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ABSTRACT

A novel amphoteric adsorbent, ethylenediamine-modified carboxymethyl cellulose (EDA-CMC)
with various CMC amounts, was prepared to eliminate toxic methylene blue (MB) and orange II
(ORII) dyes from wastewater. The modification and adsorption onto EDA-CMC, was analyzed by
Fourier transform infrared spectroscopy, scanning electron microscopy, energy dispersive spectros-
copy, thermogravimetric analysis, and zeta potentials. At 293 K, the maximum adsorption capacities
of 82.06 and 63.72 mg g™ for 250 mg L MB and ORI], respectively, were obtained at pH 11 (MB)
and pH 3 (ORII) within 30 min. Various zeta potentials were obtained (+10 mV at pH 3 and -30 mV
at pH 11) and pH-sensitive properties of EDA-CMC, were exhibited during the adsorption process.
The adsorption of ORII followed the Langmuir isotherm, while MB adsorption could be described
better by Freundlich model. For adsorption kinetics, both of them followed the pseudo-second-order
kinetics equation. These results indicated that EDA-CMC, could serve as a potential material for

textile wastewater treatment.
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1. Introduction

Nowadays, the rapid development of industry improves
the quality of our life and results in serious environment
pollution [1]. The water pollution can negatively affect the
aquatic biota and human health even at relative low con-
centrations. Printing and dyeing effluents was one of the
industrial pollutant headstreams. The discharge of efflu-
ents that contain synthetic dyes is a major concern to the
environment and aquatic life, due to the hazards associated
with toxicity and their xenobiotic properties [2,3]. Large
quantities of dye effluents are produced by textile dyeing
and the dye manufacturing industries. There are more than
10,000 types of dyes in commercial circulation and 2% of
dyes produced annually are discharged into water resources
during industrial processing, that cause adverse effects on
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aquatic organisms and human health and urgent to govern
before discharge [4,5].

Currently, various technologies, such as adsorption
[6,7], membrane separation, flocculation precipitation [8,9],
oxidation, catalytic degradation [10], and biodegradation
[11] are employed in wastewater management, particularly
in dye removal. Among these, adsorption has been studied
extensively and applied widely in advanced treatment of the
low concentration wastewater because of its low cost, widely
material resource, simplicity of design and operation [12,13].
However, the use of adsorption materials with excellent
adsorption ability toward dyes is relatively scarce, especially
in the study of the adsorption mechanism. Therefore,
the search for efficient sorbents and the evaluation of the
adsorption mechanism are still going on.

Carboxymethyl cellulose (CMC), with abundant hydroxyl
and carboxyl groups, is a derivative of natural cellulose poly-
saccharide obtained from the carboxymethylation of nat-
ural cellulose by reacting with alkali and chloroacetic acid
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and widely applied in food, cosmetics, pharmaceutics, and
drug delivery system industries due to its low toxicity, low
immunogenicity, and biodegradability [14,15]. As an anionic
polyelectrolyte material, with sensitive to pH, temperature,
and ionic strength, etc., CMC has been effectively used to
remove cationic dyes from aqueous solutions through the
electrostatic interactions between the negatively charged
carboxylate ions and positively charged cationic dyes [16].
However, its application as an adsorbent for dyes removal
is limited because of its hydrophilicity and low removal effi-
ciency toward anionic dyes, which can usually be overcame
by modifying with cationic compounds. Among various
functional groups, the amine group exhibits a relatively high
reactivity and can react easily with many chemicals. Salama
et al. [5] and Li et al. [17] investigated the cationicmono-
mer-2-(dimethylamino) ethyl methacrylate (DMAEMA)
grafting CMC with excellent adsorption performance toward
anionic dyes. Hence it is feasible to introduce N-containing
functional group on CMC surface to enhance its adsorption
capacity and develop low-cost high efficient absorbents [18].
Ethylenediamine (EDA) is a widely used building block in
various chemical synthesis. Therefore, CMC was modified by
the cation modifier EDA, and a novel amphoteric adsorbent
was prepared and its adsorption properties toward anionic
and cationic dyes was investigated.

In this work, ethylenediamine-modified CMC adsorbents
with amphoteric adsorption property were prepared. The
synthesized adsorbents were characterized by Fourier
transform infrared (FT-IR) spectroscopy, scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS),
thermogravimetric analysis (TGA), and zeta potentials. Batch
adsorption studies were carried out to identify the optimum
adsorption conditions such as contact time, pH, initial dye
concentration, adsorbent dose, and regeneration of adsor-
bent. Generally, methylene blue (MB) and orange II (ORII)
are presented in wastewater, and here selected as a cationic
and an anionic dye model, respectively. Meanwhile, the
kinetic and adsorption isotherm models were investigated to
better evaluate its adsorption property and behavior. In addi-
tion, the possible adsorption mechanism was also proposed.

2. Materials and method
2.1. Materials

Sodium carboxymethyl cellulose (CMC, 300-800 mPa-s,
C.P), sodium hydroxide (NaOH, A.R.), epichlorohydrin
(ECH, C,H.CIO, AR\), ethanol (C,H,OH, AR.), ethylenedi-
amine (EDA, HNCH,CH,NH,, A.R.), acetone (CH,COCH,,
AR.), methylene blue (MB, C H/ CIN,S3HO, AR.),
orange II (ORII, C H, N,OSNa, AR.), Congo red (CR,

117 "274
C,H,NNaO,S, AR.), methyl orange (MO, C ,H, N,NaO,S,

147714 73

AR.), malachite green (MG, C,,H,.CIN,, A.R.), hydrochloric
acid (HCI, A.R.), were obtained from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China, and used directly
without further purification.

The chemical structures of dyes are summarized in Table 1.

2.2. Preparation of adsorbent EDA-CMC_

The ethylenediamine (EDA)-modified CMC adsorbent
was prepared according to the reference reported [19,20].

Typically, into 100 mL 5 wt% NaOH solution containing 1 g
CMC, 30 mL of ethanol and 30 mL of epichlorohydrin were
added with stirring at 50°C for 4 h. Then 5 mL of EDA was
added and the mixture was continuously stirred at 60°C for
2 h. Afterwards, the modified products were precipitated
by acetone, filtrated, washed by ethanol and distilled water
successively several times, and dried in a vacuum oven at
60°C for 12 h, coded as EDA-CMC,. The synthetic procedure
can be illustrated in Fig. 1.

The series of samples treated with 0.5, 1, 1.5, 2, and 3 g of
CMC, which were coded as EDA-CMC,, EDA-CMC,, EDA-
CMC, , EDA-CMC,, and EDA-CMC,, respectively.

15

2.3. Adsorption experiments

The adsorption experiment of cationic dye (MB) and
anionic dye (ORII) were carried out in batches. 30 mg of
EDA-CMC_ adsorbent was immersed into 10 mL of the dye
solution with different initial concentration of 50, 100, 150,
200, and 250 mg L™ at room temperature (RT: 20°C). The
pH of the solutions was adjusted by using 0.05 M HCI or
0.2 M NaOH to the final pH values ranging from 3 to 11,
with an agitation speed of 300 rpm. After a certain time,
separated the adsorbent, the concentration of dye was then
determined by measuring the absorbance of the solution at
A, (484 nm for ORII; 665 nm for MB), using a UV-vis spec-
trophotometer (UVT6, Beijing Purkinje General Instrument
Co. Ltd, China). Before the measurement, a calibration
curve of MB or ORIl with known concentrations was
obtained. The removal (R%) and the adsorption amount (g,)
of ORII and MB can be calculated according to Egs. (1) and
(2) as follows:

R%= =G

%100 1)

0

(C,-C)V

W 2

9=

where C; and C, (mg L) are the concentrations of ORII
or MB in solutions at initial time and time t (min), respec-
tively, W (mg) and V (mL) are the amount of adsorbent used
and the volume of the dyes solution, respectively.

2.4. Regeneration and recycle of EDA-CMC,

For regeneration study, EDA-CMC, adsorbed ORII or
MB was immersed into ethanol solution at pH 3 or 11 with
stirring at 300 rpm at RT. After 30 min, EDA-CMC, was
separated and dried in a vacuum oven at 60°C for 12 h. 30 mg
regenerated EDA-CMC, was added in 10 mL 50 mg L~ ORII
or MB solution at RT at pH 3 (ORII) or 11 (MB). The sorption—
desorption cycles were repeated for five times, and the dyes
removal was calculated using Eq. (1).

2.5. Characterization of adsorbents

FT-IR spectra of CMC, EDA-CMC, before and after
adsorption were obtained on FT-IR spectroscopy (Tensor 27,
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Table 1
Characteristics of various dyes

Dye Molecular structure Maximum absorption wavelength (nm)
MB (methylene blue) 668
/@ :©\ +_CHj
*3H,0 CH3
ORII (orange II) O 484
OH
CR (Congo red) 497
H;N \ o
+ S<,
Na N=y d (8]
0
oo
MO (methyl orange) H;C 507
M
H3C N SO3N3
MG (malachite green) 617
HOIO
\ o 0
Hic\l\‘l O \ﬁ/CHﬁ
CH; CH;
OCH,CONHCH, CH,NH,
H
o 0.
OCH,COOH HO 0 H
H o O C,H:OH ED n
(8] o) _ >
i - H + CICH, —CH<CH:; ~ s00C 4 1 60°C 2 h )L
OCH; CONHCH,CH;NH;
CMC ECH EDA-CMCy

Fig. 1. Synthesis of EDA-CMC,_ composites adsorbent.

Bruker, Germany) in the range of 400—4,000 cm™. The surface
morphological measurement of samples was analyzed using
SEM (Quanta 200, FEI). Thermal stability was determined
using thermoanalyzer systems (TGA, Q600SDT, USA) in the
range of 20°C-500°C at a heating rate of 10°C min™. The zeta
potentials of the samples were determined using laser par-
ticle-zeta potential recorder (Malvern, ZEN3690). A certain
amount of the adsorbent was dispersed in distilled water with
various pH values before this measurement. The elements of
CMC and EDA-CMC, were analyzed by EDS (Quanta 200,
FEI) equipped by SEM.

2.6. Adsorption isotherms

The Langmuir [17,21] and Freundlich isotherm [22,23]
models have been widely used for analyzing adsorption data.

The Langmuir model assumes that there is no interaction
between the adsorbate molecules and the adsorption is local-
ized in a monolayer. The linear and nonlinear Langmuir
equation could be expressed by Egs. (3) and (4) as follows:

C 1 c

e _ e

9. 9.X. 4,
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q, = Klqmce (4)

1+C,K,
where ¢, is the adsorption capacity in equilibrium state
(mg g™), C, represents the equilibrium concentration (mg L),
g, is the maximal adsorbed amount of the adsorbent (mg g),
and K| is the Langmuir adsorption constant. The separa-
tion factor represented by the dimensionless equilibrium
parameter R, is defined in Eq. (5).

R -——t ®)
1+K,C,

where C, represents the initial solute concentration. The

adsorption process is unfavorable for R, > 1, linear for R =1,

favorable for 0 <R, <1, and irreversible when R, =0.

The Freundlich equation in linear and nonlinear is an
empirical equation based on adsorption on a heterogeneous
surface. The equation is commonly expressed in Eq. (6) as
follows:

log g, =log K, + 1log C, 6)
n

where g, is the amount adsorbed at equilibrium (mg g™') and
C,is the equilibrium concentration of the adsorbate. K, (mg g™
(L mg™)"") is the adsorption capacity of the adsorbent. The n
value is used to describe the nature of the adsorption process.

2.7. Adsorption kinetics

The modes of interactions between sorbent and sorbate
are diverse and specific, thus various types of kinetic
equations have been developed to describe the possible
underlying mechanism of a given sorbent-sorbate system
[24]. Here the kinetics data were analyzed by the pseudo-
first-order (Eq. (7)) [25,26] and pseudo-second-order kinetic
models (Eq. (8)) [23,27,28].
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where g, and g, are the amounts of dye adsorbed on adsorbent
(mg g) at equilibrium and at time ¢, respectively, and k,,
k, are the rate constant of pseudo-first-order and pseudo-
second-order kinetics, respectively.

3. Results and discussion
3.1. Optimization of adsorbent composition and dyes

The removal of ORIl and MB on various CMC adsorbents
was compared (Fig. 2(a)). The adsorption capacity of CMC
before modification can hardly adsorb cationic or anionic
dyes. After modification by EDA, the adsorption properties
of CMC were significantly enhanced. With EDA/CMC ratio
(mL g™') increased from 5/3 to 5/0.5, the removal of ORII
increased from 27.83% to 66.26%, while MB removal varied
from 88.28% to 83.99%. It may be due to that the amount of —
COOH groupsin EDA-CMC_decreased with EDA/CMCratio
increasing. This resulted in decrease of the adsorptive sites
toward the cationic MB and then a decrease on the removal
efficiency of MB [29,30]. The removal of ORII increased could
be interpreted as: the electrostatic repulsions decreased
between the adsorbent EDA-CMC_and the anionic dye ORII
with EDA/CMC ratio increasing [31]. Moreover, -NH, group
of EDA acted as the active sites in ORII adsorption [32]. These
results indicated that both CMC and EDA were involved in
the MB and ORII adsorption process. In addition, the amount
of -COOH and -NH, groups in EDA-CMC_ play an import-
ant role in the process of adsorption [16]. Considering the
excellent adsorption property of EDA-CMC, toward both
ORII and MB, the EDA-CMC, was selected in the further
study.

AtRT and original pHs, the adsorption of 10 mL 50 mg L™
various dyes, including three anionic dyes (CR, MO, and
ORII) and two cationic dyes (MG and MB), onto 30 mg EDA-
CMC, within 60 min is shown in Fig. 2(b). It can be found that
higher removal efficiencies of 62.05%, 82.69%, and 66.21%
were obtained for MG, MB, and ORI, respectively. This
result indicated that the electrostatic attraction was not the

(b) .
80+
e
— 60 L —=
g
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CR MO MG MB ORII

Dyes

Fig. 2. Comparison of various CMC adsorbents toward ORII or MB (a) and various dyes adsorption onto EDA-CMC, (b) (30 mg adsorbent;

10 mL 50 mg L™ dyes; room temperature; 60 min; original pH).
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only interaction during the adsorption process. As an anionic
dye, orange II is nonbiodegradable in nature and known to
induce cytogenetic changes in animals, and extensively used
in many fields. Being anionic in nature, orange II has high
potential to leach into the soil profile and to contaminate
ground water [33]. Methylene blue has been considered as a
common cationic dye model in the adsorption studies owing
to its planar form [16]. This structure makes MB readily
aggregate and highly soluble in solutions even at micromolar
concentrations, that causing harmful environmental effects.
Therefore, MB and ORII were represented as cationic and
anionic dye models to investigate the adsorption capacities
of DEA-CMC, adsorbent.

3.2. Characterization of EDA-CMC,
3.2.1. FI-IR spectra

The FT-IR spectra of CMC, EDA-CMC, before and after
adsorption of ORII and MB are shown in Fig. 3. The broad
band at 3,418 cm™ was attributed to the stretching vibration
of OH groups. Two bands at 2,936 and 2,986 cm™ attributed
to C—H stretching [34,35]. The band at 1,602 cm™, assigning
to the stretching vibration of COO-, shifted to 1,604 and
decreased obviously after EDA modification [36]. Moreover,
a new band centered at 1,748 cm™, due to the C=0O stretch-
ing vibration in amide groups, was appeared [19,37,38],
indicating the successful modification of CMC by EDA. The
stretching vibration of N-H was also located at 1,604 cm™.
The absorption bands at 1,421, 1,325, and 1,057 cm™ can be
attributed to the asymmetric and symmetric stretching vibra-
tion of COO- and C-O-C group, respectively [39—-41].

After ORIl or MB adsorption, an absorption peak at
882 cm™ attributed to C-H of benzene was detected [42].
Meanwhile, the -OH absorption peak at 3,418 cm™ weak-
ened, indicating the involvement of -OH during the adsorp-
tion process. The absorption peaks of N-H at 1,604 cm™ and
C=0 group at 1,748 cm™ were significantly weakened after
the dye adsorption, which might be caused by the electro-
static attraction and hydrogen bond between the adsorbent
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Fig. 3. FT-IR spectra of CMC, EDA-CMC, before and after
adsorption.

EDA-CMC, and the adsorbate. Thus, the amino, hydroxyl,
and carboxyl groups in EDA-CMC, played an important role
in the adsorption process [16].

3.2.2. SEM and EDS analysis

SEM images of CMC and EDA-CMC, are shown in Fig. 4.
A rod-shaped structure and smooth surface morphology for
CMC was observed (Figs. 4(a) and (b)) [43]. In contrast, the
modified adsorbent EDA-CMC, exhibited a loose, massive
concave—convex irregular bulk structure with rough sur-
face, instead of the fibrous structure morphology for CMC
(Figs. 4(c) and (d)) [19]. This indicated that EDA-CMC, had
more active adsorption sites comparing with CMC, which
increased the interaction between EDA-CMC, and dyes, thus
improved dyes adsorption efficiency [44].

The elements content of CMC and EDA-CMC, analyzed
quantitatively by energy dispersive spectroscopy (EDS)
shown in Table 2 confirmed that 49.29 wt% carbon and
50.71 wt% oxygen in CMC, while decreased oxygen content
(36.14 wt%) and appearing nitrogen component (14.66 wt%)
for EDA-CMC,, due to the replacement of -OH of -COOH by
-NHCH,CH,NH, of EDA, were detected. This result indicated
that amino group was successfully introduced into CMC [35].

3.2.3. TGA and zeta potential analysis

The TGA curves of CMC and EDA-CMC, are shown in
Fig. 5. The first weight loss occurred between RT and 150°C,
in which mass loss of 10.6 wt% and 7.1 wt% for CMC and
EDA-CMC,, respectively, corresponding to the loss of physi-
cally adsorbed water [38]. The second weight loss of 38.0 wt%
for CMC was observed at 242°C-307°C, that was related to
the release of water more firmly bound through the polar
interactions with the carboxylate groups, in addition to the
loss of CO, from the polysaccharides and decomposition
of the cyclic products [45]. The second decomposition of
EDA-CMC, occurred at 219°C-353°C, with a mass loss of
41.1 wt%, which was related to decomposition of the amino
groups and the cellulose structure. The differences in weight
losses and the range of temperature suggested that the mod-
ified chemicals have some effect on the pyrolysis behavior
of CMC [14].

The zeta potential of EDA-CMC, versus pH values is
shown in Fig. 5(b). With the increase of the pH value, the zeta
potential decreased from +10 mV (pH3) to -30 mV (pH11)
and the pH of zero point charge (pH, ) was 3.6. When
pH<pH, , EDA-CMC, exhibited positive charge, due to the
protonation of amine (EDA-CMC -NHj), that was beneficial
to anionic dyes adsorption [46]. When pH>pH, , negatively
charged surface was conducive to the adsorption of cationic
dyes, which was due to the deprotonation of carboxyl in
EDA-CMC, [20].

3.3. Optimization of adsorption operation parameters
3.3.1. Effect of pH on the adsorption of ORIl and MB

The initial pH of solution is an important parameter
controlling the dye adsorption process, since it can affect
the surface charge of the adsorbent, the ionization degree



W. Chen et al. / Desalination and Water Treatment 137 (2019) 358-370

363

Fig. 4. SEM images of CMC (a, b) and EDA-CMC, (c, d).

Table 2

Elemental analysis of CMC and EDA-CMC,

Mass (%)

C (@)

CMC
EDA-CMC,

49.29 50.71
49.20 36.14

14.66

@110

100

| 71wt

90 06wy

70 -
60|
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a0l
30

Weight (%)

—CMC
EDA-CMC, |

100 200 300 400

Temperature (°C)

of different pollutants, the dissociation of functional groups
on the active sites of the adsorbent, and the structure of the
dye molecule. pH can not only greatly affect the removal
efficiency of dyes, but also can affect the adsorption capac-
ity of the adsorbent [47]. Therefore, the effect of solution
pH (Figs. 6(a)—(c)) on removal of MB and ORII and adsorp-
tion capacity of EDA-CMC, adsorbent was investigated in
the range of 3-11. It was found that the adsorption of MB
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Fig. 5. TGA curves (a) and zeta potential (b) of EDA-CMC, with various pHs.
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on EDA-CMC, increased significantly with the increase
of pH from 5 to 11, and the maximum removal of 91.94%
and adsorption capacity of 18.20 mg g were obtained at
pH 11. On the contrary, the removal of ORII decreased with
the increase of pH from 3 to 9, the maximum removal of
92.81% and adsorption capacity of 15.47 mg g™ at pH 3 were
observed, indicating that EDA-CMC, exhibited pH sensi-
tivity. It was probably because at lower pH, the presence
of H' ions will compete with cationic MB for adsorption
sites. The EDA-CMC, surface was more negatively charged
at higher pH, and improved the adsorption toward MB,
since the electrostatic interaction between MB and adsor-
bent transferred from repulsion to attraction. For ORII, the
adsorption amount decreased with pH increase. This might
be due to that at high pH, OH~ groups on the surface of the
adsorbent will repel the anionic dye molecules [48]. These
results were also confirmed by zeta potential analysis: at
the lower pH conditions, the positively charged surface
was in favor of anionic dye ORII adsorption, while negative
charged surface at higher pH was beneficial to cationic dye
MB adsorption.

At the same conditions, the removal of MB was higher
than that of ORII (Figs. 6(a)—(c)), because zeta potential
of EDA-CMC, was +10 mV at pH 3 and -30 mV at pH 11,
respectively, as Fig. 5(b) shows. Positively charged surface
was beneficial to remove anionic dyes, while negatively
charged surface was in favor of adsorbing cationic dyes [49].
Moreover, higher charged surface exhibited stronger poten-
tial interaction. Therefore, the removal of MB was higher
than that of ORII.

3.3.2. Effect of contact time on ORII and MB removal

Obviously, adsorption process was rapid at the initial
10 min, and then almost reached equilibrium within 30 min,
66.22% and 82.70% removal for ORIl and MB, respectively,
were obtained (Fig. 6(d)). In the first 10 min active adsorp-
tion sites are available for ORIl and MB. With the contact
time prolonging, adsorption sites are gradually occupied
and inaccessible, thus adsorption rate kept constant [25,50].
Compared with most reported adsorbent [33,48], the
adsorption rate of EDA-CMC, was moderate and feasible in
the real application. Therefore, the optimal contact time was
30 min.

3.3.3. Effect of the adsorbent dosage on ORII and MB removal

The effect of adsorbent EDA-CMC, dosages on ORII
and MB removal (Fig. 6(e)) indicated that the dye removal
increased with dosage increasing. This might be due to that
the number of adsorption sites increased with the increase
of the dosage of adsorbent [50]. But further increase the
adsorbent dose, the dye removal was almost unchanged, so
those dosages (40 mg for ORIL; 30 mg for MB) were considered
as the optimum dose [51].

3.3.4. Effect of initial concentration of dye on adsorption
capacity and dye removal

The effect of initial concentration of dye on adsorption
capacity and removal (Figs. 6(f) and (g)) showed that the

adsorption capacity increased with initial concentration
of ORIl and MB increasing. The uptake of ORIl and MB
increased from 15.31 to 72.26 mg g™ and 18.10 to 77.18 mg g7,
respectively, with the initial concentration increased from
50 to 300 (ORI) or 250 mg L (MB) at 30 min. The removal
of MB decreased slightly from 90.50% to 87.70% with MB
increasing from 50 to 250 mg L=, while the removal of ORII
decreased obviously from 91.86% to 68.60% with ORII
increasing from 50 to 300 mg L™ at 30 min. That means the
adsorption process is highly dependent on the initial con-
centration that may be attributed to the high mass transfer
driving force [27]. In fact, at a certain adsorbent dosage, the
adsorption sites were sufficient for adsorption of ORII and
MB molecules at lower initial concentration, and the uptake
of ORIl and MB molecules depended on the amount of ORII
and MB transferring from solution to the surface of adsor-
bent [52]. The removal of ORIl and MB decreased due to the
active sites of adsorbent were less available [53], hence more
dye molecules left unadsorbed in the solution, and dyes
removal decreased.

3.4. Adsorption isotherms

The adsorption isotherms in linear and nonlinear fitting
patterns, and calculated parameters coefficients are given
in Fig. 7 and Table 3, respectively. The coefficient of linear
Langmuir model (R?* was closer to 1 than other models
for ORII adsorption, and the calculated g, from nonlinear
Langmuir model was close to the experimental data ¢, .
The separation factor R, of linear and nonlinear fitting iso-
therms was in the range of 0-1, indicated that the adsorption
process was favorable [54]. The factor n > 1 of Freundlich
implied that the adsorption of ORII was favorable and could
also be described by Freundlich isotherm model. This phe-
nomenon indicated that ORII adsorption process was com-
plicated. For MB adsorption, the coefficient (R?) of nonlinear
Langmuir model was closer to 1 than those of others, but
large differences were observed between calculated g, and
experimental data g, . The R* derived from linear and non-
linear Freundlich model both were higher than 0.9, more-
over, n > 1, indicated adsorption process was favorable. So
the Freundlich model fitted better than Langmuir isotherm
[65], indicating that the adsorbent surface was heteroge-
neous [56].

3.5. Adsorption kinetics

The kinetics plots and the parameters are given in
Fig. 8 and Table 4, respectively. The results indicated that
the adsorption process of MB and ORII onto EDA-CMC,
exhibited excellent compliance with pseudo-second-order
kinetics equation with regression coefficients (R* higher
than 0.99, indicating the adsorption involved chemical reac-
tion between functional groups presented on the adsorbent
surface and the dyes molecules [27].

3.6. Comparison with various adsorbents

The comparison of the adsorption efficiency of EDA-
CMC, toward MB and ORIl with some of the reported
adsorbents is summarized in Table 5. It was observed that
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Table 3

Langmuir and Freundlich isotherms parameters for dyes removal by EDA-CMC,

Langmuir Freundlich Experiment
Linear Nonlinear Linear Nonlinear Doenp
ORI Isotherms q,=80.91 mg g’ q,=7595mg g’ n=22503 n=25379 72.26
parameters K, =0.0515L mg™ K, =0.0586 L mg™ K,=9.5799 K, =11.2900
R? 0.9758 0.9171 0.9489 0.9455
MB Isotherms q,=22324mgg’ q,=169.71 mg g n=1.1810 n=1.4376 77.18
parameters K, =0.0180 Lmg™ K, =0.0275 Lmg™ K, =4.6954 K,=7.2384
R? 0.5422 0.9480 0.9335 0.9124

excellent adsorption capacity of EDA-CMC, exhibited than
those of reported works. The adsorbent in this study pre-
sented amphoteric adsorption properties and could adsorb
anionic dyes and cationic dyes simultaneously. Moreover,
the adsorption equilibrium could be reached within 30 min,
faster than most of the reported adsorbents, indicating that
the ethylenediamine-modified CMC in our study could be
used as a potential adsorbent in the real dyeing wastewater
treatment.

3.7. Regeneration studies

Recyclable adsorbents were highly desired in the indus-
try for the removal of dyes. Fig. 9 describes the results of the
EDA-CMC, regeneration study, more than 90% MB removal
and 70% ORII removal could be achieved after 5 adsorption—
desorption cycles. Sorption-desorption test indicated that
the dye molecules absorbed on the surface of EDA-CMC,
could be successfully desorbed and the EDA-CMC, could
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Table 4
Kinetic parameters for the removal of ORIl and MB by EDA-CMC,

C,(mgL™) Pseudo-first-order model Experiment Pseudo-second-order model
9o k, R Geexp 9ea k, R
ORII 50 5.38 0.1338 0.8392 15.59 15.68 34.471 0.9998
100 8.16 0.0678 0.5464 32.35 32.41 33.829 0.9983
150 17.69 0.0613 0.5103 49.08 49.16 42.088 0.9970
250 25.03 0.1235 0.6348 63.72 62.77 101.626 0.9988
MB 50 8.16 0.1370 0.8972 18.39 18.57 28.323 0.9997
100 18.05 0.1205 0.9458 29.49 30.06 22.553 0.9989
150 31.19 0.1068 0.9384 47.02 48.26 26.302 0.9978
250 63.34 0.0764 0.8318 82.06 84.81 22.847 0.9767

be regenerated facilely, which further confirmed its potential
applications in real wastewater treatment.

3.8. Possible adsorption mechanism

Based on the above discussions, a possible adsorption
mechanism was proposed (Fig. 10). After modified CMC by
EDA, the cationic MB molecules could be adsorbed onto the
surface by electrostatic attractions with carboxylate groups,

which dominate the whole adsorption process [58]. And
the number of positive charges at the adsorbent surface
enhanced with EDA introducing, thus electrostatic attraction
between adsorbent and anionic ORII dye molecule increased,
due to the presence of sulfonate anions in dye structure and
protonated groups as amine in adsorbent structure [61]. The
hydroxyl groups in EDA-CMC, also participated in the inter-
action with N or O atom in dyes in hydrogen bonding form
that was confirmed by FT-IR spectra, as Fig. 10 shows.
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Table 5
Comparison of various adsorbents toward ORII and MB

Adsorbents Dyes Adsorption Equilibration 9. (Mg g™ References
conditions time
CMC coated Fe,0,@SiO, MNPs MB pH9-11; 350 K 60 min 227 [57]
Porous CMC-based hydrogels beads MB pH7 24h 82.3 [58]
magnetic nanocomposite hydrogels MB pH7;298 K 60 min 251.0 [59]
SDBS-zeolite MB pH 6.85; 298 K 60 min 15.7 [48]
EDA-CMC, MB pH11;293 K 30 min 82.1 This study
EDA-CMC, ORII pH3;293 K 30 min 63.7 This study
ODTMA-palygorskite (200% CEC) ORII pH6.13; 298 K 5h 99.0 [33]
HCZ ORII pH1;303 K 60 min 38.96 [60]
HDTMA-zeolite ORII pH1;308 K 1h 3.38 [48]
120 for MB and ORI, respectively, were obtained within 30 min,
%:’:l?" more than 90% MB and 70% ORII were removed after five
100 T ek il e cycles. Kinetic study showed that the pseudo-second-order
57 e = kinetic model described better the adsorption process of ORII
<= 80 =2 and MB. Adsorbent EDA-CMC, could be used as a potential
é | + adsorbent in the dyeing wastewater treatment with excellent
= 60 adsorption performance.
2
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