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a  b  s  t  r  a  c  t

In  this  study,  the  adsorption  equilibrium  of  l-tryptophan  by  a  strong  acid  styrene  cation  exchange  resin
(0 0  1 × 7)  was  investigated.  The  equilibrium  data  were  reproduced  by  both  empirical  and  theoretical
treatments.  A  simple  empirical  model  was  able  to reproduce  the  measured  total  uptake  of  l-tryptophan.
A  theoretical  model  based  on  ion  exchange  and  the  proton  transfer  reaction  was  developed  to fit  the  exper-
imental  data  and  to  obtain  the  parameters  related  to both  phenomena.  The  theoretical  model  developed
herein enables  the  relation  between  l-tryptophan  uptake,  pH and  the amount  of  resin  to  be  determined.
Kinetic  experiments  under  different  initial  l-tryptophan  concentrations  and  initial  pHs  were  performed.
inetic
on exchange
quilibrium

The  homogeneous  particle  diffusion  model  and  the shell  progressive  model  were  used  to define  the
controlling  mechanism  of  the  overall  ion  exchange  process.  The  results  show  that  the process  is always
controlled  by  rate diffusion  of  l-tryptophan  through  the polymeric  matrix  of the resin.  The  l-tryptophan
diffusion  coefficient  predicted  by  the  homogeneous  particle  diffusion  model  in  the  order  of 10−9 m2/s  is
lower  than  that  calculated  by  the  shell  progressive  model,  which  has  an  order  of  magnitude  of  10−7 m2/s.
. Introduction

l-Tryptophan, one of the essential amino acids widely applied
n medicines and animal feeds, is the second least abundant of
he common amino acids, generally constituting 1% or less of the
verage protein mass [1]. Although l-tryptophan has much com-
ercial potential, its application is hampered by high production

osts, especially the cost of the downstream processing of the prod-
ct. In the past, the technology for the production of l-tryptophan
as largely based on recovery from protein hydrolysates; today

ermentation with genetically engineered bacterial strains consti-
utes the main production route [2,3]. Several steps are, in general,
equired in order to recover and purify the l-tryptophan from fer-
entation broths. Ion exchange is one of the processes that are

ommonly used for separation of amino acids both on an ana-
ytical scale [4] and in industrial manufacturing processes. Since
on-exchange resins exhibit high capacity for amino acids, and the
mphoteric nature of amino acids is the advantage for changing the
electivity by adjusting the solution pH [5].
Several attempts were made in the literature in order to sys-
ematically study the adsorption equilibrium of amino acids on ion
xchange resins and understand how pH, salt concentrations, ionic
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strength and degree of cross-linking, which play a fundamental
role when developing large-scale processes, affect these equilibria
[6–12]. However, less research results addressed the basic features
of equilibrium and mass transfer characteristics of industrial uses
of ion exchange resins for l-tryptophan separations.

In this work, the uptake of l-tryptophan from aqueous solution
was evaluated by using a strong cation-exchange resin (0 0 1 × 7).
The effect of pH on the extent of ion exchange was studied
and several models were used to investigate the interactions of
l-tryptophan and the resin as well as the mechanisms which deter-
mine the effective uptake.

2. Materials and methods

2.1. Chemicals

l-Tryptophan (l-Trp, C11H12N2O2) with purity higher than 98%
was supplied by Sigma–Aldrich. Methanol (99.8%, w/w), hydro-
gen chloride (37%, w/w),  sodium dihydrgen phosphate and sodium
hydroxide were supplied by Panreac, Spain.
2.2. Ion exchange resin

The resin used in this study, 0 0 1 × 7 from Shanghai Resin Fac-
tory, China is a commercial sulfonic polystyrene-divinylbenzene

dx.doi.org/10.1016/j.cej.2011.05.031
http://www.sciencedirect.com/science/journal/13858947
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Nomenclature

C total concentration of both exchanging species
(mol/L)

Cr total concentration of both exchanging species in
the ion exchanger (mol/L)

C0 initial concentrations of l-tryptophan in the liquid
phase (mol/L)

C* equilibrium concentrations of l-tryptophan in the
liquid phase (mol/L)

CS0 concentration of solid reactant at the bead’s unre-
acted core (mol/L)

CA0 concentration of species A in bulk solution (mol/L)
D diffusion coefficient in solution phase (cm/s)
Dr diffusion coefficient in solution phase filling the

pores resin (cm2/s)
De,r diffusion coefficient through the reacted layer in the

solid phase (cm2/s)
ks reaction constant based on surface (cm/s)
K equilibrium constant (L/mol)
Kf mass transfer coefficient of species A through the

liquid film (cm/s)
KIE ion exchange equilibrium constant
KPTR reaction equilibrium constant (L/mol)
m dissociation parameter
N maximum adsorption capacity (mol/kg dry resin)
q* equilibrium concentration of l-tryptophan in the

resin phase (mol/kg dry resin)
qR′SO3H total available active sites for ion exchange or proton

transfer reaction (mol/kg dry resin)
qIE

R′SO3H3NR
equilibrium concentration of l-tryptophan in the

solid phase for ion exchange (mol/kg dry resin)

qIE
R′SO3H

=
qIE

R′SO3H3NR
·[H+]

qIE
R′SO3H

·[+NH3–R–COOH]
available sites of the resin for

ion exchange (mol/kg dry resin)
qPTR

R′SO3H3NR
equilibrium concentration of l-Trp in the solid

phase for the proton transfer reaction (mol/kg dry
resin)

qPTR
R′SO3H

=
qPTR

R′SO3H3NR

qPTR
R′SO3H

·[+NH3–R–COO−]
available sites of the resin for

the proton transfer reaction (mol/kg dry resin)
Q total solid-phase capacity (mol/kg dry resin)
r particle radius (cm)
V initial volume of l-tryptophan solution (L)
W weight of dry ion exchange resin (kg)
X fractional attainment of equilibrium or extent of

s
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2
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Table 1
Physical and chemical properties of 0 0 1 × 7 resin.

Type Strong acidic cation exchanger

Standard ionic form Na+

Functional structure –SO3
−

Total ion exchange capacity 1.9 meq/mL or 4.4 meq/g
Effective diameter 0.4–0.6 mm
Moisture content 45–50%
DVB cross-linking 8%
resin conversion
z  stoichiometric coefficient

trong acid cationic resin. The physical properties of this resin are
ummarized in Table 1.

The resin was pre-treated by repeated washes with 2 M HCl and
 M NaOH solutions, and then converted to the hydrogen form by
lution with 2 M HCl and rinsed at neutral pH with deionised water.

.3. Analytical method

l-Tryptophan concentration was measured by high-
erformance liquid chromatography (HPLC). It is applicable

o samples with a concentration less than 200 mg/L or samples
iluted to fall into this concentration range. An Eclipse XDB-C18,
.6 mm × 150 mm,  5 �m (Agilent P/N 993967-902) column operat-

ng at room temperature and 1 mL/min of mobile phase was  used
Operating pH range 0–14
Maximum operating temperature 120 ◦C

for all measurements. The mobile phase consisted of 85% distilled
water with sodium dihydrgen phosphate (0.15%) (Solvent A) and
15% methanol (100%) (Solvent B). The entire run time is 10 min.
The detector wavelength (UV) used was  278 nm.  Retention time for
l-Trp is 6.5 min under these chromatographic conditions. Results
obtained were similar and within the range of experimental error.

2.4. Equilibrium experiments

Equilibrium isotherms were obtained at various initial pHs and
temperatures. The experimental set consisted of twelve 100 mL
flasks, hermetically sealed and placed in a constant-temperature
shaker bath. The temperature was  kept constant within ±0.1 K. For
the purpose, 0.5000 g dry resin in hydrogen form was put in con-
tact with 15 mL  of solution of known initial l-Trp concentrations.
To reach the equilibrium, the suspension formed by the resin and
solution was  vigorously agitated at 200 rpm for 24 h. Then the mix-
tures were filtered to remove the ion exchange resin and the filtrate
was analyzed for l-Trp content by HPLC, as described above. The
resin phase concentration in equilibrium with the liquid phase was
obtained by means of the following mass balance equation:

q∗ = (C0 − C∗)V
W

(1)

where C0 and C* are the initial and equilibrium concentrations of
l-Trp in the liquid phase (mol/L), respectively, q* denotes the resin
phase equilibrium concentration of l-Trp (mol/kg dry resin), V and
W are the initial volume of l-Trp solution in litres and the weight
of dry ion exchange resin in kilograms, respectively.

2.5. Kinetic experiments

Kinetics was  studied by measuring the rate of l-Trp uptake from
the liquid phase by the resin at various initial pHs and concentra-
tions. The experimental set-up consisted of several 100 mL  flasks,
hermetically sealed and placed in a constant-temperature shaker
bath. The temperature was kept at 298 ± 0.1 K. In a typical exper-
iment, 0.5000 g of ion-exchange prewetted resin was  placed in
contact with 15 mL  of l-Trp solution. The mixture was vigorously
agitated at 200 rpm for 1000 min and small aliquots of 20 �L were
taken out at preset time intervals, and the l-Trp content was ana-
lyzed and also, this amount was  not considered in the liquid phase
for the following steps. On this way, the amount of l-Trp taken
out in each sample does not present any effect on the diffusion
coefficients obtained.

3. Results and discussion

3.1. Equilibrium
The type of isotherm has a significant influence on the choice of
regeneration conditions [13]. The major parameters affecting the
adsorption isotherms were solution pH and temperature in this
study.
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Table  2
Various adsorption isotherm models used to fit the experimental data.

Model Equation Parameters

Langmuir q = KCN
1+KC K, N

Freundlich q = kCn k, n
Fritz-Schluender q = KNC

1+NCm K, N, m

Radke-Prausnitz q  = KNC
(1+KC)m K, N, m
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Table 3
Equilibrium parameters in Eq. (3) of l-Trp on 0 0 1 × 7 resin.

Parameters Values

a 0.618
b −0.0531
c 0.0041
K  (L/mol) 13.3
m 0.839∑m exp theor exp
Tóth q = NC

(1/K+Cm)1/m K, N, m

Sips  q = N(KC)m

1+(KC)m K, N, m

.1.1. Effect of solution pH
For each set of adsorption isotherm data, various adsorp-

ion isotherm models [14] listed in Table 2 were tested. The
dsorption isotherm models listed in Table 2 can be classified as
wo-parameter models, such as Langmuir and Freundlich models,
nd three-parameter models. In general, the three-parameter mod-
ls fitted the experimental data better than the two-parameter
odels. Although most models listed in Table 2 except the Fre-

ndlich model fitted individual set of data quite well, the associated
odel parameters varied with the solution pH. Only the Sips model

ave best correlations for varying solution pHs. In the Sips model,
 represents the maximum adsorption capacity, K the equilibrium
onstant, and m the dissociation parameter.

The effect of pH on the equilibrium adsorption can be fitted using
n empirical equation [15,16]:

 = a + bpH + cpH2 (2)

he maximum adsorption capacity may  be expected to vary with
he solution pH while the equilibrium constant and the dissociation
arameter remain unaffected by the solution pH. Introducing Eq.
2) to the Sips equation, the modified Sips model used to predict
he adsorption isotherms at varying solution pHs is as follows:

 = (a + bpH + cpH2)(KC)m

1 + (KC)m (3)

Experimental equilibrium isotherms, together with empirical
nes obtained with this model are plotted in Fig. 1. Fitting param-
ters evaluated by nonlinear least-squares regression analysis and

he average deviation between the experimental and empirical data
re shown in Table 3. Good agreement between experimental data
nd model predictions are obtained. However, this empirical model
oes not allow us to understand the mechanism of ion-exchange
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ig. 1. Experimental and Sips-model predicted adsorption isotherms of l-Trp at
arying solution pHs.
Average deviation (%) = i=1
ABS((q

i
−q

i
)/q

i
)×100

m′ 5.14

m′ = total number of experimental data.

process well. To define that process, a theoretical model was devel-
oped.

In the liquid phase the l-Trp dissociation takes place according
to its pKa values (2.38 and 9.39). The following dissociation reac-
tions of l-Trp can be proposed in aqueous media as a pH function:

[NH3
+–R–COOH]

pK1=2.38←→ [NH3
+–R–COO−] + [H+] (4)

[NH3
+–R–COO−]

pK2=9.39←→ [NH2–R–COO−] + [H+] (5)

where [NH3
+–R–COO−] is the zwitterionic form of l-Trp,

[NH3
+–R–COOH] and [NH2–R–COO−] are the cationic and anionic

form of l-Trp concentrations, respectively.
When the l-Trp content is analyzed, the value measured

includes the three forms of l-Trp, i.e.:

[L-Trpmeasured] = [NH3
+–R–COOH] + [NH3

+–R–COO−]

+ [NH2–R–COO−] (6)

where [l-Trpmeasured] is the total amount of l-Trp in solution with
any of the three forms.

The concentrations of the different l-Trp forms in solution as
a function of the total concentration of l-Trp and pH of the liquid
solution can be obtained by combining the last three equations. The
effect of pH on the relative concentrations of three species, with
respect to the total concentration of l-Trp in solution is shown in
Fig. 2.

The distribution curves show that the anionic l-Trp is present
only when pH value is larger than 6. Thus, it would be expected
that at the experimental conditions when a strong acid exchanger is

involved the zwitterionic and the cationic l-Trp forms would be the
main species in solution and the concentration of the anionic form
of l-Trp is almost negligible. According to the above comments, it
has been assumed that there are two mechanisms for the uptake
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Fig. 2. Theoretical concentration distribution of l-Trp species in the liquid phase at
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Combining Eqs. (16) and (17) leads to

K = exp
(

�S

R
− �H

RT

)
(18)

Table 4
Equilibrium parameters in Eq. (15) of l-Trp on 0 0 1 × 7 resin.

Parameters Values

Q (mol/kg) 2.21
K 14.05
230 Y. Xie et al. / Chemical Enginee

f l-Trp into the resin beads, one by ion exchange and the other by
he proton transfer reaction. The cationic form of l-Trp should be
oaded into the resin by a conventional ion exchange mechanism:

H3
+–R–COOH + R′–SO3

−H+ ↔ R′–SO3
−NH3

+–R–COOH + H+

(7)

The zwitterionic form of l-Trp, as we know, can be adsorbed by
he hydrogen clays and the strong acid cation-exchange resin in
ydrogen form [17], this process may  be represented by the proton
ransfer reaction:

H3
+–R–COO− + R′ − SO3

−H+ ↔ R′–SO3
−NH3

+–R–COOH (8)

In this way, [NH3
+–R–COOH] and [NH3

+–R–COO−] can be
emoved by the resin occupying one active centre, releasing one
r zero hydrogen ions from the resin active sites, respectively.

If the ideal mass action law is used to represent the above
olid–liquid equilibriums, we can obtain:

For ion exchange:

IE =
qIE

R′SO3H3NR
· [H+]

qIE
R′SO3H

· [NH3
+–R–COOH]

(9)

here qIE
R′SO3H3NR

is the equilibrium concentration of l-Trp in the

olid phase for ion exchange, qIE
R′SO3H

the available sites of the resin

or ion exchange, [H+] the protons concentration in the liquid phase
nd KIE the ion exchange equilibrium constant.

On the other hand, for the proton transfer reaction (Eq. (8)):

PTR =
qPTR

R′SO3H3NR

qPTR
R′SO3H

· [NH3
+–R–COO−]

(10)

here qPTR
R′SO3H3NR

is the equilibrium concentration of l-Trp in the

olid phase for the proton transfer reaction, qPTR
R′SO3H

the available

ites of the resin for the proton transfer reaction and KPTR the reac-
ion equilibrium constant.

If it is considered that all the active centers could be used indis-
inctly for ion exchange or the proton transfer reaction, it can be
ritten:

IE
R′SO3H = qPTR

R′SO3H = qR′SO3H (11)

According to the above comments, the total capacity of the dif-
erent resins for l-Trp uptake could be expressed as

 = qIE
R′SO3H3NR + qPTR

R′SO3H3NR + qR′SO3H (12)

here Q is the total solid-phase capacity, and qR′SO3H is the total
vailable active sites for ion exchange or the proton transfer reac-
ion.

Introducing Eqs. (9)–(11) into Eq. (12), leads to:

IE
R′SO3H3NR+qPTR

R′SO3H3NR=Q
KIE[L-Trp+] + KPTR[H+][L-Trp+−]

KIE[L-Trp+] + KPTR[H+][L-Trp+−] + [H+]
(13)

On the other hand, because the ion exchange occurs between
nivalent ions, molar units can be used to quantify the process.
hus, the following mass balance can be drawn:

IE′ + qPTR′ = ([L-Trpinitial] − [L-Trpmeasured]) × V
(14)
R SO3H3NR R SO3H3NR W

here [l-Trpinitial] is the initial l-Trp concentration, V is volume of
he solution and W is the weight of dry resin. Eqs. (13) and (14)
ndicate the global amount of l-Trp removed from the liquid phase.
Fig. 3. Reproducibility of the experimental data by the theoretical model.

Equaling Eqs. (13) and (14), we obtain:

Q
KIE[L-Trp+] + KPTR[H+][L-Trp+−]

KIE[L-Trp+] + KPTR[H+][L-Trp+−] + [H+]

= ([L-Trpinitial] − [L-Trpmeasured])× V

W
(15)

The above equation describes the uptake of l-Trp by the solid in
terms of three unknown parameters (KIE, KPTR and Q) related to ion
exchange and the proton transfer reaction. Experimental data were
fitted to Eq. (15) by a nonlinear least-squares regression procedure
(Fig. 3). The values of the parameters obtained by fitting the exper-
imental data to this model are given in Table 4. The results indicate
that the value of KIE is much more than KPTR. It is found that the
proton transfer reaction is the predominant process to uptake l-
Trp onto 0 0 1 × 7 resin near the isoelectric pH of l-Trp, whereas
both ion exchange and the proton transfer reaction are important
at lower pH.

3.1.2. Effect of temperature
The Gibbs free energy change of the ion-exchange process is

related to the equilibrium constant with the following equation:

�G  = −RT ln K (16)

The Gibbs free energy change can be calculated from the entropy
change and heat of adsorption at constant temperature by the fol-
lowing equation:

�G = �H − T�S (17)
IE

KPTR (L/mol) 4.11

Average deviation (%) =
∑m

i=1
ABS((qexp

i
−qtheor

i
)/qexp

i
)×100

m′ 9.84

m′ = total number of experimental data.
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ig. 4. Experimental and Sips-model predicted adsorption isotherms of l-Trp at
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The maximum adsorption capacity and dissociation constant
re not affected by the solution temperature while the equilibrium
onstant depends on the temperature.

Introducing Eq. (18) to the Sips equation, the modified Sips
odel used to predict the adsorption isotherms at various tem-

eratures is as follows:

 = N(e(�S/R)−(�H/RT)C)
m

1 + (e(�S/R)−(�H/RT)C)m (19)

Fig. 4 shows the experimental and the predicted adsorption
sotherms by modified Sips model at various solution temperatures.
he values of the parameters obtained by fitting the experimental
ata to this model are presented in Table 5.

.2. Kinetics

Ion exchange process could be explained by a number of sequen-
ial processes determining the rate of reaction, which include
iffusion of solute through the liquid film surrounding the particle
liquid film diffusion control (LFDC)), diffusion of solute through the
olymeric matrix of the resin (particle diffusion control (PDC)) and
hemical reaction (CR). One of the steps which offers much greater
esistance than the others can be considered as the rate-limiting
tep of the process [18]. The evolution of the l-Trp uptake q (mg  l-
rp/g resin) with time at various initial concentrations and pHs are
hown in Figs. 5 and 6, respectively. In order to understand the ion
xchange kinetic process from the microscopic point of view and
o define which mechanism controls the l-Trp uptake, the kinetic
odels selected to describe the ion exchange data are two mod-
ls widely used for fitting: homogeneous particle diffusion model
HPDM) and shell progressive model (SPM) [19,20].

able 5
quilibrium parameters in Eq. (19) of l-Trp on 0 0 1 × 7 resin.

Parameters Values

N (mol/kg) 2.31
�S  (J/(mol K)) −68.9
�H  (kJ/mol) −26.6
m 0.756

Average deviation (%) =
∑m

i=1
ABS((qexp

i
−qtheor

i
)/qexp

i
)×100

m′ 5.35

′ = total number of experimental data.
Fig. 5. Uptake of l-Trp at different initial concentrations.

3.2.1. Homogeneous particle diffusion model
In this model, the ion exchange mechanism involves diffu-

sion of l-Trp ions from the aqueous solution and H+ ions from
the resin phase through a number of possible resistances. The
species originally in the solution phase must diffuse across the
liquid film surrounding the resin particle, transfer across the solu-
tion/particle interface, and diffuse into the bulk of the resin particle.
The exchange of l-Trp+/H+ can be rigorously described by the
Nernst Plank equation. This applies to counter diffusion of two
species in a quasi-homogeneous media. Resin phase controlled dif-
fusion of ions from an infinite volume of solution into a spherical
ion-exchange particle can be described by the following equation
[19–21]:

− ln(1 − X2(t)) = 2Bt with B = �2Dr
2

, X(t) = qt (20)
0 200 400 600 800 1000
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Fig. 6. Uptake of l-Trp at different initial pHs.
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Table  6
Linear regression analysis of HPDM and SPM models for l-Trp uptake at different initial concentrations and pHs onto 0 0 1 × 7 resin.

HPDM SPM

−ln(1 − X2) −ln(1 − X) X [3 − 3(1 − X)2/3 − 2X] [1 − (1 − X)1/3]

R2 Dr (cm2/s) R2 D (cm/s) R2 Kf (cm/s) R2 De,r (cm2/s) R2 ks (cm/s)

pH
3 0.99 3.95 × 10−9 0.94 1.87 × 10−6 0.83 3.28 × 10−5 0.99 1.31 × 10−7 0.91 2.35 × 10−5

4 0.98 3.90 ×10−9 0.94 1.80 ×10−6 0.83 3.26 ×10−5 0.98 1.30 × 10−7 0.91 2.33 × 10−5

5 0.98 3.73 × 10−9 0.91 1.57 × 10−6 0.80 3.22 × 10−5 0.97 1.24 × 10−7 0.88 2.28 × 10−5

6 0.98 3.15 × 10−9 0.90 1.37 × 10−6 0.79 3.02 × 10−5 0.98 1.06 × 10−7 0.87 2.08 × 10−5

Concentration
−9 −6 .88 

−5 −7 −5

.79 

.80 
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t
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t
i
r
r
I
o
[

(

(

(

w
t
t
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t
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t
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(
o
i
t
i
t
d
T
t

6.0 g/L 0.99 6.43 × 10 0.99 1.90 × 10 0
10.0 g/L 0.99 6.01 × 10−9 0.94 1.95 × 10−6 0
14.6 g/L 0.99 4.00 ×10−9 0.93 1.89 ×10−6 0

f liquid film diffusion controls the rate of exchange, the following
nalogous expression can be used:

 ln(1 − X(t)) = Klit with Kli =
3DC

rCr
, X(t) = qt

qe
(21)

.2.2. Shell progressive model
When the porosity of the polymer is small and thus practically

mpervious to the fluid reaction, the reaction may  be explained by
he shell progressive approach [22]. The kinetic concept of a shell
rogressive mechanism can be described in terms of the concentra-
ion profile of a liquid reactant containing a counterion A advancing
nto a spherical bead of a partially substituted ion-exchanger. As the
eaction progresses in the bead, the material balance of counte-
ion A follows Fick’s diffusion equation with spherical coordinates.
n this case, the relationship between reaction time and degree
f ion fractional conversion is given by the following expressions
19,23,24].

a) When the fluid film controls:

X = 3CA0KF

zrCS0
t (22)

b) When the diffusion though the ion exchange layer controls:

[3 − 3(1 − X)2/3 − 2X] = 6DeCA0

zr2CS0
t (23)

c) When the chemical reaction controls:

[1 − (1 − X)1/3] = ksCA0

r
t  (24)

The aim of this kinetic study was to find the diffusion model,
hich better describes the experimental data, and to determine

he rate-controlling steps and the kinetic parameters of the mass
ransfer of l-Trp. Kinetic experimental data were fitted to Eqs. (20)
nd (21) for the HPDM and Eqs. (22)–(24) for the SPM. The results of
he linear regression analysis for the two models are summarized
n Table 6. The linear correlations coefficients indicate that particle
iffusion can be considered as the rate-limiting step of the process
ince the fit gives a relatively straight line. Both the homogeneous
article diffusion and the shell progressive models seemed to fit
he data well. The slope values were used to calculate effective dif-
usion coefficients for the different conditions using Eqs. (20) and
23). These calculated diffusion coefficients are in fact a measure
f the mean interdiffusion coefficient of the l-Trp involved in the
on exchange process. The mean interdiffusion coefficients given by
he homogeneous particle diffusion decrease slightly with increas-
ng initial l-Trp concentration or initial pH. On the other hand,

he diffusion coefficients calculated by the shell progressive model
ecrease with increasing initial l-Trp concentration or initial pH.
he decrease with respect to initial concentration is more impor-
ant in the case of De,r and this may  be due to the accumulation
9.25 × 10 0.99 4.98 × 10 0.97 7.35 × 10
5.55 × 10−5 0.98 2.83 × 10−7 0.90 4.32 × 10−5

3.31 ×10−5 0.99 1.33 ×10−7 0.89 2.37 ×10−5

of the product of the reaction in the reaction layer, which hinders
the progress of the l-Trp ions within this layer. The comparison
of these coefficient shows that the shell progressive model gives
higher coefficient values than homogeneous model. This result can
be proved by the presence of chemical reaction between the l-Trp
ions and the functional structure of resin.

4. Conclusions

In order to determine the equilibrium of l-Trp on 0 0 1 × 7 resin,
the uptake of l-Trp was  reproduced by both empirical and theo-
retical treatments. Based on the Sips model, an empirical model
was able to reproduce the experimental data at different pHs. A
theoretical model based on ion exchange and the proton transfer
reaction was  developed to fit the experimental data and to obtain
the parameters related to both phenomena. The theoretical treat-
ment allowed us to verify that the adsorption capacity does not
depend on pH. The proton transfer reaction is the predominant pro-
cess for uptake of l-Trp on 0 0 1 × 7 resin near the isoelectric pH of
l-Trp, whereas both ion exchange and the proton transfer reaction
are important at lower pH.

In terms of the kinetic experiments, homogeneous particle dif-
fusion and shell progressive models converge to affirm that the rate
determination step is the diffusion of l-Trp through the polymeric
matrix of the resin. The calculated kinetic parameters show that
the interdiffusion coefficients in the reaction layer (De,r) are more
important than the diffusion coefficient in the solid phase (Dr).
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