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ABSTRACT

In this study, a chelating resin, Diaion CR 11, was studied in order to selectively remove Cu?* and Cr3*
present in synthetic effluents. Single-component equilibrium isotherm was determined in batch experi-
ments for copper, and an exchange equilibrium based model was used to correlate the experimental data
of the binary system Cu?*/H*. It was observed that the maximum capacity of the resin increased 2.3 times
when the pH varied from 2 to 5 at 25 °C. The equilibrium constant increased 1.4 times when the temper-
ature changed from 25 to 50 °C at initial pH of 3. For the operating conditions tested, it was found that the
resin exhibited a better selectivity for Cu?* over Cr3*. A mathematical dynamic model was successfully
implemented for describing the saturation behavior of the multicomponent system Cu2*/Cr,/H* in the
column operation. The regeneration of the resin was also experimentally studied by using HCI followed
by a mixture of NaOH/H,0,. High efficiencies were observed for copper during the first step, where it
was almost fully eluted from the resin with 1 M HCI. The use of those regenerant agents in the presence
of iron seems to effectively strip chromium from the resin.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The environmental contamination with heavy metals may cre-
ate acute or chronic toxicity problems, which should be avoided
whenever possible. Indeed, although heavy metals could be found
naturally in soils, sediments, water and even in living organ-
isms, anthropogenic releases can increase its concentration to
unacceptable levels [1,2]. The electroplating industries are exam-
ples of processes that may create serious problems, since their
wastewaters may contain large number of heavy metals, includ-
ing chromium, copper, nickel, zinc, manganese and lead [3]. The
specific contaminants addressed in our work were chromium and
copper. Chromium was selected mainly due to its high concentra-
tion in electroplating effluents, significant commercial value and
also based on health concerns. In fact, chromium may be regarded
as a very toxic non-essential metal for microorganisms and plants,
being well known that hexavalent form is significantly more toxic
than the fairly innocuous and less mobile trivalent form [4,5].
Adverse effects of chromium on plants may be observed during
germination processes, growth of roots, stems and leaves, as well
as throughout plant physiological processes such as photosynthe-
sis, water relations and mineral nutrition [5]. Copper is in general
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a heavy metal of concern because of its toxicity to aquatic life
[6]. For instance, although normal growth of most plants occurs
at 5-20mgL-1, they may suffer from copper deficit at concentra-
tions below 5mgL-! or from Cu?* toxicity at concentrations over
20mgL-1[1]. Also Babula et al. stressed that Cu?* may be essential
as constituent of pigments and enzymes but it becomes toxic at high
concentration because of disrupting enzyme functions, replacing
essential metals in pigments or producing reactive oxygen species
[7].

Intended for removal and recovery of valuable metals, ion
exchange has been recognized as a promising alternative technique
to traditional methods of precipitation coupled with filtration. The
chelating resins are commonly employed as ion-exchange materi-
als, once their ligands can selectively bind to certain metallic ions
through ionic and coordinating interactions. Recent studies have
shown that these resins could be used for selective removal and
recovery of chromium and copper [3,8-18]. The pH, metal con-
centration and temperature are the key variables that influence
the performance of ion exchange process. Gode and Pehlivan [12]
studied the effect of these variables on sorption of Cr3* into macro-
porous resins containing iminodiacetic acid (Lewatit TP 207 and
Chelex-100), and observed that the maximum sorption occurs at
pH 4.5 and a slight raise in the equilibrium constant as temperature
increases. Pehlivan and Altun [10] reported an optimum pH range
of 4.5-5.5 for the sorption of Pb?*, Cu?*, Zn?*, Cd?*, and Ni?* on
Lewatit TP 207 (weakly acidic and chelating resin). Lin and Juang
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[11] tested two chelating resins (Chelex 100 and Amberlite IRC-
748) in the Na* form for the exchange Cu2*/Zn2* by varying the
initial concentration (3-9molm~3) and the solution pH (2-6.5).
Yalgin et al. [17] proposed a combined treatment for the recov-
ery of copper and chromium from electroplating effluents. They
used the chelating resin Amberlite IRC-718 for uptaking Cu?* from
alkaline baths containing cyanide that were first subjected to oxi-
dation and neutralization. Chromium trivalent was recovered by
Amberlite IRC-50 (weakly acidic resin) and eluted with H,O, and
NaOH.

The equilibrium data reported in literature are often empir-
ically correlated with conventional isotherm equations, such as
Langmuir, Freundlich and other [9,10,12,19,20]. In our work, the
ion-exchange equilibrium data were described with a suitable
model that takes into account the effect of operating variables, such
as pH, on the resin selectivity, as well as the speciation of species
in solution. This information is important to study the dynamics of
the ion-exchange process in fixed-bed through the application of
a mathematical model that can successfully predict experimental
breakthrough curves at different operating conditions. The regen-
eration step of the resin is a key issue in the evaluation of global
performance process for selective recovery of metals. Few studies
were found in the literature on the regeneration of resins pre-
saturated with copper and especially with trivalent chromium.
The use of conventional acidic or alkaline chemicals for striping
chromium from cationic resins does not enable to obtain acceptable
levels of efficiency [3,21]. As alternative, the oxidative elution can
be a good solution where the retained Cr3* is converted to CrO42-
anion that is rejected by the resin. Petruzzelli et al. [21] tested dif-
ferent regeneration protocols for striping Cr3* from a macroporous
carboxylic resin. They developed the IERECHROM process where
aluminum and chromium were separated and the latter in the form
of chromate by using as regenerant agent the mixture NaOH/H,0,.

In this study, ion exchange equilibrium data using a chelating
resin, Diaion CR 11, for the binary system CuZ*/H* was studied
in detail giving a particular emphasis to the effects of initial pH
and temperature on the resin’s selectivity. Moreover, the dynamic
behavior of the saturation and regeneration steps in fixed-bed with
multicomponent mixtures of copper and chromium was as well
investigated. It is worth mentioning that exchange data between
heavy metals and the resin tested in this work are very limited in
literature.

2. Theory
2.1. Equilibrium model

The resin used contains a functional group of iminodiacetic
type with two protons available that exhibits large affinity for
alkaline earth and transition metal ions. The order of selec-
tivity for some metals in solution is as follows: Fe3*>Al3*>
Hg?* > Cu?* > Pb%* > Ni2* > Cd2* > Zn2* > Co%* > Mn?%* > CaZ* > Mg2*
[22]. The general equation for describing the binary ion-exchange
equilibrium of divalent metals ions with an iminodiacetic resin
can be represented by:

nR — Hr + M?* & Rpr_g) — M=) 4 sH* (1)

where n=1, r=2 and s=1 or 2, M?* refers to a divalent metal ion,
nR — H; correspond to the free resin sites and R,y — M(r=5) to the
metal complexed on the resin.

Our studies, performed in order to evaluate the experimental
equilibrium data involving Cu?* and the resin Diaion CR 11, led to
the conclusion that the most likely chemical reaction of exchange
is, as follows (s=1):

RHy + M?* <> RHM* + H* (2)

Considering that the activity coefficients for both phases are
equal to unity (condition of ideality), the equilibrium constant can
be written as:

__ [RHMT*][H*]

 [RHa] [M2+] )

M,H

The molar concentrations of the species in Eq. (3) can be sub-
stituted by the quotient between normality and respective valence
coefficient. On the other hand, the equivalent fractions for each
species in solid phase, Y;, and liquid phase, X;, can be defined as:

v x2S

i=1—-Mand2 - H);
Jmax Cr ( )

Cr= CH+ + CM2+ (4)

where g; is the amount of metal ion exchanged (meqv g;gsm). Gmax

the total operating capacity of the resin (meqvgr‘elsin), Cpp2+ and
Cy+ are the concentrations of metal and hydrogen ion in solution
expressed in meqvL-1. Since the summations of the equivalent
fractions of the metal and hydrogen in the solution and resin phases

are both equal to unity, Eq. (3) becomes

_ KunXu
1 +(KM,H — 1)XM

The description of ion-exchange equilibrium data through Eq. (5),
in which the ionic fraction of metal in the resin can be calculated as
function of its ionic fraction in solution, requires that the chemical
species of metal in aqueous solution are known. The distribution of
the copper and chromium species at different pH values was evalu-
ated by using visual MINTEQAZ2 software, which is a free computer
program for chemical speciation calculations.

During experiments involving the exchange of copper and
chromium on the resin Diaion CR 11, in the H* form, it was observed
that the equilibrium pH’s are always lower than 3.5. Then, according
to the speciation data in copper salt solutions, Cu?* is the pre-
dominant specie (near 100%). In the case of solutions of trivalent
chromium, the species in solution are Cr3*, Cr(OH)2* and Cr(OH),".
The ionic specie Cr3* represents 84.4% in a solution at a pH 3 whilst
at a pH 2 this amount increases to 98.3%. Hence, it is very probable
that chelation occurs between Cr3* ion and the iminodiacetic group
of the resin. To calculate the concentration of this species in solu-
tion, the following equilibrium reactions were considered, which
are characterized by the equilibrium constants Ky and K; [23].

Cr** + Hy0 < Cr(OH)*" + H*  pKy(r_ps0) = 3.85 (6)

Yu (5)

Cr’* 4+ 2H,0 < Cr(OH)] +2H"  pKy(r_psc) = 10.06 (7)
The total solution concentration of chromium, C¢y is
Cort = Cepv + CCr(OH)2+ + CCr(OH); (8)

By solving simultaneously the equations that define the equilib-
rium constants K; and K, Egs. (6) and (7), together with Eq. (8), the
concentration of Cr3* in solution is obtained through Eq. (9):

2
CCr, tCH+

- 9)
Ch +K1Chy + K

Cc,—3+ =
The equilibrium constant for the binary system Cu®*/H*, Kcyp,
will be estimated by fitting Eq. (5) to the experimental data. The
approachbased on Egs. (6)-(9) will be used for predicting the multi-
component ion-exchange equilibrium Cu2*/Cr3*/H* in the dynamic
behavior of the saturation step in column.

2.2. Dynamic model for fixed-bed sorption process
A dynamic model was used for describing the sorption behavior

of the Cu?* and Cr3* onto Diaion CR 11 in a fixed-bed system. This
model considers negligible the electrical field effect and includes
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the mass balance in liquid phase, the ion-exchange equilibrium
relationships and the mass transfer inside the particles (intraparti-
cle) given by a linear driving force (LDF) rate [24]. The resistance to
mass transfer across the film fluid-particle was neglected. Accord-
ingly, the dimensionless model equations are:

2.2.1. Mass balance for the fluid phase

iz, 0) 1 Pxi(zx,0)  xi(zx, 0)
a0 T Pe  9zx? 0z
(1—¢) gmax [ 9Yi(zx,0)

where i=1 for Cr; and 2 for Cu?*; x; =C;/Cig and x, =C,/Cyr are
the normalized concentrations of total chromium and ion copper
in the bulk liquid phase; 8 =t/t is the reduced time, 7 is the bed
space time; z*=z/L is the reduced axial coordinate, L the bed length;
Pe=uL[(eD,x)is the dimensionless group Peclet number, where D,x
is the axial dispersion coefficient, and pj, is the wet density of the
resin. All the symbols included in Eq. (10) are fully listed in the
nomenclature.

2.2.2. Intraparticle mass transfer

aYi(zx, 0) N

I = Kion (Y} 2+, 6) - Yi(2%, 6) (11)
where Kipg, is the LDF kinetic constant and Y,.*(z*, 0) is the equiv-
alent fraction of metal i adsorbed on the resin in equilibrium with
the bulk concentration.

2.2.3. Multicomponent ion-exchange equilibrium model
Yr(1 =X —Xo)

Kin=a—v—vox (12)
T Y - vX
C-3: Ce 2+
X; = cr Xp = Cu 13
Cors + Cogzr +Gue 27 Cope + Cor + Gr (13)

where C3+ and C 2. are the concentrations of Cr3* and Cu?* in
the bulk solution expressed in meqvL-!. Note that an exchange
reaction for the binary system Cr3*/H, described by Eq. (2), was
assumed.

The hydrogen ion concentration, Cy+, may be calculated from
the electroneutrality condition:

Carst + Caronp+ T Cerony + Cewzt + Cur = Con- + Cnoj (14)

where Cy,- is the concentration of hydroxyl ion, given by the disso-
ciation product of water, Ky, and CNO; the concentration of nitrate

species. The co-ion (NO3~) should be excluded from the resin due
to the Donnan effect, thus its concentration remains constant in all
the experiments.

Considering the definition of the equilibrium constants for the
hydrolysis reactions of trivalent chromium in aqueous solution
(Egs. (6) and (7)), the electroneutrality equation may be expressed
as

c KiCose  KaCppe

cr3t +
d Cy+ Cl%ﬁ

K
+Cop2r + Cyr = CH—W++CNO§ (15)

in which the concentration of Cr3* is calculated with Eq. (9).

2.2.4. Boundary conditions

z*=0 xi(z5,0)=1 (16)
L o]
z¥=1 B . =0 17)

2.2.5. Initial conditions
0=0 x;(z5,0)=1; x;(z5,0>0)=0 (18)

The axial dispersion, D,x, included in the Peclet number was
calculated from the Butt correlation [25]:

updp
e (19)

(g‘b) —(0.2+0.011Re®*8), whereRe =
ax

accordingly, its value in the model was 2.15 x 10~6 m2/s. The linear
driving force Kipr was estimated by the following expression:

15D,;
dg*
2
R5 pon ( Td)

where D,; is the effective pore diffusivity of speciesi, R is the radius
of the particle, dq; /dC; is the gradient of the equilibrium data, and

q; = qmax Y7
The D, for copper ion was estimated from the equation:

Kipr; = (20)

&pDm
=0

De (21)
in which Dy, is the molecular diffusivity of the ion metal in water,
7 the tortuosity factor, estimated by 1/¢p [26], and ¢, the internal
porosity of the resin. The molecular diffusivity expressed inm2 s~1,
may be estimated in this case by the Nernst equation that depends
on the equivalent ionic conductance A of the metal in solution [27]:

D = 2.661 x 107112 (22)
2]
where Z is the valence of the ion.

The effective pore diffusivity for copper ion, calculated through
Eq. (21), was of 3.08 x 10-19m?/s. For chromium, the balance
equations take into account the total concentration of all species
involved in the speciation equilibrium, Cr;, and thus Eq. (22) is not
valid for estimating the diffusivity coefficient of this species. In this
case, the effective pore diffusivity for chromium was considered an
adjustable parameter of the model. In short, the parameters incor-
porated in the model are Decy 1, k¢ and ke, g which were estimated
by fitting the model solution to experimental saturation curves. The
model equations Eqgs. (10)-(18) were numerically solved with the
PDECOL package [28].

3. Experimental
3.1. Resin and chemicals

The cationic resin Diaion CR 11 resin used in this study was
supplied by Sigma-Aldrich, and it contains iminodiacetic group as
chelating ligand which is bonded onto a crosslinked polystyrene
matrix. Before the experiments, the resin was pretreated by cyclic
washings with 2 M HCI and 2 M NaOH solutions used for removing
solvents and other preparation chemicals. The last step of the resin
conditioning consisted in percolating a solution of HCI through the
resin in order to convert it into H* form.

Synthetic effluent samples were prepared by dissolving an
appropriate amount of chromium salt, Cr(NO3 )3, and copper salt,
Cu(NO3),, in distilled water. All the chemicals used were of analyt-
ical grade and supplied by Ridel-de-Haén.

3.2. Physical characterization of resin

Several physical properties of the Diaion CR 11 resin were
assessed experimentally. The real density, pr, and wet density, o,
were evaluated by the displacement of n-heptane in a picnome-
ter. The moisture content, H (%), was determined by gravimetry
after drying resin samples at 80 °C. The apparent density, pap, and
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Table 1
Experimental conditions of saturation and regeneration experiments in fixed-bed column.

Run T(°C) Feed pH Cer,e (meqvL1) Ce2+ (meqvL~1) Cno, (meqvL-1)
Saturation step

1 25 3.25 13.27 (230?) 10.86 (230?) 220

2 25 3.11 13.27 (230%) 3.30 (70%) 17
Run T(°C) Initial pH Cyc (molL-1) CnaoHjH,0, (MOl L)
Regeneration step

3 25 2.72 1 2/0.15

4 50 2.72 1 2/0.15

5 50 2.72 1 2/0.30

6b 25 2.82 1 2/0.33

Bed properties and flow conditions: interparticle porosity, £~ 0.40; bed length, L=10cm; flow rate, Q=10cm? min~'; intraparticle porosity, &,=0.66; particle radius,
Ry =2.60 x 10-2 cm [3]; wet density, p, =1.015 gcm~3; maximum exchange capacity, gmax = 1.3meqvg".

2 mgL-t.
b Resin pre-saturated with 464 mgL~" of Cr;.

particle porosity, ¢p, were calculated by the following equations,
respectively: pap=(1—-H/100)pw and &p =1 — pap/pr. FT-IR spectra
were recorded with a Jasco FT/IR 4200 spectrometer, resolution
2cm™!, in the range of 4000-400 cm~! by KBr pellet technique.

3.3. Equilibrium experiments

Equilibrium isotherms for the binary system Cu2*/H* were
determined through batch tests, where 40 mL of a synthetic solu-
tion of known pH and composition were added into several flasks
containing different amounts of preconditioned resin. The flasks
were sealed and kept in a shaker at constant temperature (25 or
50°C) for 24 h. At the end of this period, the resin was separated
by filtration and aliquots of liquid were chemically analyzed. Ini-
tial pH 2, 3 and 5 were pre-adjusted by a few drops of HNO3 or
NaOH. The metal content was analyzed by flame atomic absorp-
tion spectrophotometry, PerkinElmer 3300. The pH measurement
was carried out potentiometrically using a WTW pH meter, Inolab
level.

3.4. Fixed-bed experiments

In the column tests, a glass tube with 1.6 cm of internal diameter
and 20 cm height, packed with approximately 7-8 g of resin was
used. A peristaltic pump was utilized to percolate 10 mL/min of a
synthetic or industrial solution containing metal ions through the
column during the saturation step. The regeneration experiments
of pre-saturated resin were sequentially performed using 1 M HCl
followed by NaOH/H,0- solution. Several samples were collected
at the column outlet and the concentrations of the metals were
analyzed along the time as described above. The conditions used in
all the experiments are summarized in Table 1.

4. Results and discussion
4.1. Resin characteristics

Physico-chemical parameters of the resin were determined
according to procedures described in Section 3.2 and are listed in
Table 2. FT-IR spectroscopy was used for identifying the functional
group complexed with metal ions, the shift or absence of certain
bands in the resin matrix as well as the presence of new bands.
Fig. 1 shows FT-IR spectra of original and conditioned resin sam-
ples, as well as resin loaded with metal. The appearance of bands
near 1730 and 1220cm~! is caused by the stretching vibrations of
the carbonyl groups (C=0). The first band is not observed in the
spectrum c) probably due to the involvement of the group in the
chelation of the metal. The bands near 1390 cm~! may be attributed

Table 2

General characteristics and properties of resin.
Item Property
Functional group -N(CH,COOH),

Structure Chelating-type
Ionic form H

Particle size distribution (pum) [3] 300-1000
Apparent density (gdry resincm—3) 0.425

Wet density (g wet resincm—3) 1.015

Moisture content (%) 58.0
Wet particle porosity 0.657

to —COO~ groups. There are no significant differences between
the spectra corresponding to original and conditioned resins. It
should be noted that only the band characteristic of C=0 and COO~
groups (1217 and 1392 cm~1) in spectrum a) were slightly shifted
to higher frequencies (1219 and 1396 cm~1) after the resin condi-
tioning (spectrum b)), thus indicating the effect of the washings
with HCI/NaOH. The band near 1100cm~! is absent in the spec-
tra shown in Fig. 1 suggesting that the nitrogen atom in the imino

1631-1637

Abs

4000 3600 3200 2800 2400 2000 1600
Wavenumber (cm™)

1200 800 400

Fig. 1. IR spectra of original (a), conditioned (b) and loaded (c) resin.
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Table 3
Experimental conditions and equilibrium parameters of Eq. (5) for the binary system
Cu?*[H".

Run Initial conditions Parameters calculated

pH Concentration (meqvL~") Temperature (°C) gmax (Meqvg™") Kupu

1 2 8 25 0.86 245
2 3 8 25 1.30 245
3 5 8 25 2.01 245
4 3 8 50 2.20 3.40

group is still protonated under pH conditions tested. Finally, the
band 702 cm~! deals with the presence of aromatic groups in the
matrix which were not affected by the metal complexation [29-31].

4.2. Equilibrium studies

This study aims to investigate the effects of initial pH, metal
concentration and temperature on ion-exchange equilibrium data
for the binary system Cu2*/H*. The sorption of trivalent chromium
into Diaion CR 11 resin is described elsewhere [32]. The starting
conditions for each experiment (pH and metal concentration), the
temperature (kept constant along the experiment) and the equi-
librium parameters (qmax and Ky y) are shown in Table 3. The
parameters, qmax and Ky y, were determined by fitting the equi-
librium model, Eq. (5), to experimental the data by shifting them
iteratively in order to minimize the average deviation, AD (%), cal-
culated according to the equation:

exp i Ycal i

NZ oo x 100 (23)

where Yy, " and Y,Cwal‘i are the experimental and calculated ionic
fractions of metal in the solid phase, respectively. In most of cases,
those deviations were less than 12% leading to a satisfactory fit of
the equilibrium data to the model as shown in Figs. 2 and 4-6.

For trivalent chromium, Cavaco et al. [32] reported values of
sorption capacity qmax of 0.29 at 25°C and 0.66 meqvg~! at 50°C
with solutions at initial pH approximately of 3.3. A higher sorp-
tion capacity (0.62 meqvg=1) at 25 °C, using other commercial lot
of Diaion CR 11 resin, was found by Gando-Ferreira et al. [33]. As
shown in Table 3, gmax values obtained for Cu?* at 25 °C were 0.86,
1.30 and 2.01 meqv g~! for initial pH values of 2, 3 and 5, respec-
tively. These experimental values are higher than the minimum
one indicated by the resin manufacturer (0.73 meqvg-1) [22]. In
the literature, some works report exchange capacities for copper

50 4 o pH=3
e pH=5
°
2 x pH =2
= —— model fitting
¢
@ 301
(@]
g
~ 204
o
10
0 : : ‘ ‘ ‘
0 50 100 150 200 250

Ce, (mgL™

Fig. 2. Effect of initial pH on ion-exchange equilibrium data for the binary system
Cu?*[H*, at 25°C.

and chromium using other chelating resins containing iminodiac-
etate group. For Amberlite IRC 748, capacity values of 0.018 for Cr;
and 3.34meqvg-! for Cu2* were observed by Janin et al. [8]. Gode
and Pehlivan [12] found maximum sorption capacities for trivalent
chromium of 1.023 and 0.86 meqv g~ of Cr; for Lewatit TP 207 and
Chelex 100 at pH of 4.5. These data shows clearly that the different
sorption capacities previously indicated depend on the experimen-
tal conditions, mainly of the pH solution. Indeed, the dissociation
degree of the iminodiacetic acid is affected by the pH, being that
at low pH the capacity resin decreases because there are few acid
groups dissociated.

Comparing the values of gmax for copper with those previously
referred for Cr3*, it can be concluded that the Diaion CR 11 resin
shows a major preference for copper than for chromium. The higher
selectivity of the resin towards Cu?* is a key issue for the selective
separation of both metals in the case of treatment of industrial efflu-
ents. Indeed, a solution of high purity of trivalent chromium can be
recovered for reuse during the saturation step of the ion exchange
process.

4.2.1. Effect of initial pH

In general, the pH has strong influence on the amount of metal
ions exchanged due to the competition with hydrogen ions for the
binding sites of the resin, and usually sorption is favored at high
initial pH. In the case of Diaion CR 11, the resin contains iminodi-
acetic groups anchored to the styrene divinyl-benzene chains and
its complexing tendency is similar to ethylenediaminetetraacetic
acid (EDTA). Due to the presence of carboxylic acid groups the
resin may be classed as a weak acid cationic exchange resin whose
apparent capacity in terms of exchangeable counter ions is depen-
dent on the solution pH. However, it should be emphasized the
high selectivity of this resin type, which forms stable coordination
covalent bonds with divalent metals, when compared to ordinary
exchangers. The structure of a weak acid cationic resin with respect
to the iminodiacetic group is dependent on the solution pH. In gen-
eral, it is fully protonated at pH below ~2 and acid groups exist
as —~CH,COOH. At pH between 2 and 4, the resin is composed of
functional groups -CH,COOH and -CH,COO~. The complete ion-
ization of the groups occurs at pH ~ 7.4 [34]. Therefore, for the pH
range tested, the exchange between metal ions and resin leads to
the releasing of 1 proton, as described by Eq. (2).

The effect of initial pH on the exchange capacity of Diaion CR 11
resin is shown in Fig. 2. In fact, according to the results reported in
Table 3, the maximum capacity, max, increased 2.3 times when the
pH changed from 2 to 5 at 25°C. At pH 5, the percentage of metal
in solution removed ranged between 33% and 97% with increasing
amounts of resin ranging between 0.07 and 1.0g. The percentage
of metal removed was between 9% and 83% for an initial pH of
2. The variation of the distribution coefficient of Cu®* (D= pge/C)
with pH is illustrated in Fig. 3 and can be seen that the maximum
sorption capacity is achieved at pH around 5. In fact, the D value
increased from 94 cmf{Jl cmresm at pH 2 to about 495 cmSol Cm1e35in
at pH 5 for the conditions indicated in the legend of Fig. 3. Consid-
ering the solubility product of Cu(OH)y, Kps, equal to 2.2 x 10-20 at
25°C[35],itis worth mentioning that for a copper concentration of
8 meqv L1, the initial pH of the solution should not be higher than
approximately 5.4 to avoid the precipitation of metal hydroxide
salt.

The pH of the solution decreased during the exchange of metal
ion on resin for all experiments. In fact, the pH variation (ApH) was
more pronounced in the experiment with an initial pH of 5 due to
higher metal uptake by the resin. It was observed that ApH changed
from 2.4 to 2.0 units over the range 7-184 mg L~ of copper solution,
under equilibrium conditions. Clearly, those lower ApH values are
associated to the higher final concentrations of metal ion in solution
which is due to the lower exchanges between metal and hydrogen
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Fig. 3. Effect of initial pH on the distribution coefficient of Cu?* on Diaion CR 11
(resin mass=0.3 g; Cipiriat =8 meqv L~'; solution volume =40 mL; T=25°C).

ions of the resin. It is important to notice that, although the initial
pH affects the maximum capacity of the resin for the metal ion, the
equilibrium constant, Ky 5, remains unchanged, as expected (see
Table 3). All the experimental points obtained at different initial
pH fall on a single line as shown in Fig. 4, and as aforementioned,
this line was obtained by fitting Eq. (5) to the experimental data,
being the adjustable parameters Ky y and gmax. In the diagram Y vs
X plotted in Fig. 4, the favorable nature of the ion-exchange process
for the system tested, when Ky =2.45, leads to a curve located
above of the diagonal.

4.2.2. Effect of temperature

The effect of temperature was studied by determining equilib-
rium data at 25 and 50°C for an initial pH of 3. The results are
shown in Figs. 5 and 6, where it can be observed that the retention
of metal increases at higher temperatures. The effect of this vari-

1.0
o pH=3
—— model fitting
- o
os] ® pH=5
X pH =2
°
o
0.6 -
=
>_o
R
0.4 ©
X
024 O
°
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
XCu

Fig. 4. lonic fraction of copper in the solid phase as a function of the ionic fraction
observed in the liquid phase.
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Fig. 5. Effect of temperature on ion-exchange equilibrium for the system Cu?*/H*
at initial pH 3.

able on the separation factor, Ky, can be interpreted under the
general thermodynamic relationship:
dinKypy  AH®
- mMA _ = 24

dT RT2 (24)
where T is the temperature, R the universal gas constant and AH°
the enthalpy of exchange. Considering that AH? is independent of
temperature, Eq. (24) can be integrated to give

AH® 1

InK; =C"— —= 25
N Kpm,H R T (25)
where C* is an integration constant. The formation of a chelate,
between metal ion and iminodiacetic group of the resin, leads to
a significant positive change in entropy, AS?, of the ion-exchange
process [36]. This means that the variation of Gibbs free energy,
AGY, with the temperature should be negative (AG% = AHO —
TAS?). Therefore, AG® becomes more negative as the temper-
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Fig.6. Effect of temperature on ionic fraction of metal in the solid phase as a function
of the ionic fraction observed in the liquid phase for the system Cu?*/H* at initial
pH 3.
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Fig. 7. Experimental and simulated sorption breakthrough curves for Cr, and Cu?*
—Run 1.

ature increases and thus higher separation factors are obtained
under these conditions. The experimental results indicate that Ky
increased 1.4 times when the temperature rises from 25 to 50°C.
Fitting the experimental data to Eq. (25), a AH® of 11 k] mol~! was
estimated. Consequently, the ion-exchange reaction between Cu2*
and Diaion resin is an endothermic process, which is favored as
the temperature increases. It was also found that the maximum
exchange capacity increases with the temperature probably due
to its effect on the deprotonation degree of the carboxylic groups
associated to the iminodiacetic acid of the resin [36].

4.3. Saturation and regeneration column breakthrough analysis

Fixed bed experiments were carried out under conditions
reported in Table 1, for studying the dynamic behavior of the sorp-
tion process of copper and chromium onto the resin Diaion CR
11, as well as the elution of the metals from the resin using suit-
able regenerant agents. Experimental and simulated breakthrough
curves plotted as metal concentration at column outlet against time
are illustrated in Figs. 7 and 8. The saturation curves of copper and
chromium show that Cu?* ion emerges later since this metal is
strongly adsorbed by the resin, confirming thus the equilibrium
studies. In addition, it is clear that greater inlet cooper concentra-
tions lead to a faster saturation of the resin with that metal. This is
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Fig. 8. Experimental and simulated sorption breakthrough curves for Cr; and Cu®*
-Run 2.
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Fig. 9. Effect of equilibrium constant for the binary system Cu?*/H* on the break-
through curves of copper and chromium.

due to the fact that at higher concentrations, the isotherm gradi-
ent is lower (the kinetic constant, Kipg;, is high in Eq. (11), yielding
a higher driving force along the pores). Hence, the equilibrium is
attained faster for values of higher solute concentration. The behav-
ior of the saturation curve of chromium is slightly affected by the
change of copper concentration feed. The column test correspond-
ing to Run 1 (Fig. 7) showed that the total uptakes for Cr; and
Cu?* were 0.36 and 0.87 meqv g~ !, respectively. For Run 2 (Fig. 8)
those values were of 0.28 and 0.81 meqv g~!. In the first case, it was
reached 95% of total capacity of the resin, gmax, whereas that in the
second one was achieved 62% of gmax. This lower percentage value
for the resin’s uptaking capacity (for both metals) deals with the
higher time needed for reaching the bed saturation with copper as
shown in Fig. 8.

The model was successfully fitted to the experimental outlet
concentration data for both metals by using the following param-
eter values: K¢y =0.05, Koy =0.2 and Decpr=2.19 x 10719 m2 51,
The estimated equilibrium constant for the binary system Cu2*/H*,
Kcu,n, is substantially lower than those calculated in the equilibrium
studies at initial pH 3. This discrepancy can be justified consider-
ing the effect of the competition between the two metals, as well
as the influence of total concentration on the resin’s selectivity.
At high concentrations, the selectivity may be influenced by phe-
nomena such as ionic-pair formation, uncompleted solvated ions
and accumulation of co-ions within the resin [37]. The saturation
experiments were performed with initial concentration of metal
ions in the feed solution that may occur in some industrial effluents
of electroplating processes and whose values are higher concentra-
tion than in the solutions tested for determining equilibrium data.
It is known that in the presence of a greater total concentration
of cations, the resin exhibits lower selectivity, and this effect can
change the favorable nature of isotherm to unfavorable depending
on the order of magnitude of those concentrations [38].

Fig. 9 exhibits the sensitivity analysis of the system under anal-
ysis in respect to the equilibrium constant, K¢, . As shown in this
figure, increasing K¢,y causes higher breakthrough time for the
copper species resulting in a better separation of the two metals.

The experimental elution curves for Cu?* and Cr¢ plotted against
the time, at different operating conditions, are shown in Figs. 10-14.
The regeneration method was carried out in a sequential way
using HCl followed of the mixture NaOH/H;0,. The use of the oxi-
dation step with peroxide hydrogen in the presence of sodium
hydroxide enables to overcome the difficulties of stripping triva-
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Fig. 10. Regeneration curves for (a) Cr; and (b) Cu?* with HCl (1 M) and NaOH
(2M)/H20; (0.15M) at T=25°C - Run 3.

lent chromium from cationic resins. The oxidation reaction occurs
as follows:

2Cr** 4+ 3H0, 4+ 100H™ — 2Cr0%~ + 8H,0 (26)

as a result, there is formation of the anionic specie CrOff which is
rejected by the resin. The results illustrated in Figs. 10 and 11 were
obtained by keeping the regeneration concentrations constant (HCI
1M and NaOH 2 M/H;0, 0.155 M) at two different temperatures. In
Fig. 10(a), the elution curve for Cr; reached a concentration peak 2.8
times higher than the feed concentration (230 mgL-!) used during
the resin saturation after elution with 4BV (1 BV ~ 20 cm?) of HCL.
For copper, Fig. 10(b), the concentration peak corresponds to a con-
centration factor of 33 orders of magnitude in comparison with the
feed concentration (230 mgL—1). Regeneration efficiencies of 60.9
and 9.5% were found for chromium during the first and second elu-
tion steps. Copper is completely striped from the resin with HCI in
which almost 100% (99.7%) of regeneration efficiency was achieved.

The regeneration behavior of the resin is affected by the tem-
perature. The factor concentration of chromium in the peak of the
elution curve was approximately of 1.7 with 3BV of HCI and 1.5
after elution with 3.5 BV of NaOH/H, 0, as can be seen in Fig. 11(a).
Regarding copper, a factor concentration of 13.5 was determined
by using 3 BV of HCl, Fig. 11(b). At 50 °C the regeneration process is
less efficient due to higher affinity of the resin for both metals as the
temperature increases. The chromium was stripped from the resin
with overall efficiencies of 70 and 65% at 25°C and 50°C, respec-
tively, whereas for copper the efficiency decreased from 99.7% to
87.3%. Despite the increase in temperature does not favor the Cr;
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Fig. 11. Regeneration curves for (a) Cr, and (b) Cu?* with HCI (1 M) and NaOH
(2M)[H;0; (0.15M) at T=50°C - Run 4.

elution, the comparison of results shown in Figs. 10(a) and 11(a)
supports the conclusion that to operate at 50°C may be advanta-
geous to recover chromium. In fact, during the second regeneration
step, Fig. 11(a), a concentrated solution of chromium with high
purity may be collected at column outlet for reuse.

The elution curves shown in Fig. 12 were obtained for a more
concentrated solution of hydrogen peroxide (0.3 M). The overall
regeneration efficiency for chromium was improved under these
conditions, increasing from 65.1% to 71.6%. This improvement can
be justified considering that the oxidation of trivalent chromium
to the hexavalent form is affected by the H,0, concentration, as
demonstrated by Kamel et al. [39]. This work reports that the oxi-
dation reaction follows a first order kinetics in which the logarithm
of the rate constant varies linearly with log [H,0, ]. However, if the
hydrogen peroxide exceeds the stoichiometric value, the oxidation
process is not favored due to the disproportionation reaction of
H,0; (H202 — Hp0 +1/20,) [21].

In order to increase the effectiveness of the regeneration process
for chromium, additional experiments were performed exploit-
ing the presence of iron. Indeed, it is known that the trivalent
chromium oxidation rate by H,0, can be increased in the pres-
ence of some transition metals such as Co?*, Ni%* and Fe3* that act
as catalysts. Fig. 13 compares the elution behavior of the resin pre-
saturated with 464 mgL-! of Cr; in the absence and presence of iron
(16.4mgL-1). Overall regeneration efficiencies of 72.5% and 96.5%
were obtained for the solution without and with iron, respectively.
In the case where iron is used, the concentration factor of chromium
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Fig. 12. Regeneration curves for (a) Cr and (b) Cu?* by using HCI (1 M) and NaOH
(2M)/H,0; (0.30 M) solutions at T=50°C - Run 5.

in the peak of the elution curve was of 2 with 3BV of HCl and 1.8
after elution with 4 BV of NaOH/H, 0.

As aforementioned in Section 1, there is little literature on the
regeneration studies for chelating resins loaded with metals and
especially involving trivalent chromium. For the chelating resin
Dowex M4195 with bis-picolyamine as functional group, Janin et al.
[8] reported that 94% of copper and 81% of chromium were eluted
from the resin using NH4OH (4 M). The effluent treated by this resin

1400
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Fig. 13. Effect of presence of iron on the regeneration curves of chromium - Run 6.

was composed of 530mgL~! Cr, 456 mgL~! Cu and 7.3 mgL"! Fe.
For the carboxylic resin Purolite C106 used for treating a wastewa-
ter containing approximately 160 mgL~" of Cr and 50 mgL~! of Al,
Petruzzelli et al. [21] demonstrated that 95% of trivalent chromium
was eluted with the mixture 0.15M H,0,/1 M NaOH. However, in
both cases was not possible to recover a non-contaminated solu-
tion of chromium for reuse as achieved through the regeneration
approach investigated in our work.

5. Conclusions

The chelating ion-exchange resin Diaion CR 11, in the hydro-
gen form, was tested for removing Cr3* and Cu?* from synthetic
effluents. The equilibrium isotherms showed that the resin has a
stronger affinity for copper ions than to chromium ions. An ion-
exchange equilibrium model was able to satisfactorily correlate
the experimental data of the binary system Cu2*/H*. It was found
that the maximum adsorption capacity is increased with the initial
pH of the solution, whilst the equilibrium constant (K¢, y) value
remains constant. It was also demonstrated that K¢, y increases 1.4
times when the temperature changes from 25 °Cto 50 °C. Moreover,
the maximum exchange capacity increases with the temperature
according to the endothermic nature of the ion-exchange process.

The breakthrough curves, obtained by the saturation opera-
tions in column with synthetic solutions, allowed studying the
dynamic behavior of the process for the multicomponent system
Cu?*/Cr¢/H*. The mathematical model used to simulate the break-
through curves takes into account the axial dispersion for the liquid
phase and linear driving force (LDF) for intraparticle mass transfer.
The model simulates well the experimental data, and therefore,
it can be used as a suitable approach for the design of industrial
systems directed to the treatment of effluents from electroplating
processes.

The regeneration process of the resin was carried out in a
sequential way by using a HCl solution followed by a mixture
of NaOH/H,0,. The regeneration efficiencies for both metals are
affected by the temperature and peroxide hydrogen concentration.
High efficiencies were obtained for copper during the first step,
where this metal is almost completely eluted from the resin with
1M HCL. The regeneration protocol based on elution with HCI and
NaOH/H,0,, in the presence of iron, seems to be a good solution
for effectively striping chromium from the resin.

Nomenclature

AD average deviation, %

C solute concentration in the fluid phase, mgL~!

dp particle diameter, cm

Dax axial dispersion coefficient, cm? s~!

De effective diffusivity, cm? s~!

Dm molecular diffusivity, cm?2s—!

Kvu equilibrium constant involving metal M

KipF linear driving force kinetic constant, s~!

L bed length, cm

Pe axial Peclet number (=uL/eDyx)

Q flow rate, cm3 s~

qi adsorbed concentration of species i in equilibrium condi-
tions, meqv g;vlft resin

Qmax maximum adsorption capacity (Langmuir parameter),
meqv g;vlt resin

Re Reynolds number (=updp/i€)

Rp particle radius, cm

t time, s

T temperature, °C

u bed superficial velocity, cms—!

u* normalized radial coordinate (r/R)
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X dimensionless solute concentration in the bulk liquid
phase (C/Cg)

Xp equivalent fractions for each species in liquid phase
(GilCr)

Xp dimensionless solute concentration in the liquid inside
pores (Cy/Cg)

Y; equivalent fractions for each species in solid phase
(4i/qmax)

z bed axial coordinate, m

normalized axial coordinate (z/L)

Greek letters

€ bed porosity

&p particle porosity

AHO enthalpy of exchange, k] mol-!
AGO Gibbs free energy, k] mol~! K-!

A equivalent ionic conductance

0 density of the fluid, gcm—3

On wet density of the adsorbent, gcm—3
6 normalized time (t/t)

nw viscosity of the fluid, gcm—1s!
T space time, s

Tp tortuosity

Subscripts

i species i

E inlet conditions

j species j

0 initial

T total
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