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ABSTRACT

The capacity of a strong cation-exchange resin for removal of nickel from aqueous
solutions was investigated under different conditions such as contact time, initial nickel
ion concentration, stirring speeds, solution pH, and resin dose. The equilibrium isotherm
data were analyzed using Langmuir, Freundlich, Temkin, Elovich, Fowler-Guggenheim,
Kiselev, Hill-de Boer, Jovanovic, Hill, and Koble—Corrigan isotherms. Correlation
coefficients indicated the following order to fit isotherms: Langmuir > Koble—Corrigan
> Freundlich > Hill > Jovanovic > Temkin > Hill-de Boer > Fowler-Guggenheim > Kiselev >
Elovich. On the basis of the lowest values of the four error functions studied, Hill model
provided the best correlation for the experimental data. The kinetic data were analyzed using
pseudo-first-order, pseudo-second-order, and Elovich model. Intra-particle diffusion model
and the liquid film diffusion model were used to investigate the adsorption mechanism.
Kinetic studies showed that the adsorption of Ni** ions onto ion-exchange resin followed Elo-
vich kinetic model, and indicates that the intra-particle diffusion controls the rate of adsorp-
tion. Furthermore, separation factors and distribution coefficients of nickel were calculated.

Keywords: Ton exchange; Nickel(Il); Equilibrium isotherms; Kinetic models; Diffusion models;

Error analysis

1. Introduction

Heavy metals can be distinguished from other pol-
lutants, since they are not biodegradable and can lead
to accumulation in living organisms, causing various
diseases and disorders, even if the metal concentration
in water is relatively low [1,2]. The metals of most
immediate concern are cadmium, chromium, cobalt,
copper, lead, nickel, mercury, and zinc. The effluents

*Corresponding author.

from metal finishing processes may contain up to
10 mg/L of copper, chromium, nickel, and zinc [3].
Nickel is a toxic heavy metal that is widely used in the
production of stainless steel, electroplating, zinc base
casting, and storage battery industries [4]. The current
technologies for the removal of nickel include chemical
precipitation, electro dialysis, membrane filtration, and
activated carbon adsorption [5-7]. However, there is a
need to develop cost-effective technologies for treating
the wastewater that reduce metal ion concentrations to
environmentally acceptable levels [8,9].
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Adsorption or biosorption have been found to be
very effective recently due to its properties which can
be used in wastewater treatments with the advantages
of simplicity in operation, lowcost, and insensitivity to
toxic substances compared to other separation meth-
ods [10,11]. Adsorbents like cassava peel, Cymbopogon
citratus (lemon grass), Bacillus laterosporus (MTCC
1628), cashew nut shell, rice husk, activated carbon,
chitosan, zeolite, and fly ash have been proven to be
useful for the removal of nickel ion from wastewater
[12-18]. However, ion-exchange technology is more
efficient in ion removal from the wastewater. Ion
exchange can remove approximately about 97% of
nickel ion from wastewater [19-21].

Adsorption isotherms are used to describe how
heavy metal ions interact with adsorbent materials, so
modeling of adsorption isotherm data is important for
predicting and comparing adsorption performance:
such as the calculation of the capacities of adsorbents
[22-28]. Two, three, and even four-parameter isotherm
models are developed for modeling adsorption data.
Langmuir and Freundlich models are used to describe
the adsorption isotherm and are usually preferred
because spite of their simplicity, they can be easily lin-
earized. In spite of this, few three parameter models
such as Redlich-Peterson and Sips model were also
used to describe the adsorption isotherm with high
accuracy [29-32]. When adsorption is concerned, ther-
modynamic and kinetic aspects should be involved to
know more details about its performance and mecha-
nisms [33,34]. Linear least-squares method is widely
used for the determination of the isotherm parameters
and the most fitted model with the magnitude
regression correlation coefficients that close to unity.
Nevertheless, nonlinear optimization provides a math-
ematically rigorous method for determining isotherm
parameter values with a number of error analysis
techniques [22,35].

The present work aims to examine the sorption
properties of a strong cationic exchange resin towards
nickel ion. The influence of experimental parameters
such as contact time, adsorbent dose, stirring speed,
solution pH, and initial nickel concentrations were
studied at 25°C. The kinetic and equilibrium data of
adsorption studies were processed to understand the
adsorption mechanism of the nickel ions onto the
cationic-exchange resin.

2. Materials and methods
2.1. Materials

All the chemicals used were of analytical reagent
(AR) grade. IR 120H strong acid cationic-exchange resin
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was used. A stock solution of nickel (1,000 mg/L) was
prepared by dissolving NiCl,-6H,O in double distilled
water. The concentration range of nickel prepared from
stock solution varied between 500 and 1,000 mg/L.

2.2. Methods

The concentrations of nickel in the solutions before
and after removal by the cationic resin were deter-
mined by atomic absorption spectrometer. The solu-
tion pH was adjusted by dropwise of 0.1 M NaOH or
0.1 M HCI solutions and measured by pH meter.

2.3. Adsorption isotherms

Batch adsorption experiments were carried out at
the room temperature of 25°C in Erlenmeyer flasks
(250 mL) by adding 0.5-4 g resin and 100 ml of nickel
chloride solution of specific concentration. The concen-
tration of Ni** solution was varied from 500 to
1,000 mg/L.

The samples were stirred using a mechanical stir-
rer for a contact time ranging from 5 to 150 min. Stir-
ring speed varied from 50 to 1,300 rpm. After each
experiment, the contents were filtered through a filter
paper neglecting the first 5 ml of the filtrate in order
to saturate the filter paper with nickel chloride solu-
tion. Concentrations of nickel ions in the filtrate were
then determined by atomic absorption spectropho-
tometer. All the experiments were performed in dupli-
cates. The percentage removal of nickel from the
aqueous solution was calculated according to the
following equation:

Removal % = GG

100 1
c. X ¢))

The amount of nickel adsorbed at equilibrium, g
(mg/g), was calculated by the following mass balance
relationship:

C]e:CO—CeX% 2

where C, and C. are the initial and equilibrium
liquid-phase concentrations of nickel, respectively
(mg/L), V the volume of the solution (L), and m is the
weight of the adsorbent used (g).

3. Results and discussions
3.1. Effect of contact time

Adsorption of nickel was determined at given con-
tact time for six different initial Ni** concentrations of
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500, 600, 700, 800, 900, and 1,000 mg/L. IR 120 H resin
was used as an adsorbent in bench scale studies.
Fig. 1 shows that the percentage removal of nickel
from the aqueous solution by resin is higher at the
beginning of the adsorption process. This is probably
due to larger surface area of the resin available at the
beginning for adsorption of Ni*" ions. As the surface
adsorption sites become exhausted, the uptake rate is
controlled by the rate at which the adsorbate is trans-
ferred from the exterior to the interior sites of the
adsorbent particles. The maximum percentage removal
of nickel by resin was attained at about 40 min of
shaking time for all concentrations.

3.2. Effect of initial concentration

The initial concentration of metal ion provides an
important driving force to overcome all mass transfer
resistances of metal ions between the aqueous and
solid phases [36]. The sorption of Ni** ions onto vari-
ous adsorbents was carried out at different initial Ni**
ion concentrations ranging from 500 to 1,000 mg/L.
Fig. 2 shows that by increasing the concentration grad-
ually, there is a decrease in the percentage removal of
nickel ions from the aqueous solution. As the ratio of
sportive surface to ion concentration decreased with
increasing metal ion concentration and so metal ion
removal was reduced. At low initial concentration of
metal ions, more binding sites are available. But as the
concentration increases, the number of ions competing
for available binding sites in the biomass increased
[371.

3.3. Effect of adsorbent dose

The effect of the adsorbent dose was studied by
varying the sorbent amounts from 0.5 to 4 g/100 ml.
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Fig. 1. Effect of contact time on removal of Ni** ions.
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This effect was studied for initial concentrations of
nickel (500, 600, and 800 mg/L). Fig. 3 reveals that the
percentage removal of nickel ion from aqueous solu-
tion increases by increasing the adsorbent dose of the
cation resin. The number of available adsorption sites
increases by increasing the adsorbent dose and this
results in an increase in removal efficiency. As
expected, the equilibrium concentration decreases with
increasing adsorbent doses for a given initial nickel
concentration [38].

3.4. Effect of stirring speed

Stirring is an important parameter in adsorption
phenomena, influencing the distribution of the solute
in the bulk solution and the formation of external
boundary film. Fig. 4 shows the adsorption rate of
Ni** ion using resin at different stirring speeds (50,
250, 565, and 1,300 rpm), and different concentrations
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Fig. 3. Effect of adsorbent dose on removal of Ni** ions.
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(500, 800, and 1,000 mg/L) within contact time of
60 min. It is clear from Fig. 4 that with increasing stir-
ring speed, the percentage removal of nickel ion
increases until stirring speed of 250 rpm, and then
decreases. The increasing in ion-exchange capacity can
be explained by the fact that increasing stirring speed
reduces the film boundary layer surrounding ions,
thus increasing the external film transfer coefficient,
and hence the adsorption capacity. Similar result was
also reported in the literature [39]. On the other hand,
high stirring speeds above 250 rpm can cause desorp-
tion of Ni** ions metal since the metal ions leave the
binding sites and transfer to the solution, resulting in
low adsorption capacity and accordingly low percent-
age removal.

3.5. Effect of pH

The pH of solution is one of the most important
parameters controlling uptake of heavy metals from
aqueous solution. The effect of pH on the sorption of
Ni** ions was tested at different pH values (2.0-9.0).
The results indicated that the maximum uptake of
Ni** ions occurred at initial pH of 5.0 for the resin.
The adsorption capacity of the resin increased with
the increase in pH of the aqueous solution. This can
be explained on the basis of decrease in competition
between protons (H* ions)/(Na*) and metal cations
(Ni** ions) for the functional group (-SOj3) for the
strong acid resin, resulting in a lower electrostatic
repulsion between the surface of the adsorbent and
Ni** ions [40]. After pH 5, it decreases very slowly up
to pH 9. The decrease in adsorption at higher pH may
be attributed to the hydrolysis of Ni** in the solution,
and therefore the separation may not be due to
adsorption.
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Fig. 4. Effect of stirring speed on removal of Ni** ions.
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3.6. Adsorption isotherms

Adsorption isotherm expresses the relationship
between the amounts of adsorbate removed from the
liquid phase by unit mass of adsorbent at a constant
temperature. The parameters of equilibrium isotherms
often give useful information on sorption mechanism,
surface properties affinity of the adsorbent. It is there-
fore important to determine the most suitable correla-
tion of equilibrium curves in order to optimize the
conditions for designing adsorption systems [41].

In this study, the Langmuir, Freundlich, Temkin,
Elovich, Fowler-Guggenheim, Kiselev, Hill-de Boer,
Jovanovic, Hill, and Koble—Corrigan isotherms were
tested to analyze the equilibrium data, and the results
are shown in Fig. 5.

The Langmuir isotherm is used to describe adsorp-
tion phenomena and is based on the assumption that
up take occurs on a homogenous surface by mono-
layer sorption without interaction between adsorbed
molecules. The linear form of the Langmuir isotherm
equation can be expressed as [42]:

1 1 1 1
+ — 3)

m

%:KLquxa

where g, is the maximum monolayer adsorption
capacity (mg/g) and K is the Langmuir constant
which is related to the heat of adsorption (L/mg).
From Table 1, the correlation coefficient (R®) is very
high (0.972), indicating a best fit of the monolayer
Langmuir isotherm to the adsorption of Ni** by the
resin. The monolayer adsorption capacity for Ni(II)
removal was 27.868 mg/g as shown in Table 1.

Essential features of the Langmuir isotherm can be
expressed in terms of dimensionless separation factor
(Rp) given by [43]:

1

R =——
L1713k xG,

4)

The value of separation factor Ry indicates either the
adsorption isotherm to be unfavorable (Rp > 1), favor-
able (0< Ry >1), linear (Rp=1), or irreversible
(Rp = 0). The values of R, were in the range of 0-1 (in
range of 0.644-0.783), indicating the favorable adsorp-
tion of Ni** on the resin.

The Freundlich sorption isotherm [44], is one of
the most widely used mathematical descriptions, usu-
ally fits the experimental data over a wide range of
concentrations. This isotherm gives an expression
encompassing the surface heterogeneity, the exponen-
tial distribution of active sites and their energies; it is
expressed by the following equation:
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Fig. 5 Comparison of experimental and predicted isotherms of Ni** sorption based on error function of HYBRID (a), ARE

(b), EABS (c), and MPSD (d), cation-exchange resin.

1
log g. = log K¢ + n—log Ce. ®)
£

where Kg (mg/g) (mg/L)!/", and n¢ are Freundlich

adsorption constants related to the adsorption capacity
and intensity of the adsorbents, respectively. The con-
stants were determined by the linear plot of log g. vs.
log Ce.

As can be seen from Table 1 the value of the corre-
lation coefficient (R?) was 0.969 for Ni** ions, which is
a high value and very close to that of Langmuir iso-
therm. Furthermore, if the value of n¢ lies between 1
and 10, it indicates a favorable adsorption [45]. The
value of n¢ obtained was 1.38, indicating a favorable
adsorption process.

The Temkin isotherm model unlike the Langmuir
and Freundlich isotherms takes into account the inter-
actions between adsorbents and metal ions to be
adsorbed and is based on the assumption that the free
energy of sorption is a function of the surface cover-

age [46]. The linear form of the Temkin isotherm
model is expressed by the following equation [47]:

ge=BInAr + Bln C, 6)
where B =RT/br, T is the temperature (K), R is the
ideal gas constant (8.314 J/mol K), and Ar and by are
constants. The constant B is related to the heat of
adsorption and A is the equilibrium binding constant
(L/mg), corresponding to the maximum binding
energy. The plot of g, vs. In C, enables the determina-
tion of Ar and B. The value of the regression coeffi-
cient R* was 0.952 as seen from Table 1 which is
lower than that of the both Freundlich and Langmuir
isotherm models.

The equation defining the Elovich [48] model is
based on a kinetic principle assuming that the adsorp-
tion sites increase exponentially with adsorption,
which implies a multilayer adsorption. It is expressed
by the relation:
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Table 1

Isotherm Constants for Ni** ions adsorption onto cation-exchange resin
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Isotherm model

Isotherm parameters

R? of isotherm model

Langmuir Im = 27.8682 0.972
K, = 0.00055

Freundlich Kg = 0.0519 0.969
n¢ = 1.3078

Temkin At = 0.00646 0.952
B = 476.9058
br = 5.195

Elovich Jm = 26.2215 0.556
Kg = 0.000576

Fowler-Guggenheim W = -34,032 0.842
Kpg =225 x107°

Kiselev k; = -0.0017 0.749
kn = —-6.61781

Hill-de Boer Ky = 2.148107° 0.856
K, =71822.53

Jovanovic K; = -0.0013 0.963
Jm = 3.1004

Hill Kp = 15042.753 0.968
ny = 0.7831
qsH = 701.53

Koble—Corrigan a = 0.052626 0.972
b=1727x10"°
Nk-¢0) = 0.873224

q e 0

6]7:1 — KgC, e im 7 KpsC, = 0 e 8)

where Kg is the Elovich equilibrium constant (L/mg)
and ¢, is the Elovich maximum adsorption capacity
(mg/g). If the adsorption obeys Elovich equation, Elo-
vich maximum adsorption capacity, and Elovich con-
stant can be calculated from the slopes and the
intercepts of the plot In(ge/Ce) Vs. ge. As shown from
Table 1, the value of the regression coefficient R* was
0.556 which is very low; therefore the adsorption of
nickel onto cation resin does not fit the Elovich
isotherm.

Fowler-Guggenheim [49] derived an isotherm
equation which takes the lateral interaction of the
adsorbed molecules into account. It has the following
explicit form:

where Kpg is the Fowler—-Guggenheim equilibrium
constant (L/mg), 6 the fractional coverage, R the uni-
versal gas constant (kJ]/mol K), T the temperature (K),
and W is the interaction energy between adsorbed
molecules (k]J/mol). Fowler-Guggenheim equation is
one of the simplest equations allowing for the lateral
interaction. The heat of adsorption varies linearly with
loading. If the interaction between the adsorbed mole-
cules is attractive (that is W is positive), the heat of
adsorption will increase with loading and this is due
to the increased interaction between adsorbed mole-
cules as the loading increases. This means that if the
measured heat of adsorption shows an increase with
respect to loading, it indicates the positive lateral
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interaction between adsorbed molecules. However, if
the interaction among adsorbed molecules is repulsive
(that is W is negative), the heat of adsorption shows a
decrease with loading. When there is no interaction
between adsorbed molecules (that is W = 0), this Fow-
ler-Guggenheim equation will reduce to the Langmuir
equation. As shown from Table 1, the value of the
regression coefficient R* was 0.842, which is lower
than that of Langmuir, Freundlich, and Temkin iso-
therms. The value of W was —34,032, indicating repul-
sive interaction among adsorbed molecules, and
showing a decrease in the heat of adsorption with
loading.

The equation of Kiselev [50] known as the adsorp-
tion isotherm in localized monomolecular layer is
expressed by:

0
ST T kD) v

where Kk is the Kiselev equilibrium constant (L/mg),
0 the fractional coverage, and k, is the constant of
complex formation between adsorbed molecules. A
plot of 1/C.(1—0) vs. 1/0 gives the slope k;, and
intercept kq x k,,. The value of the regression coefficient
R? was 0.7496 as seen from Table 1, which is lower
than that of the Langmuir, Freundlich, Temkin, and
Fowler-Guggenheim isotherm models.

Hill-de Boer model [51,52] describes the mobile
adsorption and lateral interaction among adsorbed
molecules by the equation:

0 ()-Ca)

Knice::Tjjag

(10)

where Kjy is the Hill-de Boer constant (L/mg), K5 is
the energetic constant of the interaction between
adsorbed molecules (J/mol). A positive K, value indi-
cates the attraction between adsorbed species and a
negative value means repulsion. The apparent affinity
is increased with loading when there exist the attrac-
tion between adsorbed species and it is decreased
with loading when there is repulsion among the
adsorbed species. When there is no interaction
between adsorbed molecules (i.e. K, =0), the Hill-de
Boer equation will be reduced to the Volmer equation.
The value of the regression coefficient R* was 0.8559
as seen from Table 1, which is lower than that of the
Langmuir, Freundlich, and Temkin isotherm models.
The value of K, was 71822.53 which is a positive
value, indicating attraction between adsorbed species,
which results in increasing affinity with loading.
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An adsorption surface assumption considered in
Jovanovic isotherm model [53] is similar to that con-
sidered by Langmuir. It corresponds to another
approximation for monolayer localized adsorption
without lateral interactions. This model is similar to
that of Langmuir model, except that the allowance is
made in the former for the surface binding vibrations
of an adsorbed species. This model is shown by using
the following nonlinear relationship:

e = (1 = ¢5%) (an
where K;j is the Jovanovic isotherm constant (L/mg),
gm is the maximum adsorption capacity in Jovanovic
model (mg/g). As shown form Table 1, the value of
the regression coefficient R* was 0.963, which is lower
than that of Langmuir, and Freundlich, but higher
than that of Temkin, Hill-de Boer, Fowler-Guggen-
heim, Kiselev, and Elovich isotherm models. Hill
equation [54], from the non-ideal competitive adsorp-
tion [55] model, and postulated to explain about the
binding of different species onto homogeneous sub-
strates. The model assumes that adsorption process as
a cooperative phenomenon, with the ligand binding
ability at one site on the macromolecule, may influ-
ence the different binding sites on the same macro-
molecule [56]. It is described by the following
equation:

7qu X Ce X Ny

= 12
KD+CCXHH ( )

€

where gg is the Hill isotherm maximum uptake satu-
ration (mg/L), Kp is the Hill constant, ny is the Hill
cooperativity coefficient of the binding interaction. As
seen from Table 1, the value of the regression coeffi-
cient R* was 0.968 which is lower than that of Lang-
muir, and Freundlich models, and higher than that of
Jovanovic, Temkin, Hill-de Boer, Fowler-Guggenheim,
Kiselev, and Elovich isotherm models.

Koble—Corrigan model [57] is a three-parameter
empirical model based on the combination of both the
Langmuir and Freundlich isotherm equations repre-
senting in one nonlinear equation of the equilibrium
adsorption data. The model is commonly expressed

by:

(e,
aCeg"*™

= (13)
1 + bCato

de

where a (L" mg'™/g), b (L/mg)", and ny_, are the
Koble—Corrigan parameters. This model is generally
applied for heterogeneous sorbent surface [58].
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As shown in Table 1, the value of the regression
coefficient R* was 0.972, which is lower than that of
Langmuir isotherm, and higher than all the other
isotherm models.

3.7. Error functions

In this study, four different error functions were
examined and in each case the isotherm parameters
were determined by minimizing the respective error
function across the concentration range studied using
the Solver add-in with Microsoft Excel. If the devia-
tion of predicted data from experimental data is small,
the function value will be a small number, and vice
versa. The error functions studied were detailed in the
following sections.

3.7.1. The hybrid fractional error function

This error function was developed by Porter et al.
[59] in an attempt to improve the fit of the sum of the
squares of the errors at low concentrations by dividing
it by the measured value. It also includes the number
of degrees of freedom of the system, the number of
data points, 1, minus the number of parameters, p, of
the isotherm equation as a divisor.

n

100 Z (Qe,i,meas - Qe,ipal)z

n=pi3

(14)

fe,i,meas

where geimeas and gejica are the values of g. (mg/g)
experimental equilibrium measurement, and calcu-
lated by isotherm model, respectively.

3.7.2. The average relative error

This error function [60] attempts to minimize the
fractional error distribution across the entire concen-
tration range.

100 <
n

qe,i,cal - qe,i,meas

(15)

i—1 qe,i,meas

3.7.3. The sum of the absolute errors

This approach is similar to the sum of the squares
of the errors. Isotherm parameters determined using
this error function would provide a better fit as the
magnitude of the error increase, biasing the fit
towards the high concentration data:
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(16)

n
Z |qe,i,cal - qe,i,meas|
i=1

3.7.4. Marquardt’s percent standard deviation

This error function [61] was used previously by a
number of researchers in the field [62]. It is similar in
some respects to a geometric mean error distribution
modified according to the number of degrees of
freedom of the system:

1 - e,imeas — Ye,i,cal
100 Z(q jmeas — ey 1)
n—pi3 {e,i,meas

The data obtained from different error functions were
summarized in Table 2, and Fig. 5. On the basis of the
lowest values of hybrid fractional error function
(HYBRID), average relative error (ARE), sum of the
absolute errors (EABS), and Marquardt’s percent stan-
dard deviation (MPSD), Hill model provided the best
correlation for the experimental data.

(17)

3.8. Adsorption kinetics

The adsorption kinetics is one of the most impor-
tant data used to understand the mechanism of the
adsorption and to assess the performance of the
adsorbents. Different kinetic models including
pseudo-first-order, pseudo-second-order, and Elovich
model were applied for the experimental data to pre-
dict the adsorption kinetics of nickel onto cation resin.

3.8.1. The pseudo-first-order equation

The Lagergren’s rate equation [63] is one of
the most widely used rate equation to describe the
adsorption of an adsorbate from the liquid phase. The
linear form of pseudo-first-order equation is given as:

k
log(ge — q¢) = log ge — ﬁt (18)

where g; (mg/g) is the amount of nickel ions adsorbed
at time t and k; (min™') is the rate constant of the
pseudo-first-order adsorption model. The experimental
results of the first-order rate constants were presented
in Table 3. The adsorption data have a high regression
coefficient which suggests that the adsorption of Ni**
ions on cation resin follows entirely the pseudo-
first-order adsorption kinetics.
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Table 2
The best-fit isotherm models to the experimental equilibrium data by several different error functions
Isotherm model HYBRID ARE EABS MPSD
Langmuir 5.01869 3.0112 1.07152 33.48138
Freundlich 5.03482 3.02089 1.04358 31.35125
Temkin 4.98028 2.988169 1.074278 37.38014
Elovich 13.64081 8.18448 3.122054 112.3237
Fowler-Guggenheim 83.25910123 49.95546074 17.50883022 522.5302909
Kiselev 96.58427 57.95056 20.44965 607.9397
Hill-de Boer 83.3128 49.98768 17.52023 522.8569
Jovanovic 126.33717 75.802 25.631 675.8244
Hill 4.8889 2.933316 1.01184 31.29835
Koble—Corrigan 169.6496 101.7898 34.61513 920.1112

3.8.2. The pseudo-second-order rate equation

The pseudo-second-order kinetic model is based
on the assumption that chemisorption is the rate-
determining step and is given as [64]:

t 1 t

where k, (g/(mg min)) is the rate constant of the
pseudo-second-order kinetic model. The relationship
did not show a good compliance with the pseudo-sec-
ond-order equation.

The correlation coefficient for the linear plot, R?,
suggests a poor relationship between the parameters
and also explained that the process of adsorption did
not fit pseudo-second-order kinetic model (Table 3).

3.8.3. Elovich model

The Elovich equation was first developed to
describe the kinetics of chemisorption of gas unto
solids [65]. The linear form of the Elovich equation is
presented by the following equation:

qr = %ln(aﬁ) + 11n () (20)

B

Table 3
Kinetic rate constants related to the sorption of Ni** ions
onto cation-exchange resin

Kinetic model Kinetic rate constants R?

Pseudo-first-order kq = 0.0605689 0.8413

Pseudo-second-order ko, = 0.00251 0.6095

Elovich model o = 0.8367 0.8978
S =0.26388

where a is the initial sorption rate constant (mg/
g min) and the parameter f is related to the extent of
surface coverage and the activation energy for
chemisorption (g/mg). The constants a and S were
obtained from the slope and intercept of the linear
plot of g; vs. Int and the values were presented in
Table 3. The correlation coefficient of Ni** ions was
0.8978 which is better than that of both the pseudo-
first- and pseudo-second-order models.

The nonlinearized kinetic diffusion equations with
experimental data are shown in Fig. 6.

3.9. Adsorption mechanism

Diffusion models were also employed to describe
the nickel adsorption process. Three main steps are
involved in the solid-liquid sorption process between
the metal ions and the adsorbent [66]; (a) the metal
ions are transferred from the bulk solution to the
external surface of the adsorbent. This is known as
film diffusion, (b) the metal ions are transferred within
the pores of the adsorbent. This is known as intra-par-
ticle diffusion, occurring either as pore diffusion or as
a solid surface diffusion mechanism, and (c) the active
sites on the surface of the adsorbent capture the metal
ions.

3.9.1. The intra-particle diffusion model

The intra-particle diffusion model is given by the
following equation [67]:

g = ki 2 + C 1)
where ki, is the intra-particle diffusion rate constant
(mg/(g min)), The intra-particle diffusion plots of the
experimental results, and C is a constant that gives an
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Fig. 6. Comparison of experimental and predicted kinetics
of nickel ions onto cation-exchange resin.

Table 4
Diffusion coefficients for Ni** ions sorption onto cation-
exchange resin

Adsorption mechanism Diffusion constants R>

Intra-particle diffusion model ki, = 0.6114 0.9614
C =-0.4929
Liquid film diffusion R =10.0962 0.8814

idea about the boundary layer thickness (mg/g). A
plot of g; vs. t'/? should be a straight line with a slope
kine when the intra-particle diffusion is the sole rate-
limiting step. However, it is not always the case, and
adsorption kinetics may be controlled by film diffu-
sion and intra-particle diffusion simultaneously. The
values of kp, C, and correlation coefficient (R?)
obtained from intra-particle diffusion plots were
0.6114, —0.4929, and 0.9614, respectively, as shown in
Table 4. The values of C obtained from intra-particle
diffusion model indicated that intra-particle diffusion
may not be the controlling factor in determining
the kinetics of the process, and film diffusion controls
the initial rate of the adsorption, it also indicated the
thickness of the boundary layer.

According to Michelson et al. [68], if pore diffusion
was to be the rate limiting, the pore diffusion coeffi-
cient, D, should be in the range from 107" to
107" Cmf /s.

The pore diffusion coefficient (D) is calculated by
the following equation:

; 0.0373
12 =
/ D,

(22)

where ry is radius of the sorbent (cm), D, is pore
diffusion coefficient (cm?/sec), and # /2 is the time for
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Fig. 7. Comparison of experimental and predicted

mechanism of nickel ions onto cation-exchange resin.

half change (sec). It was found  that
Dy =1.752 x 107" cm?/sec which is in the range from
107" to 107" em?/s, indicating that intra-particle
diffusion is controlling step.

3.9.2. Liquid film diffusion model

The film diffusion mass transfer rate equation
presented by Boyd et al. [69] is:

1n< - ﬂ) — _R't 23)
e
, 3D,
R = to ATk (24)

where R (min™!) is liquid film diffusion constant, D/,
(cm?/min) is effective liquid film diffusion coefficient,
7, (cm) is radius of adsorbent beads, Ary (cm) is the
thickness of liquid film, and k” is equilibrium constant
of adsorption.

A plot of In(1 — g;/g.) vs. t should be a straight line
with a slope -R’ if the film diffusion is the rate-limit-
ing step. As shown from Table 4, R? = 0.8814, which
indicated that Ni** adsorption is governed by film dif-
fusion process in the initial stages of adsorption then
intra-particle diffusion.

Table 5
Diffusion coefficients for Ni**
exchange resin

sorption onto cation-

Pore diffusion coefficient
(cm?/s)

1.752 x 10713

Film Diffusion coefficient
(cm?/s)

1.482 x 10712
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According to Michelson et al. [68] for film
diffusion to be rate-determining step, the value of the
film diffusion coefficient, D¢, should be in the range
from 107 to 108 cm?/s.

The film diffusion coefficient, Dy is calculated by
the following equation:

0.23 x 1, X Ar, " (C‘) 25)

tp = —
1/2 D; C

where (C~/C)is the equilibrium loading of the adsor-
bent. It was found that D; = 1.482 x 10~ cm?/s, which
is not in the range from 107° to 10™® cm?/s indicating
that film diffusion is not the controlling step.

The nonlinearized diffusion equations with experi-
mental data are shown in Fig. 7. The values of film
and pore diffusion coefficients are shown in Table 5.

4. Conclusions

A strong cation-exchange resin (IR 120 H) was suc-
cessfully utilized for the removal of Ni** ions from
aqueous solution by batch adsorption method. The
adsorption process was found to be dependent on
many factors such as the initial concentration of metal
ion, contact time, adsorbent dose, and stirring speed.
The percentage removal of nickel ion increased with
increasing contact time, adsorbent dose, and stirring
speed. On the other hand, increasing initial metal ion
concentration decreased the percentage removal of
nickel ion. Optimum removal of nickel ions was
obtained at a contact time of 40 min, initial nickel
ion concentration of 500 ppm, adsorbent dose of 4
gm/100 ml, the solution pH 5, and stirring speed of
250 rpm. The equilibrium data were tested using
the Langmuir, Freundlich, Temkin, Elovich, Fowler-
Guggenheim, Kiselev, Hill-de Boer, Jovanovic,
Hill, and Koble-Corrigan isotherms. Correlation
coefficients indicated the following order to fit
isotherms: Langmuir > Koble—Corrigan > Freundlich >
Hill > Jovanovic > Temkin > Hill-de = Boer > Fowler—
Guggenheim > Kiselev > Elovich. On the basis of the
lowest values of the four error functions studied, Hill
model presented the best correlation for the experi-
mental data. Kinetic parameters were also analyzed
using the pseudo-first-order, pseudo-second-order,
and Elovich model. Intra-particle diffusion model and
the liquid film diffusion model were used to investi-
gate the adsorption mechanism. Kinetic studies
showed that the adsorption of Ni** ions onto ion-ex-
change resin followed Elovich kinetic model, and indi-
cates that the intra-particle diffusion controls the rate
of adsorption.

List of symbols

a

N

ng

ny

n(k—c)
p

e
11 e,i,cal

q e,imeas

Im

Koble-Corrigan parameter

(Ln m gl—n / g)

Temkin isotherm equilibrium
binding constant (L/mg)
Koble-Corrigan parameter
Temkin isotherm (-)

heat of sorption constant (J/mol)
constant related to boundary
layer thickness (mg/g)
equilibrium nickel concentration
(mg/L)

effective liquid film diffusion
(cm?/min)

film diffusion coefficient (cm?/s)
pore diffusion coefficient (cm*/s)
equilibrium constant of
adsorption

rate constant of the pseudo-first-
order (min™?)

rate constant of the pseudo-first-
order (g/mg min)

constant of complex formation
between adsorbed molecules
Hill constant

Elovich equilibrium constant
(L/mg)

Freundlich adsorption capacity
constant (mg/g) (mg/L)"/"
Fowler-Guggenheim equilibrium
constant (L/mg)

Hill-de Boer constant L/mg
intra-particle diffusion constant
Jovanovic isotherm constant
(L/mg)

Kiselev equilibrium constant
(L/mg)

energetic constant of the
interaction between adsorbed
molecule (J/mol)

Langmuir isotherm constant
(L/mg)

mass of adsorbent (g)

number of data points (-)
Freundlich adsorption intensity
constant (-)

Hill cooperativity coefficient of
the binding interaction (-)
Koble—Corrigan parameter
number of parameters

amount of nickel adsorbed at
equilibrium (mg/g)

amount of calculated adsorbed
nickel at equilibrium (mg/g)
amount of measured adsorbed
nickel at equilibrium (mg/g)
maximum monolayer adsorption
capacity (mg/g)
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gsm — Hill isotherm maximum uptake
saturation (mg/L)

qs — amount of nickel adsorbed at
time (f) (mg/g)

R, — radius of adsorbent beads (cm)

Ar, — thickness of liquid film (cm)

R — universal gas constant (J/mol K)

R — liquid film diffusion constant
(min™)

Ry — separation factor

t — time (min)

T — temperature (K)

t /o — time for half change (s)

Vv — volume of solution (L)

W — interaction energy between
adsorbed molecules (KJ/mol)

Greek

a — initial sorption rate constant
(mg/g min)

B — extent of surface coverage and
activation energy for
chemisorptions (g/mg)

0 — degree of surface coverage of
adsorbent surface

Ont — fractional coverage
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