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Abstract: Synthetic dyes are used extensively in modern industries, which are toxic and harmful to environment and human.
Cotton fiber is a kind of abundant, renewable and eco-friendly cellulose fiber in nature, however, the adsorption capacity of
raw cellulose for pollutants was often low. Therefore, an efficient adsorbent for removal of dyes was successfully prepared by
grafting beta-cyclodextrin (-CD) and amino-terminated hyperbranched polymer (NH,-HBP) onto cotton fibers in this study,
which was effective to anionic dyes and cationic dyes. The adsorbent were characterized using FTIR, SEM and XPS analysis.
The results of adsorption experiments showed that the adsorbent based on cotton fiber exhibited better adsorption
performance for Congo red(CR) and methylene blue(MB). The experimental results revealed that the pH value had a great

influence on the adsorption capacity.
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Introduction

Synthetic dyes are used widely in textile, paper, plastic,
coating and other industries, which are stable and difficult to
degrade in the nature. A large of amount dyes were discharged
into the water systems with dyeing wastewater due to
improper processing and dying methods [1]. In the textile
industry, it was reported that 10-15 % dyes has not been
utilized during the dyeing process and released with the
effluents [2-4]. Many kinds of synthetic dyes are toxic,
which bring a risk to water system, aquatic organisms, soil
and human [5-7]. Several methods were applied to remove
dyes from wastewater, such as adsorption, membrane
separation, flocculation, and oxidation, et al. Adsorption is a
method commonly used to remove organic compounds from
wastewater for its easy handling and efficiency. Activated
carbon [8,9], graphene [10], bentonite [11], clay [12],
composite fiber [13], nanofiber membranes [14], iron oxide
nanomaterials [15], and magnetic multi-wall carbon nanotube
nanocomposite [16], have been utilized as adsorbents.
Among them, the activated carbon is a kind of adsorbent
commonly applied. Although activated carbon shows often
better adsorption capacity for dyes, but its adsorption capacity
depends on the raw materials and methods of manufacturing
[8,17]. Such as, adsorption capacity of polyvilnyldienefluoride
activated carbon fibers for methylene blue could reach
486 mg/g, while adsorption capacity of corncob based
activated carbon to methylene blue was 0.84 mg/g [8]. Many
of these materials are high cost, or non-renewable, or non-
biodegradable. In recent years, low cost biomaterials have
been developed and used in the field of wastewater treatment,
such as bagasse, rice husk, saw dust, pine cone, corncob,
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straw, jute fiber [18-23]. But, most of them had a limitation
in adsorption capacity and selectivity due to the surface
charge diversity of pollutants.

Cellulose is a kind of regenerated, biodegradable and eco-
friendly resource in nature. Cellulose molecules have many
active hydroxyl groups, so it can easily be chemically
modified according to the introduction of various functional
groups on hydroxyl [23]. Cotton fiber is a kind of renewable,
degradable natural cellulose fiber, which is low cost and
don't cause secondary pollution. Hyperbranched polymers,
such as hyperbranched poly(ethylene imine), hyperbranched
polyamide-amine, and hyperbranched polyester, have shown
efficiently to entrap heavy metal ions and organic molecules
in their interior [24-28]. Beta-cyclodextrin (-CD) is a torus-
shaped cyclic oligosaccharide made up of seven a-1,4-
linked-D-glucopyranose units. This structure gives rise to a
remarkable capacity to form inclusion complexes with
appropriate size organic molecules through host-guest
interactions, apart from the interactions of physical adsorption,
and hydrogen bonding [29-33]. Crini [32] prepared a serial
of crosslinked polymers containing B-CD, which were
applied to adsorb various dyes (C.I. Acid Blue 25, C.I. Basic
Blue 3, C.I. Reactive Blue 19, C.I. Disperse Blue 3) from
aqueous solutions. But, these crosslinked polymers were
powder, which could cause inconvenient recycling of
adsorbent. In this study, a versatile adsorbent based on
cotton fibers was prepared. Specifically, cotton fibers were
activated by NaOH to improve reactivity; then activated
cotton was chemically modified with -CD and NH,-HBP,
respectively. In this work, raw materials, such as cotton
fiber, B-CD and NH,-HBP, are biocompatible and bio-
degradable, which were applied to prepared adsorbent. The
modified cotton fibers were used to remove dyes from
aqueous solutions. CR and MB were chosen as the
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representatives of anionic and cationic dyes in the experiments.
Experimental

Materials

Cotton fibers were purchased in the local market.
hydrochloric acid (HCI), hydroxide (NaOH), sodium
periodates (NalO,), triethylene tetramine, methyl acrylate,
B-CD and glutaraldehyde (CsHgO,), ethanol, phenolphthalein,
CR and MB were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). These reagents were
used without purification further. An amino-terminated
hyperbranched polymer (HBP-NH,) was synthesized in
laboratory according to our previous study [34].

Pretreatment of Cotton Fibers

10 g Cotton fibers were boiled in 300 m/ of NaOH
aqueous solution (2 wt%) for 60 minutes. Then the fibers
were filtered and transferred into 300 m/ NaOH aqueous
solution (18 wt%) for 120 minutes at room temperature. The
fibers were then washed and dried to obtain activated cotton
fibers (named as ACF).

Preparation of Adsorbent

ACF were cut into segments about 5 mm and added to
sodium periodate aqueous solution (12 g//) for 2 h under
continuous stirring at 50 °C. Then the fibers were filtered,
washed and dried. ACF were oxidized selectively to obtain
dialdehyde-cotton fibers in this process (named as DA-
cotton). 10 g B-CD and 5 g DA-cotton were suspended in
500 m/ HCI aqueous solution (0.5mol//), and 10 m/
glutaraldehyde solution (25 %) was added into the above
mixture and stirred well. The resultant mixture was stirred at
70 °C for 2 h. After reaction, the fibers were filtered, washed
and dried at 50 °C, and the fibers was named as CD-cotton.
The CD-cotton were immersed into HBP-NH, solution
(20 g/I) and stirred for 2 h at 60°C, then the fibers were
flitted, washed with plenty of deionized water and dried at
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Figure 1. Preparation route of NC-cotton fibers.
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50°C. The products were named as NC-cotton, and they
were not further crushed, still retained the macro morphology
of cotton fiber. The preparation of the adsorbent is summarized
in Figure 1.

Characterization

The FT-IR spectroscopy measurements were used to
identify NC-cotton fiber with a Nicolet 5700. XPS measurements
were conducted with an Axis Ultra HAS system. The
morphologies and surface structures of ACF, DA-cotton,
CD-cotton and NC-cotton were characterized with Hitachi
S-4800 scanning electron microscope (SEM). The grafting
rate of B-CD on cotton fibers was determined according to
spectrophotometric method [35]. The absorbance of CR and
MB was estimated by UV/Visible spectroscopy (Hitachi,
U3010) at 498 nm and 664 nm, respectively. The concentrations
of CR and MB were calculated based on the corresponding
standard curves [36].

Adsorption Experiments

In the static adsorption experiments, adsorbents were
added to adsorbate solutions at a dosage of 1.0 g// for CR
and MB, respectively. Initial pH values of the CR and MB
solution were adjusted using HNO; and NaOH solutions.
The adsorption experiments were carried out at 30 °C, and
adsorption equilibrium time for CR and MB was 12 h. The
equilibrium adsorption capacities (g,) was calculated according
to the equation (1).

V(G =C)

9= M
where C,, C, are the initial concentration and equilibrium
concentration of adsorbate (mg//), respectively. V is the
volume (L) of adsorbate solution, and m is the mass of
adsorbent (g) used in the experiments. Three sets of level
experiments were conducted and the average values were
calculated for accurate investigation.

Results and Discussion

Characterization of NC-cotton Fibers

FTIR analysis, XPS characterization, and SEM study of
NC-cotton were conducted to describe the characteristics of
NC-cotton.

The infrared spectra of ACF, CD-cotton, and NC-cotton
fibers prepared were shown in Figure 2. It showed infrared
spectrum of ACF (a), CD-cotton (b) NC-cotton (c). In the
spectrum of (b), a new peak appeared at 1729 cm™, which
showed the carbonyl (C=O) stretching vibration of the
aldehyde group. In the infrared spectrum of CD-cotton and
NC-cotton, the characteristic peak of B-CD and cellulose
roughly coincide due to B-CD and cellulose being composed
of cyclic glucose [37]. While, a stronger peak at 896 cm™
corresponding to B-glucoside bond in the spectrum of (b)
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Figure 2. FT-IR spectra of fibers; (a) AFC, (b) CD-cotton, and
(c) NC-cotton.

and (c) could be observed, which suggested f-CD was
crosslinked to the fibers. In the spectrum of (c), the peak at
1729 cm™ disappeared and a new peak at 1554 cm™ appeared,
which was attributed to N-H bending vibration absorption
peak of imine group in NC-cotton. The weakening band at
1427 cm™ revealed the reduction in intermolecular or
intramolecular hydrogen bonding between the hydroxyl
groups of cellulose from cotton fibers to NC-cotton fibers.
This indicated that the crystallinity of the cotton fibers
reduced after chemical modification. The characteristic
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absorption bands of cellulose at about 3409, 2906 and
1052 cm™ have no significant change. It suggests that the
main composition and structure of the cotton fibers didn't
change after chemical modification [38].

The chemical state of the elements in NC-cotton was
further investigated by XPS to (Figure 3). The wide scan
XPS spectrum (Figure 3(a)) of ACF, CD-cotton and NC-
cotton displayed photoelectron lines at binding energies of
about 284, 399 and 530 eV, which can be attributed to Cls,
N1s and Ols, respectively. The high resolution Cl1s peaks of
ACF, CD-cotton and NC-cotton are showed in Figure 3(b)-
(d). The Cls peak of ACF can be divided into two
components (Figure 3(b)): the carbon in C-C (284.4 eV) and
the carbon in C-O (286.3 ¢V). The Cls peak of CD-cotton
can be divided into three components (Figure 3(c)): the C-C
species (284.6 eV), C-O species (286.2 eV) and C=0 species
(288.3 eV). The Cls spectra of the NC-cotton contains three
peaks at 284.6, 285.6, 286.4 ¢V, corresponding to the C-C,
C-N, C-O bonds, respectively (Figure 3(d)). Obviously, the
nitrogen element existed in the NC-cotton due to the
chemical interaction.

The surface morphology of cotton fibers after chemical
modification with B-CD and NH,-HBP respectively were
revealed by SEM. As shown in Figure 4, The surface of
ACF (a) was smooth and no obvious feature. There are
many grooves and cracks on the surface of DA-cotton (b),
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Figure 3. XPS spectra of ACF, CD-cotton and NC-cotton; (a) wide scan, (b) Cls spectra of ACF, (c) Cls spectra of CD-cotton, and (d) Cls

spectra of NC-cotton.
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Figure 4. SEM images; (a) ACF, (b) DA-cotton, (c) CD-cotton, and (d) NC-cotton.

which could be attributed to the oxidation and hydrolysis of
the cellulose macromolecule chains, leading to part of the
cellulose chain breaking, and the further decomposition of
the cotton fiber crystal zone. While some grooves on the
surface of CD-cotton (c) were filled up after B-CD grafted,
and the grooves on the surface of NC-cotton are obviously
covered by a layer of film after grafting NH2-HBP (d).
These changes indicated B-CD and HBP-NH2 being
crosslinked or grafted to the surface of cotton fibers.

The grafting rate of f-CD on cotton fibers was determined
according to spectrophotometric method [34]. 250 mg//
phenolphthalein standard solution (volume ratio of ethanol
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to water was 1:1), 30 mg// anhydrous sodium carbonate
standard solution, and a series of -CD standard solutions of
different concentration (10, 15, 20, 25, 30, 35, 40, 45,
50 mg/l) were prepared were prepared. 2 m/ phenolphthalein
standard solution and 2 m/ anhydrous sodium carbonate
standard solution were added into the above f-CD standard
solutions and mixed evenly, respectively, and the absorbance
were measured at 553 nm. The absorbance drop value was
obtained using the absorbance value of the blank solution
without B-CD subtracting the absorbance value of mixture
solutions with f-CD and phenolphthalein. Then the corre-
sponding standard curve and regression equation could be

(b) B ———————————%
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Figure 5. Effect of pH; (a) UV-vis spectra of CR with different pH and (b) effect of pH values on the adsorption capacity of NC-cotton.
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acquired. A certain amount of grafted f-CD cotton fibers
was added to the solution containing phenolphthalein and
sodium carbonate, and the absorbance were determined at
553nm. The grafting rate of B-CD on cotton fibers was
calculated according to the formula (2).

R (mg/g) = C x Vim @)

where R (mg/g) is the grafting rate of B-CD on cotton fibers,
C is the concentration of B-CD (g//), V is the volume of
solution (m/), and m is the mass of fibers (g).

The experimental results showed that the grafting rate of
B-CD on cotton fibers was about 96 mg/g in CD-cotton .

Effect of the pH Value on Adsorption

The effect of solution pH on adsorption capacity was
investigated at initial concentration being 250 mg//, 12 h and
1.0 g/l adsorbent at 30 °C. The pH value of the solution plays
a significant role in the adsorption process, which can
influence the surface charge of the adsorbent, the degree of
ionization, even the molecule structure of the adsorbate in
the solution [39,40]. Figure 5(a) showed the variation of
maximum absorption wavelength and absorbance at the
same concentration (10 mg//) and different pH values. It
could be seen the maximum absorption wavelength and
absorbance changed constantly when pH smaller than 6.5,
while the maximum absorption wavelength and absorbance
did not change with increasing the pH value . This suggested
that the pH value can changed the molecule structure of CR
in aqueous solution. As shown in Figure 5(b), The adsorption
capacity for CR was relatively large when the pH value was
small, which could be attributed to protonated adsorbent
promoting adsorption at lower pH value. The adsorption
capacity declined and remained stable with the pH value
increasing from 4 to 10; and decreased dramatically with
increasing the pH wvalue, which could be due to the
electrostatic repulsion increasing between the adsorbent and
CR. It can be seen from Figure 5(b) that the adsorption
capacity for MB by NC-cotton remarkably increased as the
initial solution pH increased from 2 to 6, which can be
attributed to excess H' competed with MB for adsorption
sites of NC-cotton when pH was lower. In addition, NC-
cotton became protonated at lower pH, and the electrostatic
repulsion of the high concentration of H™ prevents MB
approaching to the surface of the adsorbent. With an increase
in the solution pH, the electrostatic attraction between MB
and the adsorbent was improved, which resulted in an
increase adsorption capacity. In addition, hydrophobicity of
MB was enhanced and the effect on electron-rich cavity of
B-CD was weakened with the increase of pH value, and
promoting MB molecule more easily enter the cavity of -
CD forming stable inclusion. CR is a typical anionic dye,
and NC-cotton showed larger adsorption capacity for it,
which could be due to comprehensive effects of electrostatic
attraction, chemisorption and host-guest interactions. The
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results showed the pH value played a significant role in the
adsorption process. According to effect of the pH value on
adsorption, the pH value of CR and MB solutions were
adjusted to 7.3 and 8.0 in the adsorption experiments,
respectively.

Adsorption Capacity of NC-Cotton for Dyes

Figure 6 showed the adsorption capacity of raw cotton,
CD-cotton, and NC-cotton. As shown in the image, CD-
cotton and NC-cotton exhibited a more large adsorption
capacity for CR and MB than that of raw cotton, indicating
both CD-cotton and NC-cotton could enhance the adsorption
performance of cotton fibers for dyes. The adsorption
capacity of raw cotton was 15.3 mg/g for CR and 9.6 mg/g
for MB, and the adsorption capacity of CD-cotton was
35.2 mg/g for CR and 40.6 mg/g for MB. Compared with
CD-cotton, NC-cotton showed better adsorption performance
for CR and MB with corresponding equilibrium adsorption
capacities reaching up to 188.6 mg/g and 81.7 mg/g
respectively. The adsorption of cotton fiber for CR and MB
can be attributed to surface adsorption, hydrogen-bonding
and inclusion. NC-cotton had a larger adsorption capacity
for CR, which can be attributed to strong electrostatic
attraction between adsorbent and CR due to NC-cotton
containing many amino groups. In addition, hydrogen-bonding
force between adsorbent and dyes cannot be ignored. After
chemical modification of cotton fibers, the crystallinity
decreases, the micropores increase and the surface coarsens,
which could improve the adsorption performance of cotton
fibers for dyes. So, the adsorption mechanism for CR and
MB can involve several kinds of interactions: physical
adsorption, hydrogen-bonding, electrostatic attraction, and
formation of an inclusion complex between -CD molecules
and dyes.

Adsorption Kinetics
The study of adsorption kinetics describes the solute
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Figure 6. Adsorption capacity for both CR and MB of raw cotton,
CD-cotton, and NC-cotton.
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Table 1. Kinetic parameters and experimental adsorption capacities
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q.(exp) Pseudo-first order Pseudo-second order
Adsorbate - > -
(mg/g) o1 (mg/g) ki(g/mg-min) R 4.2 (mg/g) k, (g/mg-min) R’
CR 188.6 146.9 0.0048 0.8348 179.8 0.0003 0.9954
MB 81.7 432 0.0059 0.7680 84.5 0.0007 0.9895
adsorption rate, which commands the residence time of (a) 200 —————r———— 120
adsorbate adsorption at the solid-solution interface, and it’s ecR * -
beneficial to design a fast and effective model [41]. The —a-MB L 100
adsorption kinetics for CR and MB by NC-cotton were ]
evaluated using the pseudo-first order (3) and the pseudo- s —s g
second order equations (4) [41], which express the mechanism 1204
of solute adsorption onto an adsorbent. © Leo
E 2
In(g.—q,) = Ing,—k,t 3) =" Fao e
L=t @) o
q: kzq e qe
T 0

where ¢, and ¢, are the amount adsorbed at time t and at
equilibrium (mg/g), k, (min™) and &, (g/mg-min) represent
the rate constants of the pseudo-first-order and pseudo-
second-order kinetic equations, respectively.

The adsorption kenitics was investigated at dye initial
concentration being 250 mg//, and the adsorption process for
CR and MB was completed within 12 h. Figure 7 illustrates
adsorption capacity (g,), the pseudo-first order, and pseudo-
second order adsorption kinetics for CR and MB. It can be
seen that adsorption equilibrium was reached within 2 h for
MB, and within 4 h for CR. The adsorbent capacity for CR
and MB increased rapidly within first hour, which due to the
electrostatic attraction and host-guest inclusion between the
adsorbate and adsorbent. A considerable amount of adsorption
before equilibrium may be attributed to other chemical
interactions or physical forces, such as the hydrogen bond,
complexation between the adsorbate and the active groups
of NC-cotton, and the needed interaction time may be the
result of the slower adsorption process [36]. The corresponding
parameters calculated and experimental adsorption capacities
were shown in Table 1. It can be seen that the correlation
coefficients (R?) and the theoretical adsorption capacities
(Qye) calculated from pseudo-second order kinetic equation
shows a higher correlation and consistence to the experimental
data than those from pseudo-first-order kinetics, which
demonstrates pseudo-second-order kinetic could describe
reasonably the adsorption process.

Adsorption Isotherms

Adsorption isotherms describe how the adsorbent interacts
with the adsorbate, which are important for optimizing the
use of the adsorbent. Adsorption equilibrium is established
when an adsorbate has been contacted with the adsorbent for
sufficient time, and the adsorbate concentration in the bulk
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Figure 7. (a) Adsorption behavior for CR and MB, (b) pseudo-
first-order kinetic plots, and (c) pseudo-second-order kinetic plots.
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solution reaches a dynamic balance with the interface
concentration [42]. Langmuir and Freundlich adsorption
isotherms are investigated in this study. The Langmuir
isotherm model presumes that the surface of adsorbent is
homogeneous, and adsorbate can cover on the surface of
adsorbent with monolayer, and adsorption can only occur at
a fixed number of definite localized sites, with no lateral
interaction and steric hindrance between the adsorbed
molecules [43]. The Freundlich isotherm mode can be
applied to multilayer adsorption, with non-uniform distribution
of adsorption heat and affinities over the heterogeneous
surface [43]. The linearized Langmuir equation (5) and
Freundlich equation (6) [44] are expressed as below,
respectively:

C C,
e )
9. 9'max KLqmax
1
Ing, = zlnCeHnKF (6)

where, ¢, is the equilibrium adsorption capacity (mg/g), C, is
the equilibrium concentration (mg//) in solution, g, is the
maximum monolayer amount of adsorbent (mg/g). Langmuir
constants (K;) is the adsorption equilibrium constant related
to the energy of adsorption.

Figure 8 shows Influence of initial concentrations on the
adsorption capacity and the linear fitting of Langmuir
isotherm and Freundlich isotherm for CR and MB. As
shown in Figure 8(a), the adsorption capacity at equilibrium
for CR and MB increase rapidly at beginning, and then tends
to level off with increasing initial concentration. The
adsorption constants for Freundlich and Langmuir isotherm
models, and the correlation coefficients (R*) were listed in
Table 2. As show in Table 2, the g, of NC-cotton was
236.6 mg/g for CR, 95.8 mg/g for MB, and the adsorption
conformed better to the Freundlich isotherm model (R*=
0.9935, 0.9962) than Langmuir isotherm model (R*=0.9434,
0.8368). It can be seen from Figure 8(a) that the adsorption
capacity for CR was higher than MB by NC-cotton, which
can be attributed to NC-cotton containing multiple amino
groups, and CR is an anionic dye at pH>5.5, so it could
aggregate more CR molecules by electrostatic attraction.

Regeneration of NC-cotton
After five recycles of desorption and re-adsorption
experiment, the adsorption capacity of NC-cotton for CR

Table 2. Langmuir and Freundlich parameters for adsorption isotherms of NC-cotton

Langrnuir Freundlich
Adsorbate 5 2
Gmax KL R n K/’ iy
CR 236.6 0.0051 0.9434 2.9585 4.6342 0.9935
MB 95.8 0.0024 0.8368 1.4396 3.1574 0.9962
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Figure 9. Adsorption capacity of the regenerated NC-cotton.

and MB showed a decrease (Figure 9). Nevertheless, the
adsorption capacity maintained still for CR and MB was
above 80 % after five regenerations. The desorption
experiments in this work were done using 0.1 M HCI
aqueous solution or 0.1 M NaOH solution. The regeneration
property of the adsorbent has an important effect on its cost,
and desorption studies of adsorbent can provide important
insight for the adsorption mechanism [36]. Desorption of the
adsorbate using water suggests the attachment of weak
physisorption between adsorbate and adsorbent, and
desorption with strong mineral acid or base shows the
involvement of electrostatic interaction [45]. The amino
groups in the NC-cotton are deprotonated under alkaline
conditions, reducing the electrostatic attraction between CR
and the CR, whereas the interaction between NC-cotton and
methylene blue is weakened in acidic solution, which are
favorable for dyes desorption. This is consistent with the
result of the effect of pH values on adsorption. When
desorbing, some dye molecules are not released from NC-
cotton, resulting in adsorption sites decreased, so adsorption
capacity for CR and MB decreased as the increase of cycles.

Conclusion

Cotton fibers was chemically modified with NH,-HBP
and B-CD, and its characteristics and application for the
removal of CR and MB from aqueous solution were
investigated in this work. It could reach adsorption equilibrium
within 4 h for MB and CR. NC-cotton showed better
adsorption performance for CR and MB than raw cotton and
CD-cotton. The adsorption behaviors for dyes were more
agreed with pseudo-second-order kinetic equation and
Freundlich isothermal model. The proposed adsorption
mechanism could be attributed to several kinds of interactions:
physical adsorption, hydrogen-bonding force, electrostatic
attraction, and formation of an inclusion complex through

Fibers and Polymers 2017, Vol.18, No.11 ~ 2109

host-guest interactions. Adsorption isotherms investigation
showed After five repetition of desorption and re-adsorption,
the adsorption capacity of NC-cotton maintained still for CR
and MB was above 80 %.

Acknowledgements

This research was funded in part through a grant by the
National High Technology Research and Development
Program of China (No. 2012AA030313), and Key Laboratory
for Processing of Sugar Resources of Guangxi Higher
Education Institutes (2015TZYKFO03).

References

1. U. Filipkowska, E. Klimiuk, S. Grabowski, and E. Siedlecka,
Pol. J. Environ. Stud., 11, 315 (2002).

2. F. Rafii, J. D. Hall, and C. E. Cerniglia, Food Chem.
Toxicol., 35, 897 (1997).

3. I. M. Bassat, P. Nigam, D. Singh, and R. Marchant,
Bioresour. Technol., 58,217 (1996).

4. W. Zhang, H. Yang, L. Dong, H. Yan, H. Li, Z. Jiang, X.
Kan, A. Li, and R. Cheng, Carbohydr. Polym., 90, 887
(2012).

5. E. Forgacs, T. Cserhati, and G. Oros, Environ. Int., 30, 953
(2004).

6. T. Platzek, C. Lang, G. Grohmann, U. S. Gi, and W. Baltes,
Hum. Exp. Toxicol., 18, 552 (1999).

7. Ngaha, W. S. N. Teonga, and L. C. Hanafiah, Carbohydr.
Polym., 83, 1446 (2010).

8. M. Rafatullaha, O. Sulaimana, R. Hashima, and A. Ahmadb,
J. Hazard. Mater., 177,70 (2010).

9. B. H. Hameed, A. T. M. Din, and A. L. Ahmad, J. Hazard.
Mater., 141, 819 (2007).

10. W. Zhang, C. Zhou, W. Zhou, A. Lei, Q. Zhang, Q. Wan,
and B. Zou, Bull. Environ. Contam. Toxicol., 87, 86 (2011).

11. S. Hong, C. Wen, J. He, F. Gan, and Y.-S. Ho, J. Hazard.
Mater., 167, 630 (2009).

12. D. Ozdes, C. Duran, and H. B. Senturk, J. Environ
Manag., 92,3082 (2011).

13. F. Ji, C. Li, J. Xu, and P. Liu, Colloid Surf. A-Physicochem.
Eng. Asp., 434, 88 (2013).

14. P. K. Neghlani, M. Rafizadeh, and F. A. Taromi, J. Hazard.
Mater., 186, 182 (2011).

15. P. Xu, G. M. Zeng, D. L. Huang, C. L. Feng, S. Hu, M. H.
Zhao, C. Lai, Z. Wei, C. Huang, G. X. Xie, and Z. F. Liu,
Sci. Total Environ., 424, 1 (2012).

16. J.-L. Gong, B. Wang, G-M. Zeng, C.-P. Yang, C.-G. Niu,
Q.-Y. Niu, W.-J. Zhou, and Y. Liang, J. Hazard. Mater.,
164, 1517 (2009).

17. M. K. Purkait, A. Maiti, S. DasGupta, and S. De, J.
Hazard. Mater., 145, 287 (2007).

18. V. S. Mane and P. V. Vijay Babu, Desalination, 273, 321
(2011).



21

19

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

10 Fibers and Polymers 2017, Vol.18, No.11

. N. M. Mahmoodi, B. Hayati, M. Arami, and C. Lan,
Desalination, 268, 117 (2011).

Z. Zhang, L. Moghaddam, I. M. O’Hara, and W. O. S.
Doherty, Chem. Eng. J., 178, 122 (2011).

G. Mckay, J. F. Porter, and G. R. Prasad, Water Air Soil
Poll., 114, 423 (1999).

A. Roy, S. Chakraborty, S. P. Kundu, B. Adhikari, and S.
B. Majumder, Ind. Eng. Chem. Res., 51, 12095 (2012).

D. W. O’Connell, C. Birkinshaw, and T. F. O’Dwyer,
Bioresource Technol., 99, 6709 (2008).

M. Arkas and D. Tsiourvas, J. Hazard. Mater., 170, 35
(2009).

P. Liu and T. Wang, J. Hazard. Mater., 149, 75 (2007).

M. Arkas, L. Eleades, C. M. Paleos, and D. Tsiourvas, J.
Appl. Polym. Sci., 97, 2299 (2005).

C. F. Zang, D. S. Zhang, and J. Q. Xiong, J. Eng. Fiber
Fabr., 9,165 (2014).

F. Ma, R. Qu, and C. Sun, J Hazard. Mater., 172, 792
(2009).

M. Mihailiasa, F. Caldera, and J. Li, Carbohydr. Polym.,
142, 24 (2016).

T. N. T. Phan, M. Bacquet, and M. Morcellet, React. Funct.
Polym., 52,117 (2002).

Y. Chao, Z. Y. Jin, X. M. Xu, H. N. Zhuang, and W. Y.
Shen, Food Chem., 109, 264 (2008).

32
33

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

Xinxia Yue et al.

. G. Crini, Bioresource Technol., 90, 193 (2003).

. E. M. Del Valle, Process Biochem., 39, 1033 (2004).

F Zhang, Y. Chen, H. Lin, and Y. Lu, Color. Technol., 123,
351 (2007).

M. Makela, T. Korpela, and S. Laakso, J. Biochem. Bioph.
Meth., 14, 85 (1987).

J. Xiong, C. Jiao, C. Li, D. Zhang, H. Lin, and Y. Chen,
Cellulose, 21,3073 (2014).

Y. Xia and J. Wan, Polym. Adv. Technol., 19, 270 (2008).
S. Saad, K. M. Isa, and R. Bahari, Desalination, 264, 123
(2010).

R. Qu, C. Sun, and M. Wang, Hydrometallurgy, 100, 65
(2009).

K. K. Krishnani, X. Meng, and C. Christodoulatos, J.
Hazard. Mater., 153, 1222 (2008).

N. M. Mahmoodi, B. Hayati, M. Arami, and C. Lan,
Desalination, 268, 117 (2011).

K. V. Kumar and S. Sivanesan, Dyes Pigment., 72, 130
(2007).

K. Vijayaraghavan, T. V. N. Padmesh, K. Palanivelu, and
M. Velan, J. Hazard. Mater., B133, 304 (2006).

Z.Hu, H. Chen, F. Ji, and S. Yuan, J. Hazard. Mater., 173,
292 (2015).

A. Roy, B. Adhikari, and S. B. Majumder, /nd. Eng. Chem.
Res., 52,6502 (2013).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


