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This study used commercial enzymes to isolate cellulose nanofibrils (CN) and produce sugars from chemically pretreated soybean
straw (SS) (stem, leaves, and pods) by alkali (NaOH 5 or 17.5% v/v at 90∘C for 1 h or at 30∘C for 15 h) and bleaching (NaClO

2

3.3%
or H
2

O
2

4%) pretreatments. Depending on the pretreatment applied to the soybean straw, the yield of CN varied from 6.3 to 7.5 g
of CN/100 g of SS regardless of the concentration of the alkaline solution (5 or 17.5%). The CN had diameter of 15 nm, measured
over 300 nm in length, and had high electrical stability (zeta potentials ranged from −20.8 to −24.5). Given the XRD patterns, the
crystallinity index (CrI) of CN ranged from 45 to 68%, depending on the chemical pretreatment the startingmaterial was submitted
to. CN obtained from SS treated with NaOH 17.5% and H

2

O
2

(CrI = 45%) displayed better thermal stability probably because
a lignin-cellulose complex emerged. The soluble fraction obtained in the first step of CN production contained a large amount
of reducing sugars (11.2 to 30.4 g/100 g of SS). SS seems to be a new promising industrial source to produce CN via enzymatic-
mechanical treatment, leading to large amounts of reducing sugars for use in bioenergy production.

1. Introduction

Brazil is the second largest world producer of soybean,
accounting for 30% of the global production. It comes after
the United States, which accounts for about 35% of the world
production. According to Brazil’s Ministry of Agriculture,
Livestock, and Supply (MAPA), the country’s soybean pro-
duction reached 95 million tons (2014/2015 crop). Soybean
harvesting residues generate stems, leaves, and pods, which
are collectively designated soybean straw [1]. The straw is
usually disposed as waste through landfilling, incineration, or
dumping. The average composition of soybean straw is 35%
cellulose, 21% insoluble lignin, 17% hemicelluloses, 11% ash,
and 1% acid soluble lignin; the remaining constituents are
protein, pectin, and glucuronic acid substitutes [2, 3]. Stems
and pods have slightly different lignocellulosic composition:
the holocellulose content is 69.2% and 53.8%, respectively,

and the lignin content is 21.6% and 17.2%, respectively [4].
Soybean stem displays lower ash contents than pods: 2.28%
and 7.25%, respectively.Therefore, soybean straw constitutes a
source of lignocellulosicmaterial, mainly cellulose fibers, and
could be used to produce cellulose nanocrystal/nanofibers
or in reducing sugars by chemical, physical, or enzymatic
treatment.

As reviewed by Tang et al. [5], Abdul Khalil et al. [6],
and Rhim et al. [7], the production of cellulose fibers with
dimensions of about 10−9 nm has been widely pursued, and
the resulting material has been applied in several areas,
especially in nanocomposites. Normally, two main types
of nanocellulose can be achieved: cellulose nanocrystals
(CNC), obtained from treatment with concentrated acid, and
cellulose nanofibers (CN), arising from enzymatic and/or
mechanical disintegration. CNC and CN differ in terms of
their physical and chemical properties. Because CN form
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Table 1: Chemical pretreatments and lignocellulosic composition (g/100 g of d.b.) of the pretreated and untreated soybean straw (SS).

Sample Treatment with alkali/bleaching Cellulose Hemicelluloses Klason lignin Acid soluble lignin
SS untreated — 39.8 ± 0.6 22.6 10.5 ± 0.7 2.3 ± 0.2
SS1 NaOH 5% (1 h/90∘C - 2x)/NaClO

2

3.3% (3 h/75∘C) 62.9 ± 0.6 11.1 4.9 ± 0.2 1.42 ± 0.09
SS2 NaOH 17.5% (1 h/90∘C - 2x)/NaClO

2

3.3% (3 h/75∘C) 67.1 ± 0.2 9.8 4.1 ± 0.2 1.51 ± 0.04
SS3 NaOH 5% (15 h/30∘C)/H

2

O
2

4% (3 h/90∘C) 64.0 ± 0.7 10.7 3.6 ± 0.1 0.67 ± 0.02
SS4 NaOH 17.5% (15 h/30∘C)/H

2

O
2

4% (3 h/90∘C) 66.2 ± 0.5 9.5 3.5 ± 0.1 0.73 ± 0.09

relatively large fiber agglomerates, they have larger aspect
ratio and fiber entanglement but lower strain-at-failure [8].

CN morphology depends on the type of treatment the
nanofibers are subjected to and on the source of lignocellu-
losic material. Several studies have produced and character-
ized nanocrystals from different bleached sources: pea hull
fiber (diameter: 7–12 nm, length: 240–400 nm) [9], hemp and
flax fibers (diameter: 20–40 nm, length: 100–500 nm) [10],
cassava bagasse (diameter: 2–11 nm, length: 360–1700 nm)
[11], wheat straw and soy hulls (diameter: 30–40 nm, length:
>100 nm) [12, 13], sisal fibers (diameter: 2–11 nm, length:
360–1700 nm) [14], banana (pseudostem), jute (stem), and
pineapple leaf fiber; mildly acid treatments have been used
[15]. However, studies on CN from soybean straw have not
been reported yet.

The literature on the use of enzymatic hydrolysis for
CN production is scarce. Some authors have focused on the
preparation of microfibrillated cellulose [16, 17]. de Campos
et al. [18] obtained CN from bleached curauá (diameter: 55–
109 nm, length: 1.3–4.1 𝜇m) and sugarcane bagasse (diameter:
20–40 nm, length: 0.25–0.82𝜇m)by using enzymes (hemicel-
lulase/pectinase and endoglucanase) and sonication. Tibolla
et al. [19] produced similar CN from bleached banana peel
bran by using xylanases (diameter: 7.6–10.9 nm, length: 0.5–
2.9 𝜇m). Recently, the use of cellulase before chemical treat-
ments increased CN yield and improved CN properties [20].

The morphology of CN originating from enzymatic
hydrolysis resembles the morphology of CN obtained by
mechanical processes (high or ultrahigh-pressure homoge-
nization), such as CN obtained from bleached sugar beet
(NaOH and NaClO

2
) (diameter: 30–100 nm, length: >1 𝜇m)

[21, 22], bleached potato tuber cells (diameter: 2–4 nm,
length: >1 𝜇m) [23], and bleached softwood pulp with cellu-
lose content above 95% (diameter: 16–28 nm) [24]. Hydro-
thermal methods are alternative strategies to produce CN
from mandarin peel waste [25]. Depending on the treatment
and on the sequence of steps, microfibrillated cellulose will
coexist with CN in the obtained suspensions.

All the methodologies used to produce nanocellulose
involve treatmentwith alkali and bleaching steps that dissolve
hemicelluloses and lignin from the lignocellulosic complex,
to facilitate acid/enzymatic degradation. Pretreatments with
alkali employ alkaline compounds such as potassiumhydrox-
ide (KOH), sodium hydroxide (NaOH), calcium hydroxide
(Ca(OH)

2
, also known as lime), or aqueous ammonia as

catalyst to open up the biomass structure [26]. Treatments
with alkali effectively dissolve hemicellulose, but other pro-
cesses are necessary to hydrolyze lignin. Lignocellulose del-
ignification via sodium chlorite (NaClO

2
) bleaching has

been traditionally used, but this process has been replaced
with more environmentally friendly methods such as ther-
mochemical reactions based on oxygen [27] and hydrogen
peroxide (H

2
O
2
) [28]. Therefore, new methodologies are

welcome to obtain nanocellulose via more environmentally
friendly processes, making the product a more attractive
material for commercial applications.

This work aimed to produce and characterize CN from
soybean straw by using commercial enzymes. Previous treat-
ments with alkali (NaOH 5% or 17.5%) and bleaching agents
(NaClO

2
and H

2
O
2
) were conducted. Our goal was to com-

pare amore environmentally friendly process that usedH
2
O
2

to the traditionally NaClO
2
bleaching in order to obtain CN

with acceptable properties and potential commercial applica-
tions.

2. Materials and Methods

2.1. Materials. Embrapa Soja (Londrina, Paraná, Brazil) sup-
plied the soybean straw (SS). This raw material consists of
around 27% stem, 41% leaves, and 32% pods (dry matter
basis). SS was washed, dried at 50∘C, milled in a knife mill,
and sieved through 35-mesh sieves (Tyler series, 500𝜇m).
Chemical reagents such as NaOH, H

2
O
2
, and NaClO

2
, which

were used for the chemical pretreatment of SS, were of
analytical grade.

2.2. Chemical Pretreatments. On the basis of the results
obtained by deCampos et al. [18] andAndrade-Mahecha et al.
[28], the SS underwent four different chemical pretreatments,
with somemodifications (Table 1).The SSwas pretreatedwith
NaOH solution 5 or 17.5 wt% under two conditions: 90∘C for
1 h, which was repeated twice, or 30∘C for 15 h. After that,
the solution was brought to room temperature and rinsed to
neutralization with the aid of a 400 Tyler mesh sieve. The
fibers were then bleached by using two types of solution:
a solution containing 0.7% acetic acid and 3.3% NaClO

2
,

agitated at 75∘C for 4 h; and another solution containing
H
2
O
2
, NaOH 2%, and MgSO

4
⋅7H
2
O 0.3% (as stabilizer) at

90∘C for 3 h. The sample was cooled to room temperature.
The fibers were filtered and washed with distilled water until
neutral pH was reached, and then they were washed with
ethanol and acetone. The fibers were dried in an oven with
air circulation (Marconi, Brazil) at 50∘C.

2.3. Lignocellulosic Composition of SS. Untreated and treated
SS were analyzed for their cellulose, holocellulose, and lignin
content according to Sun et al. [29], TAPPI T19 om-54 [30],
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Figure 1: Enzymatic hydrolysis of chemically pretreated soybean straw (SS).

and TAPPI T 222 om-22 [31], respectively. Holocellulose cor-
responded to the fraction that contained cellulose and hemi-
celluloses.

2.4. Enzyme Activity Assays. DuPont (USA) supplied the
enzymatic cocktail Optimash™ VR to prepare CN from SS.
Before application of the enzymatic cocktail, enzyme activity
assays were performed at Embrapa São Carlos according to
the method described by Farinas et al. [32] and Florencio
et al. [33]. A volume of the diluted enzymatic cocktail was
incubated with the different substrates in 0.05mol/L acetate
buffer, pH 4.0, at 50∘C. The filter paper assay (FPase) and
endoglucanase activity assay were accomplished according
to Ghose methodology [34], by using 1 × 6 cm Whatman
number 1 filter paper and carboxymethylcellulose (CMC;
Sigma, USA) as substrate, respectively. One unit (U) of
enzyme activity corresponded to 1mmol of glucose released
per minute at pH 4.0 and 50∘C. The exoglucanase activity
against insoluble substrate was determined by using 1%
Avicel dissolved in 50mM citrate buffer, pH 4.0, as substrate.
The samples were incubated at 50∘C for 120min and agi-
tated every 20min. Standard xylanase activity was measured
according to Bailey et al. [35], by incubating a volume of
diluted enzyme extract at 50∘C for 30min with 1% oat spelt
xylan (Sigma, USA) solution prepared in 0.10mol/L sodium
acetate buffer, pH 4.0, as substrate. One U of xylanase activity
corresponded to 1mmol of xylose released per minute at
pH 4.0 and 50∘C. The reducing groups released from both
the assays were quantified according to the DNS method
[36].𝛽-Glucosidase activity was determined by incubating an
appropriate volume of the enzyme at 50∘C, for 30min, in 1mL
of 0.015mol/L cellobiose (Sigma, USA) solution prepared in
0.05mol/L sodium citrate buffer, pH 4.0, used as substrate.
The reaction was stopped by submersion in boiling water

for 5min. The released glucose was determined by using an
enzymatic kit to measure glucose.

2.5. Preparation of CN by Enzymatic Hydrolysis. The enzy-
matic hydrolysis experiments were carried out in 250mL
Erlenmeyer flasks containing 3 g of chemically treated SS
(SS1, SS2, SS3, or SS4) and 150mL of sodium acetate buffer
at pH 4.0. The suspension was initially acclimatized at 50∘C
for 30min, under 200 rpm agitation. Subsequently, 93𝜇L
of enzymatic cocktail Optimash VR/g of SS was added to
the suspension at 50∘C, pH 4.0, along the reaction period
(42 h). The reaction was stopped by submersion of the
Erlenmeyer flasks at 96∘C for 15min, which was followed
by centrifugation of the samples (10,000 rpm, 10∘C, 10min)
(Continent R, Hanil, Republic of Korea). This step afforded
two fractions, a soluble fraction rich in reducing sugars and
an insoluble fraction (Figure 1). The reducing groups in the
sugar solution (supernatant) were quantified according to
the DNS method [36]. The insoluble fraction was resus-
pended in 150mL of deionized water, and the suspension
was homogenized on an ultraturrax disperser (T18 IKA,
China) for 5min, which was followed by 3min of probe-
type sonication (Branson 450, Switzerland). The suspension
containing CN was separated, and CN morphology was
characterized by Transmission Electron Microscopy (TEM),
X-Ray Diffraction (XRD), surface charge as determined by
zeta potential, and thermogravimetric analysis (TGA). For
the XRD and TGA analyses, 50 g of CN suspension was dried
in a lyophilizer (Terroni, model LS3000, São Paulo, Brazil).
Sodium azide (0.1%, w/v) was added in all the experiments to
prevent fungal development during the hydrolysis step.

2.6. Yield of Nanofibers Production. The CN yield was deter-
mined by drying the CN suspension at 50∘C until reaching
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constant mass (CN) in an oven with air circulation (Mar-
coni, Brazil). The CN yield (g/100 g of soybean straw) was
calculated according to the following, where SS is the mass
of soybean straw:

Yield of CN (%) = CN
SS
× 100.

(1)

2.7. Characterization of CN

2.7.1. Zeta Potential. The zeta potential was measured on a
Zetasizer Nano ZS instrument (Malvern Instruments, Ltd.,
UK) coupled to a ZEN 1020 dip cell. The mobility of tracer
particles in the vicinity of the charged test surface fixed in
the dip cell was measured by using phase analysis light scat-
tering and a simple model that describes the electroosmotic
flow near the surface. Three samples subjected to the same
treatment and three measurements of each set of samples
were examined to determine the zeta potential of the CN
suspension.Themeasurements were repeated three times for
each sample, at 25∘C.

2.7.2. Transmission Electron Microscopy (TEM). Transmis-
sion Electron Microscopy (TEM) helped us to observe the
morphology and determine the diameter of the CN obtained
from SS by enzymatic treatment. The CN suspension was
placed in ultrasonic bath for 2min. Then, a drop of diluted
suspension was deposited on a carbon-coated grid and dried
at room temperature for 24 h. The grid was stained with
1.5% uranyl acetate aqueous solution (immersion for 2min)
and dried at room temperature. Microscopic analyses were
performed on a JOEL electron microscope (JEM 100CXII,
Tokyo, Japan) operating at 80 kV. The CN diameters and
length were determined with the aid of image processing
analysis software (Image J), by using TEM images. Around
30 measurements were performed for each sample.

2.7.3. CN Crystallinity by X-Ray Diffraction (XRD). TheXRD
patterns of CN powder were recorded on an X-ray diffrac-
tometer (Lab XXDR-6000, Shimadzu, Tokyo, Japan) operat-
ingwithCuKa radiation (wavelength= 1.5406 Å) at 30 kVand
30mA.Themeasurements were carried out from 2𝜃= 5∘ to 2𝜃
=40∘, at a scan rate of 1∘min−1.The crystallinity index (CrI) of
the material was determined by using the Segal method [37]
as follows:

CrI =
(𝐼

002
− 𝐼am)

𝐼

002

∗ 100,
(2)

where CrI expresses the relative degree of crystallinity, 𝐼
002

is
the intensity of the 002 lattice diffraction at 2𝜃= 22.8∘, and 𝐼am
is the intensity of the diffraction at 2𝜃= 18∘. 𝐼

002
represents the

crystalline contribution, while 𝐼am represents the amorphous
diffraction.

2.7.4. Thermal Characterization. The thermal stability of CN
was evaluated on aThermogravimetric Analyzer TGA-Q500
(TA Instruments, New Castle, DE, USA). Approximately
10mg of each sample was weighed and sealed in platinum

Table 2: Optimash VR enzymatic activities for endoglucanase,
xylanase, 𝛽-glucosidase, exoglycosidase, and filter paper (condi-
tions: 50∘C and pH 4.0).

Enzyme activities Optimash VR activities
(U/mL of enzymatic cocktail)

Endoglucanase 1441 ± 32
Xylanase 4796 ± 103
𝛽-Glucosidase 135 ± 7
Exoglucanase 101 ± 12
FPase 17.1 ± 0.9

pans. The analyzed temperatures ranged from 20 to 700∘C;
the heating rate was 10∘C per minute. The analyses were con-
ducted in nitrogen atmosphere.

2.8. Statistical Analyses. Analysis of variance (ANOVA) and
Tukey’s test (𝑝 < 0.05) were applied at a 5% significance level
to compare means for yield, zeta potential, and dimensions
of CN as well as for concentration of reducing sugars
obtained by enzymatic hydrolysis from chemically pretreated
soybean straw (SS1, SS2, SS3, and SS4). Statistical analysis was
performed using Statistica 12 software (StatSoft®).

3. Results and Discussion

3.1. Lignocellulosic Composition. Table 1 shows the lignocel-
lulosic composition of untreated and chemically treated SS.
After the chemical treatments (treatment with alkali and
bleaching), the cellulose content increased from 39.8 to
67.1% of soybean, whereas the hemicellulose and lignin
contents decreased from 22.6 to 9.5% and from 12.8 to 4.2%,
respectively, as compared to the untreated fiber. As expected,
treatment of lignocellulosic fibers with alkali solubilized
lignin and the remaining pectins and hemicelluloses and
increased the surface area of the fibers, affording polysac-
charides that were more susceptible to hydrolysis [12, 23].
Increased cellulose content was more pronounced when
chemical treatment with NaOH 17.5% (SS2) was applied.

3.2. Activities of Enzymatic Cocktail. Table 2 lists the Opti-
mash VR enzymatic cocktail activities. Xylanases (4796U/
mL) and endoglucanases (1441 CMC U/mL) accounted for
the enzymatic activity, followed by exoglucanases (101U/mL)
and 𝛽-glucosidases (135U/mL). When filter paper was used
as substrate, the enzymatic activity was only 17.1 U/mL,
mainly due to the complex structure of the substrate. Based
on preliminary studies, we used 93 𝜇L of enzymatic cocktail
for each g of SS, which corresponded to 134 CMC U and
446 xylanase U for each g of SS. Xylanase efficiently removed
hemicellulose and lignin fractions from the treated fibers
(SS1, SS2, SS3, and SS4). In addition, xylanase attacked the
amorphous regions and helped to cleave the 𝛽-1.4 glycosidic
bonds, isolating the CN [19].

3.3. Enzymatic Hydrolysis: CN Yield and Zeta Potential. In
preliminary study on kinetics of sugar production (results not
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Table 3: CN production yield (%) (g of nanofiber/100 g of SS) and
zeta potential (mV) of the CN suspension obtained by enzymatic
hydrolysis of chemically pretreated soybean straw (SS1, SS2, SS3, and
SS4).

CN
suspension

CN yield
(g of nanofibers/100 g of SS)

Zeta potential
(mV)

SS1 7.4 ± 1.3a −21.7 ± 4.3a

SS2 6.6 ± 2.2a −20.8 ± 3.9a

SS3 7.5 ± 1.1a −22.5 ± 4.2a

SS4 6.3 ± 0.6a −24.5 ± 4.4a

Values are expressed as mean ± standard deviation. Letters “a” in the same
column indicate no significant differences among the samples.

shown) by enzymatic hydrolysis of SS, we found that 42 h was
the time that provided the best CN yield. Table 3 presents
the CN production yield and the zeta potential of the CN
suspension. Enzymatic treatment yielded between 6.3 and
7.5 g of CN/100 g of SS. Preliminary tests showed that high
enzyme concentration did not improve the CN yield (results
not shown). Treatment of SS with alkali increased the CN
yield slightly. Interestingly, the starting SS treated with NaOH
5% (SS1 and SS3) presented higher CN yield (7.4 and 7.5 g
of CN/100 g of SS, resp., corresponding to 0.11 and 0.18 g of
CN/g of CN suspension, resp.) as compared to the starting SS
treated with NaOH 17.5% (6.6 and 6.3 g of CN/100 g of SS for
SS3 and SS4, resp.).The CN concentration in the suspensions
was much higher than the CN concentration obtained by
acid treatment (H

2
SO
4
1%, 80∘C, 1 h) or enzymatic hydrolysis

of bleached peel of unripe plantain banana: 0.0054 and
0.0057 g/g of suspension, respectively [19].

Mechanical processes normally give CN yields lower than
5%, as described by Filson and Dawson-Andoh [38], who
isolated nanofiber from recycled pulp and Avicel. On the
other hand, acid hydrolysis of isora fibers can increase the
production of nanocrystals, yielding up to 48% [39] or 71.3%
[20]. Depending on the lignocellulosic source, even severe
acid treatments (H

2
SO
4
64%) cannot generate high amounts

of CN; for example, bleached soybean hulls treated with acid
afforded only 8–20% of CN yield [40].

The performance of nanofibers as reinforcing agent is
also associated with the surface charge or zeta potential.
The zeta potential indicates how stable colloidal dispersions
are. Nanofibers should have high zeta potential to prevent
aggregation and increase their degree of dispersion in the
biocomposite. In the present study, CN suspensions exhibited
negative zeta potential ranging from −20.8 to −24.5mV. No
significant differences (𝑝 > 0.05) were observed between the
zeta potential values of the different starting materials (SS1,
SS2, SS3, or SS4). The magnitude of the zeta potential
indicates the degree of electrostatic repulsion between adja-
cent, similarly charged particles in a dispersion. Colloidal
suspensions with zeta potential values between ±10 and ±30
and between ±30 and ±40 display incipient instability and
moderate stability, respectively. In fact, the stability behavior
(electrokinetic potentials) of colloidal suspensions is closely
related to the driving force (pressure drop that makes the

Table 4: Dimensions of CN obtained by enzymatic hydrolysis of
chemically pretreated soybean straw (SS1, SS2, SS3, and SS4).

CN
suspension Diameter (nm) Length (nm) Aspect ratio

(𝐿/𝐷)
SS1 7.6 ± 3.4b 216 ± 122a,c 33 ± 26a

SS2 11.5 ± 4.2a 131 ± 89b 13 ± 10b

SS3 9.2 ± 2.6b 237 ± 101a 26 ± 11ab

SS4 9.3 ± 2.9b 159 ± 86b,c 19 ± 12b

Values are expressed asmean± standard deviation. Different letters, a, b, and
c, in the same column indicate significant differences (𝑝 < 0.05) among the
samples.

solution flow), the surface property of the material, and the
solution properties (ionic strength, pH) [41].

The zeta potential values ofCNobtained in thisworkwere
higher than the zeta potential values obtained by Satyamurthy
et al. [17] for CN prepared from cotton by microbial hydrol-
ysis (−14.6mV). Nanocrystals prepared by acid hydrolysis
normally bear higher negative charge on the surface of
the nanoparticles, for example, −69.5mV [42] and −124mV
[20]. Smaller length and attachment of sulfate groups to the
nanoparticle surface account for this difference. Although
severe acid treatments generate more stable nanofibers, this
treatment lacks ecofriendliness.

The use of cellulases before acid treatments reveals the
buffer exerts a negative effect on the nanocrystal stability
(the zeta potential decreases from −124 to −53mV) [20]. This
could be due to either modification of the ionic distribution
around cellulose fibers prompted by ions provided by the
buffer [20] or influence of the pH.

3.4. Transmission Electron Microscopy (TEM). Figure 2 illus-
trates the TEM micrographs of the CN obtained after enzy-
matic treatment of the pretreated soybean straw (SS1, SS2,
SS3, and SS4). The micrographs clearly supported isolation
of CN from chemically pretreated SS. CN produced from
SS1, SS3, and SS4 had similar morphology. In general, CN
comprised a network of long entangled cellulosic filaments
with diameter of 9.4 nm on average and lengths above 100 nm
(see Table 4). The more severe chemical pretreatment (SS2)
significantly affected CNmorphology.TheCNobtained from
SS2 had a more gelatinous aspect, contained some spherical
structures, and displayed larger particle diameters (11.5 nm
as compared to 7.5 to 9.3 nm measured for the CN obtained
from SS1, SS3, and SS4). The CN obtained from SS2 were
probably more swollen, so the CN became thicker during
the drying process conducted previously to TEM analysis. In
contrast, the average lengths of SS2-CN (131 nm) and SS4-
CN (159 nm) were smaller as compared to SS1-CN (216 nm)
and SS3-CN (237 nm).The more severe treatment with alkali
(NaOH 17.5%) applied to SS2 and SS4 probably facilitated
enzymatic action on the amorphous region, so that lignin and
hemicelluloses were more easily removed from the internal
structure of the cellulose in this region. As a result, the
SS2-CN and SS4-CN samples contained smaller CN, and
their aspect ratios (length/diameter) were twice as lower
as the aspect ratio of SS1-CN and SS3-CN. The length of
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Figure 2: TEMmicrographs of cellulose nanofibers (CN) obtained by enzymatic hydrolysis of chemically pretreated soybean straw: SS1, SS2,
SS3, and SS4. 1, 2, 3, and 4 stand for the different SS submitted to the chemical treatments described in Table 1.

the nanocrystals obtained from soybean hulls was slightly
smaller (103–123 nm), and the aspect ratio was around 26
[40] or about 15–40 [12]. The lower values obtained by acid
hydrolysis were mainly due to the smaller length, given that
the nanofiber diameter fell in the same range as the nanofiber
diameter obtained by enzymatic/mechanical treatments.

The aspect ratio plays a major role in determining the
reinforcing capacity of nanofibers because it affects the ability
of the fiber to maintain the film network. Most of the nano-
fibers obtained from enzymatic and/or mechanical treat-
ments display different aspect ratio depending on the start-
ing material and treatment, namely, aspect ratio in the
range of 120–150 for nanofibers obtained from areca nut
(alkali: NaOH5%, acid:HCl, bleaching:NaClO

2
, and homog-

enization: Ultraturrax 12000) [43] and aspect ratio in the
range of 23–38 for nanofibers obtained from curauá [20].
Thus, mechanical treatment underlies CN formation.

3.5. Nanofiber Crystallinity. Figure 3 represents the XRD pat-
terns of the CN obtained from chemically pretreated SS by

enzymatic hydrolysis. The patterns were typical of semicrys-
talline cellulosic materials with an amorphous broad band
and defined crystalline peaks. The main differences in the
crystallinity peaks of SS1-CN, SS2-CN, SS3-CN, and SS4-CN
were due to chemical pretreatment type used (NaOH 5 or
17.5%, NaClO

2
, and H

2
O
2
) and not to enzymatic activity.

During the enzymatic hydrolysis, the enzymes cleaved the
glycosidic chains in cellulose, diminishing fiber size without
modifying the crystalline structure of the polysaccharide.
The amorphous bands were more evident in the XRD of the
samples SS3-CN and SS4-CN. H

2
O
2
was the bleaching agent

in these cases. Bearing in mind that sugars are amorphous,
the fact that some sugar released by the enzymes remained in
the CN suspension could influence the crystalline signals of
nanocellulose.

Type I cellulose predominated in all the diffractogram
profiles, as verified by the presence of identifiable peaks at
2𝜃 = 17∘ (plane 101), 23∘ (plane 002), and 34∘ (plane 004). A
mixture of polymorphs of cellulose I and cellulose II emerged
for the CN prepared from SS treated with higher contents of
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Figure 3: XRD pattern and crystalline index (CrI) of cellulose nanofibers (CN) obtained by enzymatic hydrolysis of chemically pretreated
soybean straw: SS1, SS2, SS3, and SS4. 1, 2, 3, and 4 stand for the different SS submitted to the chemical treatments described in Table 1.

alkali (NaOH 17.5%, SS2 and SS4).The peaks at 2𝜃= 12∘ (plane
101), 20∘ (plane 101), and 22∘ (plane 002) [44, 45] characterized
the presence of cellulose type II.Themain difference between
cellulose allomorphs lies in the structure of the unit cell
(dimensions, parallel/antiparallel glucan chains). Cellulose II
normally results from severe treatments with alkali [40, 44,
45] or is also associated with cellulose reprecipitation after
hydrolysis in the presence of strong sulfuric acid solution
[40, 46].

The resulting crystallinity indexes (CrI) of CN are pre-
sented in Figure 3. CN crystallinity varied depending on
the pretreated SS. SS1-CN and SS2-CN presented CrI of
around 67%, whereas SS3-CN and SS4-CN afforded lower
indexes (54% and 45%, resp.). The main difference between
SS1/SS2 and SS3/SS4 was the bleaching step. In the first
case, NaClO

2
was the main delignifying agent, whereas in

the second case H
2
O
2
was used instead of NaClO

2
. Both

treatments effectively dissolved lignin, as can be observed in
Table 1.The results suggested thatH

2
O
2
-based treatments not

only removed the amorphous portion of cellulose but also
degraded the crystalline ones, resulting in lower CrI. SS2-CN
also had smaller length than the other CN, so in this case
enzymatic hydrolysis disrupted the amorphous region more
effectively, to produce some nanocrystals.

3.6. Cellulose Nanofiber Thermal Stability. Thermal decom-
position parameters were determined from the TG and DTG
curves presented in Figures 4(a) and 4(b), respectively. The
chemical pretreatment of soybean straw influenced the ther-
mal degradation of the CN obtained by enzymatic hydrolysis,
mainly after 350∘C. In TG curve, it can be observed that the
first decomposition stage occurred between 50 and 100∘C and
corresponded to loss of 5–9% of mass due to desorption of
physically and chemically bound water. In the second event,
between 150 and 250∘C, 6.0 to 9.0% of matter was degraded,
which could be due to degradation of low-molecular-weight
compounds remaining from the isolation procedures. At this

point, SS2-CN and SS4-CN presented larger weight losses
probably because the sugar released by the enzymes remained
in the CN suspension. Once again, the enzymes removed
sugars from samples chemically treated with NaOH 17.5%
(SS2 and SS4) more effectively. The third stage referred to
degradation of lignocellulosic compounds, and the samples
presented different thermal degradability during this step.
According to Yang et al. [47], hemicellulose starts to decom-
pose at 220∘C, which continues up to 300∘C, with maximum
decomposition at 268∘C. Cellulose decomposition begins at
310∘C and persists until 400∘C, whereas lignin decomposition
extends to the whole temperature range, starting well below
200∘C and persisting above 700∘C. Solid residues correspond
to 20wt.% at 700∘C. In the present study, the samples differed
with respect to the decomposition peak and mass loss at
this stage. SS4-CN decomposition peaked at the highest
temperature, 343∘C, which corresponded to 56.3% mass
loss. The decomposition peak of the other samples emerged
between 318 and 327∘C (SS1-CN and SS3-CN, resp.), and
mass loss was 60.1, 57.3, and 61.4% for SS1-CN, SS2-CN, and
SS3-CN, respectively. Therefore, CN extracted from SS4 had
the highest thermal stability among the prepared samples.
Its stability resembled the thermal stability of nanocellulose
obtained from banana fiber, which decomposed at 346∘C
[15], and was higher than the thermal stability of most nano-
celluloses studied to date, which normally ranges from 310 to
326∘C [24].

Finally, the last event took place between 380 and 500∘C
and corresponded mainly to lignin degradation (the most
stable of the three compounds). In this stage, SS1-CN, SS2-
CN, and SS3-CN lost about 20% of their mass, and their
residual mass was close to 4%. However, SS4-CN lost only
7.1% of its mass, and its residual mass was 10%. As men-
tioned by Abraham et al. [15], the thermal stability of lignin
changes depending on the chemical bonds present in its
structure. Lignin-cellulose complex may be formed during
the production of nanocellulose by the interaction of the
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Figure 4: TG (a) and DTG (b) curves for cellulose nanofibers (CN) obtained by enzymatic hydrolysis of the chemically pretreated soybean
straw: SS1, SS2, SS3, and SS4. 1, 2, 3, and 4 stand for the different SS submitted to the chemical treatments described in Table 1.

Table 5: Concentration of reducing sugars (g/100 g of SS) in the
solution obtained after enzymatic hydrolysis of soybean residue
using the commercial enzymatic cocktail Optimash VR (DuPont,
USA) for 42 h (pH = 4.0 and T = 50∘C).

Sugar solution from CN
production

Reducing sugars (%)
(g of glucose/100 g of SS)

SS1 13.3 ± 1.0b

SS2 29.0 ± 0.9a

SS3 11.2 ± 0.6b

SS4 30.4 ± 1.1a

Values are expressed as mean ± standard deviation. Different letters, a and
b, in the same column indicate significant differences (𝑝 < 0.05) among the
samples.

remaining lignin and cellulose. Therefore, lignin may protect
the cellulose during the thermal degradation increasing the
cellulose degradation temperature and the residual mass.

3.7. Production of Reducing Sugars during Enzymatic Hydroly-
sis. The methodology proposed herein to produce CN from
SS (Figure 1) afforded a soluble fraction that was separated
by centrifugation after enzymatic hydrolysis (supernatant).
This fraction was rich in reducing sugars (Table 5). SS2 and
SS4 enzymatic hydrolysis provided higher concentration of
sugars (29.0–30.4%) as compared to SS1 (13.3%) and SS3
(11.2%). This result was a consequence of the effect of the
concentration of alkali and not of the type of bleaching
agent on the activities of the enzymes. Considering that the
starting material had similar composition (Table 1), NaOH
at higher concentration (17.5%) gave a different cellulose
structure, as evidenced by the XRD patterns (Figure 3). The
presence of cellulose type II in SS2 and SS4 made cellulose
easily accessible to the enzymes of the cocktail. In brief,
xylanases act on the glycoside linkages of xylan, hydrolyzing
part of hemicelluloses [48]. On the other hand, cellulases

can access the amorphous region of cellulose by action of
endoglucanases or the extremity of the chain by action of
exoglucanases [49].These enzymes fragment the 𝛽-1,4 bonds
into smaller chains. Cellobiohydrolases rapidly hydrolyze the
oligomers to the elementary unit of cellulose. Cellobiose (glu-
cose dimer) and glucosidases can produce glucose units [50].

4. Conclusions

Production of cellulose nanofibrils from soybean straw by
enzymatic-mechanical treatments also affords a coproduct (a
solution) with up to 30.4% of reducing sugars, which can
have further biotechnological applications such as generation
of bioethanol or biogas. Effective extraction of cellulose
nanofibrils requires previous mercerization of the fiber to
dissolve the noncrystalline particles of the lignocellulosic
fibers. Chemical pretreatment with alkali and bleaching
agents (NaClO

2
and H

2
O
2
) effectively removes 51–59% of

hemicellulose and up to 68% of lignin contents, providing
a material rich in cellulose (63–67%). Alkali at higher con-
centration (17.5%) leads to more effective hydrolysis of the
lignocellulosic complex by the enzymes. Indeed, cellulose
nanofibers obtained from the starting materials SS2 (NaOH
17.5%, NaClO

2
) and SS4 (NaOH 17.5%, H

2
O
2
) present smaller

length and high contents of sugars in the supernatant than
those obtained from SS pretreated with NaOH 5% (SS1 and
SS3). In the particular case of the sample treated with NaOH
17.5% and H

2
O
2
, the nanofibers present higher thermal

stability, suggesting that a lignin-cellulose complex may
have emerged. The enzymatic-mechanical treatment yields
cellulose nanofibers with diameters of 5–15 nm, constituting a
potentialmethodology to isolate these nanofibers fromdiffer-
ent bleached soybean straw. Therefore, H

2
O
2
can be success-

fully used as bleaching agent in treatments conducted prior
to cellulose nanofibrils production via enzymatic hydrol-
ysis, being more ecological than pretreatments that employ
NaClO

2
.
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Pasquini, “Extraction and characterization of cellulose nano-
crystals from agro-industrial residue—Soy hulls,” Industrial
Crops and Products, vol. 42, no. 1, pp. 480–488, 2013.

[41] D. Cho, S. Lee, and M. W. Frey, “Characterizing zeta potential
of functional nanofibers in a microfluidic device,” Journal of
Colloid and Interface Science, vol. 372, no. 1, pp. 252–260, 2012.

[42] G. Buschle-Diller, M. K. Inglesby, and Y. Wu, “Physicochemical
properties of chemically and enzymatically modified cellulosic
surfaces,” Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects, vol. 260, no. 1–3, pp. 63–70, 2005.

[43] C. S. Julie Chandra, N. George, and S. K. Narayanankutty, “Iso-
lation and characterization of cellulose nanofibrils from are-
canut husk fibre,” Carbohydrate Polymers, vol. 142, pp. 158–166,
2016.

[44] K. Kafle, K. Greeson, C. Lee, and S. H. Kim, “Cellulose poly-
morphs and physical properties of cotton fabrics processedwith
commercial textile mills for mercerization and liquid ammonia
treatments,” Textile Research Journal, vol. 84, no. 16, pp. 1692–
1699, 2014.

[45] Y. Yue, J. Han, G. Han, Q. Zhang, A. D. French, and Q. Wu,
“Characterization of cellulose I/II hybrid fibers isolated from
energycane bagasse during the delignification process: mor-
phology, crystallinity and percentage estimation,”Carbohydrate
Polymers, vol. 133, pp. 438–447, 2015.

[46] D. J. Silva and M. L. O. D’Almeida, “Nanocristais de celulose-
cellulose whiskers,” Revista O Papel, vol. 70, no. 7, pp. 34–52,
2009.

[47] H. Yang, R. Yan, H. Chen, D. H. Lee, and C. Zheng, “Character-
istics of hemicellulose, cellulose and lignin pyrolysis,” Fuel, vol.
86, no. 12-13, pp. 1781–1788, 2007.

[48] B. C. Saha, “Hemicellulose bioconversion,” Journal of Industrial
Microbiology and Biotechnology, vol. 30, no. 5, pp. 279–291,
2003.

[49] M. P. Coughlan, “The properties of fungal and bacterial cel-
lulases with comment on their production and application,”
Biotechnology and Genetic Engineering Reviews, vol. 3, no. 1, pp.
39–110, 1985.

[50] V. Arantes and J. Saddler, “Access to cellulose limits the effi-
ciency of enzymatic hydrolysis: the role of amorphogenesis,”
Biotechnology for Biofuels, vol. 3, article 4, 2010.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


