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The Influence of

Axial Dispersion on the

Fixed-Bed Adsorption of the

Hydrogen Chloride—Chromium Oxinate System

EUGENE E. BERKAU, GERALD T. FISHER, and
MARK M. JONES

DEPARTMENTS OF CHEMICAL ENGINEERING AND CHEMISTRY
VANDERBILT UNIVERSITY
NASHVILLE, TENNESSEE

Summary

The results from a study of the removal of gaseous hydrogen chloride by
the solid, metal organic complex, chromium oxinate, in a fixed-bed adsorp-
tion column is presented in the form of adsorption curves or exit gas con-
centration histories. These experimental curves are subsequently compared
to the solutions of a theoretical mathematical model representing the
adsorption process. The model incorporates axial diffusion, as described by
G. L. Taylor. A gas phase mass-transfer resistance and a solid-phase adsorp-
tion—-desorption rate were considered as the mechanisms for the adsorption
model. The solutions to the mathematical model were generated by an

analog computer.

INTRODUCTION

The theoretical mathematical representation of the removal of a
component from a gas mixture in a fixed-bed adsorption process
requires the description of the mechanisms of mass transfer of the
adsorbate from the bulk gas stream onto the surface of the solid
adsorbent. These rate-controlling mechanisms which were first

suggested by Langmuir (2,3,11) are:

1. Diffusion of adsorbate to external surface of the solid particle

(external diffusion)
77
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2. Diffusion of adsorbate into or along the surface of the solid
particle (intraparticle diffusion)

3. Adsorption and desorption of the adsorbate on the solid surface
(surface adsorption)

One of the first formulations applied to a fixed-bed adsorption
process was that presented by Hougen and Marshall (8) which
assumes that external diffusion or surface adsorption is the con-
trolling mechanism. Mathematical solutions have also been de-
veloped by Thomas (21), Rosen (17), and Edeskuty and Amundson
(5) for the case in which intraparticle diffusion is the dominating
mechanism. The theoretical treatment of the combined resistances
of intraparticle and external diffusion was first obtained by Rosen
(18). Masamune and Smith (13,14) solved the additional two-
resistance and the general three-resistance cases and summarize
all previous mathematical formulations for a fixed-bed adsorp-
tion process where the absorbent particles are considered to be
spherical.

A simplifying assumption common to all these mathematical
developments is that axial diffusion or back-mixing of the adsorb-
ate in the gas mixture is negligible or nonexistent. Such an as-
sumption prevents the solutions of the theoretical models from
predicting the tailing which is exhibited in experimental adsorp-
tion concentration data presented in this article. The mathematical
model which is proposed will consider the mass-transfer con-
trolling resistances of external diffusion and surface adsorption
and in addition the back-mixing of the adsorbate in the gas stream.
The machine solutions to this model are presented and compared
to a set of experimental curves obtained from the adsorption process
studied.

EXPERIMENTAL

The solid adsorbent was tris(8-hydroxyquinolinato)chromium-
(III) or chromium oxinate and was prepared by a procedure avail-
able in the literature (9,12). The solid was reddish-brown in color
and its particle size as determined by separation in a set of Tyler
standard screens was between 74 and 104 u. .

The adsorbate utilized was anhydrous hydrochloric acid, and the
inert component of the gas mixture was helium. These gas sources
were standard gas cylinders supplied by Matheson, of commercial
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purity. The mole fractions of hydrogen chloride ranged from 0.50
to 0.053 under a total average pressure of not more than 1 psig
which was caused by a pressure drop in the adsorbent bed. These
figures correspond to total gas flow rates ranging from 9.74 to 4.36
ml/sec. The helium rate in all instances was constant at either 4.87
or 4.13 ml/sec.

The initial temperature of the system preceding an experiment
was either 25 or 35°C. The lengths of the experiments ranged from
30 min to 5 hr. An experiment was never concluded until the out-
put gas concentration was equal to or greater than 90% of the input
concentration.

Although the system was operated under anhydrous conditions,
the experimental equipment was designed primarily from con-
sideration of the corrosiveness of concentrated HCl. Because of its
inertness, poly(vinyl chloride) pipe and fittings were used almost
exclusively, and clear Lucite tubing was the construction material
for the wall of the fixed bed. The reactor itself was initially de-
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FIG. 2. Schematic of experimental apparatus.

signed for 90 g of adsorbent but was subsequently altered for
sample sizes of 55 g when preliminary experiments indicated that
the time required to complete low gas concentration experiments
would be lengthy. The modification of the reactor volume was
accomplished by reducing the bed length from 6 to 4 in. while
maintaining the inside diameter at 1.5 in. A scale drawing of the
experimental adsorption cell is in Fig. 1.

The concentration of the inlet and efluent gas streams to the
reactor was monitored continuously by two Gow-Mac thermal con-
ductivity cells. Teflon-coated thermistors were used as the sensing
elements. The flow rates of the individual gases (HCl and He)
were measured by two gas rotameters. A flow diagram of the ex-
perimental apparatus is presented in Fig, 2.

EXPERIMENTAL RESULTS

The experimental results which are generally used to charac-
terize a fixed-bed adsorption process are the output gas concentra-
tion versus time data. The most valuable information that can be
obtained from these data is the breakthrough time. This term will
be defined as the time required for the adsorbate to become mea-
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surable in the exit gas stream. Of almost equal importance are the
adsorption equilibrium data which are usually more accurately
determined from nonflow studies but in this case were estimated
from the fixed-bed adsorption results. The factors which must be
considered because of their influence on these data are the input
gas concentration, sample size, temperature, pressure, and particle
size.

A summary of the experimental conditions of temperature, pres-
sure, sample sizes, and hydrogen chloride concentration and flow
rates is tabulated in Table 1. Although the initial temperatures of
the system were maintained at 25 or 35°C, subsequent temperature
rises were recorded. These temperature rises ranged from 7°C to
greater than 50°C for corresponding inlet hydrogen chloride mole

TABLE 1

Experimental Conditions

Experiment  Inlet HCI Inlet HCI Sample Temperature Average

number  mole fraction flow, ml/sec size, g rise, °C? pressure, psig
2A1° 0.363 2.78 83.08 - 15.7
2A2b 0.363 2.78 85.60 — 15.7
2A3 0.363 2.78 57.10 — —
3A1? 0.245 1.47 83.65 — 15.7
3A20 0.245 1.47 83.00 32.8 15.7
3A3 0.245 1.47 56.70 — —
5A1” 0.500 4.87 90.30 30.6 —
5A2 0.500 4.87 56.20 >40.0 —
BA 0.085 0.45 87.10 7.0 15.9
9A 0.102 0.48 55.30 8.0 14.8
9B1 0.102 0.48 56.80 8.6 14.8
9B2 0.102 0.48 56.65 11.2 14.8
11A1 0.076 0.34 57.30 10.0 14.9
11A3 0.076 0.34 56.90 10.0 14.9
11B1 0.076 0.34 57.70 7.5 —
11B2 0.076 0.34 56.85 7.5 —
13A 0.128 0.61 57.20 15.7 15.4
13B 0.128 0.61 57.30 12.3 15.4
I4A 0.053 0.23 54.75 9.8 15.4
15A 0.198 1.20 56.10 34.0 —

¢ Experiment numbers containing “A” refer to initial temperature of approxi-
mately 25°C and “B” 35°C.

® Water from a temperature bath at 25°C was circulated through the reactor jacket
throughout these experiments.
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FIG. 3. Inlet mole fraction versus breakthrough time.

fractions of 0.053 to 0.50. Corresponding experiments made under
the same operating conditions except base temperatures provided
adsorption curves which were not significantly different, and
therefore the experimental results were assumed to be independent
of temperature over the range in which the studies were made.

The pressure drop within the fixed bed varied between 0 and 1.2
psi or 14.7 and 15.9 psia. Since this variation was small with re-
spect to the total absolute pressure, the adsorption experiments
were assumed to have been operated under isobaric conditions;
the average pressure was 15.0 psia.

The adsorbent sample size of 85 g used in the high adsorbate
concentration experiments was changed to 55 g to reduce the time
required to conclude the lower concentration studies. The particle
size of the adsorbent was between 74 and 104 p.

In Fig. 3 is shown the variation in the breakthrough times with
the inlet gas concentration. It is seen that as the adsorbate concen-
tration decreased from 0.50 to 0.053, the breakthrough times in-
creased from 5.0 to 32.5 min.

The experimental adsorption curves are presented in Fig. 4 as
plots of exit gas concentration versus time since breakthrough
period. These curves indicate that the rate of change of concen-
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tration of hydrogen chloride in the exit gas stream decreased with
decreasing inlet adsorbate concentration. This in essence is the
same as lowering the partial pressure of the adsorbate in the gas
mixture and hence decreasing the rate of adsorption. This effect is
consistent with the properties of a physical adsorption process.

The reversibility of the fixed-bed adsorption process was in-
vestigated in the initial experiments. The method employed was
to allow pure helium to pass over the essentially hydrogen chloride
saturated bed at the same flow rate as in the preceding adsorption
experiment and to record the output concentration. The results
indicated that the process was reversible with an initially rapid
desorption rate, followed by a very slow loss of material from the
bed. This evidence was also indicative of a physical adsorption
process.

The adsorption equilibrium data were obtained from the exit
gas concentration histories which were recorded in raw form as
milliliters per second of hydrogen chloride in the exit gas stream
versus time. By subtracting the hydrogen chloride flow rate leaving
(ml/sec) from that entering, hydrogen chloride absorbed versus
time curves were obtained. From these curves the adsorption
equilibrium data could be calculated with a knowledge of the tem-
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FIG. 4. Concentration versus time since breakthrough.



14: 45 25 January 2011

Downl oaded At:

84 E. E. BERKAU, G. T. FISHER, AND M. M. JONES

0.5} O Experimental Valves ©
~— Curve From Freundlich Equation
)
04| /
0
. P
i
03|
[5]
T
L3
i
‘E'O.Z L
= @]
o
=z Q
o
Woil
0.0 ) \ 1 ] i 1 !
o] t 2 3 4 5 6 7 8

Partial Pressure (psia)
FIG. 5. Adsorption equilibrium data.

perature and pressure of the system, This data is presented in Fig.
5 along with the curve obtained from the empirical Freundlich
exponential equation, which is often used to represent adsorption
equilibrium data (7). The form of the equation used was

E=B(P)im

The values of B and m which gave the desired fit to the experi-
mental data were B = 0.0367 and m = 0.815.

The reproducibility of the experimental adsorption curves was
observed under several sets of operating conditions. The greatest
deviation was found to be 12.5% and the minimum. 3.0%. These
values were obtained considering the high and low base temper-
ature experiments together.

THEORY

To predict the change in concentration of a fluid stream and a bed
of adsorbent during an adsorption process, it is necessary to obtain
an expression which relates concentration to time and distance for
both the fluid (in this case the gas) and the solid phases. To write
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such an expression, the following physical picture of the adsorp-
tion mechanism is presented.

The gas mixture composed of the adsorbate and inert components
is considered to pass through the void spaces between the solid
particles in the packed bed. The adsorbate becomes concentrated
in the adsorbent at the entrance of the bed. The efluent from this
section retains very little of the adsorbate, and hence only a small
degree of adsorption occurs throughout the rest of the column. As
the entrance of the bed approaches saturation, the adsorption
process continues up the bed in what has been called an adsorption
wave (4,19,20). While the adsorption wave is proceeding through
the adsorbent, the effluent from the bed is relatively free of ad-
sorbate. When the wave reaches the exit, the concentration of the
adsorbate increases rapidly until the outlet adsorbate concentration
approaches that of the inlet gas stream. The time required for the
adsorption wave to reach the exit of the column is known as the
breakthrough period. The outlet gas concentration approaches the
inlet value slowly as equilibrium or bed saturation is gradually
approached. When saturation of the adsorbent is essentially com-
plete, no further concentration changes are observed. The amount
of equilibrium adsorption is the same as that which would have
been obtained in a static experiment under similar operating
conditions.

The adsorbate transfer between phases occurs from the bulk gas
stream to a stagnant gas film which encompasses and in some
cases intermingles with the solid particles. If the gas film is as-
sumed to surround the solid particles, the adsorbate is then con-
sidered to simply adsorb and desorb on the external surface of the
solid. In the other situation adsorbate molecules are assumed to
diffuse into the interstices of the solid particles where adsorption
and desorption occur on both the external and internal surfaces.
The latter case will not be examined in this paper.

To describe the changes in concentration of the gas stream, three
major assumptions are made. The first of these is that plug flow in
the gas stream exists and that back-mixing of adsorbate can be
represented mathematically analogous to Fick’s law (6,10) de-
scribing molecular diffusion. Assuming such a relationship, back-
mixing or the molar flux of the adsorbate in the z direction can be
represented as

aC

N=-D,*~
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The second assumption is that the rate of mass transfer of the
adsorbate across the gas film resistance can be described by the
expression

r=k,a(C—C)

Finally, the rate-controlling transfer mechanisms of adsorption
and desorption in the solid phase and surrounding stagnant gas
film are considered to be directly proportional to the concentration
of the adsorbate. Stated mathematically

Rate of adsorption = k,C
Rate of desorption = k,S

where k; and k, are the adsorption and desorption rate constants
and S is the concentration of the adsorbate on the solid surface.

If the preceding relationships are assumed to apply, then mass
balances in the direction of gas flow over an arbitrary differential
section in the fixed-bed reactor can be written. Mass balances over
the gas phase, solid phase and stagnant gas film, and solid phase
lead to the differential equations

aC 0*C aC

6—66=Dga—z2—ua—z—kga(c—é) (1)
aC aS =
P 0 + 7R?%p, 0= k,amR2(C — C) 2)
aS =
ps 35 = k:iC — p.ksS (3)

In Eq. (2) the quantity P will be considerably less than 7wR%p,
since it composes only a minute fraction of the cross-sectional area
of the bed. It can therefore be assumed that

aC 2, 38
Pa(9 << < 7wR%, =0

and hence Eq. (2) can be reduced to the form

aS =~
Ds £= k,a(C—C) (4)

Comparing Eq. (4) with Eq. (3), the identity,
k,a(C — C) = k,C — psk.S (5)
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can be written. Solving Eq. (5) for C and substituting the result
into Eq. (3) leads to the expression
3S _ kiksa
P30~ ka+k,

pskakga
k,,a + kl

C— S (6)

Equations (1) and (6) are the basic expressions which will be
used to relate the adsorbate concentration in the gas and solid
phases to time and distance. The greatest limitations to these equa-
tions are that adsorption must occur from a dilute gas stream and
internal diffusion into the solid particles cannot be represented.
The inclusion of internal diffusion as a rate-controlling mechanism,
however, can be accomplished by assuming a geometrical con-
figuration of the adsorbent particles (usually a spherical shape).
The mathematical approach for this case is available in the lit-
erature (14).

The initial and boundary conditions applicable for a fixed-bed
operation are

Initial condition: C=C=S8=0,2=2,6<0
Boundary condition: C = C,, 2=10, 6§ > 0

where C, = inlet concentration of adsorbate, g-moles/liter.

Before proceeding, the generality of this mathematical model can
be shown by considering two formulations. In the first the only
controlling mechanism in the adsorption process is assumed to be
mass transfer of the adsorbate from the bulk gas stream to the
stagnant gas film. Here equilibrium exists between the adsorbate
molecules on the solid surface and those in the stagnant film and
can be represented by the relation

S=\C (7)
where A = equilibrium constant, liters/g-mole solid.

The gas phase and the gas film and solid phase equations are
unaffected but the solid phase mass balance is replaced by the equi-
librium expression, Eq. (7). Combining Eq. (7) with Eq. (4) results in

= k,aC ———§ (8)

which can be used with Eq. (1) to represent the adsorption process
under the given assumption.
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In the second consideration the only rate-controlling mechanisms
are adsorption and desorption with equilibrium between the ad-
sorbate molecules in the bulk gas stream and those in the stagnant
gas film. The equilibrium expression is now written as

C=p8C 9
where B = equilibrium constant, dimensionless.
Equation (9) can be substituted directly into Eq. (3) to yield

a8
Ps '3—0-= leC - Pskzs (10)

which can be used in conjunction with Eq. (1) to represent the
adsorption process governed by the above assumption. By com-
parison of the solid phase equations (6), (8), and (10), it is obvious
that they are all of the form

s
FY) =fC—gS (11)
where f' and g can have any of the following representations:
,_ 1 kikea _ kokya
L = kathk & kath

k.a k,a

I f ="l =@

f Ps Psh

. f =88 g=k

8

The gas phase equation for all three conditions is represented by
Eq. (1). The generality of the model is thus confirmed by the simi-
larity of the solid phase equations to Eq. (11) which is represent-
ative of any of three rate-controlling mechanisms and the gas
phase expression, Eq. (1), which remains the same regardless of
the rate-controlling resistances.

The subsequent developments will be based primarily on Eqgs.
(1) and (6) but will be equally applicable to any of the rate-
controlling cases mentioned.

Simultaneous solution of Egs. (1) and (6) requires the aid of finite
difference calculus since analytical solutions are unavailable. The
methods employed are quite common in the literature (15) and
therefore only a brief description of the reduction of the differential
equations to finite difference equations will be discussed.
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Equation (1) can be changed to a more suitable form for com-
puter solution by combining Eq. (1) with Eq. (4) to eliminate the
term k,a(C — C) and dividing both sides of the resultant equation
by C,, the inlet adsorbate concentration. The ensuing expression is

dC _Dy3*C _udC _ p, 8S (12)
00 € 022 € 9z Cye 36
where C now represents the normalized concentration C/C,. Di-
viding both sides of Eq. (6) by C, leads to the corresponding solid
phase equation
S C, kiksa

—_ C —

9o _ kzkga
800  psksa+k

k,a + k,

S (13)

To solve Egs. (12) and (13) simultaneously on an analog com-
puter, it is necessary only to reduce Eq. (12) to an ordinary differ-
ential equation. Through application of finite difference calculus,
Eq. (12) can be reduced to the finite difference or ordinary differ-
ential equation

8C, (D,
20 (eAz2 2€Az) Cinn — eAz 7 Ci
D, u _ps 8S;
(eAz2 t 2eAz> Cin = Coe 86 (14)

where the subscript i refers to a particular location in the fixed bed.
The corresponding finite difference form of Eq. (13) is

38 _Co_kika - kika
90 pa katk ' ka+k

Si (15)

If the fixed bed is divided into n equally spaced sections or
modules labeled i = 0 to i = n, the absorbate concentration at any
module i at any particular instant can be obtained from a knowledge
of the concentration at the i + 1 and i — 1 modules at the same
period in time. Module O refers to the inlet position in the column
and n to the outlet. Since Eqs. (14) and (15) are readily solved on an
analog computer, the problem is to develop a computer program
to simultaneously solve two ordinary differential equations at
each module. The number of modules used is dependent on the
size of the computer and/or the accuracy of the solution desired.

The programming of Eqs. (14) and (15) requires some minor
alterations. The length of an actual adsorption experiment can be
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as much as 300 min. This period of time cannot be simulated as
such in a computer solution but must be altered by the scaling
equation

b
100

which says that the computer time ¢t will be 100 times as fast as the
actual experimental time 6. After substitution of Eq. (11) into Egs.
(14) and (15), it was found that for the calculated values to remain
within the computer limits, both sides of Eqs. (14) and (15) had to
be divided by 100. The result of these alterations leads to the actual
equations which were used to represent the fixed-bed adsorption
process on an analog computer. The gas phase equation is now

—2Qg_i=(BL_L). 2D,
10 5t \eAz? 2eAz/ "' eAz? pry Aol

t= (16)

D as
== 4 —Ps 10-299¢
+ (eAz2 2eAz) Cor =107 % (D
and the solid phase equation is,
10-2 EJSi Co klkga kzkga

Bt pakatk ' ka+k S (18)
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The analog computer program for simultaneous solution of Eqgs.
(17) and (18) which represent the first n — 1 sections of the fixed
bed can be seen in Fig. 6. To simplify the reading of Fig. 6, the fol-
lowing definitions were employed. There were

b' = D,/eAz?
d = u/2eAz
e = p,/Coe

f=1Co

and g has the same meanings as previously defined.

The calculation of the adsorbate concentration at the nth module
requires a slightly different finite difference treatment of Egs. (12)
and (13) since the concentration at the n + 1 module is unknown.
For this treatment reference to the literature (15) is made once
again and only the final finite difference form of these equations
will be presented. The adsorbate concentration at the nth module,
therefore, can be obtained by simultaneous solution of the gas
phase equation

t+8an (Do S0y, (Bt
at eAz2 2eAz) " \eAz? 2e€Az/ "!

D, __u_) _ Ps 10-2 95
+ <6A22 2eAz Cr-s Coe 10 at (19)

and the solid phase equation

_ GS,,_E(_) k,k,a R kgkga
* ot  pska+k, ka+k Sa (20)

10

The analog computer program for these equations is presented in
Fig. 7. The definitions of b’, d', e, f, and g have been used similarly,
as before. The theory of analog computers may be found else-
where (16).

It should be noted that the maximum value of n employed in
this study was 5. This was required since only 48 integrating circuits
were available on the Model AD-2-64PPC Applied Dynamics
computer.

THEORETICAL RESULTS

Since the mathematical model for the fixed-bed adsorption
process applies for operations at low inlet adsorbate or HCI con-
centrations, the data from the experimental series 9, 11, and 13
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were chosen for the model studies (I). These experimental runs
correspond to inlet HC] mole fractions of 0.102, 0.076, and 0.128.
The normalized output gas stream concentration versus time repre-
sentations for the experimental data are illustrated in Figs. 8,9, and
10 along with the theoretical curves obtained from the analog
computer solutions of the mathematical model.

The values of the model parameters b, d, ¢, f, and g which have
the desired agreement between the theoretical and experimental
curves are listed in Table 2. The parameters b and d have the
representation

b=

"iE oo

d=

The numerical values of b, d, and f were maintained constant at
0.366 cm/sec, 1.72 cm/sec, and 0.30 liter/g-mole solid-sec, re-
spectively, for each of the experimental sets of data except where
d was set equal to zero and b to 0.160 cm/sec. The value of the
parameter e varied from 3200 to 1900 g-moles solid/g-mole HCI,
and g from 0.600 to 0.400/sec.

ANALYSIS OF THEORETICAL RESULTS

The determination of the parameters b, d, ¢, f, and g in the theo-
retical mathematical model of the fixed-bed adsorption process
included both a trial and error procedure and estimates from experi-
mental data. The parameters which were estimated prior to the
trial and error adjustments of the adsorption model to the experi-
mental data were e and the ratio f/g. To determine the value of ¢,

TABLE 2
Values of the Mathematical Model Parameters

Experi- e, g-moles solid/ £, liters/
ment b, cm?¥sec d,cm/sec  g-mole HCl  g-mole solid-sec g, sec™
9 0.366 1.72 1900 0.030 0.440
1 0.366 1.72 3200 0.030 0.600
13 0.366 1.72 1300 0.030 0.353

13 0.160 0.00 1300 0.030 0.353
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the proper C, and € had to be known. Since C, and € could be cal-
culated from the experimental data, the quantity e was estimated.
The ratio f/g is essentially the equilibrium adsorption value for a
particular set of experimental conditions. This arises from con-
sidering that 9S/66 in Eq. (11) is equal to zero when equilibrium
adsorption is obtained. Therefore, if the right-hand side of Eq. (11)
is set equal to zero and solved for S, the result is

_f
S g C (21)
If Eq. (21) is normalized by dividing both sides by C,, the value of
S is given by

s=Sf ¢ (22)
g

where C now represents the normalized quantity C/C,. Since C is
normalized, the final value of S is given by the ratio f/g. An estimate
of this ratio can be obtained from the equilibrium concentration
of hydrogen chloride in the solid phase for a particular experiment.

The parameters b and d were therefore essentially the only
completely unknown values. However, the superficial linear
velocity U is contained in the parameter d, and therefore it was
estimated by setting b equal to zero in the initial attempts to fit the
mathematical model to the experimental data. The velocity term
was varied until an approximate fit of the theoretical equations to
the experimental data was obtained. Such a solution was found to
predict the initial 30 to 40% of the adsorption curves quite satis-
factorily, as illustrated in Fig. 8, but was unable to provide the
tailing which occurred in the real process. This solution would be
the same as that obtained by the model proposed by Hougen and
Marshall (8). To obtain the tailing effect, the parameter d, which
contains the back-mixing or dispersion coefficient, was introduced.
The values of b and d were then varied with small modifications of
e, f, and g until the desired mathematical solutions were obtained.

The experimental data from series 13 was chosen as the first to
be modeled and the results are presented in Fig. 8. Series 9 and
then 11 were subsequently modeled as shown in Figs. 9 and 10.

The solutions to the mathematical model were found to predict
the upper 80% of the experimental adsorption curves quite accu-
rately. The greatest deviations from these curves were obtained in
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the prediction of the outlet gas stream concentration from a value
of zero to a normalized value of 0.30. The breakthrough times
were found to vary as much as 67%, an error which decreased to a
maximum of 10.3% for the time required to reach a normalized exit
stream concentration of 0.30. The errors in this region were always
such that the hydrogen chloride concentration in the exit stream
was predicted prematurely high at a given time.

A similar comparison between the experimental data of series 13
and the corresponding solution of the theoretical model with the
back-mixing coefficient equal to zero gives an error between the
predicted and actual breakthrough time of 25% and decreases to
an error of zero for the time required to reach a normalized exit
concentration of 0.30. However, from this point on the difference
between the predicted and actual efluent gas concentration in-
creases rapidly, as shown in Fig. 8. Hence, the model neglecting
back-mixing was found to predict the initial 40% of the experi-
mental curve. It was felt, however, that a better fit to the experi-
mental data was obtained by using the dispersion term in the
mathematical model.

The calculated values of the porosity factor €, the equilibrium
adsorption content E, the back-mixing coefficient D,, the super-
ficial linear velocity u, the mass-transfer coefficient times the inter-
facial area k,a, the forward adsorption rate constant times the gas
phase stagnant film equilibrium constant k8, and the reverse rate
desorption constant k,, from the parameters b, d, e, f, and g are
presented in Table 3. It should also be noted that the values k,a,
k;, and k;, for the general three rate-controlling resistances, could
not be obtained since there were only two independent equations
and three unknowns. To calculate these values it would have been

TABLE 3
Theoretical Quantities from Model Parameters

E, g-moles
Experi- HCl/g-mole D, u, kea, k.8, k,,
ment € solid cm?/sec  cm/sec sec™! sec™! sec™?
13 0.177 0.085 0.0549 0.1258 6.90 6.90 0.353
9 0.152 0.063 0.0549  0.1258 8.65 8.65 0.440
11 0.121 0.040 0.0549  0.1258 11.62 11.62 0.600

¢ ¢ = (,15 for all other calculations.



Downl oaded At: 14:45 25 January 2011

FIXED-BED ADSORPTION 97

necessary to conduct static studies under the same operating con-
ditions as the flow experiments, thereby determining k, and k,
from Eq. (3). The values of k,a could then be obtained from the
solid phase parameters used in the corresponding flow experi-
ments. Hence, the values of k,a apply only to the model which
employs a gas film resistance and k,8 and k, to the adsorption-
desorption resistance case.

The theoretical porosity factors were found to vary from 0.177
to 0.121 with an average value of 0.150. This corresponded to a
deviation about the average of £18%. This value is comparable to
the estimated value of 0.19 and is reasonable considering the small
particle size of the solid.

The experimental equilibrium values were 0.085, 0.068, and
0.050 g-mole HCl/g-mole solid as compared to the theoretical esti-
mates of 0.085, 0.063, and 0.040 g-mole HCl/g-mole solid. The
percentage errors were 0.0, 7.95, and 25.0%, respectively. The
variation between the theoretical and experimental equilibrium
contents should be considered in terms of the approximate methods
used to obtain the experimental values and their numerical
smallness which leads to large percentage errors for only small
differences.

The dispersion coeflicient and superficial linear velocity re-
mained constant for each set of data at respective values of 0.0549
and 0.0258 cm/sec. Such behavior is consistent with the theoretical
considerations of the back-mixing coeflicient and the assumption
that the loss of adsorbate from the gas stream does not appreciably
affect the overall velocity of the mixture.

For the case in which mass transfer across a gas film is the only
controlling resistance, the term kj;a was found to be 6.90, 8.65, and
11.62/sec for the respective experimental series 13, 9, and 11.
Since k,a is common to both parameters f and g, it was possible to
calculate k,a from the given value of f, Cy, and p, for each set of
data. Using this value of k,a and the known values of g and p,,
it was possible to calculate the equilibrium constant A. The value
of A can also be estimated from the experimental data. Comparison
of the values of A obtained from theoretical and experimental con-
siderations provides a means by which the proposed mechanism of
mass transfer in this case can be tested. The experimental value of
\ was estimated to be 20.4 liters/g-mole solid, while the theoretical
calculations gave values of 15.9, 15.7, and 15.8 liters/g-mole solid
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for the experimental series 9, 11, and 13, respectively. The theo-
retical values were all within 23.2% of the experimentally deter-
mined equilibrium constant.

The values of k,8 were 6.90, 8.65, and 11.62/sec, with corre-
sponding values of k, of 0.353, 0.440, and 0.660/sec. These terms
applied when the mathematical model incorporated the adsorption-
desorption resistances to mass transfer. The values of these constants
should be the same as those obtained from static studies of the
adsorption under similar operating conditions as the corresponding
flow experiments. These data were unavailable, however, and the
proposed mechanism of mass transfer could not be tested as in the
above case.

The initial part of the experimental curve was found to remain at
zero concentration until the breakthrough time arrived, after which
a subsequent rapid rise in concentration occurred. The prediction
of such behavior by the mathematical model was felt to be attain-
able through the use of more finite difference modules or incre-
ments. Since the size of the computer available limited the number
of modules to five, the effect of a larger number of modules on the
theoretical solutions could not be determined. However, the effect
of using a fewer number was studied for each of the series 9, 11,
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and 13. The results are shown in Fig. 11, with the presentation of
the theoretical solutions for the experimental series 13.

It is seen that as the number of modules was decreased from five
to four to three, the breakthrough times decreased significantly.
When the normalized effluent gas stream concentration reached
about 0.25, the curves crossed over with the three-module approxi-
mation being the farthest from the experimental curve, the four-
module next, and the five-module the closest. As the normalized
concentration reached about 0.90, the curves converged to one.
From these observations it can be concluded that the use of more
modules tends to increase the breakthrough time, initially provide
a more rapid rise in the adsorption curve, and, finally, converge to
the upper portion of the curves obtained in this study. Whether or
not the theoretical solution would eventually converge completely
on the experimental curve with an increased number of modules is
a problem which would best be solved using a digital computer or
a larger analog.

The use of a digital computer would essentially eliminate those
errors encountered with the analog because of the great variation
in the numerical values of the theoretical parameters and the
inherent inaccuracy in certain operating regions of the computer.
The numerical range in the parameters made the setting of several
of the computer adjustments to the desired accuracy impossible.
Evidence of this error was indicated when the outlet gas concen-
tration reached a constant value which many times was either
greater or less than the input. In these cases the output was ad-
justed to record at the inlet value. The extent of the error incurred
by such procedure is questionable.

The inherent inaccuracy of the computer would be most evident
in the low concentration regions where a zero output concentration
must be maintained until the breakthrough time. Such response is
unlikely since very stringent operating characteristics on the elec-
tronic tubes is required. This effect on the computer solutions is
also questionable but must be assumed significant.

The nearness of the solution of the finite difference approxi-
mation to the actual solution of the differential equations is quite
difficult to estimate. The usual procedure is to increase the number
of increments and observe the difference or convergence in the
solutions. Whenever the difference becomes insignificant or con-
vergence is essentially complete, the necessary accuracy is assumew
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to have been attained. In view of the inaccuracies previously men-
tioned and the fact that the finite difference solution is considered
adequate in the upper 80% of the exit gas stream concentration
range, such procedure would not conclusively indicate the errors
involved from an inadequate number of increments.

Hence, the inaccuracies in the theoretical solutions cannot be
conclusively interpreted and must be evaluated in future studies
where digital computer applications seem to be warranted.

CONCLUSIONS

The adsorption of gases on fixed beds can exhibit a tailing effect,
which requires long times for the exit gas concentration to reach
the entering concentration. This effect can be described by equa-
tions involving axial dispersion in the gas phase.

The adsorption of hydrogen chloride on chromium oxinate exhi-
bits the properties of physical adsorption as determined by obser-
vation of adsorption-desorption curves.
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List of Symbols

constant in the Freundlich equation

D,/e

D,/eAz?

gas phase adsorbate concentration, g-moles/liter

C/C,, dimensionless

gas film adsorbate concentration, g-moles/liter

adsorbate concentration at z=0 (boundary condition),
g-moles/liter

value of ¢ in the ith increment of the bed

gas phase dispersion coefficient, cm?/sec

ule

u/e2Az

solid phase composition, g-moles adsorbate/g-mole solid
ps/ (:0E

fCo

NacaTew
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f constants defined by Eq. (11) and model 1, II, or I1I
g constants defined by Eq. (11) and model I, II, or III
k,a gas phase mass-transfer coefficient, sec™
k, absorption rate constant, sec™
k, desorption rate constant, sec™!
m  constant in the Freundlich equation
N adsorbate molar flux, g-moles/cm?-sec
n number of finite bed increment
P interfacial area in bed cross section, cm?
P partial pressure of adsorbate
R partial radius, cm
r  rate of adsorbate mass transfer through the gas film, g-moles/
liter-sec
S absorbate concentration on the solid surface, g-moles ad-
sorbate/g-mole adsorbent
S; absorbate concentration in the ith bed increment, g-moles/
g-mole
scaled computer time, 6/100 sec
linear velocity through bed, cm/sec
linear distance in the bed, cm
equilibrium constant, Eq. (9), dimensionless
bed porosity, dimensionless
time, sec
equilibrium constant, Eq. (7), liters/g-mole solid
Ps adsorbent bulk density, g-moles/liter
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