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Abstract Nanocrystalline cellulose particles are new class of cellulose materials that can find the wide application in
various technical areas, biotechnology and medicine. The nanoparticles are usually made by treatment or initial cellulose
samples with concentrated sulfuric acid (SA) at various temperatures and following mechanical or ultrasound disintegration.
Unfortunately, conditions of existing methods for preparation of nanocellulose are multifarious and give both crystalline and
amorphous nanoparticles. Therefore in this paper the optimal conditions for obtaining just of nanocrystalline cellulose par-
ticles (NCP) have been studied. The experiment showed that isolation of NCP is carried out in narrow interval of the acid
concentration: from 50 to about 61 wt. %. If concentration of SA is less than 50 wt. % then micro-scale particles are isolated.
On the other hand, if concentration of SA is higher than 63 wt. % the cellulose completely dissolves, and as a result instead of
nanocrystalline the amorphous particles are formed with decreased yield. In the range of the acid concentration from 55 to 61
wt. %, a low decrystallization of the initial cellulose is taken place that contributes to forming of rod-like nanocrystalline
cellulose particles. The following optimal conditions of the acidic treatment for isolation of NCP were proposed: concen-
tration of sulfuric acid 57-60 wt. %, acid to cellulose ratio 8-10, temperature 45-55 °C, time 40-60 min. These optimal con-
ditions in combination with the high-power disintegration permit obtaining the rod-like nanocrystalline cellulose particles

(150-200 x 10-20 nm) with the increased yield (70-75%).
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1. Introduction

Nanocrystalline cellulose particles (NCP) are new class of
cellulose materials that are characterized by increased crys-
tallinity, high aspect ratio, developed specific surface, im-
proved dispersion ability, biodegradability, and stability to
aggressive medium, increased temperatures and proteolytic
enzymes[1-3]. Due to these features, NCP can be used as a
high-quality reinforcing filler for polymers and biodegradable
materials, strengthening additive for papers, thickener for
dispersions, as well as drug carrier and implant, etc.[4-12].
These particles can be made by treatment of initial cellulose
samples with concentrated sulfuric acid (SA) at various tem-
peratures and following mechanical or ultrasound disintegra-
tion of the acid-treated cellulose in water[2, 13-21]. For dis-
integration step the high-pressure homogenizers, high-shear
mills or ultrasound disintegrators giving an increased local
pressure P > 50MPa are used.

Details of NCP-generation are not enough clear. Its
mechanism is explained usually by selective acid hydrolysis
of disordered (amorphous) domains of cellulose nano-fibrils,
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whereas more resistant nanocrystallites remained intact and
can be isolated in a form of rod-like particles[2]. However,
this mechanism doesn’t explain why the nano-size particles
cannot be isolated even after intensive mechanical disinte-
gration of cellulose hydrolysed by diluted acids up to level-off
DP[13]. The probable cause of this phenomenon is that crys-
tallites of real cellulose samples are joined together in lateral
detections by means of strong crystalline contacts. The
enough concentrated acid is required to break these strong
contacts and release free nanocrystallites. However, when
cellulose is hydrolysed by diluted acid, then strong in-
ter-crystallite contacts remained intact and instead of
nano-particles the micron-size crystalline aggregates of so
called microcrystalline cellulose are formed[22].

Initial celluloses of various origins such as tunicate, cotton,
wood pulp, ramie, hemp, flax, sisal, microcrystalline cellulose
and some others are used to prepare NCP[2, 13-21]. To obtain
the cellulose nanoparticles the concentration of sulfuric acid
in hydrolysis reactions can vary from 44 to 70 wt. %; the
temperature can range from 25 to 70°C and the hydrolysis time
can be from 30 min to overnight depending on the tempera-
ture[2, 14-21].

To prepare NCP the following typical treatment conditions
of the initial cellulose are proposed: concentration of SA
about 63-65 wt. %, temperature 40-50°C, time 1-2 h[2, 17].
However, other researchers disclosed that treatment of the
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initial cellulose with 63-65% wt. SA is accompanied by its
swelling and dissolving[23, 24]. When the acidic solution of
cellulose is diluted with water the soluble cellulose is regen-
erated and precipitated in a form of amorphous flocks. After
disintegration of these flocks in water medium, the
low-molecular amorphous particles are isolated. An addi-
tional problem is an accelerated hydrolysis of cellulose mac-
romolecules in the acidic solution that leads to decrease in
yield of nanoparticles. So, nanoparticles prepared by hy-
drolysis of cellulose with highly concentrated acids (>63
wt. %) were amorphous and had low DP about 40[23, 24].

Thus, the more detailed investigations are required to de-
termine optimal conditions for isolation just the nanocrystal-
line cellulose particles.

2. Experimental

2.1. Material

Initial cellulose material was microcrystalline cellulose
(MCC) Avicel PH-301 made of FMC BioPolymer Co. This
MCC type has average particles size of 50pm and DP=170.

2.2. Preparation of Nanoparticles

The initial MCC sample was mixed with water in a lab glass,
and then 76-78 wt. % sulfuric acid (SA) was slowly added at
cooling to obtain the required final concentration of SA from
50 to 67 wt. % and acid/cellulose ratio (ACR) from 5 to 20.
The glass was placed into water bath having temperature from
40 to 60°C and heated at stirring for 30 min to 3 h. After acidic
treatment contents of the glass was poured out into tenfold
volume of cold water at stirring. Cellulose sediment was
separated from liquid phase by centrifugation at the accelera-
tion of 3200 g for 10 min; washed with water, 5% sodium
bicarbonate and finally with distillated water to pH about 6,
separating from the liquid phase at the each washing by cen-
trifugation. Then the washed cellulose sediment was diluted
with distillated water up to solid concentration 2-3 wt. % and
disintegrated by high-pressure homogenizer APV-2000 at
pressure 100 MPa.

To obtain the dry nano-powder the following procedure
was carried out. The water dispersion of nanoparticles was
evaporated in vacuum at 80°C to about 10-15% solid content,
washed with absolute ethanol, acetone and hexane, separating
from the solvents at the each washing by centrifugation, and
finally dried at 50°C up to constant weight.

2.3. Method of Laser Light Diffraction

Average length of particles (L,) in water dispersions was
determined by laser diffraction method using “Master-
sizer-3000” apparatus of Malvern Co.

2.4. Method of Scanning Electron Microscopy

Shape and size of particles were investigated by SEM
“Hitachi S-4700”. The diluted dispersion of cellulose
nanoparticles was subjected to ultrasonic treatment for 5 min.

A drop of the diluted dispersion was applied onto a substrate,
dried and the dry sample was coated with a thin layer of gold.
Then the sample was placed in the microscope, evacuated
and electronic image of particles was obtained.

2.5. Method of XRD

A Rigaku-Ultima Plus diffractometer (CuK, — radiation,
A=0.15418 nm) was used for X-ray investigations. Diffrac-
tograms of dry powders were recorded in the ¢p=2@ angle
range from 5 to 80°. After recording of the diffractograms,
the background was separated, and selected X-ray patterns
were corrected and normalized. Then diffraction intensities
from crystalline and non-crystalline regions were separated
by a computerized method. Crystallinity degree (X) of the
cellulose samples was calculated according to equation:

X =100% [ J. do / | J, do (1)

where J. and J, are the corrected and normalized intensities

of diffractions from the crystalline part and whole sample
respectively.

2.6. Determination of Cellulose Solubility in SA

About 2 g of initial MCC were mixed with water in a lab
glass and then 75 wt. % sulfuric acid was slowly added at
cooling to obtain the required final concentration of SA
from 50 to 67 wt. % and ACR about 15. The glass was
placed into water bath having temperature 50°C and heated
at stirring for 2h. The insoluble residual part of the cellulose
was separated from the acid by centrifugation at accelera-
tion rate 3200 g for 10 min and then washed with water, 5
wt. % sodium bicarbonate, distillated water up to neutral
pH-value and absolute ethanol separating from the liquid
phase at the each washing by centrifugation. Finally the
cellulose residue was dried at 105 °C up to constant weight.
Solubility of cellulose (S) was calculated by the equation:

S=100%[1- (W/W,)] )
where W, is initial weight of the sample, W is weight of
insoluble part of the sample.

2.7. Determination of Average Degree of Polymerization

The average degree of polymerization (DP) was measured
by the viscosity method using diluted solutions of cellulose
powders in Cadoxen.

3. Results and Discussion

The effect of sulfuric acid concentration on structure and
size of obtained cellulose particles was preliminary studied at
50°C, ACR 15 for 2 h; then the acid-treated cellulose was
washed up to pH about 6, diluted with water up to 2.5 wt. %
solid content and undergone mechanical disintegration.

According to XRD investigations, in the range of SA con-
centration from 55 to 62 wt. % the obtained particles retain
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crystallinity that is similar to the crystallinity of the initial
MCC sample. On the other hand, when SA concentration is
more than 63 wt. % then MCC sample dissolves in the sulfuric
acid; as a result highly amorphous low crystalline particles are
formed (Fig. 1).
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Figure 1. Dependence of cellulose solubility (1) and crystallinity degree (2)

of isolated particles on concentration of sulfuric acid

The dissolving process is accompanied by essential falling
in DP-value and yield of the particles due to hydrolysis of
cellulose macromolecules in the acidic solution (Fig. 2).
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Figure 2. Dependence of average DP (1) and yield (2) of isolated particles
on concentration of sulfuric acid

Investigations show that after treatment of initial cellulose
with < 50 wt. % sulfuric acid, e.g. 45 wt. %, the micro-scale
particles only can be obtained (Fig. 3).
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Figure 3. Average length of particles formed after treatment of initial
sample with sulfuric acid and the following disintegration

To obtain the nano-scale particles the concentration of SA
should be higher than 50 wt. %. The nanocrystalline particles
isolated by treatment of initial MCC sample with about 60
wt. % SA, have a rod-like shape of about 150-200 x 10-20 nm
(Fig. 4). On the other hand, if concentration of SA is > 63
wt. %, then amorphous ellipsoidal nanoparticles with wide
size distribution (from 50 to 300 nm) are observed (Fig. 5).

Figure 5. SEM image of amorphous ellipsoidal cellulose nanoparticles

It can be noted here that in contrast to high-molecular cel-
lulose fibers (e.g. cotton, flax, wood cellulose, etc.) that are
required to hydrolyse obligatory up to level-off DP in order to
prepare nanoparticles, the initial MCC sample is already hy-
drolysed cellulose consisting of nanocrystalline aggregates.
Therefore main aim of MCC treatment with the enough con-
centrated sulfuric acid is erosion of contacts between
nano-crystalline aggregates and introduction of nega-
tive-charged sulfate groups contributing to breakdown these
aggregates at the following high-power disintegration in water
medium. If the acid concentration is low too (<50 wt. %), then
nano-crystalline aggregates are remained intact and
nano-scale particles cannot be formed. On the other hand,
when the concentration of SA is much high (>63 wt. %), then
MCC fully dissolves; moreover the dissolving process is
accompanied by depolymerization of cellulose macromole-
cules in the hot acid and falling of the yield. After diluting of
the solution with water, flocks of the low-molecular amor-
phous cellulose are precipitated. Under the high-power dis-
integration in water medium these flocks turn into amorphous
nanoparticles.

As follows from the experiment, isolation just of the
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rod-like nanocrystalline cellulose particles is carried out in the
narrow range of the acid concentration, from 55 to about 61
wt. %.

If temperature of acidic treatment is low (25-30°C) then
sulfonation process requires long time too. On the other hand,
if temperature is higher than 60°C darkening of cellulose
nanoparticles is taken place due to their dehydration and
carbonization. Therefore, the optimal temperature of the
acidic treatment is in the range of 45-55°C.

At low ACR <5 the treatment process is not enough uni-
form that leads to wide distribution in particles sizes. If ACR
is > 20, then homogenous acidic treatment is performed, but
used volume of the acid is high too. The optimal ACR is in the
range 8-10.

Thus, the following optimal conditions of the acidic treat-
ment were found: concentration of sulfuric acid 57-60 wt. %,
temperature 45-55°C, time 40-60 min. Besides, an additional
high-power mechanical or ultrasound treatment should be
performed to disintegrate aggregates and release the free
nanoparticles. These conditions permit isolation from initial
MCC sample the rod-like nanocrystalline particles
(nano-whiskers) that are characterized by increased crystal-
linity degree (75-77%) and high aspect ratio (10-20) (Table 1).

Table 1. Main characteristics of the nanocrystalline cellulose particles
Characteristics Value
Average particle length, nm 150-200
Average particle width, nm 10-20
Aspect ratio 10-20
Degree of polymerization 120-140
Crystallinity degree, % 75-77
Type of crystalline polymorph Cl
4. Conclusions
The effect of sulfuric acid (SA) concentration,

acid/cellulose ratio (ACR), temperature and treatment time, as
well as disintegration conditions had been studied to optimize
preparation process of nanocrystalline cellulose particles
(NCP). As is known, the initial cellulose sample - micro-
crystalline cellulose (MCC), contains crystalline aggregates
that join together by local lateral crystalline contacts. To iso-
late of the free nanocrystalline particles it is required to break
the crystalline contacts between adjacent nanocrystallites in
the aggregates of MCC. Treatment of MCC by 57-60 wt. %
sulfuric acid causes etching of the lateral contacts and sul-
fonation of surface of crystallites that contribute to breakdown
the aggregates and isolation of the free nanocrystalline parti-
cles at the following high-power disintegration. Use of the
optimal conditions of the acidic treatment (57-60 wt. % SA,
ACR 8-10, T=45-55°C; t=40-60 min) in combination with the
high-power disintegration permits obtaining the nanocrystal-
line cellulose particles (NCP) having sizes 150-200 x 10-20
nm with the heightened yield (70-75%). Due to increased
aspect ratio (10-20) and high mechanical characteristics (axial
Young’s modulus 150 GPa, axial tensile strength about 10
GPa) these NCP can be used, for example, as a reinforcing

nano-filler for various composites.

If concentration of SA is higher than 63 wt. %, then the
initial cellulose sample dissolves in the acid; as a result in-
stead of nanocrystalline particles the amorphous particles are
formed with the low yield (30-40%). The amorphous particles
have poor mechanical characteristics (Young’s modulus
0.5-0.7 GPa; TS=40-50 MPa) and therefore these particles
cannot be suitable as a reinforcing nano-filler.
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