Applied Polymer

SCIENCE

Kinetics of Glycolysis of Poly(ethylene terephthalate) Under
Microwave Irradiation

Feifei Chen,*? Guanghui Wang,* Chuan Shi,? Yichen Zhang,? Long Zhang,? Wei Li,2 Feng Yang?
1Hubei Key Lab of Coal Conversion and New Carbon Materials, College of Chemical Engineering and Technology, Wuhan
University of Science and Technology, Wuhan 430081, China

2Department of Chemical Engineering, Wuhan Textile University, Wuhan 470073, China

Correspondence to: F. Yang (E-mail: yangfeng wuhan@yahoo.com.cn)

ABSTRACT: The glycolysis of poly(ethylene terephthalate) (PET) was carried out using excess ethylene glycol (EG) in the presence of
zinc acetate as catalysts under microwave irradiation. The effects of particle size, microwave power, the weight ratio of EG to PET,
the weight ratio of catalyst to PET, reaction temperature and stirring speed on the yield of bis(hydroxyethyl terephthalate)(BHET)
were investigated. The experimental results indicated that the glycolysis rate was significantly influenced by stirring speed and initial
particle size. The optimal parameters of glycolysis reactions were the weight ratio of catalyst to PET of 1%, the weight ratio of EG to
PET of 5, 500 W and 196°C, the yield of BHET reached to 78% at only 35 min. The glycolysis products were analyzed and identified
by FTIR, differential scanning calorimetry, and elemental analysis. The kinetics of glycolysis of PET under microwave irradiation could
be interpreted by the shrinking core model of the film diffusion control. The apparent activation energy was evaluated using the
Arrhenius equation and it was found to be 36.5 KJ/mol, which was lower compared to the same process using conventional heating.
The experimental results also showed that the reaction time was significantly decreased under microwave irradiation as compared

with it by conventional heating. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is extensively used in the
manufacture of high strength fibers, films, soft drink bottles
and food containers. PET waste does not create a direct hazard
to the environment but due to its high resistance to atmos-
pheric and biological agents, it is considered as a noxious mate-
rial. So the recycling of PET waste is gaining greater attention
nowadays. In recent years, several chemical methods have been
proposed for recycling post-consumer PET, such as glycolysis,
hydrolysis, methanolysis, aminolysis, and others.'™ Among the
above recycling techniques, glycolysis reaction can be described
as the transesterification process between diols, usually using
ethylene glycol(EG),*™ and ester groups of PET to obtain the
monomer bis(hydroxyethyl terephthalate)(BHET) and oligom-
ers. Guoxi et al.* proposed that glycolysis conversion was almost
85.6% at 196°C, reaction time of 3 h, the weight ratio (catalyst
to PET) of 1% and the weight ratio (EG to PET) of 5. Ghaemy
and Mossaddegh® reported that the yield of BHET from glycoly-
sis of PET fibers was 75% under the optimal conditions and
purified BHET was separated from products of glycolysis by
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changing with temperature. The main advantage of this process
is that BHET can be reused as raw material to reproduce to
PET by blending with virgin BHET. Moreover, the monomer
can be used in the synthesis of unsaturated polyester,”'® alkyd

resins' "% and others.

The first publications concerned with the possibilities of use of
microwave irradiation in polymer chemistry at the end of
1960’s. Nowadays, there is hardly find any reaction that has not
been attempted under microwave due to microwave heating
offers increasing in reaction rates. Two mechanisms have been
proposed to explain this phenomenon, one of theories proposed
that the reduction of the reaction time is the result of instanta-
neous and uncontrollable temperature growth of the reaction
systems under microwave irradiation, which was called “thermal
effect”’® Some authors demonstrated that microwave irradiation
could speed up chemical reaction due to “specific microwave
effect,” it has been argued that the presence of electric field leads
to orientation effects of molecules and changes the alteration of
pre-exponential factor or activation energy under microwave
irradiation.'* In recent years, Microwave-assisted glycolysis of
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PET has attracted great interest and been studied by some
researchers. Krzan'® studied that the effects of different glycols
and zinc acetate as a catalyst on the glycolysis of PET under
microwave irradiation 500 W almost complete solubilization of
PET was achieved in about 10 min. The glycolysis of PET under
microwave radiation, using sodium carbonate, sodium bicar-
bonate, and barium hydroxide as catalysts and the weight ratio
of PET to EG 1 : 4 to 1 : 10 was investigated by Pingale and
Shukla,'® the experimental results revealed the time taken for
completion of reaction was reduced drastically from 8 h to 35
min. Similar studies were carried out by Nikje and Nazari'” using
an excess of methanol, ethanol, 1-butanol, 1-pentanol, and 1-
hexanol.'” More recently, D.S. Achilias et al.'® carried out the
glycolysis reaction of PET in a microwave reactor with diethy-
lene glycol in the presence of manganese acetate as a transesteri-
fication catalyst, the activation energy was evaluated by a kinetic
model, and complete depolymerization was observed at irradia-
tion powers greater than 150 W for 2 min, or 100 W for 5 min.

The depolymerization of PET is a heterogeneous liquid—solid
reaction and reaction proceeds at the liquid—solid interface.
Moreover, taking into account that PET is nonporous material
and virtually insoluble in the solution. The kinetics of depoly-
merization of PET can be described by shrinking core model.
For example, Toshiaki et al. reported that the kinetics of the
hydrolysis of PET in nitric acid and sulfuric acid could be
explained by a modified shrinking core model of chemical reac-
tion control.'”* More recently, shrinking core model for the
alkaline hydrolysis of PET, in the presence of tributylhexadecyl-
phosphonium bromide as phase transfer catalysts, was reported
by Lépez-Fonseca et al.*’

The purpose of this article is to comprehensively study the opti-
mal parameters of the glycolysis process (particle size, micro-
wave power, the weight ratio of EG to PET, the weight ratio of
catalyst to PET, reaction temperature, and stirring speed) under
microwave irradiation. Furthermore, we describe the kinetics of
glycolysis of PET by a simple shrinking core model of the film
diffusion control. The main objective is to prove that reaction
times will be shorter under microwave irradiation through
decreasing the apparent activation energy of glycolysis of PET.

MATERIALS AND METHODS

Materials

Consumed PET soft drink bottles were cut into 0.5 x 0.5 mm?,
1.5 x 1.5 mm? and 3 x 3 mm” flakes by using self-made man-
ual skiving machine for glycolysis experiments after washing
and removing caps, labels and bottom parts, the size of PET
flakes are controlled by adjusting distances of blades of skiving
machine. PET samples were dissolved in the mixture solution
(60 wt % phenol/40 wt % tetrachloroethane), the viscosity aver-
age molecular weight of 2.8 x 10* g/mol was calculated using
an Ubbelohde viscometer at 30°C according to the equation
M = 3.61 x 10* []**.°> EG and zinc acetate were purchased
from Sinopharm Chemical Reagent Factory and used without
further purification.

Glycolysis Reaction
The glycolysis reactions were performed in Microwave Synthesis
Workstation (MAS-II, Sineo Microwave Chemistry Technology)
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equipped with a magnetic stirrer and a reflux condenser. Three
gram of PET particle and EG (the weight ratio of EG to PET of
3, 5, 7) were placed in a round-bottomed flask. The 0%, 0.5%,
1%, 1.5%, 2% w/w zinc acetate, based on weight of PET, was
used as catalysts. The flask was heated by microwave irradiation
to reach and maintain the desired temperature within *=3°C
under nitrogen atmosphere, and the mixture was stirred at
between 300 and 800 rpm for 5-35 min with reflux.

At the end of reactions, boiling water was added to the round-
bottomed flask and the mixture was separated into solid and
liquid phases by filtration. The solid was washed, dried, and
weighted as oligomers and the white crystalline of BHET was
obtained from liquid phase by filtering after storing in a refrig-
erator at 5°C for 24 h, the BHET was also washed with cooled
distilled water, then dried in an oven at 50°C, and weighted to
estimate the yield of BHET. All the experiments were repeated
three times, the arithmetical averages were calculated as the
experimental results.

PET is depolymerized under conventional heating according to
the procedures described in the literature.”

The yield of BHET monomer and conversion percentage of PET

were calculated using the following equations:

yield of BHET (y%)
_ weight of BHET monomer/Mppgr

1 1
weight of initial PET/Mpey 100 (D
conversion percentage of PET (x%)
_ weight of initial PET — weight of rest PET «100 (2)

weight of initial PET

where Mgt and Mpgr refer to the molecular weights of BHET
(254 g/mol) and repeating unit of PET (192 g/mol),
respectively.

Analysis of Glycolysis Products

Fourier transform infrared (FTIR) spectroscopy (EQUINOX 55,
BRUKER) was used to identify the chemical structure of the
products of glycolysis using KBr disc technique. Elemental anal-
ysis was performed on Elementer Vario El III apparatus by com-
bustion analysis. In this technique, a sample of the products of
glycolysis is burned at 1150°C in an excess of oxygen. Differen-
tial scanning calorimeter (DSC) was carried out STA 409 PC
Luxx apparatus with the heating rate of 10°C /min from 25 to
250°C under nitrogen atmosphere.

RESULTS AND DISCUSSION

Effects of Reaction Parameters

The effect of the particle size on the yield of BHET is inves-
tigated with the weight ratio (EG to PET) of 5 at 196°C and
queating with the weight ratio (catalyst to PET) of 2% under
500 W and the stirring speed of 800 rpm. The results (Figure
1) show that the reaction rates are inversely proportional to
the initial particle size. Clearly, the surface area available for
the reaction decreases with increasing particle size. However,
the yield of BHET is slightly deceased from 1.5 x 1.5 mm?’
to 3 x 3 mm’ this is because decreasing surface area far
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Figure 1. The effect of particle size on the yield of BHET (the weight ra-

tio EG to PET of 5, the weight ratio of catalyst to PET of 2%, 196°C, 500
W, 800 rpm).

smaller than the intrinsic surface of larger PET flakes.”> 0.5
x 0.5 mm’ particles are used as material in following
experiments.

To study the influence of the microwave power on yield of
BHET, the experiments are carried out with the weight ratio
(EG to PET) of 5 at 196°C and the weight ratio (catalyst
to PET) of 2% under stirring speed of 800 rpm. The results
(Figure 2) indicate that the yield of BHET increased with
increasing microwave power from 300 to 500 W and then the
ascending tendency becomes less distinct from 500 to 1000 W.
It implies that 500 W microwave power is an optimal parameter
and adopted in following experiments.

To study the influence of the weight ratio of EG to PET on the
yield of BHET, the experiments are carried out with the weight
ratio (catalyst to PET) of 2% under stirring speed of 800 rpm
at 196°C. The same trend can be seen from these curves in Fig-
ure 3. Glycolysis of PET possesses high reaction rate at initial
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Figure 2. The effect of microwave power on the yield of BHET (0.5 x 0.5
mm?, the weight ratio EG to PET of 5, the weight ratio of catalyst to PET
of 2%, 196°C, 800 rpm).
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Figure 3. The effect of the weight ratio EG to PET on the yield of BHET
(0.5 x 0.5 mm’, the weight ratio of catalyst to PET of 2%, 196°C,500 W
,800 rpm).

stage, then the rate becomes moderate. Interestingly, the
reaction time to reach an equilibrium state is shortest under the
weight ratio (EG to PET) of 3. These results clearly indicate
that glycolysis rate can be accelerated by increasing the concen-
tration catalyst with decreasing the amount of EG, on the other
hand, the yield of BHET in an equilibrium state decreases with
decreasing the amount of EG.

The effect of the weight ratio of catalyst to PET on the yield of
BHET is investigated with the weight ratio (EG to PET) of 5 at
196°C under the stirring speed of 800 rpm. It can be observed
(Figure 4) that increase of the weight ratio of catalyst to PET
from 0 to 0.5% causes significantly increase of yield of BHET.
When the weight ratio of catalyst to PET is 1%, the yield of
BHET reaches a higher level and then increases slowly. This is
in accordance with the previous results discussed (Figure 3) that
rate of glycolysis increases with increasing the concentration of
catalyst. The optimal range of the weight ratio of catalyst to
PET is from 0.5% to 1%.
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Figure 4. The effect of the weight ratio of catalyst to PET on the yield of
BHET (0.5 x 0.5 mm?, the weight ratio EG to PET of 5,196°C, 500 W,
800 rpm).
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Figure 5. The effect of reaction temperature on the yield of BHET (0.5 x
0.5 mm?, the weight ratio EG to PET of 5, the weight ratio of catalyst to
PET of 2%, 500 W, 800 rpm).

The effect of reaction temperature on yield of BHET is investi-
gated with the weight ratio (EG to PET) of 5 and the weight ra-
tio (catalyst to PET) of 2% under stirring speed of 800 rpm.
The results (Figure 5) show that the yield of BHET increases
moderately with increasing temperature as compared with that
reported by Toshiaki et al.'®?® In fact, it is generally accepted
that the chemical step is usually much more temperature sensi-
tive than the physical steps. So we may speculate that film diffu-
sion is glycolysis rate determining step.

To study the influence of the stirring speed on yield of BHET,
the experiments are carried out with the weight ratio (catalyst
to PET) of 2% and the weight ratio (EG to PET) of 5 at 196°C.
It can be seen (Figure 6) that a notable enhancement of the
yield of BHET is observed with stirring rate from 300 to 800
rpm. So we confirm that mass transfer through the EG film
between main body of EG solution and the surface of PET par-
ticles is glycolysis rate determining step under this experiment
condition.
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Figure 6. The effect of the stirring speed on the yield of BHET (0.5 x 0.5
mm?, the weight ratio EG to PET of 5, the weight ratio of catalyst to PET
of 2%, 196°C, 500 W).
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Scheme 1. Glycolysis of PET under microwave irradiation.

Analysis of Glycolysis Products

Since dimer of BHET is known to probably soluble in boiling
water to some extent, it suggests that glycolysis of products
includes at least two components (BHET monomer and dimer).
Therefore, the reaction of glycolysis PET under microwave irra-
diation can be described as follows (Scheme 1):

The characterization of the products of glycolysis is confirmed
by FTIR, DSC and elemental analysis. IR spectra of BHET
monomer and residual PET are shown in Figure 7, IR spectra of
BHET monomer shows that —OH band at 3447cm ™", alkyl C-
H at 2885 and 2966 cm !, C=0 stretching at 1718 cm !, the
ester C—O peak at 1131 and 1273 cm ', benzene ring peak at
1569 cm ™! as well as at 728, 873 cm ™' *'°. It can be seen that
three spectra are similar, because no new groups are formed
during the process of glycolysis.'"® The DSC curve (Figure 8)
shows the sharp endothermic peak at 110°C in agreement
with the known melting point of BHET.*” Figure 8 also dem-
onstrates high level of purity (no extra peak other than
BHET) of the monomer produced by our process. The result
of elemental analysis of products of glycolysis is C = 56.46%,
H =5.44 %, O = 38.1% (by difference), comparatively similar
to the theoretical results of the BHET monomer. The results

[of

<

X

g | P
(8]

C

©

k=1

€

7]

C

S

= a

T T T T T

T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'1)
Figure 7. FTIR spectra of BHET and residual PET : (a) BHET monomer;
(b) residual PET for 10 min; (c) residual PET for 20 min (0.5 x 0.5 mm?,

the weight ratio EG to PET of 5, the weight ratio of catalyst to PET of
2%, 196°C, 500 W, 800 rpm)
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Figure 8. DSC of BHET(0.5 x 0.5 mm?® , the weight ratio EG to PET
of 5, the weight ratio of catalyst to PET of 2%, 196°C, 500 W, 800 rpm,
30 min)

indicate that the BHET monomer is predominately glycolysis
products, similar results were obtained in previous research.”

To further reveal evolution of the glycolysis of PET, the fresh
PET and residual PET obtained from the filtration step after
extractions with boiling water are analyzed by DSC. The DSC
profiles are presented in Figure 9. Large endothermic peak is
observed in DSC profiles of the residual PET, which is similar
to that of PET melting of the fresh PET. The results indicate
that most of the residual PET still maintains their original PET
structure.”> However, the other two DSC peaks at about 110°C
and 169°C in DSC profiles of residual PET for 25 min should
correspond to BHET and dimer produced on the surface of PET
during glycolysis reactions.”**

Kinetic Modeling
To describe the kinetics of the glycolysis process of PET, the fol-
lowing assumptions and simplifications are used:

(a) The particles are spherical and maintained its spherical
shape during the glycolysis process;

(b) The weight of EG is above three times greater than that
of PET. Therefore, the amount of EG can be considered
as constant in every experiment process;

(c) The glycolysis of PET was a reversible equilibrium reac-
tion, during the initial stages of depolymerization, poly-
condensation proceeded at low rate and hence it could
be ignored.

The BHET is readily soluble in EG solution at glycolysis reac-
tion temperaments (150-196°C), so BHET is not deposited on
the surface of PET particles. Combined with the previous con-
clusions, we conclude that the kinetics of glycolysis of PET
under microwave irradiation should be interpreted by the sim-

Endo

T T T T T T T T T
50 100 150 200 250 300
Temperature(°C)
Figure 9. DSC thermograms for original residual PET for difference reac-
tion time: (a) original PET; (b) 10 min; (¢) 20 min(0.5 x 0.5 mm? , the

weight ratio EG to PET of 5, the weight ratio of catalyst to PET of 2%,
196°C, 500 W, 800 rpm)

ple shrinking core model for the film diffusion control.*> In
other words, this means that the rate of BHET monomer and
reactant EG transfer through the EG film surrounding the PET
particles is slower than the rate of reaction of glycolysis.

When film diffusion controls, the kinetic model can be repre-
sented as the following equation®:

1-(1-X)P =" ke )

where k is the apparent rate constants; X is conversion percent-
age of PET, these are shown in Table I for all three tempera-
tures; p is the molar density of PET; b is stoichiometric coeffi-
cient; R, is initial radius of PET particle; D is the diffusion
coefficient; C4 is EG concentration.

Applying eq.(3), the plots of {1 — (1 — x)*?} vs. times for PET

glycolysis reactions at 150-196°C are shown in Figure 10, the
results show that the kinetic model provides a good linear rela-
tionship (* > 0.97). The reaction rate constant k can be deter-
mined from the slope of lines, Arrhenius plots are shown in
Figure 11, data fell on straight line with linear correlation fac-
tor(r*) higher than 0.99. The apparent activation energy for gly-
colysis reaction under microwave irradiation is found to be 36.5
KJ/mol, and the value of the apparent activation energy con-
firms the proposed film diffusion control mechanism.

Petrov and Repina reported that the apparent activation energy
of glycolysis PET is 100 KJ/mol in temperature range 160—
180°C and 150 KJ/mol in the range 180-197°C without any

Table I. Conversion Percentage of PET (X) Under Microwave Irradiation at Different Temperatures

5 min 10 min 15 min 20 min 25 min 30 min 35 min
150°C 1.65% 9.09% 18.51% 27.21% 35.64% 44 64% 55.07%
170°C 5.05% 20.55% 32.24% 38.19% 58.15% 66.62% 75.01%
196°C 14.45% 26.73% 53.14% 75.73% 89.09% 90.39% 97.12%
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Figure 10. Plots of {1 — (1 — x)*°} vs. times for the effect temperature
on glycolysis rate.

catalyst.”® Chen et al. reported that the apparent activation
energy was 108 KJ/mol without addition of catalyst and
decreased to 85 KJ/mol with zinc acetate.’” The value of 92.175
KJ/mol in the presence of manganese acetate as catalysts was
reported by Chen.”® The apparent activation energy is signifi-
cantly decreased under microwave irradiation as compared with
it by conventional heating. This may be attributed to the fact
that the quantum energy of microwave irradiation causes the
vibration of molecules and increases the average energy of mo-
lecular of PET, which facilitates the destruction of chemical
bond and helps to decrease the activation energy. Microwave
assisted depolymerization is compared with those achieved by
conventional heating at the same experimental condition (Fig-
ure 12). The experimental results also show that the microwave
irradiation significantly enhances the glycolysis of PET.

CONCLUSIONS

The effects of operation parameters on glycolysis of PET under
microwave irradiation were investigated in this study, the yield
of BHET increased with increasing of the weight ratio of EG
to PET, the weight ratio of catalyst to PET, temperature and
stirring speed until the reaction reached equilibrium condi-
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103

Figure 11. Arrhenius plots of the apparent rate constant.
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Figure 12. Comparative yield of BHET using different heating sources
under the same experiment condition. (0.5 x 0.5 mm?, the weight ratio
EG to PET of 5, the weight ratio of catalyst to PET of 2%, 196°C, 800
rpm, 35 min).

tions. The experimental data also indicated that the stirring
speed and particle size had significant effects on the rate of
glycolysis of PET. The maximum yield of BHET was 78% at
196°C, with the weight ratio of catalyst to PET of 2%, the
weight ratio EG to PET of 5 and microwave power of 500 W
at only 35 min. A detailed study on the properties of BHET
revealed its high purity. The kinetics of glycolysis of PET
under microwave irradiation could be explained by simple
shrinking core model of the film diffusion control, the appa-
rent activation energy for this glycolysis process is 36.5 KJ/
mol, which was found to be lower compared to the same pro-
cess using conventional heating. On the other hand, the
experiment also demonstrated that the use of microwave irra-
diation on glycolysis of PET results in a significant shortening
of the required depolymerization time.

ACKNOWLEDGMENTS

This work is supported by project of Wuhan Science and
Technology Bureau (201010721285); Foundation of Wuhan Textile
University (073556); Foundation of Hubei Coal Conversion and
New Carbon Materials Key Laboratory (2009WKDMO04).

REFERENCES

1. Karayannidis, G. P; Achilias, D. S. Macromol. Mater. Eng.
2007, 292, 128

2. Paszun, D.; Spychaj, T. Ind. Eng. Chem. Res. 1997, 36, 1373.

3. Lorenzetti, C.; Manaresi, P.; Berti, C.; Barbiroli, G. J. Polym.
Environ. 2006, 14, 89.

4. Guoxi, X.; Maixi, L.; Chen, Sun. Polym. Degrad. Stab. 2005,
87, 117.

5. Ghaemy, M.; Mossaddegh, K. Polym. Degrad. Stab. 2005, 90,
570.

6. Campanelli, J. R; Kamal, M. R; Cooper, D. G. J. Appl.
Polym. Sci. 1994, 54, 1731.

7. Baliga, S; Wong, W. T. J. Appl. Polym. Sci. 1989, 27,
2071.

@WILEY fi@ ONLINE LIBRARY



Applied Polymer

10.
11.
12.
13.
14.

15.
16.
17.
18.

Mah\‘.;‘iﬁs WWW.MATERIALSVIEWS.COM
[}

SCIENCE

Pang, K.; Kotek, R.; Tonelli, A. Prog. Polym. Sci. 2006, 31,
1009.

Pimpan, V.; Sirisook, R.; Chuayjuljit, S. J. Appl. Polym. Sci.
2003, 88, 788.

Potiyaraj, P.; Klubdee, K.; Limpiti, T. J. Appl. Polym. Sci.
2007, 104, 2536.

George, P. K;; Dimitris, S. A.; Irini, D. S.; Dimitris, N. B.
Eur. Polym. J. 2005, 41, 201.

Ito, K.; Kawamura, C. U. S. Pat. 6,534,624 (2003).

Bogdal, D. Microwave-Assisted Organic Synthesis: One
Hundred Reaction Procedures; Elsevier: Amsterdam, 2005;
Chapter 2.

Lidstrom, P.; Tierney, J.; Wathey, B.; Westman, J. Tetrahe-
dron 2001, 57, 9225.

Krzan, A. Polym. Adv. Technol. 1999, 10, 603
Pingale, N. D.; Shukla, S. R. Eur. Polym. J. 2008, 44, 4151.
Nikje, M. A.; Nazari, E Adv. Polym. Technol. 2006, 25, 242.

Achilias, D. S.; Redhwi, H. H.; Siddiqui, M. N.; Nikolaidis,
A. K.; Bikiaris, D. N.; Karayannidis, G. P. J. Appl. Polym.
Sci. 2010, 118, 3066.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

WILEYONLINELIBRARY.COM/APP

ARTICLE

Toshiaki, Y.; Tsutomu, M.; Akitsugu, O. Ind. Eng. Chem.
Res. 2001, 40, 75.

Toshiaki, Y.; Nobuchika, O.; Akitsugu, O. Ind. Eng. Chem.
Res. 1998, 37, 336.

Lopez-Fonseca, R.; Gonzdlez-Velasco, J. R.; Gutiérrez-Ortiz,
J. L. Chem. Eng. Sci. 2009, 146, 287.

Zope, V. S.; Mishra, S.; Agrawal, K. K.; Mahajan, J. P; Firke,
S. A. J. Appl. Polym. Sci. 2003, 84, 44.

Wan, B. Z.; Kao, C. Y.; Cheng, W. H. Ind. Eng. Chem. Res.
2008, 26, 509.

Wang, H.; Liu, Y. Q; Li, Z. X;; Zhang, X. P; Zhang, S. J;
Zhang, Y. Q. Eur. Polym. J. 2009, 45, 1535.

Levenspiel, O. Chemical Reaction Engineering; Wiley: New
York, 2000; Chapter 25.

Petrov, A. A.; Repina, L. P. Fiber Chem. 1985, 16, 297.

Chen, J. W.; Chen, L. W,; Cheng, W. H. Polym. Int. 1999,
48, 885.

Chen, C. H. J. Appl. Polym. Sci. 2003, 87, 2004.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37608

7



