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AbstractSimultaneous removal of dyes in the effluents of printing and dyeing industries is challenging, and the
mechanism of the co-adsorption of dyes is still unclear. In this context, a novel adsorbent based on microcrystalline
cellulose from cotton fiber through a simplified chemical modification process was prepared. Methylene blue (MB) and
neutral red (NR) were selected to investigate their adsorption/co-adsorption on such functionalized microcrystalline
cellulose. The experimental adsorption results indicated that the adsorption quantity of both dyes was similar for the
single solute. The kinetics of adsorption processes could be better described with the pseudo-second order models for
both single and binary dye solutes. The results of the co-adsorption suggested that the extended Langmuir model could
well predict equilibrium. The maximum adsorption capacity of MB and NR for the single systems was 115.2 and 83.2 mg/g,
respectively. Moreover, an antagonistic effect could be found in the binary dye solute. The obtained results revealed that the
co-adsorption of dyes might be driven by hydrogen bonding, - stacking interaction as well as electrostatic interaction.
Keywords: Dyes, Cellulose-based Adsorbent, Microcrystalline Cellulose, Adsorption Mechanism, Co-adsorption

INTRODUCTION

Currently, with the processes of industrialization, water pollu-
tion arising from organic dyes has become a global issue [1]. The
existence of toxic dyes can lead to various problems such as i)
affecting the transparency of water bodies, ii) retarding photosyn-
thesis and inhibiting normal growth of autotrophic organisms, iii)
causing allergy, skin irritation as well as inducing mutation of
human beings, and so on [2-6]. Therefore, removing dyes from
industrial effluents before they are discharged into water bodies is
becoming more and more urgent [7,8]. Methylene blue (MB), a
colorant and disinfector, is widely used in various industrial pro-
cesses such as dyestuffs, pharmaceuticals, pesticides, rubbers and
varnishes [9]. Neutral red (NR), one of the well-known cationic dyes,
is a pH indicator with changing color from red to yellow over the
pH range 6.8-8.0, and it has been commonly used for counterstain-
ing nuclear in biological research [10]. The removal of MB and
NR from wastewater is extremely desirable due to their toxicity.

Considerable efforts have been made to individuate the tech-
niques for dye elimination from wastewater, which include ion
exchange, flocculation, reverse osmosis, membrane processes, chemi-
cal precipitation, electrodialysis techniques and adsorption [11-17].
Among these, adsorption has been widely employed considering
its advantages of high efficiency combined with low cost, simple
operation, the possibility of regeneration and reusability as well as
the ability to target various kinds of pollutants [18-20].

Recently, the exploitation of natural low-cost, non-toxic, cellu-

lose based adsorbent with a dye-binding capacity for water treat-
ment has been widely studied. These adsorbents are always derived
from agro-biomass, such as sugarcane bagasse [1], banana fiber
[21], rice straw [18], and oil palm fronds [22]. Cotton fiber (CF) is
constituted mainly of cellulose, possessing abundant hydroxyl
groups, which could be easily modified with specific functional
groups (for example: cyclodextrin, amino, carboxyl as well as sul-
fur group) to target different types of pollutants [1]. Besides, it has
been proved that cellulose could be used as an efficient adsorbent
to remove organic dyes from wastewater. Microcrystalline cellulose
(MCC, a white, crystalline powder and biodegradable material)
with high degree of crystallinity can be isolated from -cellulose.
Compared to pristine cellulose, MCC has a lower degree of polym-
erization and higher surface area. Chemical modification with
effective groups on cellulose and/or microcrystalline cellulose can
improve adsorption ability to specific pollutants. As a widely used
etherifying agent, 3-chloro-2-hydroxypropyl trimethyl ammoni-
umchloride (CTA) is often used for the adsorption of pollutants in
wastewater treatment. Furthermore, 2-acrylamide-2-methyl pro-
pane sulfonic acid (AMPS), as a water treatment agent, has been
used for the adsorption of cationic pollutants.

So far, the utilization of cotton fiber as adsorbent for organic
dyes removal from aqueous solutions has been reported [23];
however, little research has been focused on the application of
microcrystalline cellulose from cotton fiber used as adsorbent for
organic dye elimination. Additionally, many researchers have only
focused on the adsorption of organic dyes onto the cellulose-based
adsorbents in single-component aqueous system; to our knowl-
edge there has been no report concerning the usage of MCC from
CF for dye removal in the co-adsorption of dye system. In fact,
there are multiple components of dyes in real drainage waters, and
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the coexistence of the multiplicity may have interactive effects that
can affect the behavior of dye adsorption.

Therefore, in this work, we synthesized a novel adsorbent based
on microcrystalline cellulose (MCC) from cotton fiber (CF) via a
simplified and effective chemical modification process for dyeing
wastewater treatment. The cellulose-based adsorbent was obtained
by grafting CTA and AMPS on microcrystalline cellulose from
cotton fiber. The resulting functionalized microcrystalline cellu-
lose (FMCC) was used to capture methylene blue (MB) and neu-
tral red (NR) via a batch process in a single and binary systems.
Various experimental techniques namely scanning electron micros-
copy (SEM), Fourier transform infrared spectrometry (FTIR),
powder X-ray diffraction (XRD) and the specific surface area, pore
volume and pore size distribution were used to characterize the
structure and morphology of the obtained adsorbent. The adsorp-
tion of kinetics and multi-component isotherms was investigated
to reveal the binding mechanism and interactions between dyes
and adsorbent. The obtained results provide reliable scientific basis
in practical application for dye removal.

MATERIALS AND METHODS

1. Preparation of Functionalized Microcrystalline Cellulose
(FMCC) and Its Physicochemical Characterization

The FMCC was prepared according to an adaptation of the
methodology described by Xiong et al. [23]. Briefly, the cotton
fibers (10.0 g) were cut into small segments (about 5 mm) and
then put into 2 wt% NaOH solution (500 mL) for 2 h. Then the
fibers above were neutralized by sulfuric acid and washed thor-
oughly with pure water. After drying at 60 oC for 4 h, the obtained
fibers were immersed into 8 wt% H2SO4 solution (300 mL) with
continuous stirring for 2 h at 80 oC, which facilitated the hydroly-
sis. Then, the above mixture was neutralized by NaOH solution
and washed thoroughly. After drying at 60 oC for 4 h, the micro-
crystalline cellulose (MCC) was obtained.

Then 8.0 g MCCs and 16.0 g CTA with 6.0 mL NaOH solution
(10 wt%) were added into 80 mL acetone, and the mixture was
stirred 45 oC for 3 h, then neutralized, filtered and washed thor-
oughly; and after drying at 90 oC for 1 h, the obtained product
(5.0 g) was suspended into distilled water (200 mL) under contin-
uous stirring and 10.0 g Ce(NH4)2(NO3)6 was put into the above
system. After 30 min stirring, 15.0 g AMPS was put subsequently
into the system above for 4 h. The resultant mixture was followed
by filtering, washing thoroughly and drying at 60 oC for 4 h. Finally,
the functionalized microcrystalline cellulose (FMCC, a yellow solid
product) was obtained. All reactants used in this work, which
were purchased from Aladdin®, were of analytical grade. The
physicochemical properties of MCC and FMCC were character-
ized by SEM, FTIR, XRD as well as the specific surface area, pore
volume and pore size distribution.
2. Experiments of Adsorption

Batch adsorption experiments were performed to investigate
the isotherms and kinetics for MB and NR adsorption by FMCC
in single and binary dye solutes.
2-1. Adsorption Equilibrium Isotherms

For adsorption isotherm study, an optimized dosage of 2.5 g/L

of FMCC was added into the solution with varying MB or NR
concentration (50 mg/L to 500 mg/L). After adsorption, the NR
concentration in the supernatant was determined at max 525 nm
and MB was measured at max 665 nm, respectively, by a spectro-
photometer (PUXI TU1800).

With regard to the co-adsorption of MB and NR, the dye solu-
tion for adsorption isotherms was prepared as follows: the target dye
varying at different concentrations with the concentration of inter-
ferential dye was fixed [19]. One set of experiments was conducted
varying MB concentrations from 20 mg/L to 500 mg/L while select-
ing NR concentration fixed at 50 mg/L (or 100 mg/L, or 200 mg/L).
The other set of experiments was carried out selecting NR concen-
tration varying from 20 mg/L to 500 mg/L while the MB concentra-
tion was fixed at 50 mg/L (or 100 mg/L, or 200 mg/L). 

All tests were performed at 298K with constant agitation (150
rpm) and without pH adjustment. The dye concentrations of MB
(CA) and NR (CB) in the co-adsorption solution were measured as
follows [24]:

(1)

(2)

where kA1, kB1, kA2 and kB2 refer to calibration constants of dye A
and dye B at 1, max and 2, max, respectively. A1 and A2 represent the
values of absorbance measured at 1, max and 2, max, respectively.

The adsorption amount of dye (qe) and the decreasing ratio
(Dr) were determined as follows:

(3)

(4)

where C0 refers to the initial dye concentration (mg/L) and Ce rep-
resents the equilibrium dye concentration (mg/L); m refers to the
mass of adsorbent (g); V (L) refers to the solution volume; qe rep-
resents the equilibrium adsorption capacity (mg/g); Dr refers to
the decreasing ratio after inducing the interferential dye and qe'
refers to the equilibrium adsorption quantity (mg/g) in co-adsorp-
tion systems.
2-2. Mathematical Models for Adsorption Isotherms

For the single dye system, the equilibrium data was interpreted
by Langmuir model [25]:

(5)

where Ce refers to the equilibrium dye concentration (mg/L), qe

and qmax refer to the equilibrium adsorption capacity and the esti-
mated maximum monolayer adsorption quantity of dye (mg/g),
respectively, and KL is the constant of the model (L/mg).

Qb/Qs could be used to evaluate the interaction of two compo-
nents in binary mixtures, where Qb and Qs refer to the adsorption
quantity of dye in binary and single system, respectively. Three
types of effects exist in the multi-component system: synergism,
antagonism and non-interaction [26]:
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i) When Qb/Qs>1, it is the synergism effect, which means the
effect of the component in the binary mixtures is larger than the
individual effect of the component;

ii) When Qb/Qs<1, it is the antagonism effect, which means the
effect of the component in the binary mixtures is smaller than the
individual effect of the component;

iii) When Qb/Qs=1, there is non-interaction, which means the
effect of the component in the binary mixtures is as much as the
individual effect of the component.

In this study, the extended Langmuir isotherm was employed to
interpret equilibrium data for the binary system [27].

For MB:

(6)

For NR

(7)

where 1 and 2 (the subscripts) refer to MB and NR, respectively.
2-3. Kinetics Study of the Adsorption

The effect of contact time was investigated with 0.025 g of adsor-
bent and 10 mL initial concentration of MB or NR at 200 mg/L in
the 50 mL conical flasks and agitation in a shaker at fixed speed of
150 rpm. Then the flasks were taken out of the shaker at a given
time to measure the concentration of the dye. For the binary sys-
tem of MB and NR, with the same adsorbent dosage and initial
concentrations (200 mg/L) as in single system addressed above,
the total initial concentrations of MB and NR were kept with the
ration fixed at 1 : 1. And the procedure for analysis was also the
same as described above for adsorption isotherm experiments.
2-4. Adsorption Kinetic Models used in this Study

Three models--the pseudo-first order (PFO), pseudo-second
order (PSO) and Avrami models--were used to evaluate the kinet-
ics of adsorption by fitting the experimental curves. The expres-
sions of PFO, PSO and Avrami models are given as follows [24]:

The pseudo-first-order equation: (8)

The pseudo-second-order equation: (9)

The Avrami model: (10)

where qe and qt refer to the dye adsorption quantity (mg/g) at
equilibrium and at time t (min), respectively; and k1, k2 and kav

represent the adsorption rate constant of PFO (1/min), PSO (g/
mg·min) and Avrami (1/min) models, respectively.
3. Model Validation

Marquardt’s percent standard deviation (MPSD) was employed to
evaluate the experimental data of adsorption equilibrium, which was
described by the following eq. [28]:

where  is the experimental specific adsorption quantity (mg/g),
 is the calculated specific adsorption quantity (mg/g) which cor-

responds to , N refers to the experimental observation number
and P refers to the parameter numbers in the regression model.

The statistical index of Average Relative Error (ARE) was employed
to validate the goodness of fit of kinetic adsorption data, and the
expression of ARE was described below [28]:

Smaller values of ARE suggest more accurate value of qt.

RESULTS AND DISCUSSION

1. Adsorbent Characterization
The SEM of raw cotton, microcrystalline cellulose (MCC) and

functionalized microcrystalline cellulose (FMCC) are given in Fig.
1. The raw cotton surface was smooth and there was no wrinkle
on it (Fig. 1(a)). MCC (Fig. 1(b)) revealed a rough surface with
few wrinkles along the fiber strands compared to that of raw cot-
ton (Fig. 1(a)). However, after chemical treatment, the surface
morphology of FMCC (Fig. 1(c)) was much rougher and some
tablet shapes could be found on it. Consequently, this may be
attributed to excellent adsorption property of FMCC, and better
adsorption of dyes by the FMCC is expected.

FTIR analyses showed that the spectra of FMCC were compara-
ble to that of MCC. The wide absorption peak at ~3,400 cm1 was
related to -OH groups, and the band at ~2,900 cm1 was caused by
-CH2 groups stretching. The absorption peak at 1,430cm1 corre-
sponded to bending vibration of a symmetric CH2, which is known
as the crystallinity band [22]. The absorption band at ~1,165cm1

was due to C-O-C stretching. The absorption band at 1,238 cm1

would correspond to C-O groups stretching, which was absent
with the process of modification. This indicated that hydrogen
bonding between the hydroxyl groups of cellulose was reduced in
inter- or intramolecular after modification [23]. The presence of
peaks at 1,647 cm1 and 1,552 cm-1 would be caused by amide I
(νC=O) amide II (N-H), respectively, which confirmed that the amide
group was introduced to FMCC after modification.

The crystalline structure of the adsorbents is essential for the
performance of adsorption. Fig. 1(e) displays the XRD patterns of
the MCC and FMCC. From the figure, the diffraction peaks at
22.5o, 14.5o and 34.6o correspond to the 101, 002 and 040 crystal
planes of cellulose [29], respectively. The diffraction peaks of FMCC
were less intense than MCC, indicating that the intra- and intermo-
lecular hydrogen bonds of MCC might be rearranged with the
process of modification. Such results are in consistent with the
results obtained from FTIR.

The specific surface and area and pore size distribution of FMCC
were measured with NOVA 1000 High-Speed Automated Surface
Area and Pore Size Analyzer (American), and the BET adsorption
model was used in the calculation. Calculation of pore size fol-
lowed the method of BJH according to the implemented software
routines. The surface area and pore size distribution of FMCC
were revealed by N2 adsorption-desorption measurements (Fig.
1(f)). The BET surface area of FMCC was calculated to be 8.32 m2/
g. The pore volume and average pore diameter of FMCC were
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0.021 cm3/g and 6.44 nm, respectively. This shows that FMCC is
reasonably good for adsorption.
2. Adsorption Equilibrium Studies

The equilibrium curves of MB and NR adsorption onto FMCC
in mono-component and co-adsorption systems were observed
with concentrations varying from 20 to 500 mg/L (Fig. 2). And the
equilibrium data of MB and NR fitted by Langmuir model and
extended Langmuir model for the mono-component and co-
adsorption systems, respectively. The parameters of adsorption
isotherm obtained from both models are shown in Table 1. The
experimental data can be well fitted by both models (R2>0.969,
Table 1). From Table 1, the qm values of MB are higher than those
of NB in single dye system. The calculated Qb/Qs values for both
MB and NR are smaller than 1 (Table 1), suggesting that antago-
nism effect occurred in the binary dye adsorption processes [1].

From Table 1 and Fig. 2, for both MB and NR, the adsorption
capacity of dyes in the co-adsorption system was lower than those
in mono-component solute. Besides, the adsorption capacity of
the target dye was decreased with the interferential dye concentra-
tion increasing, especially in the higher concentration. For MB, the
value of qmax was 115.2mg/g in single dye solution, while it decreased

to 77 mg/g with the coexistence of 200 mg/L NR (Fig. 2 and Table
1), and the decreasing ration was about 33%. Antagonistic effect
between both dyes was found for MB adsorption on FMCC in the
presence of fixed concentrations of NR. Similar results were also
observed when NR was the target dye. The value of qmax was
83.2 mg/g in single NR solution, while it decreased to 64 mg/g in
the presence of 200 mg/L MB with a decreasing ration of 23%
(Fig. 2 and Table 1). The KL values for MB were decreased with
the interferential dye NR concentration increasing (from 50 mg/L
to 200 mg/L) (Table 1), due to a high adsorption affinity between
dyes and FMCC at the lowest initial concentration of the interfer-
ential dye (50 mg/L NR) in the binary dye system. Similar ten-
dency of KL values for NR was observed (Table 1). This suggested
that the adsorption affinity of the target dye to FMCC was influ-
enced by the coexistence of the interferential dye in the binary sys-
tems for both MB and NR. Such antagonism between the two
dyes could be explained by competitive adsorption phenomena on
the active adsorption sites [30].

The 3D adsorption surfaces for adsorption capacity of the tar-
get dye against the equilibrium concentrations at three concentra-
tions of the target dye (50 mg/L, 100 mg/L and 200 mg/L) are

Fig. 1. Characterization of MCC and FMCC: (a, b, c) SEM, (d) FTIR, (e) XRD and (f) pore size distribution and N2 sorption isotherm
(insert) of FMCC.
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shown in Fig. 3. As indicated by the even 3D surface of adsorp-
tion, both MB and NR dyes could interfere in the adsorption of
each other (Fig. 3). For MB, with the MB concentration increas-
ing (50 mg/L, 100 mg/L and 200 mg/L), the qmax value (18.4, 38.8
and 75.7 mg/g) and the decreasing ratio (53.6%, 58.8% and 67.4%)
of MB were increasing (Fig. 3(a)). Similar tendency was obtained

for NR from the adsorption surface (Fig. 3(b)). When NR concen-
tration increased at 50, 100 and 200 mg/L, the qmax of NR was
18.6, 37.6 and 67.6 mg/g and the decreasing ratio value of NR was
about 12.9%, 18.8% and 23.9%, respectively. Compared to the
decreasing ratio of both dyes, the presence of NR had a stronger
effect on the adsorption of MB in the co-adsorption solutes.

Table 1. Isotherm parameters of adsorption of MB and NR onto FMCC in single and binary dye solution

Single
system

For MB For NR
qm (mg/g) 115.16±3.14 qm (mg/g) 83.19±1.45
KL (L/mg) 0.131±0.015 KL (L/mg) 0.167±0.015
R2 0.974 R2 0.986
MPSD 39.86 MPSD 9.97

Binary
system

For MB For NR

Parameters
C0,NR/(mg/L)

Parameters
C0,MB/(mg/L)

50 100 200 50 100 200
qm (mg/g) 100.24±4.22 86.78±5.82 76.95±3.29 qm (mg/g) 76.70±8.58 66.16±6.45 63.64±7.96
KL (L/mg) 0.021±0.003 0.017±0.002 0.0068±0.001 KL (L/mg) 0.089±0.028 0.0564±0.019 0.0520±0.014
KL-NR (L/mg) 0.122±0.01 0.0727±0.009 0.0198±0.001 KL-MB (L/mg) 0.0596±0.01 0.0023±0.001 0.164±0.043
R2 0.994 0.993 0.995 R2 0.966 0.972 0.969
Qb/Qs 0.870 0.754 0.668 Qb/Qs 0.922 0.795 0.765
MPSD 7.08 6.73 3.99 MPSD 15.51 10.23 18.09

Fig. 2. Equilibrium curves for the adsorption of MB (a) and NR (b) onto FMCC in single (blue color) and binary systems (red, cyan, green color).

Fig. 3. Three-dimensional isotherm surfaces of MB-NR adsorption binary system onto FMCC. (a) The adsorption capacity of MB is plotted
as a function of the equilibrium concentrations of MB and NR; (b) The adsorption capacity of NR is plotted as a function of the equi-
librium concentrations of NR and MB.
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3. Kinetics Studies of Adsorption
Information on the kinetic behavior (adsorption capacity ver-

sus time) of MB and NR adsorption onto FMCC in both mono-
component and co-adsorption systems with the same concentra-
tions (200mg/L) is provided in Fig. 4. From Fig. 4, at the same con-
centrations, the qmax in the mono-component solute was higher than
that in co-adsorption systems for MB and NR. Besides, the qmax of
MB was higher than that of NR in both mono-component and
co-adsorption of dye solutes. The reduction of qmax in binary sys-
tems indicated the interference of each other for MB and NR. To
obtain the kinetic parameters (Table 2), the experimental data
were fitted by the three models (PFO, PSO and Avrami). From
Table 2, the pseudo-second order model (PSO) was the most suit-
able for interpreting observations from the experiments in both
mono-component and co-adsorption solutes (R2>0.978 and ARE
<7.2%), suggesting that the adsorption rate was chemical sorption
[31]. Moreover, for both dyes, the value of k2 in single solutes was
higher than that in binary solutes, suggesting that faster dye adsorp-
tion occurred in single systems compared to binary contaminated
systems, which was in agreement with the results obtained from

Fig. 4; more time is required to achieve equilibrium for the binary
system. Similar results were also obtained by other authors [19].
4. Possible Adsorption Mechanism Analysis

In this work, the plausible adsorption mechanisms of dyes onto
FMCC were mainly associated with hydrogen bonding, - stack-
ing and electrostatic interaction (Fig. 5): (i) When in the solution,

Table 2. Kinetic parameters for the adsorption of MB and NR onto FMCC in single and binary systems

Kinetic model
MB NR

Single Binary Single Binary
Pseudo-first-order equation
qt (mg/g) 69.22±0.89 57.08±2.15 60.09±0.86 48.23±1.81
k1 (1/min) 0.095±0.005 0.040±0.005 0.194±0.014 0.064±0.009
R2 0.991 0.956 0.983 0.936
ARE (%) 5.63 19.79 6.53 19.48
Pseudo-second-order equation
k2×103 (g/mg·min) 1.67±0.07 0.73±0.10 4.53±0.42 1.55±0.23
qt (mg/g) 76.09±0.58 67.17±2.09 63.96±0.83 54.18±1.54
R2 0.998 0.984 0.990 0.978
ARE (%) 1.23 7.11 3.86 6.57
Avrami model
qav (mg/g) 69.23±0.93 57.79±2.25 60.08±0.90 48.24±1.89
kav (1/min) 0.081±0.005 0.051±0.002 0.24±0.008 0.080±0.003
n 1.17±0.045 0.78±0.024 0.81±0.039 0.79±0.005
R2 0.991 0.956 0.983 0.936
ARE (%) 6.14 21.59 7.12 21.25

Fig. 4. Kinetic curves for the dye adsorption of MB (a) and NR (b) on FMCC in single and binary systems.

Fig. 5. Adsorption mechanism: electrostatic attractions (red color),
hydrogen bonds (blue color), and - stacking interactions
(green color).
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MB/NR has a net positive charge [32], which can form electrostatic
attraction with the surface of adsorbents, which have numerous func-
tional groups (especially oxygen-containing groups). Besides, after
modification, there are some groups of SO3

2 on the surface of the
FMCC which can provide negatively charge for adsorption of cat-
ionic dyes (MB and NR). (ii) Hydrogen bonding could be formed
via the N+ of MB or NR and the -OH of the adsorbents [32,33].
(iii) In the co-adsorption system, the benzene rings in the MB and
NR molecules could form the - stacking interaction, and the
specific sites on the surface of the adsorbents could be partially
overlapped with MB and NR due to the competitive adsorption of
both dyes.

CONCLUSIONS

Cellulose-based bioadsorbent (FMCC) was obtained by grafting
CTA and AMPS on microcrystalline cellulose from cotton fiber.
Simultaneous adsorption processes of MB and NR on FMCC from
binary system were investigated. For the co-adsorption solute, the
extended Langmuir model well described the adsorption isotherms
of both dyes. Kinetic studies suggested that PSO model was the
most suitable and chemisorption could be the adsorption mecha-
nism. And the processes of adsorption were driven by hydrogen
bonding, - stacking and electrostatic interaction. This study
shows that FMCC could be a good candidate to remove organic
dyes from binary systems. Nevertheless, further experiments need
to be performed on how to recycle the adsorbent.
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