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ABSTRACT: A novel chitosan-based composite (CTS/ZSM) made of chitosan and ZSM molecular sieve was prepared under microwave
irradiation and was used for the removal of Cu (II) ions from aqueous solution. The composites were characterized by FTIR spectra,
XRD spectra, and thermogravimetric analysis. The effects of the ZSM content, amount of glutaraldehyde and pH value on adsorption
properties of Cu (II) ions by CTS/ZSM were discussed in detail. Contrast with crosslinked chitosan (CCTS), the CTS/ZSM had higher
adsorption capacity for Cu (II). Kinetic studies showed that the adsorption of Cu (II) onto CTS/ZSM composite had low correlation
coefficients for the pseudo-first and -second order model and intraparticle diffusion model. The equilibrium process was better

described by the Langmuir than Freundlich isotherm model. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 86-93, 2013
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INTRODUCTION

As a result of today’s widely industrialized society, heavy metal
contamination of various water resources is becoming of great
concern because of the toxic effect to human beings and other
animals and plants in the environment.'™ Copper, in particular,
is extensively utilized in the electrical plants, and in the manu-
facture of fungicides and antifouling paints. It could cause
harmful, acute and even fatal effect when Copper ions are
ingested at high concentration.* Conventional methods that
have been employed for the removal of copper ions from indus-
trial effluents usually include chemical precipitation,” membrane
separation,®” adsorption,® ion exchange,”'® and so on. These
technologies have distinct limitations and disadvantages, such as
being costly or ineffective, especially in removing metal ions
from dilute solutions. One of the new developments for metal
removal in recent years is to use bio-sorbents''™"? that contains
effective functional groups to bind metal ions. Biopolymers are
potential adsorbents due to their biodegradability, nontoxicity,
and high efficiency.

Chitosan (CTS), a polymer made up of glucosamine units,
mainly results from deacetylation of chitin,'*'> which is the sec-
ond abundant polymer in nature next to cellulose. CTS have
many useful features such as hydrophilicity, biodegradability,
biocompatibility, antibacterial property, and the ability to bind
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with transition metals. Many metallic ions, such as Cu (II), Cd
(I), Cr (III), Cr (VI), U (VI), Pb (II), Hg (II), Co (II), and Ni
(IT) can be chemically or physically adsorbed by chitosan or chi-
tosan derivatives from aqueous solutions.'®?* It was observed
that the amino groups on CTS chains serve as the coordination
sites to the uptake of transition metal ions.'>**™>> The major
employment limitation of chitosan is however in their poor
acidic resistance and mechanical strength. A number of attempts
have been made to enhance the chemical stabilities of the chito-
san in acidic conditions through chemical crosslinking reaction
with various cross-linking agents,”*>° such as glutaraldehyde
(GA), ethylene glycol diglycidyl ether (EGDE), epichlorohydrin
(ECH) and so on. The fact that crosslinked chitosan (CCTS)
become very stable and maintains their strength even in acidic
and basic media enlarges application scale of CTS. Compared to
pristine CTS, however, the adsorption capacity for metal ions of
CCTS generally decreased, mainly due to a reduction of adsorp-
tion groups or enhancement of steric hindrance.'> Various ways
have increasingly been used to enhance the adsorption capacity
of CTS and CCTS, such as coating CTS on an organic sup-
ports’>? or the introduction of inorganic powders or par-
ticles”™ 7 to the CTS matrix. This is becoming an important
approach to improve the performance of chitosan-based resins.

In this article, we aimed to find an effective and convenient
approach to prepare chitosan-based adsorbents using microwave
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irradiation. Microwave irradiation has received increasing inter-
est in organic synthesis due to remarkable enhancements of
some organic reactions and significant effects over conventional
reaction.”®>® In this study, the ZSM molecular sieve (ZSM) was
used to improve the adsorption capacity of CCTS and the chi-
tosan/ZSM molecular sieve composites (CTS/ZSM) were pre-
pared under microwave irradiation. Copper ions adsorption
onto CTS/ZSM from aqueous solution was investigated in
detail. The influence of experimental conditions such as ZSM
contents and amount of glutaraldehyde were studied. The
adsorption rates were determined quantitatively and analyzed by
the first-order and second-order kinetic model and intra-parti-
cle diffusion model. The Langmuir and Freundlich equations
were used to fit the equilibrium isotherm data.

EXPERIMENTAL

Materials and Instruments

Chitosan (degree of deacetylation: 85%) was purchased from
Shandong Ao-Kang biotech. Glutaraldehyde(GLA) 20% water
solution was analytical-grade reagents and was obtained from
Tianjin North Chemical Reagent Factory. ZSM molecular sieve
(Si0,/AL,05: 30-35) was supplied by Shandong Qi-Lu Huaxin
Industry. All other reagents and solvents were used on analytical
grade without further purification. All solutions were prepared
with distilled water. A microwave oven (MM721AAU-PW) pro-
duced by Guangdong Midea microwave oven manufacturing
was employed to promote the reaction.

Preparation and Characterization

Preparation of CTS/ZSM Composite Under Microwave
Irradiation. About 0.5 g CTS was distilled in 50 mL of 2% ace-
tic acid with magnetic stirring and the ZSM molecular sieve
was added. And then the mixed solution was put under ultra-
sonic radiation for half an hour. Then 20% GLA solution was
added to the solution and stirring continued for next 10 min.
And the mixed solution was put under microwave irradiation at
middle grade for 3 min, so the CTS/ZSM composite was cross-
linked. The obtained product was precipitated with 5% NaOH
solution and washed with distilled water several times until the
washing liquid became neutralized. The composites with
different ZSM contents and different crosslinker amount were
prepared at the same steps and the products were dried in a
vacuum oven at 60°C.

Characterization of the CTS and CTS/ZSM Composites. FTIR
spectra of the solid products were recorded on a Nicolet 380
spectrophotometer (Thermo-electron corporation, USA) using
KBr pellets. Wide angle X-ray diffraction (XRD) measurements
were performed at room temperature with an Ultima IV X-ray
diffractometer (Rigaku, Japan) using Cu Ku radiation. The sur-
face of CTS/ZSM composites were observed under a VHX-600E
Super field depth 3D microscopy (Keyence, Japan). And thermal
gravimetric analyses (TGA) were performed on CTS and CTS/
ZSM samples using TG/DT6300 (NSK, Japan) in the tempera-
ture range of 20-600°C at a heating rate of 10°C per minute.

Adsorption Experiments
All batch adsorption experiments were carried out by mixing
0.2 g sample with 50 mL aqueous solution of copper sulfate
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with desired concentration at room temperature for a given
time. The pH value of Cu (II) solution was adjusted with acetic
acid using a mettler-Toledo 320 pH-meter. The pH dependency
of Cu (II) adsorption by CTS/ZSM composites was studied in
the pH range of 2.5-8. The initial pH of the Cu (II) solution
was adjusted using HCI (or acetic acid) or 0.10 mol L™' NaOH
solutions. A series of adsorption studies were also conducted
under the optimum pH value to investigate the effect of ZSM
contents and amount of glutaraldehyde.

Batch kinetic experiments were conducted by mixing 0.2 g sam-
ple with 50 mL Cu(Il) ions solution (Co: 30 mmol L™') at
room temperature for predetermined intervals of time. For
equilibrium adsorption experiments, 50 mL of various initial
concentration of Cu (II) solution was added with 0.2 g sample
and the adsorption continued until the equilibrium was
established. Both the initial and the final concentration of Cu
(II) solution were measured by EDTA titrimetric method using
a spectrum Lab 54 UV-vis spectrophotometer (Shanghai Leng-
guang Tech).

The adsorption capacity of the samples for Cu (II) ions was
calculated through the following equation:

q=(Cy—C)V/m (1)

where g is the amount of Cu (II) adsorbed at time t or at equi-
librium (mmol gfl). C, is the initial concentration of Cu (II)
solution (mmol L™"). C is the liquid-phase Cu (II) concentra-
tion at time ¢ or at equilibrium (mmol L™!) and m is the mass
of the adsorbent used (g), and V'is the volume of Cu (II) solu-
tion (L).

Further experiments were proceeded to investigate the regenera-
tion and repeatability of the CTS/ZSM composites. The CTS/
ZSM resin adsorbed Cu (II) ions was dipped into 0.10 mol L™*
HCI solution stirring for 5 h at room temperature to remove
the Cu (II) ions and then was treated with 0.1 mol L™! NaOH
for 5 h. Finally it was filtered and washed thoroughly with dis-
tilled water to neutrality and dried in a vacuum oven at 50°C.
The dried resin obtained was used in regeneration adsorption
experiment and the process was repeated for five times to
observe the reusability of samples.

RESULTS AND DISCUSSION

Characterization of CTS and CTS/ZSM

In this experiment, the ZSM molecular sieve was incorporated
to improve the adsorption capacity of crosslinked CTS. Figure 1
showed the FTIR spectra of CTS, CCTS, and CTS/ZSM. It was
observed from Figure 1(a—c) that the intense band at around
3445 cm™' should be assigned to the stretching vibration of
O—H and N—H on chitosan chains. The characteristic peaks of
amide groups in CTS chain, amide I and amide II bands at
1647 and 1540 cm ™', were observed respectively.

Comparing with the pristine CTS, the new peak in CCTS and
CTS/ZSM composite at 1640 cm ™' represented the formation of
the imine (C=N) linkage which confirmed that cross-linking
reaction had taken place. The absorption band at about 470
cm ™" in Figure 1(c) should be assigned to the bending vibration
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Figure 1. FTIR spectra of CTS (a), CCTS (b), and CTS/ZSM (c).

of Si—O groups in ZSM molecular sieve. So the crosslinked
CTS/ZSM composites were successfully prepared under micro-
wave irradiation and the reaction time could be shortened com-
pared to conventional methods.”*~*

Figure 2 depicted the XRD spectra of CTS and CTS/ZSM. The
XRD patterns of CTS represented the distinct crystalline peaks
at angles of 20 = 10° and 20°. This was due to plenty of
hydroxyl and amino groups existed in the chitosan chains,
which can form stronger intermolecular and intramolecular
hydrogen bonds.”>*° In addition, the structure of chitosan mol-
ecules had certain regularity. As a result, chitosan molecules can
form crystalline regions easily. However, as regards CTS, the
characteristic peak at angle of 20 = 10° in CTS/ZSM disap-
peared, and the characteristic peak at angle of 20 = 20°
decreased obviously. And new peaks at angles of 20 = 22° and
30° should be characteristic of ZSM molecular sieves. So it can
be inferred that the introduction of ZSM and crosslinking
resulted in the decrease of crystallinity caused by CTS chains.

10 20 30 40
2 Theta

Figure 2. XRD spectra of CTS (a) and CTS/ZSM (b).
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Figure 3. TGA curve of CTS (a) and CTS/ZSM (b).

The results from TGA analysis were presented in Figure 3. As
shown in Figure 3, chitosan which had two main decomposition
stages with one starting at 260°C and another starting at around
330°C completely burnt out at 600°C. The TGA curve of CTS/
ZSM which showed similar decomposition stages of CTS with a
relatively less weight loss indicated that the thermal property of
CTS was enhanced through cross-linking and adding of ZSM
molecular sieve.

Figure 4 showed the micrograph of CTS/ZSM and it was indi-
cated that the surface were porous and rough.

Effect of ZSM Content on Cu (II) Adsorption

Figure 5 showed the variation of ZSM molecular sieve content
(wt %) on Cu(Il) adsorption capacity of CTS/ZSM composites.
From Figure 5, it can be observed that the ZSM amounts signif-
icantly affected the adsorption performance though the ZSM
molecular sieve had little adsorption for Cu (II) ions while used
alone. The adsorption uptake of ZSM/CTS for Cu (II) showed
maximum adsorption capacity at 4 wt % ZSM content, and
then decreased with further addition of the ZSM. When the

Figure 4. Micrograph of CTS/ZSM composite.
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Figure 5. Effect of ZSM contents on Cu (II) adsorption.

ZSM ratio was <10 wt %, ZSM molecular sieve could act as
physical crosslinking points which made the chitosan more reg-
ularly arrangement in the crosslinked chitosan network.*' So
the more adsorption sites could be exposed to make the adsorp-
tion capacity larger than CCTS. Once the ZSM content
exceeded 10 wt %, instead of providing physical cross-linking,
excess ZSM component acted as filler in the polymeric network
of the composite. Because the adsorption capacity of ZSM for
Cu (II) was much low, the filled ZSM may greatly decrease the
adsorption capacity of the CTS/ZSM composites.

Effect of Amount of Glutaraldehyde on Cu (II) Adsorption

In the experiment when the amount of 20% GLA solution
reached at least 0.6 mL, the composite can form effective and
adequate strength. The influence of amount of GLA on Cu (II)
adsorption was shown in Figure 6. When the amount of the
cross-linker increased, the uptake of the Cu (II) on CTS/ZSM
first increased and then decreased. The increase in Cu (II)
adsorption was mainly attributed to the low levels of crosslink-
ing agent in the complex preventing the formation of closely
packed chain arrangements. The next decrease in the adsorption
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Figure 6. Effect of amount of glutaraldehyde on Cu (II) adsorption.
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owned to the decrease of amine group because of the crosslink-
ing reaction and at higher levels of crosslinkers the products
had lower swelling capacities because of the more extensive
three-dimensional network."”

Effect of pH Value on Cu (II) Adsorption

The pH value of the metal ion solution played an important
role on the adsorption capacity in the whole adsorption process.
Figure 7 showed the influence of pH, of Cu (II) ion solution
on the adsorption capacity of CTS/ZSM composites. It can be
seen from Figure 7 that the adsorption capacity increased
sharply when pH, of Cu (II) solution increased from 2.5 to 5.2,
and then decreased a little with the increase of pH, from 5.2 to
8.0. At low pHy, most of the amino groups of CTS in the com-
posite were ionized and presented in the form of NHY, electro-
static repulsion between Cu (IT) and NH;  ions may prevent the
adsorption of Cu (II) ions onto the composite.' When pH,
value raised, more amino groups could chelate and adsorb Cu
(II) ions and adsorption capacity increased. Considering the pre-
cipitation formation of Copper when the pH value of Cu (II)
solution exceeds 8.0, the pHj, of 5.2 was selected as the initial pH
value of Cu (II) solution for other adsorption experiments.

Adsorption Kinetics

The adsorption kinetics of Cu (II) was illustrated in Figure 8.
The adsorption capacity increased with time during the initial 5
h of the sorption process. After that, the uptakes increased
slowly and reached equilibrium value.

To obtain further insight into the mechanism of the adsorption of
Cu (II) on CTS/ZSM, a pseudo-first order and pseudo-second
order kinetic models were cited to evaluate the experimental data.
The pseudo-first order kinetic model** can be formulated as:

kit
.303

log(g. — q1) = log q. — 5 (2)

The pseudo-second order kinetic model*’ can be expressed as:
t 1 t
LA . 3)
a kg 4
2.5
20 a
".'r\ / \I—'—‘_.
on ] \
E ./ L]
E st
z
&
§
1.0 |
ke
]
3 05F
L]
0.0 | .
2 3 4 5 6 7 8
rH,

Figure 7. Effect of pH value on Cu (II) adsorption.
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Figure 8. Adsorption kinetics of Cu(II) on CTS/ZSM.

ge and g, (mmol g~') are the adsorption capacities at equilib-
rium and at time t, respectively. k; (min™') is the rate constant
of the pseudo-first order adsorption and k, (gmmol ' min™")
is the rate constant of the pseudo-second order adsorption. All
the corresponding parameters obtained from the linear plots of
log (q. — q,) versus t and t/q, versus t was also listed in
Figure 8.

It can be seen that the linear correlation coefficient (R) for the
pseudo-first order kinetic model and pseudo-second order
model were 0.9334 and 0.6096, respectively. Their calculated
equilibrium adsorption capacities g,y (5.5676 and 5.3079
mmol g~ ') were vary greatly with the experimental data (2.0454
mmol g ). It can be inferred that the pseudo-first and pseudo-
second order model could not explain the adsorption of Cu (II)
onto CTS/ZSM composites.

The adsorption kinetics results were also analyzed in terms of
intraparticle diffusion model to investigate whether the intrapar-
ticle diffusion was the rate controlling step in adsorption of Cu
(II) on CTS/ZSM composite. The model proposed by Weber
and Morris** can be written as follows

g =kt'?+C (4)

where k, (mmol g~ h'’?) was the rate constant of intraparticle
diffusion.

Weber—Morris fitting curve using plots of g, versus t/? was
given in Figure 9. If the intraparticle diffusion was the sole rate
determining step, the plots of ¢' vs. /> should be linear and
pass through the origin. It was observed that the fitting curve in

the Figure 9 was not through the origin and can distinguish
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two distinct regions. The initial curved region corresponded to
the external surface uptake, the second stage related the gradual
uptake reflecting intra-particle diffusion as the rate liming step
and final plateau region indicated.”® Based on the results it may
be concluded that intraparticle diffusion is not only the rate
determining factor. The external surface uptake and equilibrium
uptake had also some influences in the adsorption process.

Adsorption Isotherm Study

Figure 10 showed the adsorption isotherms of Cu (II) on the
CTS/ZSM at room temperature. It was observed that the
adsorption capacity increased with increase in equilibrium con-
centration and attained a saturated value.

20 |

y=-0.3520+0.9285x
R=0.9731

15

Qmmolg"

0.0
0.0 0.5 1.0 1.5 20 25 3.0

tlh(hlﬂ)

Figure 9. Weber—Morris fitting curve of adsorption data.
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Figure 10. Adsorption isotherm of Cu (II) on CTS/ZSM.

Adsorption isotherms were important for the description of  adsorption on heterogeneous surface with a non-uniform distri-
how molecules of adsorbate interact with adsorbent surface.  bution of adsorption sites.

The adsorption curves were analyzed to fit to both the Lang-
muir and Freundlich equations. The Langmuir isotherm model
assumed monolayer adsorption on a surface with a finite num- C, 1 C,

The Langmuir isotherm model®® is represented as follows:

ber of identical sites, so that all sites were energetically equiva- 9 - Qmaxb + Qmax (5)
lent and there was no interaction between the adsorbed mole-

cules. The Freundlich expression was an empirical equation for — The Freundlich model* is expressed as follows:

Table I. Cu (II) Adsorption Capacity and Langmuir Adsorption Constant of Different Chitosan-Based Adsorbents from Literatures

No. Adsorbent Qmax (mmol g1 b (L mmol~1) Reference
1 Chitosan-GLA beads 0.94 0.308 26

2 Chitosan-ECH beads 0.98 0.144 26

3 Chitosan-EGDE beads 0.72 0.137 26

4 Chitosan-alginate beads 1.06 0.04258 29

5 Chitosan-Hofmbme 1.79 0.004 42

6 CCTSL 1.30 24.59 20

7 Chitosan coated PVC 1.38 0.699 30

8 Chitosan coated perlite beads 1.59 1.095 33

9 chitosan-g-poly(acrylic acid)/50%attapulgite 3.15 1.20 41

10 chitosan-tripolyphosphate beads 0.41 3.03 36

11 chitosan-cellulose beads 0.57 11

12 chitosan/PVA beads 0.75 128.93 12

13 CTS/ZSM 217 0.9269 This work

al
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Figure 11. Regeneration of CTS/ZSM composites.

e = KeCY" (6)

where g, (mmol g_l) is the amount of Cu (II) adsorbed at
equilibrium, C, (mmol LY is the liquid-phase Cu (II) concen-
tration at equilibrium, Q. (mmol g_l) is the maximum
adsorption capacity of the adsorbents, and b(L mmol™") is the
Langmuir adsorption constant, Kx(L gfl) is the Freundlich iso-
therm constant and 1/# (dimensionless) is the heterogeneity
factor.

The Langmuir and Freundlich parameters obtained from the
plots of C/q. versus C, and log(q,) versus log(C,) were also
listed in Figure 10. The correlation coefficients of the linear
form of the Langmuir model (R = 0.9999) were closer to 1
than that of the Freundlich model (R = 0.9606). In addition,
the Qmax values (2.1739 mmol g~ ') for the adsorption of Cu
(II) onto the CTS/ZSM calculated from the Langmuir model
were consistent with the experimental data. It was inferred that
the Langmuir isotherm model gave better fits than the Freund-
lich isotherm model. This revealed the monolayer coverage of
Cu (II) on the surface of the CTS/ZSM composites. Several
studies had also shown that the Langmuir isotherm model gave
the better fit for the experimental data.*>*>*’

Cu (I) ions adsorption onto CTS and its derivatives from liter-
atures were complied in Table 1. The adsorption capacity
observed in this study was superior to most of the other
adsorbents.

Regeneration of CTS/ZSM Composites

Figure 11 showed the adsorption capacities of the CTS/ZSM
resin for Cu (II) ions after reuse for five times. It was observed
that the adsorption capacities of Cu (II) ions dropped slightly
after each cycle. The results indicated that the CTS/ZSM sam-
ples had a good reusability.

CONCLUSIONS

The CTS/ZSM composites were successfully prepared under
microwave irradiation. It was showed that the introduction of
ZSM improve the Cu (II) ions adsorption capacity of CCTS. Ki-
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netic studies showed that the pseudo-first and second order
model could not explain the adsorption of Cu (II) onto CTS/
ZSM and intraparticle diffusion was not only the rate determin-
ing factor. Cu (II) adsorption on CTS/ZSM was better fitted
with the Langmuir adsorption isotherm model and monolayer
adsorption was formed between the resin and adsorbate.

REFERENCES
1. Lasko, C. L.; Adams, K. H.; DeBenedet, E. M.; West, P. A. J.
Appl. Polym. Sci. 2004, 93, 2808.

2. Zhang, G. Y; Qu, R. J; Sun, C. M,; Ji, C. N.; Chen, H. J.
Appl. Polym. Sci. 2008, 110, 2321.

3. Wan, M. W,; Petrisor, I. G.; Lai, H. T.; Kim, D.; Yen, T. F.
Carbohydr. Polym., 2004, 55, 249.

4. Hasan, S.; Ghosha, T. K.; Viswanath, D. S.; Boddu, V. M. J.
Hazard. Mater. 2008, 152, 826.

5. Charerntanyarak, L. Water Sci. Technol. 1999, 39, 135.

6. Baroni, P; Vieira, R. S.; Meneghetti, E.; da-Silva, M. G.;
Beppu, M. M. . Hazard. Mater. 2008, 152, 1155.

7. Sadyrbaeva, T. Z. Biol. J. Membr. Sci. 2006, 275, 195.
8. Demirbas, A. J. Hazard. Mater. 2008, 157, 220.
9. Hulanicki, A. Anal. Lett. 2000, 33, 2805.

10. Dabrowski, A.; Hubicki, Z.; Podko’scielny, P. Chemosphere
2004, 56, 91.

11. Li, N.; Bai, R. B. Sep. Purif. Technol. 2005, 42, 237.

12. Wan Ngah, W. S.; Kamari, A.; Koay, Y. J. Int. ]. Biol. Macro-
mol. 2004, 34, 155.

13. Twu, Y. K; Huang, H.; Chang, S. Y. Carbohydr. Polym.
2003, 54, 425.

14. Wu, E C; Tseng, R. L.; Juang, R. S. J. Environ. Manage.
2010, 91, 798.

15. Guibal, E. Sep. Purif. Technol. 2004, 38, 43.

16. Inoue, K.; Yoshizuka, K.; Ohto, K. Anal. Chim. Acta. 1999,
388, 209.

17. Wu, E C.; Tseng, R. L,; Juang, R. S. J. Hazard. Mater. 2000,
73, 63.

18. Laus, R.; Geremias, R.; Vasconcelos, H. L.; Laranjeira, M. C.
M.; Favere, V. T. J. Hazard. Mater. 2007, 149, 471.

19. Trimukhe, K. D.; Varma, A. J. Carbohydr. Polym. 2008, 71,
66.

20. Krishnapriya, K. R.; Kandaswamy, M. Carbohydr. Res. 2009,
344, 1632.

21. Chen, A. H; Yang, C. Y,; Chen, C. Y.;; Chen, C. Y;; Chen,
C. W. J. Hazard. Mater. 2009, 163, 1068.

22. Paulino, A. T.; Santos, L. B.; Nozaki, J. React. Funct. Polym.
2008, 68, 634.

23. Trimukhe, K. D.; Varma, A. J. Carbohydr. Polym. 2008, 71,
698.

24. Ng, J. C. Y.; Cheung, W. H.; McKa, G. J. Colloid Interf. Sci.
2002, 255, 64.

25. Dambies, L.; Guimon, C.; Yiacoumi, S.; Guibal, E. Colloids
Surf. A 2001, 177, 203.

@WILEY i ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

26.

27.
28.

29.
30.
31.

32.
33.

34.
35.

36.

Mﬂh\;’?lips WWW.MATERIALSVIEWS.COM
1

CIENCE

Wan Ngah, W. S.; Endud, C. S.; Mayanar, R. React. Funct.
Polym. 2002, 50, 181.

Anirudhan, T. S.; Rijith, S. Colloids Surf. A 2009, 351, 52.

Chen, A. H,; Liu, S. C.; Chen, C. Y,; Chen, C. Y. J. Hazard.
Mater. 2008, 154, 184.

Wan Ngah, W. S.; Fatinathan, S. Chem. Eng. ]. 2008, 143,
62.

Popuria, S. R.; Vijaya, Y.; Boddu, V. M.; Abburi, K. Biores.
Technol., 2009, 100, 194.

Qu, R. J; Sun, C. M.; Ma, E; Zhang, Y; Ji, C. N; Xu, Q.;
Wang, C. H,; Chen, H. J. Hazard. Mater. 2009, 167, 717.

Xi, E. N; Wu, J. M. J. Chromatog. A 2004, 1057, 41.

Hasan, S.; Ghosha, T. K.; Viswanath, D. S.; Boddu, V. M.
J. Hazard. Mater. 2008, 152, 826.

Swayampakulaa, K.; Boddub, V. M. Nadavala, S. K,
Abburi, K. J. Hazard. Mater. 2009, 170, 680.

Wan, M. W; Kan, C. C; Rogel, B. D; Dalida, M. L. P.
Carbohydr. Polym., 2010, 80, 891.

Wan Ngah, W. S.; Fatinathan, S. J. Environ. Manage., 2010,
91, 958.

37.

38.
39.

40.

41.

42.

43.
44,

45.
46.
47.

WILEYONLINELIBRARY.COM/APP

ARTICLE

Wan, M. W,; Petrisor, I. G.; Lai, H. T.; Kim, D.; Yen, T. E
Carbohydr. Polym. 2004, 55, 249.

Ge, H. C.; Huang, S. Y. J. Appl. Polym. Sci. 2010, 115, 514.

Cao, Z. Y; Ge, H. C; Lai, S. L. Eur. Polym. ], 2011, 37,
2141.

Monier, M.; Ayadb, D. M.; Weia, Y.; Sarhanb, A. J. Hazard.
Mater. 2010, 177, 962.

Wang, X. H; Zhen, Y. A;; Wang, A. Q. J. Hazard. Mater.
2009, 168, 970.

Ho, Y. S; McKay, G. Proc. Saf. Environ. Protect. 1998, 76,
332.

Ho, Y. S.; McKay, G. Process Biochem. 1999, 34, 451.

Weber, W. J.; Morris, J. C. J. Sanit. Eng. Div. ASCE 1963,
89, 31.

Langmuir, L. . Am. Chem. Soc. 1918, 40, 1361.
Freundlich, H. M. E. Z. Phys. Chem. 1906, 57, 385.

Vasconcelos, H. L.; Camargo, T. P.; Goncalves, N. S.; Neves,
A.; Laranjeira, M. C. M.; Favere, V. T. React. Funct. Polym.,
2008, 8, 572.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38697

93


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

