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PREFACE

The NATO Advanced Research Workshop on Recent Advancesin Adsorption
Processes for Environmental Protection and Security was held during,
September 9—12, 2006, at Hotel Salyut, Kiev, Ukraine. There were 45
participants from 12 NATO countries, 8 Eligible Partner and Mediterranean
dialog home and one key speaker from Switzerland. We hope that everyone
went home with excellent memories and new ideas to enhance environmental
protection and security through adsorption science and technology.

The purpose of the Workshop was to bring together researchers and en-
gineers working in adsorption-related fields, to share knowledge on the latest
advances on adsorption processes for environmental security and protection,
as well as to cross-link and disseminate to the scientific community the main
results and achievements of recent NATO SfP projects on environmental
security and protection.

Topics covered by the Workshop include recent theoretical and experi-
mental developments on environmental adsorption, adsorption processes, as
well as synthesis and tailoring of novel adsorbents, including the assessment
of materials and processes.

The invited lectures provided a comprehensive report on adsorption and
colloids, carbon materials and adsorbents for various industrial applications,
and ecological safety and antiterrorism. Because rapidly developing areas in
nanotechnology for fine chemistry, air quality, and environmental protection,
are based on the synthesis and modification of the adsorbents, special at-
tention was given to synthesis and chemical tailoring of porous materials to
achieve desired properties as adsorbents and separation media.

We hope that the Workshop helped to intensify the cooperation between
scientists from NATO countries, USA, Central Europe and FSU countries,
and to shorten the gap between Partner/Mediterranean Dialogue countries
and NATO countries with respect to environmental protection and security
standards. Finally, we also hope that the Workshop opened a forum for discus-
sion on possibilities for further improvements and areas still lacking critical
knowledge and expertise.
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We would like to express our gratitude to the members of the local orga-
nizing committee for all their hard work to make this Workshop a success.
The Workshop would not have been possible without the generous financial
support from the NATO Science for Peace and Security Programme.
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EXTENSION OF DUBININ’S THEORY TO ADSORPTION FROM
FROM AQUEOUS SOLUTIONS

FRITZ STOECKLI"
IMT-Chimie des Surfaces, Université de Neuchdtel. Rue Emile
Argand 11, CH-2009 Neuchdtel, Switzerland

DASHA M. NEVSKAIA, EVA CASTILLEJOS-LOPEZ
Departamento de Quimica Inorganica, Facultad de Ciencias
UNED, Paseo Senda del Rey 9, 28040 Madrid, Spain

TERESA A. CENTENO
Instituto Nacional del Carbon-CSIC. Apartado 73, 33080 Oviedo,
Spain

Abstract. Adsorption of sparingly soluble organics from aqueous solutions,
by activated carbons, can be described within the framework of Dubinin’s
theory by using a modified Dubinin—Radushkevich—Kaganer (DRK) equ-
equation, where relative pressures are replaced by relative concentrations.
With respect to the descriptions based on the Langmuir model and similar
expressions, this approach has the advantage that it allows predictions on
the basis of simple physico-chemical properties of the solid and of the
adsorbate. Preliminary experiments indicate that in the case of dilute binary
mixtures, the model of independent coadsorption, based on the DRK
equation, applies. However, more experimental evidence is needed to
confirm this potentially very useful approach in filtration technology.

Keywords: Dubinin’s theory; adsorption; aqueous solutions; binary mixtures

1. Introduction

The removal of sparingly soluble organics from aqueous solutions is a
relatively important topic, in particular for the purification of drinking

*To whom correspondence should be addressed. Institut de Microtechnique-LCPS, rue Emile Argand
11, CH-2009 Neuchatel, Switzerland; E-mail: fritz.stoeckli@unine.ch
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2 F. STOECKLI ET AL.

water by activated carbon. So far, a variety of theoretical models have been
proposed, which can reproduce accurately the experimental data.'?

However, a major shortcoming in the use of Langmuir- or Freundlich-
based approaches is the fact that predictions are difficult, and even
impossible in many cases, due to the complexity of the parameters used in
these expressions. It is therefore necessary to find alternative descriptions,
which provide a tool for quantitative or at least semi-quantitative predic-
tions in filtration technology.

Active carbons are very efficient adsorbents and the adsorption of
vapours is well described by Dubinin’s theory,™ which uses relatively
simple parameters and allows predictions over relatively wide pressure
and temperature ranges. As shown in detail elsewhere,”’ for relative
concentrations cei/cs < 0.01-0.05 (submonolayer conditions) adsorption of
sparingly soluble species such as phenol and its derivatives can be
described by the modified Dubinin—Radushkevich—Kaganer (DRK)
equation.

Nu(T;p) = Numexp[—(A/E,)"] (D
where

A = RTlIn(cy/coy) and n ~2—4 2)

In the case of sparingly soluble species, N ., corresponds to the monolayer
capacity of the walls of the micropores and not to the filling of these pores,
as opposed to adsorption from the vapour phase. This means that the
sorptive capacity of a microporous carbon is often smaller in the case of
adsorption from dilute aqueous solutions, than from the vapour phase. This
point is clearly illustrated by the adsorption of phenol from both phases.®

It appears that the principle of temperature invariance observed by
Dubinin for micropore filling also applies here, as parameters n and E; are
practically constant over a range of 20°-30°.

One can also introduce specific scaling factors (surface affinity coeffi-
cients f;) for Eg, to correlate the adsorption of different species relative to a
reference solute (benzene or phenol). These properties are reflected in the
logarithmic plot (Figure 1) for the adsorption of various phenolic com-
pounds from aqueous solutions, at different temperatures and on three
different activated carbons, with n = 4. As shown in the case of the DRK
equation’ (adsorption of vapours by non-porous solids), exponent n is
related to the heterogeneity of the surface and it appears that for certain
systems n = 3 (or even 2) also provides a good fit.

As observed for adsorption from the vapour phase, the characteristic
adsorption energy Eg, depends on both the adsorbent and the adsorbate. It
appears that in the case of aqueous solutions of phenol,”” E is practically
equal to the characteristic energy of adsorption of benzene vapours E,,
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which is a reference in adsorption by microporous carbons.” For other
species (i) removed from aqueous solutions, one finds specific scaling
factors s relative to phenol and defined by

E(i) = B Ei(phenol) 3)

Typical values are shown in Table 1, with the values observed for adsorp-
tion from the vapour phase or calculated as described elsewhere.

o
o
|
4
{

In Na/Nam

‘ ‘ ‘ |
0 (A, kJ/mol) 300000

Figure 1. Logarithmic plot of Eq. (2) for the adsorption of various organics from aqueous
solutions onto activated carbons: ¢ carbon CP (phenol, 4-cresol, 3-chlorophenol, 3-aminophenol,
4-nitrophenol); A carbon PC (phenol, m-chlorophenol); A carbon AC (phenol, aniline).

TABLE 1. Typical affinity coefficients B (average values) for the adsorption of sparingly
soluble organics from aqueous carbons onto activated carbons. For comparison purposes, the
affinity coefficients for adsorption from the vapour phase™'® are also given (in the case of
compounds with low vapour pressures, B is estimated'® from parachors or molar volumes).

Compound Ps = Es/Eo B (vapour phase) Bs/B
Phenol 1.03 1.09 0.95
3-chlorophenol 1.02 1.24 0.82
4-nitrophenol 0.90 1.20 0.75
Aniline 0.80 1.05 0.74
Benzene 0.54 1.00 0.54
Benzoic acid 0.80 1.04 0.77
Caffeine 1.28 1.85 0.69

These results show that predictions can be made for the removal of
sparingly soluble organics by activated carbons at c.q/c; < 0.05, on the basis
of relatively simple physico-chemical and structural properties. The latter
are the characteristic energy E, of the carbon, which varies typically
between 30 kJ/mol (micropore width around 0.5 nm) and 16-17 kJ/mol
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(supermicropores of ~2 nm) and the surface area of the micropore walls S,;.
This area can be assessed by different techniques, but in view of the good
correlation observed with the adsorption of phenol from aqueous solutions
based either on the solution isotherm or immersion calorimetry, the latter
technique is now used to determine surface areas (see the contribution of
Centeno and Stoeckli in this volume). For example, on the basis of a
molecular surface area of 45 x 102" m* (molecule lying flat on the carbon
surface), the specific enthalpy hi(phenol) = —(0.109 + 0.03) J/m*. Moreover,
and in spite of the fact that phenol is excluded from the oxygen-containing
surface sites, it appears that, due to a compensation effect, the enthalpy of
immersion A;H(J/g) of a carbon into an aqueous solution of phenol (usually
0.4 M) leads to a good approximation of the total surface area by®

S, (m’/g) = A;H(phenol 0.4 M)/h; 4)

This area corresponds to S,,; and the external surface S, area found in
larger pores and on the outside. Experiments with graphitized carbon blacks
suggest a similar relation for caffeine solutions with —(0.112 + 0.015 J/m?),
but in view of the structure of this molecule, the technique is limited to
micropores larger than 0.55-0.6 nm.

In the low concentration range, Eq. (1) corresponds to adsorption on the
micropore walls, where the adsorption energy is higher than on the external
surface area. Typically, E, is around 11 kJ/mol for non-porous carbons, and
the adsorption of phenol from an aqueous solution onto graphitized carbon
black N234-G leads to Ei(phenol) = 13 kJ/mol. This experiment confirms
that adsorption on the open surface, also limited to a monolayer, becomes
effective only at relatively high relative concentrations. In Figure 1, this
corresponds to an additional section, not shown, at the upper end of the
graph (ceq/cs > 0.05-0.1). On the other hand, in calorimetric experiments,
the concentration is high enough (0.4 M) to form a monolayer on Sy.

2. Binary Adsorption from Aqueous Solutions

Following the success obtained with the adsorption of single species, it is
tempting to extend the Dubinin-based approach to binary and, hopefully, to
multiple adsorption. The advantage is obvious, as it should allow predic-
tions for the simultaneous removal of organics from water on the basis of
simple parameters and over a range of temperatures. Obviously, within the
framework of the modified DRK theory, the situation should correspond to
the submonolayer region and describe the final stages of purification of
water.

A convenient working hypothesis is the model of independent coad-
sorption, which assumes that each species is adsorbed according to its DRK
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equation (1), but only on the surface area left free by the other component.
In the case of binary adsorption, this corresponds to the set of coupled
equations

NaA = [NamA - NaB (NamA /NamB)] exp{—[RTl”(Cs /ceq)A /EsA]n} (5)

NaB = [NamB_NaA(NamB /NamA ] exp{—[RTln(Cs /Ceq)B /ES‘B]n} (6)

The subsidiary condition, leading to the pre-exponential terms, is
Smi = NamA~AmA~NAv = NamB~AmB~NAv (7)

where A and A, are the molecular surface areas of species A and B and
Nav is Avogadro’s number.

In the case of a single species, exponent n = 4 often provides a good
fit”7 However, it is not a prerequisite, as n probably reflects the
heterogeneity of the surface. As discussed elsewhere,’ this is clearly the
case with the original DRK equation, where the fixed value n = 2 is
responsible for the discrepancy often observed between the monolayer
capacities N,,(DRK) and N,,(BET). Exponent n may therefore vary from
carbon to carbon and it is possible to obtain a better overall fit with n =3 or
even 2.

The set of Egs. (5) and (6) is potentially interesting, provided that two
requirements are fulfilled:

1. The principle of temperature invariance of E; and n applies, which
allows predictions over a range of concentrations and temperatures

2. The parameters Ega and Egg should be the same as those obtained for the
adsorption of the individual species.

At this stage, the analysis of the phenol + aniline mixture in water,
adsorbed by activated carbon AC at 298 K' and 313 K (new data) provides
a first and interesting illustration of the potentiality of the present approach.

The analysis of the nitrogen adsorption isotherm at 77 K, using the
Dubinin—Radushkevich equation, leads to a micropore volume W, = 0.418
cm’/g, and a characteristic energy E, = 23.0 kJ/mol. With the help of the
correlations™

Lo(nm) = 10.8/(E,— 11.4 kJ/mol) (®)
Spi(m’/g) = 2500 W,(cm’/g)/L,(nm) 9)

one obtains respectively L, = 0.93 nm and S, = 898 m*/g.
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The adsorption isotherms of the single species at 298 and 313 K provide
the best fits for Eq. (1) with n = 3, rather than n = 4, where a slight upward
curvature is observed in the logarithmic plots. This leads to the values of
Nam and Eg given in Table 2. They correspond to the domain of relative
concentrations Ceq/cs between 5 x 107 and 0.01.

TABLE 2. Parameters of Eq. (1) with n = 3 for the single adsorption from unbuffered aqueous
solutions by carbon AC (E, = 23.0 kJ/mol and S, = 898 m%/g) at 298 and 313 K.

Adsorbate (single) Phenol Aniline
E(298 K) (kJ/mol) 22.9+04 179+0.4
E4(313 K) (kJ/mol) 23.7+0.5 18.0+0.5
Nam (298 K) (mmol/g) 3.16 £0.07 3.14+0.07
Nam (313 K) (mmol/g) 3.12+0.07 3.00 +£0.07
Smi (average) (m?/g) 848 + 20 -

This data is coherent and suggests average surface affinity coefficients
Bs(phenol) = 1.01 + 0.04 and By(aniline) = 0.78 + 0.04, in agreement with
other determinations.” Moreover, the molecular surface area of 45 x 107%°
m” obtained for phenol adsorbed on graphitized carbon blacks, leads to a
micropore surface area of 848 m*/g, which is in reasonable agreement with
the value derived from Eq. (9). The difference may be ascribed to the
presence of surface oxygen, on which water is preferentially adsorbed in
unbuffered solutions. The data also suggests that the molecular surface area
of aniline is close to the value observed for phenol, as expected.

The analysis of the data for binary adsorption based on Egs. (5) and (6)
using again n = 3 and the values for N,,(phenol) and N,,(aniline) of Table
2, leads to the best fit values of E given in Table 3.

TABLE 3. Values of E¢(phenol) and E(aniline) for binary adsorption at 298 and 313 K.

Adsorbate (in the mixture) Phenol Aniline
E((298 K) (kJ/mol) 22.5+0.5 18.1£0.5
E((313 K) (kJ/mol) 223+0.5 18.1£0.5

These values are in good agreement with those obtained for the single
adsorption (Table 2) and suggest that for the present binary system the
adsorption equilibrium between 298 and 313 K could have been predicted
with a reasonable accuracy by using the structural parameters of the carbon
(E, = 23.0 kJ/mol and S,,; = 898 m*/g), with the affinity coefficients B, of
Table 1 and the saturation concentrations of phenol and aniline found in
standard tables. The correlation between the experimental and amounts
adsorbed in the submonolayer region and the values calculated using the
best fits for E; and N,, is shown in Figure 2. The data corresponds to
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adsorption in the submonolayer region, with N,(phenol) + N,(aniline) below
2-2.5 mmol/g.

Obviously, the uncertainty on f introduces a corresponding uncertainty
in the amounts adsorbed. However, the approach outline here and based on
the extended DRK equation provides a good estimate, as opposed to the
Langmuir-based models, where the parameters cannot be determined “a
priori” or extrapolated to other temperatures.

3 o

Na(calc) [mmol/g]

Na(exp) [mmol/g]

0 ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3

Figure 2. Correlation between the calculated and experimental amounts of phenol (m) and
aniline (A) adsorbed from binary mixtures in water, by active carbon AC, at 298 and 313 K.

3. Conclusions

The present study shows that Dubinin’s theory can be extended to the
adsorption, by activated carbons, of sparingly soluble organics from aqueous
solutions. The basic equation is a modified Dubinin—Raduskkevich-Kaganer
equation, where relative pressures are replaced by relative concentrations
and the exponent n around 3—4. The principle of temperature invariance of
parameters E; and n has been established for single adsorption of a variety
of organics and predictions can be made for a range of concentrations and
temperatures.

Preliminary studies on binary systems in water, for example, phenol +
aniline adsorbed by a typical industrial active carbon, suggest a similar
pattern in the submonolayer region. In this case, the model of independent
coadsorption can be applied and, with a good approximation, the individual
isotherms are those obtained for single adsorption. This extension must be
confirmed by a systematic study of more systems and special attention
should be given to the value of exponent n, probably on the basis of a
refined analysis of the carbon itself.
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The approach outlined here is of great relevance to filtration techno-

logy, where semi-quantitative and quantitative predictions can be made on
the basis of relatively simple physico-chemical properties of the adsorbates
and the structural parameters of the carbon.
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APPLICATIONS OF IMMERSION CALORIMETRY IN DUBININ’S
THEORY AND IN ELECTROCHEMISTRY
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Abstract. This study shows that immersion calorimetry is a useful technique
which simplifies considerably the analysis of porosity and chemical nature
of activated carbons.

The characterization of activated carbons in the general theoretical
framework of Dubinin’s theory with its extensions to calorimetry and
adsorption from solutions allows the identification of some key parameters
for the performance of these materials in electrochemical capacitors.

Keywords: activated carbon; immersion calorimetry; porosity; electrochemical
capacitor

1. Introduction

Activated carbons can be characterized within the framework of Dubinin’s
theory. The basic relation is the Dubinin—Radushkevitch (DR) equation’

2
W =W, exp —(ﬂé} (1)

0

where W represents the volume adsorbed at temperature T and relative
pressure p/ps, W, is the limiting volume adsorbed in the micropores and
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A = RTn(ps/p); B and E, are specific parameters depending on the
adsorptive and on the adsorbent. W, and E, are usually obtained from the
adsorption of small molecular probe (typically CO,, CH,Cl,, and CsHg) with
critical dimensions around 0.33—0.40 nm, and unhindered by constrictions
in the structure.

In view of its thermodynamic basis, the DR equation can easily be used
in the context of immersion calorimetry.'” Starting from the definition of
the isosteric heat of adsorption of a vapour g™ (>0)

[ 8In(p)/dT Jna = q"/RT’ )

The inversed DR equation leads to q* as a decreasing function of the
micropore filling

q(T;60) = BE{ [In(1/0)]"° + (@T/2)[ In(1/0)] " ]} + AH,,,, 3)

where a is the thermal expansion coefficient of the adsorbate. On the other
hand, the net heat of adsorption defined as

qnet (T) 0) = qSt — 4H, vap (4)

is related to the enthalpy of immersion of the solid into the corresponding
liquid by

—AiH (T) = qnet d@ + hLVSLV (5)

Taking into account that there is practically no liquid—vapour interface
in micropores, it follows that

BW,E z(1+al)
20,

A H,, e[ 0= ©)

Since active carbons often present an external (non-microporous) surface
area, S., the experimental enthalpy of immersion will include an extra
contribution, corresponding to the wetting of this surface and

BWE, z(1+aTl)
= _hiSe
27,

m

~AH (Jg_l) (7

It appears, as a thermodynamic consequence of Dubinin’s theory, that
the enthalpy of immersion of a microporous carbon into organic liquids is
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related to the parameters of the adsorption isotherm (W,, E, and S.). This
formal link between both approaches leads to a detailed picture of the
porous structure and of the chemical nature of activated carbons.

The experimental set-up required for immersion calorimetry is
relatively simple.' The sample is outgassed at 10> Torr and around 523 K
in a glass bulb with a brittle end. The bulb is sealed, introduced into a cell
containing around 5 c¢m’ of the wetting liquid and placed inside the calori-
meter. Once thermal equilibrium is achieved, the brittle end of the bulb is
gently broken and the liquid wets the sample. The corresponding heat
evolution through 180 thermocouples is monitored as a function of time and
the integration of this signal leads, with the help of an electrical calibration,
to the enthalpy of immersion A;H. A typical experiment lasts approximately
30-45 min, which allows an important gain in time, if compared with
classical adsorption experiments.

2. Application of Immersion Calorimetry for Structural
and Chemical Characterization of Activated Carbons

2.1. STRUCTURAL ASPECTS OF IMMERSION CALORIMETRY

2.1.1. Calorimetric studies of selective adsorption from aqueous solutions:
determination of specific surface areas

This section shows how the enthalpy of immersion of carbons into aqueous
solution of caffeine (0.1 M) or phenol (0.4 M) becomes another source of
information for the determination of specific surface area of carbons.'”
Some years ago, a calorimetric approach’ showed that the enthalpy of
immersion of carbon blacks into aqueous solutions of caffeine is a linear
function of the mass of carbon. The comparison of AH (J g') with the Spgr
(m® g ") of the materials led to an average specific enthalpy h; of —(0.112 *
0.015) J m>. This correlation, confirmed by the corresponding adsorption
isotherm from the solution, implies that adsorption is limited to a single
layer. This is also true for microporous carbons, where no volume filling
process takes place, as opposed to adsorption from the vapour phase. It
follows that for both porous and non-porous carbons the total surface area
can be determined with a good accuracy from the enthalpy of immersion
into an aqueous solution of caffeine with the help of the simple relation'”

-1
Aichﬁeine (Jg )

. ®)
0.112 (Jm™?)

Stotal (ng_l):
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Since the caffeine molecule cannot penetrate into micropores of less
than approximately 0.6 nm, this procedure provides an estimate of the total
surface area in carbons with pores wider than 0.6-0.7 nm.'**

Subsequently, this technique has been used successfully with diluted
aqueous solutions of phenol (0.4 M) and the study of carbon blacks and
active carbons™® suggested a process similar to that observed for caffeine.
Phenol appears to form a monolayer, which provides information on the
surface area of pores above approximately 0.45 nm. In this case, the
specific enthalpies h; corresponded to —(0.109 + 0.003) J m ™ and

Ai]—[ phenol (Jgil)
0.109 (Jm?)

It should be pointed out that the enthalpy of immersion into aqueous
solution of phenol is affected by the surface acidity of the carbon since
water is adsorbed preferentially by the oxygen-containing surface groups.™
The reduction in specific surface area has been estimated to be around 70
m” per mmol of surface oxygen, but due to a compensation effect, Eq. (9)
still provides a good assessment of S, in the case of oxidized carbons.

On the other hand, it appears that the enthalpies of immersion of the
microporous carbons into concentrated solutions are generally larger than
observed for the dilute solution. This increase confirms that the adsorption
of phenol from concentrated aqueous solutions corresponds to a process of
micropore filling and that it is not limited to the coating of the micropore
walls, as observed for dilute solutions.’

Siotal (m2 g_l )= ©)

2.1.2. The assessment of micropore size distribution of carbons

Equation (7) can be used to evaluate, on the basis of the experimental
enthalpies of immersion, the volumes W(L,) filled by a molecular probe of
critical dimension L.,

_[AH-RS,]27, (10)

Wike)= BE,zx(+aT)

E, is the characteristic energy obtained from the reference isotherm of a
small adsorbate (CH,Cl,, C¢Hg, CO,, etc.) and L. is the smallest micropore
width accessible to the molecules of the liquid.

The use of a series of liquids of known molecular dimensions (i.e.
dichloromethane [0.33 nm], benzene [0.41 nm], cyclohexane [0.54 nm],
carbon tetrachloride [0.63 nm], cyclododeca-1,5,9-triene [0.76 nm], tri-2,4-
xylyl phosphate [1.5 nm]) leads to the micropore size distribution."””

However, this technique reflects the true pore size distribution only as
long as the entry into wider pores is not limited by constrictions smaller
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than their actual size. If such “gate” effects are present, one obtains an
apparent pore size distribution.*” The difference between the apparent and
the real pore size distributions can been illustrated if one uses the approach
based on the modelling of CO, adsorption, a molecule which is small
enough to bypass gate effects.” The two techniques are therefore comple-
mentary and provide a refined picture of the porous structure.

2.2. CHEMICAL ASPECTS OF IMMERSION CALORIMETRY

2.2.1. Detection of surface oxygen from immersion into water

As opposed to organic liquids and vapours, where the volume filling of
micropores and adsorption on the external surface area S, are the fundamental
processes, water interacts strongly with functional groups of carbon surface.
An interesting consequence is the possibility to estimate the number of
surface groups from the experimental enthalpies of immersion of active
carbons into water and into benzene at 293 K and taking into account the
chemistry of the surface through an excess enthalpy of immersion, AH
(H2O)excess- As reported earlier,'™"" water interacts in a similar fashion with
surface functionalities containing mainly oxygen (—12.1 J mmol ') and with
basic groups (-10.3 J mmol'). The latter are characterized by their
equivalents of HCI and it appears that most of them do not contain oxygen.
An overall assessment for a large variety of activated carbons led to'’

AH (H,0)(Jg' )= 0.210 AH (CsHy) — 9.9 (Jmmol ™) [O + HCI] (11)

with average specific interactions around —(9.9 + 0.7) J mmol " of oxygen
or HCI mequivalents of basic sites. As the concentration of the basic sites of
typical carbons is not high, the bulk of the specific interactions is related to
oxygen atoms.

2.2.2. Determination of acidic and basic groups on carbon surface

The correlation between the net enthalpy of neutralization into 2N aqueous
solution of NaOH

AH(NaOH),o, = AH(NaOH) — 4, H(H,0) (12)

and the number of equivalents of acid obtained from direct titration leads to
a net enthalpy of neutralization of —(41.1 + 1.8) kJ eq ' for acidic sites. A
similar approach for the net enthalpy of neutralization into 2N HCl

AH(HCe = AH(HCI) — AH(H0) (13)

leads to a neutralization energy of —(52.3 +2.0) kJ eq ' for basic sites.'
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Further calorimetric experiments with 1N aqueous solutions of NaHCO;
allow a clear distinction between carboxylic sites the other acidic sites.
Selective neutralization of carboxylic groups reported a value of —(39.7 £
1.7) kJ eq " which is close to the result obtained with NaOH for the bulk of
the acidic groups.'

3. Application of Immersion Calorimetry to the Characterization
of Carbons Used in Electric Double Layer Capacitors

Electrochemical capacitors have generated wide interest in recent years for
high power applications where high efficiency and long cycle life are
required. At the present, most commercial devices correspond to those
referred to as electrical double layer capacitors (EDLCs) which perform by
an electrostatic attraction between electric charges accumulated on the
electrode surface and ions of opposite charge in the electrolyte side."

Activated carbons are widely used as electrodes in EDLCs systems, as
far as their high surface areas provide large interfaces for the formation
of the electric double layer."* The reliable characterization of activated
carbons in the general theoretical framework of Dubinin’s theory, with its
extensions to calorimetry and adsorption from solutions, leads to the identi-
fication of key parameters for high performance in -electrochemical
capacitors.”” ' In this context, the determination of the real surface of the
carbons is of prime importance and immersion calorimetry plays a major
role, as illustrated below. Useful information can only be gained from
several independent techniques, including the technique based on aqueous
phenol solutions (see Section 2.1). As discussed in detail elsewhere, Sggr, 18
often too large' and leads to erroneous surface related properties.'>'” As a
consequence, it is difficult to establish reliable correlations.

In the case of 2M H,SO, aqueous electrolyte, the study of a large
variety of activated carbons showed that the specific capacitance at low
current density (1 mA cm‘z), C,, depends on standard contributions from
the total surface area and from the surface groups which desorb as CO in
Thermally Programmed Desorption (TPD)"":

C,[H:50,] (Fg) = 0.081 (Fm™) S, + 63 (F mmol™)[COJ(mmol g) (14)

This approach reflects the important role played by both the surface
area S, and its chemical nature in the overall capacitance of activated
carbons. It also establishes the origin of a pseudocapacitive process (via
redox reactions involving CO-desorbing groups) which should be added
to the purely EDLC mechanism. Furthermore, this approach explains the
important scatter for the values of surface-related capacitance in (F m?)
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quoted in the literature with no clear linear correlation between the specific
capacitance and the specific surface area of activated carbons.

On the other hand, surface oxide related pseudocapacitance contributions
in the aprotic electrolyte 1M (C,H5)4NBF, in acetonitrile are much weaker
(9 F mmol ' of CO generated in TPD, for the best performing carbons) than
in the H,SOy electrolyte (63 F mmol ™' of CO).16 As illustrated by Figure 1,
the specific capacitance at low current density, C,, increases linearly with
the total specific surface area, following the approximate correlation

Col(C:Hy) NBF] (Fg ') = 0.09 (Fm™) S (m’g™) (15)

The deviation observed for some carbons is attributed to exclusion
effects in the aprotic electrolyte. The fact that these materials display
average micropore sizes or “gate” effects around 0.5-0.6 nm'® limits the
internal surface area accessible to ions (C2H5)4N+ with critical dimension
around 0.69 nm.

200 -
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Figure 1. Variation of the specific capacitance (1 mA cm™) of activated carbons with the
total surface area in 1M (C,Hs);NBF4/acetonitrile. The deviation for some carbons (0O0)
reflects exclusion effects in the aprotic electrolyte.

Finally, the present work confirms the possibilities of immersion
calorimetry used alone for the prediction of the specific capacitance at low
current density of unknown activated carbons in the aprotic electrolyte 1M
(C,H5)4NBF, in CH3CN (Figure 2). As far as the specific capacitance and
the enthalpy of immersion into benzene, —A;H[C¢Hg¢], are surface-related
properties of the materials, one obtains a relatively good correlation between
both parameters
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Col(C:Hy)NBF] (Fg') =—=0.57 (FJ") AH[C,H] (J ) (16)

As suggested by recent calorimetric tests,'’ the micropore system of
typical activated carbons where the average micropore size is above 0.8 nm
displays a similar accessibility to (C,Hs)sNBF,/acetonitrile and to benzene.
The deviations observed in Figure 2 (O0) confirm the limited accessibility of
the aprotic electrolyte into micropores of less than 0.7 nm.
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Figure 2. Correlation between the specific capacitance (1 mA ¢cm™) of different activated
carbons in the aprotic electrolyte, C, [(C,Hs);NBF,], and the enthalpy of immersion of
carbons into benzene, ~A;H(C¢Hg). (o) Carbons with micropore widths below 0.7 nm.

400 -
/
300 - ~ ©
> ~
(o]
o 200 - o ©0°© 0 ©
n
= &% ©Q & °% —
o /O (2) (e] //
100 - &b o -
o
/ (/
620
O / T T T T T 1
0 50 100 150 200 250 300

-AHICHI (J o)

Figure 3. Evolution of the specific capacitance (1 mA cm?) of different activated carbons in
H,SO, aqueous electrolyte, C, [H,SO,], and the enthalpy of immersion of carbons into
benzene, —A;H(CgHg).
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On the other hand, Figure 3 shows the limitations of this technique to
assess, with a good accuracy, the suitability of a carbon to be used in H,SO,
aqueous capacitors. It is not surprising, in view of the significant influence
of the CO-generating surface groups on the capacitance in H,SO, aqueous
medium (see Eq. (14)) whereas the enthalpy of immersion into a non-
specific liquid such as benzene does not depend on the presence of oxygen.

4. Conclusions

Immersion calorimetry provides complementary information to the adsorption
isotherms and simplifies considerably the assessment of porosity and chemical
nature of activated carbons.

The assessment of activated carbons in the framework of Dubinin’s
theory with its extensions to calorimetry and adsorption from solutions led
to the identification of key parameters for the performance of these
materials in electrochemical capacitors. For 2M H,SO, aqueous electrolyte,
the limiting capacitance of activated carbons at low current densities
depends essentially on the total surface area and on the surface groups
which generate CO in TPD. In the case of the aprotic electrolyte 1M
(C,H5)4sNBF, in acetonitrile, the specific capacitance increases linearly with
the total specific surface area, the contribution from surface oxygen groups
being less significant.

Micropore widths or “gate” effects of less than 0.7 nm notably reduce
the internal surface area accessible to ions (C,Hs),N' of the aprotic
electrolyte, as opposed to the SO4> ion of the aqueous medium.

This work confirms the possibilities of immersion calorimetry used
alone for the prediction of the specific capacitance of carbons in 1M
(C,Hs5)4sNBF, in CH;CN, but it also shows the limitations of this technique
to assess, with a good accuracy, the suitability of a carbon to be used as
electrodes in H,SO, aqueous capacitors.
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ADSORPTION ON ACTIVATED CARBON: ONE UNDERLYING
MECHANISM?
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Abstract. This paper deals with the differences and similarities that are
observed for isotherms of different adsorbates on activated carbon. In stead
of the commonly used classification of isotherms in six “basic shapes”, a
more general approach is suggested. Each isotherm can be subdivided in
different, distinct, parts, each of which is the result of a different adsorption
mechanism. The relative importance of these parts, even the fact if they
exist or not, depends on a number of parameters. The most important are the
pore size distribution (PSD) and active surface groups of the adsorbent, the
strength of the adsorbate—adsorbent interactions and the temperature at
which the isotherm is measured. As all these parameters are either constant
(e.g. PSD) or can be estimated (e.g. interaction energies) it is possible to
calculate a complete isotherm for one adsorbate on the basis of that of
another one. But in order to achieve this, one must fully comprehend the
meaning of each and every part of the isotherm: isotherm equations must
reflect the physical processes involved rather than just fit the (complete)
isotherm.

Keywords: adsorption; activated carbon; mathematical modelling

1. Introduction

Activated carbons are widely used, and the number of possible applications
is still growing. In many, if not all, of these applications adsorption comes
into play. Therefore, most researchers are used to characterize their activated
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carbons by some kind of gas phase adsorption measurements, leading to
adsorption isotherms. These isotherms contain a wealth of information
about the carbon but, sadly, there remains a lot of uncertainty about their
exact interpretation. Not only do the applied models differ from the ones
used for other adsorbents (e.g. zeolites), but in many cases different models
are used for different adsorbates. This is the direct result of (apparent)
dissimilarities between the isotherms. In this work we will try to demon-
strate that there is one underlying setcvex of adsorption mechanisms that is
applicable to all adsorbates (perhaps even to all adsorbents), the differences
in the shape of the isotherms being only the result of interaction energy
levels between the activated carbon and the vapour.

2. TypeIIsotherms

2.1. GENERAL

According to the BDDT-classification isotherms can be subdivided into six
major categories.' Only four of them will be treated. Type III is in fact
identical to the first part of type V, and type VI is a step-wise isotherm that
is very seldom seen in real adsorption measurements on activated carbon.
The type I isotherm is the typical shape attributed to adsorption into
micropores. However, it can also be found in other adsorption processes:
the first part of both type II and type IV isotherms is clearly of this same
shape. This is also valid for the very first part of the type V isotherm: if
ones carefully studies the isotherm under p/p, = 0.2 it becomes apparent that
the very start of the convex type V isotherm is in fact concave towards the
relative pressure axis (see Sections 2.3 and 5.1).

2.2. MICROPORE FILLING

The typical knee of the “real” type I isotherm is attributed to micropore
filling. This can be described by a number of equations, the most commonly
used being the Dubinin-Radushkevich or DR equation' (Eq. (1)) that gives
the amount adsorbed W, as a function of partial pressure p/p, or concentration
c/cs. The parameters depending on the adsorbent—adsorbate combinations
are the micropore volume of the adsorbent W,, the liquid density of the
adsorbate d, the scaling factor f (dependent on the energy of interaction)
and B, related to the interaction energy and proportional to the mean
micropore half-width.

_ 2
W, =W_Jd, exp{ EZT 1og2(c_5)} (D
c
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It has been observed that in some cases, where there is clearly volume
filling of micropores, the DR equation does not provide a good fit. In these
cases one should use the Dubinin—Astakhov (DA) equation in which the
factor 2 is replaced by a factor n.

2.3. NON-MICROPORE FILLING: THE WATER ISOTHERM

The start of the water adsorption isotherms on activated carbons seems to be
of type L. It has also been demonstrated that it can be fitted with a DR or
DA equation.” However, it is clear this first part is not related to micropore
filling as this phenomenon does not start before p/p, = 0.3 (see Section 5.2).
Hence fitting by DR or DA is just a mathematical tool but has no physical
meaning. It is generally agreed upon’ that water adsorption on activated
carbon starts with specific adsorption on active surface sites. These sites
contain mostly oxygen (and sometimes nitrogen) and can be of an acidic or
basic nature. Then water—water interactions (hydrogen bonding) promote
the formation of water clusters around these active sites. Subsequently,
these clusters are adsorbed in the micropore volume (see Section 5.2).
Therefore, this part of the water isotherm can be considered as an
adsorption on a non-porous surface with active sites, thus being described
by a Langmuir type equation':

_n,.b.(p/p,) @)
[1+.(p/p, )]

In which n represents the amount adsorbed, n,, the monolayer, b is related
to the interaction energy and p,/p is the partial water vapour pressure.
Equation 2 gives a very good fit of the experimental isotherms for a wide
variety of activated carbons. An example can be found in Figure 1.
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Figure 1. Langmuir fit of the initial part of the water isotherm.
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The fitted parameters differ from one activated carbon to another. But
there is a clear positive correlation between n,, and the number of oxygenated
surface sites. The coefficient b is very small, in the order of magnitude of 5.
This is rather surprising, b being a measure for the interaction energy.
Therefore it seems logical to assume that b is not only related to the specific
interaction between water and the active sites, but also comprises the
mutual bridging between water molecules leading to the formation of water
clusters. As these clusters will be formed around the initially (specifically)
adsorbed water molecules, the number of clusters will still be related to the
number of active sites. Therefore, n,, is still related to the number of active
sites, even though the value of b is the result of two separate mechanisms.

2.4. NON-MICROPORE FILLING: TYPE II ISOTHERMS

The initial part of a type II isotherm, typical for adsorption onto non-porous
surfaces, also has the characteristic type I form. It is clear that in this case it
does not represent micropore filling, but only the formation of a monolayer
on the surface of the adsorbent. How this monolayer is exactly forming on
an activated carbon is, however, not really understood. It is clear it is not an
instant coverage of the total surface. Most likely, as it is the case for water
vapour adsorption, it will start at those spots that present the highest inter-
action energy with the adsorbate, i.e. oxygen surface groups. Then adsorption
will spread out to form a monolayer. Even though it is clear that in some
places multilayer adsorption will precede complete surface coverage by a
monolayer (see also Section 3).

2.5. NON-MICROPORE FILLING: N, AND ARGON ISOTHERMS

There has been much debate about the thermodynamic inconsistency of the
DR equation as for p/p, — 0 it does not reduce to Henry’s law.

On the other hand there is the strange behaviour of nitrogen when
measuring adsorption isotherms at 77 K: the very first part of the isotherm
does not obey the DR equation. This is commonly ascribed to activated
diffusion at the pore entrances.* At the very low temperature of 77 K the
nitrogen molecules are believed to lack the necessary energy to overcome
the potential of entering pores with diameter only slightly bigger than these
molecules. So these points are considered to be “false”. When waiting a
long time (up to one day) per point one can clearly see the experimental
isotherm approaching the DR curve, but without reaching it. The experi-
mental points are giving a good, continuous, curve but with uptakes still
smaller than predicted by DR or DA equations.
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A third reflection can be made regarding adsorbent—adsorbate inter-
actions. It is clear that not every location on the carbon surface will have the
same interaction potential with the nitrogen molecules. It is reasonable to
suggest that heteroatoms and other disturbances to the carbon surface will
have a higher affinity towards nitrogen atoms.

Taking all this into account it seems likely that not only water molecules
exhibit a specific interaction with the carbon surface at (very) low partial
pressures but also other compounds such as nitrogen. To test this hypothesis
the first “false” points were fitted with a Langmuir-type equation, Eq. (2).
After a slight modification a very good fit was achieved with Eq. (3):

1o na-b.(o/p, —x,) 3)
[1+b.(p/p, —x, )]

In this equation all parameters have the same meaning as in Eq. (2). The
supplementary parameter, X,, is a very small correction accounting for the
offset of the apparatus: i.e. the lowest measurable data point. Figure 2
shows the fitting with the DR equation and Eq. (3):

031
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Figure 2. DR and Langmuir fitting of low pressure part of the N, isotherm (77 K) of Norit
R1Extra.

Clearly, the DR equation gives an adequate fit of the experimental data
points for values of p/p, > 2.10". For lower values, the Langmuir equation,
Eq. (3), gives a very good fit. There is also an interesting direct relation
between n,, and the DR micropore volume W,. This is not surprising as
the higher the micropore volume (which accounts for the majority of the
adsorption surface on activated carbons), the higher the amount of “active
surface sites”. The values of b are much higher (20.000-50.000) than in
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the case of water adsorption, indicating a pure specific interaction between
the surface and the N,-molecules.

It is also interesting to notice that the same fitting could be achieved for
Ar isotherms on a zeolite, indicating a more general principle.

2.6. GENERALIZED INTERPRETATION OF TYPE 1

From Section 2.5 it is clear that the typical “shoulder” of the type I isotherm
is not always to be associated with micropore filling. It can also be the
result of specific interactions: between surface groups and adsorbate mole-
cules (H,O, N,, chemisorption), between adsorbate molecules (H,O clus-
ter formation) or between adsorbate molecules and the carbon surface
(monolayer formation on non-porous carbons). In general, a type I isotherm,
or a part of an isotherm with a type I shape, can be related to strong adsorbate—
adsorbent interactions. The exact nature of these interactions depends on
many different parameters such as pore size distribution, surface complexes,
the nature of the adsorbate, and isotherm temperature.

3. Type Il Isotherms

The type II isotherm, the straight line with a rather small but positive slope
is normally associated with multilayer coverage of a non-porous surface. In
the case of activated carbon non-porous is not the right word. It would be
better to call it non-reinforced adsorption. It is the basic BET-type adsorption:
the formation of a monolayer on the surface of the adsorbent due to
adsorbate—adsorbent interaction, followed by multi-layer adsorption due to
adsorbate—adsorbate and adsorbate—adsorbent interactions. In terms of PSD
this phenomenon can be found in the meso- and macropores and on the
external surface of the carbon. That is, everywhere where there is no enhanced
adsorption due to specific interactions or overlapping potentials.

4. Type IV Isotherms
The type IV isotherm is associated with capillary condensation in mesopores.

This accounts for the hysteresis loop. The models that are normally used all
depend on the Kelvin equation, Eq. (4)":

In (i} _ _ﬂ(LJ )
P, RT \r,
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Where p/p, is the relative pressure of the adsorbate (-), y the surface
tension of the liquid adsorptive (N/m), Vi the molar volume of the liquid
adsorptive (m*/mol), R the universal gas constant (N m/mol K), T the
temperature of the isotherm (K) and r,,, the radius of the “cone” that is filled
in a pore at pressure p (assuming a contact angle 0 = 0°). Even though this
equation presents several disadvantages, it is straightforward and its use
does not involve any heavy mathematics.

Normally there are two “modifications” to the Kelvin equation. The
first one is to take into account the thickness of the adsorbed layer on the
pore wall (adsorbed before the actual capillary condensation started and
necessary to initiate this process), i.e. a type IV isotherm can not exist
without a type I1.

A second phenomenon is the difference between adsorption and
desorption: the radius r, given by Eq. (4) is only equal to the core radius in
the case of desorption. For cylindrical pores open at both ends r, equals
twice the core radius and, consequently, r, is two times the pore diameter
rp. It is very difficult to estimate the percentage of (meso-)pores open at
both ends. But as the hysteresis loop in the mesopore region of the iso-
therms is usually quite marked for activated carbons, it is not uncommon to
use a value of 100%. This means that the value of 2/r,, of Eq (4) can be
replaced by 1/r, when examining the adsorption branch of the isotherm and
neglecting the thickness of the adsorbed surface layer."

5. Type IIl and V Isotherms

5.1. FIRST PART

The water isotherms on activated carbons are usually of type V. They
present three distinct regions. In the first one, typically between p/p, = 0 and
~0.4 there is very little uptake. In the second one (p/p, = 0.4 to ~0.6) there is
a steep rise that accounts for about 80% of the total water uptake. In the last
region there is a more gradual uptake reaching its maximum at p/p, = 1.

The first part of the water isotherm has already been treated in Section
2.3. Historically, water isotherms have been fitted customarily by the
Dubinin—Serpinsky' or DS equation, which, in its most simple form reduces
to Eq. (5):

n,.b.(p/p,) (5)
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The analogy with Eq. (2), the Langmuir equation, is striking. The only
difference being the sign minus in stead of plus in the denominator. This
was clearly put in to fit the convex shape of the type V isotherm. However,
as demonstrated in Section 2.3, this does not explain the type I knee at the
start. In addition, the convex shape of the DS equation could explain the
steep rise in the second part of the water isotherm. But, as explained in
Section 5.2, this rise is linked to the volume filling of micropores and has
no direct link with the specific water—surface interactions described by
Eq. (5). For these reasons the use of the DS equation for describing water
vapour isotherms on activated carbon should be discontinued. It is an
unambiguous example of one single equation trying to describe two distinct
physico-chemical phenomena.

5.2. SECOND PART

The second part of the water isotherm, the steep rise, has, in the past, been
erroneously ascribed to capillary condensation. Actually, it is none other
than the equivalent of the type I steep rise found at the start of isotherms of
N, or organic vapours: the volume filling of the micropore volume. The fact
it is shifted to much higher values of p/p, and it is not quite as steep as the
type I can be fully explained by the weak interaction between carbon and
water vapour.

This can be illustrated by the use of the Dubinin—Radushkevich
equation. If the rise around p/p, = 0.4 is really the filling of the micropores,
one should be able to fit this part of the isotherm with the DR equation. The
parameter 3, as a measure for the interaction energy between the adsorbent
and the adsorbate, should be (much) lower that, for example, nitrogen or

0.60

m Exp
= = Langmuir
0.40 ——Langmuir + DR | |

n (g/g)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
p/po
Figure 3. Fitting the second part of the water isotherm on NC100 with a combination of
Langmuir and DR equations.
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organic vapours. In Figure 3 an isotherm taken from literature®’ has been
fitted with a combination of the Langmuir equation (see Section 5.1) and
the DR equation taking a B value® of 0.06. The micropore volume W, and
the parameter B were taken to be identical with the values derived from the
nitrogen isotherm as they are essentially linked to the pore size distribu-
tion of the carbon. It is clear that in the region of interest (p/p < 0.7) the
combination of Langmuir and DR gives a good prediction. Especially
because only the constants n,, and b of the Langmuir equation were used as
fitting parameters.

5.3. THIRD PART

In the third part of the water isotherm, typically from p/p, = 0.6-0.7
onwards, the DR equation usually underestimates the experimental data
points. This is in agreement with the isotherms of other adsorbates, such as
nitrogen, where for higher values of p/p, the amount adsorbed according to
the DR equation (volume filling of micropores) has to be supplemented by a
contribution of the capillary condensation in the mesopores. This can be
done by using the Kelvin equation (see Section 4).

Again it is possible to construct the water isotherm solely on the basis
of the knowledge of the mesopore size distribution, e.g. from the nitrogen
isotherm. As the volume of the pores of a certain radius r, is known, the
corresponding filling pressure can be derived from Eq. (4), substituting 2/1,
by 1/r, (see Section 4). This gives, for each discrete value of p/p,, the extra
amount of water adsorbed by the mesopore system.’
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2 --- DR
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-
0.2 2> -7
. -7
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Figure 4. Combining Langmuir, DR and Kelvin equations to reconstruct the water isotherm
on Norit C Granular (high amount of surface oxygen groups and large mesopore volume).
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Not surprisingly, the modified Eq. (4) yields a contribution from capillary
condensation for values of p/p, > ~0.6. This theory has been tested on
different activated carbons, both on highly microporous ones (i.e. with small
amounts of mesopores) and carbons presenting a predominantly mesoporous
structure. In both cases the water adsorption fitting was more than reasonable.
This is illustrated in Figure 4.

6. Conclusion: a Generalized Model for Gas Phase Adsorption
Isotherms

Equations describing an isotherm on activated carbon should be more than
just a fitting of the isotherm graph. They should reflect the actual physico-
chemical interactions occurring in the adsorption process. In almost all
cases, there is not just one type of interaction but different ones, each repre-
senting a different part of the isotherm. Hence it is impossible to describe
adsorption isotherms on activated carbon by one single equation. Adsorption
on activated carbon can involve specific interactions, mono- and multilayer
adsorption on “open” surfaces, micropore filling, capillary condensation
and adsorbate clustering. Whether each of these processes occur, and when
(i.e. for what value of p,/p), depends on the adsorbate and on the type of
carbon. Finally, it seems logical that the same reasoning would stand for
other adsorbents such as zeolites.
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ADSORPTION OF ORGANIC VAPOUR POLLUTANTS
ON ACTIVATED CARBON
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Abstract. Emissions of organic vapor pollutants, arising mainly from
anthropogenic sources have major environmental impact and the low
emission levels required by increasingly stringent legislation are difficult to
achieve. Adsorption on activated carbon can be used as a final stage for
removal of very low concentrations of volatile organic pollutants present in
air and gas streams. Isotherms and adsorption kinetics for a range of carbons
with different porous structures and volatile organic compounds (VOCs)
with a range of properties provide an improved understanding of the relation-
ship between pore structure, adsorptive properties and adsorption character-
istics. Competitive adsorption of other species present in gas flows, in
particular water vapor, reduces adsorption capacity and kinetics. Laboratory
measurements, which simulate process conditions, for example, very low
vapor pressure, high temperature and competitive adsorption; provide an
insight into the mechanisms associated with adsorption processes allowing
process optimization.

Keywords: adsorption; volatile organic compounds; activated carbon; competitive
adsorption

1. Introduction

Volatile organic compounds (VOCs) present a major environmental problem
because of their toxicity and chemical reactions in the troposphere leading
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to ozone formation. Emissions of VOCs from anthropogenic sources for
1989 amounted to 23.8 million tonnes; in the UK alone and emissions were
80 times greater than natural sources. A study of hydrocarbons in Leeds city
centre, identified the major sources as petrol and diesel emissions.' Several
hundred different hydrocarbons have been identified in urban areas™ and
these species represent one of the most important classes of trace atmo-
spheric constituents. Many VOCs degrade in the troposphere to produce a
variety of secondary pollutants that may be harmful to human health as well
as the environment.*”’ Some VOCs are known to be carcinogenic,® or react
in the atmosphere to form mutagenic or carcinogenic species. Relatively
unreactive species may diffuse in the troposphere and form a uniform
global distribution. Legislation to limit and ultimately reduce amounts of
VOC:s entering the atmosphere from chemical processes has been introduced
in recent years making improved abatement methods necessary as part of
the global strategy to reduce air pollution and tropospheric ozone.

Removal of the final traces of VOCs from process streams is inherently
difficult because of the low concentrations. This can be achieved by
adsorption on activated carbon. However, competitive adsorption, due to
the presence of other species, such as water vapor, is a major problem. In
this paper we investigate the factors which control the adsorption of VOCs
on activated carbons and optimization of the adsorbent for specific appli-
cations covering a wide range of conditions.

2. Environmental Impact and Legislation

In 1979, EU member states signed the first international treaty target-
ing reductions in transboundary air pollution, called the UN Economic
Commission for Europe Convention on Long Range Transboundary Air
Pollution, which came into force in 1983, representing the initial European
step towards effective reduction of emissions contributions from energy
usage, industry, transportation, etc. Adoption of the ruling produced abate-
ment strategies and development of emissions monitoring from each
member state progressing towards proposed emission targets. The original
targets were sulfur dioxide, non-methane volatile organic compounds and
nitrogen oxides, while amendments in 1998-1999 saw this extended to
include heavy metals and persistent organic compounds, including dioxins,
and ammonia.” Directive 1999/13/EC applies to all member states, covering
emissions of organic solvents from stationary commercial and industrial
sources, including the replacement of species that are deemed to have a
serious impact on human health, i.e. mutagens, carcinogens, etc.'” VOC
emissions released into the atmosphere contribute to the formation of
tropospheric ozone, which can be harmful to human health, vegetation,
forests and crops. Emissions of benzene and butadiene are already limited,
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by governmental legislation, in most countries. However, they are not alone
as potential carcinogens. Guidelines for limitation do not include synergistic
effects, which are probably important in mixtures of VOCs.

3. Adsorption of Organic Pollutants from the Gas Phase

Sorption Studies on Porous Materials. Porous carbon adsorbents have
extensive pore volumes, often greater than 0.4 cm’ g ', large apparent
surface areas of 2,000-3,000 m* g ', wide pore size distributions and mainly
hydrophobic graphene layer surfaces with a variety of surface functional
groups. Hence, activated carbons are widely used for removal of very low
(ppm) concentrations of environmentally unfriendly VOCs from process
and air streams.'' The most important characteristics for porous adsorbents
are amount adsorbed and rate of adsorption under specified conditions.
Adsorbents with a wide range of pore size distributions and surface func-
tional groups can be prepared. Many adsorption isotherms have been
recorded for porous materials; however, very little work has been conducted
on related dynamics due to experimental difficulties. Recent work has
developed methods for the measurement of adsorption kinetics. Studies
conducted within NCRL have focused on removal of VOCs in gas phase
process effluent streams and air including emissions from coke ovens,
hydrocarbon emissions from fuels, and removal of dioxins in flue gases.
The Henry’s law constant, which describes the adsorbate—adsorbent inter-
action at low pressure, is particularly important compared with standard
adsorption parameters such as surface area, micropore volume or total pore
volume. Molecular transport mechanisms controlling rates of diffusion and
adsorption processes are crucial to understanding interactions in adsorption
systems, especially the increased complexity of competitive adsorption
systems. Hence, it is important to determine structural properties such as
pore size distribution, and functional group concentrations; thermodynamic
properties of adsorption systems including isosteric heats, and virial para-
meters; and kinetic parameters, which provide information on adsorption
rates and activation energies of mechanisms involved.

The surface area of an activated carbon is predominantly composed
of internal surface, and activated carbons owe their adsorptive properties
to this and their pore size distribution, with external surface area and
functional groups usually playing a comparatively minor role.'”” Oxygen-
based functional groups on the edge of graphene layer surfaces may have a
marked effect on adsorption.”*"> Surface groups are extremely important
in the adsorption of water vapor, acting as primary adsorption centers.
An imperfect graphene layer structure, such as those found in activated car-
bons, has incompletely saturated valences and unpaired electrons that may
also influence molecular adsorption, particularly for polar or polarizable
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species.'® Total pore volume is independent of adsorbate if the amount
adsorbed is expressed as a liquid volume according to Gurvitsch’s rule."”
Water is an exception to this rule since the hydrogen-bonded structure of
water adsorbed in hydrophobic carbon micropores has a lower density
than water. This phenomenon has been observed in adsorption studies.'® %
Size exclusion effects may also influence the measurement of apparent total
pore volume in the case with carbon molecular sieves (CMS) used for
air separation, where the selective porosity excludes larger adsorptives
from the majority of the porous structure.”

Adsorption isotherms are conventionally expressed as amount adsorbed
(mmol g') versus relative pressure (p/p°), for comparison purposes.
Isotherms provide significant information about the adsorbate—adsorbent
interactions, including assessment of surface chemistry and porous structure
including estimates of surface area, pore volume and pore size distribution.
All adsorption isotherms should fit one, or a combination of two or more, of
the six recognized types classified by Brunauer, Deming, Deming and
Teller.*** Figure 1 shows the six possible shapes, and information relating
to each class.

Type 1 Type 11 Type 111
Type IV Type V Type VI

Amount Adsorbed, n / mmolg'—

Relative Pressure, p/p'—

Figure 1. Schematic representation of adsorption isotherm classification®*: Type I — Typical
of predominantly microporous adsorbents, as majority of pore filling occurs at p/p® < 0.1.
Adsorption is usually complete at p/p® ~ 0.5. Type Il — Typifies physical adsorption of gases
by non-porous solids; monolayer coverage followed by multilayering at high p/p’. Type III —
The isotherm is convex to the p/p” axis; characteristic of weak adsorbate—adsorbent
interactions®® leading to low uptake at low p/p’. At high p/p°, adsorbed molecules act as
primary adsorption sites increasing adsorbate—adsorbate interactions and increasing uptake at
higher p/p’. Type IV — This isotherm commonly has a hysteresis loop associated with
mesoporosity and associated capillary condensation®’; the shape of the hysteresis loop is
unique to each system. Type V — The isotherm is convex to p/p” axis and, similar to Type III,
characteristic of weak adsorbate—adsorbent interactions,?® indicative of microporous/
mesoporous solids. Type VI — This isotherm is observed when complete monolayers form
before progression to subsequent layers. This arises from adsorption on extremely homo-
geneous, non-porous surfaces where monolayer capacity corresponds to step height.?®
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Adsorption Dynamics. In addition to thermodynamic information obtained
from isotherms, the kinetics for equilibration of each isotherm point allow
study of the variation of kinetic parameters with surface coverage. Figure 2
shows the relationship between the isotherm and kinetic profiles for corres-
ponding pressure increments and the rapid change in pressure for the pressure
increment and the corresponding adsorption response.

Normalized kinetic profiles can be described using a series of nested
models based on a double stretched exponential (DSE) model which describes
a two process mechanism (Eq. (1)).

MM, = 41— 8"y - aya-e k) )

where M, is uptake at time ¢, M, is equilibrium uptake, k; and k, are rate
constants, f; and [, are exponents and 4; and 1 — A; are fractional
contributions for process mechanisms corresponding to k; and &k,
respectively. The double exponential (DE) model is a nested model of the
DSE model with 8, = 5, =1 (Eq. (2)).

M, /M, =A40-e")+(1-4)1-e"") )
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Figure 2. Schematic diagram of measurement techniques for kinetic parameters.

Diffusion of methanol and ethanol into Niy(4,4'bipyridine);.(NOs),
porous materials followed the DE model. Since there are equal numbers of
pore cavities and windows in these materials, as shown from crystallo-
graphic studies, diffusion through them have equal contributions (A; = 0.5).
The slower kinetic process for diffusion through the windows have high
activation energies, while the faster process with low activation energy
involved diffusion along the pore cavities.””" The stretched exponential
(SE) model is a nested model of the DSE model where 4, =1, i.e. k; =k, =
k and g, = >, = p, described by Eq. (3).

MM, =1-e® " 3)
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Derivation of the SE model for different physical mechanisms has an
underlying common mathematical structure, which is one-dimensional with
a distribution of relaxation times when B = 0.5, and three-dimensional with
a single relaxation time when # = 1. The SE model was observed in
quantum molecular sieving of H, and D, on a carbon molecular sieve (CMS
T3A) at 77 K and a porous carbon.’’ The Linear Driving Force (LDF)
model is a special case of the SE model when = 1, described by Eq. (4).

MM, =1-¢" (4)

A plot of In(1 — M¢/M,) versus time is linear with a gradient equal to the
rate constant (k). The LDF model is observed for adsorption of gases such
as oxygen, nitrogen, carbon dioxide, and noble gases on carbon molecular
sieves and vapors on activated carbons.”**** The change from LDF to SE
represents a change from a single relaxation time to a distribution of
relaxation times.

Criteria for acceptable fits of experimental data to a kinetic model were
99% of residuals within £0.02 for the model with the least numbers of
variables. Comparison of the models is difficult due to the different number
of variables. Similarities between the shapes of DE and SE curves produce
additional difficulties in distinguishing between models. The most appro-
priate model was selected on the basis of lowest number of variables consis-
tent with the adsorption mechanism, which fitted the experimental data.

4. Experimental

Static Adsorption Systems. Kinetic measurements were performed using
a Hiden Isochema Intelligent Gravimetric Analyzer (IGA); an ultrahigh
vacuum system that allows isotherms and corresponding kinetics to be
determined, for set pressure steps.” Balance and pressure control systems
were fully thermostated to 0.2 K to eliminate the influence of changes in the
external environment. The micro-balance had 1 pg long-term stability with
weighing resolution of 0.2 ug. The sample (100 = 1 mg) was outgassed to
constant weight, at <10 ° Pa, at an appropriate temperature. The liquid used
to generate the vapor was degassed fully by repeated evacuation and vapor
equilibration cycles of the liquid supply side of the vapor reservoir. VOCs
typically have vapor pressures, at 293 K, in the range 0.13-101.3 kPa, or
corresponding volatility under particular conditions of use.'"” The degas
procedure is particularly critical for measurements of VOCs with very low
vapor pressures. The gas/vapor pressure was gradually increased, over ~30
s to prevent microbalance disruption, until the desired value was achieved.
Pressure control was via two transducers with ranges 0—0.2 and 0-10 kPa
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(£0.02% for each range). Set pressure was maintained by active computer
control of the inlet/outlet valves. Mass uptake was measured as a function
of time and the approach to equilibrium monitored in real time with a
computer algorithm. After equilibrium was established, the gas/vapor pressure
was increased to the next set pressure value and the subsequent uptake
measured until equilibrium was re-established (see Figure 2). Mass increase
due to adsorption for each step was used to calculate kinetic parameters
for adsorption, using an appropriate kinetic model. Errors in calculated
rate constants were typically < £2%. Sample temperature was monitored
throughout and variation was minimal (<+0.05 K). Isotherms were carried
out in steps of relative pressure, corresponding to steps in surface coverage.
Saturated vapor pressures were calculated using the Antoine equation (Eq.
(5)),% where p° is the saturated vapor pressure, T is the temperature (°C)
and A, B and C are constants defined by the adsorbate.

Flowing Adsorption Systems. The 1GA can also be used in flow control
mode, including four component streams. Figure 3 shows the additional
mixing stage required to produce multi-component gas/vapor mixtures for
adsorption, fed into the base of the reaction chamber, near the sample
bucket, producing a continuous flow over the sample. The vapor generator
unit was isothermal to prevent condensation of vapor species, allowing
accurate mixing of gas/vapor species. The heating element, for a fast
response furnace (<50 K min '), and mass spectrometry sampling line were
in close proximity to the sample allowing direct determination of evolved
species. Particular issues in the design of a competitive adsorption instru-
ment are the effects of helium carrier gas on adsorption of single components,
accurate mixing of vapor streams under precise temperature/pressure, mass

/ Water Jacket
Mass Spectrometer Gas
_ _‘-——’r/ Sampling Line
Constant
I _— Temperature
’—*—‘ Enclosure
—_|

———
Isothermal Vapour
Saturation Vessels
L / T Mass Flow
/ r'y Controllers

Sample + Heater Gas Supply T

Bucket < Y Lines

Figure 3. A schematic diagram of the IGA competitive adsorption instrument.
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spectrometer response to avoid signal saturation, repeatability of the gravi-
metric system in response to flow of multi-component vapor streams, direct
measurement of gas phase compositions during adsorption and determina-
tion of amounts of adsorbed species using TPD.

5. Effect of Porous Structure and Surface Chemistry on Adsorption

Adsorption characteristics are influenced by porous structure characteristics,
including pore size distribution, pore shape and pore volume, as well as
surface chemistry. It is possible to use specific adsorbates with a range of
shapes and sizes as molecular probes of the porosity present in an adsorbent
structure, including the elucidation of transport mechanisms and pore geo-
metry. The minimum molecular dimension needs to be considered for slit
shaped pores, whereas for spherical pores two molecular dimensions are
important.*' Hence, the minimum dimensions of a microporous structure
may be determined using a carefully selected series of gases and vapors
with varying shapes and sizes.””*** An example of this is the determination
of the size of the selective porosity in CMS materials.*

Surface functional groups are generally considered to fall into two main
groups: oxygen containing species, e.g. carboxylic, anhydride and phenolic
(Figure 4), or nitrogen containing groups, €.g. pyrrolic, pyridinic, quaternary
and nitrogen oxides (Figure 5). Unpaired sigma electron and in-plane sigma
electron pair sites also exist in carbons (see Figure 4).** The functional
groups may have a variety of interactions, e.g. electrostatic, hydrogen
bonding, and van der Waals with given adsorbates.

Figure 4. Possible oxygen functional groups on carbon surfaces: (a) carboxylic groups; (b)
lactone (four-membered ring); (c) lactone (five-membered ring); (d) ether bridge; (e) cyclic
ethers; (f) pyrone; (g) cyclic anhydride (six-membered ring); (h) cyclic anhydride (five-
membered ring); (i) quinone; (j) phenol; (k) alcohol; (1) ketene; (m) carbonyl; (n) p-
quinone.™ ™"
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Figure 5. Representation of nitrogen functionalities in carbon. N-6: pyridinic; N-5: pyrrolic;

pyridones*; N-Q: nitrogen substituted for carbon in aromatic graphene structure, resembling

quaternary nitrogen in NH," ions***; nitrogen oxide*’°; and -NH, and —CN groups.***

Hydrophobic/Hydrophilic Surface Interactions. The effect of adsorbate/
adsorbent interactions was investigated using a series of adsorptives varying
from hydrophilic to hydrophobic (water, straight chain aliphatic alcohols
and long chain n-alkanes). Figure 6 shows isotherms obtained for an
increasingly hydrophobic series of adsorbates. It is evident that isotherm
shape changes according to interactions within the system. Water gives a
classic Type III isotherm, through Type II character for the alcohols and
finally Type I/Type II isotherms are obtained for the aliphatics.”® Carbon
BAX950 has a low concentration of surface oxygen functional groups and
the water vapor adsorption isotherm has a small uptake at low relative
pressures due to weak adsorbate—adsorbent interactions.’®** The shape of
the isotherms for the alcohol series shows increasing uptake at low relative
pressure and Type I character increased as chain length and hydrophobicity
increased. The n-alkanes show high uptake at low relative pressure with a
small increase in the mid-range pressure, leading to pore filling.*® Recent
work shows that oxidation of activated carbon increases surface hydrophilic
character, and an associated increase in low pressure adsorption of water
vapor’' but a reduction for benzene.

Adsorption Dynamics. Associated dynamics for these adsorption isotherms
can be determined using the methods outlined previously. However, it is
essential that adsorption isotherms agree over an adequate temperature
range, in order for steps to be considered comparable on a constant surface
coverage basis to allow comparison of rates obtained at different tempe-
ratures. Figure 7 shows adsorption isotherms obtained for methanol and
ethanol adsorption on BAX950 over the temperature interval 288-313 K.**
The isotherms obtained for ethanol show a greater uptake at lower relative
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Figure 7. Adsorption of (a) methanol and (b) ethanol on BAX950 (288-313 K).*®

pressure, compared to methanol, which is consistent with the greater
hydrophobic character of the former due to the longer chain length.

Adsorption kinetics for these isotherms can be determined using the
models discussed previously, using normalized data for each pressure
increment expressed as My/M, versus time. Figure 8 shows fits of the SE
kinetic model to the experimental data for water and benzene adsorption on
BAX950. Residuals of the fit demonstrate the accuracy of the kinetic
modeling, with all residuals within £0.02. The models can also be used to
determine kinetics of desorption. Figure 9 shows SE fits obtained for
desorption of water and methanol from BAX950.

The graphs demonstrate kinetic analysis and modeling of a series of
kinetic profiles obtained for a complete isotherm. The kinetic parameters
change with adsorption mechanism with surface coverage. The trend of
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corresponding fits of the SE kinetic model.*

adsorption kinetic rates obtained for the series of adsorption isotherms
shown in Figure 6 are shown in Figure 10. The rate constants obtained for
water vapor decrease with increasing uptake whereas the opposite trend is
observed for adsorption of n-alkanes. Alcohols show intermediate behavior
and change progressively with increasing hydrophobic/hydrophilic character.
The trend of decreasing rate constant with increasing water vapor pressure
has been observed previously.'**'*7*%3%% This is ascribed to decreasing
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adsorbate—adsorbent interactions and increasing importance of the associative
mechanism involving adsorbate—adsorbate interactions with increasing
extent of adsorption.””*
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Figure 10. Adsorption kinetics for adsorptives with varying hydrophobic/hydrophilic
character on BAX950 at 303K

Compensation Effect. Measuring isotherms on a fixed relative pressure basis,
results in corresponding steps of surface coverage, allowing the kinetic data
obtained to be used in the determination of activation energies associated
with the adsorption mechanisms of the system using the Arrhenius equation.
Correlations are often observed between activation energy (E,) and associ-
ated In(A) where A, is the pre-exponential factor for different members of a
series of related reactions. This is referred to as a compensation effect (CE).
Arrhenius graphs for a family of reactions are often straight lines of varying
gradient, which intersect at one point, the isokinetic point. The effect has
been observed for a wide variety of systems but there is no generally
accepted theoretical explanation for the CE.** It has been attributed to
experimental error,” or to a mathematical consequence of the rate constant
exponent in the Arrhenius equation.”®® However, the additional condition
for the CE of non-zero isokinetic rates was used.””® A series of In(k)
against 1/T plots, for a family of processes, will give one of two results
(Figure 11). A true CE yields a linear correlation between In(A) and E,; and
graphs of In(k) vs 1/T have a point of concurrence, the isokinetic point.
When graphs of In(A) and E, show linearity, but do not exhibit a point of
concurrence, the CE is not valid. The isokinetic point is observed at Tj,
where m = 1/RTj,, and m is the gradient of the graph in Eq. (6). Hence all
In(k) values must be equal at Tj.

ln(k) =FE, (m—1/RT)+const. (6)
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Measurements over relatively large temperature ranges and minimi-
zation of sources of error are essential to confirm a compensation effect.
Suarez et al.”' suggested that caution be exercised if the range in activation
energy is small. Although the experimental temperature range must be
wide, it appears to have little effect, at least in catalysis, with respect to its
position relative to the isokinetic point. Isokinetic temperatures above and
below the temperature range used have been observed.”™* Kinetic analysis
for the series of adsorbates shown in Figure 6, using the Arrhenius equation
produced activation energies and pre-exponential factors for the adsorption
mechanisms involved. Figure 12 shows the correlation obtained between
In(A) and E, for 16 different adsorption systems. It is clear that, although
each individual system exhibits a unique gradient and changes in slope
within its own dataset, there is an overall trend. The volume of data exhibiting
positive CE confirms the presence of an effect. The correlation is ascribed
to build-up of material at adsorption barriers, i.e. larger barriers produce
greater amounts of adsorbate at the barrier and slow the rate of diffusion.*®

TRUE FALSE
In k In k

isokinetic point

In kiso

1/Tiso

T /T

Figure 11. Examples of true and false compensation graphs.

6. Competitive Adsorption

High concentrations of environmentally unfriendly species can be removed
from process streams by various treatment techniques such as condensation,
but these methods cannot be used with very low concentrations, which are
found in the final cleanup stage.' Adsorption methods can be used for the
removal of trace quantities of pollutants. Previous studies have focused on
adsorption of single components. However, to simulate a real application
scenario, it is necessary to consider mixed component streams, introducing
the complication of competitive or co-adsorption. Very few experimental
studies have been carried out and, as a result, very little information is
available on competitive adsorption.
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Figure 12. Compensation effect for adsorption/desorption kinetics on activated carbons.*®

In the adsorption of VOC species from ambient air, there is competitive
adsorption with nitrogen, oxygen, and water vapor. The presence of water
vapor is a very specific major problem, varying with weather conditions and
can produce degradation in the breakthrough times of other species.®®
Hence, carbon bed performance, for emissions abatement from process
streams is influenced by multicomponent adsorption. Primary adsorption
sites for organic species in activated carbons are hydrophobic graphene
basal plane layers. Hydrophilic species are adsorbed initially on functional
groups.'*?**"%% Clusters of water molecules develop around functional
groups with increasing relative pressure.”® The isolated clusters of water
molecules are potential barriers to diffusion of organic species.’” At higher
p/p’ bridging occurs between clusters or a continuous surface film is formed
depending on the surface functional group distribution.”® Pore volume
filling occurs at high relative pressure but the density of adsorbed water is
usually lower than that of the liquid."****"%° This is ascribed to the inability
of adsorbed water to form a full three dimensional structure in micro-
porosity.'***?7% Competitive adsorption is difficult to study because of
problems associated with quantifying the uptakes and adsorption dyna-
mics of various adsorbed species in multicomponent adsorption systems.
Amounts adsorbed may be calculated indirectly from a complete set of
adsorption isotherms for the total adsorption of the multicomponent system,
using various models based on thermodynamic principles, or determined by
direct measurement of the amounts of each component adsorbed.’” In the
case of the latter, there is only limited experimental information available in
the literature.®* "

Adsorption equilibrium theories for multicomponent systems have been
developed based on extended Langmuir,”* ideal adsorption solution,” ™ and
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real adsorption solution”*'"* theories, but their predictive value is limited

because it is not possible to select a priori the most suitable model without
extensive experimental measurements to validate the model for a particular
system.”” The experimental data required to establish and validate a model
are extensive and time-consuming to obtain. Single component isotherms
can be measured by volumetric or gravimetric methods for pure species
with the latter providing a direct measurement of the amount adsorbed.™
Gravimetric studies of adsorption of mixed flow systems have been con-
ducted.”! Volumetric, gravimetric, and chromatographic methods have been
used to study multicomponent isotherms, whereas breakthrough curves and
flow desorption have been used, combined with direct determination of
amounts adsorbed by gas analysis to give multicomponent isotherms.®’” Secon-
dary, competing species can reduce adsorption capacity for an adsorbate by
occupying specific sites. Competitive effects will also be evident in kinetic
parameters. The effects of competitive adsorption are due to occupation of
surface sites, interactions between adsorbed species and the influence of
additional species on surface and gas phase diffusion. Variations in the
kinetic parameters have been observed in binary systems even if one of the
species is not adsorbed to any significant extent.*

Separating Thermodynamic and Kinetic Effects in Flowing Systems. In order
to separate the effects on thermodynamic and kinetic parameters, it is
necessary to consider the relevant data separately. Isotherms and isosteric
heats of adsorption can provide a representative view of the thermodynamic
properties of an adsorption system. Figure 13 shows isotherms obtained for
the adsorption of pure vapors (water and n-octane) compared with adsorp-
tion of the same vapors in flowing helium streams. These experiments allow
the effect of an essentially non-adsorbing, secondary species, helium, to be
investigated.

Kinetic Parameters. It is evident that the systems are not affected thermo-
dynamically as there is no significant difference in the adsorption isotherms
obtained. However, analysis of the corresponding kinetic profiles using the
LDF model shows that there is a dramatic difference in the effect of helium
on the adsorption of water compared with n-octane (Figure 14). Adsorption
of water as a simple component is much slower than the adsorption of pure
n-octane and the introduction of helium has a greater effect on the species
which has faster adsorption kinetics. In contrast, the trend for water vapor
adsorption, which is significantly slower than n-octane adsorption, is virtually
unchanged with the reduction in mean free path.



44 A.J. FLETCHER ET AL.

a) " = — static water
flowing water

4 a® 30 s

20 | d

Amount Adsorbed/ mmolg
L S S
W0y,

114 "

® — static #-octane "
—— oot ~
| flowing n-octane P b)

0o 02 04 06 D8 1.0 00 02 04 06 08 L0
Relative Pressure, p/p”
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Mass Spectrometric Resolution of Competitive Adsorption. In order to analyze
and interpret the relative concentrations of each component adsorbed in a
multi-component system, it is necessary to calibrate the partial pressure of
vapor in the system (uPa) with flow rate (cm® min'). Figure 15 shows the
correlation of partial pressure with flow rate. It is evident that there is good
agreement between the two parameters and that the flow rate can be used as
an accurate measure of the partial pressure in the system.

One method of determining the effect of a competing species is per-
turbation, where a single component is adsorbed and allowed to equilibrate
before the introduction of a second adsorbate. Figure 16 shows a sequential
adsorption profile, where water has been adsorbed at a flow rate corres-
ponding to a partial pressure of p/p” = 0.6 and equilibration established.
After equilibrium the p/p° = 0.6 flow of water vapor in helium is maintained
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Figure 15. Mass spectrometric calibration of vapor flow in IGA flowing adsorption
assembly.*
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and a second flow corresponding to p/p’ = 0.1 of n-octane in helium is
added. It is evident that some water is displaced by n-octane before
re-equilibration of the system with an associated increase in mass.”

Figure 17 shows a similar profile to that in Figure 16 but, in this case,
the primary stream is p/p’ = 0.1 of n-octane in helium and the secondary
flow corresponds to p/p”’ = 0.6 of water in helium. This graph again exhibits
displacement of the primary species for the secondary and relaxation back
to equilibrium.” Understanding the mechanisms involved in the displace-
ment of one species by another can assist in the interpretation of adsorption
profiles for simultaneous adsorption. Figure 18 shows the simultaneous
adsorption of water (p/p’ = 0.6) and n-octane (p/p’ = 0.1) in helium on
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activated carbon BAX950. The adsorption of water occurs quickly but there
is displacement of water with increasing n-octane uptake, which is slower
as a result of the presence of a second adsorbate.® It is interesting to note
that the final uptakes for both “combined” profiles are not significantly
different (~42 mmol g ') irrespective of order of adsorbate loading.
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Figure 17. Sequential adsorption: (1) n-octane vapor, p/p’ = 0.1 in helium, (2) water, p/p® =
0.6 + n-octane vapor, p/p’ = 0.1 in helium on BAX950.%
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Figure 18. Simultaneous adsorption: water (p/p’ = 0.6) and n-octane (p/p’ = 0.1) vapors in
helium on BAX950 at 294K.*

Figure 19 shows the mass spectrometric profiles obtained for the tem-
perature programmed desorption of water and n-octane from activated
carbon BAX950. It is evident that the differential thermal gravimetric
profile (DTG) and the mass spectrometric profiles obtained for the two
components are consistent. A small amount of water, by mass, is adsorbed
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on the carbon compared with n-octane for relative pressures, p/p’ H,O = 0.8
and p/p’ CsH,s = 0.1. The study was extended to competitive adsorption of
a low relative pressure of n-butane (p/p’ = 0.023) and water at various
relative pressures. The trend of mass uptake with increasing water content
of the vapor flow, in a constant relative pressure (0.023) of n-butane is
shown in the comparison of temperature programmed desorption profiles
with increasing relative pressure (see Figure 20).

Figure 21 shows the adsorption of water vapor in the presence of n-
butane (p/p’ = 0.023). It is evident that water vapor adsorption increases
with increasing relative pressure similar to the pure vapor, but at greatly
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Figure 19. Mass spectrometric and DTG graphs for temperature programmed desorption of

water (p/p° = 0.8) and n-octane vapors (p/p° = 0.1) from BAX950.%
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reduced values. The associative adsorption mechanism of water vapor
adsorption is apparent in the rapid increase in water vapor adsorption for
p/p’ > 0.5. These results demonstrate the detrimental effect of secondary
species on adsorption capacity.

Competitive Adsorption between Organic Vapors. Previous studies of low
concentration benzene and toluene adsorption showed that both porosity
and surface chemistry of activated carbons play important roles,*® but
information regarding mixed systems has not been available. A recent study
investigated the adsorption behavior of a VOC mixture (benzene—toluene)
on activated carbon, in relation to the performance of chemically activated
carbons, carbons physically activated with steam and commercial samples.
The results showed that chemically activated carbons performed better than
the other samples, with higher adsorption capacities, breakthrough times
and separation times. Porosity is a key factor and activated carbons with
higher volumes of micropores exhibited higher adsorption capacities and
breakthrough times. The composition of the mixture in the adsorbed phase
was found to be very similar for all samples. Enhanced adsorption potential
in micropores gives an adsorbed phase composition, similar in composition
to the liquid phase equilibrium in the absence of activated carbons at much
lower temperatures. Ideal Adsorbed Solution Theory (IAST) was applied to
equilibrium data for single benzene and toluene adsorption isotherms to
predict binary equilibrium. The study showed good agreement between
experimental and predicted values for low-concentration benzene—toluene
adsorption."’
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7. Removal of Dioxin Simulants

Recent years have seen an increase in public and scientific concerns over
the potential risks of the adverse health effects of the primary pollutants
emitted from municipal waste combustors (MWC): polychlorinated dibenzo-
p-dioxins (PCDD) and dibenzofurans (PCDF).**” These are among the
most toxic species released from combustion processes, present in
concentration in the range from <1.0 to >20,000 ng/m’ and were first
discovered in the stack gas of municipal waste incinerators in 1977. Since
then a considerable amount of research has been devoted to identifying
PCDD/PCDF emission sources and understanding formation mechanisms,
as well as improving the control methods.”*"

(b)

Figure 22. Generic structures of (a) dibenzo-para-dioxin and (b) dibenzofurans.®

Each compound comprises two benzene rings interconnected by oxygen
atoms. In the case of PCDDs, the benzene rings are joined by two oxygen
bridges forming a six-membered ring and in the case of the PCDFs, the
benzene rings are connected by one carbon bond and one oxygen bridge to
form a five-membered ring (Figure 22).*’ The numbers 1-9 shown in Figure
22 are the possible positions for chlorine atoms. The toxicity of the dioxins
varies with the number of chlorine atoms. The monochlorodioxins are less
toxic, while dioxins with more than one chlorine atoms are highly toxic.
There are 75 possible PCDDs and 135 possible PCDFs, each differing in
the number and position of the chlorine atoms.'” The chlorine atoms in
positions 2, 3, 7 and 8 are of particular environmental concern, especially
the tetrachloro-CDD congener, which is the most toxic of these compounds.
Their presence in the environment poses a potential health hazard to
humans and other organisms because of their lipophilicity, low-volatility,
and resistance to degradation.” As the design, management and control of
waste incinerators has evolved in recent years, so the PCDD/PCDF content
in ash has decreased and modern well-operated plants are net destroyers of
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PCDD/PCDFs, with lower concentrations in the stack, wastewater and solid
residues than is in the feedstock.”'""

Current technology for removal of PCDD/PCDFs from flue gases uses
activated carbon injection, in the temperature range 423—473 K, and fabric
filtration. However, the optimum properties for the activated carbon and
most cost effect carbon for use in these abatement processes are not known
with any degree of certainty. Experimentally, it is necessary to study
simulants of dioxin species since PCDD/PCDF are very highly toxic.
Hence, recent work '°*'® has focused on the adsorption of chlorobenzene
and related chloroaromatic species, as model compounds under conditions
that simulate those in flue gas treatment systems because of their similar
structural characteristics and comparatively low toxicity.

Adsorption of Dioxin Simulants. The techniques discussed have been applied
to the industrially relevant area of flue gas emission abatement. In order to
simulate conditions in such systems, it is necessary to perform adsorption
measurements at high temperatures (~473 K). Adsorption measurements
have been demonstrated for temperatures up to 573 K and pressure increments
greater than 0.004 mbar, due to resolution of the pressure transducers.
Isotherms have been obtained for adsorption of chlorinated aromatics on
activated carbon over a large temperature range (293—453 K) and a range of
adsorbents (Figure 23).'!%
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Figure 23. Comparison of chlorobenzene adsorption on BAX950, G209, LG and BKK at
313K

The amount adsorbed decreases with increasing temperature at constant
pressure for physical adsorption. Adsorption of chlorinated aromatics at low
relative pressures and high temperatures is technically very demanding.
Variations in surface chemistry and porous structure can greatly affect uptake
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at low pressure, which has major implications for adsorbent selection in
associated applications. It is possible that the complex mixtures involved
may cause competitive or co-adsorption at the low concentrations of target
species, introducing additional problems: lower sensitivity, reduced tempe-
rature control, etc.
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Figure 24. Comparison of LDF rate constants for 2-chloroanisole on BAX950 and BKK at
453K.1%

Adsorption Dynamics. Adsorption kinetics can be modeled using Linear
Driving Force (LDF), Stretched Exponential (SE) or Double Exponential
(DE) kinetic models as discussed previously. The LDF Rate constants for
adsorption of 2-choloranisole on two activated carbons are shown in Figure
24 and, although there is negligible difference in adsorption uptake at p/p°
< 0.01, the variation in rate constant is significant, with BKK adsorbing
2-chloroanisole at a much faster rate than BAX950. This is a major consi-
deration in adsorbent selection in conjunction with overall cost.

8. Conclusions

Activated carbons are excellent adsorbents for removing very low concentra-
tions of volatile organic vapor pollutants. Comparisons of porous materials
based on standard measurements, such as nitrogen adsorption, provide only
limited information and may be misleading. Adsorption isotherms and
kinetics for specific organic vapor pollutants are important for assessing the
suitability of activated carbons for given applications. Laboratory measure-
ments should be carried out under conditions that simulate process conditions,
for example, in the case of dioxin removal from flue gases, these are very
low vapor partial pressures and high temperatures. Multi-component streams
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are a very complex scenario but binary systems can be studied by micro-
gravimetry combined with dynamic sampling mass spectrometry. Results
have shown that competitive adsorption is a major issue since it slows the
adsorption kinetics and species may be displaced from the surface,
increasing the complexity of associated studies.
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ADSORPTION BEHAVIOUR OF LIGNOSULPHONATES
ON THE INTERFACES WATER-INORGANIC/ORGANIC SOLIDS,
USED FOR PAPER PRODUCTION
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Abstract. The regularities of adsorption of lignosulphonates from water
solutions onto cellulose, kaolin, TiO, and CaCO; was studied and the high
values of the non-electrical portion of free energy of adsorption were
shown, which provide effective adsorption of polymer on the surfaces
charged similarly with lignosulphonates. Modification of lignosulphonates
with siliconorganic oligomers increased significantly their affinity to cellulose
and kaolin due to changing hydrophobicity and introducing of new active
centers in the lignosulphonates macromolecules. Comparative study of com-
patibility of lignosulphonates and modified lignosulphonates with polyacryla-
mide was carried out.

Keywords: lignosulphonates; adsorption; cellulose; kaolin; modification; silicon-
organic oligomers; compatibility with polyacrylamide

1. Introduction

The work was carried out in order to continue our study' aimed at the
development of interface additives on the basis of lignin, which is produced
as a multi-tonnage waste under various processings of plant raw materials.
During cellulose manufacture by sulphite pulping, lignin component of
plant tissue is transformed and water-soluble sulphonated lignin, so-called
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lignosulphonates (LS) passes into cooking solution. Non-controlled discharg-
ing of LS into aquatic system creates serious environmental problems. Due
to surface active properties, the LS-based products have wide application as
dispersants, stabilizers, adhesives, etc.”* However, only 5% from total LS
production are used as commercial products, the rest has not found yet other
application besides burning.” LS macromolecule is negatively charged,
carries sulphonate, phenolic, aliphatic hydroxyl and carboxyl functional
groups (Figure 1) and shows polyelectrolyte behaviour.®

CH,OH CH,

HO. OHC

HO.

HO,S=CH CcH

HyCO H H OCH.

Figure 1. Schematic presentation of lignosulphonate molecule chemical structure [6].

In the last decades lignins, in particular in mixtures with conventional
adhesives and flocculants and complexes with cationic polymers are consi-
dered as special additives for improvement of operating characteristics of
paper and cardboard.”” In order to enhance the paper strength, polyelec-
trolyte complexes of cationic and anionic naturally originated and synthetic
polymers are proposed, e.g. carboxymethyl cellulose combined with cationic
polyamideamine epichlorohydrin condensate provided a significant increase
in strength of the paper, compared to sheets prepared with only the cationic
condensate.'® Building of polyelectrolyte multilayers on the fibre surface,
when consecutive layers of cationic and anionic polymers are deposited on
cellulosic fibres is a developing trend.'' The use of sulphonated kraft lignin/
PEO complexes as a dual retention system for newsprint and groundwood
stocks was suggested in,'* where it was showed that the complexes improved
fines retention without decreasing pulp brightness.
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The present work is focused on the main features of LS adsorption onto
various solid components of paper composite materials (cellulose, kaolin,
calcium carbonate, titanium dioxide) and is aimed at purposeful alteration
of the LS efficiency as auxiliary substances by modification with silicon-
organic oligomers' and blending with polymeric flocculants.

2. Experimental

A commercial sodium LS purified by ultrafiltration from Borregaard
Lignotech as well as the products of their modification with sodium
diethylalumoethylsiloxanolate (Si-LS) by the method described elsewhere'
were used in the work as adsorptives. Purified LS had M,, = 42,800 (HPLC)
and contained less than 1% of carbohydrates, sulphonate groups 1.23
mequivalents/g, phenolic groups 1.06 mequivalents/g (conductometry
titration).

Synthetic flocculant polyacrylamide (PAA) with My 6,000,000 was
purchased from Sigma.

Bleached sulphate cellulose from coniferous wood (a-cellulose content
98%), kaolin, titanium dioxide (rutile) and calcium carbonate were applied
as adsorbents.

The BET specific surface areas of adsorbents were determined by the
method of nitrogen adsorption—desorpion (Sorptometer KELVIN 1042 from
COSTECH Microanalytical OU).

LS adsorption measurements were performed by a batch equilibrium
method in suspensions of 10 g of an adsorbent in 100 ml of water,
previously thermostated at 20 = 1°C. The suspensions were kept in closed
polyethylene flasks to avoid water loss by evaporation. Two milliliters of
LS solution (at concentrations which did not exceed LS water solubility
value) were added with a micropipette. The suspensions (pH of the suspen-
sions was 7 = 0.1) were then kept for 24 h at 20 £ 1°C under inert atmo-
sphere with agitation to obtain stationary conditions."

At the end of agitation time, the suspensions were centrifuged 5 min at
3,000 rpm at the same temperature as the sorption experiments were carried
out. The supernatant solution and calibration standards filtered through a
0.45 pum filter mounted on a dispensable syringe were analyzed by UV
spectroscopy (Perkin Elmer, mod. Lambda 25) at A = 280 nm. The adsorp-
tion isotherms were obtained by plotting amount of LS adsorbed per mass
of adsorbent (A) against equilibrium LS concentration in solution (C.g).
The average results from three different adsorption experiments were taken
for experimental adsorption isotherms plotting.
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Microstructure of LS adsorption layer was characterized by a spin probe
method" using 4-benzoyloxi-2,2,6,6-tetramethylpiperidine-1-oxyl (further
named “the probe”). When the probe was to be coadsorbed with LS, the
probe, dissolved in methanol (a concentration of 10* mol L"), was added
to an adsorbent and methanol was removed by evaporation. LS aqueous
solutions were added next, the mixtures were equilibrated for 24 h at 20 +
1°C. Then the adsorbent particles were collected on a Bichner funnel, rinsed
with water, and dried in air overnight. EPR spectra of adsorbents with the
adsorbed spin probe were recorded at 20 £ 1°C on a Bruker EMX 6/1
X-band spectrometer using the following instrumental parameters: scan
width, 125 G, time constant, 0.25 s, scan time, 4 min, modulation amplitude,
0.33 G, microwave power, 10 mW, modulation frequency, 100 Hz. The
rotational correlation time (t.) of the probe was calculated from its EPR
spectrum using equations derived from the theory of Kivelson.'*

LS/Si-LS compatibility with a polymeric flocculant was studied using
DSC (differential scanning calorimetry). The blends of LS and Si-LS with
PAA were prepared by solution-casting method from the 1% polymers
water solutions and dried at the room temperature. The films obtained
exhibited an uniform and homogenous appearance. All films obtained from
casting were ground to the fine powder using a ball mill and tempered at
room conditions. All tests were done in the presence of residual water since
without its softening effect it was not possible to observe any glass tran-
sition points for the mixtures. The water content in all samples has been
around 10%. The samples (approximately 40 mg) were placed into the
hermetically closed high pressure crucibles and tested using computer
controlled METTLER TOLEDO DSC system in the stream of nitrogen
from —10 to 200°C at the rate of 10°C/min. From the thermograms the 7g
midpoints were calculated using METTLER TOLEDO software. An
excellent reproducibility of results was obtained: for 10 parallel samples a
deviation was about of 0.5°C.

3. Results and Discussion

The characteristics of adsorbents surface detected are given in the Table 1.

TABLE 1. Characteristics of adsorbents surfaces.

Sorbent Specific surface area (m*/g) Zeta potential (mV)
Cellulose 2.0 =25
Kaolin 15.1 =30
Calcium carbonate 7.1 -16

Titanium dioxide 9.2 +67
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The solids used in the present work as adsorbents, excluding TiO,, have
the surface charge of the same sign as LS polyanions. Therefore, it could
be waited that electrostatic interactions between the negative charges of
the sulphonic, carboxylic and phenolic groups of the macromolecule and the
positively charges at the surface of the adsorbent will be the driving force of
adsorption for TiO, only. In this case, the regularities of LS adsorption can
be described in accordance with Fleer and Scheutjens theory' as polyelec-
trolyte adsorption on a charged surface. The maximum on the experimental
curve of the relationship “LS adsorption on TiO, plateau value — solution
pH” was observed at pH 4-5, that corresponded to the effective pK for
lignosulphonic acids. The shape of the experimental relationship corres-
ponded to the theoretical one calculated according the self consistent field
(SCF) model®” for polyelectrolyte adsorption on an oppositely charged
surface. The amount of LS adsorbed is larger at the low values of pH than at
high pH due to a decrease of intersegmental repulsion. The presence of a
maximum can be explained by the fact, that LS macroions with non-zero
degree of dissociation, thus having some charge, more effectively compete
with counterions to compensate the positive charge on the TiO, surface. At
these values of pH electrostatic forces between adsorbate and adsorbent are
higher than intersegmental repulsion.

The adsorption isotherms obtained for LS and Si-LS adsorption on all
solids investigated are shown in the Figure 2a and b, respectively. It has
been shown’ by the authors of the present paper that the adsorption iso-
therms of LS on the interfaces are described satisfactory by the Aranovich
model of polylayer adsorption':

1/2
N, _ N,
e i-am )
4 = N N 172
[1+C- %[;](HC- %VJ

where A — current adsorption value; A,, — adsorption plateau value; N, —
current equilibrium adsorptive concentration in the solution; N.,* = N, for
the saturated solution; C — energetic constant of adsorption equilibrium.

The good fit of the Aranovich model of polylayer adsorption not only
for LS but also for Si-LS experimental isotherms was observed (Figure 3).

On the basis of the experimental adsorption isotherms the value of
differential adsorption heat at infinitesimal coverage, Aqa, can be calculated
by application of the Aranovich adsorption model:

Aq, =Agy, +kT(InC-InN")

where Aqy is the heat of wetting of the adsorbent.
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Figure 2. Experimental isotherms of LS (a) and Si-LS (b) adsorption on cellulose (1),
titanium dioxide (2), kaolin (3) and calcium carbonate (4).

The physical meaning of the parameter Aqy, is the energy of bonding of
adsorbate molecules with adsorbent surface.

In accordance with characteristics shown in the Table 2, the solids studied
can be classified according to their affinity towards lignosulphonates, in
decreasing order: Cellulose > TiO; = Kaolin > CaCOj;

TABLE 2. Characteristics of LS and Si-LS adsorption on solids.

Adsorptive Adsorbent An Aq A (kJ/mol)
(mg/g)
Cellulose 25.1 46.1
LS Kaolin 14.0 32.9
TiO, 10.3 254
CaCO; 5.0 n.d.
Cellulose 36.6 51.2
. Kaolin 18.0 343
Si-LS TiO, 12.4 332

CaCOs 6.3 n.d.
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1a o 2 ———- 2a

Figure 3. Example of the fit of the Aranovich model to the experimental adsorption data: 1,
2 — experimental data for LS and Si-LS adsorption, respectively, on kaolin; 1a, 2a — model
fits.

The data obtained show that LS adsorbs efficiently on the kaolin surface.
At the pH 7 the kaolin surface charge density is about 6 pKl/cm® and
specific adsorption of LS reaches up to 14 mg/g (about 1 mg/m?), which is a
typical value for the adsorption of polyelectrolyte on the oppositely charged
surface. This proves that in the LS-kaolin system non-electrical contributions
to the free energy of adsorption are significant. Based on the literature data,
hydrophobic interaction could contribute significantly in the adsorption
interaction on the kaolin surface. The comparison of adsorption characteris-
tics of LS and Si-LS (Table 2) with their hydrophobicity (values of the
Gibbs free energy of polymer macromolecules transfer from aqueous in
ethyl acetate phase, —AGq - oil, Were 3.93 and 2.00 kJ/mol for LS and Si-
LS, respectively) confirmed this suggestion.

The LS adsorption isotherm on cellulose indicates their high affinity
(Figure 2a). It also shows larger values of LS adsorption within the whole
concentration region under investigation, in comparison with those obtained
for inorganic solids. Cellulosic fibres are negatively charged in aqueous
suspensions, mainly due to the dissociation of carboxylic groups. Therefore,
the two most important long-range surface forces in fibre-lignin systems
should be van der Waals’ attraction and electrostatic repulsion. The
adsorption of LS by cellulose can be caused by such phenomena as physical
adsorption due to van der Waals’ forces or hydrophobic interactions and
formation of acceptor—donor complexes between lignin and cellulose.

The co-adsorbed spin-probe method used in the present work allowed to
show that at low levels of the sorbent surfaces coverage (60 < 0.2) two-
component EPR spectra were observed. The outer peaks in these spectra,

representing the probe with correlation time of rotational movement, T, =
10° — 10 s, was attributed to a flat immobilized position of the probe
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surrounded by the polymer molecules. Growth of adsorbed LS amount
resulted in the increase in the intensity of inner peaks characteristic for the
probe having rotational movements with small correlation time, T, < 10 s.
For samples prepared by sorption from LS solutions with a concentration
value, corresponded to the adsorption plateau, one-component spectra with

T.=2 x 10" s were observed, which are characteristic for relatively free
movement of the spin probe among tails and loops of adsorbed LS
molecules in the first layer (shell). Total combination of EPR spectroscopy
data obtained indicates a gradual decrease of the fraction of adsorbed
polymer segments laying flat on the surface of adsorbent and an increase in
the amount of oriented into the solution loops and tails forming pseudo-
liquid microphase at the adsorbent surface. These observations are in good
compliance with the results obtained recently in computational investi-
gations of the cellulose—lignin assembly.'” Due to a significant contribution
of H-bonding interactions, in the first shell, lignin at its low concentration
adsorbs flat on the surface in order to maximize the interactions with
cellulose. However, such type of orientation of lignin aromatic rings
becomes rapidly less apparent for units located at greater distance from the
interface.

A significant increase in the adsorption value and energy of adsorption
interaction as the result of LS modification by the siliconorganic oligomers
(Figure 2a and b, Table 2) indicates the possibility to regulate the
adsorption behaviour of LS. The presence of the A’ in the siliconorganic
block permits the Si-LS molecules approaching closer to the negatively
charged adsorbent surface than in the case of non-modified LS.

Besides cellulose and the above mentioned inorganic solids used as
filler for production of different kinds of paper, the organic polymer floccul-
ants are widely applied in papermaking. Therefore, interaction of LS/Si-LS
with polymeric flocculants is a matter of high importance.

The results from the DSC testing of the LS and Si-LS blends with PAA
flocculant show (Table 3) that non-modified LS has a partial miscibility
with PAA, which reveals in two sets of glass transition points (7¢): one for
PAA rich and other for LS rich blends. Modification with siliconorganic
oligomers leads to compatibility of the Si-LS and PAA in the whole range
of their ratio, that was exhibited in single 7g and almost perfect correlation
with the Fox equation.'® The forming one phase structure was characterized
by a synergistic flocculation effect.

As the result of enhanced adsorption of Si-LS on the surface of the
cellulose and inorganic fillers, its addition into paper composition improves
uniformity of distribution of fillers and fine cellulose fibers leading to higher
mechanical strength of paper as well as increases fine fibers retention dimi-
nishing their coming into environment.
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TABLE 3. DSC data from testing of LS-PAA and Si-LS-PAA blends.

Composition Proportion of  Proportion of Tg; Tg, Tg calculated

the first the second °C) (°O) according the

component component Fox equation]8
(%) (%) O

PAA and LS 0 100 no.”  79.1

PAA and LS 10 90 634 776 73.2
PAA and LS 20 80 62.0 76.0 69.0
PAA and LS 33 66 397 624 61.2
PAA and LS 50 50 41.7 622 55.0
PAA and LS 75 25 412  61.1 47.7
PAA and LS 100 0 42.1 n.o.” 42.1
PAA and Si-LS 0 100 712 n.o. 71.2
PAA and Si-LS 10 90 66.5 n.o." 67.0
PAA and Si-LS 20 80 63.4 n.o. 63.8
PAA and Si-LS 33 66 571  n.o. 57.9
PAA and Si-LS 50 50 498 no.” 529
PAA and Si-LS 75 25 479 no.” 46.9
PAA and Si-LS 100 0 421 no. 42.1

*Not observed

4. Conclusions

The adsorption of the LS at the water—solid interface is characterized by
high values of the non-electrical portion of the free energy of adsorption,
which provide effective adsorption on the surfaces charged similarly to LS.
Balance of the LS adsorption forces can be regulated by modification with
silicon containing organic oligomers enhancing polymer hydrophobicity.
Modification of LS with silicon oligomers changes hydrophilic properties
and introduces new active centers in the LS molecules, which results in the
increased interaction with the synthetic flocculant PAA. The developed dual
retention system Si-LS-PAA reveals high flocculation effect towards
organic and inorganic components of paper compositions and could be recom-
mended as a special additive for operating characteristics improvement of
non-bleached paper and cardboard.
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ADSORPTION PROPERTIES OF POLYMER ADSORBENTS

J. HRADIL®
Institute of Macromolecular Chemistry AS CR, Heyrovsky Sq.
2, 162 06 Prague 6 Czech Republic

Abstract. The adsorption properties of the macroporous, hypercrosslinked,
and functional polymers were studied. A series of macroporous methacrylate
sorbents with different chemical structure and polarity was prepared to
examine the effect of polarity and porous structure on the sorption of
organic compounds from aqueous solutions.

The sorption of organic compounds by porous copolymers of different
porous structure and polarity with laboratory and commercial samples was
compared. The sorption capacity of hypercrosslinked copolymers is up to
five times higher than that of macroporous samples. The phenols are more
strongly sorbed on the methacrylate copolymers bearing ethyleneamine
groups than on styrene—divinylbenzene copolymers. The interactions of
adsorbates with polymer adsorbent are discussed. The difference between
carbonaceous and polymer adsorbents are in variability of composition of
later and therefore different mechanism of interactions adsorbate—adsorbent.
Polymer adsorbents are superior to the carbonaceous adsorbents in sorption
of organic compounds and in simply desorption.

Keywords: polymer adsorbents; macroporous; hypercrosslinked; adsorption; polarity;
interaction; organic compounds

1. Introduction

Polymer adsorbents included macroporous and hypercrosslinked copolymers.
Polymer adsorbents are synthesized by two methods: (i) suspension
polymerization and (ii) by post-crosslinking of polymers. As early as 1963
Millar and coworkers' described the preparation of the macroporous
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styrene—divinylbenzene copolymer and the criterion of macroporosity:
uptake of the non-swelling solvent greater than 0.1 mL/g and opalescence
of beads. It was supposed that macroporous copolymers crosslinked to a
high degree are rigid systems, in which swelling changes, are almost
imperceptible. Such copolymers for adsorption applications were produced
as marks Amberlite XAD-2 and Amberlite XAD-4. Later also adsorbents
based on methacrylate macroporous copolymers for chromatographic appli-
cations under a mark Porapak and Chromaton were produced. These adsorb-
ents were prepared by suspension polymerization. Hypercrosslinked polymer
adsorbents were obtained by post-crosslinking of linear polystyrene® or its
macroporous’ copolymers in the swollen state by Friedel-Crafts reaction.
Such adsorbents are produced by Purolite International UK (Hypersol-
Macronet, MN-series), Bayer AG Germany (Lewatit VP OC 1163, Lewatit
S 7768) Dow Chemical USA (Optipore) and Jiangsu A & G Environmental
Technology Co Ltd China (NG-99, NG-100).

The polymer adsorbents found application in gas*® and liquid chro-
matography, adsorption of organic compounds from gas as so as from water
phase. The new application consists in membrane technologies and in
storage of gases. Macroporous and hypercrosslinked adsorbents were used
as fillers in polymer membranes,”’ on which separation of gases and small
organic molecules was occurred. Hypercrosslined polymer adsorbents with
high values of specific surface area were tested for reversible hydrogen
storage.® In the past we determine the sorption of organic compounds with
macroporous’ ' and hypercroslinked'' polymers.

In this paper we show the presence of polar adsorbate—adsorbent
interaction on functionalized polymer adsorbent and increasing effect of
nonpolar interaction on macroporous and especially hypercrosslinked adsorb-
ents with high values of specific surface area.

2. Experimental

Macroporous copolymers of styrene, 2,3-epoxypropyl methacrylate with
ethylene dimethacrylate or divinylbenzene were obtained by suspension
radical polymerization in presence of dodecanole and cyclohexanole as inert
solvent at 80°C for 8 h.

Hypercrossliked polymers were obtained by Friedel-Crafts reaction of
styrene—divinylbenzene copolymer with chloromethyl methyl ether in 1,2-
dichloroethane by catalysis of anhydrous aluminium chloride at 15°C.

The adsorption isotherms of adsorbed organic on polymer adsorbents
compounds were determined by batch method.
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3. Results and Discussion

Physical adsorption is preferred due to the easy desorption and regeneration
of the adsorbent. A common reason of physical adsorption of molecules is
the dispersion energy of interaction molecules and atoms which forming the
adsorbent surface. The commonly known types of interaction adsorbate—
adsorbent are formed also by using polymeric adsorbents, e.g. nonspecific
interaction (van der Waals) and specific interactions (Keesom forces —
orientation forces, Debye forces — induction forces).'”” Therefore, the
hydrophobic adsorbents most effective by sorption of organic compounds
from water. But even on the carbonaceous adsorbents the pure physical
adsorption did not proceed it is always accompanied with polar interaction.

3.1. ADSORPTION ON MACROPOROUS ADSORBENTS

The sorption properties of polymer adsorbents are determined by their
porous structure and polarity, which can be changed, depending on their
composition, with the wide range. According to microscopic observation
agglomerates of spherical particle of diameter about 6 nm compose the
polymer material. The gaps between particles form continuous channels.
Two kind of porosity can be observed: micro- and mesoporosity between
particles and macroporosity of channels between agglomerates as follows
from BET isotherm and mercury porosimetry measurements (Table 1).

TABLE 1. Porous structure of macroporous and hypercrosslinked adsorbents.

Adsorbent Specific  Total pore ~ Micropore  Porosity (%) Mean pore
surface area  volume volume radius
(m’/g) (ml/g) (ml/g) (nm)
Poly(EDMA) 486 1.64 0.27 64.3 6.7
Amberlite XAD-4 638 1.07 0.30 54.0 2.8
Lewatit EP63 1,250 1.04 0.54 533 1.7
Sample 390 941 0.86 0.60 48.6 1.8

Moreover, in the polymer adsorbent pores are not effect of increasing
adsorption potential of narrow micropore walls, which is in these adsorbents
low (about 0.30 mL/g). The values of specific surface area, are the highest,
which were in copolymers prepared by suspension polymerization achieved.
The styrene—divinylbenzene show higher values of specific surface area and
also the amount of micropores than of methacrylate adsorbents. Therefore
also the adsorption of phenol on Amberlite XAD-4 is higher than on
Poly(EDMA) (Table 2, Figure 1). The Freundlich equation fits the
adsorption of phenol on the adsorbents from aqueous solution tested
adsorption systems well.
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TABLE 2. Phenol adsorption capacity, enthalpy and diffusion coefficients in macropore and
mesopore (D;) and micropore region (D,) at 26°C.

Adsorbent Adsorption Energy of D, 10° D, 10°
capacity (mmol/g) adsorption (cmz/s) (cmz/s)
(kcal/mol)
Poly(EDMA) 0.210 6.34 0.094 32.7
Amberlite XAD-4 0.310 11.06 0.273 4.78
Lewatit EP63 1.350 5.30 0.119 7.67
Sample 390 1.480 7.13 0.493 6.94
1.6
—— Sample 390
Bl e Lewatit EP 63
- Amberlite XAD-4
- Poly(EDMA)
()]
3
€
€
©
00 ;'/"’/' n 1 n 1 n 1 n 1
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Figure 1. Adsorption of phenol from water solution by macroporous and hypercrosslinked
adsorbents.

The sorption of aromatic adsorbates, such as aniline and phenol, on
styrene—divinylbenzene and methacrylate copolymers indicates a consider-
able effect of the porous structure on the sorption. In general, the maximum
of adsorbate adsorption increases with the increasing amount of micropores
in the polymer. As the lipophilicity of the adsorbate increases, the amount
of adsorbate adsorbed from water is also increased:

Phenol < aniline < benzene < toluene

The values of diffusion coefficients of phenol in polymeric adsorbents
(Table 2) is high and not too far from the diffusion of phenol in water (9.2 x
10* cm?/s). Therefore, the adsorption proceeds rather fast. The diffusion
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coefficient of phenol in micropores (D;) is about of the order of magnitude
lower than in mezopores (D,).

Thanks the lower adsorption energy of polymer adsorbents, due to
hindering of the carbon atoms by hydrogen atoms and lower sp™-interactions,
desorption of compounds proceed easier than from active coal. In the
consequence the regeneration of polymer adsorbents is more economical in
comparison with microporous carbonaceous adsorbents. It is possible to
desorb adsorbate by solvent or by water steam distillation.

3.2. ADSORPTION ON HYPERCROSSLINKED COPOLYMERS

The hypercrosslinked polymers represent a second type of adsorption
materials in addition to the traditional macroporous copolymers (Table 1).
Subjecting gel-type and macroporous styrene—divinylbenzene based copoly-
mers swollen in dichloroethane to a Friedel-Crafts reaction catalyzed
by catalyst afforded beads with surface areas more than 1,000 m*/g as
calculated using the BET equation. We described the method of hypercross-
linked copolymer preparation, which consists of using tetrachloromethane,
a less carcinogenic reagent, in the Friedel-Crafts-type reaction, leading to
sorbents with the same adsorption properties as those using carcinogenic
chloromethyl methyl ether. Therefore, in comparison with macroporous
copolymers the specific surface is high and the pore volume is low and the
mean pore radius is in the microporous region. The adsorption capacities of
hypercrosslinked copolymers are as result more than five times higher as of
macroporous copolymers. The high adsortion capacities of hypercrosslinked
adsorbents may be attributed to the uniform micropore structure and partial
polarity on the network of the hypercrosslinked resins, as well as the
enhanced [m]-[n] interactions and the better compatibility between the
adsorbates and adsorbents. The hypercrosslinked adsorbents showed not
only higher adsorption activity (Figure 1), than by macroporous adsorbents,
but also faster adsorption kinetics and good thermal and mechanical
stability (Table 3). The weight loss at 300°C amounts to only 2 wt.%, and at
400°C it amounts to 6 wt.%.

TABLE 3. Mechanical and thermal properties of copolymers.

Copolymer Structure Penetration Maximum
modulus (MPa) depolymerization rate
temperature (°C)
Macroporous GMA-EDMA 61 250
Macroporous St-DVB 748 350

Hypercrosslinked St 1,350 470
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3.3. ADSORPTION OF ORGANIC COMPOUNDS BY GMA-ST-EDMA
ADSORBENTS

With the goal to study the effect of polarity on sorption copolymers 2,3-
epoxypropyl methacrylate—styrene crosslinked with ethylene dimethracrylate
(40 wt.%) were prepared (Table 4). No substantial changes of specific
surface area pore volume and pore radius were observed with changing 2,3-
epoxypropyl methacrylate to styrene ratio. Adsorption of phenols, amines
and carboxylic acids from water solutions on macroporous GMA-St-EDMA
adsorbents (Table 4, Figure 2) indicates a considerable effect of the adsorbate
type and polymer composition on adsorption.

TABLE 4. Porous structure of GMA-St-EDMA copolymers.

Copolymer GMA St (wt.%) Specific Pore volume Pore —AGcp,

(wt.%) surface area (ml/g) radius (kJ/mol)
(m’/g) (nm)

G-60 60 - 58 1.38 51 1.13
G-55-5 55 5 56 1.37 49 —

G-50-10 50 10 53 1.21 45 1.20
G-30-30 30 30 50 1.24 49 1.30
G-10-50 10 50 50 1.53 61 1.50
S-60 - 60 60 1.62 54 1.69

As follows from the adsorption isotherms the adsorption activity of the
polymers is determined primarily by the properties of the adsorbate. The
lipophilicity of GMA-St-EDMA terpolymers was characterized by the free
energy of sorption of methylene group (AGcp). The AGey, values confirmed
the stronger interactions of adsorbates with nonpolar terpolymers. As the
styrene content in the adsorbent increased, i.e. as the lipophilicity increased,
the amount of adsorbate increased, e.g. in the series:

G-60 < G-55-5< G-50-10< G-30-30< G-10-50< S-60

The determined adsorption isotherms were described by the Aranovich
equation for polymolecular adsorption for determination of the parameters
of the adsorption equlibria on porous polar and non-polar polymeric
adsorbents. The following mechanism can be operative: adsorption of
adsorbate molecules on the polymer surface, multilayer adsorption and
sorption of organic molecules in the bulk of polymer.
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Figure 2. Effect of GMA-St-EDMA adsorbents composition on benzene derivatives
adsorption.

3.4. INTERACTION OF ORGANIC COMPOUNDS WITH POLYMER
ADSORBENTS BEARING FUNCTIONAL GROUPS

Application of hydrophilic adsorbents with the surface active functional
groups, for adsorption is possible only in such cases when the adsorbate
organic compounds forming H-bonds or ion—ion bonding of adequate
strength with the adsorbent surface. The phenols are more strongly sorbed
on the more polar methacrylate copolymers bearing ethyleneamine
groups'*"> (Table 5) than on styrene—divinylbenzene copolymers. The
aminated polymers had higher adsorption capacities due to the Lewis acid—
base interaction between the phenolic compounds and the tertiary amino
groups on the polymer matrix.

TABLE 5. Porous structure of functionalized GMA-EDMA copolymers.

Derivative of GMA-EDMA Group Specific Pore volume Pore radius

copolymer content surface area (ml/g) (nm)
(mmol/g) (m%/g)

Ammonia 1.76 80.6 1.28 31.8

Ethylene diamine 1.90 34.5 1.49 86.4

Diethylene triamine 2.35 67.0 0.90 26.9

Tetraethylene tetramine 2.39 55.0 1.1 40.0
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The adsorbate adsorption increased on all adsorbents as follows:

p-Aminophenol <dihydroxybenzene < p-cresol < phenol < p-chlorophenol
< p-nitrophenol

The adsorption is positively affected by the presence of ethyleneamine
adsorbent functionality. The phenol adsorption decreases in the serie
ethylenediamine, diethylenetriamine and triethylenetetramine functionality
(Figure 3). The changes in adsorption capacity are assigned to a decrease in
the dissociation constant of the adsorbent ethylenediamine groups.

1.2
| —m— G-60-NH,
1o || —®— G-60-NHCH,CHNH, .
~ || —A—G-60-NH(CH,CH,),NH, .
—v— G-60-NH(CH,CH,),NH,
0.8 - v
2
g 0.6 |- .
1S
® 04 | P
N
02 ’%3///
P
L '/'gév
0.0 1 1 . 1 . 1 . 1 . 1
p-Aminophengs-Dihydroxybenzene p-Cresol Phenol p-Chlorophenol  p-Nitrophenol
Adsorbates

Figure 3. Adsorption of phenols on methacrylate adsorbent containing ethylenediamine
groups.

4. Conclusions

The polymer adsorbent under investigation includes the macroporous,
hypercrosslinked, and also functional polymers. The sorption of organic
compounds by porous copolymers of different porous structure and polarity
with laboratory and commercial samples was compared. The sorption
capacity of hypercrosslinked copolymers is up to five times higher than that
of macroporous samples. The presence of micropores and lipophilicity of
adsorbate and adsorbent positively affect adsorption. Interaction by dis-
persion forces characterised the physical adsorption of adsorbate molecules
and adsorbent. Polymer adsorbents are superior to the carbonaceous adsorbents
in sorption of organic compounds and simply desorption.
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The methacrylate copolymers bearing ethyleneamine groups have

higher adsorption capacities due to the Lewis acid—base interaction between
the phenolic compounds and the tertiary amino groups on the polymer
matrix. The phenols are more strongly sorbed on the more polar metha-
crylate functional copolymers than on styrene—divinylbenzene copolymers.
The adsorbate adsorption increased with the increasing polarity of
adsorbate.
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Abstract. The equilibrium adsorption of non-polar and polar molecules, n-
hexane and water, in activated carbons, functionalized by oxidation with
concentrated nitric acid, is investigated by small angle x-ray scattering
(SAXS). As condensed fluid modifies the electronic contrast of the carbon,
the resulting changes in the SAXS intensity reveal the way in which the
pores are filled. Filling of the pores from the vapour or the liquid phase is
found to depend both on the surface treatment and on the nature of the
liquid. For n-hexane vapour at p/py = 0.4 the dispersion interaction ensures
complete filling of the narrow pores, while larger pores are unpopulated.
For water vapour cluster formation and the degree of filling depend on the
relative humidity and the extent of surface oxidation. At a given applied
relative pressure, the pores are completely filled by n-hexane, while, at the
same relative pressure, water only partially fills the pores, even in the most
oxidized carbon.

Keywords: activated carbon; water vapour; adsorption; contrast variation
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1. Introduction

Carbons with high surface area and tailor-made porosity have been com-
mercially available for several decades. [1-3]. In the 1980s their potential
application as catalysts revealed the importance of the surface chemistry. In
adsorption processes affinity between the carbon surface and the fluid phase
plays a major role, as their interaction, which is generally non-specific,
significantly affects the distribution of the adsorbed molecules within the
pores.

In this paper we investigate the influence of the chemical character of a
set of highly porous carbons on the pore filling behaviour of non-polar and
polar adsorbates. The interaction of carbon samples of increasing oxygen
content is studied with two different wetting liquids. In the non-polar n-
hexane the intermolecular interaction is weak. Its attraction to the carbon
surface favours significant adsorption already at low relative pressures p/po.
Under real operating conditions, however, the relative humidity of the
environment often sets water in competition with other target molecules for
adsorption sites. Water molecules, which interact only weakly with graphitic
carbon surfaces, adsorb on the carbon surface by a different mechanism [4,
5]. At low p/py hydrogen bonding among the water molecules in the liquid
phase makes the carbon—water interaction even less attractive. Water uptake
in the carbon may be enhanced by introducing oxygen functionalities, since
surface sites, through a cooperative bonding mechanism, can have the same
effect as pre-adsorbed water [6]. The surface functional groups act as
nucleation centres that, upon further accretion, ripen into clusters at p/p, as
low as 0.1 [7]. At very low surface coverage water adsorption is governed
both by the surface chemistry and the porosity of the carbons. For higher
relative pressures the Dubinin—Astakhov equation yields excellent fits to the
isotherm [8]. Water, therefore, on account of its particular relevance in
activated carbon—vapour phase interactions, is used in this study as the polar
probe.

Pore filling mechanisms with these two liquids is conveniently moni-
tored by small angle x-ray or neutron scattering (SAXS or SANS), as these
techniques furnish structural information down to the nanometre scale
range. The spatial distances deduced from the SAXS response can be easily
translated into the pore size w as 27w/q through the transfer wave vector g¢.
Such observations yield model-independent information about pore filling
by any adsorbed molecule. Since molecules adsorbed inside the pores
modify the electronic contrast of their immediate surroundings, the small
angle scattering signal of the local carbon matrix is sensitive to the adsorbed
layer [9—11]. The present article reports SAXS measurements on micro-
porous activated carbon samples of well characterized surface morphology
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and chemistry equilibrated with n-hexane and water vapour of different
relative pressure.

2. Experimental

To avoid inorganic impurities from the raw materials, microporous-
activated carbons were prepared from a polymer precursor and chemically
modified by oxidation with nitric acid. Granular activated carbon (APET)
was prepared from poly(ethylene terephthalate) (PET) pellets [12]. Steam-
activated carbon, obtained at 900°C, was treated for 3 h with room tem-
perature (APETA) and boiling (APETB) concentrated nitric acid to obtain
different degrees of surface functionalization. Before use, the samples were
thoroughly washed with distilled water until neutral pH was attained. The
morphology and surface chemistry of these carbons have been characterized
elsewhere [13, 14]. Relevant characteristic data are listed in Table 1.

TABLE 1. Characteristic data derived from the low temperature nitrogen adsorption” and
x-ray photoelectron spectroscopy (XPS).

APETW APETA APETB
SpET m%/g 1,156 1,114 304
Wo/Vier 0.96 0.96 0.86
Wor A 8.4 8.6 11.0
dige g/em® 1.74 1.82 1.50
0/C Atomic ratio 0.064 0.098 0.27

*Sper: surface areas from BET and Dubinin—Radushkevich (DR) models; Vi, Wo: total and micro-
pore volume, resp.; wpr: average micropore width; dy.: true density from helium pycnometry.

The powdered samples, inserted into 1.5 mm diameter glass capillaries,
were heated to 110°C for 24 h. The capillaries were equilibrated in air con-
taining water vapour at various degrees of relative humidity (RH) and then
sealed. Other samples were exposed either to liquid hexane or to hexane
vapour at 40% partial vapour pressure at 20°C for 2 weeks, before sealing.

The SAXS responses were measured on the BM2 beam line at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France, in the
wave vector range 6 x 10° A™ < ¢ <6 A, using an indirect illumination
CCD detector. Data were corrected for grid distortion, dark current, sample
transmission and background scattering. In the wide-angle x-ray scattering
region (1 A™ < ¢ <6 A™) no sign of Bragg scattering peaks was detected,
indicating that the carbons are fully amorphous. Intensities were normalized
with respect to a standard (lupolen), assuming an effective sample thickness
of 1 mm to account for the filling factor of the powder in the capillary
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tubes. The SAXS measurements were made at the same temperature as the
sample preparation (20°C).

3. Theoretical Background

The distance by which x-rays penetrate into matter depends on their
wavelength A and on the electron density of the atoms in the substance. In
porous materials, variations in electron density between solid regions and
pores cause the x-rays to scatter in a way that depends on the shape and
arrangement of the pores, i.e. on the internal structure of the material. The
scattering pattern from a dry porous carbon is governed both by the struc-
ture factor describing the spatial distribution of the carbon atoms in the
specimen, Si(g), and the electron density difference between the carbon
matrix and the air-filled pores. Thus,

Ii(q) =ro'pc” Si(q) (1

In Eq. (1), 7y is the classical radius of the electron (2.82 x 10" ¢m) and
g = (41/X)sin(6/2) is the magnitude of the transfer wave vector, 0 being the
scattering angle. The electron density of the carbon matrix is

pc = ZduNa/M (2

where Z is the atomic number, M the atomic mass, dy. the helium density of
the sample and Na Avogadro’s number. The electron density of the air in
the pores, much smaller than pc, is neglected in Eq. (1).

If the same sample is impregnated with a liquid that does not completely
fill the pore volume, then it contains three components, carbon, liquid and
vapour. The scattered intensity is that of a ternary system, namely

Lern(q) = 16" {(pc—p))’ Sel(@)+ pc” Sel@)+ 2pc(pe—pr)Si (9)} 3)

where S.(q) is a partial structure factor describing the relative positions of
carbon and liquid, S..(q) that between carbon and vapour phase, while S..(q)
is that between liquid and vapour phase. Since the electron density of the
vapour phase is much smaller than that of the liquid it is neglected. As the
micropores are small and spatially uncorrelated, the effective liquid—vapour
interface is in many cases also small and the third term in Eq. (3) can be
overlooked. This is generally true for molecules that wet the carbon surface:
at a given relative pressure they condense in the smallest pores, but merely
wet the inner surface of larger pores, rather than filling them. This modifies
the electron density of the liquid-filled pores, leaving the larger ones
unaffected. The first two terms in Eq. (3) can then be replaced by a single
pseudo-binary expression of the form
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Figure 1. SAXS response from activated carbon APETA in dry air (upper curve) and in
liquid hexane (lower curve). The curve for hexane vapour displays the transition from
vapour phase at low ¢ to liquid in the microporous region at ¢ = 0.1 A™" (circled).

L(q) =10 (pc — ps)’ Sx(q), 4)

where ps is the effective solvent density. Figure 1 shows the scattering
response of an activated carbon in air, in hexane vapour and immersed in
liquid hexane. At low ¢ the intensity from the liquid hexane-containing
sample is below that in air, owing to the lower contrast (pc — ps). At high ¢,
since the hexane molecules cannot penetrate into the smallest spaces, ps =0
and the curves converge.

The degree to which the pores appear to be filled thus depends on the
spatial scale of the observation, i.e. it is g-dependent. Equation (4) is an
average over the regions in the sample where the fluid is condensed and
those where it is still vapour. As Si(¢q) and Sx(¢g) both describe the same
total structure factor of the carbon, we set Si(q) = Sx(q). If the pores were
uniformly filled then the two signals /;(¢) and I(q) would be everywhere
proportional to each other, i.e. ps is independent of g. To account for a non
uniform distribution, e.g. molecules condense only in the finest pores while
remaining in the vapour state elsewhere, the effective electron density of the
fluid is expressed as ps(q) = p(q)p;, where p; is the bulk density of the liquid
and p(q) is the relative density of the fluid with respect to its bulk value.
The filling can then be expressed by the ratio

u(q) = L(q)/1i(q) = [pc—p(@)pi] /pc’, (5)

i.e. p(q) = pc [1-u(q)"*] /ps (6)
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In principle, 0 < p(g) <1, but p(q) may be somewhat greater than unity
in the case of strong interaction between the surface and the adsorbed layer.
Negative values of p(q), however, signify that the system no longer
corresponds to the pseudo-binary model of Egs. (4) and (6) and that the
third term in Eq (3) is contributing to the scattering intensity. This happens
when the contact area between the condensed solvent and its vapour
becomes large, such as when liquid clusters develop.

4. Results and Discussion

Figure 2 shows the values of the relative density function p(g) for n-hexane
in APETA, calculated with Eq. (6) from the data of Figure 1. On
immersion in liquid hexane all the pores fill, including those at low g. The
contribution of the latter to the total adsorption is, however, small. (Values
of p(q) in excess of unity in the low ¢ region may be an instrumental
artefact.) The sharp cut-off at the highest values of ¢ indicates that hexane
molecules do not penetrate into spaces smaller than 4.5 A [15]. At values of
g below 1 A" the effective density of the hexane in the pores rises quickly
to its bulk value. At the relative pressure p/py = 0.4, the larger pores (¢ < 0.1
A™") are less populated and filling drops to zero in the largest cavities. In
interpreting Figure 2, however, it should be recalled that larger pores scatter
more strongly than smaller pores. The volume filling of the pores is thus
defined not by p(g) but by ¢°p(g). Figure 2 thus implies that the carbon is
almost completely saturated with hexane at p/p, = 0.4.

Water molecules, being smaller than hexane, can penetrate into smaller
spaces. Figure 3 shows the density functions p(q) calculated for water
vapour at 43% relative humidity in APETA and APETB. In both samples,
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0pF 2
0.01 0.1 1
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Figure 2. Relative density p(g) in APETA in hexane vapour at p/p, = 0.4 (O) and in liquid
hexane, p/py =1 (x).



SAXS IN SURFACE-TREATED MICROPOROUS CARBONS 81

p(q)

©  APETA 43% e

* APETB 43% i

6 e |

0.01 0.1 A 1 10
q(A)
Figure 3. Relative density p(q) in APETA (O) and in APETB (x) with water vapour at
plpo=10.43.

p(q) is effectively zero at ¢ ~ 2.1 A™', corresponding to a limiting size d =
2m/q = 3 A. This result agrees with the critical size of the water molecule,
2.92 A [15].

The different SAXS responses of APETA and APETB reflect their
different surface treatment. In APETB, p(g) in the nanopore region of the
spectrum (0.3 A" <g<1.5A" ie. 20 A>d >4 A) rises to only 40-50%
of the density of bulk water. In the next larger pore size range (¢ ~ 0.1 A™',
d =~ 60 A), filling reaches 90%, although these pores, owing the ¢
weighting factor, contribute little to the total amount of adsorbed water. The
response of APETA to water vapour is markedly different. At the same rela-
tive humidity the sample displays a broad ¢ region of apparently negative
values of p(q). As noted earlier, this is the signature of cluster formation.
Since the sign of the third term in Eq. (3) is not positive for all g, it cannot
be concluded from this figure alone that the filling in the nanoporous region
is higher in APETA than in APETB. Figures 2 and 3 illustrate how the
adsorption profiles of hexane and water vapour are qualitatively different
and that water is highly sensitive to the surface chemistry of the carbon.

The pseudo-binary model, which quantifies the adsorption of wetting
fluids, also reveals non uniform adsorption mechanisms, due either to surface
chemistry or polarity of the probe molecules. The general case of water
vapour equilibrated systems, however, requires independent information,
such as water vapour adsorption isotherms, to refine the above results.

Figure 4a and b shows the direct SAXS spectra of APETA for various
values of RH. At low RH small amounts of water condense initially in the
micropores (¢ > 0.2 A™"), while cluster formation develops in the more open
surfaces. Between 33% and 43% RH the amount of condensed water in the
micropores increases significantly, while at low ¢, cluster formation becomes
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more pronounced. A simple estimate of the contribution from the clusters
can be made based on a lognormal distribution of cluster sizes. This yields
the broad bell-shaped curve on the lower left in Figure 4b. Subtraction of
this function, centred at ¢ = 0.036 A", from the experimental spectrum,
yields the flat plateau region shown as a dashed line. It can be seen from the
figure, however, that the approximation underestimates the broad g-range of
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Figure 4a. SAXS response for APETA in the dry state and in water vapour at three degrees
of relative humidity. Scattering intensity in excess of that of the dry sample is visible for ¢ <

0.2 A even at RH = 23%.
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Figure 4b. SAXS from same sample showing in addition spectrum at 76% RH. Bell shaped
curve is estimate for the third term in Eq. (3) (based on a lognormal function and divided by
10 for clarity), chosen to yield a plateau in the difference curve at ¢ ~ 0.1 A™". Dashed curve
is the resulting difference between the full 43% curve and the lognormal function.
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the scattering from clusters, since the intensity of the water vapour samples
exceeds that of the dry carbon at much lower ¢. The cluster size distribution
is therefore much wider than that of a simple lognormal distribution.

For the more oxidized APETB sample the various stages of the SAXS
response as a function of RH are shown in Figure 5. Adsorption starts
already at the lowest RH in the smallest pores (¢ ~ 1 A™), but the
corresponding values of p(g) indicate that even at RH = 76% complete
filling is not achieved. Occupation of pores in the nanometre size range is
limited to less than to ~60%. For both APETA and APETB, access to the
pores can be blocked by water clusters developing around functional groups
located at the entrance of the pores, thus hindering the passage of further
adsorbates.

The SAXS curves of Figure 5 indicate that cluster formation is not
dominant in the highly oxidized sample for RH < 0.5. Above this value,
however, the intensity of the plateau at ¢ ~ 0.1 A" starts to increase
monotonically. This unexpected finding shows that scattering from clusters
becomes stronger at high relative humidity.

Itg) (em")
3

10"

43% \_/ \f\!\
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Figure 5. Pore filling sequence in APETB with increasing RH as observed by SAXS.

5. Conclusions

The chemical character of both the adsorbent and the adsorbate influences
the wetting mechanism of the adsorbing vapour. The presence of adsorbed
molecules changes the intensity of the small angle x-ray scattering (SAXS)
response in a way that depends on how the pores are filled. Two carbon
samples of different surface polarity were investigated. For the wetting fluid
n-hexane, the dispersion interaction ensures progressive filling in both
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carbons. For water vapour the degree of filling in the smaller pores and the
cluster formation in the wider pores depend on the extent of oxidation. In
the highly oxidized sample a cooperative mechanism enhances the filling of
even larger pores.

The pseudo-binary model employed gives a satisfactory quantitative
description at p/po ~ 0.4 for both surfaces with hexane, while with water it
gives quantitative results only for the highly oxidized sample. In the latter
case the contribution of the water—air interfaces, corresponding to the cross
term in the full scattering expression, cannot be neglected. Quantitative
evaluation of this situation can be obtained only with the help of contrast
variation, such as afforded by solvent deuteration in SANS.

In conclusion, firstly, the nature of the wetting liquid and of the surface
chemistry is of major importance in the pore filling process. Secondly, com-
petition between the non-polar molecules and water can be significant at
high RH values.
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CO-ADSORPTION OF CESIUM CHLORIDE MOLECULES
AND THULIUM ATOMS ON 2DGF ON Re

N.M. NASRULLAYEV"
Department of Physics, Baku State University,
Z. Khalilov St., 23, AZ-1148 Baku, Azerbaijan

Abstract. Adsorption co-adsorption of Tm atoms and CsCl molecules on
two-dimensional graphite film (2DGF) on Re(1010) is investigated using
the method of continuous flow. For these purposes, adsorption of CsCl
molecules on the surface of 2DGF on Re(1010) is studied separately. It is
found that molecules of CsCl on 2DGF are physically adsorbed. At 300 K <
T <750 K the adsorption of molecules leads to creation of salt islands. At
750 K < T'< 1,500 K the salt islands do not appear. The exchange reaction,
Tm + 3CsCl — TmCI3 + 3Cs, takes place when Tm atoms and CsCl
molecules co-adsorb on the surface of 2DGF.

Keywords: co-adsorption; graphite; thulium; cesium chloride molecules

1. Introduction

For explaining the available experimental data on the co-adsorption of
alkaline metal atoms and gas molecules on metals, a model for the surface
atom—gas complex has been proposed by Bonzel." This model is based on
the transition of electrons from the top surface to CO molecule, and it has
been introduced to explain the increasing in adsorption energy in Fe + K
catalysis.”® The potassium adsorbed on the Pt(111) surface decreases the
work function. Due to a local change of the work function®’ on alkali
adsorption, one can also expect a strong local effect of alkali on the gas
chemisorptions.

" To whom correspondence should be addressed. E-mail: nasrullayev_n@hotmail.com
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Lamoen® has been performed electronic structure calculations of the
interaction of the potassium and the oxygen with the graphite (GR), indi-
vidually and as well co-adsorbate. The authors show that at low coverage
the potassium graphite bond is largely ionic and the variation of the K—GR
bond energy with the lateral position of the K atom in the graphite unit
cell is very small. On the clean surface the O,—GR interaction is found to
be repulsive in accordance with the extremely low sticking coefficient
observed for O, on clean graphite. When potassium is adsorbed on the
graphite surface, O, chemisorbs at the potassium-covered surface. The
energy barrier towards dissociation of O, on the clean graphite surface is
estimated to be similar to that of the gas phase O,. Authors find that for O,
on K—GR the barrier for dissociation is much smaller than in the gas phase
or on the clean graphite surface.

The potential ionisation of thulium atoms is more than the work
function of graphite and it can be expected that local change of work
function of graphite at adsorption of atoms Tm will be less than the same
for K atoms. We are studying the reaction between CsCl molecules with
Tm atoms at co-adsorption of these particles on 2DGF on Re with the
aim to research the role of potential ionisation of atoms in the interaction
on the surface. It is possible to expect, that products of CsCl+Tm
reaction will allow defining the valence of Tm in the adsorbed condition.
It was informed about the possible change of the valence of atoms of
rare earth elements at adsorption on transitive metals.’

2. Theory

The method of investigation the catalytic activity of the solid by the
dissociation of CsCl molecules® offers a number of significant advantages.’
CsCl is the simplest molecule with one break up channel only. One of the
dissociation products, the Cs atom, has a low ionization potential (V¢ =
3.89 eV), and under conditions where Vs is less than the substrate work
function (this requirement is met on the surface of high melting point
metals, graphite and many others) each Cs ad atom desorbs from the surface
of heated adsorbent as Cs" ion (the mechanism of ion formation is surface
ionization'®).

If a beam of CsCl molecules of flow density v, strikes the surface of
the solid the not dissociated molecules with flow density v{, escape
rapidly, then the degree of dissociation ¥ = (Voo — Vi) / Ve Will be a
measure of the catalytic activity in question. Measuring under conditions of
complete ionization (¥, < ¢), the current density of the Cs" ions desorbing
from the surface one can calculate y, as j=¢€- (Vcsa —Vesal) =€ Veser * Y-
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At adsorption CsCl molecules, on many metal (Ir, W, Mo, Re, Pt, Pd,
Rh) surfaces at T > 800 K, y = 1. Graphite stands out in its unique catalytic
passivity: indeed, one monolayer of graphite on rhenium y reduces from 1
to 10°-107."

3. Experimental

The experiments were carried out in a UHV metal installation: a magnetic
sector mass-spectrometer with a residual pressure <5 x 10™'° Torr was used
for surface studies by the methods of TDS, surface ionization and thermo-
ionic emission.'* Flows of Tm atoms and CsCl molecules were supplied to
the substrate from a Knudsen cell and could be made to overlap. The ions or
electrons emitted from the ribbon’s 4 mm long central part were measured
by a collector system. Parts of the ions entered the mass analyzer through a
slit in the collector and detected at the analyzer exit by means of an ion-
electron multiplier.

The used samples were directly heated the polycrystalline rhenium
ribbons of 40 x 1.5 x 0.02 mm’ dimensions, which were textures by
passing them trough an AC current. The work function of the ribbon, @, was

(5.15 £ 0.05) eV, which coincides with the value of ¢ for the (1010) face of
the Re."”

The Re ribbon was covered by a graphite layer at a substrate
temperature of 1,600~1,790 K by admission of benzene vapour at a pressure
of 10~ Torr, until the electron emission reached a high and stable value,
indicating a work function in the range 4.3~4.4 eV.

The kinetics of the reaction between Z (K, Na, Li) atoms and CsCl

molecules with different 7, v, and v, were experimentally investigated

via the following two characteristics'*°:
1. The efficiency of reaction,
n(T) = Veser ~Vesc _ Ve, () ’ (1)
Vesal Vesal

where v, is the density of inverse molecule flow, desorbed from the
emitter and uninvolved in the reaction. The difference Vi — Vi (T) is
equal to the amount of Cs atoms, separated during the reaction, as the
CsCl molecules are not reflected from the 2DGF. These atoms are
desorbed as Cs” ions by surface ionization on 2DGF in the temperatures

higher than the threshold temperatures for the light ionization of Cs on
2DGF.
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2. The utilization factor of Tm atoms in reaction, is
1
VCs* (T)
] b
Tm

where vés+ (T') is the density of the flow of Cs atoms appearing in the

o) = )

reaction, that desorbed from surface as Cs' ions; v;_is the density of flow

of Tm atoms to surface.
According to Egs. (1) and (2), n(T) and Q(T') are related by a similar

relationship:

o(T) = %nm. (3)

Tm

The method of steady-state flow provides that the concentration of
particles on the surface is constant and is highly sensitive at the trans-
formation of evaporated particles into ions through light surface ioniza-
tion. In this case every particle evaporated from the surface becomes
the ion and this is inaccessible to other forms of ionization. Light surface
ionization takes place at evaporation of Cs atoms from the 2DGF on Re.

The atoms emerged from the surface are passive relative to dissociation
of CsCl molecules and do not enter chemical reaction with reagents and
weakly affect the composition of the reaction products.

4. Experimental Results and Discussion

4.1. FORMATION AND PROPERTIES OF 2DGF ON Re

The formation of 2DGF on Re is done by adsorption of benzene molecules
on Re at T~ 1,600~1,700 K." 1t is known, that molecules of benzene are
adsorbed on (0001)Re with factor of sticking close to unit, and at heating
only molecular hydrogen leaves from ad layer benzene, desorption of which
is over at 7'<800 K. The breaking of C—C bond on a surface releases
atoms of carbon, which diffuse in Re till their concentration in a layer, near
the surface will not be made even with maximum permissible. After that,
carbon atoms collect on a surface of Re (Figure 1). In the interval
18 <¢ <21 min the monolayer of graphite is formed on the surface. The
layer of graphite is valent-saturated and interferes with the catalytic
dissociation molecules of C4Hg.

Therefore the film ceases to grow on thickness. Work function of
2DGF on Re was determined in several ways: from Richardson’s graph, by
surface ionization of atoms difficultly ionized on a surface elements (Na,
Ba), and also on a full ionic current (Na, K, Ba). It has been established,
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Figure 1. The dependences of thermo electronic current (1) and degree of dissociation y of
CsCl molecules on time, at high temperature adsorption of C¢Hg molecules.

that the surface of a monolayer of graphite on Re is homogeneous on work
function and had ¢ =(4.45 £0.05) eV, that well coincided with work
function of the same surfaces.'”'*

At formation of 2DGF on Re the degree of dissociation of CsCl
molecules y reduces from 1 to 10°—10°. On Figure 2 it is shown the
characteristic dependence course of change of y(7) for dissociation on pure
Re and for dissociation on Re with graphite monolayer.

Apparently from this figure y ~ 10~ over the region 800 K <7 <
1,100 K. At temperature 7 =~ 1,950 K graphite collapses and dissociation of
CsCl molecules on pure Re, y increases up to 1 (Figure 2). One monolayer
of graphite on Re is sufficient, that the surface becomes catalytic passive for
dissociation of CsCl molecules. Tontegode'' attributes this fact to saturation
of valence bond saturation of a graphite layer, which inhibits electron
change interaction with adsorbed particles. Because of its valence bonds are
saturated, single crystal graphite has a layered structure with van der Waals
forces coupling the layers. Valence bond saturation is responsible for
specific features in the adsorption and catalytic processes occurring on the
graphite layer. Indeed, if the quasilevel of V' of the valence electron of an
ad particle lies below the Fermi level (V' > ¢) then the ad particle maintains
electrical neutrality and is coupled to the surface by van der Waals forces
only (physisorption). If, however, V' < ¢, then the ad atom is partially
charged, and image forces are added to the van der Waals forces. As the ad
particles have orbitals that are not used in bonds to the substrate, this may
enhance lateral interaction between them resulting in the formation in the ad
layer of clusters and islands, with the particles on the graphite layer being in
a less perturbed state than those on the metal surface. Finally, the dissociation
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catalysis originating from the electron exchange between the adsorbed
molecule and the surface will be inhibited.

Indeed, many molecular gases (I,, Br,, O,, CO, H20),19 a number of
molecules (C¢H3Br;, Gel,, FeCls, A5203)20’2' as well as the Cu and Au
atoms on the basal plane of the single crystal graphite” and Pt and Ni atoms
on the graphite monolayer on Ir and Re'” undergo only physisorption.

Apparently from Figure 2, on 2DGF on Re the degree of dissociation of
CsCl molecules considerably falls, but above zero. We attribute this fact
with dissociation on defects of graphite layer.

lgy

- 2

'l
1900 2100 T.K

L 1 L 1
1100 1300 1500 1700

Figure 2. The dissociation of CsCl molecules on (1) Re and (2) Re covered with graphite
monolayer.

4.2. ADSORPTION OF CSCL MOLECULES ON 2DGF ON Re(1010)

Previously adsorption of CsCI molecules on 2DGF is investigated separately
for investigation of co-adsorption of Tm atoms and CsCl molecules on
2DGF surface on (1010)Re. Experiments have shown, that even at 300 K
about one third of incident flow is desorbed with a time constant ~107 s,
which coincides with the time of incident flow. Through the use of the
Frenkel formula, 7 =7, exp(E/kT), we have estimated the upper limit of
the desorption energy for CsCl at the temperature of the adsorbent below

750 K. Assuming 7, = 10" s, we have obtained E < 0.65 eV.

In Figure 3 dependences of desorbing flows, vges, Versus time at opening
(1) and closing (2) incident to 2DGF on Re flow, vy, of CsCl molecules
(Tagsorbent = 650 K, Vipe = 6.3 X 10" ecm™ s’l) are plotted. It is seen that
initially v4s increases and quickly becomes equal to vi,.. This means that in
ad layer steady-state cover, by N; molecules (Ve = Vges = Ny/Tges), 18
established quickly. Time-by-time v4, becomes lower than v;,. and conti-
nues to decrease. This means that on the surface the condensation of particles
begins, with condensation coefficient 6 = (Vine — Vdes)/Vinc-

TD spectra show that adsorption of CsCl molecules on 2DGF leads to
island formation at the temperature of the adsorbent below 750 K. At
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temperatures of the adsorbent higher than 800 K creation of islands was not
observed. It has been found that at wide range of surface concentrations
1 x 10"°-5 x 10" ecm* of molecules from 2GDF only CsCl molecules are
desorbed.

1
vinc
60 -\O\O\O\o\o_\'

40 |

v co, 107 Hem2s1

20 +

0 2 4 6 8 10 12

t, min

Figure 3. The dependences of desorbing flows vy versus ¢ at (1) opening and (2) closing
incident to 2DGF on Re flow v, of CsCl molecules; Ty = 650 K, vipe = 6.2x102 cm2 571,

4.3. INTERACTION OF CSCL MOLECULES WITH TM ATOMS
AT CO-ADSORPTION OF THESE PARTICLES

Experiments were hold at temperatures of substrate 7= 840—1,100 K and
at density of flows vcgep = 1 % 10"-6 x 10% cm™ s! and vy, = 2 x 10—
3.4 x 10" em™? s'. According to these circumstances Tm was on a
surface only in the form of chemisorbed atoms and islands did not form.
In the Figure 4 it is shown the dependence of Q on 7. At 820 K =T
< 875 K, O = 3. This fact indicates to ongoing exchange reaction
Tm + 3CsCl = TmCl; + 3Cs. At T = 920 K, O = 2, in this region of
temperature from surface mainly TmCl, desorbs. At 7= 970 K, O = 1.
This indicates that in the reaction mainly TmCl forms and Tm atoms
desorb effectively from the surface. The maximum quantity of the
efficiency of reaction was determined as # = 0.6. This quantity is less
than obtained for K + CsCl (# = 1) reaction on such a surface.

Under the conditions of experiments concentration of particles on
the surface were so less, that simultaneous meetings of three or four
particles were less probably. There for it is assumed that the reaction
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goes in three levels: in the first TmCl is got, in the second — TmCl, and
in the third TmCls.

Thus, it is possible to expect, that on a surface of 2DGF at
interaction with CsCIl molecules valence of Tm atoms in these reactions
is equal to 3.
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Figure 4. The dependence of Q = fiT) at vesey = 6.8 x 102 cm ™ 57! and different flows of
Tm. vy x 107 (em ™ s7'): A, 1.8; A, 4.9; @,10.2; +, 19.5; 0, 32.9.

5. Conclusions

It is found that molecules of CsCl on 2DGF are physisorbed. At 300 K < T
< 750 K the adsorption of molecules leads to the creation of salt islands. At
750 K < T < 1,500 K the salt islands do not appear. The exchange reaction
Tm + 3CsCl — TmCl; + 3Cs takes place when Tm atoms and CsCl
molecules co-adsorb on 2DGF surface.
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CONTROLLING POROSITY TO IMPROVE ACTIVATED
CARBON APPLICATIONS
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Abstract. This chapter presents an overview of preparation and char-
acterization of activated carbons (ACs), activated carbon fibres (ACFs) and
activated carbon monoliths (ACMs) to be used in different applications.
Examples of the performance of these materials in environmental, energy
storage and space applications are presented, remarking the importance of
carrying out a suitable porous texture characterization of the materials to
understand and optimize their performance in each application. Development
of narrow microporosity, which is assessed by CO, adsorption at 273 K, has
been demonstrated to be necessary for these applications. This type of
porosity has been obtained by chemical alkaline hydroxide activation of
carbon precursors with careful control and thorough understanding of the
variables affecting the carbon activation process.

Keywords: activated carbon; narrow microporosity; VOC adsorption; gas storage;
adsorption compressor

1. Introduction
Activated carbons are a group of carbonaceous materials with a very high

porosity. Activated carbons are not present in nature. To prepare this type of
materials it is necessary the selection of the precursor and the method of
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preparation. Several precursors, as wood, coals, pitches, polymers, residues
with a high amount in carbon, etc., and also different methods of preparation
have been used. These two factors have great importance as they determine
the final porous structure of the activated carbon.

The very high porosity existing in activated carbons, together with the
fact that they can be prepared with different morphologies (powders,
granular, monolithic shape, fibres, cloths, pellets and others), makes them
very suitable for adsorption applications both in gas and liquid phase.'” The
efficiency of a porous material to be used in an adsorption process depends
not only on the surface or the pore volume but also on the size of the porosity
and on the surface chemistry of the material. Therefore the characterisation
of the activated carbons is crucial for determining if it is suitable or not for
a given application.

This chapter presents an overview of preparation and characterization
of activated carbons (ACs), activated carbon fibres (ACFs) and activated
carbon monoliths (ACMs) to be used in different applications. Examples of
the performance of porous carbon materials in environmental, energy
storage and space applications are presented, remarking the importance of
carrying out a suitable porous texture characterization of the materials to
understand and optimize their performance in each application.

2. Porous Carbon Materials Preparation and Characterization

The main stage determining the porous structure is the activation method.
The objective during the activation is both to increase the number of pores
and to increase the size of the existing ones, so that the activated carbon has
a high adsorption capacity. The different activation processes are divided
into two different groups: chemical and physical activation.' The differ-
ences between both are the procedure and the activating agents used.

The preparation of activated carbons by physical activation® includes a
controlled gasification of the carbonaceous material that has previously
been carbonised although, occasionally, the activation of the precursor
can be directly done. Thus, the samples are treated to 800—1,000°C with
an oxidant gas (usually CO, and steam), so that carbon atoms are being
removed selectively. Pore size distribution in the activated carbon depends
on the precursor, the preparation conditions (mainly temperature, time and
gas flow), the activating agent used and the presence of catalysts.

On the other hand, the chemical activation process consists of mixing a
carbonaceous precursor with a chemical activating agent, followed by a
heat treatment stage, and finally by a washing step to remove the chemical
agent and the inorganic reaction products."* Several activating agents can
be used in a chemical activation process, including phosphoric acid, zinc
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chloride, and the hydroxides and carbonates of alkaline metals. Our research
group has developed a deep research in the potassium and sodium hydroxides
activation process,”® obtaining very interesting results and developing high
performance materials for different applications, as it will be shown later in
this chapter.

For those applications using porous materials where the volume available
is a constraint, an essential property is the material density. To minimize the
useless voids (interparticle space), where gas adsorption does not take place,
while maintaining a high porosity, carbon can be produced as a monolith.
These monoliths consist of cylindrically shaped pieces, which pack uniformly,
lessening wasted space in the system. Another advantage of producing
carbons in an efficient space-filling form is that they are also strong, resist
attrition and are easy to handle. Monoliths can be produced using a binder,
which helps to keep the carbon particles in a compressed state. Conven-
tional preparation methods™'® consist of mixing the activated carbon with a
binder, compression and moulding using a hydraulic press and, finally,
pyrolysis to improve the binder properties and decrease the weight of binder
in the monolith. Our research group has developed activated carbon monoliths
(ACMs) with tailored porosity and high density for specific applications, as
shown later. The preparation details can be found elsewhere."’

As it has been mentioned in the introduction, characterization is an
essential step. Since the porosity in activated carbons is responsible for their
adsorption properties, the analysis of the different types of pores (size and
shape), as well as the pore size distribution, is very important to foresee the
behavior of these porous solids in final applications. The complete char-
acterisation of porous carbons is complex due to the heterogeneity in the
chemistry and structure of these materials. Thus, the selection of the appro-
priate method can be difficult and, most of the times, a combination of
techniques is used.

Regarding the evaluation of the porosity of activated carbons, physical
adsorption of gases is, undoubtedly, the most widely used technique.'' Due
to the considerable sensitivity of nitrogen adsorption isotherms to the pore
structure in both microporous and mesoporous regimes and to its relative
experimental simplicity, measurements of subcritical nitrogen adsorption at
77 K are the most used. However, the main disadvantage of N, adsorption
at 77 K is that when it is used for the characterization of microporous
solids, diffusional problems of the molecules inside the narrow microporo-
sity (i.e. pore size below 0.7 nm) may occur.'>">. Moreover, there is an
additional experimental difficulty in the adsorption of subcritical nitrogen
because very low relative pressures (10 °~10*) are needed to extend the
range of porosity studied to the narrow microporosity, what requires more
sophisticated and expensive adsorption equipments. To overcome these
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problems, the use of other adsorptives has been proposed.'>"* CO, adsorption,
either at 273 K or 298 K,'*™"’ is a useful alternative for the assessment of the
narrow microporosity. Though the critical dimension of the CO, molecule is
similar to that of N,, the higher temperature of adsorption used for CO,
results in a larger kinetic energy of the molecules, which are able to enter
into the narrow porosity. In this way, CO, adsorption has been demons-
trated to be an appropriate complementary adsorptive for the analysis of
the microporosity."” In the following examples, the usefulness of CO,
adsorption at 273 K to achieve a rather complete characterisation of the
porous texture of microporous carbons will be discussed.

3. Examples of Improving Performances of Porous Carbon
Materials on Different Applications

3.1. POLLUTION CONTROL

In the last years, great attention has been paid to the removal of volatile
organic compounds (VOC) at low concentration, since the presence of these
pollutants is detrimental both for human health and environment, even at
very low concentrations.'®" As an example, the adsorption of benzene,
toluene or their mixture at low concentration (200 ppmv for single VOC or
200 ppmv each for the mixture) have been studied at room temperature in a
fixed bed reactor coupled to a mass spectrometer.”” ** Both AC and ACF
have been studied and the effect of a thermal treatment to reduce most of
the surface oxygen groups has been analysed.

Regarding porosity, not a clear conclusion about its importance on the
VOC adsorption capacity at low concentration was found previously in
the literature. This is due to the fact that porous texture characterisation of the
activated carbons was not complete from the point of view of the narrow
microporosity. Figure 1A shows the correlation found by our research group
between the volume of narrow micropores (assessed by CO, adsorption at
273 K) and the amount of benzene adsorbed, for both the AC**** and ACF.
This correlation also exists for toluene. It is also important to underline that
the adsorption capacities for benzene (as high as 34 g benzene/100 g AC)
and toluene (as high as 64 g toluene/100 g AC) at 200 ppmv achieved by
the AC prepared by hydroxide activation are higher than those of commercial
samples and higher than those previously reported in the literature.'

Surface chemistry has also proved to be crucial for the adsorption capacity.
Thus, Figure 1B compares the adsorption capacity of samples thermally
treated, with a lower content of surface oxygen groups (including T in their
nomenclature), and pristine carbons, showing that the reduction of the
oxygen content in the carbons favours the adsorption capacity.”’
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Figure 1. (A) Relationship between the benzene adsorption capacity and the narrow
micropore volume for AC and ACF; (B) Comparison between benzene adsorption for
pristine and thermally treated samples.

3.2. METHANE AND HYDROGEN STORAGE

At a given pressure, a strong adsorption potential inside the micropores
acting on gas molecules significantly increases the density of the adsorbed
molecules in relation to the gas-phase density. This phenomenon can be
exploited for enhancement of gas storage capacity through adsorption. This
has been the main reason for the strong interest in using AC as a medium to
reduce the pressure required to store gases such as methane and hydrogen.
The search for ACs able to store large amounts of natural gas at a reasonable
pressure (3.5-4 MPa), as substitute for natural gas compressed at much
higher pressure (e.g. 21 MPa) has been very intense in the last years.” >

In all previous studies™ > it has been concluded that, in general, the
higher the surface area (or micropore volume), the higher the methane
adsorption capacity. In our research group, a systematic study of the per-
formance of KOH-activated carbons in methane storage has been carried
out. We concluded that, in addition to surface area and packing density, the
micropore size distribution (MPSD) is also important.*® Thus, Figure 2
contains the methane uptake versus the apparent BET surface area
corresponding to a series of KOH-activated carbons. The objective of this
correlation was to extend the BET surface area range beyond 2,000 m*/g.
The linear relationship is seen to reach a maximum for AC with a very high
surface area. If only the apparent BET surface area or the micropore volume
were responsible for the methane uptake, sample 5/1 (see Figure 2) should
have a higher methane capacity than sample 3/1; however, the opposite
behaviour is observed. These results can be explained analysing the porous
texture in more detail. Thus, Table 1 contains the porous texture characteri-
zation results and the gravimetric methane adsorption capacities (up to 4
MPa) for the same samples. It can be concluded that the reason for a better
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performance of sample 3/1 compared to 5/1, lies in their very different
MPSD, as evidenced by the values of Vpr no—Vbr co2 (Table 1). Sample 3/1
has a narrower MPSD, which results in a higher methane uptake, consistent
with the enhanced adsorption potential argument.'®
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Figure 2. CH4 uptake at 298 K and 4 MPa in chemically activated carbons versus the BET
surface area.

TABLE 1. Porous texture characterisation and gravimetric methane adsorption capacity (up
to 4 MPa) for two KOH AC.

Sample ~ BET Vbr N2 VbR coz VprN2—Vprco2 CHg uptake

(m%g) (em¥g)  (ecm’/g) (cm¥/g) (mmol/g)
3/1 2,758 1.35 0.72 0.63 12
5/1 3,350 1.48 0.67 0.81 11.6

From a practical point of view, to increase the methane adsorption
capacity we need to develop not only micropore volume, but also we have
to control carefully the micropore size distribution. Thus, samples with high
surface areas and very narrow micropore size distribution are required for
this application. For this reason, in our studies of methane storage, KOH
instead of NaOH was used as the activating agent for the preparation of
ACs due to the narrower MPSD that can be obtained by KOH.

In relation to high-pressure storage of H, on activated carbons at room
temperature, it must be remarked that this requirement is much more
difficult than that of methane storage, due to the much lower H, uptake
(either per unit mass of AC or per unit volume). However, to get the maxi-
mum H, uptake, the properties of the adsorbent that need to be optimised
are very similar to those analysed for methane storage. More details of our
results about hydrogen storage in carbon materials are not included here
because a specific paper of our research group on this topic is also included
in this book.
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3.3. SPACE CRIOCOOLERS

The European Space Agency’s (ESA) Darwin Mission is a future space
interferometer dedicated to search for terrestrial planets in orbit around
other stars. The interferometric imaging of astrophysical objects will be
accomplished via four free-flying telescopes and a central hub. To guarantee
proper mechanical stability, any vibration of the optical system (with its
integrated 4.5 K cryocoolers) cannot be tolerated. To reach such low tempe-
rature, a two-stage vibration-free sorption He/H, cooler has to be designed
with a suitable AC.”’ In this section, an example corresponding to the
development of such an adsorbent is presented.

A sorption cooler has two parts: (i) a cold stage; and (i1) a sorption
compressor. The cold stage consists of a counterflow heat exchanger and a
Joule-Thomson expansion valve. This cold stage works as a typical refri-
gerator. The high-pressure gas needed comes from the sorption compressor.
A sorption compressor can be described as a thermodynamic engine that
transfers thermal energy to the compressed gas in a system without moving
parts. Its operation is based on the principle that large amounts of gas can
be adsorbed on certain solids such as highly porous ACs. The amount of gas
adsorbed is a function of temperature and pressure. If a pressure contain-
ner is filled with an adsorbent and gas is adsorbed at low temperature and
pressure, then high pressure can be produced inside the closed vessel by an
increase in the adsorbent temperature. Subsequently, a controlled gas flow
out of the vessel can be maintained at high pressure by a further increase in
temperature until most of the gas is desorbed.

ACs are obviously very interesting candidates for this application. They
have to satisfy three essential requirements: (i) a large adsorption capacity
per mass of adsorbent; (ii) a minimum void volume; and (iii) very good
mechanical properties.

In order to optimise AC properties for this application, studies with
samples prepared from different raw materials and using different activation
processes have been carried out. To predict their adsorption performance,
helium adsorption isotherms at different temperatures and pressures have
been obtained. Figure 3 shows these isotherms corresponding to an AC
prepared by anthracite activation. According to the conditions needed in the
compressor stage, we are interested in obtaining a material with a maximum
helium adsorption capacity at 2 bar and 50 K (adsorption stage) and a
minimum adsorption capacity at 13 bar and 120 K (desorption stage). The
best adsorption capacity has been obtained with an activated carbon mono-
lith with relatively high development of porosity and, most importantly,
with high narrow micropore volume assessed by CO, adsorption at 273 K.
This material also presents quite high density (0.7 g/cm’). A very high
activation degree of the material is not desired because the density of the
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material becomes low. In addition this activated carbon monolith presents a
low pressure drop and a low thermal expansion, it has very good mechanical
properties and it is easy to machine, which makes this material promising
for adsorption compressor applications.
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Figure 3. Helium adsorption isotherms at different temperatures corresponding to an
activated carbon prepared by KOH activation of an anthracite. The numbers 14 correspond
to each step of a complete cycle of a cell.

4. Conclusions

An overview of preparation methods of activated carbons (ACs), activated
carbon fibres (ACFs) and activated carbon monoliths (ACMs) has been
presented. It has been remarked that the analysis of the different types of
pores (size and shape), as well as the pore size distribution, is very important
to foresee the behavior of porous solids in final applications. Examples of
the performance of porous carbon materials in environmental (VOC abate-
ment), energy storage (CH4 and H) and space (adsorption compressors)
applications, have been included. For these applications, the importance of
developing materials with a high volume of narrow microporosity (assessed
by CO, adsorption at 273 K), has been demonstrated. In previous studies of
our research group, we have shown that this type of porosity can be
obtained by chemical alkaline hydroxide activation of carbon precursors
with careful control and thorough understanding of the variables affecting
the carbon activation process.
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LIQUID-PHASE ADSORPTION/OXIDATION
OF SULFUR-CONTAINING SPECIES BY ACTIVATED CARBON
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Abstract. Liquid phase (n-hexene) adsorption of propanethiol on activated
carbons is commonly accompanied by surface assisted oxidation processes
of propanethiol to dipropyl disulfide (DPDS). In fact, both the porous
structure and surface chemistry influence the adsorption/oxidation process.
Whereas the porous structure is the main parameter defining the removal
kinetics, the surface chemistry affects the extent of propanethiol oxidation
and, consequently, the total removal capacity.

Keywords: activated carbon; propanethiol; sulfur removal;, porous structure;
surface chemistry

1. Introduction

Mercaptan molecules are undesired compounds present in crude petroleum
and also produced as a decay of animal and vegetable matter. Worldwide
regulations for environmental protection are forcing the petroleum refining
industry to drastically decrease the sulfur content in transportation fuels.'”
Deep desulfurization using conventional hydrotreating technology (HDS)
exhibits important limitations when dealing with larger molecules such as
benzothiophene and di-benzothiophene (refractory molecules). In fact, an
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improved catalyst or increased reactor volume and/or more severe reaction
conditions, especially higher temperatures and higher H, pressures, would
be required.’ Consequently, removal under mild conditions of organic sulfur
compounds, both in gas and liquid streams, is becoming actually a challeng-
ing task in environmental chemistry.

One of the most promising “non-HDS” based technologies for sulfur
removal is desulfurization by physical adsorption on a solid adsorbent.
More specifically, recent studies have proposed activated carbon as sorbent
for methyl mercaptan (MM) removal from air streams.*”’ Activated carbons
are well known as versatile adsorbents for many different applications.®’
The main advantages of activated carbon compared to conventional oxide-
based adsorbents are their high surface area, the presence of a well-developed
microporous structure, the high adsorption capacity and the possibility to
tailor their surface chemistry and porous structure during the manufacture
or by post-treatment.

Gas-phase removal experiments have shown that methyl mercaptan (MM)
adsorption on activated carbon is highly dependent on both the porous
structure and surface chemistry. Additionally, these studies have shown that
the adsorption process is accompanied by surface assisted oxidation
reactions of MM to dimethyl disulfide (DMDS) and even to sulfonic acid.*®
Similar studies also report some carbon dioxide formation under excess
oxygen at higher temperatures (473 K).” Katoh et al. proposed an oxidation
mechanism through hydroxyl and oxygen radicals created on the surface of
wet activated carbon fibers, a process that was assisted by trace amounts of
ferrous cations present on the carbon surface.* Similar studies using activated
carbons from different origins proposed the presence of two reaction mecha-
nisms for the oxidation of methyl mercaptan depending on the presence or
absence of moisture.” In dry conditions, the authors proposed an oxidation
process with MM and oxygen adsorbed from the gas phase on the carbon
surface, with water and DMDS as final reaction products. However, an
“island” mechanism was proposed for wet conditions, with MM and oxygen
firstly being dissolved in water cluster followed by surface reaction between
thiolate ions (CH3S") and dissociatively adsorbed oxygen in water, a surface
pH dependent process.

The scenario in liquid phase adsorption becomes more complex due to
the presence of the solvent and many other compounds such as aromatics,
olefins, etc. which will modify the adsorption/oxidation behavior. Preliminary
results obtained by our group in liquid-phase removal of propanethiol using
different activated carbons have shown that the process is highly dependent
on the porous structure and surface chemistry of the sorbent.'” Interestingly,
even in the absence of an external oxygen supply (only the mercaptan
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molecule and the solvent are present together with the activated carbon), the
results show the presence of parallel oxidation reactions of propanethiol to
dipropyl disulfide. Unfortunately, to our knowledge no studies have been
reported in the literature concerning this oxidation reaction on liquid-phase
experiments using activated carbon.

With this, the aim of the present work is to give more insight into the
liquid-phase removal of mercaptan molecules using activated carbons. The
effect of the porous structure and surface chemistry of different activated
carbons on the adsorption/oxidation of a simple mercaptan molecule such as
propanethiol will be overviewed. Additionally, the oxidation of propanethiol
to dipropyl disulfide will be studied in more detail by performing fixed-bed
adsorption/breakthrough experiments. The effect of dissolved and chemi-
sorbed oxygen in the oxidation process will be discussed.

2. Experimental

Three different commercial activated carbons were used in this study: CNR
(CNR 115, phosphoric acid activated carbon, from Norit), 208 (208C, steam
activated carbon, from Chemviron) and R2 (R2030, steam activated carbon,
from Norit).

Activated carbons were characterized by nitrogen adsorption at 77 K
and temperature-programmed decomposition (TPD) experiments, as described
elsewhere.'® N, adsorption experiments were used to determine the porous
structure while TPD experiments were used to characterize the surface
chemistry (oxygen surface groups).

Propanethiol removal kinetic experiments were carried out at room
temperature and atmospheric pressure.'’ The propanethiol solution (10 mL;
[C,]:168 ppmw S in n-hexene) containing the activated carbon sorbent (200
mg) was periodically analyzed using a gas chromatograph (Varian GC
3800) equipped with flame ionization (FID) and pulsed flame photometric
(PFPD) detectors.

Fixed-bed adsorption/breakthrough tests were performed in a continu-
ous flow packed glass bed reactor (1 cm i.d., 17 cm length). Initially, 2 g of
the corresponding activated carbon (particle size 0.5 < x < 0.7 mm) were
packed into the glass column and heated in a He flow (50 mL min ') at 473
K during 4 h, in order to remove surface impurities. After cooling down to
room temperature, the He gas was switched to a sulfur free hydrocarbon
effluent (n-pentane) until the activated carbon was completely wet. After
wetting the carbon for 30 min, the feed was switch to the n-hexene/
propanethiol mixture (420 ppmw S) at 0.5 mL min'. Once n-hexene starts
to leave the column, effluent samples were collected at regular intervals
following the reaction products by GC, as described above.
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3. Results and Discussion

Activated carbons CNR, 208 and R2 have been already characterized in a
previous work.'® Briefly, these three activated carbons posses a well-develop
microporous structure, as deduced from N, isotherms at 77 K. However,
while carbon CNR exhibits a wide pore size distribution with a BET surface
area of 1,834 m”> g and a total pore volume of 0.95 cm® g', samples 208
and R2 have a similar porous structure with a narrow pore size distribution,
BET surface area of 1,274 m* g ' and 1,183 m* g and total pore volume of
0.56 cm® g ' and 0.60 cm® g', respectively. Surface chemistry analysis of
these carbons using temperature-programmed decomposition experiments
denotes important differences in the amount and nature of oxygen surface
groups depending on characteristics of the sample. In this sense, carbon
CNR exhibits by far the highest amount of oxygen surface groups, these
groups being mainly evolved as CO and attributed to decomposition of
phenol, ether and carbonyl/quinone groups.'"'> The total amount of oxygen
evolved as CO, and CO was 872 and 4,326 umol g ', respectively. TPD
profile for carbon 208 exhibits also low and high temperature decom-
position peaks although with a lower contribution (422 pmol g, as CO,
and 681 pmol g ', as CO) as compared to carbon CNR. Finally, carbon R2
exhibits a poor surface chemistry with only 64 umol g', evolved as CO,
and 160 umol g ', evolved as CO.

In summary, activated carbon CNR exhibits by far the highest surface
area and the highest amount of oxygen surface groups evolved both as CO
and CO,. On the contrary, carbons 208 and R2, although having a similar
porous structure, exhibit important differences in the surface chemistry.
Consequently, an appropriate comparison and inter-correlation of these
three samples will help in defining the effect of porous structure and surface
chemistry for the liquid phase removal of propanethiol.

3.1. LIQUID PHASE REMOVAL OF PROPANETHIOL

The kinetics of propanethiol removal from a liquid solution containing 168
ppm S in n-hexene has been studied for the three activated carbons. Figure
1 shows the removal kinetics together with the analysis of the amount of
propanethiol oxidized and released to the solution, and that retained on the
carbon surface (as propanethiol and/or dipropyl disulfide).

As it can be observed in Figure 1, the kinetics of propanethiol removal
differs considerably depending on the nature of the activated carbon. In this
sense, while carbons CNR and 208 show faster removal kinetics with
mainly 100% efficiency after 25 h, carbon R2 achieves only 60% removal
with a slower kinetic behavior. The kinetics and total removal capacity can
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not be exclusively explained by the porous structure (compare carbon 208
and R2 with similar porous structure) because of the presence of associated
oxidation processes of propanethiol to dipropyl disulfide (DPDS). Interest-
ingly, in all samples the DPDS formed is immediately released to the
solution, thus, providing free surface sites able to adsorb more propanethiol
and, finally favoring the removal kinetics. Taking a closer look to the
amount of DPDS formed, it can be observed that the oxidation ability
decreases in the order 208 > CNR > R2. The lower oxidation ability of
carbon R2 can be explained by its poor surface chemistry (considering that
the oxygen surface groups are responsible for the oxidation reaction);
however, the comparison becomes more difficult for samples 208 and CNR
(carbon CNR exhibits by far the highest amount of oxygen surface groups).
Thus, from these results it is clear that not the amount but mainly the nature
of the oxygen surface groups seems to be responsible for the oxidation
reaction.
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Figure 1. Kinetics of propanethiol removal for activated carbons (a) CNR, (b) 208, and (c)
R2 at 303 K. Additionally, the amounts of propanethiol oxidized and retained in the carbon
are also included. [S],: 168 ppm.

The high facility of the activated carbons to release DPDS to the solution
almost from the beginning is somehow in contradiction with gas-phase
experiments where some authors proposed a higher adsorption strength for
the oxidized product (DMDS) due to its larger size and higher boiling
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point.’ This result confirms that the presence of spectators (solvent)
provides a different scenario for liquid phase removal experiments.

3.1.1. Effect of the porous structure

To further explore the effect of the porous structure in the removal of
propanethiol, activated carbon R2, which exhibits a lower oxidation capacity,
has been submitted to a re-activation treatment in CO, (100 mL/min) at 973
K for 8h, in order to enlarge its microporous structure. N, adsorption analysis
at 77 K shows that the re-activation treatment produces the development of
wider micro and mesopores.'” The re-activated sample R2 (R2/CO,)
exhibits a higher surface area (1,497 m%/g), as well as a higher micropore
(0.53 cm’/g) and total (0.87 cm’/g) pore volume. Figure 2 compares the
propanethiol removal kinetic at room temperature for samples R2 and
R2/CO..
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Figure 2. Kinetics of propanethiol removal for activated carbons (a) R2 and (b) R2/CO, at
303 K. Additionally, the amount of propanethiol oxidized and that retained in the carbon is
also included. [S],: 168 ppm.

The re-activation treatment of carbon R2 produces an important increase
in the kinetics of propanethiol removal as inferred from Figure 2. These
results clearly show that on activated carbons with a low oxidation capacity,
the propanethiol removal kinetics and the total removal capacity are basically
defined by the porous structure. Thus, the kinetics and total amount of
propanethiol removed from the liquid phase and retained on the carbon
surface will depend on the total adsorption capacity of the carbon sorbent.

3.1.2. Effect of oxygen surface groups

Previous studies on gas-phase removal of organic sulfur compounds have
shown that carbon materials are able not only to adsorb but also to oxidize
mercaptan molecules to disulfides.**"* Furthermore, several studies described
an important promoting effect of the surface chemistry (oxygen and nitrogen
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surface groups), the presence of water and of metal ions constituent of the
ash in the oxidation process. *>'*'® In order to get more insight into the
effect of the surface chemistry on the oxidation ability of activated carbons,
samples R2 and R2/CO,, both exhibiting a low oxidation capacity, have
been submitted to an oxidation treatment with HNO; followed by a thermal
treatment in He at 973 K. As expected, the oxidation treatment produces an
important increase in the amount of oxygen surface groups evolved both as
CO and CO; (see inset in Figure 3). A subsequent thermal treatment in He
at 973 K produces the partial removal of the oxygen surface groups, this
effect being more detrimental for the less stable (more acidic) groups. After
characterization, the modified carbons have been tested in the removal of
propanethiol (see Figure 3).
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Figure 3. Kinetics of propanethiol removal on carbons (a—b) R2 and (c—d) R2/CO, at 303 K
after an oxidation treatment with HNO; (a—c) and after a subsequent thermal treatment in He
at 973 K (b—d).!® Additionally, the amount of propanethiol oxidized and that retained in the
carbon is also included. [S],: 168 ppm.

The oxidation treatment of carbon R2 produces mainly no effect in the
removal kinetics and total removal capacity. On the contrary, carbon R2/CO,
exhibits a slight decrease in the removal kinetics, most probably attributed
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to the presence of steric hindrance in the pore mouth by newly created
oxygen surface groups. This treatment also produces an important increase
(two- or threefold increase) in the oxidation capacity of both samples, a
clear indication of the critical role of surface oxygen in the formation of
DPDS. Interestingly, a subsequent thermal treatment in He at high tem-
perature (973 K) produces in both samples an increase in the propanethiol
removal kinetics, probably due to the expected carbon gasification and,
contrary to the expectations, it has no effect or even a slight increase in the
oxidation ability. In summary, these results confirm that: (i) the oxidation of
propanethiol to DPDS requires the presence of specific oxygen surface
groups, (ii) these groups are located in the inner porous structure, i.e. the
decomposition of groups produced by He favors the accessibility of
propanethiol and, thus, increase the amount of DPDS formed and (iii) the
high stability of these groups to a high temperature treatment indicate that
the less acidic groups (most probably quinone groups) seem to be
responsible for the oxidation reaction.

3.2. OXIDATION OF PROPANETHIOL TO DIPROPYL DISULFIDE (FIXED
BED ADSORPTION/BREAKTROUGH EXPERIMENTS)

The oxidation of mercaptan to disulfide at room temperature on carbon
materials has been widely described in the literature for gas-phase experi-
ments.**" It is clearly stablished that the oxidation reaction proceeds via
oxygen adsorbed from the gas phase,”® with water and disulfide as final
products. However, the absence of an external oxygen supply for liquid-
phase experiments enhances the critical role of dissolved and/or chemi-
sorbed oxygen in the oxidation reaction. The role of dissolved oxygen in the
oxidation process has been ruled out in this work by performing kinetic
experiments on propanethiol/n-hexene solutions previously saturated with
O, or N, (after bubbling oxygen or nitrogen through the solution for 20
min). In all cases, the oxidation capacity of the carbon sorbent was
independent of the saturation pre-treatment.

For the second hypothesis, as chemisorbed oxygen is a limiting factor,
i.e. there is a limited amount of oxygen in the reaction system, one would
predict a limit in the extent of the oxidation for liquid-phase adsorption
experiments. In order to check this effect of chemisorbed oxygen, activated
carbon 208, which exhibits the highest oxidation ability, has been used in
fixed-bed adsorption/breaktrough experiments. Figure 4a shows the break-
trough curve for propanethiol adsorption and oxidation on activated carbon
208 at room temperature.

As it can be observed, almost from the beginning of the experiment
80% of the propanethiol leaves the reactor without being adsorbed and/or
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oxidized. Taking a closer look to the oxidation profile, after an initial maxi-
mum of 21%, the amount of propanethiol oxidized to DPDS stabilizes in a
plateau around 15%, independently of time on stream. As expected, at longer
adsorption times the oxidation profile falls down to a value close to 4%.
This deactivation in the oxidation reaction with time on stream has been
already described in the literature for gas-phase adsorption experiments of
H,S"™"” and methyl mercaptan.’
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Figure 4. (a) Fixed-bed adsorption/breakthrough experiment on activated carbon 208 at 298
K. The amount of propanethiol removed and oxidized is reported versus time on stream
([S]e: 467 ppm). (b) Temperature-programmed decomposition (TPD) spectra of activated
carbon 208 after the breakthrough test (after 35 h time on stream).

In the case of H,S, the deactivation was attributed to the deposition of
elemental sulfur on the surface of wood ash and activated carbon, as
deduced from XRD. In the oxidation of methyl mercaptan, the deposition of
dimethyl disulfide on the activated carbon surface, which is more strongly
adsorbed than MM due to its larger size and higher boiling point, was
proposed as responsible for the deactivation observed. However, contrary to
the behavior on activated carbon, Kastner et al. observed no decline in the
oxidation activity of methyl mercaptan to disulfide when using wood ash."
For liquid-phase adsorption experiments, no data can be found in the litera-
ture about this deactivation process. However, the deactivation in the
oxidation of propanethiol to dipropyl disulfide must be due either to the
deposition of DPDS or to the consumption and exhaustion of chemisorbed
oxygen (as surface groups) due to the absence of an external oxygen supply.
The first hypothesis can be ruled out from the results reported in previous
sections. Contrary to the behavior in gas-phase experiments, in liquid-phase
studies DPDS is released to the solution already in the first minutes of the
analysis. Thus, for liquid-phase experiments, the presence of other species,
i.e. the solvent, must be responsible for the desorption of the disulfide from
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the carbon surface. Consequently, chemisorbed oxygen consumption must
be the reason for the deactivation observed in the oxidation process. In
order to confirm this point, activated carbon 208 was submitted to a
temperature programmed decomposition experiment (TPD) after being used
for 35 h in fixed-bed adsorption experiment. Figure 4b shows the H,O (m/s
28), CO (m/s 28) and CO, (m/s 44) profiles as a function of temperature
(fragmentations coming from n-hexene, propanethiol and DPDS have been
appropriately subtracted from the m/s 28 and m/s 44 signals). The TPD
shows the evolution of CO, (at low temperature) and CO (at high tem-
perature) typical profiles of an activated carbon.’ Interestingly, the TPD
exhibits three water desorption peaks. Comparing the amount of CO, CO,
and H,O evolved in Figure 4b with those of the original 208 activated
carbon (CO: 681 umol/g; CO,: 422 pmol/g and H,O: 56 umol/g), there are
important differences. While the amount of CO exhibits a nearly threefold
decrease, the amount of CO, remains mainly unaffected. Additionally, this
decrease in the amount of oxygen evolved as CO is accompanied by a
tenfold increase in the amount of water. Considering the reaction mecha-
nisms proposed in the literature, water and DPDS would be the expected
reaction products. In the same way, oxygen surface groups would be
expected to be consumed in the oxidation reaction from propanethiol to
DPDS.

From a quantitative point of view, the TPD data show that only those
oxygen surface groups evolved as CO are consumed in the breakthrough
column experiment. The consumption of a specific type of oxygen surface
groups (436 pmol CO/g) would confirm experimentally the hypothesis
proposed above, i.e. only the more stable oxygen groups participate in the
oxidation reaction (quinone groups). Additionally, the formation of water
(518 umol H,O/g of activated carbon) after the breakthrough column
experiment would also confirm that (i) water is also a final product in the
oxidation reaction and (ii) water is preferentially adsorbed on the carbon
surface (maybe the more strongly adsorbed water is responsible for the
progressive desorption of the dipropyl disulfide formed). Interestingly, the
amount of CO consumed and H,O formed on carbon 208 during the break-
through column experiment are very close to the total amount of dipropyl
disulfide formed (367 pmol DPDS/g) in the same experiment (after the 35 h
time on stream), as detected by gas-chromatography. Thus, from these results
a stechiometry for the oxidation reaction of (2:1:1) for propanethiol, dipropyl
disulfide and H,O is proposed for liquid-phase adsorption/oxidation experi-
ments. Additionally, the TPD profile exhibits desorption peaks (not shown) for
n-hexene, with a single contribution centered at 419 K, and for propanethiol,
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with two maxima centered at 671 and 733 K. No peaks corresponding to
dipropyl disulfide were observed. These results confirm that, contrary to the
behavior in gas-phase adsorption experiments, DPDS is weakly adsorbed on
the carbon surface in liquid-phase experiments and thus, it is released to the
solution almost from the beginning.

It is noteworthy to mention the high temperature observed for the
desorption of water from activated carbon 208 after the column test, as
compared to the original sample (single H,O desorption peak at 398 K).
These differences in the desorption temperature for water denote a differ-
ence in the nature of adsorption, i.e. while the water in the original 208
activated carbon is weakly adsorbed (physisorbed), on the already used
activated carbon the water, coming from the oxidation reaction, must be
strongly adsorbed (chemisorbed) as it corresponds to a reaction (formation)
mechanism between chemisorbed oxygen and H' coming from the initial
dissociation of propanethiol.

4. Conclusions

From the results described above, activated carbon can be envisaged as
alternative adsorbents for the removal of propanethiol from liquid-phase
effluents. Both, the porous structure and the surface chemistry of the activated
carbons affect the removal process. Interestingly, the adsorption of propane-
thiol is accompanied by surface assisted oxidation processes of propanethiol
to dipropyl disulfide. In fact, whereas the porous structure is the main
parameter in defining the removal kinetics, the surface chemistry has a
strong influence in the oxidation reaction and consequently, in the total
removal capacity. Selective modifications of the surface chemistry show
that the oxidation reaction is mainly promoted by the more stable oxygen
surface groups, i.e. those evolved as CO, most probably quinone groups.
The limited amount of these oxygen groups on the carbon surface consti-
tutes a limiting factor in defining the extent of the oxidation reaction, as
observed on fix-bed adsorption/breakthrough experiments.
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Abstract. Processes of preconcentration of heavy toxic metal ions, such
as Pb(Il), Cd(1I), Zn(1I), Hg(II), and Mo(VI) on the silica with covalently
bound complexing phenolic-type analytical reagents 8-hydroxyquinoline,
1-(2-pyridylazo)-2-naphthol, 4-(2-pyridylazo)resorcinol have been studied.
Structures of the surface complexes of toxic metals with grafted analytical
reagents were determined using IR, ESR and electronic diffuse reflectance
spectroscopies. Possibility of simultaneous determination of micro amounts
of heavy metals was demonstrated using the x-ray fluorescence analysis of
modified adsorbents after absorption of metal ions from their multicom-
ponent mixtures in natural and artificial water solutions. Silica gel with
adsorbed polyionene (1,4-MePh) was shown to have high adsorption pro-
perties towards some metal-containing anions, in particular M0042_, WO42_
and Cr,O;°~ in water solutions. Adsorption isotherms of these metal-containing
anions on initial silica gel and silica-supported polyionene were investigated.
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1. Introduction

Low concentrations of toxic metals in natural and waste waters can be effi-
ciently determined after their extraction and concentrating using modified
silica adsorbents functionalized with complexing ligands. As such complexing
ligands it is possible to apply 8-hydroxyquinoline and some heterocyclic azo
compounds 1-(2-pyridylazo)-2-naphthol (PAN), 4-(2-pyridylazo)resorcinol
(PAR) forming stable complexes with heavy metal ions in solutions." *

Silica carriers with supported oxine or physically adsorbed azo reagents
are usually used for metal ions preconcentration.”> These adsorbents are
characterized by a different level of washing out of the adsorbed complexing
reagents under different conditions of application. On the contrary, adsor-
bents with covalently bound ligands, having hydrolytically stable chemical
bonds with the carrier surface sites, are more stable to washing out and they
have more reproducible properties. Method of the multi-step surface assem-
bly reaction involving grafting of benzene rings, their nitration with follow-
ing reduction, diazotization and azo coupling had been usually applied for
synthesis of adsorbents with covalently bound oxine, PAR and PAN.%
Such synthetic pathway results in non-uniform chemical composition of the
modifying surface layer and low content of the grafted complexing groups.
Recently the single-stage aminomethylation reaction with simultaneous use
of amino-containing alkoxysilane and paraformaldehyde was successfully
realized for covalent anchorage of the phenolic-type analytical reagents on
the silica surface.®

Chemical attachment of phenolic-type analytical reagents (8-hydroxy-
quinoline, PAN, PAR) was carried out in accordance with the following
scheme:

=—=Si—OH + (H,C,0),Si(CH),NH, + (CH,O)n + reagent ——

OC,H,
- - ESi—o—?i—CHZ—CHZ—CHZ—NH—CHz—reagent
OC,H
OO OH
Q. &
reagent — NN OH x

Nx
—
N A, OH
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Introducing polymers with the quaternary nitrogen atom into the surface
layer of silica carrierss permits one to obtain inorganic adsorbents with
pronounced anion-exchange properties. In this respect the application of
water-soluble polyionens with the quaternary nitrogen atoms in the main
chain is of obvious interest.

2. Results and Discussion

Adsorption characteristics of silicas with covalently bound phenolic-type
analytical reagents (8-hydroxyquinoline, PAN, PAR). Silicas with covalently
anchored (via the one-step Mannich reaction) phenolic-type analytical reagents
were applied for separation of toxic metals ions (Table 1). In accordance
with the obtained data, in the pH range 6-8 silica with grafted 8-hydroxy-
quinoline extracts toxic metal ions, such as Pb(Il), Zn(Il), Mo(VI) (full
removal), Cu(Il), Fe(Ill) (90-98% removal) and Cd(I) and Al(III) (partial
removal, from 60 to 80%). In the neutral and low-alkaline media silica with
covalently bound PAR quantitatively removes ions of such high-toxic
metals as Pb(Il), Cd(Il), Hg(II), Ni(Il) and partially adsorbs Zn(II), Co(Il),
Cu(Il), and Fe(IlI). In the acidic media (at pH = 1-4) this adsorbent did not
extract quantitatively any metals studied. At pH = 6-9 silica with grafted
PAN removes 92-95% of Zn(II), Pb(Il), Cu(Il) ions and adsorbs partly
Cd(II), Ni(II), Fe(III) ions. Obtained results correlate well with the stability
constants of complexes of the studied metals with 8-hydroxyquinoline, PAR
and PAN in solutions."”’

TABLE 1. Adsorption properties of silica gels with covalently bound analytical reagents
towards toxic metal ions.

Adsorbent pH of solutions Toxic metals adsorbed with a
separation degree of 95 + 5%
Silica with bound oxine 4-9 Zn?t, Pb*', AT, Mo®, Cu*
Silica with bound PAR 6-9 Zn*', Pb*, Cd**, Hg®", NiZ*, Cu®*
Silica with bound PAN 7-9 Zn*", Pb*", Cd*", Ni*", Cu*”

Sorption capacities of the synthesized modified silicas for toxic metals
studied are sufficiently high (about 4 mmol/g), and such adsorbents can be
applied for extraction of micro amounts of these metals from water solutions
within a concentration interval of 0.1-100 ng/mL. This circumstance can be
applied for development of the adsorption water-purification process.'’

All synthesized adsorbents are characterized by a high rate of extraction
of heavy metals: the maximum degree of adsorption can be achieved for
2-5 min of contact (Figure 1 and Table 2). Therefore, the obtained materials
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Figure 1. Dependence of degree of extraction (R) of Pb*" (1), Zn** (2) and Cd** (3) ions by
silica with covalently bound 8-hydroxyquinoline on adsorption time at pH = 6.8-7.

TABLE 2. Kinetics of adsorption of toxic metals ions by silica gel with covalently bound
PAR.

Metal ion pH of Sorption time (min)
solutions 5 10 20 60
Adsorption degree (%)

Zn** 6.8 88.8 89.3 89.3 89.3
cd* 7.0 99.9 99.9 99.9 99.9
Pb** 6.8-7.0 99.9 99.9 99.9 99.9
Cu** 6.8 83.7 75.0 83.0 80.0
Fe* 6.8 94.2 95.1 95.4 95.8
Co** 6.8 98.8 99.9 99.9 99.9
Ni2" 6.8 51.3 73.4 79.8 99.9

can be employed to remove heavy metal ions from water solutions in the
dynamic adsorption mode.

Data about structure of the surface complexes of toxic metals with
grafted phenolic-type analytical reagents (8-hydroxyquinoline, PAN, PAR).
Structures of the complexes of toxic metal with phenolic-type analytical
reagents anchored on the silica surface were studied by IR, ESR and elec-
tronic diffuse reflectance spectroscopies.

ESR spectra of the complexes of copper with 8-hydroxyquinoline,
PAN and PAR, covalently bound with silica surface are characterized by
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anisotropy and hyperfine structure of the gy signal (Tables 3 and 4). These
data testify about divalent state of copper on the surface of the chemically
modified silicas.

TABLE 3. Characteristics of ESR spectra of Cu(II) complexes with PAN chemically bound
with silica surface.

Sample  [Cu* s gi gL Ayp-107 Structure of the coordination
(mmol/g) (em™) unit

1 0.01 2.254 2.030 147 Cu [2N,0]

2 0.05 2.276 2.025 149 Cu [2N,0] with deformation

3 0.20 - 2.047 - planar structure

TABLE 4. Parameters of ESR spectra of Cu(II) complexes with PAR chemically bound with
silica surface.

Sample  [Cu®s on gL Ap107* Structure of the coordination
(mmol/g) (em™) unit

1 0.013 2.38 2.039 179 Cu [2N,0]

2 0.062 231 2.028 173 Cu [40,0]

similar to CuSO,4 5H,0

In electronic diffuse reflectance spectra the absorption bands of grafted
PAN molecules and bands d—d transitions for complexes with Zn(II) — at
580 nm, with Pb(Il) — at 620 nm, with Cu(Il) and Cd(II) — at 550 nm were
observed. These bands correlate well with values of absorption bands for
d-d transitions these metals in complexes with PAN in solutions."’ It shows
that coordination of these metal ions with PAN molecules bound with silica
surface is similar to their interactions in solutions.

According to calculations based on ESR spectra of complexes of
copper(II) ions with bound 8-hydroxyquinoline, the value of the gj-factor is
2.372, g, = 2.064, constant of hyperfine coupling A =201 x 10* cm™". This
allows one to assume the nearest coordination surrounding of Cu®" ions in
the surface complex. Most probable, 4[O] and 2[N] distorted octahedron
structures are formed with O-atoms of hydroxyl groups in the equatorial
position and N-atoms in the axial position, or with N-atom and two O-atoms
in the equatorial position and two O-atoms in the axial position.'"'?

Form and calculated parameters of ESR spectra of the complexes of
copper(Il) ions with covalently bound PAN (Table 3) allow to conclude
that:

— At copper(I) concentrations on the adsorbent surface ([Cu* o) less
than concentration of grafted PAN molecules (sample 1), environment
of copper(Il) in complex corresponds to four-coordinated Cu(Il) with
[2N,0] coordination'*"?
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— At an increase of [Cu*,s value (sample 2) signals from some types of
complexes with similar parameters were observed, it can be connected
with distortion of the planar structure of complexes'

— At [Cu*"],¢s more than concentration of grafted PAN molecules (sample
3), signal of hyperfine splitting is indistinct, but asymmetry and
anisotropy of the spectrum are retained

The g-factor and Ay values calculated from ESR spectra of complexes
of copper(Il) ions with bound PAR for sample 1 (Table 4), where concen-
tration of adsorbed copper is less in some times than concentration of
grafted PAR molecules, are characteristic for the octahedron oxygen-
containing complexes such as Cu[40,0]-adducts of bischelates of copper
with strong axial coordination into 5 and 6 place or octahedron complexes
such as realized in CuSO,5H,0."*"* Such complexes may be formed at
coordination copper(Il) with atoms of oxygen of two hydroxyl groups of
two PAR molecules and two water molecules or two hydroxyl groups of
one PAR molecule and four water molecules. As a result of this unusual
coordination (different from pathway of coordination in solutions) of Cu(Il)
with PAR molecules, covalently bound with silica surface, incomplete
adsorption of Cu(Il) ions (82-85% at pH = 6-9) can take place, though in
water solutions the stability constant of the complex of Cu(Il) with PAR has
the highest value among metals studied."”

ESR spectrum of sample 2 (a quantity of adsorbed copper is compare
with concentration of grafted PAR molecules) showed that g;; and A4;; values
are decreasing (Table 4). Calculated parameters of spectrum of sample 2
(concentration of coordinated metal was 0.062 mmol/g) are close to
complexes of four-coordinated copper(Il) with coordination unit [2N,0]'""'?
as it takes place at coordination PAR molecules with Cu(Il) ions in the
solutions.

Electronic diffuse reflectance spectra of metal complexes with
chemically bound PAR are characterized by following absorption bands in
the visible region of spectrum: for Cu(Il) — at Ay = 525 nm; for Cd(II) — at
Amax = 510 nmy; for Fe(Ill) — at Ay = 700 nm; for Pb(I1) — at Ay. = 520 and
700 nm; for Zn(Il) — at A, = 500 nm. These dates testify that pathway of
coordination of PAR molecules chemically bound with silica surface for
Cd(II) and Pb(Il) is the same as in solutions. Absorption band at 500 nm for
Zn(1) correlates well with data of paper,”> where Zn(II) complexes with
PAR-containing adsorbent obtained by sol-gel method are also characteri-
zed by absorption at 500 nm.

Peculiarities of adsorption-x-ray fluorescence determination of toxic
metals after their preconcentration on the silica with covalently bound
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8-hydroxyquinoline and PAR. For ascertainment of a possibility of simul-
taneous x-ray fluorescence determination of heavy toxic metals, which
quantitatively adsorbed onto synthesized chemically modified silica (Table
1), model water solutions (25—1,000 ml) contained mixtures of metal ions
of different concentrations were prepared. These solutions were transmitted
through a cone-shaped plastic column filled with 0.2 g adsorbent. The
samples of modified silica with adsorbed metals were dried in air, then were
ground in an agate mortar and studied by x-ray fluorescence spectroscopy.
The content of every metal in the adsorbent phase has been calculated by a
comparison of the absolute characteristic x-ray intensities of metals
adsorbed on silica from the model solution with the calibration curves for
the individual metals.

According to the obtained data, micro amounts of lead and cadmium
ions can be quantitatively detected by x-ray fluorescence method after pre-
concentration these metals upon silica with covalently bound 8-hydroxy-
quinoline. At the same time zinc and molybdenum can be detected in these
conditions only at 50-60%, it is caused their non-complete extraction in the
lead(Il) presence. Therefore adsorption-x-ray fluorescence analysis with
application of the silica with covalently bound 8-hydroxyquinoline can be
used only for the qualitative detection of these elements.

Micro amounts of lead, cadmium and mercury adsorbed upon silica
with covalently bound PAR from neutral water solutions (pH = 6.8—7) can
be quantitatively detected by x-ray fluorescence method using intensity of
the characteristic L,-line of lead, K,-line of cadmium and L,-line of mercury.
Influence of the other metals presence on an intensity of characteristic x-ray
lines of the detecting element was studied at simultaneous adsorption-x-ray
fluorescence analysis of samples after preconcentration of metal ions by the
silicas with covalently bound 8-hydroxyquinoline and PAR. A decrease of
intensity of the L, Pb-line was shown to take place at the presence of micro
amounts of cadmium and zinc in the adsorbent phase (Figure 2). An
increase of intensities of the K,-line of cadmium and L,-line of zinc was
detected in the presence of lead, mercury and other more heavy metals on
the silica surface (Figure 3). Effect of intensity decrease for L, Pb-line in
the presence of micro amounts of cadmium and zinc in the adsorbent phase
can be explained by higher absorption coefficients (1) of Ly-line of lead in
the presence of zinc and cadmium in comparison with adsorbent containing
only lead (n of Pb Ly-line is 111 ecm*/g ). Introducing zinc and cadmium
into samples results in decrease of the lead signal.'®"”
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Figure 2. Dependence of intensity of characteristic x-ray fluorescence Pb Lo-line on surface
lead contents without (1) and in the presence of cadmium (3), zinc (4), cadmium and zinc
simultaneously (2) in the adsorbent phase.
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Figure 3. Comparison of calibration curves for adsorption-x-ray fluorescence determination
Cd after solid-phase extraction by silica chemically modified with PAR: 1 — only Cd, 2 — Cd
with the same amount Pb and Hg.
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Elaborated adsorption-x-ray fluorescence method was applied for
determination of micro amounts of Pb(Il), Cd(II) and Hg(Il) in the Kyiv’s
rivers Dnipro and Lybid during the winter period after metals preconcen-
tration upon the silica with chemically bound PAR. The column adsorption
method was used for the preconcentration studies. With this aim 1 L of
water from the river was flowed through a column with the adsorbent and
intensities of the characteristic Pb, Cd and Hg lines were measured in the
adsorbent. Results of these measurements were confronted with the calibra-
tion curves of the appropriate metals mixtures. As it follows from the data
of Table 5, results of adsorption-x-ray fluorescence determination of micro
amounts of Pb(II), Cd(Il) and Hg(II) after their preconcentration upon silica
with chemically bound PAR correlate well with values of concentration of
these metals, obtained by flame atomic absorption analysis after an evapora-
tion of the solution volume up to 20 times smaller.

TABLE 5. Pb(II), Cd(I) and Hg(II) contents in water from river Lybid (samples I and IT)
and river Dnipro detected by atomic absorption analysis and x-ray fluorescence method
(after extraction by silica modified with PAR).

River Dnipro River Lybid River Lybid
sample [ sample II

Atomic Adsorption-  Atomic Adsorption-x-  Atomic Adsorption-

absorption  x-ray absorption  ray absorption  x-ray

analysis fluorescence  analysis fluorescence analysis fluorescence

analysis analysis analysis

Pb(II) concentration (ng/L)

100 125+5 <5 20+2 5 302
Cd(II) concentration, pg/L

<10 8+2 <10 <2 2 <2
Hg(II) concentration (ng/L)

- 5+2 - 4+£2 - <2

It is necessary to take into consideration that the adsorption-x-ray
fluorescence method is faster, more accurate and simpler than usual atomic
absorption analysis. Moreover, apparently quantities of lead in the river
Lybid (samples I and II) obtained by flame atomic absorption method were
incorrect. Really, the amounts of lead, determined by adsorption-x-ray
fluorescence method, manifest a gradual increase of the metal concentration
from the sample I to the sample II. It seems more probable, because water
probe of the sample I was taken up-stream and probe of the sample II was
drawn down-stream from urban area.

Hereby, the developed adsorption-x-ray fluorescence method of deter-
mination of micro amounts of Pb(II), Cd(II) and Hg(II) after their precon-
centration upon silica with chemically bound PAR can be effectively applied
for analysis of natural and artificial multicomponent water solutions.
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Adsorption characteristics of silicas with immobilized polyionene towards
metal-containing anions. Adsorption of 1,4-MePh polyionene, synthesized
in the laboratory of Prof. M. Burmistr'® and having the following structure

(n<6):
H,
. Cl
CH2—®CH2
3

CH, C

|, o |

N-—CH;—CH;—CH;—CH;—CH;—CH;— l|\l—
CH

CH,

was carried out on silica gel with specific surface area about 256 m?/g
(Merck, fraction with a diameter of particles of 0.06—-0.16 mm). In water
solutions because of partial dissociation of silanol groups the silica surface
has negative charge. Adsorption of polyionene on silica surface would thus
be expected to result in formation of adsorption complexes due to elec-
trostatic interactions:

CH, CH
+

3
. |
ll\l’CHz,—CHz—CHZ—CHZ—CHZ—CHZ— ll\l—CHz— CH;
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The concentrations of polymer were determined by spectrophotometric
analysis using bromphenol blue (A = 600 nm). Silica with adsorbed polymer
was applied for preconcentration of molybdenum-, chromium- and tungsten-
containing anions from water solutions. Photometric determination of
M0042_, WO42_, Cr,0.>" ions concentrations based on their ability to form
color complexes. Mo-containing anions form a red complex in the presence
of SCN-anions (A = 470 nm)."”” In water solutions W(VI) can be identified
in the form of blue heteropolyacid (A = 610 nm)* formed after reaction
with molybdate ions. Cr-containing anions were detected as a violet
complex with 1,5-diphenylcarbazide (A = 540 nm)."”

Adsorption properties of the silica-supported polyionene in respect to
metal-containing anions, in particular dependence of separation degree (%)
on the medium pH are represented in Table 6.
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TABLE 6. Dependence of separation degree (%) of metal-containing anions by silica-
supported polyionene on pH medium at the static adsorption mode.

Anions Separation degree (%)

pH=1.0 pH=17 pH=40 pH=68 pH=70 pH=80 pH=92
Mo(VI) 88.0 95.2 92.7 88.0 88.0 67.8 67.0
W(VI) 67.0 74.0 94.0 0 0 0 55.6
Cr(VI) 8.9 64.9 35.3 11.2 10.2 25.0 0

As it follows from these data, amounts of W(VI) and Cr(VI) adsorbed
upon silica gel with immobilized polyionene were rather larger (up to 94%
and 65% accordingly) in the acidic media at pH = 1.7-4, when polytungstate-
and polychromate-ions are usually formed.”’ The molybdate-ions are
preferably extracted in the acidic medium (up to 95%), where they present
as anions of the isopolyacid. At the same time, a separation degree is 67% for
adsorption from the basic medium, where Mo(VI) prevails as MoO,* ions.”’

Data on kinetics of adsorption of metal-containing anions on silica gel
with immobilized polyionene at the optimum for each metal value of the
medium pH are presented in Figure 4. It was established that all studied
anions could be mostly extracted from solutions for several minutes. Thus,
silica gels with anchored in the surface layer polyionene conserve kinetic
properties of silica matrices and are characterized by a high rate of an
establishment of the adsorption equilibrium. Such type adsorbents can be
used for extraction of metal-containing anions from water solutions in the
dynamic adsorption mode.

100
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Figure 4. Kinetics of adsorption of metal-containing anions on silica-supported polyionene:
1 —Cr(VI), pH 2; 2 - W(VI), pH 4; 3 — Mo(V]), pH 2.



130 V. TERTYKH ET AL.

Comparison of isotherms of adsorption for anions of molybdenum
(Figure 5), tungsten (Figure 6) and chromium (Figure 7) upon nonmodified
silica gels (curves 1) and silica gels with immobilized polyionene (curves 2)
testifies that modified adsorbents exhibit expressed specificity towards the
studied anions.

a, mg/g
50 -

1

.
60

[Mo], mg/L

Figure 5. Adsorption isotherms of MoO,>™ ions on initial silica gel (1) and silica-supported
polyionene (2).
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2

120
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1
0 = T . 1
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Figure 6. Adsorption isotherms of WO, ions on initial silica gel (1) and silica-supported
polyionene (2).
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Figure 7. Adsorption isotherms of Cr,0,> ions on initial silica gel (1) and silica-supported
polyionene (2).

From obtained isotherms it is possible to estimate limiting adsorption
values for the anions studied. In particular, modified adsorbent adsorbs
(estimation on pure metal): molybdenum up to 38 mg/g, chromium up to
110 mg/g and tungsten up to 158 mg/g. All studied anions was shown are
adsorbed upon the silica gel with immobilized polyionene in 60—100 times
better in comparison with their adsorption on the initial nonmodified silica
gel.

3. Conclusion

Micro amounts of Pb(Il), Zn(II), Cd(II) and Hg(II) ions in aqueous solutions
can be quantitatively measured using the x-ray fluorescence spectroscopy
after preconcentration by silica with grafted 8-hydroxyquinoline and 4-(2-
pyridylazo)resorcinol. Mutual influence of other toxic metal on characteristic
line intensities of determined ion should be taken into consideration when
analyzing multicomponent systems.

Silica gels with supported polyionene was shown to have satisfactory
adsorption properties in respect to such metal-containing anions as Mo(VI),
W(VI) and Cr(VI). The adsorbent practically quantitatively extracts Mo(VI)
and Cr(VI) ions at pH from 2 to 4 and W(VI) at pH > 4 in the static adsorption
mode. Obtained non-swelling adsorbent possesses good kinetic characteristics
(all studied anions were extracted for 10 min) and has high adsorption
capacity towards metal-containing anions.
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Abstract. Activated carbons were prepared from co-mingled natural organic
waste, comprising 25% sunflower husks, 50% petroleum waste and 25%
low-grade bituminous coal. The porous carbon materials were obtained
either by direct activation with steam at 1,123 K, or through pre-oxidation
stages with binary eutectic Na/K carbonates, followed by carbonization at
623 K in an inert atmosphere, and then steam activation at 1,123 K. The
activated carbons prepared from the co-mingled natural organic wastes were
used as adsorbents to remove copper (II), cobalt (III), nickel (II), iron (II),
and manganese (II) from real multi-component solutions. Batch experiments
were carried out to study the kinetics of multi-component, competitive
adsorption. The mechanisms of heavy-metal adsorption on activated carbon
are discussed.
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1. Introduction

Presently, due to the accumulation of waste materials, environmental prob-
lems are getting acute worldwide. The conditions for waste materials
storage and disposal frequently do not meet current health requirements and
cause pollution of the surface and ground water, soils, and air. There is
clearly an awareness of how serious the situation is becoming, with respect
to the protection of our natural resources, and the necessity for dealing with
environmental problems.

In the last decade, several commercial waste recovery projects have
been implemented for waste conversion into secondary gaseous, liquid, or
solid products. The interest for developing and using those processes is
increasing due to economic and environmental reasons. Within this context,
the conversion of natural organic wastes into environmentally-friendly
porous materials is a technological alternative to their disposal.

Low-cost adsorbents for air/water purification have recently been
reviewed by Pollard et al. [1]. Activated carbons from coconut husk, grain
husk, domestic wastes, and tires have been used for phenols removal [2].
Several low-cost activated materials from rice husk [3], coconut [4, 5],
bituminous coal [6], sphagnum moss peat [7], sawdust [8], and industrial
solid wastes [9] have been reported as adsorbents for heavy metals removal.
Activated carbons from soybean hull, sugarcane bagasse, peanut shell, and
rice straw were found to be suitable for air purification from toxic gases
[10].

Recently, a novel approach to the wastes recovery via their co-processing
has been proposed. The existence of synergistic effects between the blend
components during their conversion into solid products is still an open issue.
Some authors have observed the absence of synergistic effects [11-16],
whereas evidence of their presence has been reported for co-gasification
[17-19] and co-pyrolysis [20].

We have observed a synergistic effect during the co-activation of co-
mingled wastes [21]. The adsorption capacity of the activated carbons
produced was found to be higher than those of commercial Norit and Merck
activated carbons for Cr (III) removal [21]. Therefore, there is a strong interest
in developing innovative processes, for producing secondary environmental
friendly adsorbent materials from co-mingled wastes, and to optimize their
properties in order to selectively remove heavy metals from waste water.

The main purpose of this study is to produce an activated carbon from
co-mingled waste, and to use it as an adsorbent to remove 3-d transition
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metals, such as Cu (II), Co (II), Ni (II), Fe (II), and Mn (II), from real
waste-water solutions.

2. Experimental

2.1. PREPARATION AND CHARACTERIZATION OF ACTIVATED
CARBON FROM CO-MINGLED WASTES

The activated carbons were prepared from the mixture of co-mingled
natural organic liquid and solid wastes. For the blending process, the com-
ponents were combined in the proportion of 25% biomass, 25% low-grade
coal, and 50% petroleum wastes (either aliphatic petroleum stock or aromatic
tar stock).

All of the blend components were obtained from local sources in the
Ukrainian Donbass region. Bituminous coal hg” was obtained from Lidievka
mine, located in Donetsk (Eastern Ukraine).

The selected biomass was sunflower husks. Sunflower husks were
graciously provided by the Oil Process Plan “Cargil” of Joint Ukrainian—
USA Oil Corporation in Donetsk.

Petroleum feedstock components were courtesy of Coke Process Plan
“Avdeevka”, located in Donetsk, and of Odessa Harbor’s Unloading
Petroleum Station. The aliphatic/aromatic nature of the petroleum compon-
ents was evaluated by 'H-NMR aromaticy monitoring.

The feedstock from Coke Process Plan “Avdeevka” had 40.2% of
aromatic fraction; in the present study it is referred to as “aromatic tar
stock”. The petroleum feedstock from Odessa Port’s Unloading Petroleum
Station is referred to as “aliphatic petroleum stock”, due to the high content
(up to 89.2%) of branched hydrocarbons.

In order to gain some insight into the reactions which may occur between
the components of the co-mingled waste during the activation process, the
pyrolytic behaviour of the single components and of their blends was
investigated by thermogravimetric analysis (TG/DTG) using a Perkin-Elmer
TGA 7 thermal analyser. The heating rates varied between 5°C/min and
20°C/min, and the samples were heated up to 1,273 K under inert atmos-
phere. The thermogravimetric parameters, such as the temperature of initial
weight loss (T, the temperature of final weight loss (7f,a), the tem-
perature of maximum rate of weight loss (7y.x), the rate of weight loss
(mg/min) and the carbon yield at 1,223 K (%), were determined from the
TG and DTG data.

For the activated carbon synthesis, either direct high-temperature acti-
vation with steam at 1,123 K or activation via a step of low-temperature
carbonization at 623 K under inert atmosphere, were adopted. The soaking
time of both processes was varied between 1 and 3 h. In order to avoid coke
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formation during the activation process, 5% (from weight of the blends) of
additives of binary eutectic of Na/K carbonates was used.

The structural parameters of the produced carbons were evaluated by
nitrogen adsorption at 77 K and temperature-programmed desorption. The
experiments were carried out using Micromeritics ASAP 2010 and Micro-
meritics TPD/TPR 2900 equipments. The degree of heterogeneity of the
samples was visually assessed by Scanning Electron Microscopy (SEM);
the topography of the surface was also studied by high-resolution Auger
Depth Profiling with PHI SAM—660 equipment.

2.2. ANALYSIS OF THE HEAVY METALS ADSORPTION
FROM TECHNOLOGICAL SOLUTIONS

Real multi-component aqueous solutions, proceeding from “Pridneprovskij
Plan of Color Metals” State Enterprise (Power Ministry of Ukraine), were
used as a source for copper (II), cobalt (III), nickel (II), iron (II), and
manganese (II) chlorides.

The adsorption process was analyzed in batch mode using as adsorbent
the parent activated carbon from the co-mingled wastes and also its
oxidized form, which was obtained by treating the parent carbon with 1M
HNO; (reflux) during 6 h at 90°C.

Sorption-kinetics experiments were carried out to evaluate the specific
rate constants of the simultaneous adsorption of the 3-d transition metals on
the activated carbons with different surface oxygen functionalities.

Kinetics studies were carried out at fixed initial pH of 3.6 of the
wastewater source, without adding any buffer to control the pH to avoid an
additional electrolyte in the system.

The carbon loading was fixed at 5 g/L and the metal concentrations in
the real solution were 11.4 mg/L of copper (II), 9.4 mg/L of cobalt (III), 9.8
mg/L of nickel (I), 11.07 mg/l of iron (II) and 9.5 mg/L of manganese (II).
The process was carried out at constant temperature (297 = 1 K).

To enhance the adsorption rate, the carbon/metal solutions were stirred
on a shaker at 160-180 rpm. The adsorption time was varied between 1 and
72 h.

At the end of the experiments, the adsorbent was removed by filtration
through membrane filters with a pore size of 0.45 pm. The metal equilibrium
concentration in the aqueous solution was measured by atomic adsorption
spectroscopy with AA-6300 Flame Emission equipment, according to stan-
dard procedures [22].

The equilibrium amount of adsorbed metal on the activated carbon was
quantified by mass balance. The following parameters were used: adsorption
capacity expressed as amount of metal adsorbed per unit mass of adsorbent,
i.e. Me uptake (mg/g); and sorption efficiency of the system, determined as
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the percentage of metal ions removed relative to their initial amount, i.e.
Me,... (%). The specific rate constants for the heavy metal adsorption were
found from the Lagergren equation [23]:

kadst ( 1 )

log(q,, —9q,) =1logq,, — 2303

where g, is the amount of metal (mmol/g) adsorbed at time ¢ and g,y is
equilibrium amount (# — o0 ). The rate constants (k) were calculated from
the slope of the log(g., — ¢:) vs time plot.

3. Results and Discussion

3.1. ACTIVATED CARBON FROM CO-MINGLED WASTES

In order to gain some insight into the reactions which may occur between
the components of the co-mingled wastes, the thermal decomposition of the
individual components, as well as of their blends, was studied by thermal
analysis (DTG/TG). The emphasis is given here to the correlation between
the experimental data and the theoretically predicted curves under the
assumption of no interaction between components, in order to evaluate
possible synergetic effects.

The thermal decomposition of the blend gives rise to simultaneous
cracking reactions generating volatile products, and to polycondensation
reactions favoring the formation of solid-state products.

The TG/DTG data reveal that the blend components interact during
pyrolysis, changing the temperatures of initial weight loss, maximum rate of
weight loss, yield of the volatile products, and char (Table 1).

According to the obtained data, there are three main zones of tempera-
ture decomposition of the single components and of the blends (Figure 1,
Table 2): water decomposition in the temperature range 383—443 K, the first
thermal decomposition at 463—-623 K, and a second one over the tempera-
ture interval 643-773 K.

The first thermal decomposition step shows two overlapping peaks with
maximum at ca. 523-548 K and 568-583 K; the process starts at 453—463
K, then gradually increases and ends at 608—623 K (Figure 1). Therefore,
this initial thermal decomposition step occurs over the temperature range
for the decomposition of hemicellulose, cellulose, aromatic tar stock, and
maltenes fraction of the aliphatic petroleum stock.

However, in contrast to the theoretical predicton, the maximum rate of
weigh loss for the blends starts at a lower temperature, and the overall
process for the first thermal decomposition step is found to be stronger. The
yield of volatiles (12—24%) is higher than the calculated ones based on the
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additive behavior of the blend components. Thus, there is evidence for some
interaction between the blend components (Figure 1).

The second thermal decomposition step is observed in the temperature
range of Ty = 633 K — T = 668688 K — Ty = 773 K, which
corresponds to the temperature range for decomposition of lignin, coal, and
aliphatic (asphaltenes) petroleum stock. Synergetic effects are observed for
the decomposition of the blend component: a negative trend (19% wt. loss)
for aliphatic petroleum stock, and a positive trend (12% wt. loss) for
aromatic tar stock.

The interaction between the blend components is more apparent when
the total product yield (char, volatiles) is compared to the theoretical
calculated one (Table 1). The deviation of 7-10% in the char yield is more
pronounced for the blends with aliphatic petroleum stock and is related to
repolymerisation (cross-linking) reactions.

Despite of the different decomposition character of individual petroleum
and tar stocks, the degradation of their co-mingled blends with coal and
biomass was found to be nearly similar (Figure 1). Differences between the
aromatic tar and aliphatic petroleum wastes were found only for volatiles/
char yield (Table 1), and char properties.

From the DTG/TG analysis, the temperature ranges for the synergetic
effects were evaluated. The data obtained were used for the optimization of
the carbonisation/activation processes of the co-mingled liquid and solid
organic wastes. Emphasis is done to the polycondensation and repolymeri-
sation reactions via secondary vapour-solid blend components interaction.

According to the laboratory tests, the best conditions for the synthesis
were found to be direct high-temperature (1,123 K for 1.5 h) activation with
steam, or two-step activation via low temperature (at 623 K for 2 h)
carbonisation under inert atmosphere. The optimum blend composition was
found to be 25% of biomass, 25% of low-grade coal, 50% of petroleum
wastes (either aliphatic petroleum stock or aromatic tar stock), and 5% wt of
blends of binary eutectic Na/K carbonates.

The activated carbons produced under optimal conditions exhibited a
high surface area and a well-balanced pore size distribution (Table 2). It can
be concluded that direct activation seems to be more efficient for the
surface and porous structure development (Table 2).

The surface roughness and homogeneity of the materials were studied
by Scanning Electron Microscopy (SEM). It was observed that the surface
topography drastically changes depending on the conditions of the activation
process. Activation via carbonization stage completely eliminates the carbon
heterogeneity, and the porous carbon obtained exhibits uniform particle and
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TABLE 1. Thermogravimetric analysis of the decomposition of the single components and
of their blends.

Samples Decomposition Average rate of Total
temperature range weight loss weight loss at
(nnitfnnaxfTﬁnal) (minil) 13223 K (%)
Bituminous coal 398-673-968 0.27 38.7
543-578-628 2.04
Sunflower husks 83.4
628-783 0.35
Aliphatic petroleum 488-608-623 0.33 85.4
stock 623-688-748 0.83 '
) 438-553-668 0.63
Aromatic tar stock 44.7
668—-1223 0.13
Coal/biomass/aliphati 313-408-453 0.36 473
¢ petroleum stock 453-548-608 0.74 (Experimental)
1:1:1 .9 (Th ical
608688888 0.46 539 (Theoretical
448-54 Sl
Coal/biomass/aromati 8543 05 41.9
¢ tar stock 543-583-623 0.70 (Experimental)

1:1:1 623763 0.26 38.1 (Theoretical )

TABLE 2. Textural parameters of the activated carbons from co-mingled wastes. Influence
of blends composition and conditions of the activation process.

Activated carbon SBET Vtotal Vmicro Vmeso/ Vmicro
Precursors (m*/g) (cm®/g) (cm*/g)

Direct activation
Coal/biomass/aliphatic
petroleum stock 1,038 0.47 0.39 0.20

Coal/biomass/aromatic tar
stock 638 0.32 0.23 0.39

Activation via carbonisation

Coal/biomass/aliphatic
petroleum stock 979 0.46 0.38 0.21

Coal/biomass/aromatic tar
stock 111 0.11 0.05 1.2

pore size distribution. On the other hand, samples obtained by direct acti-
vation, despite exhibiting a high surface area, contain both charcoal and
some husk residue with wide pores of few microns.



140 S. LYUBCHIK ET AL.

(A)

Fate of mass loss, min

0 A RS TN
300 350 400 450 500 550 600 650 700 750 800

T,K

3.5 4 (B)

Fate of mass lozs, min-1
—_
W
.

0 - g T — <
300 350 400 450 500 550 600 650 700 750 800
T,K

Figure 1. Differential thermogravimetry (DTG) profiles of the co-mingled wastes decom-
position: (A) blend on the base of Aliphatic petroleum stock; (B) blend on the base of
Aromatic tar stock. A — Theoretical calculation; A — DTG experimental data.

The topography study and the elemental analysis of the surface were
also studied by the Auger method. Auger Depth Profiling provides quanti-
tative information on composition as a function of depth below the surface
(near-surface characteristics). The presence of some elements, such as Si,
Ba, and Fe, was detected due to initial mineral content of the components in
the blend. The distribution of these elements was found to be non-uniform.
Under the optimal conditions used, the porous materials synthesized consisted
mainly of carbon (up to 86%). Furthermore, measurements of the depth
profile concentration by Auger technique did not reveal the presence of any
other elements besides of carbon.
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3.2. KINETIC DATA FOR SIMULTANEOUS METALS ADSORPTION
FROM MULTI-COMPONENT TECHNOLOGICAL SOLUTION

The kinetic data for the simultaneous adsorption of Fe (II), Cu (II), Ni (1),
Co (I) and Mn (II) on the parent and post-oxidized carbons from co-
mingled wastes (25% sunflower husk, 25% bituminous coal, 50% aromatic
petroleum stock; direct activation at 1,123 K with steam) are presented in
Figure 2.

The Lagergren equation, Eq. (1), was applied to the kinetic data in order
to evaluate the rate constants for simultaneous metal adsorption on activated
carbons with different surface oxygen functionalities.

The linear plots of log (gey — q;) vs t [an example is provided in Figure 3
for the case of Fe (II)] for all of the studied metals corroborates the
applicability of Lagergren equation, thus providing evidence for first-order
adsorption kinetics. The specific rate constants, k.4, were calculated from
the slopes of the linear plots and are listed in Table 3.

Simultaneous adsorption of the 3-d transition metals on the parent
activated carbons from co-mingled waste shows that Cu (II) and Fe (II) ions
adsorb faster (specific rate constants in the range 0.41-0.48 x 10 ~* min")
and more efficiently (Me,.,, of 21-26%) than Mn (II) and Co (II) (k.4 of
0.12-0.24 x 10* min' and Me,,,, of 15-20%). There was almost no removal
of Ni (II).

However, the situation is drastically changed when the post-oxidized
activated carbon from co-mingled wastes is used as adsorbent. There is an
increase of the specific adsorption-rate constants for Fe (II) and Cu (I) ions
and also an increase of the percentage of removal (89% and 54%). Also, for
Mn (II), Ni (IT) and Co (II) a slightly increase is observed for the specific
rate constant and percentage of removal (Figure 2).

From the TPD experiments it is seen that the oxidized carbon is enriched
with carboxylic (hydrous and anhydrous) and quinones groups, which are,
probably, responsible for the adsorption of the metals. Furthermore, post-
oxidation by nitric acid essentially modifies the structure of the parent acti-
vated carbon. The specific surface area decreases due to partial destruction
of the initial micropores, along with the formation of a mesoporous
structure. As a result, the post-oxidized carbon adsorbs heavy solvated
metal ions from liquid phase better than the parent carbon (Figure 2).

Based on the obtained kinetics results, on previous work on adsorption
equilibrium of Cu (II) and Cr (II) on synthetic and natural activated carbons
[21, 24], and on data reported in the literature [25-31], we propose a
mechanism for the adsorption of 3-d transition metals in real aqueous
solutions.
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TABLE 3. Adsorption capacity and adsorption efficiency of parent and post-oxidized activa-
ted carbons from wastes for 3-d transition metals.” The specific rate constants of the simul-
taneous adsorption of 3-d transition metals from multi-component technological solutions.

Metal Me uptake Me removal Specific rate constants
(mg/g) (%) x10~ (min™")
Adsorption on parent® activated carbon from wastes

Cu (ID) 0.41 20.6 0.48

Fe (IIT) 0.57 259 0.41

Co (ID) 0.28 14.9 0.12

Ni (I) 0.08 42 0.04

Mn (IT) 0.38 20.0 0.16

Adsorption on post-oxidized activated carbon from wastes

Cu (ID) 1.17 54.0 1.05

Fe (I) 1.94 89.1 7.41

Co (I1) 0.44 234 0.23

Ni (I) 0.56 28.5 0.28

Mn (II) 0.43 22.5 0.37

Data are given for 72 h of contact time
bActivated carbon from co-mingled 25% sunflower husk, 25% bituminous coal, 50%
aromatic petroleum stock; direct activation at 850°C with steam

In previous work on Cu (II) adsorption over activated carbon in the
absence of oxygen surface groups we observed the formation of a metallic
film on the carbon surface (similar to the galvanic covering process) [24].
However, copper adsorption on carbons enriched with oxygen surface
groups originated a decolorized solution with no metallic film formation
[24]. The obtained results suggest that there are different mechanisms for
copper adsorption on oxidized and non-oxidized carbons.

According to the theory of reductive adsorption [31], the spontaneous
process of reduction of electrochemical ions is thermodynamically favored
when the equilibrium potentials of metal ions reduction are more positive
than the carbon surface potential:

¢ Me™/ Me” > ¢ Carbon )

The standard potential of Cu®*/Cu® pair is 340 mV (for the diluted metal
solution this value is slightly lower), whereas the potential of gaseous
oxygen electrode on carbon surface is 770 mV, which is significantly higher
than the potential of reduction of copper cations. According to thermo-
dynamics, the reductive adsorption of metals on the carbon surface in the
presence of oxygen is not allowed. Thus, carbons enriched with oxygen
groups exhibit an oxidation-reduction potential higher than the parent ones
and the oxidized carbon surface can not reduce the metal cations to the
metallic state.
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Figure 2. Adsorption kinetics on parent (A) and post-oxidized (B) activated carbons from
multi-components technological solution containing Zni co, cu, Fe, mnj = 0.05 g/L.

In the case of the activated carbon from co-mingled wastes, the carbon/
metal ions interaction via electron transfer or redox—reactions accompanied
by metal ions reduction to a lower oxidation state is not favorable.

The pHpzc of the parent carbon is 5.8, and if electrostatic interactions
take place then the net carbon surface will be positive charged at pH = 3.6,
and the repulsion forces will inhibit the adsorption of cations, which seems
to explain the low carbon adsorption capacity.

According to the pHpzc of the oxidized carbon from co-mingled waste
(pHpzc = 3.4), and taking in account that the initial pH of the real solution is
3.6, the carbon surface charge is almost neutral. Thus, the electrostatic
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Figure 3. Typical Lagergren plot for heavy metals adsorption on parent (a) and post-oxidized
(b) activated carbons from co-mingled wastes [example is given for Fe (II) adsorption].

interactions (attraction or repulsion) do not seem to have an important role
on the adsorption mechanism of the metal.

It is plausible that the adsorption mechanism be a fast ion-exchange,
Egs. (3) and (4), of the aqueous metals ions, followed by their surface hydro-
lysis and slower chemisorption, Eq. (5), or/and an outer-sphere complexation
(most probably with the first hydrolyzed hydrolytic species) that converts to
inner-sphere complexation with time, Eq. (6):

2(-R,O0H) + Me** = 2(-R,00)Me + 2H" (3)
—R,O0H + Me(OH)'"" = (-R,O00)MeOH + H" 4)
2[R,00] + Me**—[2R,00 Me*'] (5)

R,OOH + Me(OH)*" = R,OOH... Me(OH)*— R,00-MeOH" + H" (6)
It was observed that the oxidation with nitric acid modified the structure

of the parent carbon increasing the pore size. Considering purely a physisorp-
tion process an increase of the pore size may explain the increase of the uptake.

4. Conclusions

An approach to recycled waste re-use for environmental applications was
developed under the framework of a NATO Science for Peace project (SfP
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977984). Using this approach, inexpensive and high-quality activated
carbons from co-mingled liquid/solid organic waste can be obtained. The
properties of the novel materials are comparable to those of the best com-
mercially available activated carbons (surface area of 600-900 m?/g, total
pore volume of 0.32-0.56 cm’/g).

The use of the activated carbon from co-mingled waste as an adsorbent
for heavy metals offers an attractive approach to simultaneous heavy metal
removal from multicomponent aqueous solutions under practical conditions.
Within this context, natural organic waste conversion into porous materials
with environmentally-friendly applications is a technological alternative to
their disposal.
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MODELING CARBON MASK ADSORPTIVE FILTERS
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Abstract. The mathematical modeling of beds employed in individual pro-
tection is reviewed. The first models presented in the literature considered
that the removal of the toxic compounds was done only by physical adsorp-
tion. However for some compounds an efficient protection cannot be attained
if only adsorption is present. Consequently adsorbents which eliminate the
toxic compounds by physical adsorption coupled with chemical reaction are
used in the filters. Thus, several models that take into account these two
phenomena were proposed.

Keywords: carbon filters; process modeling

1. Introduction

Individual and collective protection equipment prevents its user from con-
tacting toxic compounds present in the surrounding atmosphere and thus
avoid severe injury. The primary item of protection is the personal respirator
which is frequently employed both in industrial and military environments.
The background of expertise on respiratory protection is its military appli-
cation which dates back to the First World War, conflict in which chemical
agents/weapons were used for the first time. The individual defense techno-
logy evolved very quickly since the defenders in Ypres used any available
tissue as an instinctive protective mean, until pre-wetted masks produced to
cover the entire face, and finally fully sealed mask with eye lenses and
filters were carefully designed and produced.
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The introduction of a protective barrier between the individual and the
hazard compounds allows for a temporary reduction to its exposure.
However, it must be remembered that sooner or later all chemical will end
up penetrating through the protective barriers. Depending on diverse
factors, this protection time can range from a few seconds to days, but no
equipment is capable of protecting its wearer against anything indefinitely.
As the incorrect use of the gas masks can cause serious risks to human
health it is very important to be able to predict the dynamic behavior of
these filters, and consequently its useful time, under different operating
conditions.

The objective of this paper is to give an historical overview of the
mathematical modeling employed in the field of individual protection.

2. State of the Art

The first predictive equation of the dynamic behavior of the filters was
proposed by Bohart and Adams in 1920 [1]. In their work, Bohart and
Adams [2] developed an equation based on a “chemical kinetic” model
type, that is, assuming that the adsorption kinetic was the controlling step of
the process (instantaneous diffusion), for the case of irreversible isotherm
and neglecting the accumulation on the fluid phase. The obtained equation
can be expressed as [3]:

C exp(k; Cpt)

= (M)
Cc
E exp(k; Cp t)-i—exp(leeprJ—l
Up

where C is the solute concentration at the axial position z, Cg is the solute
concentration at the bed inlet, k; is the adsorption kinetic constant, ¢ is the
time, W, is the adsorbent capacity, p, is the bed density and u, is the
superficial velocity.

Since then several authors have developed equations for the prediction
of the breakthrough time (#,) of the filters [1], namely the Danby equation
[4], the Klotz equation [5], the Wheeler-Jonas equation [6, 7] and the Yoon-
Nelson equation [8, 9] given respectively by:

thWepr— 1 In CE_Cb (2)
upCrp  kpCg Cp

ty = We 4 L py, —iReO'MSCO'W Zn(C—EJ 3)
QCg a Gy
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beWeW— We‘pb Zn(CE_CbJ (4)
OCg  ky; Cg Cp

LA A ln(CE_CbJ )
OCp kywCgQ Cp

In these equations L and A represent the bed length and cross section
area, C, is the breakthrough concentration, Q is the volumetric flowrate, a
and W are the adsorbent superficial area and weight. Re and Sc are
respectively the Reynolds and Schmidt numbers.

The Danby, Wheeler-Jonas and Yoon-Nelson equations are equivalent
and can be obtained directly from the Bohart and Adams equation assuming
that

0

and merely modifying the definition of each respective adsorption kinetic
constant.

The equation known as the Klotz equation is empirical and is based on
the work of Mecklenburg. This author developed an equation assuming that
until the breakthrough time, the solute accumulation on the fluid phase is
negligible, that is, that all the solute entering the bed is retained on the
adsorbent. Through this hypothesis he defined a new variable designated
critical bed depth [1]. Klotz [5] reintroduced the Mecklenburg equation
using the Gamson, Thodos and Hougen correlation for the calculation of the
critical bed depth [10].

From all these equations, the most frequently employed in the correlation
of filter breakthrough times obtained experimentally is the Wheeler-Jonas
equation [11-18].

In the derivation of the above mentioned equations it was always consi-
dered that the toxic compound is removed only by physical adsorption.
However, it is known that for the case of some compounds with low
molecular weight, such as those with military interest (HCN, CNCI, etc.),
an efficient elimination can not be achieved with only physical adsorption.
The adsorbent (activated carbon) is then normally impregnated with metals
such as copper, chromium and silver that react with the toxic compounds
after adsorption [19] enhancing the filter protective capacity.

The first models that consider systems where adsorption is coupled with
reaction were developed in the scope of chromatograph reactors [20-22].
Afterwards, Schweich et al. [23] studied these systems through an equili-
brium model with linear adsorption and instantaneous reversible equation.
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Loureiro et al. [24, 25], using also an equilibrium model analyzed a system
with Langmuir adsorption and irreversible reaction of several orders.

Friday [26] developed the first model with coupled adsorption and
reaction for application on individual protection filters, and more specific
for the system ASC activated carbon/cyanogen chloride. This author consi-
dered isothermal operation, plug flow, external (film) and internal (LDF)
resistances and Langmuir adsorption followed by irreversible second-order
reaction between the adsorbed CNCIl and the impregnated metals.

A similar study was performed by Graceffo et al. [27] but, contrarily to
Friday, these authors consider that the impregnated metals do not react with
the adsorbate but act as a catalyst that deactivates with time. The reaction
rate is expressed as function of the fluid phase CNCI concentration and the
Freundlich isotherm is used to represent the adsorption equilibrium.

Chatterjee and Tien [28, 29] proposed a model in which they assume
that the reaction between CNCI and the impregnated metals is instantaneous
and only after the metals are totally consumed is the solute adsorbed. As the
toxic compound is being removed, the adsorbent particle is seen as being
composed of two distinct zones. In the first one, the metal has already been
fully used-up and adsorption is taking place while the second zone is
completely free from adsorbate which is reacting at the frontier. The radial
position of this frontier decreases with time (shrinking core model).

Friday’s model was later modified by Soares et al. [30] in order to include
the effect of axial dispersion. The authors concluded that axial dispersion
affects significantly the breakthrough time of the filters and should not be
neglected. The effect of axial dispersion is important not only due to the
shallow bed length, but also because the threshold toxic concentration is
very low. The simulation results showed that this parameter should be
carefully evaluated.

The models were then further extended by Ribeiro and Loureiro [31]
that considered different filter geometries, that is, the fixed bed operating in
either axial or radial (inner and outer) flow. Mathematical models of incre-
asing complexity were solved for each geometry and the influence of the
dimensionless parameters on the breakthrough time assessed. It was shown
that the filter breakthrough time is significantly dependent on the model
considered and on the different parameters values. Comparing the results
between geometries they concluded that the one with axial flow was better,
as it was with this one that longer breakthrough times were attained in the
simulations with the models that best represent reality. The same authors
validated the model results with experimental results [32]. Due to the high
risks associated with the compounds that are eliminated by the impregnated
activated carbons by physical adsorption followed by chemical reaction no
experimental data was obtained for such systems. Instead, the validation
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was done using results taken from the literature. They observed that, using
an optimized value for the reaction kinetic constant, the prediction of the
experimental breakthrough times was globally reasonable. Experimental data
was then obtained for systems where only adsorption occurs and used to
validate the mathematical models. They chose as adsorbents three activated
carbons (BPL, ASC and ASC-Teda) and as adsorbates a volatile organic
compound, methyl tert-butyl ether (MTBE), and water vapor. This last
adsorbate was also studied as it is usually present in common use of
individual protection filters either pre-adsorbed and/or as humidity in the in
flow stream. The results obtained with MTBE in the BPL were reasonably
simulated by the more complex model. The breakthrough curves determined
in the impregnated carbons suggested the presence of a higher internal
resistance in this kind of carbons. The simulations that took into account
this effect reproduced better these experimental results. The water vapor
adsorption tests point to the presence of an increasing internal resistance at
larger concentrations, even higher than that considered with the inclusion of
the adsorption isotherm derivative in the calculation of the homogeneous
effective diffusivity. It was verified that simulations which consider a lower
value for the effective diffusivity reproduce satisfactorily all the experi-
mental results of sequential saturation at higher concentrations and even the
0-80% tests.

3. Conclusions

The different mathematical models employed in the scope of individuals’
protection by carbon mask adsorptive filters were reviewed. Several models
with increasing complexity have been proposed in the literature along the
time. Each discussed model intends to simulate the dynamic behavior of the
filters and to predict their useful time according to toxic limits. Taking into
account that these filters are used in the protection of human lives, it is
essential to accurately predict their behavior, making the use of the more
complex models necessary and also the knowledge of the different para-
meters values as rigorously as possible very important.
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ADSORPTION PROCESSES IN GAS MASK FILTER CANISTERS:
PRACTICAL ASPECTS, NEW MATERIALS AND MODELING
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Rijswijk, The Netherlands

Abstract. Three topics are addressed related to adsorption processes in gas
mask filter canisters. In the first section “practical aspects” two items are
addressed: (a) the influence of the flow pattern, i.e. a breathing or pulsating
flow versus continuous flow, on the breakthrough behavior; and (b) the risk
of desorption: the possibility that adsorbed contaminants are released from
the filter. The second section “new materials” deals with the use of carbon
monoliths. The third section “modeling” discusses a gas mask model that
has been implemented in a software tool that simulates chemical and
biological incidents.

Keywords: Adsorption, gas mask, carbon monoliths, modeling, incidents.

1. Practical Aspects

During actual use of a gas mask canister the flow through the activated
carbon bed is pulsating, i.e. during inhalation air is drawn through the
canister, while during exhalation there is a stand-still of air in the canister.
In approval tests for filters mostly a constant flow pattern is applied. The
time-averaged gas velocity has to be equal when applying a constant con-
tinuous flow or a pulsating flow for a fair comparison of the breakthrough
behavior for both cases. Figure 1 shows the respiration pattern with a
breathing cycle time of 4 s, that is, during 2 s air is flowing through the
canister and the next 2 s the air is still.
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Breakthrough measurements applying continuous and pulsating flows
were performed using toluene on shallow activated carbon beds (Norit R1).
Toluene is a good representative for the type of vapors for which activated
carbon forms a suitable adsorbent. Pulsating flow was studied by using the
positive halves of a sinusoidal flow pattern, which closely resembles the
actual breathing pattern. Figure 2 shows breakthrough profiles of toluene
for constant and pulsating flow, where a bed length was applied of 1.5 cm, a
toluene concentration of 7.5 g/m’, and the time averaged superficial gas
velocity was 0.127 m/s. The observed difference between the two break-
through profiles is very typical: pulsating (breather) flows are found to be
less favorable for the breakthrough behavior compared to a constant flow
pattern.' Furthermore, the difference between the two becomes larger for
low concentrations. Since in gas masks the low concentration range is of
extreme importance in case of high toxic compounds, this difference becomes
even more important. The influence of flow rate on the mass transfer from
the bulk gas phase to the surface of the adsorbent particles is ultimately
responsible for the difference in breakthrough times.! Clearly, pulsating
flow is a factor to take into account if one requires a reliable assessment of
the performance of an activated carbon canister in practice.
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Figure 1. The respiration pattern is represented by a sine wave pattern (solid line), which
closely resembles the actual breathing pattern. The dashed line is the corresponding constant
flow.

A second practical aspect that is discussed is the risk of desorption.?
There exists a tendency in industry to equip respiratory protective devices
(RPD) with a blower device, which turns them into power assisted devices.
The function of the blower is to continuously draw air through the canister
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and to blow the air into the protective part around the head of the user. The
reason for this approach is obvious: in RPD it is important to have as low a
pressure drop as possible. This ensures both a better protection and a higher
comfort for the user. This development of equipping RPD with a blower
device entails the hazard of desorption. Because air is continuously drawn
through the canister, also during exhalation, the possibility increases that
adsorbed contaminants are desorbed from the activated carbon. The occurence
of desorption was examined under various conditions in order to explore
whether or not significant risks exist.
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Figure 2. Breakthrough profiles of toluene on Norit R1; comparison between pulsating
(breather) and constant flow. The symbols represent the experimental data, the solid lines
represent the simulation results.

The existence of a desorption risk was examined by means of a series of
sorption experiments in which the same procedure was followed. During a
certain period of time a bed of activated carbon was exposed to an air flow
containing a contaminant. After this period the supply of the contaminant
was stopped while a flow of clean air was continued. The effluent conta-
minant concentration was monitored during the entire experiment. From the
viewpoint of a possible occurrence of a desorption risk it is especially
interesting what happens after the supply of contaminant has been stopped.
The sorption experiments were carried out with cyclohexane and Norit R1
carbon. The bed height was 2 cm and the total flow rate was 7.5 L/min,
which corresponds to a superficial gas velocity of 6.4 cm/s. The entire
carbon bed was divided into two separate beds, in series, of 1 cm each. The
cyclohexane concentration was monitored gas chromato-graphically after



158 M.J.G. LINDERS

each bed, providing extra information about the progress of the concen-
tration front.

Figure 3 shows the results of experiments where challenge times for
cyclohexane were applied of 10, 20, and 30 min. In all three cases cyclo-
hexane was positively detected after the first part of the bed. The point at
which the feed of cyclohexane was stopped, is visible as well: the concen-
tration rises less fast or decreases even at that moment. The system is
flushed with clean air that causes the concentration to rise less fast or even
to decrease initially. Subsequently, previously adsorbed cyclohexane starts
to release: desorption occurs and the concentration shows a further increase.
A longer challenge time results in a higher concentration. Although at 20
and 30 min challenge time the concentration rises above the breakthrough
criterion of 5 mg/m’, this is measured halfway through the carbon bed (1
cm). The concentration at the end of the bed is of more importance, as filter
canisters are equipped with carbon beds that typically have a bed length of
2 cm. Only in case of a challenge time of 30 min cyclohexane was detected
at the end of the bed. This occurred, though, only after more than 200 min;
nevertheless, the concentration did rise above the breakthrough criterion of
5 mg/m’. For 10 and 20 min challenge time no cyclohexane was detected at
the end of the bed even after 10-12 h of clean air flow, i.e. the concen-
tration is below the detection limit of 0.01 mg/m”.
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Figure 3. Breakthrough profiles of cyclohexane on Norit R1. The feed concentration was
5.63 g/m’, supplied during 10, 20, and 30 min; the carbon was dried and the feed humidity
was <10%. The concentration jumps are a consequence of a period of air standstill.

For a more detailed discussion of the results of this study (including
experimental results at different conditions) is referred to the recent
publication by Linders et al.” It is concluded that physisorbed contaminants
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may be released from activated carbon filters in significant concentrations
once the influent concentration of the contaminant has been reduced to zero.
A redistribution of physisorbed contaminants over the activated carbon bed
occurs in a period of rest (e.g. one night or more), which may lead to
augmented release of contaminant when the filter is re-used. Under humid
conditions the desorption of physisorbed contaminants occurs more rapidly
than under dry conditions. Because desorption phenomena pose a risk for
the users of RPD, it is advisable to address this somehow in all approval
tests for vapor filters.

2. New Materials: Monoliths

The protection against chemical warfare agents is based on sorption on acti-
vated carbon, both in gas mask canisters as well as in protective clothing.
The carbon applied are granulates (mask) or small spheres (clothing). A
new development in adsorption processes is the use of monoliths,’ either
carbon monoliths or carbon-coated ceramic monoliths. Figure 4 shows a
carbon monolith. Monoliths consist of many parallel channels separated by
thin walls. The main advantages are low-pressure drop and short diffusion
distances.

Figure 4. Carbon monolith and detail of the channels on the right.

Carbon and carbon-coated ceramic monoliths have been studied for the
dynamic adsorption of low-concentration n-butane.* Figure 5 shows break-
through profiles of carbon coated ceramic monoliths and of Norit R1 carbon
extrudates. The experiments with Norit carbon were performed with an
equivalent amount of carbon as the corresponding monoliths, under similar
conditions. Experimental conditions were as follows. The total flow rate
was 1.5 L/min, which corresponds to a superficial gas velocity of 0.017 m/s,
and the n-butane concentration was 7.2 g/m’ (3,100 ppm). Bed lengths of 5
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and 10 cm monolith (made from individual pieces of 5 cm length) were
applied at a cell density of 400 cells per square inch (cpsi). Figure 5 clearly
shows that breakthrough profiles are much steeper for the coated monoliths
compared to carbon extrudates, especially in the low concentration regime.
This makes monoliths an attractive option for gas mask canister applica-
tions, which is even more so taking into account the low pressure drop (low
breathing resistance).
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Figure 5. Breakthrough profiles of n-butane on carbon coated ceramic monolith and Norit
R1 carbon.
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Figure 6. Breakthrough profiles of n-butane on carbon coated ceramic monoliths, total
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Another interesting feature is presented in Figure 6. Breakthrough profiles
are shown of n-butane on carbon coated ceramic monoliths with a total length
of 15 cm. The individual 5 cm pieces are stacked without empty space
between the pieces and with 0.5 and 2 cm empty space between the pieces.
Clearly, empty spaces between the monoliths result in a positive effect on
the breakthrough profiles, which become steeper when the empty space is
increased. This effect can be related to redistribution of flow between the
monolith pieces.

3. Modeling

The gas filter of the presently used gasmasks consists of an activated carbon
bed. A two-dimensional mathematical model for physically adsorbed gases
was used to describe the dynamic behavior of the activated carbon bed. This
model is valid for the adsorption behavior of a vast number of organic con-
taminants and includes convection, dispersion, external film resistance, macro-
pore diffusion in the sorbent particles, and the Dubinin—Radushkevich model
to describe adsorption equilibrium.

A gasmask never fits perfectly, meaning that a certain contribution of
leakage is always present. Therefore, apart from the activated carbon filter
model a leakage model completes the model of a gasmask. This gas mask
model has been implemented in a software tool that simulates chemical and
biological incidents.” This “Chemical and Biological Incident Simulator”
(CABIS) — a chain of linked simulation models (see Figure 7) — simulates
the dispersion of chemical and biological warfare agents, detector responses,
the effects of protective equipment such as masks and suits, and the human
toxicological responses for large numbers of scenarios considered realistic
given a certain threat. The ultimate result is an estimation of casualties,
varying from mildly affected, severely affected, to the worse category being
dead. Next the CABIS model is discussed in somewhat more detail, keeping
in mind that the gas mask model is one of its constituent models.

The calculations start by simulating “the agent release and transport” in
an incident scenario which results in concentration-time profiles at the
locations of detectors and personnel. Figure 8 shows a typical plot of the
liquid deposition density on a target area after an attack with a multiple
rocket launcher. The detector module generates an alarm-time profile when
a chemical or biological agent is detected, an example of which is shown
in Figure 9. Based on the concentration-time and alarm-time profiles the
skin and respiratory protection models calculate exposure profiles, using
given protective equipment characteristics. In this respect Figure 10 shows
the influence of wearing respiratory protection on the exposure to sarin.
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Finally, the toxic effects module translates the exposure profiles into casualty
probabilities for the personnel. Operational behavior, like changes in “Dress
State” and typical reaction times are taken into account in the simulations.

| Scenario definition |

Respiratory
protection

Skin
protection

Casualty estimation

Figure 7. Scheme of the CABIS model chain.
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All input parameters, scenario definitions and results are stored in a
database for easy access and retrieval. Analysis of individual scenario
results and statistical analysis over all scenarios (or any subset) is possible.
Typical individual scenario results are the deposition and the dosage on the
attacked target, the number of casualties, and the severity of injuries.
Typical statistical analysis results are dosage and deposition threat spectra,
and casualty spectra. The casualty spectra can be obtained for various health
effect levels (eye effect, incapacitation, lethal) and protection levels (no
protection, suit only, mask only, mask and suit, collective protection). The
CABIS simulation tool thus largely eliminates the subjectivity involved in
scenario studies, protective and detector equipment procurement.

Finally, an interesting feature of CABIS is the possibility of distributed
computing. This enables many instances of CABIS (running on different
computers) to operate simultaneously on scenarios from the same database.
A locking mechanism inhibits the write access to one scenario by more than
one CABIS instance at a time. In this way a great number of scenarios can
be calculated in a short amount of time and multiple users can access
scenarios from the same database simultaneously.

Summarizing, the CABIS simulation tool provides useful information
on all of the above aspects — dispersion, detection, protection, casualty
estimation — as well as on threat analysis, procurement, research policy, and
planning operations in order to optimize passive BC defense.
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HYDROGEN ADSORPTION ON CARBON MATERIALS AT HIGH
PRESSURES AND DIFFERENT TEMPERATURES

F. SUAREZ-GARCIA,” M. JORDA-BENEYTO,
D. LOZANO-CASTELLO, D. CAZORLA-AMOROS,
A. LINARES-SOLANO

Departamento de Quimica Inorgdnica. Universidad de
Alicante. Ap. 99, E-03080, Alicante, Spain

Abstract. In this work, we present experimental results corresponding to Hy
adsorption at high pressures and different temperatures (77 and 298 K) for a
wide variety of carbons materials in order to analyze the effect of the porosity
on the H, adsorption capacities in gravimetric basis. Likewise, we point out
the importance of the packing density of the materials in order to obtain
high H, adsorption capacities in volumetric basis and high total storage
capacities. At 298 K, the H, adsorption capacity depends on both the total
micropore volume and the micropore size distribution. At 77 K, H, adsorption
depends only on the total micropore volume of the carbon material. Packing
density of the carbon materials decreases with increasing the porosity deve-
lopment. Therefore, a good balance between porosity and packing density is
needed. The total H, storage on the best activated carbon at 298 K and 20
MPais 16.7 g Hy/L and 38.8 g Hy/L at 77 K and 4 MPa.

Keywords: active carbon; hydrogen adsorption; hydrogen storage; packing density

1. Introduction

Development of hydrogen fueled vehicles can bring economical and envi-
ronmental benefits through a decrease in using oil, and, consequently, a
decrease in air pollution and other greenhouse gases. The Department of
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Energy of the United States (DOE) has established different targets for on-
board hydrogen storage systems, including the minimum “gravimetric” and
“volumetric” capacity. For the 2010 year, the storage system should have a
gravimetric capacity of 2 kWh/kg (6 wt.%) and a volumetric capacity of 1.5
kWh/L (0.045 kg Hy/L). These values are referred to the whole system,
including the storage medium, the vessel, the refuelling infrastructure, any
regulators, electronic controllers, sensors, and so on (for more information
see: www.eere.energy.gov/hydrogenandfuelcells). Therefore, the targets for
the storage medium are very high and difficult to achieve.

In this work, we present experimental results corresponding to hydrogen
adsorption at high pressures and different temperatures (77 and 298 K) for a
wide variety of carbons materials in order to analyze the effect of the porosity
on the hydrogen adsorption capacities in gravimetric basis. Likewise, we
point out the importance of the packing density of the materials in order to
obtain high hydrogen adsorption capacities in volumetric basis and high
total storage capacities.

2. Experimental

A wide variety of carbon materials has been used in the present work
including: multi-wall carbon nanotubes (provided by Professor Hui-Ming
Cheng, Institute of Metal Research Chinese Academy of Science, China);
chemically activated multi-wall carbon nanotubes'; commercially available
vapor grown carbon nanofibers (sample NF); sample NF after chemical
activation with KOH; a series of activated carbons prepared from a Spanish
anthracite and from Subituminous coal by chemical activation with KOH as
described by D. Lozano-Castell6 et al.>’; commercially pitch-based carbon
fiber (sample CF) from Kureha Company; commercially available activated
carbons AX-21 from Anderson Carbon Co., Maxsorb3000 from Kansai
Coke & Chemicals and commercial activated carbon fibers A20 from Osaka
Gas Co.

Porous texture characterization of all the samples was performed by
physical adsorption of N, at 77 K and CO, at 273 K, using an automatic
adsorption system (Autosorb-6, Quantachrome). The micropore volume
was determined by application of Dubinin—Radushkevich equation to the N,
adsorption isotherm at 77 K up to P/Py < 0.1 (Vup (N,)). The volume of
narrow micropores (mean pore size lower than 0.7 nm) was calculated from
CO, adsorption at 273 K (Vup (CO,)).

The packing density of the materials was determined by pressing a
given amount of activated carbon (0.5 g approximately) in a mould at a
pressure of 550 kg/cm”.* The measurements were repeated several times.
The densities obtained have an error smaller than 3%.
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Hydrogen adsorption measurements were carried out at 298 and 77 K
both at high pressures. Hydrogen isotherms at 298 K were carried out in an
automatic volumetric apparatus designed and built up in our laboratory to
perform hydrogen isotherms up to 20 MPa following the experimental
process described previously.5 The bulk gas amounts have been calculated
by the equation of state of Modified-Benedic-Webb-Rubin,” and the cell
volume has been calculated taken into account the procedure described in
the literature.’

Hydrogen isotherms at 77 K and up to 4 MPa were carried out in a
DMT high-pressure microbalance following the experimental process
described previously.” The experimental results were corrected for
buoyancy effects related to the displacement of gas by the sample, sample
holder and pan.8

3. Results and Discussion

3.1. POROUS TEXTURE CHARACTERIZATION

The selection of preparation variables during chemical activation with KOH
of coals, has allowed obtaining activated carbons with apparent BET
surface areas from 1,058 to 3,808 m’ g’l. The synthesised materials and
commercial ones cover a broad range of porosities; their microporore
volume calculated from N, isotherms (Vup (N)) varies from 0 to 1.27 cm’
g and the microporore volume calculated from CO, isotherms (Vup (CO-))
from 0.18 to 0.72 cm® g '. Moreover, the selected samples present different
micropore size distribution (MPSD). For example, the commercial carbon
fibre CF presents CO, adsorption at 273 K (0.18 cm’ g ') but does not
adsorb N, at 77 K. This is due to the existence of very narrow microporosity
(mean pore size around 0.3—0.5 nm, approximately), where N, adsorption at
77 K has diffusional limitations.”'® On the other hand, there are other
materials that present a similar micropore volume calculated from CO, and
N, isotherms, indicating a narrow MPSD with a mean pore size around 0.6—
0.7 nm.” Finally, there are other samples with Vup (N) > Vup (CO,),
indicating a wider MPSD with larger mean pore size.”"

Regarding carbon nanotubes (MWCNT) and nanofibers (NF), they have
a much lower development of the porosity compared with activated
carbons. MWCNT has a BET surface area of 74 m* g '. Chemical activation
with KOH increases its BET surface area up to 1,220 m> g'. Also,
activation increases the porosity of the NF from 150 to 255 m* g .
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3.2. HYDROGEN ADSORPTION CAPACITIES IN GRAVIMETRIC BASIS

3.2.1. Hydrogen adsorption at 298 K

Figure 1 includes the adsorption excess of hydrogen (weight percent) at 20
MPa, versus the total micropore volume (Vup (N>)) (Figure 1a) and versus
the narrow micropore volume (Vup (CO,)) (Figure 1b).

As a general trend, hydrogen adsorption capacity increases with total
micropore volume. However, some deviations to this general trend exist. It
can be seen that, at high micropore volume values, the sample with the highest
porosity development does not present the highest hydrogen adsorption
capacity. The highest hydrogen adsorption capacity value obtained in the
present study is 1.2 wt.% and corresponds to the sample which has a very
high micropore volume (Vup (N,) = 1.1 cm’ g') and also a quite narrow
MPSD, as it can be deduced for the relatively low value of the difference
between Vup (N) and Vup (CO,) (0.38 cm® g ). If the hydrogen adsorption
capacity values are plotted versus the narrow micropore volume (Vup
(CO,)) (Figure 1b) a linear trend is also observed. In this case, the sample
with higher hydrogen adsorption capacity is the sample with higher narrow
micropore volume (Vup (CO,)). These results point out the importance of
developing materials having both high micropore volume and narrow micro-
pore size distribution for the adsorption of hydrogen at room temperature.
This conclusion agrees with that obtained in previous papers, which showed

that the optimum pore size for hydrogen adsorption on porous carbons is

11,12
close to 0.6 nm.

Carbon nanotubes and nanofibres follow the same trends that activated
carbons (see, Figure 1a and b), indicating that hydrogen adsorption on these
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Figure 1. Adsorption excess of H, at 298 K and 20 MPa in activated carbons (open symbols)
and in carbon nanotubes and nanofibers (closed symbols) versus (a) total micropore volume
[Vup (N;)] or (b) narrow micropore volume [Vup (CO,)].
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materials is also taking place by a physisorption process. Due to their low
porosity, these materials present very low hydrogen adsorption capacities
compared with activated carbons.

3.2.2. Hydrogen adsorption at 77 K

Figure 2 includes the adsorption excess of hydrogen (weight percent) at 77
K and 4 MPa, versus the total micropore volume (Figure 2a) and versus the
narrow micropore volume (Figure 2b).
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Figure 2. Adsorption excess of hydrogen at 77 K and 4 MPa by activated carbons (open
symbols) and carbon nanotubes and nanofibres (closed symbols) versus (a) the total
micropore volume and (b) the narrow micropore volume.

As in the case of hydrogen adsorption at room temperature, a linear
relationship is obtained between the amount of hydrogen adsorbed at 77 K
and the porosity of the samples. As it can be observed in Figure 2a, a good
correlation is obtained between the amount of hydrogen adsorbed at 4 MPa
and the total micropore volume. However, contrary to the results obtained at
room temperature, in this case, the highest adsorption capacity corresponds to
the activated carbon with the highest development of porosity. That means
that, at 77 K and at the pressure range studied, no effect of the micropore
size distribution (MPSD) on the hydrogen adsorption capacity has been
observed.

When the hydrogen adsorption capacity at 77 K is plotted versus the
narrow micropore volume (Vup (CO,)) (Figure 2b), it can be seen that, the
correlations are worse compared to those with the total micropore volume.

As observed in Figure 2, the results obtained for carbon nanofibers and
carbon nanotubes (solid symbols) fit in the tendencies obtained for activated
carbons, showing that hydrogen adsorption depends only on the porosity of
the sample and does not depend on its morphology.
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From these results, it can be concluded that hydrogen adsorption at 77 K
and at pressures up to 4 MPa requires porous solids with a very high micro-
pore volume. At these adsorption conditions, the micropore size distribution
is not the controlling key point, what is an important difference to the results
at room temperature.

These results, both at 298 and 77 K, can be interpreted from the funda-
mentals of supercritical adsorption. H, has a critical pressure (Pc) equal to
1.315 MPa and a critical temperature (Tc) of 33.19 K. That means that,
hydrogen adsorption at both temperatures takes place under supercritical
conditions and a saturation pressure for hydrogen does not exist. How-
ever, it is possible to estimate a “saturation pressure” under supercritical
conditions by using different empirical equations,® for example, the
equation proposed by Dubinin (Ps = P¢ (T/Tc)%),*" what is useful for a
qualitative interpretation of the experimental data. This equation gives a
value of Ps = 106 MPa for hydrogen at 298 K and of 7 MPa at 77 K. Using
these values of saturation pressure, hydrogen adsorption isotherms can be
expressed as a function of relative pressures (P,). Then, an estimated
relative pressures of P, = 0.19 are reached at 298 K and 20 MPa. Consi-
dering this value of relative pressures, it can be understood that, at 20 MPa,
there is a correlation between hydrogen adsorption capacity and both total
micropore volume and narrow micropore volume of the samples. On the
other hand, at 77 K and 4 MPa the estimated relative pressure is of P, =
0.57 and there is not a correlation between hydrogen adsorption capacity at
4 MPa and the narrow micropore volume (Vup (CO,)) (see Figure 2b),
because at this high relative pressures (P, = 0.57), not only the narrow
micropores, but also the wider microporosity has an important contribution
to the hydrogen adsorption.

3.3. HYDROGEN ADSORPTION CAPACITIES IN VOLUMETRIC BASIS

As it was mentioned in the introduction, the hydrogen storage systems not
only have to achieve the target in gravimetric basis but also in a volumetric
one. From an application point of view it will be much more relevant to
compare storage data on a volume-specific rather than on a weight-specific
storage capacity basis, because hydrogen storage would be carried out in a
material filled vessel. Thus, in addition to the micropore volume and
surface area, another important parameter, which has to be taken into
account, is the packing density of the materials.

Figure 3 shows the evolution of the packing density of porous carbon
materials with their total micropore volume.

The values obtained for the porous carbon materials studied in this work
vary between 0.4 and 0.75 cm’/g. From these results, it can be said that, in
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Figure 3. Packing density of the powder activated carbons versus the total micropore
volume.
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Figure 4. Amount of hydrogen adsorbed at 77 K and 4 MPa (in volumetric and gravimetric
basis) versus the total micropore volume.

general, the higher the porosity development of the materials, the lower the
packing density, following a linear trend.

Using the values of packing density presented in Figure 3, hydrogen
adsorption capacities at 77 K and up to 4 MPa in volumetric, have been
estimated and presented in Figure 4 versus the micropore volume.

For comparison purposes, this plot also contains the hydrogen adsorption
capacities for these materials in gravimetric basis. As it was indicated in the
previous section the hydrogen adsorption capacity in gravimetric basis
(wt.%) at 77 K and at pressures up to 4 MPa follows a good correlation with
the total micropore volume, obtaining the highest value for the sample with
the highest micropore volume. On the other hand, for the data in volumetric
basis (g/L) it can be seen that the maximum hydrogen adsorption does not
correspond to the sample with the highest micropore volume. The maximum
in volumetric basis corresponds to samples with a relatively high porosity
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and packing density. Thus, according to these results, in order to get a
maximum hydrogen adsorption capacity in volumetric basis we should
choose an activated carbon with a good balance between porosity develop-
ment and packing density or, in other words, an activated carbon with a
high micropore volume in volumetric basis [Vup (DR.N2) (cm® g')] and
[packing density (g cm)].

3.4. TOTAL HYDROGEN STORAGE AT 298 AND 77 K

The results presented so far, correspond to the adsorption excess of hydrogen
on carbon materials at different temperatures and pressures. However, a
more important parameter from an application point of view, which is rarely
found in the literature, is the total storage capacity, the available H, stored
in the tank that can be used in the car. The total storage capacity in a
specified volume filled with an adsorbent is the sum of the capacity due to
adsorption on the solid surface and the volumetric capacity due to
compression in the void space.'* The void space per unit volume can be
assessed by: Vo =1 — pp/ps,“’”’15 where p, is the packing density and p; is
the skeleton density of adsorbent, determined by the helium expansion
method.

Figure 5 includes the total hydrogen storage capacity of the best
activated carbon prepared in this work at 298 and 77 K on the basis ofa 1 L
container. This figure also includes the amount of hydrogen stored just by
compression and the adsorption excess data on volumetric basis.

It can be seen that storage of hydrogen at 298 and 77 K achieves
considerable enhancement due to both adsorption and compression. The
total storage capacity of a 1 L container filled with this activated carbon is
16.7 g H, (3.2 wt.%) at 20 MPa and 298 K and 38.8 g H, (8 wt.%) at 4 MPa
and 77 K. It is remarkable that the total storage capacity obtained at 77 K
(38.8 g Hy/L or 8 wt.%), which is very close to the volumetric target
proposed by the DOE (45 g H,/L) and higher than ones of the European
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Figure 5. Total hydrogen storage capacity of the best activated carbon prepared in this work
on the basis of a 1 L container at 298 and 77 K.
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Hydrogen & Fuel Cell Technology Platform (about 33 g H,/L).'® This
high value indicates that adsorption at 77 K in activated carbons is a
promising method for hydrogen storage.

4. Conclusions

The results obtained at 298 K for carbon materials indicate that the hydrogen
adsorption capacities in gravimetric basis up to 20 MPa depend on both
micropore volume and micropore size distribution. The results obtained
with carbon nanofibers and nanotubes fit into the tendencies obtained with
the other type of carbon materials, indicating that hydrogen adsorption on
these materials is also taking place by a physisorption process. At 298 K
and 20 MPa, the sample with the best hydrogen adsorption capacity is an
activated carbon, which has both high micropore volume and narrow micro-
pore size distribution.

Hydrogen adsorption capacity in gravimetric basis at 77 K and at
pressures up to 4 MPa follows a good correlation with the total micropore
volume for all the samples, including carbon nanofibres and carbon nano-
tubes. These results indicate that hydrogen adsorption depends on the
porosity of the sample and does not depend on its morphology. The results
obtained for the series of carbon materials analyzed point out that, at these
adsorption conditions, micropore size distribution does not play an impor-
tant role, contrary to what happened at room temperature.

From an application point of view, not only the gravimetric target has to
be achieved but also the volumetric one. For this reason it is necessary to
know the packing density of the materials. The packing density of the carbon
materials decreases with increasing the porosity development. Therefore,
the hydrogen adsorption capacity, expressed per unit of volume, goes through
a maximum. Thus, the samples with the highest porosity do not present the
best volumetric performance, but the samples with a relatively high porosity
and packing density give the best values. Therefore, a good balance between
porosity development and packing density is needed.

The highest total hydrogen (adsorbed plus compressed) stored at room
temperature and 20 MPa is 16.7 g Ho/L (3.2 wt.%). The best value of total
hydrogen storage capacity obtained in the present work at 77 K and 4 MPa
was 38.8 g Hy/L (8 wt.%). These high values obtained remark the impor-
tance of developing materials with suitable porosity and high packing
density for this application.

It has been shown that highly activated carbons have a great potential as
carriers of hydrogen. On the other hand, carbon nanotubes and carbon nano-
fibers are not promising storage media for hydrogen from an application
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point of view, contrary to what is concluded from many results published in
the literature.
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Abstract. The current status of adsorbed natural gas technology for the
vehicle fueling sector is reviewed. It is shown that there are solutions to the
all of the problems associated to adsorption storage, and that it is possible to
build a light, compact, and efficient system for storage, distribution, and
dispensing of natural gas. The practical achievement of this objective is
essential for the natural gas vehicle to create a strong and sustained interest
of the automotive market.

Key words: Natural gas; adsorption storage; gaseous fuels; natural gas vehicles

1. Natural Gas as an Alternative Fuel

The use of alternative fuels in the transportation sector is the best short- and
medium-term options to lower urban pollution and our current dependence
on oil. From the currently available alternatives, natural gas (NG) is clearly
the more advantageous one due to its environmental friendly behavior, and
because it is a truly and effective alternative to oil-derived fuels [1].

e A clean fuel. NG provides a clean and efficient combustion, practi-
cally free of sulphur and lead oxides, benzene, and solid particles. The
CO, emission level is 23% less than that of conventional vehicles and
the CO emission level can be reduced by 85%.

e Cheaper than gasoline and diesel fuels. Although there is no uniform
price list for natural gas in the transportation sector across Europe, the
experience in countries where natural gas vehicles (NGV) are well
spread has shown that the price of NG is, at least, half of the
equivalent price of gasoline.
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TABLE 1. Estimated number of natural gas vehicles and NG refueling stations in several
countries. These numbers are continuously increasing, propelled by policies of energy
savings and environmental protection.

Country NGVs Refueling Country NGVs Refueling
stations stations

Argentina 385,500 504 Brazil 14,000 39

Italy 290,000 280 Colombia 4,600 22

USSR 205,000 187 Indonesia 3,000 12

USA. 40,000 1102 India 2,500 6

New Zealand 25,000 245 Pakistan 2,500 12
Canada 17,220 120 Germany 2,415 55

Total in 48 countries: £1,002,625 NGVs, £2,789 refueling stations.

o Efficient. Because the octane index of NG is much higher than that of
gasoline, the performance of motors running 100% on NG can be
increased by at least 15% through higher compression rates.

e Safer and nontoxic. As opposed to the other currently available
fuels, natural gas is less dense than air, which makes it spread in the
case of a leak. As a consequence, natural gas vehicles are not subject
to any restrictions in underground parking. In countries where NG is
used as a vehicle fuel, there has never been reported any disaster due
to its use.

It is estimated that there exists currently over one million NG vehicles
(Table 1). This amount still represents a small proportion of the total number
of existing vehicles, but it is steadily increasing propelled by policies of
energy savings and environmental protection. This fuel is widely spread in
several countries, some of them having large fleets and governmental
programs to stimulate the reconversion of traditional fleets.

Most NG vehicles have been converted to dual-consumption, in which
they are able to run on both gas and gasoline [2]. This operating mode has
the advantage of not reducing the driving range of the vehicle when the
number of NG refueling stations is limited. The conversion has, nevertheless,
the inconvenience of not taking full profit from the specific combustion
characteristics and lower pollutant emissions of NG. Currently, technological
developments are targeted towards building vehicles running exclusively on
NG.

2. Advantages of Low-Pressure Storage

For the NG vehicle to stir up a strong and sustainable interest of the trans-
portation market, it must compete with conventional vehicles in terms of
economy, performance and ease of use, because the price of fuel is not the
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only determining market factor. For this aim to be achievable, the system
for storage, distribution, and utilization of NG must be economic, light,
compact, and efficient.

Natural gas is a gaseous fuel because its main component — methane —
cannot be liquified at ambient temperature. As a consequence, the energy
content of natural gas on a volume basis is low. Currently, NG must be
stored under compressed form at pressures in the range 180-240 atm, to be
stored compactly and dispensed quickly.

The equipment employed in high-pressure compression storage systems
is costly, bulky, heavy, and complex, compared to that of storage and
distribution of liquid fuels from oil. The cost of the compression equipment,
storage reservoirs and high-pressure metering equipment, corresponds to
about 50% of the total investment required to convert a fleet of vehicles to
NG operation.

The high cost of private refueling stations has discouraged fleet
operators to opt for NG. On the other hand, the individual consumer is not
interested in converting his vehicle to dual-fuel operation, and even less to
NG only, unless there is a substantial network of NG refueling stations.
Lastly, the private sector is apprehensive to invest on the construction of
public NG refueling stations as long as the NGV market stays small.

The need to substantially reduce the maximum storage pressure, for
safety reasons and the high-pressure compression cost, has led to the search
for competitive storage alternatives for NG at pressures well below that
employed in traditional compression. The maximum operating pressure
value that has reached a large consensus is of the order 35-40 atm, although
a few researchers suggest even lower values (21 atm). The maximum
operating pressure in this range of values reduces considerably the cost of
building and operating a NG refueling station. In places close to the NG
residential network, the gas can be compressed to 35 atm by a single-stage
compressor, which allows for the construction of small refueling stations at
a reduced cost. In the outskirts of metropolitan areas, the servicing stations
can refuel the vehicles directly from the high-pressure gas distribution
network without the need for compression equipment.

3. Adsorption Storage

The most promising method for NG storage at low pressure is adsorption
storage [3, 4], which consists of retaining the gas inside a porous adsorbent.
Due to the strong attractive surface forces of the adsorbent, the distance
between gas molecules inside the pores of the adsorbent is much shorter
that of the molecules of the compressed gas at the same pressure. For this
reason, the density of the gas contained inside the pores of the adsorbent is
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Figure 1. Molecular simulation of methane adsorption (P = 1 atm, 7= 298 K) in a graphitic
slit-shaped pore of width 10 A: (a) gaseous phase (pcys = 0.67 kg/m®); (b) adsorbed phase
(pcms = 27.4 kg/m®). The attractive forces exerted by the adsorbent reduce the distance
between the gas molecules inside the pores, thereby increasing considerably the density of
the adsorbed phase.

much higher than the density of the compressed gas. This way, the storage
capacity can be increased.

Any porous solid whose average pore diameter is smaller than 2 nm (2
x 10 m) can adsorb gas in an amount which is proportional to its pore
volume. Activated carbons, due to their large microporous volume, their
ability to be efficiently compacted and their low production cost, are the
adsorbents with the most favorable characteristics for NG storage [5]. These
adsorbents are usually produced under the form of small particles by the
carbonization of several precursors, such as coal, organic matter (wood,
fruit shell, resin), and polymeric matter.

There are currently several commercial activated carbons that can store
at a pressure of 35 atm the same amount of gas that is stored by compression
at a pressure 2.5 times larger. With the advancement of materials sciences
in the fields of adsorbent production and modification, is is expected that in
the near future it will be possible to store an amount close to that obtained
by standard compression of the gas at 130—150 atm.

Molecular simulation of methane adsorption in a model carbon adsorbent
made of parallel graphite plates has enabled us to predict the optimum pore
size that maximizes the density of the stored gas (Figure 1). Under these
ideal conditions, a storage reservoir by adsorption at 35 atm has a stor-
age capacity of 137 v/v, if the carbon is in granular form, and 195 v/v if the
carbon is compacted to form a monolith [6] (Table 2; see Table 3 for compa-
rison with other fuels). The actual production of such ideal carbon is a tech-
nological challenge that has not yet been attained.
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TABLE 2. Comparison of the net capacity of various NG storage systems. The capacity is
usually measured on a volume basis because the limiting factor is the available storage space
in the vehicle. The more commonly employed quantifier is defined by the volume of NG,
measured under normal pressure and temperature conditions, that is stored per unit volume
of reservoir (Vv/v).

Storage method Charge pressure (atm)  Net capacity (v/v)
Pure compression 207 216

A.C. granular 35 137 theoretical
A.C. monolith 35 195 limit

Target to achieve 35 150

A.C. granular 35 110 obtained in
A.C. monolith 35 140 laboratory

A.C. = activated carbon.

4. The Adsorbent

In a NG storage reservoir by adsorption there are four distinct zones where
the gas density is substantially different (Figure 2):

e The void volume between adsorbent particles, where the gas is com-
pressed at the pressure of the reservoir

e The macroporous and mesoporous volumes of the adsorbent, where
the density of the gas is not significantly higher than that of the com-
pressed gas in the void volume

e The volume taken by the solid matrix of the adsorbent, which does
not contribute for storage

e The microporous volume of the adsorbent, where most of the stored
gas is located. The density of the adsorbed gas in the micropores must
compensate for the volume taken by the adsorbent and for the lower
density of the gas in the void volume between particles and in the
macropores and mesopores of the adsorbent.

There are several aspects that must be taken into account in the evalua-
tion of an adsorptive storage reservoir. The more relevant ones are those
related to the internal structure of the adsorbent. For example, it is clearly

TABLE 3. Energy density of various vehicular fuels.

Natural gas

Liquid fuels ANG
Diesel Gasoline  Methanol LPG LNG CNG Actual Future Cell
37 32 16 29 23 9.7 5.8 6.7 0.2-0.3

LPG: liquefied petroleum gas; LNG: liquefied natural gas at —160°C; CNG: compressed natural gas at
200 atm; ANG: adsorbed natural gas at 35 atm; Cell: Pb/acid and Ni/Cd.
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Particle

Figure 2. Characteristic dimension of the various existing volumes in an adsorptive storage
reservoir.

advantageous that the existing microporous volume in the reservoir be as
large as possible. The distribution of the porous volumes among the various
spatial scales of the reservoir depends on the following characteristics of the
adsorbent:

e The specific microporous volume, usually expressed in cubic centimeter
per gram of adsorbent

e The packing density of the adsorbent bed, expressed in grams of
adsorbent per cubic centimeter of storage volume.

There are other characteristics of the adsorbent which are related to the
operation of the reservoir. For example, the adsorbent must not break nor
produce fine particles easily if subjected to long-term vibration conditions,
such as when the vehicle is running. Since the fine particles are easily dragged
with the gas during the discharge of the reservoir, they can damage various
component of the engine. These operating restrictions reduce the range of
candidate precursors for the production of carbons with high storage capacity
and of activating processes to increase the microporous volume.

The format and the compaction of carbons is extremely important in
adsorptive storage. The two more widely employed methods of packing
carbon beds are:
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(a) (b)

Figure 3. Virtual image that shows the effect of mixing to efficiently pack a carbon bed: (a)
carbon packing with a uniform particle size distribution; (b) carbon packing with a bimodal
particle size distribution. The smaller particles are usually obtained by breaking and sieving
the larger ones under controlled conditions. This process can increase the bed density by
about 30%.

e Mechanical stirring for the production of beds with adsorbents of
multiple dimensions

e The compaction of fine carbon particles under the form of monoliths.

The first method, is easy to implement and is very effective in practice
[3]. By packing particles with two different sizes, in the correct proportion,
can increase the bed density by about 30% (Figure 3). The smaller particles
are usually obtained by crushing and sieving in a controlled manner the
larger ones. It is not advisable to employ multiple-size carbon beds because,
although there is an additional increase of storage capacity, the smaller
particles are too fine which may lead to operational problems.

The production of monoliths, although it is technically more complicated,
leads to the most compacted carbon beds [5]. The procedure is basically
that of mechanically pressing at high pressure (2,000 atm) a mixture of fine
carbon particles with an aqueous solution of a binding polymer, and then
removing moisture by heating. The monoliths are normally produced in
the form of small disks with the same shape as that of the cross section of
the reservoir. By superposing the discs it is possible to completely fill the
reservoir.

5. Adsorption Isotherm

Despite the presence of the adsorbent inside the reservoir, its operation is
identical to that of a regular compression tank. The pressure inside the
reservoir decreases progressively with fuel consumption.
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The operation of the reservoir under vacuum conditions is not easily
and economically achievable onboard a vehicle. The impediment for this is
that the gas can only flow to the combustion chamber if the tank pressure is
higher than that of the engine. For this reason, the reservoir is considered
depleted when its pressure attains a value which is slightly above atmos-
pheric (1.2—1.4 atm).

Due to this operational constraint, adsorptive storage poses a challenge
which is directly related to the shape of the adsorption curve. As opposed to
compression storage, the amount of stored gas by adsorption does not vary
linearly with pressure: the adsorption curve is concave, showing a steeper
slope in the region of lower pressures (Figure 4). As a consequence, a signi-
ficant amount of gas remains in storage when the pressure attains its minimum
operating value [7]. Depending on the adsorbent, the amount of undelivered
gas can total up to 30% of the amount stored at charge pressure (35 atm).

For this reason, a carbon which adsorbs a large amount of NG at charge
pressure (35 atm), is not necessarily a good candidate for a storage reservoir.
In fact, what defines the available (net) capacity of the reservoir is the
difference between the amount of gas stored at charge pressure and that
stored at depletion pressure (Figure 4).

Stored amount

compressed NG

0

depletion
pressure pressure

Storage pressure !
maximum

Figure 4. Adsorption storage curves for three different adsorbents. The reservoir represented
by curve (a) has a total capacity which is not enough; the system characterized by curve (b)
has an insufficient net deliverable capacity although its total capacity is large; the reservoir
represented by curve (c) has more desirable characteristics.

A promising solution to reduce the effect of depletion pressure is to
introduce a gaseous additive in the NG that can selectively compete with it
for the available space in the micropores [8]. If the affinity of the carbon
towards the additive over natural gas decreases with increasing pressure,
then the net result is an increase of the deliverable capacity of the reservoir.
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In practice, this method corresponds to artificially changing the shape
of the adsorption curve by introducing a competitive species. The optimum
operating conditions depend on the nature and concentration of the additive.
An inherent difficulty associated to this method is that the additive is dragged
by the discharge stream and has to be reintroduced into the reservoir during
the subsequent charge.

6. Thermal Effects During Refueling of the Reservoir

The adsorption of a gas is highly temperature dependent: the amount of
adsorbed gas decreases with increasing temperature. Therefore, the storage
capacity of an adsorptive reservoir decreases with increasing temperature.
On the other hand, physical adsorption is an exothermic process: the adsorp-
tion of a gas releases heat. In the specific case of NG adsorption on
activated carbon, there is a significant amount of heat (17 kJ/mol) that is
released.

If the reservoir is quickly charged, the bed temperature will increase
considerably. Less gas will be stored, which has a negative impact on
capacity. Computer simulations have shown that in a quick charge the
temperature inside the carbon bed can increase by 55°C, reducing the
capacity by about 25% with respect to an isothermal charge [9]. This
prediction has been confirmed experimentally [10].

The ideal charge should be carried out with a sufficiently small feed
flow rate in order to allow the heat of adsorption to dissipate to the environ-
ment. This way, one would prevent the undesirable heating of the reservoir
and its consequent capacity loss. Unfortunately, this process cannot be
widely applicable in practice because the duration of a refueling operation
cannot be excessively long (below 10 min), otherwise NG would loose
competitiveness against liquid fuels which require very short refueling
times.

There are, however, a few transportation sectors where the above-
mentioned procedure can be applied. These are fleets whose normal driving
range is predefined, as is the case of public transportation. Usually, the
dimension and consumption level of such type of fleets justifies the
investment on the construction of small private refueling stations. In these
cases, the reservoirs can be charged overnight which would provide enough
time to dissipate the heat of adsorption.

A solution that can be applicable to a quick refueling consists of an
external recirculation of the charged gas to remove the heat of adsorption.
During the charge of the reservoir, the gas at 35 atm is continuously recir-
culated through the reservoir in a closed loop. The heat released by the
adsorption process is removed from the reservoir by the circulating gas and
released to the environment through a heat exchanger and a cooler (Figure 5).
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Figure 5. Schematic drawing of a natural gas refueling station. The gas supplied by the
residential network flows across a filter, to retain the heavier components and prevent
the poisoning of the carbon bed, and is charged into the reservoir. The heat released by the
adsorption process is removed by the recirculating gas and dissipated to the environment.

An alternative method to control temperature is to introduce into the
reservoir an encapsulated material (usually an inorganic salt) that changes
phase at ambient temperature and that has a high heat of fusion. With the
phase change form solid state to liquid, the material absorbs the heat of
adsorption, acting like a surge for temperature changes [7].

The use of a phase-change material has, however, the disadvantage of
reducing the available volume for the carbon bed. Consequently, there is an
optimum amount of phase-change material that maximizes the storage
capacity. This method has been studied both experimentally and computa-
tionally. Although it is appealing, it has some disadvantages such as the
high cost of the phase-change material and its possible degradation when
subject to a large number of cyclic phase-changes.

7. Thermal Effects During Discharge of the Reservoir

During discharge of the reservoir the desorption of the gas consumes
energy. This consumption gives rise to a decrease in the temperature of the
reservoir. If the gas discharge rate is not sufficiently slow, or if the heat of
adsorption is not resupplied to the reservoir, the temperature drops (Figure
6), thereby increasing the residual amount of gas that remains in storage a
depletion pressure [7]. The net deliverable capacity will decrease. It should
be noted that this problem cannot be solved by manipulating the discharge
flow rate, because this variable is controlled by the power requirements of
the engine.
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Probably the best way to solve this problem is to employ the energy
content of the exhaust gas, which leaves the engine at high temperature, in
order to compensate for the heat of adsorption consumed during discharge
[11]. The usual course of the exhaust gas is altered, before it is expelled to
the environment, by forcing it to flow along a jacket that raps the reservoir,
along which the hot gas transfers heat to the carbon bed in contact with the
internal wall of the reservoir (Figure 7). From the environmental point of
view, this process has the added advantage of reducing the temperature of
the expelled exhaust gas.

In traditional storage cylinders the gas flows axially. This means that
radial heat transfer across the carbon bed takes place solely by conduction.
In this case, the low thermal conductivity of the carbon bed acts as a heat

Temperature, T (°C)

0 0.2 0.4 0.6 0.8 1
Dimensionless radial position, r/R

Figure 6. History of radial temperature profile during discharge of a methane adsorptive
storage cylinder. Symbols represent experimental temperature measurements at radial
locations in the reservoir, taken every 20 min; the curves are the prediction of a simulation
model of the reservoir. Cylinder dimensions: L = 74 ¢cm, D = 20 cm; amount of carbon =
15.78 kg; discharge flow rate = 6.7 L/min.

Figure 7. Virtual image of a natural gas storage reservoir with temperature control system.
The heat of adsorption consumed during discharge is compensated by the energy of the
exhaust gas. Heat transfer to the carbon be takes place whilst the gas is flowing along the
jacket wrapping the cylinder. (*: natural gas; *: exhaust gas.)
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transfer resistance, thereby limiting the usefulness of the thermal capacity
of the cylinder wall and the energy of the exhaust gas. This problem can be
somewhat reduced by introducing internal fins that increase the conductive
heat transfer and change the flow direction from axial to radial (Figure 8).
Convective heat transfer to the center of the reservoir is, thereby, enhanced.
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Figure 8. Temperature profiles inside a natural gas adsorptive storage cylinder with external
recirculation of the exhaust gas and internal finning; the profiles refer to the end of the
discharge. If the gas flows into the jacket at a temperature of 80°C, the net storage capacity
of the system is identical to that of an isothermal system. L = 74 cm, D = 20 cm, thickness of
annular space of the jacket = 5 mm, fin thickness = 2.5 mm.

8. Effect of Natural Gas Composition

Besides methane, which is the main component in a proportion usually
above 90%, natural gas contains small amounts of nitrogen, carbon dioxide,
and decreasing volumetric percentages of other hydrocarbons with an incre-
asing number of carbon atoms: ethane, propane, butane, pentane, etc. (Table 4).

TABLE 4. Chemical composition (%-vol) of natural gas that Portugal imports from the
Algerian Hassi R’Mel well. (Gas de Portugal.)

Methane CH, 83.7% Propane CsHg 1.9%
Ethane C,Hg¢ 7.6% Butane C4H;p 0.7%
Nitrogen N, 5.4% Pentane CsHy, 0.2%
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Like methane, the other hydrocarbons are also adsorbed in the micro-
porous volume of the carbon during refueling of the reservoir. However, the
higher hydrocarbons, due to their higher adsorption potential, are easily
desorbed during discharge. As the number of refueling and discharge cycles
increases, the higher hydrocarbons progressively occupy the available
micro-porous volume of the carbon which should be filled with methane
[12]. This gives rise to a decrease of the net storage capacity of the reservoir
(Figure 9).

In order to solve this problem, it is necessary an efficient and economic
means of controlling the contaminants that are introduced into the reservoir
during charge. The most economical solution is to install a purification
system for natural gas at the refueling station [13]. The filter is quite simply
a carbon bed because, as has been referred, it preferentially retains the
higher hydrocarbons over methane.
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Figure 9. Decrease of storage capacity with the number of charge/discharge cycles, due to
the effect of gas composition given in Table 4.

The carbon for this guard bed should, nevertheless, have slightly larger
pores than those of the carbon employed in the storage tank. This way,
kinetic effects that could degrade the selectivity of the guard bed are
avoided. Regeneration is done by heating in an inert atmosphere.

9. The Adsorptive Storage Reservoir

In the design of an adsorptive storage reservoir, several factors should be
taken into account. The more relevant ones are:

e Reduction of storage pressure

e Efficient use of the available storage space in the vehicle, a well as
ease of installation
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e Lightness in order not to penalize the energetic consumption
e Ease of construction

e Safety and certifiability as any commercial tank for compression
storage.

The wall of a reservoir for compression storage must withstand the
charge pressure during the expected operating life of the vehicle. As a safety
precaution, the reservoir is always over-dimensioned to withstand a burst
pressure of 2.5 times its normal charge pressure. In compressed gas storage,
the high storage pressure forces the use of cylindrical reservoirs. But this
geometry is not the most efficient one from the point of view of profiting
from the available space in the vehicle.

Traditionally, steel has been the more commonly used material in the
manufacture of pressurized tanks. With the emergence of composite materials,
the weight of the reservoirs has substantially decreased. The most economic
solution in terms of weight is a body with walls of reduced thickness made
of aluminium reinforced by a fibrous composite high tensile strength, such
as glass fiber. The use of these composite materials can reduce the weight
of the tank by as much as 40%.

One advantage of adsorption storage is that its charge pressure is
sufficiently low that does not restrict the shape of the reservoir to be
cylindrical. This degree of freedom can be profitably used to maximize the
storage space onboard the vehicle.

The proposed solution is the manufacture of small storage cells that can
be easily packed to profit from the available space in the vehicle. The storage
cell has a triangular cross section. This geometric shape is sufficiently flexible
that it can efficiently fill any volume (Figure 10).

——

4

Figure 10. Multicellular reservoir for onboard NG storage by adsorption. The shape of the
storage cell allows for an efficient filling of the available space inside the vehicle for fuel
storage. The inlet/outlet fuel port which is common to all cells, is located at one of the
extremes of the reservoir. Each cell is easily filled with contiguous carbon monolith disks
with a geometrical shape identical to the cross section of the cell.
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It should be noted that the design, manufacture and certification of a
specific storage reservoir for a given vehicle model increases significantly
the production costs of the vehicle. This will hardly be accepted by the
automotive industry where the low-cost, automated manufacture is a deter-
mining factor of competitiveness. The manufacture of small storage cells
with a fixed geometry that allows for a flexible design of the final storage
tank eliminates that sort of difficulties.

10. Concluding Remarks

In this work, we have reviewed three main aspects of the utilization of
natural gas as an automotive fuel in the transportation sector.

e The use of an alternative automotive fuel — natural gas — which is
efficient and environmentally advantageous. This point of view is
reinforced by the conclusions of the Task Force on “Car of the Future”
of the Green Book for innovation of the European Commission,
where it is considered an important and promising alternative fuel.

e A novel storage technology for natural gas — adsorption storage —
that can overcome the economic obstacles that have impeded the large
acceptance of natural gas as a competitive automotive fuel in the
transportation sector.

e The research and technological efforts that have been developed to,
on one hand, solve the problems of adsorption storage, and on the
other hand, take maximum advantage from the low pressure required
by this technology.

It has been demonstrated that there are solutions to the all of the problems
associated to adsorption storage, and that it is possible to build, a light,
compact, and efficient system for storage, distribution, and dispensing of
NG. The practical achievement of this objective is essential for NGVs to
create a strong and sustained interest of the automotive market.

The low cost of NG, together with governmental aids, compensates for
the higher costs of the initial phase of implementation and dissemination of
a new alternative fuel. The current state of knowledge is already sufficiently
developed so that a solid European network of cooperation and technology
transfer can be established, grouping industry and academia around such a
strategic area for the economic and technologic development of the European
market, the utilization of natural gas as an automotive fuel in the transpor-
tation sector.
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