
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
6:

46
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Enhanced adsorp
aSchool of Chemical Engineering and Techn

Xueyuan Road, Jiancaoping District, Taiyu

126.com; zjzhang@nuc.edu.cn
bCSIRO Agriculture and Food, GPO Box 160
cDepartment of Chemical Engineering, Texa

Ave, P. O. Box 43121, Lubbock, Texas 79409
dSchool of Chemical Engineering, Fuzhou U

xiaolq@fzu.edu.cn
eGeosciences Geoanalytical Laboratory, Texa

USA

† Electronic supplementary informa
10.1039/c8ra06110f

Cite this: RSC Adv., 2018, 8, 36858

Received 18th July 2018
Accepted 20th October 2018

DOI: 10.1039/c8ra06110f

rsc.li/rsc-advances

36858 | RSC Adv., 2018, 8, 36858–368
tion behaviors of Co2+ on robust
chitosan hydrogel microspheres derived from an
alkali solution system: kinetics and isotherm
analysis†

Tianyu Hou,ab Hongjiao Zhang,a Dongliang He,a Qingye Liu, *ac Zhijun Zhang,*a

Longqiang Xiao,*d Wei Li c and Melanie Barnese

Chitosan hydrogel microspheres derived from the LiOH/KOH/urea aqueous system demonstrate great

characteristics of high mechanical strength, relative chemical inertness, renewability and 3-D fibrous

network, making them promising functional supports. This work aims to investigate the tunable Co2+

adsorption behaviors on these robust chitosan microspheres in detail, providing the theoretical basis for

optimizing the preparation procedure of chitosan microspheres supported Co3O4 catalysts in the future.

The experimental results revealed that the fabricated original chitosan microspheres with more extended

chain conformation could display enhanced adsorption capacity for Co2+ at determined concentration

both in water and alcohol solutions, which is about 2–7 times higher than that of the conventional

chitosan hydrogel microspheres prepared from the acetic acid solution. The kinetic experiments

indicated that the adsorption process in water solution agreed with the pseudo-second-order kinetic

equation mostly, while the chemical and physical adsorptions commonly contribute to the higher Co2+

adsorption on chitosan microspheres in alcohol solution. Moreover, in both cases, the film diffusion or

chemical reaction is the rate limiting process in the initial adsorption stage, and the adsorption of Co2+

on chitosan microspheres can well fit to the Langmuir isotherm. Thermodynamic analysis demonstrated

that such adsorption behaviors were dominated by an endothermic (DH� > 0) and spontaneous (DG� < 0)

process.
1. Introduction

Cobalt-based materials have shown great applications in
a wide range of elds, such as electrochromic devices, ceramic
pigments, catalysts, solid-state sensors, magnetism, solar
energy absorbers, energy storage, etc.1–4 As one of the impor-
tant species, cobalt oxide is of special interest due to its
excellent catalytic performance in various reactions.5–9 For
example, Schüth et al. have demonstrated that immobilization
of Co3O4 nanoparticles onto the mesoporous carbon could
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68
exhibit efficient catalytic action for transfer hydrogenation of
a, b-unsaturated aldehydes with a selectivity higher than 95%
at full conversion.10 Tüysüz's group revealed that Co3O4 clus-
ters loaded in monodisperse mesoporous silica spheres
showed a clear advantage over non-supported Co3O4 nano-
particles toward the photochemical water oxidation.11 Similar
behavior was also reported, where mesoporous Co3O4 nano-
particles supported on mesoporous silica SBA-15 displayed
enhanced efficiency in N2O decomposition relative to bare
Co3O4.12 These ndings clearly indicate that the catalysis is
closely related to the carriers. The support matrixes with small
pore size and high surface area not only facilitate the Co3O4

nanoparticles with smaller size, but also could prevent
the catalyst from aggregation, ensuring the accessibility of
the substrate to the catalytic active sites. Meanwhile, the
carriers would enable an easy recovery and recycling of cata-
lysts from the reaction mixture. Since the Co3O4 nanoparticles
are usually prepared by introducing Co2+ as the precursor into
the support matrix, the investigation of the adsorption
kinetics and isotherm behaviors of Co2+ on support matrixes
will have great signicance on the development of catalyst
supports.
This journal is © The Royal Society of Chemistry 2018
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As a popular natural polysaccharide, chitosan has been
proved to be an eco-friendly transition metal ions support,
owing to the characteristics of relative chemical inertness,
strong affinity and sustainability. Benetting from its abundant
hydroxyl and amino groups, several transition metal ions could
be anchored onto the chitosan matrix.13,14 Nevertheless, the
fabricated single-component chitosan materials obtained from
the traditional acid solution could display poor mechanical
property. Thus, most of the investigation mainly focused the
adsorption behaviors on the chitosan hybrid nano-
composites.15,16 In addition, native chitosan matrix does not
exhibit high adsorption efficiency for the target metal ions. In
order to improve the uptake efficiency for target adsorbates,
various functional groups or cross-linkers (e.g. EDTA, EGTA,
DTPA) have to be employed to the bio-derived chitosan adsor-
bents.17–20 All these occurrences lead to the limitation for chi-
tosan as a stable heterogeneous catalysts support.21 The
invention of a “green” solvent system consisting of alkali/urea
has opened up an avenue to fabricate the supertough chitosan
hydrogel materials.22 The obtained chitosan hydrogel with
a nanobrous structure could display higher mechanical
strength than that prepared from traditional acidic solvent
(about 100 times). As shown in Fig. S1,† the chitosan hydrogel
beads fabricated from the alkaline system could sustain their
original shape, while the hydrogel beads from the acetic acid
solution could be easily broken into pieces under intense
agitation. Hence, it is expected that this pure chitosan hydrogel-
based material derived from alkaline solvent system would be
an ideal and stable candidate for Co2+ support. In this work,
robust chitosan microspheres were prepared from the LiOH/
KOH/urea aqueous system by using the W/O emulsion
method, with the simultaneous chemical crosslink to improve
stability. Taking advantage of the 3-D brous network struc-
tures in microspheres and high surface area, Co2+ could be
easily absorbed onto the chitosan nanobers in matrix with
enhanced adsorption capacity. Thus, the impacts of the solu-
tion pH, initial Co2+ concentration and incubation temperature
on Co2+ adsorption onto chitosan hydrogel spheres in water and
alcohol solution were investigated in detail, respectively. The
related adsorption kinetics and isotherm behaviors were also
explored. This work will provide the theoretical basis and
guidance for the further preparation of chitosan microspheres
supported Co3O4 catalyst.
2. Experimental
2.1 Materials

Chitosan powder with a degree of deacetylation about 89% was
purchased from Ruji Biotechnology Co., Ltd. (Shanghai, China).
All of the chemical reagents including KOH, LiOH$H2O, urea,
NaOH, HCl, CoCl2, epichlorohydrin, chloroform, methyl-
benzene acetone anhydrous DMSO, alcohol and NH3$H2O were
analytical grade from commercial sources in China. Tween-80,
Span-80, glutaraldehyde, toluene and isooctane were supplied
by Sigma-Aldrich Company. NaCl, EDTA$2Na and acetic acid
were obtained from VWR International.
This journal is © The Royal Society of Chemistry 2018
2.2 Fabrication of the robust chitosan microspheres

Robust chitosan microspheres derived from the alkali solvent
system were prepared by utilizing a conventional emulsion
method.23 Specically, 4 g chitosan powder were dissolved in
100 g aqueous solution consisting of LiOH$H2O/KOH/urea/H2O
with the weight ratio of 7.9 : 7:8 : 77.1 via a freezing-thawing
method. The freezing-thawing process was allowed to repeat
twice with the purpose of complete dissolution. Then, 2 mL
epichlorohydrin as the chemical crosslinking reagent was
added dropwise into the viscous chitosan solution and stirred at
�20 �C for 2 h. Aer centrifugation at 4300 rpm for 5min at 4 �C
to remove the air bubbles, the homogeneous transparent chi-
tosan pre-gel solution (120 mL) was swily added into the pre-
mixed organic solvents containing 500 mL of isooctane and
5 mL Span-80 in a ask. Under an intense agitation at 1300 rpm
for 2 h at room temperature, the gelated chitosan micro-
droplets formed. Subsequently, the emulsion was transferred
into 2 L alcohol/water solution (v/v ¼ 7 : 3), the emulsion was
broken and the chitosan microspheres were acquired. Finally,
the microspheres were successively washed with ultrapure
water and alcohol for three times to remove the residual
chemicals. For the preparation of chitosan beads, the obtained
pre-gel chitosan solution was allowed to drip into hot water by
an injector to get the raw beads. Aer thorough washing with
ultrapure water, the chitosan hydrogel beads were collected.
2.3 Fabrication of the conventional chitosan microspheres

The conventional chitosan microspheres from the acetic acid
were fabricated via a W/O emulsication cross-linking reaction
method.24 Briey, certain amount of chitosan powder was rstly
dissolved in 2% acetic acid to give a 3% chitosan solution. Aer
centrifugation at 4300 rpm for 15 min at 4 �C to remove the
undissolved precipitation, the obtained homogeneous trans-
parent chitosan acid solution (100 mL), Tween-80 (2 mL), Span-
80 (2 mL) and toluene (600 mL) were simultaneously added into
a ask, allowing to stir mechanically for 1 h to form an emul-
sion. Then, 20% glutaraldehyde stock solution (1 mL) as the
crosslinking agent was added into the emulsion system for
incubating another 2 h at room temperature. With the following
incubation in 0.1 mol L�1 NaOH aqueous solution for 1 h, the
chitosan microspheres were acquired. Finally, the chitosan
microspheres were successively washed with 70% alcohol
solution and ultrapure water for three times to remove the
residual chemicals. For the preparation of chitosan beads from
the acid solution, the obtained pre-gel chitosan acid solution
was allowed to drip into 0.1 mol L�1 hot NaOH aqueous solu-
tion by an injector to get the raw beads. Aer thorough washing
with ultrapure water, the chitosan hydrogel beads were
collected.
2.4 Adsorption behaviors studies

The adsorption behaviors of Co2+ on chitosan microspheres
including the effects of pH and incubation temperature,
adsorption isotherms, kinetic mechanisms and thermody-
namic parameters, were investigated intensively. All the
RSC Adv., 2018, 8, 36858–36868 | 36859
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experiments were performed in 100 mL plastic tubes containing
50 mL of Co2+ solution by utilizing the batch equilibrium
method. Meanwhile, all the tubes were sealed with the caps to
avoid the adverse evaporation during the incubation process. In
the adsorption isotherm, concentrations of Co2+ in each solu-
tion ranged from 0.5 to 10.0 mmol L�1 and the incubation
temperature was set to be 293 K. To each container, 5 g chitosan
microspheres were added. Aer incubation for 24 h, the nal
concentration of Co2+ in each beaker was determined with ICP-
OES spectrometer. Thereby, the adsorption capacity, qe (mmol
g�1), of Co2+ on chitosan microspheres could be calculated
following the below equation:25

qe ¼ ðc0 � ceÞV
W

(1)

where c0 and ce are the initial and nal concentrations of Co2+

(mmol L�1), respectively, V is the total volume of Co2+ aqueous
solution (L) in each tube and W is the mass of chitosan
microspheres (g).

Kinetic behaviors for Co2+ adsorption on chitosan micro-
spheres in water and alcohol solutions were investigated,
respectively. For the kinetic studies in water solution, 5 g orig-
inal microspheres were added to 50 mL Co2+ aqueous solution.
For the investigation of kinetic behavior in alcohol solution,
solvent exchange in the matrix was rstly performed by placing
the chitosan microspheres in alcohol for 5 days. The alcohol
was changed with the fresh one every 24 h. Then, 1 g samples
were introduced to 50 mL Co2+ alcohol solution. Both the
concentrations of the solutions were kept at 1.0 mmol L�1 with
a xed pH value of 7.0. At different time intervals, the nal
concentration of Co2+ in each container was analyzed by ICP-
OES. To investigate the impact of pH on the Co2+ adsorption
capacity, the pH values of Co2+ aqueous solution varied from 1.0
to 10.0 by adding NaOH or HCl diluted aqueous solutions. In
order to explore the dependence of adsorption efficiency on the
incubation temperature, the experimental tests were processed
at the temperatures of 277, 293 and 310 K.
2.5 Desorption and regeneration studies

In order to evaluate the desorption and regeneration abilities, 5.0 g
of chitosanmicrospheres wererstly placed in 50mL of 10.0mmol
L�1 Co2+ aqueous solution. Aer incubation for 24 h at 293 K, the
adsorbent and aqueous solution were collected, respectively, for
the further experiments. The aqueous solution was used to
determine the adsorption capacity and desorption efficiency. The
chitosan microspheres were regenerated by using 10 mL of
0.1 mol L�1 EDTA as the static eluting solution for 3 times. Each
static elution time was set to be 8 h. Then, the adsorbent was fully
washed by 1.0 mol L�1 NaCl solution and deionized water for the
succeeding adsorption performance. This adsorption–desorption
cycle was allowed to repeat three times under the same condition.
2.6 Characterization

The surface morphologies of chitosan hydrogel microspheres
before and aer adsorption of Co2+ were characterized by using
a eld emission scanning electronmicroscope (SEM, SIRION TMP,
36860 | RSC Adv., 2018, 8, 36858–36868
FEI) at an accelerating voltage of 5 kV. The samples were prepared
by immersing them in liquid nitrogen with subsequent freeze
drying treatment. The existence and electronic states of cobalt
element on chitosan microspheres were evaluated on an X-ray
photoelectron spectroscopy (XSAM800, Kratos, UK) using mono-
chromated Mg Ka (1253.6 eV) source at 16 mA� 12 kV. The exact
concentration of Co2+ in solution was determined by the ICP-OES
instrument with an RF generator power 1150 W (Thermo, USA).
The auxiliary, carrier and plasma gas (Ar) ow rates were set to be
0.5, 0.5 and 14.0 Lmin�1, respectively. The wavelength of emission
line for cobalt is 228.616 nm. For the measurement of Co2+ in
alcohol solution, to avoid the inuence of alcohol, the solvent of
collected samples was replaced into the equivalent amount of
water in advance. EDS was displayed on a JEM 2100F STEM/EDS
and the X-ray energy resolution is 132 eV.
3. Results and discussion
3.1 Stability of Co2+ on chitosan hydrogel matrix

The success of in situ synthesis of Co3O4 nanoparticles on chi-
tosan hydrogel microsphere and thereby catalytic performance
require that chitosan chains should display great coordination
ability with Co2+. Hence, the adsorption ability and stability of
Co2+ on chitosan hydrogel matrix were rstly explored. For the
sake of easy observation, the chitosan beads were employed. As
shown in Fig. 1a–c, the original chitosan beads derived from
alkali solvent system were white translucent. Aer incubating
the chitosan beads in CoCl2 water or alcohol solution for 24 h,
the beads showed light pink and blue colors, respectively. These
results demonstrated that Co2+ could be adsorbed on chitosan
hydrogel matrix in both solutions. The pink color indicates the
formation of cobalt hydrates in water system. It is believed that
the chemical groups on chitosan chains, such as –OH, –NH2

and –NHCOCH3 moieties commonly contributed to the strong
binding interaction with Co2+. As illustrated in Fig. 1d, besides
the chelating ability of –NH2,26,27 Co

2+ could be immobilized to
polymer chains probably via electrostatic (i.e., ion-dipole)
interaction. It is expected that the reciprocal interactions
between the electron-rich oxygen atoms of polar hydroxyl or
ether groups of chitosan and the transition metal cations
occurred.28 Meanwhile, these strong interactions could favor to
stabilize the further synthesized catalytic nanoparticles by
bonding with their surface metal atoms.28 Moreover, due to the
strong affinity, the anchored Co2+ could not be released from
the chitosan matrix even in many organic solvents upon 48 h
incubation. As indicated in Fig. 1e, no obvious color changes
was observed for Co2+ supported chitosan beads in the selected
solvents, revealing the potential application of chitosan micro-
spheres as the effective catalyst support. It should be noted that
the NH3$H2O component is not allowed in solvent system, since
it shows higher coordination ability with Co2+, and could give
rise to the detachment of Co-based materials from the matrix.
3.2 Adsorption of Co2+ on chitosan microspheres

In order to facilitate the Co2+ adsorption on support, chitosan
microspheres with large specic surface area were prepared by
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Photographs of the chitosan hydrogel spheres, (a) before adsorption of Co2+, after adsorption of Co2+ (b) in water and (c) in alcohol
solution. (d) Schematic of the possible coordination effects for Co2+ in chitosan hydrogel matrix. (e) The stabilities of Co2+ anchored in hydrogel
sphere matrix in different solvents with the incubation time for 1 h (top) and 48 h (bottom).
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using the traditional emulsion method. As shown in Fig. 2a and
b, the obtained microspheres were spherical shape with a mean
diameter of 50 mm. The SEM image of microsphere surface
(Fig. 2c) displayed a homogeneous network architecture woven
by nanobers. These nanobers not only endow the chitosan
hydrogel with much higher mechanical strength,22 but also
chemically crosslinked with each other to develop many nano-
pores with the size of 50–400 nm. These nanopores are essential
for the introduction of metal ions, which further would allow
the Co-based catalytic nanoparticles growing in the limited pore
size. Aer adsorption, however, the pore size of chitosan
microspheres was becoming smaller (Fig. 2d), indicating that
Co2+ was lled in the pore via strong interactions. EDS and XPS
analysis were also employed to verify the existence of Co2+ in
chitosan microspheres. As shown in Fig. 2e and f, certain
amount of Co element was detected in the samples. Meanwhile,
the appearance of peaks for Co 2p3/2 at 779.6 eV and 784.35 eV
and peaks for Co 2p1/2 at 795.4 eV and 800.75 eV can be
observed.29 These ndings clearly demonstrated that Co2+ was
fully anchored on chitosan microspheres.
This journal is © The Royal Society of Chemistry 2018
3.3 Adsorption kinetics of Co2+ on chitosan microspheres

Fig. 3 presents the dependence of the qe value for Co2+

adsorption on chitosan microspheres versus the incubation
time in water and alcohol solutions, respectively. Similar
adsorption behaviors were observed in both solutions. The qe
increased almost linearly in the initial period, and then grad-
ually reached saturation aer 24 h incubation. The difference is
that chitosan microspheres display a higher qe value (about 4
times) in alcohol than in water. This is most likely because that
Co2+ could exist in water in terms of various hydrated cobalt(II)
ions, such as [Co(H2O)4]

2+, [Co(H2O)6]
2+ and [CoCl(H2O)5]

+.30,31

These hydrate ions with great molecular size could eventually
reduce the adsorption of Co2+ on the chitosan chains to
a certain degree. In addition, all the time proles of the Co2+

uptake in each solution was smooth and continuous until the
equilibrium, implying that the monolayer adsorption possibly
occurred on the surface of the chitosan microspheres.25

More interestingly, the chitosan microspheres fabricated
from the alkaline solvent system could display enhanced
adsorption efficiency for Co2+ at determined concentration both
RSC Adv., 2018, 8, 36858–36868 | 36861
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Fig. 2 (a) Optical microscope and (b) SEM images of the prepared
chitosan microspheres. The variation of SEM images for the chitosan
microsphere surface (c) before and (d) after adsorption of Co2+. (e)
Elemental analysis and (f) XPS spectrum of Co 2p for the chitosan
microspheres after adsorption of Co2+.

Fig. 3 The effect of contact time on the Co2+ adsorption onto chi-
tosan microspheres in water and alcohol solutions at 20 �C. A-chito-
san indicated the chitosan microspheres derived from the acetic acid
solutions.
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in the water and alcohol solutions, by comparing to the
conventional chitosan hydrogel microspheres from the acetic
acid solution (A-chitosan). As indicated in gure, the loading
capacity on chitosan microsphere is about 2–7 times as higher
as that of the A-chitosan matrix, demonstrating the advantages
in adsorption performance. The more extended polymer chain
conformation in chitosan 3-D brous hydrogel network will
supply more binding sites for metal ions, and be favorable to
the binding activity. In order to investigate the adsorption
36862 | RSC Adv., 2018, 8, 36858–36868
kinetic mechanisms for cobalt ions on the chemically cross-
linked chitosan microspheres, several basic models as
described below were introduced. These models could be
readily used to evaluate the ions or dye molecules uptake rate,
which determines the residence time of adsorbent uptake at the
solid–solution interface.32 The related parameters obtained
from these equations will supply useful information for
designing and modeling the adsorption process.

3.3.1. The pseudo-rst-order and pseudo-second-order
equations. The adsorption mechanism of cobalt ions in solid
phase adsorption is well explained with respect to the correla-
tion of the kinetic data. The pseudo-rst-order kinetic equation
can be depicted as follows:33

1

qt
¼

�
k1

q1

��
1

t

�
þ 1

q1
(2)

The pseudo-second-order kinetic model can be referred to:34

t

qt
¼ 1

k2q22
þ
�
1

q2

�
t (3)

where qt is the uptake amount of Co2+ (mmol g�1) on chitosan
microspheres at different incubation time, q1 and q2 are the
maximum adsorption capacity (mmol g�1) for the pseudo-rst-
order and pseudo-second-order adsorption, respectively. k1 is
the pseudo-rst-order rate constant for the adsorption process
(h�1), k2 is the rate constant of pseudo-second-order (g mmol�1

h�1). The validity of these models can be interpreted by the
linear plots of ln(qe � qt) versus t (Fig. 4a) and t/qt versus t
(Fig. 4b), respectively. Thereby, the values of k1, k2, q1, q2 and
correlation coefficients R1

2 and R2
2 for Co2+ adsorption in

different solutions can be calculated from these tting plots, as
listed in Table 1.

According to the calculated results from the pseudo-second-
order kinetic equation, the maximum adsorption capacity for
Co2+ in water aqueous solution, q2, is almost same to the
observed experimental data. Meanwhile, the correlation coeffi-
cients (R2

2) for pseudo-second-order kinetic model is 0.9922,
which is much closer to 1.0. Hence, the adsorption in water
solution follows the pseudo-second-order kinetic model,
implying that Co2+ adsorption on chitosan microspheres is
controlled by the inner surface adsorption. In other words, Co2+

adsorption behavior on chitosan microspheres is dominated by
chemical adsorption.35 However, compared to the adsorption in
water, the correlation coefficients (R1

2 and R2
2) of the pseudo-

rst-order and pseudo-second-order models for the Co2+

adsorption in alcohol solution, are closer to each other (0.9834
and 0.9795). Conclusively, the liquid lm diffusion and the
inner surface adsorption are the rate-limiting steps. This also
suggests that the chemical and physical adsorptions commonly
contribute to the Co2+ adsorption on chitosan microspheres in
alcohol solution.29,36

3.3.2. Intra-particle diffusion model. Adsorption process
usually involves multiple steps,37 including (1) the migration of
ions or dye molecules from bulk liquid medium to the surface
of the adsorbent; (2) the subsequent diffusion of the adsorbed
molecules to the exterior of the matrix through boundary layer;
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Pseudo-first-order model and (b) pseudo-second-order model for Co2+ adsorption onto chitosan microspheres in H2O and alcohol
solutions at 20 �C. (c) Intra-particle diffusion plots and (d) Boyd plots for Co2+ adsorption on chitosan microspheres in different solutions at
20 �C.

Table 1 Kinetic parameters for Co2+ adsorption onto chitosan microspheres in different solutions

Pseudo-rst-order kinetics Pseudo-second-order kinetics

k1 (h
�1) qe (mmol g�1) R1

2 k2 (g mmol�1 h�1) qe (mmol g�1) R2
2

H2O 0.005 0.0023 0.9796 4.526 0.0035 0.9922
Alcohol 0.0039 0.0112 0.9834 0.3850 0.0137 0.9795
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(3) immobilization of solute molecules at an active site on the
surface of the adsorbent and (4) intra-particle diffusion into the
interior of the adsorbent through the pores. Usually, the intra-
particle diffusion process is considered to be the rate-
controlling step in many adsorption process, where the
uptake amount of solutes increases almost linearly with t0.5

rather than with the contact time t.38 Therefore, the adsorption
behavior can be depicted by the intra-particle diffusion model:

qt ¼ kpit
0.5 + Ci (4)

where kpi is the intra-particle diffusion rate constant of stage i
(mmol g�1 h�0.5) and Ci, the corresponding intercept at stage i,
represents the thickness of boundary layer. The larger intercept
demonstrates the greater boundary layer effect.39 According to
the theory, qt versus t

0.5 should be linear when the intra-particle
diffusion occurred in the adsorption process. Otherwise, addi-
tional mechanisms combined with the intra-particle diffusion
are involved. In some cases, the plot of qt against t0.5 may
display a multi-linear prole in the adsorption process. The rst
sharp region would be the instantaneous adsorption or external
This journal is © The Royal Society of Chemistry 2018
surface adsorption. The second region is a slow-adsorption
stage, which is deemed to be the rate-limiting step over the
whole adsorption process. In the third region, as the nal
equilibrium stage, the intra-particle diffusion begins to slow
down, since the solute concentration in solution decreased and
the body of the adsorbent saturated with the solutes.38,40

Fig. 4c shows the intra-particle diffusion plot of Co2+ uptake
on chitosan microspheres in water and alcohol solutions,
respectively. In both cases, the linear lines of all the three stages
did not pass through the origin, revealing that the overall rate of
mass transfer at the initial stage of adsorption process did not
solely depend on the intra-particle diffusion. It is concluded
that both the lm diffusion (or chemical reaction) at the rst
linear portion and the following pore diffusion at the second
linear segments dominate the rate of whole adsorption process.
Further evidence could be collected from the data tting based
on the Boyd's model,41,42 which is given as:

F ¼ 1� 6

p2
expð�BtÞ (5)
RSC Adv., 2018, 8, 36858–36868 | 36863
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where F represents the fractional attainment of equilibrium at
different contact times t, and Bt is a function of F

F ¼ qt

qe
(6)

where qt and qe are the amount of Co2+ adsorbed (mmol g�1) on
chitosan microspheres at time t and at equilibrium state,
respectively.

Then eqn (5) could be rewritten as:

Bt ¼ �0.4977 � ln(1 � F) (7)

Fig. 4d shows the Boyd plots for the Co2+ adsorption on
chitosan microspheres in each solution system. The rate-
controlling step in the adsorption process will be easily distin-
guished from the linearity of the plots. If the values of Bt change
linearly against the incubation time t and pass through the
origin, the rate of mass transfer is controlled by the pore
diffusion. If the plot prole is nonlinear or linear without
passing through the origin, the lm diffusion or chemical
reaction will mainly contribute to the adsorption rate. These
results clearly indicated that similar mechanisms occurred to
the Co2+ adsorption on chitosan microspheres in water and
alcohol solutions, where the lm diffusion or chemical reaction
is the rate-limiting step in the initial period of adsorption
process and then follows the intra-particle diffusion.

3.4 Effects of pH on Co2+ adsorption on chitosan
microspheres

It has been proved that chemically crosslinked chitosan
hydrogels derived from the alkaline solvent system exhibited
signicant pH sensitive behaviors.16 As illustrated in Fig. S2,†
chitosan hydrogel showed the higher swelling ratios along with
the decrease in pH value, but without any obvious degradation
or loss in weight. The protonation of amine groups below pH 6.5
plays an important role in the whole swelling process.43 Thus,
the adsorption behaviors for Co2+ on chitosan microspheres,
particularly for the adsorption capacity, is also believed to be
strongly dependent on the pH values of solution. As shown in
Fig. 5, it presents different behaviors for Co2+ adsorption on
chitosan microspheres during the pH range of 1.0 to 10.0. The
adsorption capacity increased sharply as the pH value increased
from 3.0 to 7.0. When the pH of the solution is at a low value,
Fig. 5 Effects of pH on the uptake capacity of Co2+ on chitosan
microspheres in water solution at 20 �C.

36864 | RSC Adv., 2018, 8, 36858–36868
the amino groups of chitosan are protonated and H+ could
compete with cobalt ions for the adsorption sites of –NH2,
resulting in a lower number of binding sites for cobalt ions.
Meanwhile, the protonation of –NH2 would result in the elec-
trostatic repulsive force with Co2+ and prevent the metal
complex formation. However, with an increase in pH value, the
protonated amino groups are deprotonated gradually, allowing
for more and stronger chelating interactions between cobalt
ions and chitosan chains. Similar mechanism was also involved
in the polyethylenimine-cross-linked cellulose nanocrystals as
an efficient adsorbents for rare earth elements.44 The proton-
ation of amine groups (NH3+ and –NH2+–) would result in
a strong electrostatic repulsion of metal ions at low pH value,
whereas the lone pair of electrons could exist in the neutral
nitrogen atoms of –NH2 and –NH– groups under high pH
condition, eventually leading to the formation of coordination
bond between N atoms of the amino groups and the rare earth
element atoms.

Neither the low nor much higher pH values are benecial to
the Co2+ adsorption on chitosan matrix. When the pH values is
higher than 7.0, Co2+ and the excessive OH� ligands could form
the stable hydroxo-cobalt(II) complexes.31 The loading ability
might be suppressed in a certain degree. Therefore, the
premium pH environment for Co2+ adsorption performance
should be limited to the neutral solution.
3.5 Adsorption isotherms of Co2+ on chitosan microspheres

The equilibrium adsorption isotherm is fundamental in
describing the relationship between the uptake amount of
metal ions at the determined temperature per unit mass of the
adsorbent and the liquid phase ions concentration at equilib-
rium. Generally, the adsorption capacity of metal ions in
aqueous solution increases as their concentration increases.25

As presented in Fig. 6a, the amount of Co2+ adsorbed onto the
chitosan microspheres in water solution, qe, increased from
9.74 � 10�4 to 1.36 � 10�2 mmol g�1, when the initial
concentration of Co2+ increased from 0.5 to 10.0 mmol L�1 at
293 K. Same tendency was observed for the Co2+ adsorption in
alcohol solution (Fig. 6d), where the loading capacity onto the
chitosan microspheres increased from 5.82 � 10�3 to 5.43 �
10�2 mmol g�1. To further distinguish the differences of
adsorption in each solution and quantify the adsorption
capacity of Co2+ on chitosan microspheres, adsorption
isotherms including the Langmuir and Freundlich equations
were employed in this work. It is of great importance to learn
more about the mutual interactions between each other and
optimize the use of adsorbents. The Langmuir isotherm model
is established on the basis of the following assumptions:
monolayer adsorption occurs between the solute molecules and
the adsorbent; the number of active sites on the adsorbent
surface is limited and the adsorption of molecules on the
surface of the adsorbent is uniform. It is represented in the
following form:25

1

qe
¼ 1

qmax

þ 1

qmaxb

1

ce
(8)
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Adsorption isotherms for Co2+ adsorption on chitosan microspheres in (a) water and (d) alcohol solutions at 20 �C. Langmuir isotherms
for Co2+ adsorption on chitosan microspheres in (b) water and (e) alcohol solutions at 20 �C. Freundlich isotherms for Co2+ adsorption on
chitosan microspheres in (c) water and (f) alcohol solutions at 20 �C.
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where qmax is the maximum adsorption capacity regarding to
the monolayer coverage on the surface (mmol g�1) and b is the
Langmuir constant (L mmol�1), reecting the uptake efficiency.
Unlike Langmuir model, the Freundlich isotherm is an empir-
ical equation, which is mainly used to study the multilayer
adsorption process on heterogeneous surface. It can be
expressed as follows:45

ln qe ¼ 1

n
ln ce þ ln KF (9)

where KF is the Freundlich isotherm constant, and the exponent
1/n is the heterogeneity factor, demonstrating the adsorption
capacity and adsorption intensity, respectively.

Fig. 6b exhibits the Langmuir isotherm for Co2+ adsorption
on chitosan microspheres in water solution at 293 K, and the
corresponding parameters are summarized in Table 2. The
value of qmax was approximately evaluated to be 0.032mmol g�1,
suggesting that the chitosan microspheres could display high
adsorption capacity for Co2+ in water solution. Fig. 6c shows the
Freundlich prole for Co2+ adsorption in the same process. In
this empirical equation, the Freundlich constant (1/n) is closely
Table 2 Langmuir and Freundlich parameters for Co2+ adsorption onto

Langmuir parameters

qmax (mmol g�1) b (L mmol�1)

H2O 0.032 0.079
Alcohol 0.128 0.112

This journal is © The Royal Society of Chemistry 2018
related to the adsorption intensity of the adsorbent. When 0.1 <
1/n # 0.5, the adsorbent could perform excellent uptake
behavior; 0.5 < 1/n # 1, adsorbates are easy to be anchored on
the matrix; 1/n > 1, adsorption behavior hardly occurs.46 As
indicated in Table 2, the value of 1/n was determined to be 0.876
at 293 K, revealing that Co2+ could be easily anchored on the
chitosan microspheres. In comparison, the adsorption behavior
of Co2+ on chitosan microspheres could be better described by
the Langmuir equation, since the regression coefficient of R2

obtained from the Langmuir model (R2 ¼ 0.9985) is higher than
that obtained from the Freundlichmodel (R2¼ 0.9751). Namely,
the adsorption process in water solution is primarily dominated
by monolayer adsorption.

As for the adsorption activity in alcohol system, the
maximum loading efficiency for Co2+ on chitosan microspheres
was greatly enhanced by 3 times (shown in Fig. 6e and Table 2).
Meanwhile, the Freundlich constant was estimated to be 0.735,
which is smaller than that collected from the water solution
(Fig. 6f and Table 2). These results fully demonstrated the
occurrence of higher loading efficiency for Co2+ on chitosan
microspheres and stronger affinity of Co2+ to chitosan chains in
chitosan microspheres in water and alcohol solutions

Freundlich parameters

R2 1/n KF (mmol g�1) R2

0.9985 0.876 0.0022 0.9751
0.9891 0.735 0.0126 0.9446

RSC Adv., 2018, 8, 36858–36868 | 36865

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06110f


Table 3 Thermodynamic parameters for Co2+ adsorption onto chi-
tosan microspheres in water and alcohol solutions

Temperature (K)

DHo

(kJ mol�1)
DSo

(J mol�1 K�1)
DGo

(kJ mol�1)

H2O Alcohol H2O Alcohol H2O Alcohol
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alcohol solution. Moreover, it was found that the adsorption of
Co2+ preferably followed the Langmuir adsorption model with
a correlation coefficient R2 value of 0.9891, which is signicantly
better than the Freundlichmodel (R2¼ 0.9446). Hence, it can be
concluded that the chemical adsorption was readily involved in
the process of Co2+ adsorption in alcohol solution.
277 11.94 5.71 52.81 41.43 �2.67 �5.80
293 �3.78 �6.44
310 �4.39 �7.19
3.6 Thermodynamic parameters of Co2+Adsorption

Fig. 7a and c depict the effects of incubation temperature on the
uptake capacity of Co2+ on chitosan microspheres in each
solution. The equilibrium adsorption capacity in water and
alcohol solutions increased from 2.41 � 10�3 to 3.57 �
10�3 mmol g�1 and from 1.10 � 10�2 to 1.38 � 10�2 mmol g�1,
respectively, as the temperature was elevated from 4 to 37 �C,
conrming the endothermic nature of the on-going process in
both cases. Hence, it is essential to clarify the feasibility and
endothermic nature of the adsorption process in terms of the
changes in thermodynamic parameters, such as standard free
energy (DG�), enthalpy change (DH�), and entropy change (DS�).
Gibbs energy change, DG�are determined based on the
following equations:47

DG� ¼ �RT ln Kd (10)

Kd ¼ 1000 qe

Ce

(11)

The values of DH�and DS� can be calculated by van't Hoff
equation:

ln Kd ¼ DS�

R
� DH�

RT
(12)
Fig. 7 Effects of temperature on uptake capacity of Co2+ on chitosan
responding Van't Hoff plots for Co2+ adsorption on chitosan microsphe

36866 | RSC Adv., 2018, 8, 36858–36868
where Kd is indicative of the standard thermodynamic equilib-
rium constant at the determined temperature, R is the gas
constant (8.314 J mol�1 K�1), T is the absolute temperature
(K).

The Gibbs free energy can predict whether an adsorption
behavior will undergo a favorable and spontaneous process. As
shown in Table 3, the values of DG�for Co2+ adsorption on
chitosan microspheres in all cases were negative, demon-
strating that the adsorption of Co2+ on chitosan microspheres
could occur spontaneously. The decrease in the negative value
of DG� with an increase in temperature indicates that the higher
temperature is benecial to the Co2+ adsorption in both solu-
tions. Furthermore, combined the eqn (11) with eqn (12), the
linear plotting of ln Kd versus 1/T could give more information
(Fig. 7b and d). According to the tting proles, the values of
DH� and DS� in water solution were determined to be
11.94 kJ mol�1 and 52.81 J mol�1 K�1, and the values in alcohol
solution were estimated to be 5.71 kJ mol�1 and 41.43 J mol�1

K�1, respectively. The positive values of DH�suggest the endo-
thermic nature of the adsorption process and the existence of
an energy barrier. The positive values of DS�imply the good
microspheres in (a) water and (c) alcohol solution. (b and d) The cor-
res in each solution.

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06110f


Table 4 Repeated adsorption capacity and desorption efficiency of
Co2+ on chitosanmicrospheres in the desorption–regeneration cycles

Cycle number
Adsorption capacity
(mmol g�1)

Desorption
efficiency (%)

1 0.0135 81.51
2 0.0106 86.84
3 0.0087 83.49
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binding ability of Co2+ to the chitosan microspheres and the
increased randomness at the solid–solution interface.48 All the
thermodynamic parameters conrmed that chitosan micro-
spheres derived from alkaline solution could display a high-
efficiency adsorption to Co2+ in aqueous solutions.

3.7 Regeneration

As an advanced adsorbent for feasible and practical application,
how to recover and maintain the original adsorption capacity is
of great signicance. In this study, Co2+-loaded chitosan
microspheres were regenerated by using 0.1 mol L�1 EDTA
aqueous solution,49 and the adsorption–desorption cycle was
repeated three times. As shown in Table 4 and Fig. S3,† the
desorption ratios of Co2+ from the matrix were evaluated to be
81.51, 86.84, and 83.49% in each cycle. These results reveal that
most of the Co2+ adsorbed on chitosan microspheres could be
removed in the process of static elution incubation, testifying
the potential re-usability of the adsorbent. When the regen-
erated chitosan microspheres were deposited in Co2+ water
solution upon the same incubation condition, they showed
a slight decrease tendency in the loading efficiency aer each
cycle. The existence of the small and reasonable decrease in
adsorption capacity in subsequent cycles may be due to the
static elution method, resulting in the incomplete desorption of
ions from the matrix. In spite of this, chitosan microspheres
derived from the alkaline solution still could be good candi-
dates for future application.

4. Conclusion

Chemically crosslinked robust chitosan microspheres were
successfully prepared from the LiOH/KOH/urea aqueous system
via the W/O emulsion method. The obtained microspheres with
3-D brous network structures could display greatly enhanced
adsorption capacity to Co2+ in both water and alcohol solutions,
by comparing to the conventional chitosan hydrogel micro-
spheres from the acetic acid solution. Meanwhile, the Co2+ ions
could be highly stabilized on the chitosan matrix in many
organic solvents. The good correlation coefficient (0.9922)
suggests that the adsorption in water solution obeys the pseudo-
second-order kinetic model, implying that Co2+ adsorption on
chitosan microspheres is mainly controlled by the inner surface
adsorption. While in the alcohol solution, both the chemical
and physical adsorptions commonly take the responsibility for
the higher Co2+ adsorption capacity on chitosan microspheres.
In addition, the adsorption behaviors strongly depend on the
initial concentration of the Co2+, pH value and the incubation
This journal is © The Royal Society of Chemistry 2018
temperature. The adsorption process of Co2+ on chitosan
microspheres in both cases can be suitably described by the
Langmuir isotherm, and the thermodynamic analysis indicates
that the adsorption behavior was spontaneous and endo-
thermic. This work provides the full theoretical basis for
loading Co2+, and reveals that chitosan microspheres would be
readily taken as a candidate support for cobalt-based catalysts.
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8 T. E. Davies, T. Garćıa, B. Solsona and S. H. Taylor, Chem.
Commun., 2006, 3417–3419.
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