymerization may be used, e.g. for
poly (acrylic acid - co - acrylamide) particles [PAAc-co-AM];’ (c) condensation
(step-growth) polymerization, e.g. for cross-linked poly(dimethylsiloxane)
[PDMS] microgel particles.’ Of course, as well as the cross-linking monomer,
other co-monomers may also be introduced, in order to introduce specific
functional groups into the interior of the microgel particles. A typical example
here would be cross-linked poly(N-isopropylacrylamide-co-acrylic acid)
[PNIPAM-co-AAc] microgel particles. Such particles will have carboxylic acid
groups distributed throughout the interior network of the microgel particles.



SMART PARTICLES 13

One important consideration concerns the distribution of (i) the cross-linker
groups and (ii) any co-monomer functional groups, through out the body of the
microgel particles. These distributions are controlled by the reactivity ratios of
the various monomers concerned and the nature of the polymerization process
(batch, “starve-fed”, etc). Although some small-angle neutron scattering studies’
have been aimed at determining the cross-link density distributions in swollen
microgel particles, more work needs to be carried out to both determine and
control these distributions.

Another issue to be addressed concerns the stability of the microgel particle
dispersions to aggregation. A significant body of work has now been established
on this topic.® In the swollen state, i.e. when the microgel polymer is in a good
solvent environment, then the particles are thermodynamically stable. This is
because of the van der Waals attraction between the particles is insignificant,
since the Hamaker constants of the (solvent swollen) particles and of the
continuous phase are more-or-less matched. Thus, there is no driving force for
aggregation. In terms of the basic thermodynamic relationship governing any
physico-chemical process,

AG

floc

=AH

floc —

TAS (1)

in good solvent conditions, AHp,. << TASp., (both negative terms) and so
AGpo. 1s positive, (Note that ASp,. is associated with loss in translational
entropy of the particles when they flocculate). However, as the solvency is
made worse, and the particles de-swell, the inter-particle van der Waals
attraction starts to increase, and so a point is reached where AHpo. > TASho. and
weak, reversible aggregation is observed.’

In order to resist such aggregation, classical electrostatic stabilization of the
microgel particles may be introduced. This is achieved, as with normal latex
particles, by having a layer of surface charge groups on the microgel particles.
Such groups are usually associated with the initiator used in the polymerization
process, as in a classical dispersion polymerization. In an inverse emulsion
polymerization the surface charge is normally associated with the ionic
surfactant molecules used to stabilize the original inverse emulsion droplets. In
a condensation polymerization (e.g. of PDMS microgel particles) the surface
charge groups come from the terminal, acidic silanol (Si-OH) groups at the ends
of the PDMS chains. An alternative procedure to avoid aggregation under de-
swollen conditions would be to introduce steric stabilization of the microgel
particles. This might be achieved, for example, by co-polymerizing in, towards
the end of a dispersion polymerization reaction, a suitable macro-monomer (e.g.
PEO-methacrylate).
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2.2. SELECTIVE UPTAKE

For selective uptake, porous solid or microgel particles are both effective, but
the latter give greater flexibility in application, because of their inherent
swelling/de-swelling feature. In order to effect entry/penetration of the desired
molecules, some driving force (energy gain) is, in general, required to
overcome the entropy loss endured by the entering molecules. Examples from
the work of this group include the use of designed microgel particles for the
selective preferential uptake of harmful ions (e.g. Cd, Pb and Hg species) over
more benign ions (e.g. K, Na, Ca and Mg) in potable waters,'*'" and also the
uptake of polymers (e.g. poly(ethylene oxide) [PEO]), with a critical MW cut-
off."* In both cases the microgel particles used were based on cross-linked
poly(N-isopropylacrylamide-co-acrylic acid) [PNIPAM-co-AAc)] polymer latex
particles. In the case of the ions, preferential adsorption of the harmful ions
occurred at higher pH vales (>pH 7), when the AAc groups were in the
dissociated, carboxylate ion form. The uptake of PEO, however, was most
effective at low pH values (<pH 4) when the AAc moiecties were in the
undissociated carboxyl acid form. In the case of the cations the primary
mechanism of binding was electrostatic, whilst in the PEO case it was relatively
strong H-bonding between the ether oxygen atoms of the PEO and the —OH of
the carboxylic acid moieties. In order to effect desorption, all that was required,
in both cases, was a suitable change in pH to weaken the binding energy.

2.3. CONTROLLED RELEASE

With microgel particles triggered release is more usual than sustained release.
Triggered release is usually effected by changing some thermodynamic
property of the system which weakens the binding of the active molecule to the
functional sites within the microgel particle. Alternatively, a “displacer”
molecule, which interacts with the binding site more strongly, may also be used.
The release rate for triggered release will normally be first-order (although it
may be more complex if a variety of binding sites, having different strengths,
are involved). A two-stage triggering method is also a possibility. For example,
light could potentially be used as a primary trigger, if its application would
induce a secondary (thermodynamic) trigger, such as a temperature rise or a
local pH change.

An important aspect to bear in mind with microgel particles is that they may
well also change their dimensions (swell/de-swell) when the local thermodynamic
conditions are changed. With larger active molecules such as polymers or
proteins (or indeed small nanoparticles), this becomes a very important
consideration. Swelling/de-swelling will lead to a change in effective pore size,
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dramatically affecting the uptake and/or release rate. This principle may
actually be utilized to “trap” large molecules (or small nanoparticles) inside the
cross-linked network forming the interior of the microgel particles. This might
be useful in trying to “protect” vulnerable species (e.g. enzymes or drug
molecules) during a multi-stage process, where one stage involves a potentially
“harmful” environment. Examples here might be an orally administered drug
passing through the very low pH conditions of the stomach into the more
benign intestine region, or an enzyme in a laundry formulation surviving the hot
wash cycle, before entering the cooler rinse cycle in a typical washing machine
process. In cases like these, it is useful to be able to invoke two triggering
mechanisms: one to effect swelling/de-selling of the microgel network, and
one to effect adsorption/desorption of the active species. For example, with the
PNIPAM-co-AAc microgel particles referred to earlier, the NIPAM groups are
temperature sensitive (the lower consolute solution temperature for high MW
PNIPAM in water is ~32°C), and the AAc groups are pH sensitive. Hence,
temperature changes could be used to trigger the swelling/de-swelling process
and pH changes to trigger the adsorption/desorption process.

3. Core-Shell Particles

A typical core-shell particle is illustrated in Figure 1.

Figure 1.1  Typical core/shell
particle.

The core may be a solid or a liquid, or indeed a gas but this is unusual in the
context of release applications. Hollow particles have found applications in
other areas such as surface coatings, where they offer a high refractive index
contrast with film itself, and therefore good light scattering properties. The shell
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material is usually a solid, but its nature will depend on the type of release
process required. Polymers or hard inorganic materials (e.g. silica or calcium
carbonate) may be used.

A variety of methods has been described in the literature for preparing
core/shell particles which are described below.

(a) Interfacial polymerization in emulsion systems. This is the most widely
established method. A condensation reaction occurs at the oil/water interface
between two reactants, one of which is soluble in the oil phase, and the other is
soluble in the continuous phase. A typical example” would be the reaction
between a polyisocyanate, dissolved in oil droplets, and an acid or base in the
continuous aqueous phase. Partial hydrolysis of the isocyanate groups occurs,
leading to amine groups which can react with the remaining isocyanate groups,
forming a polymeric film at the interface of each emulsion droplet. The main
limitation of this type of interfacial polymer film formation is that the film
thickness is self-limiting, as its formation prevents further reactants in each
phase meeting readily.

(b) Layer-by-layer deposition."* This involves the sequential deposition of
alternating layers of polyelectrolytes of opposite charge onto solid particles or
emulsion droplets. In this manner, many such layers can be built up. The only
problem is that this method is somewhat time-consuming, as after each new
layer has been deposited, the continuous phase has to be “cleaned” of any
unadsorbed polyelectrolyte before the next layer is added. Nevertheless thick,
robust shells of controlled porosity may be constructed.

(c) “Colloidosomes”.” This involves the deposition of a close-packed
monolayer of small, monodisperse polymer latex particles at the O/W interface
of larger emulsion droplets. Heating of the particles above their 7, value results
in some lateral fusion between neighboring particles in the monolayer, such that
small “holes” are left in the film. The hole size will be controlled by the
temperature used and the length of time heating is carried out, but this will be
the main feature controlling diffusion of any active species out of the droplets.
A similar method has been used in this group'® to prepare core/shell particles
with a solid core. This involved the deposition of positively-charged PVP
microgel particles onto larger, negatively charged silica particles, to form as
close-packed a layer as possible. Further vinylpyridine monomer and (oil-
soluble) initiator were then added, which were taken up by the PVP layer.
Polymerization was then re-initiated which caused the PVP particle layer to
form into a more-or-less continuous shell.

(d) Internal phase separation. This method was developed in this group. The
first publication'’ described the formation of oil core/polymer shell particles,
where the oil was a hydrocarbon (typically hexadecane) and the shell was a
polymer (typically poly(methylmethacrylate) [PMMA]). The method involves
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firstly the formation of an oil/water emulsion. The oil phase consists of two
organic liquids (plus the active “molecules”, if required): one liquid is a low
vapor pressure/poor-solvent for the (shell-forming) polymer; the second liquid
is a high vapor pressure/good solvent for the polymer (e.g. for PMMA,
dichloromethane). In fact sufficient good-solvent is added to just dissolve the
polymer in the liquid mixture. The aqueous phase contains a surfactant to
stabilize the emulsion, which is formed by some suitable procedure (e.g. using a
homogenizer or cross-flow membrane device) to give the required droplet size.
The second stage involves the removal of the good solvent form the oil
droplets, leading to phase separation of the polymer inside the droplets. This
removal can be achieved by evaporation of the high vapor pressure solvent
through the aqueous phase. However, the rate of evaporation must be carefully
controlled; if it is too fast then “holes” will appear in the polymer shell which
forms around the oil droplets. In fact, whether such a shell forms or not,
depends on the polymer phase separation process itself, and the relative
magnitudes of the various interfacial tensions involved. There are three such
interfacial tensions: Yo, Ypw, and Yow, where p = polymer, o = oil and w =
water. If one wishes to form a shell then, in effect, it is imperative that 7y o, is
not smaller than vy, or Y. This is because, for a core/shell particle, one only
wants to form p/o and p/w interfaces, and no o/w interface. If this condition is
not met, then structures resembling “acorns” form, that is, two “blobs” of
polymer and oil adhering to each other, both surrounded by water. Thus the
choice of the emulsifying surfactant is very important. Classical surfactants,
such as sodium dodecylsulfate, lead to acorns, since they lower the o/w
interfacial tension too much. It was found that polyelectrolytes, such as
poly(methacrylic acid), worked well for shell formation, since they adsorb at
the o/w interface but do not lower the o/w interfacial tension too much.

More recently, this method has been successfully extended by us'® to form
the inverse systems, i.e. water core/polymer shell particles dispersed, initially in
oil, but then transferred to an aqueous continuous phase. Clearly, whether one
needs an oil or a water core depends on the nature of the active material to be
released. Now one starts with a water/oil emulsion, rather than an oil/water
emulsion, but the basic principles are very similar. A variety of shell polymer
systems were prepared, including PMMA and poly(tetrahydrofuran) [PTHF].
The high vapor pressure liquid used in this case was in general, acetone. It
turned out, however, that these water core systems are intrinsically more
difficult to make than the equivalent oil core systems, because large amounts of
acetone were required to dissolve the polymers initially in the water-acetone
mixtures. An oil was then required which did not mix too well with acetone. In
general, mineral oil worked reasonably well. In order to transfer the water core
capsules into an aqueous continuous phase, the particles were centrifuged in
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tubes containing an upper oil phase with the dispersed capsules and a lower
aqueous phase, containing a suitable surfactant to effect transfer of the capsules
across the oil/water interface and into the aqueous phase.

(e) Silica shells. As well as polymer shell systems, this group has also
successfully made liquid core/silica shell particles, with both oil cores'® and water
cores.”” The method of making the oil core systems is again based on starting
with an o/w emulsion. The emulsions systems chosen were the monodisperse,
charge-stabilized silicone oil/ water emulsions, first described by Obey and
Vincent.”' These are prepared by a nucleation and growth (rather than the more
traditional comminution) route. They are surfactant free systems, the droplets
being stabilized by the dissociated silanol groups at the droplet/water interface.?
It is also possible to cross-link the silicone oil droplets in sifu,’ to form
dispersions of silicone microgel particles in water. The formation of the silicone
oil/silica capsules, in water, was achieved in a two-stage process. The first stage
involved the formation of a thin “skin” of silicate around the silicone droplets (or
microgel particles), by deposition from a saturated sodium silicate solution, and
lowering the pH to precipitate the silicate onto the droplets. This initial skin
formation is necessary, so that the second stage can proceed successfully. This
involves addition of tetracthoxysilane [TEOS] to the aqueous phase, now
containing ethanol and ammonia; this hydrolyses the TEOS to tetrahydroxysilane,
which in turn condenses to form silica; the precipitating silica deposits onto the
particle, leading to the formation of a thick silica shell. The thickness is, of
course, controlled by the amount of TEOS added initially. Without the initial
protective “skin” of silicate around the oil droplets, the TEOS would simply
dissolve into the silicone oil droplets!

The capsules based on a water core with a silica shell have been prepared
more recently.” In this case a water/oil emulsion is used, where the aqueous
phase contains a base (or acid) and TEOS added to the external oil phase. The
TEOS is hydrolyzed at the oil/water interface and a silica layer is formed in situ
at this interface.

3.1. CONTROLLED RELEASE

Core/shell particles exhibit a number of features which make them very useful
for controlled (sustained or triggered) release purposes. The release kinetics
may be zero-order (constant rate) or first order (exponentially decreasing with
time. In sustained release, the release kinetics is primarily determined by the
structure of the core. Solid cores (i.e. of the active molecule itself) will give rise
to zero-order kinetics during sustained release through a shell. Clearly, there
must, in this case, be a reverse flow of liquid from the continuous phase back
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into the core, across the shell, in order to maintain the integrity of the shell. If
the active molecules are dispersed as nanoparticles within a /iguid core (within
which they have a finite, but limited, solubility), then zero-order release kinetics
will again be observed, at least until the nanoparticles disappear from the core.
However, if the active molecules are merely present in solution throughout the
release process, then first order kinetics will be observed during release. The
equation given below is for such a first-order, sustained release process.

de? _ 4mR°RP( ) o

dt d

The various symbols are defined in Figure 1, except P, which is the
permeability of the shell; this depends on its porosity, the solubility of the
active molecules (X) in the shell material, and the diffusion constant for X in
the shell material. Clearly the shell material will be selected with these
properties in mind for a particular active molecule. Once the shell material has
been chosen, the shell thickness (8) becomes a primary control parameter. In
two recent papers from this group™=* the roles of several chemical and physical
properties of the polymer shells have been systematically investigated in terms
of their affect on the release kinetics of a model active molecule (4-nitroanisole)
from a hydrocarbon core into an aqueous continuous phase. Among the
properties investigated were the chemistry and the 7, value of the polymer, post
cross-linking of the polymer shell (to reduce porosity), and the shell thickness.
It was shown that all of these factors have a significant effect on controlling
the release rate, and also, to some extent, the release “yield” (defined as the
percentage of the initial active molecule released from the capsules into the
aqueous continuous phase). The capsules are stored as a very concentrated
dispersion in water, since some escape of the active into the external phase is
inevitable on storage, so the main factor controlling the yield is the dilution of
the aqueous phase with water, but some of the active is retained in the shell, as
well as the core. The final equilibrium distribution of the active material
depends on the various partition coefficients involved. It is very important that
there are no obvious holes in the shell through which active can escape rapidly.
This is where the evaporation rate of the high vapor pressure solvent through
the shell during capsule formation is critical, as referred to earlier.

As well as sustained release, core/shell particles may be used also for
triggered release applications. In this case, as with the microgel systems
discussed earlier, an external trigger is used to cause some change in the
properties of the shell polymer, which allows the active molecules to diffuse
across the shell into the exterior. With many active materials there is an
optimum “dosage” that is required in the exterior, e.g. with drugs. This
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principle is illustrated in Figure 2. Too much drug over a given time period
would be toxic, whilst too little would be ineffective.

A concentration

toxic level
B

//\\ effective level

A C

> time

Figure 2. Triggered Release A->B is the release period and B->C is the consumption period for
the active substance.

Various methods for triggering release may be used. One method is to add,
say an acid or base, which causes (slow) dissolution of the polymer shell.
Romero-Cano and Vincent™ have described the release of 4-nitroanisole from
oil core/polymer shell capsules into water, where the shell polymer was a
polylactide, which dissolves slowly on adding acid. A second concept would be
to use a cross-linked polymer shell which swells on changing pH, for example.
This route has been described in a recent paper by us,** where PVP was used as
the shell. As described earlier in the section on microgel particles, PVP
protonates at low pH forming a cationic polyelectrolyte, and this leads to
swelling of both PVP microgel particles and also PVP polymer shells.

The main mechanism for effecting triggered release is to use pressure to
break the shell, and hence release the core contents into the external phase. This
is particularly useful when the active material is a high MW molecule (e.g. a
protein). The applied pressure can be in the form of simple mechanical pressure
(e.g. in carbon paper copying) or high shear conditions. A more subtle method,
however, is to use osmotic pressure to break the capsule. This can occur if
solvent molecules from the external phase are able to diffuse across the shell
into the core. If the core contains molecules (e.g. polymer) which are not able to
diffuse across the shell, then clearly there will be an osmotic pressure difference
across the shell, which will drive solvent to try to enter the core, leading to
possible shell rupture.
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One final point concerns the prevention of the inevitable release of active
molecules into the external phase during storage in sustained release systems,
referred to earlier. One potential way around this is to use a double-shell
system. Here the inner shell imparts the sustained release properties, but the
outer shell is impenetrable to the active molecules. Triggered breaking of this
outer shell, at the required point in a given process, would then initiate the
sustained release process. This topic is the focus of our current research in this
subject.

4. Acknowledgements

I should like to thank the many postdocs, visitors, graduate and undergraduate
students, who, over the years, have contributed to the research work in my
group on both microgel and core/shell systems. The list is too long to enumerate
here, but their names may be found in the reference section below. However,
maybe I should just pick out the persons who started this work in each area with
me: Dr (now Prof) Martin Snowden on microgels and Mr (now Dr) Andrew
Loxley on core/shell systems. I should also like to thank the EPSRC, The
European Commission and a range of industrial sponsors, again too many to list
here, for financial support.

References

1. M. Murray and M. J. Snowden, The preparation, characterization and applications of
colloidal microgels, Adv. Colloid Interface Sci. 54, 73-93 (1995).

2. B. R. Saunders and B. Vincent, Microgels as model colloids, Adv. Colloid Interface Sci. 80,
1-25(1999).

3. M. J. Snowden and B. Vincent, The temperature-controlled flocculation of cross-linked latex
particles, J. Chem. Soc. Chem. Comm. 42,279-302 (1992).

4. A. Loxley and B. Vincent, Equilibrium and kinetic aspects of the pH swelling of
poly(vinylpyridine) latex particles, Colloid Polymer Sci. 275, 1108-1114 (1997).

5. S. Nyret and B. Vincent, The properties of polyampholyte microgel particles prepared by
microemulsion polymerization, Polymer 38, 6129-6134 (1997).

6. M. L. Goller, T. M. Obey, and B. Vincent, Inorganic silicone oil microgels, Colloids Surf.
A 123/124, 183-193 (1997).

7. H. M. Crowther, B. R. Saunders, S. J. Mears, T. Cosgrove, B. Vincent, S. M. King, and G. E.
Yu, Poly(NIPAM) microgel particle de-swelling: a light scattering and small-angle neutron
scattering study, Colloids Surf. A 152, 327-333 (1999).

8. B. R. Saunders and B. Vincent, The aggregation of microgel dispersions, Adv. Colloid
Interface Sci., to be published (2006).



22

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

BRIAN VINCENT

M. Rasmusson, A. Routh, and B. Vincent, Flocculation of microgel particles with sodium
chloride and sodium poly(styrene sulfonate) as a function of temperature, Langmuir 20,
3536-3542 (2004).

G. M. Morris, B. Vincent, and M. J. Snowden, Adsorption of lead ions into N-
isopropylacrylamide and acrylic acid copolymer microgels, J. Colloid Interface Sci. 190,
198-205 (1997).

H. M. Crowther, G. E. Morris, B. Vincent, and N. G. Wright (2003) in: The Role of
Interfaces in Environmental Protection, NATO Science Series, IV Earth and Environmental
Sciences, Vol. 24, edited by S. Barany (Kluwer, Dordrecht, 2003), pp. 169-180.

M. Bradley, J. Ramos, and B. Vincent, Equilibrium and kinetic aspects of the uptake of
poly(ethylene oxide) by copolymer microgel particles of N-isopropylacrylamide and acrylic
acid, Langmuir 21, 1209-1215 (2005).

S. Scherr, B. Rodson, and C. Lee, Encapsulation by Interfacial Polymerisation, Pesticide Sci.
54, 394-400, (1998).

E. Donath, A. Sukhornkov, F. Caruso, S. Davies, and H. Méhwald, Microcapsules from
layer-by-layer polyelectrolyte deposition, Angew. Chem. Int. Ed. 37, 2201-2205 (1998).

D. Weitz, Colloidosomes, Science 298, 1006-1009 (2003).

R. Atkin, M. Bradley, and B. Vincent, Core-shell particles having silica cores and pH-
responsive poly(vinylpyridine) shells, Soft Matter 1, 160-165 (2005).

A. Loxley and B. Vincent, Preparation of poly(methylmethacrylate) microcapsules with
liquid cores, J. Colloid Interface Sci. 208, 49-62 (1998).

R. Atkin, P. Davies, J. Hardy, and B. Vincent, Preparation of aqueous core/polymer shell
microcapsules by internal phase separation, Macromolecules 37, 7979-7985 (2004).

M. 1. Goller and B. Vincent, Silica encapsulation of PDMS droplets, Colloid Surf. A 142,
281-285 (1998).

M. O’Sullivan and B. Vincent, (unpublished).

T. M. Obey and B. Vincent, Novel, monodisperse silicone oil/water emulsions, J. Colloid
Interface Sci. 163, 454-463 (1994).

B. Neumann, B. Vincent, R. Krustev, and H.-J. Miiller, Stability of various silicone oil/water
emulsions as a function of surfactant and salt concentrations, Langmuir 20, 4336-4344
(2004).

P. J. Dowding, R. Atkin, B. Vincent, and P. Bouillot, Oil core/polymer shell microcapsules,
I: characterization and release rates for microcapsules with polystyrene shells, Langmuir 20,
11374-11379 (2004).

P. J. Dowding, R. Atkin, B. Vincent, and P. Bouillot, Oil core/polymer shell microcapsules,
I1: controlling the release profile of active molecules, Langmuir 21, 5278-5284 (2005).

M. S. Romero-Cano and B. Vincent, Controlled Release of 4-nitroanisole from poly(lactic
acid) nanoparticles, J. Control. Release 82, 127-135 (2002).



MICROENCAPSULATION: FUNDAMENTALS, METHODS
AND APPLICATIONS
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Abstract. Microencapsulation is widely use in industry but remains relatively
unknown from the public. The reason is that microcapsules are not an end-
product, but generally a technique to overcome process limitations. Micro-
encapsulation allows immobilization, protection, release and functionalisation of
active ingredients. Despite the high diversity of methods, this paper proposes a
classification and description of the main technologies to produce microcapsules.

Keywords: microencapsulation, immobilization, controle release
1. Introduction

In the last few years, one could see the development of commercial products
based on microcapsules. However, microencapsulation has been widely used in
industry for several decades. The principle of encapsulation is very old. If
biochemistry is a principle of life, nothing would have been possible without its
integration in membrane bound structures (cells, mitochondria...). Without
immobilization and spatial organization of biochemical reactions in an internal
volume and through the membrane would not be possible. The high efficiency
of, for example ATP production, would not be possible.

Figure 1. Multi-core microcapsules mimic biological
cells and are sometimes called artificial cells.
(Coletica®)
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By developing encapsulation methods, scientists and engineers mimic nature
to obtain innovative structures to isolate, protect, release and functionalize active
ingredients." However nature is not so easy to mimic, and what humans have
developed are still inferior to what biological cells offer.

Encapsulation is used in many industrial and scientific domains. It is not
surprising to find then diverse definitions and terminology, often directed to a
specific field. However, a generic and functional definition could be

“Entrapment of a compound or a system inside a dispersed material for its
immobilization, protection, controlled release, structuration and functiona-
lization.”

This definition is more oriented to objectives than on the structure of the
microcapsules. It includes a very large number of systems starting from hollow
molecules such as cyclodextrin, to large solid microsphers of 2 to 3 mm. It
proposes a product-oriented approach, a solution that limits debate around
terminologies.

If we look a little more deeply into this definition, the first question is which
type of system could we encapsulate? This could range from small molecules
(some try to encapsule water) to quite complex ones (peptides, drug, DNA). It
could be a mix of these molecules, or complex structures like viruses,
protoplasts or even complete biological cells. Inside the capsules, the active
system could be in the form of a solution, a suspension or an emulsion.

Which type of structures could represent microcapsules? The “true”
microcapsule is a liquid core surrounded by a membrane. However, many
different structures are included under the term “microcapsules” or ‘“nano-
capsules” (Figure 2). At the smallest scale, one could use hollow molecules inside
of which the active ingredient could be fixed. At a larger scale, more or less
complex molecular assemblies could form nanocapsules, or nanospheres, or
lipidic structures like liposomes. For sizes less than a few micrometers, one talks
of nanoencapsulation. For larger sizes, one finds hydrogel beads, solid
microspheres, and microcapsules. For sizes greater than 1 mm, some talk about
macroencapsulation. Encapsulation could also include agglomeration of fine
particles or the coating of solid particles. Finally, some include emulsions if they
are stable enough to fit the above definition.

Figure 2. Examples of microcapsule structures.
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Parallel to the structural complexity, a large number of technologies exist to
produce microcapsules, which is a field unto itself.

2.

Why Encapsulation?

Since encapsulation is costly, the requirement must first be justified. We can
classify five categories for the objectives of encapsulation.

Immobilization or entrapment. To limit contact between certain parts of a
system. If some ingredient must be separated, encapsulation of this
ingredient and release only upon rupture of the microcapsules fills this
objective. The entrapment of a flavor could create a sustained aromatic
effect, or to control the release at a specific time (such as during cooking).
Immobilization of batteries or enzymes allows continuous processing while
avoiding washout.

Protection. If some ingredients are fragile and need to be protected from
their environment. For example, vitamins or polyunsaturated fatty acids are
denaturized by oxygen. Many biological cells are sensitive to shear. Some
drugs and probiotics are destroyed during gastric transit. When incorporated
in microcapsules, all these systems will be protected to some extent against
the chemical, physicochemical and mechanical environmental conditions.
However, the problem may be reversed. Incorporation of iron in food
promotes oxidation of fatty acids. A number of industrial additives may
reduce the performance of the material itself. In this case, it is more efficient
to encapsulate the minor ingredients (iron, additives). Encapsulation could
then be used to protect the environment from the use of some products. Most
industrial enzymes are sold in an encapsulated form to avoid allergic and
professional health problems.

Controlled release. For practical use the active ingredient must be
released. A drug must be delivered with well defined kinetics. Sometimes it
is not the encapsulated ingredient that is released but a by-product. This is
the case when the encapsulated product is an enzyme or a catalyst.
Encapsulation may have the objective to limit release, but in some cases to
make it more rapidly available. A typical example is an instant powder
consisting of aggregates made of fine particles that are insoluble, in a very
soluble matrix.

Structuration. Homogeneous mixing of a small liquid volume with a high
volume of powder constitutes a real challenge. Microencapsulation allows
converting this liquid in powder and facilitating this operation. dosage forms
for pharmacy applications are readily obtained by microencapsulation. By
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coating brown sugar, a quite aggregative powder, with crystalline sugar,

one gets a flowing powder.

e Functionalisation. Finally, microencapsulation may be used to develop
new functions such as regulating biocatalyst activity by controlling the
membrane permeability through pH changes. Microcapsules may also offer
a marketing function such as giving specific “metallic” aspects to functional
food to differentiate them from food and medication.

The diversity of applications is very broad and even microencapsulation is
already largely used in industry, one could expect a strong development in the

next decade.

3. How to Make Capsules

Many applications from a variety of fields for diverse objectives have led to
many methods of encapsulation. Moreover, terminology varies from domain to
domain. The same technology may have different names in different fields.
Figure 3 tries to offer an approach where most technologies fit in an

unambiguous way.

Step

IAc‘I'ive Incorporation in microcapsule coreli

In liquid

(solution, melting, emulsion, suspension)
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Figure 3. Technologies of encapsulation.
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An encapsulation process may be generally divided into three steps.

1. The first step consists of incorporating the active ingredients in the matrix or
microcapsule core. This may be in the form of a solution, emulsion or
suspension, resulting in a liquid or a dispersed solid system. This could
involve mixing or dispersing processes, drying, grinding and/or sieving.

2. The second stage is a mechanical operation.

e For a liquid matrix, making a liquid—in-air (dropping or spraying) or
liquid dispersion (emulsification or micro-emulsification).

e For a solid matrix, spraying a solution on particles under agitation (fluid
bed or pan coating or agglomeration).

3. The last step, is to stabilize/solidify droplets or the coating solution by a
chemical process (polymerization), physicochemical process (gelation,
coacervation) or physical process (drying, solidification).

These three steps may be repeated to reach the final structure. For example,
microcapsules obtained by spray drying of polymer/active solution may be
coated by a melted solution. The first encapsulation insures immobilization and
stabilization of the active ingredient, while coating allows control of the level of
protection and release.

4. Methods of Dispersion to Form Microcapsules

For incorporation of the active ingredient inside a liquid matrix (as a solution,
emulsion, or suspension), the first step of encapsulation is the dispersion of this
liquid as droplets, which can be classified into four categories.

4.1. PRILLING

This is simply improved methods to form droplets from a needle. The goal is to
produce small droplets/microcapsules with low size dispersion (less than 10%)
with a good level of production. To avoid broad size dispersion, the liquid flow
must be in the laminar regime (avoiding turbulence), thus a relatively low flow
rate is required compared to spraying (see below). In most cases, energy is
required to reduce the droplet size (from a few millimeters with simple needle).
This has led to the following systems.

e Electrostatic generators.” By application of an electrostatic potential on a
pending droplet (Figure 4a), charges accumulate on its surface creating a
repulsion which opposes the surface tension. The resulting droplets will
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then have small sizes down to 20 micrometers for high voltage (10 kV).
However, the flow rate is limited to only a few milliliters per hour and the
system only useful for laboratory scale or some medical applications
(artificial organs).

e Nozzle resonances technology.’ While forming a jet from a nozzle, this jet
has a spontaneous tendency to break into droplets. By applying a vibration
at a specific frequency (Figure 4b), uniform droplets are formed with a size
approximately double the jet diameter. Several liters per hours can be
reached for larger size droplets of 1 mm, but decreases proportionally to the
droplet diameter. On the other hand, resonance is damped if the solution
viscosity is too high.

e Jet cutter.’ The liquid jet can also be cut by a series of wires fixed on a
turntable while turning at high speed (Figure 4c). This method provides
high flow rates but is mainly useful for adequate for high viscosity
solutions.

e Spinning disks.” Liquid may be flowed onto a spinning disk. Jets are
formed and break into droplets (Figure 4d). The flow rate can be quite high,
but literature on this subject is still limited. Further research is needed to
evaluate the real performance of such systems.

Figure 4. Scheme of different prilling methods.

42. SPRAY TECHNOLOGIES®

By flowing either through an air/liquid nozzle (Figure 5a) or on a fast rotating
device (Figure 5b), a liquid can explode into fine droplets. Productivity is far
superior to prilling technology, but turbulence leads to a large size dispersion
(often higher than 30%).
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Reactors used for spray technologies are quite similar to powder dryers, the
technology of which is widely available and well understood. This technology
is largely used in the food industry.

Figure 5. Spray systems.

4.3. EMULSIFICATION’

Liquid containing the ingredient to be encapsulated can be dispersed in an
immiscible liquid to form an emulsion. For microencapsulation, one favors
systems allowing dispersion at low shear to avoid denaturation of the active
ingredients (for example biological cells). The simplest method is a reactor
equipped with a turbine (Figure 6a). However, there is an increased interest for
continuous systems, especially static mixers. This consists of a pipe where
elements are inserted to promote fine division of the liquids in the static mixer
(Figure 6b). Such systems allow emulsion production in a fraction of second at
high flow rate (a few liters per square centimeter of section). In the majority of
cases, dispersion takes place in a turbulent regime and the resulting droplet size
dispersion is large (greater than 30% standard deviation).
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Figure 6. Liquid/liquid emulsification systems: (a) mechanical dispersion with a turbine; (b) a
static mixer.

4.4. MICROEMULSIFICATION

By careful selection of the composition of a two immiscible liquid system, one
can reduce the surface tension to near zero. In such conditions, with gentle
agitation, a very fine dispersion (under micrometer size droplets) may be formed.
This is a very stable system for an emulsion. In some conditions the size
dispersion may be limited.

5. From a Liquid Dispersion to Microcapsules

All the above dispersions lead to droplets. These droplets must be transformed
into solid like particles by a stabilization process. Table 1 provides the
most usual encapsulation technologies by crossing dispersion methods and
stabilization methods. Table 1 is not an exhaustive list.

Table 1. Usual terminology in microencapsulation technology.

Prilling Spraying Emulsification | Micro-
Emulsification
Solidification Hot-melt Spray
prilling cooling
Evaporation Spray-drying Solvent Solvent
evaporation evaporation
Gelation Gelation Spray Thermal gelation
chilling
Polymerisation Interfacial In situ
Polymerisation  polymerisation
Coacervation Interfacial Coacervation
Coacervation
Micellar Liposomes

formation
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e Solidification. The liquid forming the droplet can be melted and a
reduction of temperature will result in droplet solidification. In practice,
solidification is usually combined with prilling and spraying (but is easily
combined with emulsification)

e Evaporation. As a liquid droplet is formed of a volatile solvent and a
polymer, evaporation of the solvent will lead to polymer beads entrapping
the active ingredients. Spray drying consists of spraying a (aqueous)
polymer solution and droplet drying. Emulsification of polymer volatile
organic solvent in water followed by solvent removal is called the “solvent
evaporation” method.

¢ Gelation. By dropping droplet of gel forming solution in a gelation bath,
hydrogel beads are formed. The gelation may be due to ionic bonding
between polymer chains (such as an alginate solution dropped in calcium
ions bath) or by cooling (such as an agarose solution). Gelation may also be
used by spraying a thermogel (spray chilling) or through emulsification
followed by cooling or pH change.

e Polymerisation. Emulsified droplets containing a monomer can react with
a second monomer soluble in the continuous phase to form a membrane at
the interface (i.e. diamine reacting with a acid dichloride). This is called
interfacial polymerization. Many derivative methods can be set-up from this
method, using pre-polymers in place of monomers, inversing the
continuous and dispersed phases, developing a radical reaction. Covering
all possible methods is not possible here.

e Coacervation. If an oil phase is emulsified in a polymer water solution, and
the polymer is precipitated (for example) by changing the pH, the polymer
precipitate (coacervate) has a tendency to accumulate at the interface. This
is the coacervation process; called simple if one polymer is involved and
complex if two polymers are involved. If the coacervation is obtained by
dropping one polymer solution into a polymer solution of opposite charge,
this is termed interfacial coacervation, or “polyelectrolyte complex
formation”.

e Micellar. By dispersing a surfactant and often a polymer, one may obtain a
small assembly with diverse structures. The most well known is a liposome,
generally represented by a bi-layer cell like structure. However, the
structure can range from a stable emulsion to complex multi-layer vesicles.

All these capsules may need to be separated, washed and sometimes dried.
They may be solid microspheres, liquid core capsules, or hydrogels beads. They
may be further treated or coated to obtain the final desired properties.
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6. Methods of Encapsulation by Coating, Agglomeration and Layering®

Coating of solid particles requires agitating the particles (to avoid agglome-
ration) and spraying coating solution on them. The coating must be stabilized or
solidified for example by cooling or drying. The process can be repeated until a
good and uniform coating is formed.

Spraying too fast, in the solidification process, results in agglomeration.
However, if well controlled, the agglomeration may allow the formation of
large particles from fine powders. One may also start from small particles, and
spray the active ingredient to form layers of active materials. This is called
layering.

Coating, agglomeration and layering can be combined to get diverse
structures for the properties required by various applications.
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Figure 7. Technologies of coating (a), agglomeration (b), and layering (c). (Glatt international®)
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Three actions are necessary to establish a coating:

Agitation. Agitation has three main objectives: 1) to avoid unwanted
agglomeration; 2) to create a spinning movement to particles for uniform
coating; and 3) to circulate the particles to insure a homogenous coating
over the batch. Agitation can be insured by an upper air stream leading to
a suspended particle bed, having a similar behavior as a liquid and called a
fluid bed (Figure 7a and b), or by a mechanical process such as rotation of a
pan containing the particles (Figure 7c).

Spraying. The coating or aggregative solution can be sprayed from the top
(top spray, Figure 8a) or bottom (bottom spray or Wurster when a tube is
inserted in the reactor, Figure 8b) or in the particle bed itself.
Solidification. The most common for stabilizing the coating is to evaporate
a solvent (drying in case of water) by injecting hot air (fluid bed) or heating
the reactor (pan coating). However, there is an increased interest for hot
melt coating, where a melted solution is sprayed on the particles. This
reduces the time of processing and energy costs. The new powder dry
technology consists of spraying simultaneously a very fine powder and a
plastifiant. The powder will coalesce at the surface of the particles mainly
at room temperature.

7. Microencapsulation and Chemistry

Microencapsulation covers a broad range of methods. A great number of
variants exist around the above-described methods. The methods may also be
combined. Engineers and scientists must refer to much scientific and
technological knowledge, especially in chemistry. This includes:

polymer chemistry for the synthesis and characterisation of polymers used
during encapsulation;

purification technology for extracting natural polymers, often used for
hydrogel beads or coating;

synthesis for controlling polymerization or cross-linking in diverse
processes;

physical and colloid chemistry to understand gelation and coacervation;

and obviously formulation to get adequate support for the active ingredient
and reach the optimum membrane structure.

Much progess has been made, but many challenges and opportunities

remain in this field.
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THE MOLECULAR LAYERING METHOD: PROGRESS IN SCIENCE
AND PRACTICAL WORKS FOR CREATION OF FUNCTIONAL
NANOMATERIALS

A. A. MALYGIN
Saint-Petersburg Institute of Technology (Technical University), 26 Moskovskii
pr., Saint-Petersburg, Russia, e-mail malygin@|lti-gti.ru

Abstract. The Molecular Layering (ML) method is based on the chemisorption
of reagents on a solid substrate surface. The main idea of the ML method
consists of consecutive deposition of monolayers with structural units of set
chemical composition on a solid surface.'"” The ML technique gives the
possibility to form a wide variety of nanolayers (mono- and multilayer,
multicomponent layers) on the surface of different solids (organic and inorganic
powders, fibres, films etc.) with any geometrical form. Four basic effects
characterise this technology.’ They are (1) monolayer effect (ME), i.e. sharp
changes in matrix properties after obtaining 1—4 mono-layers of new structural
units; (2) effect of matrix overlapping (EME), i.e. the physical coverage of the
solid surface (formed layer screens the surface); (3) effect of mutual co-
ordination of matrix surface structure and formed nanolayer (EMC); (4) effect
of the multicomponent system (MS), for example it can be a synergistic
composition. Applications of the ML method can be defined from these effects
in products such as adsorbents, catalysts, polymeric, metal, composition and
other materials. The ML method can be important in the optimization of layer
composition and thickness (for example when kernel pigments and fillers are
produced), for intensification of chemical solid reactions, in sintering of ceramic
powders, etc.

Keywords: nanotechnology, nanomaterials, molecular layering method, adsorbents,
catalysts, nanoceramic, nanocomposition materials, pigments, nanofillers, polymers,
retardants of combustibility
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1. Introduction

The 21% century has been named the century of nanotechnology and nano-
materials.* The basic directions in the technology of solid materials are
connected with new synthetic methods for obtaining these materials. Chemical
approaches in the development of nanotechnologies will no doubt play a central
role. One chemical approach in the field of obtaining new nanomaterials is the
Molecular Layering (ML) method, the subject of this report.

2. The Molecular Layering Method as a Base of Chemical
Nanotechnology

The Molecular Layering (ML) method and its main principles were formulated
on the basis of solid state chemistry using the “framework hypothesis” proposed
by the academician V.B. Aleskovskii in 1952.'*°

The framework hypothesis state that is any solid substance (irrespective of
whether it is crystal or amorphous, organic or inorganic) consists of a skeleton
(a base), on the surface of which functional groups can exist. Two basic kinds
of transformations of the solid substance are possible: 1) reaction of the more
inert skeleton; 2) reaction of surface functional groups which are much more
reactive. Both types of reactions may occur simultaneously.

The main idea of the ML method consists of consecutive reactions of
monolayers of set chemical composition on a solid surface. In performing the
ML method a few basic principles must be kept in mind.

1. Synthesis is based on chemical reactions between the functional groups on a
solid surface and reagent molecules brought from the outside in conditions
far from equilibrium. Thus reagents and reaction products must not have
chemical interactions.

2. To obtain second and subsequent monolayers, it is necessary to repeat and
alternate (in the given sequence) reactions of the vapor phase reagents with
functional groups of the surface. Thus each formed monolayer of new
functional groups must contain reactive atoms or groups of atoms, capable
of reacting with additional reagent.

3. For reactions in the ML process some structural conformity must exist
between the solid surface and the reactant.

Figure 1 shows the scheme of chemical assembly of a solid surface by the
ML method. On the initial surface are functional groups B. They can react with
AC, forming a monolayer of new groups = AC,. If the = AC, groups react with
the reagent AB4, a second monolayer containing A atoms in the structure of
functional groups = AB, is formed. Another monolayer can be formed with
reagent ACy, then ABy, etc. A nanolayer is formed, its thickness depends not on
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reaction time, but the number of chemical reaction cycles. If at different stages
of synthesis different reagents are used, it is possible to synthesize nanolayers
with alternating monolayers of varying chemical functionality. For example in
reaction of =AC, on the solid surface with NBy4, we obtain a second monolayer
containing different atoms N in NB, groups. Thus multi-component nanolayers
can be formed.

Figure 1. The chemical design of nanostructures on the surface of solids by the molecular
layering method.

It is possible by the ML method to carry out chemical assembly step by step
(monolayer by monolayer), by repeated surface reactions. The first nanolayers
by the ML method were synthesized about 40 years ago in Saint-Petersburg
Technological Institute at the Department of Chemistry of solids. There have
been many publications in western countries detailing the analogs of the ML
method, namely atomic layer epitaxy (ALE), and atomic layer deposition
(ALD), since this techniques inception by Valentine Aleskovski and members
of his science school.

Some advantages of the ML method include:

e strong (chemical) binding of sorbate with the surface of matrix;

e homogenous distribution of hetercomponents over the surface, i.e. high
conformity of covering;

e a possibility to control the surface layer composition down to one
monomolecular layer and to put different atomic layers one-by-one and to
form multicomponent regular structures;

e low power consumption due to the use of chemical reaction heat for the
synthesis;

o simplicity and flexibility of design that allows to synthesize materials for
different purposes without additional investments.
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A few examples of the creation of oxide nanolayers on the surface of silica
gel are shown below.

2(=Si-OH) +SiCl, — (=8i-0-),SiCl, + 2HCl
2(=Si-OH) + TiCl; — (=Si-0-),TiCl, + 2 HCI
3(=Si-OH) +PCl; — (=Si-0-)sP + 3HCI
2(=8i-OH) +CrO,Cl, — (=Si-0-),CrO, + 2HCl

The number of chemical bonds with the surface, and the concentration of
new functional groups (FG) in a monolayer depends on the quantity and
arrangement of OH groups on the initial surface, the chemical nature of
reagents, and the synthesis conditions.

An important moment: in one cycle of reaction only one monolayer of a
new FG is formed. Unlike traditional technologies, time does not affect mass or
layer thickness. It can said that the ML method is a self-organized process.

To obtain the second monolayer it is necessary to take into account surface
properties of the new monolayer. For example in the second stage of ML:

(=Si-0-),SiCl, + 2H,0 —(=Si-0-),Si(OH), +2HCl
(=Si-0-), TiCl, + 2H,0 — (=Si-0-),Ti(OH), + 2HCl

It is thus necessary to tailor the synthesis depending on the composition and
structures of an end-product. Variables include technological modes (temperature,
concentration of reagents, time), set of reagents, and reaction sequence.

In the case of groups =P, CrO, can be used in an oxidation-reduction
reaction:

(=Si-0-);P + Cl, — (=Si-0-);PCl,
Further reactions take place with water vapor:
(=Si-0-);PCl, + 2 H,0 — (=Si-0-);P(OH), + 2HCI
To synthesize a chromium oxide nanolayer it is possible to use the
following chemical reactions:

(2Si-0-),CrO, + 3/2 H, — (=Si-0-),CrOH + H,0

(=Si-0-),CrOH + CrO,Cl, — (=8i-0-),CrOCrO,Cl + HCI
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(=Si-0-),CrOCr0O,Cl + H20 — (=Si-0-),CrOCrO,(OH) + HCI

(2Si-0-),CrOCrO,(OH) + H, — (=8i-0-),CrOCr (OH), + 1/2 H,0

Further processes can be carried out by repeated alternation of the specified
reactions. In Table 1, some characteristics of Cr-containing silica gel after
different cycles of ML are shown. It should be noted that side reactions are also
possible and must be taken into consideration.

Table 1. Chemical compound and structural characteristics of chrome-containing silica gel.

Number of ML cycles | 0 | I | 11 | 111 | v | v | VI

Cr content [Cr], mmol/g 0 0.95 1.73 2.53 3.49 4.21 4.99
d[Cr ] = [Crx]; - [Cr];.;, mmol/g 0 095 078 080 096 072 0.78
Specific surface S, m?/g 246 229 209 193 169 155 136
ds, m%/g 0 17 20 16 24 14 19

dS/d[Cr] 178 256 200 250 194 244
Volume of pores, v, cm3/g 0,96 0.80 0.76 0.64 0.54

The ML method has been successfully applied to the synthesis of
monolayers ranging from Group II to Group VII elements onto oxides of
aluminum, zirconium, magnesium, titanium, and glass. Metal, carbon fiber, and
semiconductor substrates have also been used.

3. Perspectives on Using the ML Method in Chemical Nanotechnology

Nanostructures of various chemical composition can be synthesized on the
surface of solid matrices by ML. Atomic chemical assembly of surface nano-
and macrostructures can be also realized.

This technology is characterized by four basic effects.

e Monolayer effect (ME), i.e. sharp changes in matrix properties after obtaining
1-4 monolayers of new structural units;

o cffect of matrix overlapping (EME), i.e. the physical coverage of the surface
of solid ( the formed layer screens the surface);

e effect of mutual coordination of matrix surface structure and formed
nanolayer (EMC);
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o effect of multicomponent system (MS), for example it can be a synergistic
composition.

The general directions of the application of ML method can be defined from
these effects.

Firstly it can be used for obtaining layers with a thickness of several mono-
layers to introduce and to distribute uniformly very low amounts of admixtures.
This may be important for the surface of sorption and catalytic, polymeric,
metal, composition and other materials. Secondly, the production of relatively
thick layers, on the order of tens of nm. In this case a thickness of nanolayers is
controlled with an accuracy of one monolayer. This can be important in the
optimization of layer composition and thickness (for example when kernel
pigments and fillers are produced). Thirdly the ML method can be used to
influence the matrix surface and nanolayer phase transformation in core-shell
systems. It can be used for example for intensification of chemical solid
reactions, and in sintering of ceramic powders. Fourthly, the ML method can be
used for the formation of multicomponent mono- and nanolayers to create
surface nanostructures with uniformly varied thicknesses (for example optical
applications), or with synergistic properties (for example flame retardants),
or with a combination of various functions (polyfunctional coatings). Nano-
electronics can also utilize multicomponent mono- and nanolayers.

Now some results will be described utilizing the ML method in chemical
nanotechnology.

3.1. SORBENTS AND CATALYSTS

Two applications of ML are heterogencous catalyst and sorbent synthesis. In
these cases it is necessary to distribute in regular intervals very small amounts
of substance on a surface. It is usually enough to have from 1 to 4 monolayers.
In this case each atom in a monolayer can take part in reaction. This is not
obtained using traditional methods of impregnation.

Some substances change color when in contact with components of a gas
phase: water vapor for example. This property has been used to create a
humidity indicator in gas environments using a V-containing silica gel.
Vanadium oxide changes color depending on the extent of hydration, but the
hydration reaction is slow. For this reason V,0Os has not been used as a humidity
indicator of gases. But the sample of V-containing silica has good indicator
properties in contact with water vapor. It has a bright, contrast color, which
changes depending on the concentration of water in gas. It is formed by reaction
of silica with VOCI; and has a name in industry of IVS-1. It is important to
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note, that the sample with two or more V-O monolayers on silica loses its
indicator properties.

It is also possible to monitor in the gas phase such components as ammonia
(concentration range of 30-400 mg/m’, color of sample is yellow), oxide sulfur
(concentration range of 360-1400 mg/m’, color is blue), hydrogen sulfide (con-
centration range of 20-140 mg/m’, color is violet).>’

It is known that phosphorus (+5) oxide actively reacts with water vapor. It is
an effective chemisorbent of water, and it can be used for drying of gases.
Phosphoric acid is formed however, and regeneration is very difficult. It was
created as a sorbent on silica with P-oxide nanolayer. It is an active sorbent of
water vapor and it is 5-6 times better than initial silica (at a humidity of 70%). It
also adsorbs ammonia, and some organic substances. Its name in industry is P-
1-3. The sorbents IVS-1 and P-1-3 are used in industry for clearing and
stabilization of the gas atmosphere in devices.

An important direction of application of ML chemical nanotechnology is
creation of heterogeneous catalysts. There are many publications, one of the
most interesting is in membrane catalysis.

3.2. DECREASE OF COMBUSTIBILITY OF POLYMERS

The ML method can be used to synthesize composite materials for increased
thermal stability and flame retardant applications.”'*"" To decrease polymer
combustibility, a large amount of retardant is frequently not necessary.
Similarly, a thick coating on the surface of materials is often unnecessary,
simply replacting surface groups responsible for combustibility is all that is
required. It is well known that certain form of phosphorous are excellent flame
retardants. The chemistry is illustrated in Figure 2. In the case of modifying by
the ML method on a polymer surface, a dense carbonic layer is formed reducing
the diffusion of oxygen into the polymer, thus ending combustion.
Multicomponent nanostructures can be used to enhance flame retardant
characteristics.'* The introduction of synergistic additives is widely used to
reduce combustibility of polymeric materials and composites. To enhance the
effect of P-containing flame retardants, combinations of elements-synergists
(such as titanium, vanadium, chromium, antimony, nitrogen, etc.) can be used.
It is combustibility of initial epoxy- phenol-formaldehyde porous polymer
(cellular plastic with title PEN-I) and with nanoretardants of combustion. In
materials take place together with the basic P-containing mix also additives of
antimony, nitrogen, chromium and vanadium. The combustibility of polymer is
affected not only by the chemical nature of element - synergist, but also by a
relative positioning of components in structure of retardant of combustion.
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Figure 2. Reduction of combustibility of polymers.

3.3. SINTERING OF CERAMICS AND CHEMICAL SOLID REACTIONS

Nanolayers on a surface of ceramic materials lower the sintering temperature,
and increase the speed of sintering.™'*'*!'* As shown in Figure 3, with less
diffusion required it is possible to speed up the sintering process.

Temperature influences the structure of TiO, synthesized as a nanolayer on
SiO, and AlLOs;. After 12 cycles at temperatures below 350°C on SiO,, only
anatase is formed. Above 600°C predominantly rutile is formed. At inter-
mediate temperatures a mix of the two phases is formed. On aluminium oxide
however, at low temperature the biphase system is formed. At 600°C 100%,
anatase is formed on Al,Os. This illustrates the effect of the mutual influence of
the matrix surface and the nanolayer on phase transformations in core-shell
system.
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Figure 3. Sintering of doped ceramic powders on doping of ceramics powder by using (a) the ML

method; and (b) mixing of components; (1) filler and (2) nanolayer.

4. Conclusion

Fundamental concepts of the molecular layering method have been developed
and applied by the team headed by Professor Valentine Aleskovsky in Russia.
This method, similar to atomic layer epitaxy and atomic layer deposition, has
been used to create monolayers on oxides and polymers as humidity sensors,
flame retardants, and agents to enhance sintering in ceramic materials.
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ANALYSIS OF SURFACE STRUCTURES USING XPS WITH
EXTERNAL STIMULI

GULAY ERTAS, SEFIK SUZER®
Bilkent University, Department of Chemistry and the Laboratory for Advanced
Functional Materials, 06800 Ankara, Turkey

Abstract. X-ray Photoelectron Spectroscopy, XPS, due to the perfect match of its
probe length (1-10 nm) to nanoparticle size, chemical specificity, and suscepti-
bility to electrical charges, is ideally suited for harvesting chemical, physical and
electrical information from nanosized surface structures. In addition, by recording
XPS spectra while applying external d.c. and/or pulsed voltage stimuli, it is also
possible to control the extent of charging and extract various analytical
information. In the simplest form, application of a static (d.c.) voltage stimuli
enhances separation of otherwise overlapping peaks of gold nanoparticles from
that of metallic gold. When the voltage stimuli is applied in the form of
rectangular pulses, dynamic information is obtained from the frequency
dependence of the charging shifts. This enables us to better probe the composition
of nanoparticles produced (i.e. silicide formation, or whether or the extent of
reduction, etc.) when platinum salt is deposited on silicon substrates. Finally, by
recording the data in different time windows, XPS spectra can be recorded in
time-resolved fashion. Time-resolved spectra can be used to detect, locate and
quantify the charges developed in various surface structures like gold(core)/
silica(shell) nanoparticles on a copper substrate.

Keywords: XPS; differential charging; peak separation; time-resolved XPS
1. Introduction

XPS is one of the most widely used surface analysis techniques for extracting
information related to the chemical nature of surface structures on the
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nanometer scale. This 40+ year old technique consists of irradiation of the
sample with x-rays causing photoelectrons to be emitted from the sample
surface, and subsequent determination of their Kinetic energies by an energy
analyzer. The binding energies are obtained using the energy of the x-ray, and
Einstein’s equation (B.E. = hv — K.E.), which leads to determination of
elemental identities and chemical states. Surface sensitivity stems from the
attenuation length of the photoelectrons (1-10 nm) within the solid samples.
Except for hydrogen, all elements can be unambiguously identified.'

The photoelectrons ejected leave positive charges behind, which are
normally replenished via the ground loop of a conducting sample. For non-
conducting or poorly conducting samples this process is slow. Positive charging
develops which decreases the kinetic energy of the photoelectrons, hence
increasing the apparent binding energies.”® For uniform samples this is not a
problem, since charge correction can be accomplished using a suitable
reference. For heterogeneous or layered samples with different conductivities,
this problem is severe and manifests itself as differential charging. Flooding the
sample with low energy electrons or ions has been successfully used for
neutralizing the positive charges developed.”'' Complete elimination of this
problem is only an ideal, and overneutralization leading to negative charging
has also been encountered.

A number of publications have appeared reporting constructive use of this
surface charging (mostly negative) phenomenon for elucidating chemical and/or
structural parameters of various materials. Lau and coworkers have studied the
structural and/or electrical properties of ultrathin dielectric films on semi-
conductors utilizing the surface-charging.'*'® Thomas et al. separated the
surface spectrum (mainly silicon dioxide) from the silicon substrate spectrum
(consisting of contamination and silicon dioxide on silicon), by use of surface
charging.'>'*" Similar applications were also reported by Ermolieff et al.”” and
Bell and Joubert,”' while Miller et al. applied the technique to separate the XPS
signals of the fiber from the exposed matrix at fractured surfaces.”” Elegant use
of surface charging for lateral differentiation of mesoscopic layers, and for
depth profiling in 1-10 nm thin layers, have recently been reported.'****
Surface-charging was invariably controlled/varied via a low energy electron
flood gun, resulting in mostly negatively charged surfaces. We have recently
demonstrated that useful information can also be extracted by analysis of
positively charged surfaces. We do not attempt to neutralize the charging
developed, and achieve enhanced positive charging by application of a negative
voltage bias to the sample while recording the XPS spectrum.*>*®

Application of external bias to the sample goes back 3 decades.” However,
using an external bias for extracting chemical and/or structural information is
scarce. One successful application demonstrated that biasing the sample holder
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with a large negative d.c. voltage (25-100V) could be used to identify chemical
differences in oxide films on an aluminum alloy.?’ Similarly, we have recently
reported that application of a small (1-10V) negative bias leads to enhanced
differential charging by repelling stray electrons or electrons emitted from a
nearby filament. A positive bias reduces charging between the oxide layers and
the underlying metal substrates.”**

2. Experimental

Oxide layers were grown thermally on HF-cleaned Si (100) substrates at 500°C
in air. Citrate-capped gold nanoclusters were prepared according to a well-
established procedure and were directly deposited from their aqueous solutions
onto the Si0,/Si substrates.’**!

A Kratos ES300 electron spectrometer with MgKo x-rays (nonmono-
chromatic) was used for XPS analysis. A typical sample was a ca. Imm-thick
silicon wafer with dimensions of 4 x 12 mm. The sample normally accepts x-rays
at 45°, and emits photoelectrons at 90° with respect to its surface plane. The
sample can also be rotated to decrease the emission angle to enhance surface
sensitivity, while keeping the x-ray-sample-analyzer angle at 45°. Calibration of
the energy scale was carried out using standard silver and gold samples,
referencing to the Cls peak at 285.0 eV. Resolution of the spectrometer was
better than 0.9 eV measured with the Ag3d peaks, and standard curve fitting
routines were used with 0.6 eV spin-orbit parameter for the Si2p peak.

3. X-Ray Photoelectron Spectroscopy under External Stimuli

The power of the XPS technique as an analytical tool is related to both its
chemical and state (i.e. ionic charge) specifity, and its applicability to all
elements except H. The XPS spectrum of a silicon substrate containing ca. 4 nm
oxide layer, grown thermally on top of which an aqueous solution containing
10* M HAuCl, is deposited and dried in air, is shown in Figure 1. Both the
Si2p and Audf peaks are composed of two chemically different species. For
silicon, the peak at lower binding energy (99.5 eV) corresponds to the silicon
substrate underneath, and the peak at 104 eV corresponds to the thermal oxide
layer (Si0O;). The Au4f has a 3.6 eV spin-orbit splitting. The composite peak
can be fit with 2 doublets (Au4f;, — 4fs),) separated by 3.0 eV, corresponding to
jonic (Au’") and reduced (Au’) forms of gold. Quantification, as well as
overlayer thickness, can be obtained from peak intensities.' Measured binding
energies contain components from both the chemical shift, related with
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chemical state of the elements, and charging effects. This can be very misleading
if the two are not separated properly. For example, the true binding energy
difference between the Si*" and the Si° peaks is 3.2 eV, almost 1 eV smaller than
measured, and can vary from —1 to about 5 eV depending on the extent of
neutralization.”>” As will be shown below, this shift can also be influenced by
application of an external bias to the sample rod. The binding energy also
depends on the size/shape of the metallic clusters, offering a new analytical
dimension.”**’

Figure 1. Part of the XPS spectrum
showing the Si2p-Au4f peaks of a
silicon substrate containing ca. 4 nm
thermal oxide layer with one drop of
0.0001 M aqueous solution of HAuCl,
deposited, and dried in air. The silicon
peaks corresponding to the silicon
substrate (Si’) and the silicon oxide
layer (Si*"), as well as two different
chemical state of gold (Au** and Au®)
are clearly resolved.

3.1. STATIC STIMULUS (D.C. BIAS)

In conventional XPS the sample is grounded. In our technique, a voltage bias to
the electrically isolated sample rod is applied. Under negative bias the spectrum
shifts to higher kinetic energy (blue shift), the shift is to lower energy
(red shift) under positive bias. This is shown in Figure 2 for the same

Figure 2. Figure 1 spectra
under +10V, grounded, and -
10V after complete reduction
with x-rays. Application of an
external stress results in
asymmetrical peak shift.
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silicon/silicon oxide sample after complete reduction by x-rays.”® Whereas the
Si” peak shifts exactly 10 eV, the shift in both the Si*" and the Au4f peaks differ
from differential charging developed in the oxide layer. Figure 3 shows spectra
of a silicon sample with a 30 nm thick oxide layer. A gold metal strip is tied to
the sample for referencing. The spectra are shifted with respect to Au4f peaks,
where the value of the Au4f;, peak is set to 84.0 eV.! In this case, the silicon
substrate peak (Si’) is too deep to be observed. The inset in Figure 3 shows the
measured binding energy difference between the Si2p of the oxide, and the
Au4f peaks as a function of the applied bias. Under negative bias all electrons
which cause partial neutralization are repelled to yield a positively charged
oxide layer. This leads to a larger binding energy difference between the Si2p
and Au4f peaks.

Figure 3. XPS spectra of a silicon
sample containing ca. 30 nm thick
oxide. A strip of gold metal is tied for
referencing under different voltage
stress. The inset displays the measured
binding energy difference between the
Si2p of the oxide layer (Si*"), and the
Audf of the gold metal. Zero Charge
Point (ZCP) is obtained at ca. +1V
stress.

Photo el.

Filament

Figure 4. Schematic representation of the charging process. 3 different currents flow from the
sample to the spectrometer due to; (i) photoelectrons generated by x-rays, (ii) stray electrons from
the x-ray tube and/or other elements within the vacuum chamber, and (iii) low energy electrons
from a nearby filament.
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Zero charging point (ZCP) corresponds to a 19.4 eV difference. So the
correct binding energy of Si2p (103.4) is obtained only under ca. +1 V bias.
Larger positive biasing leads to negative charging of the oxide layer as shown
schematically in Figure 4. External bias (d.c.) is a simple technique for
controlling the extent and polarity of ultra-thin oxide layer charging. This can
be used as an analytical tool for peak separation, or extracting information
related to the proximity of atoms in nanometer-scale surface structures.”~’
Representative analytical applications will be given later.

3.2. DYNAMIC (PULSED) STIMULUS

The application of external stimuli in rectangular pulses provides additional
advantages. Figure 5 depicts the Si2p region of an HF-cleaned Si (100) sample
containing 1 nm thick native oxide layer. During one pulse, the sample spends
50% of its time near ground potential, and 50% of its time at +10V. Therefore
all peaks are twinned at all frequencies (0.1 to 1000 Hz), and with exactly the
same energy difference (10 = 0.1 eV).

Figure 5. XPS spectra of the
Si2p region of a clean silicon
surface (Si%) recorded by: (b)
grounding the sample, (a)
applying 0 to —10V pulses at
0.1 Hz, (c) applying 0 to +10
V pulses at 0.1 Hz. The Si’
peak is twinned, because
when pulsed the sample
experiences the ground and
the applied potential 50% at a
time. Sat. refers to peaks of
the Ko; 4 x-ray satellites.

The situation is very different when the oxide layer is larger than 2 nm and
the measured energy differences vary with the pulse frequency due to
differential charging. To calibrate the measured energy differences a gold metal
strip in electrical contact with the sample is used. In Figure 6 we show the Si2p-
Aud4f region of a sample containing a 30 nm thermal oxide layer. The measured
binding energy difference between the Si2p of the oxide layer (Si*"), and the
Audf, are different in all the three cases [i.e. (b) grounded, under (a) negative
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and (c) positive pulses respectively]. In the negative cycle the slow stray
electrons, or electrons from the filament are repelled. The oxide layer is left
positively charged to cause the measured binding energy difference to increase.
In the positive cycle, the low energy electrons are withdrawn onto the sample to
neutralize the oxide layer and decrease the measured binding energy difference.
In this particular experiment the oxide layer is overneutralized and negatively
charged since the measured AB.E. is 18.84 eV, which is smaller than the actual
value of 19.4 eV (103.4 eV for Si2p of the oxide minus 84.0 for Audf).

Figure 6. XPS spectra of
the Si2p-Au4f region of
silicon sample containing
ca. 30 nm thermal oxide
layer, without and with
0.1 Hz pulses as in
Figure 5. Both the Au4f
doublet and the Si2p
(Si*") peaks are twinned
when pulsed. However,
the measured binding
energy difference varies
with the polarity of the
pulses.

The measured binding energy difference changes with the pulse frequency.
The difference is small at high frequencies, due to the rapid changes of the
applied voltage between ground and +10V. The oxide layer cannot respond
quickly enough and an average potential throughout the cycle is measured. At
low frequencies the measured binding energy difference, between the Si2p and
the Audf levels under positive pulses, becomes smaller when compared to
ground, since more time is allocated for the silicon oxide layer to neutralize its
positive charge.

3.3. TIME RESOLVED MEASUREMENTS

It is possible to record data in different time windows after the application of a
pulse to obtain time-resolved spectra. The pulses are applied to the sample rod
externally using a digital-to-analog converter (DAC), and the photoelectrons are
amplified and counted for a given period. The kinetic energy axis of the
spectrometer is also controlled by the DAC. Each measurement starts by setting
the kinetic energy to the first point with application of +10V to the sample rod.
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We then apply 4 repetitive steps: (1) wait for 2.5 s for equilibration; (2) apply —
10V; (3) recording data in 5 ms intervals for 1 s in separate columns for 200
data points. Return to +10V; (4) increment the energy to restart the cycle. One
spectrum scan is completed after repeating these cycles for the entire XPS
region. Since only 10-50 counts are collected signal averaging is necessary.
Typically 50-250 scans are recorded, requiring 3-15 hours. This procedure
results in a collection of 200 spectra recorded with 5 ms time resolution. In
principle the time resolution is limited only by the rise-time of the applied
pulses; however the 5 ms resolution limit was dictated by a combination of the
counting statistics and software used.

In addition to the conventional chemical information derived from XPS
analysis, time dependent measurements can now be used to extract important
parameters related to dielectric properties of surface structures as will be
demonstrated below.

4. Applications

Three variations of our technique for solving one different analytical problem
will be shown.

4.1. STATIC STIMULUS (D.C. BIAS) - RESOLUTION ENHANCEMENT

Differentiation on the basis of chemical shifts of gold in the Av’’, Au'", and
Au’ is routine in XPS, since the binding energies are significantly different
from each other.”** Cluster size also influences the binding energy of the
atom, the origin of this shift is still actively debated.****** The binding energy
of small nanoclusters of gold, prepared by physical vapor deposition, can be as
much as 1.8 eV higher (85.8 eV) than metallic gold.** Furthermore, reports
indicate that some measurable binding energy differences exist with respect to
the matrix where the gold clusters reside.*”** Experimentally it is straight-
forward to measure and quantify the contribution of each parameter separately.
Severe difficulties arise when two or more parameters coexist, and their
contributions complicate the spectrum due mostly to insufficient instrumental
resolution. In some cases deconvolution techniques help, but other experimental
tools/tricks are welcomed.

The d.c. bias controls the extent of differential charging, leading to total
spectral separation of gold XPS peaks existing as metallic gold and gold
nanoclusters on the same surface.

Gold nanoparticles capped with tetraoctylammonium bromide (TOAB) in
toluene were prepared using well-established routes.” The resulting solution
displays a red-wine color, and has a strong absorption peak around 530 nm.***
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When the gold nanoparticles aggregate the solution becomes black and the
absorption band shifts to longer wavelengths. A drop of solution containing the
gold nanoclusters was deposited onto silicon substrates with various thermal
oxide thicknesses (2-40 nm). The sample is tied onto the XPS sample holder
together with a gold metal strip. Figure 7 depicts the Si2p-Au4f region recorded
with and without external bias. An approximately 30 nm SiO,/Si substrate is
chosen so that only the Si2p of the oxide is accessible by XPS.

Figure 7. XPS spectra of the
Si2p-Audf region of silicon
sample containing ca. 30 nm
thermal oxide layer and two
different forms of gold; (i)
gold nanoclusters, and (ii) gold
metal strip. In the spectrum
recorded normally (i.e. sample
rod grounded) the gold peaks
overlap. However, under +10V
the silicon 2p of the oxide and
the Au4f of the nanoclusters
shift due to charging, and the
Audf peaks become separated.

Our method is based on the ability to measure the local potential developed
as a result of the different response of the gold metal and the 30 nm SiO,
dielectric layer to the external bias applied. As shown in Figure 7a, two peaks
of the Au4f spin-orbit doublet from nanoclusters and the bulk gold overlap
when the normal practice is employed. When the sample is biased at +10V
(Figure 7b) the Si2p of the oxide shifts to lower binding energy, and the gold
peaks separate into two doublets. One of the doublets does not shift but the
other shifts almost as much as the Si2p peak. In this case the oxide is
overneutralized by electrons from the filament, and has an overall negative
potential which is also reflected in the Au4f of the nanoclusters.

By imposing a simple external voltage stress to the sample rod we have
been able to control and measure the potential(s) developed as a result of
charging in and on different layers/domains. This simple procedure is a
powerful tool for enhancing peak separation.

4.2. DYNAMIC (PULSED) STIMULUS

XPS analysis of a heterogeneous silicon sample with ca. 6 nm oxide layer,
containing Pt particles deposited from an aqueous PtCl, solution and reduced by
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x-rays, is used to illustrate the pulsed technique. This involves x-ray induced
production of Au nanoparticles on a SiO,/Si system and in polymer matrices.*
Pt behaves differently than gold on the SiO,/Si system and questions arise such
as whether or not complete reduction is accomplished, or silicide formation has
taken place, etc.

Figure 8 displays a series of XPS spectra of the Si2p-Pt4f region. The Si2p
region consists of two peaks corresponding to the top oxide layer (Si*") and the
silicon substrate (Si’). The Pt4f region consists of one slightly broadened spin-
orbit doublet, assigned to the formal oxidation state of Pt” at 71.2 eV." All the
peaks shift after application of a d.c. voltage stress, but the shifts are different
for the Si**, Si’, and the Pt” peaks due to variation of the differential charging.

Figure 8. XPS spectra of
the Si2p-Pt4f region of
silicon sample containing
ca. 6 nm thermal oxide
layer, and also containing
Pt particles deposited from
an aqueous solution, and
reduced by x-rays; without
and under +10 and —-10V
external voltage stress. The
figure also contains spectra
recorded with: 0 to +10V
pulses at 50, and 0.5 Hz, 0
to =10V pulses again at 50
and 0.5 Hz.

When the voltage stress is pulsed we observe both polarity and frequency
dependent changes. For positive pulses all peaks are twinned with almost the
same 9.9 eV energy difference, and almost no measurable frequency
dependence. For negative pulses the measured energy difference between the
twinned peaks varies and, more importantly, on the frequency of the voltage
applied. As the voltage frequency decreases, the measured energy difference
between the twinned peaks increase towards the asymptotic value 0f 9.9 eV. At
low frequencies the measured binding energy difference between the twinned
peaks increases since more time is allocated for equilibration.

The more important observation is that the measured difference between the
twinned peaks of the Si*’, the Si’, and the Pt’ display different functional
behavior with respect to frequency. The silicon oxide layer shifts the most, the
silicon substrate in the middle, and the platinum species least. Measured
binding energies can change several eV, depending on parameters like particle
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size, matrix effects, and differential charging, etc."*>*****° Tabulated binding
energies for the Pt4f peak of the two silicides PtSi and Pt,Si are 73.0 and 72.5
eV, and are not very different from our observed value of 71.2 ¢V. However, on
the basis of the frequency behavior of the peaks, silicide formation we can be
ruled out, since otherwise both the Si’ and the Pt’ would shift together. Hence,
we assign the observed Pt4f peak to separate metallic (probably nanometer size)
particles on the oxide layer. Platinum’s behavior is different from gold, which
displays a very tight shift with the oxide layer rather than with silicon. In the
case of platinum the x-ray induced reduction is incomplete (unlike gold), and
the particles contain some unreduced platinum species. The concentration of
unreduced platinum is not high enough to be detected as a separate peak in the
spectrum, but they are effective for charging the particles.

4.3. TIME-RESOLVED XPS

In Figure 9, 200 time resolved XPS spectra are shown. The nanoparticles have
ca. 15 nm gold core and ca. 6 nm silica shell as determined by TEM.*® Both the
Au4df and Si2p peaks shift to higher binding energies for the core-shell
nanoparticles when recorded under —10V bias. Furthermore, their shifts are
highly correlated in time. Note also that the Cu2p peak does not shift at all. This
shift is solely related with charge accumulation in the silica shell, the extent of
which can be controlled by the magnitude and the polarity of the voltage stress,
and the gold core experiences the same potential, and shifts as the shell.

Figure 9. 200 time-resolved
XPS spectra recorded with
10 ms resolution of the
Si2p-Audf-Cu3p region of
gold(core) /silica (shell)
nanoparticles deposited on
a copper tape.

We also examined Ag coated silica nanoparticles under exactly the same
conditions. In this case, the Si2p shifts in a similar fashion, but the Ag3d peaks



56 GULAY ERTAS, SEFIK SUZER

exhibit no shift at all, since the silver atoms are now in the shell, and in contact
with the copper substrate. Hence, it is possible to derive additional structural
information from its charging behavior alone. Charging behavior of each peak
enables us to detect and locate the charges chemically. Furthermore, from the
measured shifts it is also possible to quantify the amount of charges stored on
the nanoparticles.”’
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MODIFICATION AND COATING OF POLYMER SURFACES
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Department of Chemistry, Bar-llan University, Ramat Gan, ISRAEL 52900

Abstract. Liquid phase deposition methods are a useful way to create mineral
oxide films from aqueous solution under near-ambient conditions. These
approaches have been applied to the creation of ceramic coatings on polymers
and on polymer-matrix composites. Control has been achieved over the
adherence and crystallinity of the solution-deposited thin films based on
controlling the composition of both the deposition solution and the substrate
surface. The challenge of depositing such films from water, while minimizing
film cracking has also been addressed. Crack-free ceramic films of up to 200
nm thickness have been achieved on a variety of polymer substrates.

Keywords: ceramic thin films, titania, polyimides, polymer matrix composites

1. Introduction

High-performance polymers and polymer-matrix composites (PMCs) are
finding increasing use in demanding applications.'! For example, PMR
(Polymerization of Monomer Reactants) polyimides combine thermo-oxidative
stability, processibility, good mechanical properties, and a high strength-
to-weight ratio.” Unfortunately, they are limited to applications that avoid
prolonged exposure to oxidizing atmospheres at >300°C because surface
oxidation leads to weight loss and degradation of mechanical properties.

A promising approach to improving PMC performance is the use of
inorganic barrier coatings to block the interaction of oxygen and oxy-radicals
with the polymer surface. The effectiveness and durability of the coatings will
depend on the thermal stability, compactness, and uniformity of the coating
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material and on the interaction between the coating and the PMC. Hard-coated
PMCs should also show improved abrasion resistance.’

Unlike vapor-phase processes, liquid deposition methods are not line-of-sight
limited and can be applied to complex substrates. Wet processing methods also
have lower equipment costs but often require annealing temperatures that do not
allow their application to temperature sensitive substrates.

Biomineralization," where inorganic materials are formed under near ambient
conditions, has inspired new approaches to coating polymers. Biominerals often
show superior properties due to an elaborate microstructure of crystalline
domains in an organic matrix.’ In biomineralization the interaction of super-
saturated solutions and surface chemistry is often crucial.

Liquid phase deposition (LPD) has been widely used to make silica films®
and is being increasingly used for oxides such as titania.”® It uses aqueous
metal-fluoride solutions where hydrolysis is modulated by added H;BO; or
aluminum metal. Fluoride ligands provide for a slower and more controllable
hydrolysis, while H3BOs or aluminum are F  scavengers. Small differences in
pH, temperature, or solution composition can have large effects on solution
supersaturation and on the morphology and growth rate of the resulting film.’
LPD from water under mild conditions of temperature (< 55°C) and pH (2.88-
3.88) can produce a variety of stable, adherent, titania films.

The role of the substrate in aqueous depositions of oxide films can also be
critical.'’ In the case of an inorganic surface, the chemical nature of the
substrate surface can be controlled by the use of organic self-assembled
monolayers (SAMs). A SAM is a close-packed, highly ordered array of long-
chain hydrocarbon molecules anchored to a solid substrate by strong covalent or
ionic bonds. The functional groups on the SAM terminus remote from the
anchoring functionality are responsible for the surface properties. Using SAM-
coated substrates, compact, uniform, adherent thin films of TiO,,*!° Sn0,,"
Z10,, and CaCOj; thin films have been deposited.lz’13

We have studied LPD titania films deposited on silicon wafers with and
without SAMs and on variously sulfonated surfaces.'” Room temperature
deposition7 from 0.3 M H3BO; and 0.1 M (NHy),TiF¢ with an initial pH of 3.88
(Method 1) gave amorphous films that adhered well to silicon wafers but not to
sulfonated surfaces. Alternatively, deposition® at 50°C from 0.15 M H;BO; and
0.05 M (NHy),TiF¢, at an initial pH of 2.88 (Method 2) produced oriented
anatase films at a faster growth rate but with poor adherence to silicon
substrates and excellent adherence to sulfonated surfaces.

LPD deposition of ceramic thin films is a potentially general approach to
improving the abrasion resistance and thermo-oxidative stability of polymers.
Dutschke et al.'*" have deposited titania on variously treated polystyrene (PS).
Continuous, adherent anatase films form on PS either after hydroxylation in
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aqueous sodium peroxodisulfate or after surface grafting with 2-acrylamido-
2-methylpropane-1-sulfonic acid (AMPS). Non-adherent but continuous films
deposit on untreated PS under identical conditions. Continuous films are not
observed on polystyrene etched by sulfuric acid or SO; gas. On polyamide
microcapsules, LPD yielded continuous anatase coatings which after heat
treatment at 600°C were 200 nm thick.'®

We report herein LPD titania films deposited on three kinds of polyimides:
two high-temperature polyimide resins (PMR-15 and Kapton®) and a
bismaleimide glass fiber composite (BMI). We have examined different
solution conditions and different surface priming strategies. We have also
learned to minimize film cracking by carefully controlling the drying process.

2. Experimental

Deposition of titania on sulfonic and benzoic acid SAMs on silicon wafers and
on PMR-15 and on BMI have been described.'”'® PMR-15 resin coupons were
prepared by published procedures.”” Glass BMI prepreg coupons F-650/120
(from Israel Aircraft Industries) were rinsed with acetone and ethanol and dried
with filtered N,. Kapton® (500HN or VN; 125 mm thick, DuPontTM) was rinsed
with water and ethanol and dried with filtered N.

Surface Activation of PMR-15 by sulfonation has been described.'” BMI
surfaces were made hydrophilic by surface oxidation with UVOCS and/or
depositing a sol gel layer of SiO,."* Kapton® surfaces were activated with a
UVOCS cleaner or by air-plasma. Their water contact angle fell from 64° to 0°.

LPD titania deposition using TiF4 (Method 1)” used 0.3 M H;BO; and 0.1 M
(NH,4),TiFs at RT for 4 to 48 h, after which they were washed with water and
dried. LPD of TiF, with added HCI® (Method 2) used 0.15M H3;BO; and
0.05 M (NH,4),TiFs. HC1 was used to adjust the pH to 2.88 and the substrates
were kept in the solution at 50°C for 2-22 h; washed with water; and dried.
Ambient drying produced cracked films. Film quality was improved by drying
at 70 C while reducing the humidity in steps from 70/80% to 60% to 40% to
20% or in a steady ramp from 70% to 20%> over 90 h. It was also improved
by rinsing samples in methanol before the variable humidity drying.

3. Results

3.1. SURFACE ACTIVATION OF THE POLYMERS

Previous work using SAM templates'>”’ suggested that sulfonated surfaces

provide effective templates for the growth of a surface oxide film. For
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polyimide substrates such as PMR-15, the goal was to achieve maximum surface
sulfonation with minimum surface damage. We investigated three approaches: 1)
dipping the polymer into oleum; 2) exposing the polymer to SO; gas; and 3)
dipping the polymer into a mixture of H,SO, and CISO;H followed by hydrolysis
of the sulfonyl chloride groups. EDAX showed that relative sulfonation provided
by these methods was approximately 600:3:1. While immersion in oleum
provides the most extensive sulfonation, it is also the most destructive. A two-
minute exposure of the PMR-15 to SO; vapors also gave effective sulfonation,
but with substantial surface degradation - as reported for polystyrene."
Substantial sulfonation without significant surface damage was obtained by
dipping the PMR-15 into a mixture of CISO;H and H,SO, (30:70) for 0.5 min
and then soaking the sample in water for 48 hours.

Surface activation of BMI coupons was done by rinsing in organic solvents
followed by UVOCS activation for 20 minutes. This was essential for good
TiO; film adhesion.

Cleaning and activation of Kapton® was done by rinsing in ethanol and
then exposing it to either UVOCS or to air-plasma. XPS analysis showed that
these treatments led to the introduction of oxygen into the Kapton® surface,
consistent with the decrease in the advancing water contact angle from 64° to
0°. FTIR showed only small changes and SEM indicated no significant surface
damage. These pre-treatments were essential for good TiO, film adhesion.

3.2. TITANIA DEPOSITION AND CHARACTERIZATION

Given their modest acidity and low temperature, LPD methods are ideally
suited to polymer substrates. We applied Method 1 (pH =3.8; room
temperature) to unactivated PMR-15. RBS analysis showed that the deposited
titania was 90 nm thick after 24 h and a 450 nm film was deposited in 48 h.
Variability in the onset time for film formation may account for the seemingly
slower initial growth. Method 1 titania growth on clean silicon wafers for these
same time intervals gave 250 and 450 nm respectively. All samples were
amorphous, as had been reported for this method on variously treated silicon
wafers.'”” An adherent, amorphous, titania film (420 nm thick in 48 h) also
formed on a PMR-15 surface that had been sulfonated by exposure to SO; gas.

Method 2 (pH 2.8, 50°C) was used to deposit (22 h) TiO, (750 nm thick) on
CISO;H activated PMR-15 (Figure 1). The rings in the electron diffraction
pattern (inset in Figure 1a) confirmed that the film was polycrystalline anatase
with some degree of texture. The high-resolution image (Figure 1b) showed
crystals that were generally smaller than 10 nm in diameter (consistent with
other studies using Method 2)'* but some larger crystals are visible.
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XRD analysis'’ of the sample from Figure 1 showed enhanced intensity of
the (004) peak compared to the (101) and (200) peaks, suggesting significant
c-axis texturing perpendicular to the substrate. A similar degree of texturing has
been observed for such films on various substrates.'>'*?' Calculations, based on
the Scherrer formula'’ yielded grain sizes of 10-14 nm (similar to the electron
diffraction result) regardless of the growth period (4-22 h).

Using the thickness of 750 nm obtained from TEM, we calibrated measure-
ments of thickness done by Rutherford Back-Scattering (RBS)."” These cali-
brated values appear in Table 1. Such calibration has been reported in SnO,
films, which yielded TEM thickness values that were 55-75% of those from
uncalibrated RBS measurements.''

Figure 1. TEM of Method 2 LPD TiO, on chlorosulfonic acid-treated PMR-15; (a) cross-
sectional view of the substrate and the titania layer; and (b) HRTEM of the titania shown in (a).

Though Method 2 had been reported'” to give adherent titania films only on
sulfonated surfaces, we compared PMR-15 with and without CISO;H activation
in a 22-h deposition. In both cases, adherent anatase films with significant (004)
orientation formed, 660-690 nm on the sulfonated surface and 520-630 nm
thick on the untreated substrate (Table 1). In a similar study on PS," films
formed with or without grafted sulfonic acid groups on the surface, but were
only adherent on the sulfonated surface.



64 OLGA GERSHEVITZ ET AL.

Table 1. Film thickness (calibrated RBS) for LPD Method 2 on PMR-15. Values for “thickness £+
roughness” indicate a minimum film thickness and a point-to-point thickness variation.

Surface Type 4-h Deposition 22-h Deposition
Thickness + roughness (nm)/ Thickness + roughness
Composition (nm)/Composition

Native PMR-15  sample 1 2304300/ Ti, O (2.0), F (0.4) 520 +200/Ti, O (2.5)

sample 2 630+ 300/ Ti, O (3.0)
CISO;H treated ~ sample I ~ 230+400/Ti, O (2.0), F (0.4) 660 + 300/ Ti, O (2.9)
sample 2 690 + 300/ Ti, O (3.0)

The films deposited in 4 h on untreated and on CISO;H-activated PMR-15
were both 230 nm thick (Table 1), consisting of densely packed particles
~50-100 nm in diameter that are likely agglomerates of 10 nm crystals (based
on the XRD data). A few agglomerates of ~500 nm could also be seen. Open
cracks ~50 nm wide were evident in both films, as compared to 270 nm thick
Method 2 films on silicon that showed only closed cracks.'

LPD films of TiO, on BMI and on Kapton® were stable to sonication in
water and could not be removed by a standard tape test. Figure 2 shows cross-
sectional SEM of samples of BMI and Kapton® with surface oxide films
ranging in thicknesses from 200-700 nm. The thickness of the titania layer is
independent of the activation of the surface or the kind of polymer. The thicker
films (Figure 2b and 2d) are comparable (+ 20%) to those reported on
sulfonate-monolayers (400 nm).'> Thinner films (Figure 2a and 2c) were
somewhat thicker than those reported on a clean silicon wafer (200-300 nm vs.
80 nm), likely due to variability in the time needed for the onset of film
deposition.

3.3. CONTROLLED HUMIDITY DRYING AND/OR SOLVENT EXCHANGE

A good ceramic barrier layer on the surface of a polymer must be dense and
crack-free. Films that are prepared by wet chemical methods (like LPD) suffer
from cracking problems during drying, particularly as film thicknesses increase.
An effective drying strategy is to slowly reduce the humidity around the coated
samples. Using an oven with controlled temperature and programmed changes
in relative humidity dramatically reduces film cracking.

Samples of BMI dried using variable humidity were analyzed by SEM and
the degree of film cracking was calculated using image analysis software (Table
2). Controlled humidity drying at 60 or 70°C provided nearly crack free
amorphous TiO, films (Method 1). Crystalline films (Method 2) needed to be
dried at 70°C. Controlled humidity drying of the amorphous films at elevated
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temperature reduced the number of cracks. For the crystalline films, controlled
humidity drying at progressively higher temperatures reduced the width of the
cracks, but not necessarily their numbers. The results are summarized in Table
2 and SEM micrographs of representative samples are shown in Figure 3.

Figure 2. Cross-sectional SEM images of BMI and Kapton® coated with TiO, a) BMI, Method 1,
7 h coating time (~200 nm); b) BMI, Method 2, 7 h coating time (~400 nm); ¢) Kapton®, Method
1, 7 h coating time (310 nm); d) Kapton®, Method 2, 7 h coating time (416 nm).

We have also found that residual cracks in TiO, on Kapton® could be
further reduced by rinsing the samples in methanol before the controlled
humidity drying. Figure 4 shows examples of this improvement both for
Method 1 and Method 2 TiO, on air plasma activated Kapton. With films up to
200 nm thick cracks can be prevented; thicker films still show nm-scale cracks.

Table 2. Crack Percentage of TiO, film on BMI.

Drying method: Temp, RH variation (time) Method 2 TiO, Method 1 TiO,
3 hr 20 hr 22 hr 44 hr

Ramp 40°C; from 80% to 20% (90 h) 4% 4.5% 1.4% -
program  70°C; from 70% to 20% (50 h) 1% 1.4% 0% 0.6%
Step 40°C; from 80% to 20% (90 h) 1.4% 7.1% 4.2% -
program  70°C; from 70% to 20% (90 h) 0.6% 1.8% 0.2% -

70°C; from 70% to 20% (50 h) 1.3% 2.8% 0.2% -
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Figure 3. SEM of Method 1 titania (22 h deposition) on BMI, dried by 90 h humidity step
program: a) 40°C (4.2% cracks), b) 70°C (0.2% cracks).

Figure 4. SEM of titania on air plasma activated Kapton®, CH;0H washed, controlled humidity
drying, (a) and (b) Method 1, 7 h and 24 h coatings; (c) and (d) Method 2, 3 h and 7 h coatings.

3.4. DISCUSSION AND CONCLUSIONS

Attaching thin adherent titania films to polyimide polymers demonstrates the
promise of such coatings as barrier layers. Potential applications must examine
the effect of the deposition process on the mechanical and thermal properties of
the polymer and the requisite thickness of the ceramic layer. Nevertheless, the
low-cost and convenience of LPD coatings, their mild conditions and their lack
of line-of-site limitations, recommend their use.
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Adherent, conformal LPD ceramic film either crystalline (Method 2) or
amorphous (Method 1) can be obtained on polyimides. This is in contrast to
silanol-bearing surfaces (good for Method 1 only) or sulfonated surfaces (good
for Method 2 only). The fact that the polyimides accommodate both titania
preparations may be due to the partial hydrolysis of the polymer surface under
oxide deposition conditions. This provides a mix of carboxylic acid and amide
sites that anchor the titania by a combination of coulombic and chelation-based
effects.”> An important lesson of this work is that the interaction of the polymer
surface with the deposition solution may create oxide film anchoring sites. This
does not negate activating the polymer surface. It recognizes that the polymer
surface can react further under the deposition conditions.

It is clear that water-based film formation requires controlled drying
protocols. While the thicker films needed for applications like scratch resistance
present important challenges, scaling of such a process for large-area applications
should be possible and its relative simplicity recommends its consideration. The
benefits of drying at higher temperatures while carefully varying the relative
humidity is likely to help other water based systems, though assessing the
influence of prolonged exposure to hot humid conditions may also be an
important variable in subsequent polymer/composite performance.

Finally, we note the value of rinsing the water-deposited film with methanol.
As methanol is more volatile and has a lower surface tension, film cracking due
to the capillary stresses exerted by the meniscus of the drying solvent on the walls
of nanosized pores is reduced. Similar results have been reported by Goh.** Films
thicker than a few hundred nm exhibit cracks due to stresses that result during
drying of the film, even after methanol treatment. Eliminating these cracks will
require other modifications of the drying process.
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IS IT POSSIBLE TO GENERALIZE THE PROBLEMS OF POROUS
MATERIALS FORMATION, STUDY AND EXPLOITATION?
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Novosibirsk, 630090, Russian Federation, e-mail: 2max@bk.ru

Abstract. The transition from a variety of “scientific bases of preparation” of
porous materials (adsorbents, catalysts, etc.) to a uniform fundamental
knowledge is discussed. This transition is based on allocation of two different
but general levels of porous materials science: molecular (atomic) and
supramolecular (textural). Fundamental relationships and laws are discussed in
the application of porous materials for catalysis and adsorbents with respect to
texture and structure.

Keywords: texturology, porous materials, catalysts, adsorbents

1. Introduction

Porous materials (PM) are applied in different situations of human life and
environmental protection as adsorbents, heterogeneous catalysts, etc. However,
one still can hardly formulate a definite answer to a question that appears to be
very simple at first glance: is the state-of-the-art preparation of PM a science or
art? From one side, there are well-known fundamentals for many catalytic
reactions, some mechanisms of PM formation at some stages of their synthesis.
But the complexity results in gaps between the “scientific basis of preparation”
of different kinds of PMs, and each “basis” is considered as a separate field.

For example separate conferences on zeolites, self-assembling mesophases,
carbons, sol-gel technology, supported biocatalysts, etc. are held. One can write
a list of ~20 different “scientific basis of preparation”.! The tendency is to
enlarge this list, resulting in a distancing between different fields. As a result, a
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zeolite specialist does not talk to the silica gel specialist, neither one of which
talks to the carbon adsorbent specialist.

However, if there are so many “scientific bases”, are they fundamental? Do
the ideas of the majority of technological patents and know-how appear as a
result of an “Edisonian” approach of trial and error and past “art”, or as a result
of scientific prediction? We believe the former predominates. Thus one can
consider the modern level of PMs preparation resulting from art, where
inspiration and luck are more important than fundamental knowledge.

The widespread point of view with respect to PMs preparation is illustrated
in the following quote (cited from Ref. 3): “All catalysts that one can imagine
must be grouped by their general characteristics mainly chemical, which
determine the properties of particular stages of synthesis, genesis and formation
of catalysts in framework of a chosen method of their preparation.”

We contend that this philosophy overlooks issues of fundamental importance.
Not only is molecular structure important, but supramolecular structure or
textural properties are also important.

In catalysis, molecular structure determines the catalytic activity in the
kinetic regime, and supramolecular structure controls the degree of usage of this
catalytic activity in applied catalysis, as well as heat and mass transfer, mechani-
cal and other properties. In other words, the absence of proper molecular
structure causes the absence of catalysis, but one is restricted in preparation of a
catalyst by the necessity to improve the supramolecular structure.”

Molecular and supramolecular structures are influenced by different laws.
The latter is based on effects usually not considered in traditional molecular
chemistry. Rather, supramolecular chemistry is dictated by the laws of physics
of dispersed matter, physical chemistry of surface phenomena, differential
geometry, topology, and other “geometric” parameters. This multi-disciplinary
field can be designated as the physical chemistry of supramolecular structures®
or, for brevity, texturology.* Heterogeneous catalyst synthesis is usually a multi-
step process; some steps guided by molecular chemistry, others by texturology.
When the laws of both fields apply, it is necessary to analyze both factors
independently. In this way the proper set of preparation parameters for a proper
catalyst can be determined. Let us consider some examples to demonstrate the
typical mechanisms of PMs formation.

2. Capillary-Condensation Phenomena

2.1. BASIC PRINCIPLES

Classical laws of capillarity are important down to the 2-4 nm range.’ The
Laplace-Young law is fundamental. This law states that the interface of any
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condensed equilibrium mobile phase (e.g., liquid) should have one value of the
mean curvature g. This results from a gradient of intrinsic pressure (or in
general, chemical potential): AP = go =207/r,which causes mass transfer. The
direction of mass transfer is determined by the necessity to equalize the overall
surface curvature. The rate of mass transfer depends on viscosity, solubility, or
other properties that characterize the phase mobility.

The simplest situation (Figure 1a) shows AP in a simple capillary vertically

Figure 1. Scheme of liquid evaporation: a) a
simple cylinder capillary connected to an
infinite reservoir; b) 2D capillary of variable
cross-section; ¢) a group of interconnected
capillaries.

put into a liquid. In this situation AP is compensated by gravity. If the lower
reservoir is infinite, or closed and kept under constant pressure evaporation
occurs from the meniscus in the capillary. As a result we have a constant mass
transfer of liquid to the evaporation zone. If the liquid contains dissolved non-
volatile salt, under certain conditions salt will deposit in a region of
evaporation, resulting in the redistribution of salt in the system.

The situation shown in Figure 1b is a coordinated evaporation from wide
entrances A and B. Under continuous evaporation both menisci move inside the
capillary having the same curvature. When one of the meniscus passes the
narrowest section (r, > rg), the capillary equilibrium infringes, and mass
transfer from A to B occurs spontancously until the meniscus radii equalize.
Such spontaneous mass transfer, known as jumps of Haines, occur when
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menisci pass through the narrowest parts of capillaries. Redistribution of
deposited salt occurs.

The situation shown in Figure 1¢ shows mass transfer from wide to narrow
ones cages, which can be found at the evaporation interface. This effect
explains the redistribution of the deposited component. The less adhesion the
salt has to the surface of a non-uniform capillary, the higher the heterogeneity
of its distribution in a capillary. To intensify or decrease mass transfer, and thus
to control the dispersion and distribution of deposited compound, one can
reasonably manipulate experimental conditions such as viscosity, surface
tension, rate of evaporation, and addition of compounds that compete with the
main adsorber during adsorption on the surface, etc.’

2.2. SOL-GEL FORMATION OF NON-CRYSTALLIZING PMS

Control of surface area and porosity of PMs prepared by condensation methods
is based on conditions such as condensation, aging, drying, and calcination. Let
us consider the formation of the texture of amorphous PMs using silica gels.
The surface area for silica gels depends on the size of primary particles, which
form in a synthetic mixture during nucleation (gelation). The size of silica gel
particles increase at successive stages, thus the surface area continually
decreases.

Over-saturation is necessary to breakthrough the thermodynamic barrier of
nucleation. According to the Ostwald-Freundlich equation, the concentration
in a confined space C/Cy = exp(2 o' V,,/RTr). Figure 2 shows the dependence of

Cmax

Cmin

Cy

Concentration, C

I II I

time, T

Figure 2. Typical dependence of concentration of a compound to be precipitated in a solution.’

concentration of a deposited compound in a solution. One can observe three
typical stages: stage I is accompanied with increased C until C,; when
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nucleation begins; stage Il corresponds to extreme behavior of C passing
through C,... where the nucleation rate is maximum and returning to C,,;, again
when nucleation stops; stage I1I, when concentration returns to Cy. Thus, active
nucleation occurs only during stage I, stage II corresponds to an induction
period. There is no nucleation during stage III, but the decrease in
concentration is explained by two competing mechanisms: growth of particles,
and Ostwald ripening. Poly-dispersion of the nucleated particles increases with
the duration of the nucleation stage, A7 due to increase in the variation of nuclei
“life-time”. Nuclei that appear at the beginning of stage Il grow during a longer
period than that appeared at the end of the stage. To obtain mono-disperse
particles, one should increase the nucleation rate that by a decrease of A7 and
an increase of over-saturation.’

The decrease in surface area proceeds during stage III, which is also called
the “aging period”. The processes that occur during this stage are guided by the
Ostwald ripening mechanism (Figure 3a).

Figure 3. Scheme for explanation of mechanisms of a) Ostwald ripening, b) coalescence,
¢) overgrowing in a system of interconnected particles.

The Ostwald-Freundlich equation describes the dependence of particle
solubility on their size. Redistribution of the solid phase follows the general
trend of dissolving smaller particles and growing larger particles. However,
Ostwald ripening is not the only possibility. A coalescence mechanism is
important when neighboring particles come in contact. At the beginning of
contact zones with negative curvature appear (Figure 3b). According to the
Ostwald-Freundlich equation, over-saturation appears in negative curvature
zones that result in overgrowing of the zones. This is the origin of irreversible
coagulation of sol, accompanied with formation of hard interconnected
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aggregates in the gel that do not crash during successive drying. To intensify this
process one can apply hydrothermal conditions (Figure 3c), under which over-
growing more densely packed aggregates occurs at the expense of dissolved
aggregates with loose packing. In general, the Ostwald ripening mechanism is
predominant for sols, and the coalescence mechanism is characteristic for gels.
Both mechanisms result in a decrease of the final surface area, but have different
effects on xerogel porosity during the drying step.

2.3. DRYING OF NON-CRYSTALLIZING PMs

Porosity formation starts with gel formation. If one decreases the influence of
capillary forces during the drying step, the skeleton of the initial gel determines
the maximum porosity of the xerogel, &4, But the value of &, is only
achieved under supercritical drying. Drying under regular conditions results in
densification of the gel and the final value of & is always lower than &4, The
minimum value, &,.,, can be achieved under the most favorable conditions for
action of capillary forces and is usually determined by the densest random
packing of particles or their hard interconnected aggregates formed during the
aging step.

According to the Ostwald ripening mechanism, sol agin without particle
aggregation does not change their morphology. If only particle size is changed,
there is no change in the resulting packing of particles. The changes in packing
due to some dispersion in size are usually not significant. However, formation
of rigid aggregates by a coalescence mechanism changes the type of packing
(especially when dendrite-like aggregates are formed at the beginning of
coalescence). Both mechanisms result in a decrease in the surface area, but
Ostwald ripening slightly influences the resulting porosity, while the
coalescence mechanism results in its considerable growth.”

Figure 4 shows the general scheme of texture formation during drying. The
evaporation interface of concave menisci is formed over the external surface
(Figure 4a,b) during stage I. The resulting capillary forces press the globules
into the bulk of the hydrogel. The action of these forces forms causes con-
traction of the hydrogel particle and dense packing of the external globules. A
variety of situations can result depending on the rate of evaporation and the rate
of tensions relaxation. In the simplest case the breakthrough of some menisci
through the widest pores in the loosest zones is followed by stage II (Figure
4c,d). The Heines jumps mechanism appears at this stage (see, Figure 1b,c).
The evaporation interface becomes more and more fractal, and the initial
hydrogel splits to separate domains of higher packing density filled with liquid.
The capillary forces are applied to the external surface of these domains, rather
than to the external surface of the whole initial volume. Densification of the
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domains results in the final pore distribution. At this stage a decrease in drying
rate is caused by diffusion through the dried layer. Stage II finishes when liquid
remains only at places of contact between globules, the Heines jumps
mechanism stops, the solvate shells disappear, direct contacts between the
particles form, and all dissolved compounds precipitate. These complex factors
guide the most intensive processes responsible for the decrease in surface area
during stage III.

Figure 4. Typical processes that occur during texture formation during drying of hydrogel: a — d
show the successive stages of formation and movement of liquid phase menisci interface ( the
arrows show the direction of capillary force action, the double circles are the globules of
condensed phase with ionic-solvate shells), f shows high-temperature sintering. I, II, and III are
the characteristic stages of drying, dW/dt is the rate of drying, F_is the strength of capillary
forces, Al/l, is the linear contraction.

As a result, stage I directs the overall porosity of xerogel (Enin < € < Emax),
stage Il determines the pore volume — size distribution, and stage Il includes
the decrease of surface area (the main factors here are pH, temperature and
remaining liquid content).

3. Distinctions for Crystallizing PMs

From the texturological point of view, formation of crystallizing PMs is
different because of the existence of nucleation stages at each phase
transformation, usually more than one. As a result each nucleation gives a new
maximum value of specific surface area, which can only decrease until the next
transformation. A set of successive phase transformations including both “wet”
and “dry” stages is characteristic for numerous PMs. Thus, each new phase
transformation starts with the maximum possible surface area with its
successive decrease directed by the necessity to decrease excess free energy.
There are three general principles that accompany evolution of crystallizing
PMs: a) the Ostwald rule of step transitions,” according to which systems that
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can exist in different phase conditions transform from less stable to more stable
phases by passing all intermediate phases; b) the Pilling-Bedworth relation
between the volumes of starting and resulting phases;® ¢) anisotropic self-
assembling.

The Pilling-Bedworth relation is not commonly known. Consider the solid-
phase transformation a4 + C, — bB * Cy,. The relation of the stoichiometric
volume of solid phase B to that of solid phase A can be expressed as Apg =
bVg/aVa = bMgpa/aMaps. When Apg > 1 the solid-phase reaction proceeds with
an increase of the solid phase volume, and vice versa. The latter situation is
illustrated in Figure 5 for “dry” and “wet” stages of synthesis.

| 11

() Sy
v T

DDDE%E% —

Figure 5. Textural changes during phase transformations with Apg < 1.0 in dry (I) and liquid
(IT) media. Scheme II corresponds to formation of aluminum hydroxide precipitated under
pH =6 at 473K.”

Phase transformations in dry media do not allow much bulk migration of the
solid phase. These transformations are usually accompanied with formation of
microporosity in the case of large (characteristic size of micrometers) starting
particles of A, although when small nanoparticles (~3-5 nm) are transformed
particle-to-particle transformation can be observed.'” If the degree of
transformation is ¢, and no sintering occurs (pseudomorphous transformation),
the porosity that appears in the former case is equal to &g, , = (1 — or4p). The
latter case results in an overall decrease of nanoparticle size, and in the absence
of sintering no changes in £ are observed. Migration and redistribution of the
solid phase are favorable during phase transformations in liquid media. An
amorphous initial precipitate (Figure S5Ila) proceeds to self-disperse with
formation of particles of a new phase (Figure 51Ib), which self-assemble in
aggregates with an ordered structure (Figure 51lc,d).

Self-assembling in liquid media results from decreased system free energy.
A general mechanism of self-organization was introduced by Onzager.'' This
mechanism is based on a dependence of the change in a system’s entropy AS of
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the number of building blocks in a unit volume. When N is small, entropy
insignificantly depends on the neighborhood of building blocks, and is deter-
mined by arbitrary orientation. As a result at high &, the degree of freedom of
each building block is lowered by neighbors, and the entropy is determined by the
probability of small local movements that change the number of packing variants
for each block. The probability is maximum when the blocks are parallel oriented.
In this case ~Nn, where n > 2 and depends on local self-orientation of
neighboring blocks.

4. Other Possibilities

That part of texturology which corresponds to the formation of PMs with simple
composition has been considered. Variations in chemical and phase composition
of PMs form another dimension. Important here is the additivity principle and
possible distinctions from this principle are discussed elsewhere.*'*'* This
principle is based on the assumption that morpho-independent (independent of
shape) textural characteristics of complex PMs (surface areas, volumes, etc) can
be considered as the sum of the characteristics of individual components. This
principle allows prediction and/or control of the behavior of texture during
formation, aging, and application of PMs.

5. Conclusion

These concepts can be considered a basis for the creation and development of a
uniform fundamental theory of formation of various porous (nano-)materials,
including heterogeneous catalysts and adsorbents. However, texturology can also
be applied to similar problems in physics, geology, biology and biochemistry, and
other natural sciences.

NOTATIONS

P — pressure;

PM - porous material;

g — mean curvature, local g is equal to the half sum of two main curvatures, integral g is equal to
the integral of curvature by volume of considered PM;

r  — radius of surface curvature;

C - concentration in solution;

Vin — molar volume;

R - universal gas constant;
T - temperature;
7 - time;

£ — porosity;
Apg — Pilling-Bedworth relation;
Subscript indexes: 0 — correspondence to saturation in infinite bulk
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Abstract. Surface pressure/area isotherms of monolayers of micro- and
nanoparticles at fluid/liquid interfaces can be used to obtain information about
particle properties (dimensions, interfacial contact angles), the structure of
interfacial particle layers, interparticle interactions as well as relaxation
processes within layers. Such information is important for understanding the
stabilisation/destabilisation effects of particles for emulsions and foams. For a
correct description of I[I-A isotherms of nanoparticle monolayers, the significant
differences in particle size and solvent molecule size should be taken into
account. The corresponding equations are derived by using the thermodynamic
model of a two-dimensional solution. The equations not only provide
satisfactory agreement with experimental data for the surface pressure of
monolayers in a wide range of particle sizes from 75 um to 7.5 nm, but also
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values. Similar equations can also be applied to protein molecule monolayers at
liquid interfaces.
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1. Introduction

Fine solid particles adsorb at interfaces and can provide long-term kinetic
stability of emulsions and foams.'™ For more effective stabilization the particles
must be much smaller than the dispersed droplets.'” For the production of
microemulsions, nano-sized particles are therefore of particular interest.

The stabilization mechanism of liquid films, emulsions, and foams by
microparticles and nanoparticles are yet not completely understood. It is usually
assumed that particles produce a steric barrier against coalescence. The efficiency
of particles in stabilizing emulsions is often related to the particle adsorption
energy. When the interface is not completely covered by particles, their lateral
displacements along the interface are important.® On the other hand, the stability
of solid-stabilized emulsions and foams is determined by the capillary pressure in
the emulsion/foam films.>’ Therefore emulsions of highest stability can be
obtained with particles with contact angles that provide both a sufficiently high
adsorption energy, and threshold capillary pressure in the film. These contact
angles are not too close to 0° or 90°.%!' Adsorbed particles also stabilise
emulsions by modification of the interfacial rheology.'*'® At sufficiently high
interfacial concentrations the interface covered by particles can exhibit visco-
elastic behaviour.'*"’

Because of the high adsorption energy of particles, and very slow
adsorption/desorption kinetics, spread particle monolayers at fluid interfaces
often behave as though they are insoluble. They can thus be treated in a similar
way as insoluble surfactant or polymer monolayers, e.g. through surface
pressure/area isotherms. Early studies of this kind were performed with spherical
monodisperse polystyrene particles and information on particle sizes and particle-
particle repulsive interactions was obtained."®** It was shown that the collapse
pressure is greatest if the particles are monodisperse.'® A method for determining
the contact angle of particles at interfaces by measuring the collapse pressure, and
equating it with the work required to remove particles into one of the two bulk
phases was proposed by Clint and co-authors.”** Though the potential appli-
cability of this method was demonstrated, the problems of determining contact
angles of particles from the surface pressure/area isotherms have also been
described. >’

The applicability of Volmer and van der Waals equations of state for a
description of particle monolayers found that the shape described by the van der
Waals equation of state is similar to the behaviour observed experimentally for
repulsive particles within monolayers.> Nevertheless, both the Volmer and van
der Waals equations give a dependence of surface pressure on particle size
unsuitable for a quantitative analysis of experimental data. It has been recently
shown®® that for monolayers of nanoparticles, the equations of state should take
into account the significant size differences of particles and solvent molecules.
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The aim of the present study is to demonstrate that the corresponding equations
can be derived similarly to expressions for the surface tension of mixed
solutions of molecules with different sizes.”’ The same approach was also
applied to protein solutions.”® The derived equations are compared with some
experimental Il-A isotherms of monolayers of micro- and nanoparticles and
proteins reported in the literature.

2. Equation of State

The chemical potentials of components in a surface layer W] depend on the
composition of the layer and its surface tension Y. The dependence of L} is
given by a known relation’":

Y
M =p{*(T,P)— [Qdy+RTInfx} (1)
0

Here u?s (T,P)=u?s are the standard chemical potentials dependent on
temperature 7 and pressure P, X, =m, /Xm. are the molar fraction of the i-th
component, m; the number of moles, f; the activity coefficients, and €; the
molar area. The superscript ‘s’ refers to the surface (interface). Assuming that
the value €; is independent of vy, and integrating Eq. (1) one obtains the
expression:

His = H?S +RTIn fisx? -7, @
Equation (2) is the well-known Butler equation®”, often used to derive
equations of state for surface layer and adsorption isotherm equations. In the
solution bulk the chemical potentials [L* obey the equation:

u’ =pu’ +RTInf*x" 3)

with }.L?“ = },L?a(T,P) being the standard chemical potentials. The superscript
‘o’ refers to the solution bulk. If the particles or molecules are insoluble, that is
a Langmuir monolayer forms, then equation (3) is suitable only for the solvent.
An equation of state for the surface layer can be derived from corresponding
equations for chemical potentials of components in the bulk and within the
surface layer. The most common approach, suitable for soluble and insoluble
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molecules as well as for particles, equates the chemical potentials of the solvent
(1= 0) in the solution bulk and in the surface layer. Egs. (2) and (3) yield:

ue® + RTIn x5 —yQ, =ug* + RTInf'x{ . “)

The standard state must now be formulated. For the solvent (i = 0) usually a
pure component is assumed. This means Xg =1, fOS =1,x; =1, f)=1,and
Y ="o. From Eq. (4) we obtain

Mgs —Yo$2y = Mga . )

Egs. (4) and (5) yield the equation of state for the surface layer for any number
of components with any geometry™:

H:—k—T(lnx§+lnfOS). (6)
0‘)0

Here IT = v, - 7y is the surface pressure, k the Boltzmann constant, and ®, the
solvent molecule molecular area. An important feature of Eq. (6) is that it
involves solvent characteristics only. The m, value depends on the choice of the
position of the dividing surface. Assuming the solvent adsorption to be positive,
the equation was proposed®® which relates the surface excesses I of the solvent
(subscript i = 0) and dissolved species (i > 1) with any molecular area o;:

DT =1/No, +(1-0/w,)) T, (7)
i=0 i=1
where N is Avogadro’s number. The average molecular area of dissolved
species o is determined from the expression:
_ ol +o,l, +..

0, #M= . 8
0 [+, +... ®)

Equation (6) can be transformed into a more convenient form by expressing the
mole fraction of surface layer components via the fraction of surface 6;
occupied by the jth component [as follows from Eq. (7)],

x® = L )
" n i z (ei / n; )
i20
and also taking into account that the total value of f°can now be obtained from

1

the additivity of enthalpy (H) and entropy (E) in the Gibbs free energy:
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Inf® =Inf" +Inf". (10)
In Egs. (9) and (10) n;= wi/ax, and
Infi' =a®’, Inf' =an,6;, (11)

Inf;’ =1—an(Gi/ni)+ln{an(Gi/ni)}. (12)

i>0 i20

By introducing Egs. (9)-(12) into (6), an equation of state for a two-dimensional
surface layer which contains the solvent and any other component (e.g., protein
or solid particles) was obtained,*® valid for n = w/ay, > 1:

_H"T’O —In(1-0)+ 6(1 — ©, / ) + 26", (13)

where 0 is the fraction of the surface covered by molecules or solid particles with
average area per one entity ®. Comparing Eq. (13) with the expression (13.24)
which was derived in Ref. 29 for the surface tension in the mixture of molecules
of different sizes, and assuming the fraction of dissolved component in the bulk
phase is almost zero [which enables one to simplify significantly Eq. (13.24)"]
one can see that these equations are identical to each other. It should be noted that
Eq. (13.24)® was derived using the approach entirely different from that
employed to derive Eq. (13)*: the statistical mechanics formulation applied in
Ref. 29 involved the calculation of the configuration energy of a mixture, the free
energy, the chemical potentials of the components at the surface, and then the
surface tension of mixed monolayer was calculated in the framework of the so-
called parallel model.

Introducing the area of surface layer per one micro- or nanoparticle A via
the relation O =w/A, and using, instead of Eq.(11) which expresses the
enthalpy contribution to the solvent activity coefficient, the assumption that this
contribution is independent of 0 (i.e., taking In foH to be constant, which
corresponds better to the liquid-expanded monolayer’), with the condition
n =/, >>1 which is true for micro- and nanoparticles, one obtains from
Eq. (13) the expression for the [1-A isotherm valid for a monolayer of particles:

I :—H{ln(l—wj+(mﬂ—ﬂm (14)
®, A A

I, is the cohesion pressure. As one can see, the surface pressure does not
depend on the particle size but is determined by the monolayer coverage w/A,
and the parameters o, and Il.,. As Eq.(14) involves the ratio w/A, then
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corresponding areas can refer not only to individual particles, but also to the
areas occupied by a certain mass of particles or, for example, to the entire
monolayer in the Langmuir trough.

For TI-A isotherms of insoluble monolayes of amphiphilic molecules,
assuming the association or dissociation of these molecules in the surface layer,
a generalised Volmer equation was derived (based on Butler’s and Gibbs’
equations®~7), which has the form

_ kT(@/A) 5 _ nkT _
o,(1-o/A) " A-o

Hcoh' (15)

It is seen that Eq. (15), which follows approximately from Eq. (14) (assuming
low monolayer coverage and neglecting entropy non-ideality), can also describe
the behaviour of monolayers which comprise particles of any size. Similarly to
Eq. (14), this equation involves not the geometric parameters of amphiphilic
molecules (or particles), but only monolayer coverage by these entities.
Equation (15) provides a good description of the experimental results obtained
for various systems. For example, for some insoluble proteins in the liquid-
expanded monolayer range, the value n = 20—100 was obtained.”

3. Comparison with Experiments

The experimental TT-A isotherms®’ obtained for silanized glass particles (75 + 5 pm
diameter) in a broad hydrophobicity range (40-90°) are presented in Figure 1. In
this Figure the area A value refers to the entire monolayer in the Langmuir
trough, and different experimental curves correspond to particles with different
degrees of hydrophobicity. The theoretical isotherms calculated from Egs. (14)
and (15) are also shown in Figure 1, and the parameters of the equations are
summarised in Table 1, along with the measured wetting angles ¢.” The two
theoretical models agree well with experimental data for all the microparticles
studied, however, one can see that Eq. (14) gives more realistic values (Table 1).
For example, the wvalues (for the entire monolayer) calculated from Eq. (15) are
10-15% lower than experimental values, while values calculated from Eq. (14)
correspond exactly to those obtained experimentally.”’ The ®, values obtained for
the two models are of correct order; however, the values calculated from Eq. (14)
are closer to the real values characteristic for water (ca. 0.1 nm?). It should be
noted that as the position of the dividing surface is chosen according to Eq. (7),
the area per solvent molecule could be somewhat different from the true
molecular area. A very interesting relationship between the non-ideality of
enthalpy (given by the parameter Il..;) and the wetting angle (cos¢) results: I,
increases almost linearly with cos¢ (see Table 1) as expected: the more
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hydrophilic the particles, the higher the interparticle interaction at the water/air
interface.

40 Figure 1. Dependence of surface
pressure on total Langmuir trough
30 A area for silanized glass particles
£ 75415 pm in diameter with
% different hydrophobisation degree
= 20 (thin  lines) according to
Horvolgyi et al.;?’ theoretical
calculations used Eq. (14) (bold
10 1 solid line) and Eq. (15) (bold
dashed line) with  model

0 parameters given in Table 1.

30 50 70 90 110 130 150
A, cm®
Table 1. Parameters of theoretical models for silanized glass particles 75 wm in diameter of different

hydrophobicity according to Horvolgyi et al.”” (values shown as numerator/denominator correspond
to Eq. (15)/Eq. (14), respectively).

Parameter A C E

o (cm?) 50/57 54/61 60/68
o (nm?) 0.4/0.16 0.43/0.17 0.44/0.18
ITeon (mN/m) 19.7/17.0 13.6/9.5 6.9/3.5
Contact angle ¢ (degr.) 39 71 87

Let us consider now the I1-A isotherms (here A is the area per unit particle
mass) for polymeric spherical particles 113 nm in diameter.’® The results
obtained for a monolayer of these particles with dispersant (copolymer) and a
monolayer of particles without dispersant are shown in Figure 2. Table 2
contains the model parameters for the two types of monolayers. The theoretical
curves presented in Figure 2 were calculated from Eq. (14). The calculations
using Eq. (15) result in almost the same curves (as in Figure 1), but corres-
ponding values of my, are somewhat higher than those from Eq. (14), while the
values of ® are somewhat lower than those obtained from Eq. (14). Note that for
both the microparticles 75 um in diameter (cf. Figure 1), and for the polymeric
particles 113 nm in size, the w, values predicted by theory are almost the same,
and are almost equal [taking into account reservations which follow from
Eq. (7)] to the actual area of a water molecule. It is seen from Figure 2 that for
an individual monolayer of polymeric particles, the theory fits the experimental
curve well throughout a very wide range of surface pressures (up to the
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monolayer collapse). At the same time, for a mixture of polymeric particles
with dispersant, agreement with experiment is seen only at low surface pressure
values. Presumably, for such systems a more complicated theory must be used,
which assumes the presence of the second dissolved component in the mixture.
Such models for protein/surfactant mixtures were recently developed.’’*

50 T—rranag,
ae Figure 2. Dependence of surface
404 pressure on monolayer coverage
for polymeric particles 113 nm in
diameter without dispersant (A)
£ 304 and with dispersant (l) accord-
E ing to Wolert et al;*® theoretical
= 204 calculations used Eq. (14) with
model parameters given in Table
2.
10
0 ‘ S
0 102 05 0

Table 2. Parameters of theoretical model (14) for polymer particles 113 nm in diameter.*®

Model parameters Without dispersant With dispersant
o (m?/g) 15.5 23

o (nm?) 0.12 0.12

I1on (mN/m) 7.0 10.0

Let us consider now the II-A isotherms (here A is the area per unit
particle mass) for polymeric spherical particles 113 nm in diameter.”® The
results obtained for a monolayer of these particles with dispersant (copolymer)
and a monolayer of particles without dispersant are shown in Figure 2. Table 2
contains the model parameters for the two types of monolayers. The theoretical
curves presented in Figure 2 were calculated from Eq. (14). The calcula-
tions using Eq.(15) result in almost the same curves (as in Figurel), but
corresponding values of ®,are somewhat higher than those from Eq.(14), while
the values of ware somewhat lower than those obtained from Eq. (14). Note that
for both the microparticles 75 um in diameter (cf. Figure 1), and for the
polymeric particles 113 nm in size, the ®, values predicted by theory are almost
the same, and are almost equal [taking into account reservations which follow
from Eq. (7)] to the actual area of a water molecule. It is seen from Figure 2 that
for an individual monolayer of polymeric particles, the theory fits the
experimental curve well throughout a very wide range of surface pressures (up
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to the monolayer collapse). At the same time, for a mixture of polymeric
particles with dispersant, agreement with experiment is seen only at low surface
pressure values. Presumably, for such systems a more complicated theory must
be used, which assumes the presence of the second dissolved component in the
mixture. Such models for protein/surfactant mixtures were recently
developed.’”®

20 Figure 3. Dependence of surface
pressure on area per particle in the
monolayer for monodisperse
151 magnetic particles 7.5 nm in
c diameter,” thin dashed line — first
> monolayer compression; thin solid
€ 10 line — third monolayer compression
= cycle; thick solid line — theoretical
calculation.
5_
O T T
0 100 200 300

2
A, nm

Figure 4 illustrates the data obtained for the pulmonary surfactant protein
SP-B> here the A value was calculated per protein molecule). The theoretical
curve for this isotherm was calculated from Eq. (14) with the parameters: ® =
8.5 nm* m, = 0.115 nmz; and I, = 20.0 mN/m. Again we can see the good
agreement between theory and experiment.

40 Figure 4. Dependence of surface
pressure on area per molecule for
E 307 the pulmonary surfactant protein
% SP-B according to Wiistneck et
= 20- al.;* points — experimental data;
thick solid line — theoretical
calculation.

101

0

5

Equation (14) also provides a satisfactory description of the I1-A isotherm
for monodisperse spherical polystyrene particles 2.6 um in diameter at the
water/octane interface.*”*' For this system, fitting parameters using Eq. (14)
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yields wp=0.12nm* ®=32cm’ (calculated for the complete area in the
Langmuir trough) and the I1.,, value is close to zero.

4. Conclusion

Monolayers of micro- and nanoparticles at fluid/liquid interfaces can be
described in a similar way as surfactants or polymers, easily studied via surface
pressure/area isotherms. Such studies provide information on the properties of
particles (dimensions, interfacial contact angles), the structure of interfacial
layers, interactions between the particles as well as about relaxation processes
within the layers. Such type of information is important for understanding how
the particles stabilize (or destabilize) emulsions and foams. The performed
analysis shows that for an adequate description of II-A dependencies for
nanoparticle monolayers the significant difference in size of particles and
solvent molecules has be taken into account. The corresponding equations can
be obtained by using a thermodynamic model developed for two-dimensional
solutions. The obtained equations provide a satisfactory agreement with
experimental data of surface pressure isotherms in a wide range of particle sizes
between 75 um and 7.5 nm. Moreover, the model can predict the area per
particle and per solvent molecule close to real values. Similar equations were
applied also to protein monolayers at liquid interfaces.
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OXIDE, CARBON, AND CARBON/MINERAL ADSORBENTS
FOR TOXIC, EXPLOSIVE, AND NARCOTIC COMPOUNDS -
SYNTHESIS, PROPERTIES, AND APPLICATIONS

V. GUN’KO,"" R. LEBODA,” V. TUROV,' V. ZARKO,'
A. CHUIKO''

Unstitute of Surface Chemistry, 03164 Kiev, Ukraine,
’Maria Curie-Sklodowska University, 20031 Lublin, Poland

Abstract. Structural and adsorption characteristics of various adsorbents such
as fumed silicas, silica gels, activated carbons and carbon/silicas were analyzed.
The adsorption of a variety of compounds reveals the effects of adsorbent grain
size, specific surface area, pore volume, pore size distribution, surface
chemistry, conditions of adsorbent synthesis and pre-treatment. Both dynamic
(nonequilibrium) and static (equilibrium) adsorption conditions are addressed.

Keywords: fumed oxides; silica gels; activated carbons; carbon-mineral adsorbents;
toxic and narcotic compounds; explosives; dynamic and static adsorption

1. Introduction

Fast and effective adsorption of harmful compounds of different origin and
molecular size is of importance for environmental and human protection.
Clearly the structural and adsorption characteristics of adsorbents play an
important role for their use in various applications. Certain adsorption
characteristics can be optimized for adsorbates depending on the application.
For instance, specific surface area and adsorption capacity are important
because if they increase then the adsorption effectiveness increases. However,
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other adsorbent characteristics can be very different for different adsorbates,
e.g. the kind of surface sites, pore size distribution, and grain size."* These
aspects of the adsorption of harmful compounds on various adsorbents will be
analyzed here using several experimental methods. The aim of this work is to
elucidate regularities in the adsorption of different toxic, explosive and narcotic
compounds on a variety of adsorbents.

2. Experimental

Fumed oxides (silica and mixed oxides based on silica synthesized at the Pilot
plant of the Institute of Surface Chemistry, Kalush, Ukraine),l’z’zs'28 unmodified
commercial and modified silica gels,”>** carbons,”"” and carbon-mineral
adsorbents'®** (synthesized at the Maria Curie-Sklodowska University, Lublin,
Poland) were used in the adsorption investigations. Synthesis, activation, modify-
cation, pretreatment, structural and adsorption characteristics were described in
detail elsewhere.'?® Features of the adsorption of aromatics (benzene, tert-
butylbenzene (TBB), phloroglucinol (PG)),*”'** drugs and macromolecules,'""
and metal ions (Pb(Il), Sr(I), Ni(Il), Cd(II), Cs(I))* as models of toxic
compounds; explosives ((i) nitrate esters (NE): nitroglycol (ethylene glycol
dinitrate, EGDN), nitroglycerine (glycerol trinitrate, NG) and pentaerythritol
tetranitrate (PETN); (i) cyclic nitroamines (CNA): octogen (1,3,5,7-
tetranitro-1,3,5,7-tetrazacyclooctane, HMX) and hexogen (1,3,5-trinitro-1,3,5-
triazacyclohexane, RDX); and (iii) nitroaromatics (NA): 1,3,5-trinitrobenzene
(TNB), 2,4,6-trinitrotoluene (TNT), tetryl (2,4,6,N-tetranitro-N-methylaniline,
TNMA), hexyl (2,2°,4,4°, 6,6’ -hexanitrodiphenylamine, HNDPA) and
2,2, 4.4, 6,6’-hexanitrodibenzyl (HNDB)),” and narcotics (amphetamine (1-
phenyl-2-propanamine) (A) and its alkyl derivatives such as methamphetamine
(N-methyl-1-phenyl-2-propanamine, MA), N-ethyl- (EA), N-propyl- (PA), and
N-butyl-1-phenyl-2-propanamine (BA), dimethylamphetamine (N,N-dimethyl-1-
phenyl-2-propanamine, DMA), N,N-methylethyl- (MEA), N,N-methylpropyl-
(MPA), and N,N-methylbutyl-1-phenyl-2-propanamine (MBA))" on different
adsorbents were analyzed. Equilibrium (static) adsorption of nitrogen, water,
benzene, PG, metal ions, explosives, and narcotics, as well as dynamic
(nonequilibrium) adsorption of TBB, were analyzed using different adsorption
apparatuses and techniques described in detail elsewhere.'”* The structural
characteristics (specific surface area, Sggr, pore volume, ¥}, incremental pore size
distributions (IPSD)) were calculated from nitrogen adsorption-desorption
isotherms.'*
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3. Results and Discussion

Comparison of IPSDs and pore volume V,, as functions of the Sggr value of
fumed silicas (Sger = 52-492 m’/g, 30 samples),"”** carbons (3-2789 m*/g, 130
samples),”"” silica gels and aerogels (26-2135 m*/g, 30 samples),”>* and repre-
sentative carbon-mineral adsorbents'®** at Sger values close (typically slightly
smaller) to that of the oxide matrices, are shown in Figures 1 and 2.
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Figure 1. Contour plots of IPSD as a
G 1500 function of Sggr for (a) fumed silicas, (b)
e silica gels and aerogels, and (c) activated
i carbons, carbon blacks, and graphitized
® 1000 carbons.
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(©)

These data reveal a strong correlation between changes in the IPSDs (position
of the main peak and its intensity proportional to pore volume)' and the Sger
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value for all nanosilicas, and only for narrow series of the other adsorbents (e.g.
porous silicas at Sger between 200 and 500 mz/g), because of variations in
adsorbent synthesis conditions. Many samples are mesoporous or mesoporous/
macroporous (all silicas and some carbons). Only some activated carbons are
predominantly nanoporous with a minor contribution of mesopores that affect
their adsorption capability with respect to the studied adsorbates.

)
£
S 0.1 . . .
2 * Figure 2. Relationship between the
A A Sger and ¥}, values for fumed and

. O Fumed silicas p(ci)rmi)s silicas and  carbon

A Porous silicas adsorbents.
0.014 % Carbons
*
2 10 100 1000
2
S __ (m'lg)

BET

Structural features of adsorbents play an important role in both static and
dynamic adsorption, as well as in the desorption and elution of organic and
inorganic compounds in different media. For fast and complete dynamic
adsorption of gaseous adsorbates (e.g. harmful organics in an airstream) there
are several bottlenecks caused by the structural (Sger, ¥}, PSD), morphological
(granule size, bed depth), and chemical (e.g. content of O, N, S, P, and Cl-
containing surface functionalities) properties of adsorbents.*'® For instance,
changes in the granule size even in relatively narrow ranges, e.g. d = 0.5-0.7
mm and 0.7-1.0 mm for the same activated carbon, affect the breakthrough time
t, (corresponding to outlet TBB concentration ¢, = 10*¢c, where ¢, is the inlet
TBB concentration). Typically the larger the d value, the shorter the #, value
because adsorbate molecules can penetrate in a certain surface layer of
granules. For nano/mesoporous carbon PS2 #, = 102 and 67 min at d = 0.5-0.7
mm and 0.7-1.0 mm, respectively. For nanoporous commercial carbon D55/2 #,
= 45 and 6 min, respectively.'® However, for static equilibrium adsorption of
probe compounds (e.g. benzene or nitrogen), the effect of granule size is much
smaller because adsorption occurs in the entire interior volume of accessible
pores. In other words the ‘dynamic’ accessibility of pores depends on the
granule size, in contrast to the ‘static’ accessibility of pores. Therefore, the
PSD, i.e. contributions of nano-, meso- and macropores, is an important factor
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in dynamic adsorption. Appropriate contributions of meso- and macropores
provide a faster penetration of adsorbates into the interior volume of a thicker
surface layer of adsorbent granules (Figure 3).%'°
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Figure 3. Breakthrough plots of TBB (dry or wet airstream) on different carbons after different
treatments such as freezing-thawing with water adsorbed in different media or pre-adsorbed
water, oxidizing (labelled Ox) and reduction (Re).

Another important factor is linked to the presence of water vapour in air. Pre-
adsorption of water and its competitive adsorption with target adsorbates,
especially when significant amounts of O-containing surface functionalities are
present which interact more strongly with water than with organics (Figure 3d),
can significantly hinder adsorption. Similar effects of the structural characteristics
of adsorbents are observed in solid phase extraction, SPE, (i.e. adsorption then
elution) of explosives and narcotics from liquid media.”"> However, solvent
effects can cause unpredictable results (Figures 4 and 5). The Gibbs free energy
of solvation and desolvation on adsorption/elution depends not only on
adsorbent/adsorbate interactions, but also solvation effect in pores which can
differ quite a bit from on the structural characteristics of both bulk solution."”-"**°
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If Sger < 200 m?/g and V,<0.2 cm’/g then the recovery rate (7)is low (10-50%)
(Figure 5) because of a low adsorption capacity. The presence of mesopores is
necessary for effective elution of adsorbed compounds, especially aromatics,
because desorption from narrow nanopores is more difficult compared to broad

mesopores or macropores.
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Figure 4. Recovery rate on the SPE of
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Figure 5. Average recovery rate on the SPE of three kinds of explosives: nitrate esters (NE),
cyclic nitroamines (CNA), and nitroaromatics (NA) and summarized nvalue as a function of (a)
specific surface area and (b) pore volume of carbon adsorbents.

Therefore, pure nanoporous carbons exhibit low 7values when used for
SPE of explosives (Figure 5, NA)’ and narcotics (Figure 4)."* The polarity and
molecular size of solutes and solvents affect adsorption/desorption, as well as
the distribution of different liquids in different pores, because these parameters
govern changes in the Gibbs free energy in the adsorption layers. For instance,
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water adsorbed on activated nanoporous carbon Norit R 0.8 Extra in air can be
displaced to varying extents by nonpolar and polar solvents (Figure 6).
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respectively),

silica/titania ST20, ST65, ST94 (Crio; = 20, 65, and 94 wt.%), and

alumina/silica/titania AST82 and AST50 (Criop = 82 and 50 wt.%), silica gel Si-100 unmodified
and carbonized; Cc = 9.1-9.8 wt.% in C/ST and C/AST and 25.6 wt.% in C/SA23; carbon (and
phosphorus) content on Si-100 and SA6 is shown in the legend.
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Maximal displacement of water into larger pores is provided by benzene,
carbon tetrachloride, and acetonitrile. A minimal effect is observed for dimethyl
sulfoxide, which cannot penetrate into narrow nanopores. Similar effects are
observed on the breakthrough dynamics of organics in the case of pre-
adsorption of water, which should be displaced by organics. However, this
displacement can be too slow to change the breakthrough dynamics, if the
granule size is large or the surface contains significant quantities of oxidized
groups. Adsorption of metal ions on carbon (Figure 7) and oxide (Figures 8 and
9) adsorbents depends on surface chemistry (e.g. the presence of sites capable
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Figure 9. Surface content of (a) Al in fumed silica/alumina and (b) Ti in titania/silica and the
maximum adsorption of (a) Pb(Il) and (b) Ni(II) as a function of the total (a) alumina or (b)
titania content in mixed oxides.

of taking part in ion-exchange reactions), pH value (affecting formation of
hydroxy species with metal ions), and adsorbent structural characteristics (PSD,
surface area). The adsorption of Ni(Il) on a coke activated with Ca(Il) for 8 h
(labelled Coke 8h/Ca) (giving the best results for SPE of explosives because of
good elution of adsorbates from developed nano-, meso- and macropores
(Figure 7b)’) shows relatively poor results (Figure 7a). However, shorter
activation (sample Coke-1h/Ca activated for 1 h) provides better adsorption of
Ni(II) even at low pH values (> 4). For a nanoporous carbon, A2PS, activation
with Ca(II) results in increased adsorption of Ni(Il) at pH > 6 (Figure 7d).

Different activations of the coke adsorbent give rise to smaller changes in
surface charge density than adsorbed highly charged hydroxy species of Ni(II)
at pH > 8.5 (Figure 7c). Therefore, marked changes in the adsorption of Ni(II)
on A2PS and Coke 8h/Ca with increasing pH may be caused by the adsorption
of Ni(II) hydroxy species because the contribution of ion-exchange reactions is
small compared with A2PS/Ca(Il) and Coke 1h/Ca samples. Similar effects of
adsorbed metal ions and their hydroxy species on surface charge density can
play an important role on the adsorption of polar or charged organic compounds
(especially macromolecules, e.g. proteins) from aqueous media.
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The effect of surface sites capable of taking part in ion-exchange reactions
is also observed on the adsorption of different metal ions onto fumed silica, as
well as unmodified and carbonized mixed oxides (Figures 8 and 9). For
instance, the adsorption of Pb(II) and Ni(Il) correlates with the surface content
of alumina or titania in mixed oxides (Figure 9), because bridges MO(H)Si
strong acid sites take part in ion-exchange reactions unlike SiOH groups.
Carbon deposits on fumed oxides or silica gel enhance the adsorption of metal
ions at lower pH values compared with unmodified oxides (Figure 8).

4. Conclusion

There are several structural factors governing static (equilibrium) and dynamic
(non-equilibrium) adsorption of organics and inorganics in various media. Pure
nanoporosity of adsorbents as well as a large granule size negatively affect the
breakthrough dynamics, or the SPE of explosives and narcotics. Adsorbents
with significant meso- and macroporosity provide improved parameters for
breakthrough dynamics and SPE; however, this may cause a reduction in the
adsorption of metal ions because of enhanced solvation effects in larger pores.
O-containing surface functionalities can cause both positive (metal ion
adsorption through ion-exchange reactions) and negative (water role on the
adsorption of nonpolar origins) effects.
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POROUS POLYMERIC NANOCOMPOSITES FILLED
WITH CHEMICALLY MODIFIED FUMED SILICAS
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Abstract. Porous copolymers have been prepared by suspension-emulsion
polymerization of divinylbenzene with styrene or some methacrylic monomers:
di(methacryloyloxymethyl)naphthalene, methacrylic ester of p,p” -dihydroxy-
diphenylpropane diglycidyl ether, and dimethacrylglycolethylene in the presence
and absence of chemically modified fillers (fumed silicas with grafted methyl and
silicon hydride groups). The results of investigations of the unfilled and filled
polymeric systems by IR and *C NMR spectroscopies combined with AFM are
presented.

Keywords: porous copolymers, divinylbenzene, styrene, methacrylic monomers,
chemically modified silicas, fillers

1. Introduction

Porous polymeric sorbents are of interest for applications in ion-exchange and
size-exclusion chromatography,' but their thermal stability and swelling pro-
perties require improvement. In normal and reversed-phase high-performance
liquid chromatography, silica-based packings are dominant due to their high
thermal and mechanical stability, and low swelling. Improved porous polymer
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characteristics can be obtained with methacrylic monomers,"* the preparation of
copolymers, and composites filled with nanosized silica particles.

We have shown that grafted surface silicon hydride groups can influence
the structure of filled polymers and polymerization of unsaturated monomers
owing to formation of polymer-filler covalent Si-C bonds.>* The presence of
both methylsilyl and chemically active silicon hydride groups on silica may
provide improved compatibility, to obtain a more uniform filler distribution of
the filled composite.

This study is devoted to the investigation of porous methacrylate polymeric
systems filled with chemically modified fumed silicas. IR and C NMR
spectroscopies combined with AFM was applied to characterize changes in the
material structure, and also the effect of surface functional groups of inorganic
particles on the polymer-filler interaction.

2. Experimental

2.1. MATERIALS

Divinylbenzene, styrene, a,0’-azoisobutyronitrile and methacrylic monomers:
di(methacryloyloxymethyl)-naphthalene (DMN), methacrylic ester of p,p’-
dihydroxydiphenylpropane diglycidyl ether (MEDDE), and dimethacrylglycol-
ethylene (DMGE) were received from Fluka and used without further
purification. Poly(vinyl alcohol), n-decanol, ethanol, acetone and toluene
(Merck), fumed silica with specific surface area of 300 m%g (Kalush),
triethoxysilane (Kremnepolimer) and hexamethyldisilazane (Fluka) were applied.

2.2. SYNTHESIS OF COMPOSITES

The porous composites were obtained using copolymers of divinylbenzene
(DVB) with styrene (St), methacrylic ester of p,p'-dihydroxydiphenylpropane
diglycidyl ether (MEDDE), di(methacryloyl-oxymethyl)naphthalene (DMN) and
dimethacrylglycolethylene (DMGE) by combined suspension-emulsion polymeri-
zation as previously described.™® The filled nanocomposites were prepared by
introduction of the methyl- or methyl,hydride-containing silicas in mixture of
monomers with solvent and initiator before polymerization. The degree of filling
was 15 wt%.

After polymerization the products were filtered, washed with hot water and
ethanol, and dried with sequential extraction using a conventional Soxhlet
technique with boiling acetone. Finally, the samples were dried at 150°C.

The modification of fumed silica was performed at room temperature by
treatment with hexamethyldisilazane vapor for 48 h at room temperature (for
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introduction of methylsilyl groups into the surface layer) and then with a
solution of triethoxysilane in ethanol for 24 h at room temperature (for a surface
with grafted silicon hydride groups). After modification the fillers were dried
on a water bath for 5 h, and then were treated for 15 min at 150°C.

2.3. MEASUREMENTS

Infrared spectra of the unfilled and filled copolymers were measured using a
Perkin-Elmer model 1700 FTIR spectrometer. The “C CP/MAS NMR
measurements were conducted on a Bruker 300 instrument operating at
75.51 MHz. The samples were rotated with a spectra width of 40.0 Hz, the CP
time was 5 ms. “C{'H} distortionless enhancement by polarization transfer
(DEPT) technique was applied for analysis of monomers. The process was
performed at 75.51 MHz, rotated with a spectral width of 0.75 Hz and a CP
time of 15 ms. Atomic force microscopy measurements were carried out using a
Nanoscope Illa controlled Dimension 3000 AFM (Digital Instrument, Santa
Barbara, CA).

3. Results and Discussion

IR-spectra of pure and filled copolymers are shown in Figure 1. The most
visible changes in spectra of the filled copolymers were for compositions based
on DVB-St. Absorption bands at 1070 and 1030 cm ™' in the spectrum of the
unfilled copolymer indicates a heterotactic pseudocrystalline structure.”

The copolymer formed in the presence of modified silica had a
pseudocrystalline isotactic well-ordered structure,” and is characterized by
absorption bands at 1030 and 1113 cm ™' in the spectrum (Figure la). These
bands can be detected only at significant sample dilution with KBr. Though a
band at 1700 cm ' characteristic for aromatic groups is not manifested in the
spectrum, there is a band at 1584 cm™' which may be attributed to a C=C
vibration of the benzene rings orientated near the silica surface.

Usually in the presence of silica filler bands of macromolecular
conformation® at 1370, 468 and 1309-1312 cm ™' are not observed because of
interference with bands of the silica skeleton Si-O-Si group vibrations around
1100 and 475 cm™'. However, filling with methyl,hydride-containing silica the
low displacement of the bands at 827 and 541 cm ', and the appearance of a
band at 988 cm' takes place. These bands indicate conformational changes in
the polymer with an increase of styrene block length, and degree of crystallinity
degree. Also note the presence of a band from aromatic groups at 1701 cm ™ in
the composite spectrum (with the same band position as in the case of unfilled
copolymer).
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Figure 1. FTIR spectra of the DVB-St (a) and DVB-MEDDE (b) copolymers without filler (/)
and filled with methyl- (2,2°) or methyl,hydride-containing fumed silicas (3). The spectrum
marked as 2” was obtained at significant dilution of a sample with KBr.

In the spectrum of the filled DVB-MEDDE copolymer (Figure 1, b) the
displacement of a C-O band from 1234 to 1220 cm ' may indicate a change in
orientation. The disappearance of 1012 and 986 cm™' bands suggest a loss of
order in the structure. The band at 556 cm ™' in spectra of unfilled and filled
DVB-MEDDE copolymers indicates the absence of a change in the
amount (1-3) of DVB monomer linked in blocks.”
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Figure 2. FTIR spectra of the DVB-DMGE (a) and DVB-DMN (b) copolymers without filler (/)
and filled with methyl- (2) or methyl,hydride-containing fumed silicas (3).

The formation of amorphous structures has been detected for the filled
DVB-DMGE copolymers. This is demonstrated (Figure 2a) by the
disappearance of the methyl-containing silica bands at 986 and 882 cm™', which
normally characterizes regular and ordered structures. Also, the band at 1044
cm' corresponding to gauche C-O-C groups (in the unfilled copolymer) was
not detected in the composite spectrum, but may be masked by interference
with absorption bands of Si-O-Si groups.

The presence in the DVB-DMN copolymer spectrum (Figure 2, b) of an
absorption band at 574 cm ™, and a shift of the 708 cm ' band in the filled
composite, indicates an increase of material cross-linking.
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After filling of the DVB-DMN copolymer with methyl-containing silica, a
band at 1144 cm' was detected in the spectrum indicating increased
crystallinity. Crystallinity was not detected in the spectrum of copolymer filled
with methyl,hydride-containing silica.

The increased crystallinity in the presence of methyl-containing silica was
confirmed by AFM images (Figure 3).

Figure 3. AFM micrographs of DMN-DVB copolymers without filler (a) and filled with methyl-
(b) or methyl,hydride-containing fumed silicas (c).

According to AFM micrographs, the surface roughness of porous spheres of
DMN-DVB copolymer increases in the presence of methyl-containing silica. At
the same time, the availability of methylsilyl and silicon hydride groups on the
silica surface promotes surface smoothing upon filling, similar to an unfilled
system.

According to high-resolution solid-state *C CP/MAS NMR data we have
observed the following changes in the presence of methyl-containing silica for
DVB-St copolymer (Figure 4, 7): decreased intensity of a 136.3 ppm (carbon
atom of vinyl groups —CH =)'” resonance, and disappearance of a 112.6 ppm
(= CH,)" resonance. This shows that there is a high degree of polymerization.

After filling with methyl,hydride-containing silica (Figure 4, 2), these
chemical shifts were detected but with lower intensity. Resonances were



POROUS POLYMERIC NANOCOMPOSITES 109

Divinylbenzene Styrene

W

+ + + 4 + + + |

I o o e e B N S N e o e e o o e e e |

155 135 115 95 75 55 35 ppm 155 135 115 95 75 55 35 ppm
1 2
LN
+ t + t t t 1
t + t t t t i 250 200 150 100 50 0 ppm
250 200 150 100 50 0 ppm

Figure 4. C{'"H}DEPT NMR spectra for DVB and St monomers and '*C CP/MAS NMR spectra
for DVB-St copolymers filled with methyl- (/) and methyl,hydride-containing silicas (2).
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Figure 5. BC{'H}DEPT NMR spectra for DMGE monomers and '*C CP/MAS NMR spectra for
DMGE-DVB copolymer filled with methyl,hydride-containing silica.

assigned to carbon atoms of styrene and divinylbenzene immobilized on the
silica surface. This was confirmed by the appearance of a 15 ppm resonance of
carbon in Si-C bonds.

After filling of DMGE-DVB copolymer with methyl,hydride-
containing silica, the appearance of a resonance at 39.9 ppm indicated the
formation of Si-C bonds between the silica surface and DMGE (Figure
5). Comparison with the chemical shift of carbon in the ester carbonyl
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groups of the monomer at 167.0 ppm, suggests the formation of
=Si-O-CHR’-OR” or =Si-C(CH3)(CH,R’)OR” bonds.

MEDDE

185 135 115 85 75 55 35 ppm 00 25 200 150 100 50 0 pPm

Figure 6. “C{'"H}DEPT NMR spectra for MEDDE monomers and *C CP/MAS NMR spectra
for MEDDE-DVB copolymer filled with methyl,hydride-containing silica.

DMN

155 135 115 95 75 55 35  ppm
Figure 7. “C{'H}DEPT NMR spectra for MEDDE monomers and *C CP/MAS NMR spectra
for MEDDE-DVB copolymer filled with methyl,hydride-containing silica.

300 250 200 150 100 50 0 ppm

An intense resonance at 45.5 ppm in the spectrum of MEDDE-DVB
copolymer filled with methyl,hydride-containing silica suggests the formation of
new =SiCH;R bonds (Figure 6). A similar resonance at 45 ppm was observed in
the spectrum of DMN-DVB copolymer filled with methyl,hydride-containing
silica (Figure 7). Thus a similarity of immobilization reactions of macromolecules
in the surface layer is proposed. A high degree of polymerization was also
detected.

4. Conclusion

Chemically modified silica fillers with grafted methyl groups or methyl and
silicon hydride groups, influenced the micro- and macrostructures of various
copolymers. Changes in cross-linking, orderliness, crystallinity, microtacticity
and conformation of macromolecules have been detected in the presence of
fillers. Surface functionality of the silica filler determines the disposition of
macromolecular chains at the interface.
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The character of the filler effect depends on the affinity of the silica surface
for the copolymer, and the rigidity of macromolecules. For MEDDE-DVB and
DMGE-DVB copolymers, the introduction of both methyl-, and methyl,hydride-
containing silicas results in the formation of amorphous structures. A greater
degree of disorder was detected in the presence of silicon hydride groups on the
filler surface.

Filling of DVB-St copolymer with methyl,hydride-containing silica results
in material cross-linking, and an increase in crystallinity was observed. For the
DMN-DVB copolymer, an increase in crystallinity was significant with methyl-
containing silica. The presence of silicon hydride groups on the filler surface
promotes material cross-linking and the formation of an amorphous structure.
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ION-ELECTROSTATIC INTERACTION IN SYSTEMS
OF INORGANIC NANOPARTICLES AND BIOLOGICAL
CELLS IN ELECTROLYTE SOLUTION
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Abstract. The solution of the Debye-Huckel equation for a system of spheres
with arbitrary radii and surface charge in electrolyte solutions is described. The
general theoretical approach to describe such systems is elaborated. The
practically important case of two spheres is considered in detail. Finite closed
formulae to calculate the interaction energy of two spherical particles with
constant surface charges are obtained from general expressions in zero
approximation. Known relationships follow from our formulae in limiting cases.

Keywords: small particles; nanoparticles; biological cells; electrostatic interactions;
electrolyte; Debay-Huckel equation

1. Introduction

The interaction of small mineral particles with microorganisms and biological
cells is one of the most general ways of contact between living and inorganic
substances in nature. The basic problem can be defined by calculating the
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energy of interparticle forces between cells and particles in an electrolyte
solution. This problem is closely connected to the determination of the electric
double layer energy on interaction between two charged spherical particles
suspended in an aqueous electrolyte dispersion medium. Considerable attention
has been paid to this problem."” Interaction of diffuse double layers of particles
with constant surface charge density is usually calculated on the basis of
Deryaguin’s approximation. Unfortunately, this approach can lead to incorrect
results in some cases, as has been noted.>*

In the paper we consider the general problem of the mutual interaction of an
arbitrary number of spherical particles in electrolyte solutions. It is assumed
that particles are arranged in space at random, they can have different radii and
different surface charge densities/potentials. For the determination of potentials,
the potential energy of interaction and forces for ensembles of spherical
particles in an electrolyte can be reduced to a solution of the corresponding
boundary problems for the Debye-Huckel equation. We propose an analytical
solution using expansions of a series of spherical functions (the scalar spherical
harmonics) and modified spherical Bessel functions. The expansions give
solutions of external problems for the Debye-Huckel equation in the case of
distinct spheres, and to solve the boundary problem we use an additional
theorem.® From boundary conditions, the infinite algebraic systems for
determination of the unknown potentials’ coefficients can be obtained. A
similar approach has been used’ for analyzing the propagation of diffuse light in
a medium with spherical inhomogeneities, but different boundary conditions
were assumed. The practically important case of two spheres is considered in
detail. From general expressions, closed formulae to calculate the interaction
energies of two particles with constant surface charges are derived without
approximation.

2. Statement of Problem

A system of N spherical particles in an electrolyte solution with permittivity
¢, 1s considered. Particle radii are denoted as a, , and their permittivities are

denoted as ¢, (k=1,2, ..., /,..,N). We link the local polar spherical coordinates
(r.,0,.9,) with the particle centers (7, is a polar radius, 6, is an azimuth
angle, ¢, is a polar angle). The arrangement of two arbitrarily chosen particles
from the ensemble is shown in Figure 1 with corresponding coordinates
indicated. Global coordinates (x,y,z) of an observation point P(x,y,z) are
determined by vectors r,,r ; in the local coordinates, and a distance between
centers of the spheres is R, (Figure 1).
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Potentials corresponding to the internal and external domains comparing the
spheres’ surfaces are marked relatively by overscripts “<” and “>”. In the
external domain the potential ¢~ appears to be a sum of potentials
o7 =97 (r,0,,9,) , created by each sphere, providing that there is no external
field.

Figure 1. The local coordinates connection.

In the electrostatic approximation every potential ¢, (k=1,2,..,N) is a

solution of the Debye-Huckel equation (1), and potentials inside the spheres
or =05 (., 0, ,9,) are the solutions of the Laplace equation (2) respectively

Ag; —x*p; =0, (1)

Ag; =0. )

Boundary conditions on the surface of the k-th sphere at r, =a;, can be

formulated in different ways. We consider the case when the densities of

surface charges are adjusted. The boundary conditions reflect a continuity of
potentials and electric inductions on the surfaces of spheres, so we have

99y dp~
g P —e, 4

or, or,
where surface charge densities o, can be functions of local coordinates
o, =0,(0,,9,) generally.

o =0, =4no,, )

As usual, it is necessary to add conditions of the potentials’ limits:

¢, =0 at r; > oo and ¢; <oo at 1, —0. 4)

3. The Solution for a System of N Spheres

To solve the problem we used the expansion of solutions by series in the
spherical functions Y,,(6,,4,), at /=0,1,2,...and m=-/,-1+1,...,0, 1,2,..1.'" We
assume that the system of the spherical functions is normalized. Inside and
outside the spheres the expansions are respectively:
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o :[ZAI(rLC)rklylm(ek’¢k); (%)
oo [
% =X LB, k()Y 6.0, (©)

In Eq. (6) the modified spherical Bessel functions of third kind £,(z) ' are
used. The total potential in the surrounding media can be written as follows

§=3 ZB(k)[kz (10317, (6,9 +

[=0m=—
N
)
+3 lz_()mz B, Tk, ()Y, (6,.9)) |- )

The primes near the sum mean the term with subscripts j =4k is excluded.
The sum subscripts /;,m; mean that they can vary independently from
subscripts /,m , which correspond to the k -th sphere.

The determination of unknown coefficients 4*’, B'*) in the expansions of

potentials in Egs. (5) and (6) from boundary conditions in Eq. (3) must be
obtained. The boundary conditions expressions for potentials and its derivates
in different local coordinates are needed. Using the addition theorems®, we
transform the product of the spherical Bessel functions by scalar spherical
functions, to a product of the modified spherical Bessel functions by the scalar
spherical functions. Moreover, the properties of 3-j Wigner symbols are taken
into account and the transition to coefficients of Klebsh-Gordon (), is
fulfilled.®'™"" As a result, we get the following formula for the products
k, (xr;)Y, (6,,9;) atthe condition r, < [r; -1, |.

ky (kr;)Y,,(0,,0,) =

w I . . I+ -
g Eg )l Yy (004 )ll'(Krk)l"_%l" Yl“,m—m'(ejki(pjk )kl"(KRjk)(ﬂrInl—lm'm—m' . (8

where the j,(z) is the modified spherical Bessel function of the first kind," 6 o

¢, » R, are shown in Figure 1, and

0w = A7+ DRI 20D U ©)

(pm—m m—m

The symbol /., is not zero if /+/'+/'"" is an even integer.

Now we can write the expression for total potential using the addition
theorem® in local coordinates linked with the k -th sphere. Because the
variables are separated we can find derivatives directly, then calculate their
value on surface of the & - th sphere.The expansions of the potentials and their
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derivatives we substitute to the boundary conditions (Eq. 3). As a result, we
have a system of 2N functional equations. Then we multiply the obtained
equations by the complex conjugate functions Y, (6,,9,) and integrate over the
sphere surface. This leads to a family of infinite systems of algebraic linear
equations. As the spherical harmonics are orthogonal functions, the terms in
summation by indices [',m' with subscripts /'=/,m'=m only remain, and we
get the following systems
N

ap Al =Bk, (kay) +(=1)"i)(ka) Y » 2 B;jf,‘;jx

J=1 ;=0 mj=—

{; Yl",m—m' (e_jk H (/)jk )k[" (KRjk )60;[111'7[;' m—m' } > (10)

B +aP S ¥ B,F;;jx

J=1 ;=0 m;=—

Iy
{ZYI ety O o030k R mj}= 0, (11

/

where o

are the expansions’ coefficients of the surface charges in the
spherical functions, and the notations are introduced

. . k
(k) _ &liy(kay) — €, ka, ') (kay) (k) _ 47mk0'( )

" &k, (kay) — €, ka k', (kay)

.(12)

elky (kay) = €, ka k' (kay) o
The primes mean a differentiation of functions by their arguments. It should
be noted that for the constant densities of surface charges o, we have

oV =\4rnc,5,0,,, where o, is the Kronnecker symbol.

When performing algebraic transformations we exclude the coefficients
A"™ from the second boundary condition in Eq. (3) using Eq. (10), and the
number of unknown coefficients is halved. After solution of Eq. (11),
coefficients for inner potentials are found by summing the series in Eq. (10).

As a result, we have the aggregate of N connected infinite systems of linear
algebraic equations. The systems described by Eq. (11) contain only the
coefficients B\* of external potentials, and the problem of the interaction of N
spheres is completely solved.

4. Ion Electrostatic Interaction Energy of Two Particles

Now we consider in detail the interaction of two spheres starting from general
relationships. The line crossing the centers of spheres is taken as the
z-axis. The shortest distance between spheres we denote as H , so the distance
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between sphere centers is d = H +a, +a, . The Debye-Huckel approximation to
the double layer free energy F =F, for the interaction of the i-th and j-th
spheres of known surface charge density can be found using the following
formula®*

F :%[ [0,(P)p; (P)dS, +[o ()7 (RS, ]. (13)

For the ensuing discussion we take i, j =1,2;i # j. The potential energy V
of the double layer interaction is given by the equality V = F — F,,* where F, is

the free energy for two single spheres. If the densities o, and o, are constants
then
_ 87°aj o} 87’ay0;

B e, (I+ka)) ¢,(0+xa,) '

(14)

0

Integrating Eq. (13) is executed over the sphere surface. Since the potentials
on the surfaces of the spheres are equal inside and outside, we can use either
potentials’ representations. If the surface charges are constant, integration leads
to calculations of the spherical functions integrals over the total surfaces of the
spheres. After integrating Eq. (13), taking into account the expansions (Eq. 5),
we obtain for the free energy

F =+z[o,al AY) +0,a3 48] (15)

To find the energy of pair interaction, only the first coefficients of series
expansions (5)-(6) A\, BY) are needed, but their values are to be determined
from the infinite systems.

In this case, the problem is axis-symmetrical, and the system for
determination of the potentials’ coefficients looks like

A = B ky (ka) + i (ka))Y, B (=) QI+ 2 kp(xed) , 1,7 =120 # j, (16)
T
BY +al"y B QI+1) k. (kd) = £, (17)
=

. . . " " 2
B}(}+a,<’>(—1)’(21+1)”21%B,(,{)>(21'+1)”2(—1)’ k,,.(zcd)(c,,’o‘;o) =0. (18)

We take into account that the spheres are placed on the z-axis, and in Egs.
(10) and (11) the functions ¥, at # =z have the value'’

Im

Y, (m,0)=0,,(=1) /2 +1)/(47) .

The system obtained allows further simplification, because there is an
opportunity to separate the coefficients B),’, B\’ to get independent systems

for every sphere. For all that, only the right parts of the systems define the
connection between spheres.
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5. Zero Approximation for Two Spheres

Now we assume that the surface charge density is constant. The simplest case is
to take only one term in the expansions of potentials, i.e. if /=['=0 (a zero
approximation). It should be noted that in the zero approximation solutions do
not depend on sphere permittivity, as it follows from Eq. (12) for " . If terms
of higher order in comparison with the quantity & (kd)are neglected, the
formula for the potential energy of interaction 7 (d) can be derived

VH)=F-F, =
8z°a; 0,0, ko (red) 2 2
j k + j k +
l+xa, &, (Kal)zko(lcal)kl(lcaz)[(Kaz) ig(ray ey (kay) + (kay) i) (kay) 0(’“’1)]
87’al 0,0, ko (kd)

[(Kal )2 iy (ka, )k, (ka,) + (ka, )2 iy (kay ko (ka, )] : (1 9)

l+xa, &, (kay)*ko(xay)k (ka,)

In Eq. (19) the modified spherical Bessel functions of the first kind
k(2)=—k,'"(2), i (z)=i,"(2), (k,(2)=(w/2)exp(~z)/ z, i,(z) =sinhz/z) '
are used.

When the distances between spheres are large, as d — e and k,(xd) =0,

Eq. (19) gives the same results as previously described.’*
Now we consider the spheres with a; =a, =a and o, # 0, . To compare we

write the Ohshima formulae.* We also assume that ¢, =, . Then the resulting
formula takes the form:

(I+xa) H+a a
Vio(H) =—F, . In| 1- . 20
o (H) 0 (xa)> H+2a n( H+ae J (20)

Derjaguin’s method' gives the following simpler expression

1+ xa)
2

V,=-F, In(1—e™™), (21)

(k)
where F, =16x’a’c” /[, (1+ Kka)].
From our general formula Eq. (19) we have the expression for an improved
zero approximation (d = H +2a, F, =16x’a’c} /[, (1+ ka)])

o,/o, a o

V(H)=F,
(H)=F, l+xa H+2a
(0,/0))" [ - 1)+ (ka + 1y ][ —4— o 22)
401 + ka)? H +2a '

Neglecting the second term in Eq. (22), it takes the form at ¢, =0, =0

1 a
V(Hy=F, ———— ™, 23
() Ul+KaH+2ae (23)
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When «H >>1 and xu>>1, after expanding the logarithms to the

corresponding series and keeping the first terms, we get the same expressions as
Egs. (20) and (21).

6. Numerical Results

We obtain closed formulae consistent with the results described elsewhere™ in
limiting cases. However our results are more general and can be improved with
an additional approximation. With the help of different formulae we determine
dependences of the non-dimensional interaction energy V*=V/V,, where
V,=F,=16x’a’c’ I(¢, (1+ ka)) , for two identical spheres with constant and
equal charges versus the parameter x# (Figure 2). The value xa =1 is adopted.

It follows from this data that at /7 >3 Ohshima formulae, and our formula
for zero approximation give similar values, but Derjaguin’s formula gives too
high a value. All the results begin to agree at large values, when x# >5. The
results from Egs. (22) and (23) differ slightly and only at small xH values.
When xH <1, our results differ greatly from the results after Ohshima and
Derjaguin, because V;, — e and ¥V, — =, when xH —0.

In the second case, we assume that the radii are identical, but the surface
charge densities may differ, and the ratio g=0,/0, is varied (Figure 3).
Calculations are worked out by Egs. (22) and (23). In this case, the expression
V,=F,=16x’a’c} (¢, (1+ ka)) is used.

Figure 2. Interactions’ energy V*=V/V,
of two identical spheres with the constant
charges versus xH at ku=1; 1 —
Derjaguin approximation; 2 — Ohshima
approximation, 3 — our simplest zero
approximation.

Results obtained from the improved zero approximation and the simplest
zero approximation begin to differ at values x#H <<1. The difference depends
on the value parameter xa. For example, at xa =10 the maximum difference is
about 30% when charges have the same signs at H =0 and g =5. At large ¢
and xa values it is necessary to use the improved zero approximation. In the
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case of different surface charge densities and different radii when a, /a; >>1,
the energy values tends to a limit. This value can be founded with the help of
the limit transition in Eq. (19).

Figure 3. Interactions’ energy V* =1V /V, of two identical spheres with identical radii but the
different charges versus xkH at xu=1;1-¢qg=1;2-¢=3;3-¢q=5; our simplest

zero approximation; --------- our improved zero approximation.

7. Conclusion

The exact solution for interaction of a system of small spherical particles in an
electrolyte is obtained. On the basis of the exact solutions, closed formulae for
calculating ion-electrostatic energy of two spheres are derived. Our zero
approximation corresponds to results of other authors in simple cases, and
generalizes ones in the range of small values where the parameter xH <2 . In
this paper we consider the case when surface charges are given, but the problem
of spherical particles interaction with given surface potentials can be solved
similarly.

Results show the effectiveness of our method. It should be noted that the
formulae can be improved if subsequent terms are included in the series for
potentials. It opens the opportunity to calculate the potential energy of an
arbitrary number of particles with great accuracy. Moreover, at insignificant
modification using previously elaborated algorithms'> * we can take into
account a lamellar structure of particles. This circumstance is important when
calculating the interaction energy of mineral particles with different biological
objects such as cells.
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STRUCTURAL AND ADSORPTION CHARACTERISTICS
OF PYROCABON-MINERAL ADSORBENTS

J. SKUBISZEWSKA-ZIEBA,*" R. LEBODA,* V. M. GUN’KO,"
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“Maria Curie-Sklodowska University, Maria Curie Sklodowska Sq.3, 20-031
Lublin, Poland

? Institute of Surface Chemistry, 17 General Naumov Street, 03164 Kiev,
Ukraine

Abstract. A variety of pyrocarbon/silica gel adsorbents were prepared using
commercial mesoporous silica gels Si-40, Si-60, and Si-100 as matrices
modified by carbon deposits from pyrolysis of several organic precursors. The
second type of hybrid carbon-mineral adsorbents was synthesized using spent
natural palygorskite utilized in paraffin purification. The adsorbents were then
heated, hydrothermally treated, or modified by additional deposition of carbon.
Changes in the structural and adsorption characteristics of hybrid adsorbents
before and after treatments were analyzed by microscopy, p-nitrophenol and
nitrogen adsorption isotherms, and TG, TEM, XRD, and XRF methods.

Keywords: carbon-mineral adsorbents, pyrolysis, hydrothermal treatment, CCly vapors,
waste material, utilization, structural characteristics, pore size distribution

1. Introduction

Carbon-mineral adsorbents are of interest because of their potential applicability
in practice, and as model adsorbents in research. Such composite materials can be
applied for the adsorption of both polar and nonpolar compounds.'” These
adsorbents have been utilized in chromatography, trace analysis, environmental
protection, technology of water and sewage purification, and in other processes.'
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Additionally, they are potential polymer fillers and condensation agents of
various dispersed media. These materials are also used as intermediates in the
preparation of carbon adsorbents®™* as they can provide desirable and original
properties to the finished adsorbents. Adsorption features of such hybrid
adsorbents depend on the nature of the support, the carbonized precursor, as
well as pyrolysis conditions. These factors determine the morphology of
adsorbents, the accessibility of oxide and carbon patches, and the availability of
different acidic and basic surface sites. These hybrid adsorbents can work at
high temperature, in the presence of water vapor at high pressures, as well as in
the presence of other aggressive substances. Certain changes in the structural
and adsorption properties of these materials can occur under such conditions.'

There is an important problem related to the utilization of spent adsorbents
and catalysts, especially natural zeolites, used in chemical, petrochemical and
food industries after adsorbing large amounts of organic substances.””’ As a
whole they can be used as raw materials to prepare carbon-mineral adsorbents.®
Therefore, the aim of this work was to elucidate the influence of different
factors such as the kind of organic precursors and inorganic matrices, including
spent adsorbents, and the preparation and modification techniques on the
structural and adsorption properties of carbon-mineral adsorbents.

2. Experimental

2.1. PREPARATION OF ADSORBENTS

Different silica gels (Merck) Si-40 (specific surface area Sger= 732 m?/g, total
pore volume ¥, = 0.542 cm’/g, average pore radius R, = 1.48 nm, granule size
d = 0.2-0.5 mm), Si-60 (Sger = 369 m*/g, ¥, = 0.753 cm’/g, R, = 4.1 nm, d =
0.1-0.2 mm), Si-60 (Sper = 447 m*/g, V, = 0.82 cm’/g, R, = 3.7 nm, d = 0.2-0.5
mm), and Si-100 (Sger = 350 m*/g, V, = 1.23 cm’/g, R, = 7.0 nm, d = 0.1-0.2
mm) were used as inorganic matrices for preparation of carbon-silica
adsorbents. Various organics such as acenaphthene (corresponding carbon-
silica samples were labeled as AN), acetylacetone (AC), glucose (GL), and
dichloromethane (DC) were applied as carbon deposit precursors.

Before pyrolysis silicas were dried at 200°C and cooled to room
temperature. Different amounts of organic precursors were deposited on dry
silica (weight 5 g) to obtain carbon-silica adsorbents (carbosils) with different
amounts of carbon deposits. Samples based on acenaphthene (Tables 1 and 2),
acetylacetone and glucose (Table 3), were pyrolysed under static conditions in
a stainless steel autoclave (0.3 dm®) at 773 K for 6 h. After reaction, all
the prepared carbosils were washed in a Soxhlet apparatus with N,N-
dimethylformamide and acetone, and then dried at 200°C.
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Two other series of carbosils were prepared under dynamic conditions by
using a rotary flow reactor in nitrogen atmosphere fed at a rate of 100 cm’/min.
Dichloromethane was pyrolysed on silica gel Si-60 at a liquid feeding rate
(through a glass evaporator heated at 373 K) of 0.6 cm’ min ' using a Masterflex
(Cole Parmer) pump.

To elucidate the influence of the preparation procedure (dynamic or static)
two series of gluocose based adsorbents were pre-deposited on the surface of
silica gel Si-100. The proportions of glucose to silica gel were the same for the
static (S) and dynamic (D) series of carbosils. Additionally, the influence of
water (formed during glucose decomposition) on the porous structure of silica
was analyzed.

Initial silica samples and prepared carbosils were subjected to hydrothermal
modification (HTT). A sample (2 g) of silica gel or carbosil was placed in a
quartz vessel in an autoclave containing 20 cm’ of water heated at 150°C or
200°C for 6 h. These conditions ensured a saturated water vapor pressure in the
autoclave. After modification, the samples were dried at 200°C for 6 h. To
investigate the pyrolysis effects of different precursors on the silica structure,
pyrocarbon was removed by heating at 500°C for 24 h in air (labeled T).

Spent natural zeolite palygorskite (Cherkawskiy District, Ukraine), after use
for paraffin purification, was utilized as the initial material to prepare carbon-
mineral adsorbents. CCly; (Merck) was used as a cross-linking agent of the
organic paraffin phase during pyrolysis. This series of adsorbents was prepared
by several procedures. Thermal treatment (T) was carried out in a rotary quartz
reactor in a nitrogen stream (flow rate 100 cm’/min) ramping the temperature
from 20-200°C in 1 h, then from 200-700°C in 1 h, and maintaining at 700°C
for 1 h. Hydrothermal (H) modification was performed under static conditions
in a steel autoclave at 200°C with a water vapor pressure of 13.5 atm for 8 h.
Thermal treatment in CCl, atmosphere (procedure C) was carried out in a rotary
quartz reactor under the same temperature conditions as with the thermal
treatment (T). CCl, vapors were supplied to the reactor at a rate of 0.6 cm®/min
by heating from 200-700°C for 1 h. Modification (M) of the porous structure of
complex carbon-mineral adsorbents was performed by partial gasification of
carbon deposits with water vapor in the fluidal quartz reactor (nitrogen flow
300 cm’/min). After heating up to 800°C (~2 h) the water vapor stream was
supplied into the reactor by evaporation of liquid water from an evaporator at
300°C.

To determine the effect of the procedures C and M on the properties of
carbon-mineral adsorbents, reference carbon adsorbents were prepared using
paraffins treated under the C and C + M procedures.
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2.2. TESTING METHODS

Low-temperature (77.4 K) nitrogen adsorption-desorption isotherms were
recorded using a Micromeritics ASAP 2405N adsorption analyzer. The specific
surface area Sggpr was calculated using the standard BET equation’ at p/p,
(where p and py denote the equilibrium and saturation pressures of nitrogen,
respectively) between 0.06 and 0.2. The pore volume V, was estimated at p/p, =
0.98 converting the volume of adsorbed nitrogen gas to the volume of fluid.
Pore size distributions (PSDs) (differential PSD £/(R) ~dJ;,/dR) of the studied
adsorbents were calculated using a modified overall adsorption equation in the
form proposed by Nguyen and Do (ND method)'® for slitshaped pores of
carbons, and modified for other materials with cylindrical pores and pores as
gaps between spherical particles."!

The specific surface area of only the pyrocarbon (S¢) was determined by p-
nitrophenol (PNP) adsorption (assuming preferable adsorption of PNP onto
carbon deposits) from an aqueous solution of hydrochloric acid, studied using a
Specord M-40 (Karl Zeiss, Jena) UV/vis spectrophotometer at 400 nm. This
technique was described in detail elsewhere.'?

The carbon content (Cc) in carbon-mineral samples was determined using a
Derivatograph C (Paulik, Paulik & Erdey, MOM, Budapest) at a heating rate of
10 K/min, in air from 293 to 1273 K.

Transmission Electron Microscopy (TEM) micrographs were obtained using
a BS 540 (Tesla) apparatus. Microscope samples were prepared using the
platinum-carbon replication method, with evaporation of platinum and a low
amount of carbon onto the adsorbents, then treated in HF to dissolve silica gel.

Powder X-ray diffraction (XRD) patterns were recorded using a HZG 4A2
X-ray diffractometer with nickel-filtered Cu K, (A = 0.15418 nm) radiation with
a 0.04 degree step, a step time of 2 s, and a measurement range 20 = 3-85°.

The metal concentrations in certain samples were determined using a XRF
(Canberra) X-ray fluorescence spectrometer with radioactive sources of '“Cd,
*Fe and **'Am.

3. Results and Discussion

It is known'*'* that both thermal (T) and hydrothermal treatments (HTT) of
silica gels change their pore structure. The specific surface area diminishes and
the pore size increases depending on treatment temperature. This occurs due to
hydrolysis of Si-O-Si bonds, transferring of Si(OH), and larger complexes with
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water molecules, and re-condensation =SiOH + HOSi= —»=Si—0-Si= + H,0.
These processes cause significant reduction of the total porosity and the
formation of spongy particles with large mesopores and macropores. However,

carbon deposits can shield the silica surface against structural changes on
HTT 11516

Table 1. Structural characteristics of initial, heated (T) and hydrothermally treated at 150°C
(HTT) silica gel Si-40 and carbosils prepared with acenaphthene pyrolysis under static
conditions. '

Sample Ce (%o wiw)  Sger(m’g)  V,(cm’/g) Vo (cm’/g) R, (nm)
Si-40 - 732 0.542 0.011 1.48
Si-40-HTT - 309 0.512 0.014 3.31
Si-40-HTT-T - 305 0.504 0.006 3.30
Si-40-T - 613 0.476 0.045 1.55
Si-40-T-HTT - 290 0.445 0.005 3.07
Si-40-T-HTT-T - 284 0.435 0.004 3.08
ANyl 5.6 313 0.375 0.004 2.40
ANy 1-HTT not determ. 211 0.343 0.003 3.26
ANyl-HTT-T - 239 0.418 0.003 3.50
ANyl-T - 364 0.425 0.004 2.33
ANy2 8.3 231 0.317 0.002 2.74
ANy 2-HTT not determ. 198 0.312 0.002 3.16
ANy2-HTT-T - 233 0.405 0.003 3.49
AN2-T - 328 0.423 0.007 2.59
ANy3 19.2 128 0.163 0.002 2.53
ANy 3-HTT not determ. 126 0.158 0.001 2.51
AN,3-HTT-T - 221 0.378 0.003 3.42
ANy3-T - 323 0.388 0.011 2.40
ANy 21.8 92 0.149 0.001 3.24
AN, 4-HTT not determ. 91 0.132 0.001 2.90
AN, 4-HTT-T - 154 0.351 0.001 4.56
ANy4-T - 260 0.386 0.003 2.94

Note. C¢ is the carbon deposit concentration, Sger is the specific sureface area, V}, is the total pores volume,
Vhano 1s the nanopores volume, and R, is the pore radius.

Table 1 presents the structural characteristics of adsorbents prepared with
Si-40 and acenaphthene."” Larger changes in the Si-40 structure are caused by
hydrothermal treatment, despite a relatively low temperature (150°C), than by
heating at 500°C. However in the case of carbon-silica adsorbents, both
hydrothermal modification and high-temperature pyrolysis changes the pore
structure to a large extent.
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Figure 1. Nitrogen isotherms (A,B) and pore size distributions (C,D) for Si-40, carbosil ANyy3
initial and treated under various conditions."

The shapes of nitrogen adsorption-desorption isotherms strongly differ for
silica and carbon-silica adsorbents before and after hydrothermal treatment
(Figure 1). The main changes are a reduction of porosity and an enhancement of
the pore size (Figure 1A, C). Carbon deposits correlate with a diminution of the
porosity nearly linearly with increasing carbon concentration (Table 1).
Significant changes in the pore structure (Figure 1B, D) result as the products of
acenaphthene carbonization can block narrow pores and partially fill larger
mesopores of silica gel. These changes in the surface morphology of initial and
modified adsorbents are clearly seen in TEM micrographs presented
elsewhere."

The pore volume and specific surface area of carbosils decrease with C¢
values independent of pyrocarbon origin (Table 2, Figure 2).'® However, the
precursor type as well as the initial pore structure of silica gels, e.g. Si-40
(Table 1) and Si-60 (Table 2), affect the pore characteristics of carbosils
(Figures 1 and 2). The narrower the pores of the pristine silica gel, the larger the
specific surface area reduction under the same pyrolysis conditions.
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Table 2. Structural characteristics of initial, heated (T) and hydrothermally (HTT) treated at 150
and 200°C silica gel Si-60 and carbosils prepared from pyrolysis of acenaphthene (AN),

acetylacetone (AC) and glucose (GL) under static conditions.'®

CC (% SBET V, Vnano R
Sample w/w) (mg)  (cm'lg) (cm*/g) (nm)
Si-60 - 369 0.753 0.19 41
Si-60-T - 362 0.747 0.02 4.1
Si-60-HTT-150 - 121 0.731 0.08 12.1
Si-60-HTT-150-T - 122 0.738 0.07 12.1
Si-60-HTT-200 - 47 0.272 0.03 11.8
Si-60-HTT-200-T - 46 0.305 0.03 13.0
ANl 7.0 327 0.650 0.18 48
ANgl-T - 365 0.736 0.20 4.0
ANg1-HTT-150 not determ. 189 0.613 0.13 6.5
ANgol-HTT-150-T - 212 0.711 0.14 6.7
ANgo2 15.8 244 0.480 0.13 3.9
ANg2-T - 358 0.725 0.19 4.0
ANg2-HTT-150 not determ. 167 0.478 0.09 5.7
ANg2-HTT-150-T - 181 0.714 0.13 7.9
ANgo3 227 233 0.453 0.15 3.9
ANgo3-T - 337 0.726 0.09 43
ANgo3-HTT-150 not determ. 150 0.385 0.11 5.1
ANgo3-HTT-150-T - 173 0.698 0.10 8.0
ACgl 4.0 339 0.717 0.18 42
ACgl-T - 345 0.743 0.19 43
ACg1-HTT-200 not determ. 68 0.634 0.03 19.5
ACgol-HTT-200-T - 60 0.709 0.04 235
ACg2 9.1 296 0.606 0.18 4.1
ACg2-T - 340 0.730 0.18 43
ACg2-HTT-200 not determ. 90 0.648 0.05 14.5
ACg2-HTT-200-T - 85 0.704 0.04 16.6
ACq3 14.5 275 0.566 0.19 4.1
AC3-T - 327 0.728 0.19 45
ACg3-HTT-200 not determ. 108 0.545 0.08 10.1
ACg3-HTT-200-T - 83 0.698 0.05 16.9
GLgo 16.5 174 0.433 0.09 5.0
GL4-T - 288 0.704 0.16 4.9
GL4-HTT-150 not determ. 224 0.470 0.12 4.1
GL4g-HTT-150-T - 200 0.667 0.11 6.6

Additionally, the pyrolysis of oxygen containing organics leads to a greater
decrease in the specific surface area, because of the hydrolysis of Si-O-Si bonds
and disruption of the pore walls (Table 2, AC and GL). This is particularly
apparent in the case of adsorbent GL. Comparing samples ANgo2 and GLg, with
similar carbon deposit concentrations (15.8 and 16.5% w/w), one can see that
after thermal treatments the specific surface area of the samples ANg2-T and
GLe-T differ significantly (358 m*/g and 224 m?/g, respectively). Subsequent
thermal treatment of previously HTT modified carbosils ANg2-HTT and
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GLg-HTT gives silica samples of different porous structure (Sger = 181 m?/g
for ANg2-HTT-T and 200 m?/g for GLg-HTT-T). TEM microphotographs
(Figures 3-5) confirm the above data.

Figure 2. Pore size distribution for (A) initial silica Si-60 and carbosils and (B) after their
hydrothermal at 150 (AN, GL) and 200°C (AC) and thermal at 500°C treatments.'

Figure 3. TEM micrographs of (A) Si-60; (B) Si-60-T; (C) Si-60-HTT-150; and (D) Si-60-HTT-
200.

Figure 4. TEM micrographs of (A) AC¢3; (B) GL¢; and (C) ANgg2.
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Figure 5. TEM micrographs of (A) ANg2-T and (B) GL¢-T.

The Si-60 surface seems rough (Figure 3A) with large transport pores. After
heating at 500°C for 24 h in air, the silica gel surface appears slightly smoother,
and the globular structure is less visible (Figure 3B). After hydrothermal
treatment (HTT) of Si-60 at 150°C for 6 h, the silica surface becomes spongy
(Figure 3C). After HTT at 200°C, the spongy character of the surface becomes
more clearly visible (Figure 3D). Pyrocarbon grafting on the silica gel surfaces
results in formation of carbon particles (Figures 4A and 4B), and a carbon layer
with smaller graphene particles on the silica surfaces (Figure 4C). A shielding
effect of the pyrocarbon is responsible for a smaller reduction of the specific
surface area on HTT and HTT-T compared to Si-60-HTT and Si-60-HTT-T
(Table 2). However, glucose carbonization is accompanied, in fact, by HTT of
silica gel, and the GL¢,-T surface seems close to that of Si-60-HTT (Figure 5B).

Previous work'' has shown the structural characteristics of adsorbents
prepared on the basis of Si-60 (Sggr= 447 m?/g, V,=0.82 cm’/g, R, =3.7 nm,
d = 0.2-0.5 mm) and dichloromethane (DCg, series) in dynamic conditions
followed by hydrothermal treatment at 200°C in an autoclave. Carbon
concentrations in this series of adsorbents are from 1.5% w/w for DCgyl to
19.5% w/w for DC46. The pyrocarbon deposits reduce the pore structure of
hybrid adsorbents nearly linearly with increasing Cc (Sger = 431m*/g and V,=
0.74 m*/g for DCgl and Sger = 375 m*/g and V, = 0.535m*/g for DCq6).
Pyrocarbon strongly shields the silica gels against pore wall disruption during
the hydrothermal treatment process, and results in significant differences in the
shapes of the isotherms of initial and HTT adsorbents.'" The structural para-
meters of carbon deposits in this series of carbosils, determined on the basis of
the p-nitrophenol adsorption method'? were as follows: 152, 158, 109, 86, 99,
and 70 m*/g accordingly for DCg1 and DCg6. The removal of carbon deposits
from hydrothermally treated carbosils by heating at 500°C results in silica
samples with a slightly reduced specific surface area compared to initial Si-60
(Sger= 413m2/g for DCg1-HTT-T and 418 for DC4,6-HTT-T). However, the
total pore volume remains almost unchanged compared to initial Si-60.
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Interesting data concerning the impact of the applied preparation technique
(in autoclave A, or in reactor R) and the amount of carbon precursor (glucose)
on the structural characteristics of the adsorbents has been previously
reported.'’

Table 3. Structural characteristics of initial and heated at 500°C Si-100 and carbosils.!”

Sample Ce(Wt.%)  Sger (m%g) V, (cm’/g) Vipano (cm>/g) R, (nm)

Si—100 - 350 1.225 0.008 7.0
Si-100T - 358 1.233 0.008 6.9
GLjg-Al 5.6 321 (315) 1.119 (1.133)  0.013 (0.002) 7.0 (7.2)
GLg-A2 14.1 309 (318) 0.916 (1.153) 0.027 5.9(7.2)
GLg0-A3 233 308 (314) 0.729 (1.085) 0.040 4.8(6.9)
GLyg—A4 24.6 256 (271) 0.694 (1.077) 0.030 5.4 (6.7)
GLg-R1 52 343 (344) 1.094 (1.147)  0.009 (0.001) 6.4 (6.7)
GL;o—R2 13.8 345 (357) 0.947 (1.198) 0.028 5.5(6.7)
GL,R3 21.4 365 (347) 0.796 (1.130) 0.047 4.4 (6.5)

Note. Parameters in abbreviations concern samples after carbon removing at 500°C.

Comparing data in Table 3 one can see that the carbonization technique
affects not only the pyrocarbon amounts, but also structural parameters of the
samples. Water molecules evolved during pyrolysis modify the silica matrix to
a marked extent. This is clearly seen in the case of adsorbents prepared in an
autoclave, particularly for samples GL;¢-A3 and GL;p-A4. In these samples
the proportion of glucose to silica was the same, but in sample designated —A4
there was triple the amount of glucose in the system, thus three time higher
water pressure.

In the utilization of spent adsorbents, it is very important to obtain materials
with developed porous structure, high adsorption capacity, and good mechanical
strength. Results of research for a series of adsorbents prepared on the basis of
palygorskite spent in paraffin purification have been reported.'® The specific
surface area of pure palygorskite was 197 m*/g, and the pore volume 0.59 cm’/g.
Thermal treatment at 700°C of the initial spent sample, as well as after its
previous hydrothermal modification, gave carbon-silica adsorbents with Sger of
108 and 104 m?g accordingly and, unfortunately, small carbon deposit
concentrations (1.8 and 1.47% w/w). It follows that normal sample heating causes
the loss of carbon matter to a great extent. However thermal treatment in CCly
atmosphere results in less carbon loss on the palygorskite surface, and produces
carbon-mineral adsorbents with a larger carbon deposit concentration (10.4%
w/w, Sger= 287 mz/g and V,= 0.52 cm3/g). The best results were obtained when
thermal treatment in CCly vapors was performed after the hydrothermal
modification process. Such a prepared sample had 29.83% w/w of carbon deposit,
and its Sger was 333 m%g and V, 0.54 cm’/g.'® Partial gasification of carbon
deposits with water vapor is a commonly used method to develop porous
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structures. Applying such modification to this adsorbent gave a material of
slightly lower carbon deposit concentration (28.99% w/w) and pore structure
parameters. It should be added that XRD data for the carbon-mineral samples
under discussion don’t contain lines characteristic of palygorskite. However,
lines corresponding to quartz were observed.'® Additionally, HCI as a by
product of cross-linking pyrolysis occurring at 700°C can react with different
metal ions (Al, Ti, Mn, Cu, and Zr) present in palygorskite. This leads to a
reduction of the content of these metals in the adsorbent after carbonization.

4. Conclusion

The origin and amounts of pyrocarbon impact the main mesopore structure of
carbon-mineral adsorbents. Pyrocarbon forms relatively large globules on the
external surfaces of silica gel particles, and covers the oxide surfaces by tiny
graphene particles. The presence of oxygen atoms in pyrolyzed precursors
(glucose, acetylacetone) has a substantial influence on the carbon deposit
character as well as structural parameters of carbosils (both pyrocarbon and
silica) in comparison with those for carbosils prepared by CH,Cl, and
acenaphthene carbonization. For spent adsorbents with large amounts of such
adsorbed organics as paraffins, drastic pyrolysis conditions had to be used. The
use of tetrachloromethane as a cross-linking agent for accelerating condensation
and carbonization of organics was suggested as a new method with distinct
advantages.
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Abstract. Several series of pyrocarbon/silica adsorbents were prepared using
fumed oxides of different specific surface areas, and mesoporous silica gel Si-
100, as inorganic matrices. Different synthetic and natural polymers as well as
glucose were used as carbon precursors. Solutions of phosphoric acid at various
concentrations were utilized to prepare functionalized hybrid carbon-silica
adsorbents. Nitrogen, p-nitrophenol and Cd(II) adsorption isotherms as well
as AFM, XRD and XRF methods were used to estimate the structural and
adsorption characteristics of the adsorbents.

Keywords: carbon-silica adsorbents, fumed silica, pyrolysis, glucose, starch, cellulose,
phosphoric acid, polyvinylpyrrolidone, polystyrene, structural characteristics.

1. Introduction

Carbon/silica adsorbents with pure or functionalized carbon deposits, or
functionalized silica surfaces, are of interest for many purposes, An
improvement of the structural and adsorption characteristics of carbon deposits
is desirable." Pyrocarbon deposits formed by carbonization of low-molecular
organic precursors (dichloromethane, cyclohexene, alcohols, acetylacetone,
acenaphthene, efc.) at oxide surfaces typically possess a low inner specific
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surface area. The outer surface of these deposits is the main contributor to the
specific surface area of the pyrocarbon.'” For many applications of carbon or
carbon-mineral adsorbents, appropriate contributions of both nano- and
mesopores are necessary.'* This problem is difficult to solve in the case of
hybrid carbon-mineral adsorbents, because the pyrocarbon synthesis results in
deposition of practically nonporous carbon particles (similar to carbon black)
onto the support. Additionally, grafted carbon particles can block a significant
portion of the pores on the substrate, particularly nanopores. Porous matrices
with silica or other oxides, and grafted porous carbon particles, can provide a
very wide spectrum of adsorption properties for polar and nonpolar
adsorbates.”” The aim of this paper is to prepare hybrid adsorbents with
functionalized carbon deposits possessing inner porosity, and to investigate the
properties of these complex materials in gaseous (nitrogen adsorption) and
liquid (p-nitrophenol and metal ion adsorption) media.

2. Experimental

2.1. PREPARATION OF ADSORBENTS

A series of fumed silicas A-150, A-200, A-300, and A-380 (Institute of Surface
Chemistry, Kalush, Ukraine), OX-50 (Degussa), and silica gel Si-100 (Merck)
were used as the initial oxide matrices. Starch (St), methylcellulose (MC),
polyvinylpyrrolidone (PVP), polystyrene (PS), and cellulose (C), were deposited
onto fumed silicas matrices and carbonised under dynamic conditions to prepare
carbosil samples (Tables 1 and 2). Before carbonization polymers were deposited
from aqueous solution with subsequent drying of the residue at 320-335 K (Table
1). Sample C/A33-PVPy-1 was prepared using a mixture of silica and
PVP/ethanol stirred and heated at 313 K for 5 h in a reactor, and sample C/A;g-
PVPy-2 was prepared using silica and 25 wt.% solution of PVP in water/ethanol
(1:1) treated in a ball mill for 5 h. Precursors of samples shown in Table 2 were
prepared by deposition of starch (St) and cellulose (C) by mechanical mixing of
weighted portions of A-200 and polymer, and saturated with water vapour in a
dessicator for 48 h. Glucose was deposited onto porous silica Si-100 and
carbonized under dynamic (rotary reactor, R) or static (autoclave, A) conditions
to obtain carbosil samples (Table 3). Selected samples from the carbosil series
were modified by phosphorus compounds using phosphoric acid solution before
carbonization (Table 4).

Carbonization of grafted polymers and glucose (Tables 1-4) was performed
under dynamic conditions in a flow rotary quartz reactor (with a nitrogen
stream of 100 cm®/min). The sample was heated from 293 K to 773 K for 2 h,
then kept at 773 K for 5 h, and finally cooled to 293 K for 1 h. A series of
carbosil samples (Table 3, labelled A) was carbonized in a steel autoclave
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(volume 0.3 dm®) using the same temperatures and times as in the rotary
reactor. To remove pitch substances, the carbosils were also heated in the rotary
reactor in a nitrogen stream at 773 K for 2 h.

2.2. TESTING METHODS

Low-temperature (77.4 K) nitrogen adsorption-desorption isotherms were
recorded using a Micromeritics ASAP 2405N adsorption analyzer. The specific
surface area Sgpr was calculated using the standard BET equation® at p/p,
(where p and p, denote the equilibrium and saturation pressures of nitrogen,
respectively) between 0.06 and 0.2. The pore volume V, was estimated at p/p, =
0.98 converting the volume of adsorbed nitrogen gas to the volume of fluid. The
pore volume of nanopores and narrow mesopores V'pa were estimated using the
Dubinin-Astakhov equation.” Pore size distributions (PSDs) (differential PSD
JS(R) ~dV,/dR) of the adsorbents were calculated using a modified overall
adsorption equation in the form proposed by Nguyen and Do (ND method)’ for
slitshaped pores of carbons, and modified for other materials with cylindrical
pores and pores as gaps between spherical particles.'’

The specific surface area of the pyrocarbon (Sc) was determined from p-
nitrophenol (PNP) adsorption (assuming preferable adsorption of PNP onto
carbon deposits) from an aqueous hydrochloric acid solution using a Specord
M-40 (Karl Zeiss, Jena) UV/vis spectrophotometer at 400 nm. The data analysis
was described in detail elsewhere. "’

The carbon content (Cc) in carbon-mineral samples was determined by
heating in air from 293 to 1273 K using a Derivatograph C (Paulik, Paulik &
Erdey, MOM, Budapest) at a heating rate of 10 K/min.

Atomic Force Microscopic images were obtained with a NanoScope III
(Digital Instruments, USA) apparatus working in Tapping Mode. Powder
samples were prepared by hand pressing using a glass plate.

Powder X-ray diffraction (XRD) patterns were recorded using a HZG 4A2
X-ray diffractometer with nickel-filtered Cu K, (A = 0.15418 nm) radiation with
a 0.03 degree step, a step time of 8 s, and measurement range 2 &= 5-70".

The phosphorus content was determined using a XRF (Canberra) X-ray
fluorescence spectrometer with '*’Cd and *°Fe radioactive sources.

Adsorption of Cd(I) on the silica gel and carbosils surfaces (sample
concentration 0.2 wt.%) was studied with an aqueous solution of Cd(ClO,), at
an initial Cd(II) concentration of 10° M. Adsorption experiments used '*Cd
radioisotope (DuPont) with a neutral electrolyte (10° M NaClO,) in a Teflon
cell (50 cm®) temperature-controlled at 7= 25 +0.2 °C under a nitrogen stream.’
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3. Results and Discussion

Data presented in Table 1 show that depending on the kind of oxide matrices
(Sset, Vp, structure of aggregates and agglomerates), polymer type (with polar
or nonpolar groups), and deposition technique, we obtain carbon-silica
materials of different porous structure and carbon content.

Table 1. Structural characteristics of initial fumed silicas and hybrid pyrocarbon/silica
adsorbents prepared from liquid solutions of polymers and subsequent carbonization.’

Sample Cpol CC SBET Vg, VDA Rp
(%w/w) | (%w/w) | (m%g) | (em’/g) | (em’/g) | (nm)
0X-50 - - 54 0.108 0.014 4.05
C/OXs50-Stao 20 2.7 68 0.168 0.019 4.90
A-150 - - 142 0.261 0.039 3.70
C/A 150-Stag 20 2.9 126 0.415 0.028 6.60
C/A150-MCao 20 2.0 128 0.528 0.024 8.30
A-300 - - 294 0.442 0.089 3.00
C/A300-PS10 20 5.6 288 0.855 0.061 5.95
A-380 - - 383 0.536 0.074 7.90
C/As50-St1g 10 1.9 314 1.388 0.053 8.85
C/As50-Strg 20 42 289 0.794 0.063 5.50
C/As50-Stsg 30 5.8 292 1.179 0.051 8.05
C/As50-Stag 40 8.2 268 0.969 0.054 7.25
C/A350-MCao 20 3.4 307 1.253 0.051 8.20
C/As30-PVPyy-1 20 2.1 300 0.785 0.068 5.25
C/As30-PVPy-2 20 1.0 329 0.862 0.057 5.25

St denotes starch, MC is methyl cellulose, PS is polystyrene, and PVP is polyvinylpyrrolidone. Cy polymer
concentration, Cc carbon deposit concentration, Sger specific surface area, V), total pores volume, Vpy
nanopores volume, and R, pore radius.

The same amounts of polymers grafted on different matrices lead to distinct
structural changes. This is clearly seen for samples C/OXsy-Sty, C/A50-Sty9 and
C/A3g0-Styo prepared from the same organic precursor (starch), under the same
polymer/oxide proportion (20% w/w), but with silicas of different morphology.
The porous structure of the initial oxide influences the carbon yield (Table 1,
Cc). The larger the Sger and V, values of the initial silica, the greater the carbon
deposit content (2.7 and 2.9% w/w for C/OX5-Styg and C/As50-Styo and 4.2%
w/w for C/A3g0-Sty9). This observation is affirmed when samples C/A;50-MCy
and C/A3g0-MCy prepared on different oxide matrices (A-150 and A-380), but
from the same polymer (methylcellulose), are compared. This effect is due to
increased aggregation of primary particles for fumed silicas with increasing
Sger value. However, this trend does not hold for samples based on A-380 and
PVP (C/A350-PVPy-1 and C/A350-PVPy-2). These carbosils have relatively low
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amounts of carbon deposits (2.1 and 1% w/w) compared to other samples with
the same proportion (20% w/w) of polymer to oxide. However, deposition of
the same polymer (starch) in different proportions to the oxide matrix (from 10
to 40% w/w on A-380), gives adsorbents with increasing carbon deposit content
(Table 1). Applying polystyrene (PS) as a carbon precursor (sample C/Ajzpo-
PSy) allows the synthesis of carbosil with comparable carbon content to
C/A;50-St3o. However, during polymer immobilization, polystyrene adsorbs in
the folded state due to the relatively weak adsorption interaction of nonpolar —
CH—CH,- chain and aromatic side groups with surface silanols (in this case
aryl-aryl interactions are preferable). The adsorption of polar polymers (starch,
cellulose, and PVP) forms relatively strong hydrogen bonds with SiOH groups.
The FTIR spectra'? of A-300 with adsorbed polystyrene (Cpo1= 50% w/w) show
that a significant portion of silanols remain undisturbed, compared to the
sample with adsorbed PVP (17.5 wt.%) where practically all the SiIOH groups
are disturbed.

Figure 1. 2D AFM images (1 pm x 1 pm) of OX-50 (A) and carbosil C/OXso-Sty (B).?

Carbon deposition on an oxide matrix typically leads to loss of porosity. But
here these changes depend on the kind of organic precursors used, the method
of immobilization, and carbonization method. Differences in the morphology of
the initial oxide matrix and carbon-silica adsorbents are clearly seen in AFM
micrographs of OX-50 and carbosil C/OXs-Styy (Figure 1). One can see that
primary particles of OX-50 form regular loose aggregates and agglomerates
(Figure 1A), but deposition of the carbon phase leads to more dense packing of
this material (Figure 1B).
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Table 2. Structural characteristics of initial fumed silica A-200 and hybrid pyrocarbon/silica
adsorbents prepared by mechanical mixing of oxide with starch (St) or cellulose (C), saturation
with water vapour in dessicator for 48 hours and subsequent carbonization.’

Sample Cpol CC SB ET I/E VDA Rp
(%w/w) | (% wiw) (m*/g) (cm’/g) (cm®/g) (nm)
A-200 - - 232 0.483 0.057 4.15
C/Ax00-St3s 35 9.6 249 0.436 0.075 3.50
C/Ax00-Star 47 16.8 253 0.385 0.082 3.05
C/A200-Stes 64 35.8 281 0.293 0.105 1.15
C/A200-Css 35 10.9 239 0.452 0.067 3.80
C/A200-Car 47 20.5 256 0.433 0.078 3.40
C/As99-Coa 64 30.2 284 0.385 0.097 2.70

From the data shown in Table 2, one can conclude that the method of
polymer deposition (mechanical mixing) before pyrolysis allows one to prepare
carbosils with a greater carbon content, compared with carbosils prepared from
liquid solutions of polymers and subsequent carbonization (Table 1).

Figure 2. Pore sizes distributions for initial A-200 and carbosils prepared on the basis of starch
(A) and cellulose (B) (Table 2).°

In these adsorbents an increase in carbon deposit content leads to reduction
of the total pore volume, but an enhancement of the specific surface area (Sggr)
and contribution of nanopores because the Vp, value increases. A noticeable
increase in nanoporosity of these carbosils is accompanied by significant
changes in the pore size distributions (PSDs) at R, <2 nm (Figure 2).
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Table 3. Structural characteristics of initial silica gel Si-100 and carbosils prepared by pyrolysis
of glucose (GL) under static (A) and dynamic (R) conditions.’®

Sample CC SBET Vy VDA Rp a cs SC D
(ow/ | (m/g) | (cm’/g) | (cm¥/g) | (nm) men | (m?/g) | (nm)
w) (mg/m?)
Si-100 - 349 1.225 0.023 7.0 - - -
C/GL1op-A, 54 339 1071 0.019 6.3 0019 225 148
C/GL1g-A2 15.6 349 0.924 0.038 53 0.060 260 12.8
C/GL1go-A3 23.5 373 0.762 0.057 4.1 0.064 191 17.4
C/GL1g0-R; 4.1 339 1.089 0.011 6.4 0.016 253 13.1
C/GL1p0-R; 11.8 338 0.938 0.026 5.6 0.039 212 15.7
C/GL;go-R3 19.0 359 0.810 0.040 4.5 0.063 224 14.0

Note: Cc is the percentage of carbon, afj on is the amount of monolayer adsorption of PNP on carbosil, Sc is

the specific surface area of carbon deposit itself (from PNP adsorption), and D is the diameter of carbon
particles.

Comparing data presented in Table 3, one can see that pyrocarbon grafting
in silica gel pores (or blocking of the pore entrances by relatively large carbon
particles at D > 10 nm), leads to a reduction of the V}, and R, values. Despite
this effect, the Sger and Vpa values increase for C/GLg-A3z and C/GL;g-R3,
characterized by maximal Cc values for the two series. Consequently,
pyrocarbon deposits affect the pore size distribution over a wide range.’
Carbonization of glucose at the surface of silica gel Si-100 under static
conditions in the autoclave (series A) provides greater amounts of pyrocarbon
deposits, larger nanoporosity and Sgpr values compared to samples prepared in
the rotary reactor.

PNP poorly adsorbs onto silica surfaces.*'' Therefore, it can be used to
estimate the structural characteristics of the carbon phase in carbosils. An
increase in the C¢ value leads to a significant enhancement of PNP adsorption per
m’ of carbosil surface (Figure 3A), which is greater for the A series (Table 3).

Figure 3. p-Nitrophenol (PNP) adsorption isotherms (A) and distribution functions of changes in
the Gibbs free energy on the PNP adsorption (B) on carbosils prepared from glucose and Si-100.°
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This is confirmed by the distribution functions of changes in the Gibbs free
energy on PNP adsorption (Figure 3B). It is known'’ that PNP molecules can
displace water molecules not only from pyrocarbon pores with hydrophobic
walls, but also from oxygen-containing sites at the pore entrances. It is thus
proposed that such materials as C/GLgo-A3; and C/GL¢-R3 could be used in the
solid phase extraction (SPE) of aromatics and other organics.'* To enhance the
specific adsorption properties of carbosils for heavy metal ions a series of
carbosils functionalized by phosphorus were prepared. These hybrid materials
were synthesized using silica gel Si-100 and glucose (0.03 mol of glucose per
10 g of silica gel as for C/GL,y-R;,, Table 3) as a carbon precursor, and H;PO,
(as a functionalization agent) at different concentrations (5, 20 and 65% v/v).”
Samples were carbonized in a rotary reactor in nitrogen at 500°C (5 h) at a
heating rate of 2 or 4°C/min. After pyrolysis the samples were washed with
distilled water to remove residual acid. Structural characteristics of these
samples are shown in Table 4.

Table 4. Structural characteristics of silica gel Si-100 and carbosils with phosphorus.”

Sample HR CH3PO4 CC Cp SBET Vg, VDA Rp
(%viv) | (%wiw) | (%w/w) | (m¥g) | (em’/g) | (cm/g) | (nm)

Si-100 - - - - 349 1225 0.023 7.0
C/GL1o0-Rs 4 . 11.8 . 338 0938 0026 56
C/GLygg-Pags 4 65 24.4 0.85 544 0.491 0.057 1.8
C/GLygg-Prgs 2 65 31.7 0.50 610 0788 0017 26
C/GLygg-Pasy 4 20 16.5 2.06 188 0312 0022 33
C/GLyg-Prag 2 20 16.9 2.24 204 0437  0.026 43
C/GL09-P4.s 4 5 16.1 0.43 314 0836 0006 53
C/GL1gg-Ps 5 2 5 16.1 0.45 331 0.854  0.005 52

Note: HR is the heating rate from 20 to 500°C (°C/min), Cy3pos concentration of H;PO,, Cp — concentration of
phosphorus, C/GL-R; reference sample without P.

The use of phosphoric acid during glucose pyrolysis provides a greater yield
of carbon deposits compared to C/GL;o-R, (Table 4). Additionally, higher
phosphoric acid concentrations and low (2°C/min) heating rates give higher
carbon contents (e.g. C/GLg-P2.5). It should be noted that the samples with
maximal Cc values are characterized by larger specific surface areas (544 and
610 mz/g, samples C/GL1¢p-P4.6s and C/GL1¢p-P4.5). However samples prepared
with medium phosphoric acid concentration have a higher phosphorus content
(2.06 and 2.24% w/w for C/GL1¢p-P4.00 and C/GL1¢-P1.50 respectively).

To study the effect of phosphoric acid on the structure of complex
adsorbents XRD measurements were performed. All of the adsorbents were
amorphous with one exception (C/GL,gy-Psgs). This sample was partially
crystalline because there are XRD peaks characteristic for SisP¢O,s.’

The increased phosphorus content in the carbosils samples (Table 4) enhances
their acidic properties: the greater the Cp value, the lower is the curve of the
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surface charge density.” These changes with increasing Cp values influence the
adsorption properties of carbosils in aqueous media. For instance, the adsorption
of Cd (II) was essentially greater (between pH 6 and 8) on C/GLg-P4.2 and
C/GL¢g-P2.20 than for other adsorbents at lower Cp values, or for C/GL,-R>
without phosphorus.”

4. Conclusion

Structural and adsorptive characteristics of pyrocarbon-silica samples prepared by
carbonization of polymers adsorbed on fumed oxides depend on the technique of
polymer grafting, substrate morphology, and the kind of oxide matrix surface.
Carbonization of glucose at the surface of mesoporous silica gel Si-100 under
dynamic conditions, and in the high-pressure autoclave, gives pyrocarbon/silica
gel adsorbents characterized by different texture. The autoclave process provides
greater amounts of pyrocarbon deposits, larger nanoporosity and total specific
surface area, and a greater adsorption of p-nitrophenol onto the carbon phase. The
morphology of the substrates significantly changes the carbonization of oxygen-
containing carbon precursors (such as glucose, starch and cellulose), because of
hydrothermal treatment of the pore walls by water eliminated as a product of
pyrolysis. Addition of phosphoric acid, variation of its concentration and heating
rate on glucose carbonization at the silica gel Si-100 surface, allows the
preparation of a series of carbosils with different textural and adsorption
characteristics appropriate for adsorption of heavy metal ions from aqueous
solution.
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Abstract. This paper describes the functionalization of surfaces against non-
specific protein adsorption. For surface modification photo-immobilization, y—
activation or a RF physical plasma is used which changes the chemical surface
composition within the first 10 nm region. The surface chemistry is controlled
by the use of Time-of-Flight Secondary Ion Mass Spectrometry and X-ray
Photoelectron Spectroscopy.

Keywords: Biomaterials surface functionalization, XPS, Tof-SIMS, photo-immobilization,
glycoengineering, bacterial adhesion, endotracheal tubes, PS biosensors fluorescence
immunoassays, AgNO;, PVC, Pseudomonas aeruginosa

1. Introduction

Biomaterials are non-viable materials used in medical devices, which are
biocompatible with minimal non-specific protein adsorption. This paper
describes some functionalization techniques of surfaces against non-specific
protein adsorption, such as (1) photo-immobilization, (2) y—activation or a rf
plasma modification and (3) a wet-chemical treatment. The modification
changes the chemical surface composition within the first 10 nm.

Surface chemical composition is controlled by Time-of-Flight Secondary Ion
Mass Analysis (ToF-SIMS) and X-ray Photoelectron Spectroscopy (XPS).' The
analysis under ultra-high vacuum (UHV) conditions allows characterization
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with secondary ions or electrons down to femto-mol sensitivity. The
information obtained is either structural information or the binding energy,
respectively. The lateral resolution is several micrometers in the case of XPS
compared to sub-micrometer resolution for ToF-SIMS. Description of the
analytical tools is found elsewhere.” This review presents several examples of
surface functionalization applying various surface modifications (pt. 2-4).

2. Photo-Immobilization for Biosensors

A. Control of bio-molecular architecture on surfaces in conjunction with the
retention of biological activities of bio-molecules offers a wide range of appli-
cations in bio-sensing, cell guidance and molecular electronics.” Semiconductor
microlithography can be extended to surface bioengineering with appropriate
molecular tools enabling light addressable bio-molecule immobilization.
Evidence is provided for the controlled binding of the bifunctional reagent shown
in Figure 1 to material surfaces by light-dependent reactions. N-[m-(3-
(trifluoromethyl) diazirine-3-yl)phenyl]-4-maleimido-butyramide (MAD) carries
a diazirine function that will be lost during light activation (350 nm) leading to
carbene-mediated binding to solid supports and a maleimide function with
thiolated reagents.*” MAD is stable and should not be degraded during the 350
nm illumination. Surface grafting was controlled by use of XPS and ToF-SIMS.
Thanks to its molecular sensitivity and its surface sensitivity ToF-SIMS is the
ideal complementary tool even if absolute quantitative information is not
available.

The photobonding of the molecule will be characterized by comparing the
influence of molecule deposition, intensive washing and illumination processes.
The carbene-mediated grafting is versatile and can lead to binding to very
different substrates. The grafting of the basic reagent MAD to various inert
substrates is compared to identify the substrate with the highest grafting
efficiency.

Figure 1. Chemical structure of the MAD molecule.

MAD was synthesized according to Collioud ez al.* Silicon wafers with a
naturally grown oxide layer (referenced as silicon), CVD deposited Si3N4 on
silicon wafers (silicon nitride) and hot filament CVD (HFCVD) deposited
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diamond were tested.” Si3Ny layers were prepared by low pressure CVD on
silicon wafers. Diamond layers were grown on 100 mm diameter Si/SizNg4 (200
nm) wafers at a deposition rate of 0.3 pm/h using a mixture of 1% CH4 and
99% Hp.

o}
OH
N
OH
\ N/\/\n/ + ng\j
o} HS—£=0 CH20H
o]

MAD 1-thio-B-D-galactopyranose

14 12 0
13 o4
17 LN
FsC N
18 MAD-Gal

Figure 2. Reaction of 1-thio-B-D-galactopyranose with MAD yielding N-[m-[3-(trifluoromethyl)
diazirin-3-yl] phenyl]-4-(-3-thio (-1-D-galactopyranosyl)-succinimidyl)butyramide (MAD-Gal)
(after Y. Chevolot %).

Pristine samples were washed (5 min., ultrasonic treatment in hexane then
in ethanol) and dried for 2 hours at room temperature under vacuum (6 mbar).
Then a MAD solution (0.25 mM in ethanol, 10 ul) was deposited as a droplet
released by a syringe. The samples were dried for 2 hours at room temperature
under vacuum (6 mbar). For photobonding, the samples were irradiated for 20
min. using the Stratalinker 350 nm light source with an irradiance of 0.95
mW/cm? and washed again.

Photo-immobilization provided a versatile tool with respect to the substrate
(organic and inorganic) and allows one to easily create micro-domains of bio-
recognition with addressable printing, mask-assisted lithography techniques.
The photo-reagents most often used for photo-immobilisation of bio-molecules
are arylazides, trifluoromethyl-aryl diazirines and benzophenones.'® Utilizing
diazirine as a photoactivatable function, a reactive carbene was generated by the
light activation (350 nm). A covalent carbene bond was generated. Reaction of
aryl diazirine with various substrates has previously been described. The carbene
may insert into bonds like C-H, C-C, C=C, N-H, O-H, S-H."
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MAD was derivatized with 1-thio-B-D-galactopyranose to give N-
[m-[3-(trifluoromethyl) diazirin-3-yl] phenyl]-4-(-3-thio(-1-D-galactopyranosyl)-
succinimidyl) butyramide (Figure 2). The parent molecule MAD provides a
maleimide function, allowing the reaction with thiogalactopyranose. Both MAD
and its derivative MAD-Gal contain the diazirine function that yields carbenes
upon light activation at 350 nm.

After chemical analysis with XPS at the various states of samples
preparation, imaging ToF-SIMS analysis was applied to identify characteristic
fragments of MAD-Gal at the surface. Figure 3 illustrates the negative F ion
distribution on a masked-assisted patterned sample after photobonding.

Figure 3. F~ ion distribution of MAD-Gal patterned sample after Y. Chevolot.”

After immobilization the grafted surfaces were probed by lection
recognition and cell activity tests. Data were correlated with analytical data
from XPS and ToF-SIMS. Allo A lectin binding was performed on 7y -sterilized
ELISA plates. The wells were modified with different concentration of MAD-
Gal. Inhibition tests were performed on surfaces modified with 0.25 mM
solution of MASD-Gal and asialofetuin (1 mg/ml) as an inhibitor. Figure 4
summarizes the results.

In summary, it has been shown that photo-immobilized MAD-Gal can be
used as a linker and that the biological availability of the monosaccharide
residue dishes was probed and ascertained chemically by XPS and ToF-SIMS.
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% of radioactivity

A B C

Figure 4. Binding of biotinylated Allo A lectin to aryl lactose derivatised PS surfaces.
Derivatised surfaces were incubated with Allo A lectin and then extensively washed to remove
physisorbed lectins. [358] streptavidin was incubated and the surfaces were again rinsed to
remove excess streptavidin. (A) Pristine PS, (B) MAD-Gal desposited and washed, and (C)
MAD-Gal light actived and washed. The radioactivity was measured by scintillation counting;
after Chevolot.

3. PS Functionalization for Biochip Fluorescence Immunoassays

Next, we report on a new diagnostic tool designed for use in applications point-
of-care diagnostics, also known as near patient testing. The crucial part of this
tool is the bio-sensing chip that is functionalized in order to bind bio-analytes.
We will show the feasibility of preparing a chemically reactive yet specific
surface for subsequent bio-immobilization. A Polystyrene (PS) surface has been
activated by y— and plasma activation rendering the biochip surface hydrophilic.
The subsequent chemical modifications of the PS surface are monitored by
surface analysis (X-ray Photoelectron Spectroscopy) identifying the various
functional chemical groups at the PS surface."' Scheme 1 shows the 3 step
surface modification procedure.

Scheme 1: 3-Step Surface Modification Procedure

Step 1 Step 3
Activation using Step 2 Functionalization followed
Y-irridiation Chemical modification by protein binding ORONONO)
Allydextran-coating NalO, oxidation and
PS - q- . 4.
avidin binding

Coatings of allyldextran monolayers were carried out on PS chips activated
with y-irradiation. In a second step, sodium periodate chemistry was applied to
functionalize the dextran layer, followed by the coupling with Streptavidin
and/or Neutravidin. The modified PS surfaces are highly hydrophilic with low
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non-specific adsorption properties, and give a highly promising result for
binding with biotin derivative bio-molecules. The surfaces are used in a
heterogeneous immunoassay, in which Neutravidin is bound to the solid
surface. In heterogeneous immunoassays, one reaction partner is immobilized
on a solid PS surface, the second reaction partner being in the liquid phase. A
very common reaction partner is Avidin immobilized and reacting with a
biotin-modified antibody or antigen, because of the strong biotin-avidin
interaction.'*"

XPS at two different take-off angles (0° and 70° with respect to the surface
normal) provides an information depth of 8-10 nm or 3nm, respectively. After
NalO, oxidation Streptavidin or Neutravidin were subsequently bound to the
surface, for further Avidin/biotin detection by the fluorescence reader.'* XPS
analysis of surfaces conjugated with Streptavidin or Neutravidin indicated the
presence of 8.0% nitrogen. Figure 5 shows XPS high resolution Cls spectra.
Functional groups like C-aromatic from PS substrate, C-O and C-OH from
dextran moieties, and C-N from Streptavidin or Neutravidin molecules are
observed. In addition, such surfaces turned out to be very hydrophilic, i.e. their
contact-angles were too low (<5 degree) to be measurable.

We will now compare the y-radiated sample to an NH; RF plasma activated
surface. This part is focused on optimising and improving a method of surface
modification of the PS biochip without the use of 7y-radiation. The surface
modification process is shown in Scheme 2. Firstly, a NH; RF plasma was used
to graft amino groups onto PS surfaces. Secondly, the resulting PS surface
carrying primary amino groups was chemically activated with glutaraldehyde
(OHC-CH,-CH,-CH,-CHO) and only then Neutravidin was covalently coupled.
Thirdly, fluorescence immunoassay tests on the Avidin modified PS surface
were performed on the basis of Neutravidin-Biotin binding.

C 15§
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Figure 5. High resolution Cls spectra of the
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chip conjugated with (a) Streptavidin and (b)
Neutravidin (take-off angle: 70 degree)- after X. Gao et al. '
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Scheme 2: 2-step NH; — Glutaraldehyde Neutravidin surface functionalization of PS

Aldehydes react with primary and secondary amines to form Schiff bases,
which can be converted to an alkylamine linkage by using reducing reagents.
Glutaraldehyde is used for protein conjugation. It reacts with amine groups to
create cross-links by one of several routes. Under reducing conditions, the
aldehydes on both ends of glutaraldehyde will couple with amines to form
secondary amine linkages."”” Using a pH of 6 a successful reaction between
glutaraldehyde molecules having two oxygen atoms and five carbon atoms and
amino groups on PS surfaces was observed.'® As shown in Figures 6(a-b), a
significant increase in C=0 and C-aliphatic peaks and an increase of the C-N
peak after Neutravidin coating are observed.

Figure 6. High energy resolution XPS spectra of Cls after (a) glutaraldehyde modification and
(b) Neutravidin coating of the NH; RF plasma activated PS surface.'®

PS surfaces, however, one observes different activities. In particular, the
relative C-N concentration in Figure 5b is significantly lower after the plasma
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modification. Such a hydrophilic surface with biotin binding functionality is
applied for the measurement of biological samples such as serum or other
biological fluids because they reduce non-specific binding while presenting a
high biotin binding activity to generate an increased signal intensity of the
biosensor reported elsewhere.

4. Anti-Bacterial Treatment of Endotracheal Tubes

Pseudomonas aeruginosa is one of the most prevalent bacterial strains in a
clinical environment, responsible for 30% of pneumonia cases occurring in
intubated patients."’

Figure 7. Endotracheal tubing (schematic).

We report here on the systematic study of plasma deposition to create a
plasma fluoropolymer film on native Polyvinylchloride (PVC) based on a Ph.D.
thesis of D. J. Balazs."® One approach is coating of Polyethylene oxide-like
(PEO) of PVC serving as a platform for the preparation of non-fouling surfaces
through the physisorption PEO polymer. XPS measurements will be presented to
highlight the modifications induced.'"® Figure 7 illustrates schematically the
endotracheal tubes, on which a biofilm is formed during extended intubation
times. The substrates used for the investigation of PluronicsTM-PEO-like and
Ag/PEO-like films were PVC, issued from Mallinckrodt Hi-LoTM endotracheal
tubes, which were flattened to allow the microscopic counting of bacteria. Survey
analysis data for the native PVC surface at 5 W power of the PEO-like films are
presented in Figure 8. The silver-free PEO-like films serve as a point of
comparison for the investigation of the operating parameters employed for the
Ag/PEO-like film deposition.

The elemental composition data was determined from XPS data of the
native PVC. The chlorine content was significantly lower than what is expected
for standard PVC samples, which do not contain additives, or plasticizers. In an
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Figure 8. Wide scan spectra of native PVC (left) and a PEO-like film (right) deposited with a
DEGDME flow rate of 0.4 sccm, an Ar flow rate of 5 sccm, a chamber pressure of 400 mTorr
and an input power of 5 W.'®

Figure 9. Schematic representation of the asymmetric plasma reactor used for the PEO-like and
Ag/PEO-like coating deposition.'®

additional step thin Ag/PEO-like coatings were deposited on PVC substrates
through a mixed PE-CVD/sputtering process using an asymmetrical, parallel
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plate reactor with a silver cathode. Di-ethylene-glycol-dimethyl-ether
(DEGDME) vapors were used as monomers and argon (Ar) as a buffer gas."”
The plasma reactor is illustrated in Figure 9.

The effects of conditioning layers of two important blood serum proteins,
albumin and fibrinogen were investigated. Protein adsorption was studied using
bovine serum albumin (BSA) and fibrinogen (F) from Sigma. The samples were
incubated for 3 h at 37°C in solutions of albumin (1 mg/mL) and fibrinogen
(0.2 mg/mL) prepared in phosphate buffered saline (PBS, 0.01 M phosphate
buffer, 0.0027 M KCI, 0.137 M NaCl, pH 7.4). After the incubation period, the
samples were rinsed 3 times with PBS and analyzed by the various surface
characterization techniques.

As determined by XPS analysis, the surface composition and O/C and N/C
elemental ratios for 5 W and 15 W PEO-like and Ag/PEO-like films, following
incubation in the protein solutions are illustrated in Table 1 for a power of 5 W.
The data (Table 1) demonstrate that the PEO-like coatings are effective at
reducing and/or preventing protein adsorption. The PEO-like films completely
prevented the adsorption of albumin, as XPS did not detect a nitrogen signal.
Moreover, the O/C ratio of the film is maintained after albumin exposure.

Table 1. Atomic percentages for the 5 W PEO-like and Ag/PEO-like films, following incubation
in the protein solutions, bovine serum albumin and fibrinogen. In this figure BSA represents
bovine serum albumin and F represents fibrinogen.'®

Cls O1s Ag3d Nls
(%) (%) (%) (%) 0O/IC N/C

5 W PEO-like 713 28.7 - - 0.40 -
5 W PEO-like + BSA 71.7 283 - - 0.39 -
5 W PEO-like + F 70.6 289 - 04 041 0.01
Ag/ PEO-like 763  20.2 3.5 - 0.27 -
Ag/ PEO-like + BSA 73.8 189 1.6 57 026 0.08
Ag/ PEO-like + F 67.0 21.1 0.9 11.0 031 0.16

In order to determine the effects of combining the non-fouling and
germicidal properties into one surface, the Ag/PEO-like coatings that were
deposited on native PVC were tested in a bacterial adhesion assay, using
native PVC and PEO-like coatings as reference substrates (Figure 9). Adhesion
was evaluated for four different P. aeruginosa strains including, a wild-type
PAOI1, one mutant (AK44) lacking various surface structures such as
Lipopolysaccharide (LPS), and two different clinical isolates (1.1.A1 and
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19G12). The Ag/PEO-like films completely prevented the adhesion of the
bacteria, for the four P. aeruginosa strains tested, yielding a 100% reduction in
bacterial adhesion. On the contrary, the silver-free PEO-like films were not
nearly as effective in preventing bacterial adhesion. Bacterial adhesion to the
PEO-like films reached the same value as for native PVC. Although the PEO-
like surfaces were determined to be non-fouling, as was demonstrated in D.J.
Balazs’ thesis'®, it was not sufficient to have an effect on bacterial adhesion.
Therefore, it was concluded that it is the silver content of the Ag/PEO-like films
that is essential to the anti-bacterial properties of these coatings.

In the following we discuss the combination of anti-adhesive and anti-
colonization surfaces. Such a modification manifests itself after an oxygen glow
discharge treatment, followed by a two step wet treatment in sodium hydroxide
and silver nitrate solutions. The methodology employed is illustrated in Figure
10. In step 1, saponification with sodium hydroxide (NaOH) of esters, like
those of the phthalic esters of the diiso-octyl phthalate additive of PVC® is
performed, which produces a sodium phthalate salt” and iso-octyl alcohol.*"**
Silver ions can be trapped when the sodium of sodium phthalate and sodium
carboxylate are substituted in step 2 by silver after performing a treatment with
a monovalent silver-containing solution, e.g. silver nitrate. The replacement
reaction results in a surface containing silver ions, which are free to interact
with bacteria.

Step 1 - Creation of sodium phthalate

2 CO0, Na*

OC8H17+ NatOHr —> Oi + 2CgH;OH
OC8H17 COO-, Na+

Step 2 — Trapping of silver ions
COO", Na" COO0, Ag"

COO", Na* CO0',Ag"

Figure 10. Schematic diagram illustrating the chemical modification by NaOH and AgNO;.

(0]

Figure 10 suggests that the amount of sodium phthalate salt generated, will
ultimately determine the quantity of Ag' on the surface. Therefore, XPS
analysis and contact angle measurements were used (data not shown here) to
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investigate the chemical nature and surface wettability of the films following
each step of the modification. Finally, bacterial adhesion studies of the
NaOH/AgNO; modified surfaces were completed using the above-mentioned
four different strains of P. aeruginosa. The anti-colonization effects of this two-
step modification were also evaluated in a biofilm assay.

Biofilms, established on the surface of native and N + NaOH/AgNO;, were
processed and blotted over a succession of 25 pre-dried Luria agar (LA) plates.
Calculations of total biofilm populations demonstrated the extremely high
efficiency of this form of surface treatment in controlling bacterial biofilm
development (Figure 11A). Indeed, total biofilm populations on native PVC
were of 3x 10° cfu/gof PVC at 24h and 2 x 10° cfu/g of PVC at 72h,
whereas those on NaOH/AgNO; treated PVC were of the order 4.5 X 10°
cfu/g of PVC at 24 h and 2.2 x 10" cfu/g of PVC at 72 h (CFU colony forming
unit). This represents a 7-logarithmic drop in biofilm population for silver-
treated surfaces at 24h and an 8-logarithmic reduction at 72 h."®

Figure 11B illustrates that the bacterial culture supernatants taken from the
silver-treated surfaces, remained sterile throughout the 72 h test period. This
indicates that silver was leaching from the surfaces and exerted an anti-bacterial
effect in the surrounding medium. The diffusive leaching of silver from the
substrates was not quantified in the scope of this work carried and is currently
carried out at EPFL by M. Ramstedt.”

Figure 11. A-B illustrating the effect of the NaOH/AgNO; wet treatment of native PVC on
survival of biofilm cells. Graph A. illustrates the evolution of the total biofilm population for both
native and NaOH + AgNO; treated PVC. B illustrates the sterility of the supernatant following
the NaOH/AgNO; modification (right), where the supernatant following biofilm development on
the native PVC surface is illustrated on the left.'®
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5. Conclusions

Functionalization of biomedical materials controlled by high sensitivity of
spectroscopical methods like ToF-SIMS and XPS allow one to build sensors
and to control adhesion characteristics in a nicely controlled manner:

o - Photo-immobilization for glycoengineering of sensors can be achieved in a
controlled manner.

o - Covalent Neutravidin immobilization on NH; rf plasma modified PS
surfaces allows one to build PS biochips for fluorescence immunoassays.

e - Pseudomonas aeruginosa bacterial adhesion on PVC endotracheal tubes
can be reduced either by rf plasma modification or wet chemical treatment
using AgNO;.
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SURFACE MODIFICATIONS TO INFLUENCE ADHESION
OF BIOLOGICAL CELLS AND ADSORPTION OF GLOBULAR
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Abstract. It is desired to immobilize intact biological cells or protein molecules
at surfaces for enzymes or cells in bioreactors and biosensors, immuno-proteins
in solid-state diagnostics and proteinaceous farmacons in drug delivery systems.
In other cases immobilization of cells and proteins should be avoided. A generic
approach to influence the interaction between a particle (e.g. a cell or a globular
protein molecule) and a sorbent surface is to manipulate both long- and short-
range forces by grafting soluble polymers or oligomers onto the sorbent surface.
Oligomers of ethylene oxide (EO) prevents the particle from making intimate
contact with the surface so enzymes may retain their native structure and their
enzymatic activity. Another interesting example is the steering effect of pre-
adsorbed polymers of EO (PEO) on the orientation of subsequently adsorbing
IgG molecules. Most recent research on modifying surfaces by grafting soluble
polymers aims at the prevention of protein adsorption and/or adhesion of biological
cells. The efficacy of grafted PEO layers to reduce protein adsorption and
microbial adhesion will be illustrated for blood plasma proteins, saliva proteins
and a number of bacterial and yeast cells.

Keywords: protein adsorption; cell adhesion; polymer brush; surface modification;
biofouling; PEO; a-chymotrypsin; IgG

1. Introduction

Adhesion and adsorption occur widespread in nature, where it is often of vital
importance. Perhaps the most well-known example is that of blood proteins and

159

J.P. Blitz and V.M. Gun’ko (eds.), Surface Chemistry in Biomedical and Environmental Science, 159—176.
© 2006 Springer.



160 WILLEM NORDE

platelets to injured blood vessels to stop bleeding and to defend the organism
against wound infection. Blood proteins and platelets also adhere when they
meet inanimate surfaces, but then they induce an adverse effect: a thrombus
may develop. However, most cell adhesion concerns bacteria. In natural
environments about 99% of bacterial mass exists at surfaces, which seems
to imply that the adhered state is beneficial. Indeed, bacteria may adhere to
survive. To mention a few examples: (a) in aquatic systems nutrients tend to
accumulate at surfaces and this is a good reason for micro-organisms to adhere
there as well; (b) bacteria may adhere to avoid transport by flow to a hostile
environment, for instance from the oral cavity into the gastro-intestinal tract; (c)
in the adhered state the bacteria are less susceptible to environmental attacks,
such as by antibiotics.

In some technological and medical applications protein adsorption and/or
cell adhesion is advantageous, but in others it is detrimental. In bioreactors it is
stimulated to obtain favourable production conditions. In contrast, biofilm
formation may cause contamination problems in water purification systems, in
food processing equipment and on kitchen tools. Similarly, bacterial adhesion
on synthetic materials used for e.g. artificial organs and prostheses, catheters,
blood bags, etc., may cause severe infections. Furthermore, biofilms on heat
exchangers, filters, separation membranes, and also on ship hulls oppose heat
and mass transfer and increase frictional resistance. These consequences clearly
result in decreased production rates and increased costs.

Thus, protein adsorption and cell adhesion occur for various reasons and in
different appearances. When surfaces of living systems are involved, specific
recognition mechanisms undoubtedly play crucial roles. Nevertheless, since we
are dealing with a rather general phenomenon, it is likely that these specific
interactions are superimposed on a generic interaction mechanism. Bioadhesion
and adsorption is very complicated from a physical chemical point of view.
Interfacial tensions, wetting and electrical properties of the surfaces are
prominently involved.

When the (aqueous) medium contains both proteins and cells the smaller
protein molecules (of which the number-concentration is usually higher than
that of the cells) win the race for the surface and cover the surface before the
cells arrive. Hence, as a rule, the cells adhere onto an adsorbed proteinaceous
layer.

Whether protein adsorption or cell adhesion is intended or not, for each
particular application the interaction of the bio-particle with the material’s
surface should be tuned to reach the optimal result. Protein adsorption and
bacterial adhesion, further denoted as particle adhesion, may be manipulated in
a controlled way if the various types of interaction determining the adsorption
and adhesion processes are identified.
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2. Physical-Chemical Interactions Determining Particle Adhesion

The interaction between particulate (bio)components and interfaces is influenced by
many variables, including pH, ionic strength, temperature, properties of the
particles and the inter-faces, the nature of the solvent and of other components
present.

Whatever the mechanism is, particles adhere spontaneously if, at constant
temperature and pressure, the Gibbs energy G of the system decreases. The
main contributions to the Gibbs energy of particle adhesion AG,y are from
electrostatic, hydrophobic and dispersion forces,'” and, furthermore, in case of
protein adsorption, from rearrangements in the structure of the protein
molecule.”” When the sorbent surface is not smooth but “hairy”, additional,
mainly steric, interactions come into play.*'*'> Hairy surfaces are often
encountered in nature as a result of adsorbed or grafted natural polymers, such
as polysaccharides, that reach out in the surrounding medium with some
flexibility. Interaction of particles with such hairy surfaces will be dealt with in
section 3.

2.1. INTERACTION BETWEEN ELECTRICAL DOUBLE LAYERS

As depicted in Figure la both the particle and the sorbent surface are
electrically charged. In an aqueous environment they are surrounded by
counterions and co-ions, which together with the surface charge form the so-
called electrical double layer. When the dispersed particle approaches the
surface the electrical double layers overlap giving rise to a redistribution of
charged groups, mainly low-molecular-weight ions of the electrolyte present
in the solution. The contribution from electrical double layer overlap AGaqcq
may be assessed by comparing the Gibbs energies of the charge distributions
before and after adhesion.” Obviously, electrical double layer overlap
opposes deposition of the particle at the surface when the interacting species
have the same charge sign and deposition is favoured in case of opposite
charges.

The separation distance over which interaction between electrical charged
bodies is effective depends primarily on the ionic strength of the surrounded
medium, represented by the Debye length «'."* In an aqueous medium of
0.01 M ionic strength, at ambient temperature, k' is about 1 nm and it
increases to 10 nm in a medium of 0.001 M ionic strength. Note that the
dimensions of protein molecules are typically in the nm-range, whereas those
of bacteria are up to a (few) thousand(s) of nm.
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Figure 1. Schematic representation of charge distributions (a) before and (b) after particle deposition
at a surface. The charged groups on the surface and the particles are indicated by + and — and the
low molecular weight ions by ? and ?.

2.2. DISPERSION INTERACTION

Dispersion interaction between (macroscopic) bodies may be approximated
using the Hamaker-De Boer theory." In an aqueous environment the dispersion
interaction between a bio-particle (globular protein, bacterial cell, ...) and a
(solid) material is usually attractive. The interaction increases with the size of
the particle (proportionally with its radius) and it varies reciprocally with the
separation distance. Typically dispersion interactions between a flat surface and
a globular protein molecule of 5 nm radius operates over a distance of a few nm
and for a bacterial cell of 500 nm that distance is in the range of tens of nm.'®"’

2.3. CHANGES IN THE STATE OF HYDRATION

The composition of globular protein molecules and bacterial surfaces is usually
complex comprising hydrophilic and hydrophobic groups. The surfaces of
synthetic sorbent materials are in most cases less complex.

When the surfaces of the particle and the sorbent are predominantly
hydrophilic it is probable that in the adhered state some hydration water is
retained at their surfaces preventing intimate contact. However, if the surfaces
are hydrophobic dehydration would stimulate adsorption and adhesion. The
contribution from changes in hydration to AG,y may be estimated from the
partitioning of model compounds between water and a non-aqueous medium.'®
Hydration changes involve only a few layers of water molecules and hence are
effective only over a separation distance of less than a nm.
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2.4. REARRANGEMENTS IN THE PROTEIN STRUCTURE

The three-dimensional (3D) structure of a native protein (in aqueous solution) is
only marginally thermodynamically stable and sensitive to changes in its
environment. It is therefore not surprising that adsorption is often accompanied
by rearrangements in the protein’s 3D structure.

After adsorption one side of the protein molecule is oriented towards the
sorbent surface, turned away from the aqueous solution. As a consequence,
hydrophobic parts of the protein that are buried in the interior of the dissolved
molecule may become exposed to the sorbent surface where they are still
shielded from contact with water. Because hydrophobic interaction between
apolar amino acid residues in the protein’s interior support the formation of
secondary structures as a-helices and [-sheets, a reduction of this interaction
destabilizes such structures. Breakdown of the a-helices and/or 3-sheets content
is, indeed, expected to occur if peptide units released from these ordered
structures can form hydrogen bonds with the sorbent surface. This is the case
for polar surfaces such as oxides, e.g. silica and metal oxides, and with sorbent
retaining residual water at their surfaces. Then the decrease in ordered
secondary structures leads to an increased conformational entropy of the
protein. This may favour the protein adsorption process considerably.” It may
be understood that proteins having an intrinsically low structural stability are
more prone to undergo adsorption-induced structural changes.

Based on the foregoing considerations the affinity between a particle and a
surface may be semi-quantitatively predicted and the adsorption or adhesion
tuned accordingly. Thus, in an aqueous environment, the tendency of a particle
to adhere increases with increasing hydrophobicity and with increasing charge
contrast between the interacting species. For the relatively large bacterial cells
dispersive attraction may overcompensate electrostatic repulsion and (partial)
hydrophilic dehydration, so that even hydrophilic bacteria adhere spontaneously
on hydrophilic, like-charged surfaces."” For the much smaller proteins dispersive
forces play only a minor role. Proteins are expected to adsorb at hydrophobic
surfaces even when they are electrostatically repelled. With respect to their
affinity for hydrophilic surfaces we have to distinguish between proteins having
high and low structural stabilities (referred to as ‘hard’ and ‘soft’ proteins
respectively). The hard proteins adsorb at hydrophilic surfaces only if they are
electrostatically attracted, whereas structural rearrangements, i.e. decrease in
ordered structure, in the soft proteins may result in a sufficiently large
conformational entropy increase to make them adsorb at a hydrophilic
electrostatically repelling surface."
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3. Tuning Particle Adhesion for Applications

As outlined in the Introduction, in various applications it is desired that proteins
and/or biological cells are immobilized at surfaces, e.g. in bioreactors and
biosensors, in solid-state diagnostics and in drug delivery systems. To retain
biological activity the structural integrity of the immobilized component should
not be perturbed too much. In other cases where surfaces are brought in contact
with biological fluids particle adhesion should be avoided as much as possible,
for instance to suppress fouling of biomedical materials, food processing
equipment, etc.

Knowledge of the mechanisms of protein adsorption and cell adhesion
provides clues to influence these processes, for example by adapting the charge
and the hydrophobicity of the interacting species and by selecting environ-
mental conditions such as pH, ionic strength and temperature. However, practice
often does not allow much freedom of choice. The composition of a biological
fluid is a pre-set condition and only the surface properties of the (synthetic)
material can be chosen to some extent. Moreover, most biological fluids contain
a mixture of proteins and/or cells. Selection of a combination of surface
properties with respect to charge and hydrophobicity may result in a low
affinity for the one component but a high affinity for another.

A generic approach to influence particle deposition at a surface is to
manipulate the long- and short-range interactions by grafting soluble polymers
or oligomers onto the surface. By way of illustration we will briefly present a
few cases.

3.1. POLYMER BRUSHES TO PREVENT PARTICLE ADHESION

Water-soluble polymers densely grafted on a surface render that surface less
accessible for particles approaching from the adjoining (aqueous) phase. The
efficacy of such a polymer coating in reducing particle deposition depends
primarily on two characteristics of the polymer layer: (a) the grafting density,
i.e. the average distance between two neighbouring polymer chains at the
surface, and (b) the extension into the solution, i.e. the thickness of the polymer
layer."” As expected, deposition of indwelling particles at the sorbent surface
decreases with increasing grafting density and increasing thickness of the layer.
More specifically, it appears that particle repellency increases sharply when the
polymer grafting density reaches a value corresponding to the onset of brush
formation, that is when the polymer chains are forced to stretch out from the
surface.”” See Figure 2. In a brush conformation the separation distance d
between neighbouring grafting points is less than the characteristic dimensions
(e.g. end-to-end distance < r*>*°) of the coiled polymer molecule in solution.
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7 7

Figure 2. Conformational states of polymer chains grafted at a surface: mushroom (left) and
brush (right).

The presence of a polymer brush at a surface influences particle deposition
kinetically and thermodynamically. The principles are well-described in
Halperin’s model.***' In this model the interaction between a particle (which is
assumed to be inert to the polymer chains) and a brush-coated surface comprises
four contributions: (1) short-range particle-surface contact (e.g. hydrogen
bonding, ion pairing, hydrophobic interaction), (2) long-range dispersion
interaction, (3) long-range electrical double layer interaction, and (4) repulsive
osmotic and steric interaction when the particle enters the brush. The resulting
interaction profile for a particle at a brushed surface is qualitatively depicted in
Figure 3. The model predicts two possible modes of particle deposition: in the
primary minimum at the surface and in the secondary minimum at the outer
periphery of the brush. Primary minimum deposition represents equilibrium
(Gibbs energy minimum), whereas in the secondary minimum the particles are
kinetically trapped but they will, by an activated process, eventually reach the
deeper primary minimum. Hence, to suppress particle adhesion altogether it is
required to reduce the depths of the primary and secondary minima and to
increase the activation energy for reaching the primary minimum. The depth of
the primary minimum depends strongly on the grafting density of the brush. For
high grafting densities a dense compressed layer of polymer chains will prevent
the particle from making intimate contact with the underlying surface. Also a
high grafting density increases the osmotic repulsion when a particle enters the
brush implying a higher activation energy for reaching the primary minimum.
Decreased deposition in the secondary minimum can only be achieved in a
thermodynamic way by reducing the depth of that minimum. Note that this
minimum is essentially determined by the thickness of the polymer brush and the
magnitude of the attractive long-range interactions.

The polymer most commonly used to prepare brushes is poly (ethylene
oxide) (PEO), which is alternatively called poly (ethylene glycol)(PEG). This is
primarily because in an aqueous environment PEO molecules are highly
mobile”® and strongly hydrated, attaining large exclusion volumes.”
Furthermore, PEO is biocompatible.** Sometimes the role of polysaccharides to
prevent bioadhesion is reported.”
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Figure 3. Particle-polymer brushed surface interaction profile. (a) particle-surface contact; (b)
dispersion interaction; (c) electrical double layer interaction; osmotic polymer-brush particle
interaction.

3.1.1. Blood plasma proteins

PEO molecules consisting of 700 ethylene oxide monomers, (PEO);q, were in a
controlled way grafted on a surface of polystyrene, PS. This allows a systematic
study of the effects of grafting density, o, and brush thickness, L, on particle-
brush interaction.'® Characteristics of the (PEQO)7o brushes are given in Table 1.
The parameter 2< » >>"°/d compares two times the end-to-end distance < 7*>*°
of the (PEO);pp molecule in aqueous solution with the separation distance d
between the grafting points of two neighbouring (PEO);o molecules at the
surface. For the (PEO),¢-tethered surfaces investigated the values of 2< >0
exceed unity by far, indicating a brush conformation. These (PEO);qo-brushed
surfaces were exposed to human blood plasma (dilution 1:100 in 0.15 M PBS,
pH 7.4). Figure 4 shows adsorption saturation 7** of blood plasma components
(= proteins) as a function of the reciprocal grafting density o™'. For densely
packed brushes, ™' < 8 nm?, plasma protein adsorption is reduced below the
detectable level. At o' > 10 nm’ the protein repelling efficacy of the brush
decreases steeply with decreasing grafting density. This is ascribed to
penetration of the brush and adsorption in the primary minimum. For ™' > 15
nm’ the adsorbed mass exceeds that at the bare PS surface. A similar trend has
been observed by others.”® It may be due to entrapment of protein in a tenuous
brush having a thickness that largely exceeds the size of the protein molecules.
It confirms the hypothesis that the protein resilience of dense PEO brushes
results from an osmotic activation energy barrier rather than from unfavourable
contacts between the proteins and the PEO. This is in accordance with force-
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distance experiments using similar systems.”””® The data in Figure 4

furthermore reveal that the grafting density range over which the brush
suppresses adsorption of the blood proteins is not significantly shifted when
changing the temperature from 25°C to 38°C.

Table 1. Characteristics of (PEO);go-tethered surfaces.

o' (nm?) | 2<r*>%/d L (nm)
3.24 15.1 35.1
3.92 13.8 329
4.41 13.0 31.6
5.70 11.4 29.1
6.17 11.0 28.1
7.07 10.3 26.9
8.20 9.5 25.6
9.23 9.0 24.7
10.00 8.6 24.0
12.00 7.9 22.8
13.20 7.5 21.8
14.00 7.3 21.5
14.90 7.1 21.2
15.80 6.9 20.6
17.20 6.5 20.2
20.00 6.1 19.3
23.00 5.7 18.3
24.50 5.5 18.0
33.00 4.8 16.1
) 3.0~ o °, °

E Lol ¢ N
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Ta PS surface
_E 20k »C o
B [ ]
~ R 38C
1.5 [ ]
Lo O o
e 22C
0.5 o o 38°C
.1«".‘{0"’? | | I I I
0 5 10 15 20 25 30 35
o~ 1/nm?

Figure 4. Adsorption of plasma components on (PEO);, tethered surface. Explanation is given in
the text.
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3.1.2.  Saliva proteins

The interaction of saliva proteins with (PEO);7,-brushed surfaces has been
investigated as a function of ¢ and compared with solutions containing a single
model protein.” Some relevant properties of these proteins are listed in Table 2.
The saliva protein mixture was prepared from whole human saliva. Each of
these protein samples were dissolved (1 mg/mL) in 10 mM phosphate buffer pH
7. The (PEO);7, brushed surfaces of which characteristics are given in Table 3,
were exposed to the protein solutions. After 24 hours the adsorbed protein mass
I as well as the adsorption-induced change in the zetapotential AL,y were
determined. Results are presented in Figure 5. All model proteins, HSA, BLG
and LSZ, adsorb at the bare negatively charged (£ = —28 mV) SiO,/PS surface,
even under electrostatically adverse conditions (as is the case for the negatively
charged HSA and BLG). This is to be expected for a hydrophobic sorbent
surface. The adsorption of the positively charged LSZ is also electrostatically
favoured; this shows up in the relatively high adsorbed amount (1-2 mg m™).
The different adsorbed amounts of HSA (1.0 mg m™) and BLG (0.5 mg m™?)
may be explained by the larger dimensions of HSA resulting in a thicker
adsorbed layer.

Table 2. Characteristics of some model proteins, relevant for their adsorption behaviour.

[ LSZ | HSA | BLG
Molar mass (g/mol) 14,500 68,000 18,300
Dimensions (nm®) 4.5%x3.0x3.0 14.0 x 3.8 x 3.8 6.5x3.6x3.6
Diffusion coefficient (m%/s) 12x107"° 0.70 x 107'° 1.0x107'°
Isoelectric points (pH units) 10.7 4.7 5.1

LSZ: lysozyme; HAS: human serum albumin; BLG: -lactoglobulin.

Table 3. Characteristics of (PEO);7,-tethered surfaces.

ol () | 2<7>05/d [ L (nm) | ¢mv)
12.0 154 24 -18
5.5 22.5 31 -13
4.0 27.0 24 -8

The presence of the brush suppresses the adsorption of these model-
proteins. At 6! = 12 nm” adsorption of HSA is more strongly reduced than for
the smaller LSZ and BLG. Furthermore, at higher grafting densities, LSZ
adsorption is relatively poorly suppressed. Apparently, the positively charged
LSZ molecules are pulled into the brush by the negative electric field. Thus,
there seems to be a trade-off between repulsive steric and osmotic interactions
on the one hand and an attractive electrostatic interaction on the other.
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Figure 5. Interaction of saliva proteins with a (PEO);7, brush. Comparison with some model
proteins. Explanation is given in the text.

According to expectation, the positively charged LSZ causes a strong
reduction of the zeta potential of the negatively charged (brushed) surfaces,
whereas the effects due to the negatively HSA and BLG are much smaller.

Exposing the saliva protein mixture to the brushed surfaces reveals two
remarkable features: (a) the brush, even at 6! = 12 nm’, strongly suppresses
adsorption, whereas (2) the shift in the zeta potential is still relatively large.
These observations suggest that the small amounts of saliva protein deposited at
the brushed surface are positively charged and that small proteins (i.e. of the
size of that of LSZ) are hardly involved.

3.1.3. Micro-organisms

The interaction of two bacterial strains (Staphylococcus epidermidis and
Pseudomonas aeruginosa) and two yeasts (Candida albicans and Candida
tropicana) to PEO-brushed glass surfaces was studied at 20°C and 37°C."* The
effective radius 7, and the hydrophobicity (probed by the contact angle € of a
sessile drop of water) of the micro-organisms are given in Table 4 and
properties of the PEO-brush at the glass surface in Table 5. The micro-
organisms and the surfaces are negatively charged but in the 0.15 M PBS
solution their zeta potential is rather low, not more than a few tens of
milliVolts.

Adhesion data are presented in Figure 6. The adhesion of S. epidermidis is
suppressed to essentially zero by each of the PEO brushes investigated.
However, for P. aeruginosa adhesion is only slightly reduced at the short brush.
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Table 4. Properties of micro-organisms relevant for their adhesion behavior.

| Ouais | r (nm)
bacteria:
S. epidermidis 29° 500
P. aeruginosa 106° 500
yeasts:
C. albicans 51° 1500
C. tropicalis 119° 1500

Table 5. Characteristics of (PEO),-tethered surfaces.

n | o' (nm?) | 2<2>"d | L (nm)
12 0.4 22 1.6
46 1.0 10 3.5
223 5.0 11 9.3

Figure 6. Effect of PEO brushes on the adhesion of micro-organisms at glass surfaces at 20°C
(white bars) and 37°C (black bars). For further details refer to the text.

The more extended brushes cause a further reduction but a significant number
of cells still adhere.

The adhesion of C. albicans is strongly lowered by the brushes, but not
completely. The adhesion of C. fropicalis is less effectively suppressed,
especially in case of the short brush.

Microscopic pictures shown in Figure 6 illustrate the influence of the brush
on the adhesion of S. epidermidis and C. albicans.

Three main trends emerge from the data presented in Figure 6: (1). For both
types of microbes, the bacteria and the yeasts, the adhesion of the hydrophobic
cells is less strongly reduced. Apparently, hydrophobic interaction favours
PEO-cell interaction. (2) The PEO brushes are less effective in repelling the
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larger yeast cells compared to the smaller bacteria. This may be due to the
stronger dispersion interaction between the glass and the larger cells such that
yeast cells are captured in a secondary minimum at the outer periphery of the
brush. (3) Variation of the temperature from 20°C to 37°C does not significantly
influence the adhesion pattern of both the bacteria and the yeasts.

It is furthermore noteworthy that a passing air bubble removes the bacteria
and the yeasts much more easily from the brush than from the bare glass,
indicating weak interaction between the cells and the brush.

3.2. SURFACE-TETHERED POLYMERS OR OLIGOMERS TO INFLUENCE
THE CONFORMATION AND ORIENTATION OF ADSORBED PROTEIN
MOLECULES

Polymers grafted at the surface at a density below the brush regime (see Figure
1) do not frustrate subsequent particle deposition. Still, the surface will
dynamically respond to the indwelling particles. For instance, the conformation
and orientation and, hence, the biological activity of adsorbed protein molecules
may be manipulated. Two cases are discussed below.

3.2.1. Enzymatic activity of adsorbed a-chymotrypsin

The influence of adsorption on the biological activity of a proteolytic enzyme,
o-chymotrypsin was investigated. The enzyme was adsorbed from 0.01 M
phosphate buffer at pH 7.0 and at 22°C onto solid surfaces of different
hydrophobicities and morphologies.**’

The sorbents were hydrophobic Teflon and hydrophobic polystyrene (PS).
These sorbents were supplied as negatively charged colloidal particles having
smooth hydrophobic surfaces. In addition, PS particles at the surface of which
oligomers (8-mers) of ethylene oxide ((EO)s) were grafted at a density of one
(EO)s-moiety per 2.5 nm’, were used. Because of the water-solubility of EO,
these flexible (EO)s oligomers reach out from the surface into the aqueous
solution causing a hairy sorbent surface. A more detailed description of these
sorbent materials is described elsewhere.””!

The molecular shape of a-chymotrypsin is an ellipsoid of 5.1 nm x 4.0 nm x
4.0 nm. Its molar mass is 25200 Da and its isoelectric point is 8.1.

Figure 7 shows adsorption isotherms for this protein on the different
sorbents. The adsorption plateau-values at PS-(EO)g, approximately 2.5 mg m >,
is compatible with a complete monolayer of side-on adsorbed a-chymotrypsin
molecules. Adsorption saturation at the PS and, even more so, the Teflon
surfaces, is beyond monolayer coverage suggesting that on these hydrophobic
surfaces the protein molecules are severely perturbed as to accommodate more
protein mass in the adsorbed layers and/or adsorption of a second layer of
protein molecules (possibly triggered by structurally altered molecules in the
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first layer). Modifying the PS-surface with (EO)s moieties lowers the adsorption
affinity. In view of the dimensions of the a-chymotrypsin molecules and the
(EO)s grafting density it is inferred that the surface area per adsorbed
o-chymotrypsin molecule comprises about 8 (EO)s-oligomers.
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Figure 7. Adsorption of a-chymotrypsin on Teflon (0), polystyrene (x) and (EO),-tethered
polystyrene (®). For details refer to the text.

The enzymatic activities of a-chymotrypsin in solution and adsorbed at the
different surfaces are presented in Figure 8.

1.0 -

specific enzymatic activity/arbitrary units
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Figure 8. Temperature dependency of the specific activity of a-chymotrypsin in solution (0),
adsorbed on Teflon (x), polystyrene (A) and (EO)g tethered (L).

In this figure the specific enzymatic activity (defined as activity per unit
mass of protein) is plotted as a function of temperature. The data show that the
enzyme loses activity due to adsorption. On the hydrophobic Teflon and PS
surfaces the activity is completely vanished. The application of the (EO)s-
oligomers on the PS surface leads to retention of some of the enzymatic activity
of adsorbed a-chymotrypsin. The short (EO)s chains trapped between the
adsorbed protein molecules and the PS surface, frustrate intimate contact. As a
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result, the stress exerted by the sorbent surface on the protein molecule is
diminished so that the protein’s structural integrity and, hence, its biological
functioning is less perturbed. It is furthermore remarkable that in the adsorbed
state a-chymotrypsin is less sensitive to heat-induced inactivation. Beyond, say
55°C the specific activity of the adsorbed enzyme is higher than in solution.
This is advantageous when applying the enzyme in a bioreactor that, because of
various reasons (e.g. fluidity of the medium, microbial contamination, etc.) is
preferably operated at elevated temperatures.

3.2.2. Immunological activity of adsorbed antibodies

Antibodies (immunoglobulin molecules) bind target molecules, antigens, with
high specificity and affinity. Therefore, antibodies are widely used as sensing
elements in a range of technical and medical applications. It is advantageous to
immobilize the antibodies onto a (solid) surface. Then, the locally high
concentration of the antibodies at the surface (e.g. a dip stick, a microtiter plate,
the surface of a screen chip) exposed to an antigen containing sample, yields
strong response. Immobilization is often realized by physical adsorption of the
immunoglobulin molecules. Maximal immunological activity is achieved when
the antibodies adsorb in an orientation where the binding sites are exposed to
the test liquid and when the structural integrity of the protein is retained (see
Figure 9).

F (ab),

Fe

Figure 9. The effect of physical adsorption on the biological activity of IgG (Schematic). (a)
Optimal orientation and conformation and, hence, maximal biological activity. (b) Reduced
activity caused by conformational changes or (c) reduced accessibility of antigen bonding sites.
The antigen bonding sites are represented by the white dots at the top of the F(ab) parts.

Controlling the orientation and conformation of adsorbed antibodies has
been achieved by grafting soluble polymers at the surface with a density such
that interstitial spaces allow sufficient room for the Fc parts of the
immunoglobulin to adsorb whereas the more bulky Fab parts are excluded to
reach the surface.”” This is schematically illustrated in Figure 10a. Moreover,
the antibodies thus adsorbed will be frustrated to undergo structural rearrange-
ments by the neighbouring polymer chains (Figure 10b). The success of this
‘sieving’ principle is presented below for immunoglobulin G (IgG) directed
against the human pregnancy hormone (hCG). The dimensions of that IgG
molecule are given in Figure 11.
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(@)
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Figure 10. (a) Oriented adsorption of IgG on a pre-coated surface, leading to a biologically more
active layer. (b) Prevention of (a) spreading and (b) tilting of adsorbed IgG by pre-adsorbed
molecules. The antigen binding sites are represented by the white dots at the top of the F(ab)
parts.

Figure 11. Dimensions of IgG Figure 12. Relative IgG adsorption rate on pre-adsorbed
molecule. (PEQ),4 surfaces.

Figure 12 shows how IgG adsorption on a silica surface is affected by pre-
grafting (PEO),4 (24 ethylene oxide monomers results in a PEO molecule of
which the size matches the length of the Fc part of the IgG molecule). The
effect of the (PEO),4 coating on the hCG binding capacity may be judged from
the data given in Table 6. To make a fair comparison equal amounts of
adsorbed IgG are considered. It is clear that the sieving by the PEO chains
forces the IgG molecules in the desired orientation resulting in almost doubling
of the antigen binding capacity. (Further optimization may be possible since the
theoretically maximum binding capacity is 2 hCG molecules at each IgG
molecule). Comparing the binding capacities at # = 0 and 90 min reveals that the
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PEO-moieties prevent the adsorbed IgG molecules from conformational
changes that would cause a substantial reduction of their immunological
activity.

Table 6. Biological activity of IgG adsorbed on surfaces pre-coated with (PEO),4. For further
explanation is referred to the text.

Adsorbed amount (mg m?) Antigen binding (mol hCG/mol IgG)
PEO 1gG t=0 t =90 min
0 0.70 0.66 0.47

0.09 0.70 1.11 1.06

0.13 0.70 1.23 1.17

4. Conclusions

In various biotechnological and biomedical applications control of cell adhesion
and protein adsorption is required. Control may be facilitated by decorating the
sorbent material with (water-)soluble polymers that yields a malleable,
responsive surface. Thus, undesired conformational and orientational rearrange-
ments of adsorbed protein molecules can be minimized resulting in a bio-
logically active protein layer at the surface. Higher grafting densities, where the
polymer layer attains a brush conformation, may yield a non-fouling surface
that resists deposition of indwelling particles such as globular protein molecules
and biological cells.
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FUNDAMENTALS OF NANOSILICA APPLICATIONS
FOR HUMAN PROTECTION

V.M. GUN’KO,” V. V. TUROV, A. A. CHUIKO'
Institute of Surface Chemistry, 17 General Naumov Street, 03164 Kiev, Ukraine

Abstract. Structural and adsorptive characteristics of nanosilica and its inter-
action with organics, biomacromolecules, and microorganisms are analyzed to
elucidate fundamentals of its application as a medicinal preparation for human
protection. Nanoscaled primary particles (5-50 nm), forming aggregates (50-
1000 nm), and agglomerates (>1 um), are responsible for a high specific
surface area (up to 500 m?/g), a high adsorption capacity for proteins
(>300 mg/g) and microorganisms (>10%g), and fast adsorption of proteins or
toxins (~50% for 1 min and ~90% for 10 min).

Keywords: nanosilicas; structural and adsorption characteristics; surface charge
density; aqueous suspension; particle mobility; protein adsorption; Proteus mirabilis

1. Introduction

Fumed nanosilica Silics (A-300 at Sger ~ 300 m?¥/g), as a medicinal preparation
with high sorption capability, possesses certain unique properties which make it
possible to use it effectively for the treatment of different diseases.'” These
features of Silics result from at least 6 factors: (i) the chemical nature of
amorphous nonporous primary nanoparticles which are passive in redox
reactions, possess weak reactivity in acid-base reactions and low surface charge
density at pH <8; (ii) a small primary particle size (average ~9.1 nm) which form
aggregates by hydrogen bonding and partially by siloxane bonds (density
of aggregates is ~30% of the true density o), and more fragile agglomerates of
aggregates (~0.05-0.07 ) which can be easily destroyed; (iii) a local interaction
of nanoparticles with certain membrane structures of cells and microorganisms
(e.g. integrated proteins); (iv) good transport properties of nanoparticles
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Naumov Street, 03164 Kiev, Ukraine; e-mail: gun@voliacable.com
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in aqueous medium because of fast diffusion; (v) adsorption of substances on
the external surface of nonporous primary particles; and (vi) changes in the
interfacial water structure several nanometers thick because of the chaotropic
properties of the silica surface."'* These unique properties of Silics suggest that
its application can change treatment techniques of many diseases."” The aim of
this work is to various reasons for the effectiveness of applications of nanosilica
as a medicinal preparation, or as a component of complex drugs.

2. Experimental

Various nanosilicas (pilot plant at the Institute of Surface Chemistry, Kalush,
Ukraine) were used as the initial materials (Table 1).

Table 1. Structural characteristics of nanosilicas.

Samples SBETa Snanoa Smesa Smac> v > Vnanoa Vmesa Vmaca AWmix
Mg | m¥g | m¥g | m¥g | em’lg | em¥/g | em’/g | em’/g
A-50 52 30 20 2 0.13 0.01 0.06 0.06 -0.09

A-100 143 78 53 13 0.31 0.03 0.25 0.04 0.19
A-200 226 128 77 21 0.50 0.05 0.42 0.03 0.08
A-300 337 161 139 37 0.71 0.05 0.62 0.04 0.33
A-380 378 130 201 47 0.94 0.04 0.81 0.09 0.40
A-400 409 156 209 44 0.86 0.05 0.73 0.09 0.46
A-500 492 185 258 49 0.87 0.05 0.77 0.06 0.39

Note. The values of Snuno and Viano (Rp < 1 nm), Sies and Vies (1 <R, <25 nm), and Spae and Vigee (R, > 25 nm)
were calculated using a model of complex pores including gaps between spherical nonporous particles and
cylindrical pores.

Nitrogen adsorption isotherms were recorded at 77.4 K using a Micro-
meritics ASAP 2405N adsorption analyzer. Calculations of the structural and
adsorption characteristics are described in detail elsewhere,"'" as well as the
adsorption of drugs, polymers, proteins, and cells."*'*'® Electrophoretic and
particle size distribution (PSD) investigations were performed using a Zetasizer
3000 (Malvern Instruments) apparatus (4 = 633 nm, @ = 90°).* The 'H NMR
spectra were recorded using a Varian 400 Mercury spectrometer or a Bruker
WP-100 SY spectrometer of high resolution with layer-by-layer freezing-out of
bulk and interfacial water at 200 <7 <273 K.>7'%121313

3. Results and Discussion

The specific surface area (Sggr) of silicas produced by burning of SiCl, in an
0,/H,/N, flame can be varied over a large range from 50-500 m*/g (Table 1).*’
Features of the flame synthesis and the nature of amorphous nanosilicas cause
certain generic characteristics: (i) a roughly spherical shape of nonporous
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primary nanoparticles (d = 5-50 nm ~ 1/Sggr); (ii) stepwise structural hierarchy
of protoparticles (1-2 nm), primary particles, their aggregates (<1 pm),
agglomerates (>1 pum) of aggregates, and visible flocks; (iii) low bulk density
pp=0.02-0.14 g/cm’® of powders; (iv) broadening of the primary particle size
distribution with decreasing Sger value; (v) surface hydrophilicity caused by
silanols; (vi) lower amounts of water adsorbed under standard conditions in
comparison with porous silicas; (vii) possibility of decomposition of secondary
to primary particles under specific treatments; and (viii) formation of stable
concentrated suspensions characterized by slow sedimentation.””

The structure of secondary particles of nanosilicas is random and loose with
an empty volume Ve, = py' — po' > 10 cm’/g.*’ Changes in synthesis
conditions allow one to vary the structure of contacts between adjacent primary
particles in aggregates®’, which affect the properties of powders and
dispersions. Different treatments of the powders and suspensions result in
changes in particle-particle interactions in aggregates, that leads to variation of
the adsorption capacity for various adsorbates.'"® From the textural charact-
eristics (Table 1 and Figure 1) one can surmise that the structures of
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Figure 1. (a) Nitrogen adsorption-desorption isotherms and (b) incremental pore size distribution
(calculated using a mixture of cylindrical pores and gaps between spherical particles) of
nanosilicas.

secondary particles of fumed silicas are closely related for samples of different
Sger values. This is in agreement with microscopic images of nanosilicas.**”
The shape (type II) of all nitrogen isotherms in Figure 1a suggests that there is
similarity in the texture of nanosilicas of different Sggr values. However,
hysteresis loops become shorter and narrower with decreasing Sggr values,
suggesting a reduction in the aggregation of primary particles. If the aggregate
size becomes smaller, then the bulk density of secondary particles increases,
and A-50 has the largest bulk density (p,~ 0.14 g/cm’) among the studied
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nanosilicas. The incremental pore size distributions (IPSDs) (Figure 1b)
demonstrates a certain similarity in the shape, but the intensity of the ~10 nm
mesopores peak decreases and shifts toward larger pore radius R, with
decreasing Sger value. This result suggests that compacting of primary particles
in aggregates decreases with decreasing Sger value. However, changes in the
surface tension measured by nitrogen adsorption onto A-500 and A-50 are
nearly the same (~Ao = 38 and 37 mJ/m”).° This suggests a similarity in certain
properties of both primary and secondary particles of fumed silicas with very
different Sger and ¥}, values. There is the tendency of an increase in the ¥}, value
with increasing Sggr value (Table 1). Enhanced compacting of secondary
particles up to pp~ 0.25 g/cm’ from ball-milling of the A-300 powder for 1-24
h®® leads to a very different relationship between Sggr and V), which exhibits a
sharp maximum. Heating of nanosilicas at different temperatures for different
times leads to changes in the structural parameters because of desorption of
water and condensation of silanols to form =Si-O-Si= bridges.® This treatment
can affect the reactivity and adsorption capacity of nanosilicas. The amounts
of water adsorbed as intact water and surface hydroxyls, and changes in the
surface tension (Ac) and interfacial free energy (ys) calculated per surface unit
(or changes in the chemical potential Az) upon water adsorption (Table 2),
poorly correlate to changes in the specific surface area because of different
synthesis conditions.” However, there is a good correlation between %, Ac
and Coy values (Table 2) that shows the dependence of the adsorption

Table 2. Parameters of interface layer upon water adsorption onto fumed silicas synthesized
under different conditions.

SeeT ¥s', —Aoc, Aps, Con37ss Com, 11735 Con,

m’/g mJ/m’ mJ/m’ kJ/mol wt% wt% mg/m’
300 304 56 11.1 1.8 1.7 0.117
267 315 63 8.3 1.6 1.4 0.112
290 245 47 7.3 1.0 0.8 0.062
144 124 26 4.1 0.4 0.4 0.055

Note. s is total changes in Gibbs free energy of interfacial water calculated from the "H NMR data;® Con7s
and Con 1173 are the amounts of water desorbed on heating at 293 < 7 < 378 K and 378 < T'< 1173 K
respectively, Con = (Conzrs + COH,1173)/SBET-7

characteristics of silicas on silanol content. For instance, an increase in the Coy
value leads to an increase in the A, %, and —Ao values, which causes an
increase in water adsorption (Table 2, Coy373), as well as other compounds like
proteins.'®"® Thus changes in synthesis conditions allows the production of
fumed silicas with different hydrophilicity (Table 2, Con).*" It should be noted
that the morphological characteristics of fumed oxides based on silica depend
on the chemical composition of primary particles much less than on synthesis
conditions.®” This allows one to control the adsorption of compounds such as
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water, or polymers and proteins.'”'® There are weakly acidic Bronsted sites of
two types on a silica surface: silanols and adsorbed water molecules. Si atoms
in SiOH or Si(OH), are considered weak electron-acceptors.'” The absorbance
spectrum of DMAAB (Figure 2) shows that complexes of hydrogen-bonded
DMAAB on silica are weakest compared to other oxides. Surface sites of
nanosilica are not strong enough to disrupt cell membranes. For instance,
amorphous nanosilica does not cause silicosis, unlike crystalline silica.
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Figure 2. Optical spectra of (dimethylamino)
azobenzene, DMAAB, adsorbed onto

Figure 3. Surface charge density of A-100 and
A-300, titania, alumina/silica (23 wt.%

individual fumed alumina, silica A-300, and
titania, and mixed oxides SiO,/TiO, (37 wt%
TiOZ), A1203/8102 (30 wt% A1203) and

Al,O3), titania/silica (35 wt% TiO,), and
alumina/silica/titania (21, 8, and 71 wt% res-
pectively) as a function of pH.

AL O5/Si0,/TiO, (22, 28, and 50 wt% res-
pecttively).

The presence of weakly acidic SiOH sites leads to a negative surface charge
at pH >7 (Figure 3) from the transfer of protons from silanols into solution, or
because of OH" adsorption. The surface charge density of nanosilica is less than
other nanooxides. Silica particles can strongly interact with positively charged
structures, e.g. protonated amino groups of proteins; however, these interactions
are weaker than those of mixed oxides'' which have a higher surface charge
density. Silanols can interact as either a proton-donor or an electron-donor
(proton-acceptor) with protein molecules, water and other polar substances. As
a result Silics sorbs proteins strongly (because of multi-centered adsorption
complexes), and in large amounts (300-800 mg per gram of silica).'*'®

Comparison of equilibrium adsorption (Figures 4 and 5) and minute protein
adsorption/flocculation as a function of protein concentration, C,, demonstrates
strong but variable effects of pH and salinity.* The equilibrium adsorption of
proteins is as large as 1 mg/m” (or ~ 300 mg/g) at pH 3.5 (i.e. between pH(IEP)
of silica and proteins) for bovine serum albumin (BSA) with 0.9 wt.% NaCl and
gelatin without NaCl, or at pH(IEP) of protein for ovalbumin without NaCl.
The lowest equilibrium adsorption (0.1-0.2 mg/m®) is typically observed at pH =
2, which is close to pH(IEPs;0,) = 2.2, and without NaCl (Figure 4). It should be
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noted that the maximal adsorption values for BSA preparations with marked
amounts of lipids and fatty acids can be up to 600 mg/g (at Csip, = 3-5 wt.%),
and significantly lower (280-300 mg/g) for pure BSA (BSA(S)). This may be
caused by the effect of hydrophobic admixtures on the structure of adsorbed
complexes, as polar and charged proteins shield hydrophobic compounds from
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Figure 4. Adsorption isotherms of different proteins: (a) BSA and (b) ovalbumin on nanosilica A-
300 (3.6 wt.%) at different pH values, which with asterisk show the systems with addition of 0.9
wt.% NaCl.
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Figure 5. Protein adsorption in (a) mg/g and (b) mg/m’ as a function of (a) Sggr and (b) content of
silanols.

water. In dilute suspensions (Cs;o, = 0.1-0.2 wt.%), adsorption increases up to
1.5-4.5 g/g due to extensive flocculation of proteins with silica aggregates by
formation of protein bridges between them.* The adsorption of proteins
increases with increasing Sggr and Coy values (Figure 5).

To elucidate some of these effects, PCS (photon correlations spectroscopy)
measurements of the protein/A-300 systems were performed.® The Der(pH)
graphs have a maximum close to pH(IEP) of the proteins (Figure 6). However,
at pH far from pH(IEP) of the proteins, the PSDs of protein/A-300 are similar
to those for pure silica suspensions, but D is smaller pure silica due to
decomposition of silica agglomerates and aggregates from the action of
proteins. This effect is independent of protein type, since the interaction of
protein molecules with silica particles can be stronger than between silica
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particles, especially in loose agglomerates.* The PSDs of A-300 in aqueous
suspension at Csiop = 0.1-3.0 wt.% (without NaCl), and far from IEPg;q,, are
typically bimodal. This distribution corresponds to small aggregates of 20-60
nm (including from several to dozens of primary particles with the size of 5-12
nm), and larger agglomerates with sizes up to 500 nm (up to dozens of
thousands of primary particles) (Figure 7).

10000 4

—4&—A-300
—*—BSA(S)/A-300
—®—Ovalbumin/A-300

Figure 6. Effective diameter of
particles as a function of pH in
aqueous suspensions of nanosilica
A-300 and protein/A-300.
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Figure 7. Particle size distributions in aqueous suspensions of A-300/BSA(Sigma) at Cs;op = 0.45
wt.% and Cgsy = 0.07 wt.% and pH: (a) 3.84 and (b) 8.53 with respect to the light scattering
intensity, particle volume and number.

Agglomerates (which are typical for untreated or weakly treated
suspensions3’4’6), with a size dpcs >1 pm, are not observed in sonicated
suspensions at pH >5. Addition of 0.15 M NacCl to a 3% suspension results in
the disappearance of the first PSD peak at dpcs = 10-30 nm, observed without
NaCl. As a whole the bimodal PSD shifts slightly toward larger dpcs values.
The interaction of BSA with nanosilica after pre-adsorption of (poly(ethylene
glycol), PEG (~2 kDa) or poly(vinyl alcohol) (PVA), (~43 kDa), depends on
time (Figure 8) because of the rearrangement of secondary particles including
silica and the polymers. This effect can play an important role in the use of
Silics as a component of complex preparations which include polymers. The
second and perhaps most important and unique factor, which causes a high
efficiency of Silics as a medicinal preparation, is the nano-dimensionality of
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primary particles which form stable concentrated suspensions with a major
contribution from individual primary particles (Figure 9). This nano-dimensionality
provides effective local interaction of silica particles with small and positively
charged structures of cell membranes which have a total negative charge. These
local structures can be fragments of integrated transport proteins, products of
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Figure 8. Particle size distributions with respect to particle volume in the aqueous suspension of
A-300, (a) PEG/A-300, BSA(IT)/PEG(I)/A-300 and (b) PVA/A-300, BSA(IT)/PVA(I)/A-300; 1
and II is the first and second adsorbates respectively.
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metabolism or cell decay, and others."” If the size of negatively charged
colloidal particles considerably exceeds the size of positively charged structures
(fragments) of the membranes, then negatively charged cells can repulse these
particles due to long-range electrostatic forces. Therefore direct contact
between large sorbent particles and cell membranes can be absent. This can
decrease the effectiveness of sorbents consisting of particles of micron or
millimetre size. Furthermore, low-mobility large particles of a roughly disperse
sorbent are less effective as a carrier of drugs, in contrast to silica nanoparticles
which can be excellent carriers for medicinal substances immobilized on their
surface because they are very mobile (Figures 10 and 11). These nanoparticles
can also come into close contact with cell membranes. Nanoparticles and their
aggregates adsorbing macromolecules near cell membranes can change the state
of interfacial water, thus altering the diffusion of molecules both to the
membrane and from it. Silics particles can adsorb substances (e.g. toxins) which
should be removed from the organism, and can simultaneously fulfil a carrier
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function for drugs transported to the cell membranes. Desorption of medicines
occurs more easily from nonporous primary particles than from porous
particles. Desorption can also be governed by changes in the morphology
of silica, and surface modification. Furthermore, as previously discussed,
Silics particles diffuse rapidly (Figure 11), and their mobility ensures the fast

Figure 10. Dependence of mobility
of particles versus viscosity and
activation energy of diffusion.
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Figure 11. (a) Particle size distribution of nanosilica and (b) the corresponding diffusion constant
distribution for three types of particles.

absorption of endo- and exotoxins.'** This is important in poisoning or elapsing
diseases, when life depends on detoxification speed. No other sorbent can act as
rapidly as Silics since all other sorbents consist of particles of considerably
larger sizes than Silics,"? thus possessing much lower mobility resulting in less
rapid absorption. The adsorption time of macromolecules (toxins) in pores of
porous sorbents is quite long. This reduces the quantity of sorbed substance in
comparison with nonporous Silics which sorbs proteins much faster and
effectively (~50% for 1 min and ~90 % for 10 min) than porous adsorbents.'™
Biomacromolecules are rapidly sorbed only on the external surface of porous
adsorbents. However, they practically do not penetrate into nanopores (<2 nm)
and the adsorption in mesopores (2-50 nm) and macropores (>50 nm) requires a
certain amount of time. This is crucial, since a substantial portion of harmful
substances which must be moved away from the organism, wounds, and
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damaged organs are proteinaceous origin and of high molecular weight. This
again emphasizes the uniqueness of Silics. Notice that the interaction of
polymers (polyvinylpyrrolidone, PVP, PEG, and others) or proteins with
nanosilica leads to the partial destruction of secondary structures (sometimes all
the way to primary particles), but new secondary structures (50-1000 nm) form
with oxide particles and macromolecules. This causes some reduction in the
diffusion of modified Silics particles; however, this can also provide for greater
biocompatibility because of the formation of an outer adsorption layer with
biomacromolecules. Therefore, it is possible to expect that the rapid adsorption
of proteins can reduce the deleterious effects of Silics on the membranes of
erythrocytes and other cells. For example, hemolysis is observed when
nanosilica interacts with erythrocytes in the absence of plasma proteins.'®
However, PVA immobilized on A-300 causes a reduction in hemolysis (Figure
12).

Figure 12. Influence of PVA
immobilized onto nanosilica A-300 on

€ 50y RBC hemolysis as a function of PVA
ERS amount (last point corresponds to pure
5 304 PVA solution without silica).
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Figure 13. (a) Distribution function of the diffusion coefficient for individual Proteus mirabilis
187 (PM 187) 10%cm’, and with addition of fumed silica A-300 (0.1 wt.%), PVP (12 kDa), and
PVP/A-300; (b) velocity distribution function for individual PM 187, and with addition of A-300
(0.1 wt.%) and 0.014 wt.% PVP/0.1 wt.% A-300.

Changes in particle surface structure by chemical modification provide
increased selectivity in the interaction with certain biostructures and affinity to
specific substances, cells or microorganisms, e.g. Proteus mirabilis (Figure 13).
However, Silics particles affect the mobility of these microorganisms more
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strongly in the presence of immobilized polymer (PVP),*'* which enhances the

agglutination of complex formation with microorganisms. Silics can be
modified to allow one to regulate the desorption rate of medicinal substances,
or to increase the selectivity of the absorption of many harmful substances.
Furthermore, particles of a sorbent or the carrier of medicinal substances can be
magnetic, i.e., their transport will depend not only on random diffusion but also
may have a local target in the organism, e.g., tumor or another local stricken
area. On the other hand, partial hydrophobization of the nanosilica surface
ensures reduction of the adsorption potential (surface becomes partially
kosmotropic). In this case, the adsorption of small molecules decreases more
substantially than macromolecules. This is an additional factor in the regulation
of adsorption properties of Silics. Thus, Silics bioactivity can be caused by
adsorption of toxins, metal ions, and low and high molecular weight
compounds. Action may be on the mucous membranes, the medium as a whole
in the gastrointestinal tract, and by structuring of water near cell membranes.
An important problem related to the stability of dilute and concentrated
aqueous suspensions of nanosilica (because these suspensions can be used as
medicinal preparations), dependent on particle-particle (or EDL-EDL)
interactions.”® Some aspects of this problem are linked to the properties of
interfacial water.” Changes in these properties were analyzed for suspensions
with A-300 and A-50 at Csipp = 1.0-20.0 wt.% sonicated for 5 min (power 500
W and frequency 22 kHz) or ball-milled (MCA) for 3 h (Figure 14).
Suspensions at Csio, >8 wt.% can transform to a gel-like bound state over the
course of several days (Csjo, = 5-8 wt.% corresponds to the bulk density of the
fumed silica powder). An increase in Cg;o, is accompanied by rearrangement of
the silica particle network in the suspension, and the ys value increases (Figure
14f). The main changes in the Gibbs free energy of interfacial water occur in
one-two statistical monolayers (4 ~ 0.3-0.6 nm) (Figure 14b). This thickness
can also be estimated considering the structure of secondary particles (i.e., gaps
in aggregates) (Figure 14c). This shows that strongly disturbed water is located
in narrow gaps R, <l nm between adjacent primary particles in aggregates
(Figure 14c¢) (if these aggregates remain after treatment of the suspension), and
the portion of the occupied pore volume is less than 0.5 cm®/g (Figure 14d). The
long-range forces (of electrostatic and hydrogen-binding nature, gradually
decreasing with increasing distance from the solid surface), result in distortion
of a thicker layer of interfacial water up to # = 10 nm (Figure 14c)
corresponding to a distance of 20 nm between particles. This value corresponds
to a cubic packing of primary particles of A-300 at Csio, = 17-18 wt.% and to
the main IPSD peak (Figure 1b). However, the corresponding changes in the
AG value are observed at smaller Cs;o, values (Figure 14). This may be caused
by different types of particle packing, depending on the Cso, value, and
retention of some aggregates after sonication (Figure 9). The distances between
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adjacent primary particles can be smaller with increasing Csio, value, despite
changes in the type of packing due to variation in the coordination number (7).
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Figure 14. Characteristics of interfacial water in aqueous suspensions of A-300 sonicated (US) or
treated in a ball-mill (MCA) at different concentration of silica: (a) amounts of unfrozen water as
a function of temperature at T < 273 K; (b) relationship between the thickness of unfrozen water
layer and temperature; and changes in Gibbs free energy of interfacial water versus (c) pore
radius, (d) pore volume, and (e) amounts of water unfrozen in these pores; (f) interfacial Gibbs
free energy as a function of silica concentration in suspensions differently treated.

This value can be relatively low, n. = 2-4 in the initial aggregates.” An
increase in #. in the concentrated suspensions, and the shortening of distances
between particles with increasing Csiop, affect the dispersion structure with
time. Therefore, gelation of the concentrated dispersion (at 293 K) occurs
faster, e.g. at Csiop = 16.7 wt.% in 2 days, than at Csipp <8 wt.%. Sonication
leads to a lower turbidity of the suspensions compared to suspensions made
from ball-milled silicas because of a different size of residual aggregates



FUNDAMENTALS OF NANOSILICA APPLICATIONS 189

possessing substantially higher light-scattering ability compared to individual
primary particles. This difference is reflected in the y5(Csioz) graphs (Figure 14f)
as the MCA suspension demonstrates higher y5 values. An increase in the Sggr
value leads to a decrease in the transverse relaxation time (72) for aqueous
suspensions at the same Cgo, values.® The 72 value decreases with increasing
Csioa. Observed diminution of 72 corresponds to a decrease in the diffusion rate
of water molecules. Thus, the smaller the Sggr and Csio, values, the higher the
mobility of water molecules in aqueous suspensions of nanosilicas. These results
can be explained by two reasons: (i) enhancement of aggregation with increasing
Sger value (decreasing primary particle size) and (ii) increase in the amount of
bound water with an increase in Sgrr at the same Cs;o, value. Both factors reduce
the mobility of interfacial water molecules. An increase in the Cgio, value affects
the structure of unfrozen water layers filling gaps between primary particles in
aggregates and agglomerates.”® By comparison of IPSDs calculated from the
nitrogen desorption data for the powder (Figure 1) and the '"H NMR data for the
aqueous suspension,™® one can conclude that the type of aggregation of particles
in air and water differ. For instance, narrow gaps at 1.3 < R, < 4 nm are less
characteristic for the suspension than for the powder. This result can be caused by
rearrangement of aggregates destroyed due to sonication, and repulsive forces
between negatively charged silica particles, confirmed by the PCS data (Figure
7). In other words, the packing density of primary particles in concentrated
suspensions is lower than in dense aggregates (about 30% of the true density of
silica) but higher than in loose agglomerates. The concentrated suspensions at
Csio2 >8 wt.% (when strong changes in primary particle packing occur in the
suspension) stored for several days transform their state from free (relatively low
viscosity and low turbidity) to a bound (very high viscosity and higher turbidity)
state. Thus, changes in the concentration of silica in the suspension and the kind
of treatment allow one to vary the surface free energy, dispersion structure, as
well as its stability, turbidity and other characteristics.

4. Conclusion

The specific surface area, i.e. primary particle size, and the corresponding order
of aggregation of primary particles, as well as the content of silanols, are key-
parameters affecting many physicochemical properties of powders and aqueous
suspensions of nanosilica. These key characteristics are responsible for the
properties of Silics as a medicinal preparation acting as a sorbent.
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Abstract. A novel preparation Silics for efferent therapy has been created,
distinguished for the practically complete absence of toxic properties. Silics
possesses a wide variety of valuable characteristics such as an optimum balance
of osmotic and hydrophilic indices; high affinity for proteins, microorganisms,
and a number of low-molecular weight biologically active substances. These
characteristics give rise to successful applications of Silics in all fields of
medicine, but first and foremost the management of toxoinfectious and
pyoinflammatory processes.

Keywords: silicon dioxide, medicinal chemistry, surface chemistry, sorbent, efferent
therapy, enteosorption, medicinal preparation, infectious diseases, detoxication,
bioactive silica, purulent wound, pyoinflammatory diseases, diarrhea

1. Introduction

In the last twenty years, research of the medicinal chemistry of surfaces has
shown increasing progress.' Studies have resulted in the development of
methods for synthesizing numerous sorbents; revealing how their structure,
adsorptive, and biomedical properties affect their efficacy in the treatment of
various diseases. The sorbents find much use for removal of toxic substances
and microorganisms from the gastrointestinal tract (enterosorption), and for
management of such external lesions of as wounds, burns, frostbite, trophic
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ulcers, etc. (applicative sorption). At present, the efferent methods (which are
known to provide removal of toxic substances from an organism, and which can
be employed individually or in conjunction with adjuvant therapy) find wide use
in many branches of medicine. The data on their experimental and clinical appli-
cations have been covered at scientific conferences and consultative meetings,"”’
elucidated in periodical editions, and expounded in monographs.'>*"!

2. Biologically Active Silica

In collaboration with various medical institutions of Ukraine and Russia, the
Institute of Surface Chemistry of the NAS of Ukraine has developed a novel
medicinal preparation Silics (the term silics is derived from silica and the
Institute of Chemistry of Surface), and designed a nanotechnology for its
production.*® This bioactive silica (BAS) is distinguished for its extended
surface and high adsorption properties.

On the assumption that a particular silica possesses a specific surface area of
400 m* g', and consists of particles of the same size and regular spherical
shape, simple calculations make it possible to show that each particle should
have a diameter of about 7 nm and the ratio of surface silicon atoms to their
total number in a particle should be equal to 0.31.

BAS is a silicon oxide polymer whose structural cells are silicon—oxygen
tetrahedra bonded by disiloxane (Si—O-Si) bridges. On the surface of a particle
there are O—H groups chemically bonded with silicon atoms (silanol groups
Si—OH) and molecules of coordinated water at these silicon atoms. Hydroxyl
groups and coordinated water molecules on the BAS surface bring about its
high hydrophilicity and, as a consequence, possibility for sorbing polar
molecules (especially water molecules).

The bioactivity of silica is attributed to the nanodimensionality of its
primary particles, to the presence of surface coordination compounds of water
molecules, hydroxylated silicon atoms and strongly sorbed/highly structured
bioactive water. Biologically active water (BAW) is a special form of water
whose molecules are strongly bound to the BAS surface but at the same time
are weakly associated. BAW is formed within gaps among biologic objects and
particles of amorphous nanodimensional silica at a certain water content, spatial
structure, and hydrophobic—hydrophilic balance at interfaces."

The above-mentioned physico-chemical properties of the BAS give rise to
its major characteristic, namely its high protein-sorbing capacity. This
characteristic formed the foundation for employing the BAS to remove exo- and
endotoxins, pathogenic immunocomplexes, products of degradation of necrotic
tissues, and other harmful substances of protein origin as well as to immobilize
microorganisms. Our pharmacological trials and toxicity tests of Silics have
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provided strong evidence for its reduced toxicity for enteral and applicative
administration at higher doses than those approved for use of silica as an
adjuvant. Thus, it has been proved that in the case of its peroral introduction the
preparation does not practically exhibit any toxic properties. As shown earlier’
long-term administration (for 6-8 months) of Silics at a dose of 100, 330,
1000 mg kg™' to white mice, rats, rabbits, dogs, and piglets did not bring about
any significant pathologic changes to these animals (Table 1).

Table 1. Toxicity of Silics in the case of its peroral administration to animals.

Toxic Effect Presence and Degree of Manifestation
Cytotoxicity moderate

Acute toxicity absent

Chronic toxicity absent

Influence on gastrointestinal tract within limits of adaptative changes
Cumulation in tissues and lymph nodes absent

Locally irritant action insignificant
Teratogenicity and gonadotoxicity absent
Carcinogenicity absent

The biologic activity of the silica surface depends on (1) high hydrophilicity
of the surface, (2) high protein-sorbing activity, (3) binding of great numbers of
microorganisms and microbial toxins, and (4) adsorption of low-molecular
substances.

1. High hydrophilicity of the BAS surface is attributed to the presence of
hydroxyl and hydrate coatings, and electron-accepting silicon atoms of silanol
groups. Therefore, the BAS surface is able to sorb polar molecules. In
particular, it is well wetted by water, which leads to formation of suspensions or
gels (depending on the amount of water). Comparative studies carried out to
evaluate osmohydrophilic properties of various agents for applicative therapy
have shown that with respect to its osmotic activity and water absorption
capacity Silics is considerably superior to activated charcoal sorbents and
Debrisan”. Although with reference to its water absorption Silics is at a slight
disadvantage in relation to such agents as Gelevin® and Celosorb® (Table 2), it
exhibits the most balanced state of osmotic and hydrophilic properties. The
above-mentioned hydrophilic properties of Silics are employed to reduce
edematization and exudation in topical treatment of wounds during
inflammation, to bind and structure water in the bowels in the case of diarrhea,
and to effect dehumidification in dermatological practice.
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Table 2. Comparison of characteristics of agents for applicative therapy.

Applicative Sorption Sorption of Micro- Osmotic ~ Water Osmohydrophilic

Sorbent of Protein  organisms Activity ~ Absorption  Coefficient
mgg’ milliard g”' % %

Silics up to 600  up to 10.0 503 944 0.53

Debrisan®  60-70 up to 0.8 52 281 0.19

Celosorb™  7-10 up to 5.0 459 1900 0.24

Gelevin®  5-7 up t0 5.0 317 1826 0.17

2. High protein-sorbing capacity of the BAS is due to the combined actions
exerted on protein molecules by the silica surface from electrostatic surface
charges, reaction sites including hydroxyl groups and silicon atoms of silanol
groups, water coordinated with silicon atoms of Si—OH groups, and electron-
donating oxygen atoms of siloxane bonds. From Tables 2 and 3 it is evident that
in its capacity to sorb proteins and microorganisms Silics is substantially
superior to the comparison preparations. Our research into the adsorption of
proteins [bovine serum albumin (BSA), egg albumin, dried blood plasma, horse
hemoglobin, gelatin] on the BAS surface have shown that this silica possesses a
substantial sorptive capacity with respect to proteins (up to 600 mg g™') and a
high rate of adsorption(>90% of protein is adsorbed within the first 10 min of
contact). Moreover, the protein-sorbing capacity of the BAS considerably
exceeds (by a factor of 20-30) the corresponding capacity of known medicinal
sorbents (e.g., Debrisan”™). As seen from Table 3, with increasing ionic strength
the adsorption value of the BAS increases. An analogous phenomenon is
observed as the pH value of a solution approaches the isoelectric point of a
given albumin. The results achieved when studying the specificity of interaction
between human blood plasma and the BAS give evidence for its increased
affinity to lipoproteins in comparison with proteins that are not saturated with
lipids. Therefore one can, to some extent, explain hypolipidemic activity of the
BAS in the case of its peroral administration, because lipids in a gastrointestinal
tract are in the form of micelles consisting of proteins, phospholipids, and bile
acids. Silics provides fixation of food fats and other lipid components, which
decreases their absorption and, therefore, produces a desired treatment
response. It has been found that ingestion of a medicinal agent developed on the
basis of Silics by patients who suffer from disturbances of lipid metabolism
within 3—4 weeks brings about a substantial decrease in the level of cholesterol
in blood serum, and this decrease is greater, the higher the initial level of
cholesterol at the beginning of treatment.
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Table 3. Degree of extraction (in %) of proteins from an aqueous medium by Silics and other
medicinal sorbents.

Protein Degree of Removal, %
Sorbent Preparation Distilled 0.9% NaCl Sol-ution, 0.1 M Phosphate Buffer, pH
Water, pH 6.5 pH 6.5 5.7
Silics BSA 27 60 62
plasma 64 90 95
Debrisan® BSA 0 0 0
plasma 0 14 1.5

As is known, sorbents of medicinal specification must meet certain
requirements, with one of the most important being their physico-chemical
stability. First of all, such a sorbent should not be dissolved when in contact
with biologic fluids (exudate of a wound, contents of a digestive tract). From
the results achieved during experiments with test animals (rats and rabbits) it
follows that after a single intragastric administration of even a large dose of
BAS (1 g kg™") any statistically reliable variations in concentration of silicon in
blood are not revealed. A similar result has also been obtained in the case of a
long-term administration (for 30 days) of BAS at the above dose to rats. Thus, it
has been established that Silics satisfies the requirement with reference to its
physico-chemical stability, which is one of the most stringent requirements for
sorbents of medicinal specification.

3. The protein-sorbing properties characteristic of Silics impart the ability
to fix microorganisms. The interaction between silica and microorganisms is
not noted for any specific nature. It is attributed to the affinity of silica particles
to glycoprotein structures and to phospholipids in the membranes of microbe
cells. This characteristic of Silics is of great importance for medical practice
because its application as a medicinal agent does not bring about selection of
stable strains, but provides proportional decontamination of bowels or wound
contents. Research has also been done into the interaction of Silics with
enteropathogenic colon bacilly (Escherichia coli, Staphylococcus aureus,
Proteus vulgaris, Bacillus pynocyaneus). The results of the research show that
even at low concentrations of Silics (0.33—1.33 wt%) it provides fixation of
practically all the microorganisms, with the fixation value being virtually
independent of type of microorganisms. The interaction of microorganisms with
BAS is different than what might be expected as discussed below.

First, particle sizes (4—40 nm) are considerably smaller than those of
microorganisms (1000—10000 nm) so that the aforementioned interaction brings
about the effect of agglutination. Thus, it is BAS particles that are sorbed on
microbial cells and not vice versa. Even at low concentrations BAS particles are
able to agglutinate microorganisms, that is, to act in the capacity of a glue that
unites microorganisms into an agglomerate. Evidently, it is this phenomenon of
agglutination of microorganisms by particles of BAS that explains its unique
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ability to bind enormous amounts of microorganisms in comparison with other
sorbents.

Second, binding of highly disperse amorphous silica particles and microbial
cells is affected by the nature of a given silica surface. Thus, introduction of
aluminium oxide (2.8 wt%) into highly disperse silica composition leads to
enhancement of its ability to bind Escherichia coli by about 33% in comparison
with the initial preparation. One of the substantial advantages of Silics over
other agents for management of pyoinflammatory diseases is its ability to
decrease resistance of wound microflora to antibiotics. For instance, a seven-
day course of vulnerosorption by Silics results in an enhancement of wound
microflora sensitivity to penicillins, aminoglycosides, tetracyclines, and other
antibiotics (especially for erythromycine, gentamycin, and streptomycin).

Third, after contact with BAS the microorganisms become sensitive to the
action of proteolytic enzymes and cationic and anionic SAS, such as bile acids
and phospholipids; that is to natural components of intestinal and gastric juices.
The high affinity of BAS to microorganisms, and its influence on processes of
vital activity of microorganisms, provides an explanation for mechanisms of its
curative effect. The appearance of infectious diseases and their progress are
directly dependent on the contagious dose and number of bacteria that are
accumulated in an intestine in the course of colonization.

4. Regarding the adsorption of low-molecular weight substances, of
significance are regularities of adsorption of medicinal substances on BAS,
because the data form a scientific basis for the development of medicinal
preparations with modulated pharmacokinetics. A study has been made of
adsorption of orthophen, quinidine, scopolamine, amphotericin, and some
vitamins on BAS from aqueous solutions. For example, it has been shown that
for the slightly soluble antibiotic amphotericin B, it is possible to increase the
rate of absorption of the curative substance by simultancous peroral
introduction of the substance and BAS into intestines of rats. The results of the
experiments on rats show that introduction of the antibiotic, simultaneously
with an aqueous suspension of BAS, leads to an increase in the maximum
concentration of the preparation in blood from 2 to 21 pg mL™. The sharp
increase in the absorption of the curative substance provides an enhancement of
its biologic availability. Analogous effects were observed for substances of
other classes, such as alkaloids (quinidine), carbohydrates (xylose), and organic
acids (voltarene). The studies of absorption showed that the maximum
concentration of quinidine (antiarrhythmic preparation) in blood increased from
2.6 t0 4.6 ug mL ™" and that of voltarene (antiinflammatory agent) from 16 to 26
pug mL™. A study has also been conducted of the release of quinidine from
various medicinal forms produced by immobilization of quinidine and its
complexes with surface active substances or proteins on BAS. It has been
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inferred from this work that the requirements of medicinal agents of prolonged
action are most fully met by a preparation produced by coprecipitation of
complexes of quinidine with molecules of serum albumin on the surface of BAS.
Administration of this preparation does not give rise to a sharp peak of
concentration of quinidine in the blood; after the administration over a long
period of time a gradual decrease in the antiarrhythmic preparation concentration
is observed. Besides, administration of this medicinal form makes it possible to
provide the maximum bioavailability of quinidine in comparison to other
medicinal forms.

Results of the above-outlined research into physico-chemical and medico-
biological properties of BAS, conducted at the Institute of Surface Chemistry of
the NAS of Ukraine in collaboration with Vinnitsa State Medical University,
named after N.I. Pirogov, and other medical institutions of Ukraine and Russia
give reasons to infer that Silics is an active medicinal substance which on its
own can function as a therapeutic agent. Sorptive detoxication with the aid of
the bioactive silica brings about a profound effect in the case of acute intestinal
infections, diarrheas of various origins, viral hepatitis, as well as for local
treatment for pyoinflammatory diseases and purulent wounds.

3. Clinical Applications of Silics

The data about fields of application of Silics in clinics for treatment for
infectious diseases are presented in Table 4. From Table 4 it is evident that the
field of application of Silics is rather large and covers both intestinal infections
and toxicoses which victimize infants, as well as viral hepatitis, and botulism.
It is appropriate to mention here that inclusion of Silics into the complex
treatment of patients suffering from salmonellosis, dysentery, and intestinal
toxicoses accelerates normalization of clinic manifestations of these diseases by
a factor of two and more. In the case of botulism the normalization of
symptoms characteristic of lesions of the nervous system is shortened by almost
4 days. If intestinal infections are not severe, Silics can be recommended as a
single therapeutic agent. In the case of a considerable diarrheal syndrome it is
more expedient to use it together with rehydration substances. Inclusion of
Silics into a complex of therapeutic agents for patients suffering from viral
hepatitis substantially accelerates recovery rates of patients, so that their normal
level of bilirubin and activity of alanine aminotranspherase are recovered within
shorter periods of time.
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Table 4. Clinical applications of Silics for treatment of infectious diseases.

Fields of Application Pathologic Pharmacologic Particularities
Syndromes Effect of Application
Intestinal infections  Diarrhea, Fixation of microorganisms Monotherapy;
(toxi-coinfections, intoxication, and their toxins, normalization combination with
salmonellosis, dyspepsia of absorption and secretion antibacterial agents
shigellosis, cholera, in GIT and agents for
etc.) rehydration
Intestinal toxicoses in Dehydration, Sorption of toxins, Monotherapy;
children diarrhea, normalization of absorption combination with
intoxication, and secretion in GIT antibacterial agents
dyspepsia and agents for
rehydration
Viral hepatitises Cholestasis, cytolysis Sorption of viruses, bile acids, Monotherapy;
of hepatocytes, and bilirubin combination with
intoxication hepatoprotectors
Botulism Neurotoxicosis, Sorption of toxins, en- Combination with
dyspepsia hancement of action of specific serums
immunopreparations

The therapeutic effects produced by Silics are not confined only to binding
of pathogenic microorganisms. We have shown that Silics decreases the ability
of pathogenic Escherichia coli and Salmonella typhimurium to adhere to
mucosa of bowels and to form intraintestinal colonies. Moreover, the sorbent
prevents their translocation and generalization.” Inclusion of Silics into a
complex of therapeutic agents for patients suffering from viral hepatitis sub-
stantially accelerates recovery rates of patients, so that their normal level of
bilirubin and activity of alanine aminotranspherase are recovered within shorter
periods of time. The therapeutic effects produced by Silics are not confined
only to binding of pathogenic microorganisms. We have shown that Silics
decreases the ability of pathogenic Escherichia coli and Salmonella typhimurium
to adhere to mucosa of bowels and to form intraintestinal colonies. Moreover,
the sorbent prevents their translocation and generalization.’

Besides, it has been found® that Silics possesses some antidiarrheal
properties that are not related to sorption of microorganisms or their toxins. A
Silics medicinal preparation retards secretion of water in isolated intestinal
loops of rats in the case of its combined introduction with diarrhea mediators
such as sodium desoxycholate, cyclo-adenosine 3’,5’-monophosphate (c-AMP),
and serotonin (Table 5). The decrease of water release into intestinal segment
lumens seems to be related to the modifying action of the preparation on
mucosa of bowels, because sorption of the stimulators themselves on Silics
does not take place. The modifying action of the preparation on the small
intestine mucosa is also attributed to the stimulation exerted by Silics on
transport of glucose and electrolytes through bowel walls.?
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Table 5. Influence of HDS on accumulation of fluid (mL) in isolated intestinal loops under the
action of secretion stimulators.

Sodium Desoxycholate

Group c-AMP Serotonin
Control (intact) 0.10 £ 0.032 0.10 £ 0.032 0.10 £ 0.032
Secretion stimulators 0.55+0.039 0.69+£0.0577 0.49+0.039°
Secretion stimulators + 0.5 wt % HDS  0.36 + 0.039’* 0.11£0.028* 0.08 +0.018*
Secretion stimulators + 2.5 wt % HDS  0.02 + 0.036* 0.06 +0.016* 0.03 + 0.005*

Notes: ‘significant differences in comparison with control; * significant differences in comparison with
secretion stimulators.

Binding of causative agents of enteric infections and their protein toxins by
Silics, as well as its antisecretory properties and ability to enhance absorption
processes in bowels, give rise to its high efficacy in the treatment for infectious
diarrheas. Thus, addition of Silics (at a daily dose of 100-250 mg kg™') to the
basic therapeutic complex makes it possible to accelerate (by 2—3 days) the
positive dynamics of symptoms in patients and, as a result, to attain a
shortening of their hospital stay. Besides, administration of Silics leads to a
decrease in the necessary amounts of agents for dehydration therapy and
prevents development of bacteria carrying states (Table 6).

According to the results of our experiments in vitro, the highest adsorptive
capacity with reference to proteins and protein-associated phospholipids and
triglycerides of blood serum was characteristic of the highly disperse silica
modified with aluminium oxide. The mechanism of the therapeutic effect of
HDS on treatment for intestinal infections seems to involve the following major
aspects.

Table 6. Effect of medication on the dynamics of clinical symptoms in patients suffering from
salmonellosis and shigellosis (M+ m)

Duration of Symptoms (h)

Symptoms Salmonellosis | Shigellosis

Traditional Traditional Traditional  Traditional

Therapy Therapy+Silics Therapy Therapy+Silics
Nausea 61.7+14.5 40.0£4.2 54.0+6.7 20.0 £ 5.0%
Diarrhea 133.7+7.3 47.7+10.9* 1728 £36.1  56.0 £ 10.0*
Anorexia 789+ 14.5 549+73 72.0 £20.6 48.0 £ 20.1
Pains 72.0+7.3 514+73 139.2£36.1 56.0+10.0
Intestinal spasm 136.0 £29.7 60.0 £ 6.7 206.4+£412 72.0+£20.1%
Coprograms 133.7+£254 62.0 £ 8.5* 168.0£36.1 96.0+30.1
normalization

Note: * Significant differences in comparison with the group ‘traditional therapy’ (p < 0.05).

1. Direct influence on intestinal microflora:

— fixation of bacteria and their removal from an organism with stools;
sorption of proteinaceous microbial toxins and other pathogenic proteins
(neuraminidase, hyaluronidase, contact hemolysins) that promote the pathogenic
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action of microorganisms; a bactericidal effect is also possible (in the presence
of bile acids and proteolytic enzymes).

2. Indirect influence on intestinal microflora:

— creation of conditions unfavourable for the vital activity of pathogenic
microorganisms (concentration of microorganisms on the sorbent results in a
local deficit of nutrients, fixation of hemoglobin sets a limit on iron that is
necessary for microorganisms, etc.);

— adjuvant action (concentration of microbial cells and their toxins on the
sorbent enhances the antigenic action and immune response of an organism).

3. Interaction of Silics with intestinal walls and intestine contents:

— blocking of receptors of the mucous membrane of the stomach responsible
for adhesion of microorganisms and fixation of toxins; intensification of transport
of water, electrolytes, and other substances from the intestine into internal
medium; modelling of baroreceptors and chemoreceptors of intestinal walls
responsible for motility;

— clearance of intestinal juices from toxic substances (products of vital
activity of microorganisms and of microbial putrefaction of proteins), toxic
metabolites of endogenous origin (bilirubin, bile acids, micelle complexes,
medium-molecular peptides, etc.);

— fixation of cholesterol and other nonpolar lipids that are constituents of
complexes with proteins and phospholipids;

— particles of Silics perform the role of sites of concentration and transport
of ingredients of the intestine contents so that the sorbent acts as a coenzyme,
thereby favouring the interaction between metabolites and accelerating the
natural course of the process of their transformation, which leads to a decrease
in the amount of intermediate products with toxic properties;

— the presence of Silics in a gastrointestinal tract induces immobilization of
digestive enzymes and, thereby, intensifies digestion.

In the course of the above-mentioned mechanisms Silics remains unchanged
and thus preserves its activity during its residence in the intestine. Silics may
also have promise in the clinical treatment for some internal diseases. The
major lines of research into applications of this medicinal preparation in the
relevant therapies are presented in Table 7. Of significance is the ability of
Silics to lower cholesterol levels and triglycerides, as well as to retard
aggregation of thrombocytes. Thus, with the help of Silics it becomes possible
to treat the main pathogenic factors of atherosclerosis, namely hyperlipidemia
and hypercoagulation (Table 7).
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Table 7. Major lines of application of SILICS in therapy.

Fields of Particularities of
Application Pathologic State Pharmacologic Effect Application
Hypercholesterinemia  Reduction of absorption and Monotherapy.
synthesis of cholesterol Combination with
Disturbances of statines
lipoid Hypertriglyceridemia  Reduction of absorption and Combination with
metabolism synthesis of triglycerides nicotinic acid and
fibrates
Thrombocytarno Hypercoagulation Retardation of aggregation ~ Monotherapy.
-coagulative of thrombocytes Combination with
homeostasis aspirin
Allergology Bronchial asthma, food Detoxication, sorption of Monotherapy.
allergy, psoriasis, immune complexes Combination with
eczema antihistaminic
preparations, steroids
Correction for  Insufficient efficacy, Acceleration of absorption, Amiodarone,
effect of toxicity side effects decrease in dosage, nicotinate,
of medicinal detoxication symvastatine,
agents orthophen, quinidine

Administration of Silics to patients with dislipoproteinemias facilitates a
noticeable decrease in total cholesterol, and cholesterol of low and very low
density, as well as a decrease in blood coagulation potential (Table 8). Of
significance here is the fact that the Silics therapy does not interfere with the
action of other medicinal agents, does not have side effects, and is the most
efficacious medication for patients with high initial levels of cholesterol in
blood serum. In the case of profound disturbances of lipoid metabolism it
proved advantageous to employ Silics together with other hypolipodemic
agents. The use of the complexes Silics—symvastatine makes it possible to
decrease the dose of the latter by a factor of two without any lowering of the
intensity of hypolipodemic action. Positive results have also been achieved
when using Silics as a therapeutic agent in allergology. This medicinal
preparation has been successfully employed for treatment of patients suffering

Table 8. Effect of Silics on the dynamics of the total cholesterol concentration in blood serum of
patients suffering from atherosclerosis (M + m)

Initial Level of Total Cholesterol’ After Treatment
mmol L™ Before Treatment for 1 Month
5.5-6.5 (n=26) 5.7+0.02 5.0 +£0.02%
6.5-7.5(n=11) 7.0+0.15 5.8+0.22%

7.5 and more (n = 10) 8.6+0.14 6.8 +0.18*

Notes: Total cholesterol level in healthy persons: 5.0 + 0.06 mmol L™'; * Significant differences in
comparison with control (p <0.001)
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Table 9. Application of Silics in surgery, oncology, stomatology, obstetrics, and gynecology.

Fields of Particularities of
Application Pathologic State  Pharmacologic Effect Application
Surgery Hemorrhages Hemostasis Applications
Purulent wounds, Localized aerobic Sorption of microorganisms, Applications, drainage
destructive and anaerobic endo- and exotoxins, of cavities
peritonitis, ileus, infections dehydration
purulent pleurisy
Oncology Intoxication Sorption of endo- and Enterosorption
syndrome exotoxins,
chemopreparations
Stomatology Pyoinflammatory Sorption of microorganisms, Applications, drainage
processes endo- and exotoxins, of cavities
dehydration, abrasive action
Gynecology Endometritis, Sorption of microorganisms, Applications, lavage
vaginitis, endo- and exotoxins
pelvioperitonitis
Operative obstetrics Hemorrhages, Hemostasis, sorption of Applications, lavage,
pyoinflammatory —microorganisms, endo- and combination with
processes exotoxins, localized antibacterial agents
dehydration
Pregnancy Gestoses of Detoxication Monotherapy.
pregnancy Combination with
antioxidants

from bronchial asthma, chronic obstructive lesions of lungs, food allergies,
psoriasis, and eczema. The profound detoxication effect of Silics and its high
affinity to proteins and medium-molecular weight peptides form the foundation
for its application for treatment of patients of this profile. The results of such a
treatment have shown that the use of Silics for treatment of patients suffering
from chronic obstructive lesions of the lungs makes it possible to produce a
more complete and more prolonged curative effect in comparison with the
traditional treatment.

Important fields of application of Silics are surgery, stomatology, oncology,
obstetrics, and gynecology (Table 9). As far as these fields are concerned, there
are two directions of application of Silics, namely as an enterosorption agent
and as an agent for local (applicative) use.

Local applicative use of Silics may have much promise in the treatment of
purulent wounds, destructive pancreatitis, peritonitis, purulent pleurisy, and
odontogenous phlegmons. The mechanism of the curative action resides in the
sorption of pathogenic microorganisms and microbial toxins, and in the
dehydration of wound tissues. In particular, administration of Silics for sanation
of postinjective suppurative foci (abscesses, phlegmons, empyemas) in patients
with opiomania makes it possible to attain a rapid debridement of wounds from
pathogenic microorganisms (Table 10).
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Table 10. Effect of Silics on the dynamics of microbial seeding in postinjective supperative foci
in treatment for patients with narcomania.

Microbial Seeding (CFU g™

Day of Observation  Traditional Treatment Traditional Treatment + Silics
1™ day 10"-10° 10°-107*

3" day 10*-10° 10°-10**

5™ day 10>-10° 0-10°

7" day 10-10° solitary bacteria

Note: * Significant differences (p < 0.05).

Table 11. Effect of Silics on the dynamics of a wound process in treatment for patients with
purulent wounds.

Day of Observation

Symptoms of a Wound Process Traditional Treat-  Traditional Treat-
ment ment + Silics
Debridement of a wound from devitalized tissues 8.94+0.55 4.90 £ 0.16*
Appearance of granulations 6.70 £ 0.55 3.45+0.18*
Beginning of epithelization 9.57+1.21 6.80 £ 0.43*

When Silics is used for the management of purulent wounds or odontogenous
phlegmons, it exerts a marked effect on all the phases of a disease process, which
manifests itself in the acceleration of healing of wounds, with the time interval
necessary for restoration of the function of an injured organ being shortened by
3—4 days (Table 11). In such a case it is possible to perform a more effective
debridement of a wound from necrotic tissues, to attain more rapid granulations
and epithelisation.

The local applicative use of Silics reveals one more salient feature of the
preparation, namely its hemostatic effect. It has been proved that this BAS
activates the first phase of coagulation of blood, so that it can be employed in
the case of moderate external or internal hemorrhages. Depending on
localization of a hemorrhage, Silics is used for applications or for drainage and
insufflation. Hemostasis is usually attained after 1-2 treatment procedures
involving the sorbent. It is also possible to employ Silics for treatment in the
case of puerperal infections occurring after cesarean sections. Lavage and
drainage of the cavity of the uterus shortened the duration of fever, which, in
turn, decreased the time span of antibacterial therapy. Silics as an agent for
applications or as an ingredient for drainage is also successfully employed for
treatment for gynecologic diseases (such as vaginitis, endometritis,
pelvioperitonitis). The general detoxicating action of Silics manifests itself in
the case of its use for treatment of oncologic patients. Silics seems to decrease
levels of endogeneous intoxication that was a side effect of application of
chemotherapeutic preparations and radiation therapy, with the efficiency of
enterosorption being comparable to that of plasmapheresis.

In summary, our research has corroborated and substantiated the idea that
Silics is an efficacious medicinal agent, and has much potential as a
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nonselective enteral and applicative therapeutic preparation. Also, its use as a
component of multimodality therapy for a broad spectrum of diseases is
pathogenically validated and innocuous.

References

1. N. A. Lopatin and Yu. M. Lopukhin, Efferent Methods in Medicine (Meditsina, Moscow,
1989).

2. Silicas in Medicine and Biology, edited by A. A. Chuiko (IPF ‘Stavropol’ye’,
Kyiv—Stavropol, 1993).

3. Medicinal Chemistry and Clinical Application of Silicon Dioxide, edited by A. A. Chuiko
(Naukova Dumka: Kyiv, 2003).

4. 0. O. Chuiko and O. O. Pentyuk, Scientific Principles of Development of Medicinal
Preparations on the Basis of Highly Disperse Silica, in: Scientific Principles of Development
of Medicinal Preparations (Osnova, Kharkiv, 1998), pp. 35-51.

5. V. V. Strelko and N. T. Kartel, Activated Carbons of Medicinal Duty, in: Scientific
Principles of Development of Medicinal Preparations (Osnova, Kharkiv, 1998), pp.
490-516.

6. Book of Abstracts, NATO ARW “Pure and Applied Surface Chemistry of Nanomaterials for
Human Life and Environment Protection, September 14-17, Kyiv, Ukraine (Tov.
INFODRUK, Kyiv, 2005).

7. Book of Abstracts, NATO ARW “Combined and Hybrid Adsorbents: Fundamentals and
Applications, International Conference, September 15-17, Kyiv, Ukraine (Institute of
Sorption and Problems of Endoecology, 2005).

8. Enterosorption, edited by N. A. Belyakov, (Centre of Sorption Technologies, Leningrad,
1991).

9. Sorbents and Their Clinical Application; edited by C. Giordano, (Vyshcha Shkola, Kyiv,
1989).

10. V. M. Gun’ko, V. V. Turov, V. M. Bogatyrev, V. I. Zarko, R. Leboda, E. V. Goncharuk, A.
A. Novza, A. V. Turov, and A. A. Chuiko, Unusual properties of water at hydrophilic/
hydrophobic interfaces, Adv. Colloid Interface Sci. 118, 125-172 (2005).

11. B. M. Dazenko, S. G. Belov, and T. I. Tamm, Festering Wound (Zdorov’ja, Kyiv, 1985).



THE INTERACTION OF NANOSTRUCTURED BIOMATERIALS
WITH HUMAN CELL CULTURES. THE CHOICE OF CELL
CULTURES FOR USE AS BIOCOMPATABILITY PROBES

S.L.JAMES,” M.ILLSLEY, S.E.JAMES, E. MENDOZA, S.R.P.SILVA,

P. VADGAMA,’ P. TOMLINS,* S.V. MIKHALOVSKY'

!School of Pharmacy and Biomolecular Science, University of Brighton,
Moulsecoomb, Brighton BN2 4GJ, UK

’Blond McIndoe Centre, Queen Victoria Hospital, East Grinstead RH19 3DZ,
UK

I Nano-electronics centre, Advanced Technology Institute, University of Surrey,
Guildford GU2 7XH, UK

“Materials Centre, National Physical Laboratory, Queens Road, Teddington,
Middlesex TW11 OLW, UK

’IRC in Biomedical Materials, Queen Mary, University of London, Mile End
Road, London E1 4SN, UK

Abstract. The study of the interaction of cells with nanoparticles or
nanosurfaces is increasingly being performed using in vitro methods, largely
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cell bank of primary human cell cultures stored at different stages from initial
isolation through to senescence. We have examined the effects of culture age on
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1. Introduction

Carbon nanotubes are a logical structural extension of the fullerene (C-60)
allotrope of carbon, yielding carbon tubes of micrometer dimensions in length,
but only a few nanometres in diameter. These may be manufactured in a
number of forms, viz. single walled (SWCNT) double walled (DWCNT) and
multiwalled (MWCNT), as well as being produced as individual nanotubes, or
attached to an original catalytic base (array or brush form). CNTs can be
modified in a number of ways, such as filling them with DNA, or attaching
biomolecules to functionalised nanotubes.

During the last decade, advances in understanding of the physics and
physical chemistry of carbon nanotubes (CNT) have led to an expanding field
of applications, including important areas in the biological and medical
sciences. Bioelectrodes, vaccine carriers, drug delivery systems, tissue
engineering constructs, gene therapy delivery systems and biosensors have all
been suggested as in vivo applications.' In vitro applications of biological
importance would include the manufacture and sensing of DNA microarrays,
and guidance of cultured cell growth. Furthermore, a range of non-biological
applications have been discussed, including their use as nanowires and
nanoswitches, which would imply relatively large scale manufacture of these
materials. However, the biological safety of these nanotubes is an area of
investigation still in its infancy. The literature is starting to show studies on
nanotube-cell interactions only in the last two to three years, and two European
research programmes investigating some aspects of this problem (Nanosafe and
Nanoderm) are current. It is clear that materials, for which there is good safety
data in bulk form, behave quite differently in nanoparticulate form in biological
environments.”®

The problem of the toxicity of nanoparticles has to be addressed at a number
of levels, because such materials may not only enter the body by deliberate
action, as in the applications above, but accidentally, during manufacture, or use
in an ex vivo application. Adverse biological reactions therefore need to be
studied at the histological level after exposure of a living animal model; at the
tissue explant level, giving a greater degree of experimental control; at the cell
culture level, giving the advantage of using an homogenous cell type; and at the
molecular level, yielding more sophisticated information about patterns of gene
up and down regulation after exposure to these nanotubes.

Of these approaches, currently the most widely used are the cell culture
models widely employed elsewhere in toxicological studies. While it is
common to prepare biomaterials for testing for biocompatibility with great care,
cleaning surfaces and then analysing them with a variety of techniques yielding
information on surface rugosity, surface energy and surface composition, for
instance, less emphasis has been placed on the preparation of the cells to be
used in such assays. The literature contains reports of work using whole
animals, excised organ culture, and more relevantly, immortal, immortalised
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and primary cell types of various lineages. Frequently the cell type used is not
clearly related to the system of relevance to the biomaterial, and no account has
been taken of potential differences between primary and immortal cells during
interactions with biomaterials.

A number of recent publications have considered the effects of CNTs on the
lungs of rodents in in vivo situations (for example 7 and 8), and on a variety of
cell cultures, for example uses HaCaT cells’ and alveolar macrophages.'® Of
particular interest is the work of Cui et al.'' and Monteiro-Riviere et al.'> Both
groups use cells confusingly referred to as HEK cells. In ref 11 these are human
embryo kidney cells, an immortal line, while in Ref. 12 these are human
epidermal keratinocytes, a primary culture. Cui et al. have performed an
excellent, wide ranging study, including morphological analysis, Western blot
protein analysis, flow cytometry, immunofluorescence and biochip analysis of
cells after exposure to CNTs. However, this study cannot avoid the criticism
that the cells employed are abnormal, as they are a transformed line. For
instance, the authors show marked changes in gene expression associated with
both cell cycle control, and apoptosis. However, the cells are genetically very
abnormal, being hypotriploid human cells with a modal chromosome number of
64. Similarly, they perform adhesion studies with these cells, but this particular
cell line is known to possess an unusual vitronectin receptor (ATCC Data sheet
CRL-1573). We believe, therefore, that considerable attention must be paid to
the cell type and status used in biocompatibility studies so that results from a
range of workers are comparable.

2. Types of Models Available

2.1 IN VIVO MODELS

To study the physiological behaviour of particulates in mammals, clearly whole
organisms are needed. This is particularly true when distribution studies are
carried out, when translocation of particles from the lung or gut epithelium, in
particular, are studied. However, such studies are complex to analyse at the
cellular level as such a variety of cell types are involved in any tissue or organ.
Similarly, tissue-tissue interactions via hormonal or cytokine signalling may
confound an already complex situation. Furthermore, it might be argued that
data derived from, for instance, rodents, may not be wholly applicable to
humans where differences in metabolism may lead to inappropriateness of the
model. There are also ethical considerations concerning animal welfare.

2.2 TISSUE PREPARATIONS

To retain some information furnished by animal models, but reduce the
variability caused by whole animal models, many workers have resorted to
excised tissue preparations. Classical preparations include excised rat gut
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models and various muscle models using organ baths. To further reduce
variation, only parts of tissue may be used. For instance, we routinely use a
sheep tracheal model in which the tracheal epithelium is stripped from the
tracheal surface after a subepithelial injection of dispase."’ This allows study of
the epithelial reaction to insult, in particular mucus secretion by goblet cells,
without the confounding involvement of mucus secretion by submucosal gland
cells. Similarly, such preparations can be used to study ciliary beat frequency in
response to insult without the involvement of innervation from the surrounding
tissue. More recently, it has become possible to grow so-called organotypic
tissues from primary cell cultures with appropriate culture conditions and
growth factors, mechanical stimulii etc. For instance, we are able to obtain
primary skin fibroblasts and produce a structure similar enough to skin
epidermis to be able to replace epidermis on patients suffering epidermal
destruction due to burns."* Such organotypic models may be valuable for testing
nanoparticulate behaviour in the near future.

2.3 CELL CULTURES

Cell cultures commonly used to test biomaterials fall into three categories:

1. Immortal lines are readily available from commercial suppliers and are
generally very easy to grow and maintain. However, these cells are almost
always derived from a tumour, either in an animal or human, and display
properties which might make them inappropriate for biomaterials testing. For
instance, such cells frequently have abnormal and/or unstable chromosome
numbers, they do not (by definition) show a natural Hayflick limit, ie they do
not show natural senescence.”” They also almost always do not display contact
inhibition, ie the cessation of growth once they have become a confluent layer,
and they tend to pile up on one another. This is particularly importance because
this represents an abnormal interaction with a material surface, which is the
crucial interaction in biomaterials testing. The appropriateness of immortal lines
for biomaterials testing must be questioned, and such applications scrutinised
carefully.

2. Immortalised cell lines. It is possible to transfect primary cells with
constructs which overcome the natural limit to proliferation observed in most
cells. A widely used transforming element is the large-T antigen derived from
SV40, which, if stably incorporated into a host cell genome such as a human or
rodent cell, will allow the cell to maintain its ability to proliferate theoretically
indefinitely. Furthermore, such constructs can be used where the promoter for
the large-T is under exogenous control, for instance temperature or presence of
metals. The gene can then be virtually switched off after growth of cultures but
prior to testing, so the cells revert to a near-normal phenotype. An alternative,



TESTING BIOMATERIALS USING HUMAN PRIMARY CELL CULTURES 209

and perhaps even better understood immortalising construct is the gene
encoding the enzyme telomerase. Senescence in many cell types is known to be
associated with shortening of the telomeres of the chromosome ends. Such
telomeres shorten by a specific amount at each cell division as an inevitable
result of the mechanism of DNA replication. Rebuilding these telomeres via
telomerase appears to delay senescence indefinitely.'® Such immortalised cells
may provide a suitable probe for the rational testing of cell-material interactions
since they tend to retain near-normal phenotype.

3. Primary cell strains. Cells removed from living tissue can now be cultured
successfully using rather more sophisticated culture media and conditions than
used for immortal lines, but still well within the capabilities of any cell culture
lab. These cell strains typically show contact inhibition, and a normal morpho-
logy and genetic compliment. The success of such cultures is demonstrated by
the wide use of such cells as allografts to repair human tissues in living patients.
The cell strains would seem ideal for testing biomaterials, but naturally exhibit
a Hayflick limit, ie a finite number of population doublings as a result of
increasing numbers of senescent cells in the culture. However, samples of such
cells can be successfully frozen over liquid nitrogen at stages through their
growth for later use. Clearly, if no cells are discarded, even a small number of
cells from an initial biopsy will become a workably large number after ten to
fifteen population doublings.

3. Potential Variabilities in Primary Cell Strains

It is conventional wisdom in cell culture laboratories that the same primary cell
types may grow rather differently in two laboratories due to subtle variations in
culture conditions. Variations which we have considered are:

1. Total number of population doublings (PDs). The more population doublings
a culture has experienced, the greater number of senescent, or possibly near-
senescent cells there will be in that culture. The problem will be that a culture at
a low PD number may superficially look the same as a population with a higher
PD number, and be growing at the same rate, but might behave quite differently
in a biocompatibility assay.

2. Number of PDs per passage. Clearly if cells are grown in small flasks, they
will have to be passaged more frequently than a culture growing at the same PD
rate, but in a larger flask. This may be important as passaging includes treating
the adherant cells with trypsin to release them from the flask plastic, and so
rapidly passaged cells will have been trypsinised more frequently than the cells
going through the same number of PDs at a lower passaging rate.

3. Culture pH. This is controlled by the proportion of the atmosphere in the
incubator which is carbon dioxide. So cells will usually grow at 5% or 10%
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carbon dioxide, but the culture medium will display a different pH at these two
concentrations.

4. Age of, and genetic polymorphisms in the original human donor. Little can
be done to control this variation, particularly as most polymorphisms are not
expressed, and their effect on assays unknown.

Briefly, human skin samples are taken by surgical biopsy under local
anasthesia and after treatment with dispase, the epidermis and dermis seperated
manually. Both samples are trypsinized, and epithelial keratinocytes grown in
Rheinwold and Green medium,'” while skin fibroblasts are grown in DMEM +
FCS. Similarly, corneal limbal biopsies are rescued if not appropriate for
allografting, and treated as above, except that corneal keratocytes are recovered
from tissue outgrowths. Chondrocytes are obtained from human cartiledge
shards, digested overnight in collagenase type I, and cells grown in a standard
chondrocyte medium.

The storage of primary strains must not lead to variation between cell
deposits. In order to overcome this problem we use a standard freezing and
thawing protocol to store primaries over liquid nitrogen. Our cell bank currently
holds about 700 deposits of the following human cell types; skin keratinocytes,
skin epithelial cells, corneal limbal epithelial cells, corneal fibroblasts, and
chondrocytes.
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These cells have all been grown under conditions which vary the number of
PDs per passage, and at 5% or 10% CO, in the incubator. and samples frozen at
each passage up to senescence. Standard protocols are also used for the initial
isolation of the cells from human skin, cartiledge and limbal biopsies.
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High and low PD/passage ratios and high and low carbon dioxide concen-
trations clearly affect initial growth rates, but with time, growth rates become
similar in all cultures of one cell type (Figure 1).

4. Exposure of Cells to Nanotextured Surfaces

To produce a surface with an observable texture at the nanometer range, we use
a carbon nanotube array for toxicology testing. Nanotubes are produced by
catalytic growth from a nickel plate, yielding multiwalled nanotubes of 2-3
microns in length, by about 4-5 nanometers in diameter. These nanotubes are
produced in an AC field, so they are lying on the nickel surface, rather than
standing up in a brush-like form. Controls used are an uncoated nickel plate,
and a polished polystyrene surface to monitor natural growth rates.

Human skin fibroblasts were generated from our cell bank, and vigorous
growth ensured. Cells of 12 PDs and 31 PDs after isolation were used, together
with fibroblasts transfected with a telomerase construct at 12 PDs, and shown to
have extended lifespan after 44 PDs. Cells were applied to the surfaces, test and
control, in known quantities (40 cells per surface), and allowed to grow under
optimum conditions for 5 days. Surfaces were gently rinsed to remove non-
adherant cells, and stained with propidium iodide (nuclear flourescent stain),
and counted under flourescence microscopy.

The results can be expressed as the percentage of cells grown on the arrays,
relative to the number of cells which would have grown under optimal
conditions as derived from the growth on the control plates.

Fibroblasts at 12 PDs- 97+10% of control value
Fibroblasts at 31 PDs- 5.1+5% of control value
Telomerase transfected fibroblasts- 84+9% of control value

Within experimental error the fibroblasts having undergone 12 PDs, and the
telomerase transfected cells at 12 PDs but having undergone 44 PDs, show
similar results. However, the cells having undergone 31 PDs in primary culture
show no growth, the figure representing cells placed on the array at the start of
the experiment.

The critical implication is that, as can be seen from Figure 1, the two cell
cultures were growing at comparable rates, and morphologically looked the
same: they are the same culture at two different growth stages. However, if
these were used in a nanotoxicology assay, without attention to their culture
proliferative age, completely contradictory results would be obtained.
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5. Adhesion of Cells of Various Ages to a Polystyrene Surface

The same cell cultures used in the previous experiments were employed, except
the low PD culture had been grown through two more PDs to 14 rather than 12.
Human primary fibroblasts were seeded onto a polystyrene surface at a
predetermined density (10° cells per surface), and allowed to attach over a period
of 100 mins. At six time points the flasks were gently agitated, and the
supernatent drawn off and the cell content counted. This simple procedure yielded
a characteristic and highly reproducable attachment/time curve (Figure 2).
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Figure 2. Unattached human
primary fibroblasts vs time at 37
degrees centigrade.

For ease of comparison, the percentage attachment at 15 mins was taken,
and a comparison drawn between Human primary skin fibroblasts at 14 and 31
PDs, the telomerase transfected human fibroblasts at 44 PDs, and a
commercially available mouse immortal fibroblast line, 3T3 cells (Figure 3).
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Figure 3. Cell attachment to a
polystyrene surface at 15 mins.
Comparison of four different
cell types at 37 degrees centi-
grade.

It is interesting to note that when the adhesion of 3T3 cells to the surface
was re-tested at 20 degrees centigrade (room temperature) there was zero
adhesion at 15 mins and only 52% adhesion at 30 mins. Therefore, the human
primary fibroblast adhesion experiment was repeated at both 37 and 20 degrees
centigrade (Figure 4).
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6. Conclusion

A variety of assays are being reported in the literature which measure the
interaction of cells with biomaterials, be they surfaces of various textures or
micro or nano-particulates. While considerable attention has been paid to proper
preparation of the materials and their surfaces, less has been paid to the cells
used as probes in such assays. We suggest that where possible, primary human
cell cultures at relatively low PD numbers from isolation are used, of a cell type
directly relevant to the material application, or in toxicity studies, the exposed
tissue. We suggest very significantly erroneous conclusions may be drawn from
assays using inappropriate cells. If sufficient quantities of low PD primaries are
not available, it may be possible to use telomerase transfected cells with
extended lifespan, but these must first be verified against the non-transfected
cells in the assay to be employed. Furthermore, care must be taken to conduct
such assays at a controlled temperature, preferably at the temperature the
material will be subjected to in the body.
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Abstract. The suitability of tissue scaffolds to act as temporary housings for
culturing cells depends on their size, shape and structural characteristics. Factors
such as porosity, the type of pores present and their size distribution play a key
role in ensuring appropriate levels of metabolite transport as well as influencing
scaffold degradation behavior and any associated changes in mechanical
resilience. This paper presents the findings of a preliminary study of the structure
of a range of porous polycaprolactone tissue scaffolds manufactured using the
particulate leaching technique.
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1. Introduction

Porous foams manufactured from a range of polymers including mixtures of
polylactic acid, polycaprolactone and hyaluronic acid are being used a
temporary housings in which to culture cells.'"” These tissue scaffolds are
typically relatively stiff materials that degrade over a period of time either
in vitro or in vivo. Many papers have been published on this generic group of
tissue scaffolds'™ in the search for materials and structures, which can be used
with specific cell types to produce new functional tissue. Ideally this new tissue
should be identical, both phenotypically and genotypically, to that of the native
material from which the cells have been harvested. There are many well
recognised issues that remain to be addressed in achieving these objectives,
including the practical problems of providing a suitable culture environment
within the scaffold and detecting minor changes in both the short and long-term
behaviour of the cells. Exactly what a suitable culture environment within a
scaffold means is open to debate; it is clear that cells in the core of a developing
tissue construct will require an appropriate level of oxygen to prevent hypoxia,
a supply of nutrients, removal of waste products and some stability in the local
pH. The increase in cell density that occurs over time will increase demand for
nutrients and oxygen, and the production of waste. Increased cell density, the
build up of extra-cellular matrix and protein accretion will inevitably lead to a
reduction in the diameter or even blockage of pores that will impact on the
diffusivity of molecules through the scaffold. Time dependent degradation of
the scaffold, that may or may not be enhanced by enzymes produced by the
growing cells, adds to the complexity of this situation by altering the local pH,
local chemistry and pore size distribution. The kinetics of this process is also
affected by the presence of adsorbed proteins and attached cells.

The majority of publications in tissue engineering do not dwell on the
structural characteristics of the scaffolds that are currently being used in this
developing field either in the short- or long-term. Indeed most investigators'”
report some average pore size dimensions based on images derived from
electron microscopy. These data are usually in the micrometre range and may
include some measure of the range of pore sizes, i.e. upper and lower bounds.
This lack of detailed data makes it very difficult to optimise the structure of
scaffolds, manufacturing processes or indeed to begin to understand the
complex perfusion characteristics of a cell-seeded scaffold over time. In this
paper we compare structural information obtained from experimental data
generated by a range of techniques including imaging, intrusive methods and
density measurements for a scaffold manufactured from polycaprolactone.



TISSUE SCAFFOLD CHARACTERISATION 217
2. The Relevance of Structural Information

The structure of tissue scaffolds is very dependent on the manufacturing route
used to produce them: more controllable methodologies such as direct deposition
tend to generate ‘simpler’ structures’ than, for example, particulate leaching
where the final structure depends on factors such as the rate of solvent
evaporation and ambient humidity.’ Porous structures usually consist of a range
of different pore sizes and pore types. The current IUPAC definitions® of pore
sizes cover a much smaller length scale than encountered in tissue engineering
and are more appropriate for the structure of catalysts: here we use the term
‘pore’ regardless of diameter. Pores can also be categorized as closed, open or
blind-end, terms that reflect their connectivity with external surfaces. Closed
pores are voids within a material, blind-end pores are voids that are open on one
side to an external surface and open pores are in contact with at least two external
surfaces. All of these pore types serve a useful function within a tissue scaffold;
closed and blind end pores can facilitate gas diffusion through walls by reducing
the path length. However the bulk of molecular transport and all cell movement
takes place through the network of interconnected pores that permeate the
scaffold. The path length through open pores can be very tortuous depending on
the pore interconnectivity.

The pore size distribution is often neglected in tissue engineering publications
or determined over a narrow length scale ranging from 10’s to 100’s of micro-
meters despite its key role in scaffold performance. There is evidence to suggest
that the pore sizes in a tissue scaffold can extend from nanometers to several
hundred micrometers.” The detailed distribution of pore sizes over this extended
range will impact on the rate at which the scaffold degrades, molecular transport
through the structure and on mechanical performance.

A range of techniques are being assessed for their potential to characterize
tissue scaffolds that include some of the methods used in this study.®

3. Experimental

Polycaprolactone (PCL, density 1.145 gem™, Aldrich; product code 440744, M,
=86.8 kDa, M, =136 kDa) is a biodegradable polyester extensively used in
medical applications. PCL is a semicrystalline polymer that has a melting point
close to room temperature and a 7, of —60°C. Tissue scaffolds can be made
from