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a b s t r a c t

In a batch equilibrium system, the maximum adsorption capacity of cAMP onto an anion-exchange resin
reached 0.1718, 0.1956, 0.2764 and 0.3437 g g−1 at 283, 293, 303 and 313 K, respectively. The adsorption
data obtained were well described by the Langmuir isotherm. In the batch kinetic system, Fick diffusion,
pseudo first-order and pseudo second-order models were applied to simulate the experimental kinetic
ccepted 29 September 2010
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data. The results revealed that the Fick model best described the adsorption process, and clearly predicted
the intraparticle distribution of the concentration. The effective diffusion coefficients (De) for 283, 293,
303 and 313 K were 0.37 × 10−10, 0.51 × 10−10, 0.86 × 10−10 and 1.41 × 10−10 m2 s−1, respectively. The
thermodynamic parameters such as �G0, which were all negative, indicated that the adsorption of cAMP
onto the anion-exchange resin was spontaneous and the positive value of �H0 (+8.66 kJ mol−1) showed
that the adsorption was an endothermic reaction.
ick model

angmuir

. Introduction

Cyclic adenosine-3′,5′-monophosphate (cAMP) is an important
ompound in organisms, and is well-known as the “second mes-
enger” in living cells due to its participation in various chemical
eactions and its active role as a mediator to various hormones [1].
any studies have reported that cAMP has multiple pharmacolog-

cal functions such as relaxing smooth muscle, expanding blood
essels, and promoting nerve regeneration [2]. The present pro-
uction of cAMP is primarily dependent on chemical synthesis,
hich not only involves considerable costs and complex proce-
ures, but also has flaws such as low yield, and environmental
ollution due to the use of pyridine as a solvent. With the devel-
pment of microbial synthesis, microbial production of cAMP has
ttracted much attention because it is simple and economical com-

ared with the complicated multistep chemical synthesis [3]. Only
small range of bacterial species are known to have the ability to
roduce cAMP, including Microbacterium sp. no. 205 (ATCC21376),
orynebacterium murisepticum no. 7 (ATCC21374) and Arthrobacter
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sp. no. 11 (ATCC21375) which were identified in the early 1980s
by Ishiyama [4]. In 2009, Chen et al. reported that one strain of
Microbacterium sp. no. 205 successfully produced 9.87 g L−1 cAMP
in a 5 L fermenter [5].

However, the downstream separation processes of cAMP have
never been reported. The isolation of cAMP from fermentative
broth is performed in a series of steps. At the end of fermentation,
the broth is first clarified by filtration or centrifugation. The most
important step, primary extraction from clarified broth, is based
on several two-phase separation methods. One of these methods
is the direct extraction of the filtrate with organic solvent, pro-
ducing an organic phase containing cAMP, which is subsequently
isolated. An alternative process which avoids the use of solvent
consists of chromatographic adsorption techniques with non-ionic
or ionic adsorbents. This technique has developed rapidly in recent
decades, mainly since the introduction of synthetic adsorbents [6].
In particular, ion-exchange adsorption, which involves electrostatic
attraction of ionic components to sites on the adsorbent surface
with opposite charges, can be used in many domains of the separa-
tion and purification processes and has replaced activated carbon

which has long been used as a highly efficient adsorbent for the
removal of numerous heavy metals from water [7]. Activated car-
bon suffers from a number of disadvantages. It is quite expensive
and the higher the quality, the greater the cost. Both chemical and
thermal regeneration of spent carbon is expensive, impractical on

dx.doi.org/10.1016/j.cej.2010.09.073
http://www.sciencedirect.com/science/journal/13858947
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Nomenclature

C concentration of cAMP at t time (g L−1)
C0 initial concentration of cAMP in aqueous solution

(g L−1)
Ce concentration of cAMP at equilibrium (g L−1)
Cexp concentration of cAMP recorded in the experiments

(g L−1)
Cpred concentration of cAMP predicted with the simula-

tion (g L−1)
De the effective diffusion coefficient (m2 s−1)
D the average absolute deviation
m mass of adsorbent (g)
n Freundlich isotherm constant
N number of experimental data points
q mass of cAMP adsorbed per unit mass of adsorbent

(g g−1)
qe mass of cAMP adsorbed per unit mass of adsorbent

at equilibrium (g g−1)
qm maximum mass of cAMP adsorbed per unit mass of

adsorbent (g g−1)
q̄ average mass of cAMP adsorbed per unit mass of

adsorbent (g g−1)
k1 the rate constant of pseudo first-order kinetic model

(min−1)
k2 the rate constant of pseudo second-order kinetic

model (min−1)
Ka dissociation constant of cAMP in aqueous solution

(mol L−1)
KL Langmuir isotherm constant (L g−1)
KF Freundlich isotherm constant (L1/n(g1/n−1 g)−1)
r distance in radial direction of a resin particle (�m)
R the gas constant (J (mol K)−1)
Rp radius of a resin particle (�m)
t time (min or s)
T temperature (K)
V volume of the cAMP solution (mL)
ˇ a constant related to the mean free energy of adsorp-

tion per mole of the adsorbate (mol2 kJ−2)
ı distribution coefficient
ı0 distribution coefficient of neutral cAMP
ı1 distribution coefficient of cAMP with negative

charge
ε the Polanyi potential, which is equal to

RT ln(1 + (1/Ce))
�G0 free energy changes during the cAMP adsorption

process (kJ mol−1)
�H0 enthalpy change during the cAMP adsorption pro-

cess (kJ mol−1)

a
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a
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T
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m

In order to determine accurate dissociation constants of cAMP,
firstly a cAMP solution of a given concentration (4 g L−1) and initial
pH was recorded. Secondly, using the alkalimetric titration method

Table 1
Physiochemical properties of resin D13.

Matrix structure Polystyrene

Crosslink density (%) >20
�S0 entropy change during the cAMP adsorption process
(J (mol K)−1)

large scale and produces additional effluent and results in consid-
rable loss of the adsorbent [8]. However, the ion-exchange resin
s highly effective, low-cost material, efficient, and easy to oper-
te among the physicochemical treatment processes. Furthermore,
on-exchange resin is particularly effective for treating water of
eavy metals which is very common in practice [9].

Ion-exchange adsorption equilibrium and kinetics have a critical

ffect on the efficiency and productivity of adsorption processes.
herefore, in this work the ion-exchange equilibrium and kinet-
cs of cAMP on an anion-exchange resin, made in our laboratory
nd marked as D13 resin, were investigated using batch experi-
ents at different temperatures. Some thermodynamic adsorption
Journal 165 (2010) 907–915

parameters such as free energy, enthalpy, and entropy were esti-
mated by correlations [10]. Values of adsorption capacity and
thermodynamic parameters were the actual indicators for practical
application of the process into industrial production.

In this study, Fick diffusion, pseudo first-order and pseudo
second-order models were used to compare simulation of the ion-
exchange kinetics of cAMP adsorption. In general, ion flux in the
solid phase is commonly described by either the Fick model or
the Nernst–Planck model [11]. However, the Nernst–Planck model
requires individual diffusion coefficients for each ion involved in
the adsorption process including counter-ions and even co-ions
[12]. Reliable correlations linking resin-phase diffusion coefficients
to liquid-phase diffusion coefficients are unavailable, and values
referred to in the literature can be contradictory [13]. In the dif-
fusion model namely the Fick model, the overall adsorption rate
is assumed to take place by a mechanism consisting of three con-
secutive steps: (i) external film mass transport, (ii) intraparticle
diffusion, and (iii) adsorption rate on a site inside the pores [14].
Due to the fact that the effect of the external film mass trans-
fer resistance is negligible [15–17] compared to the effect of the
intraparticle (internal) mass transfer resistance in the pores of the
particles, the effect of the external film mass transfer resistance in
batch experiments with porous particles will not be further con-
sidered in this work. The rate of adsorption on an active site is
instantaneous, therefore the kinetics of ion exchange were typi-
cally limited by intraparticle diffusion. Therefore, effective diffusion
coefficients (De) of cAMP at different temperatures were obtained
by simulating the experimental results using the Fick model.

2. Materials and methods

2.1. Materials

A stock solution of cAMP was prepared by dissolving an accurate
quantity of cAMP·H2O in deionized water. Other concentrations
prepared from the stock solution by dilution varied between 0.01
and 8 g L−1 and the pH of the working solutions was adjusted to
the desired values with 2 M HCl or 2 M NaOH. Fresh dilutions were
used for each experiment. All the chemicals used were of analyt-
ical grade. The adsorbent used in this research was the polymeric
resin D13 having basic groups, which were made in our laboratory.
The resin was first cleaned of preservative agents and polymeriza-
tion residuals by successive washings with ethanol and deionized
water, dried in an oven, and then stored in a dessicator. The ion
exchange resin used in experiments must be in Cl− form, which
means D13 resin should been soaked in 0.1 mol/L HCl solution for
8 h, and then been rinsed by deionized water. The radius of resin is
335 �m and Table 1 gives some physiochemical properties of resin
D13.

2.2. The dissociation constants of cAMP
Moisture content (%) 40–51
Hydrated density (g mL−1) 1.09–1.12
Specific area (m2 g−1) 658.2
Particle diameter (mm) 0.7–0.8
Pore volume (mL g−1) 0.33
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he pH was slowly adjusted with a volume of 0.1 mol/L NaOH solu-
ion. From the plots, dissociation constant was obtained.

.3. The effect of pH on absorbate

The effect of pH on the adsorption of cAMP onto D13 resin was
nvestigated by equilibrating the adsorption mixture with adsor-
ent and 50 mL of 5 g L−1 cAMP solution at different pH values
etween 3 and 11. These solutions (50 mL) were added to 250 mL
rlenmeyer flasks containing 1 g wet resin and the contents were
quilibrated by shaking the flasks in an incubator at 200 rpm and
98 K for 8 h. The concentration of cAMP was measured by HPLC
nd the amount of cAMP adsorbed by the resin was calculated by
ubtraction.

.4. Equilibrium experiments

Batch experiments were performed to study the ion-exchange
quilibrium between cAMP and D13 resin at optimum pH and dif-
erent temperatures (283 K, 293 K, 303 K and 313 K). Solutions of
AMP (0.01–8 g L−1) were prepared. These solutions (50 mL) were
dded to 250 mL Erlenmeyer flasks containing 1 g wet resin and the
ontents were equilibrated by shaking the flasks in an incubator at
00 rpm for 8 h. The concentration of cAMP was measured by HPLC
nd the amount of cAMP adsorbed by the resin was calculated by
ubtraction.

e = (C0 − Ce)V
m

(1)

.5. Batch adsorption kinetics studies

Rates of ion exchange were measured in 500 mL Erlenmeyer
asks closed with glass stoppers on a magnetic stirrer at a con-
tant temperature of 283 K, 293 K, 303 K and 313 K maintained by
thermostatic water bath. cAMP solutions (200 mL) were added to

he flask and left to reach thermal equilibrium. The resin (0.4–1 g)
as then quickly poured into the flask. The procedure was mon-

tored by the periodic sampling of 0.1 mL of solution from the
asks.

On the basis of transient-state batch sorption experiments,
ffective diffusion coefficients of cAMP inside the adsorbent parti-
le at different temperatures were also obtained. Effective diffusion
oefficients in the adsorbent particle were then determined from
he mass balance within a spherical particle (see mathematical

odel of the sorption process for details).

.6. HPLC analysis

Concentrations of the cAMP solutions were determined by HPLC
System Gold, Beckman, USA) equipped with a 125 solvent module
nd a 166 UV-visible detector. Compounds were separated on a
50 mm × 4.6 mm i.d. C18 reversed-phase column (SepaxHP-C18,
SA). The mobile phase was a 25:75 (v/v) mixture of methanol and
0 mmol L−1 phosphate buffer which was adjusted to pH 6.6 by
riethylamine. The flow rate was 0.8 mL min−1 and the detection
avelength was 254 nm.

. Results and discussion

.1. The dissociation constant of cAMP
In 1959, Dawson et al. reported that there were two acid dis-
ociative groups in AMP, (–H2PO3) and (–HPO3

−). Their pKs were
.3 and 6.1, respectively [18]. Goldberg and Tewari reported that
ne of the acid dissociative groups (–H2PO3) of AMP molecule
ad a pKa of approximately 3.9 [19]. cAMP is the product of
Fig. 1. The alkalimetric titration curve of 4 g L−1 cAMP using 0.01 mol L−1 NaOH.

5′-AMP intramolecular dehydration. When dehydration occurs, a
hydroxyl of the phosphorus atom is reacted, leaving the group
(–HPO3) whose pKa has been reported to be 3.3 [20]. In this
work, it had been found that there was only one dissociation
constants, and its pKa was estimated to be 3.7 for (–HPO3) by
the plots of pH versus volume of 0.1 mol L−1 NaOH in Fig. 1. pKa

of cAMP was determined by the Henderson–Hasselbach equa-
tion (Eq. (3)) derived from the chemical reaction (Eq. (2)), which
means the value of pKa is equal to pH at the half-titration point
(3.2 mL in Fig. 1) where the concentration of cAMP·H is identi-
cal to that of cAMP−. As a result, it was proved that the obtained
value of pKa basically approaches the one reported in litera-
ture.

cAMP · H + NaOH � cAMP− + Na+ + H2O (aq.) (2)

pH = pKa + log
[cAMP−]

[cAMP · H]
(3)

3.2. Effect of pH on cAMP uptake

The study was also carried out as Eq. (4) for Cl−/cAMP− system
for the different temperatures in the range of 283–313 K. Only cAMP
with negative charge can be exchanged with Cl− instantly. There-
fore, it is necessary to research the effect of pH on cAMP dissociation
extent.

R–Cl + cAMP− → R–cAMP + Cl− (aq.) (4)

The effect of pH on the adsorption process is shown in Fig. 2. The
amount of cAMP adsorbed per unit mass of the adsorbent mate-
rial (g g−1) at equilibrium and 293 K dramatically increased with
an increase in pH between 3.0 and 5.0, increased slowly with an
increase in pH between 5.0 and 8.0, and then reached a maximum
value of 0.206 g g−1 when the pH was 8.0. From pH 9.0 to 11.0, the
adsorption capacity became smaller, and was attributed to the high

concentration of OH− which competed with negative cAMP molec-
ular in the ion exchange process. Because cAMP is a weak monoacid,
it may exist in two forms of cAMP− ion and cAMP molecule. Their
distribution coefficients in aqueous solution can be represented by
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ig. 2. The adsorption capacity of D13 resin at different pH values of cAMP solutions
t 293 K.

ollowing equations, respectively

0 = [cAMP · H]
[cAMP · H] + [cAMP−]

= 1
1 + ([cAMP−]/[cAMP · H])

= 1
1 + (Ka/[H+])

= [H+]
[H+] + Ka

(5)

1 = [cAMP−]
[cAMP · H] + [cAMP−]

= Ka

[H+] + Ka
(6)

From Fig. 3 charted by plotting ı versus pH, it is obvious that

AMP with negative charge absolutely dominates in two forms
hen the value of pH is above 7.0 which basically corresponded

he optimal value 8.0 that was adopted in other else experiments.

ig. 3. The distribution coefficients of two forms of cAMP molecular in aqueous
olutions of variable pH.
Fig. 4. Fitting of experimental data to Langmuir equation.

3.3. Adsorption isotherms

The adsorption data were analyzed to determine
whether the isotherm obeyed the Langmuir, Freundlich and
Dubinin–Radushkevich isotherm models which are represented
by the following equations [21–23]:

Langmuir:

qe = qmKLCe

1 + KLCe
(7)

Freundlich:

qe = KFC1/n
e (8)

Dubinin–Radushkevich (D–R):

qe = qme−ˇε2
(9)

The values of the Langmuir constants qm, and KL with the cor-
relation coefficient are listed in Table 2 for the adsorption of cAMP
onto D13 and the theoretical Langmuir isotherm is plotted in Fig. 4
together with the experimental data points. The value of the cor-
relation coefficient is higher than the other two isotherm values.
At each temperature, the Langmuir equation represents the best
fit of experimental data. The Langmuir model is the best-known
isotherm for describing adsorption from an aqueous solution. The
Langmuir model assumes that there is no interaction between the
adsorbate molecules. The adsorption is localized in a monolayer.
The monolayer saturation capacity qm was 0.1718, 0.1956, 0.2764
and 0.3437 g g−1 for 283, 293, 303 and 313 K, respectively and qm

increased with an increase in temperature.
The effect of isotherm shape has been discussed with a view for

predicting whether an adsorption system is favorable or unfavor-
able [24]. The essential feature of the Langmuir isotherm can be
expressed by means of ‘RL’, a dimensionless constant referred to
as the separation factor or equilibrium parameter KL and can be
calculated using the following equation

1

RL =

1 + KLC0
(10)

The values of RL calculated using the above equation are listed
in Table 2. As the RL values lie between 0 and 1, the related adsorp-
tion process was favorable [24,25]. Furthermore, the RL values for
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Table 2
Isotherm parameters and correlation coefficient r2.

T (K) Langmuir Freundlich Dubinin–Radushkevich (D–R)

KL (L g−1) qm (g g−1) r2 KF (L1/n(g1/n−1 g)−1) n r2 qm (g g−1) ˇ (×10−8 mol2 kJ−2) r2

283 5.4001 0.17181 0.9975 0.1249 0.2336 0.9245 2.825 1.11 0.5894
293 6.1884 0.19563 0.9974 0.1411 0.2222 0.9436 1.939 1.22 0.6732
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303 6.8876 0.27637 0.9914 0.2057
313 7.7107 0.34377 0.9989 0.2599

AMP onto D13 resin were between 2.53 × 10−2 and 3.57 × 10−2,
herefore, cAMP adsorption was favorable.

.4. Adsorption kinetics

.4.1. The Fick model
It was assumed that ion exchange occurred between spherical

on exchangers of uniform size. The ion-exchange kinetics model
as simplified by making four further assumptions: (1) the resin
as treated as a quasi-homogenous phase; (2) the flux of the co-ion
as neglected; (3) diffusion was restricted to radial diffusion; and

4) intraparticle diffusion was the rate-limiting step throughout the
rocess.

The Fick equation for the flux of cAMP ions was written as

∂q

∂t
= De

(
∂2q

∂r2
+ 2

r

∂q

∂r

)
(11)

The initial and boundary conditions are given as

∂q

∂r
= 0, r = 0 (12)

= 0, t = 0 (13)

= qe, r = Rp, t = infinity (14)

The average resin-phase concentration is

¯ = 3

R3
p

∫ Rp

0

qr2dr = (C0 − C)V
m

(15)

Local equilibrium (q) existed between cAMP in the intraparti-
le stagnant solution and intraparticle surface. This equilibrium
an be represented by the Langmuir adsorption isotherm, which
s a mathematical relationship between Ce and qe. The Langmuir
dsorption isotherm is expressed by Eq. (7). Meanwhile, q̄ was
btained in experiments by mass conservation. The partial differ-
ntial equation of this model was numerically solved using PDESOL
oftware.

The De was estimated by matching the experimental concen-
ration decay data, Cexp, with the concentration decay predicted
ith a numerical solution of the diffusion model, Cpred. The best

alue for De was obtained when the diffusion model best fitted the
xperimental data, considering that the optimum fit was achieved
y minimizing the following objective function

inimum =
N∑

i=1

(
Cexp − Cpred

Cexp

)2

(16)

Also, the average absolute percentage deviation, %D, was calcu-

ated by applying the following equation

D = 1
N

N∑
i=1

∣∣∣∣Cexp − Cpred

Cexp

∣∣∣∣ × 100% (17)
0.2126 0.9405 1.329 1.30 0.6212
0.2282 0.9171 1.119 1.35 0.5862

3.4.2. Pseudo first-order and pseudo second-order kinetic models
In contrast to diffusion models, the kinetics of the adsorp-

tion of cAMP on D13 resin were studied using the prevailing
equations, which were the Lagergren equations and regarded as
pseudo first-order and second-order kinetic models [26,27]. The
overall rate of adsorption in kinetic models is not considered
to be controlled by any of the mass transport mechanisms, but
by the surface adsorption rate. The overall rate of adsorption
was represented in a similar fashion to the rate of a chemical
reaction.

The pseudo first-order adsorption rate is expressed as

dq̄

dt
= k1(qe − q̄) (18)

This equation is integrated by the initial condition and the
resulting equation is

qe − q̄ = qee−k1t (19)

In logarithmic form

ln(qe − q̄) = ln qe − k1t (20)

The Lagergren equation can be rewritten as follows

C0 − Ce

m
− C0 − C

m
= C0 − Ce

m
e−k1t (21)

Further modification gives

C − Ce = (C0 − Ce)e−k1t (22)

The adsorption rate for a second-order adsorption reaction can
be represented by the following equation

dq̄

dt
= k2(qe − q̄)2 (23)

By integrating this equation, the following one is obtained

1
qe − q̄

− 1
qe

= k2t (24)

Expressing the above equation in terms of C and Ce, the final
equation is

C = C0 −
(

m

V

) k2
[
(V/m)(C0 − Ce)

]2
t

(1 + k2[(V/m)(C0 − Ce)]t)
(25)

A comparison of the fit of the pseudo first-order, pseudo second-
order, and Fick models to the experimental data for T = 283, 293, 303
and 313 K, C0 = 5 g L−1 can be seen in Figs. 5–8 . From four dynamic
plots at different temperatures, it was concluded that the concen-
tration of the cAMP solution decreased gradually with time. By
least square fitting, the effective diffusion coefficients at 283, 293,
303 and 313 K were 0.37 × 10−10, 0.51 × 10−10, 0.86 × 10−10 and

1.41 × 10−10 m2 s−1, respectively. The simulation was very success-
ful and proved that the adsorption of cAMP onto D13 resin can be
described by the Fick model. However, the fit of the pseudo first-
order and pseudo second-order models to the experimental data
were not as good as the Fick model according to the deviation in
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Fig. 5. Comparison of pseudo first-order, pseudo second-order, and Fick kinetic
models for batch adsorption of cAMP by D13 resin at 283 K.

F
m

c
a
(
1
a
d
t

Fig. 7. Comparison of pseudo first-order, pseudo second-order, and Fick kinetic
models for batch adsorption of cAMP by D13 resin at 303 K.

comparatively large deviation for pseudo second-order model from

T
V

ig. 6. Comparison of pseudo first-order, pseudo second-order, and Fick kinetic
odels for batch adsorption of cAMP by D13 resin at 293 K.

omparison (Table 3). It was concluded that the higher the temper-
ture, the larger the effective diffusivity. The effective diffusivity
De) increased by 1.5–2-fold as the temperature increased by each

0 degrees in the range 283–313 K, although one study reported
n increase of only 2-fold when the temperature increased by forty
egrees [28]. However, in Table 3 the rate constants obtained from
he pseudo first-order model varied with temperature without

able 3
alues of the rate constants for the pseudo first-order, pseudo second-order, and Fick kin

T (K) Pseudo first-order Pseudo seco

k1 (×102 min−1) %D k2 (×102 min

283 9.21 1.99 5.33
293 6.17 1.07 9.95
303 8.17 1.90 18.00
313 10.70 6.17 22.97
Fig. 8. Comparison of pseudo first-order, pseudo second-order, and Fick kinetic
models for batch adsorption of cAMP by D13 resin at 313 K.

an obvious trend. Although the rate constants obtained from the
pseudo second-order model revealed a increase trend, the aver-
age absolute percentage deviation %D, also had a large increase
trend with the increase of temperature, which was ascribed to the
experiment data in later stage of adsorption process.
In Table 4, it was concluded that the effective diffusivity (De) was

stable when initial concentration varied at constant temperature.
The effective diffusivity had no relationship with concentration, but

etic models, C0 = 5 g L−1.

nd-order Fick model

−1) %D De (×10−10 m2 s−1) %D

0.46 0.37 0.33
0.63 0.51 0.45
0.83 0.86 0.51
1.53 1.41 0.77
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Table 4
Values of the rate constants for the pseudo first-order and pseudo second-order models and De for Fick kinetic model for different initial concentrations, T = 303 K.

C0 (g L−1) Pseudo first-order Pseudo second-order Fick model

k1 (×102 min−1) %D k2 (×102 min−1) %D De (×10−10 m2 s−1) %D

1.8 5.51 1.72 10.11 1.03 0.85 0.72
2 1.12 0.81 0.58
4 0.88 0.84 0.47
0 0.82 0.86 0.51
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Fig. 9. Evolution of the dimensionless radial cAMP concentration profiles, C/C0

F
a

2.4 6.23 1.46 12.0
4.2 6.94 2.13 14.2
5.0 8.17 1.90 18.0

he structure of adsorbent, temperature and adsorbate can affect
ffective diffusivity. In comparison, the rate constants k1 and k2 in
seudo first-order and pseudo second-order models proportion-
lity increased with the concentration, but the relatively higher
verage absolute percentage deviation %D revealed that the simu-
ation of these models is also worse than Fick model.

Fig. 9 describes the trend in concentration change versus dif-
erent radius locations at various times including 20, 100, 400, 800
nd 2000 s for 303 K and C0 = 5 g L−1. In early adsorption, due to the
arge concentration gradient inside the particle, the concentration
rom the outside layer to the inside layer changed dramatically. The
AMP molecule reached the core of the particle at 91 s, but it took
000 s to reach adsorption equilibrium which was reflected on red
olor filling in the whole particle in Fig. 10 at 2000 s. (For interpre-
ation of the references to color in this text, the reader is referred
o the web version of the article.)

Fig. 10 shows the post-processing simulation data of intraparti-
le concentration distribution at various times including 20, 100,
00, 800 and 2000 s for T = 293 K and 303 K, C0 = 5 g L−1. These

mages vividly show that cAMP molecules gradually spread from
he particle surface to the center of particle. In Fig. 10, concentra-
ion gradient became smaller and smaller as time went by until it

as unchangeable. And at each time (20, 100, 400, 800 and 2000 s)

oncentration gradient of 293 K was always larger than that of 303 K
efore they all absolutely reached equilibrium. In addition, it was
oncluded that the higher the temperature, the larger the rate of dif-

versus r inside the particle calculated from the Fick model for batch adsorption
at 303 K, C0 = 5 g L−1.

ig. 10. Intraparticle two-dimensional profile of the concentration of the cAMP molecule in a 335 �m thick cross section through the center of a single particle during early
dsorption at various times at (a) 293 K, C0 = 5 g L−1 and (b) 303 K, C0 = 5 g L−1.



914 W. Qian et al. / Chemical Engineering Journal 165 (2010) 907–915

F
t

f
e

3

s
w
m
a
l
e
s

p
a
(
w

�

l

l
i

p
−
w
o
�
c
o
t
c
d

indicated that the adsorption–desorption process using D13 resin
was a reversible process.
ig. 11. Plot of ln KL versus 1/T for predicting thermodynamic parameters during
he adsorption of cAMP onto D13 resin.

usion, the larger the effective diffusion coefficient, although only
ight images at 293 K and 303 K for different times are given here.

.5. Thermodynamic parameters

In any adsorption procedure, both energy and entropy con-
iderations should be taken into account in order to determine
hich process will take place spontaneously. The values of the ther-
odynamic parameters are the actual indicators for the practical

pplication of a process. The amounts of cAMP adsorbed at equi-
ibrium at different temperatures (283, 293, 303 and 313 K) were
xamined to obtain thermodynamic parameters for the adsorption
ystem.

Because KL is the Langmuir constant and its dependence on tem-
erature can be used to predict thermodynamic parameters such
s changes in Gibbs free energy (�G0), enthalpy (�H0) and entropy
�S0) associated with the adsorption process, these parameters
ere determined by the following equations

G0 = −RT ln KL (26)

n KL = −�G0

RT
= −�H0

RT
+ �S0

R
(27)

The plot of ln KL as a function of 1/T (Fig. 11) yielded a straight
ine from which �H0 and �S0 were calculated from the slope and
ntercept, respectively.

The overall free energy changes (�G0) during the adsorption
rocess were −17.61 kJ mol−1 at 283 K, −18.56 kJ mol−1 at 293 K,
19.46 kJ mol−1 at 303 K and −20.40 kJ mol−1 at 313 K, which
ere all negative, and corresponded to a spontaneous process

f cAMP adsorption. The positive value for the enthalpy change
H0 (+8.66 kJ mol−1) indicated that the ion-exchange adsorption of

AMP onto D13 resin was physical in nature involving weak forces
f attraction and was also endothermic [29]. Endothermic adsorp-

ion of cAMP has not been previously reported. The positive entropy
hange �S0 (+92.84 J (mol K)−1) corresponded to an increase in the
egree of freedom of the adsorbed species.
Fig. 12. The desorption percentage of cAMP from D13 resin using different concen-
trations of HCl solution, T = 303 K.

3.6. Regeneration

The regeneration of resin D13 using 0.1 M HCl which can be
ensured when desorption percentage of cAMP reached 99.0% is
practicable in Fig. 12. Therefore, used resin should be soaked in
0.1 mol/L HCl solution for 8 h, making sure that all functional groups
of resin take chloride ions again, then residual HCl on resin sur-
face has to be rinsed by deionized water for several times as
clearly as possible. The regenerated adsorbent was reused up to
five adsorption–desorption cycles and the results are illustrated in
Fig. 13. From this figure, it is clear that the amount of adsorbed
cAMP remained almost constant throughout the five cycles. This
may have been due to the negligible amount of D13 resin lost dur-
ing the adsorption–desorption cycles. The decrease in efficiency of
not more than 5% showed that the adsorbent was a good potential
material to adsorb cAMP even after being reused several times. It
Fig. 13. The performance of D13 resin after multiple cycles, T = 303 K.
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. Conclusion

The pKa of cAMP was estimated to be 3.7 for (–HPO3), which
rovided reliable pKa for cAMP in the analytical chemistry domain.
H 8 was the optimal pH for ion-exchange adsorption of cAMP onto
13 resin, and the maximum capacity reached was 0.1718, 0.1956,
.2764 and 0.3437 g g−1 for 283, 293, 303 and 313 K, respectively.
he adsorption data obtained were well described by the Langmuir
dsorption isotherm model. The batch kinetics of cAMP adsorp-
ion onto an anion resin were simulated in this study in order to
nvestigate its potential use as an effective adsorbent for cAMP sep-
ration and purification. Compared with the pseudo first-order and
seudo second-order, Fick kinetic model was more suitable for pre-
icting the adsorption process. The effective diffusion coefficients
De) at 283, 293, 303 and 313 K were estimated to be 0.37 × 10−10,
.51 × 10−10, 0.86 × 10−10 and 1.41 × 10−10 m2 s−1, respectively.
hese results indicated that higher temperatures considerably
nhanced the adsorption capacity and adsorption process. This can
e attributed to the ‘intramolecular potential’ of cAMP relevant to
emperature which corresponds fierce molecular motion. In addi-
ion, negative �G0 indicated that the adsorption of cAMP onto an
nion-exchange resin was spontaneous and a positive value for
H0 (+8.67 kJ mol−1) showed that the adsorption was an endother-
ic reaction in nature.
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