Chemical Engineering Journal 172 (2011) 623-633

Contents lists available at ScienceDirect
Chemical
Engineering

Chemical Engineering Journal
Journal

journal homepage: www.elsevier.com/locate/cej

Kinetic modeling analysis for the removal of Cr(IIl) by Diphonix resin

Sandra Fernandes, Licinio M. Gando-Ferreira*

Centre of Chemical Processes Engineering and Forest Products (CIEQPF), Department of Chemical Engineering, University of Coimbra, Rua Silvio Lima, 3030-790 Coimbra, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 18 April 2011

Received in revised form 3 June 2011
Accepted 8 June 2011

The sorption of Cr(Ill) and Cu(Il) 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/garyresin
for Cr(Ill) at 25 and 50 °C, respectively. For Cu(Il), those values were 2.45 and 3.17 meq/garyresin- The effects
of resin dosage, initial chromium concentration and initial pH on the uptake rate of Cr(IIl) were studied.
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 x 10~11 m?/s for initial metal concentrations of 250 and 500 mg/L and, Dpes=5.31 x 1011 m?/s
for initial concentration of 750 mg/L were evaluated.
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1. Introduction

There are a wide variety of industries such as electroplating,
leather tanning, plastic manufacturing and metallurgical processes
that generate large quantities of effluents with heavy metals.
Heavy metals are important sources of environmental pollu-
tion, even in low concentration, because are non-degradable and
thus persistent. The electroplating plants produce rinsed waters
and wastewaters containing high concentrations of metals, espe-
cially chromium. This metal is usually considered very toxic for
humans, animals and even plants, being the hexavalent form
potentially carcinogenic when inhaled. The chromium can be
recovered from the treatment of the wastewaters in order to be
reused in the plating baths, being thus possible to improve the
global process economy. In these systems, copper is an impor-
tant contaminant metal that can accumulate over time in the
bath solution and as a consequence the bath should be either
discarded or purified to avoid the degradation of the plating pro-
cess.

lon-exchange processes have been frequently used as an effec-
tive technique for the treatment of industrial effluents containing
heavy metals and for the recovery of valuable metals [1-8]. The
chelating resins have been often employed as ion-exchange mate-
rials since their ligands can selectively bind to metallic ions through
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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(Ill) and Ni(IIl) 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(Ill) 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
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Nomenclature

C solute concentration in the fluid phase (mg/L)

D intraparticular diffusion coefficient (cm?/s)

ko rate constant of pseudo-second-order model
(8resin/mg h)

Ky isotherm parameter

my particle mass (g)

m isotherm parameter

q adsorbed solute concentration in equilibrium with
the liquid concentration (mg/gres)

qr 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 — Ry)/(Ro — Ry))

R universal gas constant (k]/mol K)

Ry radial position of the reaction front (cm)

Rg particle radius (cm)

T temperature (K)

t time (s)

u normalized particle radial coordinate in the pore
diffusion model

Vi liquid volume (cm?)

X dimensionless solute concentration in the liquid
phase (-)

Greek letters

(—=AH) adsorption heat (kJ/mol)

&p wet particle porosity

¢ capacity factor (mpqe/V.Co)

On wet density (g/cm3)

T diffusion time constant (Ro/D3)

0 normalized time (t/7p)

¢ normalized radial position of the reaction front
(R¢/Ro)

Subscripts

e equilibrium

ef effective

F Freundlich

L Langmuir

LF Langmuir-Freundlich

0 initial

p pore

considers the pseudo-steady-state (PSS) diffusion approximation
[17-20]. Pritzker [20], for example, applied this assumption for
describing the sorption of Cu(Il) and Co(Ill) onto an iminodiac-
etate chelating resin involving two distinct reaction fronts. It was
observed that the PSS approximation does not enable to correctly
interpret the kinetic results at high counter-ions concentrations.
In our work, a shrinking core model that takes into account non-
steady state diffusion was applied to interpret the experimental
kinetics data for different operating conditions. Moreover, the
pseudo-second-order equation and pore diffusion model were also
tested. In the equilibrium studies were determined equilibrium
isotherms and investigated the effect of temperature and HNO3
concentration on the sorption of Cr(Ill) and Cu(Il) on Diphonix
resin.

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:

.. _ quKLC
Langmuir isotherm ¢ = 11 K.C (M
Freundlich isotherm ¢q = KzC"F (2)

qmLF K pCMLF
1+ Ky pCir

where q is the amount of Cr(IIl) adsorbed in the resin (mg/gres), Cis
the equilibrium concentration (mg/L), g, and K are the Langmuir
parameters, Kr and ng the Freundlich parameters and g, Kir and
n;r the Langmuir-Freundlich parameters.

Langmuir-Freundlich isotherm q =

(3)

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:
dq;

4t = elde —a? (4)

where k; is the rate constant of pseudo-second order adsorption,
ge is the amount adsorbed under equilibrium conditions, and g; is
the amount adsorbed at time t.

Integrating Eq. (4) with the conditions g:=0when t=0and g; = g;
when t=t, gives:

1 1
= — +kyt 5
Ge—0qr Qe 2 (3)

Re-arranging Eq. (5) results the expression
t 1 t

qr  koq? * Qe

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, 0) & { (g) Xp(u, 0) . aZXP(u,G)} 7)
B e+ (Kagmon/(1 +KCXpY) L\U) du o>
Mass balance in the bulk phase
aXx(0) 1+ K Co 0Xp(u, 0)

0 - _38p§I(LQmLph ou

(6)

(8)

u=1
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Fig. 1. Schematic representation of the shrinking core model.

Boundary conditions

- symmetry condition (u=0)

0Xp(u, 0)

ou =0 ®

u=1

- interface pore/external solution (u=1)

Xp(1,0) = X(6) (10)

Initial condition
Xp(u,0)=0 for u<1 and X,(u,0)=1 for u=1 (11)

In the above equations, X=C/Cy and X, =C,/Cp are the dimen-
sionless concentrations of Cr(III) in the bulk liquid phase and in the
liquid inside particle pores, respectively; &, is the particle porosity
and p, wet resin density; 6=t/t}, is the normalized time, where
= R(%/Dp is the diffusion time constant, being R, the particle
radius and D, pore diffusivity coefficient; u=r/Ry is the normal-
ized particle radial coordinate. The only dimensionless group of
the model is the capacity parameter, ¢, defined as:

_ "M e
=7 G (12)

where my, is the particle mass, ge is solute concentration in equilib-
rium with Cy and V| is liquid volume. Numerical integration of Egs.
(7)-(11) was achieved using PDECOL package [21].

The shrinking core model considers a reaction front which
moves from the surface to the centre of the particle as shown
in Fig. 1 and takes into account the following hypothesis: (i) the
transport of species inside the resin occurs only by diffusion; (ii)
reaction between chromium and sodium is instantaneous and irre-
versible; (iii) evolution of the reaction front is controlled by Cr(III)
that releases Na* from the resin and (iv) the mass transport of
species beyond the front is negligible, therefore, the unreacted core
remains in the original form.

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

Gy (1, 1) 10 ) 0Cy,(r, 1) .
a5 T2\ SPDPiT » =1

(Cr) and 2(Na), Rf <r <Ry (13)

The equation for the reaction front is,

Gy, (1, t) dRs
—a = Pnd1 —— (14)
ar R, dt
The mass balance in the bulk phase for species i leads to:
dCi dépi 3mpr2q1 de
_VLE = MpPpép dt +Vi 7R03 ar

—&pDp,

(15)

where Ry is the position of the “moving front”, q; is ion-exchange
capacity of species 1 obtained from the equilibrium isotherm,
y1=-1 for Cr and y, =« for Na (¢ is the fraction of species 2
reacted).

The time derivative of the average pore concentration for species
i is evaluated as,
dc,, 3 .d [f

2
i, r2Cy,dt (16)
f

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

dC, 3 dry 3 9Cp,(r, t)

3G, (1, t)
=—2RG| L+ |RD, LA
a "R il d TR { U gy

ar

~RD,
r=Rp

The boundary and initial conditions are as follows:

r=R;, Cp (R, t)=0 (18)
amp(1 - R;/Rg)lh

Cp,(Ry, t) = — v, (19)

r=Rg, Cp(Ro,t)=C(t) (20)

£=0, Gp(r,0)=0; C1(0)=Cy,; Co(0)=0 and R =Ry (21)

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

G G Cp, Cp, Ry
Xj=-L1, Xo=-2, X,, =2 x, =P =2,
To, T, e, ™Te, TR

2
r*: r_Rf Gzi T :& zﬂﬂ
Ro—R¢’ p \ " Dp |’ Vi Gy

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

9Xp, (1. 0) ﬂ{ 2 - |:(1—¢)r*+¢—l:| 31’} X, (1%, 0)
® L A-Ple+r(1-¢) (1- o) 3 ar

1 82X,(r,0)

Hh [(1 —gy  ore }

(22)

where 81 =1 for Cr and 8, = Dy, /Dp, 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 Rg(t).

Equation for the reaction front

@ _ epCiy Xp, (r*,0) (23)
A CR T T
Mass balance in the bulk phase for species i
dx;(0) _ 3€pc10{ 1 /3 ¢)2 aXp’(r*’ 0) _ Bxpi(r*’ 0)
o~ (1-¢)" . o |,
do ., (3eC1o¢ _
+E¢ ( onn Xp; r*=0*%3§) (24)
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Table 1

Characteristic parameters of Diphonix resin.
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Polymer structure

Polystyrene/divinylbenzene

Functional group
Physical form

Efective size (mm)

Wet density, pp, (g/cm?)
Moisture content (%)
Wet particle porosity, &,
Capacity (meq/g)

Diphosphonic and sulphonic acid
Spherical beads

0.15-0.3

0.94

58.3

0.70

3.03

30 12

(a)

25 4 r 10

— e r8
— =
Py
2
o
=
O [ ] Experimental Iﬂ’
o Langmuir rée s
£ — —  Freundlich
~ Langmuir-Freundlich
o o) pH,
¢ r4

Boundary and initial conditions

=0, Xp(0,0)=0 (25)
Xp, (0, 0) = %}/‘f% (26)
=1, Xp(1,0)=X6) (27)
0=0, Xp(r*,0)=0; X1(0)=1; X3(0)=0 and ¢=1 (28)

Numerical solutions of Eqgs. (22)-(28) were performed by dis-
cretizing Eq. (22) in N interior points using global orthogonal
collocation with Lagrange polynomials as basis functions [22]. The
final system of 2*N+ 3 ordinary differential equations was numer-
ically integrated with LSODE package [23].

3. Experimental
3.1. Materials

The resin Diphonix (EIChrom) was used in this study, and their
chemical and physical characteristics are shown in Table 1. All the
chemicals used were of analytical grade and obtained from Ridel-
de-Haén.

3.2. Equilibrium and kinetic experiments

Before the experiments, three consecutive elution-washing
cycles using 2M HCl, H,0 and 2 M NaOH were applied to resin in
order to remove solvents and other preparation chemicals. The last
step of the conditioning consisted in percolating an excess of NaOH
through the column in order to convert the resin to sodium form.
The excess of OH™ or Cl~ ions was removed from the resin by rinsing
with deionized water until the pH of the eluent was 6-7.

The synthetic solutions of chromium and copper were pre-
pared by dissolving appropriate amounts of Cr(NOs3)3-9H,0 and
Cu(NO3);-2.5H,0 in deionized water. The uptake of chromium
and copper by the resins was studied in batch mode. In the case
of equilibrium experiments, 40 mL of a synthetic solution at dif-
ferent initial concentrations were added into a flask with 1g of
pre-conditioned resin. The flasks were sealed and kept at constant
temperature (25 or 50 °C) in a shaker for 24 h. For studying the effect
of nitric acid, the chromium and copper salts were prepared in the
presence of different concentrations of HNO3. The data of this study
were obtained after 9 days of equilibration.

The resins were separated by vacuum filtration using a Buch-
ner funnel and a filter with a porosity of 0.45 pm. Some aliquots
of liquid were analyzed in order to determine the concentration
of metals and solution pH. The concentrations of sodium ion,
total chromium and copper ion were quantified by Flame Atomic
Absorption Spectrophotometry (FAAS), Perkin Elmer 3300. The pH
measurement was carried out potentiometrically using a WTW pH
meter, model Inolab level.

The kinetic experiments were performed with initial concentra-
tions of chromium corresponding to 250, 500 and 750 mg/L while
maintaining the resin mass constant (0.5 g). For initial pH effect,

0
T T T
200 300 400 500

C, (mg Cr/L)

(®) L 10

40 A _—

2
> 301
S Experimental
&) - Langmuir Le I’
o — —  Freundiich [
£ Langmuir-Freundlich
= 20 A 0 PHe
c Fa
o o (o]
10 A
F2
0 - T T T 0
0 50 100 150 200

C, (mg Cu/L)

Fig. 2. Equilibrium sorption isotherms for metal ion on Diphonix ((a) - Cr(Ill); (b)
- Cu(Il)) 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(Ill) and 0.5 g of resin were utilized and the pH was
adjusted to the desired value by drop wise 0.1 M HNOs. To study
the resin dosage effect, different dosages (0.5, 0.75 and 1g) were
added to solution with 500 mg/L of Cr(IIl). 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(Ill) and Cu(ll) 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, Egs. (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(IlI)/Na
and Cu(Il)/Na. However, for Cr(Ill) sorption the Langmuir model
was considered instead of Langmuir-Freundlich model, since the
n;r value do not have physical meaning in this case. The exchange
capacity of the resin for chromium (2.73 meq/ggryresin) 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/gqryresin 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(Ill) and Cu(Il) on Diphonix resin.
Metal Langmuir Freundlich Langmuir-Freundlich
Qe (M/Gres) Ki (L/mg) SS Kr (L/gres) SS Gmrr (ME/Zres) Kir (L/8res) nir SS
Cr(111) 19.73 0.59 19.6 9.94 0.12 55.6 19.40 0.54 1.36 18.1
2.732 2.68°
Cu(Il) 32.52 0.47 23.0 13.41 0.21 88.5 34.46 0.48 0.79 171
2.452 2.60°
a mEq/gdryresin-
30 12 1
a
@ R
254,77 & k10
t
|
20 - ° hd L8
3 ‘\} . ° ~ o
= | ®  T=25°C (Experimental) o 3 .
O 51 & T=50°C (Experimental) | | g T g’ 0
g’ 1 —— T=25°C (Langmuir) [=% o -
= —— T=50°C (Langmuir) 0]
i 0 pH, (T=25°C) 3
10 ® PpH, (T=50°C) a4 o L9
% 001 15
‘® [e] ® o o ® [o] ® o
5 r2
—e— Cr(lll)
--0-- Cu(ll)
0+ ; ; ; ; 0
0 100 200 300 400 500 0.001 ; ;
Ce (mg CrlL) 0.01 0.1 1 10
50 12 CHNO3 (M)
(b) . S .
Fig. 4. Effect of acid nitric concentration on the uptake of Cr(Ill) and Cu(Il) by the
40 4 e r 10 Diphonix resin.
e
//
—~ 4 ° N F8
&£ 5048 dominant are Cr3* (30.8%), Cr(OH)%* (57.1%) and Crp(OH),** (11%)
35 | ®  T=25°C (Experimental) 2
o & T=50°C (Experimental) | g T [ 6]-
g i = Fig. 3 shows the effect of temperature on the sorption of
s ] ° 2 e EIEZE: . metal ion onto Diphonix resin. According to Figure, the ion-
pHg (T=50° - . .. . . . .
exchange capacity is increased with increasing temperature. This
10 4 ° ° ° may be explained by the formation of more stable chelate complex
2 between the metal and diphosphonic acid group of the resin at high
temperatures. Some empirical studies show that the chelation reac-
0 - w w w 0 tion is affected by the temperature mainly due to entropy change
0 50 100 150 200

C, (mg CulL)

Fig. 3. Equilibrium sorption isotherms for metal ion on Diphonix ((a) - Cr(Ill); (b)
- Cu(Il)) and final pH values at two different temperatures. The symbols represent
experimental data whereas lines are the best fitting of data by Langmuir model.

same authors [25]. The equilibrium pH values, varying in the range
2.8-4.0, as function of metal concentration in solution can also be
seeninFig. 2. The metal uptake by the resin leads to adecrease of the
solution pH, i.e. ApH=pHgpna — PHinitial <0. This suggests that the
two functional groups of the resin (sulfonic and gem-diphosphonic
acid groups) were not completely converted to sodium form, thus
it is expectable to occur some exchange between H* ions bounded
to resin and metallic ions of the solution.

In the pH range of 3-4, it was observed that the uptake of 1 mol of
Cr(III) by the resin releases approximately 2.7 mol of Na* while the
uptake of 1 mol of Cu(Il) is exchanged with around 1.8 mol of Na*.
Therefore, one can conclude that most of chromium and copper
exchanged with the resin are in the form Cr3* and Cu?*, respec-
tively. It is worth mentioning that Cr(Ill) forms different species
in aqueous solution depending on the pH and redox potential. The
redox potential measured in all the solutions was approximately of
400 mV. For this potential, at pH =3, the predominant species are
Cr3* (84.4%) and Cr(OH)2* (14.7%) while at pH = 4.0 the species pre-

during the sorption process [27]. The Langmuir model, previously
indicated in Eq. (1), in which K; constant is related to the tempera-
ture by K; = K, exp(—AH/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/gqryresin in the
sorption capacities of Cr(Ill) and Cu(Il), respectively, were observed
when the temperature varied from 25 to 50 °C. Considering the heat
of adsorptions (AH) estimated for chromium (5.48 kJ/mol) and cop-
per (8.35k]/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(IIl) and Cu(II) decreases
with the increase of acid concentration until 3-4 M HNOs, and then
increases. This result confirms the studies reported by Chiarizia
etal. [9]. InFig. 4, itis 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 HNOs, the sorption capacity of Cr(III)
is 1.6 times higher than the capacity of Cu(Il) whereas for 4 M HNO3
that factoris of 11.8. Therefore, the differences in the affinity of resin
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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Fig. 5. Effect of resin dosage (a), initial concentration (b) and initial pH (c) on the rate of sorption of Cr(Ill) onto Diphonix resin. The symbols represent experimental data

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

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

4.2. Kinetic studies

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

Table 3

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, q;, decreases, how-
ever, the percentage of removal of Cr(Ill) increases. The decrease
of gr 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 1.0g causes an increment of
removal of Cr(Ill) from 61.89 to 91.92%, under equilibrium condi-
tions. The effect of initial concentration of chromium on g; is shown
in Fig. 5(b). The amount taken up by the resin increases with the
increase in the initial Cr(IIl) 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 g; is shown

Isotherm parameters for sorption of Cr(IIl) and Cu(II) on Diphonix resin at two different temperatures.

Metal Temperature (°C) Qe (M/Zres) qmr (Meq/Zaryres) Ki (L/mg) Ki, (L/mg) AH (k]/mol)
Cr(11n) 25 19.73 2.73 0.59 5.37 5.48

50 26.50 3.67 0.70
Cu(ll) 25 32.52 245 0.47 13.67 8.35

50 41.00 3.10 0.61




S. Fernandes, L.M. Gando-Ferreira / Chemical Engineering Journal 172 (2011) 623-633 629

0.6 0.5
0.4
0.3
o
=
0.2
0.1 4 C;=250 mg Cr/L
m C;=500 mg CriL
& C;=750 mg CriL
0.0 T T T T T T T
0 2 4 6 8 10 0 1 2 3 4 5 6 7 8
t(h) t(h)
0.5

t/q,

0.1 -

0.0

2 4 6 8
t(h)

Fig. 6. Pseudo-second-order kinetics plots for the sorption of Cr(Ill) onto Diphonix resin: (a) - effect of dosage resin; (b) - effect of initial concentration and (c) - effect of

initial pH.

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

A first approach for interpreting the kinetic data was based on
the pseudo-second-order kinetic model in its linearized form, Eq.
(6). Using this equation, t/q: was plotted against t for all the exper-
iments (Fig. 6). The values of the parameters, q. and k,, estimated
by fitting the model to the experimental data are presented in
Table 4. The values of k, were found to decrease with increasing
the resin dosage and initial pH, and with the decreasing the initial
Cr(Ill) concentration. In Table 4 are also indicated h (= k, g2) val-
ues, where h can be regarded as the initial sorption rate as q;/t — oo,
and correlation coefficients (R?). The increase in the values of h can
be attributed to an increase in the driving force for mass transfer
enabling that the solute molecules reach the surface of the resin
particles in a shorter period of time. Good fittings were obtained
using this model, being the R? values superior to 0.99 in all the
cases. The comparison between the experimental and calculated g
values can be seen in Fig. 5.

The second-order model does not enable to realistically describe
the intraparticular transport of the solute and evaluate the

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
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(Ill) on Diphonix resin.

Resin dosage ko (gresm/mgh) e (mg/gresm) ka qg (mg/gresm h) R?

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 CI'(HI) ka (g/mgh) qe (mg/gresin) R?
concentration

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
Initial pH ks (g/mgh) e (M/resin) R?

1 2.02 14.99 453.89 0.9988
3 0.41 2439 237.95 0.9971
5 0.16 30.40 378.15 0.9999
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Fig. 7. Evolution of chromium (a) and sodium (b) concentrations in solution, for dif-
ferent resin dosages, during the sorption of Cr(Ill) 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).

from the equilibrium isotherms were used. For runs 1 and 5, a dif-
ferent lot of Diphonix resin was utilized with sorption capacity
of 24.4 Mg/ esin (3.4 mMeq/Zaryresin) [25]. The { values for runs 2-4
were calculated considering g1 = 19.7 mg/g;esin (Table 2). For runs 6
and 7, the exchange capacities of 15.0 and 30.4 mg/g.si, estimated
from the pseudo-second-order model were considered.

Fig. 7 shows the evolution of concentration of Cr(Ill) and Na*
with time at different resin dosages. It can be seen that when
the resin dosage increases the ultimate concentration (equilibrium
concentration) of Cr(Ill) decreases. Thus, this result is consistent
with the increasing in the percentage of chromium removed as pre-
viously discussed. Contrarily, the Na* concentration increases as
shown in Fig. 7(b), since the solution under equilibrium conditions

Table 5
Operating conditions for kinetic experiments.
Run Resin dosage (g) Initial Cr(III) Initial pH 4
concentration
(mg/L)
1 0.5 500 33 0.61
2 0.75 500 33 0.74
3 1.0 500 33 0.99
4 0.5 250 34 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

800
* (a) ® C;=250 mg CriL (Experimental)
m  C;=500 mg Cr/L (Experimental)
@ C;=750 mg Cr/L (Experimental)
600
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0 2 4 6 8 10

t(h)

Fig. 8. Evolution of chromium (a) and sodium (b) concentrations in solution, for dif-
ferent initial Cr(IIl) concentrations, during the sorption of Cr(IIl) 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(IIl) con-
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 1.0g. It should be noted that this

600

® pH=1.5 (Experimental)
500 & W pH=3.1 (Experimental)
ﬂ @ pH=5 (Experimental)

300 -

C(mg, /L)

200 -

100

t(h)

Fig. 9. Evolution of chromium concentration in solution, for different initial pH
values, during the sorption of Cr(Ill) onto Diphonix resin. The symbols represent
experimental data whereas the lines are the best fittings of shrinking core model.
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Fig. 10. Particle radial concentration profiles predicted by the shrinking core model (a) and pore diffusion model (b).

model only enables the description of the dynamic behavior of the
Cr(III) species. The concentration change of sodium ion in solution
as function of time is shown in Fig. 7(b). The data were predicted
by the SCM using a fraction of sodium reacted « of 0.8 for runs
1 and 5 and, « of 0.9 for runs 2-4. The justification for the « val-
ues used in the simulations is based on the assumption of 80-90%
of sodium bounded to resin is probably exchanged with trivalent
chromium in the form Cr3* as aforementioned in Section 4.1. The
effective pore diffusivity coefficients (¢, Dp) estimated by fitting the
models to experimental data are: Dyecry=2.66 x 10~ m?/s and
Dpefinay =5.22 x 1011 m?/s.

Fig. 8 illustrates the evolution in time of the concentration
profiles for Cr(Ill) and Na* under different initial chromium con-
centrations in solution. Obviously, when the initial chromium ion
concentration is reduced the equilibrium concentration for both

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(Ill) concentrations
of 250 and 500 mg/L, the effective pore diffusivity coefficients
calculated are ones previously indicated. For initial Cr(IIl) concen-
tration of 750 mg/L, the values are: Dpegcry=5.31 x 10711 m?/s and
Dypefina) = 1.04 x 10719 m?/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 differentinitial pH values. From the Figure, it can be observed
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that this variable does not affect the kinetics process but deter-
mines the equilibrium concentration. At higher pH solution occurs
an increase in the sorption capacity of Cr(Ill) and consequently a
decrease in the ultimate concentration when the system achieves
equilibrium conditions. There is a good agreement between experi-
mental and calculated data using the SCM. The PDM was not applied
because the equilibrium isotherms at initial pH of 1.5 and 5.0 were
not determined experimentally.

The solution of the models (PDM and SCM) enables to predict
concentration profiles for the species inside the resin pores dur-
ing the sorption process. The radial profiles of Cr(lll) at different
times, for run 1, are illustrated in Fig. 10(a) and (b). It can be verified
that qualitatively similar profiles are obtained from both models.
However, in the first instant of the exchange process the profiles
predicted by the SCM are much steeper and move more slowly than
ones predicted by the other model. This behavior is more concor-
dant with the irreversible character of the equilibrium isotherm.
In addition, it is worth mentioning that the reaction front achieves
the particle centre at t=2.1 h according to the shrinking core model,
and then the resin becomes quickly saturated (Fig. 10(a)).

The PDM and SCM, based on the particle diffusion as control-
ling mechanism, were able to describe the sorption kinetics for
the removal of Cr(Ill) by Diphonix resin. This resin was recently
developed and it has wide applications in the treatment of indus-
trial effluents containing toxic pollutants, mainly heavy metals.
The kinetics of the ion-exchange process involving Diphonix has
not yet been investigated in such detail as in the present work.
The models tested are useful for designing continuous fixed-bed
column systems, were it is important to simulate the behavior of
breakthrough curves. In the case of irreversible isotherms, the exis-
tence of very sharp concentration gradients in the column does
not allow to get an efficient numerical solution of the model equa-
tions incorporating the PDM. The SCM, which takes into account
non-steady diffusion, allows a better description of the problem
and makes the numerical strategy more efficient for predicting the
dynamics of the sorption process in column. As already mentioned
in the introduction, the pseudo-steady state assumption has often
been considered in shrinking-core type models and its application
in order to correctly interpret the propagation of concentration
waves in column is not appropriate. For sorption systems, the few
studies reported in the literature on the SCM including the effect
the transient diffusion were applied to regeneration of adsorbents
[28,29].

5. Conclusions

The uptake of Cr(IlI) and Cu(II) by Diphonix resin from aqueous
solutions was investigated. The methodology involved the determi-
nation of individual ion-exchange equilibrium isotherms for each
pair metal/resin and kinetic experiments for Cr(Ill). The equilib-
rium isotherms as almost irreversible and were well fitted with
the Langmuir-Freundlich and Langmuir models. From this anal-
ysis, the maximum exchange capacity at T=25°C determined for
Cr(III) was 2.73 meq/gdryresin, and for Cu(ll) was 2.45 meq/gryresin.
The exchange capacity increased with increase in temperature due
probably to the formation of more stable chelates between the
metal ions and the functional groups of the resin. Moreover, the
sorption capacity is also affected when the HNO3 concentration
present in the solutions is varied.

Regarding the kinetics of uptake of Cr(Ill), the pseudo-second-
order kinetic model was found to fit very well the experimental
data. The kinetic mechanism of the sorption of the metal into
Diphonix is controlled by the intraparticle diffusion and was
analyzed by the pore diffusion and shrinking core models. Both
models described very well the evolution of chromium concen-

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(Ill) by
the resin. The fitting of the model equations to the kinetic data
enabled to determinate the effective pore diffusivity for Cr(IIl), i.e.
Dper=2.66-5.31 x 10~11 m?/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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