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Isolation and Characterization of Microfibrillated
Cellulose from Agro-industrial Soybean Residue (Okara)

Peiyi Li,>“%*Yumeng Wang,* Qingging Hou,” and Xinping Li #°*

Microfibrillated cellulose (MFC) was isolated from the byproduct of soymilk,
tofu, and okara (soybean residue) using a chemi-mechanical technique.
Initially, petroleum ether treatment at 50 °C for 8 h and protease treatment
at 50 °C for 2 h were used to remove fat and protein, respectively. A 6 wt%
hydrochloric acid solution at a 20 mL/g acid-to-cellulose ratio was applied at
88 °C for 60 min to remove the residual hemicellulose and degrade cellulose.
Finally, the sample was gently homogenized at 60 MPa to aid in
individualization of the fibers to nano dimension; homogenization for 5 and
25 passes resulted in fibers labeled as MFC-5 and MFC-25, respectively.
The amorphous region of okara cellulose was higher than other non-wood
fibers. The average diameters of MFC-5 and MFC-25 were within the range
of 13 nm to 93 nm and 9 nm to 55 nm, respectively. MFC obtained from
okara has potential to reinforce ecofriendly cellulosic nanofibrillated for
diverse applications.
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INTRODUCTION

Microfibrillated cellulose (MFC), also called cellulose nanofibers (CNF) or
nanofiber cellulose (NFC), is a functional, nanometer-grade material with wide
applications. MFC is a material composed of nanosized cellulose wireline microfibers.
Typical microfiber widths are 5 nm to 60 nm with a wide range of lengths, typically several
micrometers (Klemm et al. 2011). Due to the high specific surface area, broad possibility
of surface modification (Eichhorn et al. 2010), barrier properties, high mechanical strength
(Ferguson 2012), and safety aspects (Vartiainen et al. 2011), MFC is a promising
biomaterial for use in bio-nanocomposites, paper and paperboard (Missoum et al. 2013),
food, hygiene and absorbent products, emulsion and dispersion (Xhanari et al. 2011),
medical, cosmetic and pharmaceutical products (Syverud et al. 2011), and other
applications (Nystrém et al. 2015).

MFC has been isolated from various cellulosic sources, including bleached kraft
pulp (Spence et al. 2010a, b), bleached sulfite pulp, bamboo pulp (Zhang et al. 2015),
miscanthus straw residue (Henniges et al. 2014), rice straw (Hassan 2015), wheat straw
(Singh et al. 2016), cocoa pod husk (Jimat and Zailani 2016), sugarcane bagasse (Petroudy
etal. 2014), sugar beet pulp (Agoda-Tandjawa et al. 2010), corn cobs (Shogren et al. 2011),
prickly pear fruit peels (Habibi et al. 2009), and Japanese cedar (Shi et al. 2015).
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Additionally, raw banana, pineapple leaf fibers, basts of flax, hemp, jute, and leaves of
sisal and abaca have been explored to produce MFC (Alila et al. 2013). Although wood is
the main raw material that has been used in the production of MFC (Lavoine et al. 2012),
the demand of non-wood resources (such as agricultural crops and their by-products) has
increased with the competition among many other fields that use wood.

Soybean residue (SR), an agricultural waste, is produced during the processing of
soybean products and remains after the water-soluble fraction is filtered in the making of
soymilk and tofu (Vong and Liu 2017). However, the average composition of okara
includes approximately 50% to 60% carbohydrate, 15% to 30% protein, 5% to 20% fat,
and 3% ash (Vong and Liu 2016). It is very huge, low cost, and renewable resource. At
present, only a small part of SR is used for food consumption, and most of it is used for the
feed or is abandoned directly (Zhao et al. 2013), which has caused a great waste of re-
sources and environmental pollution. SR is a suitable substrate for producing a variety of
functional foods, biomaterials, value-added chemicals, and biofuels (Abdulkhani et al.
2017). SR is the parenchymal tissue; whose cell wall is thin and the binding force between
microfibrils is small. Such properties are beneficial to the preparation of MFC by
mechanical treatment. SR has been used to product nanocellulose by acid hydrolysis
followed by high-pressure homogenization (Liu et al. 2012). However, acid hydrolysis and
homogenization do not produce okara cellulose nanofibrils with a uniform size distribution.
Furthermore, due to a lack of purification of okara, it only can produce nanoparticles rather
than nanocellulose. Consequently, okara needs an effective treatment is to produce well-
separated nanofibrillated cellulose with a proper morphology.

In this study, a chemical treatment together with a mechanical treatment was used
for MFC production from okara. This work explored the feasibility of using okara as a new
potential cellulosic precursor for production of MFC to convert this waste into value-added
products. MFC was isolated from okara by chemi-mechanical methods. The cellulose,
holocelluloses, protein, fat, and lignin contents of the processed nanofibers were
determined by chemical analysis. The morphology of the nanofibers was investigated by
scanning electron microscopy. Fourier Transform infrared spectroscopy (FTIR)
spectroscopy, X-ray diffraction (XRD), and Thermogravimetric Analysis (TGA)
experiments were performed to characterize the processed nanofibers.

EXPERIMENTAL

Materials

Okara that was used as raw material was obtained from a soymilk mill in China and
was dried to 10% moisture. Petroleum ether (boiling range 30 °C to 60 °C), sodium
hydroxide, sodium chlorite, and glacial acetic acid was purchased from the Tianjin Damao
Chemical Reagent (Tianjin, China). Analytical grade hydrochloric acid (36% to 38%) was
obtained from the Sinopharm Chemical Reagent (Beijing, China). Protease was purchased
from Shenzhen Leveking Bio-Engineering (Shenzhen, China). Deionized water was used
in all experiments, and the samples were stored in the desiccator at the room temperature
until used.
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Extraction of Microfibrillated Cellulose
Purification

The non-cellulosic components in okara were removed to isolate cellulose. The
okara (SR) powder was first washed 5 to 6 times with warm distilled water to remove
aqueous soluble substances, and then it was oven-dried at 55 °C for 24 h. The okara powder
was extracted with petroleum ether at 50 °C for 8 h to remove the fat, followed by oven-
drying at 55 °C for 24 h. The protein in the okara was removed with 1.5% (w/w) protease
at 50 °C for 2 h, and then it was inactivated in a boiling water bath for 10 min.

Hydrochloric acid treatment

The aqueous sample suspension was centrifuged and filtrated with deionized water.
The sample was hydrolyzed using 6 wt% hydrochloric acid at a 20 mL/g acid-to-cellulose
ratio at 88 °C for 60 min. To stop acid hydrolysis, five volumes of cold water were added.
The suspension was washed with distilled water until the filtrate reached neutral pH and
then was freeze-dried for 12 h to remove water. The extracted material was the treated
okara (TSR).

Homogenization treatment

Cellulose isolated from okara was homogenized using a HP-4 L high-pressure
homogenizer (Xigao, China) operated at 60 MPa. The suspension consistency during
homogenization was 1%. MFC-5 and MFC-25 samples were collected after 5 passes and
25 passes, respectively, and then were freeze-dried for 12 h to remove water.

Characterization of Microfibrillated Cellulose
Chemical analysis

The holocellulose in fibers was determined using a NaClOz and NaOH mixture, as
previously described (Zobel and McElwee 1958). The a-cellulose content of the fibers was
then calculated by further NaOH treatment to remove the hemicelluloses. The difference
between the values of holocellulose and a-cellulose can be used to estimate the content of
the hemicellulose (Alemdar and Sain 2008). The chemical components in SR and TSR
were determined according to the following standards: ash (TAPPI T211 om-02 2011),
lignin (TAPPI T222 om-11 2011), fat (GB/T 5009.6 2016), and protein (GB/T 5009.5
2016).

Yield in microfibrillated cellulose

A dilute suspension with 0.1% to 0.2% of solid content (S¢) was centrifuged at 4000
rpm for 20 min to separate the microfibrillated material (in supernatant fraction) from the
non-fibrillated or partially fibrillated ones, which precipitate. The sediment fraction was
dried to a constant weight at 90 °C in a halogen desiccator. The yield was calculated from
Eqg. 1, and the results represent the average values of the three replications.

Yield%= (1-(weight of dried sediment)/(weight of diluted samplex%S.))x100 1)

Fourier transform infrared (FTIR) spectroscopy

The chemical changes of SR, TSR, MFC-5, and MFC-25 were analyzed by FTIR
spectroscopy. The samples were ground and mixed with KBr and then pressed into
transparent thin pellets. The FTIR spectra were obtained on a Vertex70 Fourier transform
infrared instrument (Bruker, Karlsruhe, Germany) in the range of 500 cm™ to 4000 cm'™.
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X-ray powder diffraction (XRD) analysis

The crystalline phases of SR, TSR, MFC-5, and MFC-25 were investigated by
using a D/max 2200PC powder diffractometer (Rigaku, Tokyo, Japan). Radial scans of
intensity were recorded at ambient condition over scattering 26 angles from 5° to 60° (step
size = 0.02, scanning rate = 2 s/step) using a Ni-filtered Cu Ko radiation, an operating
voltage of 45 kV, and a filament current of 40 mA. The crystallinity index (Crl) of each
sample was calculated by referring to diffraction intensity of crystalline and amorphous
regions using the following empirical equation (Segal et al. 1959),

Crl (%) = (1200 - lam)/l200 x100 (2)

where 200 is the peak intensity at plane (200) (26 = 22.6°), and lam is the minimum intensity
at the valley between plane (200) and (110) (20 = 18.7°).

SEM analysis

A scanning electron microscope (SEM) was used to characterize the morphology
of SR, TSR, MFC-5, and MFC-25. After freeze-drying, the fibers were affixed to metal
stubs using double-faced tape, and the surface was coated with gold using an ion sputter
instrument. Images were recorded using a scanning electron microscope (S-4800, Hitachi,
Tokyo, Japan), and analyzed by Nano Measurer software (Department of Chemistry, Fudan
University, Shanghai, China).

Thermal characterization

The thermal stabilities of SR, TSR, MFC-5, and MFC-25 were evaluated using
STA449F3-1053-M equipment (NETZSCH, Selb, Germany). The analysis conditions
were a nitrogen atmosphere with flow 40 mL/min, heating rate of 10 °C/min, temperature
range 25 °C to 600 °C, and sample mass between 3 mg and 5 mg.

RESULTS AND DISCUSSION

Chemical Composition

The original chemical composition (dry basis) of okara contained 72.13%
holocellulose, 64.26% ao-cellulose, 16.36% protein, 6.17% fat, 3.34% ash, and 1.14%
lignin. Okara had the same holocellulose as wood fibers (70% to 80%) and other
agricultural residues, such as rice straw (68.1%), bagasse (73.7%), and cotton stalk (71%)
(Adel et al. 2016). Moreover, because okara had less lignin than wood fibers (20% to 35%),
it was not necessary to remove as much lignin through cooking or bleaching processes to
isolate MFC. However, it was vital to remove protein and fat for extraction of MFC from
okara.

Upon chemical treatment, the cellulose content continuously increased as expected.
Almost all of the fat content was removed during extraction with petroleum ether. The
protease treatment was efficient in removing protein, which significantly decreased from
16.36% to 4.31% following treatment. Ash was removed during acid treatment (Chen et
al. 2013), which decreased from 3.34% to 1.12%. After chemical treatment, lignin content
was 1.08%, which was slightly lower than raw material content. The holocellulose and a-
cellulose content were increased from 72.13% and 64.26% to 90.12% and 87.41% after
acid treatment, respectively.
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The increase in cellulose proportion was expected because the hemicelluloses were
partially solubilized by acid treatment. Acid treatment of the okara increased the surface
area of the fibers, which leads to polysaccharides that are more susceptible to degradation
(Alemdar and Sain 2008). The change in the chemical composition of okara resulted in a
better crystalline degree of cellulose and improved thermal properties of the fibers. This
was similar to a previous report (Alemdar and Sain 2008).

The yields of MFC, with respect to the initial amount of dried TSR fibers, for MFC-
5 and MFC-25 were 26.6% and 32.4 wt%, respectively; these values were smaller than
yields reported for other non-woody fibers 40% to 50% (Alila et al. 2013). This may be
because the amorphous region of okara cellulose was higher than other non-wood fibers.
In this study, a gentle homogenization process was used (60 MPa press), which was much
lower than the 300 Mpa used in prior studies (Alila et al. 2013). However, with the lower
pressure used in homogeneous, less energy was consumed (Luo et al. 2007). These
conditions were conducive to the commercialization of MFC.

Spectroscopic analysis

The chemical characteristics of all samples were analyzed by FTIR spectroscopy.
The FTIR spectra of SR, TSR, MFC-5, and MFC-25 are shown in Fig. 1. The dominant
peaks in the 3400 cm™ to 3200 cm region were observed in the spectra of all the okara
fiber samples. These peaks corresponded to the O-H stretching vibration of the hydroxyl
group in cellulose molecules and demonstrated the hydrophilic tendencies of the fibers
(Mondragon et al. 2014). The peak became more intense and widened toward the higher
wavenumber side with treatment. The absorption bands in the neighborhood of 2935 cm™?
were found in the spectra of all the C-H stretching vibration of the alkyl groups of celluloses
(Fahma et al. 2011). The peak 1740 cm™ in the spectrum of okara was attributed to the
acetyl or uronic ester groups of hemicellulose in the raw fibers. This peak decreased in the
spectrum of chemical treated okara, which could indicate the reduction of the amorphous
part where most of acetyl groups were linked, and finally almost disappeared in the spectra
of MFC-5 and MFC-25 because of chemi-mechanical treatment. Due to the hydrophilic
nature of the samples, all fibers showed signals in the range of 1603 cm™ to 1647 cm?;
these absorbance features were attributed to water absorbed by the cellulose fiber structures
(Fatah et al. 2014). The absorption maximum of the water peak was slightly shifted to a
lower wave number and was enhanced in the spectrum of MFC-5 and MFC-25 (Chandra
et al. 2016).
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Fig. 1. FTIR spectra of SR, TSR, MFC-5 and MFC-25
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Peaks in the range of 1500 cm™ to 1660 cm™ would indicate proteins. The peak at
1541 cm™in SR was attributed to the bending vibration of N-H; its absence indicated that
the extracted MFC cellulose contained only an undetectable amount of proteins and had
high purity (Xiang et al. 2016). The peaks at approximately 1375 cm™ and 897 cm™ were
due to the O-H bending vibration and C-H deformation vibration of the cellulose.
Apparently, no difference was found between the spectra of chemical treated and chemi-
mechanical treated samples. The results suggested that mechanical treatments, such as
homogenization, did not dramatically affect the chemical composition of the cellulose
staring material (Turbak et al. 1983).

Crystalline Structures

The XRD patterns of SR, TSR, MFC-5, and MFC-25 were displayed in Fig. 2. The
original sample SR showed a broad diffraction peak. When samples were treated by acid
hydrochloric, a sharp diffraction peak was observed.

Intensity

=N

0 10 20 30 40 50 60
20 (degree)

Fig. 2. X-ray diffraction patterns of SR, TSR, MFC-5, and MFC-25

The SR presented a less pronounced peak at 20 = 22° because this sample had a
much lower crystallinity index (14.6%) due to the presence of amorphous composition
such as fat, protein, and aqueous soluble substances.

After purification and acid hydrolysis treatment, the crystallinity of TSR sample
increased by 3.71 fold (to 54.2%). The purification and acid treatment removed non-
cellulosic materials and disrupted hydrogen bonding in the cellulose structure to increase
the crystal surface area and to reduce the amount of certain protein and fat that covered the
outer surface of the fiber cell.

The higher Crl value of MFC compared with TSR was attributed to removal and
reduction of the amorphous cellulose area and the further increase in the crystal surface
area by mechanical treatment. The crystallinity index of MFC-5 and MFC-25 were 63.4%
and 57.1%, respectively. These values were smaller than those found in other non-woody
fibers (sisal 70%, abaca 67.5%, jute 72.5%, hemp 82%, and flax 79%) (Alila et al. 2013).
This result was consistent with the previous yield of the MFC and was lower than other
non-woody fibers. Thus, the crystallinity of okara was lower. However, a decrease in Crl
of MFC-25 with respect to MFC-5 was observed, and this suggested that the
homogenization of MFC-25 was severe under the mechanical conditions employed;
therefore, the increasing times of pressure homogenization removed the amorphous portion
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of cellulose, partly destroyed the crystalline region, and produced new amorphous
cellulose.

The X-ray diffractograms revealed that the major intensity peak was located at a 26
value of around 15° (plane 101), 17° (plane 101), 21° (plane 021), 23° (plane 002), and 34°
(plane 004), which were related to the crystalline structure of cellulose | for all samples
(Borysiak and Garbarczyk 2003).

Morphology Analysis

The microstructures of SR, TSR, MFC-5, and MFC-25 are shown in Fig. 3. The
SEM image of Fig. 3a showed that SR had an irregular particulate structure with different
shape and size (about 10 pm to 40 pm in length and 5 pm to 20 um in width). The SEM
image of TSR taken to investigate its structure is shown in Fig. 3b. Visually, it was clear
that TSR changed the structure completely. The modified morphology evidenced that acid
treatment partially removed the amorphous compounds hemicellulose and protein, as well
as other compounds present in the okara, such as lignin and fat. As a result of the flow
during the pressurized homogeneous process, TSR was separated into much smaller
cellulose products. The most common forms were the fibrillar and network nanostructure.
These two different forms of MFC could not be separated by the general methods of
centrifugation and filtration.

c) X100000 d) X100000

Fig. 3. SEM of the SR (a), TSR (b), MFC-5 (c) and MFC-25 (d)
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When nanofibers were isolated, the main aim was to obtain nanoparticles
measuring less than 100 nm, because larger length, smaller diameter, and more uniform
particles are better for many applications of MFC, especially in composites (Tibolla et al.
2017). The diameter of the fibers after mechanical treatment were calculated from SEM
images by an image processing analysis program. Figure 4 shows the statistics of the
diameter of MFC-5and MFC-25. The diameter of the MFC-25 changed slightly compared
with MFC-5. The diameter of 80% of the MFC-25 was smaller than 36 nm. The average
diameter was between 13 nm and 18 nm, with 28% of the amounts occurring in this range.
The diameter of MFC-5 ranged from 13 nm to 93 nm. Almost 30% of MFC-5 had a
diameter with a range of 29 nm to 37 nm. The range of MFC from okara was similar to the
size of the CNF obtained from sisal and abaca fibers (20 nm) (Abraham et al. 2011), hemp,
jute, and flax fibers (30 nm to 50 nm) (Alila et al. 2013), bagasse pulp (9 nm to 25 nm)
(Hassan et al. 2011), and rice straw (10 nm to 65 nm) (Hassan et al. 2012). The increase
on homogenization time resulted in a slightly shorter diameter for MFC-25 when compared
with MFC-5. This was expected, since the greater homogenization time partially destroyed
areas of the crystalline domains, as can be seen from the XRD analysis.
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Fig. 4. Width distribution of the MFC-5 a and MFC-25 b
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Thermogravimetric Analysis

Determining the thermal properties and thermal stability of the natural fibers is
important for their potential use in the processing of biocomposities (Johar et al. 2012).
For example, the main application of MFC is as a reinforcing agent in the nanocomposite
field, for which it is processed at temperatures sufficient to melt thermoplastics, which can
be above 200 °C.

Thermogravimetric (TG) and derivative thermogravimetry (DTG) curves of the SR,
TSR, MFC-5, and MFC-25 are shown in Figs. 5a and 5b, respectively. There were three
stages during thermal degradation, namely, low molecule weight compounds and water
escape, cellulose degradation, and residue degradation. In all cases, the first stage exhibited
a small weight loss in the range of 25 °C to 150 °C, due to the evaporation of the water and
low molecular compounds (Kumar et al. 2014). The initial degradation temperatures were
approximately 210 °C, 268 °C, 225 °C, and 248 °C, respectively. The initial degradation
temperature of TSR (268 °C) was increased compared with the original SR (210 °C). Due
to the low initial decomposition temperatures of fat, protein, and hemicellulose, the higher
initial temperatures of thermal decomposition of TSR was related to the partial removal of
non-cellulose by purification processes.
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Fig. 5. TGA a and DTG b curves of SR, TSR, MFC-5, and MFC-25

The second stage was the thermal decomposition of cellulose from 200 °C to 400
°C included depolymerization, dehydration, and decomposition of glycosyl units (Roman
and Winter 2004). Untreated okara started to decompose at around 210 °C, while acid
hydrochloric treated okara started to decompose at around 300 °C. In addition, a peak was
observed in the DTG curve of raw materials at around 268 °C, but it was no longer present
after acid hydrochloric treatment, which was attributed to the partial removal of
hemicellulose, fat, and protein by purification processes. The rate of degradation reached
its peak at 268 °C and 301 °C, 350 °C, 355 °C, and 352 °C for the SR, TSR, MFC-5, and
MFC-25, respectively.

The thermal stability of TSR, MFC-5, and MFC-25 was higher than that of the SR.
The final stage above 400 °C was attributed to the oxidation and breakdown of charred
residue to lower molecular weight gaseous products (Roman and Winter 2004). In this
stage, the charred residue of the SR, TSR, MFC-5, and MFC-25 was 25.0%, 27.1%, 18.7%,
and 18.8%, respectively. The decrease in charred residue of MFC-5 and MFC-25 was
because MFC has the nano-sizes (the dimeter is less 100 nm) and higher surface area, which
caused it to be more exposed to the effects of heating. Thus, the higher temperature of
thermal decomposition and lesser residual mass of the fibers obtained after chemi-
mechanical treatment was related to removal of fat, protein, and hemicelluloses from the
okara and higher crystallinity of the cellulose.

Acid hydrolysis led to a remarkable increase in thermal stability of okara, but the
initial degradation temperature of MFC-5 and MFC-25 were smaller than TSR. This result
may be attributed to the increase in heat transfer rate due to the larger surface area of MFC.
These results were very consistent with results obtained from the chemical composition,
FTIR, and XRD measurements.

In sum, MFC extraction from okara represented an environmentally friendly
approach with reduced use of purification, acid hydrochloric treatment, and gentle
homogenization (low pressure). The MFC obtained from this experiment has been added
to an agro-waste material as part of the generation of ecofriendly cellulosic nanofibrillated
for diversified applications.
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CONCLUSIONS

1. The amorphous region of okara cellulose was higher than other non-wood fibers. The
required conditions of homogenization were relatively gentle (only 60 MPa), which is
lower than the value 100 MPa used in other work. The diameters of MFC-5 and MFC-
25 were within the range of 13 to 93 nm and 9 nm to 55 nm, respectively.

2. MFC obtained from okara had great potential as reinforcement in ecofriendly cellulosic
nanofibrillated for diversified applications.
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