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Abstract:

The substandard discharge of highly toxic dyestuff wastewater will pose a serious threat to the environment
and human beings, even causing unimaginable irreversible damages. In the current study, novel amphoteric
carboxymethyl chitosan/gelatin microspheres (CCGMs), synthesized by a facile inverse suspension route with
two-step successive crosslinking process, were evaluated as a potential adsorbent for high efficient pH induced
selective removal of azo-dyes. The as-prepared CCGMs were characterized using scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), thermogravimetry analysis (TGA) and
X-ray photoelectron spectroscopy (XPS). Various influential factors such as solution pH, temperature, and
contact time were employed to ascertain the optimal condition for representative azo-dyes adsorption,
including methyl orange (MO) and methylene blue (MB). The maximal adsorption of MO and MB on the
CCGMs at pH values of 3 and 11 were 383.142 mg g! and 584.795 mg g, respectively. The adsorption
mechanism were demonstrated as the synergistic effect of electrostatic interaction and n-m stacking between
dyes and CCGMs. Besides, the outstanding and stable regeneration of as-prepared CCGMs were also verified
with five consecutive recycling. Thus, the newly developed CCGMs could be a highly promising candidate for

dyestuff wastewater treatment.

Keywords: dyestuff wastewater treatment; amphoteric carboxymethyl chitosan/gelatin microspheres

(CCGMs); pH induced selective removal; adsorption mechanism
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1. Introduction

Printing and dyeing industry as one mainly source of wastewater, indiscriminate discharge of untreated
dyestuff effluent with high concentration and toxicity has been threatening the ecological balance and human
health [1-3]. Accidental intake of excessive dyes will cause irreversible harms, including serious headache,
allergy and skin irritation, and even organ functional disorders because of their inherent toxic, mutagenic and
carcinogenic features [4, 5]. Although numerous removal strategies including coagulation, chemical oxidation,
membrane filtration, ion exchange and photocatalysis have been applied for dye-contaminated water
purification, these techniques suffer from several shortcomings including limited operation condition, high
investment costs, short lifetime and harmful by-products generation [5-9]. Therefore, the development of high-
efficient dye-removal techniques for actual industrial applications has long been a challenge [10]. Especially,
the presence of azo group and aromatic structure make the azo-dyes, represented by MO and MB, are difficult
to eliminate by traditional chemical and biological degradation methods [11]. Thus, azo dyestuff wastewater
treatment becomes increasingly urgent [1, 2]. Among those methods, adsorption is particularly regarded as an

easy-operated, low-cost, recyclable and high-efficiency technologies [12-15].

To date, micro- and nano-scale polymers arouse intensive interest towards scientific researches especially in
the adsorption field, due to its good physicochemical properties and controllable morphologies [16-18].
Especially, green adsorbents original from natural biomasses with particularly favorable advantages, such as
biodegradability, biocompatibility, and renewability, are drawing more and more attentions for dyes contained
wastewater treatment [19, 20]. Chitosan, as one of the most representative multi-functional polysaccharides, is
an excellent chelating for heavy metals, radionuclides, dyes, efc., due to its abundant and highly reactive 1,2-
hydroxyl groups and amino groups [14, 21-27]. However, the further applications of chitosan are thwarted by
its initial characteristics, including limited water-solubility and low acid resistance [28]. To make up for this
deficiency, carboxymethyl chitosan (a potential chitosan derivative with superior water solubility), has been
used as the precursor to build 3D structure. Additionally, the synergistic effect of carboxyl, hydroxyl and
amino groups are helpful to further improve the binding ability towards adsorbate [29-31]. Nevertheless,
heretofore, the reported maximum uptake capacity of carboxymethyl chitosan based adsorbents for MO and
MB were 163 mg g'[32] and 349 mg g'[33], respectively, with large room for further improvements.
Moreover, no work has been done so far to investigate the potential selective properties of amphoteric
carboxymethyl chitosan based adsorbents, let alone reveals the selectivity mechanism and achieves superior

and stable reusability.

To fulfill this research gap, in this study, novel CCGMs were developed by a facile inverse suspension method
with two-step successive crosslinking process. Benefit from high activity and dispersion density of functional
groups on carboxymethyl chitosan and gelatin molecules, high efficient pH induced selective adsorption and
separation of azo-dyes can be easily realized. Considering the influential factors containing solution pH,

temperature, and contact time, batch adsorption experiments were carried out to comprehensively evaluate the
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characteristics of CCGMs and systemically investigate the adsorption mechanism. As a result, the outstanding
structural and morphological capacities, as well as ultra-high adsorption properties of CCGMs were
demonstrated. The selective adsorption mechanism was proved to be the result of the synergistic effect of
electrostatic interaction and n-x stacking between dyes and CCGMs. Besides, CCGMs can also be regenerated

for further use through the desorption process with ionic exchange.

2. Experiment
2.1 Materials

Carboxymethyl chitosan (above 80% substitution degree) was purchased from Shanghai Source Biotechnology
Co., Ltd., Shanghai, China. Gelatin, n-octane, glutaraldehyde, acetone, and ethanol were purchased from Ling
Feng Chemical Co., Ltd., Shanghai, China. CaCl,, NaCl, NaNOs, Na,SO, and Na;PO, were provided by Titan
Chemical Technology, Co., Ltd. Span 80, MO, and MB were purchased from Reagent Co., Ltd., Shanghai,
China (more details see Table 1). All reagent (except n-octane) were analytical grade and used as received.

Distilled water was utilized in all of the experiments.

Table 1. Characteristics of MB and MO.

Dye Structural formula Charge Molecular formulae A, (nm)

< > -
MO Q// .. Anionic Ci4H,4N3NaO;S 464
AN
MB ~, . \;‘/ Cationic C,6H3CIN;3S-3H,0 668
| |

2.2 Synthesis of CCGMs

CCGMs were prepared using an inverse suspension method with two-step successive crosslinking process
(Fig.1). Considering the solubility of gelatin components, the preparation of CCGMs was carried out at 60 °C
unless other stated. At first, carboxymethyl chitosan (0.5 g, 2 wt%) and gelatin (2.0 g, 8 wt%) were dissolved
by distilled water (25 mL) under continuous stirring on a thermostat water bath (HWCL-3, Zhengzhou
Greatwall Scientific Industrial and Trade Co., Ltd., Zhengzhou, China) over 20 h. The uniformly mixed
solution obtained from the above process serves as the dispersed phase. Second, the dispersed phase was
placed in a 20 mL syringe equipped with a flat nozzle (¢ = 600 um). Driven by a micro-syringe pump (LSPO01-
1A, Longer Precision Pump Co., Ltd., Baoding, China), the dispersed solution was dropwise added into 100

mL 2 wt% CaCl, solution (The level difference between the CaCl, solution and the top of the nozzle was 15
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cm.) at a speed of 60 mL hl. In this step, the dispersed solution leaving the flat nozzle formed into
microspheres under the action of their own gravity and interfacial tension. Then, the microspheres started the
physical crosslinking process at the moment of passing through the air-liquid interface of CaCl, solution. After
gentle stirring (300 rpm) for 30 min, the coagulated microspheres were washed several times with excess
distilled water before being transferred into 100 mL 1 wt% glutaraldehyde solution for chemical crosslinking
procedure. The chemical crosslinking process was performed at the same condition as previous physical one.
Finally, as-prepared CCGMs were thoroughly washed with acetone, ethanol and distilled water successively
before the final drying at 40 °C for 8 h in an oven (DHG- 9023 A, Shanghai Jingruo Scientific Instrument Co.,
Ltd., Shanghai, China).

(a)

) (Glutaraldehyde)
Clean and dry
—_—
Acetone
+

Ethanol

Receivephase |  Receive phase I1
Glelatin - (CaCls solution) (Octanol +Span80)

3 CCGMs
Physical crosslinking Chemical crosslinking ~ Deionized water
Carboxymethyl
chitosan
(b) ooc ' coon
Adsorptmn
+, pH=3
/ ;"A\ /fh I-
HOOC COOH HOOC N , COOH O
T ——— MO solution Adsorption
HoN Ha equilibrium
HOOC COOH o0c NH; . -
NH Adsorption H
ccem OH, pH=11 HoN NH, = e o
ooc” | “Mcoo E
NH,
MB solution Adsorption

equilibrium

Fig.1 (a) The overview of the synthesis process of CCGMs; (b) Batch adsorption experiments for MO and MB.

2.3 Characteristics of CCGMs

Characterizations of CCGMs were systematically analyzed by Fourier transform infrared spectroscopy (FT-IR,
Nicolet 6700, Thermo Fisher, America), scanning electron microscope (SEM, NOVA Nano SEM 450, FEI,

America), and X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, America). Thermal analysis
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of CCGMs was accomplished on a Thermo Gravimetric Analyzer (Pyris 1 TGA, PerkinElmer Co., Ltd,
America) in the temperature range of 40-800 °C with a heating rate of 10 °C min! in a nitrogen medium. The

parameters of the above analytical instruments can be found in the Supporting Information (SI).

The morphology investigation of CCGMs was carried out employing an optical microscope (AZ100, Nikon,

Japan). Particle monodispersity was defined using coefficient variation (CV), which can be calculated as:

CV="—75——x100% (Eq.1)

where D; (um) and D, (um) are the diameter and the average diameter of CCGMs, respectively. N is the
sample size, which was 200 in this study. In addition, the BET surface area was calculated from the adsorption

branches in the relative pressure range of 0.1-0.3.

2.4 Batch adsorption experiment

1000 mg L' MO and MB stock solution were firstly prepared by dissolving the corresponding azo-dye powder
into a certain distilled water, respectively, and then diluted to a certain concentration from 50 mg L' to 300 mg
L-!. The adsorption experiment was carried out by adding a certain amount of CCGMs to a 50 mL centrifuge
tube containing a specified concentration of dye-solution. The centrifuge tube was placed under a constant
thermal oscillated condition (60 °C, 250 rpm) to reach adsorption equilibrium (about 4 h). The initial pH of
dye-solution was adjusted by 0.1 M HCI and 0.1 M NaOH solution, and measured by a pH meter (3110-SET2,
WTW, Germany). The MO and MB concentration were measured using an UV spectrophotometer (UV-1800,
Shimadzu, Japan) with the peaks of the absorbance (An.x) at 464 and 668 nm, respectively. Besides, the
calibration curves were measured at different pH conditions (pH=3, 5, 7, 9, 11) and used separately to avoid

any potential influence from different pH values.

The adsorption experiments were performed in duplicate. The initial concentration of the MO and MB were set
as 200 mg L' for the kinetic adsorption experiments. Additionally, the initial pH of dye-solution were 3 for
MO and 11 for MB, respectively. Adsorption isotherm and thermodynamic analysis were also investigated
through altering the initial concentration of dye-solution and adsorption temperature. Adsorption capacity was

determined with the equations as following:

(Co-CoV

qae="n (Eq.2)
(CO - Ce)V

qe = m (Eq.3)

Where Cy (mg L) and C; (mg L!) are initial and instant concentration (at a predetermined time ¢) of MO or

MB in the dye-solution, respectively. C, is the equilibrium concentration of MO or MB. V' is the volume of

5
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solution. m is the weight of CCGMs used in the experiments.

Besides, for the study of selective adsorption, the experiment was performed by using the binary mixture (20
mg L' for MO and 20 mg L! for MB) at different pH conditions. The concentration change of targeted dyes in

the filtered supernatant at different time was monitored and measured with an UV-spectrometer.

2.5 Desorption experiment

In order to realize the recycle and regeneration of CCGMs, a pH-induced desorption experiment was
conducted in duplicate. The initial and residual dye concentrations were measured following the same method

in the adsorption experiments.

3. Results and Discussion
3.1 CCGMs Characterization

The SEM images of the surface and cross-section of a single CCGM are shown in Fig.2. The CCGM exhibited
quasi-spherical state with rough surface (Fig.2a and b, the average specific surface area of as-prepared
CCGMs tested by BET method was 18.73 m? g'!), which was beneficial for dyes adsorption. The average
diameter of CCGMs was around 1060 um. Besides, the relatively narrow size distribution (CV= 8.6%) was
also demonstrated. The SEM images of the cross-section show randomly distributed hierarchical pores with a
pore size of 10 to 35 nm (Fig.2¢ and d), which greatly facilitate the diffusion and adsorption of dye molecules
from the surface to the interior of CCGMs. More importantly, the apparent porous structure changes and the
transition zone in the cross-section displayed in Fig.2d can be attributed to the sequential physical and

chemical crosslinking processes.
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Fig.2 SEM images of (a) a single CCGM; (b) local surface amplification of CCGM; (c) inner structure of
CCGM; (d) local amplification of a cross section of the CCGM.

The FT-IR spectra of the carboxymethyl chitosan powder, gelatin powder, CCGMs, MO adsorbed CCGMs
and MB adsorbed CCGMs are compared in Fig.3 in order to monitor the characteristic functional groups
changes, and identify the key functional groups of CCGMs responsible for the binding of different azo-dyes.
The basic characteristic peaks of carboxymethyl chitosan were found at approximately 3425 cm™! (N-H and O-
H stretching vibrations), 2920 ¢cm™! and 2881 ¢cm™! (C-H symmetric and asymmetric stretching vibration), 1606
cm! (the N-H bending vibrations), 1419 cm™! (the symmetric stretching vibrations of COO- groups), and 1078
cm! (C-O stretching vibrations) [31, 34]. Gelatin was characterized as its C=0 stretching of amide (I) peak at
1635 cm™! and N-H bending vibration of amide (III) at 1181 cm™! [35]. However, in the cross-linked CCGMs,
the symmetric (1419 cm!) stretching vibration of the COO- groups was shifted to 1410 cm’!, due to the ionic
interaction between the carboxylic groups and the calcium ions during the first physical crosslinking step.
Besides, comparing to the spectrum of carboxymethyl chitosan, a new peak at around 1653 cm™! appeared,
which can be attributed to the C=N linkage derived from the Schiff's base. It clearly demonstrated that the
second chemical crosslinking reaction between aldehyde groups of glutaraldehyde and the amino groups of

carboxymethyl chitosan and gelatin was successful.
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Moreover, as shown in the spectra of MB-CCGMs (Fig.3), the corresponding peak of the symmetric (1419 cm-
1 stretching vibrations of the COO- groups of CCGMs was further shifted to 1390 cm!. At the same time, the
characteristic peak of N-H bending vibrations (1581 c¢cm™) of CCGMs was also changed to 1545 cm’!,
indicating that carboxyl and amino groups of CCGMs participated in MB adsorption. However, for MO uptake,
the characteristic peak of N-H bending vibrations at around 1581 ¢cm™! of CCGMs was shifted to 1560 cm!,
while the peak of the COO- groups of CCGMs at around 1410 cm-! was almost unchanged after adsorption
equilibrium. Thus, it indicates that the MO adsorption process is dominated by amino groups of CCGMs.

——— Carboxymethyl chitosan

— Gelatin

= CCGMs

e = MB-CCGMs
S
3
=]
S
g
g
&
v T v T v T v T Y T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

Fig.3 The FT-IR spectrums of (a) gelatin, (b) carboxymethyl chitosan, (¢) CCGMs, (d) MB-CCGMs and (e)
MO-CCGMs, respectively.

X-ray photoelectron spectroscopy (XPS) analysis, as an effective method, is of great value for the investigation
of elemental composition of materials and electronic interaction at the interface [16]. As shown in Fig.4a, the
Cls XPS spectrum of the CCGMs shows three characteristic peaks corresponding to C-C and C-H bonds
(284.55 eV), C-O-bond (285.1 eV) and —O-C=0 bond (286.1 eV), respectively [36]. Comparing with CCGMs,
after the adsorption of MO (Fig.4b) and MB (Fig.4¢), the binding energy of C-O- increased from 285.1 eV to
285.7 eV and 286.15 eV, respectively, while, the binding energy of —O-C=0 increased from 286.1 eV to
286.55 eV and 287.9 eV, respectively. It's worthy mentioned that the characteristic peak of n-m appeared at
288.0 eV was shifted to 288.2 eV (MO, Fig.4b) and 289.0 eV (MB, Fig.4c), which can be attributed to
hydrogen bond, indicating that electrostatic interactions and m-m stacking contribute to the dyes-CCGMs
binding. Fig.4d-f show the Ols spectra of CCGMs before and after the adsorption of MO and MB. The most
intense peaks of CCGMs are assigned to C-O, O-H or bound H,O (532.8 eV), C=0 or C-O-C (531.65 e¢V) and
O-metal (530.8 eV), respectively [37]. After adsorbing MO and MB, the peak located at 532.8 eV increased to

8



201  533.25eV and 533.2 eV, respectively, while, the peak of C=0 or C-O-C located at 531.65 eV shifted to 532.35
202 eV and 532.1 eV. Evidently, such results originate from the fact that oxygen atom provides electron pairs for
203  MB and MO adsorption. This further indicates that electrostatic interactions are involved in the dyes-CCGMs
204  adsorption process [33]. High resolution XPS spectra of N 1s of the sorbent before and after MO and MB
205  uptake are compared in Fig.4g-i. The peak at the position of 399.25 eV is assigned to -NH, or -NH- groups,
206  whereas the peak at 399.85 eV is due to C=N-C or O=C-N groups. Additionally, the N 1s spectrum of the
207  CCGMs at the blinding energy of 400.4 eV is attributed to C-N-C or C-NH;* groups [38, 39]. After MO and
208  MB adsorption on CCGMs, the mentioned blinding energy of 399.25 eV increased to 399.65 eV and 399.45
209 eV, respectively, while, the blinding energy of 400.4 eV shifted to 400.7 eV and 400.55 eV. However, the
210  blinding energy of 399.85 eV for C=N-C or O=C-N groups was almost unchanged. All above implies that -OH,
211 -COOH, and -NH, groups are involved in the adsorption process and the synergistic effect of electrostatic
212  interaction and m-m stacking between dyes and CCGMs are the main driving force for dyes-adsorbent

213  adsorption process [16].

16000 16000
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215 Fig.4 Cl1s XPS spectra of (a) CCGMs, (b) MO-CCGMs, and (c) MB-CCGMs; O1s XPS spectra of (d) CCGMs,
216  (e) MO-CCGMs, and (f) MB-CCGMs; N1s XPS spectra of (g) CCGMs, (h) MO-CCGMs, and (i) MB-CCGMs.



217  Thermo gravimetric weight charge curves of the obtained samples, including CCGMs, MO-CCGMs, and MB-
218  CCGMs, are compared in Fig.5. As shown in Fig.5, all three samples followed similar three-stage weight loss
219  trend upon heating in nitrogen. The initial weight loss of 13.23% (Fig.Sb) in the range of 40 - 230 °C, is due to
220  the removal of physically adsorbed solvent and surface hydroxyl groups [30]. However, less weight loss are
221  observed from the TGA curves of MO- and MB-CCGMs (Fig.5¢ and d), which can be attributed to its re-
222  drying process with low temperature after dyes adsorption equilibrium. The decomposition and ablation of
223  carboxymethyl chitosan and gelatin molecule chains start at around 230 °C with high percents of weight loss
224 (60.74% for CCGMs, 55.12% for MO-CCGMs, and 58.84% for MB-CCGMs). As the heating temperature
225  continues to rise, reaching 800 °C, the samples degradation enters the final stage, where the weight loss of
226 samples can be attributed to the molecular carbonization of carboxymethyl chitosan, gelatin (and azo-dyes).
(a) 100 (b)100 0.5
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80 4 —— MB-CCGMs 80 L 0.4 6\
S S S
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'ED gn 604 -6
g o 60.74%|} 0.2 =
40 4 e
b Lo 8
20 235.47°C
T T T 20 - bt b 010
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
(c) 100 - 0.5 (d)100 - e 0.5
9 & MO-CCGMs = " - MB-CCGMs
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80 49w i ;
& S X
& LER s
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5 L0253 2 022
= . B .
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401 l96.37°C 0.1 2 401 1 13sd0°c 0.1 8
224.65°C
3.°C 01.54 1
20 T : T 0.0 20 v - s 0.0
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228  Fig.5 (a) Thermo gravimetric analysis of CCGMs, MO-CCGMs and MB-CCGMs; TGA curves of (b) CCGMs,
229 (¢) MO-CCGMs and (d) MB-CCGMs.
230
231 3.2 Selective adsorption studies
232 3.2.1 pH effect
233 Point of zero charge (pHy,.), which represents the pH value of adsorbent when the charge on its surface is zero,
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plays a key role in the surface science of environmental interfaces. In this paper, the pHy,. of as-prepared
CCGMs were measured via drift method [40]. More specifically, the initial pH of 50 mL of 0.01 M NaCl
solution was adjusted to pH ranging from 3-12 by adding either 0.1 M HCI or 0.1 M NaOH solution. 0.2 g of
CCGMs were added and gently stirred for 48 h at 300 rpm. The pH,,. was noted at the pH where the final pH
(pHjina) was equal to the initial pH (pHjyisia). At solution pH below pHy,., the surface of CCGMs is positively
charged, which will show good affinity to anionic dyes, that is, MO in this study. Vice versa, at pH above the
pHyc, the surface becomes negatively charged, which is favorable for cationic dyes (MB) binding via

electrostatic interaction between cations and CCGMs.

As shown in Fig.6a, the pH,,. of as-prepared CCGMs was 6.68. Simultaneously, as shown in Fig.6b, the
adsorption of the MO was decreased, while that of the MB was increased with an increase in the initial pH
levels. The highest uptake of MO and MB was observed at pH levels of 3 and 11, respectively. At pH levels of
4 and above, -NH, groups on CCGMs is not fully protonated due to insufficient protons (H") and still kept as -
NH,. As a result, it is difficult for MO molecules to interact with CCGMs, giving rise to low adsorption
capacities. While, with the pH increasing, more COO- groups on CCGMs will attract more monovalent
quaternary ammonium cationic groups of MB by electrostatic interactions. Similarly, at pH levels of 9 and
below, the adsorption of CCGMs towards MB decreased. This results may be attributed to the electrostatic
repulsion between the -NH;3* groups of the CCGMs and the cationic MB.

The adsorption mechanism of CCGMs for MO and MB is demonstrated as electrostatic and n-n stacking
interactions with the active functional groups of CCGMs, such as amino, hydroxyl as well as carboxyl groups.
Among them, amino groups play a dominant role in the impacts of adsorption ability of CCGMs. Especially, in
the acid condition, positively-charged amino groups (NH;") have strong electrostatic affinity with SO5™ groups
on MO. The negative charge density of the CCGMs increased with the association of OH- ions onto their
surfaces in an alkaline condition, the -COOH groups were also deprotonated and formed into -COO- groups at
high pH levels. Thus, the pH effect of adsorption properties of CCGMs for two dyes with very different
electrical properties can be summarized as the following balance (Eq.4):
+ Ht
CCGM —NH2 CCGM —NH3"
OH | OH |
CO0- COOH COOH (Eq.4)

CCGM —NH2

The above balance will move toward the right at the dye solution pH decreasing. Thus, more NH;* groups on

CCGMs will be obtained and attract more SO5” groups of MO by electrostatic interactions.

11



262

263
264

265

266

267
268
269
270
271
272
273

274
275
276
277
278
279

280
281
282
283
284
285

(a)13 (b)

12 4 100 B MO 99.19

11 9 I MB

10 1 o 804

9 - il =
g 81 P o | £
= 74 .__._‘_*.’____ .___,_.__..—-—-0 ;:_» 45.82

6 4 o g a0d 362 39.81

- +" pHp,=6.68 3268
51 > 2554
rd
4 4 o
39 s g
e
2 L] T L) L) L) T T Ll Ll L}
2 3 4 5 6 7 8 9 10 11 12 13 3 5 7 9 11

PHinitial pH

Fig.6 (a) pHy,. of CCGMs by drift method; (b) The effect of initial pH on adsorption performance of CCGMs
towards MO and MB.

3.2.2 Inorganic anions effect

Generally, in the textile industries, multiple electrolytes are added to the dyeing bath to improve dyeing
fastness at the expense of dyeing rate [41]. Furthermore, it has been reported that the addition of sodium
chloride or sodium sulfate can properly maintain or protect the strength of silk or woolen fibers in the acidic
dying [42]. Therefore, the existence of inorganic anions, such as chloride (CI°), nitrate (NOs"), sulfate (SO4%),
and phosphate (PO4*), is considerably common in practical textile industry effluents. However, the effect of
competing inorganic anions on the adsorption performance of MO dyes onto CCGMs, dominated by

electrostatic attraction, cannot be ignored.

Herein, a different sodium salt (0.01 M) was added each time to 20 mg L-! MO solution and 200 rpm agitation
speed. As expected, the present of inorganic salts significantly hindered the adsorption of MO dyes onto the
CCGMs, as seen in Fig.7a. The order of inhibition capacity was PO, > SO,> > NO; > Cl, which was
consistence with the conclusion of previous study [43]. This phenomenon can be attributed to the fact that the
trivalent electrolyte Na;PO4 had the most negative charges among all the other bivalent and univalent

electrolytes and displayed the strongest competition toward adsorption sites.

Besides, the effect of the concentration of inorganic anions represented by Cl- on MO adsorption was further
studied by changing the amount of added sodium chloride. As shown in Fig.7b, with the increase of sodium
chloride, the adsorption property of as-prepared CCGMs for anionic MO dyes slightly decreased. The reason
for this phenomenon is that the dielectric constant of the solution decreases with the increase of ionic strength.
It can be speculated that under strong acidic conditions, the proton amino groups in CCGMs has stronger

binding energy with anionic MO molecule, thereby inorganic anions have less influence on the adsorption
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Fig.7 Effect of (a) type and (b) concentration of inorganic anions on MO adsorption of CCGMs.

3.2.3 pH-induced selectivity

As the selective adsorption of targeted dyes has practical significance, the separation ability of as-prepared
CCGMs towards dyes mixture was also been investigated. In this paper, as shown in Fig.S1 and Fig.S2, the
irrelevancy of characteristic peaks of different dyes in binary UV spectra was verified by varying pH
conditions (pH=3 and 11) and mass fraction ratios of MO to MB (9:1, 7:3, 5:5, 3:7 and 1:9). In this regard, to
exclude the influence of dye concentration difference, the selective adsorption of MO and MB onto CCGMs
were performed using the binary mixture with a mass ratio of 5:5 (20 mg L' for MO and 20 mg L' for MB) at
initial pH levels of 3 and 11, respectively. The filtered supernatant of binary mixture was monitored with an

UV spectrometer during the selective adsorption process with continuously stirring at 300 rpm for 5 h.

As shown in Fig.8d, the color of the binary mixture changed from original dark green to light green under
acidic condition (pH =3) due to the MO incomplete removal. This result was also verified by the characteristic
peaks changes. As exhibited in Fig.8a, the characteristic peak of MO decreased drastically but did not
disappear in the end. While, the characteristic peak of MB only show a slight decrease in this process.
Oppositely, in the alkaline environment (pH=11, Fig.8e), compared with individual dye adsorption, the color
of the binary mixture changed from initial dark green to bright yellow, which is the pure MO color. It
suggested that the cationic dye MB was adsorbed preferentially and thoroughly by CCGMs, and only anionic
dye MO is remained in the mixture solution. Consistent result was observed by the UV spectra showing in
Fig.8b. Therefore, pH-induced selectivity of CCGMs for MO and MB is demonstrated as the result of the

electrostatic attraction between CCGMs and dyes.
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induced selective adsorption mechanism; (d) Digital images of the color change of the binary mixture at (d) pH

=3 and (e) pH = 11, respectively.

3.3 Desorption and regeneration

In order to realize the reusability of the CCGMs, inverse pH-induced desorption process was performed for
several adsorption-desorption cycles. Under alkaline condition (pH=11), amino groups on the CCGMs are kept
in the form of -NH,, which is quite difficult to adsorb negative MO. Thus, the desorption behavior is mainly
attributed to the electrostatic repulsion between sulfo (SO;7) groups on MO molecules and the negatively
charged carboxyl groups (COO-) on CCGMs (see Fig.9a). Similarly, MB desorption and CCGMs regeneration
can be achieved under acidic condition (pH=3). In this case, carboxyl group on CCGMs are kept in the form of
-COOH, the desorption behavior is mainly attributed to the electrostatic repulsion between N* groups on MB
and the positively charged amino groups (NH;") on CCGMs (see Fig.9a). The adsorption and desorption
efficiency of MO and MB at each recycling cycle are shown in Fig.9b. The desorption efficiency of MO and
MB were maintained above 90% and the adsorption of the MO and MB maintained above 80% after 5 cycles.
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The results indicated that as-prepared CCGMs could be used repeatedly in the MO and MB adsorption

experiment with a small adsorption capability loss.
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Fig.9 (a) Schematic illustration of the inverse pH-induced desorption process; (b) Desorption and re-adsorption

efficiency of as-prepared CCGMs for MO and MB, respectively.

3.4 Kinetic studies

Kinetics models are generally employed to correlate adsorption rates and equilibrium time. In order to
investigate the adsorption behaviors of two representative azo-dyes, herein, pseudo-first order model, pseudo-
second order and intraparticle diffusion model were employed at different pH conditions (pH=3 for MO while

pH=11 for MB).

3.4.1 Pseudo-first and -second order model

Pseudo-first order and pseudo-second order kinetic models are normally expressed using the following

equations:
ky
log (ge - q0) = l0gqe - 5355t (Eq.5)
t_ 1.1
a kaq? + Qet (Eq6)

Where ¢, (mg g!) and ¢; (mg g!) are the amounts of adsorbed MO and MB at equilibrium and at time ¢ (min),
respectively; k; (mg g'! min!) and k, (mg g'! min™') are the corresponding rate constants for pseudo-first and -

second order model, respectively.

As illustrated in Fig.10a, the highly efficient adsorption characteristics of as-prepared CCGMs for MO and

MB has been demonstrated. In particular, for MO adsorption process, the equilibrium time was less than 60
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min, which was almost half of the saturated uptake time for MB. The early-time large adsorption rate for both
dye targets observed from the adsorption kinetic curves (Fig.10a) can be attributed to the large specific surface
area and abundant binding sites on the surface of CCGMs. Besides, compared with pseudo-first order model
(Fig.10b), the kinetics fitting curves of pseudo-second model for MO and MB adsorption (Fig.10¢) show
better linear characteristics since the correlation coefficient (R?) of both are closer to 1, up to 0.996 and 0.995
for MO and MB, respectively. All kinetic parameters derived from the pseudo-first order model and the
pseudo-second order model are summarized in Table 2. Additionally, it was confirmed simultaneously that as-
prepared CCGMs exhibited stronger affinity to the cationic dye, MB, under alkaline condition, than the anionic
one, MO, under opposite pH condition, which can ascribe to stronger electrostatic attraction between MB and

CCGMs [16, 30].

3.4.2 Intraparticle diffusion model

Apart from the above two models, more adsorption process details can be further understood by introducing
the intraparticle diffusion model. The most commonly format for intraparticle diffusion model can be

expressed as [44]:
qe = kit®> + 1 (Eq.7)

where k; (mg g'! min"%) is the rate constant of intraparticle diffusion model and the intercept I is related to the

boundary layer thickness.

As shown in Fig.10d, nearly linear variations reflected from the kinetics curves indicate that the whole
adsorption process is companioned with physical diffusion effect. However, the correlation coefficient (R?) of
linear fitting curves for intraparticle diffusion model were merely 0.972 and 0.944 for MO and MB adsorption,
which are smaller than those obtained from pseudo-second order model fittings (more than 0.995), indicating
that chemisorption is dominated in the whole process. Meanwhile, it has also proven that the dye removal rate

is depended and controlled by electrostatic interaction [45].

Table 2. Kinetic models fitting of MB and MO on CCGMs.

Kinetic model MO (pH=3) MB (pH=11)
tnetic models Parameters Parameters
e cal k] 2 e cal kl 2
Pseudofirstorder (g 1) (mggimin') ' (mge)  (mggmin)
mode 4.683 0.017 0954  21.458 0.055 0.987
Ge,cal kZ 2 qecal k2 2
Psegdo'sec(;’“ld (mgg) (mgg mnl) O (mgg) (mggl minh) K
order mode 13.028 0.019 0996  33.146 6.738E-3  0.995
] 7 k; , i k; 2
ngraparticle (g g1y (g gl min®9)  * (mge”)  (meg!minoy K
tHusion mode 1.814 9.019 0972  1.700 2.268 0.944
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Fig.10 (a) The typical adsorption kinetics; The fitting curves of (b) pseudo-first order model, (c¢) pseudo-

second-order model, and (d) intraparticle diffusion model.

3.5 Adsorption isotherm analysis

To better understand the adsorption behavior of CCGMs for two type azo-dyes, herein, the following
adsorption isotherm models were considered: Langmuir model, Freundlich model and Dubinin-Radushkevich
(D-R) model. The adsorption processes were performed at pH=3, 30 °C for MO, and pH=11, 60 °C for MB,
respectively, considering different adsorption properties of the two selected dyes. The corresponding

parameters are summarized in Table 3.

3.5.1 Langmuir model

The Langmuir equation is valid for monolayer sorption onto a surface with a finite number of binding sites.
Once the binding sites are occupied, they cannot interact with other adsorbates [46]. In general, the Langmuir

model can be expressed as follows:
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Where C, (mg L) is the equilibrium concentration of MO and MB; g, (mg g') is the adsorption capacity at

equilibrium; g¢,, (mg g!) is the maximum adsorption capacity; K; (L mg!) is Langmuir constant.

As shown in Fig.11a, the adsorption isotherm curves were well fitted with Langmuir equation. The calculated
maximum adsorbance of CCGMs were 383.142 mg g' and 584.795 mg g’!, respectively, close to the
experiment results. The correlation coefficient (R?) obtained from MO and MB uptake are more than 0.99,
reach 0.995 and 0.998, respectively. The good fits in the Langmuir model (Fig.11a) indicate that
predominantly active sites on the adsorbents surface are homogeneous distribution, which is beneficial for dye

molecules forming uniform adsorption monolayer on the surface of the CCGMs.

3.5.2 Freundlich model
The empirical Freundlich equation is based on heterogeneous sorption system [47]. The linear Freundlich
adsorption equation can be represented as:
1
logq. =logKF + 3logC, (Eq.9)

Where C, is the equilibrium concentration of MO and MB; ¢, is the adsorption capacity at equilibrium; K and
b are Freundlich constants. The magnitude of Freundlich constant b gives an indication on the favorability of

adsorption and K is regarded as the adsorption capacity when C, is unit concentration.

As shown in Fig.11b, the Freundlich model generated an acceptable fit to the experimental data (R’ is 0.988
for MO and 0.986 for MB, respectively). However, the Langmuir isotherm shows a better fit to the adsorption
data with larger R? than the Freundlich isotherm in the sorption of the two dyes. Additionally, the obtained
value of Freundlich constant, b, indicates moderately favorable adsorption, as it is equal to 1.319 (for MO) and

1.680 (for MB), respectively.

3.5.3 Dubinin-Radushkevich (D-R) model

Dubinin-Radushkevich model [48] pointed out that the physical or chemical nature of the adsorption process,

which is related to the hierarchical porous structure of the sorbent. This model can be expressed as:
Ing, = - B* + Ing,, (Eq.10)
e=RTIn(1+1/c,) (Eq.11)

where B (mol? J2) is the activity coefficient related to adsorption mean free energy; ¢ is the Polanyi potential; R

is the gas constant (8.314 J mol'! K-1); 7 (K) is the absolute temperature.
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The mean free energy of adsorption £ (kJ mol!) can be calculated to estimate the type of sorption process

using the following equation [49]:
E =1//28 (Eq.12)
When E is less than 8 kI mol!, dyes removal belongs to physisorption process. While, 8-16 kJ mol"!' (E)

implies the synergy of electrostatic interaction and chemisorption. If £ exceeds 16 kJ mol-!, chemisorption

becomes the dominant process.

The D-R isotherm plot is shown in Fig.11¢. The calculated values of E were 8.606 kJ mol-! and 11.330 kJ mol-
! for MO and for MB adsorption, respectively, demonstrating that azo-dyes removal by CCGMs was under the

synergy of electrostatic interaction and chemisorption, which was consistent with previous conclusions [50].
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Fig.11 The linear fitting curves of (a) Langmuir adsorption isotherm; (b) Freundlich adsorption isotherm; (c)

D-R adsorption isotherm, respectively.

Table 3. Parameters of adsorption isotherm models for MB and MO adsorption.

= o — o,
Isotherm models MO (pH=3, 30 °C) MB (pH=11, 60 °C)
Parameters Parameters
. gn(mgg')  k, (Lmg") R qu(mgg')  k (Lmg") R?
Langmuir model "o, 7)) 6.166E-3  0.995  584.795 4.629E-2  0.998
. b kr (g mg?) R? b kr (g mg?) R?
Freundlich model 1319 4.458 0.988 1.680 45.178 0.986
D-R model qm (mol g1y B (mol? kJ2) R gq,(@molg!) B (mol*kJ?) R’
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The maximum adsorption capacity of CCGMs towards MO and MB was calculated to be 383.142 mg g! and

584.795 mg g! at optimum adsorption conditions, significantly higher than that of the reported carboxymethyl

chitosan-based adsorbents in previous literatures (see Table 4). Therefore, it can be concluded that CCGMs

have good potential for the removal of cationic and anionic azo-dyes from aqueous solutions.

Table 4. Comparison of maximum adsorbance of different carboxymethyl chitosan-based adsorbents for MB

and MO dyes.
Maximum  Equilibrium Optimum adsorption condition
Dyes Adsorbents adsorbance time Temperature q
(Qm, mg g (t, h) (°C) P
N,O-carboxymethyl-chitosan!33] 349 1 30 8
Crosshnkeq Carbcs)i(ymethyl— 342 6 ) 25 56
chitosanB!]
Carboxynqethyl chltosan'—mod;g'led 9631 <1 25 1
magnetic-cored dendrimer3!
MB Crosslinked poly(vinyl
alcohol)/carboxymethyl chltosgn 7 24 25 NA
hydrogels for removal of metal ions
and dyestuff from aqueous solutions!*?!
N,O-carboxymethyl chitosan[3] 64.56 NA NA >5
CCGMs (This work) 584.795 2 60 11
Carboxymethyl chltosan.-mod;g“led 2085 <1 25 3
magnetic-cored dendrimer%!
N,O-carboxymethyl chitosan>3] 92.51 NA NA <3
MO Graphene oxide nanosheets/
carboxymethyl chitosan/ Fe;04 163.2 1.5 30 5.5
magnetic composite microspherest2]
CCGMs (This work) 383.142 <1 30 3

3.6 Thermodynamic analysis

The influence of temperature is a main factor aspect in the adsorption process. The thermodynamic parameters,

such as standard free energy change (4GY, kJ mol™!), standard enthalpy change (4H’, kJ mol!) and standard

entropy change (45%, J mol! K1), could be used to represent the adsorption heat and spontaneity of adsorption

behavior of the interaction between azo-dyes and CCGMs. All of the parameters above could be calculated

with the following equations [54].

AGY = AH? - TASO

AG® = - RTInK,
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Where T is the temperature in (K) and R is the real gas constant (8.314 J mol-! K-!) the equilibrium constant K,
(L g') is determined by multiplying the Langmuir constants ¢, and k; (K;= q,, * kz).

With using Eq.13 and Eq.14, the value of 4H” and 4S” were given from the intercept and slope of a plot of 4G
versus T, respectively [54]. The adsorption behaviors of CCGMs for MO and MB under different temperature
conditions were dispersed in Fig.12. Besides, all of these thermodynamic parameters were listed in Table 5.
The negative values of AGY suggest that the adsorption processes are thermodynamically feasible and
spontaneous. However, The calculated 4H” were -8.312 kJ mol! for MO and 25.285 kJ mol! for MB,
respectively, indicating that the nature of adsorption behavior for MO and MB are exothermic and endothermic,
respectively. In addition, positive value of 45° for MB, 103.301 J mol"! K'!, indicates an irregular increase of
the randomness at the solid-solution interface during the fixation of adsorbates on the active sites of the
adsorbent. In this regard, the negative value of 4S? for MO, -20.230 J mol-! K-!, demonstrates the opposite

irregular decrease property.

(a) (b) 0.5
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044 a 60°C
03
o
[+
Q
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0.1 ‘r///‘/
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0.4 . . . 0.0 r .
0 50 100 150 0 50 100
C, (mgL-1) Ce (mg 171

Fig.12 The linear fitting by Langmuir equation for (a) MO and (b) MB at different adsorption temperatures,

respectively.

Table 5. Thermodynamic parameters for the adsorption of MO and MB on CCGMs.

T(CC) k. (Lmg') ¢.(mgg") K, AG'kImol') AH’(kJ mol') AS5°J mol! K7

30 6.166E-3 383.142 0.860 -2.166

MO 45 7.639E-3 269.542 0.722 -1.909 -8.312 -20.230
60 7.042E-3 249.377 0.563 -1.559
30 3.728E-2 294.118 2.395 -6.033

MB 45 4.016E-2 429.185 2.847 -7.527 25.285 103.301
60 4.629E-2 584.795 3.298 -9.132

4. Conclusion
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Novel CCGMs adsorbents were successfully synthesized by a facile inverse suspension route with two-step
successive crosslinking process. MB and MO were chosen as the representatives of cationic and anionic azo-
dyes to evaluate the selectivity property of as-prepared CCGMs. Various influential factors such as solution
pH, temperature, and contact time were considered to ascertain the optimal condition for different azo-dyes
adsorption. As a result, the maximum adsorbance of CCGMs for MO and MB at the optimized condition
(pH=3 and 30 °C for MO, while pH=11 and 60 °C for MB) were 383.142 mg g and 584.795 mg g,
respectively. However, the required equilibrium time for MO adsorption was less than half of that for MB
adsorption (2 h). Besides, it has been demonstrated that the pseudo-second order model was more suitable in
explicating adsorption kinetics, while adsorption isotherms was fitting well with Langmuir model. Combining
with the FT-IR and XPS curves, it can be concluded that the pH induced adsorption could be realized by the
synergistic effect of electrostatic interaction and m-m stacking between dyes and CCGMs. Furthermore, the
outstanding and stable regeneration of as-prepared CCGMs (re-adsorption efficiency of CCGMs for MO and
MB were more than 80%) were also be verified with five consecutive recycling. Therefore, benefit from
biodegradable and economic raw materials, coupled with facile synthesis route, the newly developed CCGMs

could be a highly promising candidate for highly toxic dyestuff wastewater treatment.
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