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Abstract To graft epoxy and ester functional groups
onto cellulose nanofibrils (CNFs) and to overcome
their poor hydrophobicity, we studied the modification
of CNFs using graft copolymerization with glycidyl
methacrylate (GMA) by a Fe*'—thiourea dioxide—
H,0, initiator system (Fe*"—TD-H,0,) in aqueous
solution. The synthesized poly (GMA)-grafted CNF
(CNF-g-PGMA) was characterized by FTIR, AFM,
XRD, water contact angle, and TGA. GMA was
successfully grafted onto the CNFs by Fe’'—TD-
H,0,, the epoxy groups and ester groups of GMA
were clearly present and intact in the CNF-g-PGMA,
and TD is an important component of the initiator
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system under relatively mild graft conditions. CNF-g-
PGMA may be an important intermediate because of
its epoxy and ester functional groups. The main
nanostructure of the CNFs was retained after graft
copolymerization, and there were no obvious effects
of graft copolymerization on the crystalline structure
of the CNF backbone, although the crystalline index
slightly decreased with the increased percentage of
grafting. Graft copolymerization significantly modi-
fies the CNF hydrophobicity. This strategy could
extend the applications of CNFs into many areas.
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Introduction

Cellulose nanofibrils (CNFs), also known as nanofib-
rillated cellulose or microfibrillated cellulose, can be
isolated from natural resources (such as wood, cotton,
algae, and tunicate), and have widths ranging from 3 to
10 of nanometers and lengths on the micron scale,
depending on the raw material and the preparation
method (Habibi 2014). Because of their unique
characteristics of high surface area, low density,
mechanical and colloidal properties, and its renewable
and biodegradable characteristics, CNFs have been
widely used in applications such as paper, packaging,
food, pharmaceutical and biomedical products, and
energy storage (Jorfi and Foster 2015; Kargarzadeh
et al. 2017). However, the abundant hydroxyl groups
on the surface of CNFs make them a highly
hydrophilic material, which can impair its excellent
properties, as well as lead to some challenges, such as
dispersion in non-polar matrices (Isogai 2015; Kar-
garzadeh et al. 2017; Klemm et al. 2011). Many
polymer matrices are hydrophobic, and thus, it has
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been difficult to obtain uniformly nano-dispersed
distributions of CNF in a hydrophobic matrix, result-
ing in very low or no improvement in compatibility
and/or reinforcement of composite materials (Isogai
2015; Khalil et al. 2012; Yano et al. 2018). Therefore,
efficient conversion from hydrophilic to hydrophobic
properties is highly desirable in many cases to improve
the dispersibility of CNFs.

Several previous approaches intended to improve
interfacial interactions have been shown to obtain
nanocellulose derivatives that disperse well in non-
polar solvents and polymer matrices. Surface modifi-
cation based on polymer grafting, coupling agents,
acetylation, alkylation, and cationic modification have
proved to be good methods to modify CNFs and tune
their chemistry (Geng et al. 2018; Kargarzadeh et al.
2018; Navarro and Edlund 2017). Among the modi-
fication methods, graft copolymerization is an attrac-
tive and versatile method for the modification of
polymer surfaces by imparting a variety of functional
groups to a polymer (Roy et al. 2009). According to
initiation mechanisms, cellulose graft copolymeriza-
tion can be carried out using three approaches:
attaching preformed polymer chains to the cellulose
backbone (grafting onto), growing new polymer
chains from radical sites on the backbone (grafting
from), and introducing vinylic groups to cellulose and
copolymerizing the resulting macro monomer with a
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small molecular weight co-monomer (grafting
through)(Odian 1981). Acrylic and vinyl graft copoly-
merization to cellulose backbone via a free radical
mechanism generally involves the grafting-from
approach.

Free radical copolymerization is a common poly-
merization method because of its many attractive
characteristics, such as simple implementation, effi-
ciency, and wide adaptability (Roy et al. 2009). The
type of initiator exerts a remarkable effect on the
grafting and it determines the grafting percentage,
which sequentially influences the structure and prop-
erties of the products. In the grafting of vinyl
monomers onto cellulose or cellulose derivatives, the
initiation can be performed by chemical initiators or
by irradiation/radiation. Chemical initiators (Missoum
et al. 2013; Wei and Mcdonald 2016), redox initiators
such as ceric ammonium nitrate (CAN) (Littunen et al.
2011; Spinella et al. 2016), Fenton’s reagent (Fe2+—
H,0,) (Ibrahim et al. 2010), and free radical gener-
ators such as various persulfates and azobisisobuty-
ronitrile are most commonly used. Redox initiator
systems can be used at low temperatures and in
aqueous media, and they react only with the amor-
phous region of cellulose because it is more reactive
than the crystalline phase of cellulose. Fe>™—H,0, is
highly reactive, non-selective, cheap, and easily
available (Kalia and Sabaa 2013). It has been used
for grafting vinyl monomers onto cellulose, starch,
gelatin, and natural rubber (Kalia and Sabaa 2013).
Thiourea dioxide (TD) has been utilized as an
effective reducing agent in the textile printing, paper,
photographic, and leather processing industries for a
long time. It has also been used in academic research
towards organocatalytic, polymerization, and phase-
transfer reactions, and for the reduction of graphene
and graphite oxides (Makarov et al. 2015). The
reduction process generates sodium sulfite and urea,
which are easy to manage because these are common
commercial wastes. Moreover, TD is easily available
in bulk quantities, and is safer and less expensive than
other reducing agents. TD-assisted Fenton’s reagent
has been proved to modify macro fibers more
efficiently than Fenton’s reagent (Waly et al. 1982).
Although Fe*™—H,0, with or without a third compo-
nent assist has been used as an initiator to modify
macro fibers (El-Alfy et al. 1985; Misra et al. 1979)
and cellulose nanocrystals (Spinella et al. 2016), there
are few reports of its being used with CNFs.

Glycidyl methacrylate (GMA) is an attractive
monomer because of its bifunctional groups: a double
bond that is reactive with free radicals together with an
epoxy group that can react with a number of other
functional groups, such as carboxyl, hydroxyl, anhy-
dride, and amine. Therefore, functionalization via
grafting GMA with polymers such as polypropylene
(Wang et al. 2018), polyethylene (Li et al. 2018),
polystyrene (Wang et al. 2018), polylactide (Kumar
et al. 2010) and graphene oxide (Osicka et al. 2018)
has attracted wide attention. Up to now, there are few
reports of structural and functional modification of
cellulose nanofibrils using graft copolymerization of
CNFs with GMA by a Fe>"—TD-H,0, redox system.

We studied graft copolymerization of CNFs with
GMA induced by TD-assisted Fe*t—H,0, (Fe*"—TD-
H>0,). A poly(GMA)-functionalized CNF derivatives
(CNF-g-PGMA) with epoxy group and ester bond
structure was synthesized in an environmentally
friendly aqueous process. The chemical structure,
morphology, crystalline structure, hydrophobicity and
thermal stability of the products were studied in detail.
The products became less hydrophilic after grafting.
Their chemistry and application are extended because
of the addition of active epoxy groups and ester bonds.

Experimental
Materials

CNF suspensions (~ 10 wt%) were commercial
source, supplied by a Norway company. The sample
was diluted to 1.0 wt% by deionized water and then
fully mechanically disintegrated by a microfluidizer
(M-110EH, Microfluidics Crop, United States) with
smaller chambers (200 um and 100 pm) at 1600 bar
for three passes. The resulted CNFs have an average
width of 21 nm and lengths of serval micrometers.
Glycidyl methacrylate (GMA) was stored at 4 °C and
filtered through aluminum oxide to remove inhibitor
before use. Thiourea dioxide (TD), ferrous ammonium
sulfate (FAS, FeSO, (NH,4),SO4-6H,0), hydrogen
peroxide (H,O,, 30 wt%) and acetone were used as
received. All the chemicals were obtained from
Sigma-Aldrich. Deionized water was used in all
processes.
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Graft copolymerization

The method for GMA graft copolymerization on CNFs
initiated by Fe?*—H,0,—-TD was performed following
a procedure described elsewhere (Huang and Zhai
2008), with slight changes. A suspension of CNFs in
water (1.0 wt%, 100 g), FAS (0.012 g), TD (0.25 g),
and GMA (2-40 mmol/g CNFs) was added to a
250-mL flask and stirred for 15 min under nitrogen
atmosphere. Then, H,O, (50 pL) was added and the
mixture was heated to 55 °C while stirring. After
reaching 55 °C, the reaction was allowed to continue
for 20 min under nitrogen atmosphere. CNFs treated
only with the initiators was used as a control sample
(CNF-control).

Removal of homopolymers

Immediately after the graft copolymerization reaction,
the mixture, including copolymers (poly-GMA-
grafted CNFs, CNF-g-PGMA), homopolymers (poly-
glycidyl methacrylate, PGMA), unreacted monomers
(GMA), and initiators was washed with deionized
water and three successive centrifugation steps at
4000 rpm for 5 min to remove the initiators and
monomers. The copolymers and homopolymers were
separated by Soxhlet extraction with acetone (O’Con-
nell et al. 2010) for 24 h. After the extraction, the
copolymers were washed with deionized water and
three successive centrifugation steps at 4000 rpm for
5 min to exchange acetone with deionized water.
Then, the aqueous suspensions of copolymers were
diluted to 0.5 wt% and homogenized using a T18
Digital Ultra Turrax Basic Homogenizer (IKA, United
States) at 12,000 rpm for 10 min for further use. The
homopolymers in acetone were collected for charac-
terization as well.

Characterization
Gravimetric calculations

The grafting percentage (G), grafting efficiency (E),
and monomer conversion (C) were calculated using
the following equations:

mp —my

G(%) = == x 100 (1)
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C(%) = =10 x 100 (3)
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where my is the mass of initial CNFs; m; is the mass of

total polymers, including homopolymers and copoly-

mers; m, is the mass of copolymers after removing

homopolymers by Soxhlet extraction and m,, is the

initial mass of GMA monomer.

Fourier transform infrared spectroscopy (FTIR)

FTIR was carried out on the starting material and all
modified products using a Fourier transform infrared
spectroscopy spectrometer (PerkinElmer Spectrum
2000, Waltham, MA, United States) equipped with
an attenuated total reflectance (ATR) system. The
spectra were recorded using the spectral range
600-4000 cm™' with 4 cm™' resolution over 16
scans. All the spectra were obtained from dry film
samples at room temperature.

Atomic force microscopy (AFM)

AFM samples were prepared from very dilute disper-
sions by putting a drop on a clean silicon slice surface
and drying at room temperature. The morphology of
unmodified and modified CNFs was analyzed by AFM
(Multimode8, Veeco, Santa Barbara, CA, United
States) with ScanAsyst in air mode. Silicon cantilevers
(Veeco) with a radius of 8 nm were used. The drive
frequency was between 200 and 400 kHz. The width
of CNFs was assessed by analyzing the AFM height
image using NanoScope Analysis software, in which
the heights of around 200 nanofibrils were measured.

Field emission scanning electron microscopy
(FE-SEM)

FE-SEM (S-4800, Hitachi, Japan) was used to image
unmodified and modified CNF samples. The samples
were prepared from unmodified and modified CNF
suspensions (in water or in acetone). The samples were
drop-coated on a clean silicon slice and dried in air.
Before imaging, all samples were coated with 3 nm of
Pt/Pd using a Cressington 208HR high-resolution
sputter coater. FE-SEM was performed using an
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acceleration voltage of 1 kV and an electric current of
10 pA.

X-ray diffraction (XRD)

XRD was used to determine the crystallinity of
different samples. Each sample was freeze-dried and
milled into fine powder before the determination. Each
sample in the form of milled powder was placed on the
sample holder and leveled to obtain total and uniform
X-ray exposure. XRD patterns were recorded by
monitoring the diffraction angle 26 from 5° to 40° on
an X-ray diffraction meter equipped with an X’Cel-
erator detector (PANalytical X’Pert PRO, Panalytical,
Netherlands) using CuKo radiation (k = 0.154 nm) at
45kV and 45 mA. The slit system was 1° for
divergence, 0.15 mm for receiving and 1° for scatter.
The scanning speed was 5°/min. The crystalline index
(CI) was calculated from the ratio of the intensity of
the 200 peak (Igg, 20 = 22.6°) and the intensity of the
minimum (Ioy;, 20 = 18°) between the 200 and 110
peaks, as shown in Eq. 4 (Segal et al. 1959). L o
represents both crystalline and amorphous material,
whereas I\ represents the amorphous material.

Ixoo — Iam

Cl = x 100% (4)

200

Water contact angle

The hydrophobicity of unmodified and modified
samples was characterized by static water contact
angle. Each of the 0.5 wt% suspension samples
prepared above was casted on Petri dishes and dried
at room temperature to make cast films. The Petri
dishes were placed on a level surface before drying to
ensure a uniform thickness of films. The water contact
angle was measured with a 5 pL deionized water
droplet at ambient temperature by using a contact
angle meter (CAM200, KSV Instruments LTD, Swe-
den). The values of contact angle were obtained as
averages of at least five liquid drops on different points
of the sample.

Thermal gravimetric analysis (TGA)
The thermal stability of the various samples was

determined by a TGA instrument (SDTA 85le,
Mettler Toledo, Swiss). Freeze-dried samples

weighing between 5.0 and 6.0 mg were placed in
100 pL alumina crucibles and heated at a heating rate
of 10 °C/min and a heating range from 30 to 600 °C
under a dynamic N, flow rate of 50 mL/min. Each
sample was tested in duplicate.

Results and discussion
CNF-g-PGMA structure

Factors that can affect grafting include the nature of
the backbone, the pretreatment of cellulose substrate
with initiator or a swelling agent, the type of solvent or
grafting medium (homogeneous or heterogeneous),
the monomer level, the dosage of initiators, temper-
ature, the grafting duration, the presence or absence of
oxygen during grafting, and the stirring speed, when
the raw materials, monomer, and initiators are fixed. In
the present study, only the monomer level was
considered, while the other conditions were fixed
throughout the experiments. The grafting percentage
and the morphology are dependent on the amount of
monomer. It can be seen from the FTIR spectrum that
the grafting percentage increases with an increase in
the monomer level, as the absorption intensity
increases greatly. When the monomer dosage was
20 mmol/g, the grafting percentage was 72% by
gravimetric calculation, the grafting efficiency was
28% and the monomer conversion was 91%. The
grafting efficiency was not as high as in some other
reports in the literature. This is probably because of
free Fe>" in the solution; when the same initiator was
used to treat macro fibers, Fe’t was absorbed on the
cellulose substrate. Fe>™ was added directly into the
CNEF suspension instead of using Fe>" to pretreat the
CNF, as it is not easy to separate free Fe*" and
adsorbed Fe”™. Theoretically, a higher grafting per-
centage can be obtained by adjusting the factors.

TD did promote the grafting, as experiments were
carried out without TD under the same reaction
conditions with a monomer amount of 30 mmol/g
and almost no grafting occurred. During the experi-
mental process, GMA liquid could still be observed at
the end of the reaction and no relative absorption peaks
could be observed on the FTIR spectrum. The Fe?'—
H,0, system failed to initiate graft copolymerization
under the same condition, which indicated that
reaction (7) prevailed over reaction (5). Thus, reaction
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(6) was inhibited. The graft copolymerization was
successfully initiated in the Fe**—H,0,—TD system,
which was probably due to the reaction of TD with
H»0,, and the reaction of HO' free radical and Fe’™
with TD produced other free radicals, namely reaction
(8) ~ (10). In addition, TD also reduced Fe*' to
Fe®", which facilitated the reaction (5). The free
radical HN=C(NH,)—SO, reacted with cellulose to
generate cellulose macromolecular radicals and TD, as
shown in reaction (11). The cellulose macromolecular
radicals generated by the reaction (6) ~ (11) were
captured by GMA monomer, which led to the graft
copolymerization.

H,0, + Fe’* — HO™ + HO® + Fe’* (5)

HO® + Cell—OH — H,O~ + Cell—0O°  (6)

HO® + Fe’t — HO™ + Fe’' (7)
H,N H,N
C=SOH + M0, —> * >C—S0S +HO"+H,0
HNZ NZ
(8)
HoN H,N
>C—SOZH + HO® — >c—soz' +H,0
HNZ HNZ
9)
HN H,N
>C—SOZH +F —— >C—302° FH +Fe
HN/ HN/
(10)
H)N H,N
080, +CellOH —>  >C—SO,H + Cell-0°
HN? HINT

(1)

The chemical structures of initial CNFs, modified
CNFs, and neat PGMA were characterized by FTIR, as
displayed in Fig. 1. It can be observed that GMA was
successfully grafted on the CNFs. The peaks at 3334
(hydrogen bond bending), 2910 (C-H stretching),
1648-1620 (OH bending from absorbed water), 1435
(C-H deformation), 1160 (C-O-C stretching),
1375-1030 (C-O stretching), and 895 (stretch C;—O—
Cy) cm™', which are typical bands of native cellulose,
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Fig. 1 FTIR spectra of (a) initial CNFs, (b) CNF-control
(reacting without monomers), (¢) CNF-g-PGMA with a
monomer level of 7 mmol/g, (d) CNF-g-PGMA with a
monomer level of 30 mmol/g and (e) neat PGMA

were observed for the initial CNFs. In the spectrum of
CNF-control (Fig. 1b), which was only reacted with
the initiators, there is no change compared to the initial
CNFs. This shows that the chemical structure of CNFs
is not affected by the treatment with initiators. For
PGMA, the absorption peak at 1723 cm™' in the
spectrum Fig. le is ascribed to the C=O stretching
vibration (Mao and Gleason 2004). The epoxy groups
can be identified by the absorption peaks at 905, 844,
and 758 cm™ ' (Griffiths 1991). The absence of a peak
at around 1640 cm_l, which can be assigned to C=C
stretching vibration, shows that there was no monomer
left in the homopolymers. Compared with unmodified
CNFs, there are several new absorption bands for the
modified CNF samples. The characteristic peak at
1725 cm ™" is assigned to C=0 stretching vibration,
indicating the presence of ester groups of GMA. The
peaks at 904, 844, and 757 cm~! show that epoxy
groups were introduced on the CNFs and are intact.
The intensity increases greatly with an increase in the
monomer level.

Morphology

Figure 2 shows the AFM height images of native
CNFs and modified CNFs. The width of the initial
CNFs ranges from 3 to 50 nm, with an average of
21 nm and the length is several micrometers. Com-
pared with the unmodified CNFs, the nanoscale
structure of fibrils is maintained after graft copoly-
merization. Many small particles can be observed on
the surface of grafted CNFs with diameters ranging
from 20 to 200 nm. No obvious relationship between
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Fig. 2 AFM height images of a initial CNFs, b CNF-g-PGMA with a monomer amount of 7 mmol/g, ¢ CNF-g-PGMA with a monomer
amount of 10 mmol/g, and d, e CNF-g-PGMA with a monomer amount of 30 mmol/g

the diameter of particles and the grafting percent is
observed, whereas the number of particles increases
with increasing grafting percent. However, as shown
in Fig. 2d, the fibrils seem to be adhered together with
the polymers. The fibrils probably crosslinked and
aggregated by radical polymerization by side chains
grafted on CNFs, according to the chain transfer
mechanism.(Roy et al. 2009). When the monomer
level is relatively low, no aggregation occurs; the
aggregation at high monomer level would probably be
preventable by adding the GMA gradually. In addi-
tion, it seems the modification happened periodically
along the axis of CNF, especially shown in Fig. 2e,
primarily at the amorphous regions (Battista 1950).
That indicates that the amorphous regions are more
accessible to the reagents used in the reaction. This is
consistent with previous studies (Henriksson et al.
2005).

SEM images of initial CNFs and modified CNFs
dispersed in water or acetone are shown in Fig. 3.
When CNFs are dispersed in the less polar solvent

acetone, the fibrils seem more independent from each
other than those in water. When CNF-g-PGMA is
dispersed in acetone, which is a good solvent for
PGMA, the grafted PGMA on the fibrils is dissolved
and forms a membrane after drying, as shown in
Fig. 3c. No pores like those in Fig. 3b are observed.
This indicates that it is probably feasible to use
solvents which are less polar than water to disperse
CNFs after copolymerization.

Crystal structure

XRD patterns of unmodified CNFs, modified CNFs,
and PGMA are shown in Fig. 4. For native CNFs, the
typical cellulose I crystal structure is displayed, with
broad peaks centered at 16° corresponding to (1-10)
and (110) planes, a sharp peak at 22.4° corresponding
to the (200) plane and a peak at 34.5° corresponding to
the (004) plane (French 2014; Okita et al. 2010). The
crystallinity index of the initial CNFs was 63.2%. For
the CNF-control sample, treated only by the initiators,
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Fig. 3 SEM images of a initial CNFs dispersed in water, b initial CNFs dispersed in acetone, and ¢ CNF-g-PGMA with a monomer

amount of 30 mmol/g dispersed in acetone

Intensity

26 (°)

Fig. 4 XRD patterns of (a) initial CNFs, (b) CNF-control,
(c) CNF-g-PGMA with a monomer amount of 7 mmol/g,
(d) CNF-g-PGMA with a monomer amount of 30 mmol/g,
(e) PGMA

the crystal structure did not change, while the
crystallinity index slightly decreased to 62.5%. This
reduction suggests that the initiator reagents were able
to slightly damage the crystalline structure, which
probably produced more active sites for grafting.
Compared with other initiators, such as ceric initiator
(Bo et al. 2015), there was no more damage of the
crystalline structure. For PGMA, there is an amor-
phous diffraction peak centered at around 18.3°.
Compared with unmodified CNFs, CNF-g-PGMA
shows similar patterns, and the crystallinity index

@ Springer

slightly decreases to 59.9%. This indicates that the
original crystal structure was preserved after grafting
with PGMA and the graft copolymerization occurred
mainly on the surfaces of CNFs. For modified CNFs
with a higher monomer amount of 30 mmol/g, as
shown in Fig. 4d, the cellulose peaks overlap with the
amorphous diffraction peak of PGMA, and the crys-
tallinity index is estimated to be 36.3%. This indicates
that the crystallinity index of modified CNFs
decreases with increasing grafting percentage of
amorphous PGMA.

Hydrophobicity

The water contact angle results are given in Fig. 5. The
static contact angle shows that graft copolymerization
significantly changes the surface wetting characteris-
tics of CNFs. The initial CNFs film presents a
relatively low contact angle value of 31°, due to its
hydrophilic surface. The CNF-g-PGMA becomes
more hydrophobic with increasing monomer amount.
A maximum contact angle of 81° was obtained for the
film consisting of CNF-g-PGMA with a monomer
amount of 40 mmol, which was a bit higher than that
of neat PGMA film with a contact angle value of 77°.
During the preparation process, it was observed that
dewatering became much easier for modified CNFs by
filtration or centrifuging, even at a very low grafting
percentage (i.e. the monomer amount of 2.0 mmol/g).
The improved dewatering ability of modified CNFs
could be of benefit for some subsequent applications,
such as water treatment.
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Fig. 5 Effect of grafting copolymerization on contact angle
Thermal stability

The thermal decomposition behavior of neat CNFs,
modified CNFs and neat PGMA was characterized by
TGA. Figure 6 gives TGA curves and the correspond-
ing derivative thermogravimetric (DTG) curves. As
shown in Fig. 6a, b, the thermal degradation of initial
CNFs proceeded rapidly at 230-400 °C, with the
degradation peak temperature at 350 °C. The onset
degradation temperature (T, values determined at
5% weight loss on the TGA curves) of CNFs was
295 °C, and the char residual yield of unmodified
CNFs at 600 °C was about 17 wt%. For the CNF-
control sample, which was only treated by the
initiators, Topee remained at 295 °C. It was previously
shown that cellulose nanocrystals (CNCs) oxidized
with ceric initiator exhibit a lower onset temperature
(shift from 295 °C for unmodified CNCs to 250 °C for
the ceric oxidized CNCs)(Kedzior et al. 2016).
Compared with ceric oxidized samples, the initiator
showed less effect on the onset temperature. However,
the degradation peak temperature decreased to 335 °C
and the char residual yield decreased to 13 wt%. This
can probably be attributed to the decrease in crys-
tallinity (Poletto et al. 2012). The thermal decompo-
sition of neat PGMA proceeded in three separate
pyrolysis processes: a primary decomposition process

c
CNF-g-PGMA

at 140-220 °C followed by a main process at
220-360 °C and a final slow charring process at
360480 °C. For modified CNFs, the T, shifted
from 295 to 275 °C, because of the low Tgpee Of
PGMA. As the grafting percentage increased, the
Tonset remained at around 275 °C. The temperature of
maximum decomposition rate in CNF-g-PGMA; was
334 °C, which is the same as that of the CNF-control.
For CNF-g-PGMA;, three degradation peaks (180,
320, and 358 °C respectively) were observed, as
shown in Fig. 6d. In conclusion, polymer grafted
CNFs exhibited decreased thermal stability compared
to unmodified CNFs. The modification broadened the
melt process window, as the degradation peak tem-
perature showed characteristics of both CNFs and
PGMA.

Conclusions

GMA was successfully grafted onto CNFs by using a
Fe>™—TD-H,0, initiator system and TD is an impor-
tant component of the initiator system under the
relative mild graft conditions. The main nanostructure
of the CNFs in CNF-g-PGMA was retained after the
graft copolymerization. The graft copolymerization
has little effect on the crystalline structure of the CNF
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Fig. 6 TGA and DTG a 1 b .
curves of unmodified CNFs, 100 ——CNFs 0.0 4
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backbone in CNF-g-PGMA. CNF-g-PGMA may be an
important intermediate due to its attached epoxy and
ester functional groups. The graft copolymerization
significantly modifies the CNF hydrophobicity. This
may extend the functional applications of CNFs in
many fields, and further research on developing
applications is under way.
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