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Surface chemistry, morphological analysis and
properties of cellulose nanocrystals with gradient
sulfation degrees

Ning Lin and Alain Dufresne”

The process of sulfuric acid-hydrolysis of cellulose fibers for the preparation of cellulose
nanocrystals (CNs) includes an esterification reaction between acid and cellulose molecules,
which induce the covalent coupling of sulfate groups on the surface of prepared CNs.
Negatively charged sulfate groups play an important role in both surface chemistry and
physical properties of CNs. This study explored the strategy of introducing a gradient of
sulfate groups on the surface of CNs, and further investigated the effect of the sulfation degree
on surface chemistry, morphology and dimension, and physical properties of different CNs
samples. Based on the discussion of its surface chemistry, the selection of different cross-
section models was reported to significantly affect the calculation of the degree of substitution
of sulfate groups on CNs. A new ellipse cross-section model was proposed on the basis of
AFM observation. The effect of sulfate groups on crystal properties and thermal stability was

discussed and validated, and birefringence behavior of nanocrystal suspensions was observed.

Introduction

Despite being the most available natural polymer on earth, it is
only quite recently that cellulose has gained prominence as a
nanostructured material, in the form of cellulose nanocrystals
(CNs) and nanofibrillated (NFC).!
nanocrystal is being developed for use over a broad range of

cellulose Cellulose
applications, even if a high number of unknowns remain at
date. After intensive studies, it was shown that the potential of
CN focused on its mechanical properties as nano-reinforcing
phase and advanced functional applications based on its special
properties. The sound markets impacted by CNs include
composites, electronics (flexible circuits), energy (flexible
battery, such as Li-ion battery and solar panels), packaging,
coatings, detergents, adhesives, construction, pulp and paper,
inks and printing, filtration, medicine and life science (scaffolds
in tissue engineering, artificial skin and cartilage, wound
healing, and vessel substitutes), optical devices (including
reflective properties for security papers and UV or IR reflective
barriers), rheological modifiers, and cosmetics."? Properties of
cellulose nanocrystals, related materials, and potential
foreshadowed applications have been extensively reviewed, and
some recent review articles include preparation technologies,’
properties,* nanocomposites,>® and functional materials.”™
Common preparation of CN consists in an acid-induced
destructuring process, during which the heterogeneous acid
hydrolysis involves the diffusion of acid molecules into

This journal is © The Royal Society of Chemistry 2014

cellulose fibers, and following cleavage of glycosidic bonds.
Different strong acids have been shown to successfully degrade
non-crystalline (amorphous) regions of cellulose fibers to
release crystalline cellulosic nanoparticles, such as sulfuric,
hydrochloric, phosphoric, hydrobromic, nitric acids, and a
mixture composed of hydrochloric and organic acids.”
Nevertheless, the hydrolysis treatment with sulfuric acid to
prepare CNs has been extensively investigated and appears to
be the most effective method. One of the main reason for using
sulfuric acid as a hydrolyzing agent is that if CNs are prepared
using hydrochloric acid, their ability to disperse in solvents is
limited and the suspension is unstable tending to flocculate.
Indeed, during hydrolysis, sulfuric acid reacts with the surface
hydroxyl groups via an esterification process allowing the
grafting of anionic sulfate ester groups (—0S03 )."' These
sulfate groups are randomly distributed on the surface of
cellulosic nanoparticle. The presence of these negatively
charged sulfate ester groups induces the formation of a negative
electrostatic layer covering the surface of nanocrystals and
promotes their dispersion in solvents. The high stability of
sulfuric acid-hydrolyzed CNs
electrostatic repulsion between individual nanoparticles.
Besides the promotion of high stability of nanocrystals in
solvents, surface —0SO3 groups with negative charges also
provide CNs the accessibility for
applications via electrostatic adsorption, such as layer-by-layer

results therefore from an

diverse functional
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(LBL) assembling nanomaterials from anionic nanocrystals and
cationic matrix;'>"? electrochemical nanocomposites with the
process of electrochemical co-deposition;' microfiltration
membrane with high adsorption capacity against positively
charged dye;'® permselective membranes from exclusion or
adsorption for different charged molecules;'® and electrostatic
adsorption of enzymes (cellulase) on enzymatic hydrolysis of
substrates.'” Recently, it was reported that surface sulfate
groups and charge density of CNs even play a significant role
in the control of water/oil interface for emulsion stability.'®
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Fig. 1 Strategy of gradient introducing sulfate groups on the surface of
H,SO4-hydrolyzed cellulose nanocrystals.

The objectives of this study are to discuss the surface
chemistry of sulfated cellulose nanocrystals, and further
investigate the morphology and properties of nanocrystals with
different contents of sulfate groups. Using postsulfation and
desulfation treatments, a series of CNs (nine) samples behaving
gradient degrees of sulfate groups were prepared through the
regulation of reactant ratios and conditions.
Chlorosulfonic acid was used as sulfating agent for the
postsulfation of CNs, which can provide higher levels of
surface sulfation, and avoid the drawbacks of deep degradation
of nanocrystals induced by strong sulfuric acid. Figure 1 shows
the strategy and mechanism of introducing gradient sulfate
groups on the surface of CNs. In addition, surface chemistry
analysis for sulfated CN is a significant research point because
of its crucial influence to subsequent surface modifications,
especially the determination of surface degree of substitution
(DS) of diverse grafted groups or molecules on nanocrystals.
Several studies reported different DS values ranging from 1/10
to 1/3 or 1/2 of free hydroxyl groups replaced by sulfate groups
for 65 wt% H,SO,—~hydrolyzed CNs.'* In this study, based on
the comparison of four cross-section models (square, round,
rectangle, ellipse), different effects to surface chemistry of CNs
were analyzed and discussed. Moreover, surface sulfate groups
should significantly affect physical properties of CNs or their
suspensions, such as crystal properties, zeta-potential, thermal
properties, and birefringence behavior. It should be noted that
despite that some studies have reported the influence of

reactive
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sulfation degree on thermal degradation of CNs, inconsistent
conclusions were provided. For instance, in an earlier study, it
was believed that the sulfate groups borne by CNs caused a
significant decrease in degradation temperature, even at low
" However, a recent study reported the slight increase of
degradation temperature for higher levels of sulfated groups on
CNs.?? In this study, besides the thermal degradation influence,
various effects of sulfate groups to the physical properties of
CNs will be further investigated and validated.

levels.?

Experimental sections

Materials. Native cotton fibers were obtained from Whatman
filter paper. Sulfuric acid (H,SO,4, 98%), chlorosulfonic acid
(CISO;H), dimethylformamide (DMF), sodium hydroxide
(NaOH) and other reagents purchased from
Sigma—Aldrich, and used without further treatment.

were

Extraction of CNs via sulfuric acid hydrolysis.

Cellulose nanocrystals (CNs) were prepared by H,SO,
hydrolysis of native cotton fiber, according to our previous
protocol.* Cotton fiber was milled with a laboratory milling
device to obtain a fine particulate substance. Acid hydrolysis
was performed at 45 °C with 65 wt% H,SO, (preheated) for 60
min under mechanical stirring (25.0 g fibers for 500 mL
solution). The suspension was diluted with ice cubes to stop the
reaction and washed until neutrality by
centrifugations at 10,000 rpm (rotation per minute) for 10 min
each step and dialyzed against distilled water for three days.
Upon exhaustive dialysis treatment, free acid molecules were
removed. CN suspension was dispersed by ultrasonic treatment
using a Branson sonifier for three 5S-min cycles (with cooling as

successive

necessary to prevent overheating). Finally, the released CN
powder was obtained by freeze-drying.

Surface postsulfation of H,SO,-hydrolyzed CNs.

Surface postsulfation was realized using chlorosulfonic acid
(CISO;H) as sulfation agent to obtain sulfated CNs with
different substitution degrees.”*** About 3.0 g freeze-dried CN,
with 18.53 mmol equivalent anydroglucose unit (AGU), was
suspended in 100 mL anhydrous DMF and ultrasonically
dispersed with a Branson Sonifier for 5 min. The sulfation
agent, a complex mixture of CISOsH and DMF, was prepared
by slowly adding CISO;H into 50 mL anhydrous DMF with
constant stirring and cooling in ice bath. (Caution!
Chlorosulfonic acid is a strong corrosive and volatile chemical;
thus, the mixing treatment should be handled in the fume hood
with precaution and proper safety protection.) Sulfation of CN
was initiated by gradually adding CISO;H into prepared
nanocrystal suspension, with the regulation of reactant ratios
between CISO;H and AGU ranging from 0.5 to 2.0 mol/mol,
keeping vigorous stirring for 0.5-2.0 h at room temperature.
The reaction was terminated by adding ethanol. The suspension
was washed with anhydrous alcohol and exchanged to water,
centrifuged and dialyzed against deionized water for three days.
Finally, the products of sulfated CNs were obtained by freeze-
drying treatment.

This journal is © The Royal Society of Chemistry 2014
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Surface desulfation of H,SO,-hydrolyzed CNs.

It was reported that two different treatments can be performed
for the desulfation of CNs, viz. solvolytic desulfation,?® and
alkaline desulfation.”’?® In order to realize the desulfation
gradient, alkaline (NaOH) desulfation approach was used to
remove surface sulfate groups on CNs in this work. Different
concentrations of alkaline solution (ranging from 0.5 to 2.0
mol/L) were added to the CN aqueous suspension, with the
control of maximum alkaline concentration at 2 mol/L. In a
typical procedure, 100 mL aqueous CN suspension (resulting
CN concentration about 2 wt%) was mixed with 50 mL NaOH
solution with given concentration, and the mixture was stirred
at 60 °C for 1-3 h. During the reaction, cellulose nanoparticles
in suspension gradually aggregated and settled in the bottom
because of the removal of surface sulfate groups. With
centrifugation and dialysis treatments, obtianed suspension was
purified, and finally the desulfated CNs powder was prepared
by freeze-drying treatment.

On the basis of postsulfation and desulfation experiments,
CNs samples possessing different contents of surface sulfate
groups were named as CN-(0 to 8), as shown in the strategy
depicted in Figure 1. In here, CN-0 represents the initial CN
product hydrolyzed from 65 wt% sulfuric acid without further
modification; CN-(1 to 4) are the further sulfated nanocrystals,
and CN-(5 to 8) are desulfated nanocrystals obtained with
different reactant ratios and reaction durations.

Characterization and Analysis.

Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectra were recorded at room temperature on a FTIR
Perkin-Elmer Spectrum One spectrometer to characterize the
surface postsulfation and desulfation of CNs. All freeze-dried
samples were prepared as KBr pellets (1 wt% CN powder in
anhydrous KBr), and analyzed using a spectral width ranging
from 4000 to 400 cm ' with a 2 cm ' resolution and an
accumulation of 32 scans.
X-ray Photoelectron Spectroscopy (XPS)
Surface postsulfation and desulfation of CNs (samples CN-0;
CN-4; CN-8) were further analyzed by XPS following the
signal of sulfur element (S) and sodium element (Na). The S/C
and Na/C content ratios were calculated according to Eq. (1)
from the XPS results. The experiments were carried out using
an XR3E2 apparatus (Vacuum Generators, U.K.) equipped with
an unmonochromated Mg KR X-ray source (1253.6 eV) and
operated at 15 kV under a current of 20 mA. Samples were
prepared as pastilles (10 mm diameter) and characterized in an
ultrahigh vacuum chamber (10® mbar) with electron collection
by a hemispherical analyzer at a 90° angle.
As N¢
S/C = N_s X Z
Elemental analysis
Elemental analysis was used to determine the total content of
sulfur element in CNs samples, and was performed at Analysis
Central Service of the Centre National de la Recherche
Scientifique (Vernaison, France). Before analysis, freeze-dried

€Y)
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samples were further treated under vacuum at room temperature
for 8 h. The sulfur, carbon, and oxygen element contents were
measured for postsulfated and desulfated CNs.

Morphology and dimensions

The morphology of CNs samples was observed using atomic
force microscopy (AFM). Suspensions of approximately 0.01
wt% nanocrystals were dispersed in water with ultrasonic
dispersion for 30 min and then deposited on the mica substrate.
The substrate loaded with nanoparticles was imaged in tapping
mode with a Nanoscope Illa microscope from Veeco
Instruments. Silicon cantilevers were used to perform the
imaging at a frequency of 264—339 kHz and a typical radius of
curvature of 10—15 nm.

The CNs dimensions, including length (L), width (), and
height (H), were measured by Nanoscope software. Over 100
rod-like nanocrystals were statistically analyzed to determine
the average length, width, height and distribution.

Surface charge

The C-potential of CNs in water (0.01 wt%) was determined by
a zeta-meter (Zetasizer DTS0230 Malvern Instruments). The
instrument measures electrophoretic light scattering of a 35
mW solid state laser beam at a 660 nm wavelength, and all
reported values were an average of 5 measurements with
confidence intervals of 95%.

Crystal properties

The crystallinity index and crystalline dimensions in different
planes of CNs were measured by X-ray diffraction analysis, in
order to investigate the effect of surface sulfate groups to
crystalline properties. The X-ray diffraction patterns were
recorded on a Philips PW 1720 X-ray generator operated at 45
kV and 40 mA with Cu Ka radiation (A = 0.154 nm) in the
range 26 = 5—50° for samples using a fixed time mode with a
step interval of 0.066°. The crystallinity index (y.) of native
cotton and CN was calculated according to Segal equation:

Lo — I
L =220 9 100% )

In Eq. (2), L5y is the overall intensity of the peak at 20 about

1200

22.7°, and I,, represents the intensity of the baseline at 260
about 18.0°.
Crystalline dimensions of different planes for CNs samples
were calculated according to Scherrer equation:

0.91

- B1/2c0s6 3

hkl

In Eq. (3), Bua is the average crystalline width of a specific
plane; A represents the wavelength of incident X-rays (1 =
0.15418 nm); 6 is the center of the peak; and S, (in radius)
represents the full width at half maximum (FWHM) of the
reflection peak.

Thermal degradation

To investigate the effect of sulfate groups with different
degrees of substitution on the thermal stability of CNs and
(TGA)
performed using a thermal analyzer Perkin-Elmer TGA-6 under

native cotton, thermogravimetric analysis was

air flow. Samples of ca. 10 mg were heated from 20 to 600 °C
at a heating rate of 10 °C/min.

Nanoscale, 2014, 00, 1-3 | 3
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Birefringence behavior of suspensions

The suspension of lyophilized CNs was transferred to a 5 mL
glass vial, and ultrasonicated for 30 min. The concentration of
nanocrystals in suspension was controlled as about 0.5 wt%,
which was used to observe the dispersion and birefringence
between two crossed polarizers due to macroscopic anisotropy
of rod-like nanoparticles. The presence of birefringence was
used as the criterion of good dispersability or somewhat
aggregation for nanoparticles in aqueous suspensions.?

Results and discussion

Spectroscopy proofs for gradient sulfation of cellulose
nanocrystals.

The main challenge for the chemical functionalization of
cellulose nanocrystals (CNs) is to conduct a reaction taking
place on the surface of nanocrystals, while preserving the
original morphology and structure to avoid any polymorphic
conversion and to maintain the integrity of the crystal.'® In this
study, to realize the further surface sulfation of CNs, the
duration and reactant ratio between sulfated agent and CN
(CISO3H:AGU) are critical conditions. The addition of CISO;H
was regulated as 0.5, 1.0, 1.5 or maximum 2.0 ratios according
to the AGU of cellulose, and the reactions were performed for
0.5, 1.0, 1.5 and 2.0 h, respectively. Under these conditions, the
desired achievement of sufficient substitution of hydroxyl
groups to and preservation of original
crystalline and geometrical ~morphology of
nanocrystals can be realized, which will be proved by following

sulfated groups
structure

characterizations and results. In fact, higher reaction ratios
(such as 4:1 for CISO3H:AGU) or longer durations (such as 6.0
h) were also attempted in our experiments. However, under
these conditions, the turbid suspensions containing nanocrystals
was converted to a translucent solution, and a very small
amount of gray particles after centrifugation was recovered. It
indicated that under high sulfated agent concentrations and
excessive sulfation reactions, the crystalline and chemical
structures of CNs may be seriously destroyed and degraded as
monosaccharide, and even induced carbonization. On the other
hand, for the desulfation reaction the alkaline content should be
carefully controlled in order to avoid the transformation of
cellulose type I to type II. In our experiments, the surface
sulfated moieties are removed under mild alkaline (NaOH)

conditions, that is maximum concentration of alkaline was only
2 mol/L (< 8 wt%). The yields of postsulfated and desulfated
nanocrystals are shown in Table 1, which are in the range of
75-87 wt%.

To prove the reliability of the postsulfation and desulfation
treatments for CNs wused in this study, spectroscopic
characterization was performed for all samples. From FTIR
pectra (as shown in Figure 2), the peak located at 1033 cm’
was followed, which was attributed to the stretching vibration
of sulfated groups (—S0;).*° In comparison with pristine
nanocrystals (CN-0), the magnitude of the peak gradually
increased for postsulfated nanocrystals (solid lines in Figure 2),
whereas it gradually decreased for desulfated nanocrystals (dot
lines in Figure 2). These changes indicated the implementation
of introducing gradient contents of sulfate groups on the surface
of CNs samples.

---CN0 ——CN3 CN-6
——CN-1 CN-4 CN-7
CN-2 CN§  -ooo- CN-8

1033cm’-so, .-

desulfation

Transmittance

postsulfation

1150 1100 1050 1000 950
K]
wavenumber (cm ')
Fig. 2 FTIR spectra for various CNs samples with postsulfation or

desulfation treatment in the wavenumber range 1150 to 950 cm™.

Surface postsulfation and desulfation of CNs were further
analyzed by X-ray photoelectron spectroscopy, which was more
accurate and objective. XPS can reveal the elements present in
the sample, as well as determine the atomic and mass
concentration of the elements. It provides a more quantitative
idea for the level of surface modification. Figure 3 shows the
general XPS spectra for pristine nanocrystals (CN-0),
postsulfated nanocrystals (CN-4), and desulfated nanocrystals

Table 1. Yields of modified CNs samples after surface postsulfation and desulfation treatments; contents of sulfur %S (expressed as elemental sulfur by

weight content) measured by elemental analysis; content of surface hydroxyl groups (~OH), sulfate groups (—-0S053), and degree of substitution (DS) for

various CNs samples.

Samples Yield Elemental analysis Surface -OH Surface —0S03 DS_pso-
% %S %C %0 mmol/g mmol/g %
CN-0 — 0.67 42.31 50.75 0.209 13.45
CN-1 86.21 0.77 42.21 50.64 0.241 15.51
CN-2 83.45 091 42.25 50.29 0.284 18.28
CN-3 82.76 1.09 42.16 50.40 0.341 21.94
CN-4 79.31 1.31 40.72 50.25 1.554 0.409 26.32
CN-5 87.93 0.53 42.01 51.46 0.166 10.68
CN-6 84.48 0.46 42.17 50.78 0.144 9.27
CN-7 81.03 0.29 42.47 50.97 0.0906 5.83
CN-8 75.86 0.18 42.49 51.22 0.0563 3.62

4 | Nanoscale, 2014, 00, 1-3
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(CN-8), together with the signal assignments for sulfur (S2p,
165-168 eV) and sodium (Nals, 1072 eV) elements. The
intensity of the sulfur signal peak for the three samples was
compared, and content ratio of sulfur to carbon (S/C) elements
was calculated. It was shown that postfulfated nanocrystals
(CN-4) possessed the maximum S/C ratio value, i.e. 5.4%:;
whereas desulfated nanocrystals (CN-8) had the lowest sulfur
content, with the S/C ratio of 0.25%. As for sodium element,
only CN-8 nanocrystal sample showed the signal of sodium
with a Na/C ratio of 4.5%, which was the further proof for the
desulfation treatment of CNs.

The weight contents of sulfur (S), carbon (C), and oxygen (O)
elements in various CNs samples were measured by elemental
analysis, and the data are shown in Table 1. The content of
sulfur element in pristine nanocrystals (CN-0) was about
0.67%, which was close to the value reported in the previous
report.'” Regarding the changes in sulfur content for
postsulfated and desulfated nanocrystals, a logical tendency can
be observed. In contrast to CN-0, the sulfur content for
postsulfated nanocrystals CN-(1 to 4) and desulfated
nanocrystals CN-(5 to 8) gradually increased up to a maximum
value of 1.31%, and decreased to a minimum value of 0.18%,
respectively. In fact, it was reported that during the biosynthesis
process, trace amounts of sulfur remained in plant tissues,
which can explain the presence of slight sulfur for CN-8
sample.””

O1s
Nats (5310V)

(1072 V)

Cis
(287 eV)

S2p
(168 eV)
Tt

Counts (s)

1200 1000 800 600 400 200

Nais] NalC, =0 s2p] n

NaC, =0 4|
NalC,,  =4.5%

H

[

\
SIC o, 180% | |
sic,, =s40% | |

SIC, =025% | |

Counts (s)
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Binding energy (eV) Binding energy (eV)

Fig. 3 General XPS spectra for pristine cellulose nanocrystals (CN-0),
postsulfated cellulose nanocrystals (CN-4), and desulfated cellulose
nanocrystals (CN-8) with signal assignments (sodium Nals, sulfur
S2p).

Morphological observation and dimensions.

Before discussion on CN surface chemistry, the morphology of
nanocrystals should be checked, and the geometrical
dimensions should be defined. AFM was used to observe the
morphology and measure the dimensions of the nanoparticles.
Figure 4 shows the amplitude, height and phase images from

This journal is © The Royal Society of Chemistry 2014
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AFM at different observation scales (10x10 pm; 3.3x3.3 um;
1.1x1.1 pm). It was shown that all CNs samples exhibited the
typical and expected rod-like or needle-like morphology, with a
length of about 100—300 nm, and width of about 10-30 nm.
Interestingly, by comparing the three series images, it seemed
that the dimensions of postsulfated nanocrystals CN-4 were
more homogeneous, which may be associated to the enhanced
electrostatic among nanoparticles in

repulsion

aqueous
suspension.

10x10 pm
Amplitude
Images

3.3x3.3um
Height Images

1.1x1.1pm
Phase Images

Fig. 4 AFM images for pristine cellulose nanocrystals (CN-0),
postsulfated cellulose nanocrystals (CN-4), and desulfated cellulose
nanocrystals (CN-8) at different observation scales.

Further statistical analysis of nanocrystal dimensions was
performed by Nanoscope software. As representative samples,
statistical analysis for dimensions and distribution determined
from AFM images for samples CN-0, CN-4 and CN-8 are
shown in Figure S1 and Figure S2 (Supplementary
Information). Through the statistic measurements with over 100
individual nanocrystals from AFM images (mainly focusing on
the images with the scale of 3.3x3.3 um and 1.1x1.1 um), the
average length (L), width (W) and height (H) of CNs were
about 150 nm, 22 nm, and 5 nm, respectively. Specifically,
pristine nanocrystals CN-0 showed a length of 169.9£86.8 nm,
width of 23.0+£8.9 nm, and height of 5.2+1.9 nm; whereas
postsulfated nanocrystals CN-4 exhibited a length of
152.0+£61.6 nm, width of 22.748.7 nm, and height of 5.0+£1.3
nm; and desulfated nanocrystals CN-8 behaved a length of
148.6+68.1 nm, width of 21.848.9 nm, and height of 5.0+1.5
nm. From the dimension changes, it was shown that the average
length gradually decreased for modified nanocrystals because
of the reduction of large scale nanocrystals. As shown in Figure
S1, CN-0 nanocrystals with a length higher than 220 nm
disappeared in CN-4 and CN-8 samples, which can be
attributed to the further removal of amorphous region during
Geometrical
dimension data for all nine CNs samples are summarized in

the postsulfation and desulfation treatments.

Table 2. The nanoscaled dimension and distribution of cotton

Nanoscale, 2014, 00, 1-3 | 5
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CNs demonstrate that these nanoparticles have the promising
potential to be used as rigid nano-reinforcing filler for
composites.

XRD (One black bar represents a glucan chain, and green bars are
surface available glucan chains); (c¢) chemical conformation and
dimensions of one single cellobiose unit.

Table 2. Geometrical dimensions, values of crystallinity index (xc) and crystalline dimensions (B, B170 and B;1,), and C-potentials for various CNs

samples from the results of AFM, XRD, and zeta-potential analysis.

Sample Geometrical dimension (nm) Xc Crystalline dimension (nm) C-potential
Length Width Height % Boo Bi1o Bi1o mV
CN-0 169.9186.8 23.0+8.9 5.241.9 88.6 6.8 5.3 6.6 —40.4£1.7
CN-1 159.5£67.4 22.3£104 5.312.0 88.1 6.7 5.3 6.5 —47.8£1.9
CN-2 154.1£57.9 21.7+7.9 5.1£1.8 88.2 6.8 5.3 6.6 —54.842.2
CN-3 154.6169.2 22.349.7 5.2%1.5 88.5 6.8 5.3 6.5 —61.7£2.4
CN-4 152.0+61.6 22.748.7 5.0£1.3 88.0 6.7 53 6.7 —66.1£1.5
CN-5 157.6£71.3 23.6%10.1 5.1£1.7 87.1 6.7 5.2 6.7 -32.842.3
CN-6 150.6£64.8 21.9+8.7 5.1£1.6 88.0 6.8 5.2 6.7 —27.6£1.4
CN-7 151.6£69.5 22.6+9.4 5.1+1.4 87.5 6.7 5.3 6.6 -17.9+1.1
CN-8 148.6168.1 21.8+8.9 5.0£1.5 88.2 6.8 5.3 6.7 —7.440.8
Morphology models and surface chemistry of cellulose According to previous reports,’*' the representative

nanocrystals.

The degree of substitution (DS) of surface hydroxyl groups (—
OH) replaced by sulfate groups (—0SO3 ) can be calculated
according to Eq. (4). In this equation, n_ggo; represents the
mole fraction of sulfate groups, which can be calculated
according to Eq. (5) from the results of elemental analysis. The
amount of surface (—OH) on CNs [ngrrqce(—ony] can be
deduced from some fundamental models (as shown in Figure 5
a, b, ¢), and calculated from Eq. (6).
N_osoz

DS = — —9°% €))
Nsurface(—0H)
mg Mey S%
N_oso; = Ns = Fs = M—s (5)
Nsurface(—OH) = Ny - Atotal(CN) (6)

(3) Cuboid (square section) Cylinder (round section)
g 70
PR )
e S}

X

width (W)

width (W)

Cuboid (rectangle section)

height (H) :‘\ height () T

Cylinder (ellipse section)

oW

§ //\Y‘\\) /'\e“q“
" 2
P -
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KB (C) OH OH OH
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200 planes
?
|
|
|
|
|
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1o
|
|
, o
m

Fig. 5 Schematic models of (a) an individual rod-like cellulose
nanocrystal and dimensions (cuboid shape with square section; cylinder
shape with round section; cuboid shape with rectangular section;
cylinder shape with ellipsoid section); (b) an idealized elementary
crystallite region for cotton cellulose nanocrystal from the analysis of
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elementary crystallite region of cotton CN is proposed (model
b), which exhibits a square or parallelogram section with 10 x
10 glucose units based on the d-spacing of (110), (110), and
(200) planes and its size is roughly 5.3 nm x 6.6 nm.
Crystalline dimensions for three planes can be obtained from
XRD experiments, and the data are summarized in Table 2.
(Further discussion on the effect of sulfate groups on crystalline
properties of CNs will be provided in next part.) Taking
hydroxyl groups and length of cellobiose unit into consideration
(model c), 36 glucan chains are located on the surface of the
crystal, which correspond to 120 available hydroxyl groups.
Consequently, the number of hydroxyls per unit surface area
(Np) on cotton cellulose nanocrystal can be calculated as 8.13 x
10 mmol/m? according to Eq. (7).
120 (—OH)
Ny (24110 + 24170)

In Eq. (7),
Aj10 = 6.6 X 1.03 nm?
A170 = 5.3 X 1.03 nm?
N, = 6.02 x 1023 (Avogadro’s number)

Consequently, to determine the amount of surface —OH on
CNs, the key point is to calculate the value of the total specific
surface area [A¢oeqr(cny], Which can be calculated from Eq. (8).
In this equation, pceiuiose 1S the density of cellulose (1.50
g/em’); Asingle(cny and Vgingie(cny represent the surface area
and volume of a single nanocrystal, respectively.

No @)

men Asingle(CN)
Agotaicny = : ®
otal(CN) Pcellulose Vsingle(CN)
Interestingly, with different cross-section models, the

results of A¢oraicny Will be completely different. Generally,
cellulose nanocrystal can be considered as a kind of rod-like or
needle-like nanoparticle, so the simplest cross-section model is
cuboid or cylinder with the square or round bottom, as shown in
model (a). However, in this study, according to AFM
observations, the width and height of CNs are different (#W=22
nm, and A=5 nm), which indicates that the cuboid or cylinder
model with a rectangular or ellipsoidal cross-section for the
nanocrystal may be more reasonable. Four kinds of cross-
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section models for rod-like CNs, viz. square, round, rectangular
and ellipsoid models, are shown in model (a) of Figure 5. The
CNs dimensions, length (L), width (D) and height (H), can be
obtained from AFM observation summarized in Table 2.

If choosing the cuboid model (square section) for CN,
Asingle(CN) =4WL

Vsingle(cny = w?2L

So, in Eq. (8):
Mey 4
A = 8—1
rotal(cN) Pcellulose w ( )

If choosing the cylinder model (round section) for CN,
Asingle(CN) =nWL
Vsingle(CN) = ”VVZL/4‘

So, in Eq. (8):
Mey 4
A = 8—2
rotal(cN) Pcellulose w ( )

If choosing the cuboid model (rectangular section) for
CN,
Asingteeny = 2(W + H)L
Vsingteccny = WHL

So, in Eq. (8):
men 2(W +H)
A = : 8-3
total(Ch) Pcellulose WH ( )

If choosing the cylinder model (ellipsoid section) for CN,
Asingle(cn) = [2nH + 4(W — H)]L
Vsingtecny = tLHW

So, in Eq. (8):
Mmcn 2nH + 4(W - H)
A = : 8—-4
total(m) Pcellulose nWH ( )
Interestingly, it is observed that the values for

Agotai(cny using square and round section models show the
same results (Eq. 8—1 and 8-2), depending on the width () of
the nanocrystal only; whereas the values for Aorqi(cn) Using
rectangular and ellipsoid section models depend on both the
width (/) and height (H) (Eq. 8-3 and 8-4).

Data for total specific surface area [A;orai(cny], amount of
N_gso; and Ngyrrace(—on) » and degree of substitution (DS) of
sulfate groups for CN-0 were calculated based on the different
cross-section models, and are summarized in Table 3. It is
shown that if square or round models are chosen for cotton
CNs, more than 20% of surface hydroxyl groups have been
substituted by sulfate groups during the H,SO,—esterification
hydrolysis, which indicates that most of active hydroxyl groups
located on C-6 have been replaced. Therefore, from these two
models, desulfation treatment for H,SO,—hydrolyzed CNs is
necessary before chemical modification. However, if choosing
rectangle model for CNs, only 7.9% (only about 1/3 of the
value for square or round models) surface hydroxyl groups is
substituted during the H,SO,—hydrolysis, and a large amount of
active hydroxyl groups have been remained.

In this study, ellipse model for the CNs cross-section is also
proposed, and the DS value of sulfate groups for nine CNs
samples is shown in Table 1. Specifically, if ellipse model is

This journal is © The Royal Society of Chemistry 2014
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chosen, about 13% of the surface hydroxyl groups are
substituted by sulfate groups during hydrolysis for pristine
nanocrystal CN-0. The maximum DS value is about 26% for
CN-4, which indicates that 1/4 of the hydroxyl groups on the
CN surface can be replaced by sulfate groups during the
postsulfation treatment.

Table 3. Total specific surface area [A;prai(cny], amount of sulfate
groups [n_pso; ] and surface hydroxyl groups [Ngurface—omy], and
degree of sufation substitution (DS) for CN-0 calculated from different
cross-section models.

rface—  Surface —
Model Atotai(cn) SuOH 0505 DS_os03
m’ mmol/g mmol/g %
Square/Round 117.5 0.955 21.88
Ellipse 191.2 1.554 0.209 13.45
Rectangle 3254 2.646 7.90

The proposal of ellipse model for cotton CNs is based on
AFM observation and presumption of cross-section shape.
Figure 6 presents the orthography image of CNs. However, due
to the small scale of height dimension (about 5 nm), it was
difficult to directly observe and determine the end shape of
nanocrystals. With the enlargements of height to ten, thirty, and
fifty times (x z axis), some interesting changes appeared on
AFM images. As indicated by the green and blue circles in
Figure 6, it seems that after enlargement, the shape of CNs
cross-section transformed to “mountain” with a peak on the top.
If the nanocrystal cross-section is rectangular, the size from top
the height
enlargement; whereas ellipsoid cross-section was suitable for

to bottom should keep invariability during
this change. Although the ellipse cross-section model should be
further validated by other observation techniques,* it is a new
choice to be used for the analysis of CNs surface chemistry.

orthograph image

elevation image
Z axis x 10

f2ha b \ Y
R
x )

a )

elevation image
Z axis x 30

elevation image
Z axis x 50

Fig. 6 AFM image analysis for the observation of cross-section shape
for cellulose nanocrystals (CN-4).

Effect of sulfate groups on the properties of cellulose
nanocrystals.
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Besides the surface chemistry discussed above, different sulfate
group contents on the surface of CNs should also significantly
affect their physical properties, such as crystalline structure and
thermal stability for inherent nanocrystal, and birefringence
behavior and rheological behavior for nanocrystal suspensions.
Some studies have reported the influence of sulfate groups on
the rheological behavior of CNs suspensions. For instance, it
was reported that the introduction of more sulfate groups on the
surface of CNs drastically reduced the viscosity of the
suspension and removed the time dependence.”® Recently, it
was found that the sulfation degree of CNs has a significant
effect on the critical concentration at which transitions from
isotropic to liquid crystal and liquid crystal to gel occur.* It is a
pity that some inconsistent conclusions on the effect of sulfate
groups were given in different studies, such as thermal stability
of sulfated CNs as mentioned in the Introduction Section. In
this study, important physical properties of CNs possibly
affected by the sulfate group content have been further
investigated. Because of the wide range and detailed sulfate
group contents (nine samples from minimum to maximum
contents), the global trend analysis on properties for sulfated
CNs would be more reasonable.

(200)
22.7°

(110)

(1-10) 16.5° (012)

20.5°
AY

14.9° \\

5 10 15 20 25 30 35 40
20 (degree)
Fig. 7 X-ray diffraction patterns for various cellulose nanocrystals with

different surface sulfate group contents.

Crystal properties are among the most important physical
properties of CNs, which can reflect the integrity of the original
structure of the nanocrystals. The degree of postsulfation
should be carefully controlled to react only on the surface of
CNss, in order to maximally introduce sulfate groups and avoid
the further structural destruction. On the other hand, due to the
use of alkaline solution for desulfation treatment, the
polymorphic and chemical transformation of cellulose (such as
type I for cotton cellulose in this study) must be prevented.
XRD is the common technique for the investigation of
crystalline structure of cellulose. The X-ray diffraction patterns
for the various CNs with different surface sulfate group
contents are shown in Figure 7, and the values of the
crystallinity index (y.) and crystalline dimensions are

8 | Nanoscale, 2014, 00, 1-3

summarized in Table 2. The similar patterns and intensity
preservation of diffraction peaks for all samples indicated that
the postsulfation and desulfation treatments did not destroy or
convert the inherent crystalline structure of nanocrystals.
Indeed, the characteristic diffraction peaks at 26 angles around
14.9°, 16.5°, 20.5°, 22.7°, 34.5° assigned to the typical
reflection planes of cellulose I, 110, 110, 012, 200, 004,
respectively, were preserved.”® The crystallinity index (y.) of
CNs were calculated according to the Segal method (Eq. 2),*
which exhibited a high crystallinity (about 88% for y.) and
maintenance of the crystalline structure. From the calculation
according to Scherrer equation (Eq. 3), the crystalline
dimensions of different planes (B,gq, B179 and By1g) for CNs
samples can be obtained. As shown in Table 2, the sizes of
200, 110, and 110 planes for cotton CNs were about 6.8 nm,
53 nm, and 6.6 nm, which was consistent with the
parallelogram elementary crystallite model proposed in Figure
5b. On the basis of XRD results, it can be stated that the
contents of surface sulfate groups do not obviously affect or
have less influence to the crystal properties of CNs.

Owing to the presence of sulfate groups on their surface,
rod-like CNs changed to negatively charged nanoparticles. In
the colloidal system of sulfated CNs, the dispersion medium
and the stationary layer of fluid attached to the dispersed
nanoparticles will provide the potential difference, which is
named zeta potential (-potential). The value of zeta potential is
related to the stability of the colloidal dispersion, and indicates
the degree of repulsion between adjacent, similarly charged
particles in a suspension. The effect of sulfate groups on -
potential of CNs is presented in Table 2. With the increase of
sulfate group content, sulfated CNs possessed a more negative
surface, and exhibited lower {-potential values. Especially for
postsulfated nanocrystals sample CN-4, the value of {-potential
reached to —66.1+1.5 mV, which indicated the strong repulsive
force between nanoparticles, and therefore the promotion of its
dispersion in suspension (as proved by AFM). It is worth noting
that desulfation treatment for sulfated nanocrystals was also
effective, which can be reflected by the significant increase of
C-potential for desulfated CNs samples.

Thermal stability is another important physical property for
CNs, which plays a critical role in the preparation of melt
processed CNs-reinforced composites. As mentioned in the
Introduction Section, the effect of sulfate groups on the surface
of CNs to thermal stability was led to inconsistent conclusions
from different reports. Therefore, thermal degradation behavior
of sulfated CNs is further investigated by thermogravimetric
analysis in this study, which is shown in Figure 8. Interestingly,
in comparison with all nanocrystal samples, native cotton
exhibited the highest thermal stability for the first phase of
thermal decomposition (7y;). Because of the hydrolysis and
presence of sulfate groups, the values of Ty, for all postsulfated
nanocrystals sharply decreased to about 150 °C compared with
native cotton. By determining 7y, for postsulfated CNs
themselves (event a in Figure 8), it appears that more sulfate
groups on nanocrystals induced a lowering of Ty, such as the
decrement (At)) of 12.3 °C from CN-1 to CN-4 samples. In
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contrast to postsulfated nanocrystals, the values of 7y for
desulfated CNs generally enhanced about 100 °C attributed to
the removal of sulfate groups and presence of sodium on
nanocrystals. From the analysis of 7, for desulfated CNs
themselves (event b in Figure 8), similar conclusion can be
obtained, i.e. less sulfate groups on nanocrystals resulted in
higher 7y, such as the increment (A#,) of 13.8 °C from CN-5 to
CN-8 samples. It should be pointed out that according to our
investigation, besides sulfate groups, the introduction of sodium
on the surface of CNs may be another factor that significantly
affects their thermal property. Furthermore, from the TGA
thermograms in Figure 8, thermal degradation behavior of
cellulose for the second phase of thermal decomposition (7y,)
can also be observed. Differently, all nanocrystal samples
possessed higher 7y, values than native cotton (about 65 °C),
which may be associated to the higher crystallinity for
nanocrystal samples.

————— cotton CN-1 CN-3 CN-5 ------CN-7
100 -
80 -
g
9 60
s
S 40
]
S
20 -
@
0- 100 120 140 160 180 200
» ] ] L] ] L . L] 1
0 100 200 300 400 500 600 700

Temperature (°C)
Fig. 8 Effect of surface sulfate groups on the thermal stability of
cellulose nanocrystals (TGA thermograms).

In 1959, the birefringence character of acid-treated cellulose
and chitin crystallites was first reported,’’ which was the
behavior through strong adsorption of one of polarized rays to
possess two refractive indices. Birefringence of CN suspensions
can be observed with two linear polarizers crossed at 90°
(cross-nicols or crossed-polars), and gives a quick indication of
the successful preparation of well-dispersed CNs suspensions.
Figure 9 shows the photographs of aqueous suspensions of
various CNs with postsulfation and desulfation treatments. The
presence of negative charges (—0S03) on CNs surface induced
an electrostatic repulsion between nanoparticles, and the
suspensions exhibited the formation of birefringence domains.
Because of the stable dispersion and flow anisotropy from
alignment of nano-rods under flow state, the birefringence
character for postsulfated nanocrystal suspensions
maintained. With the desulfation and progressive removal of
sulfate groups, nanoparticles in suspensions tended to
aggregate, which induced the reduction and weakening of

was

This journal is © The Royal Society of Chemistry 2014
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ARTICLE

birefringence domains. Especially for strongly desulfated
nanocrystals, samples CN-7 and CN-8, the birefringence
behavior of suspensions was difficult to be observed.

gradient increase of surface 050,

gradient decrease of surface -0S0;
Fig. 9 Photographs of aqueous suspensions of various cellulose
nanocrystals viewed through cross polarizers (0.5 wt%).

Conclusions

The objective of this study is to investigate how surface sulfate
groups affect the surface chemistry and physical properties of
cellulose nanocrystals. Through the regulation of reactant ratios
and reactive conditions for postsulfation and desulfation,
gradient contents of sulfate groups can be introduced on the
surface of CNs. Based on the discussion of nanocrystal’s
surface chemistry, the influence of different cross-section
models for the calculation of substitution degrees of sulfate
group was investigated, and a new ellipsoid model for cotton
CNs was proposed on the basis of AFM observation. Finally,
the effects of sulfate groups on diverse properties of CNs and
their suspensions have been discussed, and some issues with
inconsistent conclusions from previous reports were further
validated. Future studies will focus on the electrostatic
interactions between negative charges from sulfated CNs and
positive charges from cationic polymers or molecules. With the
detection and measurement of electrostatic interactions, it is
expected to reveal the strength and mechanism of this special
interaction from coupling charges and therefore advance the
application of CNs electrostatic grafting.
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