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a  b  s  t  r  a  c  t

The  sorption  of  Cr(III)  and  Cu(II)  ions  from  aqueous  solutions  with  the  Diphonix  resin  in  the  sodium
form  have  been  investigated.  Irreversible  ion-exchange  equilibrium  isotherms  were  obtained  for  each
pair  metal/resin  and well  described  by  the  Langmuir  and  Langmuir–Freundlich  models.  The  maximum
exchange  capacities,  which  are  temperature  dependent,  were  estimated  to be 2.73  and  3.74  meq/gdryresin

for  Cr(III)  at  25  and  50 ◦C,  respectively.  For  Cu(II),  those  values  were  2.45  and  3.17  meq/gdryresin.  The  effects
of  resin  dosage,  initial chromium  concentration  and  initial  pH  on  the  uptake  rate  of Cr(III)  were  studied.
iphonix resin
hromium and copper
hrinking core model
ore diffusion model

The  pseudo-second-order  rate,  pore  diffusion  and  shrinking  core  models  were  applied  for  describing
the  kinetic  data. The  shrinking  core  model,  based  on  non-steady  state  intraparticle  diffusion,  enabled
a  more  realistic  prediction  of  the  evolution  of  concentrations  of  chromium  and  sodium  in solution
with  time.  By  fitting  the  model  equations  to experimental  data,  the  effective  pore  diffusivities  of  Cr(III),
Dpef = 2.66  × 10−11 m2/s for initial  metal  concentrations  of 250  and  500  mg/L  and,  Dpef =  5.31  × 10−11 m2/s
for initial  concentration  of 750  mg/L  were  evaluated.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

There are a wide variety of industries such as electroplating,
eather tanning, plastic manufacturing and metallurgical processes
hat generate large quantities of effluents with heavy metals.
eavy metals are important sources of environmental pollu-

ion, even in low concentration, because are non-degradable and
hus persistent. The electroplating plants produce rinsed waters
nd wastewaters containing high concentrations of metals, espe-
ially chromium. This metal is usually considered very toxic for
umans, animals and even plants, being the hexavalent form
otentially carcinogenic when inhaled. The chromium can be
ecovered from the treatment of the wastewaters in order to be
eused in the plating baths, being thus possible to improve the
lobal process economy. In these systems, copper is an impor-
ant contaminant metal that can accumulate over time in the
ath solution and as a consequence the bath should be either
iscarded or purified to avoid the degradation of the plating pro-
ess.

Ion-exchange processes have been frequently used as an effec-
ive technique for the treatment of industrial effluents containing

eavy metals and for the recovery of valuable metals [1–8]. The
helating resins have been often employed as ion-exchange mate-
ials since their ligands can selectively bind to metallic ions through

∗ Corresponding author. Tel.: +351 239 798700.
E-mail address: lferreira@eq.uc.pt (L.M. Gando-Ferreira).

385-8947/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2011.06.020
ionic and coordinating interactions. The resin tested is a poly-
functional chelating ion exchanger containing both sulfonic and
phosphonic acid groups. Most of works reported in the literature
focus the selective removal of metal ions by Diphonix resin in the
H+ form. Chiarizia and co-workers [9,10] demonstrated that the
Diphonix resin has strong affinity for Cr(III), Fe(III) and Ni(III) in
acidic solutions. Although the resin in the Na+ form exhibits lower
exchange capacity than in the H+ form, the sodium form is more
suitable for removal of metal ions from concentrated alkaline or
alkaline earth solutions such is the case of electroplating efflu-
ents.

Suitable mathematical models to describe the equilibrium and
kinetics of sorption of species on ion-exchange resins are neces-
sary for predicting the dynamic behavior of continuous fixed-bed
column systems. The main goal of this paper is to evaluate the
sorption kinetics of Cr(III) on Diphonix resin in the Na+ form
using different models. The kinetic of sorption of metal ions on
ion-exchange resins have been investigated in numerous studies
during the past 15 years. Most of these studies describe the uptake
rates based on models mainly used for data fitting, such as the
first or second order kinetic models [11–16],  which do not nec-
essarily reflect the kinetic mechanisms of the sorption process.
For systems, in which the metal is taken up through an irre-
versible reaction, the conversion of the resin proceeds with an

outer fully converted “shell” and an inner core still in its initial
state separated by a front that moves from the particle surface to
the centre – shrinking core process or shell-progressive mecha-
nism. The approach usually followed to describe the overall process

dx.doi.org/10.1016/j.cej.2011.06.020
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:lferreira@eq.uc.pt
dx.doi.org/10.1016/j.cej.2011.06.020
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Nomenclature

C solute concentration in the fluid phase (mg/L)
D intraparticular diffusion coefficient (cm2/s)
k2 rate constant of pseudo-second-order model

(gresin/mg h)
KL isotherm parameter
mp particle mass (g)
m isotherm parameter
q  adsorbed solute concentration in equilibrium with

the liquid concentration (mg/gres)
qt amount adsorbed at time t (mg/gres)
qm maximum adsorption capacity of the adsorbent

(mg/g)
r radial position inside particles (cm)
r* normalized particle radial coordinate in the shrink-

ing core model ((r − Rf)/(R0 − Rf))
R universal gas constant (kJ/mol K)
Rf radial position of the reaction front (cm)
R0 particle radius (cm)
T temperature (K)
t time (s)
u normalized particle radial coordinate in the pore

diffusion model
VL liquid volume (cm3)
X dimensionless solute concentration in the liquid

phase (–)

Greek letters
(−�H)  adsorption heat (kJ/mol)
εp wet particle porosity
� capacity factor (mpqe/VLC0)
�h wet density (g/cm3)
�p diffusion time constant (R0/D2

p)
� normalized time (t/�p)
� normalized radial position of the reaction front

(Rf/R0)

Subscripts
e equilibrium
ef effective
F Freundlich
L Langmuir
LF Langmuir–Freundlich
0 initial
p pore

c
[
d
e
o
i
I
s
k
p
t
i
c
r

Mass balance in the bulk phase

∂X(�) = −3εp�
1 + KLC0 ∂Xp(u, �)

∣∣∣∣ (8)
onsiders the pseudo-steady-state (PSS) diffusion approximation
17–20].  Pritzker [20], for example, applied this assumption for
escribing the sorption of Cu(II) and Co(III) onto an iminodiac-
tate chelating resin involving two distinct reaction fronts. It was
bserved that the PSS approximation does not enable to correctly
nterpret the kinetic results at high counter-ions concentrations.
n our work, a shrinking core model that takes into account non-
teady state diffusion was applied to interpret the experimental
inetics data for different operating conditions. Moreover, the
seudo-second-order equation and pore diffusion model were also
ested. In the equilibrium studies were determined equilibrium
sotherms and investigated the effect of temperature and HNO3
oncentration on the sorption of Cr(III) and Cu(II) on Diphonix

esin.
ngineering Journal 172 (2011) 623– 633

2. Modeling

2.1. Equilibrium models

Considering that the ion-exchange process between sodium
and metal ions studied lead to isotherms highly favorable (irre-
versible isotherms), the ion-exchange equilibrium between the
solid and liquid phases can be modeled by using common adsorp-
tion isotherms as follows:

Langmuir isotherm q = qmLKLC

1 + KLC
(1)

Freundlich isotherm q = KF CnF (2)

Langmuir–Freundlich isotherm q = qmLF KLF CnLF

1 + KLF CnLF
(3)

where q is the amount of Cr(III) adsorbed in the resin (mg/gres), C is
the equilibrium concentration (mg/L), qmL and KL are the Langmuir
parameters, KF and nF the Freundlich parameters and qmLF, KLF and
nLF the Langmuir–Freundlich parameters.

2.2. Kinetic models

The kinetics of ion-exchange between solutes and an adsor-
bent is generally governed by two  mass-transfer mechanisms:
convective transport outside the particle and intraparticle diffu-
sion. Further, intraparticle diffusion may  occur either by diffusion
through macropores, or through the gel structure of the resin, or
through both steps. Several models have been used to describe the
kinetics of metallic species sorption into resins, being the most pop-
ular the first order model and pseudo second-order model [11,12].
In this work, a first approach to model the kinetic data was  based
on the pseudo-second order rate expression in the form:

dqt

dt
= k2(qe − qt)

2 (4)

where k2 is the rate constant of pseudo-second order adsorption,
qe is the amount adsorbed under equilibrium conditions, and qt is
the amount adsorbed at time t.

Integrating Eq. (4) with the conditions qt = 0 when t = 0 and qt = qt

when t = t, gives:

1
qe − qt

= 1
qe

+ k2t (5)

Re-arranging Eq. (5) results the expression

t

qt
= 1

k2q2
e

+ t

qe
(6)

In addition, the pore diffusion and shrinking core models were
also applied in order to better interpret the experimental kinetic
results. In both models, it was  assumed that: (i) intraparticle mass
transfer takes place by diffusion inside pores; (ii) the process is
isothermal; (iii) the film mass transfer resistance is negligible and
(iv) the resin particles are spherical with uniform size and density.
In the case of pore diffusion model, the following dimensionless
mass balance equation incorporating the Langmuir isotherm for
describing the instantaneous equilibrium at the pore/wall interface
with respective initial and boundary conditions, may be written for
the species Cr(III):

Mass balance for the resin particle

∂Xp(u, �)
∂�

= εp

εp + (KLqmL�h/(1 + KLCoXp)2)

{(
2
u

)
∂Xp(u, �)

∂u
+ ∂2Xp(u, �)

∂u2

}
(7)
∂� KLqmL�h ∂u
u=1
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Fig. 1. Schematic representation of the shrinking core model.

Boundary conditions

 symmetry condition (u = 0)

∂Xp(u, �)
∂u

∣∣∣∣
u=1

= 0 (9)

 interface pore/external solution (u = 1)

Xp(1,  �) = X(�) (10)

Initial condition

p(u, 0) = 0 for u < 1 and Xp(u, 0) = 1 for u = 1 (11)

In the above equations, X = C/C0 and Xp = Cp/C0 are the dimen-
ionless concentrations of Cr(III) in the bulk liquid phase and in the
iquid inside particle pores, respectively; εp is the particle porosity
nd �h wet resin density; � = t/�p is the normalized time, where
p = R2

0/Dp is the diffusion time constant, being R0 the particle
adius and Dp pore diffusivity coefficient; u = r/R0 is the normal-
zed particle radial coordinate. The only dimensionless group of
he model is the capacity parameter, �, defined as:

 = mp

VL

qe

C0
(12)

here mp is the particle mass, qe is solute concentration in equilib-
ium with C0 and VL is liquid volume. Numerical integration of Eqs.
7)–(11) was achieved using PDECOL package [21].

The shrinking core model considers a reaction front which
oves from the surface to the centre of the particle as shown

n Fig. 1 and takes into account the following hypothesis: (i) the

ransport of species inside the resin occurs only by diffusion; (ii)
eaction between chromium and sodium is instantaneous and irre-
ersible; (iii) evolution of the reaction front is controlled by Cr(III)
hat releases Na+ from the resin and (iv) the mass transport of
pecies beyond the front is negligible, therefore, the unreacted core
emains in the original form.

The mass balance inside the particle for species i is given by:

p
∂Cpi

(r, t)
∂t

= 1
r2

∂

∂r

{
r2εpDpi

∂Cpi
(r, t)

∂r

}
, i = 1

(Cr) and 2 (Na),  Rf < r ≤ R0 (13)
ngineering Journal 172 (2011) 623– 633 625

The equation for the reaction front is,

−εpDp1

∂Cp1 (r, t)
∂r

∣∣∣∣
r=Rf

= �hq1
dRf

dt
(14)

The mass balance in the bulk phase for species i leads to:

−VL
dCi

dt
= mp�hεp

dCpi

dt
+ 
i

3mpRf
2q1

R0
3

dRf

dt
(15)

where Rf is the position of the “moving front”, q1 is ion-exchange
capacity of species 1 obtained from the equilibrium isotherm,

1 = −1 for Cr and 
2 =  ̨ for Na (  ̨ is the fraction of species 2
reacted).

The time derivative of the average pore concentration for species
i is evaluated as,

dCpi

dt
= 3

R3
0

d

dt

∫ R0

Rf

r2Cpi
dt (16)

The left member of Eq. (16) can be integrated using Eq. (13)
resulting in

dCpi

dt
= − 3

R3
0

R2
f

Cpi

∣∣
r=Rf

dRf

dt
+ 3

R3
0

[
R2

0Dpi

∂Cpi
(r, t)

∂r

∣∣∣
r=R0

− R2
f
Dpi

∂Cpi
(r, t)

∂r

∣∣∣
r=Rf

]
(17)

The boundary and initial conditions are as follows:

r = Rf , Cp1 (Rf , t) = 0 (18)

Cp2 (Rf , t) =
˛mp(1 − R3

f
/R3

0)q1

VL
(19)

r = R0, Cpi
(R0, t) = Ci(t) (20)

t = 0, Cpi
(r, 0) = 0; C1(0) = C10 ; C2(0) = 0 and Rf = R0 (21)

Introducing in Eqs. (13)–(21) the following normalized vari-
ables:

X1 = C1

C10

, X2 = C2

C10

, Xp1 = Cp1

C10

, Xp2 = Cp2

C10

, � = Rf

R0
,

r∗ = r − Rf

R0 − Rf
, � = t

�p

(
�p = R2

0
Dp1

)
, � = mp

VL

q1

C10

and after making the appropriate substitutions we get:
Mass balance inside the particles for species i

∂Xpi
(r∗, �)

∂�
= ˇi

{
2

(1 − �)[� + r∗(1 − �)]
−
[

(1 − �)r∗ + � − 1

(1 − �)2

]
∂�

∂�

}
∂Xpi

(r∗, �)

∂r∗

+ ˇi

[
1

(1 − �)2

∂2Xpi
(r∗, �)

∂r∗2

]
(22)

where ˇ1 = 1 for Cr and ˇ2 = Dp2 /Dp1 for Na.
It should be noted that to convert the term of the derivative of

concentration with respect to time as function of the new normal-
ized variable r*, in Eq. (22), we  considered the variable r* depending
on both variables r and Rf(t).

Equation for the reaction front

d�

d�
= − εpC10

(1 − �)�hq1

∂Xp1 (r∗, �)
∂r∗

∣∣∣∣
r∗=0

(23)

Mass balance in the bulk phase for species i

3ε C �
(

∂X (r∗, �)
∣

∂X (r∗, �)
∣ )
dXi(�)
d�

= p 10

�hq1

1
(1 − �)

ˇi �2 pi

∂r∗
∣∣

r∗=0

− pi

∂r∗
∣∣

r∗=1

+ d�

d�
�2

(
3εpC10 �

�hq1
Xpi

∣∣
r∗=0

− 
i3�

)
(24)
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Table 1
Characteristic parameters of Diphonix resin.

Polymer structure Polystyrene/divinylbenzene

Functional group Diphosphonic and sulphonic acid
Physical form Spherical beads
Efective size (mm) 0.15–0.3
Wet  density, �h (g/cm3) 0.94
Moisture content (%) 58.3
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Fig. 2. Equilibrium sorption isotherms for metal ion on Diphonix ((a) – Cr(III); (b)
Wet  particle porosity, εp 0.70
Capacity (meq/g) 3.03

Boundary and initial conditions

∗ = 0, Xp1 (0,  �) = 0 (25)

p2 (0,  �) = ˛mp(1 − �3)q1

C10 VL
(26)

∗ = 1, Xpi
(1,  �) = Xi(�) (27)

 = 0, Xpi
(r∗, 0) = 0; X1(0) = 1; X2(0) = 0 and � = 1 (28)

Numerical solutions of Eqs. (22)–(28) were performed by dis-
retizing Eq. (22) in N interior points using global orthogonal
ollocation with Lagrange polynomials as basis functions [22]. The
nal system of 2*N + 3 ordinary differential equations was  numer-

cally integrated with LSODE package [23].

. Experimental

.1. Materials

The resin Diphonix (EIChrom) was used in this study, and their
hemical and physical characteristics are shown in Table 1. All the
hemicals used were of analytical grade and obtained from Ridel-
e-Haën.

.2. Equilibrium and kinetic experiments

Before the experiments, three consecutive elution-washing
ycles using 2 M HCl, H2O and 2 M NaOH were applied to resin in
rder to remove solvents and other preparation chemicals. The last
tep of the conditioning consisted in percolating an excess of NaOH
hrough the column in order to convert the resin to sodium form.
he excess of OH− or Cl− ions was removed from the resin by rinsing
ith deionized water until the pH of the eluent was 6–7.

The synthetic solutions of chromium and copper were pre-
ared by dissolving appropriate amounts of Cr(NO3)3·9H2O and
u(NO3)2·2.5H2O in deionized water. The uptake of chromium
nd copper by the resins was studied in batch mode. In the case
f equilibrium experiments, 40 mL  of a synthetic solution at dif-
erent initial concentrations were added into a flask with 1 g of
re-conditioned resin. The flasks were sealed and kept at constant
emperature (25 or 50 ◦C) in a shaker for 24 h. For studying the effect
f nitric acid, the chromium and copper salts were prepared in the
resence of different concentrations of HNO3. The data of this study
ere obtained after 9 days of equilibration.

The resins were separated by vacuum filtration using a Buch-
er funnel and a filter with a porosity of 0.45 �m.  Some aliquots
f liquid were analyzed in order to determine the concentration
f metals and solution pH. The concentrations of sodium ion,
otal chromium and copper ion were quantified by Flame Atomic
bsorption Spectrophotometry (FAAS), Perkin Elmer 3300. The pH
easurement was carried out potentiometrically using a WTW  pH

eter, model Inolab level.
The kinetic experiments were performed with initial concentra-

ions of chromium corresponding to 250, 500 and 750 mg/L while
aintaining the resin mass constant (0.5 g). For initial pH effect,
–  Cu(II)) and final pH values. The symbols represent experimental data whereas
lines are the best fitting of data by Langmuir, Freundlich and Langmuir–Freundlich
models.

500 mg/L of Cr(III) and 0.5 g of resin were utilized and the pH was
adjusted to the desired value by drop wise 0.1 M HNO3. To study
the resin dosage effect, different dosages (0.5, 0.75 and 1 g) were
added to solution with 500 mg/L of Cr(III). The solutions were kept
under agitation at 25 ◦C. Small resin free samples were withdrawn
periodically using a pipette and analyzed as described above.

4. Results and discussion

4.1. Equilibrium studies

Experimental and calculated data of ion-exchange equilibrium
for uptake of Cr(III) and Cu(II) by Diphonix resin are shown in
Fig. 2(a) and (b). The shape of the curves indicates that the sorp-
tion of both metals by the resin is highly favorable, thus can be
considered quasi-irreversible ion-exchange isotherms. The equi-
librium models, Eqs. (1)–(3),  were fitted to the experimental data
and the parameters were estimated by using a non-linear opti-
mization routine, GREG software [24]. The parameter values for
each model tested are summarized in Table 2. According to sum
of the square errors (SS), the best fitting was achieved with the
Langmuir–Freundlich model for the exchange systems Cr(III)/Na
and Cu(II)/Na. However, for Cr(III) sorption the Langmuir model
was considered instead of Langmuir–Freundlich model, since the
nLF value do not have physical meaning in this case. The exchange

capacity of the resin for chromium (2.73 meq/gdryresin) was  esti-
mated to be a little higher than the capacity for copper, i.e.
2.45 meq/gdryresin. A higher capacity of 3.4 meq/gdryresin for Cr(III)
using other commercial lot of Diphonix resin was found by the
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Table 2
Isotherm parameters for sorption of Cr(III) and Cu(II) on Diphonix resin.

Metal Langmuir Freundlich Langmuir–Freundlich

qmL (mg/gres) KL (L/mg) SS KF (L/gres) nF SS qmLF (mg/gres) KLF (L/gres) nLF SS

Cr(III) 19.73 0.59 19.6 9.94 0.12 55.6 19.40 0.54 1.36 18.1
2.73a 2.68a

Cu(II) 32.52 0.47 23.0 13.41 0.21 88.5 34.46 0.48 0.79 17.1
2.45a 2.60a

a meq/gdryresin.
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Fig. 3. Equilibrium sorption isotherms for metal ion on Diphonix ((a) – Cr(III); (b)
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that factor is of 11.8. Therefore, the differences in the affinity of resin
 Cu(II)) and final pH values at two different temperatures. The symbols represent
xperimental data whereas lines are the best fitting of data by Langmuir model.

ame authors [25]. The equilibrium pH values, varying in the range
.8–4.0, as function of metal concentration in solution can also be
een in Fig. 2. The metal uptake by the resin leads to a decrease of the
olution pH, i.e. �pH = pHfinal − pHinitial < 0. This suggests that the
wo functional groups of the resin (sulfonic and gem-diphosphonic
cid groups) were not completely converted to sodium form, thus
t is expectable to occur some exchange between H+ ions bounded
o resin and metallic ions of the solution.

In the pH range of 3–4, it was observed that the uptake of 1 mol  of
r(III) by the resin releases approximately 2.7 mol of Na+ while the
ptake of 1 mol  of Cu(II) is exchanged with around 1.8 mol  of Na+.
herefore, one can conclude that most of chromium and copper
xchanged with the resin are in the form Cr3+ and Cu2+, respec-
ively. It is worth mentioning that Cr(III) forms different species
n aqueous solution depending on the pH and redox potential. The

edox potential measured in all the solutions was approximately of
00 mV.  For this potential, at pH = 3, the predominant species are
r3+ (84.4%) and Cr(OH)2+ (14.7%) while at pH = 4.0 the species pre-
Fig. 4. Effect of acid nitric concentration on the uptake of Cr(III) and Cu(II) by the
Diphonix resin.

dominant are Cr3+ (30.8%), Cr(OH)2+ (57.1%) and Cr2(OH)2
4+ (11%)

[26].
Fig. 3 shows the effect of temperature on the sorption of

metal ion onto Diphonix resin. According to Figure, the ion-
exchange capacity is increased with increasing temperature. This
may  be explained by the formation of more stable chelate complex
between the metal and diphosphonic acid group of the resin at high
temperatures. Some empirical studies show that the chelation reac-
tion is affected by the temperature mainly due to entropy change
during the sorption process [27]. The Langmuir model, previously
indicated in Eq. (1),  in which KL constant is related to the tempera-
ture by KL = KL0 exp(−�H/RT) fits well the experimental data. The
parameter values estimated at temperatures of 25 and 50 ◦C are
listed in Table 3. Increments of 1.01 and 0.72 meq/gdryresin in the
sorption capacities of Cr(III) and Cu(II), respectively, were observed
when the temperature varied from 25 to 50 ◦C. Considering the heat
of adsorptions (�H) estimated for chromium (5.48 kJ/mol) and cop-
per (8.35 kJ/mol), one can conclude that the sorption of metals on
Diphonix resin is an endothermic process, then will be favored as
the temperature increases.

The effect of initial HNO3 concentration was also studied, and
the equilibrium data are represented in Fig. 4. These data show
that the exchange capacity of the resin is strongly dependent on the
acid concentration. Indeed, the uptake of Cr(III) and Cu(II) decreases
with the increase of acid concentration until 3–4 M HNO3, and then
increases. This result confirms the studies reported by Chiarizia
et al. [9].  In Fig. 4, it is also evident that greater differences between
the exchange capacities of the resin for both metals at higher acidi-
ties of the solution. For 0.1 M HNO3, the sorption capacity of Cr(III)
is 1.6 times higher than the capacity of Cu(II) whereas for 4 M HNO3
by the two metals may  be predetermined as function of nitric acid
concentration. The acid dependency of the sorption data is due to
the competition between metal and hydrogen ions for the binding
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ig. 5. Effect of resin dosage (a), initial concentration (b) and initial pH (c) on the 

hereas lines are the best fitting of data by pseudo-second-order model.

ites of the resin. The resin acts through a dual mechanism in which
 hydrophilic sulfonic acid group allows the access of non-specific
ons into the polymeric network and a diphosphonic acid group is
esponsible by the formation of chelates with specific metal ions.
iphonix exhibits high affinity for polyvalent cations from moder-
tely acidic solutions and its exchange capacity decreases with the
ncreasing acidity of solution because the diphosphonate group in
he resin becomes more protonated [9].

.2. Kinetic studies
Fig. 5 shows kinetic results plotted as sorption rates of Cr(III)
s function of contact time at different operating conditions (resin
osage, initial solute concentration and initial solution pH). The
hape of the curves indicates that ion-exchange process is quite

able 3
sotherm parameters for sorption of Cr(III) and Cu(II) on Diphonix resin at two  different t

Metal Temperature (◦C) qmL (mg/gres) qmL (meq

Cr(III) 25 19.73 2.73 

50  26.50 3.67 

Cu(II) 25 32.52 2.45 

50  41.00 3.10 
f sorption of Cr(III) onto Diphonix resin. The symbols represent experimental data

fast occurring 63–93% of the ultimate adsorbed value during the
first hour of contact.

Regarding the effect of the resin dosage, the results illustrated
in Fig. 5(a) show that when the resin concentration increases the
amount exchanged per unit mass of resin, qt, decreases, how-
ever, the percentage of removal of Cr(III) increases. The decrease
of qt can be attributed to the fact of some active sites of the
resin remain unsaturated during the ion-exchange process. The
change of resin dosage from 0.5 to 1.0 g causes an increment of
removal of Cr(III) from 61.89 to 91.92%, under equilibrium condi-
tions. The effect of initial concentration of chromium on qt is shown
in Fig. 5(b). The amount taken up by the resin increases with the

increase in the initial Cr(III) concentration, however, the percentage
of solute removed decreases. The percentage of chromium removed
decreased from 90.75 to 45.78% when the initial concentration was
varied from 250 to 750 mg/L. The effect of initial pH on qt is shown

emperatures.

/gdryres) KL (L/mg) KL0 (L/mg) �H (kJ/mol)

0.59 5.37 5.48
0.70
0.47 13.67 8.35
0.61
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function of time can be seen in Figs. 7–9.  The operating condi-
tions for all the experiments are indicated in Table 5. To evaluate
the capacity parameter, �, exchange capacities for Cr(III) obtained

Table 4
Pseudo-second-order kinetic parameters for the sorption of Cr(III) on Diphonix resin.

Resin dosage k2 (gresin/mg  h) qe (mg/gresin) k2 q2
e (mg/gresin h) R2

0.5 0.28 24.81 172.35 0.9997
0.75  0.19 21.32 86.36 0.9999
1.0  0.065 20.24 26.63 0.9891

Initial Cr(III)
concentration

k2 (g/mg h) qe (mg/gresin) R2

250 0.12 19.61 46.15 0.9976
500 0.40 24.39 237.95 0.9999
750  0.49 27.78 378.15 0.9994
ig. 6. Pseudo-second-order kinetics plots for the sorption of Cr(III) onto Diphonix
nitial  pH.

n Fig. 5(c). The pH plays an important role in the exchange process
etween the ion-exchange resins and metal ions. Greater exchange
apacity for Cr(III) was achieved at high initial pH of the solution
s shown in Fig. 5(c), probably due to the reduced proton competi-
ion to Cr(III) binding with the functional groups of the resin. In this
tudy, the percentage of chromium removed increased from 38.94
o 77.16% when the initial pH was varied from 1 to 5.

A first approach for interpreting the kinetic data was based on
he pseudo-second-order kinetic model in its linearized form, Eq.
6). Using this equation, t/qt was plotted against t for all the exper-
ments (Fig. 6). The values of the parameters, qe and k2, estimated
y fitting the model to the experimental data are presented in
able 4. The values of k2 were found to decrease with increasing
he resin dosage and initial pH, and with the decreasing the initial
r(III) concentration. In Table 4 are also indicated h (= k2 q2

e ) val-
es, where h can be regarded as the initial sorption rate as qt/t → ∞,
nd correlation coefficients (R2). The increase in the values of h can
e attributed to an increase in the driving force for mass transfer
nabling that the solute molecules reach the surface of the resin
articles in a shorter period of time. Good fittings were obtained
sing this model, being the R2 values superior to 0.99 in all the

ases. The comparison between the experimental and calculated qt

alues can be seen in Fig. 5.
The second-order model does not enable to realistically describe

he intraparticular transport of the solute and evaluate the
: (a) – effect of dosage resin; (b) – effect of initial concentration and (c) – effect of

effective intraparticular diffusion coefficient. Therefore, the kinetic
data were further analyzed with the pore diffusion model (PDM)
and shrinking core model (SCM). Simulated and experimental
results of the concentration of solute(s) in external solution as
Initial pH k2 (g/mg h) qe (mg/gresin) R2

1 2.02 14.99 453.89 0.9988
3  0.41 24.39 237.95 0.9971
5 0.16  30.40 378.15 0.9999
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Fig. 8. Evolution of chromium (a) and sodium (b) concentrations in solution, for dif-

centration along time, both models describe reasonably well the
transient period characterized by a fast kinetics, however, in the
final stage the PDM predicts better the ultimate concentration,
mainly for a resin dosage of 1.0 g. It should be noted that this

500

600

pH=1.5 (Experimental)
pH=3.1 (Experimental)
pH= 5 (Experime ntal)
erent resin dosages, during the sorption of Cr(III) into Diphonix resin. The symbols
epresent experimental data whereas the lines are the best fittings of shrinking core
odel (solid lines) and pore diffusion model (dot lines).

rom the equilibrium isotherms were used. For runs 1 and 5, a dif-
erent lot of Diphonix resin was utilized with sorption capacity
f 24.4 mg/gresin (3.4 meq/gdryresin) [25]. The � values for runs 2–4
ere calculated considering q1 = 19.7 mg/gresin (Table 2). For runs 6

nd 7, the exchange capacities of 15.0 and 30.4 mg/gresin estimated
rom the pseudo-second-order model were considered.

Fig. 7 shows the evolution of concentration of Cr(III) and Na+

ith time at different resin dosages. It can be seen that when
he resin dosage increases the ultimate concentration (equilibrium
oncentration) of Cr(III) decreases. Thus, this result is consistent

ith the increasing in the percentage of chromium removed as pre-

iously discussed. Contrarily, the Na+ concentration increases as
hown in Fig. 7(b), since the solution under equilibrium conditions

able 5
perating conditions for kinetic experiments.

Run Resin dosage (g) Initial Cr(III)
concentration
(mg/L)

Initial pH �

1 0.5 500 3.3 0.61
2 0.75  500 3.3 0.74
3  1.0 500 3.3 0.99
4  0.5 250 3.4 0.99
5 0.5  750 3.1 0.41
6  0.5 500 1.5 0.38
7 0.5  500 5.0 0.78
ferent initial Cr(III) concentrations, during the sorption of Cr(III) into Diphonix resin.
The  symbols represent experimental data whereas the lines are the best fittings of
shrinking core model (solid lines) and pore diffusion model (dot lines).

is less concentrated in chromium implying that higher exchange
with sodium ion occurred. In the case of evolution of Cr(III) con-
t (h)
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Fig. 9. Evolution of chromium concentration in solution, for different initial pH
values, during the sorption of Cr(III) onto Diphonix resin. The symbols represent
experimental data whereas the lines are the best fittings of shrinking core model.
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odel only enables the description of the dynamic behavior of the
r(III) species. The concentration change of sodium ion in solution
s function of time is shown in Fig. 7(b). The data were predicted
y the SCM using a fraction of sodium reacted  ̨ of 0.8 for runs

 and 5 and,  ̨ of 0.9 for runs 2–4. The justification for the  ̨ val-
es used in the simulations is based on the assumption of 80–90%
f sodium bounded to resin is probably exchanged with trivalent
hromium in the form Cr3+ as aforementioned in Section 4.1.  The
ffective pore diffusivity coefficients (εp Dp) estimated by fitting the
odels to experimental data are: Dpef(Cr) = 2.66 × 10−11 m2/s and

pef(Na) = 5.22 × 10−11 m2/s.

Fig. 8 illustrates the evolution in time of the concentration

rofiles for Cr(III) and Na+ under different initial chromium con-
entrations in solution. Obviously, when the initial chromium ion
oncentration is reduced the equilibrium concentration for both
 shrinking core model (a) and pore diffusion model (b).

species decreases and thus leads to lower sorption capacities.
The experimental results are well predicted by the pore diffu-
sion and shrinking core models. For initial Cr(III) concentrations
of 250 and 500 mg/L, the effective pore diffusivity coefficients
calculated are ones previously indicated. For initial Cr(III) concen-
tration of 750 mg/L, the values are: Dpef(Cr) = 5.31 × 10−11 m2/s and
Dpef(Na) = 1.04 × 10−10 m2/s. This suggests that at high initial con-
centrations the kinetic nature of the process is changed as expected.
For these conditions, there is a more pronounced decrease of solute
concentration in the first 30 min  (Fig. 8(a)) since the ions exhibit
higher mobility, confirming thus the increasing in the values of pore

diffusivity coefficients for both ions. The diffusivity value found for
chromium is similar to those obtained from breakthrough curves
by Cavaco et al. [25]. Fig. 9 shows concentration profiles of Cr(III)
under different initial pH values. From the Figure, it can be observed
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hat this variable does not affect the kinetics process but deter-
ines the equilibrium concentration. At higher pH solution occurs

n increase in the sorption capacity of Cr(III) and consequently a
ecrease in the ultimate concentration when the system achieves
quilibrium conditions. There is a good agreement between experi-
ental and calculated data using the SCM. The PDM was not applied

ecause the equilibrium isotherms at initial pH of 1.5 and 5.0 were
ot determined experimentally.

The solution of the models (PDM and SCM) enables to predict
oncentration profiles for the species inside the resin pores dur-
ng the sorption process. The radial profiles of Cr(III) at different
imes, for run 1, are illustrated in Fig. 10(a) and (b). It can be verified
hat qualitatively similar profiles are obtained from both models.
owever, in the first instant of the exchange process the profiles
redicted by the SCM are much steeper and move more slowly than
nes predicted by the other model. This behavior is more concor-
ant with the irreversible character of the equilibrium isotherm.

n addition, it is worth mentioning that the reaction front achieves
he particle centre at t = 2.1 h according to the shrinking core model,
nd then the resin becomes quickly saturated (Fig. 10(a)).

The PDM and SCM, based on the particle diffusion as control-
ing mechanism, were able to describe the sorption kinetics for
he removal of Cr(III) by Diphonix resin. This resin was recently
eveloped and it has wide applications in the treatment of indus-
rial effluents containing toxic pollutants, mainly heavy metals.
he kinetics of the ion-exchange process involving Diphonix has
ot yet been investigated in such detail as in the present work.
he models tested are useful for designing continuous fixed-bed
olumn systems, were it is important to simulate the behavior of
reakthrough curves. In the case of irreversible isotherms, the exis-
ence of very sharp concentration gradients in the column does
ot allow to get an efficient numerical solution of the model equa-
ions incorporating the PDM. The SCM, which takes into account
on-steady diffusion, allows a better description of the problem
nd makes the numerical strategy more efficient for predicting the
ynamics of the sorption process in column. As already mentioned

n the introduction, the pseudo-steady state assumption has often
een considered in shrinking-core type models and its application

n order to correctly interpret the propagation of concentration
aves in column is not appropriate. For sorption systems, the few

tudies reported in the literature on the SCM including the effect
he transient diffusion were applied to regeneration of adsorbents
28,29].

. Conclusions

The uptake of Cr(III) and Cu(II) by Diphonix resin from aqueous
olutions was investigated. The methodology involved the determi-
ation of individual ion-exchange equilibrium isotherms for each
air metal/resin and kinetic experiments for Cr(III). The equilib-
ium isotherms as almost irreversible and were well fitted with
he Langmuir–Freundlich and Langmuir models. From this anal-
sis, the maximum exchange capacity at T = 25 ◦C determined for
r(III) was 2.73 meq/gdryresin, and for Cu(II) was 2.45 meq/gdryresin.
he exchange capacity increased with increase in temperature due
robably to the formation of more stable chelates between the
etal ions and the functional groups of the resin. Moreover, the

orption capacity is also affected when the HNO3 concentration
resent in the solutions is varied.

Regarding the kinetics of uptake of Cr(III), the pseudo-second-
rder kinetic model was found to fit very well the experimental

ata. The kinetic mechanism of the sorption of the metal into
iphonix is controlled by the intraparticle diffusion and was
nalyzed by the pore diffusion and shrinking core models. Both
odels described very well the evolution of chromium concen-

[

[
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tration in the external solution with time. The concentration of
the sodium released by the resin varying along the time was only
predicted by the shrinking core model. This model revealed to
be more suitable for interpreting the kinetic process taking into
account the irreversible character of the sorption of Cr(III) by
the resin. The fitting of the model equations to the kinetic data
enabled to determinate the effective pore diffusivity for Cr(III), i.e.
Dpef = 2.66–5.31 × 10−11 m2/s. This transport parameter was  influ-
enced by the chromium initial concentration. The SCM seems to
be suitable for simulating the ion-exchange processes in fixed-bed
directed to the treatment of industrial effluents containing heavy
metals.
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