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ABSTRACT: A novel water soluble amphiphilic O-
carboxymethyl-N-trimethyl Chitosan chloride (CMTMC)
was synthesized. The structure of this material was char-
acterized by Fourier transform infrared (FTIR) spectros-
copy, C nuclear magnetic resonance (**C-NMR)
spectroscopy and X-ray diffraction (XRD) techniques. The
results showed that CMTMC had been successfully pre-
pared. To determine the flocculation performance of the
synthesized amphiphilic polymer, a comparison was made
among Chitosan (CS), N-trimethyl chitosan chloride
(TMC), O-carboxymethyl chitosan (CMC), and CMTMC
on the turbidity and COD removal efficiency of 1% (v/v)
wastewater in sugar refinery suspensions at pH 5.0, 7.0

and 9.0 at a dosage range of 0-8 mg/L. The results
showed that the water soluble amphiphilic polymer
CMTMC, which contains longer polymer anion and poly-
mer cation, had the best performance not only in turbidity
removal but also in COD removal on sugar refinery waste-
water. The using of CMTMC as a flocculant to treat waste-
water in sugar refinery was actually more effective than
CS, CMC, and TMC. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 116: 2742-2748, 2010
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INTRODUCTION

In recent years, growing concern for wastewater
treatment has promoted different technologies to
meet up-to-date strict wastewater quality discharged
in various industrial fields. China is a large cane
sugar producer, where sugar refinery will discharge
12-15 ton of wastewater to produce 1 ton of alcohol."
The components of the wastewater are very complex,
such as proteins, vitamins, sugar residuals, short
fibers and also a large quantity of Mycelium, acid
and alkali, and other ingredients.” At present, poly-
acrylamides are in groups of polymers frequently
used as flocculants in treatment of wastewater from
sugar refinery.® Though the polyacrylamides them-
selves are nontoxic, the nonbiodegradable property
presents another major drawback of the polymeric
flocculants, which will result in “secondary pollu-
tion” for environment.* The kind of material as floc-
culants in water treatment undoubtedly could not
reach satisfactory effects, so environmentalists have
set their sights on water soluble polymers which also
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can be used as flocculants, sludge dewatering agents,
adsorbents and metal ion chelating agents in water
treatment.” Since chitosan is biodegradable and non-
toxic, it is also one of the most widely used organic
polymer flocculants in industrial wastewater treat-
ment.®” Research of chitosan and its derivatives is
one of the most popular hot aspects. However,
because chitosan has poor solubility above pH 6.5, it
shows its unique properties only in acidic medium,
and it has relatively low charge density.>” To
improve its aqueous solubility and charge density,
many derivatives of chitosan have been synthesized,
such as carboxymethyl chitosan (CMC) and N,N,N-
trimethyl chitosan chloride (TMC).'% TMC s
obtained by the reaction of chitosan and CHjI in N-
methy-2-pyrrolidone in the presence of sodium
iodide. Unfortunately, TMC only has strengthened
chitosan cation, but not appearing amphoteric. Since
there are plenty of hydroxy groups in the TMC mole-
cule, which may undergo further carboxymethylation
in the presence of sodium hydroxide different deri-
vates of chitosan with improved flocculation per-
formance have been prepared to treat different kinds
of wastewater.'*'® In this article, we report a new
water-soluble chitosan derivative (structure shown in
Fig. 1) and its ability in the sugar refinery wastewater
treatment. A water-soluble chitosan derivative,
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Figure 1 Chemical structure of CMTMC.

N,N,N-trimethyl chitosan chloride (referred to here
as TMC), was prepared by reacting chitosan with
CH;l. The TMC was further modified by reacting
with monochloroacetic acid to prepare an amphi-
philic chitosan derivative (CMTMC). In this article,
self-made high-charge density of amphoteric poly-
meric flocculant CMTMC was then studied as the
objective to treat the sucrose wastewater, having car-
ried out the first step on flocculation mechanism.
Amphoteric chitosan has shown good performance
of the flocculation when treating wastewater of sugar
refinery. Compared with chitosan, TMC, and CMC,
the amphiphilic polymer showed better flocculation
ability under all conditions, especially under both
neutral and alkaline conditions.

EXPERIMENTAL

Materials

Reagents

Chitosan was supplied by Golden-shell Biochemical
Co., China (Zhejiang, China). The degree of deacety-
lation was 95% (determined by potential titration),"*
and its average molecular weight was 2.46 x 10>
(determined by GPC method).”> CMC,'® ethanol,
chloroacetic acid, N-methyl-2-pyrrolidone, isopropyl,
methyl iodide, sodium iodide were purchased from
Shanghai Chemical Co, China. All other reagents
used were of analytical grade.

Wastewater samples

Wastewater used in the experiments was obtained
from Nan-ning sugar refinery (Guangxi, China), the
wastewater sample was diluted by 100 times with
water, and the main characteristics of which were
presented in Table I. It had high COD, turbidity,
and pH values.

Preparation of CMTMC
Preparation of TMC

TMC was synthesized by reductive methylation of
chitosan that was accomplished by a chemical reac-
tion between chitosan and iodomethane in the pres-
ence of sodium hydroxide based on the methods
reported in the literature.'*!!

A 5 g of chitosan was dispersed in 125 mL of N-
methyl-2-pyrrolidone (NMP) for 12 h at room tem-
perature. To the dispersion, appropriate amount of
sodium iodide was added to the reaction medium to
achieve a final concentration of 0.2M 15 mL of a 1M
NaOH solution and 27 mL of methyl iodide (5-fold
excess to amine of chitosan) were added. The mix-
ture was stirred at 60°C for 2 h. The solution was
collected by extraction with acetone, which was then
dried to obtain the TMC.

Ion exchange: After washing with acetone and
diethylether, the final product was dissolved in 80
mL of 5% (w/w) aqueous NaCl solution to exchange
the iodide ion with a chloride ion. The polymer was
precipitated from solution using acetone and was
isolated by centrifugation. The product was finally
dissolved in 80 mL of water to remove the remain-
ing NaCl from the material and precipitated from
solution with acetone. This product was dried in a
vacuum oven at 40°C for 12 h.

Preparation of CMTMC

CMTMC was synthesized by reductive carboxyme-
thylation of TMC that was accomplished by a chemi-
cal reaction between TMC and monochloroacetic
acid in the presence of sodium hydroxide based on
the methods described.”

A 2 g TMC was immersed in 25 mL NaOH solu-
tion (50 wt %) to swell and alkalize for 24 h. The
alkalized chitosan was crushed into a filtration cake
and then transferred into a flask. About 6 g of
monochloroacetic acid was dissolved in 30 mL of
isopropanol, and then added to the flask drop-wise
in 20 min. The reaction mixture was stirred for 8 h
at room temperature, and then the mixture was fil-
tered to remove the solvent. The filtrate obtained
was dissolved in 300 mL of water. After this solution
was centrifuged to remove the precipitation, 400 mL
of anhydrous ethanol was added to it to precipitate
the product. Finally, the product was filtered, rinsed
thrice with anhydrous ethanol, and the CMTMC
was obtained after being vacuum dried at room

TABLE 1
The Properties of Wastewater from Nan-ning Sugar
Refinery
Parameter Characteristic value®
Colour Blackish brown
CODc¢; 86020
Alkalinity 890
Dissolved solids 2458
pH 6.7
Turbidity (NTU) 3450

@ All values are in mg/L except turbidity, pH and
colour.
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Scheme 1 Synthetic route of CMTMC.

temperature for 12 h. The preparation process is
shown in Scheme 1.

Characterization of the CMTMC

Infrared spectra were obtained by FTIR spectroscopy
using a Nicolet 470 FTIR spectrophotometer and po-
tassium bromide pellets at room temperature.

FTIR spectroscopy was conducted on an FTIR
spectrometer (Nicolet 5 DXB, Nicolet Biomedical
Madison, WI) in the range between 4000 and 400
cm™!, with a resolution of 4 cm™'. Thirty-two scans
at a resolution of 4 cm ™' were averaged and refer-
enced against air. All powder samples were com-
pressed into potassium bromide disks for the FTIR
measurement.

PC-NMR spectra of the CMTMC polymers were
obtained with a Bruker AVANCEAYV 500 MHz spec-
trophotometer (Switzerland) by dissolving samples
of the polymers in D,O at 60°C with suppression of
the water peak.

XRD was performed using a diffractometer type
D/max-rA (Tokyo, Japan) with Ni target and Ko
radiation (A = 0.154 nm) at 50 kV and 100 mA. The
scanning rate was 0.2°/min and the scanning scope
of 26 was 3-40° at room temperature.

Flocculation test

Flocculation performance of the polymers was exam-
ined using jar tests.'® The turbidity measurement was
carried out with the Digital Nephelometer HACH
2100N IS, purchased from autocontrol instrument
(Liaoning, China). The COD value was determined in
accordance with the dichromate method of the stand-
ard methods for the examination of water and waste-
water (China National Standard, GB11914-89). Ten
beakers of 1% (v/v) sugar refinery wastewater sus-
pension (prepared by sugar refinery raw wastewater 5
mL in 500 mL of distilled water) were used for the
flocculation study. The following procedure was uni-
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formly applied to the suspension. Immediately after
the addition of the polymer flocculant, the suspension
was stirred at a constant speed of 120 rpm for 5 min,
followed by a slow agitation at 60 rpm for 10 min. The
flocs were then allowed to settle down for 15 min. At
the end of the settling period, the turbidity of the su-
pernatant liquid was measured. The dose of floccu-
lants was varied from 0 to 8 mg/L, calculated with
respect to the total weight of the solution.

RESULTS AND DISCUSSIONS
Preparation of CMTMC

A new water soluble amphiphilic CMTMC was pre-
pared. The degree of the quaternization of the TMC
was determined by the potentiometry.'’
Potentiometric titration of the halide form was car-
ried out with the aqueous silver nitrate, using a calo-
mel electrode as reference, and a silver electrode for
the measurement.” The degree of the carboxymethy-
lation of the CMTMC was determined.”" The results
show that the degree of the quaternization of the
TMC was 90.5%, the degree of the carboxymethyla-
tion of the CMTMC was 70%, with the yield of the
CMTMC being 69% (Yield is the ratio of CMTMC
and added TMC). The chemical structure of
CMTMC is shown in Figure 1, which may be
explained as follows: after quaternization and car-
boxymethylation of chitosan, the number of free
amino and hydroxyl bonds in the obtained O-car-
boxymethyl-N-trimethyl chitosan chloride decreases,
the formation of hydrogen bonds in chitosan molec-
ular chains are also reduced, the H of —NH, and
—OH in chitisan is substituted by —CHs;,
—CH,COOH, the size of substituents increases;
the inter and intramolecular hydrogen bonds of
the chitosan are weakened, meanwhile, after modifi-

cation and substitution, the hydrophilic —COOH
g~ CHa

| “CHy appeared in substituents.??
CHy

and
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Figure 2 FTIR spectra of CS and CMTMC. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Structure of CMTMC
FTIR

The IR spectra of CMTMC and CS are shown in Fig-
ure 2. Chitosan shows the basic characteristics peaks
at: 3455 cm ' (O—H stretch), 2877 c¢m ' (C—H
stretch), 1154 cm ™! (bridge-O-stretching), and 1076
cm ! (C—O stretching).lS’16 Characteristic peaks of
amine (N—H) vibration deformation appeared at
1595 cm ™' (N—H bending) for chitosan. Three new
absorption peaks were observed in the spectrum of
the polymer. The new peak at 1601 cm ' came from
the vibrating absorption of carbonyl groups in the
grafted CMTMC. The two peaks at 1399 cm ™' and
1734 cm ™! were attributed to the methyl groups of
ammonium and quaternary ammonium in CMTMC,
respectively. The appearance of the new peaks in the
spectrum of CMTMC clearly demonstrated that car-
boxymethyl and N-trimethyl had been successfully
grafted onto chitosan. The appearance of all these
peaks demonstrates that CMTMC had been success-
fully prepared.

CH* OCH,COOH

13C-NMR

Figure 3 shows the '>C-NMR spectra of CMTMC.
The peak at 56.5 ppm was attributed to the carbons
of the trimethylammonium group (C-7). The signal
for —COOH substituted on —OH is obvious at 178
ppm. The peaks at 99.0, 62.5, 70.2, 77.3, 75.0, and
60.8 ppm were attributed to the C-1, C-2, C-3, C-4,
C-5, and C-6, respectively. The results were in agree-
ment with L. Sun et al.”> The analytical results of the
®C-NMR spectrum provide further support for the
formation of the CMTMC.

XRD

In the X-ray diffractograms of CS and CMTMC
shown in Figure 4, the XRD pattern of chitosan
shows two reflections fall at 20 10.8°and 20.1°. The
reflection fall at 20 10.8° was attributed to the
hydrated crystals of low crystallinity and corre-
sponded to the form 1°** while the reflection
appeared at 20 20.1° was identified as representative
of the crystallinity of the form I1.*° For the grafted
polymer (CMTMC), the peak at 26 10.8° disap-
peared, whereas the peak at 20 20.1° decreased dras-
tically, which attributed to the decrease in crystallin-
ity. This suggests that the hydrogen bonding ability
of CS was reduced after the grafting of Carboxy-
methyl and N-trimethyl onto the chitosan backbone.
The analytical results of the XRD spectrum provide
further support for the formation of the CMTMC.

Application of CMTMC

CMTMC removal to turbidity of wastewater in
sugar refinery

The performance of the CS, TMC, CMC, and amphi-
philic polymer (CMTMC) in turbidity removal of 1%
(v/v) wastewater in sugar refinery suspensions was
studied at pH 5.0, 7.0, and 9.0, the results are shown
in Figure 5. From the figure we see, at any pH value,

(CH3)3

Figure 3 'C —NMR spectra of CMTMC.

Journal of Applied Polymer Science DOI 10.1002/app



2746

3
-
=
g cs
&
Mﬂ-‘-—
10 20 30 40 50 &0 70
2 theta (degree)

Figure 4 XRD spectra of CS and CMTMC. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

the amphiphilic polymer (CMTMC) showed better
turbidity removal ability than the other three poly-
mers under all conditions, especially at pH 7.0 and
9.0. Under acidic condition (pH 5.0), the turbidity of
the wastewater was 5.0 NTU after being flocculated
by the amphiphilic polymer at a dosage of 4 mg/L,
but 12.8, 9.8, 6.1 NTU by CS, TMC, CMC, respec-

LI ET AL.

tively with initial turbidity of 34.5 NTU. With the
increase of the dosage (0-8 mg/L) of the CS and
TMC, the residual turbidity decreased first and then
increased, but to CMTMC, the residual turbidity
kept decreasing until reaching to 3.9 NTU (at 8 mg/
L) (Fig. 5.). Under neutral condition (pH 7.0), at the
optimal dosage of 5 mg/L, the turbidity of the
wastewater was 4.3 NTU after being flocculated by
CMTMC, but 11.0, 8.5, 7.3 NTU by CS, CMC, TMC,
respectively (Fig. 5). In addition, the amphiphilic
polymer had a greater flocculation capacity than chi-
tosan under alkaline condition, at pH 9.0, CS almost
had no flocculation ability, but the chitosan deriva-
tives still exhibited a remarkable flocculation
capacity. The turbidity of the wastewater was about
3.5 NTU after the flocculation with the CMTMC at a
dosage range of 4.0-8.0 mg/L (Fig. 5), but more than
4.2 NTU, 7.2 NTU with TMC and CMC at the same
dosage (4.0-8.0 mg/L). From the figure, we can
see that CMTMC is the most effective one in turbid-
ity removal among these polymers. This is the
obvious advantage of the amphiphilic polymer
synthesized in this work. According the structure
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Figure 5 Performance of the CS, TMC, CMC, and CMTMC on turbidity removal at pH 5.0, 7.0, 9.0.
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characterization of CMTMC, this turbidity removal
efficiency may be attributed to its long molecular
chains, which promotes the association among poly-
mer molecules and particles. In addition, CMTMC
has relatively higher charge density,” which pro-
motes the interaction between particles and affects
the flocculation performance.

CMTMC removal to COD of wastewater in
sugar refinery

The flocculation performance can be explained in
terms of the COD removal efficiency of the superna-
tant liquid. The higher the COD removal efficiency,
the better the flocculating agent is. So COD removal
efficiency was chosen as the control index to deter-
mine the optimal dosage for flocculants. In this arti-
cle, the performance of the CS, TMC, CMC, and
CMTMC in COD removal of wastewater in sugar re-
finery suspensions of 1% (v/v) was studied at pH of
5.0, 7.0, and 9.0. The results are depicted in Figure 6,

e
4
L]
L=

£

Flocculant dosage (mg/L)

Performance of the CS, TMC, CMC, and CMTMC on COD removal at pH 5.0, 7.0, 9.0.

which showed that the COD removal efficiency of
CS was the lowest under three conditions, the per-
formance of TMC and CMC was better than CS,
while CMTMC showed the best COD removal abil-
ity under the three conditions. At pH 9 and the floc-
culant dosage of 5 mg/L, CMTMC removal to COD
reached to 95%, compared with 40%, 68%, 78% of
CS, CMC, TMC, respectively. So it is obvious from
these results that the amphiphilic polymer CMTMC
is a better flocculant for sugar refinery wastewater
suspensions than the other three polymers (CS,
CMC, and TMC). According to study, cationic chito-
san derivatives can be easily adsorbed to the colloid
surface of anionic in sugar refinery wastewater sus-
pensions  because of electrostatic  attraction.
Adsorbed polymers tend to form loops and extend
some distance from the particle surface into the
aqueous phase. Their ends also dangle and get
adsorbed on the surface of another particle forming
a bridge between particles. For effective bridging to
occur, the length of polymer chains should be long

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Characteristic Values of Purified Water

Characteristic value®

Parameter (Dilution x 100) Purified water®
Colour Fuscous brown Buff yellow
CODc, 860.2 43.01
Dissolved solids 24.58 3.58

pH 6.6 6.7
Turbidity (NTU) 345 35

@ All values are in mg/L except turbidity, pH, and
colour

enough to extent from one particle surface to
another. Amphiphilic polymer CMTMC, which con-
tains more polymer anion and polymer cation, has
longest chains among the four polymers. Hence, it
would be more effective in COD removal than the
ones with the shorter chains.

Effects of CMTMC in treatment of sugar
refinery wastewater

Wastewater obtained from Guangxi Nanning sugar
refinery is first diluted by 100 times, then treated by
adding amphiphilic flocculants (CMTMC) according
to experimental methods, the results are shown in
Table II.

From Table II, we can see amphiphilic flocculants
have good treatment effects on turbidity, COD, etc.
After flocculation and purification, the treated water
could reach the national first level discharge stand-
ards. (GB8978-88, China).

CONCLUSIONS

The new water soluble amphiphilic polymer
CMTMC has been successfully synthesized as possi-
ble alternative to chitosan and its derivatives (CMC,
TMC) to promote flocculation performance in sugar
refinery wastewater treatment, the optimum reaction
conditions are first to process radical quaternariza-
tion on main chain of the chitosan, and then get gen-
der carboxymethyl chitosan quaternary ammonium
salt by processing a carboxymethylation reaction in
strong alkaline condition.

According to the structure characterization of
CMTMC showed by FTIR, ">C-NMR, and XRD, this
new amphiphilic polymer has bigger charge density
(than CS, CMC, TMC), which could enhance its floc-
culation ability in wastewater treatment.

Besides, according to the comparison made with
CS, CMC, and TMC on the turbidity and COD re-
moval efficiency of 1% (v/v) wastewater in sugar re-
finery suspensions at different pH (5.0, 7.0, 9.0), the

Journal of Applied Polymer Science DOI 10.1002/app
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synthesized novel amphiphilic polymer showed bet-
ter flocculation performance in turbidity removal
and COD removal under all conditions, especially
under both neutral and alkaline conditions. So
amphiphilic polymer CMTMC is a better flocculant
in treatment of sugar refinery wastewater.
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also thankful to Prof. Yumin Du (Wuhan University) for pro-
viding us with GPC equipment and also to Dr. Zicheng Li
(Washington University) for checking our manuscript.

References

1. Kostka, G.; Polzin, C.; Scharrer, ]J. Appl Energy 2009, 86, S100.

2. Giiven, G.; Perendeci, A.; Tanyolac., A. Chem Eng ] 2009, 151,
149.

3. Zeng, Y. B; Yang, C. Z; Zhang, J. D.; Pua, W. H. ] Hazard
Mater 2007, 147, 991.

4. Mohan, D. Jr.; Pittman, C. U. ] Hazard Mater 2007, 142, 1.

5. Wang, J. P.; Chen, Y. Z.; Zhang, S. ]. Bioresour Technol 2008,
99, 3397.

6. No, H. K,; Meyers, S. P. Rev Environ Contam Toxicol 2000,
163, 1.

7. Bratskaya, S.; Schwarz, S.; Chervonetsky, D. Water Res 2004,
38, 2955.

8. Ganjidoust, H.; Tatsumi, K.; Yamagishi, T.; Gholian, R. N.
Water Sci Technol 1997, 35, 291.

9. Bahri, E. Int Miner Process 2005, 75, 207.

10. Snyman, D.; Hamman, J. H.; Kotze, J. S.; Rollings, J. E.; Kotze,
A. F. Carbohydr Polym 2002, 50, 145.

11. Zambitoa, Y.; Zainoa, C.; Barretta, G. U.; Balzano, F.; Colo,
G. D. E J Pharm Sci 2008, 33, 343.

12. Singha, V.; Sharma, A. K.; Sanghi, R. ] Hazard Mater 2009,
166, 327.

13. Rosa, S.; Laranjeira, M. C. M.; Riela, H. G.; Favere, V. T. ] Haz-
ard Mater 2008, 155, 253.

14. Bala’zs, N.; Sipos, P. Carbohydr Res 2007, 342, 124.

15. Yue, W.; Yao, P. J.; Wei, Y. A.; Li, S. Q.; Lai, F.; Liu, X. M.
Food Chem 2008, 108, 1082.

16. Zhu, A. P.; Chan-Park, M. B.; Dai, S.; Li, L. Colloid Surf B:
Biointerfaces 2005, 43, 143.

17. Guang, C. X,; Jin, P. H. Carbohydr Polym 2003, 53, 355.

18. Strand, S. P.; Nordengen, T.; ¢ Stgaard, K. Water Res 2002, 36,
4745.

19. Domard, A.; Rinaudo, M.; Terrassin, C. Int J Biol Macromol
1986, 8, 105.

20. Jia, Z. S.; Shen, D. F.; Xu, W. L. Carbohydr Res 2001, 333, 1.

21. Riccardo, A. A.; Muzzarelli, T.; Monica, E. P. P. Carbohydr
Res 1984, 126, 225.

22. Guo, Z. Y.; Xing, R. G.; Liu, S,; Zhong, Z. M.; Li, P. C. Carbo-
hydr Polym 2008, 73, 173.

23. Lebouc, F.; Dez, I.; Madec, P. ]. Polymer 2005, 46, 319.

24. Sun, L. P.; Du, Y. M; Fan, L. H.; Chen, X.; Yang, J. H. Polymer
2006, 47, 1794.

25. Muzzarelli, R. A. A.; Morganti, P.; Morganti, G.; Palombo, P.;
Palombo, M.; Biagini, G.; Belmonte, M. M.; Giantomassi, F.;
Orlandi, F.; Muzzarelli, C. Carbohydr Polym 2007, 70, 274.

26. Wu, Y.; Zheng, Y. L.; Yang, W. L.; Wang, C. C; Hu, J. H,; Fu,
S. K. Carbohydr Polym 2005, 59, 165.

27. Pal, S; Mal, D.; Singh, R. P. Carbohydr Polym 2005, 59, 417.



