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Abstract Adsorption dynamics of chlorobenzene vapors
on a 5% V,05/Al,03 catalyst has been investigated us-
ing the frontal chromatography technique. The uptakes of
chlorobenzene have been measured as a function of vapor
concentration and adsorption equilibrium has been found to
follow formally the Langmuir isotherm. The breakthrough
time proved to be a linear function of the column length
as expected. Breakthrough profiles have been reported for
different experimental conditions and quantitatively fitted
by a reduced lumped diffusion model. This model provides
an analytical solution that facilitates engineering calcula-
tions. Model parameters show complex behavior as func-
tions of stream characteristics and depend on column length.
When empirical expressions relating model mass transfer
coefficients with influencing variables are found the model
demonstrates good accuracy in predicting column perfor-
mance.
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Abbreviations

ap specific external surface area of particles,
cm?cm ™3
adsorption constant in the Langmuir isotherm,
1g7!

Bi Biot number

c concentration in gas phase, g1~

D internal diffusion coefficient, cm? min—!

D, axial diffusion coefficient, cm? min~!
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Dy Knudsen diffusion coefficient, cm? min™!

Dxm combined diffusion coefficient, cm? min~!

Dim combined diffusion coefficient averaged over
pore size, cm? min~!

D,, molecular diffusion coefficient, cm? min~!

dp average particle diameter, cm

h parameter of the dimensionless Langmuir
isotherm

K slope coefficient in (5), min cm~!

Ki, K> coefficients defined by (6), min

L column length, cm

Pe Peclet number

q concentration in solid phase, g (1 bed
volume) ™!

q* saturation capacity of the adsorbent in the
Langmuir isotherm, g (I bed volume) ™!

r pore radius, cm

r1, 12 the lower and upper limit of a pore size
distribution respectively, cm

R? coefficient of determination

St Stanton number

T temperature, °C

t time, min

to intercept in (5), min

u c/ ¢, dimensionless concentration in moving
gas phase

v superficial flow velocity, cm min™!

X axial coordinate, cm

21, 22 variables defined by (7) and (8) respectively

Greek symbols

Be external mass transfer coefficient, min~! (1 gas
phase) (1 bed volume) ™!

Bi internal mass transfer coefficient, min~!
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Bk k=0, 1,2, 3, adjustable coefficients defined in
Table 7

8,8k, 8jx Jj,k,1=0,1,2,3, adjustable coefficients
defined in Table 7

r adsorption constant, (1 gas phase) (1 bed
volume) ™!

€eo external porosity

€p particle porosity

Superscripts

0 feed

S surface

1 Introduction

Combined adsorption and catalytic oxidation technology is
considered to be the method of choice for purification of in-
dustrial waste gases from low-concentrated admixtures of
volatile organic compounds (VOC) (Zagoruiko et al. 1986;
Chintavar and Green 1997; Xia et al. 2001). For instance,
this method has been recommended (Fedorov et al. 1998) for
the neutralization of gaseous wastes containing chloroben-
zene (CB), which is the pollutant of interest in the present
work.

In an adsorption-catalytic process a contaminant is first
accumulated on a catalyst under ambient conditions, fol-
lowed by oxidative destruction to harmless products by the
increase of temperature and, optionally, by additional feed
of an oxidant into the reactor. To avoid any breakthrough the
adsorption step has to be terminated till a target component
reaches the end of the catalyst bed, even a certain additional
“safe” length of the bed should be provided. Thus, a proper
development of the process requires the knowledge of the
shape and rate of propagation of the adsorption front. How-
ever, studies on column dynamics of VOCs are very limited
(Shim et al. 2005). Particularly, there is a lack of proper in-
formation concerning chlorobenzenes. Thereupon our aim
here is to investigate adsorption dynamics for CB vapors on
a V,0s5/Al,03 catalyst. Vanadia materials are known to be
active in deep oxidation of chlorinated organics (Everaert
and Baeyens 2004; Krishnamoorthy et al. 1998). In spite
of alumina supported catalysts showing lower activity as
compared with those based on TiO; (Krishnamoorthy and
Amiridis 1999) or ZrO;-Al,O3 supports (Jones and Ross
1997), they are attractive due to higher specific surface and
low cost.

Contrary to dynamic studies, the mechanism of mono(di)-
chlorobenzene adsorption on V,05/Al>,03 is well studied
using the IR, FTIR and temperature-programmed desorption
methods (Davidenko et al. 1990, 1991; Krishnamoorthy and
Amiridis 1999). In general, CB is adsorbed in a molecular
form at ambient temperature so that the benzene ring lies
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in parallel to the surface, and the adsorption is dissociative
at temperature above 300 °C. The adsorption equilibrium in
helium atmosphere has been studied on a catalyst contain-
ing 5% V,0s5 within the temperature range 190-240 °C at
CB partial pressure under 18 Pa (Asnin et al. 2001). Even at
such low partial pressure adsorption isotherms are nonlinear,
obeying to Freundlich equation.

2 Theoretical

The reduced lumped diffusion model (Akulov et al. 1986)
applied to explain breakthrough curves is defined by the fol-
lowing set of equations:

aq ac ac

¥+€e§+1}£=0 (1)
99 _ Y B.(a" )
o = Pele—c)=pilg —q) 2
q=f() 3)

where (3) represents an adsorption isotherm. The initial and
boundary conditions are given by

q(x,0)=0, c(0,1) = ° 4)

Note that equilibrium conditions are assumed between the
stagnant fluid film and the adsorbed phase at the external
surface of a catalyst particle, so that ¢° = f(c*).

The model differs from the classic lumped diffusion
(POR) model (Morbidelli et al. 1984; Kaczmarski et al.
2001) by neglecting the axial dispersion term in the mass-
balance equation. This simplification allows developing an
analytical solution but it might affect the numerical val-
ues of the model parameters to a degree. This phenomenon
is well known in chromatography and has been compre-
hensively discussed (Golshan-Shirazi and Guiochon 1992;
Guiochon 2002). The error is obviously low when the contri-
bution of the axial dispersion in saturation front broadening
is small compared to the mass transfer kinetics contribution.
From an engineering point of view, apparent nature of model
parameters is not an obstacle while a model predicts break-
through curves. Although it may be difficult to use the values
of the rate coefficients for understanding the mass transfer
mechanism and the kinetics of its different steps. Useful in-
formation is then derived from observations of trends in the
coefficients due to a change of experimental conditions.

The model also assumes that (1) the chromatographic
process is isothermal, (2) the concentration gradient in the
radial direction of the bed is negligible, (3) only transport
pores (macro and mesopores) contribute into the internal
mass-transfer resistance and surface diffusion is to be ne-
glected, and (4) the mobile phase velocity is constant. The
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latter assumption is well admissible as the pressure drop
across the column was less than 10% of the atmospheric
pressure.

Lukin and Novoselskii (1989) developed an analytical so-
lution of the model for a case of spherical particles of uni-
form size and the Langmuir adsorption isotherm that reads

tw) =KL —to(u) ®)

Coefficient K = I' /v is reciprocal of the rate of propagation
of the adsorption front, I' = ¢°/c° being the adsorption con-
stant. Intercept #y(«) is a linear combination of the variables
z1(u) and z(u)

fo(u) = K1z1(u) + Krz2(u) (6)

1—u

1
z71iw)=In——1+4+hln @)
u

u

3 7
2w =0 - +u—

+h- B In(14 (1 =)' + (1 —u)??)

20—w)'P+1 1 &
— +/3arctan ( “) - =+ i| (8)
V3 2 23
where u = ¢/c®, h is the parameter of the Langmuir
isotherm written in a dimensionless form (¢° is the solid

phase concentration in equilibrium with the concentration
0
c)

(1+hu

0y _
(g/q)= P

9
The constants K1 =T"/8, and K, = Fdlz,/(12D) are propor-
tional to the external and internal mass-transfer resistance
respectively.

3 Experimental

The protocol of catalyst preparation has been described pre-
viously (Asnin et al. 2001). The only difference is the use
of technical alumina (Industrial Catalysts, Ryazan, Russia)
instead of home-made y-Al,O3 as a support in this inves-
tigation. The qualities of the catalyst were examined by
the nitrogen adsorption-desorption technique (Micromerit-
ics ASAP 2400) and listed in Table 1.

Breakthrough curves were measured using a “Tsvet-
530" gas chromatograph (Tsvet, USSR) equipped with a
flame-ionization detector and a heated four-way valve that
switched a flow entering an adsorption column between a
pure carrier gas and a gaseous feed mixture thus allowing
a frontal analysis (FA) mode. The experiments were carried
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Table 1 Details of V,05/Al,03 catalyst
Surface area/m? g~ 213
Macropores/cm? g~ ! 0.01
Mesopores/cm?> g~ ! 0.61
Total pore volume/cm?> g~! 0.62
Particle porosity 0.66

out at 50 and 100 °C. Detector response was recorded using
a computer data acquisition system governed by the Pow-
erGraph 2.0 software (Interoptika-C Ltd., Russia). The ad-
sorption column was of brass, 5, 10 or 15 cm long, 0.9 cm
i.d. packed with the catalyst in the form of 0.063—0.080 cm
particles. Prior to each run, the column was conditioned in
the pure carrier gas for 8 h at 150 °C. Nitrogen, used as a car-
rier gas, was purified by passing through successively con-
nected traps with alumina and CaA zeolite. CB (analytical
pure grade) was additionally dried over NaA zeolite. The
gas-vapor mixture was prepared by the passage of nitrogen
through a saturator containing CB maintained at 0 °C. This
saturated stream was mixed with nitrogen to achieve the de-
sired concentration. Weight control of the saturator before
and after experiment gave mass flux of the adsorbate. Break-
through was defined as the time when response correspond-
ing to 0.1% of ¢ was first detected. Equilibrium adsorbed
amount was determined as usual in FA by means of integrat-
ing of a breakthrough curve. A correction for hold-up time
as evaluated with respect to methane was taken into account
in all the calculations.

4 Results and discussion

Pore size distribution for the catalyst is reported in Fig. 1,
showing the two distinct peaks related to mesopores. No
micropores were found within the limits of sensitivity of
the equipment. Adsorption characteristics of the sample
measured under different experimental conditions are col-
lected in Table 2. Equilibrium data demonstrate a good re-
producibility, the breakthrough adsorption capacity is more
fluctuating but independence of the value from the column
length is evident. The adsorption characteristics are indepen-
dent of the flow rate but are influenced by the chlorobenzene
concentration in the feed flow. The ratio of the equilibrium
to breakthrough adsorption capacities is ~ 1.15 and is in-
variable under experimental conditions investigated. Thus,
about 13% of adsorption capacity is not effectively used
under dynamic conditions. The capacity of the catalysts
decreases 3 times when temperature increases from 50 to
100°C, other conditions being equal. The equilibrium data
plotted in the coordinates of the linear form of the Langmuir
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Table 2 A summary of the variation in adsorption capacity with column length and flow conditions

1 1

Flow rate®™/ Concentration/ Breakthrough adsorption capacity**)/g g~ Equilibrium adsorption capacity***)/g g~
ml min~! gl! L=5cm L=10cm L=15cm L=5cm L=10cm L=15cm
T =50°C
62.5 0.0143 0.0483 0.0508 0.0539 0.0532
92.7 0.0143 0.0503 0.0532
94.5 0.0094 0.0410 0.0441 0.0470 0.0463
T =100°C
375 0.0123 0.0164 0.0165 0.0167 0.0180 0.0178 0.0183
75.0 0.0065 0.0117 0.0127 0.0118 0.0137 0.0135 0.0134
75.0 0.0126 0.0160 0.0164 0.0159 0.0183 0.0180 0.0183
110 0.0040 0.082 0.096 0.0098 0.0104
110 0.0084 0.0124 0.0142 0.0130 0.0148 0.0157 0.0153
110 0.0124 0.0165 0.0154 0.0180 0.0182
) Volumetric
<) Specific amount of vapors adsorbed at breakthrough
(%) Specific amount of vapors adsorbed at saturation
0.14 0.18
0.12 1 0.16 -
o
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= o
@ ~
5 0.08 - -
g 3 0.12 -
o h
0.06 -
= 0.10 1
[2]
@
> 0.04 4 J
e 0.08 -
)
0.02 4
0.06 : ‘ ‘ ‘ ‘
0.00 4 , 40 80 120 160 200 240 280
1 10 100 1/c, Iig
Pore diameter, nm
Fig. 2 Adsorption isotherms of chlorobenzene in reciprocal scale
Fig. 1 Differential pore size distribution measured with columns of different lengths at 100 °C. Lines show ap-
proximation by the Langmuir equation
adsorption isotherm,
Table 3 Parameters of the Langmuir adsorption isotherm at 7 =
1 1 1 100°C
- = b +— (10)
1 q9vc 4 L/cm 5 10 15 All®)
are straight lines although the results for each column length
. . q*/gl™! 18.66 17.83 19.87 18.97
are somewhat different (Fig. 2) that can be accounted for ex-
bNg! 124.5 160.6 136.2 136.6

perimental errors. The values derived for the isotherm para-
meters are summarized in Table 3.

The fact that adsorption data are well approximated by
the Langmuir isotherm does not mandatory imply assump-
tions of the Langmuir model (adsorption on a homogeneous
surface) to be valid. Indeed, earlier (Asnin et al. 2001) it was
found that chlorobenzene adsorption on a vanadia/alumina
catalyst at low surface coverage obeyed to the Freundlich
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(9 Determined by data of all column lengths

isotherm. Two explanations are possible. The first one is that
within a narrow range of the data obtained, surface coverage
values being from 0.1 to 0.2, deviations from the Langmuir
model are not visible. On the other hand, it has been men-
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Fig. 3 The effect of flow rate and column length on breakthrough
curves of chlorobenzene. Points represent the experimental data, lines
are best-fit profiles determined using (5-8)

tioned (Asnin et al. 2003) that a fraction of high-energy ad-
sorption sites on the surface of Al,03/V,0s is small, an or-
der of magnitude being of 10~2%. When the surface cover-
age is less than this value the decrease of adsorption heat and
entropy as functions of adsorbed amount is fast. But beyond
this point the functions change insignificantly (Asnin et al.
2001; Asnin and Fedorov 2003). This suggests that the sur-
face becomes quasihomogeneous after covering of the high-
energy sites and adsorption equilibrium at such surface can
be described by the Langmuir isotherm. A similar phenom-
enon was observed in several adsorption systems including
CB and a polar coadsorbate (water or pyridine) (Murena and
Gioia 1998; Demeestere et al. 2003). It played a role of a cat-
alytic poison shielding the sites of strong adsorption that re-

250
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3
n
o ) o
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;(c“ . u o
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W
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0 ‘ ‘
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Fig.4 Breakthrough time as a function of column length and feed flow
characteristics at 100 °C

Table 4 Effect of flow rate and influent vapor concentration on coeffi-
cients of (5) at u = 0.1% calculated from dependence of breakthrough
time on column length

v/emmin~! Conc./gl~! K/mincm™! fo/min

59.5 0.0123 16.23 11.81
115 0.0065 10.82 4.66
115 0.0126 7.76 4.67
174 0.0040 10.86 17.47
174 0.0084 6.42 3.87
174 0.0124 4.62 —4.34

sulted in a quasihomogeneous state of the surface of a solid;
the interaction of a target adsorbate with such surface then
obeyed to the Langmuir model.

Figure 3 compares breakthrough curves measured with
the columns of different lengths at different flow rates at
100 °C. The breakthrough time plotted as a function of the
column length (Fig. 4) demonstrates a linear trend accord-
ing to (5). Correlations between the slope or intercept of
these lines and flow characteristics are observed (Table 4)
but they make no essential contribution into understanding
column dynamics. At the same time, an approach applying
the reduced lumped diffusion model described above allows
some features of column dynamics to be revealed. Equations
(5-8) satisfactory approximate breakthrough curves (Fig. 3),
the best-fit values of the model parameters listed in Table 5.
Note that the coefficient K derived from this model approx-
imation is in the perfect agreement with the value of defi-
nition (I'/v). Data in the table reveal the following correla-
tions: the external mass transfer coefficient diminishes as the
column length increases. It is also a decreasing function of
the adsorbate concentration at constant flow velocity and an
increasing function of the flow velocity at constant concen-
tration. The latter could be explained taking into account the
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Table S A summary of mass transfer coefficients at different experimental conditions

v/ecmmin~! Conc./g 1! I'= qo/c0 K (5)/mincm™! K = (I'/v)/min cm™! ,3,_,/min*l (D/e,,EKm)
L=5cm

59.5 0.0123 915 15.3 15.4 1980 0.22
115 0.0065 1323 11.4 11.5 3240 0.66
115 0.0126 908 7.9 7.9 2640 0.44
174 0.0040 1549 9.0 8.9 4680 1.10
174 0.0084 1120 6.4 6.4 3780 0.83
L=10cm

59.5 0.0123 963 16.1 16.2 900 0.49
115 0.0065 1357 11.4 11.3 2160 1.55
115 0.0126 953 7.9 8.1 1440 1.42
174 0.0040 1745 9.9 10.0 4440 3.11
174 0.0084 1231 7.0 7.1 2640 1.68
174 0.0124 954 5.6 5.6 1980 1.05
L=15cm

59.5 0.0123 1029 17.0 17.3 360 0.47
115 0.0065 1469 12.0 12.1 660 4.01
115 0.0126 1009 8.6 8.7 420 3.24
174 0.0084 1265 7.1 7.3 660 5.96
174 0.0124 1000 5.8 5.8 540 1.11

contraction of the stagnant surface fluid film resulting from
the increase of flow velocity. The intraparticle diffusion co-
efficient is the higher the longer the column. At the same
time, it changes as a function of concentration like B, but
shows no plain dependence on the flow velocity. The theo-
retical effective diffusivity of CB in the pores (e pﬁKm; see
Appendix) is of an order of magnitude of the experimental
D value. The apparent tortuosity factor evaluated as the ratio
€ pB km/ D ranges from 0.2 to 4.5 depending on experimen-
tal conditions. The values of t < 1 are found in diffusivity
studies (Satterfield 1970) and indicate the imperfection of
the model. At the same time, the upper limit of the observed
tortuosity is reasonable considering that the reported values
in the literature range from 2 to 6 (Satterfield 1970), sug-
gesting that model incompleteness has not a dramatic effect
on the results.

It is interesting to analyze trends in dimensionless Stan-
ton and Biot numbers (Table 6). The former one (St =
BeLe./v) compares the external and convective mass trans-
fer and the latter number (Bi = B.d)/(2a, D)) characterizes
the relative contribution of the internal and external diffu-
sion in the mass transfer. The Biot number decreases ap-
proaching zero as column length extends suggesting a pre-
vailing importance of the external mass transfer resistance
over the pore diffusion one for longer beds. It correlates with
a progressive rise of the external mass transfer contribution
(K1; see theoretical Sect. 2) to the overall mass transfer re-
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sistance (K| + K») from 11-20% for a 5 cm column to 58—
90% for a 15 cm column. The Stanton number is a decres-
cent function of the flow velocity, in spite of B.(v) being an
increasing function within the investigated range. This is an
expected finding because diffusion kinetics is finite in prin-
ciple and the flow rate has no theoretical limits to rise.

Kaczmarski et al. (2001) proposed criteria of model ade-
quacy. So, the POR model is considered to be valid if

St

<5 11
Bi (D

Pe > 100

The Peclet number [Pe = vL/(D,.€,)] cannot be deter-
mined in the framework of the used model because the axial
dispersion coefficient D,y is neglected but it can be esti-
mated from Gunn equation (Gunn 1987), the estimates are
reported in Table 6. As seen from the table, the conditions
of (11) are fulfilled. Hence, no errors originating from as-
sumptions of the POR model may significantly affect the
obtained results. It is rather that a further simplification
of the model introduces the lumped effect into the deter-
mined dynamic coefficients. Among the effects neglected
in the reduced model, the axial dispersion, surface diffu-
sion and adsorption-desorption kinetics are the most im-
portant to be discussed. Indeed, Eberly and Spencer (1961)
studying the elution of benzene vapor through the bed of
zeolite found that the influence of the axial dispersion be-
came noticeable when the flow velocity descended below
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Table 6 Dimensionless mass transfer numbers

v/emmin~! Conc./g1™! St Bi St/Bi Pe
L=5cm

59.5 0.0123 73 14.7 5 130
115 0.0065 62 8.0 8 219
115 0.0126 51 9.8 5

174 0.0040 59 6.9 9 269
174 0.0084 48 74 6

L=10cm

59.5 0.0123 67 3.0 22 283
115 0.0065 83 2.3 36 474
115 0.0126 55 1.7 33

174 0.0040 112 2.3 48 581
174 0.0084 67 2.6 26

174 0.0124 50 3.1 16

L=15cm

59.5 0.0123 40 1.3 32 442
115 0.0065 38 0.27 141 738
115 0.0126 24 0.21 114

174 0.0084 25 0.18 138 903
174 0.0124 20 0.79 26

~600 cm min~! whereas in our experiments the v value was
under 175 cmmin~!. We can assess the importance of the
axial dispersion using values determined by Gunn equation.
A respective resistance term (D / v2) (Dubinin et al. 1969)
is less than 5% of the experimental overall mass transfer re-
sistance (K| + K7) under any experimental conditions ex-
amined. Thus, the neglect of this effect is reasonable. The
surface diffusion can be suggested considering a negative re-
lationship between the apparent intraparticle diffusivity and
concentration. The separate estimation of the bulk and sur-
face fluxes is difficult and can hardly be done on the basis
of the present data. Moreover, the intraparticle mass trans-
fer can be complicated by the influence of the adsorption-
desorption kinetics. Although physisorption of polar adsor-
bates on metal oxide catalysts is believed to be activation-
less and fast, desorption can be slow if adsorption heat is
high, which is the case for a CB-V,05/Al,03 system (As-
nin et al. 2001). Frequently, investigators assume an infinite
rate of adsorption-desorption to avoid simultaneous consid-
eration of intraparticle diffusion and adsorption phenomena
(Golshan-Shirazi and Guiochon 1992). This results in ef-
fective intraparticle diffusion coefficients latently including
adsorption-desorption rate constants. Such an approach is
reasonable because the effect of adsorption is to hinder the
migration of an adsorbate inside a catalyst particle and it
does not affect the external mass transfer.

The model of discussion is in qualitative agreement with
the literature correlations relating the external mass trans-

fer coefficient to the flow velocity (Wakao and Funazkri
1978) and the intraparticle diffusivity to concentration (Du-
binin et al. 1969; Satterfield 1970). The dependence of
apparent dynamic parameters on column length is also a
well known effect in adsorption and chromatographic tech-
niques utilizing packed beds (Koh and Guiochon 1998;
Guiochon et al. 1997; Pecsar 1971; Han et al. 1985). Kar-
povich et al. (1995) in their study of filtering carbon tetra-
chloride vapors through a bed of a charcoal adsorbent ob-
served a 20% drop in the adsorption rate constant when bed
depth increased from 5 to 15 cm. Intensive studies pertaining
mainly to a realm of liquid chromatography relates this phe-
nomenon to a nonuniform distribution of the packing density
both in the axial and in the radial directions. There are two
sources of bed heterogeneity: particle size distribution and
the compaction of packed beds. The former is accounted for
by the segregation of particles of certain size at certain po-
sitions in a column. So, it is found that during dry packing
(a method used in the given study) the coarser particles tend
to segregate close to the wall of the container (Pecsar 1971;
Guiochon et al. 1997). Bed compaction during a packing
procedure results in the variation of the packing density in
the axial direction unless an appropriate averaging mecha-
nism is applied. Although short columns had been taken for
the study we also observed this effect. For column length
of 5, 10, and 15 cm the packing density was 0.63, 0.66, and
0.68 g cm ™~ respectively. The most significant impact of the
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Fig. 5 Comparison of experimental breakthrough curves (points) and
theoretical profiles calculated using (5-8) and the empirical expres-
sions in Table 7 (lines). Column length 10 cm, CB vapor concentration
0.0126 g/1, temperature 100 °C

Table 7 Empirical models of mass transfer coefficients

D =380+ 81 L +8v+81Lv+813Lc+ 81220Lv? 4 8123 Lvc
Be=PBo+ B1L + Bav + Bac

80 =0.36 Bo = 4970
81 =-0.6 B =—252

8, = —0.0066 B3=9

812 = 0.0084 B3 =—1.66-10°
813 =342 R%2=091
S1;p=—1.6-107

8123 = —0.31

R%2=0.87

bed nonuniformity on column dynamics especially for short
columns is likely to be connected to the inequality of con-
ditions for such mechanisms of axial dispersion as the “wall
effect” and eddy diffusion in columns of different lengths. It
seems that this circumstance explains in part the results of
the given study. Consideration of this phenomenon in terms
of dynamic models requires knowledge of the axial and ra-
dial particle size and external porosity distributions, which
information is rarely obtainable.

Since dynamic coefficients depend on experimental con-
ditions and column length the use of the considered model
to predict breakthrough curve under arbitrary conditions is
difficult. To overcome this obstacle an analytical relation-
ship between the dynamic coefficients and influencing fac-
tors should be found. Multiple regression analysis delivers
such expressions as shown in Table 7. Whereas a function
Be(L, ¢, v) is satisfactory linear, a polynomial equation with
interaction terms approximates a dependence of D on the
same factors. Figure 5 demonstrates perfect agreement be-
tween experimental breakthrough curves and those calcu-
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lated using the model under discussion supplemented with
the expressions found for 8, and D.

5 Conclusions

Equilibrium adsorption capacity of a 5% V,05/Al,03 cata-
lyst with respect to CB vapor obeys to the Langmuir equa-
tion within the concentration range investigated. This is not
supposed to be a result of the surface homogeneity but is
caused either by a narrow interval of adsorbate concentra-
tion explored or by shielding of the high-energy adsorption
sites that results in a quasihomogeneous state of the surface.
The exceeding of equilibrium adsorption capacity over the
breakthrough one is not influenced by experimental condi-
tions and is of ~ 13% for the given size of the catalyst’s
particles.

Column dynamics is described by the reduced lumped
diffusion model that should be regarded here as an empir-
ical one because the dynamic parameters of the model are
functions of experimental conditions and the column length
in contradiction with assumptions of the model. Neverthe-
less, it has its advantage of prognostic ability and can be
used to predict breakthrough curves once expressions relat-
ing B, and D to the flow velocity, adsorbate concentration
and column length are found.
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Appendix

The combined diffusivity, Dk, (r) inside the pores of radius
r is given by a combination of both Knudsen (D (r)) and
molecular (D,,) diffusivities as:

R B
Dgm(r)  Dk(r) = D

where molecular diffusivity is equal to 7.2 cm? min~! as es-

timated by Fuller-Schettler-Giddings expression (Fuller et
al. 1966) and Knudsen diffusivity is Dg (r) = 9700r - [(T +
273)/M1%3. The value averaged over the pore size distribu-
tion is found as:

_ r2
D = / Dim(r) f (r)dr

1

where f(r) is the distribution function, r; and rp are the
lower and upper limits of the experimental pore size distrib-
ution.
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