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Abstract

In the current world, cellulose is employed in many different applications to create cutting-edge materials like cellulose
nanocrystals, which have numerous favorable uses in food packaging, medicine delivery, electronics, and many other fields.
In this study, fibers from the Ensete ventricosum pseudo stem were hydrolyzed with sulfuric acid to produce cellulose
nanocrystals. To get rid of non-cellulosic and amorphous components, mechanical and chemical pretreatments like water
soaking, dewaxing, alkali treatment, and bleaching were carried out. The yield as responses was used to optimize the
operation conditions of cellulose nanocrystals extraction from Ensete ventricosum pseudo stem fiber using Response
Surface Methodology. The maximum production of cellulose nanocrystals is 39.49 percent with a crystallinity index of 69.7
percent under optimal hydrolysis conditions of 49 percent sulfuric acid concentration, 52°C hydrolysis temperature, and 36
minutes of hydrolysis time. The correctness of the results and the optimization technique itself have both been validated.
Consequently, CNCs from EVPSF have potential use in a variety of fields with added value.

1. Introduction

The plant Ensete ventricosum, often known as the false banana, is a member of the genus Ensete, family Musaceae Ensete,
and order Scitamineae [1]-[5]. This plant is commonly grown in sub-Saharan, central, and eastern Africa. And in the
southern, south-western, and central regions of Ethiopia, it is one of the staple food crops eaten by about 20% of the
population [1], [5]-[8]. Ensete ventricosum is a plant that is commonly farmed for food, and the procedures involved in its
cultivation and food preparation generate enormous amounts of lignocellulose biomass waste [1], [3]. The pseudo-stem (a
bundle of fibers) and leaves of the plant are the main sources of these residual wastes [3], [9]-[11]. The leaf lamina, leaf
midribs, pseudo stem, and corm are the four fractional portions that make up the majority of Ensete ventricosum's dry
matter [3]. According to studies, these dry substances are composed of the following percentages: leaf lamina 15-17
percent, pseudo stem 45-51 percent, stalk 9—11 percent, and corm 26—29 percent [3], [10], [12], [13]. One of the plant's
parts, the Ensete ventricosum pseudo stem, has a great deal of potential for producing natural fibers for various
applications by removing the undesirable components (hemicellulose 22.13-27.9, lignin as 6.88 + 0.55-10.53 percent, and
other trace amounts of impurities) for particular uses [9], [14]. Lignin, hemicellulose, wax, extractive, and other undesirable
components of the pseudo-stem fiber must therefore be removed in order to produce cellulose nanocrystals.

Cellulose nanocrystals (CNCs) are cellulose derivatives that are extremely crystalline nanoparticles with dimensions in the
nanometer range, widths ranging from 2-30 nm, and lengths ranging from 100—300 nm [15]-[18]. Due to its intriguing
features, CNCs stand out among cellulose nanoparticles as a material that is suitable for various nanotechnology
applications [19], [20]. Due to their origin and nature, CNCs offer distinct and promising physical, chemical, and mechanical
properties, including high surface area, high aspect ratio, high tensile strength, high stiffness, and high fracture toughness.
They are also very biodegradable and have a lot of hydroxyl groups [21], [22]. As a result, CCNs have grown in popularity in
a wide range of applications, including packaging, paper, paperboard, catalysis, food industries, and medical products [15],
hygiene products, paints, cosmetics, optical, biosensors [23], and nanocomposite [24]-[26]. Also, in different domains of
application, such as concrete, ceramics, plastics, etc., they are used as reinforcing elements to improve the mechanical
properties of composite materials [27].

It is possible to isolate CNCs using lignocellulose biomasses, which are made up of cellulose, lignin, and hemicellulose.
However, the direct use of these lignocellulose biomasses by bacteria and acid for CNC synthesis is exceedingly sluggish
and ineffective because of their crystallinity and heterogeneity [19], [28]. Therefore, there should be a pretreatment process
to eliminate undesirable components from particular lignocellulose biomasses before the isolation of CNCs. The extraction
of CNCs can be facilitated by a number of preprocessing techniques [29]. Acid hydrolysis procedures are frequently utilized
in the extraction of CNCs because they are suitable for cellulose hydrolysis and are simple to use [16]. To eliminate the
amorphous cellulose areas, the pretreated cellulose materials are subjected to hydrolysis with a strong acid under tightly
regulated conditions [30]. Because they are more sensitive to acid than the crystalline areas of cellulose, the low-density
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amorphous regions of cellulose effectively hydrolyze [31]. Therefore, by breaking up the amorphous regions, which are
glyosidic bond, crystallites are freed from cellulose chain that has been subjected to acid treatment [21]. A variety of acids
have been used to extract CNCs, with hydrochloric acid, phosphoric acid, and sulfuric acid being the principal ones [27]. For
isolating CNCs, mineral acid hydrolysis is more efficient and uses less energy [32], [33]. Sulfuric acid is the most preferred
and often used acid for the acid hydrolysis extraction of CNCs because to its strong isolation capabilities, ability to create a
stable colloidal structure, and esterification of hydroxyl groups by sulfate ions [34][35]. In general, cellulose sources, sulfuric
acid concentration, hydrolysis time and temperature, acid to cellulose ratio, and mixing speed have a significant impact on
the yield and characteristics of CNCs recovered from lignocellulose biomass cellulose by sulfuric acid hydrolysis [36]. The
most researched conditions for sulfuric acid extractions include hydrolysis periods of 10 to 120 minutes, temperatures of
25 to 85°C, and acid concentrations of 30 to 65 weight percent [27], [30], [37]-[39].

Since there is presently almost no study using the cellulose of Ensete ventricosum pseudo stem fibers for the isolation of
CNC for subsequently using in a wide range of application fields, this study focuses on transforming it into nano-scaled
material, cellulose nanocrystals. The cellulose in Ensete ventricosum pseudo stem fiber was hydrolyzed with sulfuric acid
to isolate CNC using the acid hydrolysis technique. The optimum conditions for CNC isolation from the cellulose of Ensete
ventricosum pseudo stem fibers were determined through an analysis of the RSM optimization of the sulfuric acid
hydrolysis process.

2. Materials And Methods
2.1. Materials

According to previously published research by Abnet Mengesha Dube [5], all substances and compounds were gathered
and used.

2.2. Preparation of Cellulose

Based on previously done and published research by Abnet Mengesha Dube [5], all chemical and mechanical preparation,
pretreatments, and sampling were carried out.

2.3. Isolation of CNC

Acid hydrolysis of the previously processed cellulose in the preceding phases produced cellulose nanocrystals. Based on
various combinations of BBD results, the hydrolysis was conducted using sulfuric acid (H,SO,) concentrations ranging
from 40 to 65 percent by weight, hydrolysis temperatures of 45 to 65°C, and a hydrolysis time of 30 to 90 minutes with
vigorous stirring. The most important variables that were examined against CNC yield were reaction temperature, reaction
duration, and acid concentration, which were chosen based on data from several studies of cellulose from various
lignocellulose biomasses and one variable at a time. 20 mL of sulfuric acid at various concentrations were used during the
procedure for every gram of the bleached Ensete ventricosum pseudo-stem fiber [40]. By adding ten times as much freeze-
cooled distilled water, the hydrolysis process was promptly stopped [41], [42]. After the cellulose sample had undergone
hydrolysis, it was rinsed many times to remove any remaining sulfuric acid before being centrifuged repeatedly at 4000 rpm
for 20 minutes to bring the pH level back to neutral [40], [43]. The average outcomes of these studies, which were carried
out in triplicate, were noted. To remove non-reactive sulfate groups, salts, and soluble sugars, the centrifugation process'
precipitate was subsequently dialyzed with distilled water using a dialysis tube cellulose membrane (D9277) for five days
[5], [40]. To obtain cellulose nanocrystals in powder form for the following characterization task, the dialysis process'
precipitate was then ultrasonically treated for 10 minutes. To prevent bacterial development, a few drops of chloroform
were added to the CNCs suspension before being freeze dried. The yield of each dried CNCs sample was then determined
using Eq. (3.1) [5], [40], [44].

%Yield = (75) * 100 2.1
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Where W1 and W2 are, respectively, freeze-dried CNCs and bleached cellulose. The work of other scholars contributed to the
validation of the overall acid hydrolysis process [33], [45]-[49].

2.4. Characterizations
2.4.1. X-ray diffraction (XRD) analysis

The integrated area of the XRD data was used to determine how much the crystallinity index of all samples of isolated
cellulose nanocrystals changed. To assess the impact of these hydrolysis conditions on the crystallinity of the isolated
cellulose nanocrystals, flve samples were chosen at various acid concentrations, temperatures, and times (40, 55, 30; 49,
52, 36; 52.5, 55, 60; 65, 55, 30; and 65, 55, 90, respectively). For this analysis, a diffractometer (XRD-7000 X-RAY
DIFFRACTOMETER, Shimadzu Corporation, Japan) was used to obtain X-ray diffraction patterns of all powder samples
that were scanned at room temperature between 26 with a diffraction angle in the range of 10° to 80° and a step size of
0.02°. The following formulae (Eq. 2.2) was then used to calculate the crystallinity index (percent Cl) of the samples [5],
[50], [51].

%CI = (2210 4 100 2.2

Where |, is the greatest value of 200 lattice that exhibits the total of the amorphous and crystalline regions, and I, is the
minimum value between 110 and 200 lattice diffractions that exhibit the amorphous region.

2.5. Optimization

The experiments created for the isolation of cellulose nanocrystals were determined after a number of preliminary and one
variable at a time (OVAT) experiments were conducted. Design expert software was used to examine the impact of each
parameter and how they interacted to affect the yield of cellulose nanocrystals. The ideal hydrolysis conditions, including
sulfuric acid concentration (w/w percent), hydrolysis duration (minutes), and hydrolysis temperature (°C), were found using
a response surface based on the Box-Behnken Design (BBD) method for the response of interest, or yield (w/w percent).
The three variables, concentration of sulfuric acid (X;), reaction temperature (X,), and reaction time (X3) were created as
independent variables for the BBD techniques. Table 1 summarizes these three factors and ranges of their levels. The main
goals of applying the response surface method were to quantitatively illustrate the interaction between regulated input
parameters and the response (yield) that was affected by these process factors [52]. The influence of independent variables
on the dependent variable, a yield of CNCs from Ensete ventricosum pseudo-stem fiber, can be expressed using a second-
order polynomial equation and a quadratic model, as shown in Eq. (2.3):

3 3 3 3
Yield= B0+ Y BiXi + > BiiXi® + Y. > BijXiXj 2.3
i=1 i=1 i=1 j=i+1

Where X; and X; are independent variables, and By, B;, B;, and Bj; are the regression constant coefficients for the intercept,
linear, quadratic, and interaction effects, respectively.

The Design-Expert 11 software suite was used for modeling, design analysis, and optimization. The experiment's response
(vield w/w percent) and the effects of independent factors were examined using an ANOVA with a 95% level of confidence.
Table 1 summarizes the experiment number, parameters, and their combinations.
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Table 1
Summary of the coded and uncoded levels of the independent variables and BBD

Name Symbol Variable level
Low () Intermediate (0) High (+)

Concentration (%) X4 40 52.5 65
Temperature (°C) Xy 45 55 65
Time (minutes) X3 30 60 90
For the three independent variables and their combinations, BBD

Factor 1 Factor 2 Factor 3
Std Order  Run Order  Concentration (W/w %)  Temperature (°C) Time (minute) Yield (W/w %)
6 1 65 55 30
16 2 52.5 55 60
2 3 65 45 60
10 4 52.5 65 30
9 5 52.5 45 30
5 6 40 55 30
3 7 40 65 60
17 8 52.5 55 60
1 9 40 45 60
11 10 52.5 45 90
4 11 65 65 60
7 12 40 55 90
8 13 65 55 90
13 14 52.5 55 60
15 15 52.5 55 60
12 16 52.5 65 90
14 17 52.5 55 60

3. Results And Discussion
3.1. Isolation of CNCs

3.1.1. Physical Appearances

The color and volume of the suspension varied from one experimental condition to the next, as seen in Fig. 1, Fig. 2, and
Fig. 3. Lower and upper levels of hydrolysis conditions have a lower yield of CNCs, as well as white and black colors were
observed, respectively. The yield of CNCs was measured at two different hydrolysis conditions: the first hydrolysis condition
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(40 percent weight, 30 minutes, and 45°C) and the last hydrolysis condition (90 minutes, 65°C, and 65 percent weight),
where the yield was 16.36 percent weight. These were the lower yield limitations under the initial and final cellulose
hydrolysis conditions. The hydrolysis conditions in the middle of the reaction produced a good yield and medium color. The
sulfuric acid content, duration, and temperature variations throughout the hydrolysis process are what cause the change in
color and the yield of cellulose nanocrystals.

3.2. Characterization of CNCs
3.2.1. X-ray diffraction Analysis

XRD data from and isolated CJ?)ZIStZdifferent hydrolysis conditions.
Acid concentration (%) 40 49 52.5 65 65
Temperature °C 55 52 55 55 55
Time (min) 30 36 60 30 90
Cl (%) 66.0+0.04 69.70+0.08 73.51+0.03 79.52+0.03 75.38+0.013

Three major and three minor peaks exist at 26 of the CNC's XRD pattern. Peaks were seen in the experimental data at
around 15.74, 16.8, 22.65, and 43.98, 64.32, and 77.4 as it was depicted in Fig. 4 that were attributed to the 110, 110, 200,
and 004 planes, respectively. Eq. 2.2 was used to obtain the crystallinity index, and Table 2 summarizes the CNC results.
The outcomes show that the amorphous portion of the cellulose is successfully eliminated during the acid hydrolysis
process. As the concentration of sulfuric acid increased with moderate hydrolysis temperature and duration, the high
crystal recovery of CNC suggests that the amorphous region was hydrolyzed into sugars while the crystalline portion
remained intact. Both the amorphous and crystalline sections of cellulose began to hydrolyze into sugars at a high sulfuric
acid concentration, high enough (65%) at a high hydrolysis temperature and time (55 °C and 90 min, respectively). As can
be seen in the table, the crystallite index afterwards started to decline.

3.3. Response surface methodology
3.3.1. Model fitting

Table 3 includes the regression coefficients as well as the Fisher value (F-value) and probability (p-value) of the model
fitting. The fitness and significance of the model are described using the F-value and p-value. If the F-value is greater than
the critical F-value at a level of 5%, statistical significance is considered. The p-value 0.05 also determines the relevance of
each fitting parameter toward the response value. As independent variables for the acid hydrolysis process, the
concentration of sulfuric acid, hydrolysis temperature, and duration are the significant parameters. Figure 5 illustrated the
model fit of the hydrolysis process and as a result, Eq. (3.4) provides the mathematical model for the yield recovery of CNC:

Yield = +38.46 — 0.60A — 3.49B — 3.30C + 0.32AB — 0.86AC — 1.53BC — 4.70A% — 3.83B2 — 2.48C*3.4

Making predictions about the reaction to specific levels of each factor is possible using the equation in terms of coded
factors. By default, the factors' high levels are coded as + 1 and their low levels as -1. By contrasting the factor coefficients,
the coded equation can be used to determine the relative importance of the elements.
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Table 3
For the yield of CNC, as the response, regression coefficients, F-values, and p-values (significant levels) were summarized.

Parameters Percent of CNCs' Yield (%CNCs)
Coefficient F-value P-value
Intercept 38.46 <0.0001
A -0.60 885.00 <0.0001
B -3.49 29899.42 <0.0001
C -3.30 26811.43 <0.0001
AB 0.32 125.86 <0.0001
AC -0.86 909.08 <0.0001
BC -1.53 2858.54 <0.0001
A2 -4.70 28562.69 <0.0001
B2 -3.83 19013.92 <0.0001
c2 -2.48 7980.11 <0.0001
A = sulfuric acid concentration (%); B = Temperature (°C); C = Time (min); AB = Sulfuric acid concentration and
Temperature interaction; AC = Sulfuric acid concentration and Time interaction; BC = Temperature and Time interaction;
A2= [sulfuric acid concentration] %; B2= [temperature] %; C?= [time] 2.

3.3.2. Effects of Parameters on the Yield of Cellulose Nanocrystals

The impacts of each independent variable, including cumulative and interaction effects among factors on the dependent
variable of the study, CNCs' yield, were described using response surfaces plots. Here, a regression model for BBD that was
created using the Design-Expert 11 program was used to explain the response surfaces.

Figure 7 displays the yield surface plots for CNCs. The impact of sulfuric acid concentration, hydrolysis time, and
hydrolysis temperature on CNC yield is shown in Fig. 7a and b. It has been discovered that CNC yield varies greatly at
different hydrolysis conditions. Typically, the yield increases steadily to its maximum as the acid concentration rises. As the
acid concentration rises further, the yield percentage started to falls. Only specific concentrations of sulfuric acid can be
used to dissolve the crystalline components of cellulose. This range's deviation has a considerable impact on the
crystalline components of cellulose, resulting in a decrease in CNC yield. Sulfuric acid concentrations greater than or less
than 49.1% reduce CNC yield. Reaction time and temperature had a greater impact on the yield. At first, it started to climb a
little, but as reaction time and temperature increased to their maximumes, the yield decreased. The extended reaction time
allows the fiber to interact with the acid solution for a longer period of time, which could lead to more crystalline component
breakdown. The CNC yield is greatest at about 36 minutes of hydrolysis time; at reaction times greater than or less than 36
minutes, the CNC yield drops. Due to enhanced kinetic energy, which aids the breaking of intra and intermolecular bonds in
the crystalline section of cellulose, extreme hydrolysis temperatures result in a drop in the yield percentage. The CNC yield
decreases at reaction temperatures greater than or less than 52°C, depending on the hydrolysis temperature. Additionally,
model fitting results on the importance of all variables are validated using these plots and Fig. 5. These results were in line
with other earlier investigations into various lignocellulose biomasses that had been documented and published [37], [53]-
[55].

3.4. Validation
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To validate the optimization results, the acid hydrolysis process was repeated three times under optimal conditions, as
shown in the Table 4. Based on its optimum conditions, the yield of CNCs obtained was 39.48 + 0.057% with a standard
error of 0.044%. It indicates the high accuracy of the optimization result.

Table 4
Validation of optimized results
Response Predicted Predicted Observed Std n SE 95% PI Data 95% PI
Mean Median dev pred low Mean high
Yield 39.49 39.49 39.5 0.057 3 0.044 39.38 39.48 39.6

4. Conclusion

Ensete ventricosum pseudo stem fiber (EVPSF), a promising lignocellulose material with sufficient cellulose content but
insufficient lignin and hemicellulose, was used in this work as the raw material for the manufacture of CNCs. The
crystalline index of the CNC is good. A sulfuric acid concentration of 49.1, a hydrolysis period of 36 minutes, and a
temperature of 52 C resulted in a yield of more than 39.45 percent. The crystals with an index greater than 69.7 were
recovered in this CNCs isolation. Therefore, CNCs from EVPSF have a potential use in tissue engineering, emulsifiers,
enzyme immobilization, composite materials, medication administration, and the transport of nanomaterials.
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Figure 1

Summary of acid hydrolysis (A) at 45 °C hydrolysis temperature.
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Figure 2

Summary of acid hydrolysis (B) at 55 °C hydrolysis temperature.
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Figure 3

Summary of acid hydrolysis (C) at 65 °C hydrolysis temperature.
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Figure 4

X-ray diffractogram investigation of the isolated cellulose nanocrystals from the pseudo stem fiber cellulose of Ensete
ventricosum under various hydrolysis conditions.
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Normal plot of predicted Vs actual data of yield.
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Figure 6

Expression of numerical optimization using ramps plots
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Figure 7

The surface plots for the yield (%CNCs) and effect of parameters on the yield
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