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Reasonable design of a corn stalk cellulose-based adsorbent for adsorption of
Cd(II) and Ni(Il): adsorption behaviors and mechanisms
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ABSTRACT

A corn stalk cellulose-based adsorbent was reasonably designed and synthesized by two steps of
modification to effectively remove Cd(Il) and Ni(II) from wastewater of nickel-cadmium (Ni—-Cd)
and nickel-metal hydride (Ni-MH) batteries. Glycidyl methacrylate (GMA), N,N-methylene-bis-
acrylamide (MBA), and potassium persulfate (KSP) was selected as the grafting monomer,
cross-linking agent and initiator, respectively, in the first step to introduce enough epoxy groups
and generate three dimensional (3D) network structures on the cellulose (Cell) surface. Under the
optimum conditions of weight ratio of GMA: Cell = 3:1, 20 mmol L KSP, 5.0 wt.% of MBA to Cell and
60°C for 2 h, the maximum grafting efficiency and the amount of epoxy groups could reach 93.69%
and 4.96 mmol g, respectively. Then this grafted and cross-linked product (Cell-g-GMA-c-MBA)
was further reacted with diethylenetriamine (DETA) to introduce amino groups on the adsorbent.
The final adsorbent (Cell-g-GMA-c-MBA-DETA) with the maximum amount of 7.20 mmol g amino
groups was obtained under the optimized amination conditions. The experiment results showed that
the maximum adsorption capacity of Cd(II) and Ni(Il) on Cell-g-GMA-c-MBA-DETA could reach
367.3 and 295.9 mg g, respectively at 45°C and pH = 4.5. The detailed investigation on relation-
ships between microstructures and adsorption performances of Cell-g-GMA-c-MBA-DETA proved
that the introduced sufficient amino groups were the major adsorption sites to adsorb Cd(Il) and
Ni(II). Cd(II) was inclined to be adsorbed by forming chelation complexes with 2-3 mmol N atoms
from amino groups while the adsorption of Ni(II) would require at least 1 mmol N atom from amino
groups by accepting lone-pair electrons and forming coordinate bonds. This modified cellulose also
displayed a good reproducibility, whose regeneration efficiency for adsorbing Cd(II) and Ni(II) after
sixth cycles were still 80% and 82%, respectively. It could be considered as a promising material for
effective removal of Cd(II) and Ni(II) from batteries wastewater.
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1. Introduction

It is well-known that both of nickel-cadmium (Ni-Cd)
battery and nickel-metal hydride (Ni-MH) battery with a
much higher energy density have an overwhelming major-
ity of the market share for rechargeable batteries in home
electronics. However, nearly all of the contaminants in man-
ufacturing and recycling effluents of the two batteries are
heavy metal ions of Cd(II) and Ni(II), which will lead to great
threats to the ecological system and human health accord-
ing to their toxic, non-biodegradable, and bio-accumulation
properties [1]. For example, Cd(II) can be deposited in
the kidney, liver, spleen, and other organs after being
absorbed by the human body, which will affect the phys-
iological function of these organs and inhibit the enzyme
system [2]. Excessive Ni(II) in the human body will lead to
asthma, lung cancer, bone cancer, and other diseases of the
central nervous system [3]. Therefore, it is urgent to take
some immediate measures to efficiently remove Cd(II) and
Ni(II) from wastewater of Ni-Cd and Ni-MH batteries [4].

Various methods have been used for the removal of
heavy metal ions from wastewater. Among them, chemical
precipitation as the traditional method is easy to be oper-
ated, but it can generate a large amount of sludge and cause
secondary pollution [5]. Other technologies such as elec-
trolysis [6], ion exchange [7], membrane separation [8], and
reverse osmosis [9] generally involve high initial investment
and operating costs [10]. In contrast, adsorption is an out-
standing technology owing to its stable adsorption prod-
ucts, simple equipment, and low energy consumption [11].
By now, several kinds of materials have been reported to
adsorb heavy metal ions from aqueous solutions, including
activated carbon [12], modified chitosan [13], nanostruc-
tured titanium/alumina oxide [14], mesoporous silica [15],
and so on. But there are still some drawbacks in the present
adsorbents. The practical applications of these adsorbents
may be restricted by raw materials from non-renewable
source, shortages of enough surface chelating group, diffi-
culties with regeneration, and a relatively low adsorption
capacity and selectivity. Therefore, it is a great challenge for
the present studies to develop a kind of special heavy metal
ion adsorbents with excellent adsorption performances by
using natural or waste materials with green and low-cost
properties.

Cellulose is the most abundant and renewable polymer
in nature. Although it has good hydrophilicity and a large
number of hydroxyl groups on its surface, its removal abil-
ity for heavy metal ions is not satisfactory. Considering that
some functional ligand groups on the adsorbent surface
have the strong complexing ability and high selectivity to
specific heavy metal ions, the introduction of suitable ligand
groups on the surface of cellulose by reasonable modifi-
cations is expected to effectively improve the adsorption
capacity of cellulose for heavy metal ions and develop cel-
lulose-based adsorbents [16]. Cellulose-based adsorbents
are indeed suitable for the application as potential materi-
als to remove heavy metal ions due to their perfect skeleton
strength, adjustable surface functional groups, degradable
properties, feasible regeneration, and environmental harm-
lessness [17]. Accordingly, many cellulose-based adsorbents
have been developed from agricultural waste and plants,

such as rice husk, wheat bran, sunflower seed shells, and
sugarcane bagasse [18]. To our best known, there are few
studies on cellulose extracted from corn stalks. Most of corn
stalk wastes with abundant cellulose cannot be fully utilized
and have caused a series of environmental problems [19].
Therefore, the treatment of heavy metal ions with mod-
ified corn straw cellulose can not only help to reduce the
environmental pollution caused by burning corn straw, but
also help to decrease the contamination caused by releasing
heavy metal ions.

Based on the above, we aimed to design and synthesize
a kind of corn stalk cellulose-based adsorbent by reason-
able modifications to efficiently remove Cd(II) and Ni(II)
in wastewater of Ni-Cd and Ni-MH batteries. The adsorp-
tion performances of Cd(II) and Ni(Il) on this modified
cellulose were fully investigated by a series of adsorption
experiments including the kinetics and thermodynamics
study. Meanwhile, the relationships between microstruc-
tures of the adsorbent and its adsorption capacity for sin-
gle Cd(II)/Ni(Il) were inferred by detailed characterization
result and related adsorption experiments to explain how
this modified cellulose worked. The study results proved
that this corn straw cellulose-based adsorbent compared
with other adsorption materials had an excellent adsorption
capacity and repeatability in removal of Cd(II) and Ni(II) in
battery wastewater, and its operation process was simple,
economic and environmentally-friendly.

2. Experimental
2.1. Materials

Corn stalk wastes were collected from a village in
Nanchang, China. Potassium persulfate (KSP), N,N-
methylene-bis-acrylamide (MBA), N,N-dimethyl forma-
mide (DMF) were purchased from Tianjin Damao Chemical
Reagent Co., Ltd. Glycidyl methacrylate (GMA) was provided
by Tokyo Chemical Industry Co., Ltd. Diethylenetriamine
(DETA), Cd(NO,),4H,O, Ni(NO,),-6H,O and other reagents
were bought from Sinopharm Chemical Reagent Co., Ltd.
All the chemicals were of analytical grade.

2.2. Synthesis of adsorbent

The cellulose (Cell) as the support material of the adsor-
bent was firstly extracted from abandoned corn stalks [20].
Then chemical modifications were reasonably carried out
on the Cell according to the two steps in Fig. 1. As shown in
Fig. 1, GMA with low-toxicity was selected as the monomer
to be grafted onto the surface of Cell to introduce enough
epoxy groups for further modification [21]. N,N-MBA was
also added as the cross-linking agent to generate three
dimensional (3D) network structures during the grafting
process. Then this grafted and cross-linked product (Cell-
g-GMA-c-MBA) was further reacted with DETA to ensure
that sufficient amino groups could be introduced on the
adsorbent surface. In the end, the final adsorbent (Cell-g-
GMA-c-MBA-DETA) containing epoxy groups and many
kinds of amino groups was obtained under the optimized
amination conditions to effectively enhance the adsorption
capacity of Cd(II) and Ni(II) on the cellulose. The specific
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Fig. 1. Preparation and modification processes of the corn stalk cellulose-based adsorbent.

preparation methods of Cell-g-GMA-c-MBA and Cell-g-
GMA-c-MBA-DETA were described in detail in section 2.2.1
(Preparation of Cell-g-GMA-c-MBA) and 2.2.2 (Preparation
of Cell-g-GMA-c-MBA-DETA), respectively.

2.2.1. Preparation of Cell-g-GMA-c-MBA

A hundred milliliters deionized water and 3.0 g extracted
cellulose were placed in a four-necked flask with mechanical

stirrer and nitrogen protection. A certain quality of KPS,
GMA, and MBA were added into the system in sequence
and the mixture was kept stirring at 60°C for 2 h. The reac-
tion product was washed and purified by centrifugation in
absolute ethanol and deionized water for several times to
remove excess reactants and unwanted byproducts. The final
product was obtained by drying overnight in vacuum freeze
dryer. The introduced amount of epoxy groups in this step
was measured by hydrochloric acid-acetone method, and the
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epoxy value (E) of samples was calculated by Eq. (1) [22]. The
other important parameter to measure the grafting degree
was the grafting efficient (GE%) calculated by Eq. (2) [23].

E:cx(vowl) )
m
GE% = Mo 1009 )
W

where W, (g) and W, (g) is the weight of cellulose before
and after grafting, respectively. W (g) is the weight of GMA.
V, (mL) is the volume of KOH-C,H,OH consumed in the
blank experiment. V, (mL) is the volume of KOH-C,H.OH
consumed in titration. C (mol L) is the concentration of
KOH-C,H,OH solution, and m (g) is the quality of adsorbent.

2.2.2. Preparation of Cell-g-GMA-c-MBA-DETA

Thirty milliliters DMF and 30 mL deionized water were
mixed by stirring in a four-necked flask with nitrogen pro-
tection. Then pH of the mixture was adjusted to 9.0 by 0.1 M
NaOH or HCl. Afterwards, 3.0 g of the grafting product
obtained in section 2.2.1 (preparation of Cell-g-GMA-c-MBA)
and a certain quality of DETA were added in the system and
kept at a certain temperature for 8 h. Finally, the product was
filtered and washed by deionized water for several times
until pH was neutral. The final product was obtained by dry-
ing for 12 h in a vacuum freeze dryer.

2.3. Adsorption experiments

In each run, 0.02 g of adsorbent was put in a conical flask
containing 20 mL metal solution with certain pH value, and
then kept shaking at a setting temperature. After adsorption
for a fixed time, the solution was filtrated and the residual
concentration of Cd(II) or Ni(Il) in the sample were detected
by inductively coupled plasma atomic emission spectrome-
try (ICP-AES, Optima-2100DV, and Perkin Elmer of US). The
adsorption capacity of adsorbent g, (mg g™) at time ¢ (min)
was calculated by Eq. (3) [24], while the molar adsorption
amount of adsorbent (mmol g) at time ¢t (min) was calcu-
lated according to g,.

C,-C
qui( °m f)xv ®3)

where C; (mg L) and C, (mg L) are the concentration of
metal ions at the initial and time ¢ (min). V (mL) is the volume
of the solution and m (g) is the quality of adsorbent.

2.4. Desorption and recyclability

0.2 g of Cell-g-GMA-c-MBA-DETA was added into
200 mL of solution with 500 mg L' Cd(II) or Ni(II) to shake
at 25°C and pH 4.5 for 2 h. Then the treated adsorbent was
filtrated and washed several times with distilled water to
remove incompletely absorbed metal ion. Afterwards, the
Cd(II)/Ni(II)-loaded Cell-g-GMA-c-MBA-DETA was eluted

with 100 mL of 0.5 M HNO, solution at 25°C for 3 h to desorb
and regenerate. The regeneration efficiency (%RE) of the
adsorbent was calculated by Eq. (4) [25]:

(%RE) = % x100% @
0

where g, and g, are the adsorption capacities of the adsor-
bents (mg g) before and after the regeneration, respectively.

2.5. Characterization

The element analysis of nitrogen was measured by
TCH600 nitrogen/oxygen/hydrogen detector (LECO Co.,
USA). The microstructures of the samples were examined
through scanning electron microscopy (SEM, Quanta200F,
FEI Co., USA). The specific surface area of samples and
their total pore volume were determined by N, adsorption-
desorption at -196°C on a surface analyzer (ASAP 2046) and
measured by Brunauer-Emmett-Teller (BET) and Barrett—
Joyner-Halenda (BJH) method, respectively. The Fourier
transform infrared (FTIR) spectra were recorded on a FTIR
spectrometer (Nicolet 6700, Thermo Nicolet of US). The struc-
ture-property of samples were analyzed by an ESCALAB
250Xi X-ray photoelectron spectrometer (XPS, Thermo Fisher
Scientific of UK). X-ray diffraction (XRD) patterns were
obtained on an X-ray diffractometer (XRD, D8 ADVANCE
BRUKER of German).

3. Results with discussion

3.1. Optimal synthesis and characterization on cellulose before
and after modification

3.1.1. Optimal synthesis conditions

The effects of mass ratio of GMA: Cell, concentration of
KSP, and weigh percent of MBA to cell on the properties of
grafted cellulose in the first step of modification are all sum-
marized in Table 1. Under the optimum conditions, namely
the mass ratio of GMA: Cell = 3:1, 20 mmol L KSP, 5.0 wt.%
of MBA to cell and 60°C for 2 h, the maximum GE%, and
E could reach 93.69% and 4.96 mmol g™, respectively. The
high value of E value meant that a large number of epoxy
groups were introduced on the cellulose surface and it would
be more favorable to the following modification. Meanwhile,
about 0.21 mmol g of secondary amine (-NH-) groups
were introduced by MBA in this step under the optimized
conditions.

Then some kinds of amino groups were further intro-
duced on cell-g-GMA-c-MBA by the ring-opening reaction
between epoxides and DETA. The effects of DETA amount
and temperature on the amination are also displayed in
Table 1. The element analysis results showed that the nitro-
gen content was significantly increased from 0.30% to
10.06%, confirming that the content of amino groups in the
aminated product was much higher than that of the grafted
product. When the amination reaction was carried out with
80 g DETA at 50°C for 8 h, the maximum content of amino
groups could be 7.20 mmol g™. Considering that there was
0.21 mmol g of -NH- groups introduced by MBA in the first
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Table 1
Optimizing process of grafting copolymerization and amination to prepare the adsorbent
First step-Grafting and cross-linking to prepare of Cell-g-GMA-c-MBA
Influence factor Mass ratio of GMA:Cell
Parameters 2:1 2.5:1 3.5:1
E (mmol g) 427 474 420
GE (%) 89.88 91.73 93.02 69.57
Influence factor Concentration of KSP (mmol L)
Parameters 10 15 20 30 40
E (mmol g™) 477 4.81 4.84 4.69 4.17
GE (%) 88.07 91.43 93.02 85.09 77.25
Influence factor Weigh percent of MBA to Cell (wt.%)
Parameters 1 3 5 7 9
E (mmol g) 4.83 4.88 4.96 4.57 4.26
GE (%) 91.02 92.06 93.69 90.65 85.02
N content (wt.%) 0.10 0.20 0.30 0.41 0.52
Content of amino groups (mmol g™) 0.07 0.14 0.21 0.29 0.37
Second step-amination to prepare of Cell-g-GMA-c-MBA-DETA
Influence factor Weight of DETA (g)
Parameters 20 30 40 50 60 70 80 90
N content (wt.%) 7.45 7.96 8.70 8.80 9.28 9.33 9.53 9.44
Content of amino groups (mmol g™) 5.32 5.69 6.21 6.29 6.63 6.66 6.81 6.74
Influence factor Temperature (°C)
Parameters 40 50 60 70 80
N content (wt.%) 9.82 10.09 10.02 9.91 9.53
Content of amino groups (mmol g™) 7.01 7.20 7.16 7.01 6.81

step, the actual maximum content of N-containing groups
introduced by DETA in the second step was 6.99 mmol g

Therefore, Cell-g-GMA-c-MBA-DETA with the largest
number of amino groups (7.20 mmol g™') was finally obtained
under the above-optimized conditions, which was further
investigated in the following study to make clear its adsorp-
tion performances for Cd(II)/Ni(II) and the corresponding
adsorption mechanisms.

3.1.2. Characterization on cellulose before and after
modification

SEM images with BET data of raw cellulose as well as
the chemical modified cellulose Cell-g-GMA-c-MBA and
Cell-g-GMA-c-MBA-DETA are all displayed in Figs. 2a—c,
respectively. Compared to raw cellulose with smooth surface
in Fig. 2a, much of pellet-like polymers with 300-500 nm of
diameter were observed on the surface of Cell-g-GMA-c-
MBA (Figs. 2b, and b,), which proved that GMA as grafting
monomers were successfully grafted onto the cellulose sur-
face. All the pellets were irregularly gathered and formed
the porous structure, which should due to the formation of
cross-linked 3D network by adding MBA. However, the 3D
network structure in Fig. 2b is not obvious since the weight
ratio of GMA to cellulose was much higher than that of MBA
to cellulose. The higher content of GMA in the grafting would
make the surface of grafted product much coarser [26]. This

could be used to well explain that why the BET surface area
and total pore volume of Cell-g-GMA-c-MBA were not sig-
nificantly increased after forming 3D structures by compar-
ison of that of raw cellulose. Additionally, a different kind
of rough surface emerged on the surface of aminated cellu-
lose in Fig. 2¢, indicating that amino groups were efficiently
introduced on the surface of Cell-g-GMA-c-MBA by the
ring-opening reaction of epoxides with DETA. Meanwhile,
the BET data showed that the BET surface area and total pore
volume of Cell-g-GMA-c-MBA-DETA were both bigger than
that of Cell-g-GMA-c-MBA, which should also be attributed
to the rough surface formed by introducing a large number
of amino groups. The BET analysis results were well consis-
tent with the SEM images in Figs. 2a—c.

FTIR spectra of raw cellulose, Cell-g-GMA-c-MBA, and
Cell-g-GMA-c-MBA-DETA are compared in Fig. 2d to iden-
tify the functional groups introduced by different modifi-
cations. Characteristic bands of raw cellulose appeared at
3,417; 2,901; 1,433; and 894 cm™ should be attributed to O-H
stretching vibration, C-H stretching vibration, C-H bend-
ing vibration and (3-1,4-glycosidic bond stretching vibration,
respectively [27]. The new bands observed in Cell-g-GMA-c-
MBA at 992, 907, and 848 cm™ should be due to the stretch-
ing vibration of epoxy groups [20]. Moreover, the stretching
vibration of C=0O, bending vibration of N-H, and stretching
vibration of C-N should be at 1,729; 1,635; and 1,263 cm™ in
IR spectrum of Cell-g-GMA-c-MBA, respectively [27]. These
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differences compared with the IR spectrum of raw cellulose
confirmed that GMA with epoxy groups and MBA with
amino groups were both successfully introduced on the cel-
lulose surface in the first step of modification. A comparison
in spectra of Cell-g-GMA-c-MBA and Cell-g-GMA-c-MBA-
DETA revealed that the bands of epoxy groups located at
1,000-800 cm ™ were completely disappeared after amination.
There were still some characteristic bending vibrations of
N-H and O-H at 1,628 and 1,465 cm™ [28], which indicated
that amino groups were successfully introduced on the Cell-
g-GMA-c-MBA surface after the ring-opening reaction of
epoxides with DETA.

Fig. 2e exhibits the XRD spectra of different samples. The
characteristic peaks at 20 = 15.4°, 22.7°, and 34.3° in the spec-
trum of raw cellulose were attributed to (110), (200), and (400)
planes of cellulose, respectively [29]. After the grafting mod-
ification, the crystallization peak of cellulose at 20 = 22.7°
became broad and overlapped with the amorphous peak at
20 =15.4° in the spectrum of Cell-g-GMA-c-MBA. Moreover,
the amorphous peak at 20 = 15.4° was obviously increased
while the crystallization peak at 20 = 22.7° was decreased in
Cell-g-GMA-c-MBA-DETA. It indicated that the crystalline
structure was greatly destroyed after the two modification
steps.

According to the above SEM, BET, FTIR, and XRD charac-
terization, GMA, MBA, and DETA were all successfully intro-
duced on the surface of raw cellulose and a much rougher
surface was generated on the cellulose. There should be some
epoxy groups and many kinds of amino groups on the final
adsorbent.

3.2. Evaluation of adsorption behaviors
3.2.1. Effect of pH

The effect of initial pH on adsorbing single Cd(II) or
Ni(Il) on Cell-g-GMA-c-MBA-DETA was investigated
at 25°C for 3 h (0.02 g adsorbent, 20 mL solution with
500 mg L metal ions). As shown in Fig. 3a, the adsorption
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capacity of this adsorbent for Cd(II) or Ni(II) was gradually
increased by increasing pH value, since a strong acid envi-
ronment was not good for the adsorption. The hydroxyl,
epoxy, and amino groups were inclined to be protonated
by H* to form -H,O*, -|[CH(O)CH,]*, and -NH, respectively
[30]. These would decrease the adsorption sites for metal
ions. Moreover, both of Cd(Il) and Ni(Il) were inclined to
be precipitated by forming metal hydroxides at pH > 5 [31].
The actual adsorption capacity of the adsorbent for Cd(II)
or Ni(II) would be affected by the hydroxyl groups at high
pH values. Therefore, only the weak acid environment
could reflect the actual adsorption capacity of Cd(II)/Ni(II)
on Cell-g-GMA-c-MBA-DETA, which was consistent with
the opinion of Noreen et al. [32]. Given that the maximum
adsorption amount of this adsorbent for Cd(II)/Ni(II) was
270.7 and 180.5 mg g™ at pH 4 and 5, respectively. The initial
pH was setting at 4.5 in the following experiments for the
convenient comparison and the slight influence of hydroxyl
groups at pH = 4.5 on the adsorption of Cd(Il) could be
ignored.

3.2.2. Adsorption kinetics

The kinetics study was performed by shaking 0.02 g
adsorbent in 20 mL of single metal solution with different
initial concentration at 25°C to investigate the adsorption
equilibrium and compare the adsorption performances of
Cd(II)/Ni(Il) on Cell-g-GMA-c-MBA-DETA. The effect of
adsorption time is displayed in Fig. 3b, and the experimen-
tal data were fitted to pseudo-first-order model and pseudo-
second-order kinetics model in Egs. (5) and (6), respectively
[33]. The related fitting results are all listed in Table 2.
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Fig. 3. (a) pH effect on adsorption performance of Cell-g-GMA-c-MBA-DETA for Cd(II) or Ni(II) and (b) kinetics models of Cd(II)

and Ni(II) on Cell-g-GMA-c-MBA-DETA.
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Table 2
Parameter of kinetics models for Cd(II) and Ni(II) on Cell-g-GMA

C. Lai et al. / Desalination and Water Treatment 202 (2020) 327-344

-c-MBA-DETA

Metal ions and initial concentrations

Kinetics model Parameters Cd(II) Ni(IT)
50 mg L 500 mg L 50 mg L 500 mg L
g,(exp.) (mg g™) 47.07 270.70 34.27 180.50
, q(cal) (mg g™ 45.25 257.96 32.70 171.08
Pseudo-first-ord ‘

seudo-frst-order k, (min™!) 0.1098 0.0756 0.0851 0.0602
R 0.9864 0.9783 0.9837 0.9716
g, (exp.) (mg g™) 47.07 270.70 34.27 180.50
Peeud tond q(cal)) (mg g) 47.65 279.08 35.09 188.47
seudorsecond-order k, (g mg™ min™") 0.0049 0.0005 0.0044 0.0005
R? 0.9978 0.9973 0.9989 0.9958

where ¢, and g, (mg g™') are the adsorption amount at equi-
librium and time ¢ (min), respectively. Both of k, and k, are
constants of adsorption rate.

As shown in Fig. 3b, the adsorption speed of Cd(II) or
Ni(II) in high concentration system was obviously faster than
that in the low concentration. But the adsorption equilibrium
of every metal ion in the former system would be reached at
about 120 min, while that in the later system was only about
60 min. Because all the adsorption sites were easily accessible
by metal ions at the initial adsorption stage, and a relatively
high initial concentration of metal ions would be benefit to
accelerate the adsorption speed. However, the increase in
adsorption speed would be restricted with the increase of
adsorption time in the high concentration system, since a lot
of adsorption sites would be occupied and the competition
for adsorption sites would be intensified [25]. Additionally,
the data of R? in Table 2 show that the pseudo-second-order
model was more applicable than pseudo-first-order model
to describe the adsorption behavior of Cd(II) and Ni(II)
on Cell-g-GMA-c-MBA-DETA, and the calculated values
(4,.) by pseudo-second-order model in Table 2 are both
near to the experimental values (g, ). It indicated that the
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adsorption rate of Cd(II) and Ni(II) on Cell-g-GMA-c-MBA-
DETA was controlled by a chemisorption process through
ion exchange, surface complexation, or precipitation [34].

3.2.3. Adsorption isotherms and thermodynamic study

The adsorption isotherms of Cd(II) and Ni(II) on Cell-
g-GMA-c-MBA-DETA were analyzed in the range of initial
concentration from 100 to 1,000 mg L™ at different tem-
peratures. The obtained isotherm data in Fig. 4 was further
simulated by isotherm models of Langmuir in Eq. (7) and
Freundlich in Eq. (8) to indicate the relationships between
adsorbents and adsorbates at equilibrium [35]. In addition,
the characteristics of Langmuir isotherm model could be
further expressed by the dimensionless equilibrium con-
stant (R;), which was calculated by parameter K; of the
Langmuir model according to Eq. (9) [36]. The R, value
could estimate whether the adsorbates were favorable to be
adsorbed on the adsorbent under the investigated condi-
tions, since R, <0, R, =0, 0 <R, <1and R, >1 indicated that
the adsorption process was irreversible, linear, favorable,
and unfavorable, respectively [36,37].
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Fig. 4. Adsorption isotherms of (a) Langmuir and (b) Freundlich model at different temperatures.
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where Q (mg g™) and g, (mg g') are the adsorption capac-
ity at equilibrium and the maximum adsorption capacity
of the adsorbent, respectively. K, (L mg™) is the Langmuir
constant and C, (mg L) is the concentration of solution at
equilibrium. K, and n are both of Freundlich constants. C
is the highest initial concentration of Cd(II) or Ni(Il) in this
study.

As shown in Fig. 4, Q of Cd(II) and Ni(II) on the adsor-
bent were both increased with the increase of temperature
from 25°C to 45°C, indicating that the attractive forces
between metal ions and adsorbent surface would be greater
at higher temperatures, and the adsorption processes for the
two metal ions should be both endothermic [36]. Moreover,
Q, of Cd(II) and Ni(II) were increased sharply when the C,
of Cd(I) and Ni(II) were lower than 200 mg L, but no sig-
nificant increases were observed at higher C,. Because most
of adsorption sites had been occupied by metal ions by
increasing the high initial concentration of metal ions. The
obtained isotherm parameters in Table 3 proved that both of
the adsorption processes of Cd(I) and Ni(II) on the adsor-
bent would be well described by Langmuir model, and the
calculated maximum adsorption capacities (g,, ) of Cd(Il)
and Ni(II) by Langmuir model were much close to the exper-
imental values (g, . ) at different temperatures. It implied
that both of Cd(II) and Ni(Il) were adsorbed on the adsor-
bent surface by monolayer adsorption [38]. Additionally, all
the R, values in Table 3 are in the range of 0-1, indicating
that the Cd(II) and Ni(Il) were favorable to be adsorbed on
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this modified cellulose and it was an excellent adsorbent to
remove Cd(IT) and Ni(IT) [36,37,39].

A thermodynamic study was also used to explore the
effect of temperature on the adsorption behavior. The
related parameters such as Gibbs free energy (AG®), entropy
change (AS°), and enthalpy change (AH®) were calculated by
Egs. (9)—(12), respectively [11,40].

AG =-RTInK, 9)
q,

K. =Jde 10

nTC (10)
AS AH

InK, =—-— 11

Ky = "7 (11)

AG =AH -TAS (12)

where K, is the constant of adsorption at equilibrium and R
(8.314 ] mol™ K™) is the gas constant. T (K) is the Kelvin tem-
perature. g, (mg g™) and C, (mg L) is the adsorption capacity
and concentration at adsorption equilibrium, respectively.
The negative values of AG® in Table 3 indicate that the
adsorption of Cell-g-GMA-c-MBA-DETA for Cd(II) and
Ni(II) were both spontaneous processes and the spontaneous
degrees were both increased with the increase of tempera-
ture. The positive values of AH® reconfirmed that the adsorp-
tion processes of the two metal ions were endothermic. The
value of AS° could be used to estimate the adsorption mech-
anism was association or dissociative [36]. When AS° was
higher than 10 ] mol™ K7, the dissociative mechanism was
dominant [41]. The positive values of AS° for Cd(II) and Ni(II)
in Table 3 implied that their adsorption processes would be
controlled by dissociative mechanisms [36,41]. Furthermore,
the positive values of AS° also proved that the regularity at
the solid/solution interface was reduced by increasing tem-
perature and the adsorption affinity was further enhanced

Adsorption isotherm and thermodynamic parameters of metal ions on Cell-g-GMA-c-MBA-DETA

Cd(II) Ni(II)
Models Parameters
25°C 35°C 45°C 25°C 35°C 45°C
Gy (MB &) 306.71 334.94 367.30 237.50 267.72 295.90
0o (Mg &) 321.44 346.25 369.90 267.57 296.58 321.20
. K, 0.0205 0.0289 0.0371 0.0098 0.0133 0.0141
Langmuir
R, 0.0465 0.0334 0.02625 0.0926 0.0699 0.0662
R? 0.9896 0.9923 0.9893 0.9970 0.9955 0.9922
. 59.83 78.21 86.57 29.96 42.44 46.29
Freundlich n 3.8811 4.2902 4.2920 3.1219 3.4482 3.4324
R? 0.9481 0.9562 0.9706 0.9764 0.9583 0.9728
, cd( Ni(II)
Thermodynamic parameters
298 K 308 K 318K 298 K 308 K 318K
AG° (k] mol™) -14.68 -15.58 -16.48 -15.43 -16.33 -17.23
AH® (k] mol™) 12.14 11.39
AS° (k] mol™! K1) 0.09 0.09
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[42]. The relatively lower value of AG® as well as the higher
value of AH® for Ni(Il) would make it more inclined to be
adsorbed on the adsorbent than Cd(II).

It should be noted that according to the above experiment
results, the maximum adsorption capacities of Cell-g-GMA-
c-MBA-DETA for single Cd(II) and Ni(II) could reach 367.3
and 295.9 mg g at 45°C, pH = 4.5, and the highest of initial
concentration, respectively. By contrasted with the maximum
adsorption capacity of other adsorbents for Cd(II) and Ni(II),
the experimental data in Table 4 demonstrate that Cell-g-
GMA-c-MBA-DETA had a relatively excellent adsorption
performance to adsorb single Cd(II) and Ni(II). This might be
due to the porous structures and abundant functional groups
in the modified cellulose prepared in this work [43]. It could
be considered as a promising adsorbent for the removal of
Cd(IT) and Ni(II) from wastewater.

3.3. Adsorption mechanisms of Cell-g-GMA-c-MBA-DETA for
Cd(1I) and Ni(1I)

FTIR and XPS analyses were used to further compare
the changes in samples before and after adsorbing different
metal ions on Cell-g-GMA-c-MBA and Cell-g-GMA-c-MBA-
DETA to make clear the structure-property relationships of
Cell-g-GMA-c-MBA-DETA, which could provide reasonable
evidences about the adsorption mechanisms of Cell-g-GMA-
c-MBA-DETA for single Cd(II) and Ni(II).

3.3.1. FTIR analysis

FTIR spectra of samples before and after adsorbing dif-
ferent metal ions were all presented in Fig. 5. The bands
appeared at 3,444; 2,930; 1,729; 1,635, and 992-848 cm™
in spectrum of Cell-g-GMA-c-MBA in Fig. 5a should be
attributed to the stretching or bending vibrations of O-H,
C-H, C=0, N-H, and C-O of epoxy groups, respectively [50].
These were all the functional groups on Cell-g-GMA-c-MBA.
The characteristic bands of Cell-g-GMA-c-MBA-Cd(II) such
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as stretching vibration of O-H at 3,436 cm™ and bending
vibration of N-H at 1,638 cm™ had a partial shift compared
to those of Cell-g-GMA-c-MBA, indicating that these bonds
were participated in the adsorption of Cd(II). The sharp peaks
of epoxides in spectrum of Cell-g-GMA-c-MBA-Cd(II) meant
that epoxy groups were also involved in the adsorption. The
FTIR spectrum of Cell-g-GMA-c-MBA-Ni(Il) was similar to
that of Cell-g-GMA-c-MBA-Cd(Il), proving that hydroxyl,
amino, and epoxy groups also interacted with Ni(Il) during
the adsorption.

Similarly, the band at 3,446 cm™ in spectrum of Cell-
g-GMA-c-MBA-DETA in Fig. 5b should be attributed to
the overlap stretching vibration of N-H and O-H [51].
The bands at 1,725; 1,628; 1,465; and 1,269 cm™' should be
the stretching vibration of -C=0, bending vibration of N-H
and O-H as well as stretching vibration of C-N, respec-
tively [52]. The band at 3,446 cm™ became broader and was
shifted to 3,355 and 3,411 cm™ after adsorbing Cd(II)/Ni(II),
respectively. It seemed that the presence of abundant func-
tional groups like O-H and -NH, on the adsorbent surface
was greatly contributed to the adsorption of metal ions.
The bending vibration of N-H at 1,628 cm™ was almost dis-
appeared, which further demonstrated that Cd(II)/Ni(II)
could interact with amino groups during the adsorption.

3.3.2. XPS analysis

The wide-scan XPS spectra of Cell-g-GMA-c-MBA and
Cell-g-GMA-c-MBA-DETA before and after adsorbing Cd(II)
and Ni(II) are all displayed in Figs. 6a and b. They showed
that the peak intensity of N,_in Cell-g-GMA-c-MBA-DETA
was obviously higher than that in Cell-g-GMA-c-MBA, indi-
cating that the N-containing groups were mainly introduced
by DETA during the amination instead of MBA in the grafting
and cross-linking modification. Figs. 6a and b also confirm
that Cd(II) or Ni(Il) was indeed adsorbed on Cell-g-GMA-
c-MBA and Cell-g-GMA-c-MBA-DETA. But the character-
istic peaks of Cd., and Ni,, in Fig. 6b were both obviously

600
550 Cell-g-GMA-c-MBA-DETA-Ni(II)
1640
8 500 1 1723\
= 1163
= Cell-g-GMA-c-MBA-DETA-Cd(II 1358
£ 450 341 1268 -]
a \ ﬁ 1383 //f
= \
B W j/
& 00 N 172N
X 3355 Cell-g-GMA-c- MBA-DETA! 681473 1163
350 4 (b)
E N TT—
; 1725 16281465 1269
3446
300 — T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'l)

Fig. 5. FTIR spectra of (a) Cell-g-GMA-c-MBA and (b) Cell-g-GMA-c-MBA-DETA before and after adsorbing Cd(II) or Ni(II).
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Fig. 6. Wide-scan XPS spectra of (a) Cell-g-GMA-c-MBA and (b) Cell-g-GMA-c-MBA-DETA, high- resolution core-level XPS spectra
of (cand g) O,, (d and h) N, (e and i) Cd,, and (f and j) Ni,, of Cell-g-GMA-c-MBA and Cell-g-GMA-c-MBA-DETA before and after

adsorbing Cd(II) and Ni(II).

stronger than those in Fig. 6a, demonstrating that more of
N-containing groups in the adsorbent would greatly improve
its adsorption ability for Cd(II) or Ni(II).

3.3.2.1. XPS results of Cell-g-GMA-c-MBA before and
after adsorbing Cd(I)/Ni(Il)

Firstly, the high-resolution core-level spectra of O,,
N,, Cd,, and Ni,, in Cell-g-GMA-c-MBA before and after
adsorbing Cd(II)/Ni(II) are all shown in Figs. 6¢f to infer the
interactions between Cd(II)/Ni(II) and functional groups on
Cell-g-GMA-c-MBA.

The O,_ spectrum of Cell-g-GMA-c-MBA in Fig. 6¢c could
be refined into three peaks with binding energy of 5314,
532.2, and 533.1 eV. The peak at 531.4 and 532.2 eV repre-

sented the bond of O-H in raw cellulose and C-O in epoxy

group of GMA, respectively, while the peak at 533.1 eV
was corresponded to the carbonyl bond (-CO-) derived
from -COOCH, in GMA or —-CONH- in MBA. But the
binding energy of these functional groups were increased
to 532.1, 533.1, and 534.0 eV in Cell-g-GMA-c-MBA-Cd(II)
correspondingly, indicating that all the three kinds of
O-containing groups participated in the adsorption of Cd(II)
by providing electrons. By comparison, the binding energy
of these O-containing groups in Cell-g-GMA-c-MBA-Ni(II)
was only higher than that in Cell-g-GMA-c-MBA-Cd(II)
0.2, 0.3, and 0.1 eV, respectively, so the interaction between
Ni(Il) and the O-containing groups on Cell-g-GMA-c-MBA
was weak and Ni(II) should not be adsorbed by these
O-containing groups on Cell-g-GMA-c-MBA.

The refined peak at 399.6 eV in N, spectrum of Cell-
g-GMA-c-MBA in Fig. 6d was assigned to the introduced
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secondary amine groups by MBA. The binding energy of
this peak increased 0.9 eV and a new peak was generated
at 406.7 eV in N, spectrum of Cell-g-GMA-c-MBA-Cd(II).
It meant that there was a strong interaction between Cd(II)
and -NH- groups in Cell-g-GMA-c-MBA, and a kind of new
bond was generated between Cd(II) and N atom in -NH-
groups to enhance the adsorption [53]. However, Ni(II) could
not be adsorbed by —-NH- groups in Cell-g-GMA-c-MBA,
since the binding energy of -NH- (399.9 eV) in Fig. 6d was
almost unchanged in Cell-g-GMA-c-MBA-Ni(II).

Fig. 6e shows that the high-resolution core-level spec-
trum of Cd,,, could be refined into two peaks. The peak at
405.1 eV should be the characteristic peak of Cd® in the cen-
ter of chelating complex, which was formed by one Cd(II)
with two or more ligand groups in Cell-g-GMA-c-MBA [54].
The peak at 405.7 eV should be corresponded to the electron
binding energy of Cd,,., in divalent forms [55], indicating
that Cd(II) was also seized in divalent forms to form coordi-
nation bonds by accepting lone-pair electrons from O or N
atoms in functional groups. However, the former characteris-
tic peak was much larger than the later, implying that Cd(II)
was much more inclined to be adsorbed by forming chelat-
ing complex. Fig. 6f displays that the main peak of Ni,,, in
Cell-g-GMA-c-MBA-Ni(II) was at 855.4 eV, which could not
be further refined. The peak at 855.4 eV was the characteristic
peak of Ni, , , in divalent forms, suggesting that Ni(Il) was
only adsorbed on Cell-g-GMA-c-MBA by accepting lone-pair
electrons to form coordination bonds [56].

In conclusion, the above XPS analyses indicated that
Ni(II) was only adsorbed through the coordination interac-
tion with -NH- groups in Cell-g-GMA-c-MBA, while Cd(II)
was more inclined to be adsorbed on Cell-g-GMA-c-MBA
than Ni(II) by the stronger interaction with O/N-containing
groups. These analysis results are all summarized and
compared in Table 5. The experimental data in Table 5 also
showed that the maximum adsorption capacity of Cd(II) on
Cell-g-GMA-c-MBA was higher than that of Ni(Il), which
was well consistent with the above XPS analysis results.

3.3.2.2. XPS results of Cell-g-GMA-c-MBA-DETA before and
after adsorbing Cd(II)/Ni(Il)

The high-resolution core-level XPS spectra of Cell-g-
GMA-c-MBA-DETA before and after adsorbing Cd(II)/

Table 4

Ni(II) in Figs. 6g—j were also compared and discussed to fur-
ther investigate the role of introduced amino groups in the
adsorption of Cd(II) and Ni(II).

The O, spectrum of Cell-g-GMA-c-MBA-DETA in Fig. 6g
was like that of Cell-g-GMA-c-MBA in Fig. 6¢, indicating that
all the O-containing groups in Cell-g-GMA-c-MBA-DETA
were introduced by the first step of modification. Compared
to Cell-g-GMA-c-MBA-DETA, the changes in the binding
energy of -OH, -C-O-, and carbonyl in Cell-g-GMA-c-MBA-
DETA-Cd(II)/Ni(II) (Fig. 6g) were all lower than 0.4 eV, so the
interaction between Cd(II)/Ni(II) and O-containing groups in
Cell-g-GMA-c-MBA-DETA was weak, and the O-containing
groups did not play a major role in the adsorption of Cd(II)/
Ni(II) on Cell-g-GMA-c-MBA-DETA. It was quite different
from the adsorption of Cd(II) on Cell-g-GMA-c-MBA.

Fig. 6h shows that there were three refined peaks in N,
spectrum of Cell-g-GMA-c-MBA-DETA at 398.5, 399.1, and
399.6 eV, which should be corresponded to -NH,, -NH-, and
-NR, groups, respectively [57]. Apart from the small number
of -NH- groups introduced by MBA, other amino groups
in Cell-g-GMA-c-MBA-DETA were all introduced by DETA.
The binding energies of -NH,/-NH—-/-NR, were all obviously
increased about 0.3-0.7 eV after adsorbing Cd(II)/Ni(II),
which implied that the three kinds of N-containing groups
would play an important role in the adsorption. The new
peaks appeared at 406.7 and 405.3 eV in N,_spectra of Cell-
g-GMA-c-MBA-DETA-CdA(II)/Ni(Il) were both attributed to
the formation of new bonds between metal ions and amino
groups during the adsorption, which were similar to the new
peak generated in N, _spectrum of Cell-g-GMA-c-MBA-Cd(II)
in Fig. 6d. The difference in binding energies of the two new
peaks manifested that the adsorption forms of Cd(II) and
Ni(II) on the same amino groups might be different.

The refined peaks in XPS spectra of Cd,,,, and Ni,,,
in Figs. 6i and j are similar to those in Figs. 6e and f. It also
indicated that Cd(II) was much inclined to be adsorbed by
forming metal complexes with active adsorption sites on
Cell-g-GMA-c-MBA-DETA, while Ni(II) was mainly seized
by divalent forms with active groups on Cell-g-GMA-c-
MBA-DETA. Because of the spectrum of Ni, , , in Fig. 6j with
the main peak at 855.4 eV and satellite peak around 861.2 eV
was only resolved into one peak, which was corresponded
to the divalent ion form of Ni. By combination of the XPS
analyses on Figs. 6g and h, it seemed that the amino groups

Comparison of maximum adsorption capacities of Cd(II) or Ni(II) on Cell-g-GMA-c-MBA-DETA with other modified adsorbents

Absorbents Maximum adsorption capacity (mg g™) Reference
Cddrn) Ni(II)

Plantain flower 192.31 - [44]

Nano kaolinite - 111.00 [45]
Crosslinked chitosan-clay beads 72.31 32.36 [46]

GO membranes 83.80 62.30 [47]
P(AANa-co-AM)/GO hydrogel 196.40 - [26]
Cell-g-NIPAM-co-GMA - 74.68 [48]

MS biochars 179.00 - [49]
Cell-g-GMA-c-MBA-DETA 367.30 295.90 (This study)
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introduced by DTEA were the major adsorption sites in Cell-
g-GMA-c-MBA-DETA to adsorb Cd(II) and Ni(II) by different
adsorption forms.

The above FTIR and XPS analyses were all summa-
rized and compared with experimental results in Table 5
to infer the most possible adsorption forms of Cd(II) and
Ni(II) on Cell-g-GMA-c-MBA-DETA. As shown in Table
5, all the mentioned O- and N-containing groups were
involved into the adsorption, but their adsorption forms
and capacities for the two metal ions were quite differ-
ent due to the adsorbent structures, the number of these
functional groups. The adsorption ability of Cd(II)/Ni(II)
on O-containing groups in Cell-g-GMA-c-MBA-DETA
was obviously weaker than that on N-containing groups
(Figs. 6g and h), which was caused by the excellent coor-
dination capability of N-containing groups and the large
number of amino groups in Cell-g-GMA-c-MBA-DETA.
The O-containing groups only played a major role in the
adsorption of Cd(II)/Ni(Il) on Cell-g-GMA-c-MBA, which
only had a small number of -NH- groups (Fig. 6¢c). The
adsorption capacity of Cd(II)/Ni(II) on Cell-g-GMA-c-MBA
in Table 5 was evidently lower than that on Cell-g-GMA-
c-MBA-DETA, indicating that the amino groups should be
the most important active sites for the adsorption of Cd(II)/
Ni(II) on Cell-g-GMA-c-MBA-DETA.

By combining the XPS analysis results in Fig. 6 as well
as the molar ratio of active groups to the maximum adsorp-
tion capacities of Cd(II)/Ni(II) in Table 5, it could infer that
1 mmol Cd(II) was inclined to be adsorbed by forming che-
lation complexes with 2-3 mmol N atoms in N-containing
groups, while the adsorption of 1 mmol Ni(II) would require
at least of 1 mmol N atom from the amino groups to form
coordinate bonds. Accordingly, the most possible adsorp-
tion forms of Cd(II)/Ni(II) on this modified cellulose are
clearly depicted in Fig. 7 to well-understand the adsorption
mechanisms of Cell-g-GMA-c-MBA-DETA for Cd(Il) and
Ni(Il). Moreover, these adsorption forms could be used to
reasonably explain why the maximum molar adsorption
capacities of Cell-g-GMA-c-MBA-DETA for Cd(II) and Ni(II)
were different by the same adsorption sites and adsorbent
structures.

To verify the reasonability of the inferred adsorption
mechanisms in Fig. 7, the competitive adsorption experiment
of Cell-g-GMA-c-MBA-DETA in the mixed system of Cd(II)

Table 5

and Ni(Il) was carried out to compare with the adsorption
performances in the single metal system under the same
adsorption conditions. The experimental comparison results
are all shown in Fig. 8.

The adsorption capacities in Fig. 8 were measured by
molar adsorption amount of metal ions per gram adsor-
bent, which would be better to describe the relationships
between effective adsorption groups and adsorption capac-
ities to confirm the adsorption mechanisms. Fig. 8a shows
that the competitive adsorption had a slight effect on both
of the adsorption speed and ability of Cell-g-GMA-c-MBA-
DETA for single metal ions since the initial concentration of
metal ions was low in this mixed system and the number
of adsorption groups was sufficient for the adsorption. On
the contrary, competitive adsorption is obvious in Fig. 8b
with high initial concentration. The adsorption speeds of
the two metal ions both decreased in the mixed system com-
pared to those in the single system, especially of Cd(II). This
was caused by the diverse adsorption forms of Cd(II) and
Ni(II) on the same adsorption sites. As shown in Fig. 7, Ni(II)
would tend to form coordination bonds with amino groups
on Cell-g-GMA-c-MBA-DETA by directly accepting lone-
pair electrons in N atom. This kind of adsorption form could
guarantee a quick interaction and a relatively large adsorp-
tion amount of Ni(II). By contrast, a stable chelating complex
was formed by Cd(II) and two or more amino groups, which
was essential to tightly seize Cd(II) with heavier weight
and a larger radius. As a result, the adsorption speed and
amount of Cd(II) on the same adsorbent were both restricted
by the competition of Ni(II) in the initial adsorption stage of
the mixed system. This experimental phenomenon could be
used to well verify the reasonability of the above-inferred
adsorption mechanisms. However, both of the adsorption
speed and amount of Cd(Il) could increase rapidly in the
mixed system after reaching the adsorption equilibrium of
Ni(II). Because the number of amino groups on Cell-g-GMA-
c-MBA-DETA (Table 5) was plentiful enough for the adsorp-
tion of Cd(Il) and Ni(II) with an initial concentration of
500 mg L™ in the mixed system. Fig. 8b showed that the max-
imum adsorption amount of Cd(II) and Ni(II) in the mixed
system was 1.99 and 2.82 mmol g, respectively, which was
near to those in the single system (2.38 and 3.07 mmol g™).
It also proved that Cell-g-GMA-c-MBA-DETA possessed an
excellent removal ability for Cd(II) or Ni(I) in both of the

Summary of related characterization and adsorption experiment results

Cell-g-GMA-c-MBA

Cell-g-GMA-c-MBA-DETA

Adsorbents
Content of epoxy groups (mmol g™) 4.96
Content of amino groups (mmol g) 0.21

Major active groups for adsorption
Maximum adsorption capacity”

—-OH, epoxy groups, -CO-, -NH-
0.37 mmol g (41.60 mg g™)

2.63

7.20

~NH,, -NH-, -NR,

3.27 mmol g (367.30 mg g™)

Cd(In) Molar ratio of active groups/ions No obvious relation 2.2:1

Adsorption strength Weak Strong

Maximum adsorption capacity” 0.18 mmol g (10.56 mg g™) 5.04 mmol g (295.90 mg g™)
Ni(II) Molar ratio of active groups/ions No obvious relation 1.4:1

Adsorption strength Extremely weak Strong

Maximum adsorption capacity: the maximum adsorption amount of the adsorbent at adsorption equilibrium (0.02 g adsorbent, 20 mL
solution with 1,000 mg L' metal ions, 45°C for enough adsorption time).
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Fig. 7. Most possible adsorption forms of Cd(II) and Ni(II) on Cell-g-GMA-c-MBA-DETA.
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Fig. 8. Molar adsorption amount curves of Cd(II) and Ni(II) with initial concentration of (a) 50 mg L™ and (b) 500 mg L in single and

mixed system on Cell-g-GMA-c-MBA-DETA at 25°C and pH =4.5.

single and mixed metal solutions with an initial concentra-
tion lower than 500 mg L.

3.4. Regeneration study

The regeneration ability was an important parameter to
evaluate the cost-effectiveness and potential applications of
the prepared adsorbent. The adsorption/desorption cycles
of Cell-g-GMA-c-MBA-DETA were repeated as procedures
in section 2.4 (desorption and recyclability) for six times to
evaluate its regeneration performance. The calculated val-
ues of regeneration efficiency for each cycle are all displayed
in Fig. 9. The decrease in the value of regeneration efficiency
was slight even after six cycles, which was still 80% and
82% for Cd(II) and Ni(Il), respectively. By comparison, the

regeneration efficiencies of GO-DPA for the two metal ions
were both decreased to 80% only after third cycles [58], and
the regeneration efficiencies of TiO,/SiO,/Fe,O, nanopar-
ticles for Cd(II) and Ni(II) were both dropped below 40%
after fifth cycle [59]. It indicated that the adsorbent pre-
pared in this work had an excellent regeneration ability and
a good economy, so it could be considered as a promising
adsorbent to remove Cd(II) and Ni(II) from wastewater.

4. Conclusions

A corn stalk cellulose-based adsorbent with network
structures and alarge number of amino groups (Cell-g-GMA-
c-MBA-DETA) was successfully designed and synthesized
under optimized modification conditions. Its adsorption
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Fig. 9. Regeneration efficiency of Cd(II) and Ni(II) by Cell-g-GM-
c-MBA-DETA.

behaviors for Cd(Il) and Ni(II) were fully evaluated under
different pH values, adsorption time, temperature, and
initial concentration of single metal ions. The maximum
adsorption capacity of Cell-g-GMA-c-MBA-DETA for single
Cd(II) and Ni(II) could reach 367.3 and 295.9 mg g™ at 45°C
and pH = 4.5, respectively. The adsorption of Cd(II) and
Ni(II) on Cell-g-GMA-c-MBA-DETA could be bot described
by pseudo-second-order kinetics model and the rate-de-
termining step was chemisorption. Meanwhile, Cd(II) and
Ni(Il) were both adsorbed on Cell-g-GMA-c-MBA-DETA
by monolayer adsorption, and their adsorption processes
were spontaneous and endothermic. The relationships
between the adsorbent microstructures and its adsorption
property for Cd(II) and Ni(II) were analyzed in detail by
related characterization and experimental results. It indi-
cated that 1 mmol Cd(II) would be inclined to be adsorbed
by forming chelation complexes with 2-3 mmol N atoms in
amino groups on the adsorbent, while 1 mmol Ni(II) would
be mainly adsorbed by accepting lone-pair electrons from
1 mmol N atom in amino groups to form simple coordination
bonds. The proposed adsorption mechanisms were further
confirmed by competitive adsorption properties of Cell-g-
GMA-c-MBA-DETA for Cd(II) and Ni(II). Additionally, this
cellulose-based adsorbent displayed a good reproducibility
with high adsorption-desorption efficiency after six cycles.
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