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a b s t r a c t

The stacking of cellulose chains along planes and weak intersheet interactions make cellulose nanocrys-
tals (CNCs) promising as a layered host candidate for fabricating intercalated nanocomposites. As a
proof-of-concept, we demonstrate the intercalation of alkyls into CNCs through the in situ intercala-
tive chemical reaction between terminal groups of N-octadecyl isocyanates and hydroxyl groups on the
(200) planes in CNCs. Results showed that CNCs could intercalate alkyls in a high degree of substitution
to form dense brushes on their (200) planes. After intercalation, a significant enlargement of interlayer
eywords:
ellulose nanocrystals

ntercalation
-ray diffraction
olecular structure

hermal properties

spacing was observed. Moreover, alkyls were fully extended in all-trans configuration and crystallized
in a co-existing organization of �H, �H and �O crystalline forms. This meant that the molecular arrange-
ment in CNCs/alkyl intercalated nanocomposites would involve a bilayer model in which alkyls were
in the ordered packing and titled to (200) plane. Furthermore, CNCs/alkyl intercalated nanocomposites
possessed increased thermal properties and decreased char residue.

© 2016 Elsevier Ltd. All rights reserved.
. Introduction

Fabrication of intercalated structure, in which guest molecules
r ions are intercalated into a layered host solid without the major
earrangement of host structure (Whittingham, 1982), is a signif-
cant method to develop ordered hierarchical systems. Until now,
mounts of advanced intercalated nanocomposites possessing
ecreased gas permeability and flammability, increased thermal
roperties, unique optical properties and heterogeneous catalytic
roperties have been fabricated (Deng et al., 2012; Guo, Zhu, Jiang, &
hen, 2011; Ray & Okamoto, 2003; Roth, Gil, Makowski, Marszalek,
Eliášová, 2016).
Among the potential layered hosts for fabricating intercalated

anocomposites, inorganic materials such as silicate, graphite,

etal oxides and layered double hydroxides have been widely

eported (Oshima, Lu, Ishitani, & Maeda, 2015; Ray & Okamoto,
003; Zhang, Hou et al., 2016). In contrast, only a limited number
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of organic materials has been successfully used to fabricate inter-
calated nanocomposites, such as sodium calix[4]arenesulfonate
compolexes (Bott, Coleman, & Atwood, 1988), cholic acid (Miyata
et al., 1990), organic laminates (Biradha, Dennis, MacKinnon,
Sharma, & Zaworotko, 1998), and polymer crystals (Giovanella
et al., 2014; Matsumoto, Odani, Sada, Miyata, & Tashiro, 2000). This
is due to the difficulty of maintaining the layered structure dur-
ing intercalation when an organic sheet consists of noncovalent
bonds between the low-molecular-weight compounds, instead of
covalent bonds in an inorganic sheet (Oshita & Matsumoto, 2006).
In biology, a variety of organisms do exert control over the inter-
calation of some macromolecules into the crystal lattice (Berman
et al., 1993). While, till now, very few examples of intercalation
system using bioorganic materials as the host have been reported
(Rädler, Koltover, Salditt, & Safinya, 1997). Considering the attrac-
tive features of bioorganic materials such as commonly available,
renewable, sustainable, facile functionality and low environmental,
animal/human health and safety risks, developments of interca-
lated nanocomposites using bioorganic materials as the host should
further extent the application of intercalated materials.
Cellulose nanocrystals (CNCs) are natural cellulose based nano-
materials, which are isolated from cellulose raw materials easily
and efficiently (Habibi, Luci, & Rojas, 2010; Lu et al., 2016; Zhang,
Sun et al., 2016). As a new bioorganic material, CNCs exhibit amaz-

dx.doi.org/10.1016/j.carbpol.2016.09.065
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ng properties, including high crystallinity, exceptional mechanical
roperties, a larger specific surface area, a high aspect ratio,
mazing liquid crystal properties and environmental benefits (Ma,
hang, Meng, & Wang, 2015; Majoinen et al., 2016; Wang, Hamad, &
acLachlan, 2016). Besides, CNCs have the highly orientated crys-

allite structure due to the cellulose microfibril biosynthesis (Moon,
artin, Nairn, Simonsen, & Youngblood, 2011). Parallel stacking of

ellulose chains in one plane is present along the (200)m and (110)t

lanes, which is also called “hydrogen-bonded planes”. In the (200)
lanes of CNCs I� (monoclinic structure) polymorph for instance,
trong intrachain hydrogen bonding O(3)H·  · ·O(5) bond and intra-
nd inter-chain bonding O(2)H·  · ·O(6) and O(6)H·  · ·O(2) bonds
re prevalent. And weaker intersheet interactions such as CH·  · ·O
ydrogen bonding and van der Waals forces are responsible for the
eighboring (200) planes (Moon et al., 2011). Therefore, delamina-
ion of (200) lattice planes has been reported when the intersheet
nteractions are partially dissociated (Guo, Guo et al., 2016; Li &
enneckar, 2011). Deriving from these structure properties similar
o layered inorganic hosts, i.e. layered double hydroxides, as well as
he nanosized morphology, abundant reactive hydroxyl groups and
he relative high melting point, CNCs have the potential as a lay-
red host candidate for fabricating intercalated nanocomposites. It
s therefore deemed necessary to investigate the structure varia-
ions of CNCs after an in situ intercalative chemical reaction and to
larify their ability as the intercalated host.

In this paper, CNCs isolated from filter papers by sulfuric
cid hydrolysis during ultrasonic treatment and n-octadecyl iso-
yanate were used as the intercalation host and the intercalation
uest, respectively for the fabrication of CNCs/alkyl intercalated
anocomposites. N-octadecyl isocyanate was intercalated into
NCs through the in situ intercalative chemical reaction between
-octadecyl isocyanate molecules and hydroxyl groups on the (200)
lanes in CNCs. X-ray diffraction (XRD), Fourier transform infrared
FT-IR) spectroscopy and elemental analysis were used for illus-
rating the intercalation structure. And the crystallization of long
hain alkyl in intercalated CNCs was investigated by Differential
canning Calorimetry (DSC). In addition, Thermogravimetric Anal-
sis (TGA) was used to investigate the thermal properties of CNCs
fter the intercalation. The present study would provide a scien-
ific basis for the development of intercalated materials using CNCs
nd also further extent the application of CNCs in the intercalated
anocomposites field.

. Experimental

.1. Materials

Cellulose filters (softwood sulfite pulp) were purchased from
he Xinhua Paper Mill (Hangzhou, China). N-octadecyl isocyanate
nd dibutyl dilauryl were purchased from Sigma-Aldrich (France).
ulfuric acid, ethanol and dichloromethane were purchased from
he Beijing Chemical Reagent Company (Beijing, China) and were
sed without further purification. Toluene was dried and purified
ccording to standard procedures. Dialysis bags (Mw  cut off 14,000)
ere purchased from the Greenbird Company (Shanghai, China).

.2. Preparation of cellulose nanocrystals

CNCs were prepared by acid hydrolysis during ultrasonic treat-
ent followed our previous study (Guo, Guo et al., 2016). 15 g of

ellulose was immersed in 150 mL  of sulfuric acid solution (64 wt%)

n a round flask. The hydrolysis was carried out at 45 ◦C for 120 min
n an ultrasonic cleaner, at a frequency of 40 kHz, a power density
f 0.48 Wcm−2 and a power output of 405 W (DL-480B, Shanghai
hixin Instrument Co. Ltd, China). Following this, deionized water
mers 157 (2017) 79–85

was added to the flask to terminate the hydrolysis process. The
fresh colloidal suspension of CNCs was filtered with distilled water
in a dialysis bag to a constant pH.

2.3. Fabrication of CNCs/alkyl intercalated nanocomposites

CNCs aqueous suspension was  solvent exchanged to acetone
and then to dichloromethane, and finally to dry toluene by sev-
eral extraction operations. CNCs/alkyl intercalated nanocomposites
were fabricated through the in situ intercalative chemical reac-
tion between terminal groups of N-octadecyl isocyanate molecules
and hydroxyl groups on the (200) lattice planes in CNCs (Siqueira
et al., 2013). N-Octadecyl isocyanate, 10 equivalents according to
the hydroxyl groups available at CNCs was  slowly added to the CNCs
toluene solution in a three-necked round-bottomed flask equipped
with a reflux condenser under nitrogen atmosphere at 90 ◦C. The
temperature was then increased up to 110 ◦C, and it was kept in this
condition for 2 h. The reaction system was washed with ethanol by
centrifugation/redispersion at 12000 rpm and 10 ◦C for 10 min  each
step for 10 times to remove both amines formed during the reaction
and unreacted isocyanates.

2.4. Characterizations

The morphology of CNCs was  observed under a TEM (HT7700,
Hitachi High Technologies, Japan) and a scanning probe micro-
scope (Multimode Nanoscope IIIa controllor, Veeco Company, USA).
The lengths and widths of the CNCs were analyzed with Image J
software (National Institutes of Health, USA) and 100 CNCs were
randomly selected for the measurements. The thickness of CNCs
was analyzed with Nanoscope Analysis software (Bruker Company,
German) and more than 30 particles were randomly selected for
each measurement. Attenuated total reflection-Fourier transform
infrared (FT-IR) spectra of freeze-dried CNCs and dried CNCs/alkyl
intercalated nanocomposites were recorded in a FT-IR spectrome-
ter (Magna-IR 750, Nicolet Company, USA) at a resolution of 4 cm−1

in the range of 4000 cm−1–400 cm−1. At least two measurements
for different samples were performed to check reproducibility.
Elemental analysis (vario EL, Elementar Analysensysnteme GebH
Company, German) was used to determine the atomic compo-
sition (carbon, hydrogen and nitrogen contents) for freeze-dried
CNCs and dried CNCs/alkyl intercalated nanocomposites samples.
The results from elemental analysis were used to determine the
degree of substitution (DS, number of grafted hydroxyl function
per anhydroglucose unit (AGU)) according to Eq. (1) (Siqueira et al.,
2013):

DS = (72.07 − C × 162.14)/(281.48 × C − 216.20) (1)

where C is the relative carbon content in the sample and 72.07,
162.14, 281.48 and 216.20 corresponding to the carbon mass of
the anhydroglucose unit, mass of anhydroglucose unit, mass of n-
octadecyl isocyanate residue and carbon mass of the n-octadecyl
isocyanate residue, respectively.

Crystalline structures of freeze-dried CNCs, dried CNCs/alkyl
intercalated nanocomposites and n-octadecyl isocyanate were
studied on a diffractometer (D8 advance XRD, Bruker Company,
Germany), using Cu K� radiation (� = 0.154 nm,  40 kV and 40 mV)
from 2� = 3–40◦ at a scan rate of 4◦/min. Differential scanning
calorimetry (DSC) was  performed on a DSC 200F3 (NETZSCH Com-
pany, Germany) using nitrogen as the purge gas. Samples were
heated from −20 ◦C to 570 ◦C at a rate of 10 ◦C/min, except for n-
octadecyl isocyanate, whose heating range was  −30 ◦C–120 ◦C. For

studying the crystallization of intercalated alkyls in CNC/alkyl inter-
calated nanocomposites, a heating-cooling cycle measurement was
conducted. Dried CNCs/alkyl intercalated nanocomposites were
first heated to 170 ◦C from −20 ◦C at a heating rate of 10 ◦C/min
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F f the cross sections along the paths are indicated by the red and blue lines in the AFM
i er is referred to the web  version of this article.)
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Table 1
Elemental analysis results of CNCs and CNCs/alkyl intercalated nanocomposites.

C% H% N% S%
ig. 1. TEM image A) and AFM image B) of CNCs, respectively. C) Height profiles o
mages. (For interpretation of the references to colour in this figure legend, the read

nd held for 5 min, and then they were cooled to −20 ◦C at a cool-
ng rate of 2 ◦C/min. After holding at −20 ◦C for 10 min, they were
eheated to 170 ◦C at a rate of 10 ◦C/min. Thermogravimetric anal-
sis was carried out under dry nitrogen purge from 30 ◦C to 650 ◦C
t 10 ◦C/min using STA 449F3 (NETZSCH Company, Germany).

. Results and discussion

CNCs were isolated from filter papers by sulfuric acid hydroly-
is during ultrasonic treatment, as in our previous study (Guo, Guo
t al., 2016). They have a needle-like morphology with the dimen-
ions of 76.4 ± 17.5 nm,  4.9 ± 0.6 nm and 5.4 ± 0.9 nm for the length,
idth and thickness of CNCs, respectively (Fig. 1, Fig. 2). CNCs
ere further used as the intercalation host to fabricate CNCs/alkyl

ntercalated nanocomposites. The intercalation of n-octadecyl iso-
yanate molecules was realized through the in situ intercalative
hemical reaction between the terminal groups of N-octadecyl
socyanate molecules and hydroxyl groups in CNCs following the
rocedure developed by Siqueira et al. (Espino-Pérez et al., 2013;
iqueira, Bras, & Dufresne, 2010; Siqueira et al., 2013) for a long
eaction period (2 h).

The resultant CNCs/alkyl intercalated nanocomposites display
he strong and typical ester carbonyl stretching band at 1727 cm−1,
ydrogen bonded carbonyl stretching band at 1679 cm−1, amide I
ibration at 1615 cm−1, amide II vibrations at 1570 cm−1, amide
I vibrations at 1534 cm−1, and a strong increase in the band
haracteristic of the grafted alkyl chain at 2956 cm−1 (�asCH3),
872 cm−1 (�sCH3), 2920 cm−1 (�asCH2), and 2849 cm−1 (�sCH3)
Fig. 2) (Espino-Pérez et al., 2013; Siqueira et al., 2010, 2013).
his indicates that CNCs are successfully modified by n-octadecyl

socyanate molecules. Meanwhile, the structure of cellulose back-

one is maintained after intercalation, which is confirmed by the
resence of cellulose characteristic peaks centered at 1163 cm−1

glycosidic link symmetric deformation) and 1108 cm−1 (COC ring
reathing) in the resultant intercalated nanocomposites (Li &

Fig. 2. A) Length, B) width and C) thick
CNCs 42.1 6.3 0.0 1.8
CNCs/alkyl intercalated nanocomposites 68.9 14.7 4.3 0.0

Renneckar, 2011). Besides, the excess of n-octadecyl isocyanate has
been wholly removed in the CNCs/alkyl intercalated nanocompos-
ites due to the absence of the isocyanate group signal at 2260 cm−1

belonged to pure n-octadecyl isocyanate.
Elemental analysis was  further used to obtain the degree of

substitution for the n-octadecyl isocyanate in CNCs/alkyl inter-
calated nanocomposites (Table 1). Using Eq. (1) (Siqueira et al.,
2013), the degree of substitution is estimated to around 1.8,
meaning that almost two  alkyl substituents are introduced into
every anhydroglucose unit of cellulose in CNCs/alkyl intercalated
nanocomposites. This is also proven by the changes of hydroxyl
groups in CNCs using FTIR spectroscopy (Fig. 3). Three kinds
of OH vibrations in cellulose I� allomorph are peaked around
3405 cm−1, 3340 cm−1 and 3268 cm−1 respectively, which are
related to hydroxyl groups involved in O(2)H·  · ·O(6) hydrogen
bond, O(3) H· · ·O(5) hydrogen bond, and O(6) H· · ·O(2) hydro-
gen bond, respectively (Guo, Guo et al., 2016; Li, & Renneckar,
2011). After intercalation, the intensities of peaks at 3268 cm−1

and 3405 cm−1 for CNCs/alkyl intercalated nanocomposites dra-
matically reduce. While, the peak at 3340 cm−1 still has the strong
intensity, in consistent with the presence of peak at 1058 cm−1

related to the stretching of the CO in the C3 position involved in the
intrachain hydrogen boning O(3)H·  · ·O(5) bond. These indicate that
both O(6) H and O(2) H hydroxyl groups instead of O(3) H within
(200) lattice planes in CNCs are mostly reacted with the terminal

groups of n-octadecyl isocyanate during the in situ intercalative
chemical reaction. Therefore, in CNCs/alkyl intercalated nanocom-
posites, n-octadecyl isocyanate molecules are attached to the (200)

ness distributions of the CNXCs.
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Fig. 3. FTIR spectra of CNCs (the blue line), n-octadecyl isocyanate (the red line) and CNC
3000–2000 cm−1 range; C) 1800–650 cm−1 range. (For interpretation of the references to 

Fig. 4. XRD profiles of CNCs (the dash line), n-octadecyl isocyanate (the dot line)
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at 183 ◦C. The former endothermic peak is ascribed to the vapor-
nd CNCs/alkyl intercalated nanocomposites (the solid line) in the small angle range
2�  < 5◦) and wide angle range (5◦ < 2� < 40◦).

attice planes in CNCs via the covalent bonds between their termi-
al groups and hydroxyl groups O(6) H and O(2) H in CNCs and

orm a dense alkyl brushes due to the high degree of substitution.
The intercalation structure is clarified by X-ray diffraction. XRD

rofiles of CNCs (the dash line), n-octadecyl isocyanate (the dot
ine) and CNCs/alkyl intercalated nanocomposites (the solid line)
n both the small angle range (2�  < 5◦) and the wide angle range
5◦ < 2� < 40◦) are shown in Fig. 4. CNCs show a characteristic peak of
ellulose I� allomorph (d200 = 0.39 nm)  at 22.8◦ of 2�. N-Octadecyl
socyanate is in the noncrystalline state at 30 ◦C due to its melting
oint around 24 ◦C calculated by the below DSC curve. After interca-

ation, significant variations in the d-spacing of (200) lattice plane
or CNCs can be detected. In the XRD spectrum of CNCs/alkyl inter-
alated nanocomposites, several new diffraction peaks at 2� range
f 1.5–13◦ are present. Results appear to suggest three sets of d-
pacings in CNCs/alkyl intercalated nanocomposites, one set with
he primary reflection at 47.8 Å (2�  = 1.9◦) together with the third
rder at 15.2 Å (2�  = 5.9◦) and the fifth order at 9.1 Å (2� = 9.6◦),
he second set with the primary reflection at 43.0 Å (2�  = 2.0◦)
ogether with the third order at 13.7 Å (2�  = 6.5◦) and the fifth
rder at 8.3 Å (2�  = 10.6◦), and the third set with the primary reflec-
ion at 36.9 Å (2�  = 2.4◦) together with the third order at 12.0 Å
2� = 7.4◦) and the fifth order at 7.3 Å (2�  = 12.3◦). With the thickness
f (200) lattice plane in CNCs, calculated as 3.9 Å and the distance
f repeating units (2.54 Å) for the trans zigzag chain of alkanes
Matsumoto, Oshita, & Fujioka, 2002), the enlargement of the inter-
ayer spacing in CNCs/alkyl intercalated nanocomposites implies

hat n-octadecyl isocyanate molecules have been intercalated in
NCs successfully and formed the dense hydrocarbon chain brushes
n the (200) lattice surfaces in CNCs. The simplest structural rep-
s/alkyl intercalated nanocomposites (the black line). A) 3800–3000 cm−1 range; B)
colour in this figure legend, the reader is referred to the web version of this article.)

resentation for these basal spacings of 47.8 Å, 43.0 Å and 36.9 Å
would involve a bilayer model in which intercalated n-octadecyl
isocyanate was  attached to the cellulose (200) lattice plane, as pro-
posed for alkyl-substituted (hydroxyl propyl) cellulose (Lee, Pearce,
& Kwei, 1997b).

Furthermore, the significant lateral crystallization of attached
alkyls in CNCs/alkyl intercalated nanocomposites is evident from
the narrow diffraction peaks in the region of 2� = 19–27◦ (Fig. 4).
There are a strong peak at 23.2◦ (d = 3.8 Å) and other diffrac-
tion signals at 19.5◦ (d = 4.5 Å), 20.0◦ (d = 4.4 Å), 20.8◦ (d = 4.3 Å),
21.2◦ (d = 4.2 Å), 24.3◦ (d = 3.7 Å) and 25.0◦ (d = 3.6 Å). Based on
the n-paraffin crystal structure (Broadhurst, 1962; Lee, Pearce, &
Kwei, 1997a; Lee et al., 1997b), it suggests that the intercalated
alkyls in CNCs/alkyl intercalated nanocomposites exhibit charac-
teristic reflections of �H (�-hexagonal phase) (4.2, 2.4, 2.1 Å), �H
(�-triclinic phase) (4.5, 3.8 and 3.6 Å), and �O (�-triclinic phase)
(3.7 Å) crystalline forms of long-chain hydrocarbons, as reported
in the previous studies about alkyl substituted comblike semiflex-
ible polymers with side branches exceeding a certain number of
methylenic units (Crépy, Miri, Joly, Martin, & Lefebvre, 2011; Lee
et al., 1997b; López-Velázquez, Bello, & Pérez, 2004).

The ordered molecular arrangement of intercalated alkyls in
CNCs/alkyl intercalated nanocomposites can also be proven by the
variation of molecular conformation via FTIR spectroscopy. In gen-
eral, both frequency and width of �as (CH2) in the alkyl chains
are sensitive to the gauche/trans conformer ratio and the packing
density of methylene chains. As the number of gauche conforma-
tions along the hydrocarbon chain (chain disorder) increases, the
�as (CH2) band shifts from the lower frequency, characteristic of
highly ordered all-trans formation, to the higher frequency and its
peak width becomes wider (Vaia, Teukolsky, & Giannelis, 1994). As
shown in Fig. 3B, n-octadecyl isocyanate has the characteristic peak
at 2853 cm−1 for �s(CH2) stretching, and split peaks at 2920 cm−1,
2923 cm−1 and 2930 cm−1 for �as(CH2) stretching. It indicated that
at room temperature pure n-octadecyl isocyanate was in a less
ordered arrangement due to its low melting point. While, once n-
octadecyl isocyanate was intercalated into CNCs, it organized in
the ordered crystalline state. As shown in Fig. 3B, the spectrum
towards CNCs/alkyl intercalated nanocomposites, displays peaks
at 2848 cm−1 and 2920 cm−1 for �s(CH2) and �as(CH2) stretching,
indicating that the intercalated hydrocarbon chains in CNCs/alkyl
intercalated nanocomposites are in the all-trans ordered crystalline
state (Vaia et al., 1994).

The crystalline state of intercalated n-octadecyl isocyanate in
CNCs/alkyl intercalated nanocomposites was further studied by
DSC (Fig. 6A). CNCs show a broad endothermic peak below 100 ◦C,
followed by a bigger endothermic peak at 230 ◦C with a shoulder
ization of the water contaminant (López-Velázquez et al., 2004;
Tan, Hamid, & Lai, 2015), in accordance with the first weight loss
below 120 ◦C in TGA studies (Fig. 6). The peak at 230 ◦C is attributed
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Fig. 5. A) First heating DSC scans of as-made CNCs (the dash line), n-octadecyl isocyanate (the dot line) and CNCs/alkyl intercalated nanocomposites (the solid line). B) DSC
t st heating scans of the as-made samples (top), cooling after holding at 170 ◦C for 5 min at
a n  at a rate of 10 ◦C/min (bottom). Traces have been shifted vertically.
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races  of CNCs/alkyl intercalated nanocomposites at a heating rate of 10 ◦C/min. Fir
 rate of 2 ◦C/min (middle) and the second heating after holding at −20 ◦C for 10 mi

o the melting (or decomposition) of CNCs. After intercalation,
NCs/alkyl intercalated nanocomposites showed a distinct melting
egion between 65 ◦C and 130 ◦C with a maximum at 115 ◦C and a
ouble peak at 71 ◦C and 76 ◦C, followed by the degradation around
49 ◦C. In comparison with the DSC curve of pure n-octadecyl iso-
yanate, the melting signal of pure n-octadecyl isocyanate crystals
s absent, which is consistent with FTIR results (Fig. 3).

For CNCs/alkyl intercalated nanocomposites, the observed sig-
als below 150 ◦C should be attributed to the covalently bonded

ong chain alkyl crystals, whose melting point is much higher than
hat of pure n-octadecyl isocyanate (Fig. 5A, the dot line). The
ncrease of melting point is the result of the reduction of entropy
hange during melting, which is consistent with our previous stud-
es (Guo et al., 2011; Guo, Fu et al., 2016). The sharp endotherm at
15 ◦C (T1) is belonged to the isotropization of intercalated alkyls

n CNCs/alkyl intercalated nanocomposites (Lee et al., 1997a). And
he double-melting peak (T2) at 71 ◦C and 76 ◦C is ascribed to the

elting points of lateral crystallization of attached alkyl brushes in
NCs/alkyl intercalated nanocomposites, as already observed for
imilar cellulose derivatives (Crépy et al., 2011; López-Velázquez
t al., 2004; Lee et al., 1997a). The double-melting peak at 71 ◦C
nd 76 ◦C is indicative of nonuniform or multiple arrangements
f attached long chain alkyl crystal formation, in accordance with
he mixture crystalline forms of intercalated alkyls by XRD results
Fig. 4).

Integration of the CNCs melting signals between 120 ◦C and
20 ◦C (Fig. 5A) results in a heat of fusion of 229.3 J/g, whereas
NCs/alkyl intercalated nanocomposites upper signals give a value
f 243.6 J/g. This indicates that cellulose molecules in CNCs/alkyl

ntercalated nanocomposites are in the more ordered crystalline
tate. Besides, integration of the alkyl melting signals in CNCs/alkyl
ntercalated nanocomposites results in a heat of fusion of 189.3 J/g,

hereas pure n-octadecyl isocyanate upper signals give a value of
05.4 J/g (Fig. 5A, the dot line). It showed that the intercalation
romoted the arrangement of alkyls. Intercalated alkyls were in
he more ordered crystalline state, in agreement with the all-trans
rdered crystalline state illustrated by FTIR results (Fig. 3).

In order to gain insight of above transitions towards intercalated
lkyls in CNCs/alkyl intercalated nanocomposites, a heating-
ooling cycle was performed (Fig. 5B). The isotropizations of
ntercalated alkyls (T1) and their lateral crystallization melting (T2)
espond similarly towards the heating scan and the cooling scan.
esides, the locations of T1 and T2 remain the same in the second
eating scan. The thermogram recorded for CNCs/alkyl interca-
ated nanocomposites during the slow cooling scan after holding
t 170 ◦C for 5 min  shows the crystallization exotherm located at
11 ◦C (T1), and two separated peaks at 46 ◦C and 64 ◦C (T2). It means
Fig. 6. TGA curves (left) and DTG curves (right) of CNCs (the dash line) and
CNCs/alkyl intercalated nanocomposites (the solid line).

the kinetics of crystallization of intercalated alkyls in CNCs/alkyl
intercalated nanocomposites is fast.

CNCs/alkyl intercalated nanocomposites also display a signifi-
cant increase of decomposition temperature for CNCs from 230 ◦C
(Fig. 5A, the dash line) to 349 ◦C (Fig. 5A, the solid line), which
is similar to the melting temperature of microcrystalline cellu-
lose (Tan et al., 2015). It is probably resulted from both the more
ordered crystalline structure formed during intercalation or/and
the removal of hydrogen sulfate anion on the surface of CNCs dur-
ing chemical modification at 110 ◦C for 2 h, as indicated by the
elemental analysis (Table 1).

The pyrolysis property of CNCs/alkyl intercalated nanocompos-
ites is further studied. Thermogravimetric (TG) and its derivatives
(DTG) curves of CNCs and CNCs/alkyl intercalated nanocompos-
ites are shown in Fig. 6. CNCs display the first weight loss below
120 ◦C corresponding to the evaporation of absorbing water. Then,
a fast weight loss is observed until 218 ◦C, and the third-step
thermal degradation reaction at 370 ◦C, after which the degrada-
tion continues until a full decomposition at around 560 ◦C with
a mass yield of char produced by CNCs, 31% (Fig. 6, the dash
line). The first pyrolysis occurred at a lower temperature (220 ◦C)
is belonged to the decomposition of highly accessible and sul-
fated amorphous regions while the second pyrolysis which took
place at higher temperature (370 ◦C) is ascribed to the break-

down of the unsulfated part of the crystal interior (Tan et al.,
2015). After the intercalation of these dense crystalline long alkyl
brushes on the (200) lattice planes in CNCs, no weight loss below
100 ◦C attributable to the removal of absorbed water is observed
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cheme 1. Schematic drawing of intercalation structure model for CNCs after the i

or CNCs/alkyl intercalated nanocomposites, due to the hydropho-
ic modification of CNCs using n-octadecyl isocyanate. Similar
bsence of water uptake and consequent elimination in TGA has
een observed before with hydrocarbon chain-modified cellu-

oses (Rosilo, Kontturi, Seitsonen, Kolehmainen, & Ikkala, 2013).
oreover, the major degradation step is shifted to the higher tem-

erature and begins at 250 ◦C. However, a greater weight loss than
NCs is observed beyond this point until a full decomposition at
round 480 ◦C. It might be resulted from the ordered crystalline
tructure in CNCs/alkyl intercalated nanocomposites. Besides, the
bsence of sulfuric content in CNCs/alkyl intercalated nanocom-
osites also contributes. Sulfuric groups on the CNCs surface are
nown to considerably decrease the onset temperature of thermal
egradation due to desulfation and subsequent catalysis of decom-
osition reactions by the released sulfuric acid. On the other hand,
he dehydration effect catalyzed by the sulfate group would facili-
ate the formation of char residue (Li & Dufresne, 2014). Therefore,
NCs/alkyl intercalated nanocomposites might have a potential
pplication in the melt extrusion of CNCs reinforced hydrophobic
olymers due to their enhanced thermal properties and improved

nterface compatibility with some hydrophobic matrixes.
On the basis of the presented experimental data, CNCs display

heir potential as an intercalated host candidate. Through the in situ
ntercalative chemical reaction, long alkyls were intercalated in
NCs and formed a dense crystalline brushes on (200) lattice planes

n CNCs. Besides, intercalated alkyls were fully extended in the
ll-trans configuration and crystallized in a co-existing organiza-
ions of �H, �H and �O crystalline forms in CNCs/alkyl intercalated
anocomposites. These imply that intercalated alkyls would arise

rom the parallel arrangement instead of the interdigitation. Based
n the significant enlargement of interlayer spacing with three sets
f d spacings with the primary reflection at 47.8 Å, 43.0 Å and 36.9 Å

espectively, and the high degree of substitution of n-octadecyl iso-
yanate at O(6)H and O(2)H hydroxyl groups in CNCs, a simple
ilayer model in which intercalated alkyls were attached through
ovalent bonds between the terminal groups of N-octadecyl iso-
intercalation, cross section view (chain direction perpendicular to paper plane).

cyanate and hydroxyl groups on the (200) lattice planes in CNCs
and titled to cellulose (200) lattice plane is proposed (Scheme 1).
Furthermore, CNCs/alkyl intercalated nanocomposites possessed
increased thermal properties and decreased char residue.

4. Conclusions

CNCs are an intercalated host candidate, due to their lay-
ered structure and the weak intersheet interactions. In this paper,
CNCs/alkyl intercalated nanocomposites were fabricated through
the in situ intercalative chemical reaction between the terminal
groups of N-octadecyl isocyanate molecules and hydroxyl groups
on the (200) lattice planes in CNCs. The intercalation of alkyls
resulted in a significant enlargement of interlayer spacing, com-
pared with the d-spacing of CNCs (0.39 nm). Moreover, intercalated
alkyls were fully extended in the all-trans configuration and crys-
tallized in a co-existing organization of �H, �H and �O crystalline
forms. Considering intercalated alkyls in a high degree of substitu-
tion at O(6)H and O(2)H hydroxyl groups in CNCs and their ordered
packing, the molecular arrangement in the resultant intercalated
nanocomposites would involve a bilayer model in which inter-
calated alkyls were ordered packing and titled to cellulose (200)
lattice plane. Besides, the resultant intercalated nanocomposites
displayed the increased thermal properties and decreased char
residue.
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