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ABSTRACT

Removal of heavy metals from wastewater is obligatory in order to avoid water pollution. In the
present study, performance of Dowex HCR S/S cation exchange resin was evaluated for removal
of nickel and zinc from aqueous solutions. Batch shaking adsorption experiments were performed
in order to examine the effects of pH, dosage of resin and contact time on removal process.
It was observed that more than 98% removal efficiency was achieved under optimal conditions
for nickel and zinc. The experimental equilibrium data were tested for the Langmuir, Freundlich
and Temkin isotherms. Correlation coefficients indicate the following order to fit isotherms: Lang-
muir > Freundlich > Temkin for both nickel and zinc ions. Pseudo-first- and -second-order kinetic
models were used for describing kinetic data. It was determined that removal of Ni2* and Zn?* was well-
fitted by second-order reaction kinetic. Furthermore, separation factors and distribution coefficients of
nickel and zinc for Dowex HCR S/S were calculated.

Separation factors

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The release of large quantities of heavy metals into the natural
environment has resulted in a number of environmental prob-
lems. Toxic metals can be distinguished from other pollutants, since
they are not biodegradable and can be accumulated in nature.
They also cause various diseases and disorders when exceed spe-
cific limits [1,2]. Zinc is one of the most important pollutants
for surface and ground water. Because of its acute toxicity and
non-biodegradability, zinc-containing liquid and solid wastes are
considered as hazardous wastes [3,4]. The nickel ion, compared
with other heavy metals, is a more recalcitrant pollutant [5]. As it
is widely used in many industrial processes, removal of nickel from
wastewaters gains importance. Metal treatment industries contain-
ing nickel in discharged waters, frequently use nickel in its sulfate
form [6]. This affects the decision of treatment method used for
removal of nickel from wastewaters.

Classical techniques of heavy metal removal from solutions
include the following processes: precipitation, electrolytic meth-
ods, ion exchange, evaporation and adsorption [7]. Among these
methods ion exchange receives considerable interest with high
efficiency and low operational costs. The main advantages of ion
exchange over chemical precipitation are recovery of metal value,
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selectivity, less sludge volume produced and the meeting of strict
discharge specifications [8].

Among the materials used in ion exchange processes, synthetic
resins are commonly preferred as they are effective and inexpensive
[9]. Cation exchange resins generally contain sulfonic acid groups.
These groups can also be carboxylic, phosphonic or phosphinic. Cer-
tain general rules for cation exchange are: (i) the exchanger prefers
ions of high charge, (ii) ions of small hydrated volume are preferred
and (iii) ions, which interacts strongly with the functional groups
of the exchangers are preferred [10,11].

In literature, there have been various investigations about
removal of heavy metals by ion exchange resins. Halle et al.
observed that macroporous carboxylic cation exchanger Wofatit
CA-20 in the sodium form exhibites high removal efficieny for
treatment of Ni(Il) ions from washings formed during the nickel
plating [12]. Cu(ll) ions are effectively removed from sea and
river water by Amberlyst A-27 and Diaion PA-318, strongly basic
anion exchangers and batocuproinodisulphonate as a chelating
agent [13]. Also, Dowex HCR S/S and Dowex Marathon C resins
provided adsorption capacities of 26.27 mg/g and 46.55 mg/g for
copper removal [14]. Macroporous strongly basic anion exchanger-
Lewatit MP-500A is characterized by high selectivity for Cr(VI) ions
[15].

Dowex HCR S/S type resins are in sodium form and due to their
high cation exchange capacities they reduce the residual concen-
tration of heavy metals below the discharge limits. They are also
widely available as they are commercially produced. Furthermore
their regeneration properties supply economical benefits. Due to


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bilgealyuz@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.01.006

B. Alyiiz, S. Veli / Journal of Hazardous Materials 167 (2009) 482-488 483

Nomenclature

A Temkin isotherm constant

B constant related with adsorption heat

C total ion concentration in solution

Ce equilibrium concentration of solution

Co initial heavy metal concentration

Ct metal concentration at time ¢t

CMz+ concentration of metal ions in solution

CNa+ concentration Na* ions in solution

D distribution coefficient

m amount of the resin

M Ni2* or Zn2* ions exchanging with Na* ions in the
solution phase

k equilibrium constant of Langmuir isotherm

kq rate constant of pseudo-first-order adsorption
kinetic

ko rate constant of pseudo-second-order adsorption
kinetic

K Freundlich isotherm constant

KM2+/Na+ preference factor of metal ions for ion exchange
process

n adsorption intensity

R2 correlation coefficients

t time

XNa+ equivalence ratio of Na* ions in solution

%4 solution volume

Vi monolayer capacity for Langmuir isotherm

YNa+ equivalence ratio of Na* ions in resin

Qe amount of adsorbed heavy metal per unit resin mass

Qg2+ concentration of metal ions in resin

qNa+ concentration of Na* ions in resin

q total ion exchange capacity

Qe calculated Calculated value for amount of adsorbed heavy
metal per unit resin mass

e experimental €Xperimental value for amount of adsorbed
heavy metal per unit resin mass

qr amount of heavy metal adsorbed at time t

o separation factor for nickel and zinc removal

mentioned properties, in this study Dowex HCR S/S resin has been
preferred.

Batch technique was used in order to determine the equilib-
rium data. After defining optimum reaction conditions (pH, resin
dosage, contact time), experimental results were applied to Lang-
muir, Freundlich and Temkin isotherms. First- and second-order
reaction kinetics were calculated for determination of adsorption
mechanisms. Distrubution coefficients and separation factors of
nickel and zinc were also found for Dowex HCR S/S. It is thought
that results of this study can be useful for treatment processes of
sectors containing heavy metal in their wastewaters.

2. Experimental
2.1. Materials

Analytical grade reagents were used in experimental studies.
Nitrate salts of test metals (Zn(NOs3),-6H,0 and Ni(NOs),-6H,0
from Merck) were used for preparing certain concentrations of syn-
thetic solutions. pH adjustments were carried out by using 0.1N HCI
and 0.1N NaOH.

Dowex HCR S/S cation exchange resin was preferred as dowex-
type ion exchangers are durable, insoluble and compatible. The
structural polymeric backbone of the resin is styrene cross-linked

Table 1

Characteristics of tested Dowex HCR S/S.

Type Strong acid cation

Matrix Styrene-DVB, gel

Functional group Sulfonic acid

Physical form Uniform particle size spherical beads
Shipping weight 800¢g/L

Total exchange capacity Minimum 1.9 eq/L

Particle size 0.3-1.2 mm: 90% minimum, <0.3 mm: 1% maximum
Particle density 1.30g/mL

Whole beads 90% minimum

Ionic form as shipped Na*

with divinyl benzene functionalized with a sulfonic acid functional
group as the ion exchange site [16].

Pysical and chemical properties of Dowex HCR S/S are given in
Table 1.

2.2. Apparatus

HACH DR 2000 spectrophotometer was used for the deter-
mination of remaining metal concentrations in solutions. Used
methods were 1-(2 Pyridylazo)-2-Naphthol (PAN) Method (Method
no: 8150) and Zincon Method (Method no: 8009) for nickel and zinc
analyses, respectively. Batch experiments were carried out in NUVE
shaker. Testo pH-meter was used for pH measurements.

2.3. Equilibrium studies

The batch ion exchange experiments were performed in a wide
variety of conditions including different pH, various resin dosages
and agitation periods. Effects of each factor were determined keep-
ing other variables constant. In the experiments 100 ml of synthetic
solutions containing 100 mg/L of Ni(Il) and Zn(II) were added into
flasks with different amounts of resin varying between 0.05 and
0.7 g. pH adjustments were made by using 0.1N sodium hydroxide
and 0.1N hydrochloric acid. Solutions were shaked at 200 rpm for a
predetermined period. Temparature was kept constant at 23 °C dur-
ing batch tests. At the end of agitation time resins were filtered and
metal contents of solutions were analyzed by spectrophotometer.

2.4. Isotherm studies

The adsorption capacity was calculated using following formula:

(Co—Ce)V

Qe = —m (1)
where ge (mg/g) is the equilibrium adsorption capacity, C, and Ce
(mg/L) are the initial and equilibrium concentration of metal ions
in solution, V(L) is the volume, and m (g) is the amount of the resin.

By using this formula ge values for different metal concentra-
tions were calculated. Relationship of ge versus Ce is shown in Fig. 1.

Adsorption isotherm studies were carried out in a series of
250 mL reaction bottles. 100 mL of metal solutions were adjusted to
100 mg/L concentration. Resin amounts were kept constant at 0.2
and 0.3 g for nickel and zinc solutions. After reaching equilibrium,
solutions were separated and analyzed.

2.5. Kinetic studies

Kinetic experiments were made by using 100 mL of nickel
and zinc solutions of various concentrations (50, 100, 150 mg/L).
Samples were taken at different time intervals (0-300 min) and
remaining metal concentrations were analyzed. The rate constants
were calculated using conventional rate expressions. Following for-
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Fig. 1. Relationship between equilibrium concentration and adsorption capacity.

mula was used to determine adsorbed metal concentration g;:

where q; (mg/g) is the adsorption capacity at time t, C, (mg/L) is the
initial metal concentration, C; (mg/L) is the concentration of metal
ionsinsolution at time t, V(L) is the volume, and m (g) is the amount
of the resin.

3. Results and discussion
3.1. Effect of pH

Hydronium ion concentration is an important parameter affect-
ing the ion-exchange process. This is partly because hydrogen ions
themselves are strongly competing adsorbate and the solution pH
influences the ionization of surface functional groups.

In order to investigate the effect of pH on removal of nickel and
zinc by Dowex HCR S/S 100 ml of 100 mg/L metal solutions were
used. Experiments were performed in the pH range 2-9. Constant
resin amount (0.2 g) was added to all reaction bottles and solutions
were agitated for 2 h at 200 rpm speed.

Effect of pH on removal efficiency is shown in Fig. 2.

As seen from Fig. 2. optimal uptake of Ni%* and Zn?* occurred
at pH 4 and 6, respectively. At high pH values, decrease in removal
efficiency achieved by resins can be described with formation of
Ni(OH), and Zn(OH), during reaction of Ni2* and Zn2* ions with
OH~.In this state, hydrolysis accompanied by precipitation of metal
hydroxides may occur [14].

In order to examine the effects of pH on precipitation, experi-
ments without resin dosage were carried out. As seen from Fig. 3,
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Fig. 2. Effect of pH on removal of nickel and zinc by Dowex HCR S/S cation exchange
resin. (Initial metal concentration 100 mg/L, resin dosage 0.2 g/100 mL, agitation
period 2 h).
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Fig. 3. Effect of pH on precipitation of metal hydroxides (Initial metal concentration
100 mg/L, without resin dosage, agitation period 2 h).

at high pH values metal ions precipitate due to formation of metal
hydroxides.

3.2. Effect of resin dosage

The resin amount is also one of the important parameters to
obtain the quantitative uptake of metal ion. The dependence of
metal sorption on resin input amount was studied by varying the
amount of Dowex HCR S/S (0.05-0.7 g), while the other parameters
such as pH (pH 6 and 4 for nickel and zinc, respectively), initial metal
concentration (100 mg/L) and stirring speed (200 rpm) remained
constant.

It was apparent that the adsorption percentage of metal ions
increased with higher resin dosages and the removal efficiency of
99% was achieved by using 0.2-0.3 g/100 mL resin dosage for nickel
and zinc (Fig. 4). This result proved that increasing the amount
of adsorbent provides higher removal due to formation of greater
adsorption sites.

3.3. Effect of agitation time

Predetermined optimal values of pH and resin dosage were used
for analyzing effects of time on removal process. Fig. 5 shows the
dependence of removal efficiency with agitation time. The removal
increases with time and attains equilibrium in 90 min for nickel and
in 120 min for zinc with initial concentrations of 100 mg/L. It is clear
that complete removal of nickel ions requires less residence time
compared to zinc.

120
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——7n

204 —=—Ni

T
0 0,2 0,4 0,6 0,8
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Fig. 4. Effect of resin dosage on removal of nickel and zinc by Dowex HCR S/S cation

exchange resin. (Initial metal concentration 100 mg/L, pH 4 and 6, agitation period
2h).
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Fig. 5. Effect of contact time on removal of nickel and zinc by Dowex HCR S/S cation
exchange resin. (Initial metal concentration 100 mg/L, pH 4 and 6, resin dosage 0.2
and 0.3 g).

3.4. Distribution coefficients and separation factors

In order to calculate distribution coefficients and separation fac-
tors, batch experiments were carried out at optimal conditions (pH
4 and 6; resin dosage 0.2 and 0.3 g, respectively for nickel and zinc)
by using 100 mL of 150 mg/L metal solutions.

Distribution coefficients were determined by the formula given
below [17]:

amount onresin mL of solution
= i i X 0
amountinsolution =~ gofdryresin

(3)

Calculated distribution coefficients were quite high for both nickel
(5.80 x 10%) and zinc (2.25 x 10%) ions.

Exchanging ions of unequal charge as in the case with the
exchange of Na* with the solution phase NiZ* or ZnZ* (represented
with M2*) can be expressed as:

MZ* 4+ 2Na} — M2* + 2Naf (4)

where subscripts s and r refer to “solution” and “resin” phases,
respectively. Inion exchange processes, selectivity can be quantified
in terms of the separation factor (o) [18]:

(g/c)

YNat /XNa+

(5)

g2 g = K2+ jna+

Here, KM2+/Na+ is the preference factor and is given by the formula

_ qM2+ CNa* )2
KM2+/Na+ = Cope (rNaJr (6)

where, g total ion exchange capacity (eq/L); C total ion concentra-
tion in solution (eq/L); yna+ equivalence ratio of Na* ions in resin
Xna+ equivalenceratio of Nat ions in solution; g2+ concentration of
metal ions in resin (eq/L); Cy 2+ concentration of metal ions in solu-
tion (eq/L); Cnya+ concentration Na*t ions in solution (eq/L); qna+
concentration of Na* ions in resin (eq/L)

In this study separation factors (o) were calculated as 0.577 and
0.1029 for nickel and zinc removal. According to these values, it was
concluded that in removal processes using HCR S/S resins, adsorp-
tion tendencies of both ions are satisfying.

3.5. Adsorption isotherms

Results obtained for the adsorption of Ni2* and Zn2* ions were
analyzed with well-known adsorption models such as Langmuir,
Freundlich and Temkin.

0,12

0,1

Ce/qe

20

Fig. 6. Langmuir adsorption isotherm for removal of nickel and zinc on Dowex HCR
S/S.

3.5.1. Langmuir model

The Langmuir isotherm is a commonly applied model for
adsorption on a completely homogenous surface with negligible
interaction between adsorbed molecules [19]. The model assumes
uniform adsorption energies onto the surface and maximum
adsorption depends on saturation level of monolayer.

Langmuir model can be represented with the following linear
equation:

Ce 1 Ce

e~ W Ve @

where ge represents the mass of adsorbed heavy metal per unit
resin (mg/g), Vi is the monolayer capacity, k is the equilibrium
constant and Ce is the equilibrium concentration of the solution
(mg/L). k and Vi, were determined from the slope, intercept of the
Langmuir plot (Fig. 6).

3.5.2. Freundlich model
The Freundlich model is known as earliest empirical equation
and is shown to be consistent with exponential distribution of
active centers, characteristic of heterogeneous surfaces [20,21].
Freundlich equation is:

log qe = log K;+ % log Ce (8)

where Kr and n represent adsorption capacity and intensity, respec-
tively. K; is an important constant used as relative measure for
adsorption efficiency. The magnitude of the n shows an indication
of the favorability of adsorption. Values of n larger than 1 show the
favorable nature of adsorption [22].

The plot of log qe against log Ce, shows data for adsorption of
Ni2* and Zn%*onto HCR S/S cation exchange resin is fitting well to
the Freundlich isotherm (Fig. 7).

3.5.3. Temkin model
Temkin adsorption isotherm is expressed as:

ge =BIn A+BInC. (9)

where A is Temkin constant representing adsorbat-adsorbat inter-
actions and B is another constant related with adsorption heat [23].

Temkin isotherm takes into account the adsorbing species—
adsorbent interactions. Isotherm constants A and B can be deter-
mined from plot of ge versus In Ce (Fig. 8).

From Table 2 it is seen that value of A is larger for Ni 2* than Zn2*.
This means in cation exchange processes by using HCR S/S, adsor-
bate/adsorbate interactions are more effective for nickel comparing
with zinc.
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Fig. 7. Freundlich adsorption isotherm for removal of nickel and zinc on Dowex HCR
S/S.
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Fig. 8. Temkin adsorption isotherm for removal of nickel and zinc on Dowex HCR
S/S.

All constants determined from Langmuir, Freundlich and Temkin
isotherms are given in Table 2.

3.6. Kinetics of adsorpiton

Adsorption Kkinetics provide valuable information about the
mechanism of adsorption [24]. Rate of adsorbate uptake, which is
required for selecting optimum operating conditions for the full-
scale batch process, can be described with adsorption kinetics [25].

Kinetic studies for nickel and zinc were performed by using dif-
ferent concentrations (50,100,150 mg/L). Optimum conditions were
used during these experiments. pH was adjusted to 4 and 6 and
resin mass was 0.2 and 0.3 g for nickel and zinc. Samples were taken
with different time intervals ranging between 5 and 300 min. Plots
of heavy metal concentration against time are in Fig. 9(a) and (b).

As seen from Fig. 9(a and b), maximum amount of nickel and zinc
ions were adsorbed within the first 90 and 120 min, respectively.
After these periods adsorption processes exhibit slower rate and
reach equilibrium.

Table 2
Isotherm parameters calculated for nickel and zinc removal on Dowex HCR S/S.
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Fig. 9. Kinetics of adsorption of zinc (a) and nickel (b) onto Dowex HCR S/S cation
exchange resin.

Chemical sorption mechanism for nickel and zinc can be
expressed with the following reactions:

Ni** 4+ 2RNa — RyNi + 2Na+ (10)
Zn?* + 2RNa — RyZn + 2Na*t (11)

Rate constants (k7 and k) of pseudo-first- and -second-order kinet-
ics were calculated from experimental data obtained from related
reactions.

3.6.1. Pseudo-first-order reaction kinetic
Simple linear equation for pseudo-first-order reaction kinetic is
given below [26]:

In(ge — qr) =1In ge — kqt (12)

where k; is the rate constant of the first-order adsorption, g; is
the amount of heavy metal adsorbed at time ‘t’ (mg/g) and ge is
the amount of heavy metal adsorbed at saturation (mg/g). Plot of
In(ge — q¢) versus t allows calculation of the rate constant k; and ge
for nickel and zinc removal (Fig. 10(a) and (b)).

Metals Langmuir isotherm constants Feundlich isotherm constants Temkin isotherm constants

Vi k R? K¢ R? A B R?
Ni%* 156.25 2 0.93 68.51 4.38 0.89 337.58 15.02 0.80
Zn?* 222.22 4.5 0.99 138.48 1.92 0.98 62.82 37.30 0.95
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Table 3

Comparison of adsorption rate constants, experimental and calculated g. values for the pseudo-first- and -second-order reaction kinetics of removal of nickel and zinc by
Dowex HCR S/S.

Metals Initial metal e experimental (ME/g) Pseudo-first-order Pseudo-second-order

concentration (mg/L)

kq (1/min) e calculated (Mg/Z) R? k> (g/mgmin) (e calculated (M/8) R?
Ni2* 50 16.66 4.99 x 102 8.15 0.8843 329 x 102 16.80 0.9978
100 32.88 3.90 x 102 17.63 0.9624 7.3x1073 33.44 0.9996
150 49.56 4.80 x 102 38.83 0.9797 3.46 x 102 50.76 0.9991
Zn?* 50 24.00 2.59 x 102 13.00 0.9458 3.56 x 102 25.18 0.9949
100 49.56 251 x 102 4921 0.9596 6.6x 1073 55.24 0.9783
150 72.55 479 x 102 64.16 0.9919 2.0x 104 74.62 0.999
3.6.2. Pseudo-second-order reaction kinetic 20
Pseudo-second-order reaction kinetic can be expressed as [27]: 18 4 * 50 mg/L (@)
16 m 100 mg/L
iz Lz_i_i (13) 14 4 150 mg/L
qc kyqé  Ge 12 4
- 10 4
where k, (g/mgh) is the pseudo-second-order rate constant, ge the s 84
amount adsorbed at equilibrium and g; is the amount of metal
adsorbed at time ‘t'. A
Similar to the pseudo-first-order reaction kinetic, e and k, can 47
be determined from the slope and intercepts of plot t/q; versus t 2 A
(Fig. 11(a) and (b)). 0 ‘ ; T ‘ T .
Calculated rate constants (k; and k;), adsorbed amounts of 0 50 100 150 200 250 300 350
heavy metals per unit resin mass (qe) and linear regression correla- time (min)
tion coefficients (R?) for pseudo-first- and -second-order reaction
. . . . 14
kinetics are summarized in Table 3. In pseudo-second-order reac- (b)
tion kinetic, calculated values of ge are closer to experimental values 2l ¢ o0 Mgl
for both nickel and zinc. Furthermore as seen from Table 3, corre- = 100 mg/L
lation coefficients are higher for second order kinetic studies. 10 1 Eadimg/L
8 -
g 6
(a) 6
& 50 mg/L 4
4 7 m 100 mg/L
2] 150 mg/L 21
2 4l 04 ‘ . : ; : :
o 0 50 100 150 200 250 300 350
i:! 27 time (min)
4 4
Fig. 11. Pseudo-second order reaction kinetics for the adsorption of nickel (a) and
6 A zinc (b) onto Dowex HCR S/S cation exchange resin.
-8 T T T 1
0 50 100 150 200
: : 4. Conclusions
time (min)
(b) 6 The aim of this work was to investigate removal of nickel and zinc
y ] 50 mgll from aqueous solutions by using Dowex HCR S/S cation exchange
4 = 100mg/L resin. Optimal removal conditions for both metals were determined
2 150mg/L with batch experiments. lon exchange process was pH-dependent
= 01 " and optimal removal efficiencies for nickel and zinc were obtained
g’ 2 4 at pH 4 and 6, respectively. Adsorption of nickel ions reached equi-
g 4 librium faster (within 90 min) comparing with zinc ions (within
" 120 min). Equilibrium distribution coefficients (D) were calculated
as 5.80 x 10* and 2.25 x 10* whereas separation factors o were
5id 0.577 and 0.1029 for nickel and zinc removal.
-10 1 Experimental results were evaluated with Langmuir, Freundich
-12 T T ‘ ‘ T T and Temkin isotherms. In addition to higher values of correlation
0 50 100 1t?r?-19 (mﬁqo)o 250 300 350 coefficients, monolayer capacities (V) determined from Lang-

Fig. 10. Pseudo-first-order reaction kinetics for the adsorption of nickel (a) and zinc
(b) onto Dowex HCR S/S cation exchange resin.

muir isotherm and adsorption intensities (n) determined from
Freundlich isotherm indicate appropriateness of Langmuir and Fre-
undlichisotherms for both metals. In Temkin isotherm, it was stated
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that adsorbate/adsorbate interactions are weaker for zinc removal
due to smaller values of Temkin constant (A).

Pseudo-second-order reaction kinetic has provided a realistic
description for removal of Ni2* and Zn%* with closer experimental
and calculated values of ge. Also correlation coefficients are higher
in pseudo-second-order kinetics.

Experimental and theoretical results of this study demonstrate
that Dowex HCR S/S cation exchange resin is suitable for adsorption
of nickel and zinc from aqueous solutions.
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