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Crystalline cellulose nanofibers are obtained from the bark of Cereus Forbesii, a cactus native to
the arid areas of South America. The obtaining of cellulose nanofibers was carried out in several steps:
pretreatment of the raw material, elimination of hemicellulose and lignin to obtain cellulose, and an
acid hydrolysis of cellulose to obtain crystalline cellulose nanofibers. The cellulose nanofibers obtained
have a crystallinity index of 82% and a nanofiber diameter of 18 nm. An average crystallite size of 6
nm was calculated for the crystalline domains that form cellulose nanofibers. The high crystallinity of
the obtained cellulose nanofibers makes the sample very homogeneous and decomposes in a relatively
narrow temperature range (between 290°C and 375°C). The complete degradation of crystalline
cellulose polymer chains takes place between 375°C and 600°C. The morphological and structural
studies are carried out by scanning electron microscopy of field emission, infrared spectrometry with
Fourier transform, and powder X-ray diffraction. The thermal stability of the samples is determined

by thermogravimetric analysis.
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1. Introduction

Cellulose obtained from natural sources has been used
by man in many applications for centuries. The development
in materials engineering has allowed us to add new uses of
cellulose. Cellulose is not only used in the traditional way,
it is also used in the form of nanostructured material. For
example, cellulose is used as constituent part of composite
materials ' in fields such as biomedicine °, separation of
heavy materials'®!!, electronic devices ', photovoltaic cells
13, reinforcement materials ', etc. Nanocellulose provides
mechanical strength, low density, and a reactive surface
formed by OH- groups that allow surface functionalization 3.

There are two kinds of nanocellulose: cellulose nanocrystals
(CNC), and crystalline cellulose nanofibers (CNF) !5. The
production of CNF from plants has increased considerably
in the last years '¢!%, Tts method of obtaining is relatively
simple. The fibers of the plants are formed mainly by cellulose,
hemicellulose and lignin. Cellulose is ordered in the form of
fibers encapsulated by other non-cellulosic components of
the plant cell wall 2. Such cellulose fibers are formed by
amorphous regions and monocrystalline domains . Both
components, amorphous and crystalline, can be separated
by controlled acid hydrolysis.

Many vegetal sources of cellulose nanofibers have been
studied; for example, the Agave Angustifolia *, the cotton®,
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pulp of sugar beet %, flax 77, the rice husk %, wheat straw 23!,
potato *2, banana ¥, and sisal fibers ** *. However, as far as
we know, no variety of cactus has been studied.

In this manuscript we report the obtaining of crystalline
cellulose nanofibers from the bark of Cereus Forbesii, a
cactus native to arid areas of South America. This cactus
belongs to the Cactaceae family, and is one of the thirty-
three large columnar cacti species of South America (see
figure 1). There are some studies on cacti of the Cactaceae
family 363%, but, as far as we know, this is the first report
on obtaining nanocellulose from a cactus. In this paper, we
perform the structural characterization and thermal stability
determination of crystalline cellulose nanofibers obtained
from the Cereus Forbesii bark. To carry out the obtaining
of cellulose nanofibers, a method based on consecutive
treatments of alkaline hydrolysis and acid hydrolysis is
used, which allows us to obtain cellulose nanofibers with a
crystallinity index of 82% and a nanofiber diameter of 18nm.

2. Materials and Methods

2.1 Raw material

The bark of the Cereus Forbesii cactus was obtained
from the central-western region of the province of Formosa,
Argentina. The bark was separated from the pulp by hand.
After that, the bark was washed with distilled water and dried
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Figure 1. Photograph of the Cereus Forbesii, native cactus of arid
regions of South America.

at 80°C for 8 hours. The dehydrated bark was milled at 2400
rpm using a Universal High Speed Disintegrator FW100 (0.46
kW, 24000 rpm, 220V, 50 Hz). A powder with a fine fraction
of MESH 60 (average particle size of 250 pm) was obtained
and used as raw material. Successive chemical treatments
were applied to this raw material to remove minerals, lignin,
hemicellulose, and obtain crystalline cellulose ***.

Moisture, extractives, ash, lignin (acid soluble and
insoluble lignin), cellulose and hemicellulose content in the
raw material were estimated following NREL laboratory
analytical procedures “#’. The concentration of sugars
was determined by HPLC. The detector was based on the
refractive index measurement. An amino 250x4.6 mm Grace
Inc. column was used and acetonitrile: water 70:30 was
the mobile phase at a flow rate of 1.2 ml/min and isocratic
conditions. All samples were centrifuged at 5000 rpm for
5 minutes and filtered before analysis. The lignocellulosic
composition of the Cereus Forbesii bark is reported in
Table 1. A comparison with other lignocellulosic materials
is shown in Table 2.

2.2 Obtaining cellulose nanofibers

The milled Cereus Forbesii bark was chemically treated
to obtain crystalline cellulose nanofibers. The chemical
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Table 1. Lignocellulosic composition of the Cereus Forbesii bark.

Component Content (% w/w) dry
biomass
Moisture 7.50+0.20
Lignin (total content) 16.81 +3.79
Cellulose 32.62+2.37
Hemicellulose (Xylan included) 20.01 £ 1.91
Ash 10.40 + 0.90
Extractives 12.60 + 1.50

method used is based on the methods reported to extract
cellulose from other plant raw materials 2233, Two cycles
of alkaline and acid treatments are performed. In the first
cycle, the raw lignocellulosic mass is treated to remove
minerals and lignin. In the second cycle, the elimination of
non-soluble lignin and hemicellulose is completed and the
amorphous component of cellulose is removed.

The first cycle of alkaline and acid treatments begins
when the raw material is treated at room temperature with
an aqueous solution of potassium hydroxide (3% w/v) in
a ratio of 1:12 g/ml. The sample was stirred for 5 minutes
and boiled for 30 minutes. Thereafter, the material was
left overnight at room temperature, and a precipitate was
obtained. This solid was filtered and washed with distilled
water until a neutral pH was reached. The filtered solid was
washed with an aqueous solution of hydrochloric acid (10%
v/v) at room temperature. The remaining solid was treated
with 0.7% (w/v) sodium chlorite in a ratio of 1:50 g/ml at
pH 4 and boiled for 2 hours. After that, an aqueous solution
of sodium bisulfate (5% w/v) in a ratio of 1:50 g/ml was
added to the solid obtained, and kept for 1 hour at room
temperature. The sample was washed with distilled water
to reach a pH of 6-7, and dried at 80°C in the oven. The
second cycle begins when the remaining solid is treated with
an aqueous solution of sodium hydroxide (17.5% w/v) in a
ratio of 1:50 g/ml at room temperature for 8 hours, washed
and dried at 80°C. At this point a solid rich in cellulose was
obtained. Such solid was treated with an aqueous solution
of sulfuric acid (60% w/w) in a ratio of 1:12 g/ml for 30
minutes with stirring at room temperature, washed with
distilled water until reaching a neutral pH, and dried at 80°C
to obtain the crystalline cellulose nanofibers.

2.3 Characterization methods

Fourier transform infrared characterization (FTIR) was
performed using a Shimadzu IR Affinity-1 spectrometer. The
samples were dried and pelletized using KBr (1:100 w/w). The
spectra were recorded in a range 0f 4200 cm! to 500 cm™! with
aresolution of 2 cm™'. Cereus Forbesii bark samples (raw and
chemically treated) were coated with a thin layer of gold using
an ion sputter coater, and their morphology were analyzed with
a Field Emission Scanning Electron Microscope (FESEM,
Zeiss Supra 40) with field emission gun operated at 3 kV. X-ray
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Table 2. Lignocellulosic composition of some lignocellulosic materials.

Material Cellulose (%ow/w)  Xylan or Hemicellulose (Yow/w) Lignin (%w/w) Reference
. Carbohydrates
Pine spp. 65.17 £ 0.74 24.45+1.31 48
Carbohydrates
Eucalyptus spp. 69.942 11 12.01+0.93 48
Eucalyptus obliqua 2577+ 10 Hemicellulose 8.25 + 1.00 43.30+30 49
Xylan
Corn Stover 33.20 16.49 50
22.34
Xylan
Elephant grass 34.41+0.96 16.60 + 0.42 51
18.49 £ 1.05
Opuntia ficus indica 31.60 £2.30 Hemicellulose 17.1 + 1.2 10.3+£0.5 52
Nopalea cochenillifera 349+03 Hemicellulose 20.0 + 1.3 15.7+0.2 52

powder diffraction patterns (XRD) were recorded on a Rigaku
diffractometer with Cu Kot (A=0.1541 nm) radiation in a range
of 10° to 100°. The crystallinity index (Ic) of the samples were
calculated using the peak height method 5* 3¢, The size of the
crystallites (D) that form the crystalline cellulose nanofibers was
estimated using the Scherrer equation *. Thermogravimetric
analysis (TGA) was performed on a Shimadzu TGA-50 instrument.
The temperature program was run from 25 °C to 650 °C at a
heating rate of 10 °C/min under a nitrogen atmosphere (30 ml/
min) to avoid thermoxidative degradation.

3. Results and Discussion

3.1 Scanning Electron Microscopy

The FESEM micrographs corresponding to the raw
and chemical treated samples appear in Figure 2. Figure
2a shows the morphology of the milled raw bark on a
nanometric scale. This sample has a rough surface with a
large surface area that maximizes the chemical reactivity
of the sample. This aspect is important for the efficiency
of subsequent chemical treatment.

Figure 2. FESEM micrographs of: Cereus Forbesii bark (a), cellulose obtained by alkaline treatment (b), cellulose nanofibers obtained
by the acid hydrolysis of cellulose (c), and diameters distribution of cellulose nanofibers (d).
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The morphology of the cactus bark changes after the
alkaline chemical treatment (see Figures 2a and 2b). Bundles
of cellulose fibers appear when lignin and hemicellulose are
removed. In addition, a less rough surface is formed (figure 2b).
A second step of the chemical treatment is the acid hydrolysis
of cellulose. This process produces the crystalline cellulose
nanofibers shown in figure 2c. The nanocellulose is obtained
when the action of the acid decomposes the amorphous regions
of the cellulose. These regions are structurally more disordered
than the crystalline regions, and less energy is required for their
decomposition. Figure 2d shows the histogram corresponding
to the diameters of crystalline cellulose nanofibers. The
distribution of nanofiber diameters is between 15 nm and
23 nm, and the average nanofiber diameter is 18 nm. These
results are similar to those reported for nanofibers obtained
from other plants. For example, nanofibers with an average
diameter of 12 nm are obtained from cotton >, and nanofibers
with diameters between 8 nm and 15 nm are obtained from the
Agave Angustifolia plant 2. In the case of Sisal, the diameter of
the nanofibers is larger, ranging between 18 nm and 42 nm *.

3.2 FTIR spectroscopy

FTIR spectroscopic analysis of the raw and chemically
treated Cereus Forbesii bark is presented in Figure 3. All
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spectra exhibited a broad band in the region between 3600
cm’! and 3100 cm™ associated with the free O-H stretch
vibration of the OH group in cellulose molecules. In addition,
all spectra show the C-H stretch vibration around 2900
cm’! %. The differences between the spectra are attributed
to changes in the composition of the sample that occurred
during chemical treatments.

The FTIR spectrum corresponding to the raw bark
shows peaks associated with lignin, hemicellulose, and
cellulose (figure 3a). The FTIR peak at 1735 cm™! is related
to the C=O0 stretching vibration of the acetyl and uronic
ester groups of hemicelluloses, and/or the ester linkage of
the carboxylic group of the lignin and/or hemicellulose "
58, The IR vibration region between 1670 cm™ to 1590 cm'!
can be attributed to the O-H bending of the absorbed water
% and to the C=0 stretch vibration of the lignin aromatic
skeleton . On the other hand, the IR vibration region between
1510 cm'and 1460 cm' is associated with C—H vibrations
and deformations. Other peaks related to lignin appear at
1370cm™, 1320cm™, and 1247cm™! %, The FTIR peak at
1375 cm! is related to the bending vibration of the C-H
and C-O bond in the polysaccharide aromatic rings ', and
the IR vibration at 1057cm™! is associated with the skeletal
vibration of the pyranose ring C-O-C %2. An FTIR vibration
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Figure 3. FTIR spectra of: Cereus Forbesii bark (a), cellulose obtained by alkaline treatment (b), and cellulose nanofibers obtained by

the acid hydrolysis of cellulose (c).
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associated with cellulose appears at 895cm. Such infrared
vibration is related to the glycosidic C-H deformation and
the O-H bending vibration®”*!.

FTIR spectra change after chemical processing of the
sample (see Figures 3b and 3¢). The spectrum corresponding
to cellulose nanofibers (Figure 3¢) shows an increase in the
crystallinity of the sample. The peaks associated with lignin
and hemicellulose almost disappear completely when the
chemical treatment is performed. There are more similarities
than differences between the spectra recorded in figure 3b and
3c. The spectrum of the cellulose sample and the spectrum
corresponding to crystalline cellulose nanofibers show similar
peaks in all wave numbers because both samples are mainly
composed of cellulose, the only difference is the change in
the relative intensity of the peaks. It is possible to analyze the
crystallinity of the sample through the evolution of the band
at 895 cm! associated with cellulose. This band increases its
relative intensity as the crystallinity of the sample increases.

3.3 X-ray diffraction

Figure 4 shows the X-ray diffraction patterns
corresponding to the raw bark of Cereus Forbesii, the
cellulose obtained by alkaline treatment and the cellulose
nanofibers obtained by the acid hydrolysis of the cellulose.
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All XRD patters exhibit peaks associated with crystalline
cellulose. The intensity ratio of such peaks is different
in each sample. These differences are associated with a
phase transformation of cellulose as a result of chemical
treatment and changes in the crystallinity of the samples.
The hkl indexes corresponding to the main reflections of
each crystalline phase are indicated.

There are several polymorphs of crystalline cellulose
(Ta, IB, II, III, TV) . Cellulose Ia (triclinic structure)
% and I (monoclinic structure) % are the crystalline
celluloses produced naturally by living organisms. These
two polymorphs coexist in several proportions depending
on the source of cellulose %%, The Ia structure is the
dominate polymorph for algae and bacteria, while the If
phase is dominant for plant and tunicates *¢’. The Ia and
IB structures are metastable, and can be transformed into
cellulose II by hydrothermal treatments in alkaline solution
%, Such phase transformation is registered for the studied
samples. Cellulose If} is the main crystalline component of
the raw bark of Cereus Forbesii (figure 4a), while cellulose
II is the crystalline phase of the crystalline domains of the
cellulose obtained by alkaline treatment (figure 4b), and of
the cellulose nanofibers obtained by the acid hydrolysis of
cellulose (figure 4c).

(a)

54% of crystalline cellulose type Ip
46% of amorphous component

(b)

78% of crystalline cellulose type Il
22% of amorphous component

intensity (a.u.)

(c)
82% of crystalline cellulose type Il
18% of amorphous component

1
90 100

26 (°)

Figure 4. XRD patterns corresponding to: raw bark of Cereus Forbesii (a), cellulose obtained by alkaline treatment (b), and cellulose
nanofibers obtained by the acid hydrolysis of cellulose (c). The main indices (h k 1) corresponding to the reflections of the crystalline
phases are indicated. The calculated XRD patterns of cellulose type If ® and cellulose type II ® are showed.
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The XRD pattern corresponding to the bark of Cereus
Forbesii shows low crystallinity. The X-ray pattern of that
sample indicates a crystalline disorder, evidenced by a high
background and widened peaks. Only three broad peaks
are observed due to the presence of amorphous material
which covers most of the reflections corresponding to the
crystalline structure of cellulose If. Crystallinity increases
when lignin, hemicellulose and other amorphous components
are almost completely removed during chemical treatment.
The XRD patterns corresponding to cellulose obtained
by alkaline treatment (figure 4b) and cellulose nanofibers
(CNF) obtained by the acid hydrolysis of cellulose (figure
4c) show more intense and narrower crystalline peaks. The
XRD pattern of cellulose nanofibers shows an increase in
the intensity of all peaks with respect to the XRD pattern
of cellulose (the intensity of the (020) maximum increases
12%). Such behavior indicates a change in the crystallinity of
the samples and can be quantified by the crystallinity index.

The crystallinity index (/c) of all samples is calculated
using the peak height method (equation 1) 3354,

fo=dmax=tam 1, M

In this equation, where Ic expresses the relative degree
of crystallinity, /max is the maximum intensity (in arbitrary
units) of the most intense peak of the crystalline contribution,
and /am is the intensity of diffraction that represents the
amorphous component (without crystalline diffraction).
X-ray diffraction patterns show that the possible values for
the determination of amorphous content are the intensity at
18.26° for cellulose IP (figure 4a) and the intensity at 14°
for cellulose II (figure 4b and figure 4c).

The calculated values of Ic are: 54% for the raw bark
of Cereus Forbesii, 78% for the cellulose obtained by
alkaline treatment, and 82% for the cellulose nanofibers
(CNF) obtained by the acid hydrolysis of cellulose. The
increase in the value of /c is attributed to the elimination of
amorphous constituents after chemical treatment, and to the
rearrangement of cellulose crystalline domains in a more
orderly structure. However, XRD pattern corresponding to
the cellulose nanofibers shows a slight peaks broadening
indicating crystal disorder. This may be due to the effect of
crystallite size and the presences of some amorphous regions
that remain in the CNF.

The analysis of the XRD pattern allows to determine
the average size of the crystallites that form the cellulose
nanofibers. Scherrer’s formula (equation 2) can be used to
estimate crystallite size (L, ) """

0.9 @)
ﬁhu Cos ehkl

This method is approximate. The term L,

Liw=

i Dresent in
the Scherrer equation should be interpreted as an average of
the dimensions of the crystal perpendicular to the diffraction

plane. The (110) plane is parallel to the “c” axis and L,
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provides information on the crystallite diameter. The values
of the peak width () and the position (0) of the (hkl) plane
used in the Scherrer equation are determined by adjusting
the XRD profile with a Lorentzian function. To subtract
the experimental effects, the deconvolution of XRD peaks
is performed by using standard NBS 640 silicon (certified
standard). In equation 2 A is the wavelength of the incident
X-ray radiation (1.4518 A for Cu-Ka radiation).

The Scherrer equation considers that the particles are
spherical and stress free in the crystal lattice. When using the
Scherrer approach, an average size of 6 nm was estimated
for the crystallites that form the cellulose nanofibers. These
values are similar to those reported for crystalline cellulose
nanoparticles obtained from sugarcane bagasse 72, Agabe
Angustifolia fibers %%, coconut husk 7, and Sisal fibers ***.

3.4 Thermogravimetric analysis

Thermogravimetric analysis is used to study the thermal
stability of the samples. The thermal behavior depends on
the chemical composition of the sample, its structure and
crystallinity 7.

Figure 5 shows the thermogravimetric (TG) curves
corresponding to the raw bark of Cereus Forbesii (a), the
cellulose obtained by alkaline treatment (b) and the cellulose
nanofibers obtained by the acid hydrolysis of the cellulose
(c). Due to the differences in the chemical structures of
hemicellulose, cellulose and lignin, there are differences
between the thermogravimetric curve “a”, and TG curves
“b” and “c”. Table 3 reports the thermal decomposition
parameters of all samples.

1004
90
80
70
60

50

mass [%]

404

304

20 4

N

104 .
— e ]
e e

T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600 650
temperature [°C]

Figure 5. TG curves corresponding to: raw bark of Cereus Forbesii
(a), cellulose obtained by alkaline treatment (b), and cellulose
nanofibers obtained by the acid hydrolysis of cellulose (c).

All curves show a small weight loss associated with
the evaporation of water (dehydration) between room
temperature and 100°C. The thermal decomposition of
all samples shows weight losses that resulted in a final
ash residue. Such residue is formed from 550°C for the
raw bark (curve “a”), and from 600°C for the samples of
cellulose and cellulose nanofibers (curves “b” and “c”).
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Table 3. Thermal decomposition parameters of the studied samples.

sample degradation steps

Cereus Forbesii bark room temperature — 100°C : water

evaporation, weight loss of 7.3%
220°C - 550°C : lignin,
hemicellulose and cellulose
decomposition, weight loss of 85%
above 550°C : 7.7% of ash

cellulose room temperature — 100°C : water

evaporation, weight loss of 7.1%
220°C - 375°C : cellulose
decomposition (amorphous and
crystalline components), weight loss
of 66.1%

375°C — 600°C : total degradation of
crystalline cellulose polymer chains,
weight loss of 21.9%

above 600°C : 4.9% of ash

room temperature — 100°C : water
evaporation, weight loss of 4.8%

290°C - 375°C : decomposition of
crystalline cellulose polymer chains,
weight loss of 86.1%

375°C — 600°C : total degradation of
crystalline cellulose polymer chains,
weight loss of 5.7%

above 600°C : 3.4% of ash

cellulose nanofibers

In the case of the raw bark, there are lignocellulosic
materials that decompose with some temperature overlap.
Hemicellulose and cellulose follow a similar pattern of
decomposition, with somewhat lower activation and
decomposition temperatures in the case of hemicellulose.
The decomposition of lignin, hemicellulose and cellulose
takes place between 220°C and 550°C for the raw bark
sample. Above 550°C, the TG curve shows a zero slope
that indicates the end of material decomposition. In the
case of lignin, there are reports of higher decomposition
temperatures, for example 700°C for Sisal fibers *. This
wide range of decomposition temperature is due to the
different binding energies of the chemical bonds present in
the sample structure .

The thermogravimetric curves of the cellulose samples
are similar (curves “b” and “c”). The TG curves of these
samples exhibit three weight losses associated with three
stages of thermal decomposition. These stages are related
to: water evaporation, cellulose decomposition, and total
degradation of cellulose polymer chains. The first stage takes
place between room temperature and 100°C. The second
weight loss occurs between the initial temperature of 220°C
for the cellulose sample and 290°C for the cellulose nanofibers
sample and a final temperature of 375°C for both samples.
The last stages of decomposition take place between 375°C
and 600°C for both samples. Above 600°C an ash residue
is formed. Such temperature values are similar to those

reported for thermal decomposition of cellulose obtained
from other plant sources 7%

The differences between the TG curves “b” and “c” are
due to the relative amount of amorphous and crystalline
cellulose present in the samples. Such differences in the
composition affect the crystallinity of the samples and,
therefore, the profiles of the TG curves. In addition, in the
case of the cellulose nanofiber sample (curve “c”), there is
less water and less ash in relative percentage than in the
case of the cellulose sample (curve “b”). Such behavior is
associated with the crystallinity of the sample. The sample
of cellulose nanofibers is formed almost entirely by polymer
chains with a high crystalline order (82% of the sample). The
high crystallinity of cellulose nanofibers makes the sample
very homogeneous and decomposes in a relatively narrow
temperature range (the second stage of decomposition of
the TG curve).

4. Conclusions

Crystalline cellulose nanofibers were obtained from the
bark of the Cereus Forbesii cactus. The obtaining of cellulose
nanofibers was carried out in several steps: pretreatment of
the raw material, elimination of hemicellulose and lignin to
obtain cellulose, and an acid hydrolysis of cellulose to obtain
crystalline cellulose nanofibers. The peaks associated with
lignin and hemicellulose almost disappear completely when the
chemical treatment is performed. Cellulose nanofibers with a
crystallinity index of 82% are obtained. Cellulose nanofibers,
composed of 6 nm nanocrystals of average size, have an average
diameter of 18 nm. These results are similar to those reported
for cellulose nanofibers obtained from other plants. The high
crystallinity of the obtained cellulose nanofibers makes the
sample very homogeneous and decomposes in a relatively
narrow temperature range (between 290°C and 375°C). The
complete degradation of crystalline cellulose polymer chains
takes place between 375°C and 600°C.
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