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ABSTRACT: A facile method was developed to produce functionalized cellulose nanofiber in one step by ball milling. Through
the synergism of mechanical and chemical actions, the produced cellulose nanofibers are ca. 20 nm wide and several micrometers
long, with surface properties tailored by choice of modifying reagent. Modified by succinic anhydride, cellulose nanofiber shows
enhanced hydrophilicity and can be readily dispersed in water or DMSO, and gives zeta potential of -38.7 mV due to carboxyl
group on the surface. Modified by dodecyl succinic anhydride, cellulose nanofiber has excellent dispersibility in o-xylene and good
compatibility with polyethylene. The polyethylene-cellulose nanofiber composite presents overall enhancement of mechanical

properties. This method opens a new way to production of functionalized cellulose nanofiber.

Introduction

Cellulose nanofiber (including whiskers, i.e. disrupted ones)
have a great deal of interest on account of its abundance, bio-
degradability, robust mechanical properties' and chemical
tunability’. In last decades, the desire to release the environ-
mental burden has boosted the application of cellulose nano-
fiber in many fields’. One of the intriguing application areas
for cellulose nanofiber is the reinforcement of composites, in
which cellulose nanofiber has proven its remarkable enhance-
ment effects.

However, the hydrophilic surface limits the use of cellulose
nanofiber to hydrophilic matrixes, such as starch*, regenerated
cellulose®, and etc. To expand the application field, several
approaches have been developed to improve the interface be-
tween nanofiber and hydrophobic matrix. The introduction of
surfactant is one option, but may result in poor mechanical
properties of nanocomposite’. To modify matrix with less hy-
drophobic7 is another option, but it may sacrifice some charac-
teristics of the polymer. Therefore, chemical modification of
cellulose nanofiber is believed to be the most effective method
for reinforcing nanocomposite®. However, the surface modifi-
cation of cellulose nanofiber always involves complicated
procedures or hazardous chemicals, hindering its scaled up
production.

Recently, we reported a novel method of mechanochemical
esterification by acyl chlorides, giving cellulose nanofibers
with tailored surface properties, high dispersity and high as-
pect ratio’. However, the inherent hazard and toxicity of chlo-
rides set a serious drawback in the application of cellulose
nanofiber. In contrast, acyl anhydrides are milder and safer
reagents for esterification. Cyclic anhydrides react with cellu-
lose to form half-esters, introducing extra carboxyl groups to
the nanofiber. Also, succinic anhydride is available as many

derivatives with long-chain alkyl groups used in papermaking.
Therefore, we here attempted to apply mechanochemical ester-
ification by using this class of reagents to tune the surface
property of cellulose nanofiber. The reaction medium also
needs optimization. Dimethyl sulfoxide (DMSO) has greater
swelling ability for cellulose than N,N-dimethylformamide
(DMF)", but it could not be used for acid chloride due to the
reactivity of DMSO. Thus we employed DMSO as reaction
medium for two types of succinic anhydride for manipulating
the hydrophilicity of cellulose nanofibers. The products were
subjected to a series of characterizations.

Materials

The cellulose materials were cellulose microcrystalline (Sig-
ma-Aldrich) and commercial hardwood pulp (New Zealand).
These were dried in vacuum at 105 °C for 2 h before used.
Esterifying agent, succinic anhydride (Alfa Aesar) and n-
dodecyl succinic anhydride (TCI, Japan), catalyst dimethyla-
minopyridine (DMAP) (Alfa Aesar, USA) and low density
polyethylene (51215B, Beijing Huaer Co., Ltd, China) were
used as received. Acetone, ethanol, DMSO and o-xylene (Bei-
jing Chemical Reagent, China) were used without further puri-
fication.

Experiment
Surface esterification by ball milling

Ball milling was performed by a planetary ball mill (Pulver-
isette 7, Fritsch, Germany). Typically, 23 mL of DMSO, var-
ied amounts of n-dodecyl succinic anhydride or succinic an-
hydride, DMAP and cellulose were loaded to a 40 mL-zirconia
pot containing seven 10-mm zirconia balls at room tempera-
ture. The rotation was 200 rpm, working time 20 min and in-
terval of 2 min to avoid overheating. The milling time was
varied from 2 h to 40 h.
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Post-treatment

Succinic anhydride: After ball milling, cellulose was washed
with DMSO, isopropanol and ethanol by centrifugation at
10000 rpm, 3 times each. The purified cellulose nanofiber was
dispersed in water or DMSO by sonication for 20 min at vari-
ous concentrations.

N-dodecyl succinic anhydride: The ball-milled sample was
washed with o-xylene and ethanol 3 times each.

Preparation of cellulose nanofiber composite

20 g of polyethylene was dissolved in 2 L o-xylene at 130°C.
The solution was mixed with the suspension of cellulose nano-
fiber originating from commercial pulp in o-xylene by vigor-
ous stirring. After 10 min, the suspension was poured into
acetone for precipitating solid. After washing by ethanol
twice, the precipitate was vacuum dried at 105 °C. The result-
ing composite was melted in a mould at 150°C, hot pressed at
20 MPa for 5 min, and cooled in ambient atmosphere.

Determination of the degree of substitution

The carboxyl content of cellulose samples was determined by
conductometric titration as follows: cellulose nanofiber sus-
pension was mixed with 2 mL of 0.1 N HCI, followed by addi-
tion of 0.1 N NaOH at 0.1 mL/min. The change in conductivi-
ty was monitored by a conductometer. Then the suspension
was dialyzed against water and freeze-dried for weighing.

DS = 162X (VNaOHXCNaOH) (1)

m-YX (VNaOHXCNaOH)

Where: 162 g/mol is the molar mass of an anhydroglucose unit
(AGU), Y (291.4 or 123.1) g/mol is increase in molecular
weight of AGU by substitution of one OH group, m is dry
weight of the sample, Vy,opn is the volume of NaOH solution
consumed in titration, and cy,on is the molarity of NaOH solu-
tion.

Characterizations

Fourier transform infrared (FTIR) spectra were recorded using
a Varian 3100 FT-IR spectrometer with 2 cm™ resolution and
accumulation of 24 scans.

X-ray photoelectron spectroscopy (XPS) spectra were ob-
tained with ESCALAB220i-XL Photoelectron Spectrometer
(VG Scientific). A Gaussian curve fitting program was used to
treat the Cls signal and the following binding energies.

X-ray diffraction (XRD) patterns of the products were record-
ed using an X’Pert PRO X-ray diffractometer with CuKa radi-
ation (A=0.154184 nm).

Nitrogen adsorption—desorption measurements were carried
out using a Quantachrome NOVA 4200e surface area analyzer
at -199.7 °C by using the volumetric method. For this analysis
the ball-milled sample wet with DMSO was solvent-
exchanged to n-butanol and freeze-dried. The Brunauer—
Emmett-Teller (BET) specific surface areas were calculated
by using adsorption data in P/Py=0.05-0.3 (six points collect-
ed).

Transparency was evaluated by a UV-vis spectrometer (Cary
5000) from 400 to 750 nm by introducing cellulose suspension
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into a quartz cuvette. A cuvette filled with DMSO or o-xylene
was used as reference.

Scanning electron microscopy (SEM) observations were car-
ried out using a JEOL JSM-6700F operated at accelerating
voltage of 5 kV. The specimens were coated with gold by ion
sputtering.

For transmission electron microscopy (TEM) observations,
one drop of cellulose nanofiber in o-xylene or DMSO
(0.01%w/v) was deposited on a carbon-coated grid. After dry-
ing under vacuum, they were observed using Hitachi H800
microscope operated at accelerating voltage of 100 kV.

Zeta potential measurement was carried on Zetasizer Nano ZS
(Malvern) at 1% concentration with pH around 5.

Thermogravimetric analysis (TGA) was carried by a TA-Q50
(TA Instruments) from 100 to 500 °C at heating rate of 10
°C/min under N, atmosphere.

Tensile testing of the nanocomposite was carried out by using
MTS Sintech-1 (MTS Systems) with a load cell of 50 Ib fol-
lowing ASTM D 638. The crosshead speed was set to 50
mm/min. The samples were cut in a dumbbell shape with an
ASTM D 638 (type V) die and at least five specimens were
tested for each sample. The impact fracture testing was carried
out by AJ U — 22, following ASTM D256. Five specimen for
each composition were tested.

Result and discussion

Structure characterization
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Figure 1. Surface esterification of cellulose nanofibers

In the defibrillation process by ball milling, hydroxyl groups
on the surface of cellulose nanofiber undergo esterification
with anhydride as illustrated in Figure 1, giving a free car-
boxyl group on the side chain.
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Figure 2. FT-IR of cellulose nanofiber with and without sur-
face modification.

As shown in Figure 2, esterification by succinic anhydride is
catalyzed effectively by DMAP as evidenced by the appear-
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ance of new bands at 1740 cm™, 1573 ecm™ and 1165 cm™,
stretching of carbonyl group and antisymmetric stretching of
carboxylic anion, and C-O antisymmetric stretching, respec-
tively. The absence of peaks at 1850 and 1780 cm™ suggests
that the products are free of unreacted succinic anhydride. The
cellulose sample treated with n-dodecyl succinic anhydride
shows increased peaks intensity of C-H stretching at around
2900 cm’, apparently due to the introduction of long alkyl
chain. By comparison, there is no esterification detected even
prolonging the time of ball milling up to 40 h at the absence of
DMAP, indicating the essentialness of catalyst in this process.
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Figure 3. XPS intensity as function of binding energy from C;g
spectra of cellulose nanofiber after modification. (C1: C-C, C-
H, C2: C-0O, C3: O-C-0, C4: 0-C=0.)

Additional evidence of the esterification between cellulose
nanofiber and succinic anhydride was obtained by X-ray pho-
toelectron spectroscopy (XPS). Results of curve-fitting for the
C,s region by using Gaussian function are shown in Figure 3.
For the modified samples, a new peak ascribed to esters (O=C-
0) could be separated at 289 eV, and the peak at 285 eV char-
acteristic for C-C (C1) increased significantly due to the intro-
duced alkyl groups, attesting the strong localization of ester
groups on the surface of cellulose nanofiber. Although with-
standing severe mechanical shear and chemical reaction, the
original crystallinity was preserved and the integrity of crystal-
line cellulose was maintained (Figure S1).

Morphology and dispersibility of cellulose nanofiber

Figure 4. Cellulose nanofiber suspensions from 20 h-ball mill-
ing with succinyl anhydride, after standing 2 day. Flow bire-
fringence was observed through crossed polarizers. Medium:
(a) water, (b) DMSO, (c) o-xylene. Cellulose nanofiber modi-
fied by n-dodecyl succinic anhydride dispersed in o-xylene
forms gel (d). o-xylene suspension of unmodified cellulose
nanofiber (e).

The surface property of cellulose nanofiber can be tailored by
the side chain. Modified by different types of anhydride, cellu-
lose nanofiber presents different dispersibility. The succinylat-
ed cellulose nanofiber has carboxyl groups on the surface, and
could be dispersed in polar liquids. As shown in Figure 4a
and 4b, the nanofiber suspensions in water and DMSO show
flow birefringence through crossed polarizers, indicating high
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levels of individualization of cellulose nanofibers. The n-
dodecyl succinylated cellulose nanofiber could be readily dis-
persed in o-xylene and shows flow birefringence (Figure 4c).
After standing for 2 days, this suspension forms a gel (Figure
4d) while the unmodified cellulose nanofiber suspension pre-
cipitates immediately after powerful ultrasonic treatment
(Figure 4e).

TEM images show high level of dispersion and preservation of
nano-scale fibrillar morphology (Figure 5). Here again, effect
of esterification is seen clearly by comparing Figure 5b and
5c¢; while the material ball-milled without reagent consisted of
severely disrupted fibrils and their aggregates, the esterified
cellulose dried from DMSO shows nanofibers approx. 20 nm
wide and several um in length. Cellulose nanofiber modified
by n-dodecyl succinic anhydride shows the similar morpholo-
gy (Figure 5d), although bundles can be seen from the image,
which is caused by the high boiling point of o-xylene and the
long chain on the surface making cellulose nanofiber tend to
entangle with each other during vaporization of o-xylene. The
dimension of cellulose nanofiber is consistent with our previ-
ous work.

Figure 5. SEM image of starting cellulose (a), and TEM im-
age of unmodified cellulose nanofiber dispersed in DMSO (b),
modified cellulose nanofiber dispersed in DMSO (c), and in o-
xylene (d).

Evolution of esterification
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Figure 6. FT-IR peak height ratio of the 1740 to 1060 cm’
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(11740/110s0) and DS from titration vs. milling time for cellulose
nanofiber reacted with succinic anhydride.

The degree of substitution (DS) was determined by conducto-
metric titration of carboxyl group introduced by esterification.
Thus determined DS was chosen to establish calibration of
FT-IR data for easier determination of DS. In Figure 2, the C-
O stretching peak of glucopyranoside at 1060 cm’ is not af-
fected by esterification, and the new peak at 1740 cm™ of C=0O
stretching appears after esterification. Figure 6 shows good
correlation between the DS values by the two methods. Thus,
the ratio Ij749/I1060, can be used to determine DS by using the
following equation.

DS=0.31%* (I;740/T1060) 2)

The DS by succinic anhydride increases steeply in the first 10
h, then gradually levels off. The maximum DS of 0.31 was
attained after 30 h. The reaction with n-dodecyl succinic an-
hydride follows a similar pattern, giving maximal DS of 0.23
by 40 h of ball-milling (Figure S2a). These DS values are
lower than that for hexanoyl chloride, 0.58. This difference
can be ascribed to lower reactivity of anhydrides, and steric
hindrance by n-dodecyl group and the catalyst DMAP'".
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Figure 7. UV-vis transmittance of surface-esterified cellulose
nanofiber suspensions in DMSO (a) and o-xylene (b).

The relationship between milling time and level of dispersion
was examined by UV-vis transmittance. Figure 7 shows that
prolonged ball milling results in higher transparency. The
maximum transparency is attained at 20 h milling, after which
there was little further changes. This behavior is parallel with
the change in DS, suggesting that dispersibility is governed by
the degree of surface esterification.

With the use of acylation catalyst DMAP", disintegration of
cellulose nanofiber determines the evolution of esterification.
The change in DS is consistent with the change of specific
area of cellulose ball milling in DMSO without surface modi-
fication (Figure S3), suggesting efficient disintegration would
lead to higher level of surface esterification. Based on the ob-
served behavior, 20 h milling was chosen as standard condi-
tion for the following examination of the influences of reagent
and catalyst doses.
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Figure 8. DS as a function of different content of succinic
anhydride (a) and DMAP (b).

Figure 8a shows that the DS of product increases with increase
in succinic anhydride dose, levelling off at approx. 0.35.
Therefore the anhydride dose of 2 mol/mol glucopyranoside
unit could be chosen as standard condition. Figure 8b shows
the influence of catalyst (DMAP) dose on the product’s DS.
The curve is not monotonous, showing decline in DS at above
0.7 mol/mol. The results for n-dodecyl succinic anhydride and
DMAP on DS showed similar tendencies (Figure S2b and 2c¢).

Besides high versatility, one advantage of current method is
high yield of processed cellulose. Table 1 shows the recovery
of cellulose nanofiber modified by succinic anhydride and n-
dodecyl succinic anhydride as 78.1% and 81.3%, respectively,
both higher than that of cellulose nanofiber modified by hexa-
noyl chloride (73%)’. The corresponding FTIR spectrum are
shown in Figure S4. A possible cause of this difference is that
hexanoyl chloride can form free acid more easily, which de-
composes cellulose to small soluble species.

Table 1. Yield and DS of cellulose nanofibers.

Weight
Cyclic anhydride percentage DS
(%)

- . Insoluble 78.1 0.30
Succinic anhydride Soluble 219 0.51
N-dodecylsuccinic Insoluble 81.3 0.23

anhydride Soluble 18.7 0.45

Thermal property of cellulose nanofiber
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Figure 9. TGA in nitrogen of cellulose nanofiber (a) and mod-
ified by succinic anhydride (b) and N-Dodecyl succinic anhy-
dride (c).

Thermogravimetry in nitrogen (Figure 9) shows significant
low-temperature shift of the surface-esterified cellulose nano-
fibers compared with the original cellulose. Weight loss of the
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esterified products starts at below 200 °C, against approx.
250°C for unmodified cellulose. This difference can be as-
cribed to decomposition and vaporization of the ester groups.
The TGA curves of esterified products show two-stage weight
losses. The first stage starts at around 175 °C, which could be
ascribed to decomposition of ester linkages; the second stage
starts at around 285°C similar to that of unmodified cellulose
arising from decomposition of cellulose backbone. The larger
weight loss in the first stage of n-dodecyl succinated cellulose
is ascribed to the larger size of the ester group. The decrease in
thermal stability may be caused by the presence of free car-
boxyl group on the surface, catalyzing the decomposition of
cellulose. Similar results have been reported in cellulose nano-
crystal hydrolyzed by sulfuric acid".

Surface property of cellulose nanofiber
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Figure 10. Zeta potential of cellulose nanofiber modified by
succinic anhydride

Due to the presence of free carboxyl group introduced by ring-
opening esterification, electrostatic repulsion provides stable
dispersion of the cellulose nanofibers in water. Figure 10
shows the change in zeta potential of the nanofibers by surface
succinylation with strong correlation with DS. Cellulose nano-
fiber with DS of 0.3 has a decreased zeta potential of -38.7
mV while the original cellulose nanofiber has a zeta potential
around -14.7 mV. The increase in negative charge would re-
sult in improved dispersion stability in water.

Table 2. Tensile test of cellulose reinforced PE nanocompo-
site.

Content of  Tensile strength Young’s modulus
CNF (%) (MPa) (GPa)

0 35 432

1 40.8 6.39

2 44.6 7.59

3 44.7 7.93

5 44.7 6.45

10 40 5.83

Modified by n-dodecyl succinic anhydride, cellulose nanofiber
shows improved compatibility with PE. The resulting cellulose
nanofiber could be homogenously mixed with PE in o-xylene
forming transparent suspension, which were dry-cast to form
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film specimens. This nanocomposite film showed remarkable
enhancement of mechanical properties compared with neat PE.
Table 2 shows the changes in tensile strength and Young’s
modulus of the composite by increasing cellulose nanofiber
content. Young’s modulus increased sharply and reaches 7.93
GPa at 3% cellulose loading, approx. 83% increase from neat
PE, but further increase of loading caused decrease of Yong’s
modulus. The tendency is similar for tensile strength, which
has approx. 28% increase at the load of 3% cellulose nano-
fiber. SEM observation of fractured surface of the composites
showed good dispersion of nanofibers in the matrix, though
with certain level of inhomogeneities (Figure S5).

The improved adhesion between the matrix and the filler
would contribute to better stress transfer from the matrix to
rigid cellulose nanofibers. The mechanical performances de-
cline by over 3% cellulose loading, when cellulose nanofibers
begin to entangle with each other and form large aggregates.
In comparison, unmodified cellulose nanofiber was not ho-
mogenously dispersed in PE matrix, forming aggregates at the
load of 1% (Figure SSe and S5f), this result is consistent with
Figure 4e in which cellulose nanofiber precipitates immedi-
ately in o-xylene, indicating poor compatibility with polyeth-
ylene.

Conclusion

Surface esterification-dispersion of cellulose nanofiber is pos-
sible by ball milling native cellulose with cyclic anhydrides of
organic acids. The reaction is catalyzed by DMAP effectively.
The resulting cellulose nanofibers are 15-20 nm wide and sev-
eral micrometers long. We found that ball milling in organic
solvents with reactive chemicals has a dramatic effect in na-
noscale dispersion and surface derivatization of cellulose.
Through the change of anhydride, the produced cellulose nan-
ofibers show different surface property. The succinylated nan-
ofiber can be stably dispersed in water with zeta potential up
to -38.7 mV at pH=5.5. The n-dodecyl succinylated nanofiber
can be dispersed in o-xylene, from which polyethylene-
cellulose nanocomposites were prepared. Compared with neat
polyethylene, nanocomposite with optimal composition of 3%
cellulose owed Young’s modulus of 7.93 GPa (83% increase)
and tensile strength of 44.7 MPa (28% increase). While solu-
tion casting is not a practical way for nanocomposite manufac-
turing, the improved compatibility of the nanofibers demon-
strated here would also be effective in melt processing. These
results demonstrate versatility of ball mill processing of cellu-
lose for fabricating various functionalized cellulose nano-
fibers. This method would also be applicable to other materials
and purposes that involve heterogeneous processing.
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A versatile method to fabricate functionalized
cellulose nanofiber and its application

Individual dispersed cellulose nanofiber can be produced
through ball milling by adding anhydride and DMAP in
one step. By altering the type of anhydride, cellulose nano-
fiber presents different surface property, making cellulose
nanofiber compatible various solvent or matrix. This meth-
od sheds a light on the massive application of cellulose

O :DMAP @ : DMSO
. : Cyclic anhydride

nanofiber.
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