
C
i

Y
S
N

a

A
R
R
A
A

K
C
I
I
E

1

a
s
s
t
i
s
N
N
T
P

m
T
C
r
g
s
w
a
t

(

0
h

Carbohydrate Polymers 99 (2014) 126– 131

Contents lists available at ScienceDirect

Carbohydrate  Polymers

jo u r n al homep age: www.elsev ier .com/ locate /carbpol

hemical  modification  of  cellulose  by  in  situ  reactive  extrusion  in
onic  liquid

ue  Zhang,  Haifeng  Li,  Xinda  Li,  Magdi  E.  Gibril,  Muhuo  Yu ∗

tate Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science and Engineering, Donghua University, 2999
orth  Renmin Road, Songjiang District, Shanghai 201620, China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 19 May  2013
eceived in revised form 4 July 2013
ccepted 26 July 2013
vailable online 14 August 2013

a  b  s  t  r  a  c  t

In order  to  prepare  the  spinning  solution  of  cellulose  with  high  concentration  in  environmentally  friendly
solvent,  cellulose  was  chemically  modified  by  in  situ  reactive  extrusion  with  several  chemicals,  such  as
urea, phthalic  anhydride  (PA),  maleic  anhydride  (MA)  and  butyl  glycidyl  ether  (BGE) and  with  ionic  liquid
namely  1-N-butyl-3-methylimidazolium  chloride  (BMIMCl)  as reaction  medium.  These four  modifiers  all
eywords:
ellulose

onic liquid
n situ modification
xtrusion

in situ  grafted  onto  cellulose  and  the  modification  effectiveness  was  found  to  decrease  in  the  sequence,
MA  > PA  >  BGE  >  urea.  The  formation  of  side  chain  on  cellulose  backbone  destroyed  the  regularity  of cel-
lulose  chains  and  the hydrogen  bond  network  efficiently.  The  concentration  of  modified  cellulose in
spinning  solution  can  be up to  14–25%,  comparing  with  9% for unmodified  cellulose  in BMIMCl.  The
high  solid  content  results  in  high  efficiency  and less  energy  consumption  of fiber  production  and  solvent
recycle.
. Introduction

Cellulose is one of the most abundant organic raw materials
nd wildly used in composite materials, textiles, drug delivery
ystems and personal care products, owing to its good hygro-
copicity, dyeability and drapability. However, the presence of
hree hydroxyl groups in each glucose residue of cellulose results
n strong hydrogen-bonding interactions and high crystallinity,
o cellulose only can dissolve in particular solvent such as
aOH/CS2, Cu(NH3)4(OH)2, N-methyl morpholine Oxide (NMMO),
,N-dimethylacetamide (DMAc)/LiCl (Heinze & Liebert, 2001; Ishii,
atsumi, & Matsumoto, 2003; Kunze & Fink, 2005; Rosenau,
otthast, Sixta, & Kosma, 2001).

Viscose fiber and copper ammonia fiber are the first two  com-
ercial manmade fibers that were developed over 100 years ago.

he conventional viscose and cupro processes use NaOH/CS2 and
u(NH3)4(OH)2 as solvents, respectively, and generate several envi-
onmentally hazardous byproducts unfortunately, including toxic
as and heavy metals. In recent decades, many other cellulose
olvents have been developed to reduce the processing steps as

ell as to minimize the hazardous byproducts. The NMMO/H2O

nd DMAc/LiCl systems are the most representative and mature
echnology to attain high concentration solutions. The highly polar
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solvents can form new hydrogen bonding network with cellulose
molecules and disrupt the hydrogen bonding of cellulose itself,
leading to the dissolution of cellulose. Lyocell fiber is commer-
cialized by using NMMO/H2O as a direct solvent and displays high
strength and high fibrillation tendency in the wet state. However,
the NMMO/H2O system requires high temperature for dissolution
and antioxidants to avoid side reactions of solvent, resulting in
degradation of cellulose and high costs. The DMAc/LiCl system has
better stability and higher dissolve ability than NMMO/H2O, but
it requires pre-swelling by sequential solvent exchange and heat-
ing and has difficulty in recovering of the solvent. The formation of
cellulose carbamate (CC) by transformation of cellulose with urea
is another economical attempt without pollution, but the CC pro-
cess still has many issues that need to be overcome, including the
minimization of several side reactions and reduction of undesired
byproducts.

Recently, ionic liquids (ILs) which contain strong hydrogen-
bond acceptors such as Cl−, Br− or SCN− have been successfully
used to dissolve and process cellulose (Barthel & Heinze, 2006;
Heinze, Schwikal, & Barthel, 2005; Wendler, Kosan, Krieg, &
Meister, 2009). These small hydrogen bond acceptors are assumed
to be responsible for interrupting the extensive intermolecular
and intramolecular hydrogen bonding of cellulose (Edgar, Heinze,
& Liebert, 2009; Wu,  Zhang, Zhang, He, Ren, & Guo, 2004, Liu &

Sun, 2008). In general, ILs are thermally stable over a wide range
of temperature and appropriate reaction media for the homoge-
neous modification of cellulose. The dissolution process is usually
occurred under heat, pressure or radiation in the batch reactor or

dx.doi.org/10.1016/j.carbpol.2013.07.084
http://www.sciencedirect.com/science/journal/01448617
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ask (Birgit, Christoph, & Frank, 2008; Brown, Laborie, & Zhang,
012). For example, cellulose concentration of 25 wt% in 1-butyl-
-methylimidazolium chloride (BMIMCl) can be achieved using
icrowave heating (Swatloski, Spear, Holbrey, & Rogers, 2002); but

he concentration of cellulose in BMIMCl is only about 10–15 wt%
ith continuous heating and stirring for several hours (Galas, Pyc,

 Romanowska, 1997).
Due to high cost, low yield and the difficulty in recovering of

he solvent, the industrial production of cellulose with a solvent
ethod is restricted. With the increased awareness of the environ-
ental protection and the increased material demands of citizens,
ore and more attention is paid to the chemical modification of cel-

ulose along with the green solvent to decrease the intermolecular
orce of cellulose (French, Rajasekaran, & Condon, 2001; Heinze &
oschella, 2005; Zhao et al., 2007). According to its molecular struc-

ure, cellulose is an active chemical. Through the reaction with the
ydroxyl groups of cellulose, the functional groups are introduced

nto cellulose molecules to break the hydrogenbonding network
f cellulose, decrease cellulose crystallinity and improve cellulose
olubility (Dahou, Ghemati, Oudia, & Aliouche, 2010; Kamel, Ali,
ahangir, Shah, & El-Gendy, 2008; Narita, Tabata, & Yoshida, 2007;
dian, 2004).

In this work, a co-rotating twin-screw extruder was  used to con-
uct the reactive extrusion processing by in situ derivatization of
ellulose in the presence of BMIMCl and different modifiers includ-
ng urea, phthalic anhydride (PA), maleic anhydride (MA) or butyl
lycidyl ether (BGE). We  attempt to use the high shear stress of
xtruder to improve the dissolving efficiency of cellulose in BMIMCl
s well as the modification effect of modifiers. The objective of
his work was  to increase the polymer concentration in BMIMCl by
ellulose activation through in situ derivatization. The derivatiza-
ion effect of cellulose with four different modifiers was compared
y the investigation of the molecular structure, crystal structure,
hermal property and rheological property modified cellulose.

. Experimental

.1. Materials

Cotton cellulose was supplied by Jiangsu Longma green fiber
ndustry Co., Ltd. BMIMCl was purchased from Shanghai Chengjie
hemical industry Co., Ltd. Urea (Tm = 132.7 ◦C), PA (Tm = 131.2 ◦C),
A (Tm = 52.8 ◦C) and BGE (Tb = 151.5 ◦C) were from Sinopharm

hemical Reagent Co., Ltd.

.2. Extrusion

Cellulose powder was dried under vacuum at 70 ◦C for 24 h.
ith BMIMCl as reaction medium, cellulose was mixed with urea,

A, MA  and BGE using a blender (Model 31BL92, Waring Products
imited, New Hartford, CT) for several seconds, respectively. Four
ellulose/BMIMCl/modifier mixtures were extruded at a constant
atio (20 wt%/60 wt%/20 wt%). The extrusion process experiments
ere implemented on a co-rotating twin-screw extruder (L/D = 48,

 = 35 mm).  The barrel temperatures of the extruder for these mix-
ures except cellulose/BMIMCl/BGE from zone 1 to zone 9 were
00, 110, 120, 130, 140, 140, 150, 150 and 150 ◦C. The die tem-
erature was 140 ◦C. The screw rotation speed was 50 rpm and the
etention time during extrusion was 10 min. Besides, the mixture of
ellulose/BMIMCl (25 wt%/75 wt%) was also extruded at the same
ondition. Due to the low boiling point of BGE, the barrel tempera-

ures of the extruder for cellulose/BMIMCl/BGE from zone1 to zone

 were set to 80, 80, 90, 100, 110, 110, 120, 120 and 120 ◦C, and the
ie temperature was 110 ◦C. After reactive extrusion, modified cel-

ulose were washed with distilled water and alcohol successively
Fig. 1. The reaction mechanisms for (a) cellulose with urea, (b) cellulose with PA,
(c)  cellulose with MA,  (d) cellulose with BGE.

and then extracted with acetone for 24 h to remove BMIMCl and
unreacted modifier. Finally, the modified cellulose were washed
with distilled water again and dried at 60 ◦C for 24 h in a vac-
uum oven, which were named as cellulose-g-urea, cellulose-g-PA,
cellulose-g-MA, cellulose-g-BGE and regenerated cellulose, respec-
tively.

2.3. Characterizations

Solubility test was evaluated by dissolution method. After 100 g
BMIMCl solvent was heated to 100 ◦C, an appropriate amount of
cellulose samples was  added into it with vigorous stirring for
10 min  at 100 ◦C to obtain a transparent cellulose solution. The
remaining undissolved fractions were washed using water and ace-
tone, respectively, and then dried at 60 ◦C for 24 h in a vacuum
oven.

Fourier-transform infrared (FTIR) spectroscopy with an attenu-
ated total reflectance (ATR) accessory was performed on a Nicolet
Nexus 670 + Raman Module at a resolution of 2 cm−1 in the trans-
mission mode.

Cross-polarisation magic angle spinning carbon-13 solid-state
nuclear magnetic resonance spectra (CP/MAS 13C-NMR) was  per-
formed on Bruker DSX-400 spectrometer under a static field
strength of 2.3 T (100 MHZ  1 H) at 25 ◦C.

Differential scanning calorimeter (DSC) was  performed on Net-
zsch DSC PC 200 at heating rates of 10 ◦C/min.

Thermal gravimetric analysis (TGA) was  performed using a
simultaneous thermal analyzer at heating rates of 5 ◦C/min in air
atmosphere.

Rheological characterization was carried out using a HAAKE
RheoStress 600 Rotational Rheometer with a 20 mm parallel plate
under nitrogen atmosphere.

3. Results and discussions

3.1. Grafting reactions

The hydroxyl groups at C-2, C-3 and C-6 of cellulose are reac-

tive, which can react with many functional groups such as amino,
anhydride and epoxy groups. The mechanisms of these reactions
between cellulose and urea, PA, MA  and BGE are described in Fig. 1,
respectively.
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Table  1
Characterization of original cellulose and modified cellulose used in this work.

Samples DP DSa Polymer concentration
in the BMIMCl (%)

Original cellulose 580 9.0
Cellulose-g-urea 522 0.24 14.3
Cellulose-g-PA 493 0.29 18.2
Cellulose-g-MA 445 0.61 25.0
Cellulose-g-BGE 501 16.7
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DS value of cellulose-g-BGE cannot be obtained from NMR  data because the
ignal of ether for cellulose-g-BGE at about 62 ppm is overlapped by the C-6 signal
f  cellulose.

The degree of polymerization (DP) and the degree of sub-
titution (DS) values of cellulose are both important feature
nfluencing their properties. DP was measured viscosimetrically in
opper ethylenediamine solution (CuEn) and the obtained intrinsic
iscosities converted into the respective values of DP by Eq. (1)
Grobe, 1989).

P
0.905 = 0.75[�]CuEn (cm3 g−1) (1)

DS was calculated from a ratio of the integrals of NMR  peaks by
q. (2) (Raymond, Morin, & Marchessault, 1993).

S = nCE × ICA

nCA × ICE
(2)

here ICA and ICE are the integration of peaks of corresponding car-
onyl carbons and cellulose carbons, respectively. nAC and nCE are
he number of carbon atoms in the corresponding carbonyl group
nd in cellulose.

The solubility of cellulose samples in BMIMCl was  calculated by
q. (3).

 = w1 − w2

100
(3)

here C is the concentration of cellulose samples in BMIMCl, w1
s the weight of original cellulose samples, and w2 is the weight of
ndissolved fractions.

The DP, DS and the concentration of cellulose samples are shown
n Table 1. Owing to the short retention time during extrusion, the
S value of modified cellulose is obvious less than that of modified
ellulose prepared in a batch reactor for 2–4 h. Therefore, cellu-
ose samples do not undergo severe depolymerization after reactive
xtrusion and it is good to retain the inherent properties of cel-
ulose. Due to the strong shear stress of twin-screw extruder, the
issolving efficiency of cellulose in [BMIM]Cl is improved obviously
nd the hydrogen bond network of cellulose is destroyed rapidly.
eanwhile, the movement of modifiers to the cellulose chains is

romoted by the chemical effect of BMIMCl and the physical effect
f the shear force, so the number of hydroxyl groups of modified
ellulose decreased and the concentration of modified cellulose in
pinning solution is higher than that of original cellulose, which is
enefit to improve the production efficiency, fiber quality and fiber
tability. In comparison with other modified cellulose, cellulose-g-
A  has lower DP, higher DS and solubility. This is probably related

o the structure of MA  that has less steric hindrance, higher activ-
ty and polarity, so MA  can easily move to the surface of cellulose,
ven can migrate into the interior of cellulose and consequently
ave more contact opportunity with hydroxyl groups of cellulose.
hrough the chemical modification with MA,  the intermolecular
nteraction of cellulose was decreased effectively and Cl atom was

asy to penetrate into the interior of cellulose-g-MA to form weak
ydrogen bond with H atom of cellulose-g-MA. Thus, the hydrogen-
onding interactions in the cellulose-g-MA were weakened and
ore cellulose-g-MA was dissolved in BMIMCl finally.
Fig. 2. FTIR spectra of (a) original cellulose, (b) regenerated cellulose, (c) cellulose-
g-urea, (d) cellulose-g-PA, (e) cellulose-g-MA, (f) cellulose-g-BGE.

3.2. FTIR analysis

Fig. 2 shows the FTIR spectra for cellulose samples. In compar-
ison with unmodified cellulose, cellulose-g-urea displays a new
peak of ester absorption of the amide group at 1680 cm−1, and new
peaks appears at 1720 cm−1 for the cellulose-g-PA and cellulose-
g-MA, which is related to the absorption of the ester band of
the carbonyl group. However, the C O C signal for cellulose-g-
BGE might be overlapped by the cellulose

′
s own  characteristic

absorption peak. Compared to other modified cellulose, the ester
absorption of cellulose-g-MA is the most obvious. It implies that MA
has higher reactivity with cellulose than other modifiers, which is
consistent with the DS results.

Fig. 3 shows the FTIR spectra of hydrogen bonded O H stretch-
ing vibrations. Hydrogen bond of cellulose can be divided into the
intramolecular hydrogen bond of 2-OH· · ·O-6 at 3410 cm−1, the
intramolecular hydrogen bond of 3-OH· · ·O-5 at 3340 cm−1, and
the intermolecular hydrogen bond of 6-OH· · ·O-3′ at 3280 cm−1

(Schwanninger, Rodrigues, Pereira, & Hinterstoisser, 2004). The
intensity of the peak at 3280 cm−1 in the modified cellulose reduced
obviously, indicating that more intermolecular hydrogen bond is
destructed compared to the intramolecular hydrogen bond. In gen-
eral, the relative reactivity of hydroxyl groups can be expressed
as OH-C6 > OH-C2 > OH-C3 (Krassig, 1993). Therefore, the peak at
3410 cm−1 in the modified cellulose displayed lower intensity com-
pared to the peak at 3340 cm−1 and the higher reactive of anhydride
groups with cellulose leads to an obvious decrease in the band at
3410 cm−1 for cellulose-g-PA and cellulose-g-MA.

3.3. 13C NMR analysis

The 13C NMR  spectra of cellulose samples are shown in Fig. 4. A
new peak appears at 174.3 ppm in the spectrum of cellulose-g-urea,
which is related to the absorption of carbonyl band of amide groups.
The carbon chemical shift of carbonyl groups for cellulose-g-PA
and cellulose-g-MA were 171.0 ppm and 169.7 ppm, respectively.
Moreover, the C-1 carbon resonance of modified cellulose split into
two peaks owing to the neighboring substituent at the C-2 and C-3
position.

In the spectra of cellulose, the most valuable peak is C-4. The two
characteristic peaks of C-4 correspond to the amorphous region sig-
nal at 80–86 ppm and the crystalline region signal at 86–92 ppm,
respectively (Klemm,  Philpp, Heinze, Heinze, & Wagenknecht,
1998). The crystallinity (�c) of cellulose can be calculated by the
relative intensity of crystallized C-4 as Eq. (4).

Sc
�c =
Sc + Sa

× 100% (4)

where Sc and Sa are the area of the crystalline and amorphous
regions of C-4, respectively.
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Fig. 3. FTIR spectra of hydrogen bonded OH stretching for (a) original cellulose, (b) regenerated cellulose, (c) cellulose-g-urea, (d) cellulose-g-PA, (e) cellulose-g-MA, (f)
cellulose-g-BGE.

Fig. 4. 13C NMR  spectra of (a) original cellulose, (b) regenerated cellulose, (c) cellulose-g-urea, (d) cellulose-g-PA, (e) cellulose-g-MA, (f) cellulose-g-BGE.

Table 2
Crystallinity of original cellulose, regenerated cellulose and modified cellulose.

Samples Xc (%)

Original cellulose 62.7
Regenerated cellulose 58.3
Cellulose-g-urea 50.5
Cellulose-g-PA 46.4
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Cellulose-g-MA 38.9
Cellulose-g-BGE 44.8

The crystallinity of cellulose samples is reported in Table 2. The
ormation of side chain on the backbone of cellulose increases the
ifficulty for cellulose chains to organize and aggregate, so the crys-
allinity of modified cellulose is decreased and the crystallinity of
ellulose-g-MA is much lower than that of other modified cellulose.
t indicated that cellulose-g-MA contains more side chains which
revented microfibril from approaching one another and affected
he crystallization behavior of cellulose. The increased amorphous
egion in cellulose-g-MA could offer more spaces to accommodate
A molecules and facilitate the grafting reaction.

.4. Thermalgravimetric analysis

TGA and DTG curves obtained for cellulose samples are

resented in Fig. 5. Original cellulose powder presents one decom-
osition peak with maximum at 345.7 ◦C while DTG peak of the
egenerated cellulose becomes wider and shifts to lower tem-
erature. This is expected as the molecular chain of cellulose

Fig. 5. a TGA and b DTG curves of (a) original cellulose, (b) regenerated cellulose,
(c)  cellulose-g-urea, (d) cellulose-g-PA, (e) cellulose-g-MA, (f) cellulose-g-BGE.



130 Y. Zhang et al. / Carbohydrate Polymers 99 (2014) 126– 131

F
u

w
t
r
t
w
f
p
l
d
o
l
f
w
t
c

3

c
i
e
t
H
o
l
1
l
p
s
a
t
d
a
t
o
d
o
o
h
s
d
o
d

3

m
c

Fig. 7. Complex viscosity as a function of temperature at 11 Hz for regenerated
cellulose and modified cellulose.

Fig. 8. lg �a vs. �1/2 for regenerated cellulose and modified cellulose spinning dopes.

Table 3
Structural viscosity index of regenerated cellulose and modified cellulose.

Samples ��

Regenerated cellulose 7.2
Cellulose-g-urea 5.1
ig. 6. DSC plots of (a) original cellulose, (b) regenerated cellulose, (c) cellulose-g-
rea, (d) cellulose-g-PA, (e) cellulose-g-MA, (f) cellulose-g-BGE.

as interrupted after dissolved in BMIMCl, so the polymeriza-
ion degree and the thermal stability of regenerated cellulose was
educed. However, the modified cellulose presents two decomposi-
ion steps: the first step of weight loss from 250 to 310 ◦C is similar
ith the regenerated cellulose and the second step of weight loss

rom 310 to 370 ◦C is similar with the original cellulose. The first
eak of DTG curves is related to the decomposition of ungrafted cel-

ulose, while the second peak of DTG curves can be assigned to the
ecomposition of grafted cellulose. As shown in Fig. 5, the first peak
f cellulose-g-MA almost disappeared, indicating that most cellu-
ose was reacted with MA  to form grafted cellulose. The DTG peak
or grafted cellulose in modified cellulose occurs at about 354 ◦C,
hich is 10 ◦C higher than that of original cellulose, indicating that

he side chains on the cellulose improved the thermal stability of
ellulose.

.5. Thermal behavior

Polymers with hydrophilic groups absorb water easily such as
ellulose, so some water will associated with cellulose powder
nevitably even in the dry state. In the past, some workers have
xamined that the dehydration of cellulose usually take place in the
emperature range of 10–90 ◦C (Hatakeyama & Hatakeyama, 1998;
atakeyama & Quinn, 1994). We  studied the dehydration process
f cellulose using DSC method, as shown in Fig. 6. Original cellu-
ose shows a broad endothermic peak in the temperature range of
0–110 ◦C with a maximum at 63 ◦C, which is consistent with the

iteratures mentioned above. After modification, the endothermic
eaks shift to higher temperature. On the one hand, the increase of
teric hindrance increases the difficulty in water structure break-
ge around modified cellulose, which increases the dehydration
emperature. On the other hand, the formation of side chain
ecreases the hydrogen bond interactions between cellulose ethers
nd water, which decrease the dehydration temperature. Evidently,
he former is the main factor when comparing the dehydration
f original cellulose with that of modified cellulose. However, the
ehydration of cellulose-g-MA appeared at lower temperature than
ther modified cellulose. It indicated that the obvious reduction
f intermolecular interactions of cellulose-g-MA decreased the
ydrogen bonding between cellulose-g-MA and water. That is to
ay, the effect of the decreased intermolecular interactions on the
ehydration of modified cellulose is more remarkable than that
f the increased steric hindrance for the modified cellulose with
ifferent substitution.

.6. Rheological properties
Fig. 7 shows the complex viscosity with temperature for
odified cellulose spinning dopes respectively. Typical extrusion

onditions experience 50–1000 s−1 shear rates (Giles, Wagner, &
Cellulose-g-PA 3.0
Cellulose-g-MA 2.6
Cellulose-g-BGE 4.2

Mount, 2005), so the frequency sweep was set at 11 Hz, which is in
the range of the shear rate during extrusion. It can be seen that the
addition of modifier decreased the viscosity of modified cellulose
and the addition of anhydride caused the most significant lower-
ing of the viscosity. It indicated that the formation of side chain
in cellulose-g-MA had better internal plasticization and stronger
size exclusion effect, which increased the distance between cel-
lulose molecules, so the gathering of cellulose chains during the
extrusion was restricted and the interaction force between cellu-
lose chains was decreased effectively. Although adding urea could
reduce the number of hydrogen bonds between cellulose chains,
urea and hydroxyl groups in cellulose molecules might form new
hydrogen bonds, leading to an little decrease in viscosity.

The structural viscosity index (��) is a useful experimental
parameter for the spinnability of spinning dope. The �� can be
obtained by Eq. (5):

��  = −dlg �a

d�1/2
× 100 (5)
where �a is apparent viscosity and � is shear rate.
The lg �a against �1/2 at 165 ◦C of modified cellulose spinning

dopes are given in Fig. 8. The plots of lg �a vs. �1/2 for cellulose
samples exhibit good linear relationship. The values of ��  can be
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btained from the slopes of the straight lines, as shown in Table 3.
� values of modified cellulose were lower than regenerated cel-

ulose and the ��  of cellulose modified with anhydride was  even
ower, indicating the flowability and spinnability of cellulose-g-PA
nd cellulose-g-MA are much better.

. Conclusions

In this study, a co-rotating twin-screw extruder was  used to
onduct the heterogeneous reactive extrusion by in situ modifica-
ion of cellulose in the presence of BMIMCl as plasticizer and urea,
A, MA  or BGE as modifier. Under high shear stress, the movement
f modifier to cellulose chains was improved and the hydrogen-
onding interaction of cellulose was decreased. Compared to other
odifiers, anhydride group has higher reaction activity with the

ydroxyl group of cellulose, so the regularity of cellulose chains
nd the hydrogen bond between cellulose chains was  destroyed
ffectively by the grafting reaction of cellulose with PA and MA.
oreover, the smaller molecular weight and less steric hindrance

f MA  favored the entrance of MA  into the cellulose phase and
ncreased the DS, so cellulose-g-MA exhibited lower crystallinity
nd better thermal stability than other modified cellulose and the
pinning solution of cellulose-g-MA showed higher concentration
nd better spinnability. The in situ heterogeneous modification
hrough reactive extrusion method may  provide theoretical base
or the industrial production of cellulose fiber with low energy
onsumption and high properties.
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