
Page 1/18

Cellulose Nano�bers and Reducing Sugars from Soybean Straw:
An Investigation of the Enzymatic Activity and the Biomass
Concentration Effect by Response Surface Methodology
Natalia Cristina da Silva 

Universidade de Sao Paulo Faculdade de Zootecnia e Engenharia de Alimentos
Bruno Stefani Esposto 

Universidade de São Paulo Faculdade de Filoso�a Ciências e Letras de Ribeirão Preto: Universidade de Sao Paulo Faculdade de
Filoso�a Ciencias e Letras de Ribeirao Preto
Bianca Chieregato Maniglia 

Universidade de São Paulo Faculdade de Filoso�a Ciências e Letras de Ribeirão Preto: Universidade de Sao Paulo Faculdade de
Filoso�a Ciencias e Letras de Ribeirao Preto
Delia Rita Tapia-Blácido 

Universidade de São Paulo Faculdade de Filoso�a Ciências e Letras de Ribeirão Preto: Universidade de Sao Paulo Faculdade de
Filoso�a Ciencias e Letras de Ribeirao Preto
Milena Martelli Tosi  (  mmartelli@usp.br )

Universidade de Sao Paulo Faculdade de Zootecnia e Engenharia de Alimentos https://orcid.org/0000-0001-6060-9713

Research Article

Keywords: soybean straw, lignocellulosic material, nano�brils, reducing sugars, enzymatic hydrolysis.

Posted Date: September 20th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-836093/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full License

Loading [MathJax]/jax/output/CommonHTML/jax.js

https://doi.org/10.21203/rs.3.rs-836093/v1
mailto:mmartelli@usp.br
https://orcid.org/0000-0001-6060-9713
https://doi.org/10.21203/rs.3.rs-836093/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/18

Abstract
This study investigated the effect of different conditions of enzymatic hydrolysis on the production of nano�bers and reducing sugars
from soybean straw. The milled and sieved lignocellulosic biomass underwent two an alkaline pretreatment using NaOH 5% (PT1) or
17.5% (PT2), bleaching (H2O2 4%) and enzymatic (Optimash VR™; Dupont, USA) treatments. The effects of the enzymatic activity and

the pretreated soybean straw concentration were evaluated using a Rotational Compound Central Design (DCCR) 22. An increase in
the enzymatic activity and a decrease in the concentration of soybean in the suspension enhanced the production of sugars. This
effect was due to the higher ratio of enzymatic activity/soybean straw pretreated concentration. Enzymatic activity disfavoured the
nano�ber production for PT1, but favoured for PT2, probably due to the higher de�brillation when higher alkaline concentration is
used. For both materials (PT1 and PT2), the lower soybean straw concentration furnished more stable suspensions. The optimal
condition for the simultaneous production of reducing sugars and nano�bers was 4.0 g of biomass and enzymatic activity of 600
CMCU. This study shows that soybean straw has great potential for the industrial production of cellulose nano�bers and reducing
sugars due to processing e�ciency and low raw material cost.

1. Introduction
Million tons of agricultural products are available globally, being the most underutilized abundant bio-source in the world. The
valorization of its polysaccharide-rich by-products is the pivotal opportunity for moving towards sustainable processes in numerous
bio-economical areas (Heise et al. 2017).

Soybean is an important source of food in many countries and its production is estimated at 364.8 million tons between the 2020 and
2021 crops (FAOSTAT 2020). The oil and protein constituents of soybeans are valuable products, but the by-products generated after
harvesting the grains, such as hulls and straws, receive little attention. The inappropriate disposal of large volumes of this material is
one of the causes of environmental pollution (Cabrera et al. 2015).

One way to minimize waste from disposing of soybean by-products is through the reuse of straw. Soy straw is a renewable, low-cost
and easy-to-handle material, as it contains high levels of polysaccharides and does not require an extensive grinding process before
pretreatment. Thus, this material is an important source for the production of chemical products with economic and social interest
(Cabrera et al. 2015; Martelli-Tosi et al. 2018).

Studies have shown that lignocellulosic biomasses such as soybean straw are important sources to produce cellulose nano�bers
(Martelli-Tosi et al. 2018; González et al. 2019, Souza et al. 2020) and fermentable sugars (Liu et al. 2017; Qing et al. 2017, Vedovatto
et al. 2021). The cellulose nano�bers can be added, even in low concentration (< 10%), to polymeric matrices to form a biodegradable
�lm, improving the mechanical, barrier and heat resistance properties (Han et al. 2017; Martelli-Tosi et al. 2018). In addition, in the
hydrolysis processes for the production of nano�bers, the remaining portion generated comprises reducing sugars, which is used as
feedstock for biochemical industries and clean energy generation (Wan et al. 2011; Chandel et al. 2015).

Lignocellulosic biomasses are formed by a complex structure of interactions between cellulose and hemicellulose, surrounded by
lignin. In order to separate this vegetal structure, pretreatment is used to separate the hemicelluloses and lignin (amorphous portion)
from the cellulose (crystalline portion) (Cai et al. 2017). Thus, after obtaining cellulose nano�bers, the crystalline portion is subjected
to a hydrolysis process, which reduces the structure and removes possible remaining portions of hemicelluloses. Reducing sugars are
generated in this part of the process. (Andrade-Mahecha et al. 2015).

The pretreatment step includes chemical, physical and/or microbiological methods capable of breaking the structure of the
lignocellulosic material (Pelissari et al. 2017). Several pretreatments are used for this purpose, such as high pressure, high
temperature, addition of corrosive chemicals (acids or alkalis) or use of molecular rupture techniques (ultrasound, plasma, microwave,
ionizing radiation and vapor explosion) (Campos et al. 2013; Meng and Ragauskas 2014; Andrade-Mahecha et al. 2015).

The hydrolysis step can be done using acid or enzymes. It involves an acid catalyst, and its conversion is swift, requiring a control of
the reaction to avoid the formation of undesirable process inhibitors. The enzymatic hydrolysis is more environmentally friendly and
involves the catalyst of origin which has highly speci�c actions to the reaction medium (Guragain et al. 2016). Usually, the
commercial enzymatic cocktails use xylanases and cellulases to hydrolyze hemicelluloses and celluloses structures, respectively
(Gassara et al. 2011; Martelli-Tosi et al. 2017).
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Enzymatic hydrolysis is in�uenced by several factors, but mainly by enzyme and substrate concentration. As the enzymatic action is
directly in�uenced by the amount of substrate, it is necessary to analyze simultaneously the effect of these two factors on the
production of nano�bers and, consequently, reducing sugars (Campos et al. 2013; Martelli-Tosi et al. 2018). One way to study the
combination of these factors is through statistical methodologies that assess interactions and consequent effects. The experimental
factorial design and analysis by response surface method (RSM) allow to predict the best condition for a given system. RSM consists
of statistical and mathematical techniques useful for the development of this process and aims to provide an optimal response for it.
Thus, a model is generated and its validity is proven by adjusting different values of variables in the speci�c equation generated for
this model. After optimizing this model, it is possible to compare the expected theoretical values with the experimental values
(Gassara et al. 2011; Rodrigues and Iemma 2014).

Therefore, the main objective of this study is to investigate the production of nano�bers and reducing sugars by different enzymatic
hydrolyses conditions (variation of the enzymatic activity and biomass concentration) in soybean straws that suffer different
chemical pretreatments using RSM.

2. Materials And Methods

2.1 Materials
Embrapa Soja (Londrina, Brazil) provided the soybean straw. This material was washed with distilled water and dried at 50°C for 72 h
in an oven with forced circulation (Q314M, Quimis, Brazil). The dried samples were then ground in a knife mill SL31 (Solab, Brazil) and
sieved through 100-mesh sieves (Tyler series, 150 µm). Chemical reagents such as sodium hydroxide (NaOH), hydrogen peroxide
(H2O2) and sodium chlorite (NaClO2), which were used for chemical pretreatment of soybean straw, were analytical grade. Chemicals
were obtained from LabSynth (Diadema, Brazil) (NaOH, NaClO2 and H2O2) and Dinâmica (Diadema, Brazil) (ethanol (PA), acetone,
acetic acid – CH3COOH and magnesium sulphate pentahydrate – MgSO4•7H2O)). The enzymatic cocktail Optimash™VR was gently
supplied by DuPont Inc (Newark, USA).

2.2 Chemical pretreatments
The soybean straw underwent two chemical pretreatments, as presented by Martelli et al. (2017) and summarized below.

Pretreatment 1 (PT1)

the soybean straw was suspended in 5% NaOH solution (w/v) at 30°C for 15 h. Then, the solution was cooled (at approximately 25°C)
and washed with water until pH 7. For bleaching, the �bers were left under stirring at 90°C for 3 h in a 4% mixture of H2O2 solution
(w/v), 2% NaOH solution (w/v) and 0.3% MgSO4.7H2O solution (w/v) as stabilizer. The solution was cooled and neutralized again.
Finally, the �bers were washed with pure acetone and ethanol. The �nal �bers were dried in an oven with forced air circulation at 50 ºC
for 24 hours.

Pretreatment 2 (PT2)

similar to the PT1, except that the �rst step uses 17.5% NaOH solution (w/v).

2.3 Chemical composition
The chemical composition of soybean straw has already been studied in a previous work, as reported by Martelli-Tosi et al. (2017).
This same material was used in our study. Analysis of the cellulose, holocellulose (cellulose + hemicelluloses) and lignin content in
soybean straw was carried out before and after each treatment. In this case, the cellulose content was carried out according to the
methodology of Sun et al. (2004). The holocellulose determination was performed according to TAPPI T19 om-54 (TAPPI 1991). The
lignin was determined according to TAPPI T 222 om-22 (TAPPI 1999).

2.4 Experimental Design
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The surface-response methodology was used to study how the soybean straw concentration and the enzyme quantity (enzymatic
activity) affected the production of reducing sugar and nano�bers. To this end, a 22 central composite design (4 experiments + 3 axial
points + 3 central points) was employed (Table 1). This method is described by Rodrigues and Iemma (2014).

The effects of the enzymatic activity and soybean straw concentration on the production of reducing sugars in the hydrolysate and
the concentration and stability of the nano�ber suspensions were analyzed using the software Statistica 7.0. The data were �tted to
the second order polynomial model (Eq. 1) according to the Response Surface Methodology. Analysis of variance (ANOVA) was
performed to evaluate the signi�cance of the model obtained for each response variable at 95 or 90% con�dence interval. The data
were �tted to a second order equation (Eq. 1), following the response surface methodology.

 Y i= β0+ β1X1+ β2X2+ β12X1X2+ β11X2
1+ β22X2

2

1

Where:

Yi

response function;

X1, X2

coded independent variables

β0

coe�cient relative to the interpretation of the plane with the response axis;

β1, β2

linear coe�cients estimated by the least squares method;

β11, β22

coe�cient of the quadratic variables;

β12

coe�cient of interaction between the independent variables.

The production of nano�bers and sugars by enzymatic hydrolysis consisted in the preparation of a suspension of macerated soybean
straw (pretreated by the PT1 or PT2) in acetate buffer (pH 4.0) at the concentrations speci�ed in Table 1. The suspension was then
heated at 50°C for further addition of the commercial enzymatic cocktail Optimash™ VR (xylanase / cellulase) provided by Dupont
(USA), with optimum activity conditions: 50°C at pH 4.0. The enzymatic hydrolysis occurred at 50°C and pH 4.0 (0.05M phosphate
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buffer) for 42 h. After this treatment, protein denaturation and centrifugation (7000 rpm, 10°C, 10 min) were performed. The
supernatant was reserved to determine the reducing sugars, and the solids were resuspended in water.

 
Table 1

Central rotational design compound 22 with the different enzymatic activity quantities and soybean straw pretreated
concentrations.

Samples Enzymatic Activity

(coded value)

X1*

Soybean straw pretreated (coded value)

X2*

Enzymatic Activity

(CMCU)

Soybean straw pretreated

(g /100 g of suspension)

1 -1 -1 400 2

2 + 1 -1 800 2

3 -1 + 1 400 6

4 + 1 + 1 800 6

5 -1.41 0 317.2 4

6 + 1.41 0 882.8 4

7 0 -1.41 600 1.17

8 0 + 1.41 600 6.83

9 0 0 600 4

10 0 0 600 4

11 0 0 600 4

*X1 e X2: coded values.

2.5 Determination of cellulose nano�bers
The suspension of solids in water was mechanically treated with Ultraturrax for 5 minutes (14000 rpm) and sonication for 3 minutes
(130 W, 70% amplitude) (VCX 130PB, Sonics & Materials, USA), according to methodology adapted by Flauzino-Neto et al. (2013). The
concentration of cellulose nano�bers (CN (%), nano�bers/100 g of straw) was determined in the suspension obtained after the
mechanical treatment, according to Eq. 2.

CN (\%)= 
MSsuspension(g/100g)

SS (g/100 g)  ×100

2

Where:

MSsuspension

Dry matter in suspension;

SS

Soybean straw pretreated concentration in the suspension indicated in Table 1, depending on the test.Loading [MathJax]/jax/output/CommonHTML/jax.js
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2.6 Determination of reducing sugar
The reducing sugars that remained from enzymatic treatment in the suspension were quanti�ed according to the 3,5-dinitrosalicylic
acid (DNS) method (Nakagame et al. 2011). The reducing sugars were calculated according to a standard glucose curve.

The reducing sugars obtained in the optimal condition were analyzed according to the xylose and glucose concentrations, which were
determined by high performance liquid chromatography (HPLC).

2.7 Zeta Potential Analysis and Morphology
The nano�ber suspension surface charge was estimated using the zeta potential from aliquots of the aqueous suspensions of
nano�bers, according to the procedure described by Teixeira et al. (2011). Three measurements of each suspension were performed
with the aid of Zeta Potential Analyzer (Zetasizer ZS 3600, Malvern Instruments, UK) at a detection angle of 173° and wavelength of
633 nm at 25°C.

Transmission electron microscopy was used to evaluate the morphology of the cellulose nano�bers obtained in the optimum
condition. The samples were sonicated in an ultrasonic bath for 2 min. A drop of the diluted suspension was deposited on a carbon-
coated grid and dried at room temperature for 24 h. The grid was immersed in an aqueous solution of 1.5% uranyl acetate for 2 min
and dried at room temperature. The dimensions of the �bers were analyzed under a JEOL transmission electron microscope (JEM
100CXII, Tokyo, Japan) operating at 80 kV. The images were analyzed using the ImageJ analysis software (NIH, Bethesda, USA).

3. Results And Discussion

3.1 Chemical composition
The chemical composition of untreated and chemically treated soybean straw obtained by Martelli et al. (2017) are shown in Table 2.

Table 2
Chemical composition of untreated and chemically treated soybean straw (results showed by Martelli et al. 2017).

Soybean straw Hemicellulose (%) Cellulose

(%)

Insoluble Lignin (%) Soluble Lignin (%)

Control 22.6 ± 1.0a 39.8 ± 0.6c 10.5 ± 0.7a 2.3 ± 0.2a

Pretreated PT1 10.7 ± 0.1b 64.0 ± 0.7b 3.6 ± 0.1b 0.7 ± 0.0b

PT2 9.5 ± 1.1b 66.2 ± 0.5a 3.5 ± 0.1b 0.7 ± 0.1b

a, b, c: Means with different letters in the same column are statistically different at p < 0.05 according to the Tukey’s test.

Both pretreatments produced a material with lower hemicellulose and lignin content and higher cellulose content than the control.
However, PT2 yielded samples with the highest cellulose content (66.2%).

The difference between the pretreatments consisted in the �rst stage (alkaline pretreatment) in relation to the alkaline solution
(sodium hydroxide) concentration. This stage results in swelling, which causes physical changes in the �ber wall, facilitating thus the
penetration and diffusion of the reactants in the �ber structure (Guragain et al. 2016). Sodium hydroxide effectively attacks the
linkage between lignin and hemicellulose in 2lignin-carbohydrate complexes (LCC); in particular, it cleaves the ether and ester bonds in
the LCC structure. During the NaOH pretreatment reaction, sodium hydroxide is dissociated into hydroxide ion (OH−) and sodium ion
(Na+) and, as the hydroxide ion concentration increases, the rate of the hydrolysis reaction increases proportionally (Kim et al. 2015).

3.2 Optimization from soybean straw treated by PT1 and PT2
As shown in Table 1, the pretreated soybean straws (PT1 and PT2) were subjected to different enzymatic treatments, obtained
according to DCCR 22. In Table 3, the results of these treatments are presented. These results were: the concentration of reducing
sugars, the concentration of nano�bers and the stability of the nano�bers in suspension by zeta potential.
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Table 3
Reducing sugar (g glucose/100 g soybean straw), concentration of nano�bers (g nano�bers/100 g soybean straw), and zeta potential
of the suspension (mV) of the tests performed according to DCCR 22 from the soybean straw pretreated (PT1: NaOH 5% + H2O2 4%) or

(PT2: NaOH 17.5% + H2O2 4%).

Samples Enzymatic
activity

CMCU
(X1)

Soybean
straw
pretreated
g/100 g
(X2)

Soybean straw pretreated 1 (PT1) Soybean straw pretreated 2 (PT2)

Reducing
sugar
concentration

Nano�ber
concentration

Zeta
potential

Reducing
sugar
concentration

Nano�ber
concentration

Zeta
potential

1 400(-1) 2.00(-1) 12.40 2.75 -23.8 13.99 1.92 -19.7

2 800(+ 1) 2.00(-1) 16.34 3.41 -23.9 32.17 3.44 -19.8

3 400(-1) 6.00(+ 1) 8.76 4.36 -16.4 12.74 5.08 -14.9

4 800(+ 1) 6.00(+ 1) 11.28 6.30 -17.7 18.69 6.42 -15.8

5 317(-1.41) 4.00(0) 8.29 6.12 -17.5 10.87 4.11 -17.5

6 883(+ 
1.41)

4.00(0) 15.14 2.24 -17.8 18.92 7.43 -16.7

7 600(0) 1.17(-1.41) 16.13 5.93 -25.0 31.21 3.56 -19.4

8 600(0) 6.83(+ 
1.41)

9.01 8.82 -15.4 11.46 5.00 -14.3

9 600(0) 4.00(0) 12.50 6.63 -16.4 14.43 5.01 -17.2

10 600(0) 4.00(0) 10.78 7.29 -19.7 15.78 2.95 -16.0

11 600(0) 4.00(0) 10.75 7.12 -18.9 15.97 3.30 -16.8

For the analysis of the dependent variables (reducing sugar, concentration of nano�bers and zeta potential of the suspensions) in
response to the independent ones (enzymatic activity and soybean straw pretreated), the results were analyzed using the Pareto
diagram, with 90 (p = 0.10) and 95% (p = 0.05) con�dence. The Pareto diagram is associated with the effects of each individual
variable and its interactions. In this diagram, the absolute values of tcalculated from the statistical analysis (also called standardized
effects) provide the heights of the bars, which are arranged in descending order. The value in which tcalculated equals ttabulated

completes the diagram providing a signi�cance level of 95% (p = 0.05) or 90% (p = 0.10) (Rodrigues and Iemma 2014). Thus, the effect
of each variable is as signi�cant as the right of the red line it is tcalculated > ttabulated. All determinations for effect or model calculations
were performed by residual error, since pure error is used only for calculations of the values of non-ANOVA adjustment, that is, the pure
error only indicates the variation of the central points, as discussed by Rodrigues and Iemma (2014).

3.2.1 Responses for PT1
Figure 1 shows the effects of the soybean straw pretreated with concentration and enzymatic activity on the following response
variables: (a) reducing sugar, (b) concentration of nano�bers and (c) zeta potential of suspensions.

Analyzing the Pareto diagram obtained for the reducing sugars production (Fig. 1(a)), we can observe that both the linear parameters
of soybean straw concentration and the enzymatic activity showed negative and positive signi�cant effects, respectively. It means
that as higher the enzyme concentration and as lower the straw concentration in the suspension, the higher the reducing sugar
production. The quadratic parameter of the soybean straw concentration had a signi�cant effect on the sugar yield at a signi�cance
level of 86.6% (p < 0.134). However, there was no effect of the linear interaction between these parameters (X1 (L) x X2 (L)).

Figure 1(b) shows that only the quadratic parameter of the enzymatic activity had a signi�cant effect on the production of nano�bers.
It is noted that the increase in the number of enzyme units improves the yield of nano�bers to an optimum value. The linear parameter
of the soybean straw concentration has a signi�cant positive effect on the production of nano�bers at the 88% signi�cance level (p < 
0.12). No interaction effect was observed between both variables studied.
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Concerning the stability of the suspensions of nano�bers (Fig. 1(c)), we observed that only the soybean straw concentration (linear at
95 and 90% con�dence, and quadratic parameter at 90% con�dence) had a signi�cant effect on the zeta potential values. However,
most of the values obtained are between − 15 mV and − 25 mV, which is characteristic of stable suspensions.

The concentration values of reducing sugars, nano�bers and zeta potential presented in Table 3 were adjusted to the quadratic
polynomial model according to DCCR 22 at 86% con�dence (p < 0.14). Table 4 shows the regression coe�cients and the analysis of
variance (ANOVA) for these response variables.

Table 4
Coe�cient of regression and analysis of variance (ANOVA) for the response variables: concentration of reducing sugars, nano�bers,

and zeta potential of the nano�ber suspensions using the soybean straw pretreated by PT1 (NaOH 5% + H2O2 4%).

  Concentration of reducing
sugars

(Y1)

Concentration of
nano�bers

(Y2)

Zeta potential of the nano�ber suspension
(Y3)

β0 10.78* 7.01* -18.33*

Linear Coe�cient      

β1 2.02* -0.36 -0.23

β2 -2.35* 1.07* 3.40*

Quadratic
Coe�cient

     

β11 0.48 -1.82* -0.04

β22 0.91* -0.21 -1.32*

Interaction      

β12 -0.35 0.32 -0.30

R2 0.92 0.69 0.91

Fcalculated 20.65 7.51 35.99

Ftabulated1 (p=0.10) 3.07 3.11 3.11

Flack of �t 0.23 20.70 0.31

Ftabulated2 (p=0.10) 9.29 9.33 9.33

Fcalculated >Ftabulated1: signi�cant model;

FLack of �t <Ftabulated2: signi�cant and predictive model.

p < 0.14 (86 % con�dence) for Y1 and p < 0.10 (90% con�dence) for Y2 and Y3.

Index 1 referring to the enzymatic activity and the index 2 referring to the soybean straw concentration;

* Indicates signi�cance at 86% con�dence interval.

In reducing sugars production (Y1), we observed that the medium value (β0) and linear coe�cients (β1 and β2) had a signi�cant effect
at 95% con�dence interval, as had already been discussed earlier by the Pareto diagram. The quadratic parameter of soybean straw
concentration was signi�cant at 86% con�dence interval (p < 0.14). The model was signi�cant because Fcalculated (20.65) was greater
than Ftabulated1 (3.07) and predictive, because Flack of �t (0.23) was lower than Ftabulated2 (9.29). Therefore, the response surface was
obtained and is shown in Fig. 2(a). As the enzymatic activity increases, the straw concentration decreases, so more reducing sugars
are produced. This probably occurred due to the greater availability of the substrate to the enzymatic action. In high concentrations of
straw, an inhibitory effect of enzyme activity could occur on the substrate. The catalytic action of cellulolytic enzymes can be inhibited
by non-productive binding to constituents of the solid fraction, such as lignins and residual hemicelluloses (Kumar and Wyman 2014;Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 9/18

Tibolla et al. 2014; Banerjee et al. 2017). In this condition, the enzymatic activity is higher than 800 CMCU and soybean straw
pretreated concentration is lower than 2 g/100 g suspension, so it was obtained the higher reducing sugars concentration (~ 18 g/100
g soybean straw).

Concerning the production of nano�bers, we observed that the linear coe�cient referring to straw concentration (β2) and the quadratic
coe�cient referring to the enzymatic activity (β11) had a signi�cant effect at 86% con�dence interval (Table 4). The model was
signi�cant, with Fcalculated (7.51) being greater than Ftabulated1 (3.11). However, the model was not predictive (Flack of �t > Ftabulated2).
Therefore, the highest concentrations of nano�bers were obtained at the central points of enzymatic activity, and this concentration
increased with of the straw of the suspension, as observed in tests 7–11 (Table 3). The highest concentrations were obtained using
6.83% of straw in the suspension, yielding 8.82 g of nano�bers/100 g of straw.

Concerning the stability of nano�ber suspensions, evaluated with zeta potential (Y3), only linear (β2) and quadratic (β22) parameters
of soybean straw concentration had signi�cant effects at 90% con�dence interval, as had already been discussed earlier by the Pareto
diagram. The model was signi�cant because Fcalculated (35.99) was greater than Ftabulated1 (3.11) and predictive, because the Flack of �t

(0.31) was lower than Ftabulated2 (9.33). Therefore, the response surface was obtained, as shown in Fig. 2(b). The zeta potential varied
from − 18 to -24 mV, which means that the closer to -30 mV, the greater the stability of the nano�ber suspension (Reddy and Yang
2009). Thus, we observed that the most stable suspensions are those obtained with lower straw concentrations. The behavior was the
same observed for reducing sugars. In this condition, we observed soybean straw pretreated concentration next to 1.17 g/100 g
suspension, enzymatic activity between 317 and 883 CMCU and the lower zeta potential (-24 mV). This value is next to that achieved
by Banerjee et al. (2017) for reducing sugars produced from pineapple leaf waste (49.6 g/100 g of substrate).

3.2.2 Responses for PT2
The effects of the soybean straw concentration and enzymatic activity in the response variables: concentration of reducing sugars,
nano�bers and zeta potential of nano�ber suspensions are presented Figs. 3(a), 3(b) and (3c), respectively. Signi�cant effects were
reported at 95% con�dence level (p = 0.05) and at 90% (p = 0.10).

For the reducing sugars production (Fig. 3(a)), the linear parameters of soybean straw concentration and the enzymatic activity had
negative and positive signi�cant effects, respectively. This indicates that the higher the enzyme concentration and the lower the
concentration of soybean straw in the suspension, the higher the reducing sugar production. The quadratic parameter of soybean
straw concentration showed a positive signi�cant effect on reducing sugar production at 90% signi�cance level (p < 0.10). However,
no effect of the linear interaction was observed between these parameters (X1 (L) x X2 (L)). This behavior was identical to that
observed when using soybean straw pretreated by PT1 as raw material (Fig. 1(a)). Regardless of the previous chemical treatment, to
which the straw was submitted, the effect of the variable’s concentration of material and enzymatic activity had the same tendency in
the response to sugar production.

For the concentration of nano�bers (Fig. 3(b)), only the linear parameter of soybean straw concentration showed a signi�cant effect
(positive) on the 95% signi�cance level (p < 0.05), and the linear parameter of the enzymatic activity became signi�cant at 90% (p < 
0.10). No interaction effect was observed between the two variables studied.

In the stability of the nano�ber suspensions (Fig. 3(c)), only the soybean straw concentration (linear parameter at 95% con�dence)
had a signi�cant effect (positive) on the zeta potential values. However, most of the values obtained are between − 16 mV and − 20
mV, as mentioned, a characteristic of stable suspensions.

The concentration values of reducing sugars, nano�bers and zeta potential values presented in Table 2 were adjusted to the quadratic
polynomial model according to DCCR 22 at 90% con�dence (p < 0.10). Table 5 shows the regression coe�cients and the analysis of
variance (ANOVA) for these response variables.
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Table 5
Coe�cient of regression and analysis of variance (ANOVA) for the response variables: concentration of reducing sugars, nano�bers,

and zeta potential of the nano�ber suspensions using the soybean straw pretreated by PT2 (NaOH 17.5% + H2O2 4%).

  Concentration of reducing
sugars

(Y1)

Concentration of
nano�bers

(Y2)

Zeta potential of the nano�ber suspension
(Y3)

β0 15.38* 3.75* -16.66*

Linear coe�cients      

β1 8.90* 1.89* 0.03

β2 -10.68* 2.05* 4.01*

Quadratic
coe�cients

     

β11 0.14 1.62 -0.73

β22 6.62* 0.12 -0.46

Interaction      

β12 -6.12 -0.09 -0.40

R2 0.91 0.76 0.94

Fcalculated 12.51 6.13 87.95

Ftabulated1 (p=0.10) 3.07 3.11 3.36

Flack of �t 23.46 1.06 0.97

Ftabulated2 (p=0.10) 9.29 9.33 9.33

Fcalculated >Ftabulated1: signi�cant model;

FLack of �t <Ftabulated2: signi�cant and predictive model.

p < 0.10 (90 % of con�dence).

Index 1 referring to the enzymatic activity and the index 2 referring to the soybean straw concentration;

* Indicates signi�cance at 90% con�dence interval.

In the production of reducing sugars (Y1), the medium value (β0), the linear coe�cients (β1 and β2), and quadratic coe�cients of
soybean straw concentration (β22) were signi�cant at 90% con�dence interval (p < 0.10). The model was signi�cant, since Fcalculated

(12.51) was greater than Ftabulated1 (3.07) and not predictive, since Flack of �t (23.46) was greater than Ftabulated2 (9.29). Thus, it was not
possible to obtain a response surface for this variable.

In the production of nano�bers (Y2), the medium value (β0) and linear coe�cients (β1 and β2) had a signi�cant effect at 90%
con�dence interval. The model was signi�cant, since Fcalculated (6.13) was greater than Ftabulated1 (3.11) and predictive (Flack of �t <
Ftabulated2). Therefore, the response surface was obtained and is shown in Fig. 2(c). As the enzymatic activity increases, the soybean
straw concentration increases, so the higher the yield of nano�bers in the suspension becomes. The greater soybean straw
concentration required higher enzymatic cocktail concentration. However, no effect of the interaction was observed between these
responses. The yield in nano�bers also depends on the subsequent mechanical treatment (ultraturrax and sonicator). In this case, the
greater the soybean straw concentration in the suspension, the higher the action of these treatments, which also increase the yield.

Tibolla et al. (2017) also reported that the substrate concentrate had linear positive effect on the production of nano�bers from
banana peel but linear negative effect on the enzyme concentration for this parameter. Different from these studies, the nano�ber
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production in this condition was probably not affected by the possible products inhibited by the enzyme.

For soybean straw concentration higher than 6.00 g/100 g suspension and enzymatic activity higher than 800 CMCU, higher
concentration of nano�bers was obtained (~ 7 g/100 g soybean straw).

In the stability of the nano�ber suspensions evaluated with zeta potential (Y3), only the linear parameters (β2) of soybean straw
concentration had signi�cant effect at 90% con�dence interval. The model was signi�cant (Fcalculated (87.95) > Ftabulated1 (3.36)) and
predictive (FLack of �t (0.94) < Ftabulated2 (9.33)). Therefore, the response surface was obtained and is shown in Fig. 2(d). The zeta
potential varied from − 4.3 to -19.8 mV, being slightly lower than the values found when PT1 was used (Table 3). The material that
underwent the pretreatment PT1 resulted in a sample with lower zeta potential value (-25 mV) than that obtained from the PT2 (-20
mV). This indicates that, from PT1, a colloidal suspension that resist more to aggregation and raise the degree of dispersion in the
composite was obtained (Chowdary et al. 2000).

The behavior was similar between the two raw materials pretreated by PT1 or PT2, concluding the most stable suspensions are those
obtained with lower soybean straw concentrations. Despite the higher alkaline solution concentration for PT2, we can observe that
this condition generated a less e�cient cellulose hydrolysis. It is known that insu�cient hydrolysis of cellulose may result in larger
particles (less surface area per unit mass) with a lower mean surface charge, favoring particle–particle interaction (Tibolla et al.
2016).

In soybean straw concentration lower than 2.00 g/100 g suspension and any enzymatic activity between 317 and 883 CMCU, we
obtained lower zeta potential (~ 19 mV), indicating a more stable colloidal suspension. These zeta potential values are higher than
those obtained by Tibolla et al. (2016) for nano�ber suspensions produced from banana peel by enzymatic treatment (− 21.2 and − 
29.5 mV).

3.3 Reducing sugars and cellulose nano�bers in the optimal condition
Reducing sugars and nano�bers were by-products obtained from the soybean waste for all tested conditions. We observed higher
reducing sugars concentration for higher enzymatic activity and lower soybean concentration. It was also observed higher cellulose
concentration of nano�bers for higher enzymatic activity and higher soybean concentration. Thus, in general, the choice of the best
condition must be made according to the production focus (sugars or nano�bers). However, the condition of the central point (points
9, 10 and 11 of Table 3) contemplates both results.

This central point (enzymatic activity: 600 CMCU and soybean straw preteated by PT1 or PT2: 4.0 g soybean straw/100 g of
suspension) is better suited to obtain considerable concentrations of sugars and nano�bers in a single processor system.

The mean value of reducing sugars obtained at this point by PT1 was 11.34 (g glucose/100 g soybean straw). By PT2, it was 14.30 g
(glucose/100 g soybean straw). This behavior is in accordance with the one described by Wan et al. (2011) and Martelli-Tosi et al.
(2016) and is a consequence of the increased alkaline concentration (17.5%). For the author, this happens because a higher alkali
concentration removes amorphous compounds and preserves high fractions of sugars.

Table 6 shows the amount of glucose and xylose obtained under these conditions, before and after hydrolysis. For both treatments,
the addition of enzyme was effective to obtain these sugars. Signi�cant differences were not observed in glucose uptake by PT1 and
PT2. On the other hand, PT1 resulted in a higher amount of xylose than PT2. This probably occurs because the use of 17.5% alkali
may have eliminated some of these sugars during pretreatment.

High concentrations of sugars are important for the subsequent fermentation process in ethanol (Xie and Liu 2015). However, the
amount of reducing sugars is directly related to the raw material type and the methodology used to obtain these sugars. In wood
extracts, for example, less than half of xylose (1.18 g/L) was obtained by PT1 for the soy residues. As for glucose, for PT1 and PT2,
the concentrations obtained were seven times higher than those observed for wood extract (1.20 g/L).
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Table 6
Concentrations of glucose (g glucose/100 g solution) and

xylose (g xylose/100 g solution) in solution of reducing
sugars.

  Glucose (%) Xylose (%)

PMF PT1 (5%)B2 0.12 0.00

PMF PT1 (5%) VR 630 U/g 7.15 3.29

PMF PT2 (17.5%) 0.15 0.00

PMF PT2 (17.5%) VR 630 U/g 7.63 0.87

In relation to cellulose nano�bers, 7.01 g nano�bers/100 g soybean straw were obtained by PT1 and 3.73 g nano�bers/100 g soybean
straw were obtained by PT2 in the optimal condition.

Smaller diameter determines the performance of nano�bers as reinforcing material in polymeric matrices (Heise et al. 2017). Figure 4
shows the TEM micrographs of the cellulose nano�bers obtained by the PT1 and PT2 treatments after the enzymatic activity of 600
CMCU. Both pretreatments were effective in isolating the �bers at a nanometric scale. Nano�bers comprised a network of long
entangled cellulosic �laments. Nano�bers by PT1 presented mean diameter of 9.2 nm and lengths of 237 nm, while nano�bers by
PT2 showed mean diameter of 9.3 nm and lengths of 159 nm. The length of nano�bers by PT2 were smaller due to the type of
treatment. A more severe treatment with NaOH 17.5% facilitated the enzymatic action on the amorphous region, so that lignin and
hemicelluloses were removed more easily from the structure in this region.

The morphology of nano�bers depends on the material origin. However, similar dimensions were found in the literature for other raw
materials: banana peel (7.6–10.9 nm) (Tibolla et al. 2016), bagasse pulp (9–25 nm) (Mathew and Hassan 2010) and rice straw (12–
35 nm) (Abe and Yano 2009)

4. Conclusion
The Central Compound Design Rotational 22 allowed us to observe the enzymatic activity and the biomass concentration effect on
the production of reducing sugars and nano�bers in two types of pretreated soybean straw (PT1 and PT2). For both, higher
concentrations of the enzyme favored the reducing sugars production. However, the increase in the soybean straw pretreated
concentration decreased the production of reducing sugars.

Regarding nano�bers production, the two soybean straws pretreated suffered different effects. For the PT1, the increase in enzymatic
activity disfavored the nano�bers production, while for PT2 the soybean straw concentration showed positive effect on p = 0.05, and
on p = 0.10; the enzymatic activity and soybean straw concentration showed positive effect on nano�ber production. This indicates
that the initial biomass type used as substrate implies in different results in enzymatic hydrolysis.

About the stability of the suspensions, the most stable suspensions were those obtained with lower soybean straw pretreated
concentration for both conditions (PT1 and PT2).

In all tests, it was possible to obtain suspensions of reducing sugars and cellulose nano�bers. However, the central point of planning
is what favors the production of both simultaneously. At this point, sugars and nano�bers are produced in considerable
concentrations.

Therefore, this study concluded that it is possible to use small amounts of soybean straw for a good and e�cient production of
cellulose nano�bers and reducing sugars.
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Figures

Figure 1

Concentration of (a) reducing sugars (b), nano�bers, and (c) zeta potential of the suspensionsusing as raw material the soybean
straw pretreated by PT1. The effects at two signi�cance levels were found for each variable: 95% con�dence (p = 0.05) or 90%
con�dence (p = 0.10).
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Figure 2

Response surfaces for PT1: (a) concentration of reducing sugars, obtained with a 14% signi�cance level; and (b) zeta potential values
(mV) of the nano�ber suspensions, obtained with a 10% signi�cance level. Response surfaces for PT2: (c) concentration of
nano�bers (g of nano�bers / 100 g of straw); and (d) zeta potential values (mV) of the nano�ber suspensions, both were obtained
with a 10% signi�cance level.
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Figure 3

Concentration of (a) reducing sugars (b), nano�bers, and (c) zeta potential of the suspensions using as raw material the soybean
straw pretreated by PT2. The effects at two signi�cance levels were found for each variable: 95% con�dence (p = 0.05) or 90%
con�dence (p = 0.10).
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Figure 4

TEM micrographs of cellulose nano�bers by (a) PT1 and (b) PT2 after the enzymatic activity of 600 CMCU.
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