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ABSTRACT: The effects of mechanochemical treatment on
hydroxyethyl cellulose (HEC) and its grafting reaction with
acrylic acid (AA) under solvent-free conditions were studied
through a vibratory ball-milling machine, which was devel-
oped in our laboratory. Fourier transform infrared (FTIR)
spectroscopy and *C-NMR analysis were used to investi-
gate the structural development of HEC during vibromilling
and the grafting mechanism. Further development of the
structure and properties of the graft copolymer was charac-
terized by viscosity measurement, wide-angle X-ray diffrac-
tion (WAXD), and thermal gravity (TG) analysis. The FTIR
results showed a new peak at 1720 cm ™, corresponding to
the C=0 absorbance peak of AA, which indicated that AA

was successfully grafted onto HEC during the high-energy
vibromilling of the HEC/AA mixture at ambient tempera-
ture in the absence of a solvent and a catalyst. The WAXD
showed the destruction of crystals of HEC during the mill-
ing, and the TG analysis demonstrated the improvement of
the thermal stability of the copolymer. The effects of the
processing conditions on the grafting rate and grafting effi-
ciency were studied by chemical titration to determine the
optimum grafting conditions. © 2009 Wiley Periodicals, Inc. J
Appl Polym Sci 112: 3537-3542, 2009
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INTRODUCTION

In recent years, an increased demand for renewable
materials has been induced by environmental con-
cerns in many industrial applications. As one of most
plentiful natural polymers on Earth, cellulose can be
obtained from various plants as a principal compo-
nent of cell walls, microorganisms, and animals.’
Because of their renewability, biodegradability, and
avirulence, increasing attention has been paid to
novel composites of cellulosic materials. However,
the poor solubility of cellulose in common solvents
limits its applications to only a few areas; thus, chemi-
cal modification is necessary to prepare cellulose
derivatives by the introduction of polar and/or func-
tional moieties onto the cellulose backbone.”
Hydroxyethyl cellulose (HEC), one important
cellulose derivative, is used extensively in the phar-
maceutical industry,” painting,* and emulsion poly-
merizations.” Because of its wonderful water-solution
properties and its chemical composition, with a large
amount of relatively easily accessible hydroxyl units
that can be attached by a number of functional

Correspondence to: S. Guo (nic7702@scu.edu.cn).

Contract grant sponsor: Special Funds for Major State
Basic Research Projects of China; contract grant number:
2005CB623800.

Journal of Applied Polymer Science, Vol. 112, 3537-3542 (2009)
© 2009 Wiley Periodicals, Inc.

groups,® more and more studies have focused on the
modification of HEC. Because of the -p-glucose rings
of the main chain of HEC and the strong hydrogen
bonds among the hydroxyl groups,” these chemical
modifications have mainly been realized through the
solution process instead of through traditional tech-
nologies such as extrusion and internal mixing.** The
grafting reaction of acrylic acid (AA) on HEC has
been widely investigated because of its wonderful
superabsorbent and environment-dependent abil-
ities."” Of the solution methods reported, there are
advantages and disadvantages. In these processes,
HEC is dissolved in an appropriate solvent at a cer-
tain temperature. Reactants are added along with an
initiator, such as ceric ammonium nitrate,11 or a treat-
ment, such as ultrasound.'? The reactants are more
easily mixed to obtain a better interaction with HEC
because of the relatively homogeneous system formed
in the solution. The resultant copolymer is sedimen-
ted by another solvent to be purified. The process is
expensive and relatively complex, and it is difficult to
avoid byproducts. The recycling of a large quantity of
the solvent is needed, which also makes it impractical
for large-scale production.”

Therefore, the development a new modification
under solvent-free condition is necessary and signifi-
cant. Nowadays, mechanochemical modifications
has been paid more and more attention.'* Here, we
focused on the process of vibratory ball milling,
which has been used in comprehensive fields and
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applications, such as the fine grinding of minerals'
and polymers,'® surface modification of materials,'”
and preparation of dry-blending systems.'® As a
result of the prolonged milling action, when the
transferred energy during the hit is enough to over-
come the activation barrier, chemical reactions may
occur.” For example, grafting reactions were per-
formed.”® Mechanochemical degradation”’ and the
modification®*?* of poly(vinyl chloride) and polyeth-
ylene** were investigated in our laboratory. Mean-
while, the mechanochemical effects on cellulosic
materials were also studied. Endo® prepared a
novel blend of cellulose and poly(ethylene glycol) by
improving their compatibility through the formation
of hydrogen bonds between the two composites. Qiu
et al.*® prepared a cellulose-maleated polypropylene
composite through the formation of ester bonds
between them. The structural degradation and
recrystallization of cellulose were also studied by a
ball-milling process.””*® However, grafting reactions,
especially AA-grafted cellulosic materials under sol-
vent-free conditions, have rarely been mentioned.

The aim of this study was to develop a novel
method for preparing AA-grafted HEC through the
process of vibratory ball milling at ambient tempera-
ture in the absence of a solvent and a catalyst. Com-
pared with traditional solution processes, it has
obvious advantages, such as the lack of a solvent, a
low reaction temperature, and a low amount of energy
consumed. The influence of the processing conditions
on the grafting rate and efficiency were investigated
by chemical titration. A grafting mechanism is pro-
posed on the basis of the results of '’C-NMR. The crys-
talline structure and thermal stability of AA-grafted
HEC during ball milling were also investigated.

EXPERIMENTAL
Materials

Commercial HEC (HEC) powder was obtained from
Xiangtai Corp. (Zhongxiang, China). Its molecular
weight was 4.43 x 10° g/mol (H,O, 25°C), as deter-
mined by a viscosity method.” AA and acetone
were analytical grade and were obtained from Bodi
Chemical Corp. (Tianjin, China).

Graft copolymerization

The graft copolymerization was carried out in a vibra-
tory ball-milling machine, which was developed in
our laboratory. HEC powder (300 g) and certain
amounts of AA were added to the jar, with varied
milling times, rotational speeds, and charge ratios.
The temperature of the powder mixture was mea-
sured with a DM-6902 K-type thermometer (Victor
Hi-tech Co., Shenzhen, China). The temperature

Journal of Applied Polymer Science DOI 10.1002/app

CHEN ET AL.

before milling was approximately 25°C and rose to
nearly 34°C after the completion of the process.

Purification

The milled mixture was extracted by acetone in a
Soxhlet extractor to remove excessive monomer for
48 h and then stored at 80°C in a vacuum oven for
48 h to a constant weight.

Characterization

KBr pellets of pure HEC and the copolymer were
prepared for Fourier transform infrared (FTIR) mea-
surement. The FTIR spectra was recorded on a Nico-
let-560 spectrometer (Nicolet Co., USA) at a
resolution of 2 cm ™' with accumulation of 32 scans
in the spectral range 4000-400 cm ™.

The grafting degree (G,) and grafting efficiency (G,)
were determined by chemical titration. Purified HEC-
g-AA powder (0.2 g) was dissolved completely in
20 mL of deionized water at 80°C. Then, we added
25.0 mL of a 0.05 mol/L KOH solution, and the mix-
ture was refluxed at 100°C for 2 h to ensure complete
reaction with AA groups. With 0.1 mL of a 1.0% phe-
nolphthalein ethanol solution as an indicator, the
cooled solution was titrated with a 0.05-mol/L HCl
solution. G, and G, were calculated as follows®’:

o\ (VO — Vl) x C o
Ga(wt%) = —ge— x Mx 100% (1)
oy Gy o
Ge(%) = RA content ~ 1007 @

where C is the concentration of HCI solution (mol/
L); Vo and V; are the volumes (mL) of HCI solution
added to the blank and HEC-g-AA solutions, respec-
tively; M is the molecular weight of AA (72 g/mol);
W is the weight of HEC-g-AA powder (0.2 g); and
AA content is the weight of AA added to the HEC
powder before milling. The titration was repeated
three times for each sample.

The grafting mechanism was confirmed through "°C-
NMR measurements by a DRX-400 Bruker spectrometer
(Bruker Co., Germany). The HEC and the graft copoly-
mer were dissolved overnight in D,O at 40°C.

Viscosity measurements of HEC before and after
milling in deionized water were carried out with an
Ubbelohde viscometer (Liangjing Co., Shanghai, China)
at 25 £ 0.5°C. For each sample solution, the flow time
was measured at four different concentrations, and
then, the intrinsic viscosity ([n]) was obtained. The vis-
cosity-average molecular weight (M,,) was determined
with the following empirical equation®”:

] = 4.70 x 1074[M,]*® 3)
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The crystalline structures of the samples were
measured by wide-angle X-ray diffractometry (Philip
X'pert Pro MPD, Cu Ko at 40 kV and 20 mA with 2y
from 7 to 40°).

The thermal stability of purified HEC-g-AA was
examined with a TGA Q500 analyzer (TA Instru-
ments, USA). The measurements were taken in a
nitrogen flow at a heating rate of 10°C/min with the
temperature ranging from 35 to 450°C.

RESULTS AND DISCUSSION
Effects of ball milling on G, and G,

Figure 1 shows the effect of the AA content on Gy
and G,. G; passed through a maximum with the
increase of AA content. The higher AA concentra-
tion increased the probability that AA monomers
reacted with the HEC macroradicals to graft AA
onto HEC. On the other hand, redundant AA may
have promoted the mobility of the HEC chains
under the mechanochemical effects of steel-polymer
impacting, shearing, and pressing and thereby
decreased the number of initial HEC macroradicals.
Therefore, G; in the AA content range of 1-5 phr
almost increased linearly and then decreased after a
critical concentration of AA at about 5 phr.

Figure 2 shows that the G; and G, increased with
the milling time. G; and G, were very small within
1 h and increased linearly during 1-8 h. Thereafter,
the increase became slow. The very small G; within
1 h may have been due to the bad blending between
HEC and AA at the beginning of the milling, and
the size reduction effects of HEC happened mainly,
instead of the induction of macroradicals. With
increasing milling time, the marked increase of Gy
indicated the formation of more HEC macroradicals
and better mixing between the two components. The
slower improvement in G; beyond 8 h may have
been due to the consuming of AA to form homo-
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Figure 1 Effect of the AA content on () G, and (@) G,.
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Figure 2 Effect of the milling time on (O) G, and (@) G,.

polymers and the recombination reactions of HEC
macroradicals, which is discussed later.

Figure 3 gives the effect of the charge ratio of the
steel ball/mixture (charge ratio for short) on grafting.
The weight of HEC was fixed at 300 g with an AA
content of 5 phr. When the charge ratio was lower,
fewer HEC macroradicals were formed because the
energy transmitted to each particle was lower during
the milling, and the contacts between the steel ball
and reaction powder were less frequent, whereas the
contacts of polymer particles, which were inefficient
in the graft polymerization, were increased.”’ With
increasing charge ratio from 13 to 20, more HEC mac-
roradicals were formed, which led to a higher G,.
However, a further increase in the charge ratio caused
a slower increase in G;, which may have been because
a high filling ratio would have restricted the mobility
of the steel ball and then resulted in a poor milling
effect. Therefore, a smaller amount of HEC macrorad-
icals caused a slower increase in G,.

Figure 4 shows that G; and G, increased with ris-
ing rotational speed. Under the lowest rotational
speed of 300 rpm, the probability of the contacts
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Figure 3 Effect of the charge ratio on (O0) G, and (@) G..
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Figure 4 Effect of the rotation speed on ((0) G; and (@) G,.

between the steel balls and the polymers were lower,
which led to a less effective milling of the polymeric
particles. The higher rotational speed caused a
higher shear force, which could result in the forma-
tion of more HEC macroradicals. Meanwhile, a
higher rotational speed improved the diffusion of
AA in HEC, which was also helpful in increasing G4
and G.. When the rotational speed was beyond 600
rpm, a slower increase in G; was observed, which
may have been because of the consumption of AA
to form homopolymers and the recombination reac-
tions of HEC macroradicals.

Effects of ball milling on the molecular
structure of HEC

The FTIR spectra of HEC, milled HEC, and HEC-g-
AA are shown in Figure 5; these were consistent with
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Figure 5 FTIR spectra of (A) HEC, (B) milled HEC, and
(C) HEC-g-AA under the following milling conditions: AA
content = 5 phr, milling time = 8 h, charge ratio = 20,
and rotation speed = 600 rpm.
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the data reported earlier by Khutoryanskaya and
Khutoryanskiy.*> No new absorption peak appeared
for pure HEC after milling, which indicated that this
process did not produce a novel structure of HEC.
The appearance of an absorption peak at 1720 cm ™" in
purified milled HEC/AA samples was attributed to
C=O0 stretching vibrations of the carboxyl group in
AA, which demonstrated the success of grafting. The
introduction of AA to the HEC chains was further con-
firmed by the ""C-NMR spectrum of the copolymer.
Furthermore, the absorption peak at 1051 cm™', which
characterized C—O—C asymmetric stretching vibra-
tions, shifted little after ball milling, which demon-
strated that the mechanochemical degradation of HEC
hardly occurred at the glucose rings. The main degrada-
tion point should have been at the glycosidic bonds,"*
which was also demonstrated by >C-NMR analysis.

Grafting mechanism

The data listed in Table I shows the changes in [n]
and M, of HEC during the milling. M, of HEC
decreased sharply with the effects of injecting, shear-
ing, and pressing of the steel ball onto the powder.
These effects caused a large amount of chain destruc-
tion of HEC, and a number of HEC macroradicals
were formed, which indicated that the grafting reac-
tions were initiated through HEC macroradicals
formed during vibromilling. The structure change
was also confirmed from '*C-NMR analysis.

As shown in Figure 6, the peaks at 60-110 ppm in
the >C-NMR spectrum of pure HEC were related to
the ring carbons of HEC, which was consistent with
related results in the literature.®>** The peak at
about 22 ppm corresponded to the carbons of end
groups and was weaker than those in the milled
HEC [Fig. 6(b)] and the graft copolymer [Fig. 6(c)]. It
is well understood that degradation during ball mill-
ing mainly occurs in the skeleton structure. The
structural analysis of the HEC/AA system [Fig. 6(c)]
revealed the success of the grafting of AA onto HEC
by the peaks at 34, 43, and 181 ppm, which were
related to the carbons in AA.

Effects of ball milling on the crystalline structure
of HEC and the copolymer

Wide-angle X-ray diffraction diagrams of HEC and
HEC/AA are shown in Figure 7. The diffraction
peak of the original HEC appeared at 2y = 22°,

TABLE I
[n] and M, Values of HEC Before and After Milling
Sample [n] (L/g) M,, (g/mol)
HEC 1.55 443 x 10°
Milled HEC 0.30 5.8 x 10*
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Figure 6 ">C-NMR spectra of (a) HEC, (b) milled HEC,
and (c) HEC-g-AA under the following milling conditions:
AA content = 5 phr, milling time = 8 h, charge ratio = 20,
and rotation speed = 600 rpm.

which was characterized as cellulose 1.*° Curve B
(milled HEC) and C (milled HEC/AA) were in an
almost amorphous state, which indicated the
destruction of the crystalline region during milling.
These data demonstrated the obvious effect of ball
milling on HEC powders, such as injecting, shearing,
and pressing. However, the XRD pattern still
showed identical peaks of cellulose I, which indi-
cated that the crystal type of the cellulose did not
change after milling.

A-—-- Pure HEC
B=-- Milled HEC
C—-- Milled HEC-g-AA

Figure 7 Crystal structure of (A) HEC, (B) milled HEC,
and (C) HEC-g-AA under the following milling conditions:
AA content = 5 phr, milling time = 8 h, charge ratio = 20,
and rotation speed = 600 rpm.
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Figure 8 TG curves of (—) HEC, (--) milled HEC, and
(- - -)HEC-¢g-AA under the following milling conditions:
AA content = 5 phr, milling time = 8 h, charge ratio = 20,
and rotation speed = 600 rpm.

Effects of ball milling on the thermal stability of
HEC and the copolymer

Figure 8 gives the thermal gravity (TG) curves for
the thermal degradation of HEC and its graft copol-
ymer at a heating rate of 10°C/min under a nitrogen
atmosphere. The TG curve of the original HEC had
three distinct stages, which was consistent with
related results in the literature.®® The slight weight
loss of HEC in the first stage was due to the physical
desorption of water (intermolecular and intramolec-
ular dehydration). In the second stage, the weight
loss started at 180°C and continued to about 350°C
with a 67% weight loss, which was due to the
removal of CO, or hydrocarbons.

The third stage started because of the reactions of
pyrolysis and carbonization. Table II shows the val-
ues of the initial decomposition temperature (T,)
and the temperature at the maximum rate (T;,,). The
thermal decomposition parameters showed that the
grafting copolymer exhibited a better thermal stabil-
ity than original HEC. On the other hand, the differ-
ence between the original and milled HEC could be
explained as the reduction of the crystalline phase
and the increase in the amorphous phase in HEC
during milling. However, the reason for the higher
degradation temperature of the grafting copolymer
is still unknown. It possibly indicated a higher

TABLE II
T, and Ty, Values of Pure HEC, Milled HEC,
and HEC-g-AA
Sample Ty (°C) Tam (°C)
HEC 243 269
Milled HEC 236 264
HEC-g-AA 251 293

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 1 Proposed reactions for the preparation of
HEC-g-AA through vibratory ball milling.

degree of thermal resistance due to the grafted
carboxyl groups.

Proposed reactions

On the basis of the previous results and discussions,
the main reactions are proposed in Scheme 1.

First of all, HEC macroradicals were formed by ball
milling (reaction 1), and AA molecules were grafted
onto the macroradical chain (reaction 2). Then, the
macroradical abstracted hydrogen from the HEC
chain to form a new HEC macroradical (reaction 3) or
homopolymerized with AA molecules to form an oli-
gomeric grafting (reaction 4). In the presence of radi-
cals, the corresponding reactions competed with each
other, and the termination reactions were very com-
plex and difficult to determine. The main possible ter-
mination reactions are proposed in reactions 5 and 6
for combination, along with some possible dispropor-
tionation, although other reactions may exist through
both combination and disproportionation.

CONCLUSIONS

A new method of ball milling to prepare HEC-g-AA
was developed with the advantages of being solvent
free, having a lower process temperature, being
energy efficient, having a low cost, and being easily
run. AA molecules were successfully grafted onto
HEC chains, whose macroradicals were formed
through the effects of high-energy vibromilling. G,
and G, were determined by chemical titration,
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increasing with increases in AA content, milling time,
charge ratio of the steel ball/mixture, and rotational
speed and then leveling off. The sharp decrease in the
crystallinity of HEC was found because of the obvious
effect of ball milling on HEC powders, such as inject-
ing, shearing and pressing, whereas crystal type of
HEC did not change after milling. Meanwhile, the
grafting copolymer exhibited a better thermal stability
than original HEC, which was in opposition to the
milled HEC.
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