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Abstract Cellulose nanocrystals (CNC) have re-
cently received much attention in the global scientific
community for their unique mechanical and optical
properties. Here, we conducted the first detailed
exploration of the basic properties of CNC, such as
morphology, crystallinity, degree of sulfation and
yield, as a function of production condition variables.
The rapid cellulose depolymerization and sulfation
reactions under concentrated acid concentrations of
around 60 wt% resulted in a very narrow operating
window for CNC production. We found that CNC
yields as high as 70 wt% from a bleached eucalyptus
kraft pulp with glucan content of 78 wt% can be
achieved under a tight range of reaction conditions and
that a weighted average length of over 200 nm and
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sulfur content (a measure of CNC surface charge)
between 3 and 10 mg/g can be produced. This study
provided critical knowledge for the production of
CNC with characteristics tailored for different specific
applications, significant to commercialization.
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Introduction

Cellulose nanocrystals (CNC), as a renewable nano-
material, can be sustainably produced in large quan-
tities using the abundant natural lignocelluloses
available in many geographic regions on earth. CNC
recently received great attention in the global scientific
community for their unique mechanical and optical
properties (Dong and Gray 1997; Habibi et al. 2010;
Revol et al. 1994; Sturcové et al. 2005). Potential
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applications include lightweight and mechanically
adaptive nanocomposites (Capadona et al. 2008; Hsu
et al. 2011; Xu et al. 2014), solar cells (Zhou et al.
2013), photonics (Kelly et al. 2013), light-healable
supramolecular composites (Biyani et al. 2013;
Coulibaly et al. 2014), drug delivery (Potter et al.
2014), and LED display and smart windows by
substituting non-renewable liquid crystals. All these
promising applications strongly depend on the inher-
ent chemical, physical, and optical properties of CNC,
as well as the ability for subsequent chemical modifi-
cation. Therefore, having a controlled production
process to obtain desired CNC properties is of vital
importance.

CNC are commonly produced by acid hydrolysis of
cellulosic fibers, and the literature reflects much work
in this area. Sulfuric, phosphoric, and hydrochloric
acids have been used (Camarero Espinosa et al. 2013;
Dong et al. 1998; Mukherjee and Woods 1953; Yuetal.
2013). Using sulfuric acid, the reduction of cellulose
degree of polymerization (DP), sulfation of cellulose,
and production of CNC occurs abruptly and simulta-
neously (Hamad and Hu 2010; Wang et al. 2012). As a
result, process control and optimization are very
difficult. For decades, the standard condition has been
approximately 64 wt% sulfuric acid for producing
CNC with good dispersion properties, due to the
formation of sulfate groups that impart electrostatic
stability, important for aqueous processing (Araki et al.
1998; Beck-Candanedo et al. 2005; Chen et al. 2009;
Marchessault et al. 1961; Mukherjee and Woods 1953;
Revol et al. 1994). A sulfuric acid concentration of
60 wt% (<64 wt%) was used for producing CNC film
(Revol et al. 1997); however, the study did not report
CNC yield or morphological properties.

Low CNC yields (of approximately 30 wt%) have
been the main drawback using sulfuric acid concentra-
tions reported in the literature. Traditional statistical
experimental designs for optimizing CNC production
(Bondeson et al. 2006; Hamad and Hu 2010) resulted in
low CNC yields of approximately 35 % because they
were unable to resolve the abrupt change in CNC yield at
acid concentrations between 56 and 58 wt%. Recently
we demonstrated that only a slightly lower sulfuric acid
concentration (58 wt%) resulted in near zero loss of
cellulose to sugars, and created the possibility to
substantially improve CNC yield (Wang et al. 2012).
We later conducted a kinetic study (Wang et al. 2014)
which verified the abrupt CNC production phenomenon
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at acid concentration between 56 and 58 wt%, and
demonstrated that acid concentration is the key pa-
rameter to control CNC production. Below 58 wt% only
a very small amount of CNC are produced due to
insufficient cellulose depolymerization, while above
62 wt% the CNC are rapidly hydrolyzed to glucose, also
resulting in low yield. This finding provides a mechan-
ism for controlling CNC yield by simply controlling
acid concentration. Laboratory bench scale experiments
verified that CNC yield of over 70 wt% was achievable
using a bleached eucalyptus pulp with xylan content of
approximately 15 % (Wang et al. 2014), which sub-
stantially improves the economics of CNC production
for commercial applications.

The immediate question to be asked, then, is whether
or not acid concentration can be used to control desired
CNC properties. The properties of the wood CNC were
found to be not much affected by varying other
hydrolytic conditions such as temperature and reaction
time at the standard acid concentration of 64 wt%
(Beck-Candanedo et al. 2005). Kenaf bast fiber CNC
from 65 wt% sulfuric acid at 45 °C were reported to
have decreased width (from 13 to 11 nm), but no change
in length, as hydrolysis time increased (Kargarzadeh
et al. 2012). Microcrystalline cellulose CNC were
reported to have varied crystal length under other
hydrolytic conditions using 6 N HCI (Yu et al. 2013)
and have been reported to aggregate (Araki et al. 1998).
Here we demonstrate that CNC properties, such as
crystal length, crystallinity, and surface charge are
directly related to acid concentration in sulfuric acid
hydrolysis of a bleached eucalyptus kraft pulp. The
importance of this study is that the production of CNC
can be tailored to a specific application. For example,
CNC with large aspect ratio (or long crystal length) may
be most desirable for polymer reinforcement in cellulose
nanocomposite production, while low aspect ratio CNC
with uniform crystal length and high crystallinity may
be more suitable for smart windows or LED displays to
replace non-renewable liquid crystals.

Materials and methods
Materials
A bleached eucalyptus kraft dry lap pulp (BEP) was

obtained from a commercial source (Aracruz Cellu-
lose, Brazil). The dry lap was disintegrated into a fiber



Cellulose (2015) 22:1753-1762

1755

suspension at 5 % solids using a commercial disinte-
grator (Model 73-06-01, TMI, Ronkonkoma, New
York, USA) at 312 rpm for 5000 revolutions after
soaking in water overnight. The wet pulp was then
vacuum dewatered and air dried to approximately 8 %
moisture. The chemical composition of the fibers was
78.1 wt% glucan, 15.5 wt% xylan, and 0.1 wt% lignin,
analyzed using a two-step acid hydrolysis procedure
(Luo et al. 2010) together with a high-performance
anion exchange chromatographic method using pulsed
amperometric detection (HPAEC/PAD) (Davis 1998).
The air dried fibers were used to produce CNC by
concentrated acid hydrolysis. Sulfuric acid ACS
reagent grade was purchased from Sigma-Aldrich
(St. Louis, MO).

CNC production

The same procedure described in our previous studies
was employed to produce CNC (Wang et al. 2014,
2012). Sulfuric acid concentration and reaction tem-
perature were varied in ranges between 50-64 wt%
and 35-80 °C, respectively. Reaction time was varied
in a range of 15-240 min. We use (A in wt%, T'in °C,
¢t in min) to abbreviate hydrolysis conditions in the
following discussion. All acid hydrolysis experiments
were conducted using a 1:10 (g/mL) ratio of fiber
solids (in oven dry weight) to acid solution. The
reaction stream was sampled periodically using a pipet
to obtain time-dependent information of the reactants
and products, including CNC yield and properties.
Each sampled material was immediately diluted to
eightfold by volume with de-ionized (DI) water to
quench the hydrolysis reaction. The precipitate was
separated after centrifugation at 9000 rpm and then
dialyzed using DI water until constant pH was
reached. The resulting suspension was centrifuged
again at 9000 rpm to separate the CNC.

CNC yield

Chemical oxygen demand (COD) measurements were
used to determine both CNC yield and the remaining
partially hydrolyzed, precipitable cellulose solid
residue (CSR). The colorimetric COD measurements
were conducted in commercial Accu-test™ COD test
vials (Biosciences, Inc., Bethlehem, PA, USA, ISO
9001:2000 certified). The amount of organics con-
sumed, corresponding to the measured COD, was

assumed to be all cellulose and can be calculated as
Mcellulose (ML) = 2877.6 x 5% through calibra-
tion using avicel. This COD method was verified with
a gravimetric method previously described (Wang
et al. 2012).

TEM and morphology

Transmission electron microscopy (TEM) was used to
examine the CNC morphology and determine crystal
length. CNC suspensions of 0.1 g/L. were diluted and
sonicated to disperse the crystals. TEM grids (ultrathin
carbon films supported by fenestrated carbon films)
were floated on drops of approximately 5 puL sample
for 1-2 min. They were then swished through two
consecutive 250 pL drops of 2 % aqueous uranyl
acetate. Excess stain was removed by capillary action
and gentle blotting resulting in negatively stained
particles. The samples were imaged using a Philips
CMI100 transmission electron microscope (FEI Com-
pany, Portland OR) with an accelerating potential of
100 keV. Images were captured on an SIA L3C 4-2
Mpixel CCD camera (Scientific Instruments and
Application, Duluth, GA, USA). The magnification
bars on the images were calibrated using replica
grating or asbestos lattice. The number of crystals in
TEM images for each sample counted ranged from 50
to 350 crystals. The low number of 50 was due to the
low CNC yield for samples produced at low acid
concentrations (<56 wt%). Individual crystal length
was determined by Image J 1.47 v (National Institute
of Health, USA). Sufficient sample dilution was used to
reduce potential CNC agglomeration in TEM imaging
to facilitate CNC crystal length measurements.

Crystallinity

Wide-angle X-ray diffraction measurements of CNC
samples were made using a Bruker D8 Discover
system with Cu—Ko radiation (Bruker Corp., Billerica,
MA) at the Material Science Center, University of
Wisconsin, Madison, WI. The instrument features a
2D detector with a 14 cm diameter active area and a
resolution of 2048 x 2048 pixels. A spot size of
0.5 mm was used. Scattering signals were collected in
a 2 min period for every specimen. The CNC suspen-
sions were first freeze-dried to avoid film formation
and to minimize the potential for preferred orientation
in the samples. The freeze-dried CNC samples were
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pressed into 100 mg, 8 mm diameter pellets using
hydraulic compression (180 MPa), according to the
Segal method (Segal et al. 1959). To calculate the
crystallinity index (Crl), the intensity of the (200)
diffraction and the amorphous contribution (at
20 = 18°) were measured. The Crl was then deter-
mined according to the Segal method:
Crl = 100 x (Ir00_I200)/ 1200 With I, the intensity at
20 = 18°. The average of duplicate measurements
was reported and standard deviations were used as
error bars in plotting.

To verify the Crl measurements using the Segal
method, the X-ray diffraction data for selected sam-
ples were also fitted using the Rietveld—Ruland model
(Fig. S1). The samples were also analyzed using
Raman spectroscopy to determine Crl (Table S1)
based on the ratio of the Raman scattering intensities
at 380 and 1096 cm ™' (Agarwal et al. 2010).

Sulfur content

The sulfur content of each CNC and CSR sample was
analyzed using an ICP-AES (Ultima II, Horiba Jobin—
Yvon, Edison, NJ, USA) to represent the cellulose
surface sulfation or charge. An aliquot of 5 or 10 mL
CNC or CSR suspension was transferred to a Teflon
digestion flask and digested at 150 °C for 30 min in a
microwave (MDS-2000, CEM Corp., Matthews,
North Carolina, USA) with approximately 5 mL of
70 % HNO; before ICP-AES analysis. The ramp time
for digestion at 150 °C was approximately 40 min. All
samples were run sampled and analyzed in duplicate.
Two sets of CNC samples from 62 wt% acid, (62, 50,
t) and (62, 60, t), were later repeated in triplicate to
verify results. The average values from all replicate
analyses were used for data presentation and the
standard deviations were used as error bars in plotting.
Because aqueous solutions were directly sampled and
analyzed, it is believed that the measured sulfur
content includes sulfate ions in the electrical double
layer (Beck et al. 2011).

Results and discussion
Maximal CNC yield

A maximal CNC yield at a given acid concentration was
determined experimentally by varying reaction
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temperature and time, where acid concentrations were
varied between 50 and 64 wt%. Plotting maximal CNC
yields as a function of sulfuric acid concentration
reveals that acid concentration of 58 wt% is a transition
point (Fig. 1) below which only a small amount of CNC,
approximately <30 %, were produced in the tem-
perature range studied. This can be attributed to
insufficient deploymerization of cellulose (Hamad and
Hu 2010). Most of the remaining fibers were in the form
of partially hydrolyzed CSR. High CNC yield was
achieved only with acid concentration of 58 wt% or
higher and, accordingly, CSR yield rapidly decreased as
acid concentration was increased over 58 wt%. This
sharp transition point, at acid concentration 58 wt%, in
CNC yield illustrates the difficulties in optimizing CNC
yield using traditional statistical experimental design,
as reported in previous studies with large acid incre-
ment step and over wide acid ranges (Bondeson et al.
2006; Hamad and Hu 2010) and led to the common
belief that CNC can only be produced in significant yield
by using acid concentration of approximately 64 wt%.

The three maximal CNC yields at 56 wt% acid,
achieved at different hydrolysis temperatures 50, 60,
and 70 °C by varying reaction time, were also plotted
in Fig. 1 to illustrate that increasing temperature does
not significantly improve yield at low acid concentra-
tions. Overall, acid concentration is the governing
parameter controlling CNC and CSR yields, except at
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Fig. 1 Effect of sulfuric acid concentration on measured
maximal yield of cellulose nanocrystal (CNC) in the range of
temperature and reaction time studied and the corresponding
yield of cellulosic solid residue (CSR)
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high acid and long hydrolysis times where cellulose
dissolution becomes dominant.

CNC morphology

Acid concentration also affected the morphology of
the resultant CNC as revealed by TEM imaging
(Figs. 2a-i). Comparisons of typical TEM of CNC
samples corresponding to the data points in Fig. 1
indicate that overall crystal length decreased with
increasing acid concentration. To quantitatively illus-
trate this, the length weighted average crystal length,

Ly = Zan,»LZ
Zl il
in Fig. 3a, despite sample sizes of 30-350 crystals
being statistically suboptimal. The maximal CNC L,,
at a given acid concentration, which also approximate-
ly corresponds to the maximal CNC yield, decreased
linearly with acid. The maximal L,; was approximate-
ly 280 nm at acid concentration 56 wt%, almost two
times that of that at concentration of 64 wt%. L,; also
decreased with increasing hydrolysis time for acid
concentrations of 58 and 64 wt% (Fig. 3b).

The above discussion suggests that the reduction of
CNC length is dictated by the extent or severity of
hydrolysis reaction. To further illustrate this, we
compared the crystal length distribution for three runs
at different reaction conditions. L,; was 130.5 nm for
run at (64, 45, 105) compared with L,; = 189.3 nm
for (62, 60, 30), and L,; = 228.2 nm for (58, 56, 180).
Furthermore, the distribution was narrower for (64, 45,
105) than that for (62, 60, 30) and for (58, 56, 180).
Notice the x coordinate in Fig. 3c is logarithmic scale.
The crystal length distribution for (56, 70, 90) was
similar to that for (58, 56, 180) with a slight shift to the
longer length (not shown in Fig. 3c for clarity).

At low acid concentration of 56 wt%, insufficient
depolymerization of cellulose was also evident in
TEM images (Fig. 2a) of nanofibril-like particles,
rather than CNC-like morphology. Under moderate
acid concentrations of 58 and 62 wt%, CNC mor-
phology varied little among runs with similar yield and
at the same acid concentration with different tem-
peratures and appropriate reaction times (Compare
Figs. 2b with c, 2e with f, g). At acid concentration of
64 wt% and reaction temperature of 45 °C, CNC from
short reaction times had dramatically different visual
appearance from those at long reaction time

, was calculated and compared as shown

(=75 min) as can be seen from Figs. 2h and i. This
difference most likely was caused by the difference in
staining for TEM imaging. The negative staining can
be affected by sample surface properties, such as
morphology, e.g. the crisscross structure in Fig. 2h,
curvature, charge, hydrophobicity. The small amount
of xylan and some non-crystalline cellulose remained
in the sample (Fig. 2h) (Wang et al. 2014) that are
more hydrophilic than crystalline cellulose also affect
staining. Therefore, the difference in TEM imaging
appearance reflected the difference in CNC morpho-
logical and chemical properties. The CNC yield data
(Fig. 1) suggest that more cellulose (most likely
disordered) was degraded into glucose at longer
reaction times, as validated by glucose measurements
(Wang et al. 2014) resulting in CNC with higher
crystallinity, as will be discussed in the following
section.

CNC crystallinity

The original bleach eucalyptus pulp fibers (BEP) have
an average Crl of 76.0 = 0.4 % based on 4 replicate
measurements. The change in CNC Crl was a result of
hydrolysis and should be correlated to the extent of
hydrolysis or reaction severity. This is supported by
the general trend of Crl increased with acid concen-
tration (Fig. 4a) because acid was the dominant factor
in the hydrolysis reactions as discussed previously.
Increasing reaction time also increased Crl especially
at high acid concentrations (Fig. 4b). Reaction time
had negligible effect at acid concentration of 58 wt%.
The X-ray scattering intensity patterns of selected
CNC samples are shown in Fig. 4c along with that of
the BEP fibers for comparison purpose. The disap-
pearance of the signal at 20 ~ 18° corresponding to
amorphous materials was obvious as acid concentra-
tion was increased.

For acid concentrations above 58 %, CNC yield
should be inversely correlated to Crl because of the
accessibility and preferential hydrolysis of the more
disordered regions. As expected, the CNC sample with
lowest yield was the most crystalline (Fig. 4d). Here
we are only interested in discussing CNC produced
from acid concentrations >58 wt% because of the low
amounts of CNC produced below 58 wt%. At mod-
erate to low hydrolysis severities, such as at acid
concentration of 58 %, the slope was close to zero
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Fig. 2 TEM images of cellulose nanocrystals (CNC) produced
at different reaction conditions. All scales = 200 nm; Y =
CNClyield. a (56, 70,90), Y = 30.0 %, L,; = 281.2 nm; b (58,
56, 180), Y =71.7 %, Lp; = 2282 nm; ¢ (58, 56, 210),
Y =75.6 %, L; =204.6 nm; d (62, 40, 105), Y = 64.8 %,

because CNC yield was no longer solely dictated by
CNC degradation but also dependent upon sufficient
depolymerization of cellulose. Crl was only ap-
proximately 73 % for CNC samples produced at acid
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136.009%
Cr TEM agrtstion: 20000 02um

Ly; = 177.1 nm; e (62, 50, 75), Y = 70.3 %, L»; = 143.0 nm;
£ (62, 60, 30), Y = 71.6 %, L»; = 189.3 nm; g (62, 60, 60),
Y = 69.4 %, L, = 149.0 nm; h (64, 45, 15), Y = 51.1 %,
Loy = 147.6 nm; i (64, 45, 105), Y = 28.0 %, L,; = 130.5 nm

concentration 58 wt% (shown in Figs. 2b, c¢) while
yield was as high as 75 %. In other words, less than
even 10 % of the original cellulose was degraded to
sugars (the measured glucan content of the BEP fibers
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was 78 %), which resulted in minimal change in the
Crl of the resultant CNC. By contrast, the Crl
decreased with CNC yield linearly at higher acid
concentrations of 62 and 64 wt%. It is noticed few
CNC samples had Cr/ higher than the CrI of original
BEP. The accuracy of the absolute Crl measurements
is still an issued to be studied (Park et al. 2010).

CNC sulfation

CNC sulfur content was used to measure the degree of
sulfation or surface charge. Acid concentration was a
dominant factor affecting sulfation, but is also influ-
enced by reaction temperature and time (Fig. 5a).
Maximal sulfur content increased with acid concen-
tration up to 62 wt% and then decreased with further
increase in acid concentration. The sulfur content of
CSR is lower than CNC, in general (Fig. 5a). The
extent of sulfation was directly associated with the
degree of hydrolysis reactions. CSR resulted from
insufficient hydrolysis of initial fibers and therefore
had lower sulfur content than CNC. It was recognized
that concentrated acid hydrolysis is responsible for the
electrical double layer due to trapped sulfate ions in
the bound-water layer (Beck et al. 2011). The double
layer phenomenon may be more pronounced at higher
acid concentrations resulting in higher sulfur content
(Figs. 5b, d).

The results also illustrate that CNC sulfation
occurred rapidly except at low acid and temperature
(56 wt%, 50 °C or below,—and then slowed sub-
stantially (Fig. 5b). Interestingly, the 64 wt% acid run
showed desulfation beginning in <1 h, which we
attribute to the degradation of sulfated CNC to sugars
(Fig. 1); the desulfation tapers off after about 2 h. The
highest sulfur content was obtained at acid concen-
tration of 62 wt% and 60 °C for approximately
100 min. Slight reductions with time were observed
at (62,50, t) and (62, 60, t).

Cellulose sulfation and depolymerization are
indicative reactions of CNC formation (Hamad and
Hu 2010; Wang et al. 2012). CNC sulfur content
was plotted against CNC yield (Fig. 5c). CNC
degradation to sugar was low at acid concentration
below 64 wt% (Fig. 1), therefore the measured CNC
sulfur content was proportional to yield and suggests
that more CNC were formed as cellulose was being
sulfated. At 62 wt% acid and >50 °C, the sulfation
reaction was rapid and resulted in very high CNC
yield of approximately 70 % within the first 30 min
and with very low subsequent CNC degradation
(Wang et al. 2014). The plot of sulfur content versus
yield is almost a vertical line for all measured
reaction times (Fig. 5¢). At 64 wt% acid, degrada-
tion became important after 15 min hydrolysis,
which also resulted in reduced sulfur content as
well as CNC yield, i.e., proportional relationship
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Fig. 4 CNC crystallinity
(Crl). a Effect of acid
concentration on Crl,;

b Effect of reaction time on
Crl; ¢ Angular intensity
distribution of X-ray
diffraction by different CNC
samples; d correlations
between Crl and CNC yield
at different acid
concentrations, dashed line
with doty = 72.7 —
0.002x, r* = 0.39, dashed
liney = 96.4 — 0.30x,

1 = 0.68, solid line

y = 82.4 — 0.28x,
=092

Fig. 5 Measured sulfur
content. a Effect of acid
concentration on CNC
sulfur content; b Effect of
reaction time on CNC sulfur
content; ¢ correlations
between CNC sulfur content
and CNC yield under
different reaction
conditions; d Effect of
reaction time on the sulfur
content of cellulose solid
residue (CSR)
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The sulfur content of CSRs always increased with

increasing reaction severity (i.e., acid concentration,

temperature, reaction time) (Fig. 5d). At high reaction
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severities more cellulose fibers were depolymerized to
CNC and sugars and CSR no longer existed (Fig. 1),
therefore, no reduction in CSR sulfur content was
observed.

Conclusions

Cellulose nanocrystal (CNC) is a renewable nanoma-
terial that holds great promise for a variety of
applications. However, literature reports of basic
properties and yield of CNC were from hydrolysis
conditions that produce the highest crystallinity by
overly depolymerizing cellulose using a standard acid
concentration of approximately 64 wt%. Consequent-
ly, low CNC yields of approximately 30 % and almost
identical CNC properties were reported. Here, we
demonstrated that CNC with different yields and
different characteristics, such as crystal morphology
or aspect ratio, crystallinity, and degree of sulfation
can be obtained by slightly reducing acid concentra-
tion in the hydrolysis reactions. The results presented
in this study have significant implications to a variety
of practical utilizations of CNC.
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