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The mechanochemical degradation behavior of hydroxyethyl cellulose (HEC) during vibratory ball milling
and its induced morphological and structure development of HEC were studied through intrinsic vis-
cosity measurement and scanning electron microscope (SEM), particle size analysis, wide-angle X-ray
diffractometry (WAXD) and thermal gravimetry analysis (TG). A degradation kinetic model was proposed
to evaluate the effects of ball-milling time on degradation rate of HEC with different initial molecular
weights. The fragmentation mechanism is proposed based on the results of FTIR and '>*C NMR measure-
ments. The experimental results indicated that the molecular weight decreased sharply with the increase
of ball-milling time, charge ratio of steel ball/HEC and the rotational speed. Meanwhile, the fibriform mor-
phology of original HEC was damaged observably and the crystallinity of HEC decreased sharply during
the milling, which induced the decrease of the thermal stability.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Hydroxyethyl cellulose (HEC), one of the most important cellu-
lose derivatives, can be employed in extensive utilizations because
of its wonderful water-solution properties and the chemical com-
position with a large amount of relatively easily accessible hydroxyl
units that can be attached by a number of functional groups
(Erkselius & Karlsson, 2005; Evertsson & Nilsson, 1999; Liedermann
& Lapik, 2000; Sun, Sun, & Wei, 2007). Due to the 3-p-glucose rings
of the main chain of HEC, as well as the strong hydrogen bonds
among the hydroxyl groups, these chemical modifications have
mainly been realized through solution process, which would be
usually expensive and relatively complex and its difficult to avoid
byproducts (Eduardo & Ignacio, 2003; Li, Wang, & Huang, 2007;
Videki, Klebert, & Pukanszky, 2007). Therefore, developing a new
modification performed in solvent free condition for HEC is very
profound.

Solid state mechanochemical reactions were widely applied to
enhance the compatibility of polymer blends and composites, as
well as to regulate and control the molecular weight and mor-
phology of polymers in recent years (Huang, Lu, Li, & Tong, 2007).
Here we focused on the process of vibratory ball milling, which
was emphasized to be environmental benign and was undoubt-
edly one of the most suitable techniques for industrialization (Kim,
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Suzuki, Hagiwara, Yamaji, & Takai, 2001). The mechanochemical
treatment of ball-milling operated successfully due to the strength
of compression, shearing, attrition and impacting of balls that act
onto materials. And because of the transformation from mechan-
ical energy to chemical energy, several modes of fragmentation
were found during the milling, such as abrasion, chipping and mas-
sive breakage (France, Bolay, & Belarouri, 2001). The ball-milling
treatment was employed in the comprehensive fields and appli-
cations such as fine grinding of minerals and polymers, surface
modification of materials and preparation of dry-blending sys-
tems (Hashimoto & Satoh, 2002; Molina-Boisseau & Bolay, 2000;
Vertuccio, Gorrasi, Sorrentino, & Vittoria, 2009; Wongsaenmai &
Tan, 2008). As a result of the prolonged milling action, when the
transferred energy during the hit is high enough to overcome
the activation barrier, a chemical bond is ruptured to produce a
pair of free radicals, further chemical reactions may occur, due
to which the mechanochemical modifications of poly(vinyl chlo-
ride) and polyethylene were investigated in our Laboratory (Guo,
Wu, & Chen, 2003; Pi, Guo, & Ning, 2003; Pucciariello & Bonini,
2008; Xiong, Chen, & Guo, 2008). Takashi prepared a novel blend
of cellulose and poly(ethylene glycol) by improving their com-
patibility through the formation of hydrogen bonds between the
two composites during the milling (Endo, Kitagawa, & Zhang,
1999). Qiu prepared a cellulose-maleated polypropylene compos-
ite through the formation of ester bonds between them (Qiu,
Endo, & Hirostu, 2004; Qiu, Endo, & Hiroysu, 2005). The struc-
tural alteration and recrystallization of cellulose were also studied
by a ball-milling process (Ago, Endo, & Hirotsu, 2004; Ouajai &
Shanks, 2006). From those reports, it can be demonstrated that solid


http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:wh@scu.edu.cn
mailto:nic7702@scu.edu.cn
dx.doi.org/10.1016/j.carbpol.2010.02.012

R. Chen et al. / Carbohydrate Polymers 81 (2010) 188-195 189

state mechanochemistry is, indeed, a feasible approach to prepare
biodegradable polymers with a wide variety of properties, which
were hardly modified through traditional modification processing.

To the best of our knowledge, the researches of solid state
mechanochemistry in polymer materials were mainly focused on
the improvements of mechanical and chemical properties of mate-
rials and the degradation kinetics of polymers during the milling.
The glass transition temperature of cellulosic material is usually
far beyond ambient temperature, which causes an easier rupture
of polymer chains and induces a wonderful milling effect. Mean-
while, because of the advantages of the ball milling as solvent
free, low reaction temperature, low energy consumed and great
efficiency, the ball-milling processing should be one of the most
suitable methods used on the modification of cellulosic materials
(Pucciariello & Bonini, 2008). In our previous work, the grafting
copolymerization of hydroxyethyl cellulose with acrylic acid in ball
milling was successfully achieved (Chen, Yi, Wu, & Guo, 2009). In
this work, the degradation kinetics of HEC during the milling and
effecting factors such as milling time, charge ratio of steel ball/HEC,
rotational speed on mechanochemical degradation are studied. The
development of morphological and crystalline structure of HEC and
the thermal stability during the milling are discussed.

2. Experimental
2.1. Materials

Three kinds of commercial hydroxyethyl cellulose (HEC) powder
was obtained from Xiangtai Corporation (Zhongxiang, China), with
the molecular weights of 2.9 x 10°, 1.9 x 10° and 1.0 x 10° g/mol
(signed as HEC-1, HEC-2 and HEC-3, respectively), as determined by
a viscosity method in deionized water at the temperature of 25°C
(Sato & Nalepa, 1978). The degree of substitution of HEC samples is
0.8-1.0, the molar substitution is 1.6-1.8.

2.2. Ball-milling degradation

The ball-milling degradation of HEC is conducted in a vibratory
ball-milling machine, which is developed in our Lab. A steel cylin-
drical vessel, containing the milling medium (steel balls) and dry
HEQ, is instilled by a flow of cool water to fix the operating temper-
ature at about 30°C. The balls in the vessel are high-speed moved
by the rotation of the steel bar. Then the HEC powder with differ-
ent molecular weights were milled by the strength of compression,
shearing, attrition and impacting of balls onto the HEC powder, with
varied milling time, rotational speed and charge ratio.

2.3. Characterization

Viscosity measurements of HEC before and after milling in
deionized water were carried out with an Ubbelodhe viscometer
(Liangjing Co., Shanghai, China) at 254 0.1 °C. The concentration
range of HEC solutions are 0.9-1.1 g/100 ml, during which the 7,
can be controlled in the range of 1.2-2.0. For each sample solution,
the flow time was measured and the relative and specific viscosities
were calculated according to

t
Nr = — nSP:T)r_] (1)

to
where tand t, are the flow time for the HEC solution and the solvent,
respectively.
The relationship between 7sp and [n] can be described as

nsp _ Inl 2
T—w—[’)]-ﬁ-lﬂﬁ] C (2)

If the nsp <1, Taylor series expansion of In 7, can be expressed
as

S My

In ﬂr=1n(1+ﬂsp):nsp—7p+?p"' (3)
From Egs. (2) and (3), we can get the equation that

Inn 1 2 1 3.2
=t (k=5 ) lPCo+ (5 =) P o (4)
When k = 1/3, an approximate equation can be obtained

In

= = ]+ (k- 0.5)[nP’C (5)

From Eqs. (1) and (4), intrinsic viscosity is (Taghizadeh &
Asadpour, 2009).

[2(15p — In )]/
[n] = %. (6)
where C is the solution concentration of HEC sample.
The viscosity-average molecular weight (M;) was determined
using the Mark-Houwink equation:

[n] = k[M,]* (7)

where « and k are the Mark-Houwink constants.

When the degree of substitution of HEC is 0.8-1.0, the molar
substitution is 1.6-1.8 and the concentration of HEC is 1g/100 ml
in the solvent of deionized water, the k=4.70 x 10~4, while o' =0.8.
So the viscosity-average molecular weight (M);) was determined as
(Sato & Nalepa, 1978):

[n] = 4.70 x 10~4[Mm,)]°® (8)

The FTIR spectra of HEC and milled HEC were recorded for the
purpose of characterizing the variation of the structure of HEC
during the milling. The samples were measured on a Nicoet-560
spectrometer (Nicoet Co., USA) at a resolution of 2 cm~! with accu-
mulation of 32 scans in the spectral range of 4000-400 cm™!.

The mechanism of fragmentation of polymer chains was further
confirmed through 13C NMR measurements by a DRX-400 Bruker
spectrometer (Bruker Co., Germany). The HEC and the milled sam-
ple were dissolved overnight in D,0 at 40°C.

The morphology of HEC powder with different milling times was
observed under an Inspect F scanning electron microscope (Philips,
Netherlands). A thin layer of Pd-Au alloy was coated on the speci-
men prior to measurement to prevent charging on the surface. SEM
was operated at an accelerating voltage of 20 kV.

The average particle size and particle size distribution of HEC
powder were measured by Mastersizer 2000 laser particle analyzer
(Malvern Co., UK). The range of size analysis is 0.02-2000 wm. An
appropriate amount of each sample was dispersed in isopropanol,
stirred at a pumping speed of 2400 rpm. The specific surface area
of HEC powder can be estimated simultaneously.

The crystalline structures of the samples were measured by a
Philips X'pert Pro MPD wide-angle X-ray diffractometry (Philips,
Netherlands), using Cu Ka X-rays with a voltage of 40kV and a
current of 20 mA. The samples were scanned with 20 values ranged
from 7° to 40° and the scanning speed was 2°/min.

The thermal stability of milled HEC samples was examined using
a TGA Q500 analyzer (TA Instruments, USA). The measurements
were taken in nitrogen flow at a heating rate of 10°C/min with
temperature range from 35 to 450 °C.

3. Results and discussion
3.1. Solid state mechanochemical degradation kinetics of HEC

One basic effect of the solid state mechanochemical degrada-
tion is shown in Fig. 1, in which the symbols illustrate the variation
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Fig. 1. Effect of milling time on viscosity-average molecular weight (a) and the
degradation rate (b) of HEC with different initial molecular weight.

in viscosity-average molecular weight and degradation rate for
HEC with different initial molecular weight. Clearly, the viscosity-
average molecular weight of HEC strongly depends on the time of
milling. In the first 8 h, HEC undergo great degradation, causing a
significant decrease of viscosity-average molecular weight. After
that, the viscosity-average molecular weight tends to a limiting
value M, below which no further degradation takes place. Con-
sidering the constant shortest polymer chains without rupture can
be obtained under the constant mechanochemical effect for certain
polymers, which is according to the limiting molecular weight M,
thus the M, is constant and independent of the initial molecular
weight of HEC.

Baramboim suggested that the kinetics of polymer degradation
under stress could be expressed as Eq. (9), which is applied to
describe the kinetics of solid state mechanochemical degradation
in this work (Baramboim, 1964):

_d(Mt _Moo)/Moo —k (Mt _Moo)
dt B Moo

where My, and M; are the limiting molecular weight and average
molecular weight at milling time t, respectively and k is the rate
constant of degradation reaction.

By integrating and considering that at t=0, M; =My (where My
is the initial molecular weight), Eq. (9) could be expressed as:

M; = (Mg — Moo )e ™ + Moo (10)

(9)

on designating the constant Mg — My, =A,

M =Ae ™  + My, (11)

Table 1

The value of ¢ of HEC with different initial molecular weight.
Sample HEC-1 HEC-2 HEC-3
% 40.10 29.42 16.99

According to Eq. (11), the limiting molecular weight and the rate
constant of degradation reaction could be obtained. The degrada-
tion rate at milling time t (v;) could be expressed as the differential
of Eq. (11):

_aM.
dt
As demonstrated in Fig. 1(a), Eq. (11) describes the experimental

data of M, of HEC well. The equations of the theoretical curves are
as follows:

v = = kAe Kt (12)

Mygc.q = 7.35 x 10° + 28.26 x 10%e~0-2346¢
(HEC-1, related coefficient R = 0.998) (13)

Mygc2 = 6.61 x 103 + 18.41 x 10%¢~0-2021
(HEC-2, related coefficient R = 0.998) (14)

Mugcz = 5.96 x 10% +9.21 x 10%~0-1581¢
(HEC-3, related coefficient R = 0.997) (15)

According to Egs. (13)-(15), HEC with different initial molecular
weights have almost the same limiting molecular weight M, when
the milling conditions are unchanged.

Fig. 1(b) shows the relation of degradation rate v; with milling
time. The solid state mechanochemical degradation rate of HEC
decreases greatly in first 8 h of ball milling and then tends to zero,
indicating the end of the solid state mechanochemical degradation.
It can be found that v; of HEC-1 is larger than that of HEC-2 and
HEC-3 is the smallest.

The mechanochemical degradation of HEC can be further stud-
ied by using a parameter, ¢ =My/M, Which describes the extent
of degradation. In other words, ¢ represents the average cleaving
time of polymer chains. The data listed in Table 1 show that ¢ of
HEC-1 is higher than HEC-2 and HEC-3, which is coincident with
the discussion before.

3.2. Effects of ball-milling conditions on the intrinsic viscosity
([n]) and viscosity-average molecular weight (Mj;)

From previous results on the effect of milling time on the M,
of HEC with different initial molecular weight, it is found that a
rapid decrease in molecular weight is observed in all the three HEC
samples under 8 h milling, in which the HEC-1 shows a greatest
alteration. And then, the degradation of these samples all slows
down in further prolonged milling time. Thus the HEC-1 sample
was chosen with the milling time of 8 h to confirm the effect of
ball-milling conditions on [n] and M, of HEC.

The effects of ball-milling conditions on the intrinsic viscosity
([n]) and viscosity-average molecular weight (M) are shown in
Fig. 2. Fig. 2(a) gives the effect of charge ratio of steel ball/HEC
(charge ratio for short) on [n] and M; of HEC samples, with the
weight of HEC fixed to 300 g. When the charge ratio is lower, less
degradation reaction of HEC happened because the energy trans-
mitted to each particle is lower during the milling and the contacts
between steel ball and reaction powder are less frequently, while
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Fig. 2. Effect of charge ratio of steel ball/HEC (a) and rotational speed (b) on intrinsic
viscosity ([J) and viscosity-average molecular weight (@®).

the contacts of polymer particles, which are inefficient to the degra-
dation reaction, are increased (Molina-Boisseau & Bolay, 1999).
With increasing the charge ratio from 13 to 20, more degradation
reactions occur, leading to a smaller M; of HEC. However, a further
increase in charge ratio caused a slower decrease in M, which may
be due to the fact that a high filling ratio would restrict the mobil-
ity of the steel ball and then result in a poor milling effect. On the
other hand, when the charge ratio reached to 24, the rupture of HEC
chains occurred more frequently, caused a faster approach of the
M, of HEC to the limiting value M, which also slowed down the
decrease of the M, of HEC.

Fig. 2(b) shows that the [n] and M, of HEC decreased with
increasing the rotational speed. Under the lowest rotational speed
of 300 r/min, the probability of the contacts between the steel balls
and the polymers are lower, leading to a less effective milling of the
polymeric particles. And the higher rotational speed caused higher
shear force, which can result in the occurrence of more degradation
reactions. When the rotational speed is beyond 600 r/min, a slower
decrease in M;, can be observed, which may be due to the increase
of the mobility of HEC fragment and the recombination reactions
of HEC macroradicals.

3.3. Effects of ball milling on the molecular structure of HEC

As what were analyzed before, mechanochemical processes in
open air were always accompanied by the introduction of polar
groups onto polymer chains (Zhang, Liang, & Lu, 2007). And the
FTIR analysis was performed to confirm whether new functional
group was generated during the ball milling. The FTIR spectra
of HEC before and after milling are shown in Fig. 3, which is

A

A---- Pure HEC
B---- Milled HEC

4000 3000 2000 1000
Wavenumber,cm™’

Fig. 3. FTIR analysis of HEC before (A) and after (B) milling.

consistent with the data earlier reported by Khutoryanskaya and
Khutoryanskiy (Khutoryanskaya, Khutoryanskiy, & Pethrick, 2005).
The absorbance at 3411cm~! corresponds to the O-H stretch-
ing vibration and the absorbance at 1067 cm~! corresponds to
the -C-0O- stretching vibration. No new absorption peak appeared
for HEC after milling, indicating that this process would not pro-
duce novel structure of HEC. The absorption peak at 1051 cm™!
corresponding to the C-0-C glycoside bond asymmetric stretch-
ing vibration shifted little after ball milling, which demonstrates
that mechanochemical degradation of HEC can hardly occur at
glucose rings. Indeed, the main degradation point should be at gly-

c.35 C:6,C-7.8

C-2

(a) c-1 JU .

(b)

180 170 160 150 140 130 120 110 100 90 80
ppm

70 60 50 40 30 20

Fig. 4. '3C NMR analysis of HEC before (A) and after (B) milling.
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Fig. 5. SEM micrographs of pure HEC (a and b), milled HEC for 1h (cand d),4h (e and f) and 8 h (g and h).
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cosidic bonds, which can be also demonstrated by 3C NMR analysis
(Zhang, Lu, & Liang, 2007).

3.4. The degradation mechanism

The structure change of HEC was further confirmed from 13C
NMR analysis. As shown in Fig. 4, the peaks at range 60-110 ppm
in the 13C NMR spectrum of pure HEC are related to the ring
carbons of HEC, which is consistent with related results in the lit-
eratures (Heinze & Liebert, 2001; Liu & Sun, 2007). There is no new
peak appeared after ball milling, but the absorption intensity of
each peak changed a little. Considering the tiny alteration of reso-
nance signals exhibited by milled HEC, which is due to the sharply
decrease in the viscosity of samples, it is reasonable that the inten-
sity of each peak can be varied without introducing new functional
groups. Meanwhile, the M;, of HEC decreased sharply during the
milling, it can be well understood that the ball-milling processing
caused a large amount of chain destruction of HEC, which mainly
occurs in its skeleton structure instead of the ring-open reaction of
the [3-D-glucose rings of the main chain of HEC.

3.5. Effects of ball milling on morphological structure of HEC

The morphological structure of HEC after ball milling can be
estimated according to the electron microscopic observation. SEM
analysis of the surface morphology of HEC powder before and after
milling is shown in Fig. 5. Fig. 5a and b is SEM micrographs of initial
HEC powder, which consists of comparatively tangled fibres and
bundles with smooth surface. Fig. 5¢ and d is SEM micrographs of
HEC powder after 1 h milling, in which the HEC fibres began to lose
their fibrillar structure and ground into small irregular particles,
some with rough surface were also obtained. Fig. 5e and f is SEM
micrographs of HEC powder after 4 h milling, the fibrous structure
of HEC was completely destroyed and fine powder was produced
due to the effects of steel-polymer impacting, shearing and press-
ing during the milling. As the milling time prolonged, to 8 h for
example (Fig. 5g and h), the particle size of HEC became smaller
and exhibited a more uniform and finer powder structure.

In order to further confirm the effects of solid state
mechanochemistry to the morphological structure of HEC, the aver-
age particle size and particle size distribution of HEC powder were
measured in Fig. 6. Fig. 6(a) shows the effects of ball milling on
particle size and specific surface area of HEC. It is clearly found
that the average size of HEC powder decreased sharply with the
milling time, which is due to the pulverization of large particles
and then decreased slightly after 4 h, with the reason that fine par-
ticles have a strong tendency to aggregate with each other in order
to decrease the surface energy. The specific surface area increased
with the milling time, indicating the separation and breakage of
HEC fibres into small particles could produce more area at the cut
edges.

The effect of ball milling on particle size distribution of HEC is
shown in Fig. 6(b). The particle size of HEC powder moves to the
smaller diameter with the increase of the milling time. Small frag-
ments with size smaller than 100 pum were obtained, while the size
distribution of the milled samples was relatively narrower than that
of the original HEC. The particle size distributions was represented
by the D(v, 0.5) and the width of the size distribution was expressed
quantificationally via the span, which were shown in Table 2. The
span value was calculated as [D(v, 0.9) — D(v, 0.1)]/D(v, 0.5), where
the D(v, p) is the equivalent diameter where p volume percentage
of the particles has a smaller diameter and the remaining is coarser
(Tang, Fletcher, Chan, & Raper, 2008). The D(v, p) and the span val-
ues decreased with the prolonged milling time, which is consistent
with the conclusions obtained before.

- 0.4
120 | (a)
(2]
= 3
.g 403 Eﬁ
0 90
2 A &
= %
% —DO— Average particle size P
% 80 | —A— Specific surface area 0.2 ]
o ©
o o
g BN
< &
30 | - 0.1
1 1 1 1 1
0 2 4 6 8
Milling time, h
(b)
6l ﬁ.‘#dhh
—a—Pure HEC F ANt
—o—milled 1 hours 4d )
—e—milled 4 hours ‘! {! o
X 4| —=—milled 8 hours ’!f{:’ ‘-‘ '\.L EN
e A
g TR
5 4R A
o 1! -E'j "\ Y
= Iy [
2| PP l 4%
# -,.E:I 1 \ kk
i O'EIJ I ! > Py
£ 5 i
l | A
A X A&
0 : ,J ﬁma%mmn
0.1 1 10 100 1000

Particle size, pm

Fig. 6. Effect of milling on average particle size (O) and specific surface area (a) (a)
and particle size distribution (b) of HEC.

3.6. Effects of ball milling on crystalline structure of HEC

The WAXD diagrams of HEC and the milled HEC are shown in
Fig. 7. The diffraction peak of the original HEC appears at 260=22°,
which is characterized as cellulose I (Hadano & Onimura, 2003). In
the initial stage of ball milling, the WAXD pattern of milled HEC
still shows the identical peaks of cellulose I. However, these peaks
become less intensive and wider, indicating the more amorphous
characteristic. After 8 h milling, the milled HEC sample was in an
almost amorphous state, indicating the destruction of crystalline
region during the milling. These data demonstrated the obvious
effect of ball milling on HEC powders, such as injecting, shearing
and pressing. However, the WAXD pattern still shows the identi-
cal peaks of cellulose I, indicating that crystal type of HEC did not
change after milling.

3.7. Effects of ball milling on the thermal stability of HEC

Fig. 8 gives the TG curves for the thermal stability of HEC before
and after milling at a heating rate of 10°C/min under a nitrogen
atmosphere. The TG curve of original HEC has three distinct stages,

Table 2
Particle size of HEC powders during the ball milling.

Milling time, h D (v,0.1) pm D (v,0.5) pm D (v,0.9) pm Span
0 26.8 77.6 272.4 3.2
1 11.9 38.5 111.3 2.6
4 10.8 334 89.4 2.4
8 8.0 24.2 56.0 2.0
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Fig. 7. WAXD analysis of cotton HEC before and after milling.
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Fig. 8. TG curves of HEC before and after milling.

which is consistent with related result in the literature (Li, Huang,
& Bai, 1999). The slight weight loss of HEC in the first stage is due to
the physical desorption of water (intermolecular and intramolecu-
lar dehydration). In the second stage, the weight loss starts at 180 °C
and continues to about 350 °C with a 67% weight loss, which is due
to the removal of CO, or hydrocarbons. And the third stage starts
due to the reactions of pyrolysis and carbonization. Table 3 shows
the values of initial decomposition temperature (T;) and the tem-
perature corresponding to the maximum degradation rate (T, ). It
can be observed that in the second stage, the original HEC exhibits a
better thermal stability than the milled one, which can be explained
as the reduction of the particle size and the increase of HEC with
lower molecular weight during the milling. The milled HEC exhibits
abetter thermal stability at the temperature beyond 300 °C, the rea-
son of which is still unknown. It possibly indicated a higher degree

Table 3

The Ty and Ty, of pure HEC and milled HEC for different times.
Sample Ty (°C) Tam (°C)
Pure HEC 243 269
Milled HEC for 1 h 238 264
Milled HEC for 4h 236 263
Milled HEC for 8 h 236 264

of thermal resistance due to the micro-crosslinking structure which
is caused by the dehydration of hydroxyl groups in the milled HEC
samples.

4. Conclusions

The molecular weight of HEC decreased sharply with the
increase of milling time, charge ratio of steel ball/HEC and the
rotational speed. The degradation kinetics is well described by
Baramboim proposed kinetic equation. The molecular weight of
HEC decreased with the increase of milling time and approached a
limiting value, below which no further degradation took place.

HEC lost its fibriform morphology and irregular fine powder was
obtained because of the effects of steel ball-polymer impacting,
shearing and pressing during the milling. The average particle size
decreased with the milling, while specific surface area increased
gradually. The decrease in crystallinity and thermal stability of
milled HEC was found because of the obvious effect of ball milling
on HEC powder, such as injecting, shearing and pressing, while the
crystal type of HEC did not change after milling.
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