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Cellulose is one of the most abundant biopolymers on Earth and is of most significant interest due to its properties and
uses. Cellulose can be obtained from agro-industrial residues, such as rice husk, whose cellulose content is
approximately 30%. In this study, cellulose microfibers were extracted from rice husks. Fibers were obtained by
submitting the biomass to alkali (NaOH) and bleaching treatments. These treatments have already been reported in the
literature; however, variables such as the concentration of reagents, the time, and the temperature of the chemical
treatment have yet to be optimized. A factorial design of experiments with 3 factors and 2 levels for each factor was
proposed to optimize the chemical processes. It was determined through the analysis of variance (ANOVA) that the
factors evaluated significantly influenced the elimination of non-cellulosic compounds, and that the chemical treatment
was more efficient when the factors took high level values. Ultraviolet-visible spectroscopy (UV-Vis) analysis showed
the successful removal of undesired components during the alkaline treatment. The effect of the treatments on the
morphology upon removing hemicelluloses, lignin, and inorganic material was evaluated through Scanning Electron
Microscopy (SEM). The increase in the thermal stability in the alkali-treated rice husk and in cellulose microfibers,
compared to the raw rice husk, was established by thermogravimetric analysis (TGA). X-ray diffraction (XRD)
indicated that the treatments increased the percentage of crystallinity.
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INTRODUCTION

The population growth implies that more
resources must be used to guarantee a decent
quality of life. From this, many other problems
originate, increasing the exploitation of non-
renewable sources, such as oil and water, leading
to the deterioration and contamination of
terrestrial and aquatic ecosystems.'* One of these
problems is associated with the agro-industrial
sector because of the predominance of
monocultures, and the waste generated by these.>¢
That is why, many current investigations focus on
recovering agricultural residues and turning them
into value-added products, taking advantage of
benefits such as low cost and accessibility.

Rice is one of the most widely consumed
cereals worldwide, it is cultivated in humid areas,
and its yield depends on climatic conditions and
the technology used.” According to the Food and
Agriculture Organization of the United Nations
(FAO), the global rice production in 2022 was
estimated to be 525.5 million tons,'® while the
husk, an agro-industrial waste, represents
approximately 20% of the total weight of the rice
grain. The rice milling industry in Colombia
generates a considerable quantity of rice husk
(RH) during the paddy milling process from the
fields. This residue reached 2 million tons in the
second semester of 2022.'"'  Agro-industrial
residues such as rice husk (RH) are sources of
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lignocellulosic biomass, and can be used for the
production of fertilizer, animal feed, or the
generation of biofuels.!*!* However, most of this
biomass is burnt or thrown into water sources,
causing hazards and contamination of water
sources and the environment, altering soil
conditions or emitting harmful gases.!* RH is
made up of organic and inorganic materials; the
main lignocellulosic components being cellulose
(36-40%), hemicelluloses (12-19%), and lignin
(20%), along with metallic oxides, such as silica,
which is responsible for its low biodegradability,
which causes it to accumulate in the environment.

In nature, cellulose is linked to hemicelluloses
and lignin, and generally provides support and
rigidity to cellular structures. This polymer is
composed of millions of glucose units arranged
linearly and is linked by pB-(1,4) glycosidic
bonds."® Its hydrophilicity and biodegradability
are among the main characteristics of this
biomaterial.'® Therefore, cellulose microfibers can
be used as an additive to improve the properties of
materials with applications in construction,
textiles, packaging, pharmaceuticals, and
cosmetics, among others. Currently, the synthesis
of cellulose from agricultural residues has become
a topic of great interest, given the growing interest
in the development of environmentally friendly
materials by  environmentally  sustainable
processes, in line with the concept of circular
economy of “innovation for sustainable growth”
in the United Nations Sustainable Development
Goals (SDGs).

In the literature, different biomass sources
have been investigated for the extraction of
cellulose, for example, coconut shell,!” sugarcane
bagasse,'® cassava bagasse,'” and oil palm
residues,? soybean pods,?! wheat straws, soybean
husks,?? corn cob,?® and rice hulls.** Various
methods have been reported in the literature to
extract cellulose”3* from these residues.
According to Johar et al.”® implementing
chemical processes, such as alkaline treatment
with 4% sodium hydroxide (NaOH) and
bleaching with 1.7% sodium chlorite, removes
lignin and hemicelluloses. Rashid ef al.?® used 3%
NaOH for the same treatment, and Hafid et al.*’
used 5% NaOH. Concerning bleaching, Ping Lu
et al.** used 1.4% NaClO,, while Bigliardi et al.*
used 1.7% NaClO,. Moreover, high-intensity
ultrasonics,  high-pressure =~ homogenization,
crippling, micro-fluidization techniques, and
steam explosion®> have been used to isolate
cellulose.
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As various extraction processes have been
reported for obtaining cellulose microfibers from
RH, it is essential to determine the optimal
conditions for the specific treatments to be
employed. This study aims to standardize and
optimize the removal of lignin, hemicelluloses,
and other components, such as pectin and ash,
among others, from the rice husk structure,
allowing the defibrillation of the cellulose through
chemical treatments, such as alkaline treatment
and bleaching. For this selective separation,
sodium hydroxide and sodium hypochlorite were
mainly used. The reactive concentration was
optimized in each treatment, as well as the
reaction time and temperature. An analysis of
variance (ANOVA) was performed to determine
the optimal conditions that maximize the response
variable (elimination of  non-cellulosic
components). In ANOVA, experiments are
performed systematically in a series of tests
(runs). Its design tests all possible combinations
between factors and their variation levels.***” The
effect of chemical treatment on the crystallinity,
thermal  properties, surface = morphology,
functional ~ groups, lignin  content, and
physicochemical properties of cellulose was
critically discussed through the results obtained
from X-ray diffraction (XRD), thermogravimetric
analysis (TGA), scanning electron microscopy
(SEM), and Fourier Transform Infrared (FTIR)
and UV-Vis spectroscopy techniques,
respectively. Therefore, a thorough study of this
process will provide an in-depth understanding of
the effectiveness of the alkaline treatment and
bleaching process in extracting cellulose from
RH.

EXPERIMENTAL
Materials

Sodium hydroxide (99% purity) was used for
alkaline treatment. In addition, sodium hypochlorite
(15% w/v pure NaClO) and acetic acid (CH;COOH
5% w/v purity) were used as bleaching agents. All
chemicals were purchased from Amoquimicos
Colombia S.A.S. and were used without further
purification.

Cellulose extraction from rice husk
Mechanical pretreatment

RH was washed with distilled water to remove dust
and any other contaminants. Then, it was dried at 100
°C for 3 h. After that, the RH was milled to reduce the
particle size of the sample. Finally, the ground RH was
sieved in a mesh sieve No. 10 (g < 2mm) to obtain a
fine powder and standardize the process conditions.



Alkaline treatment

The alkali treatment was performed to purify the
cellulose by removing lignin and hemicelluloses from
RH fibers, following a modified methodology
described elsewhere.?® Accordingly, 5 g of RH was
mixed in the sodium hydroxide solution and
transferred into a round bottom flask. The treatment
was performed at reflux temperature on a hot plate
magnetic stirrer at 100 rpm.

For this process, a 2° factorial design of
experiments was proposed, keeping a sample-solution
ratio of 1:20 constant. The factors and levels of the
design of experiments were the following: temperature
— 80 °C or 100 °C, time — 90 min or 120 min, and
sodium hydroxide concentration — 4 wt% or 8 wt%.
The parameters are summarized in Table 1.

Once this process was finished, the material was
washed five times with distilled water until a neutral
pH was reached; and then it was dried for 24 h at 90
°C.

Bleaching treatment

The bleaching treatment was carried out on the
alkali-treated RH obtained in the previous step. In this
process, the bonds of the chromophore groups are
broken, which are responsible for the yellow color of
the cellulose,”® and the purpose is cellulose
defibrillation. A 2* factorial design was proposed to
perform this process keeping the 1:20 ratio
(sample:solution) constant. The factors used in these
processes were also  reagent concentration,
temperature, and reaction time. Throughout the
process, a constant agitation was maintained, varying
the temperature to 70 °C or 90 °C and reaction time of
30 or 60 min; the concentration of the solution was
NaClO at 1.7% v/v or 2.3% v/v and CH3COOH at
1.5% v/v. The obtained paste was washed six times
with distilled water until a neutral pH was reached.
Finally, the samples were dried for 24 h at 90 °C. For
bleaching, most studies use sodium chlorite as a
chemical reagent, which is very expensive and difficult
to access. Therefore, it was decided to evaluate the
efficiency of sodium hypochlorite in this treatment.??

NaClO is a bleaching and oxidizing agent widely
used to remove impurities, lignin, and hemicelluloses
from cellulose. Combined with CH3COOH, it can
eliminate unwanted compounds from cellulose fibers,
while maintaining the solution’s pH level between 7
and 8. Adding CH3;COOH also helps protect the
structure of cellulose fibers during the extraction
process from rice husk.

Characterization of cellulose microfibers
Scanning electron microscopy (SEM)

For the morphology study of RH, alkali-treated
RH, and cellulose microfibers, the SEM JEOL JSM
5910 LV equipment was used, with a magnification
range from 100X to 600X in a high vacuum

Cellulose

environment, with accelerating voltages of 15 kV.
Before measurements, a gold layer (20 nm thickness
approximately) was deposited by sputtering on
samples to make them conductive, finally the
powdered samples were mounted on adhesive carbon.
The Image]® software was used to process the images
and build the histograms with data obtained from
different micrographs from each sample.

Thermogravimetric analysis (TGA)

The thermal measurements of the samples (RH,
alkali-treated RH, and cellulose microfibers) were
performed by the thermogravimetric analyzer (Themys
ONE) equipment, and the data were analyzed using
thermogravimetric analysis (TGA) and derivative
thermogravimetric analysis (DTGA). The samples
were heated at 10 °C/min under an N, atmosphere
from room temperature to 700 °C. This analysis was
carried out to evaluate the thermal stability of the
materials and determine the percentage of mass loss
(%) due to decomposition and dehydration.

X-ray diffraction (XRD)

The X-ray diffraction technique was used to
identify the phases present in the samples (RH, alkali-
treated RH, and cellulose microfibers). The samples
were pulverized and sieved to obtain homogeneous
powders. The diffraction patterns were obtained using
the XRD diffractometer Rigaku DMax 2100, using
monochromatic CuKo radiation (A = 1.5406 A),
operating at 30 kV and 20 mA. XRD patterns were
recorded between 4 and 50° on a 20 scale in steps of
0.02 °/s. The method used to obtain the crystallinity
index % of the samples was described previously.*
Briefly, it consists in measuring the intensities of the
crystalline peaks and the amorphous area, and using

Equation 1, to calculate the crystallinity index value:
To02- fam

crystallinity index % = —— +100% 6]
where Ioppz and I.n are the maximum intensities of
crystalline and amorphous materials, respectively.?’
The diffraction peak for the (002) plane is located at a
diffraction angle around 26 = 22° and the intensity
scattered by the amorphous part is measured as the
lowest intensity at a diffraction angle around 26 = 18°.

Ultraviolet—visible spectroscopy (UV-VIS)

UV-Vis spectroscopy was used to determine the
presence of lignin molecules in the remaining solution
obtained after the alkaline treatment. The absorbance
level of each sample was correlated with the efficiency
of the different experimental processes (Table 2) in
removing non-cellulosic material. Two solutions were
prepared, the first one is the blank of the solvent, and
the other is the supernatant obtained from each one of
the alkaline treatments. The solutions were arranged in
quartz sample holders and passed to the
spectrophotometer (Spectroquant Prove 600 UV/Vis
spectrophotometer Merck KGaA) to measure their
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absorbance at wavelengths ranging from 190 nm to
500 nm with a step of 1 nm per second.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectra were
collected with the diffuse reflectance technique and
attenuated total reflectance in a Perkin-Elmer®
Spectrum™ GX brand spectrometer in the range of
400-4000 cm™ with a resolution of 4 cm™ and 24
scans. This method was used to identify the vibrational
modes present in RH, alkali-treated RH, and cellulose
samples.

Design of experiments

The design of experiments (DOE) allowed the
establishment of cause—effect relations for the alkaline
treatment and bleaching treatment. Two 23-factorial
DOE with three factors and two levels in each factor
was evaluated. The chemical concentrations,
temperature, and reaction times were the factors
proposed. The evaluated response variables were the
mass losses in all cases. The experiments were done in
quadruplicate. Information on the factors and levels
proposed in the alkaline treatment and bleaching
process is summarized in Table 1.

The linear regression model equation was obtained
through statistical analysis; for this, the Minitab®
software version 18 was used.® In this study, 5% was
defined for the significance level; the null hypothesis
(Ho) establishes that the factors of the experiment do

Table 1

not have a significant effect on the synthesis of
cellulose microfibers, while the alternative hypothesis
(Hi) establishes that the factors show statistically
significant differences. In addition, the three
assumptions of the ANOVA will be analyzed
(normality, homoscedasticity, and the independence of
the data). Finally, Tables 2 and 3 show the random
order of the runs defined for the alkaline treatment and
the bleaching process, respectively.

Finally, to calculate the mass losses in each of these
runs, an Analytical Balance PCE-ABE220 with a
precision of +0.0001 g, which allowed determining
mass loss after the alkali treatment and bleaching
processes, was used. For the mass loss percentage
(ML) calculation, Equation 2 was applied, where (M,)
is the initial mass and (My) is the final mass after the
chemical process:

ML =2 . 1009 )
Mo

RESULTS AND DISCUSSION

The methodology proposed here removes the
hemicelluloses, lignin, and silica from RH in two
steps: at first, the lignin, hemicelluloses and silica
are removed with an alkaline sodium hydroxide
solution, and then the cellulose pulp is bleached
by adding sodium hypochlorite and acetic acid to
the solution to purify the cellulose microfibers.

Specifications of DOE performed for alkali treatment and bleaching, with their factors, levels, response variables (R),
and number of replicates

DOE Type n F act]%rs and levels - Iilzsr?;)lize Replicates
Alkaline 23 DOE NaOH %(w/v)  Temperature (°C)  Time (min)  Mass loss 4
treatment Factorial 4 8 80 100 90 120 (%)
NaClO and
. 23DOE CH3;COOH Temperature (°C)  Time (min)  Mass loss
Bleaching £ torial % (v/v) (%) 4
1.7 2.3 70 90 30 60
Table 2
Random runs of alkaline treatment
Experiment Number of runs NaOH (%) Time (min)  Temperature (°C)
1 4 9 17 23 4 90 100
2 3 7 21 31 4 90 80
3 1 12 19 29 8 90 100
4 5 16 25 32 8 90 80
5 6 8 18 30 4 120 100
6 2 10 14 26 4 120 80
7 13 15 20 22 8 120 80
8 1 24 27 28 8 120 100
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Table 3

Random runs of bleaching treatment

Experiment Number of runs NaClO (%) Time (min)  Temperature (°C)
1 13 15 20 28 1.7 60 70
2 1 4 11 5 2.3 60 70
3 6 10 16 27 1.7 60 90
4 2 9 14 22 2.3 60 90
5 8 18 21 23 1.7 30 70
6 3 7 12 31 2.3 30 70
7 19 24 26 32 1.7 30 90
8 17 25 29 30 2.3 30 90
Table 2. In accordance with the distribution of the
Physical characterization: mass loss data, there can be distinguished three groups of
percentages relationships.

For delignification with NaOH, the treated RH
was recovered on the basis of 5.00 g of the initial
dry sample. Approximately 2.15-2.72 g of sample
was recovered after delignification according to
the experimental conditions in Table 1. This
corresponds to a mass recovery of 42.8% and
54.3%, respectively. For cellulose purification
with NaClO and CH;COOH, the alkali treated RH
was recovered based on 5.00 g of the initial dry
sample. Approximately 1.98-2.99 g of samples
was recovered after the bleaching process
according to the experimental conditions in Table
1. This corresponds to a mass recovery of 39.60%
and 59.80%, respectively. In terms of the
percentage mass losses of the alkaline treatment
and the bleaching process, the experiment that
eliminated the largest amount of mass is number
8; where the three factors (concentration,
temperature and reaction time) were at the high
level. On the other hand, the experiment that has
the highest percentage of mass elimination in the
bleaching process is number 4, where the three
factors are also at the high Ilevel. The
reproducibility of the experiments is shown by the
low deviation of the data for both treatments.

Ultraviolet—visible spectroscopy (UV-Vis)

The alkali treatment has been used to purify
cellulose microfibers by dissolving
hemicelluloses and lignin compounds. The UV-
Vis technique was used to determine the presence
of lignin in the solution obtained after alkali
process. These results were correlated with the
efficiency of the different experimental processes
in removing non-cellulosic material. Figure la
shows the relationship between the percentage of
mass loss and the absorbance by UV-Vis for each
of the experiments of the alkaline treatment
according to the experimental conditions listed in

Group 1 includes experiments 1, 2, 4 and 6,
which have the lowest absorption values between
2.26-2.36 a.u., and mass loss percentages between
42.80-46.35%, suggesting that they are not
efficient options for obtaining cellulose
microfibers. Furthermore, these experiments are
characterized by having at least two factors at the
low level. Intermediate absorbance values
between 2.70-2.99 a.u. and mass losses between
50.60-53.10% are found in experiments 3, 5 and
7, which belong to Group 2. These results are an
indication that this group is a good candidate for
the extraction of cellulose microfibers. However,
it is important to highlight that this set of
experiments has only one factor at a low level.
Finally, experiment 8, which has all the factors at
a high level, 8% NaOH, 100 °C and 120 min, is
the one with the highest absorbance (3.49 a.u.)
and a mass loss of 54.30%. This means that,
under these conditions, the most effective removal
of non-cellulosic material from RH occurs.

One experiment was selected from each of the
previously established groups (experiments 1, 3
and 8) and their UV-Vis spectra are shown in
Figure 1 (b). It has been reported in the literature
that the maximum absorption of the visible
spectrum of lignin occurs in two wavelength
regions.*® The first, related to the unconjugated
phenolic groups, occurs between 280 and 285 nm,
which is not consistent with the results presented
in Figure 1 (b). However, according to Mansaray
et al.,*® this phenomenon is normal. It is related to
the hypochromic effect of NaOH, which causes
peaks to shift towards shorter lengths between
214 and 222 nm. The second is representative of
the conjugated phenolic groups and is located
between 345 and 350 nm. This is in agreement
with the results obtained. These results show that
the alkaline treatment effectively removes non-
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cellulosic components. The three curves in Figure
1 (b) show the same pattern, but with variations in
amplitude. In accordance with the Beer-Lambert
law, there is a relationship between the absorption
of light and the concentration of a material in a
solution, the distance travelled and the extinction
coefficient.*” The observed changes are directly
related to the concentration of non-cellulosic
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components present in the supernatant of the
alkaline treatment. Therefore, experiment §
corresponds to the most efficient one for the
removal of lignin from RH, using 8% NaOH, 100
°C and 120 min as reaction conditions.

EXP 1 (4%, 100°C, 90min)

EXP 3 (8%, 100°C, 90min)

EXP 8 (8%, 100°C, 120 min)

300 200
Wavelength (nm)

500

Figure 1: a) Relationship between absorbance and mass loss percentage, and b) UV-Vis spectra of selected experiments

The potential for simultaneous recovery of all
lignocellulosic fractions has recently attracted the
interest of researchers. Biorefinery processes have
been reported in the literature using coagulation,
precipitation and centrifugation to extract
hemicelluloses, lignin and silica from RH.*
However, this is not the aim of this work.

Scanning electron microscopy (SEM)

The changes in RH, alkali-treated RH and
cellulose microfibers after each chemical
treatment stage can be observed from the visual
analysis in Figure 2. Initially, the raw RH (Fig.
2a) has a brown colour; however, after the
alkaline treatment, its colour becomes brownish-
orange (Fig. 2b). In addition, the bleached
material (Fig. 2c, d) is different and has a
completely white appearance. These colour
changes are due to the partial removal of non-
cellulosic components, silica and impurities, such
as pectin and wax, during the chemical treatment
of RH.* The second wash in the bleaching
process (Fig. 2d) makes the cellulosic microfibers
finer compared to the first wash (Fig. 2c¢).

The morphological changes on the surface of
the samples were studied by means of scanning
electron microscopy. By comparing the SEM
micrographs of raw and alkali-treated RH and
extracted cellulose microfibers, shown in Figure
3, the effect of alkali and bleaching treatment on
cellulose purification was evaluated. The initial
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arrangement of the components on the raw RH
surface is shown in Figure 3 (a). It can be
observed that the sample has a high degree of
organization and homogeneity, with a flat surface
resembling smooth unidirectional sheets. The
non-cellulosic components extend over the entire
surface and their function is to provide a
protective layer and maintain the structure. A
matrix in which cellulose is stored is formed by
hemicelluloses and lignin. The structure generally
has cellular spaces covered with pectin, silica and
waxes; at the ends, they tend to form spherical
and spongy agglomerates.”®* Silica crystalline
bumps cover almost the entire surface of the RH
fibres. They form linear ridges and grooves,
giving the surface a stiff texture. Silica is
responsible for giving the rice husk a rough
structure. It is therefore found in the most
superficial areas in the form of crystals.*

On the other hand, Figure 3 (b) shows the
alkali-treated RH, which has a more irregular
surface due to the loss of many non-cellulosic
components, especially hemicelluloses, silica,
pectins, waxes and, to a lesser extent, lignin, by
the sodium hydroxide treatment. The initial rice
husk sheet (Fig. 3 (a)) had a more uniform
structure, but after the alkaline treatment the
structure now appears much rougher, porous and
swollen; it is also composed of highly cohesive
cylindrical structures, which is due to the binding
capacity of the unremoved lignin.3*3



In addition, similar cracks may be related to
the elimination of silica crystals, as reported by
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Saadiah er al.,”® which suggests that they can be
removed by this treatment.

wash

Frequency

6 8 10

Diameter (um)

12

Figure 3: SEM images of (a) raw, and (b) alkali-treated rice husk; and (c) cellulose microfibers; (d) histogram of the
diameter of cellulose microfibers

Finally, Figure 3 (c) shows the micrograph of
cellulose microfibers obtained after the first
bleaching treatment; the fibres are cylindrical and
have a cotton-like texture. During this chemical
treatment, the bundles are separated into fibres of
different diameters, between 4 and 12 um, as
shown in Figure 3 (d). This indicates that a large
percentage of non-cellulosic material has been
removed and that the bleaching is effective.’®
Sodium hypochlorite can cleave the aromatic
rings of lignin and their respective residues by the

oxidative action, resulting in the morphological
changes described above. In the case of acetic
acid, it maintains the pH during the reaction.’
These results are consistent with those of other
reported studies, showing that the sodium
hydroxide treatment increases the surface area of
the RH, allowing better bleaching action by
exposing the microfibres.*

As previously shown, the action of sodium
hypochlorite and acetic acid continues to
delignify the RH. Cylindrical cellulose
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microfibres of different diameters were obtained
after this treatment. From Figure 3 (c) and
processing in ImageJ, the diameter of these
microfibres could be  determined. The
corresponding histogram is shown in Figure 3 (d).
As can be seen, the data fit a log-normal
probability distribution with an R-squared value
0f 0.95, with a mean diameter of 7.42 + 0.12 pm.

The experimental conditions with the lowest
and highest mass removal yields were compared
to evaluate the efficiency of the alkaline treatment
conditions in the delignification process of rice
husk. Micrographs of the alkali-treated husk
under the conditions of experiment 4 (see Table
4) are shown in Figure 4 (a, b). As discussed
above, experiment 4 was one of the least efficient
in terms of mass removal during the alkaline
treatment. In this experiment, two of its factors
were at a low level (temperature at 80 °C and time
at 120 min) and the mass removed was 43.95 +
2.17%.

Experiment 8, where the three factors were at
a high level, corresponds to the most favourable
conditions for promoting the removal of other
components present in the biomass. However, the
mass removed in this case was 54.30 + 1.92%. It
is clear that the structure of the alkali-treated husk
in Figure 4 (a, b) is much less porous, more

uniform and smoother than the structure presented
in Figure 4 (c, d). Although the alkali-treated
sample has greater porosity and structural
destruction under the conditions of experiment 8§,
this indicates that it has removed a greater amount
of surface waxes, pectins and fats, as well as
silica, hemicelluloses and lignin under the
conditions of this alkaline treatment.

Similarly, in the delignification of alkali-
treated RH, the efficiency of different
experimental conditions in the bleaching process
was evaluated. In this sense, the morphology of
the bleached husk obtained with a single washing
process was compared with the experimental
conditions with lower and higher yields. Figure 5
(a, b) shows the micrographs obtained from the
single-washing samples exposed to the conditions
of experiments 4 and 5, respectively (see test
conditions in Table 3). As previously reported,
experiment 4 was the most efficient in removing
mass during bleaching. In this experiment, all
three factors were at a high level and the mass
removed was 59.80 =+ 2.26%.

Experiment 5 corresponds to the least efficient
conditions for promoting the removal of other
components present on the cellulose fibers. In this
case, the mass removed was 39.60 + 3.31%.

Figure 4: Morphology of rice husk, a) Experiment 4 at 150X, b) Experiment 4 at 320X, c) Experiment 8 at 150 X and
d) Experiment 8 at 320X.
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samples obtained in the first wash, (a) experim
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ent 4

and (b) experiment 5

The sample in Figure 5 (a) shows a higher
degree of defibrillation and some cellulose fibres
can be observed in the structure whose sizes are
around 10 um. On the other hand, the sample in
Figure 5 (b) presents a more compact structure,
this indicates that the conditions of this chemical
treatment have not completely favoured the
elimination of lignin and hemicelluloses present
in the structure, under these conditions the
appearance of cellulose fibres is not yet detected.

Thermogravimetric analysis (TGA)

Thermogravimetric  analysis (TGA) was
performed to assess the thermal stability of both
untreated and chemically treated RH fibers.
Figure 6 shows the TG and the corresponding
derivative curves (DTG) obtained for untreated,
alkali-treated and  bleached @ RH.  The
measurements correspond to the mass changes of
the sample upon continuous heating until 600 °C.
The blue TG curve in Figure 6 shows the
percentages of mass losses as the temperature
increases. Moreover, the red DTG curve allows
delimiting the characteristic events of the thermal
degradation of the samples.

According to studies, the lignocellulosic
components present in RH decompose thermally
in a temperature range from 150 °C to 500 °C.
Specifically, cellulose degrades between 175 °C
and 350 °C, hemicelluloses — between 150 °C and
350 °C, and lignin — between 250 °C and 500
°C.* Lignin presents a wider decomposition
range because, in its structure, there are phenolic
groups, which require more thermal energy to
break the double bonds of its molecular
structure.®®

The pattern of thermal degradation of RH is
associated with three characteristic events. The
first goes from room temperature to 100 °C, due
to the evaporation of water present in the fiber

due to the adsorption effect or surface
tension.?®3-3 Active pyrolysis is the second event
between 184-380 ©°C and corresponds to
eliminating hemicelluloses and cellulose. The
third event, the passive pyrolysis zone, is related
to lignin degradation and occurs in the
temperature range from 360 °C to 500 °C.*
Above 500 °C, the mass loss tends to be constant.
This behavior is because only the inorganic part
of the material is available, in this case, silica-rich
ash.? According to Figure 6 (a), the DTG curve
presents the aforementioned characteristic events,
which correlate to the TG temperature ranges and
agree with the reported thermal degradation
pattern.

Figure 6 (b and c) shows the results of the
thermal degradation of the alkali-treated husk and
cellulose  microfibers, for which similar
decomposition zones are evident; however, the
amount of mass removed changes depending on
the removal of non-cellulosic components as a
product of the chemical treatment implemented.
The moisture percentage goes from 5.89% of the
raw RH to 12.94% in the alkali-treated RH
because the material becomes much more porous
due to the removal of pectins and fats during
alkaline treatment, which leads to more water
being stored.”® The second degradation event
begins at 46.08% for the raw RH and ends at
62.31% in the alkali-treated rice husk; this result
indicates that the material obtained with the
alkaline treatment has a higher cellulose content.
The mass percentage in the third deterioration
event for the raw RH is 21.18% and for the alkali-
treated RH is 8.76%, which is justified, as the
alkaline treatment eliminates lignin from biomass,
as confirmed by the UV-Vis technique. Finally,
the percentage of residues also changes when the
alkaline treatment is applied; this suggests that the

445



DANIEL FERNANDO HINCAPIE ROJAS et al.

inorganic components of the RH had been
eliminated.

Figure 6 (c) corresponds to the thermogram of
the cellulose microfibers; the results indicate
significant changes in the composition of the
material obtained after the bleaching process.
Initially, the DTG peak correlated with the
percentage of lignin content has partially
disappeared, which suggests that the use of
sodium hypochlorite and acetic acid is effective in
removing lignin residues present in alkali-treated
fibers, as well as for the defibrillation of cellulose
because now the percentage of cellulose material
represents 71.63%. On the other hand, the

thermograms show that the thermal stability of the
alkali-treated RH and the cellulose microfibers
are increased compared to the raw RH. The peak
associated with the second thermal degradation
event for the raw RH occurs at 304.30 °C, while
for the alkali-treated RH and cellulose microfibers
are 334.82 °C and 323.89 °C, respectively.
Additionally, the onset of the second stage of
decomposition was increasing at higher
temperatures for the analysed samples. It started
at 147.09 °C for the rice husk and increased to
195.48 °C and 200.68 °C for the alkali-treated and
bleached husk, as seen in the DTG curves in
Figure 6.
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Figure 6: Thermal analysis curves of a) raw RH, b) alkali-treated RH, and c) cellulose microfibers

Table 4

Comparison of thermal behavior of each material after chemical treatments compared with the raw RH

Mass loss (%)

Sample Event 1: Event 2: Hemicellulose Event 3: Lignin Residues

Dehydration  and cellulose degradation degradation
Raw rice husks 5.89 46.08 21.18 25.57
Alkali-treated 12.94 62.31 8.76 11.73
rice husks
Cellulose 8.21 71.63 7.72 10.30
microfibers

This phenomenon happens because the non-
cellulosic components that degrade at a lower
temperature have been removed. These results
agree with those of other studies,?>***" and with
the SEM analysis presented above, which showed
defibrillation during chemical treatments due to
removal of non-cellulosic components. Table 4
presents the summarized information related to
the mass loss percentages for each of the

decomposition events of the material after
chemical treatment.
X-ray diffraction (XRD)

One of the lignocellulosic components

predominately present in rice husks is cellulose,
which has a semi-crystalline structure. This type
of polymer is characterized by hydrogen bonds
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and van der Waals forces that occur between the
adjacent crystallites that make it up.*'*> The XRD
analysis was carried out to study the structure and
determine the crystallinity index presented by the
cellulose microfibers extracted from the RH as the
two chemical treatments were implemented. In a
previous study,* the authors reported that the use
of alkali on fibers of vegetable nature eliminates
impurities and increases the rigidity of the fibers.
The diffraction patterns and the crystallinity
index for the three samples are shown in Figure 7.
The typical XRD cellulose pattern presents three
peaks at 20 = 15°-17°, 22.5°, and 35°, and are
attributed to the (101), (200), and (004)
crystallographic planes.® In this study, it is
observed that the peaks become narrower and
more defined as the chemical treatments are



applied. This behavior coincides with what was
reported previously.® The highest intensity peak
occurs at 20 = 22.42°, characteristic of cellulose
12528 The crystallinity index was calculated for
the materials studied and its values are shown in
Figure 7 (b). Chemical treatments increase the
crystallinity value, as can be seen in Figure 7 (b);
this result is associated with partial elimination of
amorphous components, such as lignin and
hemicelluloses?® present in the RH. Cellulose
microfibers have the highest crystallinity
index.**?* This result is because, during alkali
treatment, the hydronium ions penetrate the
amorphous regions of the cellulose. As a result,
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Intensity (a. u.)

Rice Husk - H
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| |
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the glycosidic bonds are broken, and the
individual crystallites are organized;*® hydrogen
bonds also increase.*> These results agree with
those obtained by SEM and TGA, confirming that
chemical treatments eliminate amorphous
components in the material, increasing the
crystallinity of  cellulose microfibers.*!
Furthermore, the increase in the crystallinity of
cellulose microfibers provides better mechanical
properties in terms of hardness and rigidity.
Therefore, the cellulose microfibers obtained
might be considered as a potential reinforcing
material for polymeric matrices.”
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Figure 7: X-ray diffraction patterns (left) and crystallinity index (right) of raw, alkali-treated and bleached RH

Fourier Transform Infrared Spectroscopy
(FTIR)

FTIR helps to identify the changes in
composition that the RH undergoes as it is
subjected to chemical treatments, i.e., with these
results, it is possible to evaluate the effectiveness
of the processes. In this case, the absorbance
peaks in the spectrum will be associated with the
functional  groups of cellulose, lignin,
hemicelluloses, and silica. The obtained spectra of
the crude and alkali-treated RH and the cellulose
microfibers are shown in Figure 8, and the peaks
are listed in Table 5.

In the FTIR spectra, there are two main
absorption bands with the most significant peaks.
The first ranges from 2850 to 3340 cm™ and the
second is between 790 and 1670 cm’'; as stated
previously,” these bands are consistent with
results from the literature. The broadest
absorption peak is between 2258 and 3336 cm’!
associated with the vibrational stretching mode of
the OH group,* while the peak between 2895 and
2905 c¢cm™ corresponds to the C-H group with a
stretching mode.*’ Both peaks are representative
of cellulose, which is why they are present in the

three spectra. The same happens with the
absorbance peak related to humidity between
1640 and 1670 cm™!.*8

On the other hand, two typical absorbance
peaks related to aromatic rings belonging to the
structure of lignin can be observed, the first is
between 1590 and 1605 cm™ due to its skeletal
vibration,*® and the second due to a vibrational
stretching mode of the C=C bond at 1517 cm™.®
Moreover, hemicelluloses are characterized by
having a C=0 bond with a stretching mode that,
in this case, is located between 1725 and 1735
cm!.*® The Si-O bond was observed at 792 ¢cm’!
with a bending mode.*° It is important to mention
that the previous peaks do not appear in the
cellulose microfiber spectrum, indicating that the
alkaline treatment with sodium hydroxide and
bleaching with sodium hypochlorite can remove
non-cellulosic compounds from the RH. In the
same way, this result agrees with what was
exposed in the findings of UV-Vis, SEM, TGA,
and XRD analyses.

Seven more absorbance peaks in the range
from 890 to 1430 cm™ have been recognized for
cellulose, which are present in all FTIR spectra.
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The first one is located between 894 and 898 cm’!,
and is associated with the vibration of the
glycosidic bonds.”” Another appears between
1020 and 1032 cm™ due to the skeletal vibration
of the C-O-C bond present in the pyranose ring.?
The peak of the C-C bond occurs in a range that
oscillates between 1153 and 1160 ¢cm™ due to a
stretching vibration mode of the cellulose rings.

In the same way, it happens with the peak of the
C-H-C bond located between 1317 and 1337 cm’.
The -CH2 bond with a scissor vibration mode,
due to the crystalline integrity in the cellulose
structure, has its peak between 1422 and 1429 cm-
133 and the last one has it in the range of 1368 and

1370 cm! related to hydrogen bonds.*®

CEL
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Vy'a

4000 3500 3000
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2000

500 1000 500
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Figure 8: Fourier transform infrared spectroscopy of raw rice husk (RH), alkali-treated rice husk (RH-H) and cellulose
microfibers (CEL)

Table 5

Characteristic bands in FTIR of the raw and alkali-treated RH, and cellulose microfibers

Rice husk characteristic bands, cm’!

Functional Associated

Peak ou with Reference
Raw Alkali-treated  Bleached group
1 3258 3263 3336 -OH Cellulose [26], [48]
2 2918 2901 2897 C-H Cellulose [29], [26],
[48], [50]
Water .
N/A 1666 1655 1644 absorption Humidity [25], [48]
4 1593 1603 - Scent ring Lignin [33]
N/A 1422 1429 1425 -CH2 Cellulose [33], [48]
3 1732 1727 - C=0 Hemicelluloses [29[]"‘53]’
5 1517 - - Cc=C Lignin [29], [48]
N/A 1370 1370 1368 H-bond Cellulose [48]
N/A 1337 1317 1315 C-H-C Cellulose [48]
N/A 1153 1160 1158 Cc-C Cellulose [48]
6 1031 1020 1024 C-0-C Cellulose [26], [48]
Glycosidic [29], [33],
N/A 894 897 896 bonds Cellulose [48]
7 792 - - Si-O Silica [48]

Optimization of parameters

Analysis of variance (ANOVA) allowed the
study of the effect of process conditions
(concentration, time and temperature) of the alkali
treatment and bleaching processes, mainly the
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effect of factors and levels on mass loss (Eq. 2).
The chemical process is more efficient when the
mass loss associated with the removal of lignin
and hemicelluloses is higher. In other words, a
better purity of the cellulose microfibres will be



obtained. In order to perform the ANOVA, the
data must fulfill three assumptions: independence
of the data, homoscedasticity and normality.
Finally, to confirm the normality assumption
more formally, the Shapiro-Wilks test is
performed. The null hypothesis for the test is that
the distribution of the data is normal, and the
alternative hypothesis is that it is not, with a
statistical significance of 5%. The p-value for the
alkaline treatment is 0.30 and for the bleaching
treatment it is 0.25. It can be concluded that the
data are normal in both cases.

Alkaline treatment

In the first stage, a complete factorial design
model for alkaline treatment with three
controllable factors was developed (Table 1).
Figure 9 shows the normal probability plot of the
effects of alkaline treatment factors. When a
factor moves away from zero, it is considered

Cellulose

statistically significant (in Figure 9 the significant
factors are represented with a square). On the
other hand, a factor can have a positive effect if
the response variable increases when it goes from
a low level to a high level, that is, it favors the
elimination of mass in the alkaline treatment.
However, the effect is negative when the response
decreases, while the same transition is being
made, that is, it favors the elimination of mass in
the process. Additionally, if the p value of the
variables analyzed is less than 0.05, it is
considered statistically significant. The results
showed that the most significant factors for this
analysis are A: sodium hydroxide concentration,
B: temperature and C: reaction time, since they
are further from the origin in the graph of
standardized effects (see Fig. 9) and the p-value is
much less than 0.05; additionally, the double AB
interaction is also considered significant.

Normal plot of standardized effects
(the answer is Mass Loss; a = 0,05)

10 ¢
20 I BC
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Type of effect
® Notsignificant
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mC
B Temperature
C Time

3 02 -1 0 1 2

3

4

5 6

Standardized effect

Figure 9: Normal probability chart of standardized effects for alkaline treatment (o = 0.05),
where A: sodium hydroxide concentration, B: time and C: temperature

The main effects plots for the alkaline
treatment are found in Figure 10 (a, b and c). A
factor is considered significant when the line
joining the response variable calculated at the low
level with the high level is not horizontal; that is,
it presents a certain slope. In addition, the order of
importance of the factors can be determined, the
greater the slope of the said line, the greater the
influence of the factor on the response variable.
According to the above, the most significant
factor in the alkaline treatment is temperature,
since it presents a p=3.66x10 and, as observed in
Figure 10 (b), is the one with the greatest slope. It
is possible that the temperature favors the kinetics
of the chemical reactions carried out during the
alkaline treatment, that is, these reactions can

occur more quickly at higher temperatures. In
addition, lignin and hemicelluloses are more
soluble in alkaline solutions at high temperatures
and the activation of chemical agents (NaOH) is
favored, which can facilitate their removal from
rice husk. Additionally, at high temperatures, it is
clear that the kinetic energy increases and can
break the chemical bonds present in the lignin and
hemicellulose structure, which facilitates their
disintegration and elimination.”! As previously
mentioned, it is again confirmed that the
percentage of mass loss is maximized when the
three factors are at a high level, in this case, a
concentration of 8% sodium hydroxide, a time of
120 min and a temperature of 100 °C, which
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correspond to the conditions of experiment 8 (see
Table 2).

In Figure 10 (d-f), the graphs of double
interactions of the alkaline treatment factors are
presented. The double interaction is significant if
the lines approach each other or intersect at some
point (Fig. 10 (d)), which in this case corresponds
to the interaction between the sodium hydroxide
concentration and temperature (p-value of 0.04).
On the other hand, the double interaction is not
significant if the lines represented in the graph
tend to be parallel (Fig. 10 (e, f)). The double
interactions between base concentration and
reaction time (p-value of 0.53) and between
temperature and reaction time (p-value of 0.43)
are not significant in this model.

n
)

When the interactions that do not contribute
significantly to the statistical model are
eliminated, that is, AC, BC and ABC, Equation 3
is obtained, which only includes both the factors
and the significant interactions in the alkaline
treatment:

% mass loss = 48.241 + 2.109*A + 2.453*B +
2.084*C + 0.897*AB 3)

Table 6 shows the ANOVA of the refined
model for the alkaline treatment. In this, the R-
square is 79.53%. The preceding indicates that for
this treatment, there is a reliable relationship
between the experimental and theoretical values,
which is verified through the analysis carried out
for the mass loss percentage during the alkaline
treatment, where it was observed that the relative
error did not exceed 2% (data not shown).
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Figure 10: Graphs of main effects for the mass loss percentage of the alkaline treatment: a) concentration of sodium
hydroxide, b) temperature and c) time; and double interaction graphs for: d) temperature - sodium hydroxide
concentration, ¢) time - sodium hydroxide concentration and, f) time — temperature (coded values)

Table 6

ANOVA of the optimized model for the alkaline treatment

DF Sum of Mean F Value P Value
Factor
Squares Square

NaOH 1 142.383 142.383 27.38 1.82 x 107
Temperature 1 192.57 192.57 37.03 1.98 x 107
Time 1 139.028 139.028 26.73 2.15x10°3
NaOH * Temperature 1 25.74 25.74 4.95 3.45% 107
NaOH * Temperature * Time 1 25.74 25.74 4.95 3.45% 10
Model 5 525.462 105.092 20.21 3.3x 108
Error 26 135.216 5.201
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Figure 11: Response surface plots of the percentage of mass loss of the alkaline treatment as a function of a)
concentration and temperature, b) time and concentration, and c¢) time and temperature

In general, contour graphs or response surfaces
are usually very appropriate for optimization
processes, since they allow us to study the
behavior of the interaction of the factors and their
effect on the response variable and thus identify
their importance in the model, as well as to find
those conditions where the response variable is
maximized.” Figure 11 shows the contour plots
of percent mass loss as a function of alkaline
treatment factors. The percentage of mass loss is
maximized (red color in the graph) when each of
the factors is at a high level, that is, when the
sodium hydroxide concentration is 8%, the time is
120 min and the temperature is 100 °C. These
results are in agreement with what was found with
the UV-Vis technique.

Bleaching treatment

ANOVA was also performed for the bleaching
treatment. In the case of bleaching, factors A, B,
and C, which are the sodium hypochlorite
concentration, temperature, and time,
respectively, and the BC interaction are the most
significant. Except for the triple interaction, the

others have a positive effect, and factor A has the
most significant magnitude, as seen in Figure 12.

Figure 13 (a-c) shows the effects of the main
factors for the percentage of mass loss in
bleaching, where it is evident that these are
ordered in ascending order according to their
importance, such as the concentration of sodium
hypochlorite (p-value of 1,77 x 109, time (p-
value of 1.80 x 107) and temperature (3.8 x 107).
Additionally, it can be observed that the mass loss
percentage is maximized when the factors are at
their highest levels; in this case, a concentration
of sodium hypochlorite and acetic acid at 2.3%,
time of 60 min, and temperature of 90 °C, which
correspond to the conditions of experiment 4.

On the other hand, the plots in Figure 13 (d-f)
represent the double interaction graphs for the
mass loss percentage in bleaching. In them, it can
be observed that the time-temperature interaction
(Fig. 13 (f)) is significant because the response
variable presents dynamic changes when the two
factors are at their different levels; it also has a p-
value of 5.74 x 10,
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Figure 12: Normal probability chart of standardized effects for bleaching (o = 0.05), where A: sodium hypochlorite

concentration, B: temperature and C: time
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Figure 13: Main effects plots for percent mass loss of bleaching for a) sodium hypochlorite concentration, b)
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Table 7
ANOVA of the optimized model for bleaching

F DF Sum of Mean F Value P Value
actor
Squares Square

Concentration 1 846.66 846.66 94.82 2.51 x 1010
Temperature 1 193.06 193.06 21.62 7.81 x 10°%
Time 1 399.03 399.03 44.69 3.56 x 1077
Temperature * Time 1 122.46 122.46 13.71 9.65 x 10
Model 4 1561.22 390.30 43.71 2.04 x 107!
Error 27 241.09 8.93 0 0
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Figure 14: Response surfaces of the mass loss percentage from bleaching as a function of a) concentration and
temperature, b) time and concentration, c) time and temperature

Based on the results obtained, the need arises

to eliminate the factors or/and their respective
interactions that do not contribute significantly to
the statistical model. Below is Equation 4
associated with bleaching:
% mass loss = 48.081 + 5.144*A + 2.456*B +
3.531*C + 1.956*BC 4
where A: sodium hypochlorite concentration, B:
temperature, and C: time.
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Table 7 shows the ANOVA of the refined
model for bleaching. For the second model, the R-
square is 86.62%, indicating the reliable
relationship between the experimental and
theoretical values.

Figure 14 presents to the contour plots for the
mass loss percentage from bleaching. According
to the results obtained, the response variable is
always maximized when the factors are at high



levels, suggesting that the most appropriate
conditions are 2.3% sodium hypochlorite, 60 min,
and 90 °C, corresponding to the conditions from
experiment 4.

CONCLUSION

This study investigated the effectiveness of
alkaline treatment and bleaching of rice husks to
remove lignin, hemicelluloses and silica ash,
while maintaining a high solid yield.

Two chemical treatments, alkaline and
bleaching, were wused to obtain cellulose
microfibres.  Ultraviolet-visible  spectroscopy,
morphological studies by SEM, infrared
spectroscopy and X-ray diffraction analysis
confirmed the elimination of non-cellulosic
materials. This led to an increase in the
crystallinity index from 38% to 64%, and allowed
the defibrillation of the cellulose. In addition,
compared to the raw rice husk sample, the TGA
study showed that the fibres have a higher thermal
stability. The microfibres obtained had an average
size of 7.42 + 0.12 yum, this was corroborated by
SEM analysis.

The alkali treatment experiments suggest that
keeping the reagent concentration, temperature
and time factors at 8%, 100 °C and 120 min,
respectively, improves the removal of impurities.
For bleaching, in order to maximise the removal
of lignin, non-cellulosic components and ashes,
the optimised conditions of 2.3% sodium
hypochlorite concentration, temperature of 90 °C
and time of 60 min are suggested.
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