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Kinetic studies for sorption of amino acids using a strong
anion-exchange resin

Effect of ionic strength
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Abstract

This work deals with the influence of the ionic strength on the sorption ofl-phenylalanine andl-tyrosine by a strong basic anion-exchange
resin, converted to the hydroxide form with sodium hydroxide. Equilibrium uptake isotherms were obtained for phenylalanine and tyrosine
by carrying out batch experiments at different ionic strength values of the solution. The model used to correlate these results is the modified
Langmuir equation which has been applied with success to biological systems. Batch kinetic experiments were performed using a packed bed
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of differential length inserted in a liquid circulation loop and in which the ionic strength of the solution was varied. Moreover, an exp
at variable pH for tyrosine was also performed. Experimental transient concentration profiles were compared to those predicted b
diffusion model and enabled the estimation of the intraparticle diffusivities for phenylalanine and tyrosine.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Sorption processes are receiving increased attention as ef-
ficient tools in modern industrial-scale biotechnology for the
separation, purification and recovery of amino acids. One of
these processes that have deserved particular interest is the
ion exchange[1–3]. Since the net charge of the amino acid
molecules may vary in magnitude and sign with the pH of
the solution in which they are present, this behaviour can be
exploited to separate and concentrate mixtures of these com-
pounds on ion exchange resins by means of the parametric
pumping technique. For example, an anion-exchange resin
that has been loaded with an amino acid at a pH at which the
amino acid is predominantly in the negatively charged form,
can easily be regenerated by changing the solution pH to a
new value at which the predominant form of the amino acid is
positively charged. Thus the change of pH displaces the par-
tition equilibrium of the amino acid between the two phases.
This effect, in combination with periodic changes in the flow
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direction of the mixture to be separated through a fixed b
is the basic principle of parametric pumping and results
the separation of the desired components. However, if
mixture is formed by amino acids with very close isoele
tric points (pI), as the case of the phenylalanine (pI = 5.48)
and tyrosine (pI = 5.64), it is difficult to achieve an efficien
separation by a single pH parametric pump. Therefore
additional variable other than pH, such as ionic streng
is needed for improving the separation. The technique
ionic strength parametric pumping for the separation
enzyme mixtures was experimentally investigated in so
works[4,5].

Several studies have addressed the description of the e
of the pH on the equilibrium and rate of uptake of amino ac
by ion exchange resins[6–12]. However, few researches hav
been carried out on the effect of variations of solution ion
strength on the sorption of these molecules by ion-excha
resins. In the present work, the effect of this variable on
equilibrium and kinetics of the sorption of phenylalanine a
tyrosine by a strong anion-exchange resin, PA 316, is inve
gated. Experimental results were analysed and correlate
means of appropriate models.
0021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.02.017
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Table 1
Physical properties of the resin

Ionogenic group –N+(CH3)3

Degree of crosslinking (%) 8
Ion exchange capacity (mmol/gwr) 1.15
Intraparticle porosity 0.54
Water content (%) 49
Density (gwr/cm3

wr) 1.05

2. Material and methods

2.1. Resin and chemicals

The resin used in this study, Diaion PA316 from Mit-
subishi Chemical Corporation (Milan, Italy) is a strong
anionic exchange resin, based on sulfonated crosslinked
polystyrene and with trimethylammonium exchange group
(R N+(CH3)3). The physical properties of this sorbent are
summarized inTable 1.

The resin was pre-treated by repeated washes with 2 M
HCl and 2 M NaOH solutions, and then converted to the hy-
droxide form by elution with 2 M NaOH and rinsed at neutral
pH with deionised water (Table 2).

The ion-exchange capacity was determined by equilibrat-
ing a resin sample in the hydroxide form with an excess of
0.1 mol/l HCl containing 50 g/l of NaCl. After equilibrium
was reached, the excess HCl left in solution was titrated with
0.1 M NaOH and the capacity of the resin determined from a
material balance.

Pure crystalline forms ofl-phenylalanine (Phe) andl-
tyrosine(Tyr) from Riedel-deHaen (Seelze, Germany) were
used as solutes in all the experiments.

The concentrations of Phe and Tyr were determined by
an UV spectrophotometer, model DU 650 from Beckman
instruments, Inc. (California, USA) at 257 and 273 nm, re-
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The pH and ionic strength of the solutions were controlled
by a mixture of boric acid and borax. In all the experiments
the pH was kept approximately constant and equal to 8.

2.3. Batch kinetic experiments

Batch kinetic measurements were carried out using a
packed bed of differential length inserted in a liquid circula-
tion loop in an apparatus similar to that described by Saunders
et al.[6]. A shallow layer of resin, approximately 0.6 cm thick
(corresponding to about 0.45 g of dry resin) was packed in
a glass column (2.0 cm internal diameter, 26 cm length) be-
tween two layers of inert glass beads (0.46 mm diameter). At
sufficiently high circulate rates, i.e., pumping the solution at
180 cm3/min, the experimental arrangement used simulates
the behaviour of a stirred batch system. Before starting one
sorption experiment at constant pH, the resin in OH− form
was equilibrated with an acid boric/borax solution to yield
the desired pH and ionic strength. Then the reservoir was
charged with a known volume of solution containing an ini-
tial concentration of amino acid and the same pH and ionic
strength as the previous solution. After this, the amino acid
solution was pumped through the column and the bed efflu-
ent was recirculated to the mixing reservoir. In the case of
the experiment at variable pH, the column was initially equi-
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pectively. The pH in the liquid phase was determined
H meter (WTW 540 GLP) using a glass combined elect
Mettler Toledo).

.2. Equilibrium experiments

Ion exchange isotherms were determined from batc
eriments at constant pH and ionic strength. These ex
ents were carried out by equilibrating over 2 days a g
ass of dry resin (0.05–5 g) in the hydroxide form w
5 cm3 of amino acid solution (≈2 mM) in sealed Erlenmey
asks. The flasks were placed in a constant-temper
haker bath kept at 25± 1◦C. Achievement of equilibrium i
hese experiments was determined by monitoring the a
cid concentration from a flask used as reference.

able 2
quilibrium parameter values for the modified Langmuir equation

mino acid a0 b0 za zb

he 6.15× 101 2.15× 102 1.76 2.23
yr 8.33× 102 5.61× 103 2.62 3.65
ibrated with NaOH solution of desired concentration for
un. During the recirculating period, the amino acid con
ration and the pH in liquid phase were monitored with
V spectrophotometer and a pH meter using a glass
ined electrode, respectively.

. Modelling

.1. Equilibrium model

To describe quantitatively the experimental data obta
y the batch technique, we used the modified Langmuir e

ion that has been successfully applied in ion-exchange
atography under salt gradients[13,14],

i = aoI
−za C−

i

1 +
n∑

j=1
bo I−zb C−

j

i = 1, 2, . . . n (species) (1

hereC−
i is the concentration of the amino acid, in negativ

harged form,I (mmol/l) is the ionic strength;ao, bo, za and
b are the parameters of the equation.

The value ofC−
i was calculated by simultaneously solv

qs.(2)–(4). Eqs.(2) and(3) are derived taking into accou
he two equilibrium dissociation reactions of the am
cid in solution (NH+3 CHRCOOH�k1 NH+

3CHRCOO− +
+, NH+

3 CHRCOO− �k2 NH2CHRCOO− + H+) and
q. (4) represents the electroneutrality condition. So
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have,

C+
i = Ci

1 + k1/C+
H + k1k2/C+2

H

(2)

C−
i = Ci

1 + C+
H/k2 + C+2

H /k1k2

(3)

whereCi is the total concentration of amino acid,C+
i is the

concentration of positively charged amino acid andC+
H is

the hydrogen ion concentration;k1 andk2 are dissociation
equilibrium constants.

The electroneutrality condition can be expressed as fol-
lows,∑

i

C+
i + C+

H + C+
sal =

∑
i

C−
i + C−

OH + C−
sal (4)

whereC−
OH is the concentration of hydroxyl ion andC+

sal
andC−

sal are the total concentration of cations and anions,
respectively, caused by the acid boric/borax dissociation in
aqueous solution.

Note that for tyrosine, one more ionic species with con-
centrationC2−

i is also present in solution resulting from a
third dissociation reaction (pKa = 10.1). This concentration
was neglected because its value is almost zero under pH 8 of
the experiments performed at constant ionic strength.
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run performed at variable pH, the Myers and Byngton model
tested elsewhere by Moreira and Ferreira[15] was applied.

Initial and boundary conditions are given by,

θ = 0 xA,P(u �= 1, θ = 0) = 0 (6)

xA,P(u = 1, θ = 0) = 1 (7)

u = 0
∂xA,P(u, θ)

∂u

∣∣∣∣
u=0

= 0 (8)

u = 1

∂xA,P(u, θ)

∂u

∣∣∣∣
u=1

= BA,m
Vsol

3VresεP
(xA(θ) − xA,P(u = 1, θ))

(9)

In the bulk liquid phase, the amino acid concentration was
obtained by using the material balance,

dxA(θ)

dθ
= −BA,m(xA(θ) − xA,P(u = 1, θ)) (10)

whereBA,m = ιd/ιf is the mass Biot number and in whichιd
andιf = VP/(VSkf ap) are the diffusion and the film time con-
stants, respectively. The film mass transfer coefficientkf was
estimated from the Wakao and Funazkri correlation[16]:
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.2. “Pore-diffusion” model

The “pore-diffusion” model, Eq.(5), together with th
ass balance in the bulk liquid phase, Eq.(10), were used t

imulate the transient uptake of phenylalanine and tyro
y the resin PA316 during the batch kinetic experime
he model is based on the following assumptions: d
ion through the macropores of the particle and instantan
quilibrium for the solute distribution between pores and
hase. Moreover, on the basis of experimental evidence
ssumed that the species resulting from the boric acid/b
ere not adsorbed by the resin. With these assumption
ass transport of amino acid into the particle may be wr
s follows,

pC0
∂xA,P(u, θ)

∂θ
+ q0ρp

∂yA(u, θ)

∂θ

= εPC0

(
2

u

∂xA,P(u, θ)

∂u
+ ∂x2

A,P(u, θ)

∂u2

)
(5)

n which yA = qA/q0 is the normalised concentration of to
mino acid in the gel phase,xA,P = CA,P/C0 is the normalise
acropore solute concentration,u = r/RP is the normalise

adial coordinate andθ = t/ιd (ιd = Rp
2/Dp) is the normalise

iffusion time constant;C0 is the initial solute concentratio
0 is the resin capacity,εP is the particle porosity andρp
s the density of the wet resin.yA is locally related toxA,P
y the equilibrium isotherm corresponding to Eq.(1) that

s only valid for the runs at constant ionic strength. For
h = 2.0 + 1.1Sc × Re0 (11)

hereRe0 andSc are the Reynolds and Schmidt numberu
s the fluid superficial velocity, andε is the void fraction o
he resin bed. The values ofkf calculated for Phe and Tyr a
.258× 10−3 and 6.980× 10−3 cm/s, respectively.

Numerical solution of Eqs.(5)–(10) was performed b
iscretizing Eq.(5) in the radial direction using orthogon
ollocation on finite elements with cubic Hermite polyno
ls[17]. This led to an implicit system of NE ODE’s that w

ntegrated using the computer package-DDASSL[18].

. Results and discussion

.1. Analysis of equilibrium studies

The equilibrium isotherms for sorption of phenylalan
nd tyrosine on PA316 are shown inFigs. 1 and 2. The amoun
f amino acid taken up by the resin (qi, i = Phe, Tyr) was de

ermined from a material balance:qi = (Co,i − Ci)V/W, where
o,i andCi are the initial and equilibrium concentrations

he liquid phase, respectively.V andW are the volume of th
olution and the weight of the wet resin, respectively.
quilibrium data obtained at three different ionic stren
I) and at same pH value show that a much larger amou
he amino acid is up taken by the resin for lower valuesI.

The experimental data were well correlated by the Eq(1).
he fitting of the experimental equilibrium data was car
ut by using a nonlinear optimization routine GREG[19].
he parameter values obtained with this procedure are



104 M.J. Moreira, L.M. Ferreira / J. Chromatogr. A 1092 (2005) 101–106

Fig. 1. Uptake equilibrium of phenylalanine as a function of total concen-
tration of amino acid in solution at various ionic strengths.

Fig. 2. Uptake equilibrium of tyrosine as a function of total concentration
of amino acid in solution at various ionic strengths.

in Table 2. The equilibrium parameters involved in the My-
ers and Byington model are: average binary separation fac-
tor for ion i (Tyr2−) relative to ionj (OH−), S̄ij = 113.89,
heterogeneity parameter,W = 6.05, and skewness parameter,
p = 0.60.

4.2. Analysis of batch kinetic studies

Experimental and simulated results on the kinetics of
ion exchange of the amino acids under study are plotted in
Figs. 3–5. It can be seen that the model predicts the transient
adsorption profiles well. The best fitting values of the intra-

F ke of
t

Fig. 4. Experimental results and model simulation for transient uptake of
phenylalanine.

Fig. 5. Experimental results and model simulation for transient uptake of
tyrosine at variable pH.

particle diffusivity (DP) for Phe and Tyr were determined
by comparing the numerical solution with the experimental
data. The experimental conditions and theDP values ob-
tained are shown inTables 3 and 4, respectively. The results
listed in Table 4suggest strong dependence of adsorption
kinetics on the solution ionic strength. This dependence

Table 3
Experimental conditions for batch kinetic studies

Run Amino acid C0 (mM) Ia/CNao (mM)

1 Tyr 1.25 2.55
2 Tyr 1.23 5.10
3 Tyr 1.28 10.20
4 Phe 1.55 2.55
5 Phe 1.62 5.10
6 Tyr 1.29 10.00

a Runs 1–5. Resin mass (g dry resin) = 0.6651; flow rate (cm3/min) = 180;
VSol (cm3) = 345.

Table 4
Parameter values used in the simulations

Run DP (cm2/s)× 106

1 2.43± 0.11
2 0.49± 0.04
3 0.17± 0.02
4 0.62± 0.04
5 0.04± 0.002
6
ig. 3. Experimental results and model simulation for transient upta

yrosine.

2.57± 0.07
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for phenylalanine and tyrosine are distinctly different. For
example, increasingI from 2.55 to 5.10 mM results in a sig-
nificant reduction in the diffusivity of Phe from 0.62× 10−6

to 0.04× 10−6 cm2/s, i.e.,Dp is reduced by≈94 percentage
points. For tyrosine, the same increase in the ionic strength
causes a reduction in the diffusivity of about 80 percentage
points. The relationship betweenDPfor Tyr and ionic strength
can be correlated by the following equation with a correlation
factor of 0.99:Dp = 13.38× 10−6 /I1.92 (I ≥ 2.55 mM). In
the case of the experiment carried out at variable pH (run 6),
without the presence of buffer solution, we found a diffusivity
similar in magnitude to the value determined for the run with
lower ionic strength (run 1). However, it should be mentioned
that the ultimate solution concentration of tyrosine in run
6, which is obtained fort → ∞, is lower than those in run
1. This is so because the equilibrium conditions concerning
the run 6 enable higher adsorption uptake of the amino acid.

5. Conclusions

This work was mainly devoted to the study of the sorption
of phenylalanine and tyrosine by a strong anion-exchange
resin converted to the hydroxide form and in the presence of
a buffer whose concentration determines the ionic strength
of the solution.
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b0 isotherm parameter
Bim (ιd/ιf ) mass Biot number
C concentration (mmol/dm3)
DP intraparticle diffusion coefficient (cm2/s)
I ionic strength (mmol/dm3)
kf film mass transfer coefficient (cm/s)
k1, k2 dissociation equilibrium constants (mol/dm3)
Phe phenylalanine
q resin equilibrium uptake (mmol/g wet resin)
q0 resin ion-exchange capacity (mmol/g wet resin)
RP particle radius (cm)
t time (s)
Tyr tyrosine
u normalised radial coordinate
V volume (dm3)
x normalised solute concentration
y normalised gel phase solute concentration
za isotherm parameter
zb isotherm parameter

Greek symbols
ε bed void fraction
εp particle macroporosity
θ normalized time coordinate
ρp wet resin density (g wet resin/cm3 of particle)
ιd (RP

2/DP) diffusion time constant
ι

S
0
P
A
s
r

A

I/
2

R

hE

s.),
Inc.,

98)

ogy,

993)
A modified Langmuir equation that considers the effec
he ionic strength is able to predict well the equilibrium upt
f amino acids by the anion-exchange resin. The results

hat a change in that variable has a significant effect o
mount of amino acid taken up by the resin. For exam
t high buffer concentrations, the ionic strength is high,

he resin takes up a much lower amount of the amino
resent in solution. This probably happens due to the bin
f buffer ions to the amino acid resulting in lesser solute

hat effectively participate in the exchange reaction with
esin.

Regarding the kinetics, it was shown that this process
ected by the solution ionic strength changes. Pore-diffu
odel was useful for describing the intraparticle mass tr

er of amino acid anions through the resin and allowed a g
epresentation of the experimental results. Intraparticle
usivities were obtained for each run from the fitting of
odel solution to the experimental data. It was found th
igh ionic strength the diffusivity value is low, thus sugg

ng a decrease in the mobility of the solute in the resin.
The information obtained is useful for the design of cy

xed bed operations, such as the parametric pumpin
mino acid purification/recovery.

. Nomenclature

0 isotherm parameter
P (3/RP)interfacial area per unit volume
f (VP/(VSkf ap)) film time constant

ubscripts
initial conditions
particle
amino acid

ol solution
es resin
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