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Abstract

Adsorption equilibria and rate kinetics for the binding of a-chymotrypsinogen A onto hydrophobic porous
adsorbent particles, have been investigated for three different temperatures. The results show that the amount of
protein adsorbed increases as the temperature increases.

The values of the parameters that characterize the mechanisms of pore diffusion and adsorption were
determined. The values of the pore diffusion coefficient and the values of the time constants for the mass transfer
steps of pore diffusion and adsorption suggest that the pore diffusion mechanism in the porous structure of the
adsorbent particles is rate limiting. An analysis of the results of the adsorption of a-chymotrypsinogen A suggests
that the heat of adsorption is positive, and this would indicate that the adsorption of a-chymotrypsinogen A onto

the hydrophobic adsorbent particles used in this work is entropically driven.

1. Introduction

The design. optimization, scale-up and control
of affinity adsorption systems require that the
mass transfer and adsorption mechanisms are
quantified. The most commonly used mode of
operation in affinity adsorption separations is the
fixed bed mode with axial flow [1]. Batch (finite
bath) adsorption systems could be appropriate
where the fluid to be processed was of high
viscosity or contains particulate material. It has
been shown [1-7] that, for a given affinity
adsorption system, the parameters that char-
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acterize the intraparticle mass transfer mecha-
nisms in purely diffusive adsorbent particles (for
affinity adsorption systems with perfusive par-
ticles, Refs. 8-14 should be consulted) as well as
the adsorption mechanisms should be indepen-
dent of the operational mode (e.g., batch, fixed
bed, fluidized bed), and therefore, if these pa-
rameters are estimated by utilizing information
obtained from finite bath experiments (batch
experiments are easier to perform and analyze
[1-7,15.16] than column experiments), then their
values could characterize the mechanisms (in-
traparticle mass transfer and adsorption mecha-
nisms) in other operational modes.

In this work, the dynamic and equilibrium
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behavior of the adsorption of «-chymotrypsino-
gen A onto the surface of the pores of
SynChroprep Propyl HIC porous adsorbent par-
ticles is studied by performing finite bath experi-
ments. Then the experimental dynamic and
equilibrium adsorption data are used together
with the predictions calculated from a mathe-
matical model to obtain the values of the param-
eters that characterize the mechanisms of pore
diffusion and adsorption in the adsorbent par-
ticles for a-chymotrypsinogen A.

2. Mathematical model

In this work, single-component adsorption is
considered to occur in purely diffusive adsorbent
particles (in purely diffusive adsorbent particles
the intraparticle convective velocity [9] is taken
to be equal to zero) suspended in the liquid of a
finite bath, and the mass transfer and interaction
steps are as follows: (i) the transport of adsor-
bate from the bulk fluid to the external surface
of the adsorbent particle (fitm mass transfer); (ii)
the transport of adsorbate within the porous
adsorbent particle (intraparticle pore diffusion);
(111) the interaction between the adsorbate mole-
cules and the active sites on the surface of the
pores of the adsorbent particle (adsorption step}).
The porous adsorbent particles are suspended in
the liquid of the finite bath by agitation so that
the liquid has free access, and the bulk con-
centration of the adsorbate is taken to be uni-
form throughout the bath except in a thin film
(film mass transfer resistance) of liquid surround-
ing each particle.

A differential mass balance for the adsorbate
in the fluid phase of the finite bath gives

dci“ = (1 c E) : (,a - 1) K G ) = G (1)

€ o

Eq. 1 can be used for particles having geome-
try of slab. cylinder or sphere by putting «a =0, 1
or 2, respectively. The initial condition of Eq. |
Is given by

C,=Cyyat 1=0 (2)

The transport of the adsorbate in the adsor-
bent particle is considered to be governed by the
diffusion [2,7] of the species in the pore fluid
(pore diffusion) of the particle. The intraparticle
(pore diffusion) transport mechanism is taken to
be one-dimensional and in particles that have an
axis of symmetry. It is understood that in the
case of the slab and the cylinder, the particles
are of infinite extent or alternatively one must
artificially assume that the ends of a finite cylin-
der or edges of a finite slab are sealed in order to
keep the problem one-dimensional. A differen-
tial material balance for the adsorbate in the
adsorbent particle is given by

He,Cy) aC, 1 i_(r% _G_C_E> 0)
o p~p

at 3t o or or

The initial and boundary conditions for Eq. 3 are

C,=0atr=0,0=r<r, @
C=0at:r=00=<r=<y, 5
aC, )
€D, == o ZKf[Cd~Cp(t,r0)], >0 (6)
aC,
ar | =0, >{ N

If restricted [1,5,7,13] pore diffusion occurs,
then €, and D, could vary with the loading of the
adsorbate in the adsorbed phase, as shown by
the restricted pore diffusion mathematical model
of Petropoulos et al. [7]. If the effect of re-
stricted pore diffusion on the mass flux of the
adsorbate is not significant, then the values of €,
and D may be considered to be constant
[L.2.5.7).

It is apparent that Eq. 3 can be solved only if
an appropriate expression for the term dC, /ot is
available. This term represents the accumulation
of the adsorbed species on the internal surface of
the porous adsorbent particle, and it can be
quantified if a mathematical expression could be
constructed that would describe the mechanism
of the adsorption of the adsorbate onto the
active site on the surface of the pore. In this
work. the interaction between unbound adsor-
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bate A in the pore fluid and vacant active site S
on the surface of the pore is considered to be of
the form [1-3]

Ay
A+SAﬁAS (8)

where AS represents the adsorbate-active sitc
complex. Then assuming elementary interac-
tions, the rate of the adsorption step may be
described by the following second-order revers-
ible interaction:

C\ ~ -

5~ kGG~ )~k C (9)
The accumulation term. 4C /a7, in Eq. 9 be-
comes equal to zero when adsorption equilib-
rium is established. and the following expression
for the equilibrium isotherm is then obtained:

C,KC,

CTTVKC,

(1)

Eq. 10 represents the Langmuir equilibrium
adsorption model where

K =K, exp(~AH/RT) (1

Eq. 11 s the Van "t Hoff equation and represents
the temperature dependence of the equilibrium
association constant. K (K =k, /k,); the parame-
ter AH in Eq. 11 represents the heat of ad-
sorption. It is worth mentioning that at equilib-
rium the value of € in Eq. 10 should be equal to
the value of €.

It should be noted at this point that the
adsorption mechanism presented in Eq. 8 and
whose dynamic and equilibrium quantitative
expressions are given by Egs. 9 and 10, respec-
tively, represents the simplest non-linear adsorp-
tion mechanism. Complex non-linear adsorption
mechanisms that could account for other phe-
nomena in biomolecule adsorption such as steric
effects, conformational changes, multipoint ad-
sorption, and lateral interactions have been
presented by Liapis and co-workers [1.2.4.7].
Norde [17], Lundstrom et al. [18], Yon [19Y],
Mark et al. [20] and Myers [21]; the determi-

nation of the parameters that characterize the
adsorption steps of complex non-linear adsorp-
tion mechanisms requires data from different
complex experiments that are not yet well estab-
lished and which are beyond the scope of the
present work. In this work, the goal is to obtain
values for the phenomenological parameters that
characterize (a) pore diffusion of the adsorbate
in the pore fluid and (b) adsorption of the
adsorbate on the surface of the pores of the
adsorbent particles, from simple, inexpensive,
and easy-to-perform batch experiments and non-
linear adsorption models which could provide
appropriate approximate representations for the
mechanisms of pore diffusion and adsorption and
whose numerical solution could be obtained
efficicntly with a small amount of computational
effort and without using a super-computer. The
values of the phenomenological parameters of
pore diffusion and adsorption obtained from the
combination of simple batch adsorption experi-
ments and non-linear adsorption models de-
scribed in this work, could then be used to
simulate, examine, and study the adsorption of
the adsorbate in fixed bed, fluidized bed, period-
ic counter-current bed, and continuous counter-
current bed chromatographic columns. This
simulation approach could (a) reduce significant-
ly the experimental effort, (b) provide useful
information about the relative importance of the
film mass transfer, pore diffusion, and adsorp-
tion mechanisms, (c¢) provide useful quantitative
results for the rates of the mass transfer and
adsorption mechanisms, and (d) could provide
reasonable quantitative information about the
adsorption efficiency of different modes of ope-
ration. and this would be useful in selecting the
system and mode of operation that could be used
in the scale-up process.

The initial condition of Eq. 9 is given by Eq.
5. Egs. 1, 3 and 9 could now be solved simulta-
neously (assuming that the values of Cy, €, €,
ry- Ky ks ky, €y and D are known) in order to
obtain the dynamic behavior of C;, C, and C..
In this work, the values of C,, €, €, and r, are
known. The value of the film mass transfer
coefficient, K, of the adsorbate in Eqgs. 1 and 6,
is calculated from the following expression [22]:



24 A. Tongta et al. / J. Chromatogr. A 686 (1994) 21-29

2D . A 173 ~2.3
K, ==5m 03] ( p{#g s
d P pof

P
(12)

The values of C; and K (=k,/k,) are ob-
tained from the experimental equilibrium ad-
sorption data; and the values of &, and D, (the
parameter k, in Eq. 9 is replaced by k,/K) are
obtained by matching the dynamic predictions of
the theoretical model with the experimental data
(the variation of C, with time, ) obtained from
the batch experiments. Then the value of k, is
obtained from the values of k4, and K since
k, =k, /K. The parameters D . k, and k, char-
acterize the mechanisms of pore diffusion and
adsorption, and their values should be indepen-
dent [1-7] of the operational mode (e.g., batch,
fixed bed, periodic counter-current bed, fluidized
bed).

Egs. 1, 3 and 9 were solved by using the
numerical method described in Refs. 2, 4 and 13.

3. Experimental
3.1. Materials

The adsorbent particles are SynChroprep Pro-
pyl HIC Lot No. 1853, and were purchased from
SynChrom, Lafayette, IN, USA. These adsor-
bent particles are spherical. and are formed from
macroporous silica to which a polyamide layer
containing a propyl hydrophobic ligand is co-
valently bonded. The diameter of the adsorbent
particles is 15 wm and their density is 0.5 g/ml,
as reported by SynChrom. The void fraction
{porosity), €,. of the adsorbent particles is 0.55
[23.24]. while the mean pore diameter of the
pores of the particle (porous silica) before the
polyamide layer is put on. is between 279 and
299 A [24]. It is important to note at this point
that the mean pore diameter of the adsorbent
particles should be lower because when the
polyamide layer is put on the diameter of the
pores should become smaller; furthermore, the
pore connectivity [7] of the pores of the porous
particles could be changed when the polyamide

layer is put on the surface of the pores of the
porous particles. The pore-size distribution,
mean pore diameter, and pore connectivity of
the pores of the porous adsorbent particles were
requested [24] but could not be provided by
SynChrom.

The protein a-chymotrypsinogen A was pur-
chased from Sigma. St. Louis, MO, USA. The
molecular mass and the isoelectric point of a-
chymotrypsinogen A are 25 000 daltons and 9.1,
respectively [25].

The filters used were Durapore (polyvinylidine
difluoride) membrane filters with a pore size of
5.0 wm. The filter holders were Swinnex, 13 mm
disk filter holders, and the filters were trimmed
in order to fit in the filter holders. The filters and
the filter holders were purchased from Millipore,
Bedford, MA, USA.

3.2. Methods

a-Chymotrypsinogen A was dissolved in 0.1 M
phosphate buffer containing 1.8 M ammonium
sulfate. To a 100-ml beaker, 50 ml of buffer
containing protein was added, a stirring bar was
placed in the beaker, the beaker was covered
with Parafilm, and set on top of a submersible
magnetic stirrer in a constant-temperature water
bath. The solution was stirred at 1200 rpm for
0.5 h while the solution reached thermal equilib-
rium.

In the batch experiments with a-chymotryp-
sinogen A, 0.1 g of adsorbent particles were
added. Samples of 0.8 ml were removed from
the continuously stirred suspension at various
time intervals. The concentration of a-chymo-
trypsinogen A was measured at 5, 10 and 20 min
and every 20 min thercafter until there was no
further change in protein concentration in two
consecutive samples.

Since adsorbent particles were suspended in
the removed sample, the sample was filtered
through a Millipore filter into a cuvette with a
volume of 0.9 ml and a light path of 1 cm before
being read at 280 nm in an Hitachi U-2000
spectrophotometer; the duration of this filtration
is less than 10 s. After the reading was made, the
solution was returned to the finite bath (the
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beaker with the protein solution and the ad-
sorbent particles).

Protein solutions with initial concentrations of
about 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mg/ml were
used at three different buffered pH values (5.0,
7.0 and 9.0) and three different temperatures
(15, 25 and 35°C). Forty-five different solutions
in duplicate were run [26]. Both dynamic (un-
steady-state) and equilibrium adsorption data
were measured [26].

4. Results and discussion

In Fig. 1 the equilibrium experimental and
theoretical results of the adsorption of a-chymo-
trypsinogen A onto SynChroprep Propyl HIC
porous adsorbent particles are presented for pH
5.0 and three different temperatures (15, 25 and
35°C): the theoretical results were obtained by
using Eq. 10. The error in the values of C_in
Fig. 1 is=0.5 kg/m’ particle, and this is a
relatively small error if one considers the mag-
nitude of the values of C_in Fig. 1. The correla-
tion coefficient between the experimental and
theorctical data in Fig. 1 is about 0.9978. and
this indicates that the correlation is good. In
Table 1. the values of the parameters C, and K
of Eq. 10 that provided the best fit between the
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Fig. 1. Equilibrium adsorption isotherms for a-chymotryp-
sinogen A; pH 5.0. < = Experimental results at 15°C: 07 =
cxperimental results at 25°C: > = experimental results at
35°C; lines = theoretical results,

Table |
Values of the parameters ¢, and K of Eq. 10 for a-chymo-
trypsinogen A: pH 5.0

Temperature , K

°C) (kg/m’ particle) (m'/kg)

15 60.95 10.82

25 70.71 26.77
78.22 21.52

experimental and theoretical equilibrium data
shown in Fig. 1, are presented. Experimental
and theoretical equilibrium data for pH values of
7.0 and 9.0 are reported in Ref. [26].

While there is no clear trend in the values of
the equilibrium association constant, K, pre-
sented in Table 1, the value of the apparent
maximum capacity C increases as the tempera-
ture is increased from 15 to 35°C. This increase
in the value of C; with temperature could be.
caused by swelling of the polyamide layer con-
taining the propyl hydrophobic ligand, making
more binding sites available in the interior of the
porous adsorbent particles; it should be men-
tioned at this point that we were told [24] that it
is possible for the polyamide layer (containing
the propyl hydrophobic ligand) to swell. The
increase in the value of C; could also be due to
deviations from the Langmuir-type equilibrium
behavior in which every binding site is equiva-
lent. However, the experimental data in Fig. 1
are, for practical purposes, quantitatively de-
scribed satisfactorily by Eq. 10. It is worth
mentioning at this point that the overall free
energy change AG (AG = AH — TAS) associated
with the adsorption of a-chymotrypsinogen A,
could have a rather complex temperature depen-
dence since hydrophobic interactions are largely
entropic [27,28] in nature, while electrostatic
interactions contribute to the enthalpy. The
results in Fig. 1 show that the amount of protein
adsorbed at equilibrium increases as the tem-
perature increases.

Once the values of the equilibrium parameters
K and C, have been determined, then the values
of the kinetic parameters D, k, and k, that
characterize the mechanisms of pore diffusion
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Fig. 2. Dynamic finite bath adsorption of «-chymotrypsino-
gen A: pH 5.0. ¢ = Experimental results at 15°C and C, =
0.19 kg/m"; O = experimental results at 25°C and C,, = 0.19
kg/m®; O = experimental results at 35°C and C,, = (.18 kg

3 -
m’; lines = theoretical results.

and adsorption could be determined. The kinetic
parameter k, in Eq. 9 is replaced by the term
k,/K, and thus, Eq. 9 takes the following form:

aCh ~ g al
==k GGy = €O (k7K)C, (13)

The values of the kinetic parameters D and &,
are determined by matching the dynamic ex-
perimental adsorption data obtained from batch
experiments with the theoretical predictions ob-
tained from the solution of the mathematical
model presented in Egs. 1-7 and 13. The value
of the kinetic parameter k. is then calculated
from the expression k, = k /K. The value of the

Table 2

film mass transfer coefficient K, in Eqgs. 1 and 6
is calculated from the expression in Eq. 12. In
this work, the values of the parameters €, r, and
€ are as follows: €, =0.55 [23,24]; r,=7.5-107°
m; € =0.996. The values of the temperature, T,
and the initial concentration, C,, of the adsor-
bate in the finite bath are reported in the caption
of Fig. 2.

In Fig. 2 the dynamic (batch) experimental
and theoretical results of the adsorption of a-
chymotrypsinogen A onto SynChroprep Propyl
HIC porous adsorbent particles are presented for
pH 5.0 and three different temperatures (15, 25
and 35°C). The experimental error in determin-
ing the ratio C,/C,, in Fig. 2 is=0.01. The
correlation coefficient between the experimental
and theoretical results in Fig. 2 is about 0.9989,
and this indicates that the correlation is good.
Experimental and theoretical dynamic adsorp-
tion data for pH values of 7.0 and 9.0 are
reported in Ref. [26]. In Table 2, the values of
the kinetic parameters D, and k, that provided
the best fit between the batch experimental and
theoretical adsorption data shown in Fig. 2, are
presented. Also in Table 2, the value of K, in
Egs. 1 and 6 of the mathematical model, calcu-
lated from Eq. 12 is presented, as well as the
value of k, calculated from the expression k, =
k /K. The values of the free molecular diffusion
coefficient, D, calculated from Eq. 8 in Ref.
[29], are also presented in Table 2, so that their
values can be compared with the values of the
pore diffusion coefficient, Dp. Furthermore, in
Table 2 the time constants for (a) pore diffusion,
(ry)*/D,, (b) interaction (adsorption) between
adsorbate molecules and active sites, 1/(k,Cy),

Values of the kinetic paramcters for e-chvmotrypsinogen A: pH 5.0

Temperature K, D, D, DD, k, k. r;‘,/Dp d;/DP 1/k,Cy, 1k,

(°C) (m‘s) (m~/s) {m’s) (mkgs) ) ©) (s) (s) (s)

15 SA8-107 7221000 870-10 Y 120010 1338 1.24  64.516 258.065 0.387 0.806
25 6.12-10 7 ®93-10 7" 977-10 7 109-10 ¢ 9.07 0.34  57.471 229.885 0.583 2.941
35 7081077 122-10" 12910 7 106-10 1.70 .08  43.668 174.672 3.214 12.50
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and {(c) desorption of adsorbed adsorbate mole-
cules, 1/k,, are presented. Some researchers
might recommend that the time constant for
pore diffusion might be estimated [30] from the
approximate expression (]/3())(&’;1Dp). How-
ever, the work of Knox and Scott [30] from
which the approximate expression (1/30)(d /D)
might be inferred. is based on the linear Van
Deemter theory for liquid chromatography
which concerns itself with linear adsorption iso-
therms. But in the work presented in this paper.
the mathematical model and the adsorption
isotherm are nonlinear, and thus. the expression
(1/30)(d;/D,) would not be applicable. Some
researchers consider the term d; /D to represent
the time constant for pore diffusion. and for this
reason the values of the term d./D_ have been
included in Table 2: it should be noted at this
point that the majority of investigators consider
the term rf,/Dp to represent the time constant of
pore diftusion in purely diffusive adsorbent par-
ticles (the adsorbent particles of this work are
considered to be purely diffusive because the
intraparticle fluid velocity is considered to be
equal to zero).

The dynamic experimental data in Fig. 2 are.
for practical purposes, described satisfactorily by
the dynamic theoretical results obtained from the
solution of the batch adsorption model repre-
sented by Eqns. 1-7 and 13. The dynamic data
in Fig. 2 indicate that the amount of adsorbed
adsorbate increases as the temperature increases.

The data in Table 2 show that the values of the
pore diffusion coefficient are about two orders of
magnitude smaller than the values of the free
molecular diffusion coefficient. Also, by compar-
ing the values of the time constants r(’)/Dv. 1/
(k,C4y), and 1/k, in Table 2, it can be observed
that the time constant for pore diffusion is many
times larger than the time constants of the
adsorption and desorption steps. Furthermore.
the time constant for desorption is larger than
the time constant for adsorption. The results in
Table 2 suggest that the adsorption step occurs
significantly faster than the desorption step.
while the slowest mechanism of the overall
adsorption process is the mass transfer step of

the adsorbate in the pores of the porous ad-
sorbent particles. Thus, the rate-limiting step for
the adsorption of a-chymotrypsinogen A onto
the hydrophobic porous adsorbent particles em-
ployed in this work, is the pore diffusion step.
This finding and the values of the ratio D /D,
in Table 2 suggest that when the polyamide layer
containing the propyl hydrophobic ligand is put
on the surface of the pores of the porous silica, it
has an important effect on the pore-size dis-
tribution, mean pore radius, and pore connec-
tivity [1,7] of the resulting porous structure of
the adsorbent particles. Furthermore, the ad-
sorption of a-chymotrypsinogen A on the sur-
face of the pores of the adsorbent particles could
alter [1,7] the pore-size distribution, mean pore
radius, and pore connectivity of the porous
structure of the adsorbent particles as the ad-
sorption process is proceeding and the loading of
adsorbed adsorbate is increasing.

The values of the parameters k; and k, for
a-chymotrypsinogen A in Table 2 decrease as
the temperature is increased; furthermore, the
value of k| is about an order of magnitude larger
than the value of k,. If the forward and reverse
interaction rate constants k, and k, for the
adsorption of «a-chymotrypsinogen A are de-
scribed by an Arrhenius expression,

ky =k esp(—E,/RT) (14)
k, =k, -exp(—E,/RT) (15)

then, by using the values of &£, and &, in Table 2,
one obtains the following values for the pre-
exponential factors k,, and k,,, and the activa-
tion energies £, and E,: k,,=3.09-10"" m’/
kg's, kyy=572-10""" s7' E, = —18.09 kecal/
mol and E, = —24.18 kcal/mol (1 cal = 4.184 J).
From these data the parameters K;=£k ,/k,,
and AH = E, — F, in Eq. 11 can be calculated,
and their values are as follows: K,=5.40-10°
m'/kg and AH =6.09 kcal/mol. Thus, the ad-
sorption of «-chymotrypsinogen A onto the
adsorbent particles used in this work appears to
be endothermic, since AH > 0. Furthermore, the
fact that AH >0, whereas the adsorption
proceeds spontaneously (AG <0; AG=AH -
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TAS), indicates that an increase of entropy must
be the driving force behind the adsorption of
a-chymotrypsinogen A onto the adsorbent par-
ticles considered in this work.

5. Conclusions and remarks

The equilibrium and rate kinetics of the ad-
sorption of a-chymotrypsinogen A onto hydro-
phobic porous adsorbent particles was studied
experimentally and theoretically for three differ-
ent temperatures. The results show that the
amount of adsorbed protein increases as the
temperature increases.

The calculated values for the pore diffusion
coefficient and for the time constants of the mass
transfer steps of pore diffusion, adsorption, and
desorption, suggest that the rate-limiting step for
the adsorption of a-chymotrypsinogen A onto
the hydrophobic porous adsorbent particles em-
ployed in this work. is the pore diffusion step.
The heat of adsorption for the e«-chymotryp-
sinogen A system was found to be positive. and
this would indicate that the adsorption of a-
chymotrypsinogen A onto the hydrophobic ad-
sorbent particles used in this work. is entropical-
ly driven.

The values of the parameters that characterize
the mechanisms of pore diffusion and adsorp-
tion, determined in this work from information
obtained from finite bath adsorption experiments
and the mathematical model. could be used to
characterize the same mechanisms when adsorp-
tion of a-chymotrypsinogen A occurs in a fixed
bed, in a periodic counter-current bed. in a
continuous counter-current bed, or in a fluidized

bed.

Symbols

A molecule of adsorbate

AS adsorbate-active site complex

C, concentration of adsorbate in the bulk fluid
phase of finite bath. kg/m’

C,, initial concentration of adsorbate in bulk
fluid phase of finite bath, kg/m’

C, concentration of adsorbate in pore fluid,
kg/m’

C. concentration of adsorbate in adsorbed
phase, kg/m” particle

C, apparent maximum concentration of adsor-

bate in adsorbed phase, kg/m’ particle

free molecular diffusion coefficient of ad-

sorbate, m*/s

pore diffusion coefficient of adsorbate (in

adsorbent particle), m*/s

mean diameter of the adsorbent particles

(d,=2r,), m

activation energy, kcal/mol

activation energy, kcal/mol

standard acceleration of free fall, 9.80665

m/s’

equilibrium association constant (K =k,/

k,). m’/kg

film mass transfer coefficient of adsorbate,

m/s

K, pre-exponential factor in the Van 't Hoff
equation, m3/kg

k,  forward interaction rate constant in reac-
tion 8, m3/kg-s

k,, pre-exponential factor in Eq. 14, m'/kg-s

k,  reverse interaction rate constant in reaction
8. s

k,, pre-exponential factor in Eq. 15, s~

r radial distance in adsorbent particle, m

Dnn
D

)

IS8

xoox BhE

-

1

r, radius of adsorbent particle
R universal gas constant

S vacant active site

t time, s

T  temperature, K

Greek letters

a form factor; 0, 1 and 2 for slab, cylinder
and sphere, respectively

AG  Gibbs free energy

AH heat of adsorption, kcal/mol of adsorbate

AS entropy

Ap density difference between the particulate
and continuous phases, kg/m®

€ void fraction in finite bath

€,  void fraction in porous adsorbent particle
¢ viscosity of liquid solution, kg/m-s

P density of liquid solution, kg/m’



A. Tongta et al. i J. Chromatogr. A 686 (1994) 21-29

Acknowledgement

A.T. gratefully acknowledges the financial sup-
port of his graduate studies by the Royal Thai
Government.

References

(1] A.T. Liapis. Sep. Purif. Methods. 19 (1990) {33,
[2] B.H. Arve and A.l. Liapis. AICRE J.. 33 (1987) 179.

(3] B.J. Horstmann and H.A. Chasc. Chem. Eng. Res.
Des.. 67 (1989) 243,
M.A. McCoy and A.l. Liapis. J. Chromatogr.. 548
(1991) 25.
A. Johnston and M.TW. Hearn, /. Chromatogr. . 312

|8

(9

[10]

1]

(12

(1

-

&

(1990) 101.

ALl Liapis, J. Biotechnol., 11 (1989) 143

J.H. Petropoulos. AL Liapis. NP, Kolliopoulos, J.K.
Petrou and N.K. Kancllopoulos. Bioseparation. 1 (1490)
69.

N.B. Afeyan. N.F. Gordon. 1. Mazsaroff, 1.. Varadyv,
S.P. Fulton. Y.B. Yang and F E. Regnier. J. Chroma-
togr., 519 (1990 1.

AL Liapis and M.A. McCoy. S
(1992) &7

M.A. McCoy. A.l. Liapis and K.K. Unger. J. Chromu-
togr.. 644 (1993) 1.

N.B. Afeyan. §.P. Fulton and F.E. Regnier. J. Chroma-
togr., 5434 (1991) 267,

AL Liapis and M.A. McCov. J. Chromatogr. A. 660
{1994y 85,

M.A. McCov. Ph.). Dissertation. Department  of
Chemical Engincering. University of Missouri—Rotla.
Rolla, MO, 1992.

Chromatogr. . 349

[14]

[15]

[22
[23]
[24]

(2]

[26

27]
B
129

[30]

29

A.l. Liapis. Math. Modelling Sci. Computing, 1 (1993)
397.

E.N. Lightfoot. M.C.M. Cockrem. S.J. Gibbs and A.M.
Athalye. in N.N. Li and H. Strathmann (Editors),
Separation Technologv, Engineering Foundation, New
York. 1988, pp. 122-154.

Al Liapis. in N.N. Li and H. Strathmann (Editors),
Separation Technology, Engineering Foundation, New
York, 1988, pp. 420-487.

W. Norde, Adv. Colloid Interface Sci., 25 (1986) 267.
I. Lundstrom, B. Ivarsson, U. Jonsson and H. Elwing,
in W.J. Feast and H.S. Munro (Editors), Polymer
Surfaces and Interfaces, Wiley, New York, 1987, p. 201.
R.J. Yon. J. Chromatogr., 457 (1988) 13.

A.E. Mark, P.D. Jeffrey and L.W. Nichol, J. Theor.
Biol.. 131 (1988) 137.

A.L. Mycrs. in Al Liapis (Editor), Fundamentials of

Eanndation New Vark 1087

A dncsesed s s gimmanriiy
AUSOFPIGH, NEINCEring rounGausdn, "EW YOI, 158/,

p. 3

C.). Geankoplis. Transport Processes and Unit Opera-
tions. Prentice Hall, Englewood Chffs, NJ, 1993.

T. Dawson. personal communication, 1992.

H. Freiser, personal communication, 1994.

Worthingtion Enzyme Manual. Worthington Biochemical
Corp.. Frechold. NI, 1972 pp. 58 and 129.

A. Tongta, M.S. Thesis, Department of Chemical
Engineering. University of Missouri—Rolla. Rolla, MO,
1994,

F.H. Arnold and HW. Blanch. J. Chromatogr., 355
(1986) 13

M.A. McCoy, B.J. Hearn and A_L. Liapis. Chem. Eng.
Commun.. 108 (1991) 225.

M E. Young, P.A. Carroad and R.L. Bell, Biotechnol.
Bioeng.. 22 (1980) 947.

J.H. Knox and H.P. Scott. J. Chromatogr., 282 (1983)
297



