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ABSTRACT

A hydrogen type 732 cation-exchange resin (732-CR) was investigated for its ion-exchange behavior
with Cu?* and Ni** in aqueous solutions. The ion-exchange isotherm studies show a well fit with the
Langmuir model, indicating a monolayer sorption mechanism and a maximum ion-exchange capac-
ity (q,) of 1.736 mmol-g™ for Cu** and 2.876 mmol-g™ for Ni*" at 308 K, respectively. The hydrated
structures were proposed to explain the difference in g _ between Cu** and Ni*. The results show
a two-shell six-coordinated-hydrate with eight water molecules for Cu** and an octahedral six-co-
ordinated-hydrate with six water molecules for Ni** are the effective components for ion exchange.
The thermodynamic parameters were calculated to show that the ion-exchange process is favorable,

exothermic and spontaneous.
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1. Introduction

Copper (Cu) and nickel (Ni) are some of the most
important base elements in the world [1]. They have a vari-
ety of industrial application areas such as chemistry, electro-
plating, metallurgy, coinage, catalyst, battery, agriculture,
paint, petroleum refining, rubber industries, and paint
manufacturing [2—-4]. When released into the environment,
these metals have dangerous potentials on the aquatic life
and human health because of their ubiquity, recalcitrance,
bioaccumulation, and toxicity [5-6]. According to Yin et al.
copper and nickel are two of eight dissolved heavy metal
ions with highest concentrations presented in the Yangtze
Estuary in China [7]. Therefore, water pollution by the pres-
ence of heavy metal ions is becoming a crucial worldwide
environmental problem and a severe public health problem
and the removal of these pollutants is necessary, making it
an object of constant scientific study [8-9].

Among a number of methods for removing metal pol-
lutants from water reported by many researchers, sorption
processes in solid/liquid phase, including adsorption and
ion exchange, are simple, effective and attractive meth-
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ods from the technological and economical point of view
[10-13]. The main advantages of ion exchange over other
methods, such as chemical precipitation, solvent extraction,
electrochemical processes and membrane technology, are
high equilibrium exchange capacity, little sludge genera-
tion, ease of operation, relatively low costs, and possibility
of regeneration and reuse [14,15]. In ion exchange system,
polymeric resins are usually employed. 732 cation-exchange
resin (732-CR) is a crosslinked polystyrene cation-exchange
resin containing sulfonic groups, which has been widely
produced and used in China. Over half of this kind of resin
is produced in China and its price is relatively lower among
numerous commercial resins. However, information on the
ion-exchange behavior of using 732-CR in hydrogen type
to remove Cu®* and Ni** from aqueous solutions has not
been sufficiently studied. Especially the structures of metal
ions on the surface of the exchanger are barely discussed by
other references.

In this study, 732 strongly acidic cation-exchange resin
was used as an exchanger to remove Cu** and Ni** from
aqueous solutions of different initial conditions to achieve
metal removal optimum conditions and the maximum
ion exchange capacity. The parameters that influence ion
exchange such as contact time, pH, resin dosage, initial
metal ion concentration, and temperature were investi-
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gated. The experimental equilibrium data was analyzed
by the Langmuir, Freundlich, Temkin and Dubini-Radush-
kevich ion-exchange isotherm models. Kinetic and thermo-
dynamic properties and parameters were also discussed.
The difference in the maximum ion-exchange capacities
between Cu* and Ni* was explained by hydrated struc-
tures of metal ions. The selectivity and regeneration perfor-
mance of this resin were studied.

2. Experimental
2.1. Resin and reagents

732-CR in sodium form (Shanghai Resin Factory) was
used in the experiments. Its physicochemical properties
and specification are listed in Table 1. CuCl,-2H,0 and
NiCL-6H,O were purchased from Sinopharm Chemical
Reagent Co. Ethylene diamine tetra acetic acid, disodium
salt (EDTA), HCI (35%), and NaOH were purchased from
Shanghai Lingfeng Chemical Reagent Co. Murexide was
purchased from Tianjin Fuchen Chemical Reagent Co. All
reagents and chemicals were analytical reagent grade; all
dilutions and washings were made by deionized water.

2.2. Apparatus

A thermostatic water bath (HH-2) was used for the batch
ion exchange experiments. The Brunauer-Emmett-Teller
(BET) surface area and average pore diameter of resin were
measured by BET method from nitrogen adsorption-de-
sorption isotherms using a NOVA 4200e Surface Area &
Pore Size apparatus. A ZEEnit 600 model Atomic Absorp-
tion Spectrometer (AAS) was used to analyze the concen-
tration of metals in solutions.

2.3. Batch ion-exchange procedures

The resin was washed with NaOH (1 mol-L™"), HCI (1
mol-L™), and deionized water to remove possible organic
and inorganic impurities. Then it was converted to H* form
by agitating with 1 mol-L~! HCI for 24 h and the excess acid
was removed after several washings by deionized water.
The resin was dried at 338 K to a constant weight. The metal

Table 1
Characteristics of 732 cation-exchange resin

Characteristics Value
Matrix

Functional group

Styrene divinylbenzene copolymer
Sulfonic acid

Total exchange capacity ~>4.60 mmol-g™ (Na* form)

Particle size 0.315-1.25 mm

Specific gravity 1.19-1.29

Max. operating temp 393 K

pH range 1-14 (depending on application)
Surface area® 443.78 m*g!

Pore diametre® 1.80 nm

“Measured by N, isotherm adsorption.

aqueous solutions of different initial concentrations (5-50
mmol-L™") were prepared by dissolving metal chloride in
deionized water.

The ion-exchange behavior of Cu** and Ni** with 732-
CR was studied by the batch mode. The experiments were
carried out using 50 mL of Cu** and Ni** aqueous solutions
of known concentration and 0.2 g of the dried H* form
resin in stoppered conical flasks. The flasks were placed
in a water bath at constant temperature with a mechanical
stirrer at 150 rpm for a certain time to achieve the equi-
librium. At desired time intervals, the supernatant liquid
was removed and titrated by EDTA. Several parameters
such as contact time, pH, initial metal ion concentration,
resin amounts and temperature were changed. Each set
was repeated three times and the mean values were taken
for calculation.

2.4. Competitive sorption of Cu** and Ni** from aqueous
solution

The H* form 732-CR of 0.2 g was soaked into 50 mL
aqueous solutions containing Cu* (5 mmol-L™") and Ni*
(5bm mol-L™) with stirring at 150 rpm for 4 h at 298 K. The
pH of solutions was adjusted to 2.0 and 4.0 by using diluted
HNO, and NaOH solution. The metal ion concentrations of
the solutions were analyzed by AAS.

2.5. Regeneration and reuse studies

Regeneration of the resin attached with the metal ions
was performed in a batch system with 1 mol-L™' HNO.,.
After ion exchange process, 0.2 g of Cu*-loaded and
Ni?*-loaded resin were filtered, washed with deionized
water and added to 50 mL HNO, solution at 298 K for
4 h with stirring at 150 rpm, respectively. The regener-
ated resin was washed, dried, and was again used in ion
exchange experiments. The adsorption-desorption tests
were executed for four cycles. The ion-exchange percent-
age for each cycle is equal to the ratio of the ion exchange
amount of regenerated resin for metal ions to that of fresh
732-CR.

3. Theoretial models
3.1. Ion-exchange equilibrium

The ion-exchange amount at time ¢, g4, (mmol-g™') was
calculated as follows:

G-V
W

where C; and C, (mmol-L™") are the concentrations of metal
ions in aqueous solutions at time 0 and ¢, respectively. V
(L) is the volume of the solution and W (g) is the weight of
dried resin. When equilibrium is reached: C,= C,and g,= g,
then the equilibrium ion-exchange capacity per unit weight
of resin, g, (mmol-g™'), was calculated by the mass balance
relationship.
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3.2. Ion-exchange isotherm models

Ion-exchange data are usually descried by ion-exchange
isotherms, which are the relationship between equilibrium
ion-exchange capacity (g,) and equilibrium concentration
(C) at a given temperature. The isotherm models of Lang-
muir, Freundlich, Temkin and Dubinin—-Radushkevich
(D-R) were fitted with the experimental data to describe
the equilibrium ion exchange behavior.

3.2.1. Langmuir isotherm

The Langmuir model assumes homogeneous sites on
the monolayer surface have equal activation energy and
there is no interaction between them. Its linearized form is
expressed as Eq. (3) [16]:

c, C 1
—f =4
qc qm quL

where g_ (mmol-g™) is the maximum ion-exchange capacity
of the exchanger and K, (L-mmol™) is the Langmuir con-
stant related to the affinity of binding sites.

The separation factor or the dimensionless equilibrium
parameter R, can be obtained from Langmuir equation,
which is used to predict the favorability of the ion-exchange
process. The separation factor is determined by the follow-
ing equation [17]:

R=—t
1+K,G,

®)

(4)

where C, (mmol-L™) is the highest initial concentration of
metal ions. For favorable sorption, 0 < R, < 1; while for
unfavorable sorption, R, > 1. When R, =1 or 0, the sorption
to be linear and irreversible, respectively.

3.2.2. Freundlich isotherm

The Freundlich model is based on the assumption that
the sorption sites are distributed on heterogeneous surface
with different energies. And it is not restricted to the for-
mation of monolayers. The linearized form of Freundlich
isotherm is expressed by Eq. (4) [18]:

1
Ing, =—InC, +InK; ©)
nF
where K. is a constant related to sorption capacity and n, is
an empirical parameter relating the sorption intensity.

3.2.3. Temkin isotherm

The Temkin model considers the effects of the heat of
adsorption that decreases linearly with coverage due to
adsorbate/adsorbate interactions. The Temkin isotherm is
used in the following linear form [19]:

q,=BInA+BInC, (6)
where
g XT 7)

b

The constant B (J-mol™) is related to the heat of sorption.
A (L-g™) is the equilibrium binding constant corresponding
to the maximum binding energy. The ion exchange data of
Cu?" and Ni* removed by 732-CR can be analyzed accord-
ing to Eq. (6). A plot of g, vs. In C_ gives the isotherm con-
stants A and B.

3.2.4. Dubinin—Radushkevich (D-R) isotherm

The equilibrium data were also applied to the Dubi-
nin—Radushkevich (D-R) isotherm model to determine the
nature of the removal of Cu** and Ni** by 732-CR as physi-
cal or chemical [20]. The linear form of the D—R isotherm is
described by the following equation [21]:

lan = lnqﬂl - Bsz (8)

where  (mol*J™) is the activity coefficient related to the
sorption mean free energy and ¢ is the Polanyi potential,
which is given by

e=RTIn(1+1/C,) 9)

where R (J-mol™-K™) is the gas constant and T (K) is tem-
perature. The value of the mean sorption energy (E, k]-mol™)
is calculated as:

E=1/28

The numerical value of E is used to distinguish between
physical and chemical sorption. If E lies in the range of
8-16 kJ-mol™, the sorption proceeds chemically; while E<8
kJ-mol™ indicates that the sorption process takes place
physically [22,23].

(10)

3.3. Ion-exchange kinetic models

The ion-exchange kinetics describes the relationship
between the amount of metal uptake and contact time,
which is an important characteristic defining the efficiency
of ion-exchange process. Based on the equilibrium data, the
temperature of 298K and initial metal ion concentration
of 0.02 mol-L™! was chosen for the kinetics study. Several
kinetic models including pseudo-first-order, pseudo-sec-
ond-order, Elovich equation and intra-particle diffusion
model were selected to evaluate the ion-exchange kinetics
data as discussed below.

Pseudo-first-order model [24]: In(g, —g,) =1ng, — k;t (11)

where k, (min™) is the equilibrium rate constant of pseu-
do-first-order equation.

Pseudo-second-order model [25]: £ = ! >+ i3

qt qu e
where k, (g-mmol"min™) is the rate constant of pseudo-
second-order equation.

(12)

. 1 1
Elovich kinetic model [26]: 9, = —In(o;f;)+ —Int

B, B 13)
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where o, is the initial sorption rate of the Elovich equa-
tion, and B, is the desorption constant related to the extent
of surface coverage and activation energy constant for
chemisorption.

Intra-particle diffusion model [27]: g, =kt"* +1 (14)

where k; is the diffusion rate constant and I is a constant
related to the thickness of the boundary layer.

3.4. Ion-exchange thermodynamics

The thermodynamic behavior of ion-exchange of Cu*
and Ni** with 732-CR was also measured in this study. The
thermodynamic parameters including the changes in the
Gibbs free energy (AG), enthalpy (AH) and entropy (AS) were
evaluated to investigate the thermodynamic feasibility and
spontaneous nature of the ion-exchange process. They can be
calculated using the Van’t Hoff equations [28,29]:

C,. AH AS

In—fe =224 22
C. RT R

(15)

AG=AH-TAS (16)

where C, and C_ (mmol-L™") are the equilibrium concentra-
tion of metal ions in the solid phase and in solution, respec-
tively. The values of AH and AS were calculated from the slope
and intercept of the Van't Hoff plots of InC, /C, vs.1/T.

4. Results and discussion
4.1. Removal study of Cu** and Ni** by batch mode
4.1.1. Effect of contact time

The effect of contact time on the ion exchange of Cu*
and Ni** with 732-CR from aqueous solution is depicted in
Fig. 1. The results show that the percentage of metal ions

100

percent removal (%)

0 L 1

" 1 n 1 N 1 n 1 n 1 " 1 "
0 50 100 150 200 250 300 350
Time (min)

Fig. 1. Effect of contact time on removal of Cu** and Ni** by 732-
CR (initial metal concentration: 5 mmol-L™}; volume of metal
solution: 50 mL; amount of resin: 0.2 g; pH: 4 for Cu** and 6 for
Ni*; temperature: 298 K).
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removed increased with increasing time, and equilibrium
was established in 240 min for Cu?* and 180 min for Ni**. In
all following experiments, the equilibrium time was main-
tained at 240 min, which was considered as sufficient for the
removals of both metal ions by 732-CR. The ion exchange
was fast initially due to the existence of greater number of
resin sites available for the exchange of metal ions. Later, as
the number of remaining vacant sites on the surface as well
as metal ion concentration decreasing, the ion-exchange rate
slowed. The curves of metal removal vs. time were single,
smooth and continuously leading to saturation, suggest-
ing the possible monolayer coverage of metal ions on the
surface of the resin [30]. The results in Fig. 1 also revealed
that the removal of Ni** was faster than that of Cu** and the
equilibrium ion-exchange capacity of Ni** (1.120 mmol-g™)
was higher than that of Cu®* (1.069 mmol-g™') in this study.
The maximum percent removals were 85.48 % for Cu** and
90.61 % for Ni*, respectively. Similar results were reported
in the previous studies. M.H. Morcali et al. [1] used the
Lewatit TP-207 resin to treat the wastewater containing Cu?*
and Zn**. They found the adsorption capacity reached equi-
librium after 180 min for Cu?** and after 120 min for Zn*'.

4.1.2. Effect of initial pH

The effect of initial pH on the removal of Cu* and Ni**
by 732-CR from aqueous solution was studied by varying
the initial pH of metal ion solution within the range of
1.0-5.0 for Cu* and 1.0-7.0 for Ni*. Because at pH > 5.49
for Cu** and pH > 7.53 for Ni**, the metal ions get precip-
itated due to the formation of their hydroxyl complexes.
As shown in Fig. 2, at low pH values the percent removal
of Cu* and Ni** was low due to the H,O* ions of higher
concentration under highly acidic conditions will compete
with M?* to occupy the sorption sites [31]. And the repul-
sive force between metal ions and protons will also hinder
the ion exchange process. With the initial pH rose until the
optimum pH, metal removal increased. Maximum removal
percentage was obtained approximately at pH 4.0 for Cu*

100
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Fig. 2. Effect of initial pH on removal of Cu*" and Ni** by 732-CR
(initial metal concentration: 5 mmol-L}; volume of metal solu-
tion: 50 mL; amount of resin: 0.2 g; temperature: 298 K).
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and 6.0 for Ni*, respectively. At pH > 4.0 for Cu** and pH >
6.0 for Ni*, the ion exchange percentage decreased slowly
with initial pH increasing. One possible explanation for this
decrease could be that at these higher pH values the com-
pletion of hydrolysation of metal ions in the solution phase
would increasingly compete with the ion-exchange reaction
[32]. Previous literature showed a similar tendency in other
heavy metal ion removal studies using Lewatit TP-207 [1],
Dowex [11] and Lewatit S 100 [33] sorbents with the initial
pH increase. Hence, the remaining experiments were car-
ried out at pH 4.0 for Cu* and 6.0 for Ni**, respectively.

4.1.3. Effect of resin dosage

The number of available binding sites and exchanging
ions for heavy metal ions removal depending on the resin
dosage used. Moreover, the resin amount is an important
parameter to obtain the quantitative uptake of metal ions.
Therefore, Fig. 3 shows the relationship between resin dos-
age and the removal of Cu** and Ni*. The amount of resin
varied from 0.05 to 0.5 g at the initial metal ion concentra-
tion of 5 mmol-L™, 50 mL solution. It is apparent that the
percent removal of metal ions and the removal efficiency
increased with increasing resin dosage because increas-
ing resin dose could provide a great of surface area or ion
exchange sites for a fixed initial metal concentration [34].
An increase in the resin amount also resulted in a decrease
in the contact time required to reach equilibrium. It can
also conclude that by increasing the amount of resin, the
ion-exchange density decreased. This can be attributed to
the fact that some of the ion exchanger remains unsatu-
rated during the adsorption process. When the resin dos-
age is bigger than 0.4 g for both metal ions, the metal ions
are completely removed from the solution. It is clear from
Fig. 3 that for the quantitative removal of 5 mmol-L~! copper
and nickel ions in 50 mL solution, a minimum resin dosage
of 0.4 g is required. When the resin dosage is greater than
this number, the increase in removal efficiency is negligi-
ble. Other authors also observed these phenomena when
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Fig. 3. Effect of resin dosage on removal of Cu** and Ni** by 732-
CR (initial metal concentration: 5 mmol-L™; volume of metal solu-
tion: 50 mL; pH: 4 for Cu** and 6 for Ni*; temperature: 298 K).

doing their researches about ion exchange or adsorption
[30,34,35].

4.1.4. Effect of initial metal ion concentration and
temperature

The ion exchange of Cu** and Ni* with 732-CR was
studied by varying the initial metal ion concentration (5-50
mmol-L™) at three temperatures (298, 308, and 318 K). Fig. 4
shows the removal of Cu?** and Ni** as a function of the ini-
tial metal ion concentration and temperature. At a certain
temperature, the ion-exchange capacities for both metal
ions increased with the increase of the initial concentration.
A decrease in the equilibrium ion-exchange capacities for
Cu? and Ni** with the increase in temperature could also
be seen in Fig. 4, indicating the exothermic nature of the
ion-exchange of copper or nickel ions with 732-CR. This
may be due to either the damage of active binding sites
in the exchanger or increasing tendency to desorb metal
ions from the interface to the solution [36]. P.S. Kumar et
al. [28] also found the exothermic nature of the adsorption
of copper ions onto their adsorbent. However, some other
authors found an increase in temperature resulted in a
slight increase in the adsorption/ion exchange [2,20,29,34].

4.2. lon-exchange isotherms

According to the plot of g, vs. C, at different tempera-
tures and initial metal ion concentrations (Fig. 4) in above
section, isotherm data for the ion exchange of Cu** and Ni*
with 732-CR were obtained. In this study, four isotherm
models (Langmuir, Freundlich, Temkin and D-R) were used
to correlate the experimental equilibrium data.

The ion-exchange isotherm parameters along with the
correlation coefficients (R?) are presented in Table 2. The fit-
ting results show that R* obtained from Langmuir model are
very close to 1 and larger than those obtained from the Fre-
undlich isotherms, suggesting the Langmuir model could
well interpret the studied sorption procedure and the pro-
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Fig. 4. Effect of initial metal ion concentration and temperature
on removal of Cu*" and Ni* by 732-CR (volume of metal solu-
tion: 50 mL; amount of resin: 0.2 g; pH: 4 for Cu** and 6 for Ni**).
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Table 2
Ion-exchange isotherm parameters for the removal of Cu** and Ni** by 732-CR
Isotherms Cu? Ni?
298 K 308K 318K 298 K 308 K 318K
Langmuir Isotherms
q,, (mmol-g™) 1.764 1.736 1.703 2915 2.876 2.679
K, (L-mmol™) 0.720 0.432 0.286 0.192 0.154 0.137
R, 0.0270 0.0442 0.0653 0.0946 0.1151 0.1277
R? 0.9994 0.9994 0.9991 0.9979 0.9968 0.9982
Freundlich Isotherms
K, (mmol-g™) 0.995 0.810 0.632 0.851 0.721 0.608
n 6.3 4.8 3.8 32 2.8 2.7
R? 0.8157 0.8641 0.8750 09726 09776 0.9782
Temkin Isotherms
B 14.09 16.75 19.26 33.20 34.32 32.98
A(L-g? 1.163 0.249 0.083 0.0451 0.0313 0.0254
R? 0.8455 0.8995 0.9237 0.9956 0.9986 0.9996
D-R Isotherms
q,, (mmol-g™) 2.174 2.216 2.286 3.868 3.872 3.661
E (kJ-mol™) 12.84 11.67 10.63 9.34 9.11 9.07
R? 0.8786 09169 0.9240 0.9950 0.9961 0.9963
cess is that of monolayer sorption, rather than multilayer — Table 3

sorption. This may be attributed to the homogeneous dis-
tribution of sulfonic groups on the surface. From the Lang-
muir isotherm, the maximum monolayer ion-exchange
capacities (g, ) of 732-CR are 1.736 mmol-g™* for Cu** and
2.876 mmol-g™' for Ni** at 308 K, respectively. Because R, is
used to predict the favorability of the sorption process, the
fact that 0<R <lindicates that it is a favorable process. As
shown in D-R model, in the temperature range of 298-318
K, the E values of both Cu** and Ni** are higher (9.07-12.84
kJ'mol™) than 8 kJ-mol™, indicating that the ion-exchange
process of Cu** and Ni** with 732-CR in aqueous solution is
carried out by chemical interaction. The results also reveal
it need more energy to transfer Cu®* onto 732-CR than Ni*.

Table 3 lists a comparison of maximum removal capac-
ities of Cu* and Ni** on various resins. The maximum
monolayer ion-exchange capacity of 732-CR is higher than
most commercial resins presented in Table 3. Therefore,
732-CR could be considered a high-efficiency material for
the removal of Cu?** and Ni** from aqueous solutions.

4.3. lon-exchange kinetics

Table 4 summarizes the parameters of the four kinetic
models for the ion exchange process for Cu** and Ni*
with 732-CR. From R? of various kinetics models, pseu-
do-second-order model is more suitable to describe the
ion exchange kinetics behaviors than pseudo-first-order
model. It indicates that chemisorption is the rate con-
trolling mechanism in sorption process. This result is in
accordance with the conclusion of monolayer chemical
sorption of metal ions onto the resin drawn from above
isotherm analysis. The Elovich model was commonly suit-
able to describe the adsorption kinetics of ion exchange

The maximum removal capacities of Cu** and Ni** by various
resins

Resins, g, (mmol/g) Cu* Ni? References
732-CR 1.736 2.876 This study
Lewatit TP-207 1.070 - [1]
Amberjet 1200 H 0418 - [3]
Amberlite IRN97H 0.676

Dowex HCR S/S - 2.662 [8]

Dowex HCR-S - 1603 [11]
Amberjet 1500H 0.384 - [12]
Ambersep 252H 0.183

Amberlite IRC 748 1.10 - [13]
Amberlite IR 120 1.672 - [15]
Chelex 100 0.88 2.15 [13], [32]
Dowex 50W 2.30 2.35 [35]

process. The high values of the correlation coefficients
of Elovich equation reveal that the sorption behaviors of
copper and nickel ions on 732-CR are not only chemisorp-
tions, but ion exchange reactions [37].

On the other hand, the values of R? fitted by intra-parti-
cle diffusion model are not very high. According to Eq. (14),
if the plot of g, vs. t'/? gives a straight line, the sorption pro-
cess is controlled by intra-particle diffusion only. However,
if the data present a multi-linear plot, then two or more steps
influence the sorption process [38]. Base on the relatively low
correlation coefficients and straight lines in the plots of g,
vs. t/2 in this study do not pass through the origin, it might
be concluded that the intra-particle diffusion is not the only
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Table 4
Ion-exchange kinetic parameters for the removal of Cu* and
Ni** by 732-CR

Kinetic models Parameters Cu* Ni*
Pseudo-first-order k, (min™) 0.0129  0.0219
model q. (mmol-g™) 0721 1150
R? 09529  0.9887
Pseudo-second- k, (gmmol™*min™)  0.0257  0.0180
order model g, (mmol-g™) 1187  1.358
R? 09974 09919
Elovich model o 0.116 0.066
§ 4.570 3.268
R? 09775 09807
Intra-particle k, (grmmol™-min™/) 0.0582  0.0733
diffusion model I (mmol-g™) 0.240 0.167
R? 0.8835 09227

rate-limiting step and both film diffusion and intra-particle
diffusion may play important role in the sorption kinetics.

4.4. Hydrated structures of metal ions

Maximum monolayer ion exchange capacities (q_) for
Cu?* and Ni** have been studied and the order is Ni** >
Cu®. According to Kossel [39] and Pauling [40] the attrac-
tion between cations and anions in ionic crystals obey Cou-
lomb’s law on demands for ions of equal charge, a small
ion will be attracted either to a greater force or held more
tightly than a larger ion. Therefore, the ion exchange capac-
ity should increase with decreasing ionic radii and increase
with charge of ion. The ions with smaller hydrated radii eas-
ily enter the pores of sorbents, resulting in higher sorption
[41,42]. The ionic radii of Cu?* and Ni?* are almost the same
(0.72 A) [43], while there is considerable difference in their g_
values (1.736 mmol-g~! for Cu?** and 2.876 mmol-g~' for Ni**
at 308 K), which indicates that the metal ions move inside
the resin phase in the hydrated form, rather than metal ion
itself. Agrawal et al. [44] drew a conclusion that during a
process of metal ions adsorbed on resin beads, the ions shed
most of their water of hydration at the surface of the resin
and entered into the cavity in the unhydrated form where
they are hydrated again and migrate towards the adsorptive
sites. Since no one has investigated the hydrated structures
of metal ions in the process of ion exchange with 732-CR,
this study will make a discussion on this problem by com-
bining the experimental results and theoretical analysis.

If the chemisorption process can occur on any part of
the 732-CR surface without considering the effect of tem-
perature and initial metal ion concentration, the saturated
chemisorption capacity limit (q,) can be calculated as [45]:

7= MW

AN, (17)

where S (m*g™") is the BET surface area of 732-CR, A_ (A?)is the
surface area occupied by one hydrated structure of metal ion,
N, is Avogadro’s number, and MW (g-mol™) is the molecular

@ Ho

N ® M(ID)

Fig. 5. Rough stereochemical structure of one hydrated metal
ion complex. (Taking a six-coordinated octahedron hydrated
structure for example.)

weight of the hydrated structure. When g_is taken as g_, the A_
values of hydrated structures of Cu** and Ni** are obtained.
For the sake of the convenient calculation, the structure
of hydrated metal cell can be simplified to a cuboid whose
three sides are the cell parameters (a, b, and c), as shown
in Fig. 5. Taking into consideration the space between two
hydrated metal cells adsorbed on the resin surface, A_is
assumed to be the area of a square with side length I/, where

I=a* +b*+c* (18)
A= (19)

The hydrate structures of Cu*" are controversial [46]:
Ebitani et al. [47] reported the Cu* cations displayed Jahn-
Teller distorted six-coordinated octahedron with four short
Cu-O distances (1.91 A) and two long Cu-O distances (2.28
A) in the pores of Zeolite-X by curve-fitting analysis of
copper extended X-ray absorption fine structure (EXAFS)
spectra. An analogous [Cu(H,O)]** structure has also been
found in the interlayer space of montmorillonites [48]. How-
ever, Stace et al. [49] reported that the complex [Cu(H,0),]*
and [Cu(H,0),]** appear to be more stable than the accepted
unit [Cu(H,0)]*, and this pattern of behavior could be
attributed to a Jahn-Teller distortion of the complex.

As to the hydrate structure of Ni**, Liu et al. [50] drew
a conclusion that the first coordination shell consists of six
water molecules with a Ni-O coordination distance of 2.04
A and is almost unaffected by the water molecules in the
solution by density functional theory (DFT) calculations
and EXAFS spectra. The similar results were also concluded
by Xia et al. [51] that the first solvation shell of Ni* is an
octahedral structure with six water molecules tightly bound
in the NiCl, aqueous solution.

According to the above references, A_ and [ values of
hydrated metal clusters [M(H,0) [** (M = Cu or Ni, n = 4,
6, 8) are calculated using Eq. (11) and are shown in Table 5.
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Calculation results for complex [Cu(H,0) ]** (n = 4, 6, 8) and

[Ni(H,0), I** (n =4, 6,8)
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Table 6
Cell parameters of the simplified cuboid structures for
[Cu(H,0),]* and [Ni(H,0),]*

Hydrated metalion gq_(g-g™) n A A 1 (A) Hydrated metal a(A) b@A) c@A) 1A A A
cluster ion cluster
[Cu(H,0), ** 0.1103 4 8914 9.44 [Cu(H,0),]* 860 406 648 1150 132.34
6 112.81 10.06 [Ni(H,0) ]* 4.24 4.24 6.00 8.49 72.00
8 136.49 11.68
[Ni(H,0)_]** 0.1688 4 5708 7.56 .
P 7 80 853 4.5. lon-exchange thermodynamics
8 88.52 941 Experiments were conducted at 298, 308, and 318 K

Meanwhile, assumptions and calculation are carried out
for the hydrated structures of Cu** and Ni** with 4 or 6 or
8 water molecules. Among them, tetrahedron and planar
quadrilateral are assumed for the hydrated structures of
metal ion with 4 water molecules; stretch octahedron for Cu?
and octahedron for Ni** are assumed for the hydrated struc-
tures with 6 water molecules; and a two-shell structure is
assumed for the hydrated structures with 8 water molecules,
consisting of the six-coordinated-octahedron as first shell
and remaining two water molecules as second shell. Then,
taking the M—O distances from ref. [47] and [50] and the H-O
distance in water molecules from ref. [52], the cell parameters
(a, b, and c) for complexes [Cu(H,0), ]** and [Ni(H,O) [** (n =
4, 6, 8) are obtained. Then according to Eq. (12) and Eq. (13)
the cell diagonal line (/) and its surface area occupied by one
hydrated metal ion cluster (A ) are also obtained.

The results show that one of the assumed hydrated
structures of Cu** and Ni** in accord with the data in table
5, respectively. That is, the hydration structure for Cu?*
adsorbed on the surface of the resin is a two-shell six-coor-
dinated-hydrate with eight water molecules ([Cu(H,0),]**).
Six water molecules construct the distorted octahedron as
first hydration shell whereas the seventh and eighth water
molecules are in the second shell. And the hydration struc-
ture for Ni** is a six-coordinated-hydrate octahedron with six
water molecules ([Ni(H,O),]*). Their hydrated structures are
shown in Fig. 6 and their cell parameters are listed in Table 6.

The results of the hydrated structures and cell param-
eters can be used to explain the phenomena that faster
removal of Ni* from aqueous solution than Cu?*, higher
equilibrium ion-exchange capacity of Ni** than Cu?*, and
more energy needed to transfer Cu?** into resin than Ni** in
preceding part of this study.

H,0
H20': Cu OH,
\\H20 - | \OHZ"

H,0

to evaluate the ion-exchange thermodynamic parameters.
From the Van’t Hoff equation, the results for the thermody-
namic parameters are listed in Table 7. The values of AG are
negative which confirms that the removal of Cu*" and Ni**
by 732-CR was spontaneous and thermodynamically favor-
able. The values of AH are negative which indicates that
the ion-exchange process was exothermic in nature. This
result is consistent with the above-mentioned case wherein
the ion-exchange capacities decrease with the increasing
of temperature. The positive values of AS result from the
increased disorder at the solid/liquid interface due to the
chemisorption process [53].

4.6. Competitive sorption of Cu** and Ni** from aqueous solution

The competitive sorption behavior of 732-CR was stud-
ied in a binary system containing both Cu*" and Ni*, and
the results are shown in Fig. 7. It was found that the ion
exchange capacities were 0.500 mmol-g™' for Cu** and 0.129
mmol-g~* for Ni** at pH 2.0, and 0.712 mmol-g ' for Cu** and
0.185 mmol-g™ for Ni** at pH 4.0 under competitive con-
dition. These values were lower than those in single solu-
tions (Fig. 2), indicating a competition between Cu** and
Ni** for the same available sorption sites, and that strong
competitive sorption from the two metal ions at the same
time inhibited the sorption of individual ion. The similar
results were observed in the adsorption of Cu** and Ni*
from aqueous solution by arabinoxylan hydrogel [6].

Fig. 7 also shows that at pH 2.0 and 4.0, Cu** was
favorably removed by 732-CR over Ni** in both single and
competitive sorption, and the difference between the ion
exchange capacities of Cu** and Ni** in competitive sorption
system was greater than that of single sorption system. This
may indicates that it will be possible to selective recover

T2 [ H,0 ]2+
H0 Yir, ‘ ‘e‘\\\ O,
.
i0? | “Non.
| _ H,0 |

Fig. 6. Structures of hydrated metal ion complexes for [Cu(H,0),]** and [Ni(H,0),]*".
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Table 7
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Thermodynamic parameters for the removal of Cu** and Ni** by 732-CR

Migrating ions  C, (mmol-L™) AG (KJ-mol™) AH AS
298 K 308 K 318K (kJ-mol™) (J-mol™-K™)
Cu?* 10 -13.78 -13.86 -13.93 -11.52 7.60
20 -12.47 -12.60 -12.73 -8.57 13.08
30 -11.15 -11.32 -11.49 -6.10 16.93
40 -10.27 -10.46 -10.66 -4.46 19.49
50 -9.66 -9.86 -10.05 -3.80 19.67
Ni 10 -14.14 -14.25 -14.37 -10.85 11.07
20 -13.11 -13.25 -13.38 -9.13 13.35
30 -12.17 -12.31 -12.46 -7.81 14.60
40 -11.49 -11.65 -11.81 -6.77 15.83
50 -10.92 -11.09 -11.25 -6.00 16.53
1.0 ties of Cu?* and Ni** were 1.576 and 1.804 mmol-g™ in the
v Cl first circle, ar}d qlecrgased to 1.175 and 1.276 rpmol-g” after
— N four cycles, indicating that perhaps certain ion exchange
0.8 sites or functional groups are decomposed or destroyed
by nitric acid and hence it is expected that metal ions are
weakly adsorbed in subsequent cycles [4]. 71.4% and 65.8%
o 0.6 - of sorption percentages for Cu** and Nif+ could be achieved
= up to fourth regeneration cycle, respectively.
g/ 0.4+
o 5. Conclusion
0oL The batch experiments presented in this study revealed
that the 732 strongly acidic cation exchange resin could be
effectively used as adsorbent for removal heavy metals.
0.0 For the efficient use of such an ion-exchanger, various
pH=2.0 pH=4.0 parameters such as contact time, pH, initial metal ion con-

Fig. 7. Competitive sorption of Cu** and Ni** on 732-CR at pH
2.0 and 4.0.

Cu? from the binary mixture (Cu*/Ni**) at appropriate pH
and other operation conditions.

4.7. Regeneration and reusability studies

In order to make the ion exchange process more econom-
ical, it is important to regenerate and reuse the exchanger.
Cu?*-loaded and Ni*-loaded 732-CR were treated with
HNO, solution (0.01 M) for desorption and reused in the
metal ion solutions (0.02 M) as described in the experimen-
tal part. The results of recycling behavior of 732-CR are
reported in Table 8. It shows that the ion exchange capaci-

centration, resin amounts and temperature were designed
to obtain the highest possible removal for metal ions. The
ion-exchange isotherm analysis proved the homogene-
ity of resin surface and a monolayer chemical sorption
mechanism. The results of kinetic study showed that the
pseudo-second-order kinetic model mechanism played
a significant role and there’s a multi-diffusion steps con-
trolled mechanism in the ion exchange of Cu®* and Ni*
with 732-CR. The maximum monolayer ion-exchange
capacities (q,) of 732-CR were 1.736 mmol-g™" and 2.876
mmol-g™ for Cu** and Ni** at 308 K, respectively. The
hydrated structures for Cu** and Ni** were proposed to
explain the difference in g, between Cu** and Ni*". A two-
shell six-coordinated-hydrate with eight water molecules
for Cu* ([Cu(H,0),]*) and a octahedral six-coordinat-
ed-hydrate with six water molecules for Ni** ([Ni(H,0),]*)
are the preferred structures for ion exchange. The thermo-

Table 8

Regeneration and reusability behaviors of 732-CR
Metal  Cycle1 Cycle 2 Cycle 3 Cycle 4
ions q. (mmol-g™) P (%) g, (mmol-g™) P (%) g, (mmol-g’) P (%) q. (mmol-g™) P (%)
Cu? 1.576 95.7 1.494 90.8 1.311 79.6 1175 714
Ni** 1.804 93.0 1.667 85.9 1.455 75.0 1.276 65.8

“Represents the sorption percentage, the ratio of the ion exchange amount of regenerated resin to that of fresh 732-CR.
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dynamic parameters were calculated. The negative values
of AG and AH revealed the spontaneous and exothermic
nature of removal of Cu* and Ni** by 732-CR. And the
positive values of AS suggested the increased random-
ness at the solid/solution interface. Cu** was favorably
removed by 732-CR over Ni** under the competitive con-
dition at pH 2.0 and 4.0. The regeneration of 732-CR can
be made to some extent with dilute HNO, solution and the
ion exchange capacities reduced to 71.4 % and 65.8 % for
Cu?* and Ni** after four cycles, respectively.

a,b,c — Cell parameters of simplified cuboid cell (A)
A — Constant in Temkin isotherm model
B — Constant in Temkin isotherm model
A — Surface area occupied by one hydrated structure
of metal ion (A2)
C — Equilibrium concentration of metal ions in solid
phase (mmol-L™)
C — Initial concentration of metal ions in solution
(mmol-L1)
C — Equilibrium concentration of metal ions in solu-
tion (mmol-L1)
C — Concentration of the metal ion at time f in solu-
tion (mmol-L™)

E — Mean free energy (kJ-mol™)

I — Constant in intra-particle diffusion kinetic model
(mmol-g™)

k, — Rate constant of pseudo-first-order equation
(min™)

k, — Rate constant of pseudo-second-order equation

(g'mmol*min™*)
— Diffusion rate constant in intra-particle diffusion
kinetic model (g-mmol*!-min/?)
Langmuir constant (L-mmol™)
— Freundlich constants (mmol-g™)
— Diagonal line of simplified cuboid cell, side
length of A_ A)
— Coordination number
n — Freundlich adsorption isotherm constant
— Avogadro’s number
MW — Molecular weight of one hydrated structure
(g-mol™)
g,, — Maximum ion-exchange capacity per unit weight
of exchanger (mmol-g™)
q — Equilibrium ion-exchange capacity per unit
weight of exchanger (mmol-g™)
— Saturated chemisorption capacity limit (mmol-g™)
— Ion-exchange amount per wunit weight of
exchanger at time #(mmol-g™")
Separation fator
— BET surface area of 732-CR (m*g™)
— Absolute temperature (K)
— Volume of the solution (mL)
Weight of dried resin (g)
— Standard Gibbs free energy change (kJ-mol™)
— Enthalpy of reaction (kJ-mol™)
Entropy of reaction (J-mol™-K™)
— Initial sorption rate of the Elovich equation
Desorption constantf the Elovich equation

~AN A
|

=
@

=
|

ST TERRLE
N

e}

o
|

™

— D-Risotherm constant (mol>]?)
— Polanyi potential (J-mol™)
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