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ABSTRACT

In this work, chemically modified carboxymethyl cellulose/Fe;O, particles (MCMC/Fe;O4)
with hydrazine were prepared and characterized by scanning electron microscopy, X-ray
diffraction, and vibrating sample magnetometer. Batch adsorption experiments were per-
formed to remove Reactive Blue 21 (RB 21) from aqueous solution. Various parameters such
as pH, initial dye concentration, adsorbent dosage, contact time, and temperature had been
studied. Kinetic studies showed that the dye adsorption process followed a pseudo-second-
order kinetic model. The equilibrium data were well described by Langmuir and Dubinin-
Radushkevich model. Furthermore, the thermodynamic parameters (positive values of AH®
and AS°, negative values of AG®) revealed the feasibility, spontaneity, and endothermic nat-

ure of the adsorption.
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1. Introduction

Dyes are widely used in many industries such as
textile, cosmetics, paper printing, leather, and plastic
industry [1]. These dyes are difficult to degrade
because of their complex aromatic structures and can
cause allergy, dermatitis, irritation, and even to cancer
in humans [2]. Therefore, removal of dyes is essential
procedure of wastewater treatment before discharge
[3]. Various methods including adsorption, chemical
precipitation, ion exchange, coagulation, electrolysis,
and membrane process have been developed to
remove dyes from wastewater [4-7]. Among them,
adsorption is considered to be one of the simplest and

*Corresponding author.

most attractive methods for dealing with wastewater
[8]. A commonly used adsorbent, activated carbon has
been widely investigated and used for dye adsorption
from various effluents. Nevertheless, its application is
limited because of its high cost and recalcitrant [9].
Hence, in the past few years, biosorbents prepared
from nature organisms are paid much more attentions.
These sorbents, such as starch, cellulose, chitosan, and
lignin, are easily biodegradable and nontoxic.
Nowadays, there are a number of articles reporting
the adsorptive removal of dye by these biosorbents
[10-18].

Cellulose is one of the most abundant natural poly-
mers with excellent biodegradability and biocompati-
bility. However, the compact and inactive molecular
structure of cellulose requires it to be modified to
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improve its hydrophilicity as an adsorbent for dye
removal [19]. Currently, the most widely adopted
methods for modification of cellulose include esterifica-
tion, etherification, halogenation, and oxidation [20-23].
Sodium carboxymethyl cellulose (CMC) is a representa-
tive cellulose derivative with carboxymethyl groups
(-CH,COONa) bound to some of the hydroxyl groups
on the cellulose backbone. The polar carboxyl groups
render the cellulose soluble, chemically reactive, and
strongly chelate; therefore, the application of CMC in
adsorption fields becomes attractive and promising
[24-28]. Hydrazine is a kind of important derivatizing
agents. It has been reported that hydrazine on the
surface of cellulose or lignin can favor metal ion
adsorption through the chelation mechanism [29,30].
However, it is difficult to separate adsorbents from the
solution rapidly after the adsorption using traditional
separation methods such as filtration and sedimenta-
tion. Recently, magnetic separation technology is paid
growing attention [31-33]. Magnetic materials can be
quickly separated from the water and effectively con-
trolled by applying a magnetic field [34].

In this work, we prepared magnetic CMC/Fe;0,
particles modified with hydrazine as an adsorbent to
remove RB 21 from aqueous solution. The morphol-
ogy, structure, and magnetic properties of magnetic
particles were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), and
vibrating sample magnetometer (VSM). The adsorp-
tion of RB 21 onto MCMC/Fe;O, particles was tested
under various conditions. Kinetic, isotherm, and
thermodynamics parameters were also investigated.

2. Materials and methods
2.1. Materials

CMC (DS=0.92, Chemical pure, 300-800 mPa s
(20 g L', 25°C)) is purchased from Sinopharm Chemi-
cal Reagent Co., Ltd, China. The FeCl;-6H,0O, FeS-
047H,0, NaOH, NalQ,, and CH;COOH used were of
analytical grade and purchased from Tianjin Kermel
Chemical Reagent Co., Ltd, China. Reactive Blue 21
(RB 21) was obtained commercially from Shanghai
Dystar Trade Co., Ltd. All chemicals were used with-
out further purification. Distilled water was used in
all the experiments.

2.2. Preparation of adsorbent

One gram of CMC was dissolved in 20 mL dis-
tilled water. After complete dissolution, 10 mL
(0.11 g L™") sodium periodate solution was added and
the pH of the solution was adjusted to 3.0 with
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2 mol L} sulfuric acid. And then, the mixture was
stirred vigorously at 35°C for 4 h. Finally, the products
were washed with distilled water and ethanol and
then dried in an oven at 60°C overnight for further
use.
FeCl;-6H,O (7.0047 g) and FeSO,7H,O (4.1169 g)
were dissolved in 200 mL of prepared CMC solution,
and the solution was stirred vigorously under a nitro-
gen atmosphere at 55°C for 30 min. Chemical precip-
itation was executed by the slow addition of NaOH
solution (2mol L") to adjust the pH value to 9-10.
After 90 min, precipitated products were magnetically
separated and washed with distilled water and
ethanol and dried in a vacuum oven at 60°C.
As-prepared CMC/Fe;0, particles were dispersed
in 750 mL acetated buffer (pH 4.5) and 15 mL hydra-
zine solution was added under mechanical stirring at
room temperature for 24 h. Finally, the modified
CMC/Fe;04 particles were washed several times with
distilled water and ethanol and then dried at 60°C.
Fig. 1 shows the preparation sketch of MCMC/Fe;O,.

2.3. Characterization of MCMC/Fe;0,

The surface morphologies of the products were
characterized using SEM (Quanta 200) with an
accelerating voltage of 15 kV. The crystal structures of
the particles were determined by X-ray diffraction
(XRD, Rigaku D/max-2200 diffractometer) using Cu
Ko radiation at 40 kV and 30 mA. Magnetic hysteresis
loops were obtained at 300 K using a VSM.

2.4. Adsorption experimental

Standard solutions of different concentrations were
prepared by diluting the 1,000 mgL™" RB 21 stock
solution. The adsorption of RB 21 from standard solu-
tion was performed using batch technique in a
thermostatic shaker bath at 120 rpm. After adsorption,
the adsorbent was removed from the solution using
an adscititious magnet. The concentration of the resid-
ual RB 21 was analyzed using a UV-vis spectropho-
tometer. The amount of dyes adsorbed on the
bioadsorbent, g, (mgg '), was calculated with the
following equation:

(G —-C)V
q: = W o
where Cy, and C; are the initial dye concentration
(mgL™) and instantaneous dye concentration
(mg L"), respectively, V is the volume of the dye
solution (L), and W is the weight of the adsorbent (g).
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Fig. 1. Scheme for the preparation of MCMC/Fe;O,.

3. Results and discussion
3.1. Characterization of adsorbent
3.1.1. SEM analysis

SEM photographs of the Fe;O, and MCMC/Fe;O,
particles are shown in Fig. 2. From Fig. 2(a), it is clear
that the naked Fe;O, particles were almost spherical
with diameters range from 1 to 3 pm. Most of the
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particles were physically aggregated due to strong
magnetic magneto-dipole attractions between particles.
For the MCMC/Fe;O4 samples, the surface morphol-
ogy showed little change, but the size of the particles
became smaller since the electrostatic interaction
between the Fe;O, particles and CMC in the coating
process increased the repulsive force of the magnetic
particles.
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Fig. 2. SEM photographs of the Fe;O, (a) and MCMC/Fe;0; (b) particles.

3.1.2. XRD analysis

XRD patterns of pure Fe;O, (a) and MCMC/Fe;O,
(b) are shown in Fig. 3. Six characteristic peaks for
Fe;O4 (20=30.72, 35.38, 43.72, 53.64, 57.24, and 62.86°)
marked by their indices (220), 311), 400), 422),
(511), and (44 0) were observed for both samples.
These peaks are consistent with the database JCPDS
file (PDF No. 79-0418) and reveals that the resultant
particles are pure Fe;O4 with a spinel structure [35]. It
is also explained that the CMC-coating process and
the hydrazine functionalization process did not result
in Fe;O, particle phase change [36].
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Fig. 3. XRD patterns of the pure Fe;0, (a) and MCMC/
Fe;O, (b) particles.

3.1.3. Magnetic properties

Fig. 4 shows the hysteresis loop of Fe;O, (a) and
MCMC/Fe;0, (b) at 300 K. The saturation magnetiza-
tion of MCMC/Fe;0, was ~28.57 emu g ', which is
lower than those of pure Fe;O, (70.08 emu g ") [37].
No remanence and coercivity were observed, which
indicates that Fe;O, and MCMC/Fe;0, were super-
paramagnetic. It can also be seen that the magnetic
particles dispersed well in water and aggregated
within 1 min when a magnet was nearby. The results
illustrated that the magnetic property of this adsorbent
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Fig. 4. Magnetic hysteresis curves of Fe;O, (a) and
MCMC/Fe;0, (b) at 300 K and photographs of MCMC/
Fe;O, suspended in water in the absence (c) and in the
presence (d) of an externally placed magnet.



14990

could ensure a feasible application in liquid separation
systems.

3.2. Effect of initial pH on adsorption

The solution pH is one of the dominant parame-
ters affecting the adsorption process. The effect of ini-
tial pH on RB 21 adsorption is shown in Fig. 5. It was
found that the removal efficiency decreased from
94.47 to 40.04% with the increase in pH from 1.08 to
10.00. This may be related to the electrostatic attrac-
tion between anionic dye and adsorbent. In weakly
solution, more protons were available to protonate
amine group to form -NHj group with positive
charge, which resulted in enhancing the electrostatic
attraction between negatively charge dye anions and
positively charge surface of MCMC/Fe;0,. As the pH
increased, the number of positively charge active sites
decreased and the presence of excess OH ions
destabilizing anionic dye and competing with the dye
anions for adsorption sites. Therefore, lower removal
percentages were observed at alkaline pH values for
RB 21 adsorption.

3.3. Effect of contact time and initial temperature

The effects of contact time and temperature on the
adsorption of RB 21 onto MCMC/Fe;O, are shown in
Fig. 6. The adsorption capacity rapidly increased at
initial stage of the adsorption process and completely
reached equilibrium after 240 min. This may be due to
the fact that there are abundant vacant surface sites
available for adsorption during the initial stage, and
hence, the extent of removal is high. The adsorption
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Fig. 5. Effect of initial solution pH on the adsorption of RB
21 onto MCMC/Fe;0, (C=50mg LY, V=50mL,
T =30°C, t =720 min, and dosage = 20 mg).
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capacity at equilibrium was found to increase from
60.32 to 7259 mg g ' for an increase in temperature
from 30 to 60°C. It was clear that higher temperature
favored adsorption of RB 21 onto MCMC/Fe;O,
particles.

3.4. Effect of adsorbent dose and initial concentration

The effect of adsorbent dose on adsorption of RB
21 is shown in Fig. 7(a). The adsorption capacity
decreased from 101.84 to 31.10 mg g~ with increasing
adsorbent dose from 20 to 80 mg. This resulted from
the split in the flux or the concentration gradient of
the dye between the aqueous and solid phase [38].
However, the percentage dye removal increased from
83.51 to 99.90% as the adsorbent dose increased from
20 to 80 mg. This result is expected because of the
increase in sorption active sites at the adsorbent sur-
face with increasing dose [39].

The effect of initial RB 21 concentration on the per-
centage removal of the dye is shown in Fig. 7(b). The
removal rate increased from 76.37 to 99.69% when the
initial concentration was increased from 40 to
100 mg L™". This is due to increase in the driving force
of the concentration gradient, as an increase in the
initial dye concentration.

3.5. Adsorption kinetics

To investigate the adsorption mechanism and its
potential rate-controlling steps, the pseudo-first-order,
pseudo-second-order, intraparticle diffusion, and
Boyd’s film-diffusion kinetic models were used to test
the experimental data.
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Fig. 6. Effect of contact time and temperature on the
adsorption of RB 21 onto MCMC/Fe;0, (C =50 mg L7,
V =50 mL, and dosage = 20 mg).
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Fig. 7. Effect of adsorbent dose (a) (C=50mgL™", V=50mL, T =30°C, and f =720 min) and initial dye concentration
and (b) (V =50mL, T =30°C, and dosage = 20 mg) on the adsorption of RB 21 onto MCMC/Fe;O,.

The pseudo-first-order equation can be expressed
as follows [40]:

g = ge(1— e )

In (ge — q¢) = In ge — kqt ()]
where g. and g, are the amount of RB 21 (mgg™)
adsorbed on the adsorbent at equilibrium and at a
given time f (min), respectively, and k; is the rate con-
stant (min~') of the Lagergren-first-order kinetic
model. Values of k; are calculated from plots of In
(ge—qp vs. t. The pseudo-second-order kinetic model
is expressed as [41]:

_ogit
"= T kg @
t 1 t
®)

_:_+_
3 kag?  qe

where k, is the rate constant of pseudo-second-order
adsorption (g mg 'min~"). Values of k, are obtained
from a plot of (t/g,) vs. t.

The experimental data were prior analyzed by a
comparison of g; against time from these two kinetic
models and subsequently determined by linear regres-
sion. The regression plots of two models are presented
in Fig. 8(a) and (b), and the kinetic parameters and
correlation coefficients (R?) are summarized in Table 1.
The correlation coefficient values that obtained for the
pseudo-second-order kinetic model were higher than
those of the first-order model. Moreover, the

theoretical goca values were also much closer to the
experimental geexp Values. This suggests that the
pseudo-second-order kinetic model was more valid to
describe the adsorption of RB 21 onto MCMC/Fe;0;.
The rate-limiting step may therefore be a chemical
sorption involving valance forces through the sharing
or exchange of electrons between the adsorbent and
sorbate [42].

In order to identify diffusion mechanism of
adsorption process, the intraparticle diffusion model
was used to analyze the adsorption kinetic data,
which can be expressed as follows [43]:

qr = kidt1/2 +1 (6)
where kg is the intraparticle diffusion rate constant
(mg g ' min'/?) and I is the intercept (mg g "), which
can be calculated from the slop of the linear plots of g;
vs. t /2 as shown in Fig. 9(a). In our case, the sorption
process was comprised of two sections. The initial sec-
tion indicated a boundary layer effect, whereas the
second section implied intraparticle or pore diffusion.
As seen in Fig. 9(a), none of the lines passed through
the origin. This indicates that the intraparticle diffu-
sion was involved in the adsorption, but was not the
only rate-controlling step [44].

To determine the actual rate-controlling step of the
adsorption, the obtained data were further analyzed
using the Boyd’s film-diffusion model given by [45]:

B, = —0.4977 —In (1 — F) @)

p=
de

8)
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Fig. 8. Lagergren-first-order (a) and pseudo-second-order (b) kinetic model for adsorption of RB 21 onto MCMC/Fe3O,.

Table 1
Kinetic parameters for RB 21 adsorption onto MCMC/
FE304

T (°O) 30 40 50 60
Jeexp (Mg g™ 60.3 65.3 69.4 72.6
Pseudo-first order

Jrecal (Mg g ") 30.3 25.3 12.3 8.6
ki x10% (min™") 147 155 81 5.0
rR? 0994 0992 0809  0.569
Pseudo-second order

Qaecal (Mg g™ 61.7 66.2 69.9 72.5
kyx10* (g mg ' min™") 1.2 1.7 25 3.3
R? 1.000  1.000  1.000  1.000
Intraparticle diffusion

kia (mg g ' min~"/?) 023 015 010  0.09
Intercept (mg g~ ") 5487  61.72 66.81 69.86
R} 0986  0.97 0.926  0.880
R3 0700 0791 0999  0.552
Boyd'’s film diffusion

Intercept 0.08 0.24 0.46 0.87
rR? 0.998 1.000 0994 0975

where g; and g. are the adsorption capacity (mgg™")
at time t and equilibrium, respectively. F is the frac-
tion of solute adsorbed at different time t and B; is a
mathematical function of F. The calculated values
were plotted against time ¢ (min) as shown in
Fig. 9(b). The Boyd parameters are listed in Table 1.
The linear lines for all temperature did not pass
though the origin, and the points were scattered. This
suggested that the adsorption of RB 21 onto MCMC/

Fe;0, was mainly governed by film diffusion or
external mass transport [46].

3.6. Adsorption isotherms

The equilibrium adsorption isotherm is widely
used to describe the interactive behavior between the
solution and the adsorbent. The equilibrium adsorp-
tion data of RB 21 on MCMC/Fe;0, at different tem-
peratures were subjected to three different adsorption
isotherms, namely Langmuir, Freundlich, and
Dubinin-Radushkevich (D-R) isotherms. The lin-
earized Langmuir and Freundlich isotherm equation
can be expressed as follows:

C. Ce 1
e _ + )
e Jmax qmaxKL

In g = In K +%Ce (10)

where g, is the adsorbed value of RB 21 at an equilib-
rium concentration (mg g~ '), C, is the equilibrium con-
centration (Mg L™"), gmay is the maximum adsorption
capacity (mg g™"), and K is the Langmuir adsorption
constant, which is related to the energy of adsorption
(Lmg ). n is the heterogeneity factor and Kg is the
Freundlich constant (L mg ). The linearized forms of
two isotherm models are presented in Fig. 10, and the
theoretical parameters along with regression coeffi-
cients (R?) are listed in Table 2. As indicated by the
correlation coefficients R®, the adsorption processes
were better described by the Langmuir isotherm
model, which indicates that the adsorption process is
mainly monolayer. The values of n are larger than 1,
which indicates the favorable nature of the adsorption.
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Fig. 9. The plots of intra-particle diffusion (a) and Boyd’s film-diffusion (b) kinetic model for adsorption of RB 21 onto

MCMC/Fe;0,.

Further, an essential feature of the Langmuir
model can be expressed by a dimensionless constant
separation factor, Ry, which is defined by the follow-
ing equation [47]:

1

Ri=—
L 1+ K Gy

(11)

where K is the Langmuir equilibrium constant
(Lmg ") and Co is the initial concentration of dye
(mg L™"). Isotherm is considered to be unfavorable
(R >1), linear (R, =1), favorable (1> Ry >0), or irre-
versible (R, = 0) depending on the value of Ry. In this
study, all R; values ranged from 2.78 x107° to 7.85 x
1073, which indicates the suitability of MCMC/Fe;O4
for RB 21 adsorption.

The Dubinin-Radushkevich (D-R) model was used
to determine the characteristic porosity and the

(a) (b)

apparent free energy of adsorption. The D-R isotherm
(Fig. 10(c)) can be defined by the following equation
[48]:

In g, = In g, — K&? (12)

where K is a constant related to the adsorption energy,
the g, is the D-R adsorption capacity (mg g™"), and ¢
is the Polanyi potential calculated from Eq. (13):

1
=RT 1 1+—
3 n( +Ce>

where C, is the equilibrium concentration of the dye
(mg LY, R is the gas constant (8.314 ] K ! mol™), and
T is the temperature (K). The D-R constant (K) can
give the valuable information regarding the mean
energy of adsorption by Eq. (14):

(13)

(c)
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Fig. 10. Langmuir (a), Freundlich (b), and D-R (c) isotherms for the adsorption of RB 21 by MCMC/Fe;0, at different

temperatures.



14994

Table 2
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Langmuir, Freundlich, and D-R isotherm constants at different temperatures

D-R isotherm

Langmuir isotherm constants Freundlich isotherm constants constants
T (K) Fmax Ky Ry x10° R’ Kg n R? E rR?
303 93.46 4.45 4.47 0.963 63.07 5.49 0.853 25.00 0.994
313 104.17 2.53 7.85 0.961 62.67 414 0.819 22.36 0.955
323 120.48 3.77 5.27 0.961 73.65 5.03 0.438 26.73 0.968
333 126.58 7.18 2.78 0.958 104.40 3.29 0.585 23.57 0.930
Table 3

Thermodynamic parameters for the adsorption of RB 21 onto MCMC/Fe;0,

T (K) K. (Lmg™) AG® (k] mol™) AH® (k] mol ™) AS°(Jmol 'K
303 3.30 —2.25 10.44 293.91
313 5.62 -5.19
323 13.68 —-8.13
333 79.46 -11.07

1 enthalpy, and entropy, respectively; R is the ideal gas
E = (-2K) (14)  constant (8.314 ] mol ' K™'); T is the absolute tempera-

where E is the mean adsorption energy. The results
are shown in Table 2. The mean is the transfer of free
energy of one mole of solute from infinity in solution
to the surface of adsorbent. The adsorption behavior
could be predicted as the physical adsorption in the
range of 1-8 k) mol™" and the chemical adsorption in
more than 8 k] mol™" [49]. The mean adsorption ener-
gies (E) for RB 21 from 22.36 to 26.73 k] mol™’
reflected that the adsorption was predominant on the
chemisorption process.

3.7. Adsorption thermodynamics

The thermodynamic parameters such as Gibbs free
energy change (AG®), enthalpy change (AH®), and
entropy change (AS°) for the adsorption of RB 21 on
MCMC/Fe;04 have been determined using the follow-
ing Van't Hoff equation [50]:

AG® = AH° —TAS° = —RT In K, (15)
G
kS 16
* =G (16)
AS°®  AH°

where AG® (Kfmol™!), AH® (kfmol!), and AS°
Jmol 'K™) are changes in Gibbs free energy,

ture (K); and K., the equilibrium constant, is the ratio
of concentration of RB 21 on the adsorbent at equilib-
rium (C,) to the remaining concentration of dye in
solution at equilibrium (C.). The AH® and AS”® values
can be calculated from the slop and intercept of the
plot of In K, against 1/T. The thermodynamic parame-
ters of RB 21 are summarized in Table 3. The negative
values of AG® imply the spontaneity and feasibility of
the adsorption. The decrease in AG® value with
increasing temperature reveals that adsorption of RB
21 onto MCMC/Fe;O, becomes more favorable at
higher temperature which is consistent with the
results of the adsorption. The positive value of AH®
further confirms that the adsorption process is
endothermic in nature. The positive value of AS® sug-
gests the increase randomness at the solid/solution
interface during the adsorption of RB 21.

4. Conclusions

A new magnetic composite bioadsorbent based on
Fe;0, and CMC was prepared using one-step method.
And then, the product was modified through the
reaction with hydrazine solution to increase the con-
tents of amino groups. SEM, X-ray diffractometry, and
vibrating sample magnetometry were used to charac-
terize the obtained magnetic adsorbent. The saturation
magnetization of the magnetic adsorbent was around
2857 emu g ', which indicated that the magnetic
particles can be easily separated from aqueous
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solution with an external magnetic field. Batch adsorp-
tion experiments were performed to remove anionic
dye Reactive Blue 21 from aqueous solution. The
results showed that the adsorption capability
increased with an increase in initial dye concentration,
contact time, and temperature but decreased with
increase in solution pH and amount of adsorbent. The
kinetic study revealed that the dye adsorption accu-
rately followed the second-order adsorption process,
while both the intraparticle diffusion and Boyd kinetic
model indicated that film diffusion was the main rate
determining step. The experimental isotherm data, at
various temperatures, were analyzed using three iso-
therm models, namely Langmuir, Freundlich, and
Dubinin-Radushkevich isotherm models. The results
revealed that the adsorption behavior fitted well with
Langmuir and Dubinin—-Radushkevich isotherm. Addi-
tionally, the mean adsorption energy (E) from Dubi-
nin—-Radushkevich isotherm indicated that the
adsorption process was predominant on the
chemisorption. The thermodynamic parameters of free
energy (AG°), enthalpy (AH®), and entropy (AS°) were
calculated and indicated that the adsorption was feasi-
ble, spontaneous, and exothermic process in nature.
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