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ABSTRACT

N,O-carboxymethyl chitosan (CCS ) adsorbents with tunable adsorption and separation capacity were
successfully prepared by chitosan (CS) and monochloroacetic acid (MCA) with various amounts. The
structures and compositions were characterized by Fourier-transform infrared spectroscopy, scanning
electron microscopy, X-ray powder diffraction, zeta potential, thermogravimetric analysis, and N,
adsorption-desorption isotherm. Results showed that carboxymethylation of CS with MCA occurred
mainly at C~OH and C,-NH, positions. The pH-sensitive and tunable adsorption capacities toward
various dyes were studied and optimized. At the optimal pHs (pH > 5 for methylene blue (MB) and
pH <3 for methyl orange (MO)), the highest removal efficiencies of 94.5% and 90.6% for MB and MO,
respectively, were observed for CCS,. The adsorption isotherm data better fitted with Langmuir model
(R*>0.99), and the maximum adsorption capacity of 64.56 and 92.51 mg g were obtained for MB
and MO, respectively. The kinetics of adsorption was described by the pseudo-second-order model.
The regeneration study showed that the percentage uptake declined slightly for MO after five cycles.
Moreover, MB or MO can be separated efficiently at pH > 5 or pH < 3 in the MB/MO binary system,
indicating its selective adsorption and separation property, especially its potential application in prac-

tical wastewater treatment.
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1. Introduction

With the increasing concern on environment protection
in recent years, removal of pollutants has gradually attracted
more and more attention. Dyes, the main pollutant, are
widely used in many industries and produced large amount
of dye-containing wastewater [1]. Lots of them are toxic and
hazardous to aquatic organisms; however, it is hard to be
treated because of the complex aromatic molecular struc-
tures [2]. Thus, removal of dyes from wastewater becomes a
significant issue. Various techniques, such as electrochemical
oxidation, biological treatment, precipitation, flocculation,
ion exchange, reverse osmosis, and adsorption, have been
applied for effluents treatment [3]. Among them, adsorption
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has been the most competitive and extensively used process
owing to the economy, convenience, and high efficiency.
Nowadays, various facile absorbents have been used
for the removal of dyes. A cost-effective and eco-friendly
activated carbon prepared by microwave-assisted chemi-
cal activation was used for the removal of anionic dye (CR)
[4]. The brown macroalga can act as a promising adsorbent
for the removal of methylene blue (MB) [5]. Albadarin et al.
[6] synthesized activated lignin—chitosan extruded pellets
for MB adsorption, and the maximum adsorption capacity
was 36.25 mg g™. Trisodium citrate-based magnetite nano-
composite (Fe,0,~TSC) was used for MG removal, and the
adsorbent can be effortlessly separated from mixed solutions
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using an external magnetic field [7]. Other adsorbents, such
as guar gum/AlO, nanocomposite [8], polyaniline Zr(IV)
selenotungstophosphate nanocomposite [9], amberlite Ira-
938 resin [10], potassium hydroxide-treated palm kernel shell
[11], and ZrO,/Fe O, /chitosan (CS) nanomaterials [12] have
also been reported to be used as promising adsorbents for
dye removal from textile wastewater.

Among these adsorbents, natural polymers like CS,
starch, and cellulose are receiving increasing attention due
to the presence of reactive hydroxyl, amino, and carboxyl
groups [13]. CS, as a well-known natural aminopolysaccha-
ride with high binding capacity, wide availability, and high
molecular weight, is widely studied and applied because
of its non-toxic and biodegradable properties [14]. Some
authors have shown that CS is well recognized for dyes and
heavy metals removal and its efficient adsorption poten-
tial can be attributed to large number of functional groups
[15,16]. However, the application of CS is hindered because
of its low surface area, low mechanic resistance, and ineffi-
ciency for cationic dyes removal [1,17].

To overcome these weaknesses, CS is often modified
with functional groups (-COOH, -SO,H) on its side chains to
improve its adsorption capacity toward cationic dyes. These
functional groups are pH sensitive and may display different
forms in acid and alkaline conditions, thus causing different
adsorption property [18]. Xu et al. [19] has functionalized CS
beads with citric acid for effective adsorption of positively
charged lysozyme with 42.1 mg g’ adsorption capac-
ity within 3 h. Yang et al. [20] has prepared polyurethane
foam membrane filled with humic acid-CS crosslinked gels
through ionic crosslinking between carboxyl and protonated
amino groups for dye removal. It can separate MB effectively
from methyl orange (MO)/MB and simultaneously remove
RB and MB from RB/MB solution by adjusting the dosage of
HA [20]. However, limited research on the tunable selective
adsorption property of CS was reported.

CS modified with functional groups can provide
additional adsorption sites. Meanwhile, amino groups
and carboxyl groups exhibited different forms at various
pHs, thus with tunable adsorption capacity. For this pur-
pose, the objective of this work is to fabricate pH-sensitive
amphiphilic adsorbent material based on CS with selective
adsorption capacity toward the cationic and anionic dyes.
Carboxymethylation of CS by various amounts of monochlo-
roacetic acid (MCA) (MCA/CS =0, 0.5, 1.0, 1.5, and 2.0 in
mass ratio) with more cationic adsorption sites and tunable
adsorption capacity was synthesized and characterized by
Fourier-transform infrared spectroscopy (FI-IR), scanning
electron microscopy (SEM), X-ray powder diffraction (XRD),
Zeta potential measurements, thermogravimetric analysis
(TGA), and N, adsorption—desorption isotherm. The tunable
selective adsorption capacity toward the cationic or anionic
dye was studied. The adsorption behaviors of carboxymethyl
chitosan (CCS)) were systematically investigated by the
selective adsorption, adsorption isotherms, and kinetics, and
the possible adsorption mechanism was also proposed.

2. Experimental section
2.1. Materials
CS (CH,,NO,) with molecular weight of 1 x 10°

6" 11
(>90% degree of deacetylation) was purchased from Xian

Golden-Shell Biochemical Co., Ltd. (China). MCA (A.R.),
sodium hydroxide (NaOH, A.R.), ethanol (CH,CH,OH, A.R.),
isopropyl alcohol (C,HO, AR., MB (C H CIN,S3H,0,
AR.) and MO (C H, N, NaO.S, A.R.), and hydrochloric acid
(HCl, 36%-38%) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Xi'an, Shaanxi Province) and used directly

without further purification.

2.2. Synthesis of pH-sensitive CCS_adsorbents

The CCS_  adsorbents were prepared according to
the reference reported [21,22]. Typically, 1 g of CS was
scattered in 50 mL of NaOH solution (1.35 g of NaOH dis-
solved into 60% (V/V) isopropyl alcohol solution) and
alkalified for 1 h at 40°C. Then, a certain amount of MCA
(MCA/CS=0, 0.5, 1.0, 1.5, and 2.0 in mass ratio) dissolved in
20 mL of isopropyl alcohol was introduced and reacted for
4 h at 40°C, stood for 10 min, separated the white precipita-
tion and distributed it into 20 mL of ethanol, regulated pH
to 7 with hydrochloric acid, extracted the solid powder and
dried at room temperature, and obtained the amphiphilic
adsorbent, denoted as CCS_(x=0, 0.5, 1.0, 1.5, and 2.0).

The deacetylation degree (DD) of CS and the degree of
carboxymethyl substitution (DS) of CCS_ were calculated
using elemental analysis data according to the change of
C/N ratio before and after the introduction of carboxymethyl
groups by Egs. (1) and (2) [23,24]:

DD(%):[l_C%/N%—5.145]x100 )
6.816-5.145
DS(%) =[7 /12%(C%/N%) + DD - 4]x100 @)

2.3. Characterization of CCS_adsorbents

The changes of functional carboxymethyl group of CS
were observed by FT-IR (Tensor 27, Bruker, Germany) at
room temperature in the range of 4,000-400 cm™ using KBr
pellets.

The crystal structures and compositions of various CCS_
samples were measured by powder XRD patterns with
Rigaku Corporation XRD/Max2550VB+/PC and recorded in
the range of 2°-80° with a scanning rate of 0.02° s™.

The surface morphologies and the elemental composi-
tions of the various adsorbents were determined by SEM
and energy dispersive spectroscopy (EDX; Quanta 200, FEI,
USA).

Zeta potentials of the samples were determined using a
micro-electrophoresis meter (ZEN3690, Malvern). A certain
amount of the adsorbents was dispersed in distilled water
with the initial solution pH ranging from 2.0 to 11.0 by
adjustment using 0.1 mol L~ of NaOH or HCl solution.

TGA was conducted on a thermoanalyzer system (USA) at
a heating rate of 10°C min™ from 25°C to 800°C with samples
of 4-10 mg.

The Brunauer-Emmett-Teller (BET) specific surface
areas and pore structures of adsorbents were obtained from
nitrogen adsorption—-desorption data using a BET ASAP2020
Mike (USA).
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2.4. The adsorption experiments in single-dye system

The cationic dye MB and anionic dye MO, frequently used
in the real printing and dyeing industry, were selected as the
model dye pollutants to investigate the various adsorption
performance of CCS . All the experiments were performed
with the simulated solution prepared by dissolving a precise
amount of MB or MO in deionized water.

For the adsorption experiments in single-dye
system, 0.02 g of CCS was added into 10 mL 50 mg L™ of MB
or MO with stirring at room temperature, adjusted the pH of
the solution with 0.1 mol L of NaOH or HCI and monitored
by pH meter (PHS-3C, Shanghai Yielectric Science Co., Ltd.,
China).

After a certain time interval, the adsorbent was isolated
by centrifugation at 800 rpm for 2 min. The residual dye
was then tested by measuring the absorbance of the solu-
tion at A__ (465 nm for MO and 664 nm for MB), using a
UV-Vis spectrophotometer (UVT6, Beijing Purkinje General
Instrument Co., Ltd., China). The color removal (R%) of MO
or MB and adsorption amount (g,) were calculated according
to Egs. (3) and (4):

oy = &= 100%

R(%) = c. 100% 3)
_(CU_Ct)V

q! - W (4)

where C and C, (mg L) are the respective MO or MB concen-
tration in solution at initial time and at time ¢ (min); g, (mg g™')
is the amount of MO or MB adsorbed onto CCS_ at time ¢
V (mL) is the volume of MO or MB solution; and W (mg) is
the mass of CCS . All experiments were repeated three times,
and the average data and error bars were calculated and
presented.

2.5. The selective adsorption process in MO/MB binary system

The MO and MB (50 mg L™ of MO and 50 mg L™ of MB)
binary solution was selected as the representative complex
system to further study the selective adsorption property of
CCS,. In total, 0.02 g of CCS, was added into MO/MB mixture
at various pH values. The absorbances of dyes before and
after adsorption were also detected by UV-Vis spectroscopy.

2.6. Regeneration and recycle of CCS,

Atotal of 0.02 g CCS, was introduced into 10 mL 50 mg L
of MB or MO solution with stirring at 25°C for 10 min. After
that, the dispersion system was centrifuged at 800 rpm for
2 min. Separated the adsorbed adsorbent and 10 mL ethanol
(adjusted pH =11 or 3 by 0.1 mol L™ of NaOH or 0.1 mol L™
of HCI) was added with stirring for 30 min for desorption.
Then the regenerated adsorbent was dried for the next cycle.

3. Results and discussion
3.1. Carboxymethylation of CS

The reactive sites of CS molecules, C-NH,, C,-OH, and
C,-OH all have strong reactivity and can take place car-
boxymethylation reaction in theory. So, selective substitution
site for N- versus O-CCS occur. According to the references
reported [25,26], the substituted reaction is difficult at C,-OH
because of the steric effect and the intermolecular hydrogen
bonding interaction between C-OH and partial C-NH,.
The carboxymethylation at C-OH is always superior to
C,-NH,. However, when the reaction temperature was above
20°C, the substitution of the carboxymethyl preferentially
occurred on the -OH groups in the water/isopropyl alco-
hol solvent mixture. The activity of C~OH decreased and
C,-NH, increased with increasing water content in the sol-
vent [27]. Carboxymethylation can take place between pre-
treated CS by alkaline with chloroacetic acid in the presence
of isopropanol [28]. Alkali infiltrate in the chain of CS, swell,
and transform the hydroxyl and amino into sodium salt that
was beneficial for etherification of CS to obtain N,O-CCS. The
whole process can be depicted in Fig. 1.

3.2. Characterization of the adsorbents

The FT-IR spectroscopy is applied to explain the changes
in chemical structures and the functional groups of the sam-
ples [29], and the results are shown in Fig. 2(a). The broad
band at 3,440-3,445 cm™ was assigned to -OH and -NH
stretching vibrations. Band due to the stretching vibrations
of C-H bond was observed at 2,876 cm™ [30]. The band at
1,657 em™ was assigned to the residual acetamido groups
that remained after deacetylation of chitin during the pro-
duction process of CS. The N-H bending vibration of termi-
nated amine in CS was observed at 1,596 cm™ [31]. The band
at 1,380 cm™ derived from the primary amine of CS [32]. The
peaksat 1,427 cm™, 1,157 cm™, 1,087 cm™, and 1,058 cm™ were
attributed to the C-N axial deformation (-NH, band), special
(1-4)-glucosidic band in polysaccharide unit, stretching vibra-
tion of C-O-C in the glucose circle, and stretching vibration
of C-O from the primary alcohol in CS, respectively [32,33].

After carboxymethylation, similar spectra of CCS_adsor-
bents were detected, indicating that similar chemical reaction
occurred in the carboxymethylation process. The broad band
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Fig. 1. Synthesis of N-, O-carboxymethyl chitosan.
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near 3,440 cm™ corresponding to the stretching vibrations of
the O-H and N-H groups of CS, shifted to lower frequencies
and weakened. The peaks at 1,657 and 1,596 cm™ overlapped
and the shoulder absorption peak of 1,597 cm™ corresponded
to the asymmetric stretching vibrations of the carboxylate ions
and the N-H bending vibrations [21]. The band at 1,427 cm™
strengthened and shifted to 1,423 cm™ which was caused
by symmetric stretching vibration of functional groups of
COOr. The peak at 1,058 cm™ strengthened gradually, indi-
cating that carboxymethylation happened on C—~OH. These
observations indicated the carboxymethylation carried out
simultaneously and partly on C,-NH, and C—-OH position,
which was consistent with the reference reported [21,34].
Fig. 2(b) displays the X-ray diffractogram of various
adsorbents. Two characteristic diffraction peaks of the native
CS displayed at about 20 = 10.52° and 20.07°, which are
attributed to intramolecular hydrogen bonding, and the exis-
tence of an amorphous structure related to mixture of (001)
and (100), and (101) and (002), respectively [35,36]. After car-
boxymethylation, the intensities of these peaks dramatically
decreased with increasing of the degree of carboxymethyl
substitution of CCS . These observations indicated that this
carboxymethylation process weakened the CS intramolecular
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or intermolecular hydrogen bonds. The introduction of polar
group (-CH,COOH) decreased the amorphous state of CS,
and increased its adsorption capacity.

As TGA curves (Fig. 2(c)) shown, three weight loss
stages were observed for all CS samples. The first stage with
a weight loss about 10% at less than 100°C, related to the
loss of physical adsorption of water on the adsorbent sur-
face. The second stage about 39% weight loss in the range of
250°C-350°C, assigned to the degradation and deacetylation
of functional groups of CS. The third stage at 350°C-800°C
with a mass loss of 17.0% related to the degradation of ring
residues [37]. Similar thermal stability was observed for all
CCS_ that was benefit for the practical application.

Zeta potential is the characteristics of an adsorbent
that affects the interaction and the adsorption capacity.
As can be seen in Fig. 2(d), various zeta potentials of CS,
CCS,, and CCS, ; from +60 to -50 mV were observed at pH
range of 2-11, revealing the different surface properties of
CCS,_ adsorbent. It is well acknowledged that when the pH
value of the solution is lower than pH of zero point charge
(pH,,), the adsorbent surface is positively charged due to
the protonated -NH,* and ~OH," groups. The lower the pH
value of the solution, the more favorable of anionic dyes
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Fig. 2. (a) FT-IR spectra, (b) XRD, (c) TGA curves, and (d) zeta potentials of CCS .
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adsorption. When the pH value of the solution is higher
than pH, , negatively charged surface of the adsorbent
is due to deprotonation of carboxyl groups and hydroxyl
groups. For CCS, and CCS, , pH, shifted from 4.76 (CS)
to lower values of 4.46 and 4.28, respectively, indicating
more carboxymethyl groups were introduced during the
carboxymethylation of CS, thus leading to more negative
charge of CCS, , [38].

SEM images of CS, CCS,, CCS-MO, and CCS-MB are
illustrated in Fig. 3. A long thin crystal with a smooth and
homogeneous surface was detected for CS, whereas small
cracks, rough and irregular surface was observed for CCS,,
indicating the functional groups were well integrated onto
the surface [39]. After adsorption, micropores and light
roughness could be found, indicating the effective adsorp-
tion capacity of CCS,.

The elemental analyses of CS and CCS_were conducted
to determine DD and DS, and the results are shown in
Table 1. The DS of CCS_ increased with the mass ratios of
MCA to CS increasing, thus changing the internal structure
and crystalline region of CS, which were consistent with XRD
analysis [40].

Specific surface area is an intrinsic property of any porous
and powered particle which can divulge crucial information

about its adsorption properties [41]. The structural character-
istics of the prepared adsorbents are summarized in Table 2.
Lower surface areas and pore sizes were observed, indicating
that the pore volume and surface area were not the key factor
during the adsorption process [42].

3.3. Studies on adsorption capacities of CCS,
3.3.1. Effect of MCA amounts

The effect of various mass ratios of MCA to CS
(0, 0.5, 1.0, 1.5, and 2.0) on MB and MO removal at various
pHs were studied. As can be seen from Fig. 4, the adsorp-
tion efficiencies of CCS_were dependent on MCA amounts
and/or pH values. The color removal of MB increased, while
MO removal decreased with the increase of MCA dosage,
moreover, MO removal decreased and MB removal increased
dramatically at pH > 3, indicating that adsorption capacities
of the adsorbent CCS_were pH sensitive and tunable just by
changing the mass ratio of MCA/CS. When the dosage of
MCA increased to 1:1, MB removal reached to a high value
(94.5%) and then changed slightly with increasing dosage of
MCA, indicating further increasing MCA dosage contrib-
uted negligible to the improvement of adsorption capacity of
CCS_ toward cationic dye. However, the removal of MO was
mainly supervised by the initial pH of the solution and pro-
hibited significantly by the introduction of MCA at pH > 5.
The removal of MO decreased obviously from 94.7% to 68.1%
with MCA dosage increasing from 0:1 to 2:1 at pH 3, further
confirming that the pH dependence and tunable adsorption
properties of CCS_adsorbent toward cationic and anionic
dyes.

3.3.2. Effect of initial pH

The pH of solution is one of the most important parame-
ters that determined the removal percentages and adsorption
capacity of the adsorbents. The experiments were carried out
in pH range of 2-11, and the results are illustrated in Fig. 5. It
was observed that the removal of MO decreased from 90.6%
to 1.5% with pH increasing from 2 to 11, while MB removal

Table 2
Surface parameters of CS and CCS,
Adsorbents Sppr (M> g7 Pore volume (cm?® g™)
Fig. 3. SEM i £ (2) CS, (b) CCS, () CCS-MO, and (d) 0.0153 0000827
B images of (a) C5, (b) CC5, (¢) CC5°MO, and () g 0.0382 0.000941
CCS-MB. 1
Table 1
EDX results of CS and CCS_and the degree of substitution
Samples C (wt. %) N (wt. %) C/N DD (%) DS (%)
CS 53.22 10.16 5.24 94.3 -
CCs,, 63.00 11.58 5.44 - 11.6
CCs, 61.96 10.73 5.77 - 30.9
CCs,, 59.00 10.03 5.88 - 37.3
CCs 61.48 10.17 6.04 - 46.6

2
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Fig. 5. Effect of pH on dyes removal by CCS,.

increased from 0% to 94.5%, indicating that the adsorption
capacities of adsorbents exhibited pH dependence [43].

For the adsorption process, the cationic functional groups
existed in protonated form and the surface of the adsorbent
positive charged at pH < pH_ _(4.46 for CCS)), electrostatic
interaction between CCS, and dye molecules was domi-
nated: as for cationic dye MB, electrostatic repulsion caused
MB removal were almost negligible at strong acid pHs (2-3),
while electrostatic attraction resulted in high MO removal
(>80%). When pH>pH  , MO removal drastically decreased,
while MB removal sharply increased with the increase of pH
up to 5, then almost unchanged from pH 5 to 11, it was due to
the fact that both deprotonated amino and hydroxyl groups
led to the negative charged surfaces of the adsorbents, and
thus attractive interactions between adsorbent and negative
functional groups of MO decreased, and attractive interac-
tions between MB and CCS, increased, these phenomenon
were also confirmed by Zeta potential test [44,45].
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3.3.3. Effect of initial concentration of dyes and adsorption
isotherms

The effects of initial concentration of MO and MB on
adsorption capacity of CCS, were investigated from 50 to
300 mg L* at pH = 3 and neutral conditions, respectively
(Figs. 6(a) and 6(b)). It was observed that as the initial concen-
tration of MB and MO increased to 200 mg L, the adsorption
amountofdyesincreasedandgraduallyreached theequilibrium
at10 min (87.28 and 60.85 mg g~ for MB and MO, respectively).
This might be due to the fact that large numbers of vacant
active sites were available for the adsorption of dye molecules
at lower initial concentration. When the effective adsorption
sites of adsorbent were gradually occupied and saturated, it
was difficult to capture more additional dye molecules, so
the adsorption capacity of the adsorbent will not increase
with the increase of the dye concentration, and the adsorp-
tion reach saturated [46]. Meanwhile, the aggregation of dyes
molecules diffused uneasily into the inner structure of CCS,
adsorbent and more dyes molecules were left in the solution
at high concentration, thus leading to a slight decrease in
color removal [47].

In order to describe better the adsorbent behavior, two
isothermal adsorption models (Langmuir and Freundlich)
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were used for linear fitting of the experimental data (Figs. 6(c)
and 6(d)). The related parameters and error functions [48] are
shown in Table 3.

The Langmuir and Freundlich models in linear form can
be represented as follows:

c__1.c .

9. K., 4, ©
1

Ing,=InK, +=InC, 6)
n

where C, (mg L) is the equilibrium concentration of
MB or MO in solution (mg L™); g, (mg g™') is the amount
of MB or MO adsorbed per unit weight of adsorbents
at equilibrium; g_ (mg g7) is the maximum adsorp-
tion capacity; K, (L mg™) is the equilibrium constant of
Langmuir equation related to the adsorption free energy;
and K, and »n are the Freundlich constants related to the
adsorption capacity and intensity.
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The correlation coefficient R* and other error functions of
Langmuir model were much closer to 1 or lower than those
of Freundlich, respectively, indicating that the Langmuir
model described the adsorption process better (Table 3).
Moreover, the maximum adsorption capacities (g, ) of CCS,
(92.51 and 64.56 mg g for MB and MO, respectively) cal-
culated by Langmuir model were closer to the experimental
results. Therefore, the adsorption could be described better
by the Langmuir model and it was driven by the monolayer
formation [49].

The maximum adsorption capabilities of other adsorbents
reported in previous studies are summarized and compared
with CCS, (Table 4). CCS, exhibited relative higher adsorption
capacity and lower cost, which should be act as a promising
adsorbent for the removal of dyes in wastewater treatment.

3.3.4. Adsorption kinetics

To investigate the adsorption mechanism, the well-known
pseudo-first-order and pseudo-second-order kinetic models
were fitted to the adsorption data, using the following
equations [7,53]:

In(g, —q,)=Ing, —kt (7)
t 1 N 1t

t_ = 3
9. K,q. 4, ®)
Table 3

Langmuir and Freundlich isotherm parameters and error functions
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where g, and g, (mg g™) are the amounts of MB or MO
adsorbed onto CCS, at equilibrium and at time ¢, respec-
tively. k, (min™) and k, (g mg™ min™) are the adsorption rate
constants of pseudo-first-order and pseudo-second-order
models.

The pseudo-first-order and pseudo-second-order
kinetic curves, the values of different constant parameters
and correlation coefficients are given in Fig. 7 and Table 5.
It was observed that higher correlation coefficients (R*) of
pseudo-second-order model of 0.9900, 0.9781 for MB and MO,
were obtained. Moreover, much lower other error functions
values were calculated by the pseudo-second-order kinetics,
suggesting the pseudo-second order model described better
the adsorption process and chemisorptions involved in the
sorption process [48].

3.4. Selective adsorption and separation performance of CCS,in
co-existed mixed dyestuffs

The binary system of anionic dye MO and cationic dye MB
inacid (pH =3) and neutral (pH=7) were chosen to explore the
selective adsorption performance of CCS, (Fig. 8). At acidic
condition (pH =3), MO could be adsorbed effectively and MB
adsorption was suppressed absolutely. While at neutral con-
dition (pH =7), the situation was completely on the contrary:
MB could be selectively adsorbed and MO hardly adsorbed.
These results were consistent with the effect of initial pH of
the solution in the single dye system, indicating CCS, can

Do MG &™) Kinetics parameters  R? X2 SSE SAE ARE MPSD  HYBRID
MB 87.28 Langmuir g _=92.51mgg” 0.9940 4.8516 313.7087 28.0789 9.0619  16.6340 160.8101
k =0.1199 L mg™!
Freundlich n=2.88 0.8736  13.4906 889.1411 49.2048 15.1635 21.3596  355.1481
k,=18.85
MO 60.85 Langmuir g _=64.56 mg g™ 0.9957 0.8934  40.1236 12.1095 5.4049 9.1775  32.6399
k =0.0765 Lmg™
Freundlich n=23.38 0.9595 1.9467  97.0929 18.3414 8.0571  13.1027 67.4865
k,=14.04
Table 4
Comparison of the adsorption capacities of various adsorbents
Adsorbents MOg_(mgg') MBg_(mgg') Refs
Oxygen functionalized carbon nanocomposites - 215.28 [50]
Microporous chitosan monoliths doped with graphene oxide 567.07 - [47]
Polyurethane membrane filled with UiO-66-NH, Nanoparticles - 0.91 [51]
PCN-222(MOFs) 589 906 [52]
Carboxymethyl chitosan-modified magnetic-cored dendrimers 20.85 96.31 [21]
Polyurethane foams membrane filled with HA-CS 13.51 10.31 [20]
CCs, 92.51 64.56 This paper
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Kinetics parameters and error functions
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MO

Dyes MB
Pseudo first order Pseudo second order Pseudo first order Pseudo second order
Kinetics parameters 9,,=7.19 mg g™ q,,=2544mg g™ q9,,=3.27 mg g™ q,,=22.15mg g™
k,=0.1767min" k,=0.0323 gmg”' min™"  k =0.0515min™" k,=0.4773 g mg™' min™
R? 0.6690 0.9900 0.0649 0.9781
X? 277.4218 0.5281 3,502.7875 2.3142
SSE 1,303.2668 9.2332 1,756.4948 49.3749
SAE 79.8079 5.9715 93.0762 11.3836
ARE 358.7977 6.3084 4,127.3729 10.5911
MPSD 99.8724 11.5437 123.6634 25.7227
HYBRID 2,042.9307 19.7511 2,968.1465 103.8327
3 0.8
(a) (b)
= MB
M e MO
2 0.6
AH
T1t ‘ =i
o = 04
S :
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Fig. 7. (a) Pseudo-first-order and (b) pseudo-second-order kinetics fitting curves for MB and MO adsorption onto CCS,.
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Fig. 8. Selective adsorption performance of CCS, in MO/MB binary system.
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separated efficiently the cationic and anionic mixed dyes just
by adjusting pH of the binary dyes system.

3.5. Possible adsorption mechanism

After adsorption (Fig. 9(a)), a new peak due to C=C
stretching of the benzenoid ring of dye was observed at
1,508 or 1,482 cm™ for MO or MB, respectively. The broad
band at 3,440 cm™ assigned to -OH and -NH stretching
vibrations shifted slightly to 3,445 cm™. Moreover, the bands
at 1,423 and 1,380 cm™ attributed to the symmetric stretching
vibration of carboxyl and the primary amine of CS shifted,
and the intensity weakened slightly after the dye adsorption,
that might due to the interaction between dye molecules and
the functional groups of CCS, [48,53]. After MB adsorption,
the peaks attributed to the stretching vibration of C-N at
1,323 cm™ shifted to 1,334 cm™ and strengthened, indicating
the effective adsorption of MB onto CCS, adsorbent.

Based on the above discussions, it can be concluded that
the electrostatic interactions acted as the main driving force
for adsorption of dyes between: (i) the cationic functional
groups in MB and negatively charged -COO-and -O-in CCS,
in alkaline conditions (pH>pH, ); (ii) the sulfonate group in
MO molecules (R-SO,Na) and the positively charged -NH,*
and -OH," in acidic conditions (pH < pH

zpc)'

(a)

Transmittance(%)

e = e o]

Wavenumber(em™)

(b)

pH=11

(‘H;OCH;('OO%
L. "

OH H

\
NHCH,COOH o
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+HY a
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NH,
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------- H-bonding
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At the same time, covalent bonding was also involved in
the adsorption process. At pH, _, the color removal of 69.53%
for MB and 24.32% for MO were obtained, respectively
(Fig. 5), indicating that not only electrostatic interactions
between adsorbent and MB or MO, but also the hydrogen
bonding interactions involved in the adsorption. The hydro-
gen bonds formed between the OH and NH, groups of CCS,
and N, S atoms in MB and MO owing to the high electroneg-
ativity [6].

3.6. Recycle studies

Recyclability is an important factor of adsorbents for
their further practical applications. CCS, showed different
recycle adsorption abilities toward both MO and MB after
desorption with ethanol. After desorption, the re-adsorption
of MB (Fig. 10(a)) occurred efficiently at alkaline condition
(pH=11), while adsorbed hardly at neutral condition (pH=7),
suggesting that MB desorption was also pH dependent. For
MO (Fig. 10(b)), after five adsorption—-desorption recycles,
MO kept higher removal efficiency (about 87%) at acid condi-
tion (pH = 3), indicating that adsorption performance of CCS,
was excellent and can be recycled facilely for MO, and should
have potential application prospects in anionic dye wastewa-
ter treatment.

1602 1334

1 1

1700 1600 1500 1400 1300 1200

0.
e
0.
NH HO ~

NH,
A

Fig. 9. (a) FT-IR spectra of CCS, before and after adsorption and (b) possible adsorption mechanism.



M. Wu et al. | Desalination and Water Treatment 126 (2018) 333-344

100
B MB (pH=11)
I MB (pH=7)
=
A
—
=
2 60
£
-5
£
= 40
=
S
p—
S
O 20
0
2 3 4 5

Cycle number

Fig. 10. Recyclability of CCS, for MB and MO adsorption.

4. Conclusion

pH-sensitive adsorbents CCS_with selective and tunable
adsorption property in single and binary systems were fac-
ilely synthesized and characterized by various techniques.
The adsorption of MB was effective at higher MCA dosages
(>1:1) and pH values(25); while lower MCA amounts(<1:1)
and pH values (<3) enhanced MO adsorption significantly,
which was mainly attributed to the functional groups and
negative or positive charged properties of the surface of CCS_
adsorbents. A total of 94.5% of MB and 87.2% of MO could
be removed by CCS, at pH7 and pH3, respectively, within
10 min. The adsorption process fitted better with Langmuir
isotherm and pseudo-second-order model and indicating
the adsorption was monolayer and chemisorptions domi-
nated the sorption process. Moreover, MB or MO could be
adsorbed selectively at pH 7 or 3, and thus separated effi-
ciently from MB/MO binary system just by adjusting pH of
the mixture. In one word, CCS_adsorbents are pH sensitive
with tunable adsorption properties which should have great
application potentials in textile wastewater treatment.
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