@ Adsorption 11: 259-273, 2005
Z— (©) 2005 Springer Science + Business Media, Inc. Manufactured in The Netherlands.

Diffusion in Surface Modified ZSM-5 Studied Using the ZL.C Method
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Abstract. Deposition of silane on a zeolite’s external surface is a well established method of increasing its shape
selective properties by modifying diffusion resistances. In this work the intracrystalline diffusivity of cyclohexane
in both a parent and silanized ZSM-5 samples were measured using the zero length column technique. It was found
that the apparent intracrystalline diffusivity did indeed decrease in the modified samples. Models based on a surface
barrier approach to describe pore mouth narrowing and an increase in intracrystalline tortuosity as a result of pore
blockage were used to interpret the experimental data. It is found that the data correspond most consistently with

the model describing pore blockage.
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1. Introduction

The deposition of alkoxysilanes to increase the shape
selectivity of zeolite catalysts has been extensively
studied (Hibino et al., 1989, 1993; Kim et al., 1996;
Cejka etal., 1996; Rogeretal., 1998; Weber et al., 2000;
Manstein et al., 2002). While many authors believe that
the predominant reason for this change in shape selec-
tivity is a transport rate reduction due to narrowing of
the pore entrances (Kim et al., 1996), some believe that
blockage of the pore mouths is a factor (Weber et al.,
2000; Roger et al., 2001). Diffusion studies have been
carried out on these silanized catalysts, but not in suf-
ficient quantitative detail to draw any other conclusion
than that the transport rate had indeed decreased af-
ter silanization (Cejka etal., 1996). Theoretical studies
using stochastic models on finite grids have also been
performed to determine the behavior of a sorbate with
surface modifications (Theodorou and Wei, 1983), but
the two dimensional nature of the theoretical systems
causes quantitative extrapolation to experimental sys-
tems to be questionable. Nevertheless this work shows
that the effective diffusivity depends on the degree of
pore blockage.

*To whom correspondence should be addressed.

This paper presents the results of a detailed study, us-
ing the zero length column method (Eic and Ruthven,
1988), into the diffusion characteristics of cyclohexane
in ZSM-5 modified by the liquid phase deposition of
tetracthoxy silane (TEOS). These results may be com-
pared to those presented in Duncan and Méller (2000)
for unmodified ZSM-5. The parent sample of this paper
is Sample C of that work. Mathematical models spec-
ulating the system behavior are developed, indicating
possible trends that are looked for in the experimental
data.

Cyclohexane should be an appropriate choice to de-
tect pore mouth narrowing effects, since its size is sim-
ilar to that of the ZSM-5 pores, yet it is flexible and
should thus be able to enter the pore mouths if they
are narrowed. The distortion required to pass through a
constricted pore mouth should reveal itself as a surface
barrier type phenomenon.

2. Theoretical
2.1. The Standard ZLC Analysis

The most commonly applied mathematical model for
the analysis of ZLC desorption curves is that presented
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by Eic and Ruthven (1988). The system is assumed to
conform to the assumptions of spherical, monosized
sorbent particles, Fickian diffusion, a linear (Henry)
adsorption isotherm and a well-mixed fluid phase
with negligible interstitial hold-up. This results in the
equation
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For the case of large L (i.e. large dominance of diffu-
sion over convective transport from the particle surface)
and at long times, the solution simplifies to the form
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2.2.  Surface Barrier Analysis for the ZLC

Pore mouth narrowing effects are represented by using
a surface barrier model (Kirger and Ruthven, 1992),
i.e. a first order desorption rate process at the surface
of the catalyst particle:

rate = ks(area)(g|p — KC) (6)

The barrier rate constant kg is the ratio of the effective
diffusivity of the solid surface ‘film’ and its thickness
(Kérger and Ruthven, 1992).

The boundary condition for Fick’s Law at the particle
surface is then
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This may be compared to the corresponding condition
for the standard ZLC model, i.e.
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from which it is clear that the characteristic param-
eter in the surface barrier model (Eq. (8)) is L,
where

—=—+ (10)

which is analogous to L in the standard model. The
solution for the desorption curve is

C in exp (—B2,7)

n=1
where S, are calculated as in Eq. (4) with L replaced
by Lg:

ﬂsn COtIBsn + Ls —-1=0 (12)

For complete surface barrier control Eq. (6) may be
combined with the particle sorbate balance, realizing
that ¢ is a function of ¢ only,

d(qVs)
dt

= —FC (13)

to show that the desorption curve is given by a expo-
nential decay with an initial value less than unity:
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For the limiting case ks — oo (i.e. equilibrium control
with no surface barrier), « — 1 and Eq. (14) becomes
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which is, correctly, the equation describing equilib-
rium controlled desorption as given in Eic and Ruthven
(1988).

Sample desorption curves calculated from Eq. (11)
are shown in Fig. 1. It is clear that the surface barrier

where
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Figure 1. Desorption curves for the diffusion with surface barrier model (Eq. (11)) for various D/(ksR) as shown and L = 100. The standard
model and initial point of the surface barrier controlled curve are shown for verification.

has a significant effect on the linear tail of the curve,
from which the diffusivity is normally obtained by the
long time method. The slope of the tail decreases with
increasing surface barrier resistance. This is a result of
the eigenvalues being calculated using Lg: although L
is large (L = 100), the significant value of D/(ksR)
causes that L is not large enough that 85, ~ m, al-
though it would appear that way from the intercept of
the linear region of the desorption curve if the standard
approach were being used. For example, for the case
D/(ksR) = 0.1 and L = 100, it is found that Ly = 5
and so fs; =~ 2.57. If the curve were analyzed using
the standard long time method with the assumption
B1 = m, the diffusional time constant would be cal-
culated at 67% of its ‘true’ value, while the apparent
value of L would be 106.

Figure 2 shows that the only visible difference be-
tween the desorption curves of the two models is that
the surface barrier case undergoes a more rapid initial
concentration decrease. It is unlikely that this effect
would be experimentally noticeable, particularly con-
sidering that the effect is exaggerated as outlined above.
The true short time behavior is likely to be an exponen-
tial decay, similar to the liquid phase model (Brandani
and Ruthven, 1995).

2.2.1. Behaviour of the Intercept with Flow Rate.
The long time approximation to Eq. (11), for the case
of non-large L, is

C 2L, Lq 5
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For large values of L (at high flow rates, for example),
Ly ~ ksR/D, which is constant with respect to flow
rate, implying that S is constant with F. Thus, at high
flow rates

c
ma=m%—%r (18)
where
212

G+ L(Ls—1) 1
which does not change with purge rate. This is the same
form as the standard large L, long time approximation
(Eq. (5)).

Thus, when a system with a significant surface bar-
rier resistance is analyzed using the standard model
and the long time solution method, an apparent L is
obtained that is linear with flow rate (passing through
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Figure 2. Fit of the standard model (lines) to the surface barrier model (points) for D/(ksR) = 0.3 and L = 100.

the origin) at large flow rates, but has more complex
behavior at low flow rates. This behavior would likely
be very difficult to detect experimentally.

2.2.2. The Effect of a Surface Barrier on Activa-
tion Energy. Intuitively, it may be expected for the
presence of an additional, series resistance to diffusive
transport to increase the apparent diffusional activation
energy. The above analysis shows, however, that such
a conclusion is far from obvious. To investigate any
such effect, the temperature dependence of s, which
is the parameter the surface barrier truly affects, must
be considered.

The limiting value of ; = 7 occurs at high values
of L (high flow rates). The analogous limiting value
of B similarly occurs at large values of L, such that
Ls >~ ksR/D and B is independent of purge rate. The
eigenvalues of the model are then given by the roots of

ksR
ﬁsn cot ,Bsn + F —-1=0 (20)

It is reasonable to assume that transport across the

surface barrier is an activated process, so ks follows an
Arrhenius temperature dependency:

ks = ksooe‘% 21

where E, is the activation energy for penetrating the
barrier. Additionally expressing the diffusion coeffi-

cient as an explicit function of temperature, one may
write Eq. (20) as

k R a—FEas
Bon cot s + CRS _1=0 (22
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which implicitly gives the temperature dependence of
the eigenvalues. Inspection of this expression reveals
that

o £, > E,,=> k;)R decreases as T increases;
o £, < E;= k*TR increases as T increases;

e [ increases as kbR increases.

Thus the initial eigenvalue increases with temperature
for the likely situation E, < E, implying that the
apparent diffusivity increases more strongly with tem-
perature than the true diffusivity, so it is possible that
a larger apparent activation energy would be observed
for a system with a surface barrier.

Figure 3 shows the variation of S over the temper-
ature range typical for the cyclohexane/ZSM-5 system
used in this work. The activation energy of the surface
barrier was chosen to be approximately twice that of
the activation energy of diffusion, while the ratio of dif-
fusion to surface barrier transport time koo R/ Do, Was
chosen largely to give apparently reasonable values of
the second term in Eq. (22); it represents the case in
which transport across the surface barrier is orders of
magnitude slower than that within the sorbent particle.
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Figure 3. Variation of the initial eigenvalue of the surface barrier model with temperature for E, — Eys = —55kJ/mol and ksR/D = 108.
The figure indicates that the effect of the surface bar- and L, by
rier on the Arrhenius plot for the diffusion coefficient,
if significant, is unlikely to simply increase the slope L.,
D . Ly = — Ly(Ls—1 24

of the usual straight line. Thus the temperature depen- P2 [£i + Lo(Ls = D] 24

dence of the diffusivity should appear to deviate from
the Arrhenius form if the surface barrier has a major
effect.

It is thus probably safe to conclude that the pres-
ence of a surface barrier to diffusion would not sig-
nificantly increase the measured diffusional activation
energy, since the Arrhenius plot of the diffusion coeffi-
cient is likely to deviate from linearity for a significant
surface barrier resistance.

2.2.3. The Effect of a Surface Barrier on Adsorption
Constant. When using the standard model and long
time solution method to analyze a desorption curve for
a system with a surface barrier, Eq.’s (5) and (18) can
be compared to determine the deviation that could be
expected in the apparent parameters so obtained. Con-
sidering the slope and intercept terms, it may be seen
that the apparent value of D is given by the expression

2

Dypp = ﬂ—sle (23)

S

from which it may be derived that, for large flow rates,

K, N
Kpp - n2‘L12 (B3 + Ly(Ly — D] (25)

The relationship is plotted in Fig. 4.

It may be seen that, for a wide range of values of L
(and hence surface barrier resistance), the value of K
determined by application of Eq. (5) is not significantly
different to the true value.

2.3.  Analysis of Pore Blockage

Two simplistic, extreme cases will be considered, the
real description probably lying between the two.

2.3.1. Decrease in Surface Area for Flux. For the
first case, assume that pore blockage results in the sur-
face area available for flux of the sorbate out of the
sorbent particle being reduced (see A of Fig. 5). If the
catalyst particle has a surface area A, define a factor
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Figure 4. Error in apparent value of K relative to true value when using the standard analysis for a system influenced by a surface barrier.

~~ Molecular path

Figure 5. Representations of the pore blockage models showing
which areas of the sorbent particle do not allow radial diffusive flux.

o (0 < a < 1) such that the modified particle has an
area a®> A available for transport. The fluid phase mass
balance is then modified from

3q FR
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The model solution retains the same form as the stan-
dard model, except that L is replaced by L’ where

, FR?
L'=32 V.KD (28)

The time scale of the experiment (i.e. the time con-
stant D/R?) is unchanged, while the convection term
is altered. This agrees with the initial assumptions in
that the bulk of the catalyst particle is unaffected and
only the surface is modified. The boundary condition
has been altered without changing the micropore mass
balance.

It should be noted that a similar effect could be
achieved by decreasing the volume of sorbent, increas-
ing the purge flow rate or decreasing the adsorption con-
stant K. Of these, only the change in K could be phys-
ically relevant to the silanization investigation, since
it is possible that silanization could decrease the ad-
sorption capacity of the sorbent. This seems unlikely,
however, since the unmodified interior of the particle
must be at the same concentration (K C) as if the surface
were unmodified, from simple thermodynamic consid-
erations. The surface may have a lower loading, but its
capacity relative to the crystal interior is likely to be
negligible.
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This case will be referred to as model A.

2.3.2. Decrease in Total Area for Flux. For the sec-
ond case, consider that the particle is made up of suc-
cessive layers of differential shells, each of which has a
similar fraction of its area blocked for flux in the same
way as the surface was considered blocked in the case
above. One may picture it as the blocked portions of the
particle surface casting a ‘shadow’ toward the centre of
the crystal (see B of Fig. 5). The general mass balance
from which Fick’s Second Law is derived has the form

3/// qu:—Df/ VgdA  (29)
ot v A

for systems with a constant diffusivity. It is assumed

that
f/ VgdA = o // VgdA (30)
aZA A

which is reasonable for an isotropic sphere, for which
the diffusive flux should be constant at all points on the
surface (i.e. g is a function of r only). It then follows
that the diffusion equation for a ‘partially non-porous’
particle can be written as

dq 2 2
— =a"DV 31
5 = ¢ q €1V
The fluid phase mass balance takes the same form as
the case described above (Eq. (27)).

The model for the ZLC desorption curve is then
clearly

C ., exp(=pa’r)
C—0_2L Z—,;2+L(Lf—) (32)

n=1
where L’ is defined as in Eq. (28) and 8, are given by
the roots of

BrcotB +L —1=0 (33)

Unlike the previous case, this model does show a
change in the experimental time, by a factor o>

Note that the particle capacity does not decrease; g
is still based on the total particle volume as usual. That
is to say, all the pores are still accessible, but not all are
amenable to flux. The flux whereby material diffuses
out of the ‘shaded’ regions (in a non-radial direction)

S0 as to exit the particle is not explicitly included in the
model.
This case will be referred to as model B.

2.3.3. Effect of Pore Blockage on Measured Parame-
ters. Inspection of dimensionless parameters L’ and
a’t = a?>D/R? shows that the difference between
model B (Eq. (32)) and the standard model may be
expressed as an increase in the representative dimen-
sion from the particle radius R to a tortuous length
R/a. One may intuitively expect a diffusional trajec-
tory like that shown in Fig. 6, with the presence of
blocked pores causing molecules to diffuse longer dis-
tances within the crystal to exit into the gas phase, i.e.
the diffusion path is made tortuous by blocking a frac-
tion of the pore mouths. The diffusion time, and so
the experimental time, should then increase. Thus the
analysis gives the correct qualitative behavior.

Model A, however, in which only the surface of the
crystal was assumed to be affected, indicates that there
should not be an increase in the diffusional behavior
of the system, only a modification of the convectional
characteristics (as represented by L and L'). Although
one would expect a decrease in the diffusional time
constant, due to the extended diffusion path and thus
time, this model should not be disregarded. It is in fact
far more reasonable that only the pore entrances (i.e.
the surface) are affected by silanization with a bulky
agent like TEOS, rather than the entire pore, from the
entrance to the centre of the crystal, as assumed in Eq.
(32).

The most reasonable explanation of the effect of pore
mouth blockage is that the true behavior lies between
these two extremes. It is likely that the diffusional time
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Figure 6. Conceptual diffusion paths inside a porous sorbent with
a fraction of blocked pore openings.
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Figure 7. Arrhenius plot for the parent and all silanized ZSM-5 samples. Data have been averaged for each temperature.

constantis less severely affected than the dimensionless
group L.

For a system conforming to model A and analyzed
using the standard ZL.C model, one should obtain the
true diffusivity and underestimate the adsorption con-
stant. For the case of model B, one should obtain a
diffusivity D /a? and the true adsorption constant.

2.3.4. Limitations of the Pore Blockage Analyses. In
addition to the inaccuracies in the model assumptions
described above, there are a number of other implicit
assumptions that should be highlighted:

multidimensional geometry as shown in Fig. 6, the
problem is unlikely to remain one dimensional; there
will be local concentration gradients in directions
other than radial, which are not considered in the
model solution;

no capacity decrease the derivation of Eq. (32) as-
sumes that the sorbent volume available for adsorp-
tion does not decrease, contradicting the notion that
parts of the crystal are inaccessible to the sorbate
molecules.

The standard problem of modeling a system with a
discrete channel system (like a zeolite) by using a con-
tinuum model is probably amplified in this situation.

3. Results and Discussion

The experimental method and modification procedure
may be found in Duncan and Moller (2000).

Diffusional time constants for all modified samples
are shown in Fig. 7. The decrease in diffusivity in the
silanized samples is clear, particularly in the case of
sample Z-L-5/H. Example desorption curves are shown
in Fig. 8 for this and the parent catalyst at identical con-
ditions, again clearly showing the difference in trans-
port rate. The interpretation of the data for samples
Z-L-100/- and Z-L-100/-(60h) is not clear (as explained
below) and will be considered separately from the other
samples, but they are shown for completeness.

The data for most of the sorbent samples appear con-
sistent with the diffusion model and relatively easily
interpreted, as can be seen in Figs. 8 and 9. The data
for sample Z-5-L/H are particularly good, being repre-
sented by a single line on the Arrhenius plot for exper-
iments run with 7 mg and with 2 mg. Note that Fig. 9
shows average data at each temperature for sample Z-L-
0.5/W: the full data set shows the effect of a crystal size
distribution, as discussed in Duncan and Moller (2002).

Comparison of Fig.’s 10 and 11 indicates the very
good fit of the desorption model to the silanized cata-
lyst data, while the data for the parent sample is some-
what curved. This indicates that sample Z-L-5/H has
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Figure 8. Experimental desorption curves and model fits for parent and silanized (Z-L-5/H) catalysts for identical conditions (7" = 150C,
F =93.0ml/min, Cy = 191 Pa).

01 N T T T T T T T T
[ Parent +
Z-L-5/H,2mg X
Z-L-5/H,7mg O
Z-L-5/\W X
S Z-L-05W &
001 F Z-L-5/E O |
Q
=
@
a
0.001 b
1e_04 1 1 1 1 1 1 1 1
1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7

1000/T [1/K]

Figure 9. Arrhenius plot showing all data (except for sample Z-L-0.5/W, for which average data at each temperature are shown) for samples
that have been modified with dilute TEOS.
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Figure 10. (a) T = 100°C, F = 82.0ml/min, Cp = 191 Paand (b) T = 175°C, F = 98.5 ml/min, Cy = 191 Pa. Sample desorption curves

for the parent ZSM-5 sample at the conditions indicated.
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Figure 11. (a) T = 150°C, F = 93.0ml/min, Cp = 191Pa and (b) T = 250°C, F = 76.6 ml/min, Cy = 287 Pa. Sample desorption curves for

7 mg of sample Z-L-5/H at the conditions indicated.

a very narrow size distribution. It is possible that the
presence of diluents during liquid phase silanization
may disperse agglomerated particles (Weber, 1998),
with the non-polar n-hexane providing the most suit-
able medium, thus providing the most uniformly sized
sample.

3.1. Mechanism of Transport Rate Reduction

As illustrated in Fig. 8, silanization causes an increase
in the time scale of a ZLC experiment. Thus model A,
in which only the external surface area of the crystal
was considered reduced for flux, may immediately be
discounted. This is not surprising, since the principle

behind increasing a catalyst’s shape selectivity relies on
an increase in diffusional resistance, which is charac-
terized by the diffusional time constant. If L were to be
interpreted as the initial (dimensionless) concentration
gradient at the crystal surface (Ruthven and Brandani,
1997), it may be seen that its increase to L /a? is simply
an increase of that gradient in order to obtain the same
diffusive flux in spite of the reduced available area. This
is because the mass balance must hold across the sur-
face, i.e. the rate at which material leaves the surface
must equal the rate at which it ‘enters’, since the sur-
face itself has no volume and thus cannot accumulate
any mass.

Ithas been shown above that the presence of a surface
barrier could cause the temperature dependence of the
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measured diffusion coefficient, normally linear on an
Arrhenius plot, to become concave to the horizontal
axis (Fig. 3). Inspection of Fig. 9, however, reveals
no such tendency. Figures 1 and 2 indicate that the
desorption curve should show a rapid initial decrease
compared to the standard ZLC model. However, the
experimental curves shown in Fig.’s 8 and 11 do not
convincingly show such behavior. There is therefore
no evidence of the introduction of a significant surface
barrier (i.e. pore mouth narrowing) as a result of the
silanization procedure.

Considering model B, in which the total area avail-
able to diffusive flux is reduced by a factor o, it is
apparent that if this model were appropriate a reduced
diffusivity (relative to the parent) should be measured
for the silanized catalyst samples while obtaining a con-
stant adsorption constant in all cases. The decrease in
the former is shown clearly in Fig. 9. Also, there is no
apparent trend in Fig. 12; although the data are quite
scattered (as discussed above) it is probably reasonable
to conclude that the Henry constants of adsorption are
constant across all samples.

In order to confirm the apparently good conformance
to model B, it should be shown that the decrease in dif-
fusivity tracks the decrease in surface area available for
diffusive flux. The surface area data may be obtained by

2.2

2.3 2.4 25 2.6 2.7

1000/T [1/K]

Van’t Hoff plot showing all adsorption constant data for samples that have been modified with dilute TEOS.

measuring the adsorption capacity for 4-methyl quino-
line, which is too big to enter the zeolite pores, as given
by temperature programmed desorption. Strictly, this
gives the number of acid sites on the external surface;
however, it is reasonable to assume that the fractional
decrease in external acid sites indicates the fraction of
the surface that has been covered with silane and thus
the fraction of pore mouths that have been blocked.
Thus, the measured diffusion coefficients should lie on
the diagonal line shown in Fig. 13, which shows that
there is at least a qualitative agreement.

The results show that, at least for the liquid phase
TEOS deposition performed for the ZSM-5 samples in
this work, the decrease in transport rate appears to be
a result of pore mouth blocking rather than narrowing.

3.2.  Sorbents Modified with Pure TEOS

Figure 14 shows the diffusional time constants mea-
sured for the sorbents modified using 100% liquid
TEOS (i.e. no diluent). The data are widely scattered,
although they do seem to be qualitatively consistent.
Except for a single point at T = 225°C, the data using
4 mg of sample Z-L-100/-(60h) appear to be somewhat
lower than that given when using 19 mg of the sorbent;
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Figure 13. Diffusional time constant for cyclohexane in ZSM-5 at 150°C for modified catalyst samples (relative to parent) as a function of
their 4-methyl quinoline temperature programmed desorption capacities (relative to parent). TPD data are from Weber (1998).
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Figure 14. Arrhenius plot for ZSM-5 samples modified with pure liquid TEOS.

this effect is likely the result of a particle size distribu- showing the effect of varying flow rate, which is
tion effect (Duncan and Méller, 2002). qualitatively correct. Although the initial sorbate
Figure 15 shows four example desorption curves concentrations vary for these curves, Fig. 16 in-

at identical temperatures for sample Z-L-100/-(60h), dicates that this parameter does not have a sig-
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Figure 15. Desorption curves for sample Z-L-100/-(60h) at 250°C and flow rate and initial cyclohexane concentrations as follows: F =
79.5 ml/min, Cy = 207 Pa; F = 98.7 ml/min, Cy = 167 Pa; F = 117.8 ml/min, Cy = 140Pa; F = 137.0 ml/min, Cy = 120 Pa.
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Figure 16. Desorption curves for sample Z-L-100/-(60h) at 250°C, 79.5 ml/min and initial cyclohexane concentrations of 207, 482 and 897 Pa.

nificant effect over the range considered, implying Itis evident that the desorption curves for the samples
that the adsorption isotherm was probably linear for modified without the use of a diluent do not conform
these experiments. Sample Z-L-100/- shows similar to the standard ZL.C model, nor to the surface barrier

behavior. and pore blockage variants presented above. The initial
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region of the curves show a slow drop in concentration,
which becomes slower with decreasing flow rate. This
sort of behavior is only seen for the liquid phase model
(Brandani and Ruthven, 1995), in which the accumu-
lation of sorbate in the fluid phase cannot be neglected.
Although (as pointed out above) the true initial behav-
ior of a system with strong surface barrier resistance is
likely to be an exponential decay, Eq. (14) indicates that
the desorption curve should be independent of purge
flow rate. As noted above, the system appears to be in
the Henry region of the adsorption isotherm and the
unusual shape of the desorption curves is not merely a
result of changes in the equilibrium characteristics of
the catalyst.

The behavior of samples Z-L-100/- and Z-L-100-
(60h) cannot be reasonably explained by any model
considered in this work.

4. Conclusions

The effect of depositing an inert silane compound on
the external surface of ZSM-5 has been investigated
both mathematically and experimentally. Two possible
modifications have been considered:

1. narrowing of the pore mouths, modelled as a first
order surface barrier;

2. blocking of the pore mouths, interpreted as both a
reduction in area available for diffusive flux at the
particle surface (model A) as well as throughout
the entire particle (with no reduction in adsorption
capacity) (model B).

In the surface barrier case, one would expect an analysis
based on the standard ZLC model to yield a reduced
value of D as well as a rapid initial drop in the des-
orption curve for modified sorbents. For model A, a
reduction in surface area should yield an unchanged D
and a reduction in K, while model B would produce a
reduced D and an unchanged K.

Experiments were performed with catalyst modi-
fied by the liquid phase deposition of both pure and
dilute tetraethoxy silane, the parent being Sample C
of Duncan and Moller (2000). It was found that the
changes in sorption behavior of the dilute modified
samples corresponded most closely to the pore mouth
blockage mechanism in which the area for flux is re-
duced throughout the particle volume (i.e. model A).
This is a similar result to the statistical pore blockage
model of Theodorou and Wei (1983).

The behavior of the samples modified with pure
TEOS did not conform to any of the diffusion mod-
els considered.

Nomenclature

C fluid phase sorbate concentration, mol/m?

Co initial fluid phase sorbate concentration,
mol/m>

D diffusion coefficient, m%/s

D,y apparent diffusion coefficient, m?/s

E, diffusional activation energy, J/mol

E,s  surface barrier activation energy, J/mol

F carrier fluid flow rate, m3/s

K Henry adsorption constant, dimensionless

K.pp apparent Henry adsorption constant,
dimensionless

ks surface barrier mass transfer coefficient, m /s

L constant defined by Eq. (3), dimensionless

L analogue of L for surface barrier model,
dimensionless

q adsorbed phase sorbate concentration, mol/m

q0 initial adsorbed phase sorbate concentration,

mol/m?

sorbent particle radius, m

general gas constant, J/mol/K

temperature, K

time, s

sorbent volume, m

fractional change in diffusion path length,

dimensionless

By eigenvalues defined by Eq. (4), dimensionless

Bsn analogue of g, for surface barrier model,

3

[=]

3

»

R T N=X™

dimensionless
T dimensionless time
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