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A B S T R A C T

Surface modification of cellulose nanocrystals (CNCs) was conducted by an oxa-Michael addition of primary
hydroxyl groups on the CNC surface with N-Benzylmaleimide (BnM). Six principles of green chemistry were used
to obtain the hydrophobized CNC. Two catalytic approaches were used, a self-catalyzed reaction where alkyl
sulfuric acid on the surface of the CNC was the catalyst, and a base-catalyzed approach using triethylamine (TEA).
DMSO was chosen as reaction solvent due to its low cost, low toxicity and ability to disperse native CNC compared
to other polar diprotic solvents. NMR and FTIR studies confirmed the successful modification of CNCs in both
reaction routes. The TEA-catalyzed reaction showed a higher BnM conversion at 70 �C after 72 h (46 � 2%)
compared to the self-catalyzed reaction at 100 �C (24 � 2%). Since BnM was added at a two-fold excess compared
to superficial primary –OH groups, these had estimated conversions of 92% and 48%, for the base catalyzed and
acid catalyzed routes, respectively. Zeta potential measurements suggest, the sulfate groups were retained after
the modification reaction. AFM demonstrated no change in particle morphology after modification. Modified
CNCs degraded at a higher temperature (390 � 8 �C) when the reaction was catalyzed by TEA compared to native
CNCs and the self-catalyzed product (220 � 10 �C). Contact angle measurements demonstrated the increased
hydrophobicity of the modified nanoparticles. Visual inspection and UV–vis spectroscopy demonstrated the
modified CNCs had an increased affinity towards organic solvents like acetone, acetonitrile and toluene.

1. Introduction

Cellulose Nanocrystals (CNC), extracted by the acid hydrolysis of
plants cellulose, have received significant attention in the last two de-
cades for their light-weight, large axial Young’s modulus and limited
toxicity [1–3]. They also have the benefits of being biobased and
biodegradable [4,5]. These advantages of the CNCs can be utilized in a
wide range of applications such as the development of bio-
nanocomposites [5,6], water treatment methods [7], controlled-drug
delivery vehicles [8], emulsion [9,10], and papers coatings [11]. The
surface of CNCs can be modified and then used in applications in extreme
environments such as solar cells [12], CNC-reinforced polymer nano-
composites [13], and high-temperature enhanced oil recovery [14],
where a high thermal and chemical stability of the nanoparticles is
required.

The surface of a CNC is covered with hydroxyl groups, which make
them highly hydrophilic. Typically, they are isolated through sulfuric
acid hydrolysis, which converts approximately 30% of the available

primary hydroxyl groups on the surface into sulfates [15,16]. Sulfates are
easily deprotonated in aqueous media resulting in stable negatively
charged CNC. The hydrophilicity of the CNC surface hinders its disper-
sion in organic polymers and solvents. Several methods have been
studied in literature to disperse unmodified (pristine) CNC in an organic
media. Firstly, a solvent-exchange sol-gel technique, where a dipolar
organic solvent is added to a CNC aqueous suspension, leading to the
gelation of the mixture. The produced organogel is then immersed into a
solution to imbibe a polymer into the CNC network [17,18]. This method
can improve the mechanical properties in the rubbery state by formation
of a percolation network but is not expected to be effective below the
percolation threshold. Moreover, nanocomposites of styrene butadiene
rubber filled with CNCs through the sol-gel technique showed to be less
efficient in improving mechanical properties than those prepared by
solution casting and compression molding [19]. Even though dispersion
of unmodified CNCs in a hydrophobic polymer matrix is possible by
controlling the processing conditions, this approach does not contribute
to improving stress transfer from the polymer to the nanocrystals. Surface
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modification would be required for that purpose to achieve reinforce-
ment at concentrations below the percolation threshold.

Several methods of modification have been explored to disperse CNCs
in various solvents and polymer matrices. Modifications include several
“grafting from” atom transfer radical polymerization (ATRP) reactions to
introduce poly (N,N-dimethylaminoethyl methacrylate) (PDMAEMA),
poly (acrylic acid) (PAA), polystyrene (PS), and ring opening polymeri-
zations to graft poly (lactic acid) (PLA), poly (caprolactone) (PCL), etc. [3,
20,21]. Polymers grafted to CNC include poly (ethylene glycol) (PEG), poly
(caprolactone) (PCL), maleated polypropylene (PPgMA), among others [3,
20]. Small molecules have also been introduced onto the surface of CNCs
via oxidations [22], sylilations [23], sulfonations [24], acetylations [25],
esterifications [26], etherifications [27], and amidations [28]. More
recently, aldehyde-modified CNCs and hydrazine-modified CNCs were
prepared to fabricate CNC crosslinked hydrogels [29].

Current literature of CNC modifications typically pays little attention
to the colloidal stability of the nanoparticles during surface modification.
Often CNCs are partially aggregated, leading to unexposed surfaces not
available for modification. Surface coverages are often presented, but
yields are rarely mentioned; both of these variables can be affected by the
colloidal stability of the CNCs during modification. Another drawback of
current modification schemes is the use of toxic or unstable chemicals
like isocyanates and acyl chlorides. Anhydrides are also commonly used
for acylation reactions, but they require anhydrous reaction conditions as
they hydrolyze easily. Sylilation reactions produce highly unstable
alkoxy silane linkages, which are readily hydrolyzed, limiting its appli-
cability. Ester groups are also easily cleaved at elevated temperatures,
especially in the presence of water. ATRP requires a preliminary
bromination reaction to introduce the initiator on the CNC surface; the
reaction is highly exothermic and can potentially cause CNC degradation
[3,20,30].

In this work, acid-catalyzed and base-catalyzed oxa-Michael addition
reactions were tested, for the first time, to graft N-Benzylmaleimide
(BnM) onto the CNC surface. The modification of the CNC surface was
performed through ether linkages, which are thermally and chemically
stable. Oxa-Michael additions are usually catalyzed by bases [31,32];
however, Brønsted acid catalysis has been reported with strong acids like
o-benzenedisulfonimide [33], bis(trifluoromethanesulfon) imide
(Tf2NH) [34], trifluoromethanesulfonic [35], methanesulfonic acid [35],
and p-toluenesulfonic acid monohydrate (TsOH⋅H2O) [35]. Herein, the
oxa-Michael reaction was self-catalyzed by the alkyl sulfuric acid groups
on the nanocrystals themselves Additionally, triethylamine was also used
as a catalyst in a base-catalyzed oxa-Michael addition reaction. Grafting
of maleimide to the CNC surfaces was achieved by following 6 of the 12
green chemistry principles, i.e., atom economy, less hazardous chemical
synthesis, designing safer chemicals (products), use of renewable feed-
stocks, reduced derivatives, and inherently safer chemistry for accident
prevention [36]. Themodified hydrophobic CNCs herein obtained can be
used in a variety of applications where thermal or chemical stability are
required, in addition to partial hydrophobization [37]. Examples are
stabilizing Pickering emulsions [38,39], preparation of thermoset poly-
mer nanocomposites [5,17,40], enhanced oil recovery [41], and under-
ground sequestration of CO2 [42].

2. Materials and methods

2.1. Materials

Southern bleached softwood Kraft (SBSK) pulp was kindly donated by
Weyerhaeuser pulp mill (Columbus, MS) as a cellulosic source for the
synthesis of CNC. Sulfuric acid (�96% purity), Dimethyl Sulfoxide
(�99.9% purity), Acetone (�99%), Acetonitrile (>99.9%), Propylene
carbonate (>99.5%), N-Benzylmaleimide (>99%), Trimethylamine
(>99%), Dimethyl sulfone, Deuterated DMSO (>99.9%), Heptane
(>99%) and Toluene (>99.9%) were all purchased from Fisher Scientific
and used as received.

2.2. Isolation of cellulose nanocrystals (CNC)

The hydrolysis reaction of cellulosic wood pulp and sulfuric acid was
done as reported in multiple articles [15,16,43]. At first, 840 ml of 64%
sulfuric acid was added to the beaker, followed by the addition of 48 g of
SBSK pulp. The reaction was run for 50 min at 45 �C with stirring at
230–240 rpm. Upon completion, the reaction mixture was diluted
10-fold with cold deionized water in a 10 L beaker and was left overnight
to precipitate the cellulose. A large portion of excess acid in the CNC
suspension was removed by decanting the comparatively clear acidic
water from the top of the beaker. The remaining acid was removed by
centrifugation of the residual CNC suspension. The supernatant was
removed, and the centrifuged sludge was further washed with DI water
by using 3.5 kDa RC dialysis membranes for several days to remove all
excess acid. The dialyzed CNC dispersion was then sonicated by an ul-
trasonic horn (Qsonica; Q700) to disperse the CNC and was then stored.
Safety note: concentrated sulfuric acid is extremely corrosive and can
cause serious burns; it is recommended to be used in a fume hood with
rubber apron, gloves and boots, and a face shield over the chemical safety
goggles.

2.3. Dispersion of CNCs in various solvents

The CNC dispersion was first freeze dried in a FreeZone 6 L labconco
(Kansas City, MO) freeze dryer. Then 10 mg of freeze-dried samples were
dispersed in 10 ml solvent and sonicated by using an ultrasonic horn
(QSonica, Q700, Newtown, CT). Dispersibility of neat CNCs in Deionized
Water, and several aprotic dipolar organic solvents like dimethyl sulf-
oxide (DMSO), acetone, acetonitrile, and propylene carbonate (PC) was
observed by visual inspection of the dispersions and by monitoring the
UV–visible spectra with a Genesys 150 UV–Visible spectrophotometer
(Thermo Scientific, Waltham, MA) within the wavelength of 200
nm–800 nm at 0 h and after 24 h.

2.4. Modification of CNCs by oxa-Michael addition reaction

In the case of self-catalyzed oxa-Michael addition reaction (Scheme
1), the alkyl sulfuric acid on the CNCs themselves was utilized as a
catalyst for the reaction. The amount of sulfur on the CNCs surface was
determined by a conductometric titration following a method described
by Abitbol et al. [44] and presented in supporting information (Fig. S1).
The sulfur content in CNC was calculated to be 0.42 � 0.5% (g-sul-
fur/100 g-cellulose). In short, 1.64 g of freeze-dried CNCwas dispersed in
100 ml dimethyl sulfoxide (1 v/v%) and sonicated using an ultrasonic
horn (QSonica, Q700, Newtown, CT) until a stable dispersion was ach-
ieved. The dispersion was transferred to a round bottom flask and then
0.412 g (0.0022 mol) of N-Benzylmaleimide (BnM) was added. The
mixture was then heated to 70 �C and the reaction was run for 72 h with
stirring. Upon completion, the reaction was cooled down to room tem-
perature, and freeze-dried. The dried product was then washed with
toluene (twice) and then heptane (twice) to remove the unreacted BnM.
The purified product was then dried and stored for further analysis.

In the case of TEA-catalyzed oxa-Michael addition reaction, the pH of
the raw CNCs suspension was adjusted to 7 before freeze-drying. The
freeze-dried CNCs were then used in the TEA-catalyzed modification
reaction. The procedure was the same as self-catalyzed reaction except
for the addition of 30 μL triethylamine (0.1 equivalents of BnM) to the
reaction mixture as a basic catalyst.

2.5. Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectra of CNC samples were
recorded on a Cary 630 FTIR spectrometer (Agilent Technologies, Santa
Clara, California). A low amount (approximately 10 mg) of freeze-dried
CNC samples were tested in attenuated total reflectance (ATR) sam-
pling mode at a resolution of 4 cm�1 with the spectrum range of
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4000–600 cm�1.

2.6. Calculation of conversions

The conversions of the modification reactions were obtained by
tracking the disappearance of BnM over time with a 300 MHz 1H proton
NMR (Bruker Avance-300, Bruker, Billerica, MA). For NMR analysis, all
the modification reactions were done in small scales in closed vials; 5 ml
of DMSO‑d6 was used instead of regular DMSO and 0.010 g dimethyl
sulfone was added as an internal standard. The other chemicals were
used proportionately. Around 0.5 ml of the reaction mixtures were
sampled at time 0 h, 24h, 48 h, and 72 h and transferred to NMR tubes to
be analyzed. The conversions were calculated from the decrease of spe-
cific peaks of BnM in NMR spectra according to equation (1).

BnM Conversion ð%Þ¼ I0 � IT
I0

� 100% (1)

Where, I0 ¼ Integral of BnM peak (A) at time 0 h, and, IT ¼ Integral of
BnM peak (A) at time T. Both integrals were normalized to maintain a
constant peak area of the internal standard.

2.7. Atomic force microscopy (AFM)

A drop of dilute CNC suspensions (0.0001 wt%) was dried onto a
freshly cleaved mica surface (1.5 cm2, Ted Pella, Inc.) and imaged using
an atomic force microscope (MultiMode 8, Bruker Nano, Inc.) in tapping
mode. Both the neat CNCs and the modified CNCs were imaged with the
AFM, and their morphology was compared to see if there was any change
in the structure after modification. At least 100 nanocrystals were
analyzed from each sample by using the software Gwydion (version
2.55), and the size distributions were plotted.

2.8. Thermal gravimetric analysis (TGA)

Thermogravimetric Analysis (TGA) of CNC samples was performed
with a thermogravimetric analyzer (Q500, TA Instruments). The dry CNC
samples (5–10 mg) were heated on a platinum pan from room temper-
ature up to 600 �C under nitrogen at 10 �C/min while collecting the
weight as a function of temperature.

2.9. Zeta potential measurement

Zeta potential of CNC samples was obtained with a Malvern Zetasizer
Nano ZS (Malvern Instruments, UK). Aqueous suspensions of the CNC
were diluted to 0.1 wt% (1 mg/ml) and its pH adjusted to pH 7 with HCl
or NaOH, then added to the disposable zetasizer cells to measure the zeta
potential.

2.10. Contact angle measurement

The contact angles of CNCs and modified CNCs were obtained at
room temperature (22 �C) by using a Kruss Tensiometer DSA100E (Krüss,
Hamburg, Germany), operating high resolution camera and a motorized

syringe (0.508 mm in outer diameter). At first, 1 wt% (10 mg/ml)
aqueous suspensions of CNC samples (100 μL) were dropped on mica
sheets (Highest Grade V1Mica Discs, 12 mm, Ted Pella Inc., Redding, CA,
United States) and dried in a desiccator to form CNC films. Water,
ethylene glycol (EG) and diiodomethane (DIM) were used as probe liq-
uids. Contact angle measurements were performed via static sessile drop
shape analysis, whereas the droplet size was 5 μL in all measurements. A
video was recorded immediately after the droplet was deposited on the
substrate and the measurements were taken after 5 s by using the video
footage.

3. Results and discussions

3.1. Solvent selection

The modification reactions had to take place in a dipolar aprotic
organic medium since excessive water may interfere with the surface
modification reaction, although anhydrous conditions are not necessary.
CNCs from sulfuric acid hydrolysis are highly stable in water, and only a
few dipolar aprotic solvents have been used to stabilize their dispersions
successfully [45]. Freeze-dried CNCs were transferred into acetone,
acetonitrile (ACN), DMSO, and Propylene Carbonate (PC). They have
high dielectric constants (ε) of 20.7 (Acetone), 36.64 (ACN), 47.24
(DMSO), and 66.14 (PC) [46]. In general, higher dielectric constants are
correlated to greater polarity. From the visual inspection of the CNCs
dispersions and respective UV–vis spectroscopy at time 0 h and 24 h
(Fig. 1), DMSO was found to be the best organic solvent among them to
make stable CNC dispersions. Negligible precipitation was observed in
DMSO after 24 h (Fig. 1b) with a minimal decrease of absorbance over
time (Fig. 1d). In the case of propylene carbonate, there was little pre-
cipitation over the time and, whereas acetone and acetonitrile had more
downfall, indicating less stable dispersions (Fig. 1e–f). The light absor-
bance of PC decreased over time, probably due to some precipitation,
while for ACN it increased, possibly due to increased scattering caused by
suspended CNC aggregates. Hence DMSO was chosen as the solvent for
the modification reaction. DMSO has limited toxicity, and has been
previously been used to disperse CNCs [3,21,45]. Other solvents that
have been used to successfully disperse CNCs are N,N-dimethyl form-
amide (DMF), N-methyl pyrrolidone (NMP), formic acid and m-cresol;
however, their use is herein discouraged due to their high toxicity [17,
45,47].

3.2. Modifications of CNCs by oxa-Michael addition reaction

Chemical modification of the CNCs was performed by reacting BnM
with the primary hydroxyl groups on the cellulose surface according to
the reaction in Scheme 1. The reaction viability can be explained by the
poor electron density on the maleimide double bond and the high tem-
perature. The amount of available primary –OH groups for the modifi-
cation reactions were obtained by following the procedure described by
Shin et al. [40]. Each cellobiose has two hydroxyl groups on the CNC
surface, but one hydroxyl group is oriented inside the crystal and not
available for the reaction [3,6]. So, for each repeat unit on the surface of
the CNC only one primary –OH group is available. If that group is already

Scheme 1. Oxa-Michael addition reaction of cellulose nanocrystals with BnM.
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modified with sulfate, then it will not be available for modification with
BnM. However, generally, only about 30% of the superficial repeat units
are modified with sulfate groups. The remaining ones are available for
modification. This was taken into account for the calculations of avail-
able –OH groups for the modification of CNC with BnM and the amount
of available –OH group for the modifications was calculated to be 0.673
mmol OH/g CNCs [40]. In the case of the acid-catalyzed reactions, the
reaction was self-catalyzed by the alkyl sulfuric acid groups on the
nanocrystals themselves, which were generally present at a proportion of
1:2 with respect to the superficial primary –OH [48]. The close proximity
of the acidic groups to the Michael donor (–OH group) may facilitate
addition to the activated Michael acceptor (BnM). A two-fold molar
excess of BnM was used with respect to the available primary –OH to
drive the reaction towards the products. Despite being present in an
excess, the conversion is calculated in terms of BnM since its concen-
tration is known with greater accuracy than the superficial –OH groups.

The acid-catalyzed oxa-Michael addition reactions were run at 70 �C
and 100 �C, while the base-catalyzed reaction was run at 70 �C. Trie-
thylamine was used as the basic catalyst. Table 1 shows the BnM con-
version of the reactions that were determined after analyzing the NMR
spectra. The self-catalyzed reaction that took place at 100 �C showed a
conversion of 24 � 2% after 72 h (Fig. 2b), while the reaction at 70 �C
demonstrated an even lower conversion (10 � 3%). On the other hand,
the base-catalyzed reaction at 70 �C was found to be comparatively faster

with a higher conversion rate (46� 2%) (Fig. 2d). It should be noted that
since the BnM is added at an approximately 2-fold excess, the highest
attainable conversion is close to 50%. An accurate determination of the
superficial primary –OH conversion was not possible; however, it is
estimated to be approximately twice of the BnM.

The modification of CNCs was further evaluated by the FTIR study,
where the chemical composition of neat CNCs and modified CNCs was
investigated (Fig. 3). The neat CNCs, self-catalyzed modified CNCs, and
TEA-catalyzed modified CNCs exhibited characteristic cellulose absorp-
tion peaks at 3334 cm�1 (-OH stretching bonds), 2895 cm�1 (symmetric
C–H stretching vibration), 1653 cm�1 (-OH bending), 1427 cm�1

(asymmetric angular deformation of C–H), 1314 cm�1 (-CH2 wagging),
and 1052 cm�1 (asymmetrical C–O–C glycoside bonds), consistent with
published papers [49,50]. Both types of modified CNCs showed an
additional peak at 1772 cm�1, which was absent in unmodified CNCs,
corresponding to the C––O functional group that came from BnM
attached to the CNCs. The intensity of the C––O peak was higher in the
TEA-catalyzed CNCs than the self-catalyzed CNCs, pointing to the greater
attachment of BnM to CNCs.

3.3. Morphology of neat CNCs and modified CNCs

AFM height images of neat CNCs and modified CNCs were obtained
(Fig. 4), and their size distributions were determined (Fig. S2). The rod-

Fig. 1. Dispersibility of neat CNCs in DI water, DMSO, propylene carbonate (PC), acetonitrile (ACN), and acetone; (a) at 0 h; (b) after 24 h; UV–Visible spectra of CNCs
dispersions in (c) water; (d) DMSO; (e) propylene carbonate (PC); (f) acetonitrile (ACN). The rectangular red box in Figure b displays the precipitation of CNCs after
24 h.

Table 1
BnM conversion of the oxa-Michael addition reactions.

Reaction Type Temperature (�C) Time (h) BnM Conversion (%) Estimated Primary –OH Conversion

Self-catalyzed 70 24 5 � 2 10
Self-catalyzed 70 48 8 � 2 16
Self-catalyzed 70 72 10 � 3 20
Self-catalyzed 100 24 12 � 3 24
Self-catalyzed 100 48 20 � 2 40
Self-catalyzed 100 72 24 � 2 48
TEA-catalyzed 70 24 29 � 4 58
TEA-catalyzed 70 48 40 � 3 80
TEA-catalyzed 70 72 46 � 2 92
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like neat CNCs were found to be dispersed well on the mica surface,
whereas the modified CNCs were aggregated, probably due to the
increased hydrophobicity of their surface. The average length of neat

CNCs was found to be 122 � 67 nm, and the average height was 6.1 �
3.1 nm. The average length and the average height of both self-catalyzed
modified CNCs and the base-catalyzed modified CNCs remained almost
the same as the neat CNCs, indicating no change in the morphology of the
particles, which are essential for many applications such as making
nanocomposites, coatings and controlled drug delivery.

3.4. Thermal stability of modified CNCs

The thermal decomposition of neat CNCs and modified CNCs was
determined by TGA (Fig. 5a). All CNC samples initially lost weight in the
range of 100 �C and 180 �C arising from the removal of moisture. The
remaining weight loss occurred at 180 �C to 600 �C due to the degra-
dation of cellulose chains. Derivative thermogravimetry (DTG) curve
(Fig. 5b) showed that the rate of degradation for both neat CNCs and self-
catalyzed modified CNCs peaked at 220 � 10 �C, whereas both, neutral
CNCs (freeze-dried at pH 7) and TEA-catalyzed CNCs, peaked at 290 � 8
�C, indicating better thermal stability for the last two. Neat CNCs and self-
catalyzed CNCs degraded at a lower temperature due to having acidic
akly sulfuric acid groups on their surface. On the contrary, neutral CNCs
had comparatively higher thermal stability, consistent to published
literature [51,52]. Since neutral CNCs were used in TEA-catalyzed re-
action, the TEA-modified CNCs also had a higher thermal stability.

Fig. 2. NMR spectra of oxa-Michael addition reaction between BnM and cellulose nanocrystals of (a) self-catalyzed reaction (100 �C) at time 0 h; (b) self-catalyzed
reaction (100 �C) after 72 h; (c) TEA-catalyzed reaction (70 �C) at time 0 h; (d) TEA-catalyzed reaction (70 �C) after 72 h.

Fig. 3. FTIR spectroscopy of neat CNCs and modified CNCs showing the most
relevant vibration peaks.

Fig. 4. AFM images of (a) neat CNCs; (b) Self-catalyzed modified CNCs; and (c) base-catalyzed modified CNCs; Scale bars are equal to 500 nm.
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Zeta potential measurements of the neat CNCs and modified CNCs
confirmed the presence of negative sulfate ions in the modified CNCs
(Table 2). Both self-catalyzed CNCs and TEA -catalyzed CNCs had high
negative zeta potentials confirming the modification reaction did not
remove the sulfate groups. TEA-catalyzed CNCs had comparatively lower
zeta potential (�32.3 � 4.1) than self-catalyzed (�42.2 � 5.2) and neat
CNCs (�52.1� 14.2), which was possibly due to a higher hydrophobicity
of the modified products hindering the adsorption of hydroxide ions on
the CNC surface.

3.5. Changes in contact angle and wettability of the modified CNCs

The contact angles of the neat and modified CNCs were measured
with water, ethylene glycol (EG) and diiodomethane (DIM) as liquid
probes. At least three films were prepared, and three repetitions were
made with each liquid. Table 3 shows the contact angle data. The surface
of neat CNCs contains mostly OH rich (polar) surfaces, yet C–H rich (non-
polar surface) are also present. The contact angle varies depending on the

proportion of each surface type exposed on the CNC film [53]. Bruel et al.
reported that the CNC films made by oven casting were amphiphilic in
nature [53], having both hydrophobic and hydrophilic sections exposed
on the surface. With the polar liquid probes (water and EG), the contact
angle increased with the modification of CNCs. The water contact angle
of TEA-catalyzed CNC films is higher (57.2 � 5.5�) than self-catalyzed
CNC film (43.1 � 3.2�) and neat CNC film (25.9 � 4.1�). Contact angle
of CNC films with EG followed a similar trend, indicating the increase in
hydrophobicity and decrease in wettability with conversion of the
Oxa-Michael addition. On the contrary, diiodomethane (DIM) showed an
opposite trend; TEA-catalyzed CNC films had a lower contact angle (23.0
� 1.5�) than the self-catalyzed (35.5 � 0.4�) and neat CNC films (41.6 �
3.3�). Thus, the contact angle of the nanoparticles revealed a direct
relation of their hydrophobicity with reaction conversion.

3.6. Dispersibility of modified CNCs in organic medium

The dispersibility of the modified CNCs was tested by dispersing them
in organic solvents, followed by the sonication until a stable dispersion
was formed. Fig. 6 shows the dispersions of neat CNCs and modified
CNCs in acetone, acetonitrile, and toluene. Based on visual inspection, all
CNC samples appear aggregated in the organic solvents, although the
base-catalyzed modified CNCs showed better dispersibility than the other
two (Fig. 6a,b,c). This was further demonstrated by the TEA-catalyzed
CNCs having higher UV–vis absorbance than the others. The relatively
flat UV–vis spectra indicated significant scattering arising from aggre-
gated or flocculated CNCs in suspension. Attachment of hydrophobic
BnM on the CNC surface during modification process promoted hydro-
phobicity to the modified nanoparticles that helped to disperse themwell
in organic solvents. The increased dispersibility in organic liquids was
not high, probably due to the existence of negatively charged sulfate
groups and amphiphilic properties of the modified CNCs. The modified
CNCs possessed both hydrophilic and hydrophobic groups on the surface
which makes them suitable for applications like emulsions stabilizers,
nanocomposite development, bionanomaterials, paper coating, solar
cells, enhanced oil recovery, and underground CO2 sequestration.

3.7. Sustainability

The reaction scheme of CNC with N-Benzylmaleimide (BnM) directly
addresses six green chemistry principles: atom economy, less hazardous
chemical synthesis, designing safer chemicals (products), use of renew-
able feedstocks, reduced derivatives, and inherently safer chemistry for
accident prevention. It should be noted, there is no such thing as a 100%
green chemical process. In the case of the method herein proposed, the
reaction temperature of 70 �C could be further reduced in future work by
creating or identifying different catalysts. However, the presented Oxa-
Michael addition method is “greener” than other CNC modification
routes as evidence by the application of 6 of the 12 green chemistry
principles.

Atom economy refers to themass of reactant atoms that are part of the
final product according to the balanced reaction; hydroxyl addition to
BnM had 100% atom economy. The mass efficiency (RME) of the
modification reactions were calculated by using the method described by
Constable et al. [54] and shown in Table S1. The RME of the
self-catalyzed modification reaction run at 70 �C after 72 h, was calcu-
lated to be 81.93% and the RME of TEA-catalyzed reaction was 89.2%.

Fig. 5. (a) TGA thermograph of neat CNCs, neutral CNCs, self-catalyzed
modified CNCs, and triethylamine (TEA) catalyzed modified CNCs; (b) DTG
curve of neat CNCs and modified CNCs.

Table 2
Zeta potential of CNC samples at pH 7.

Samples Zeta potential (mV)

Neat CNCs �52.1 � 14.2
Self-catalyzed CNCs �42.2 � 5.2
TEA-catalyzed CNCs �32.3 � 4.1

Table 3
Contact angle of CNC films on various liquid probes.

CNC films Water Ethylene Glycol (EG) Diiodomethane (DIM)

Neat CNCs 25.9 � 4.1 30.2 � 2.2 41.6 � 3.3
Self-catalyzed CNCs 43.1 � 3.2 42.5 � 3.1 35.5 � 0.4
TEA-catalyzed
CNCs

57.2 � 5.5 52.3 � 4.4 23.0 � 1.5
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Moreover, the low or limited toxicity of CNCs, DMSO, triethylamine and
N-Benzylmaleimide, along with moderate reaction conditions addresses
the less hazardous chemical synthesis principle. The toxicological data of
the chemicals used in the modification reactions are provided in
Table S2. TEA appears to have the largest toxicity among all components,
yet it is used in catalytic amounts. The grafted CNC product is also ex-
pected to have a low toxicity while maintaining high performance, thus
yielding a safer and efficient product. CNCs are obtained from
plant-based renewable feedstocks, specifically SBSK pulp. No unnec-
essary protection, deprotection, or derivatization steps are performed,
thereby reducing the use of derivatives. The chemistry is considered
inherently safe, since the CNCs and BnM both have relatively low
toxicity, low flammability, and do not undergo violent reactions under
normal reaction or storage conditions. It must be noted that the low cost
is an inherent part of sustainability; these principles must be applied
while maintaining economical practicality. The safer reaction, low cost of
chemicals, moderate reaction conditions, and lower accident risk are all
expected to benefit the economics of a potential large-scale process.

4. Conclusion

In this study, surface modification of CNCs was achieved by the oxa-
Michael addition of primary hydroxyl groups to N-Benzylmaleimide
(BnM) to increase hydrophobicity and thermal stability. Overall, the
grafting of BnM on the CNC surface improved the thermal stability and
dispersibility in organic media. The increased hydrophobicity of the
modified CNCs was corroborated by contact angle measurements. The
TEA-catalyzed reaction showed a higher degree of modification than the
self-catalyzed reaction. All the reactants used in the modification of CNCs
had low-toxicity, improving the greenness of modified CNCs. The
modification reaction featured 100% atom economy, high reaction mass
efficiency (>80% in both reaction routes), reduced derivatives, and safer
chemistry for accident prevention. The CNCs were collected from a
renewable source and all the chemicals used in the process were inex-
pensive, improving the economic viability of the process. The hydro-
phobized CNCs were prepared by attaching BnM via chemically and
thermally stable ether linkages. The prepared CNCs can potentially be
used to reinforce polymer nanocomposites and other applications
requiring elevated temperatures like solar cells, CO2 underground
sequestration, or to enhance chemical processes in extreme
environments.
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