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a  b  s  t  r  a  c  t

Hydroxyethyl  celluloses  (HECs)  with  low  molar  substitutions  (MS)  were  prepared  by  reaction  of  alkali
cellulose  with  ethylene  oxide  (EO)  in  a heterogeneous  process.  NMR,  FTIR,  WAXD,  TG,  solubility  and
tensile  tests  were  adopted  to  investigate  the  changes  of  structures  and  properties  of  HECs with  their  MS
values.  NMR  results  showed  that  the  hydroxyethyl  groups  were  introduced  into  the  cellulose  chains  as
expected,  causing  the  destruction  in  ordered  structure  and  a loss  in crystallinity.  Crystal  transformation
eywords:
ydroxyethyl celluloses (HECs)
olar substitution (MS)

tructure
roperties

from  cellulose  I of raw  cellulose  to cellulose  II of HECs  was  proved  by different  methods.  The  crystalline
structure  of  HEC  seriously  deteriorated  with  the  rising  MS value,  accompanying  lower thermal  stability
and  improvements  on  its solubility  in 8 wt%  NaOH  solvent  and  moisture  related  properties  such  as  water
retention.  These  different  properties  depending  on the MS values  endowed  HECs  with  various  potential
applications  in the form  of  regenerated  cellulose  fibers  or other  absorbent  materials.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

As the most abundant renewable resource, cellulose is a promis-
ng material and has attracted much attention due to the great
ignificance for sustainable development (Bledzki & Gassan, 1999;
handra & Rustgi, 1998; Schurz, 1999). However, cellulose still has
ot reached its potential application in many areas because it is
ifficult to process in general solvents or in the melting state on
ccount of its strong inter- and intra-molecular hydrogen bonding.
ased on its unique structure and reactivity, chemical modification
ontinues to play a dominant role in improving the overall uti-
ization of the biomacromolecules (Heinze, 1998; Heinze, Liebert,
lüfers, & Meister, 1999; Klemm,  Heinze, Philipp, & Wagenknecht,
997).

Traditionally, viscose technology is still the most widely
sed route to manufacture regenerated cellulose fibers, which
s accompanied with hazardous byproducts such as CS2, H2S
nd heavy metals (Philipp, 1993). A limited number of novel
olvents for cellulose were reported in the past decades such

∗ Corresponding author at: The Key Lab of Textile Science and Technology Ministry
f  Education, Shanghai 201620, China. Tel.: +86 21 6779 2803; fax: +86 21 6779 2627.

E-mail address: fxlee@dhu.edu.cn (F. Li).

ttp://dx.doi.org/10.1016/j.carbpol.2014.08.015
144-8617/© 2014 Elsevier Ltd. All rights reserved.
as N-methylmorpholine-N-oxide (NMMO) (Fink, Weigel, Purz, &
Ganster, 2001), ionic liquids (IL) (El Seoud, Koschella, Fidale, Dorn,
& Heinze, 2007; Vitz, Erdmenger, Haensch, & Schubert, 2009;
Zhu et al., 2006), NH3/NH4SCN (Hudson & Cuculo, 1980), N, N-
dimethylacetamide (DMAc)/LiCl (Williamson & McCormick, 1998),
ZnCl2 aqueous solution (Xu & Chen, 1994), dimethyl sulfoxide
(DMSO)/tetrabutylammonium fluoride (Köhler & Heinze, 2007).
Most of these solvents are limited on a pilot-scale except for NMMO,
which has been commercially used to produce regenerated cel-
lulose fibers called Lyocell. Unfortunately, NMMO still has the
problems like high temperature to dissolve, high cost, degradation
of cellulose and the solvent itself in production (Liu et al., 2011).
There is a growing urgency to develop a novel nonpolluting pro-
cess to utilize cellulose or its derivatives for fiber preparation in the
cellulose industries for the purpose of environmental conservation.

Hydroxyethyl cellulose (HEC), one of the most important cel-
lulose derivatives, is commercially produced by reaction of alkali
cellulose with ethylene oxide (EO) in a heterogeneous process.
HEC can be employed in extensive utilization because of its won-
derful properties and chemical composition with a large amount

of relatively easily accessible hydroxyl units that can be bonded
with a number of functional groups (Erkselius & Karlsson, 2005;
Liedermann & Lapcık, 2000; Sun, Sun, Wei, Liu, & Zhang, 2007).
According to the different etherification degrees of HEC, it exhibits

dx.doi.org/10.1016/j.carbpol.2014.08.015
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.08.015&domain=pdf
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ifferent solubility and is generally divided into water-soluble and
lkali-soluble products. Nowadays, water-soluble HEC has been
xtensively used as stabilizer in food and cosmetic products, binder
n tablets, thickener in latex paints, water-binder in welding rods or
lazes of ceramics and in building materials applications in indus-
ry (Adden, Müller, Brinkmalm, Ehrler, & Mischnick, 2006; Guo,
kinner, Harcum, & Barnum, 1998). However, the application of
lkali-soluble HEC with low substitution is limited. With the good
lm- and fiber-forming properties, the correlative technology on
lkali-soluble HEC is expected to substitute the traditional viscose
oute due to its nonpolluting, cheaper and shorter flow of produc-
ion.

In the previous studies of our laboratory (Wang et al., 2013),
egenerated HEC fibers with good tensile properties were suc-
essfully prepared by dispersing the alkali-soluble HEC into novel
aOH/urea/thiourea solvent, indicative of great potential in substi-

uting traditional viscose technology. However, the addition of urea
nd thiourea as the assistant solvent would definitely bring extra
oads in their recycling or disposal in the approaching industrial
roduction. So there is no better if only NaOH aqueous solution

s regarded as the solvent for dissolving the cellulose due to the
heapness and abundant sources of NaOH. But as is known to all,
aOH aqueous solution merely swells the cellulose or partially
issolves the cellulose with low degree of polymerization due to
he strong inter- and intra-molecular hydrogen bonding. Hence,
t is not unnecessary to weaken hydrogen bonding of cellulose by
nlarging the gap between the macromolecular chains. Contributed
o the formation of small side chains in cellulose ring during the
therification reaction, HEC is apt to have larger gap between the
acromolecular chains and corresponding weaker inter- and intra-
olecular hydrogen bonding, which is beneficial for NaOH solution

o dissolve the material.
In this paper, we focused on the preparation of alkali-soluble

ECs with various MS  values during the gas–solid etherification
eaction, followed by exploring the dissolution of the as-prepared
ECs in NaOH aqueous solution with a simple and environment-

riendly method. The changes of structures and properties of HECs
nd resultant regenerated films with the MS  values were inten-
ively investigated with a couple of techniques, aiming at providing

 more fundamental support for the following process of wet  spin-
ing.

. Experimental

.1. Materials

Cotton linters with degree of polymerization of 1000 were pur-
hased from Xiangtai Corporation (Hubei Province, China). EO,
aOH and glacial acetic acid supplied by Enterprise group chemical

eagent Co., LTD were analytical reagent and used without further
urification. Reactor and disintegrator were custom-made.

.2. Preparation of HECs

.2.1. Synthesis of HECs
HEC was synthesized in a heterogeneous process as described

n the previous report (Wang et al., 2013). Cellulose powders pre-
ried in vacuum were immersed in 21 wt% NaOH aqueous solution
ith vigorous stirring at ambient temperature. Alkaline cellulose

ained through squeezing was transferred into a homemade 2 L
tainless steel autoclave equipped with a mechanical stirrer. A cer-

ain amount of liquid EO was added into the vacuum autoclave
imultaneously. The mixtures were stirred at 40 ◦C for 100 min  to
ake the gasified EO fully react with alkaline cellulose powders.

he etherification reaction was terminated as the pressure inside
ers 114 (2014) 206–212 207

the autoclave nearly returned to the initial value. The as-products
were neutralized with acetic acid, repeatedly rinsed with distilled
water, and then dried under vacuum. Samples prepared by chang-
ing the feeding mass ratio of EO to raw cellulose from 0.00, 0.05,
0.10, 0.20, 0.30, 0.40 to 0.50 were signed as a, b, c, d, e, f and g,
respectively.

2.2.2. Preparation of HEC/NaOH solution
HEC/NaOH solution with concentration of 5 wt% was prepared

by dispersing a certain amount of dried HEC  powders into 8 wt%
NaOH aqueous solution pre-cooled at −6 ◦C, and then the mix-
tures were stirred vigorously at −5 to 0 ◦C for 2 h to get transparent
solution.

2.2.3. Preparation of HEC films
After filtration, the 5 wt%  HEC solutions owning various MS

values were subjected to centrifugation at 5000 rpm for 10 min  at
ambient temperature to eliminate bubbles. The transparent solu-
tions were immediately cast on glass slides, and the thickness of
wet film was controlled to be around 0.5 mm.  The sheets were
immersed into coagulation bath composed of 10 wt% acetic acid
solution for 30 min. The resultant HEC films were subsequently
washed by distilled water until the pH value reached 7, followed
by drying them at 20 ◦C under vacuum for 24 h.

2.3. Characterizations

2.3.1. Nuclear magnetic resonance (NMR) measurements
The HECs could be dissolved in CDCl3 through acetylated reac-

tion with acetic acid (Tezuka, Imai, Oshima, & Chiba, 1989). 1H-NMR
measurements on these acetylated HEC solutions with different MS
values were performed on a Bruker Avance 400 Nuclear Magnetic
Resonance Spectrometer in the proton noise-decoupling mode
with a standard 5 mm probe at ambient temperature, and the sam-
ple concentration was about 3.5 wt%.

Solid state 13C-NMR spectra of raw cellulose and HECs were
recorded on Avance 400 spectrometer (Bruker Inc., Switzerland)
with a cross polarization/magic angle spinning (CP/MAS) unit at
ambient temperature.

2.3.2. Fourier transformed infrared spectroscopy (FTIR)
measurements

FTIR spectra of raw cellulose and HECs were recorded with a
Nicolet NEXUS-670 Fourier transform infrared spectrometer. The
samples dried by infrared lamp were cut into fine powders and
mixed with KBr, and then the mixtures were pressed to give a slice
for FTIR measurements.

2.3.3. Wide angle X-ray diffraction (WAXD) measurements
X-ray diffraction technique was employed to investigate the

crystalline structures of HECs at room temperature. The measure-
ments were conducted with a Rigaku D/max 2550VB/PC diffraction
instrument. The power of the generator is 40 kV and 200 mA  with a
Nickel-filtered Cu K� radiation (� = 0.154 nm). The X-ray diffraction
profiles were recorded at the 2� range of 6–40◦ at a scanning speed
of 8◦/min. The crystallinities of samples were calculated accord-
ing to the peak separation. Individual crystal reflection peak and
amorphous background were extracted by the curve-fitting pro-
cess of the diffraction intensity profile with the software MDI  Jade
5. The crystallinity was estimated as the ratio of the total crystal
peak intensity to the total diffraction intensity.
2.3.4. Thermal gravimetric analysis (TGA)
Thermal stability of raw cellulose and HECs was determined

with a Netzsch TG 209F1 thermo-gravimetric analyzer. The
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Fig. 1. The 1H-NMR spectra of acetylated cellulose (a) and HEC (b) in CD

pecimens were tested in N2 atmosphere and heated up to 600 ◦C
t a heating rate of 10 ◦C/min.

.3.5. Solubility determination of HEC samples
A certain mass (M1) of HEC solutions with concentration of 5 wt%

as selected to check the solubility of HEC in 8 wt% NaOH solution.
ndissolved residues in the NaOH solution were collected by fil-

ration on a glass filter, and then rinsed successively with 8% NaOH
olution, water, dilute acetic acid and acetone at room temperature.
he remains were weighed as M0 after drying in vacuum. The solu-
ility values (Sa) of these samples were expressed as the percentage
f the total amount of HECs that passed through the filter.

a(%) = [(M1 × 5% − M0)/(M1 × 5%)] × 100 (1)

.3.6. Evaluation of water retention value (WRV)
HEC film was soaked into distilled water for 2 h at ambient tem-

erature, and then centrifuged at a relative centrifugal force (RCF)
f 1000 g for 20 min, after which the weight of the wet film was
etermined as W0. Subsequently, the sample was dried at 105 ◦C
ntil its weight kept constant, and reweighed to be W1. The water
etention value (WRV) was  calculated from Eq. (2).

RV(%) = (W0 − W1)/W1 × 100 (2)

.3.7. Tensile test of HEC films
The tensile properties of HEC films with different MS  values

ere measured on a universal tensile tester (HD026N+, Nantong
ongda experiment instruments, China) according to the standard
ethod ISO 527-2, 1993(E). The width of the specimen was 10 mm

nd the length was 40 mm.  The film thickness was measured with
abric thickness meter (YG141D, Changzhou Textile Instrument Co.,

td, China) under the presser foot area of 100 mm2 and pressure
eight of 50 cN. The films were preconditioned for 1 day so that

hey reached the standard atmospheric equilibrium of 65% rela-
ive humidity (RH) at 20 ◦C. A gauge length of 30 mm was  applied
 25 ◦C, and solid-state 13C-NMR curves of raw cellulose (c) and HEC (d).

and the tensile speed was 10 mm/min. The tensile results were
determined from the average value of five-time tests.

3. Results and discussion

3.1. Structural development of HEC with the MS value

Fig. 1a and b presents the 1H-NMR spectra of acetylated cellulose
and HEC, respectively. The three peaks from 1.90 to 2.10 ppm were
assigned to protons of CH3 CO O group, which was produced
by acetylated reaction with three hydroxyls of cellulose, while the
broad peaks between 3.50 and 5.10 ppm were attributed to the sig-
nals of six protons in the anhydroglucose unit (AGU). Furthermore,
it can be found that some new peaks emerged in the spectrum of
acetylated HEC as shown in Fig. 1b. The peak at 4.20 ppm was con-
tributed to the protons of O CH2 CH2 close to CH3, whereas
the small peak at 3.71 ppm was assigned to protons of the other
O CH2 CH2- groups. The three peaks from 1.90 to 2.10 ppm were
split into four peaks since some of hydroxyls attached to the
AGU were replaced by the hydroxyethyl groups. These new peaks
verified that the hydroxyethyl groups were introduced into the cel-
lulose chains as expected. In addition, the MS  values of HECs could
be estimated from the peak area of 4.20 ppm and 3.71 ppm via the
previous method reported by Heinze (Heinze & Liebert, 2001). For
the b–g samples, their corresponding MS  values were determined
to be 0.09, 0.17, 0.30, 0.48, 0.65 and 0.84 as presented in Table 2,
respectively.

Fig. 1c and d shows the solid state 13C-NMR spectra of raw
cellulose and HEC. It is noted that four main peaks in the spec-
trum of HEC appear at 104.5, 82.8, 74.1 and 61.8 ppm, assigned to
C1, C4, (C2,C3,C5) and C6. Compared with raw cellulose, C4 and

C6 signals of the HEC shifted to higher magnetic field as a single
peak, corresponding to the shoulder peaks of cellulose attribut-
ing to C4 and C6 signals located in amorphous region, suggesting
that the partial destruction of ordered structure and the loss of
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decomposition temperature (Td), the temperature at the maxi-
ig. 2. FTIR spectra of raw cellulose (a) and HECs with different MS values (b–g).

rystallinity occurred due to the substituent groups (Clark, Fowler,
 Stephenson, 1983). Meanwhile, the change in C6 signals also
erified the transformation of the C6 OH group from the “t-g”
onformation for the crystalline region of cellulose I to a “g-t” con-
ormation of cellulose II (Isogai, Usuda, Kato, Uryu, & Atalla, 1989).
t was hard to obtain the information of C2, C3 and C5 from the
ig. 1c and d, which was perhaps due to the overlap of broad peaks
t 74.1 ppm.

Fig. 2 shows the FTIR spectra of cellulose and HECs with various
S values. A broad absorption band around 3720–3000 cm−1 for

hese samples was ascribable to the stretching vibration of OH
roup. For comparison with cellulose, the absorption peak of the
and in the spectra of HECs was shifted distinctly from 3334 cm−1

o higher wave number of 3420 cm−1 as a result of the decrease
n intra- and inter-molecular bonds caused by hydroxyethylation.
he characteristic peaks from 2800 to 3000 cm−1 were assigned to
he stretching vibration of CH2 group, among which the band
hanged from 2900 cm−1 for cellulose to around 2920 cm−1 for
he hydroxyethylated samples. New small shoulders emerged in
he spectra of HECs and their position shifted to lower wave num-
ers from 2891 cm−1 to 2882 cm−1 with the increasing MS  value,

ndicative of the presence of CH2 groups. The 1430 cm−1 band
ssigned as symmetric CH2 bending vibration was transferred
o around 1418 cm−1 accompanied with a considerable decrease
n absorbance intensity after hydroxyethylation, manifesting the
onformation of CH2OH at C6 was converted from the “t-g” to the
g-t” form. The characteristic band at 1162 cm−1 representing the
tretching vibration of C O C at ˇ-glucosidic linkage was sharp for
ellulose but vanished gradually as the MS  value increased, while
he peak at 1032 cm−1 assigned to stretching vibration of C O at
6 was shifted to 1019 cm−1 after introducing the hydroxyethyl
roups, which may  be affected by the variation of hydrogen bonding
uring the crystal form transformation (Heinze et al., 1999).

Fig. 3 illustrates the X-ray diffraction patterns of raw cellulose
nd HECs. The raw cellulose displayed the cellulose I structure with
ypical diffraction peaks at 2� = 14.8◦ for (1̄ 1 0), 16.3◦ for (1 1 0) and
2.6◦ for (0 2 0), while HECs possessed the characteristic cellulose

I structure at 12.1◦ for (1̄ 1 0), 20.8◦ for (1 1 0) and 21.8◦ for (0 2 0)
Langan, Sukumar, Nishiyama, & Chanzy, 2005), further conform-
ng that the transition of cellulose I into cellulose II occurred during
therification process. Meanwhile, the peaks of plane (0 2 0) grad-
ally disappeared, but in fact they were merged into the peaks of

lane (1 1 0) whose position almost maintained fixed in the spectra
f HECs, because the most abundant -OH groups existed inside the
lane (1 1 0) where the etherification reaction mainly took place.
Fig. 3. X-ray diffraction patterns of raw cellulose (a) and HECs (b–g).

The peak of (1̄ 1 0) was  shifted to a lower angle as a result of the
increasing inter-planar distance of plane (1̄ 1 0) (d(1̄ 1 0)) due to
the introduced substituent groups.

Crystallinity variation of HECs with the various MS  values is
listed in Table 2. As expected, HECs exhibited a lower crystallinity
than raw cellulose due to the introduction of side chains during
etherification process, which weakened the arranging regularity of
cellulose macromolecules. Furthermore, the crystallinities of HECs
decreased monotonously with the rising MS  value. The possible
reason was attributed to the different reaction rate of the hydro-
xyls at different position of the cellulose ring. It was reported that
the order of relative reaction rate of hydroxyls in the ring was
C2:C3:C6:CHE = 3:1:10:20 (CHE means the carbons of hydroxyethyl
groups at the side chain) (Stratta, 1963), leading to the random dis-
tribution and various chain lengths of the substituents embedding
into the cellulose bone chains. Therefore, structural regularity of
cellulose would be breached and the crystallinities of HECs were
lowered. The more EO consumed in the etherification reactions,
the more damage to cellulose crystalline structure.

3.2. Thermal properties of HECs

Thermal stability of cellulose and its derivatives is the important
performance that restricts their application due to the occurrence
of rapid chemical decomposition at high temperature, and the char-
acteristics of substituents bonding with cellulose chains have great
influences on their thermal stability (Kissinger, 1957). Fig. 4 plots
the TG and DTG curves of cellulose and HECs at a heating rate of
10 ◦C/min under nitrogen atmosphere. Obviously, the TG curves of
HECs shifted to left side with their increasing MS  values, suggesting
that the introduction of substituents into the cellulose chains dete-
riorated their thermal stabilities. Furthermore, each curve showed
the typical characteristics of three distinct zones. The initial weight
loss in the first stage was attributed to the evaporation of residual
absorbed water, and then followed by the main depolymerization
and decompositon of the polymers in the second stage. The curves
showed a sharp weight loss at the range of 260–380 ◦C due to the
formation of volatiles like CO or CH4. In the last stage, there was a
very slow approach to constant weight accompanying the reactions
of pyrolysis and carbonization.

Table 1 lists the parameters such as initial weight loss, onset
mum  degradation rate (Tdm) and residual mass at 600 ◦C for various
samples according to these curves. The initial weight loss of HECs
increased as their MS  values went up, indicating that they would
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Fig. 4. TG (left) and DTG (right) cu

ossess much more excellent moisture absorbance because more
ydrophilic hydroxyethyl groups were introduced into cellulose
hains. In addition, the Td and Tdm for HECs slid gradually with
he increasing MS  value, while the residual mass was rising, which
as in accordance with the results in pervious literature (Li, Huang,

 Bai, 1999) that the hydroxyethyl groups lowered significantly
he pyrolytic temperature, retarded polymeric carbonization and
ncreased pyrolysis residues. The samples would become less stable
nder thermal treatment as the MS  value increased, corresponding
o their crystallinity changes mentioned above. Thus, conclusions
ere drawn that the introduction of hydroxyethyl groups resulted

n the increase of amorphous regions and partial destroy of hydro-
en bonds, which made these polymers more vulnerable under
hermal suffering.

.3. Solubility and moisture related properties of HECs

Generally, it is hard for cellulose to be dissolved in alkali solvent,
ut the solubility is evidently improved for etherified cellulose due
o the reduced density of hydrogen bonds, partial destruction of
rystalline structure and introduced hydrophilic substituents dur-
ng etherification. HEC with low MS  value which is readily soluble in
lkali solvent and maintains stable in water presents great poten-
ials in substituting the traditional viscose technology. However,
he amount of hydroxyethyl groups embedded into cellulose chains
as significant impacts on the solubility and fiber formation. Thus,
t is of great importance to optimize the MS  value of HEC used for
et spinning.

Table 2 shows the solubilities (Sa) of HECs with different MS
alues in 8 wt% NaOH aqueous solution. It could be seen that the

able 1
haracteristic parameters of thermal decomposition of various samples.

Samples Cellulose-a HEC-b HEC-c 

Initial mass loss (wt%)a 1.66 2.80 2.86
Td (◦C)b 341.6 334.2 326.7 

Tdm (◦C)c 363.9 359.8 354.9 

Residual mass (wt%) 9.63 14.65 16.26

a The mass loss of samples during the first 100 ◦C.
b The onset temperature of decomposition.
c The temperature corresponding to the maximum degradation rate.
f raw cellulose (a) and HECs (b–g).

Sa value of HEC in the dilute alkali solution increased dramatically
after etherification especially when the MS  value was  above 0.17,
where the solubility reached around 98%. As the MS  value further
increased, the solubility seemed to level off.

Water retention, as an indicator to investigate the interaction
between liquid or gaseous water and HEC, has a significant influ-
ence on the processing and application of HEC. As seen in Table 2,
the WRV  increased dramatically from 86% for cellulose to 326% for
HEC with a MS  value of 0.84. It was obvious that the water retention
of HEC was closely associated with the MS  value, because water
molecules tended to have increasing affinity with HEC macro-
molecules as the amount of hydroxyethyl groups introduced was
elevated. Besides, based on the results from X-ray diffraction, more
amorphous regions caused by etherification reaction were bene-
ficial to holding more water. These alkali soluble HECs possessed
excellent water retention especially when the MS  value exceeded
0.30, showing great potentials in medical application as healthy and
green absorbent materials. However, it was ought to point out the
samples with MS  values higher than 0.30 were inclined to dramat-
ically swell in water bath as a result of strong attraction to water,
and were unsuitable for continuous wet spinning.

3.4. Tensile properties of HEC films

Table 3 summarizes the parameters of tensile property of HEC
films with various MS  values. It could be found that the MS  val-

ues of HEC films had great influences on their tensile properties.
The HEC-b film had the highest tensile strength although the con-
centration of the polymer solution was slightly lower than any
others due to the partial dissolution in 8 wt%  NaOH solution as

HEC-d HEC-e HEC-f HEC-g

 3.48 3.55 3.79 5.41
298.4 292.8 276.1 267.0
343.8 336.7 318.7 309.5

 17.41 18.7 25.81 30.41
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Table  2
Physical properties of raw cellulose and HECs with different MS values.

Cellulose-a HEC-b HEC-c HEC-d HEC-e HEC-f HEC-g

Mass ratio of EO to cellulose 0 0.05 0.10 0.20 0.30 0.40 0.50
MS  value 0 0.09 0.17 0.30 0.48 0.65 0.84
Crystallinity (%) 68.4 57.7 5
WRV  (%) 86 146 15
Solubility in 8wt% NaOH (%) 1.49 85.1 9

Table 3
Tensile properties of HEC films with different MS  values.

HEC films HEC-b HEC-c HEC-d HEC-e HEC-f HEC-g

Thickness (mm)  0.09 0.10 0.11 0.13 0.10 0.11
Tensile strength (Mpa) 72.5 47.5 41.2 21.8 20.9 15.8
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Elongation at break (%) 7.80 7.85 8.40 8.65 8.75 11.20

hown in Table 2. With the rising of MS  value, the tensile strengths
f HEC films fell, whereas the elongation at break went up. The
igher MS  value the HEC film had, which meant the more hydrox-
ethyl groups were introduced into the cellulose chains, the less
egular crystalline structure the HEC would have. The distances
etween macromolecular chains were enlarged due to the growing

ength of side chains as well as the steric hindrance of substituent
roups which had been confirmed by WAXD investigations. The
ydrogen bonding between macromolecular chains was  greatly
eakened by the excessive hydroxyethyl groups which reacted
ith the hydroxyl groups at C2, C3 and C6 positions and acted

s a wedge among these chains. Therefore, it was much easier
or molecular chains of HEC films with high MS  values to slide
ver one another as they were applied to the load. Meanwhile,
hen the molecular chains with slipping of dislocation tended to

e aligned parallel, it was still difficult for them to form physical
onds at new positions due to the weak interaction between molec-
lar chains. Unfortunately, HEC samples with high MS  values could
ot guarantee enough tensile strength, which was apt to limit their
tilizations.

In general, HECs with the MS  value of 0.17–0.30 are suitable for
anufacturing the HEC regenerated fibers due to its good solubility

n dilute NaOH solvent, moderated water retention and good ten-
ile properties after regeneration. Meanwhile, the HECs with their
S values higher than 0.30 (lower than 1.0) are potential to be

pplied as the water absorbent materials which require high water
etention but relatively low mechanical properties.

. Conclusions

In this study, a series of alkali soluble HECs with low MS  values
ere successfully prepared by the gas-solid reaction of EO with

lkali-cellulose in a heterogeneous process. The MS  values of the
lkali-soluble HECs were calculated from 1H-NMR, and the crys-
al form transition from cellulose I to cellulose II was verified by
TIR, 13C-NMR and WAXD. Besides, it was confirmed that the crys-
allinities and thermal stabilities of HECs were decreased gradually
ith the rising MS  value, while their solubility in 8 wt%  NaOH sol-

ent and moisture related properties such as water retention were
oosted. On the basis of the results from solubility, water reten-
ion and tensile properties, it could be learned that HECs with the

S value of 0.17–0.30 were suitable for the subsequent research of

et spinning, while HECs with the MS  value higher than 0.3 may

e potential as water absorbing materials which require high water
etention but relatively low mechanical properties. The HECs with
ow MS  values must bring wide application prospect in the cellulose
ndustry.
0.7 46.9 41.9 40.0 37.4
5 168 259 282 326
7.3 97.9 98.2 98.3 98.5
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