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Abstract-lntraparticle transport of amino acids, phenylalanine and tyrosine, in a macroreticular cation-exchange 
resin, Amberlite 200, was investigated in a finite batch adsorber. A transport model was developed based on the 
consecutive diffusion of the amino acids through liquid-filled macropores and microspheres. The latter was further 
simplified by the linear driving force approximation (LDFA) since the microspheres are quite small. The model was 
used satisfactorily for simulating and predicting the performance of finite batch operations. 
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INTRODUCTION 

Amino acids are usually amphoteric. They exist both as anions 
and cations, depending upon the solution pH Eli.  Therefore adsorp- 
tion and desorption of amino acids from ion-exchange resins may 
be carried out by adjusting the solution pH. A cation resin can 
easily take up an amino acid at a pH value in which the amino 
acid is positively charged, but it would be regenerated by chang- 
ing the solution pH to a new value at which the amino acid 
is negatively charged. Such a character makes it possible to recov- 
er and concentrate an amino acid from dilute mixed solutions 
by means of a cyclic operation with solutions of different pH val- 
ues [-2, 3]. 

Ion-exchange has been the most widely used technology in var- 
ious stages of the separation process for the industrial production 
of amino acids [-1]. Many researchers have addressed the effect 
of equilibrium on the dynamics of ion-exchange processes for 
the separation of amino acids. Seno and Yamabe [4] have exam- 
ined the uptake of amino acids by both cation- and anion exchange 
resins and Feitelson [-5] has investigated the uptake of amino 
acids at their isoelectric pH. Recently Yu et al. [-6, 7] have studied 
the equilibrium and dynamic behavior of ion-exchange columns 
to obtain optimum design values for separation processes. 

While ion-exchange resins have been used in various industrial 
processes, few studies have been made on the basic features of 
mass transfer characteristics in ion-exchange operations. Trans- 
port in gel-type resins is well understood but the transport in 
macroreticular ion-exchange resins is not easily understood since 
they consist of an agglomerate of microspherical gel particles [-8]. 
At the present state of knowledge, intraparticle transport in mac- 
roreticular resins may occur by means of two mechanisms, diffu- 
sion through the liquid-filled macropores and transport into the 
microspheres. Yoshida et al. [-9] mentioned that while at low solu- 
tion concentrations diffusion through microspheres is dominant, 
at higher concentrations diffusion through liquid-filled macropores 
is dominant. 

In this study, we used a commercial cation exchanger, Amber- 

tAuthor to whom all correspondences should be made. 

lite 200, which is a polystyrene-based macroreticular resin cross- 
linked with divinylbenzene (DVB). Amino acids used are L-phen- 
ylalanine and L-tyrosine which have quite a similar isoelectric 
pH. In this case, the difference in specific affinity may be a major 
cause for the separation of amino acids. Equilibrium uptake of 
each amino acid has been obtained experimentally as a function 
of its concentration and solution pH. An ion-exchange equilibrium 
model, which takes into account the heterogeneity of functional 
groups in the ion-exchange resin, was used. A transport model 
was developed based on the consecutive diffusion of the amino 
acids through liquid-filled macropore and microspheres and it was 
incorporated with the ion-exchange equilibrilam model to form 
a separation model for batch operations. 

THEORETICAL APPROACH 

1. Solut ion Equi l ibr ia  
Amino acids, which are represented as NH2CHRCOOH, exist 

both as anions and cations depending on the solution pH. There- 
fore equilibrium dissociation reactions take place along a certain 
range of pH values of aqueous solutions. For special cases in 
which amino acids have functional groups without an additional 
dissociation reaction and form an ideal solution, the concentra- 
tions of charged amino acids can be calculated from the following 
equations. 

CAi 
CA, + = (1) 

(1+C~+ + KIK2 (C+)2) 
CA, 

CA, -- (2) 
r + / C +x2 

1 "--,~ + ~ H ! 

where Ca, is the total concentration of the i-th amino acid and 
K1 and K2 are the dissociation constants. The solution pH may 
be calculated from the electroneutrality condition. If amino acids 
exist in a salt solution such as NaC1, it can he expressed as fol- 
lows 

Y- CAi + + C~ + + Cn + = Z CA, + Ccz- + Coil ~ (3) 
i i 
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Con-- is the concentration of hydroxyl ion, which can be calculat- 
ed from the dissociation product of water. The solution pH and 
concentrations of each charged amino acid can be obtained by 
a trial and error solution of the simultaneous equations above. 
When the solution pH is known, the concentrations of charged 
amino acids can be simply calculated from Eqs. (1) and (2). The 
ionic fraction of CA, + is usually defined by 

CA i + 
XA, = (4) 

Z CA3 + 2rCNa*  -]-CH + 

and the apparent selectivity for the ion-exchange of CA, + and CAj + 
is defined by the following equation 

YA, YA. 

The ionic fraction of C4," taken by the ion exchange is defined 
by 

Y.~, = 0~/O~ (6) 

where O~ is the amount of CA, ~ taken by the resin and Q0 is 
the ion-exchange capacity of the resin. 
2. I o n - E x c h a n g e  Equi l ib r ium Model 

Myers and Byington [10] pointed out that for a homogeneous 
resin the selectivity coefficient was approximately constant at con- 
stant ionic strength. Some deviation would be produced by non- 
idealities of the solution phase or by inhomogeneity in the streng- 
th of functional groups of the resin [11. 12]. It has been generally 
known that crosslinked polymers contain both high and low en- 
ergy functional groups which may result from the degree of cross- 
linking and the effect of sulfonation process. In treating this kind 
of ion-exchange equilibrium, one needs an equilibrium model 
which takes into account the heterogeneity of the resin. Saunders 
et al. [83 developed such an equilibrium model based on the 
findings of Myers and Byington [-123. They assumed a binomial 
distribution of n +  1 type functional groups to characterize the 
ion-exchange phenomena. The probability of a site of type i is 
defined as 

E = ( n )  s ' ( 1 - s Y ' ,  0 < s < l  (7) 

where s is the skewness of the site distribution function. A char- 
acteristic energy level, E,. for the uptake of an ion j on a site 
of type i is given by 

E,.,=E, § { ~ G ,  (8) 

where Ej and zj are the average value and the standard deviation 
of the distribution function of energy. 

If the functional groups of the resin are completely dissociated, 
which is a reasonable assumption for sulfonic acid resins, the 
following equation may be used to represent the uptake of an 
ion j on a site i. 

where Q~ is the concentration of site i which is QoP,, and N is 
the number of exchangeable counterions. The values of Co can 
be expressed in terms of the adsorption energy as 

C,j=C~ exp { (E~-z~ E ' ~ )  } (10) 

The total uptake of ion j, therefore, may be obtained by a sum 
of the products of individual uptake and its probability over all 
sites 

/=0 k_~l Ct~kXA k 

By substituting Eqs. (9) and (11) into Eq. (15), the selectivity 
of ion j relative to a reference ion r is given by 

, B~W~viX~ 
1 S,.,- (12) 

P' 
i=0 ' Ui 

k=l  

where 

(13) 

(14) W 
l ( o , - o i ) /  

, j = e x p ] ~ f  

( i -  ns) (15) 
U,= v / -h~l_  s) 

Bkj is the average selectivity of ion k to ion r and Wkj is the 
heterogeneity. They have the following relatior~ships 

B,., = W~., = 1 (16) 

B,j=~-~j, and W , j = - ~ ,  (17) 

B,.j = B,,,B..j and W,~ = W,.,,W../ (18) 

Once all the S / s  are known, the uptake of ion j raay be calculated 
by 

yj= XA/S~, (19) 

X X~Ss,,, 
k=l 

Prior to use Eq. (19) to compute all the amounts taken by the 
resin, one should determine B~.r and W~, (after' simply denoted 
by B and VO of all ions to a reference ion. In this study we have 
used the hyrogen ion as the reference. For a binary system, the 
selectivity of ion 1 relative to the reference ion r is simply given 
by 

BWv'p' } 

, E(Bw 'j'- 1) xA,+ 1] $l, ,-o (20) 
P~ .} 

{ E(BW '-I)xA,+ 1:0 

With a given set of n and s, B and W can be determined by 
matching Eq. (20) with experimental equilibrium data by means 
of a least-square optimization routine. 
3. S e p a r a t i o n  Model 

A macroreticular resin particle is schematically shown in Fig. 
1 to show mass transfer mechanisms inside t]he resin particle. 
Intraparticle mass transport occurs by diffusion through the liq- 
uid-filled macropore and into microparticles (or microspheres). 
A simple kinetic model for the uptake of amino acids would be 
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Fig. 1. Schematic diagram of intraparticle mass transfer. 

C.M. Kim et al. 

Table 1. Properties of a cation exchanger, Ambedite 200 

Property Amount 
Ion-exchange capacity (mol/kg) 
Particle density (kg/m 3) 
Packing density (kg/m 3) 
Water content (%) 
Degree of crosslinking* (%) 
Average particle diameter** (10 3 m) 
Void fraction of micropore § 
Diameter of microspheres + § (tam) 
Void fraction of bed 
Maximum operating temperature* (~ 

4.26(3.35 +++ ) 
892(669 + ) 
580(435 + ) 
48-50 
20 
0.80 
0.29 
0.0616 
0.35 

150 
*Manufacturer's specification 
*'16/50 mesh, mixed particles 
~After swelling 
++Yoshida et al. [9] 
+ + +After regeneration 

developed based on the following assumptions. 
(1) The ion-exchange resin particle is composed of porous mic- 

rospheres [-9, 10]. 
(2) Colons can freely move through macropores, but they are 

excluded from the microspheres by the Donnan potential effect 
[83. 

(3) While all types of amino acids can diffuse through macro- 
pores, only their cations can move into microparticles [8-10], 

(4) Local equilibrium exists between the macropore fluid and 
microspheres [3, 13]. 

(5) A linear driving force approximation (LDFA) is possible for 
transport through microspheres since they are quite small [133. 
According to the assumptions above, the mass balance equation 
around a resin particle is given by 

( 2oC,,) O ~ P ,  aCe _ Da ~ R ~ -  at - ~ -  (21) 
Ot R 2 a ~  

where Cp, is the fluid phase concentration in macropores and 
is the volume-averaged solid phase concentration in microspheres 
which is a function of time and R. Dpi is the macropore diffusion 
coefficient. It has been generally accepted that the positively char- 
ged amino acid has the same diffusion coefficient as the neutral 
one has. Initial and boundary conditions for Eq. (21) are as fol- 
lows 

Cpi(R, 0) = C~,, ~ (22) 

~2~ at R=O (23) 
OR 

oCp, eDp,-~- = k~(C~i- Cp3 at R = Ro (24) 

where Cp, is the fluid phase concentration at the outer surface 
of microspheres which is in equilibrium with ~ ;  ka is the external 
film mass transfer coefficient; and R0 is the radius of the spherical 
resin particle. The average concentration in the microspheres is 
simply given by the LDFA [-13] 

oQ, = k~(Q~- Q,) (25) 
Ot 

~(R, O)=Q ~ (26) 

where k~, is the solid phase mass transfer coefficient for the trans- 
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port through microspheres. 
When one uses a finite batch adsorber, a mass balance equation 

in the batch is required as follows 

V - ~ t ~ =  - k~a[ Cb,-- C~(Ro)] (27) 

C~(0) = Cb? (28) 

where a is the external surface area of the resin particle which 
can be calculated from 

3w 
a = (29) 

0pR0 

where w is the weight of the resin particles charged in the batch 
adsorber and pp is the particle density. 

In general, the determination of parameters in the model equa- 
tion can be done by matching the experimental concentration 
curve with the predicted curve from the model. Eqs. (21)-(29), 
coupled with the ion-exchange equilibrium model, should be sol- 
ved to predict the concentration curve. In this work, the set of 
equations was solved numerically by an orthogonai collocation 
technique [14]. The detailed procedures are given elsewhere, 
in a thesis by Kim [153. 

E X P E R I M E N T A L  

1. Mater ia l s  
A macroreticular sulfonated polystyrene-DVB resin, Amberlite 

200, manufactured by Rohm & Haas (U. S. A) was used as a 
cation exchanger. The supplied resin was a sodium form. It was 
converted to hydrogen form by repeated washing with NaOH and 
HCI solutions, treating it with a 1.0 N HCI solution, and throughly 
rinsing with distilled and deionized water. The total ion-exchange 
capacity was determined by letting a given amount of the hyrogen 
form resin be in equilibrium with an excess volume of a 0.1 N 
NaOH solution containing 50 g/L NaC1. After equilibrium was 
reached, the amount of excess NaOH left in the solution was 
determined by titration with a 0.1 N HC1 solution. The water 
content of swollen resin particles was measured by the weight 
loss of preweighted samples that occured by drying in a vaccum 
oven at 11012. The average particle radius was measured by an 
optical microscope with scale. Particle and packing densities and 
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Table 2. Properties of amino acids used at 25~ 

Properties Phe Tyr 
Solubility in water (kg/m 3) 29.6 0.453 
Molecular weight 165.2 181.2 

pK1 1.83 2.20 
pK2 9.13 9.11 
pK3 10.07 
pl 5.48 5.65 

Decompositon temp. (~)  283 34:2 

particle porosity were determined by conventional method.';. Other 
properties, which could not be measured, were collected from 
the manufacturer's specifications and the literature [9]. Tiae typi- 
cal properties of Amberlite 200 are listed in Table 1. 

Amino acids studied here are L-phenylalanine (Phe) and L-ty- 
rosine (Tyr). which have quite similar isoelectric points, 5.48 and 
5.65, respectively. Both amino acids were purchased from Sigma 
and used without further purification. The properties of Phe and 
Tyr are listed in Table 2. 
2. E x p e r i m e n t a l  Methods  

Equilibrium amounts of Phe and Tyr taken by the resin were 
obtained by batch equilibrium experiments. For this purpose, 0.1 
to 2.0 g of dry resin was put into flasks and allowed to reach 
equilibrium with a known concentration. The flasks were placed 
in a constant temperature shaking bath at 25'~. Three days were 
enough for the system to reach equilibrium. The concentrations 
of amino acids were measured by means-of UV spectrometry. 
Wavelengths used were 255 and 272 nm for Phe and Tyr, respec- 
tively. The concentrations of individual species in mixtures were 
obtained by solving the corresponding Beer-Lambert equation 
with calibration constants in the concentration range in which 
calibration curves are represented by straight lines [15]. Ion-ex- 
change experiments were carried out in a finite batch adsorber 
of 2 L and about 2 g of the resin was loaded into four cages 
made of 80 mesh stainless-steel acreen and the cages were affixed 
to the rotating shaft to permit good contact with the ~solution. 
All the experiments were carried out at approximately 500 rpm 
so that the external film mass transfer coefficient, kr would be 
nearly constant. The solution pH was also adjusted to elucidate 
the effect of pH on the uptake of amino acids. The batch adsorber 
was placed in a constant temperature water bath to maintain at 

25~ 

R E S U L T S  AND DISCUSSION 

1. I o n - e x c h a n g e  Equi l ibr ia  
According to the solution equilibria shown in the prevT.ous sec- 

tion, the concentration of amino acid cations decreases with the 
value of pH, but the relative ionic fraction of amino acid cations 
increases because the concentration of the hydrogen iort decrea- 
ses. In general, it has been known that the ionic fraction of amino 
acid cations gradually increases with pH, reaches a maximum at 
their isoelectric pH, and abruptly decreases to zero in basic solu- 
tions as shown in Fig. 2. The uptake of an amino acid has the 
same tendency as the ionic fraction has. This fact implies that 
ion-exchange phenomena come from the competition between two 
counter ions in the solution, so that the uptake of an ion depends 
on its relative fraction and ionic strength. When a cation exchang- 
er is used as a separating medium, it can not take up amino acids 

Fig. 2. Ionic fraction and concentration of positive Phe in terms of 
solution pH. 

Fig. 3. Uptake of Phe as a function of total equilibrium concentration 
and solution pH. 

in the basic solution. This can be explained by the Donnan poten- 
tial effect, where all negatively charged ions are excluded from 

lhe resin. 
In ion-exchange processes, there is at least one counter ion, 

namely the hydrogen ion in aqueous solutions. Therefore the sys- 
tem becomes binary from the point of physics when amino acids 
are concerned. Figs. 3 and 4 show the ion-exchange isotherms 
of Phe and Tyr obtained by varying the solution pH. As mentioned 
.already, the uptake of amino acids reaches maximum around their 
isoelectric pH and is quite low at pH= 1 because of strong compe- 
tition with hydrogen ions. Fig. 5 shows a theoretically calculated 
uptake curve of Phe in terms of pH when the liqu, id phase equilib- 
rium concentration is fixed as 3 mol/m :~. This curve is similar 
to the curve for the ionic fraction shown in Fig. 2. In the range 
of pH from 1 to 3, the uptake increases but it remains nearly 
constant after pH=3.  In basic solutions, the uptake should be 
zero since all amino acids are negatively charged. This character- 
istic makes a cyclic separation process for amphoteric substances 
such as amino acids possible. According to the above results, it 
may be concluded that ion-exchange is the predominant uptake 
mechanism and nonionic adsorption does not occur to a significant 
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Table 3. Ion-exchange equilibrium parameters of  Phe and Tyr at 25~ 
with s = 0 . 5  

n = l  n=2  n=4  
Phe B 1.880 2.108 2.219 

W 5.984 5.401 5.561 
Tyr B 1.050 1.176 1.254 

W 3.094 2.712 2.467 

Table 4. Diffusion and mass transfer coefficients obtained 

Co w/V Dp • 109 kr215 1(~ ~ k~ 
Species (mol]m3) (kg/ma) (m2/s) (m/s) (s- t) 

Phe 4.011 1.100 4.200 4.86 0.98 
4.144 0.950 3A00 3.82 

Tyr 0.987 0.950 6.500 6.56 1.12 
0.998 0.950 4.500 3.75 

Fig. 4. Uptake of Tyr as a function of total equilibrium concentration 
and solution pH. 

Fig. 5. Effect of pH on equilibrium uptake of Phe in batch separator. 

extent under the conditions used in this work. 
The best fit values of B and W for each amino acid were deter- 

mined from experimental isotherms by using a least-square opti- 
mization routine, minimizing the object function which sums up 
the squared deviation between the experimental uptake and its 
corresponding value predicted by Eq. (20) at all experimental 
points. Here the hydrogen ion, the least preferred ion, was used 
as the reference ion. In determining B and W, the skewness of 
the site distribution function, s, was assumed to be 0.5 which 
means a symmetrical site distribution. The number, n, was as- 
sumed to be from 2 to 4. This assumption is chosen as a matter 
of convenience since we do not have sufficient information on 
the site distribution of the resin. The best fit values of B and 
W determined with varying values of n are given in Table 3. 
The solid lines in Figs. 3 and 4 are calculated from the ion-ex- 
change equilibrium model with the best fit parameters when n:= 2 
as listed in the table. 
2. E s t i m a t i o n  of  M a s s  Trans fer  Coef f i c i ent s  

In the mass balance equations, there are two mass transfer 
coefficients besides the macropore diffusion coefficient. The first 
is the external film mass transfer coefficient, k/, and the second 
is the solid phase mass transfer coefficient, ks, for microspheres. 

There are a few correlations for estimating the external film 
mass transfer coefficient in batch systems [16, 17]. In most of 
the adsorption processes where highly porous sorbents are used, 
the solution-particle mass transfer resistance may be neglected 
when comparing it with that of intraparticle diffusion. However, 
it is important to estimate the order of magnitude. In this work, 
we estimated kl from the initial concentration history in which 
the diffusional resistance does not significantly prevail. The initial 
concentration history may be approximated by Eq. (30) when the 
adsorption time is less than 300 seconds :~.3]. 

In(C/Co) = - 31vwt/0pRoV (30) 

where V is the volume of solution, w is the weight of sorbent 
particles loaded and pp is the particle density in the swelling state. 
The values of kr obtained are 3.75-6.56)< 10 5 m/s as shown 
in Table 4. 

The mass transport through microspheres may be simplified 
by introducing the LDFA [13, 19]. In this case, the solid phase 
mass transfer coefficient can be estimated from the well known 
equation 

k~ = 15 Dsdro 2 

where D~ is the solid diffusion coefficient and r0 is the radius 
of the microspheres. 

In this study, Ds, and ru were collected from the literature and 
used to estimate the value of k,,. Saunders el: al. [-83 used a kinetic 
model based on parallel diffusion through liquid-filled macropores 
of resin and through microspheres and reported the diffusion 
coefficients of Phe and Tyr through micropores of Amberlite 252. 
The diameter of microspheres of Amberlite 200 was reported to 
be 0.0616 lam [-9]. According to approximate values of D~ and 
r0, the solid phase mass transfer coefficients of Phe and Tyr were 
estimated to be about 1.0 s ~ as shown in Table 4. 
3. M a c r o p o r e  Di f fus ion  Coef f i c i ents  

Since macropore diffusion is usually the rate-controlling step 
in most ion-exchange processes, the determination of macropore 
diffusion coefficients is an important task. There are various meth- 
ods for determining the diffusion coefficient in the literature [3, 
18]. The most general method is to coml:are the experimental 
concentration curve and the predicted one by using the specified 
diffusion model. Since the diffusion coefficient, which is obtained 
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Fig. 6. Sensitivity of D, on concentration history of Phe. 
C~ mol/m 3 and w/V=I.O00 kgfm 3 with k#:5.0X10 ~' 

m/s and k,= 1.0 s 

Fig. 8. Sensitivity of k, on concentration history of Phe. 
C o= 1.000 mol/m 3 and w/V= 1.000 kg/m 3 with Dr= 5.0X 10-9 
m2/s and k4:5.0X10 ~ m/s 

Fig. 7. Sensitivity of k t on concentration history of Phe. 
C~ mol/m 3 and w/V=I.000 kg/m :~ with D#-- 5.0 )<10 9 

m2/s and k,= 1.0 s-1 

by this method, reflects all kinds of mass transfer resistances 
inside a particle, it has been called the effective diffusion coeffi- 
cient. 

The determined macropore diffusion coefficients of Phe and 
Tyr are in the range of 3 . 4 - 6 . 5 X 1 0  9 m2/s. There are 2 or 3 
times of free molecular diffusion coefficients in dilute aqueous 
solutions, 1.95 and 2.0)< 10 9 m2/s, respectively. This implies that 
other transfer mechanisms also occur along with macropore diffu- 

sion. 
4. S e n s i t i v i t y  T e s t  of  Model  P a r a m e t e r s  

Sensitivities of model parameters on the concentration curve 
have been checked to show how a mass transfer mechanism af- 
fects the overall uptake rate. For this purpose, we ch~)se typical 
values of ks, Dp, and L as 5.0)<10 ~ m/s, 5.0X10 9 m2/s, and 
1.0 s 1, respectively. Figs. 6-8 show the sensitivities of each rate 
parameter by adjusting the order of magnitude when other param- 
eters are fixed with their typical values. If concentration curves 
around the typical value of a parameter are significantly changed, 
it may be qualitatively concluded that the parameter affects great- 
ly the overall uptake rate. According to the results shown in the 

Fig. 9. Concentration history of Phe at pH=6.0 .  

Figs. 6-8, ks and Dp have considerable effect on the concentration 
curve, but K gives little change to the concenltration curve when 

it is greater than 0.1 s ~. This result implies that external mass 
transfer and macropore diffusion are major transport mechanisms 
for the uptake of amino acids by Amberlite 2C@ and the assump- 
tion which we made for the diffusion through micopores is quite 
-easonable. In a sense, the mass transfer resistance through mic- 
ropores can be neglected since it has only a maginal effect on 
the concentration curve. In this case, one can simulate or predict 
the dynamic behavior of amino acids in a finite batch or a fixed- 

bed adsorber simply by means of a simple kinetic model, consid- 
ering only the film-macropore diffusion. 
5. Concentra t ion  Curves  

As mentioned already, a separation model was formulated by 
combining the ion-exchange equilibrium model[ into a set of mass 
balance equations. In order to verify the applicability of the model, 
concentration curves of Phe and Tyr were predicted by the pro- 
posed separation model above. Figs. 9 and 10 show experimental 
concentration curves of Phe at a given condition. The solid lines 
represent  the prediction by the separation model. The last part 
of the calculated concentration curve depends on the ion-ex- 
change equilibrium. Deviations between experimental and calcu- 
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Fig. 10. Concentration history of Phe at pH=2.0. 
Fig. 12. Binary concentration history for Phe/Tyr system at pH=6.0. 

Fig. 11. Concentration history of Tyr at pH=2.0. 

lated results in this part come from the error in the equilibrium 
model. Fig. 11 shows the result for Tyr at pH=2.  

For single amino acids, the separation model predicts quite sat- 
isfactorily the concentration curves. However, we fount] a peculiar 
phenomenon in the experimental concentration curves of Phe at 
low pH values. At pH less than 2, the uptake of Phe occurs smooth- 
ly for 1-2 hours and then the resin desorbs a certain amount 
of Phe later on. This kind of phenomenon was found in other 
experiments under similar conditions mentioned above. Due to 
insufficient data we could not go deeply into this matter. However, 
we may think that the change in pH during the ion-exchange 
process will make a significant effect on the ion-exchange equilib- 
rium. We found that there was a considerable change in pH during 
the uptake experiments for Phe when the initial pH value is low. 
This phenomenon can be controlled by adjusted the pH value 
during experiments or by adding a buffer solution. We did not 
use a buffer solution to get rid of any side effects from other 
counter ions. According to the results, it became evident that the 
isolation of an amino acid from mixtures should be done at a 
pH value near its isoelectric pH. 

We also conducted some experiments for mixed amino acids 
or ternary ionic systems shown in Figs. 12 and 13. However, we 
failed to predict the mixed concentration curves because of the 
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Fig. 13. Binary concentration history for Phe/Tyr system at pH=2.0. 

limitation of the ion-exchange equilibrium model extended in this 
study. In principle, the extended equilibrium model can be applied 
to all systems regardless of the number of amio acids in the mix- 
ture but it does not give good predictions for mixed amino acids. 
1"o solve this problem, one needs to try a new approach consid- 
ering ionic activities in the solution and ionic interactions in the 
resin as well as the effect of structural heterogeneity. 

CONCLUSIONS 

As a separation and recovery method for amino acids, the 
ion-exchange of L-phenylalanine and L-tyrosine was carried out 
in a finite batch adsorber loaded with a cation exchange resin, 
Amberlite 200. The uptake of an amino acid depends on its ionic 
fraction and becomes maximum at its isoelectric pH. This can 
be explained by the competition between counter ions, amino acid 
cations and hydrogen ions, in the solution. An ion-exchange equi- 
librium model which took into account the structural heteroge- 
neity of resins was extended for mixed amino acids. A kinetic 
model was formulated based on a consecutive transport mecha- 
nism, the external film mass transfer, the diffusion through the 
liquid-filled macropores, and the transport through microparticles. 
Since microparticles are quite small, the last step occurs very 
fast. The overall uptake rate depends on external film mass trans- 
fer and macropore diffusion. Such a fact makes it possible to use 
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a simple separation model to predict and simulate the ion-e• 
change behavior. The .separation model, which was made by com- 
bining the ion-exchange equilibrium model and the kinetic model. 
can be used satisfactorily for binary' ionic systems but it does 
not gnve good predictions for ternary ionic systems or mixed 
amino acids because of the limitation of the extended ion-ex- 
change equilibrium model. 
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N O M E N C L A T U R E  

a :interracial area between fluid and resin particles "m e] 
B,, :average binary' separation factor for ion i relative to ion 

J 
C :liquid-phase solute concentration [mol/l. or mol/m ~ _ 
C,~ :unit or initial liquid-phase concentration 7 m o l / n '  ~ 
C,, :equilibrium constant for ion j on site i 
D, :macropore effective diffusion coefficient [me/s - 
D, :microparticle effective .solid diffusion coefficient [me/s] 
E,, :adsorption energy, for ion j on site i [J/mol] 
F., :average adsorption energy, of ion j l j/tool[ 
K~ first diss(xiation equilibrium constant [mol/m '~ _ 
Kz second dissociation equilibrium constant [mol/m ~] 
k, film mass transfer coefficient [m/s]  
k, solid-phase mass transfer coefficient [s tJ 
n number of sites-1 
P, probability distribution of site type i 
Q resin equilibrium uptake, mol/kg dry resin 

Q. resin ion-exchange capacity, mol/kg do" resin 
R parlicle radial coordinate [m] 
R,, particle radius [m] 
r,, radius of microspheres [m] 
S,; separation factor for ion i relative to ion j 
s skewness parameter of site distribution 
t : t ime -s or hr] 
U, :parameter defined in Eq. (151 
V : ~)lution volume [m ~] 
w :weight of resin charged [kg] 
W,; :heterogeneity parameter defined in Eq. (14) 

Xa :liquid-phase ionic fraction 
Y, :resin-phase ionic fraction 

Greek l e t t e r s  
c : bed porosity 
P, :apparent particle density [kg./m;] 
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