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ABSTRACT

Biosorbent Ni**-imprinted chitosan beads were synthesized using epichlorohydrin cross-linking and
nickel ion as the template for the selective adsorption of nickel ions from bimetallic aqueous solution
comprising Ni** and Co?". The effect of several parameters, i.e., pH, initial metal ions concentration,
and contact time on the adsorption capacity and separation coefficient was examined. The selective
and competitive adsorption processes of nickel and cobalt ions on the Ni*-imprinted chitosan beads
were studied separately. The equilibrium adsorption data of nickel could be well fitted with the Lang-
muir model even in the presence of high background cobalt concentrations, and the kinetics data were
best fitted with the pseudo-second order kinetics model. In sole solution, the non-selective adsorption
capacities of nickel and cobalt reached maximum (44.8 and 17.8 mg g, respectively) at a solution pH
of 5. In a binary metal species solution, when the cobalt-to-nickel concentration ratio was 1,500, the
separation coefficient (K, ,) was ~45, indicating the excellent selectivity of the beads toward nickel
adsorption. It was also found that initially adsorbed cobalt ions on Ni-imprinted chitosan beads were
displaced by subsequently adsorbed nickel ions from the solution. It was speculated that the displace-
ment result from an adjacent adsorption and repulsion mechanism. Additionally, Fourier transform
infrared and X-ray photoelectron spectroscopy results revealed that the Ni*-imprinting technology
enabled the generation of abundant recognition sites for nickel ions on the Ni*-imprinted chitosan

beads and amine groups primarily bound to Ni* via chelation.
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1. Introduction

Cobalt and nickel typically co-exist in deposits [1], cata-
lysts [2], batteries [3], Ni-Co alloys [4], and industrial waste
solutions [5] owing to their similar physical and chemical
properties. Consequently, to date, their separation in hydro-
metallurgy and recovery processes from secondary resources
remains challenging. When compared with conventional
separation processes, such as chemical precipitation [6], ion
exchange [7], solvent extraction [8], and membrane separation
technology [9], biosorption, which uses biological materials
as adsorbents, has been considered as an innovative potential
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technology for treating wastewater containing heavy metals
owing to the economic viability and safe disposal of the spent
adsorbent [10].

To our knowledge, numerous biosorbents have been
studied in the field of adsorption [11-13]. Among them, chi-
tosan and its derivatives are considered as promising bio-
sorbents for the removal and recovery of metal ions from
wastewaters because of their low cost, abundance in nature,
environment-friendly properties, and high adsorption effi-
ciency [14, 15]. Particularly, chitosan has great affinity for
metal ions owing to the presence of abundant hydroxyl and
amino groups on its backbone [16, 17]. However, the poor
stability and selectivity of chitosan in aqueous acidic media
limits its application in industrial effluents.
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To improve the chemical stability and mechanical
strength of chitosan, cross-linking techniques employing dif-
ferent cross-linking agents have been widely used [12, 18].
However, the adsorption capacity of chitosan typically
decreased after cross-linking due to the consumption of
amine groups during cross-linking [19].

Ion-imprinted polymer (IIP) technology was introduced
by Nishide et al. to improve adsorption selectivity by chang-
ing the template molecule into a metal ion based on the
concept of molecularly imprinted polymers in 1976 [20]. In
the last years, numerous studies relating to IIPs for the rec-
ognition of template ions, such as UO,* [21], Cu* [22], Ni**
[23], and Fe* [24], have been reported. Among these, novel
bio-sorbent ion-imprinted chitosan resin has received much
interest owing to its high selectivity and low cost. The mer-
its of the cross-linking process and IIP technology have been
exploited toward the preparation of ion-imprinted chitosan
resins using metal ions as a template.

So far, ion-imprinted chitosan resins have been suc-
cessfully applied in the selective adsorption of different
metal ions such as Cu?* [25], Co* [26, 27], Ag* [28], Ni** [29],
UQO,*[30], and Pb* [31]. Research attention has been mostly
focused on preparation and modification of the novel ion-
imprinted chitosan-based biosorbent. However, few papers
were designed to study the selective behaviors and mecha-
nisms in detail, such as adsorption kinetic, adsorption iso-
therm and competitive adsorption process in the binary or
multiple aqueous solutions. In fact, sole toxic metal species
rarely exists in natural waste effluents. So a great effort
should be made in research on the adsorption interaction on
ion-imprinted chitosan resins involving two or more metal
species, especially in the background of high metal ions con-
centration. And then the ion-imprinted chitosan resins could
likely be applied to separate and recover certain metal ions
from industry wastewater.

In the present study, Ni*-imprinted chitosan beads
(denoted as Ni-IIP-CTS) were synthesized and investigated
toward the adsorption interaction between nickel ions and
cobalt ions in bimetallic solution. Great effort was devoted to
examine the selective adsorption behavior of nickel ions on
biosorbent in a binary metal ions system. Furthermore, dis-
placement process and adsorption mechanisms were sche-
matically elucidated.

2. Experimental
2.1. Materials and method

Chitosan >90% degree of deacetylation was obtained
from Chengdu Kehua chemical factory (Sichuan, China).
Nickel sulfate, Cobalt sulfate, acetic acid, epichlorohydrin
(ECH), sodium hydroxide, ethylene diamine tetra-acetic
acid (EDTA) and sulfate acid were purchased from Chuanxi
Chemical factory (Sichuan, China) and used without further
purification. Distilled water was used for preparation of
metal stock solution. The desired pH-values were adjusted
by dilute sodium hydroxide or sulfuric acid.

2.2. Preparation of the Ni**-imprinted chitosan beads

Ni*-imprinted chitosan beads (denoted as Ni-IIP-
CTS)  were synthesized in four major steps according

The mixture of
chitosan and

L acetic acid
D 1Mol NaOH

I )
‘1 -+

crosslinking
with ECH
T —

—_
Preparation of
chitosan beads

2

Recognition of}

Ji2* §
Imprinting _Ni*” ions |

2

Cross-linking

2

Remo\'al the
Removal of the Ni’* ions
template
—_—d

Fig. 1. Schematic procedure of the synthesis of Ni-IIP-CTS beads.

to the reported literature procedure [26, 29] with some
modification (Fig. 1).

2.2.1. Preparation of chitosan beads

Chitosan (1 g) was dissolved in acetic acid solution
(30 mL, 2%, v/v) while stirring using a magnetic stirrer to
obtain a homogeneous chitosan. The gel mixture was then
introduced dropwise into NaOH solution (100 mL, 1 M)
with a syringe. The prepared chitosan beads were retrieved
by filtration and rinsed with deionized water.

2.2.2. Adsorption of nickel template ions

Chitosan beads (10 g) were introduced into a nickel
sulfate solution (50 mL, 10000 ppm) and shaken at 120 rpm
for 24 h. The resulting nickel-loaded chitosan beads were
retrieved by filtration and washed with deionized water.

2.2.3. Cross-linking with epichlorohydrin

Epichlorohydrin (10 mL) was introduced into a flask
containing the nickel-loaded chitosan beads (10 g), and the
cross-linking reaction proceeded for 24 h with shaking at 120
rpm and 333 K. The synthesized cross-linked chitosan beads
were retrieved by filtration and washed sequentially with
ethanol and deionized water.

2.2.4. Removal of nickel template ions

The nickel template ions was removed from the synthe-
sized chitosan beads by extraction with 1 M sulfate acid solu-
tion and subsequently washed with deionized water. Then,
these beads were treated with 1 M sodium hydroxide solu-
tion to regenerate the binding sites. Finally, the beads were
washed with pure water for several times until the pH of the
rinsing solution was neutral and stored until use.

The same process of preparation was carried out without
adsorption of nickel template ions, and the obtained compos-
ites were non-imprinted chitosan beads, labeled as NIP-CTS.
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2.3. Batch adsorption study

All batch adsorption experiments were conducted at 313
Kand constant shaking at 120 rpm. The adsorbent-to-solution
ratio was 1 g L. For comparison, the adsorption studies of
nickel were conducted in both the single and binary metal
species systems with Ni-IIP-CTS and NIP-CTS, respectively.

2.3.1. Effect of pH

The effect of pH on the adsorption property of nickel
was investigated in the pH range of 2 —6. Portions (0.05 g)
of biosorbent (Ni-IIP-CTS or NIP-CTS) were introduced into
respective 250-mL conical flasks containing the metal solu-
tion (50 mL). In the single metal species system, the initial
concentration of metal ions was 20 ppm. For the binary metal
species system, the initial concentration of nickel was 20 ppm
and the concentration of cobalt ions was either 200 or 1,000
ppm. The beads and metal solution-containing conical flasks
were shaken for 24 h, and the final concentration of the metal
ions was determined.

2.3.2. Adsorption isotherm studies

Adsorption isotherms were obtained for the single
and binary metal species systems at the optimum pH of 5.
Biosorbent (0.05 g) were introduced into a 250-mL conical
flask comprising the metal solution (50 mL). The concentra-
tion of nickel was varied in the range of 20-100 ppm and that
of the cobalt ions was varied in the range of 0-1,000 ppm.
The beads and metal solution-containing conical flasks were
shaken for 24 h, and the final concentration of the metal ions
was determined.

2.3.3. Adsorption kinetics studies

The adsorption kinetics studies of nickel on biosorbent in
the single and binary metal species systems were conducted
in a 2-L flask containing adsorbent (1.000 g) and metal solu-
tion (1,000 mL) at pH 5, respectively. In the single metal spe-
cies system, the initial concentration of nickel was 20 ppm. In
the binary metal species system, the initial concentration of
nickel was fixed at 20 ppm and that of cobalt was varied in
the range of 0-3,500 ppm. Aliquots (1 mL) were withdrawn at
regular intervals to determine the concentration of the metal
ions.

2.3.4. Metal ions displacement studies

A displacement test was additionally conducted to inves-
tigate the possible displacement of initially adsorbed metal
ions by subsequently adsorbed metal ions. In the first experi-
ment, Ni-IIP-CTS (1 g) were first introduced into a nickel ions
solution (1,000 mL) with an initial nickel ion concentration
of 100 ppm and left to be shaken for 24 h. The nickel-loaded
beads (denoted as Ni-loaded) were separated through filtra-
tion. The resulting beads (0.5 g) were then introduced into
(a) a cobalt ions solution (500 mL) with an initial cobalt ions
concentration of 100 ppm (the resulting beads are referred
as Ni—Co-loaded) and (b) deionized water (500 mL) at pH
5 as a blank experiment (the resulting beads are referred as
Ni-W-loaded) and left to be shaken for 24 h. Aliquots were

withdrawn to monitor changes in the metal ions concentration
in the solution as a function of contact time.

Asimilar second experiment was conducted, however, the
beads were loaded with cobalt first (denoted as Co-loaded)
and subsequently loaded with nickel or water (as a blank
experiment) under the same conditions (bead amount,
pH, and volume and concentration of metal ions solution)
used above. The beads are referred as Co-Ni-loaded and
Co-W-loaded, respectively.

2.4. Analytical methods
2.4.1. Characterization methods

The metal ions concentration was measured by an
ICP-MS (NEXION 300X, PE) equipped with an auto-sampler
(SC2 DX, ESI). The Fourier-Transform Infrared Spectroscopy
(FTIR6700, Nicolet, USA) was used to characterize the chemi-
cal bonds of Ni-IIP-CTS beads before and after metal adsorp-
tion. All samples of FTIR spectrometer were prepared by KBr
pellets and scanned in the range 4,000 to 400 cm™. X-ray pho-
toelectron spectroscopy (XPS, XSAM-800, KRATOS, UK) was
used to characterize the states of the certain elements on the
surface of Ni-IIP-CTS beads with or without metal ion load.
The XPS analysis was obtained with an Al Ka X-ray source
(1486.6 eV of protons).

2.4.2. Data processing

The equilibrium adsorption capacity (g/mg g™'), amount
of distribution ratio K, [32] and separation coefficient of

Ni** over Co* (K,,,) [33] was calculated by the following
equation.
Co—C,)V
g ==Y &
m
G -C) v
K. = el — 2
o @
K, .
Ky, o = —0 3
Ni/Co K ( )

d(Co)

where C, and C, are the initial and equilibrium metal con-
centration (mg/g), m is the mass of adsorbent (g) and V is the
volume of solution (L), K, is the distribution ratio in binary
system.

3. Results and discussion
3.1. Effect of initial pH-value on selective adsorption

The solution pH plays a key role on the adsorption capac-
ity of metal ions owing to its effect on the generation of varied
metal ion forms [34]. Fig. 2 showed the adsorption behavior
of biosorbent toward nickel and cobalt ions at varying pH -
value in sole metal ions system. In Fig. 2(a), the adsorption
capacity of nickel ions and cobalt ions on NIP-CTS increased
remarkably with the increasing of pH at pH less than 4.
The higher adsorption capacities observed with increasing
pH-value was attributed to the reduced formation of proton-
ated amine groups at increasing pH-value, which otherwise
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Fig. 2. Effect of pH-value on adsorption capacity of nickel and
cobalt in sole solution onto (a) NIP-CTS and (b) Ni-IIP-CTS.

inhibited the adsorption of metal ions. The maximum adsorp-
tion values for nickel ions and cobalt ions onto NIP-CTS were
8.89 and 6.67 mg g™ at around pH =5 and pH =4 respectively,
from which the separation adsorption of nickel over cobalt
on NIP-CTS was hardly observed. Similar nickel and cobalt
adsorption behaviors were observed in Fig. 2(b), and corre-
sponding maximum adsorption capacities of 15.65 and 8.7
mg g! were obtained at pH 5, which were higher than that
on NIP-CTS. Moreover, the adsorption capacity of nickel on
Ni-IIP-CTS was higher than that of cobalt regardless of the
solution pH-value, thus indicating the adsorption preference
behavior of Ni-IIP-CTS toward nickel ions. In addition, the
Ni-IIP-CTS show greater pH-value adaptability than that of
NIP-CTS.

To effectively determine the separation efficiency of
nickel ions in the presence of competitor species cobalt, the
separation coefficient, Ko Was determined. The effect of
pH on K, in the binary metal species system was shown in
Fig. 3. Parameter K, ., changed considerably with changes in
pH in the range of 2-6. Maximum separation coefficient K, .,
was achieved at pH 3 in both binary metal species systems
studied (where the Co-to-Ni concentration ratios = 50 and 10).
Based on the results obtained, a pH value of 5 was selected
as the optimum to achieve both high adsorption capacity and

separation coefficient; moreover, such a pH was suitable for
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Fig. 3. Effect of pH-value on separation coefficient of Ni** over
Co*in binary system onto Ni-IIP-CTS.
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Fig. 4. Effect of initial concentration of metal ions on the adsorp-
tion capacity of nickel on biosorbent in sole nickel solution.

practical application. Hence, subsequent experiments were
conducted at pH 5. When the initial cobalt-to-nickel con-
centration ratio was 10 (denoted as Co/Ni = 10), K, was
lower than that obtained at Co/Ni = 50, thus confirming the
high selectivity of Ni-IIP-CTS toward nickel adsorption in the
presence of high background cobalt concentrations. The rea-

son for such a result will be discussed in Section 3.4.

3.2. Adsorption isotherm studies

Fig. 4 showed the effect of the initial metal ion concentra-
tion on the nickel adsorption capacity of Ni-IIP-CTS and NIP-
CTS in the single metal species system. As observed from
Fig. 4, in the range of studied concentration, the equilibrium
adsorption capacity of nickel ions all increased with increas-
ing initial nickel concentrations. Furthermore, it could be
found that the adsorption capacity of Ni-IIP-CTS was greater
than that of NIP-CTS at the identical initial concentration of
nickel, confirming the effect of IIP technology.

The adsorption isotherm of nickel ions on Ni-IIP-CTS
in binary system were presented in Fig. 5. A similar nickel
adsorption capacity profile with Ni-IIP-CTS was observed in



N. Guo et al. / Desalination and Water Treatment 58 (2017) 93-105 97

q/mg g’
5
1

—&—— Co=20ppm
—&—— Co=200ppm
—A—— Co=1000ppm

10 T T T T T T T T T T
20 40 60 80 100 120

C,/mg L

Fig. 5. Effect of initial concentration of metal ions on the adsorp-
tion capacity of nickel on Ni-IIP-CTS in binary system.

Fig. 5 (wherein the initial concentration of cobalt was fixed)
with increasing initial nickel concentrations. However, the
equilibrium adsorption capacity of nickel ions decreased
when the initial concentration of cobalt increased, while
that of nickel was kept constant. This result was attributed
to the onset of competitive adsorption of cobalt on the bind-
ing sites of the beads. In the binary metal species system,
when the initial nickel concentration was 20 ppm, the equi-
librium adsorption capacity of nickel decreased from 14.88
to 12.27 mg g™ (corresponding to a decrease of 17.50%) with
increasing initial cobalt concentrations from 20 to 1,000 ppm.
This result demonstrated the excellent competitive adsorp-
tion of Ni-IIP-CTS for nickel over cobalt.

In present work, all the nickel adsorption isotherm data
were analyzed with the Langmuir models and Freundlich
models as described by Egs. (4) and (5), respectively. The
associated calculated adsorption parameters are listed in
Table 1.

Langmuir model:

1 1 1
+

—=— )
7. 4. 4.Kec
Freundlich model:
1
Ing, =—Inc, +anf ()
n

Table 1

where K, is the Langmuir sorption constant (L/mg) and
reflects the free energy of sorption, q_ is the most adsorption
capacity, K, and n are the parameters of Freundlich isotherm
and related to the activity of adsorption.

As presented in Table 1, the adsorption process on NIP-
CTS was better described by the Freundlich model than the
Langmuir model, thereby indicating that the adsorption of
nickel on the biosorbent was multilayer adsorption. However,
the Langmuir model could relatively better predict the iso-
therm data of nickel ions onto Ni-IIP-CTS in both systems.
So the adsorption of nickel ions on Ni-IIP-CTS belonged to
monolayer adsorption. Furthermore, the maximal adsorption
capacity of biosorbent calculated via Langmuir model at each
case were all closed to experimental values. Parameters K
and 1/n, associated with the Langmuir and Freundlich mod-
els, respectively, ranged between 0 and 1 for the different
initial concentration ratios studied, thereby indicating that
Ni-IIP-CTS and NIP-CTS were an ideal adsorbent for nickel
ions removal. However, the greater Q__ of Ni-IIP-CTS com-
pared with that of NIP-CTS implies that Ni-IIP-CTS showed
the greater affinity than NIP-CTS due to the ion-imprinting
technology during preparation process.

Comparison of the adsorption performance of Ni*-
imprinted chitosan with other adsorbents for Ni** ion, such as
common adsorbents, reported in the literatures were shown
in Table 2. As presented in Table 2, the adsorption capacity of
Ni-IIP-CTS was higher than most of the reported sorbent [18,
35, 36, 37] and lower than some of those published adsorbent
[29, 38, 39]. Most of the reported adsorbent were absence of the
selectivity coefficient (K, ) [18,35-37, 39]. The selectivity coef-
ficient K, of Ni-IIP-CTS was higher than the Ni-imprinted
magnetic chitosan/PVA adsorbent [29] and lower than the
NDC-984 resin [38]. However, the high selective coefficient of
NDC-984 resin was obtained with a high initial concentration
ratio of 5000. So the comparison confirmed that the Ni-IIP-CTS
had certain application prospect for selective nickel remove.

3.3. Adsorption kinetics studies

The adsorption kinetics results of nickel on both biosor-
bent in sole solution were presented in Fig. 6. It should be
noted that the adsorption capacity increased with increas-
ing contact time and the adsorption equilibrium reached
within 8 h and 6 h on Ni-IIP-CTS and NIP-CTS, respectively.
Furthermore, the adsorption capacity of Ni-IIP-CTS was
greater than that of NIP-CTS, clearly indicating the imprint-
ing effect on adsorption capacity.

Isotherm model constants for the adsorption of nickel at different concentration of nickel and cobalt

Adsorbent Solution system Experimental Langmuir Freundlich
q, Qi K, R K, 1n R
mg g™’ mg L~!

NIP-CTS Ni in sole 32.70 46.25 0.0235 0.9727 1.9011 0.6637 0.9945

Ni-IIP-CTS Ni in sole 44.84 53.19 0.0760 0.9956 7.7459 0.4446 0.9815
Co =20 ppm 40.18 49.18 0.0564 0.9883 5.7863 0.4786 0.9851
Co =200 ppm 40.08 47.52 0.0572 0.9944 5.6724 0.4739 0.9838
Co =1000 ppm 34.17 46.72 0.0442 0.9905 4.4734 0.5065 0.9617
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Comparison of different adsorbent for nickel ion
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Adsorbent Q... y T/K pH Isotherm Kinetic Ky ” Refs.
mg.g!
Chitosan encapsulated Sargassum sp. 19.85 298 7 Freundlich  Pseudo - [35]
Second-order
Ni-imprinted magnetic chitosan /PVA 500 298  5-6 Langmuir Pseudo Kag=23 [29]
Second-order K, =15;
KNi/Zn= 8
y-alumina 49.7 313 6 Langmuir-  Pseudo - [36]
nano-particles Freundlich ~ Second-order
NDC-984 resin 66.1 303 5 Langmuir  Pseudo Kieo=80 [38]
Second-order
Carboxylated sugarcane bagasse 91.9 298 575 Slip Pseudo - [39]
Second-order
Polyurethane foam 24.39 313 55  Freundlich Pseudo - [37]
Second-order
GIA - crosslinked Ni* imprinted chitosan 37.88 298 5 Langmuir Pseudo - [18]
Second-order
Ni-IIP-CTS 53.19 5 313 Langmuir Pseudo Kyyjco=45 In this work
Second-order
i 15 ~
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Fig. 6. Effect of contact time on adsorption kinetics of nickel with
Ni-IIP-CTS and NIP-CTS in sole solution.

Fig. 7 showed the competitive adsorption kinetics of
nickel on Ni-IIP-CTS in binary system. In Fig. 7, it is observed
that nickel ions adsorption on Ni-IIP-CTS had similar per-
formance to that in the sole solution (Fig. 6). However, the
uptake capacity decreased with increasing initial cobalt
concentrations, as consistent with the results in Fig. 5, thus
demonstrating the competitive adsorption between cobalt
ions and nickel ions.

To further evaluate the adsorption process, several
adsorption kinetic models, such as the pseudo-first-order
equation, pseudo-second-order equation, intraparticle diffu-
sion model, and Elovich rate equation, can be used. Among
them, the pseudo-first-order and pseudo-second-order
equations are mainly employed in biosorption. Hence, the
obtained adsorption kinetics data were fitted with both the

t/min

Fig. 7. Effect of contact time on adsorption kinetics of nickel with
Ni-IIP-CTS in binary system.

pseudo-first-order and pseudo-second-order equations. The
associated determined parameters were presented in Table 3.
As observed, the calculated correlation coefficient (R?) values
of the pseudo-second-order-kinetics-model-fitted data were
higher than those of the pseudo-first-order-kinetics-model-
fitted data. Accordingly, it could be deduced that the adsorp-
tion of nickel on the both biosorbents were better described
by the pseudo-second-order kinetic model, which implied
that the chemical interaction between the metal ions and
ligands was the rate-limiting step of the adsorption process.
Furthermore, the equilibrium adsorption capacity g, of nickel
obtained by modeling was comparable to the experimentally
obtained capacity in each case studied. The rate constant k,
is an indicator of the inhibition effect exerted by interfer-
ing ions—the lower the k, value, the greater the inhibition
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Table 3

99

Kinetic model constants for the adsorption of nickel at different concentration of nickel and cobalt

Biosorbent  Solution Experimental Pseudo-first-order Pseudo-second-order
system e 9e k, R 9 k, IS
NIP-CTS Ni in sole 8.89 10.80 0.0092 0.9703 9.21 0.001774 0.9964
Ni-IIP-CTS  Ni in sole 15.63 14.43 0.0033 0.9513 16.83 0.000552 0.9937
Co/Ni=10 13.80 13.33 0.0074 0.9860 14.79 0.000703 0.9987
Co/Ni=50 10.72 10.41 0.0071 0.9834 11.53 0.000873 0.9983
Co/Ni=100 9.49 9.34 0.0073 0.9745 10.14 0.000881 0.9977

effect is. As observed in Table 2, in binary system studied, k,
increased with increasing initial molar ratios, thereby indi-
cating that the inhibition effect exerted by cobalt ions on the
adsorption of nickel ions onto Ni-IIP-CTS decreased. As a
result, it was easier to selectively extract nickel ions from a
higher Co-to-Ni concentration ratio solution and realize the
separation of nickel and cobalt by Ni-IIP-CTS.
Pseudo first-order kinetics:

q,= qt(lieiklt) (6)
log(g, —q,)=1og(q,) - K t

Second-order kinetic equation:
. q.kt ®)
"o ltgkt
o1t )
9 k4. q,

where g, and g, are the adsorption capacity (mg/g) at equi-
librium and at time t (min), respectively; and k, ( min)is the
rate constants of pseudo-first order kinetic model; k, (g . mg™.
min?) is the rate constants of second-order kinetic model.

3.4. Competitive and selective adsorption studies

Fig. 8 showed the adsorption kinetics of nickel and cobalt
on Ni-IIP-CTS (Figs. 8(a)—(b)) and NIP-CTS (Figs. 8(c)
and (d)) in the single and binary metal species systems,
the initial concentration of both metal ions was 20 ppm in
both systems, respectively. Comparison of the data shown
in Figs. 8(a) and 8(b) revealed that the adsorption of nickel
on Ni-IIP-CTS was efficient in both the single and binary
metal species systems. In contrast, the adsorption of cobalt
ions on Ni-IIP-CTS was greatly depressed in the presence of
co-existing nickel ions in solution. Specifically, adsorption
of the cobalt ions was observed in the first 180 min of the
process, however, subsequently decreased under prolonged
contact times. Thus, contact time is an important factor to
consider in the separation of nickel and cobalt in aqueous

solution using Ni-IIP-CTS. It was deduced that the cobalt
ions initially adsorbed on Ni-IIP-CTS were subsequently
released from the adsorbent into the solution.

Fig. 8(c) and 8(d) showed the adsorption performance
in sole solution was similar to that on Ni-IIP-CTS, but that
in binary system was obviously different. The decline range
of adsorption capacity for nickel ions was similar to that
for cobalt ions in binary system, indicating that NIP-CTS
showed poor selective adsorption for nickel ions toward
cobalt ions.

Thus, the results in Fig. 8 clearly demonstrated the stron-
ger competitive and selective adsorption behavior of nickel
ions over cobalt ions on Ni-IIP-CTS than that on NIP-CTS
due to the imprinting effect. As a result, nickel ions were
selectively adsorbed and separated from cobalt ions in the
binary metal species system. Furthermore, the test outcomes
prove further the imprinting effect on selectivity of biosor-
bent .

Fig. 9 showed the effect of the Co-to-Ni concentration
ratio (denoted as Co/Ni) on the distribution coefficient K
and separation coefficient K . . At a given initial nickel con-
centration, K values of the two metal species decreased with
increasing initial concentration ratios owing to the competi-
tive reaction. However, the K values of cobalt ions declined
more rapidly than those of nickel. Thus, the separation effi-
ciency of nickel (from cobalt) increased considerably, imply-
ing that the selective adsorption of nickel on Ni-IIP-CTS was
excellent. The K, . results were consistent with the k, results
in Table 3. Consequently, the results in Table 3 combined
with that in Fig. 9 clearly demonstrated the high selective
adsorption behavior of nickel ions on Ni-IIP-CTS, even in
the presence of high background cobalt concentrations. This
result agreed with the findings reported by Bhaskarapillai
et al, confirming that the ion-imprinted technology can
selectively recognize template ions in a complex mixture of
metal ions though the ion radii and charge-to-radius ratios of
the metal ions are similar [40].

3.5. Displacement of cobalt and nickel on Ni-IIP-CTS

To determine whether metal ions initially adsorbed
on Ni-IIP-CTS can be displaced by different subsequently
adsorbed metal ions, a series of experiments were performed,
and the results were shown in Fig. 10. Figs. 10(a) — (b)
showed the kinetic results of Ni-IIP-CTS, already loaded
with 17.84 mg g~ cobalt ions (denoted as Co-loaded), was
placed in a nickel ion solution with an initial concentration
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of 100 ppm (denoted as Co-Ni-loaded in Fig. 10(a)) or in
DI water (denoted as Co-W-loaded in Fig. 10(b)). From Fig.
10(a), the amount of cobalt ions released from the biosorbent
into the solution was 14.2 mg g™ (corresponding to ~79.6%),
and the amount of nickel subsequently adsorbed onto
Ni-IIP-CTS from solution was 27.7 mg g'. From the result

presented in Fig. 10(a), it was interesting to find that the
amount of Ni-adsorption on Co-loaded was higher than that
of Co-released from Co-loaded biosorbent, indicating the
presence of abundant special active sites for selective adsorp-
tion nickel ions from the complex mixture of metal ions in
solution owing to the template matrix in Ni-IIP-CTS. In the
blank experiment Fig. 10(b), only 7.0 mg g™ (correspond-
ing to ~39.2%) of adsorbed cobalt ions was released in to DI
water from Co-loaded. These results in Fig. 10(c) showed that
the previously adsorbed cobalt ions were indeed displaced
(about 40.4%) by the subsequent adsorption of nickel ions.

Similar kinetics results on the behaviors of Ni-loaded
in cobalt ions solution with an initial concentration of 100
ppm (denoted as Ni—-Co-loaded) or DI water (denoted as
Ni-W-loaded) were shown in Fig. 10(d) and (e) respec-
tively. As observed in Fig. 10(d), only 3.2 mg g~ of cobalt
ions was adsorbed onto the biosorbent from the solution.
And the amount of nickel ions released from Ni-IIP-CTS
upon subsequent adsorption of cobalt ions was 16.5 mg g™
(corresponding to ~37%). However, in blank experiment
Fig. 10(e) about 14.0 mg g' (corresponding to ~31%)
adsorbed nickel ions was released into DI water. The
results shown in Fig. 10(f) indicated that adsorbed nickel
ions on Ni-imprinted were barely displaced (only about
6%) by the subsequent adsorption of cobalt ions on the
biosorbent.
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3.6. Determination of the adsorption

mechanism

To elucidate the adsorption mechanism further, the sur-
face interactions involved in the adsorption process were

examined.

3.6.1. FTIR spectroscopy studies

The FTIR spectra of Ni-IIP-CTS before and after metal
ions adsorption were shown in Fig. 11. Fig. 11(a) showed
the characteristic peaks of the Ni-imprinted chitosan

101

beads at 3,430 cm™ (corresponding to O-H and N-H
stretches, overlap), 2,923 and 2,880 cm™ (corresponding
to C-H stretch), 1,650 and 1,560 cm™ (corresponding to
N-H stretch), 1,155 cm™ (corresponding to C,-OH) and
1031 cm™ (corresponding to C—~OH) [28, 41]. In con-
trast, the peaks corresponding to -OH and -NH groups
originally observed at 3,430 cm™ shifted to 3,425 cm™
(Fig. 11(c)) and 3,411 cm™ (Fig. 11(b)) after nickel and
cobalt uptake, respectively. Additionally, the peaks cor-
responding to C-OH, C-OH, and -NH were weaker.
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Fig. 11. FTIR spectra of (a) Ni-IIP-CTS beads, (b) cobalt-loaded
Ni-IIP-CTS beads, (c) nickel-loaded Ni-IIP-CTS beads.

The changes observed after metal uptake implied that the
functional groups i.e., N-H and O-H are involved in the
adsorption process.

3.6.2. XPS studies

XPS was used to further investigate the adsorption mech-
anism. As shown in the wide XPS scans in Figs. 12(a)—(c),
characteristic peaks of carbon atom (C 1s), oxygen atom
(O 1s), and nitrogen atom (N 1s) were observed for Ni-IIP-
CTS, and peaks of nickel atom (Ni 2p) or cobalt atom (Co 2p)
were additionally observed for the Ni-loaded or Co-loaded
biosorbent, respectively. These results confirmed that nickel
or cobalt ions were adsorbed on the biosorbent.

Furthermore, elemental (O 1s and N 1s) XPS analyses of the
biosorbent before and after metal uptake were performed, and
the results were shown in Figs. 12(a)—(c). Comparison of the XPS
spectra obtained before and after metal adsorption revealed that
the binding energies of N and O elements changed obviously
after nickel uptake and cobalt adsorption, respectively.

The N 1s spectra of Ni-IIP-CTS comprised two peaks with
different binding energies, as shown in Fig. 13. The peaks at
398.76 and 399.85 eV were attributed to N-H,*, and -NH-and
NH,, respectively [35, 37]. After the adsorption of nickel on
the biosorbent, the binding energies of the peaks correspond-
ing to N-H,*, and -NH- and -NH,, respectively increased to
399.05 and 401.10 [42], and 400.00 eV. The appearance of peak
at a binding energy of ~400.0 eV could be due to the nitro-
gen coordinated with a heavy metal ions (i.e., R-NH,Ni), in
which a lone pair of electrons from the N atom are shared
between N and nickel ions. Consequently, the electron cloud
density of N atom become small, thus leading to a higher
binding energy peak [35]. Thus, the N 1s XPS spectrum of
the biosorbent after nickel uptake confirmed that chelation
between the amine groups of the biosorbent and Ni** ions
was one of adsorption mechanisms. In contrast, the binding
energy of the peak corresponding to N 1s barely changed
after cobalt adsorption, thereby indicating that N-containing
groups showed negligible affinity for cobalt for adsorption
on Ni-IIP-CTS.

Fig. 13(a)—(c) additionally showed that the binding ener-
gies of the O 1s bands in Ni-IIP-CTS increased from 531.12 and
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Fig. 12. Wide-scan XPS spectra of (a)Ni-IIP-CTS beads,
(b) nickel-loaded Ni-IIP-CTS beads and (c) cobalt-loaded
Ni-ITP-CTS beads.

532.28 eV to 534.66 [43] and 532.38 eV after cobalt uptake, and
to 531.30 and 532.52 eV after nickel adsorption. The peaks at
531.12, 534.66, and 531.30 eV and 532.28, 532.38, and 532.52 eV
were assigned to C=O and -HO, respectively. Thus, it was con-
firmed that C=O and -OH groups acted as the main sorption
sites by transferring charges to nickel ions or cobalt ions [33].
The result of Fig. 12 combined with those of Fig. 13
demonstrated that the amine groups on the biosorbent were
protected by the template ions of nickel before cross-linking
with ECH, thereby providing the primary binding sites for
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the high selective adsorption of nickel. O-Containing groups
displayed a similar affinity for nickel and cobalt, and there-
fore might instigate competitive adsorption between nickel
and cobalt on Ni-IIP-CTS.

3.6.3. Mechanism of metal ion displacement

The results in Fig. 10 clearly demonstrated that early
adsorbed cobalt ions on Ni-IIP-CTS were displaced by
later adsorbed nickel ions in the adsorption process and
the early adsorbed nickel ions were barely displaced by

later adsorbed cobalt ions. This phenomenon seems like an
ion-exchange process in which a cobalt ion (or nickel ions)
on Ni-IIP-CTS was exchanged by a nickel ion (or cobalt ions)
to be adsorbed from the solution. Based on the study of Liu,
et al. [44], the process was however different from that in a
conventional ion-exchange process due to lacking net elec-
tric repulsion in a conventional ions exchange process such
as R~ — Na* + Cu** - R~ - Cu* + Na* (where R- denotes the
whole resin base except the exchangeable ion, such as R" —
COO, R -S0O;). The release and adsorption of metal ion on
the biosorbent in aqueous solution occurred simultaneously
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and instantaneously until reaching adsorption equilibrium.
It had been speculated that the displacement of cobalt ions
by nickel was through an adjacent attachment and adjacent
mechanism [44]. Nickel ions could be adsorbed to the adja-
cent adsorption sites due to high affinity to biosorbent and
the release of cobalt ions. The adjacently adsorbed nickel ions
could then dislodge the adsorbed cobalt ions from biosorbent
and released it into solution. However, in other case studied,
the amount of cobalt ions adsorbed on Ni-loaded biosorbent
was near to be equal that the nickel ions released from the
Ni-loaded biosorbent. Moreover, the cobalt ions showed
lower affinity than nickel ions to bosorbent based on the labo-
ratorial data and Irving-Williams order [45]. So the reason for
cobalt-adsorbed on the Ni-loaded chitosan maybe that some
metal adsorption sites of Ni-loaded adsorbent were in vacant
state instantly after adsorbed nickel ions being released
from the adsorption site of biosorbent and few vacant sites
of Ni-loaded biosorbent, especially physical adsorption
site, adsorbed cobalt ions adjacently. Further study in those
aspects will have to be carried out to confirm such a specula-
tion in the future.

3.7. Regeneration of Ni-IIP-CTS

For potential practical application, it is important to inves-
tigate the possibility of adsorbing the metal ions adsorbed on
Ni-IIP-CTS. Five cycles of adsorption/desorption were car-
ried out for nickel ions on Ni-IIP-CTS. EDTA solution (0.05
M) was used as an eluent. From Fig. 14, it can be seen the
adsorption capacities of nickel ions were about 17.5% loss in
pure nickel ions solution and about 19% loss in binary system
after successive cycles up to 5 times, respectively. This indi-
cated that Ni-IIP-CTS had good durability and efficiency for
repeated use.

4. Conclusions

The selective biosorption of nickel on Ni-IIP-CTS bio-
sorbent from a cobalt-and-nickel-containing solution was
examined. The results showed that the selective adsorption
of nickel was dependent on the solution pH, initial metal

ions concentration ratio, and contact time. The adsorption
process was better described by the pseudo-second-order
and Langmuir monolayer adsorption models regardless of
the presence of interferent cobalt ions. Furthermore, previ-
ously adsorbed cobalt ions could be displaced upon subse-
quent adsorption of nickel ions in solution. The FTIR and
XPS results revealed that the selective adsorption mecha-
nisms could mainly involve chelation between N-containing
groups and nickel ions, whereas the competitive adsorption
mechanisms could involve chelation between the nickel or
cobalt ions and O-containing groups. The K, of nickel was
higher than that of cobalt, thereby indicating the preferential
adsorption of nickel on Ni-IIP-CTS. Five cycle runs indicated
Ni-IIP-CTS had good durability and efficiency for repeated
use. In summary, the present findings demonstrate the
potential of Ni-IIP-CTS as an effective biosorbent for the sep-
aration of nickel and cobalt from leaching liquid and indus-
try wastewater.
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