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ABSTRACT

The Box–Behnken design of the response surface methodology was employed to optimize
three most important adsorption parameters (initial Ni(II) concentration, pH, and adsorp-
tion temperature) and to investigate the interactive effects of these variables on Ni(II)
adsorption capacity of 110-H resin. According to analysis of variance and response surface
analyses, the experiment data were excellently fitted to the quadratic model. The corre-
sponding optimal parameters of adsorption process are listed as following: temperature at
35˚C, initial pH of 6.57, and initial Ni(II) concentration of 0.33 mg/mL. Under optimum
adsorption conditions, the adsorption capacity of Ni(II) was 188.5 mg/g, in well accordance
with the predicted value by the model (192.88 mg/g). The adsorption kinetics and equilib-
rium data were well fitted to the pseudo-second-order model and the Langmuir isotherm
model, respectively. Thermodynamic parameters (ΔG, ΔS, and ΔH) suggested that the
adsorption process was endothermic and spontaneous in nature. Desorption study revealed
that Ni(II) can be effectively eluted by 2.0 mol/L HCl solution, and the recovery was 100%.
The characterization by Fourier Transform infrared and SEM was performed. Meanwhile,
the 110-H resin has been successfully applied in the removal of Ni(II) in natural water
samples with satisfactory results.

Keywords: 110-H resin; Ni(II); Adsorption mechanism; Thermodynamic; Response surface
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1. Introduction

Heavy metal pollution from industrial wastewater
is currently a serious environmental problem [1]. Heavy
metals, such as Mn, Cr, Ni, Cu, Hg, and Cd, are com-
mon pollutants in industrial wastewater. Due to unique
physical and chemical properties, nickel and its com-
pounds are widely used in modern industry, including
mineral processing, production of paints and batteries,
and manufacturing of sulfate [2]. Nickel and its water-
soluble ions are classified as hazardous waste and are
highly toxic to plants microorganisms and animals
including human beings [3]. Nickel tends to accumulate
in the tissues of organisms, causing various diseases,
including severe damage to lungs, kidneys, gastroin-
testinal distress, vomiting, pulmonary fibrosis and skin
dermatitis [4]. Nickel has also been identified as a car-
cinogen [5]. Therefore, the removal of Ni(II) ions from
industrial wastewater is particularly important to pro-
tect the environment and public health.

In order to remove heavy metal ions from aqueous
solutions, several methods have been used, including
solvent extraction, chemical oxidation or reduction,
co-precipitation, ion-exchange, membrane separation,
filtration, electrochemical treatment, and adsorption
[6–10]. Some common problems associated with these
technologies have limited their industrial applications.
For instance, the precipitation methods generate a
large amount of sludge causing significant increase in
treatment cost. The membrane system always has high
treatment cost owing to the frequent change of mem-
branes. Compared with other methods, adsorption via
ion-exchange mode has received increasingly more
attention in water purification applications due to its
unique advantage including good stability, low cost,
high capacity for certain metal ions, and the capacity
of being reused for many times [11]. Selection of an
adsorbent is the key point for developing a proper
adsorption technology as the specific type of adsor-
bent plays a dominant role in the adsorption process.
A wide range of materials can be used to remove
nickel from solutions such as polyacrylonitrile
composite nanofiber [12], maghemite nanoparticle
(γ-Fe3O4) [13], dowex-50 ion-exchanger [14], Litchi
chinensis seeds [15], chitosan beads [9], and wool
chelating fibers [16].

Gel-type weak acid resin (110-H) is a polymeric
material which contains the functional group
(−COOH). This group has a proton that can be
exchanged with many cations [17], and its oxygen
atoms can be chelated with nickel ions. Its principal
characteristics are great chemical and physical stabili-
ties, high exchange capacity, good ability for regenera-
tion, effective cheap, and easy to use. Therefore, it is a

promising candidate to remove heavy metals from
industrial wastewater. The adsorption process
involves the variation of physicochemical parameters
such as pH, temperature, and initial metal concentra-
tion. However, few studies have applied systemati-
cally statistical methods to investigate the combination
of parameters that provides optimum adsorption
conditions. RSM is proved to be an effective tool for
the above-mentioned purpose. It is a collection of sta-
tistical and mathematical technique for developing,
improving, and optimizing process conditions. There-
fore, it is less time-consuming and more effective than
any other conventional methods [18].

In this work, series of batch experiments were car-
ried out to study the adsorption behavior. RSM was
used to determine the optimization of adsorption condi-
tions of Ni(II) on 110-H resin. The resins were character-
ized by Fourier transform infrared (FT-IR) and SEM
analysis. FT-IR analyses is an important analytical tech-
nique for determination of adsorption mechanism. SEM
images show the morphology and surface composition
of 110-H resin and 110-H-Ni resin, after eluting 110-H-
Ni resin. In addition, the equilibrium adsorption iso-
therm and thermodynamic parameters were also
investigated. The experimental results may provide
important information for the separation or removal of
Ni(II) ion from aqueous solutions in the environment
protection and wastewater treatment.

2. Materials and methods

2.1. Materials

110-H resin was provided by Nankai University,
China. And the properties are shown in Table 1. The
standard stock solutions were prepared by dissolving
an appropriate amount of NiCl2·6H2O in deionizer
water. HAc-NaAc buffer solutions with pH value of
3.00–7.00 were prepared from appropriate dilution of
0.4 mol/L HAc and 0.4 mol/L NaAc. C6H12N4–HCl
buffer solutions with pH 5.40 were prepared from
appropriate dilution of 2.86 mol/L C6H12N4 and con-
centrated HCl solutions. Natural water samples were
collected from Hangzhou Coral sand reservoir and
Erlongshan Reservoir. The chromophoric reagent of
0.1% xylenol orange solution was obtained by dissolv-
ing 0.1000 g xylenol orange powder into 100 mL
deionized water. All other chemicals were the
analytic-grade reagents.

2.2. Apparatus

The Ni(II) concentration was determined with
Shimadzu UV-2550 ultraviolet–visible spectrophotometer.
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The 110-H resin was measured by BS 224S electronic
balance (Sartorius Group, Germany). Mettler Toledo
delta 320 pH meter was used for measuring pH of
solutions. The samples were shaken in the DSHZ-300A
and THZ-C-1 temperature-constant shaking machine.
The water used in the present work was purified
using a Mol research analysis type ultrapure water
machine. IR spectra and scanning electron micrographs
for the samples were obtained from a Nicolet
380 FT-IR spectrometer and a Phenom Pure SEM,
respectively. Water samples were filtered through a
0.2-μm polyethersulfone (PES) vacuum filtration unit
(Vivascience AG, Germany).

2.3. Resin adsorption and desorption experiments

Batch adsorption experiments were performed in
the conical flasks containing 30 mL of adsorption solu-
tion and 15.0 mg of dried 110-H resin. Adsorption of
Ni(II) from aqueous solution to the adsorbents was
studied at various pH values in the HAc-NaAc buffer
system. Adsorption experiments were conducted in a
shaker of 100 rpm at different temperatures (ranging
from 15 to 35˚C) for 24 h. The upper layer of clear
solution was taken for analysis until reaching adsorp-
tion equilibrium.

Desorption experiments were performed immedi-
ately after the completion of the adsorption experi-
ments. At the end of the adsorption experiments, the
resins were separated from the aqueous solution by
filtration, washed by deionized water, and agitated
with different eluent solutions of various concentra-
tions, at 100 rpm for 24 h at 298 K. The final metal ion
concentration in the aqueous phase was similarly ana-
lyzed as described above.

Continuous packed bed studies were performed in
a fixed-bed mini glass column (3 mm × 30 cm long)
with 100.0 mg of resin. The 110-H resin in the column
was presoaked for 24 h before the experiment. The Ni
(II) solution with a known concentration and flow rate

was passed continuously through the stationary bed
of absorbent in down-flow mode. The experiment con-
tinued until a constant Ni(II) ion concentration was
obtained. The column studies were performed at the
optimum pH value determined from batch studies
and at a constant temperature of 35˚C.

2.4. Characterization

IR spectra for the samples were obtained from a
Nicolet 380 FT-IR spectrometer. Samples were dried
before characterization using an infrared lamp to
remove the adsorbed water. Scanning electron micro-
graphs for the samples were obtained using a Phenom
Pure SEM. The samples were dried to constant weight
in a 100˚C oven.

2.5. Experimental design for RSM study

RSM was used to optimize the adsorption
conditions of 110-H resin for Ni(II) from aqueous solu-
tions. Factor combinations were obtained by the
application of a Box–Behnken design using software
Design-Expert. In this study, the variables such as
temperature, pH, and initial Ni(II) concentration are
selected as process parameters on the adsorption
capacity of Ni(II) on 110-H resin. The levels and inde-
pendent variables are shown in Table 2.

2.6. Analytical method

A solution containing a required amount of Ni(II)
was added into a 25-mL colorimetric tube, and then,
2 mL of 0.1% xylenol orange solution and 10 mL
C6H12N4—HCl buffer solution (pH = 5.40) were added
[19]. After the addition of purified water to the mark
of the colorimetric tube, the absorbency was deter-
mined in a 1-cm colorimetric vessel on a Shimadzu
UV-2550 UV–visible spectrophotometer at the wave-
length of 578 nm and compared with the blank test.
The adsorption capacity (Q, mg/g), distribution coeffi-
cient (D, mL/g), and desorption ratio (E, %) [20] were
calculated with the following formulas:

Q ¼ C0 � Ceð ÞV
m

(1)

D ¼ C0 � Ce

W � Ce
V (2)

E ¼ CdVd

ðC0 � CeÞ � 100% (3)

Table 1
General description and properties of 110-H resin

Item Property

Resin Gel-type weak acid resin
Functional group −COOH
Bead size (mm) 0.315–1.25
Total exchange capacity

(mmol/mL)
≥4

Moisture content (%) 52–62
pH range 5–14
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where C0 and Ce are the initial and equilibrium con-
centrations of metal ion in solution (mg/mL); Cd is
the concentration of metal ion in desorption solution;
V and Vd are the total volume of solution and desorp-
tion solution (mL); and W is resin dry weight (g).

3. Results and discussion

3.1. Regression model equation and analysis of variance

The main objective of RSM was to determine
regression model of adsorption process, and the quad-
ratic model was used to find out the relationship
between the response and variables in this article.
According to experiment data, the final empirical
model of Ni(II) adsorption on 110-H resin was
described using Eq. (4):

Adsorption Capacity ¼ 163:39þ 39:20Aþ 29:40B
þ 8:41Cþ 1:37ABþ 0:04AC

� 3:64BC� 19:65A2 � 26:16B2

� 12:53C2

(4)

In order to ensure the adequacy of the employed
model, an adequate fit of the model should be given
to avoid poor or ambiguous results. The significance
of quadratic regression model was tested by the val-
ues of F, P, and correlation coefficient, and the corre-
sponding results of analysis of variance ANOVA are
summarized in Table 3. The model F-value (61.88) and
a very low p-value (<0.0001) implied that the model
was highly significant for Ni(II) adsorption on 110-H
resin. “Adequate Precision” measured the signal-to-
noise ratio, which is desirable if greater than 4.0 is
desirable [21]. “Adequate Precision” measured the
signal-to-noise ratio, which is desirable if greater than
4.0. It is evident that the lack-of-fit value is insignifi-
cant, which demonstrates that the quadratic model for
Ni(II) adsorption over 110-H resin is very valid. The
value of determination coefficient (R2 = 0.9876) of
Eq. (4) indicates that the regression model is best

suited for predicting the performance of Ni(II) adsorp-
tion with 110-H resin. As can be seen from Table 3, all
the p-values of A, B, A2, B2, and C2 are less than 0.05,
indicating that these variables are significant and have
great influence on Ni(II) adsorption capacity.

3.2. The optimization of adsorption conditions

The results of the adsorption capacity affected by
temperature, pH, and initial Ni(II) concentration are
shown in panels a, b, and c, respectively, of Fig. 1.
Fig. 1 illustrates the mutual interactive effects of the
combination of independent variables on Ni(II)
adsorption capacity in the manner of 3D surface plots,
which were represented as a function of two factors
by holding the other factor at level zero. From the 3D
surface plots, the optimal values of the parameters
could be observed.

Fig. 1(a) indicated that adsorption capacity increased
within the temperature range of 15–35˚C, indicating that
the adsorption process is an endothermic process. The
results show that adsorption capacity for Ni(II)
increases rapidly with the increase in initial pH from
5.0 to 6.5 in the HAc-NaAc buffer solutions, and then
decreased from 6.5 to 7.0 under the experimental condi-
tions. As seen from Fig. 1(b), within the range of experi-
mental variables, it appears that higher temperature
and initial Ni(II) concentration are beneficial for the
adsorption capacity during the adsorption process,
which is a significant effect on the adsorption capacity
of Ni(II) on 110-H resin. Fig. 1(c) suggests that increas-
ing the concentration of Ni(II) within the tested range
encourages the adsorption capacity for Ni(II) under the
experimental conditions. In addition, increasing initial
Ni(II) concentration enlarges the number of collisions
between Ni(II) ions and sorbent, thus enhancing the
adsorption process.

The RSM-guided optimization demonstrated that
the optimal adsorption conditions for Ni(II) on 110-H
resin from aqueous solutions are temperature of
35˚C, pH of 6.57, and initial Ni(II) concentration of
0.33 mg/mL, and the predicted adsorption capacity
reached 192.88 mg/g. Three batch experiments of the

Table 2
Experimental design of the adsorption of 110-H resin for Ni(II)

Symbols Factors

Coded levels

−1 0 +1

A Temperature (˚C) 15 25 35
B Initial pH 5 6 7
C Initial Ni(II) concentration (mg/mL) 0.20 0.30 0.40
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adsorption of 110-H resin for Ni(II) were
implemented using the predicted optimum condition
in order to validate the developed mathematical
models. The mean value of adsorption capacity was
188.5 mg/g, in close agreement with the predicted
value (192.88 mg/g), indicating that the developed
model was adequate for predicting the adsorption
conditions of 110-H resin for Ni(II) from aqueous
solutions.

3.3. Adsorption kinetics

In order to find out the equilibrium time for the
maximum adsorption and to determine the rate-limit-
ing step of the adsorption process, the change in the
adsorption capacity of Ni(II) on 110-H resin at differ-
ent times was recorded. The results are shown in
Fig. 2. It can be seen in Fig. 2 that the equilibrium
state was not reached for 26 h. As the temperature

Table 3
ANOVA results of response surface quadratic model according to adsorption capacity of 110-H resin for Ni(II)

Source Sum of squares Degree of freedom Mean square F-value Prob > F

Model 25553.16 9 2839.24 61.88 <0.0001
A 12293.90 1 12293.90 267.94 <0.0001
B 6915.47 1 6915.47 150.72 <0.0001
C 565.49 1 565.49 12.32 0.0099
AB 7.48 1 7.48 0.16 0.6984
AC 0.62 1 0.62 0.014 0.9104
BC 53.00 1 53.00 1.16 0.3181
A2 1625.16 1 1625.16 35.42 0.0006
B2 2881.73 1 2881.73 62.81 <0.0001
C2 666.74 1 666.74 14.53 0.0066
Residual 321.18 7 45.88
Lack-of-fit 321.18 3 107.06
Pure error 0.000 4 0.000

Notes: R2 = 0.9876; R2
adj = 0.9716; adequate precision = 26.41.

Fig. 1. Three-dimensional plots showing effects of (a) pH and temperature, (b) temperature and initial Ni(II) concentra-
tion, and (c) pH with initial Ni(II) concentration interactions on adsorption capacity of 110-H resin for Ni(II).
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increased from 288 to 318 K, the equilibrium adsorp-
tion capacity exhibited the same trend. A higher
adsorption capacity at higher temperature suggests
that the Ni(II) adsorption onto the 110-H resin is a
temperature-dependent process [22].

To further investigate the rate-controlling step of
the Ni(II) adsorption process, the kinetic sorption data
were treated with two simplified kinetic models
including Lagergren-first-order kinetics model and
pseudo-second-order kinetics model. The Lagergren
first-order kinetics model [23] is expressed as follows:

lg ðQe �QtÞ ¼ lgQ1 � k1t

2:303
(5)

The pseudo-second-order model [24] is expressed as
follows:

t

Qt
¼ 1

k2Q2
2
þ t

Q2
(6)

where k1 (min−1) and k2 (g/mg min) are the rate con-
stants of the first-order kinetics and the second-order

kinetics, respectively, and Qe (mg/g) and Qt (mg/g)
are the amounts of metal ion adsorbed at equilibrium
and time t (min), respectively. Q1 and Q2 are the
calculated adsorption capacities of the Lagergren first-
order model and the pseudo-second-order model
(mg/g), respectively.

The kinetic parameters are represented in Table 4,
the experimental data for adsorption of Ni(II) on 110-H
showed that the correlation coefficient (R2

2) for the
pseudo-second-order model is better than the correla-
tion coefficient (R1

2) for the Lagergren first-order
model [22]. Moreover, the experimentally calculated
capacity of the pseudo-second-order model generates
good fittings which indicated that the interactions
would follow the pseudo-second-order kinetics. In
other words, the pseudo-second-order model can
describe the Ni(II)/110-H adsorption system studied in
our work, and the rate-controlling step of the adsorp-
tion process is governed by chemisorption [25].

According to the Brykina method [26], the adsorp-
tion rate constant k can be calculated from the
following formula:

� ln ð1� FÞ ¼ kt (7)

F ¼ Qt

Qe
(8)

where F is the fractional attainment of equilibrium
and Qt (mg/g) and Qe (mg/g) are the adsorption
amounts at certain time and at equilibrium time,
respectively. The experimental results were in accord
with the equation, and a straight line is obtained by
plotting −ln (1–F) vs. t. Therefore, the adsorption rate
constant could be found from the slope of the straight
line, which was k298 K = 4.041 × 10−5 s−1. The correla-
tion coefficient (R2 = 0.961) was obtained via linear fit-
ting. The other results are listed in Table 5. The
apparent rate constant clearly increases with an
increasing temperature. According to the Boyd equa-
tion, it could be deduced from the linear relationship
of −ln (1–F) vs. t that the liquid film spreading was

Fig. 2. Adsorption amount of different temperatures (resin
15.0 mg, C0 = 0.33 mg/mL, pH = 6.57).

Table 4
The first-order and second-order kinetics constants for adsorption of Ni(II) on 110-H resin

T (K) Qe (mg/g)

Lagergren first-order model Pseudo-second-order model

k1 (min−1) Q1 (mg/g) R1
2 k2 (g/mg min) Q2 (mg/g) R2

2

288 165.7 0.0019 199.5 0.9776 0.0044 227.3 0.9805
298 179.6 0.0016 144.5 0.9230 0.0047 212.8 0.9830
308 199.4 0.0018 154.9 0.9624 0.0044 227.3 0.9924
318 209.3 0.0019 147.9 0.9009 0.0043 232.6 0.9967
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the predominating step of the adsorption process.
According to the Arrhenius equation [27],

lg k ¼ � Ea

2:303RT
þ lg A (9)

where Ea is the Arrhenius activation energy for the
adsorption process, indicating the minimum energy,
A is the Arrhenius factor, R is the gas constant
(8.314 J/(mol K)), k is the adsorption rate constant,
and T is the solution temperature. As could be
observed in Fig. 3, Ea and A values can be estimated
from slope and intercept values of this plot lg k vs.
T−1, respectively. The slope of the straight line was
Kslope = −0.5125. The correlation coefficient of the
straight line R2 = 0.990 was achieved. The apparent
activation energy Ea was 9.81 kJ/mol, which could be
considered as a low energy barrier in this study [28].
There are two main types of adsorption: physical
and chemical. Usually, the activation energy for
physical adsorption is not more than 4.2 kJ/mol,
since the forces involved in this process are weak.
Chemical adsorption is specific and involves forces

much stronger than those in physical adsorption.
With chemical adsorption, the rate varies with
temperature according to a finite activation energy
(8.4–83.7 kJ/mol) in the Arrhenius equation [29]. The
apparent activation energy of 9.81 kJ/mol for Ni(II)
removal is within the finite activation energy range
of chemical adsorption. Therefore, this result confirms
that the rate-determining step for Ni(II) removal from
aqueous solution was chemical adsorption.

3.4. Adsorption isotherm

To further explore the adsorption mechanism, we
used Langmuir [30] and Freundlich [31] isotherm
models to analyze the equilibrium data for the experi-
ments carried out at different temperatures under
pH 6.57. The Langmuir isotherm is based upon an
assumption of monolayer adsorption onto a surface,
which contains a finite number of adsorption sites
with uniform energies of adsorption and no transmi-
gration of adsorbate in the plane of the surface. The
Freundlich isotherm model assumes heterogeneous
surface energies in which energy term in Langmuir
equation varies as a function of surface coverage [32].
In this paper, both models are used to describe the
relationship between the amount of Ni(II) adsorbed on
110-H resin and its equilibrium concentration in solu-
tion at three different temperatures (288, 298, and
308 K). The Langmuir and Freundlich can be
expressed as follows.

Langmuir isotherm:

Ce

Qe
¼ Ce

Q0
þ 1

Q0KL
(10)

Freundlich isotherm:

lg Qe ¼ 1

n

� �
� lg Ce þ lg Kf (11)

where Qe is the equilibrium sorption amount, Ce is
the equilibrium concentration, Q0 is the maximum

Table 5
Adsorption rate constants of 110-H resin for Ni(II) under various temperatures

T (K) Linearity relation of −ln (1 − F) and t K R2

288 y = 0.1070x + 0.0260 K = 2.972 × 10−5 s−1 R2 = 0.974
298 y = 0.1485x + 0.1741 K = 4.041 × 10−5 s−1 R2 = 0.961
308 y = 0.1585x + 0.2363 K = 4.402 × 10−5 s−1 R2 = 0.971
318 y = 0.1685x + 0.2919 K = 4.680 × 10−5 s−1 R2 = 0.960

Fig. 3. Relationship between l g k and 1/T (resin = 30.0 mg,
C0 = 0.33 mg/mL).
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adsorption capacity of Langmuir, KL is Langmuir
constants, n is a constant indicating the Freundlich
isotherm curvature, and Kf is the Freundlich sorption
coefficients.

KL (mL/mg) is Langmuir constant related to the
energy of adsorption and increases with increasing
strength of the adsorption bond, which is used to
evaluate the dimensionless parameter known as sep-
aration factor (RL) using the following equation [33]:

RL ¼ 1

1þ KLC0
(12)

where C0 is the initial concentration of Ni(II) and RL

depicts whether the monolayer adsorption predicted
by the Langmuir model is irreversible (RL = 0), favor-
able (0 < RL < 1), linear (RL = 1), or unfavorable
(RL > 1) [34].

The Langmuir and Freundlich isotherm constants
are calculated and listed in Table 6. Obviously, with a
higher R2 value, the Langmuir model was found to be
a better fit for the experimental data than the
Freundlich model. The adsorption constants evaluated
from the isotherms and their correlation coefficients
are shown in Table 6. This suggested that the adsorp-
tion of Ni(II) by 110-H resin was monolayer type and
agreed with the observation that the metal ion adsorp-
tion from an aqueous solution usually forms a layer
on the adsorbent surface [17]. The increase of the Qm

value with the temperature rise indicates that the pro-
cess needs thermal energy (endothermic) and there is
a chemical interaction between adsorbent and adsor-
bate [22]. The calculated values of RL were between
0 and 1 (Table 6), indicating that the adsorption of Ni
(II) on 110-H resin is favorable.

3.5. Thermodynamic parameters

In any adsorption procedure, both energy and
entropy considerations should be taken into account
to determine which process will take place sponta-
neously. The amounts of Ni(II) ions adsorbed at equi-
librium at different temperatures, which were 288,

298, and 308 K, have been examined to obtain thermo-
dynamic parameters for the adsorption system.
Thermodynamic parameters such as the Gibb’s free
energy (ΔG), enthalpy (ΔH), and entropy (ΔS) for the
adsorption process can be determined by the follow-
ing equations [35], which can be used to calculate the
enthalpy changes associated with the adsorption
process of the metal ions.

lg D ¼ � DH
2:303 RT

þ DS
2:303 R

(13)

where R is the universal gas constant, D is the distribu-
tion coefficient, and T (K) is the absolute temperature.
The plot of lg D vs. 1/T gives a straight line, from
which ΔH (the enthalpy variation) and ΔS (the entropy
variation) are deduced from the slope and intercept of
the line, respectively. The free energy variation ΔG is
calculated from the following equation:

DG ¼ DH � TDS (14)

The negative value of ΔG (kJ/mol) (288 K, −16.56;
298 K, −17.67; 308 K, −18.79) indicates that the Ni(II)
adsorption on the 110-H resin is feasible and thermo-
dynamically spontaneous. The decrease in magnitude
of ΔG as the temperature rises from 288 to 318 K
confirms that the adsorption is favorable at higher
temperatures, due to the greater swelling of the resin
and increased diffusion of metal ions into the resin
[36]. The positive value of ΔH = 15.47 kJ/mol suggests
that the Ni(II) adsorption is an endothermic process.
In addition, the values of ΔS = 111.21 J/(K mol) are
found to be positive due to the exchange of the metal
ions with more mobile ions present on the exchanger,
which would cause increase in the entropy, during the
adsorption process [37] (see Table 7).

3.6. Elution

Whether an adsorbent is economically attractive in
removal of metal ions from aqueous solution depends
not only on the adsorptive capacity, but also on how

Table 6
Isotherm constants for the adsorption of Ni(II) on 110-H resin at various temperatures

T (K)

Langmuir isotherm Freundlich isotherm

Qm (mg/g) R2 KL RL n R2

288 176.4 0.9945 13.25 0.0364–0.0537 11.38 0.9167
298 182.4 0.9961 25.00 0.0196–0.0292 3.34 0.9949
308 188.5 0.9904 23.50 0.0208–0.0317 2.11 0.9510
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well the adsorbent can be easily desorbed. In this
work, different concentrations of HCl were employed
in range from 0.5 to 3.0 mol/L and the results were
obtained. The percentages of elution are 90.76, 92.26,
96.34, 98.63, 100, and 87.51 for 0.5, 1.0, 1.5 1.8, 2.0, and
3.0 mol/L HCl concentration, respectively. It was evi-
dent from data that the maximum percentage of elu-
tion for Ni(II) was obtained using 2.0 mol/L HCl
solution as an eluant.

3.7. Dynamic adsorption and desorption curve

Batch experimental data are often difficult to apply
directly to fixed-bed adsorption because isotherms are
unable to give accurate data for a dynamically oper-
ated column. The fixed-bed column operation allows
more efficient utilization of the adsorptive capacity
than the batch process.

The performance of packed beds is described
through the concept of the breakthrough curve. It
shows the loading behavior of Ni(II) to be removed
from solution in a fixed bed. Furthermore, it is usually
expressed in terms of adsorbed Ni(II) concentration
(Cad = inlet Ni(II) concentration (C0) outlet Ni(II) con-
centration (Ce)) or normalized concentration defined
as the ratio of effluent Ni(II) concentration to inlet Ni
(II) concentration (Ce/C0) as a function of time or vol-
ume of effluent for a given bed height. Successful
design of a column adsorption process requires
prediction of the concentration vs. time profile or
breakthrough curve for the effluent.

The dynamic adsorption test was conducted using
a glass column packed with 300 mg newly prepared
110-H resin at room temperature. After the column
was conditioned, a solution containing 0.33 mg/mL
Ni(II) was continuously fed into the column at a con-
stant flow rate of 0.417 mL/min. The effluents from
the column were analyzed quantitatively using the
above-mentioned method. Breakthrough data were
acquired by plotting the volume of solution passing
through the column versus the concentration of Ni(II)
in the effluent. Until the concentration of metal ions in
the effluent Ce = C0, a plot of Ce/C0 versus the volume
of effluent gave a typical breakthrough curve. As
shown in Fig. 4, the breakthrough point of adsorption

at 175 mL, when V < 175 mL, the metal ions were
almost completely adsorbed, V = 850 mL, Ni(II) was
almost completely outflow. This suggested that the
dynamic adsorption has reached saturation.

Efficient elution of adsorbed solute from 110-H
resin in column was essential to ensure the reuse of
110-H resin for repeated adsorption/desorption cycles.
With respect to the stripping of Ni(II) from 110-H
resin, 2.0 mol/L HCl eluant was employed. Desorp-
tion curve was plotted using the effluent concentration
(Ce) vs. elution volume from the column at a certain
flow rate. It could be seen from Fig. 5 that the desorp-
tion flow rate was less, so the volume of elution was
less. This contributes easy handling and high concen-
tration for economic recovery of Ni(II).

It was observed that the total volume of eluant
was 40 mL, after which further desorption was negli-
gible. Therefore, the 2.0 mol/L HCl eluant could result
to easy handling and removal of Ni(II).

Data on the adsorption capacity and desorption
ratio of Ni(II) by the recent reported adsorbents
[12–15,9,23,38–40,16] are listed in Table 8. 110-H resin
exhibits a higher adsorption capacity of Ni(II) than
other materials and a 100% desorption ratio.

Table 7
Thermodynamic data calculated for adsorption of Ni(II) on 110-H resin

ΔH (kJ/mol) ΔS (J/Kmol)

ΔG (kJ/mol)

T = 288 K T = 298 K T = 308 K

15.47 111.21 −16.56 −17.67 −18.79

Fig. 4. Dynamic adsorption curve (resin = 300 mg,
C0 = 0.33 mg/mL, flow rate = 0.417 mL/min).
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3.8. Application to samples of natural waters

At optimum adsorption conditions (initial Ni(II)
concentration of 0.33 mg/mL, 35˚C), adsorption experi-
ments for the removal of Ni(II) from Hangzhou Coral
sand and Erlongshan Reservoir water samples had
been carried out using 110-H resin. Adsorption experi-
ments were performed in the conical flasks containing
30 mL adsorption solutions (water samples and 5 mL
nickel solutions (2.0 mg/mL)) and 15.0 mg of dried
110-H resin. Adsorption experiments were conducted
in a shaker of 100 rpm at 35˚C for 24 h. The adsorption
capacity of Ni(II) was 151.6 and 165.8 mg/g for Hang-
zhou Coral sand and Erlongshan Reservoir water sam-
ples, respectively. Therefore, the 110-H resin has been
successfully applied in the removal of Ni(II) in natural
water samples.

3.9. Infrared spectra analysis

IR analysis is an important analytical technique for
determination of adsorption mechanism. It was
deduced that the adsorption of Ni(II) by 110-H
(ΔH > 0) resin was a chemical process. Therefore, the
functional groups of 110-H, C=O, C–OH, and Ni(II)
are supposed to form chemical bonds. To identify the
possibility of Ni(II) bonding to resin, IR spectra were
obtained for 110-H resin before and after Ni(II)
adsorption, after elution, as shown in Fig. 6. It should
be noticed that the bands at 1,734 and 1,591 cm−1 are
indications of C=O. It was found that the characteristic
absorption peak of the bond C=O (1,734 cm−1) weak-
ened after Ni(II) adsorption, and the new peak formed
at 1,591 cm−1. The characteristic peak of the bond
C–OH shifts from 1,394 to 1,406 cm−1. These results
showed that there were coordination bonds between

Fig. 5. Dynamic desorption curve (resin = 300 mg,
CHCl = 2.0 mol/L, flow rate = 0.400 mL/min).

Table 8
Comparison of Ni(II) adsorption on 110-H resin and other sorbents

Adsorbents Adsorption capacities (mg/g) Desorption ratio References

PAN/SiO2/APTES 138.7 − [12]
Maghemite nanoparticle 114.9 − [13]
Dowex-50 ion-exchanger 83.33 93 [14]
Litchi chinensis seeds 66.62 − [15]
Chitosan beads 55.6 66.49 [9]
SPCTO 51.814 95 [23]
Montmorillonite nanocomposites 46.94 98 [38]
Graphene nanosheet/d-MnO2 46.6 97.6 [39]
Ni-doped Fe2O3 42 − [40]
Wool chelating fibers 15.3 91.7 [16]
110-H resin 188.5 100 This work

Fig. 6. IR spectra of 110-H resin: (a) before adsorption, (b)
after adsorption, and (c) after elution.
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oxygen atoms and Ni(II) and that H of C–OH had
been exchanged with the formation of a complex com-
pound [32]. These results revealed that the C=O
groups participated in the adsorption process. By com-
paring with the curve of 110-H resin and after Ni(II)
elution, the characteristic absorption peak of the bond
C=O (1,734 cm−1) and C–OH (1,394 cm−1) was found
to slightly weaken after Ni(II) elution. Therefore,
110-H resins have good ability for regeneration and
efficient reusable ability toward Ni(II).

3.10. SEM analysis

After adsorption of as-prepared resin with Ni(II)
solution, their color changed a little and the resin was
studied by microscopic techniques (Fig. 7). The studies
performed by means of optical microscope also con-
firmed that the 110-H resin has no pores in-house in
the dry condition. The SEM micrographs are widely
used to observe the morphological features and
surface characteristics of the adsorbent materials.

Comparing the surface of 110-H resin with Ni(II)-
loaded resin, the surface of the 110-H resins turned
thicker and granular. The results showed that Ni(II)
ions were adsorbed by 110-H resin. Comparing the
surface of 110-H resin with Ni(II)-eluted resin, it is
found that Ni(II) ions had been completely eluted.
Therefore, 110-H resin have good ability for regenera-
tion and efficient reusable ability toward Ni(II).

4. Conclusions

In this study, batch adsorption experiments for
the removal of Ni(II) from aqueous solutions had
been carried out using 110-H resin. The RSM analysis
demonstrates that optimum adsorption conditions
were 35˚C, pH 6.57, and initial Ni(II) concentration of
0.33 mg/mL. At optimum adsorption conditions, the
adsorption capacity of Ni(II) reached 188.5 mg/g,
close to the value predicted by the model
(192.88 mg/g). Isothermal studies showed that the
adsorption process of 110-H resin for Ni(II) obeys the

Fig. 7. SEM images of (a) 110-H resin and (b) after Ni(II) adsorption, and (c) after Ni(II) elution.
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Langmuir model. Ni(II) adsorbed on 110-H resin can
be eluted by 2.0 mol/L HCl solution, and the 110-H
resin can be regenerated and reused. The SEM and
IR spectra analyses were examined to determine the
adsorption mechanism of 110-H resin. In conclusion,
the results of this investigation supports that the
110-H resin is an effective adsorbent to remove and
recover Ni(II) from aqueous solutions in the environ-
mental protection and wastewater treatments.
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