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Abstract—N-succinyl-chitosan-g-polyacrylamide/attapulgite (NSC-g-PAM/APT) composite was applied as adsor-
bent for the removal of methylene blue (MB) from aqueous solution. The initial pH value of the dye solutions, the con-
tact temperature, the contact time and the concentration of the dye solutions on adsorption capacity of the composite
for MB dye were investigated. The adsorption kinetics and isotherms were also studied. It was shown that all the sorption
processes were better fitted by pseudo-second-order equation and the Langmuir equation. The results indicated that
the adsorption capacity of the composite was higher than those of chitosan (CTS) and attapulgite (APT). The desorption
studies revealed that the composite provided the potential for regeneration and reuse after MB dye adsorption, which
implied that the composite could be used as quite effective adsorbent for the removal of MB from aqueous solution.
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INTRODUCTION

Dye containing waste stream is one of the major toxic industrial
waste. Various types of dyes are used in the process industries like
textile, paints, pulp and paper, carpet and printing. The effluents
containing dyes are highly colored and cause water pollution [1].
Methylene blue (MB) is the most commonly used substance for
dying cotton, wood and silk. MB can cause eye burns, which may be
responsible for permanent injury to the eyes of humans and ani-
mals. On inhalation, it can give rise to short periods of rapid or
difficult breathing, while ingestion through the mouth produces a
burning sensation and may cause nausea, vomiting, profuse sweat-
ing, mental confusion and methemoglobinemia [2]. Therefore, envi-
ronmental legislation has imposed stringent limits on the concen-
trations of pollutants that may be discharged in aqueous effluents
from dyestuff manufacturing and textile industries [3].

Many treatment methods have been developed to remove dyes
from wastewater. These methods can be divided into physical, chem-
ical and biological schemes. Although chemical and biological ap-
proaches are effective in removing dyes, they require special equip-
ment and are usually energy intensive. Additionally, these processes
often generate large amounts of byproducts. Therefore, the con-
ventional treatments such as coagulation, flocculation and biologi-
cal treatment are no longer able to achieve high quality treated water
[4]. The adsorption process is well-known for its simple design and
easy operation. It is inexpensive as compared with other physical
and chemical processes. The adsorption technique has been used
effectively for the removal of metallic pollutants [5-7] and dyes from
wastewater [1,8-10].

Chitosan (CTS), a biopolymer of glucosamine, has exhibited a

"To whom correspondence should be addressed.
E-mail: wi2083663@126.com

1658

higher capacity for adsorption of colorant than activated carbon. It
has undoubtedly been one of the most popular adsorbents for the
removal of metal ions and dyes [11-14] and is widely used in waste-
water treatment applications. The amino (-NH,) and hydroxy (-OH)
groups on CTS chains can serve as coordination and reaction sites
[15-18]. In addition, the last decade has witnessed a growing interest
in chemical modification of CTS and its derivatives to enhance their
properties and consequently expand their potential applications [19-
23]. Among various techniques of chemical modifications, the car-
boxyl dibutyryl derivative of CTS is very attractive. However, the
carboxyl dibutyryl derivative of CTS is so easily soluble in water that
cannot be separated from the wastewater. Therefore, several attempts
have been made to develop insoluble and effective adsorbents.
Attapulgite (APT) is a crystalline hydrated magnesium silicate
with a fibrous morphology, large specific surface area and moder-
ate cation exchange capacity, which is beneficial for the adsorption
of heavy metals and dyes [24,25]. In recent years, a series of com-
posite hydrogels (such as Poly (acrylic acid)/organo-attapulgite [26],
and starch phosphate-g-polyacrylamide/attapulgite [27]) based on
APT with improved properties have been fabricated. It is well known
to us that hydrogels are formed of three-dimensional cross-linked
polymer networks of flexible chains, which are able to absorb and
retain water and solute molecules. The porous structure networks
allow solute diffusion through the hydrogel structure. As a rule, the
superadsorbent possess anion functional groups, they can absorb
and trap cationic dyes, such as MB [28]. In our previous study, chito-
san-g-poly (acrylic acid)/montmorillonite(CTS-g-PAA/MMT) showed
good adsorption for MB in aqueous solution [29]. To our knowl-
edge, there is no research about the adsorption characteristics of
MB onto the NSC-g-PAM/APT composite. Therefore, a novel NSC-
2-PAM/APT composite hydrogel was synthesized by inverse sus-
pension polymerization. The effect of the pH value of the dye
solutions, the contact temperature, the contact time and the concen-
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Fig. 1. Structure of MB.

tration of the dye solutions on the adsorption capacity of the NSC-
g-PAM/APT composite for MB were studied and the adsorption
mechanism and the reuse were also investigated in this paper.

EXPERIMENTAL

1. Materials

Acrylamide (AM, analytical grade, recrystallized from benzene
before use), ammonium persulfate (APS, analytical grade, recrys-
tallized from distilled water before use), N, N-methylenebisacryla-
mide (MBA, analytical grade) and succinic anhydride (chemical
grade) were supplied by Shanghai Reagent Corp. (Shanghai, China).
Chitosan (CTS, degree of deacetylation is 0.85, average molecular
weight is 90%10) was supplied by Zhejiang Yuhuan Ocean Biology
Co. (Zhejiang, China). Attapulgite (APT, supplied by Linze Colloi-
dal Co., Gansu, China) was milled through a 320-mesh screen and
treated with 37% hydrochloric acid for 72 h, followed by washing
with distilled water until pH=6 was achieved, and then dried at 105 °C
for 8 h before use. Tween 80 (polyoxyethylene sorbitan monooleate)
and Span80 (sorbitan monooleate) were purchased from Tianjin
Reagent Corp. (Tianjin, China). The molecular formula of MB (Tian-
jin Reagent Corp., China) is C,¢H;{N;SCl and the molecular struc-
ture is shown in Fig. 1. All the other reagents used were analytical
grade and all solutions were prepared with distilled water.
2. Preparation of NSC-g-PAM/APT Composite and Their Char-
acterization

The composite was prepared by the method of Li et al. [30]. The
preparation procedure of NSC-g-PAM was similar to that of NSC-
g-PAM/APT composite except without APT. The product was milled
and the sample used for test was sieved through a 200-mesh screen.
FTIR spectra (the sample was taken as KBr pellets using a Thermo
Nicolet NEXUS TM spectrophotometer) showed that the graft reac-
tion had taken place among NSC, AM and APT. The analysis of
the micrographs (the sample was taken using SEM (JSM-5600LV,
JEOL, Ltd.).) proved that there are really many micropores on the
NSC-g-PAM/APT composite, which could be convenient for the
penetration of dye into the network [30].
3. Adsorption Experiments

All batch adsorption experiments were performed on a thermo-
statted shaker (SHA-C) with a shaking of 120 rpm. During the effect
of pH value on adsorption capacity of MB experiments, the MB
solutions (640 mg/L) were adjusted to different pH values (2-12)
with 0.10 mol/L NaOH or HCl solution using a pH meter (PB-10)
and 0.10 g composite and 25.00 mL of MB solution were used at
30 °C for 30 min. The study of the influence of temperature on dye
removed was carried out in the 25.00 mL of dye solution (800 mg/
L, pH 6.00) with 0.10 g adsorbent for 30 min.

For kinetic study, 640 mg/L dye solutions (25.00 mL, pH 6.00)
were agitated with 0.10 g adsorbent at 30 °C for predetermined inter-

vals of time. For isotherm study, batch adsorption equilibrium exper-
iments were performed by agitating 25.00 mL various dye concen-
trations of MB solutions (pH 6.00) with 0.10 g adsorbent at 30 °C
until equilibrium was reached.

The samples were withdrawn from the shaker at predetermined
time intervals and the dye solutions were separated from the adsor-
bent by centrifugation at 8,000 /min for 5 min. The adsorbencies
of samples were measured with a UV-vis spectrophotometer (TU-
1901) at 670 nm corresponding to a maximum adsorbency of MB.
Then the concentrations of the samples were determined by using
a linear regression equation (y=0.18439x+0.00282, R?=0.9999)
obtained by plotting a calibration curve for dye over a range of con-
centrations. The amounts of MB adsorbed onto samples were cal-
culated by subtracting the final solution concentration from the initial
concentration of dye solutions.

The amount of dye adsorbed at equilibrium q, (mg/g) was calcu-
lated from the following equation:

(cy—c)v

=" M
Where ¢, (mg/L) is the initial dye concentration, ¢, (mg/L) is the
equilibrium concentration of dye solution, v (L) the volume of dye
solution, m (g) the mass of adsorbent.

4. Desorption Studies

For batch desorption study, the adsorbent utilized for the adsorp-
tion of ¢, of 640 mg/L was separated from the dye solution by centrif-
ugation. The experiments were performed on a thermostatted shaker
(SHA-C) with a shaking of 120 rpm. 0.10 g dye-loaded adsorbent and
25.00 mL of distilled water at different pHs were used at 30 °C for
30 min. The desorbed dye was determined as mentioned before.

RESULTS AND DISCUSSION

1. Effect of pH Value on Adsorption
The pH values of the dye solutions play an important role in the
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Fig. 2. Effect of the pH values on adsorption capacity of NSC-g-
PAM/APT for MB. Adsorption experiments-dye concentra-
tions: 640 mg/L for NSC-g-PAM/APT composite; sample
dose: 0.10 g/25.00 mL; pH rang: 2-12; temperature: 30 °C;
equilibrium time: 30 min.
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whole adsorption process and particularly on the adsorption capac-
ity. Fig. 2 shows the effect of pH of dye solutions on the adsorption
capacity of NSC-g-PAM/APT composite for MB. It can be seen
from Fig, 2 that the adsorption capacity of composite increased sharply
from 27 to 134 mg/g when the pH of dye solutions increased from
2 to 6, while the adsorption capacity increased continuously from
134 to 145 mg/g with further increasing pH of dye solutions from
6 to 12. This result may be attributed to the following reasons. At
higher pH, most of the carboxylic groups in superadsorbent nano-
composite are ionized and interacting with the dye molecules, which
results in an increase of the absorption for MB. In addition, at higher
pH, the -COOH groups present in acrylate dissociate to form -COO,
increasing the number of fixed ionized groups. This generates elec-
trostatic repulsion forces among the adjacent ionized groups of poly-
mer networks, inducing an expansion of the polymer chains within
the superadsorbent nanocomposite structure, which also results in
an increase of the absorption for MB. Similar result has been re-
ported for the adsorption of MB by superadsorbent hydrogel formed
by modified gum arabic, polyacrylate and polyacrylamide [28] and
CTS-g-PAA/MMT nanocomposite [29].
2. Effect of Temperature on Adsorption

The relationship between the temperature and the adsorption cap-
acity of MB onto the composite is shown in Fig. 3. It is found that
the adsorption capacity of the composite increased from 134 mg/g
to 191 mg/g with increasing temperature from 30 °C to 40 °C, and
then decreased from 191 mg/g to 121 mg/g with further increase
temperature from 40 °C to 70 °C. It is well known that increasing
temperature may produce a swelling effect within the internal struc-
ture of adsorbent penetrating the large dye molecule further [31].
However, the mobility of the large dye ions increases with increas-
ing temperature, which leads to a decrease in the adsorption capac-
ity of composite with further increasing temperature [30]. Besides,
the solubility of MB also increased, which caused the interaction
forces between the solute and the solvent to become stronger than
solute and adsorbent. Therefore, the solute was more difficult to
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Fig. 3. Effect of the contact temperature on adsorption capacity
of NSC-g-PAM/APT for MB. Adsorption experiments-dye
concentrations: 800 mg/L. for NSC-g-PAM/APT compos-
ite; sample dose: 0.10 g/25.00 mL; pH 6; temperature: 30-
70 °C. equilibrium time: 30 min.
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Fig. 4. Effect of the contact time on adsorption capacity of NSC-
g-PAM/APT composite for MB. Adsorption experiments-
dye concentrations: 640 mg/L for NSC-g-PAM/APT; sam-
ple dose: 0.10 g/25.00 mL; pH 6; temperature: 30 °C; ad-
sorption time: 15, 30, 45, 60, 120, 240, 360 min.

adsorb [10].
3. Adsorption Kinetics

Contact time is an important parameter of adsorption, which can
reflect the adsorption kinetics of an adsorbent. Fig. 4 shows the effect
of contact time on the adsorption capacity of MB by the compos-
ite. It can be seen that the adsorption capacity of the composite in-
creased rapidly in the initial stages of contact time and gradually
increased with prolonging the contact time until equilibrium. It is
clear that the adsorption equilibrium of the composite was reached
at 30 min. So, in this study 30 min was chosen as the adsorption
time to make sure the adsorption equilibrium was reached.

The adsorption kinetics can be explained by two simplified kinet-
ics models: pseudo-first-order and pseudo-second-order equations.
To investigate the controlling mechanism of adsorption process of
NSC-g-PAM/APT composite for MB, the pseudo-first-order and
the pseudo-second-order kinetic models were cited to evaluate the
experimental data obtained from batch MB removal experiments.

The pseudo-first-order formula is given as [32]:

Yk (a-a) )
Where k, is the pseudo-first-order rate constant (min™'), g, and q,
are the amounts of dye adsorbed (mg/g) at equilibrium and time t
(min).

After integration with the initial condition g=0 at t=0, Eq. (3)
can be obtained:

kit
log(q.—q,)=logq,— m ©)

The pseudo-first-order kinetic model is valid only for the initial
adsorption period [33,34]. Therefore, to find the potential rate-con-
trolling steps involved in the adsorption processes of MB onto NSC-
2-PAM/APT composite, the pseudo-second-order kinetic model
was used to fit the experimental data.

Pseudo-second-order model is based on adsorption equilibrium
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and it assumes that the rate-controlling step is chemisorption. It can
be defined as [35]:

dq. _ Y
Lk (q.-a) @

When the initial condition is g=0 at t=0, Eq. (5) can be given as

t 1 t

9 ka ®
Where k, is the pseudo-second-order rate constant (gxmg ' xmin™),
the linear plots of log (q,—q,) versus t and (t/q,) versus t drawn for
the pseudo-first-order and the pseudo-second-order models, respec-
tively. The rate constant of k; and k, can be obtained from the ex-
perimental data.

As seen from Figs. 5 and 6, the correlation coefficient (R?) of
the pseudo-first-order model is 0.9265. For the pseudo-second-order
model, the correlation coefficient (R?) is 0.9997. The linear R? co-
efficient (the coefficient of determination) compares the estimated
and actual y-axis values and ranges in value from 0 to 1 when two
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Fig. 5. Pseudo-first-order model for the adsorption of MB by NSC-
g-PAM/APT.
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Fig. 6. Pseudo-second-order model for the adsorption of MB by
NSC-g-PAM/APT.
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Fig. 7. Effect of the concentration of the dye solution on adsorp-
tion capacity of NSC-g-PAM/APT for MB. Adsorption ex-
periments-sample dose: 0.10 g/25.00 mL; pH 6; tempera-
ture: 30 °C; equilibrium time: 30 min.

arrays of data are fitted to linear equation. If it is 1, there is a perfect
correlation in the sample--there is no difference between the esti-
mated and the actual y-axis value. At the other extreme, if the co-
efficient of determination is 0, the regression equation is not help-
ful in predicting a y-axis value. The non-linear R® value is based on
the actual deviation between the experimental data and the theoreti-
cally predicted data and is a better correlation of the experimental
data with the equation [33]. Therefore, the adsorption of MB on
the composite was better described by the pseudo-second-order rather
than by the pseudo-first-order.

4. Adsorption Isotherm

The influence of initial concentration on adsorption capacities of
MB for the composite is shown in Fig. 7. It is clear that the con-
centration of dye solutions plays an important role in the adsorption
capacity of dye onto adsorbent. It is can be seen that the adsorption
capacity of the composite increased sharply from 94 mg/g to 134
mg/g with the initial concentrations of the dye increasing from 400
mg/L to 640 mg/L. However, the adsorption capacity hardly increased
with further increasing the initial concentrations of the dye. There-
fore, the equilibrium concentration of MB on the composite is 640
mg/L. These may be attributed to the following facts. On one hand,
the higher initial MB concentration can lead to great driving force
of the concentration gradient at the solid-liquid interface, and the
increasing of the driving force may cause the increase of the amount
of dyes ions adsorbed onto the adsorbent. On the other hand, the
aggregation of MB dye molecules makes it almost impossible for
them to diffuse deeper into NSC-g-PAM/APT composite structure
[34,36].

Adsorption isotherms are important for the description of how
molecules of adsorbate interact with adsorbent surface. The corre-
lation of equilibrium data using either a theoretical or empirical equa-
tion is essential for the adsorption interpretation and prediction of
the extent of adsorption [37]. The adsorption data is generally in-
terpreted using the Langmuir and the Freundlich isotherm models.
The Langmuir model is based on the assumption of a structurally
homogeneous adsorbent where all adsorption sites are identical and
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energetically equivalent. The Langmuir model is represented as fol-
lows [15]:

c 1  c

L=y = 6

de bd, ©

The Freundlich model is applied to describe heterogeneous sys-
tem characterized by a heterogeneity factor of 1/n. This model de-
scribes reversible adsorption and is not restricted to the formation
of the monolayer. The Freundlich model is represented as follows
[38]:

q=ke!" @)

Where q,, (mg/g) and b (L/mg) are Langmuir isotherm coefficients.
The value of q,, represents the maximum adsorption capacity, k, (mg/
g) and n are Freundlich constants.

The plots of c/q, versus c, and logq, versus logc,, respectively
are shown in Fig. 8 and Fig. 9. It is can be seen that the lineariza-
tion of the equations and the correlation coefficients (R*) of Lang-
muir and Freundlich models are y=0.00743x—1.4354x10°%, 1 and
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Fig. 8. Langmuir plot for the adsorption of MB by the NSC-g-PAM/
APT composite.
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Fig. 9. Freundlich plot for the adsorption of MB by the NSC-g-
PAM/APT composite.
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y=0.1411x+1.8168, 0.8190, respectively. In addition, the g,, value
for the adsorption of MB by the composite was 135.14 mg/g, which
is the same as the experiment data 134.57 mg/g for the composite.
Obviously, compared with the Freundlich model, the Langmuir iso-
therm can be better fitted to the adsorption of MB on the compos-
ite. This means the monolayer coverage of the dye on the surface
of the composite. Similar behaviors were also found for the adsorp-
tion of MB onto montmorillonite clay [39], carbon nanotubes [40],
dehydrated peanut hull [41] and activated carbons from waste bio-
mass by sulfuric acid activation [42]. The q,, values of MB on CTS-
2-PAM/APT have been compared with those of other absorbents
(Table 1). It can be seen that the q,, value of CTS-g-PAM/APT was
much higher than that of other absorbents such as titanate nano-
tubes, crushed brick, garlic peel, APT, clay, CTS, coir pith carbon
and raw powder of pyrophyllite. What is more, the introduction of
APT clay also helps to reduce the market cost of CTS.

Table 1. The q,, values for the adsorption of MB on different ad-

sorbents
Adsorbents (mcg}g) References
The citric acid modified wheat straw ~ 396.9 [43]
NaOH-modified rejected tea 24211 [44]
Cedar sawdust 142.36 [45]
NSC-g-PAM/APT 135.14  Our data in the paper
Titanate nanotubes 13333 [46]
Crushed brick 96.61 [45]
Garlic peel 83 [47]
APT 68 Our data in the paper
Clay 58.2 [48]
CTS 36 Our data in the paper
Coir pith carbon 5.87 [49]
Raw powder of pyrophyllite 3.7 [50]
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Fig. 10. Effect of pH on desorption percentage of dye from dye-
loaded NSC-g-PAM/APT composite. Desorption experi-
ments-dye concentrations: 640 mg/L for NSC-g-PAM/APT;
sample dose: 0.10g/25.00 mL; pH rang: 2-10; tempera-
ture: 30 °C; equilibrium time: 30 min.
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5. Desorption of MB

Desorption studies can help to regenerate the composite, so that
it can be used again to adsorb the dye. Therefore, the recycling of
the sorbent is a required step in the design of the process. Desorp-
tion studies can help in illustrating the mechanism of an adsorption
process. If the dye adsorbed onto the adsorbent can be desorbed by
water, it is can be said that the attachment of the dye on to the ad-
sorbent is by weak bonds; if the strong acid (such as HNO; and HCI)
can desorb the dye, it is believed that the contact of the dye on to
the adsorbent is by ion exchange or electrostatic attraction [10]. There-
fore, the distilled water with different pH values was used in the
test; the effect of pH on desorption capacity of MB by the composite
is shown in Fig. 10. The results indicate that the desorption capac-
ity decreased rapidly with increasing of the pH; the lowest desorp-
tion capacity was 0.5 mg/g at pH 10, while in case of pH 2, 79 mg/
g was obtained. It is clear that the adsorption of MB onto the com-
posite was carried out significantly via electrostatic attraction. The
results also indicate that the composite can be regenerated and reused
after MB dye adsorption despite almost 40% dye remaining in the
adsorbent in the case of pH 2.

CONCLUSIONS

The introduction of APT clay into NSC-g-PAM polymeric net-
work could reduce the cost of adsorbents. The results showed that
the adsorption capacity of the composite for MB is dependent on
the initial pH value of the dye solutions, the contact temperature,
the contact time and the concentration of the dye solutions. The re-
sults of the adsorption kinetics and isotherms showed that the ad-
sorption processes of the composites for MB were all better fitted
by the pseudo-second order equation and the Langmuir equation,
respectively. The monolayer coverage of MB on the surface of the
composites was in the ascendant. Compared with CTS and APT,
the composite had a higher adsorption capacity. Furthermore, the
desorption capacity of the composite nearly reached 60%. There-
fore, the composite can be regenerated and reused, and can be effec-
tively used as an adsorbent for the removal of MB from wastewaters.
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