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ABSTRACT

In this research study, the feasibility of removal of nickel ions was evaluated by utilizing a
strong acid cation exchange resin 001 x 7. Parametric experiments were performed in a sha-
ker in order to determine the effect of process variables like pH, resin dose, initial metal
concentration, agitation speed and temperature on the metal removal efficiency and uptake.
It was observed that 88% of metal removal was achieved at optimal pH 5.0 at an initial
metal concentration of 100 mg/L. With higher resin dose, the removal efficiency increased
and higher concentrations of metal required more equilibrium time for maximum removal.
The experimental data were fitted to two kinetic models and pseudo-first-order model was
found to fit well based on the values of correlation coefficient. The pseudo-first-order rate
constant was found to be 2.1 x10* g/mg min for an initial nickel concentration of 100 mg/
L. An inverse relation was found to exist between pseudo-first-order rate constant and
initial metal concentration. The initial exchange rate and rate constant of the pseudo-
second-order model were also evaluated. Fourier transform infrared spectroscopy studies

were performed to verify the ion exchange mechanism.
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1. Introduction

Development and growth of mining, metallurgy,
aircraft, electroplating and storage battery industries
have led to the release of huge volumes of industrial
effluents which are contaminated with toxic non-
biodegradable heavy metals. Based on the strict regu-
lations on discharge standards imposed by legislative
bodies, environmental engineers and researchers have
started working on developing a new technology for
the effective treatment of heavy metal-polluted waters.
Due to their high solubility, heavy metals enter the
food chain through aquatic dissolution and tend to
accumulate in the human body [1].Toxic heavy metals

of high priority include zinc, copper, nickel and lead.
Nickel enters the environment through the industrial
activities like mining and metallurgy of nickel, electro-
plating, stainless steel, pigment and ceramic industries
[2,3]. Nickel exceeding its permissible level is reported
to cause serious lung and kidney diseases, gastrointes-
tinal disorders, pulmonary fibrosis and skin dermatitis
[4,5]. In addition, nickel is present as an enzyme com-
ponent and participates in the biochemical reactions
such as methane biogenesis, acidogenesis and urolysis
[6]. Conventional methods like chemical precipitation,
adsorption, reverse osmosis, solvent extraction and
coagulation suffer from demerits like low removal
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efficiency, high capital and running cost and produc-
tion of toxic sludge [7]. Ion exchange is proposed as a
suitable alternative for the conventional methods
already used for the removal of heavy metals. Ion
exchange is categorized as a unique unit operation
involving electrostatic forces, and shares some com-
mon features with adsorption. Ion exchange resin can
be of natural or synthetic in its origin and possesses
specific and selective ability to exchange its cations
with the metal ions present in the industrial wastewa-
ter [4]. Jon exchange method using different resins
have been successfully applied for the removal of met-
als [8-11]. Ion exchange using strong acid cationic res-
ins is an attractive option for the removal of cations
from industrial wastewaters. To elucidate the mecha-
nism of metal transport in this process, it is very
important to know the exchange phenomenon at the
solid-liquid interface [12]. Kinetic data on sorption is
required for the design and efficient operation of ion
exchange process [13]. Cationic resin, Dowex HCR-S
resin, has been utilized and the kinetic and thermody-
namic studies were performed for the removal of
nickel [14], cadmium [15] and zinc [16]. The maximum
adsorption capacities of Pb(Il), Cu(l) and Zn(II)
using red loess were estimated to be 113.6, 34.2 and
17.5mg/g, respectively, at 25°C and pH 6 [17]. In this
context, the present study is aimed to investigate the
removal of Ni(Il) cations using a strong acid cationic
exchange resin 001 x 7. During the study, effect of var-
ious process conditions like initial pH, amount of
resin, speed of agitation, initial metal concentration
and operating temperature on the metal removal was
evaluated. In addition, the kinetic experiments were
conducted to evaluate the mechanism of metal
removal.

2. Materials and methods
2.1. Resin preparation and metal solution

The strong acid cationic resin—001 x 7 contains sul-
phonic acid (-SOsH) as the functional group. There
are—SOz;H groups on styrene-based polymer and the
acidity of this resin is similar to HCI and H,SO,. This
cation exchange resin has moisture content in the
range of 45-55% and was used for water softening
applications. The particle size of the supplied resin
was in the range of 0.42-1.2 mm in diameter. The resin
was washed with deionized water (Millipore Milli-Q)
repeatedly for several times and dried at 50°C in a
vacuum oven for 12h. The sample metal solutions
containing Ni(Il) ions was prepared by diluting
1,000mg/L of Ni (NO3),-6H,O standard solution
(Merck, Germany) with deionized water. The pH of
the working solution was maintained using analytical
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Table 1

Properties of the resin

Property Units Value
Moisture % 45-52
Granularity %o 295
Effective grain size mm 0.40-0.70
Uniformity coefficient <1.6

pH range 1-14
Maximum operating temperature C <100
reagent grade HCI, NaOH and buffer solutions

(Merck, Germany). The properties of the resin are
presented in Table 1.

2.2. Experimental procedure

Optimization of process conditions was done by
conducting a series of planned experiments. Batch ion
exchange experiments were conducted by placing a
sample of 100 mL of the metal solution and agitated in
an orbital shaker at different experimental conditions
based on the experimental design for an equilibrium
time of 150 min, which was fixed using preliminary
experiments. The effect of pH was studied in the
range of 2.0-9.0 at fixed operating conditions. The
adjustment of pH of the samples was done by adding
either 0.1 N HCI or NaOH as the buffering agent. Dif-
ferent resin quantities ranging from 0.25 to 2.0g/L
was tested at optimal pH and an initial metal concen-
tration of 100mg/L. The effect of different initial
nickel concentrations on the percentage metal removal
was studied in the range of 0-100 mg/L at a predeter-
mined optimal pH and resin quantity. In succession,
the effect of speed of rotation was studied in the range
of 0-300 rpm and the effect of temperature at 303, 308
and 313K, respectively. At fixed time intervals, a
sample of solution was withdrawn and filtered. The
filtered sample was analyzed for residual metal con-
centrations using UV spectrophotometer (Biochrom,
UK) at an analytical wavelength, Amn.x of 420 nm. The
kinetic experiments were performed to elucidate the
exchange mechanism and to find the effect of concen-
tration on the rate of ion exchange process. Pseudo-
second order and intra particle diffusion models were
fitted to the experimental data and linearity of fit is
verified. The metal uptake was calculated by using the
following Eq. (1):

g=(Co—Ce)V/R (1

where g is the amount of metal adsorbed by the resin
at any time, ¢ (mg/g); Cp and C. are the initial and
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final nickel concentrations (mg/L), respectively; V is
the volume of sample solution (L) and R is the resin

quantity (g).
The percentage nickel removal is defined by

% nickel removal = w x 100 )
0

2.3. Kinetic models
2.3.1. Pseudo-first-order model

The pseudo-first-order kinetic model is represented
as (Eq. 3)):

In (ge—q) = Inge—kqt 3)

where g, is the amount of metal adsorbed by the resin
at equilibrium (mg/g) and k; is the first order rate
constant (g/mgmin). The slope and intercept of the
linear plot In (g.—¢) vs. time will give the values of
the model constants.

2.3.2. Pseudo-second-order model

The pseudo-second-order model [18] can be repre-
sented in the following form:

t 1 t
b1t @
q (h2) de

where g, is the amount of dye adsorbed at equilibrium
(mg/g), ha(=kag?) is the initial exchange rate
(mg/gmin) and the pseudo-second-order constant
k> (g/mgmin) can be determined experimentally from
the slope and intercept of plot é vs, t.

2.4. Characterization of the resin

Fourier transform infrared spectroscopy (FTIR)
was used to identify the different chemical functional
groups present in the ion exchange resin. FTIR analy-
ses also helps in identifying the functional groups
which are responsible for the nickel binding with the
strong acid cation resin. The analysis was carried out
in the spectral range varying from 4,000 to 400 cm ™.

All spectra were obtained using a PerkinElmer
Spectrum BX-FTIR.

3. Results and discussion
3.1. Effect of pH

pH is reported as a vital operating variable for all
processes which involves surface sites for transfer of
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components [19]. Fig. 1 depicts the effect of pH on the
metal removal efficiency studied over the range of
2.0-9.0 at fixed initial metal concentration of 100 mg/L.
Maximum removal percentage (88%) was observed at
pH 5.0 and was used for all other parametric experi-
ments conducted. Low removal efficiencies in the
highly acidic pH conditions of 2.0-4.0 was attributed to
the excessive presence of protons which can compete
with the Ni** cations in the ion exchange process. But,
the removal percentages were observed to decrease
after pH 5.0, which could be due to the precipitation of
nickel ions. In addition, the electrostatic effects and cre-
ation of strong fields are reported to change with the
pH of the solution. Similar observations on the pH
experiments were reported on zinc, copper and lead
removal using Dowex 50 W resin [20]. It is generally
reported that uptake of heavy metal ions onto a cation
exchanger resin like D-001 is non-specific in an ion
exchange process and high acidity is undesired for bet-
ter metal removal [21]. Higher removal efficiency of
99% was reported to be achieved using strong acid cat-
ion exchange resin for lead removal at pH 5.0 [22].
Blank experiments were also conducted without resin
in order to verify the possibility of precipitation as the
mechanism of metal removal and no precipitation was
observed during the studies.

3.2. Effect of resin quantity

Effect of the cation resin dose on the metal removal
efficiency and uptake was studied by varying the
amount of resin added in the range of 0.25-2.0g/L at
optimal pH of 5.0. Fig. 2 explains the effect of resin
quantity on the performance factors and the metal
removal efficiency was found to increase with increase
in resin dose. From the plot, it was noticed that the

100 4
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% Ni removal

2 3 4 5 6 7 8 9
Solution pH

Fig. 1. Effect of pH on nickel removal using resin 001 x 7
(t=150min, Co=100mg/L, speed = 150 rpm).
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removal efficiency increases exponentially with the
resin dose in the range of 0.25-1.0 g/L, followed by a
flat trend in the range of 1.0-2.0g/L. This effect was
related to the availability of more surface sites for ion
exchange and increased surface area for metal-resin
contact at higher resin doses. The rate of ion exchange
depends on the availability of free surface sites. During
the initial stages of contact, the exchange rate was
observed to be high followed by a decrease, due to the
saturation of ion exchange sites. But the metal uptake
was found to decrease with increase in resin dose,
which is attributed to insufficiency of metal ions for
corresponding higher resin doses and binding sites
interferences [7].

3.3. Effect of initial metal concentration

Fig. 3 presents the effect of initial nickel concentra-
tion on the percentage removal under fixed conditions
of pH 5.0 and resin dose =1.0 g/L with an equilibrium
time of 150 min. The concentration of nickel was var-
ied from 50 to 200 mg/L and the removal efficiency
was observed to decrease with increase in metal con-
centration. This phenomenon was related to the avail-
ability of same number of ion exchange sites for
different concentration and limited availability of free
surface with the cation exchange resin [19]. The exper-
imental observations revealed that the removal effi-
ciency increased with increase in time of equilibration
and reached a steady state after 150 min. Studies on
chromium removal with identical metal concentrations
was reported to have same behaviour with respect to
the effect of initial concentration [23].

3.4. Effect of agitation speed

A set of experiments was conducted to investigate
the effect of agitation speed on metal uptake; the

100 r 120
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© 50 + 60 g ——% Ni removal
Z 401 L 40 > metal uptake
* 30 - %
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0 0

0.25‘ 0.5‘0.75‘ 1 ‘ 1.5‘ 2
Resin quantity,g/L

Fig. 2. Effect of resin quantity on % nickel removal using
resin 001 x7 (t=150min, Cy;=100mg/L, pH 5.0, speed =
150 rpm).
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Fig. 3. Effect of initial nickel concentration on % metal
removal using resin 001 x7 (t=180min, pH 5.0, speed =
150 rpm).

initial concentration of nickel and pH were 100 mg/L
and 5.0, respectively. The agitation speed was varied
in the range 0-200rpm. The metal uptake increased
with speed up to 150 rpm and this effect was related
to the stirring velocity in the system. The ion exchange
process should be controlled by either chemical rate
or intraparticle diffusion or both. The stirring velocity
always influences the external diffusion in the liquid
film. The optimal agitation speed was found to be
150 rpm and is shown in Fig. 4. The independence of
metal uptake at speeds greater than 150 rpm confirms
the presence of more than one rate-controlling mecha-
nisms. Similar observations were reported in the ion
exchange removal of copper (II) ions using Purolite C
100: MB resin [12].

3.5. Effect of temperature

Fig. 5 shows the effect of operating temperature on
the nickel uptake at constant experimental conditions
of initial metal concentration 100mg/L, pH 5.0 and
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Fig. 4. Effect of speed of rotation on metal uptake using
resin 001 x 7 (f =120 min, Cy=100mg/L, pH 5.0).
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speed of agitation 150 rpm. The metal uptake capaci-
ties increased with increase in temperature and thus
confirmed the endothermic nature of the ion exchange
process. The ion exchange resins working capacity
was reported to be strongly influenced by tempera-
tures and metal concentration. In addition, the surface
energy of the resin increases with temperature. Studies
on the removal of divalent metal cations using Dowex
50W resin have reported similar results [24].

3.6. Ion exchange kinetics

Kinetic experiments are required to elucidate the
mechanism of the transfer process and thus play a sig-
nificant role in the design of the ion exchange systems.
Determination of rate of the metal uptake is required
for the selection of optimal operating conditions for
the batch ion exchange systems. Kinetic studies help
to determine the metal uptake rates. In this study, the
kinetics of the ion exchange process was studied at
different metal concentrations namely 50, 100, 150 and
200mg/L. All other parameters were fixed at optimal
conditions based on the parametric experiments.

The ion exchange process mechanism [14] can be
expressed as given below in Eq. (5):

Ni%* 4 2R — Na — R,Ni +2Na* ®)

The experimental data were fitted to linearized
forms of equations of the pseudo-first-order and
pseudo-second-order models, and plotted as Figs. 6
and 7. The linearity of the data was verified using cor-
relation coefficient and the pseudo-first-order model
was found to fit the results with the values of R*>
0.950. The kinetic constants, namely the rate constants
(k1, k) and uptakes (g.), were estimated from the
slopes and intercepts of the kinetic plots. Table 2
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Fig. 5. Effect of temperature on metal uptake using 001 x 7

(t =150 min, Cy=100mg/L, pH 5.0, speed = 150 rpm).
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Fig. 6. Pseudo-first-order kinetic model plot for the
removal of nickel.

presents the values of the kinetic constants for the two
models selected at different initial metal concentra-
tions. The change in rate constant with respect to the
metal concentration was discussed with the best fit
model, pseudo-first-order model, rate constant (k)
and it was observed that the rate constant decreased
with increase in metal concentration. This behaviour
was due to the increased rate of mass transfer with
increase in concentration gradient [25].

3.7. FTIR analysis of the resin

To investigate the role functional groups of the
resin on nickel removal, a FTIR study was carried out

7007 ¢50 mg/L
6.00 - 8 100 mg/L
150 mg/L
5.00 | %200 mg/L
4.00 |
o
=
3.00
2.00 -
1.00 |
0.00 T T 1
0 50 100 150

Time(min)

Fig. 7. Pseudo-second-order kinetic model plot for the
removal of nickel.
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Table 2 0.00029 -
Kinetic model constants 0.00027 -
Initial nickel concentration X 0.00025 -|

Kinetic model (mg/L) 5 000023

50 100 150 200 € 000021 .
Pseudo-first order o
ge (mg/g) 27.95  48.07 565 61.04  © 0.00019-
ki x10* (gmg 'min™") 267 21 1.89 1.86 0.00017 -
rR? 098 098 097 0.952

0.00015 T T T !
50 100 150 200

Pseudo-second order Concentration of Nickel (mg/L)
ge (mg/g) 3378 9434 13158  196.08
hy (mgg ' min™") 1.693 1731 1767  1.784
krx10* (gmg 'min") 5.1 0.65 0.33 0.145 Fig. 8. Variation of best fit model rate constant with metal
R? 0984 095 094 091 concentration.
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Fig. 10. FTIR spectrum of Ni loaded resin.

and the spectra before and after contact with the metal
were shown in Figs. 8 and 9. The ion exchange resin
displayed a number of absorption peaks, reflecting
their complex nature. The absence of the peaks at
1,007 and 1,038 cm ™" corresponding to S-OH and S=O
functional groups was observed in the FTIR spectrum
and thus, confirmed the involvement of these func-
tional groups in binding of Ni(I). The shifts in the
absorption peaks generally observed indicate the exis-
tence of a metal binding process on the ion exchange
resin (Fig. 10).

4. Conclusions

Experimental data on the ion exchange studies
were obtained for the removal of nickel using 001 x7
resin. Optimal removal conditions were estimated
with batch experiments. lon exchange process was

found to be strongly driven by the pH, and the opti-
mal pH was found to be 5.0 which yielded a maxi-
mum nickel removal of 88%. The resin dose was
found to have a positive effect on metal removal effi-
ciency, whereas the uptake decreased with increase in
resin dose. The removal efficiency decreased with
increase in metal concentration due to the reduction
on exchange sites/metal ions ratio. The optimal speed
of agitation was found as 150 rpm. This ion exchange
process was observed to be endothermic in nature
which favoured higher temperatures for better perfor-
mance. Pseudo-first-order model fitted well to the ion
exchange kinetic data and the model constants were
valuated at different nickel concentrations. The experi-
mental observations and theoretical validations con-
firm the applicability of the strong acid cation
exchanger resin 001 x7 for the successful removal of
nickel ions from aqueous solutions.
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