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Abstract

Brewer’s spent grain (BSG) is the main insoluble solid by-product of the brewing industry. To add value to this
non-wood material, microcrystalline cellulose (MCC) was prepared from BSG by alkaline pretreatment,
bleaching, and subsequent acid hydrolysis to produce non-wood MCC. This study aimed to optimize MCC
production using a statistical design (Box-Behnken) with three factors at three levels: acid concentration (0.5—
1.5 M), hydrolysis time (70-90 min) and hydrolysis temperature (55-65 °C), to achieve the maximum yield and
crystallinity of MCC derived from BSG. Results from 17 experimental runs revealed that the hydrolysis
condition of 0.63 M HCI for 70 min at 61 °C yielded the highest output of 15% with a crystallinity index of
60%. The chemical structures and characteristics of MCC derived from BSG were verified by Fourier transform
infrared spectroscopy (FT-IR) and X-ray diffraction analysis (XRD). FT-IR analysis showed that the major
wavenumbers of lignin and hemicellulose after the chemical processes (1500 cm and 1735 cm™*) decreased by
21.40% and 4.60%, respectively. The XRD chromatogram revealed that the XRD characteristic peaks were
sharper after the chemical treatments, indicating an increase in cellulose crystallinity due to removing lignin and
hemicellulose. The crystallinity index of MCC derived from BSG ranged from 55-64%, which is comparable in
quality to commercial pharmaceutical MCC, Avicel® PH-101 (67.37%). These results demonstrated that MCC
from BSG was successfully prepared by acid hydrolysis under optimized conditions. BSG proved a viable non-
wood source for preparing MCC for application in the pharmaceutical and nutraceutical industries.

Keywords: Box-Behnken design, Circular economy, Fourier transform infrared spectroscopy, Microcrystalline
cellulose, Scanning electron microscope, Thermogravimetric analysis

1 Introduction hemicellulose and lignin. It is abundant in proteins,
fermentable sugars and bioactive compounds. These

Cellulose derived from non-wood biomass is used in  properties make BSG a valuable feedstock for

producing biofuels, bioplastics and nanomaterials,
thereby supporting a more sustainable and circular
economy in food applications, pharmaceuticals and
cosmetics. The non-wood plant sources of cellulose
include corncob, tea waste, date seed, bamboo pulp,
acacia seed, alfalfa and banana stems, as well as other
plants [1]-[7], whose primary product is cellulose
fiber. One of the primary by-products of the brewing
industry is brewery spent grain (BSG), considered as
the most interesting non-wood source for extracting
both cellulose and cellulose derivatives. BSG is a
fibrous byproduct primarily consisting of cellulose,

producing a variety of high-value products. While it is
commonly used as animal feed, its potential for other
applications such as food additives (thickener,
stabilizer and emulsifier), fuel (biogas production) and
pharmaceutical applications (filler, binder, and
disintegrant) has sparked considerable interest.
Additionally, this biomaterial is readily available at
low cost throughout the year and is produced in large
quantities by industrial breweries. This residue
accounts for approximately 85% of the total by-products
generated [8]. On average, spent grains comprise 20—
31% of the original malt weight, equating to roughly
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20 kg (wet weight) per 100 L of beer produced [9].
The composition of BSG varies but is primarily made
up of hemicellulose, in the form of arabinoxylans and
cellulose. Hemicellulose content ranges from 19-40%,
while cellulose content varies between 9-25% per dry
matter [10]-[12]. The benefits of utilizing non-wood
lignocellulose biomass as a cellulose source include its
low cost, widespread availability, abundance and the
reduction of waste that would otherwise be disposed
of through low-value animal feed.

The extraction of cellulose from lignocellulosic
biomass can involve different processes depending on
the biomass source, production type and desired
cellulose quality. Various methods for extracting
cellulose from lignocellulosic biomass, such as acid or
alkaline pulping [13], [14], steam-explosion [15]-
[17], organosolv [18]-[20], neutral deep -eutectic
solvent and Lewis base [21]-[23], ionic liquid [24]-
[26], supercritical fluid with alkaline extraction [27]-
[29] and enzymatic hydrolysis [30]-[32] have been
extensively researched. When compared for feasibility
analysis, acid and alkaline pulping with the chosen
bleaching chemical and technique prevail over the rest
of the aforementioned processes.

Microcrystalline cellulose (MCC) is a refined,
crystalline powder, partially depolymerized polymer
with numerous industrial applications. Common
commercial methods for producing MCC involve the
partial acid hydrolysis of purified cellulose. During
this process, only the amorphous regions of the
polysaccharides are hydrolyzed, dissolved, and
removed, while the crystalline cellulose regions
remain intact and can be recovered. The acid
hydrolysis process is typically considered complete
once a specific degree of polymerization is achieved.
Extracting cellulose from non-wood sources demands
less chemical and energy consumption due to their
relatively low lignin contents compared to wood,
which typically contains high lignin and requires more
chemicals and energy [33]-[35]. A previous study on
acid hydrolysis for cellulose-derived BSG production
by Mussatto et al., [36] reported only on the specific
method of using a sulfuric acid solution to treat BSG
with a solid-to-liquid ratio of 1:8 g/g at 120 °C for 17
min to delignify and remove hemicellulose. Although
many reports have been published on MCC production
using strong acid hydrolysis, such as HCI, H2SOs, and
HNOs, most of these studies focused on other
lignocellulosic materials (e.g., tea waste, date seeds,
Bambara nuts, corncobs, bamboo pulp, cottonwood,
corn husks, and rice husks) with specific acid
concentrations, fixed temperatures and hydrolysis

times under varying solid-to-liquid ratios [1]-[4],
[37]-[41]. However, the optimization process via acid
hydrolysis after alkaline treatment for MCC
production from brewery spent grain (BSG) has not
been reported. Several other factors significantly
affect the acid hydrolysis process for producing MCC,
including solid-to-liquid ratio (solid loading), type of
acid, lignocellulosic source, pretreatment method, and
mixing and agitation during hydrolysis [2], [4], [42].
A significant factor affecting acid hydrolysis for the
production of MCC is acid concentration. The
concentration of the acid directly influences the degree
of hydrolysis, which in turn affects the yield, particle
size, crystallinity, and purity of the resulting MCC [2],
[4], [43]. Moreover, both temperature and time of
hydrolysis are critical factors in acid hydrolysis for the
production of MCC [2], [4], [44]. Higher temperatures
accelerate the hydrolysis reaction, promoting the
breakdown of amorphous cellulose regions into
microcrystalline forms. However, excessive temperatures
can lead to over-hydrolysis, causing degradation of the
cellulose, reducing its quality and possibly forming
unwanted by-products. For the MCC production
process, the duration of hydrolysis plays a key role in
determining the extent of cellulose breakdown.
Shorter hydrolysis times may result in incomplete
conversion to MCC, while longer times can increase
the degree of hydrolysis [45]-[47]. Consequently, the
aim of this study was to optimize MCC production
using Box-Behnken Design and to characterize the
BSG-derived MCC before and after chemical
treatments using scanning electron microscopy
(SEM). Additionally, X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and
thermal properties via thermogravimetric analysis
were examined. The operational production methods
resulting from the optimized case study were also reported.

2 Materials and Methods
2.1 Chemicals

Brewer’s spent grain (BSG) was supplied from a
commercial brewery in Nakorn Pathom, Thailand.
Commercial microcrystalline cellulose, Avicel® PH-
101 was purchased from Sigma-Aldrich Chemicals
(Madrid, Spain). Sodium hydroxide and hydrogen
peroxide (30-32%) were bought from ANaPURE
(New Zealand). Hydrochloric acid (37%) was obtained
from QREC (New Zealand). Sodium hypochlorite
(10%) was purchased from LOBA Chemie (Mumbai,
India). All reagents were of analytical grade.
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2.2 Brewer’s spent grain preparation

The BSG residues were taken from lautering from the
brewing process. BSG was dried with an oven dryer at
75 °C for 24 h with periodic flipping over every 4 h to
achieve a moisture content of less than 8%. The dried
brewer’s spent grain was pulverized and passed
through 70 mesh size sieve shakers to get a brewer’s
spent grain powder.

2.3 Extraction of cellulose from brewer’s spent grain

Triplicate alkaline pretreatments were performed in a
250 mL Erlenmeyer flask by treating brewer’s spent
grain powder 10 g with 100 mL of 1.5 M sodium
hydroxide solution. The reaction was run at 80 °C for
90 min. The pellet was collected from alkaline
pretreatment and then was bleached with 5% v/v
sodium hypochlorite and hydrogen peroxide for 20
min at 80 °C. The pellet was collected after the
centrifugation. The bleaching was applied by adding
10 %v/v NaOCI at 70 °C for 20 min before subjected
to centrifugation to separate the precipitate. The white
slurry of the precipitated part was cleaned with 100
mL of distilled water before centrifugation. The
collected pellet was then dried with a freeze dryer.

2.4 Optimization of acid hydrolysis condition for
microcrystalline cellulose production

Response surface methodology (RSM) was employed
to optimize the acid hydrolysis conditions using Box-
Behnken design (BBD). The mathematical model
considered three factors at three levels for
optimization: acid concentration (0.5, 1, 1.5 M),
hydrolysis temperature (55, 60, 65 °C), and hydrolysis
time (70, 80, 90 min), as shown in Table 1.

Cellulose extracted from brewer’s spent grain
was treated with different concentrations of
hydrochloric acid to produce microcrystalline
cellulose based on the experimental design. MCC
yield and crystallinity index were explained by the
quadratic model in Equation (1).

n n-1n n
y =ﬁo+z,3ixi+zzijin +Zﬁini2 €Y
i=1 i=1 j=2 i=1

Table 1: Process variable and level of Box-Behnken
Design.

Level

Factor =) 0 1 Unit
Acid concentration 0.5 1.0 15 mol/L
Temperature 55 60 65 °C
Time 70 80 90 min
This model was used to quantify the

relationships between the estimated responses (yield
(g), y1, and crystallinity index (%), y2) and the three
independent variables (X; and Xj: acid concentration,
hydrolysis temperature, and hydrolysis time). The 3
values were coefficients obtained through multiple
regression analysis. These coefficients quantify the
significance of linear effects, quadratic effects, and
interactions between factors. Regression analysis and
analysis of variance (ANOVA) were conducted, with
p-values less than 0.05 being considered statistically
significant. Significant differences among
pretreatments in relation to MCC components derived
from BSG, including yield and crystallinity, were
analyzed using multiple regression and Fisher’s least
significant difference test. All statistical analyses were
performed using Design-Expert software version 13
(Stat-Ease Inc., USA). The selected quadratic model
was used as the mathematical equation to evaluate the
optimization conditions. The optimal acid hydrolysis
conditions were determined to maximize the yield and
crystallinity index of microcrystalline cellulose. The
number of experimental runs is presented in Table 2.

Table 2: Box-Behnken for three independent
variables and responses for MCC derived BSG
production.

Variables Responses
Acid . .
Run conc. Tempt. T|r_ne Yield Crl
(moliL) (°C) (min) @ (%)
1 15 65 80 1.06 59.03
2 0.5 65 80 1.52 54.51
3 0.5 60 70 1.68 59.07
4 15 60 70 1.10 58.90
5 0.5 60 90 1.09 57.58
6 15 60 90 1.34 58.30
7 0.5 55 80 1.11 59.72
8 15 55 80 1.03 58.28
9 1 60 80 1.08 62.63
10 1 60 80 1.09 59.78
11 1 60 80 1.18 63.46
12 1 60 80 1.23 61.02
13 1 60 80 1.10 61.35
14 1 55 90 1.06 60.42
15 1 55 90 1.01 62.05
16 1 65 70 1.05 62.77
17 1 55 70 0.94 60.62
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2.5 Validation and case study of optimization criteria

MCC was prepared from BSG using the optimum
conditions determined in Section 2.4. The experiment
was conducted in triplicate to validate the yield and
crystallinity index. To evaluate operational criteria,
five different sets of MCC production conditions were
analyzed by response surface methodology. These
conditions aimed to find alternative operational
settings to maximize both yield and crystallinity: Case
I included all factors within defined ranges; Case Il set
acid concentration at its lowest while maintaining
hydrolysis time and temperature within specified
ranges; Case Il set hydrolysis temperature at its
lowest, with hydrolysis time and acid concentration
within specified ranges; Case IV set hydrolysis time at
its lowest, with hydrolysis temperature and acid
concentration within specified ranges; and Case V set
all factors at their lowest values.

2.6 Characterization of BSG, MCC derived BSG
and Avicel® PH-101

2.6.1 Fourier transform infrared spectroscopy

The pulverized and dried samples (10 mg) were mixed
with potassium bromide (200 mg) followed by
grinding to a fine powder before compressing into
tablets. Then analysis was performed by the Fourier
Transform Infrared Spectroscopy (INVENIO S,
BRUKER, Germany) by scanning with an average of
25 scans in the range of 4000-400 cm™! at a spectral
resolution of 2 cm™.

2.6.2 X-ray diffraction (XRD)

XRD patterns were obtained using an X-ray
diffractometer (SmartLab, Rigaku, Japan) with Cu Ka
radiation for observing the crystalline nature of the
untreated BSG with MCC derived BSG and the Avicel®
PH-101. The sample was scanned in a 20 range from
5° to 40°. Values of crystallinity were recorded from
the ratio between the intensity of the (002) peak and
the (101) peak. The crystallinity indexes (Crl) of the
sample were calculated using the following equation.

% Crystallinity Index (Crl) = (1"021_7”‘””) x 100
002

When 1I,,, is the maximum diffraction intensity of
crystalline from a plane (002) at 26 = 22.2°
I 1S S the intensity of amorphous cellulose at 26 = 18°

2.6.3 Thermogravimetric (TGA)

The characterization of thermal analysis of samples
before and after chemical pretreatment was performed
using the Thermogravimetric analyzer (PerkinElmer,
TGA 4000, USA) with a heating rate of 10 °C/min and
a temperature range of from 25 °C — 950 °C under
nitrogen atmosphere.

2.6.4 Scanning electron microscopy (SEM)

The morphological characteristics of changes in
samples due to pretreatment were observed by SEM.
For the sample preparation, the BSG, BSG derived
MCC and Avicel® PH-101 were fixed on stubs and
coated with Auto fine coater (JEC-3000FC). A field
emission scanning electron microscope (FESEM,
JSM-7610FPIus, JEOL, Japan) with an accelerating
voltage of 3.0 kV up to 5.0 kV was operated. The SEM
images of three samples at various magnifications,
750x, 3500x and 1000x were recorded.

2.6.5 Statistical analysis

All the analytical experiments were carried out in
triplicate. The results were compared by ANOVA
using the SPSS 9.0. Multiple comparison of the means
was performed by the Least Significant Difference
(LSD) test at a 0.05 level.

3 Results and Discussion
3.1 Optimization of MCC derived BSG production

In the process of producing BSG-derived MCC,
alkaline treatment was applied to purify the cellulose
from BSG by removing residual hemicellulose, lignin,
and other remaining impurities. During this alkaline
treatment, the cellulose chains in the treated BSG were
reduced in size, resulting in more crystalline segments.
After that, bleaching with NaOCl was used to
effectively remove colored impurities and residual
lignin, resulting in a white product. Furthermore, the
treated BSG was subjected to H20: to neutralize any
residual NaOClI, ensuring that the MCC would be free
from bleaching agents that could affect its properties.
This production step was crucial for achieving high
purity and quality of the final MCC product.

To produce BSG-derived MCC, potential
influencing factors for MCC parameters during the
acid hydrolysis of BSG were optimized using response
surface methodology (RSM) to ensure maximum yield
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and crystallinity. The results of 17 experiments
detailing the yield and crystallinity index from the
Box-Behnken Design are presented in Table 2. The
experimental data were fitted to a quadratic equation,
which depicted the relationship between the various
parameters used in the model. The quadratic equation
for production yield had an R2 value of 89.10 and an
adjusted R2 value of 96.50, indicating a good fit of the
model to the data. The model’s F-value of 6.38, along
with a p-value of less than 0.05, confirmed its
statistical significance. The statistical evaluation
showed that the yield of microcrystalline cellulose
(MCC) was significantly influenced by acid
concentration (p-value = 0.0138). Furthermore, during
production involving alkalization, bleaching, and acid
hydrolysis, the yield of MCC was notably affected by
the synergistic interaction between acid concentration
and hydrolysis time (p-value = 0.0034).

The MCC yield averaged approximately 10% of
the original BSG material, with a crystallinity index
ranging from 54% to 63%, as detailed in Table 2.
Three-dimensional response plots (Figure 1(a)—(c) and
Figure 2(a)—(c)) were generated to understand the
interactions between different variables and determine
the optimal levels for maximum response. These plots
provided valuable insights into the interactions among
the factors tested. The contour plots indicated
significant interactions between the parameters
considered in this study. The effects of hydrolysis time
and acid concentration are shown in Figure 2(b), while
Figure 2(c) depicts the response surface representing
changes in hydrolysis time and temperature and their
impact on yield. The peak points on the three-
dimensional plots revealed the optimal conditions for
achieving maximum MCC vyield from BSG. Each
response model underwent statistical analysis via
ANOVA to confirm its reliability. Temperature
changes outside the range of 60°C did not significantly
affect MCC vyield. This consideration is reflected in
the production results of MCC derived from BSG,
illustrated in Figure 2(a). The results showed that
lower acid concentrations combined with higher
hydrolysis temperatures led to increased MCC yields,
ranging from 1.11 g to 1.52 g. The maximum yield
observed was 1.52 g, with an HCI concentration of
0.63 M at 61 °C and a hydrolysis time of 70 min,

resulting in a crystallinity index of 60%. Figure 2(a)
illustrates the effect of acid concentration and
temperature on MCC yield, with hydrolysis time held
constant. The concentration of HCI directly influenced
the degree of hydrolysis, which in turn affected the
yield, particle size, crystallinity index and purity of the
resulting MCC. Although higher acid concentrations
typically led to more extensive hydrolysis, effectively
breaking down the amorphous regions of cellulose,
excessive concentrations could cause cellulose
degradation, reducing the quality of the MCC. In
contrast to the MCC vyield under acid hydrolysis
conditions, the ANOVA analysis for the effect of
crystallinity index on MCC yield indicated an F-value
of 2.71 with a p-value greater than 0.05, suggesting
that the model was not significant in predicting
changes in the crystallinity index. In this experiment,
the acid concentration range tested was from 0.5t0 1.5
mol/L, which is still considered a moderate condition
for acid hydrolysis treatment. Therefore, during acid
hydrolysis due to the inherent structure and
composition of the cellulose in the region. During acid
hydrolysis, the amorphous cellulose in BSG was more
easily degraded, while the crystalline cellulose
remained largely intact, even at higher acid
concentrations. However, the model adequately
predicted changes in the crystallinity index with a
coefficient of determination (R2?) value of 0.776,
considering  the  relationships among  acid
concentration, temperature, and hydrolysis time.
These relationships are illustrated in the response
surface graphs in Figures 1(a)-(c). The model
predicted optimal acid hydrolysis conditions at 61 °C
for 70 min with an acid concentration of 0.635 M.
These parameters maximized the yield to 15.18%
(1.518 g) with a crystallinity index of 60. Equations
for yield and crystallinity index are provided below.

Yield (g) = -18.84 — 2.6A + 0.7B + 0.005C —
0.0374AB + 0.0411AC — 0.0008BC + 0.667A2 —
0.0048B2 + 7.5C2 @)

Crystallinity Index (%) = 35.76 — 11.34A + 1.43B —
0.24C + 0.60AB + 0.04AC — 0.002BC — 13.53A2 —
0.01B? + 0.01C? 3)
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(a)

@)

(b)

Figure 1: Response surface 3D graph of yield in MCC production (a) the effect of acid concentration and
temperature, (b) the effect of acid concentration and hydrolysis time, (c) hydrolysis temperature and time.

The acid hydrolysis treatment of BSG resulted in
a white, fibrous powder composed of porous particles
from the brownish ground particle of BSG, as shown
in Figure 3.

Dried BSG BSG Powder

MCC derived BSG

Figure 3: Appearance of MCC derived BSG from acid
hydrolysis production.

3.2 Characterization of microcrystalline cellulose

FTIR spectroscopy was utilized to identify functional
groups and chemical changes occurring during the
pretreatment process. Graphs of FTIR spectra of BSG,
MCC derived from BSG, and Avicel® PH-101 were
presented in Figure 4. In its raw form, BSG powder
exhibited seven notable peaks in the spectra at 1029
cm?, 1525 cm™?, 1633 cm™, 1735 cm?, 2856 cmY,

(b)
Figure 2: Response surface 3D graph of crystallinity index in MCC production (a) the effect of acid
concentration and temperature, (b) the effect of acid concentration and hydrolysis time, (c) hydrolysis
temperature and time.

2921 cm™ and 3284 cm™. The transmittance peak at
1029 cm™ indicated dominant cellulose (C6-O6H
stretching) and lignin (C—O stretching). Following
alkaline, bleaching with NaOCI and H,0O, and acid
hydrolysis treatments, this peak sharpened, reflecting
structural changes. The peak at 1525 cm™, attributed
to various lignin groups, notably diminished post-
alkaline and bleaching treatments, suggesting the
removal of hemicelluloses and lignin from BSG.
Comparative analysis showed increases of 5.64%,
2.67%, 21.4%, and 4.6% in transmittance at main
lignin and hemicellulose wavenumbers (2900 cm,
2800 cm™, 1500 cm™ and 1735 cm™), as depicted in
Figure 4. The prominent peak at 1635 cm?, associated
with alkenyl C=C stretching and aromatic skeletal
C=C vibration in lignin, increased by 12.37% and
7.64%, respectively, following bleaching stages.
Absence of these peaks in MCC derived from BSG
indicated effective removal of hemicellulose and
lignin components during treatment. Our result of
delignification and hemicellulose removal at this peak
was similar to the previous investigation by Sheng et al.
[37], Shao et al. [1], Asif et al., [48]. They showed that
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the wavelengths that represented lignin and
hemicellulose were decreased after the chemical
pretreatment of cotton wool, corncob and dated seed.
The peak at 1735 cm?, attributed to C=0 stretching in
acetyl groups of hemicellulose, appeared weaker in
both MCC derived from BSG and Avicel® PH-101,
suggesting reduced acetyl groups post-treatment.
Changes in peak intensity indicated acetyl group
disappearance during pretreatment.

Table 3: Assignment of key functional groups
associated with lignocellulosic material.

Wavenumber Functional Group Reference
(cm™) Assignment

3500 — 3200 —OH bond in cellulose, [49] - [51]
hemicellulose and lignin

2896 — 2922 Symmetric methyl and [51], [52]
methylene stretching of
cellulose, hemicellulose and
lignin

1735 C=0 stretching in the [49] - [53]
carboxyl and ester bonds of
hemicellulose

1640 C=C of aromatic vibrations in [53], [54]
lignin

1500 — 1525 C=C in the aromatic ring of [52], [53]
Guaiacyl unit of lignin

1240 C-O bond in hemicellulose [53], [55]
and lignin (syringyl aromatic
ring)

1029 — 1031 C-0O-C of pyranose ring [48]
skeletal vibration

897 C-H rocking vibration of [49], [50],
beta-glycosidic linkage [55]

The prominent bands observed in all samples in
the FT-IR spectra ranging from 3000 to 3500 cm*
were assigned to OH stretching vibrations, indicating
the presence of cellulose in the samples. Within the
cellulose structure, three hydroxyl groups typically
interact with others to form secondary valence bonds,
which contribute to cellulose crystallinity and chain
structure through a hydrogen bonding network. The
increased intensity of these bands suggested that the
pretreatment effectively degraded the amorphous
parts, enhancing the crystallinity of MCC derived
from BSG. Specifically, peaks at 3300 cm, 1025 cm?
and 897 cm™ were assigned to -OH groups of the
sugar ring, pyranose sugar ring and B-glycosidic
linkages, respectively. The heightened intensity of
these peaks indicates successful extraction resulting in
a higher cellulose content. Overall, the spectral
profiles of the final acid-treated BSG displayed typical
absorption peaks of cellulose, akin to those observed
in commercially available Avicel® PH-101, featuring
main peaks at 3345 cm%, 2898 cm?, and 1027 cm.

The peak at 2898 cm in acid-treated, bleached BSG
and 2893 cm™ in Avicel® PH-101 indicates C—H
stretching. Additionally, the absorption peak at 895
cm* corresponds to —~C—H out-of-plane stretching in
the cellulose position ring due to PB-linkages [56],
which was observed at 898 cmin MCC derived from
BSG. Details of the major wavelength of agricultural
biomass were classified in Table 3. These findings
highlight the similarity in cellulose composition
between MCC from BSG and Avicel® PH-101,
affirming the efficacy of the extraction and refining
processes in producing high-quality MCC from BSG.

Transmittance (%)

—BSG POWDER

—MCC BSG

" Avicel® PH-101

3800 3400 2900 2400 1800 1400 900 400

Wavenumber (cm™)

Figure 4: Comparison of FTIR spectra of BSG, MCC
derived BSG, Avicel® PH-101.

3.1.2 X-ray diffraction analysis

X-ray diffraction patterns for MCC-derived BSG and
the standard Avicel® PH-101 were depicted in Figure
5. Generally, components of lignocellulosic biomass
can be either crystalline or amorphous. Cellulose
contributes to the crystalline structure, whereas
hemicellulose and lignin are typically amorphous [57].
During acid hydrolysis, an increase in crystallinity
was anticipated, as evidenced by the XRD curve.
Thus, heightened crystallinity showed greater
cellulose content and reflected the efficacy of the
pretreatment process. Native cellulose, known as
Cellulose I, exhibited characteristic peaks at 26 values
of 15°, 16°, and 23°, corresponding to the 100, 110,
and 002 reflections, respectively. In contrast,
mercerized and regenerated cellulose, categorized as
Cellulose 11, showed typical peaks at approximately
12°, 20°, and 22° for the same reflections [58]. As
shown in Figure 5, the two materials displayed slightly
different X-ray diffraction patterns, likely due to
variations in the source of the MCC. MCC-derived
BSG and Avicel® PH-101 exhibited diffraction
patterns with peaks at 26 = 15.6°, 22.2°, and 35°,
corresponding to the 110, 200, and 004 crystallographic
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planes, respectively, indicative of the typical
crystalline structure of cellulose 1. Avicel® PH-101
was traditionally characterized by a high degree of
crystallinity, typically ranging between 55-80% as
determined by X-ray diffraction spectroscopy [38].
Our diffraction pattern along with crystallographic
planes from MCC derived BSG was according to the
previous studies by Sheng et al. [37], Zhang et al. [4],
and Shao et al. [1], which produce MCC derived from
cotton wool, corncob and corncob.

25000

20000

15000 1 “Avicel® PH-101

-=MCC BSG

10000

Intensity (a.u.)

5000

10 15 20 25 30 35
20()
Figure 5: XRD chromatogram of MCC derived BSG
and Avicel® PH-101.

3.1.3 Thermogravimetric analysis

TGA of BSG, MCC-derived BSG, and Avicel® PH-
101 were illustrated in Figure 6. Thermal
decomposition of the samples was investigated via
TGA from 25 °C to 900 °C at 10 °C/min under a
nitrogen atmosphere. Analysis of the TG curve
(Figure 6) for BSG showed an initial thermal event
between 25-48 °C and 122-268 °C, with observed
weight losses of about 6.79% and 25.59%, attributed
to water evaporation. The final thermal degradation
occurred between 324-343 °C, resulting in a weight
loss of 42.44%. This observation was supported by
moisture content determination. For MCC-derived
BSG, the first thermal degradation was between 25—
38 °C, resulting in a weight loss of 5.09%. Similarly,
the Avicel® PH-101 sample showed an initial thermal
event for water evaporation between 25-47 °C, with a
weight loss of 5.30%. The second thermal event for
MCC-derived BSG occurred between 280-310 °C,
resulting in approximately 94.54% weight loss. For
Avicel® PH-101, the second thermal event occurred
between 310-334 °C, with a weight loss of 92.12%.
All samples showed rapid pyrolysis between 280 °C
and 350 °C, with weight losses primarily due to
dehydration and cellulose decomposition. The maximum

weight losses for BSG, MCC-derived BSG and
Avicel® PH-101 were observed at 343.10 °C, 310.82 °C,
and 334.73°C, respectively. The maximum weight
loss temperature of MCC derived BSG was similarly
to the maximum weight loss temperature of MCC
derived from alfalfa [6] and acacia seed [5] which
were 320 °C and 304 °C. The thermal weight loss
observed between 200-400 °C was attributed to
cellulose depolymerization [58]. Results indicated that
MCC-derived BSG exhibits thermal stability
comparable to Avicel® PH-101. This high thermal
stability suggested the potential applications in food,
pharmaceuticals and green composite products.

100
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——MCC BSG

D
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= Avicel® PH-101
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Figure 6: TGA curves of BSG, MCC derived BSG
and Avicel® PH-101.

3.1.4 Scanning electron microscope

Scanning electron microscope (SEM) images were
used to assess the effect of chemical treatment on
BSG, MCC-derived BSG, and Avicel® PH-101, as
shown in Figure 7. The results indicated that raw BSG
exhibits a rough surface, likely due to the presence of
hemicellulose and lignin deposits. Following the
pretreatment procedure, MCC-derived BSG showed
elongated fibrillar shapes with a smoother surface
compared to raw BSG. The production of MCC from
BSG resulted in smoother cellulose fibrils
predominantly in a rod-like structure. In contrast, the
commercial standard microcrystalline cellulose,
Avicel® PH-101, exhibited shorter rod-like structures
and some agglomerated fibril pieces, as observed in
the 750x magnification. As depicted in Figure 7, the
surface morphology of our MCC-derived BSG was
found to be comparable to that of Avicel® PH-101.
This similarity in  morphology confirmed the
successful removal of hemicellulose and lignin
originally bonded to the surface of the ground BSG.
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Figure 7: SEM micrograph image of BSG, MCC
derived BSG and Avicel® PH-101 at 750x, 3500x,
and 10000x.

3.3 MCC derived BSG acid hydrolysis process validation

The operational conditions for acid hydrolysis were
validated using a 0.634 M HCI concentration at 61 °C
for 70 min, resulting in a maximum yield of 1.518 g of
MCC. This validated operational condition and the
accuracy of the yield mathematical equation were
tested in triplicate. Each replication showed yields
approximately 10% slightly higher than the predicted
yield in the model, as shown in Table 4. These
experimental results were in good agreement with the
predictions of the quadratic regression model. For
MCC derived from BSG, our operational conditions
were simpler to handle than those previously reported
by Heidari et al., [59], BSG was initially treated with
a 2 wt.% sodium hydroxide aqueous solution for 2
hours at 80 °C under gentle agitation. The alkaline-
treated BSG underwent bleaching with 1.7 wt.%
sodium chlorite and acetate buffer for 2 hours at 80 °C
under gentle agitation. This was followed by micro-
fluidization with and without 2,2,6,6-
Tetramethylpiperidine-1-oxyl radical (TEMPO)-
mediated oxidation pretreatment to obtain bio-based

Table 4: Validation of yield and crystallinity index.

building blocks for aerogels. The lower temperature of
acid hydrolysis and shorter hydrolysis time from our
results made it more economical to scale up compared
to the report from Camacho-Nufiez et al., [60] that
extracted cellulose from BSG through acid hydrolysis,
alkaline hydrolysis and bleaching reactions. BSG was
first treated with HNOg3 at a concentration of 6% (w/v)
at 80 °C for 60 min, followed by alkaline hydrolysis
with 2% (w/v) NaOH at 80 °C for 90 min. The
cellulose was then purified via a one-step bleaching
reaction with a 5% (v/v) H20, aqueous solution at
70 °C for 60 min. Additionally, Bhandari et al., [61]
prepared microcrystalline cellulose from rice husk
through alkaline pretreatment with 10% w/v sodium
hydroxide at 55 °C for 90 min. The sodium hydroxide-
treated material underwent further processing in the
presence of 0.5%—1% sodium chlorite at 85 °C for 90
min, followed by acid hydrolysis with 2.5N hydrochloric
acid and hydrogen peroxide treatment, resulting in a
yield of 5 g of MCC from 20 g of rice husk.

3.4 Thealternative operational condition for production

For this research, the acid hydrolysis operational
parameters were confirmed by employing a 0.634 M
HCl solution at 61 °C for 70 min, yielding a maximum
0f 1.518 g of MCC. To produce MCC from BSG under
constrained conditions and considering techno-
economic analysis, various parameters for acid
hydrolysis extraction were evaluated and tabulated in
Table 5. In order to minimize hydrolysis time and
reduce costs associated with acid and electricity
(taking temperature into account), Case V emerged as
the optimal condition. Under Case V, a yield of 1.438
g of MCC with a crystallinity index of 59.47% was
achieved using 0.5 M acid hydrolysis at 56.30 °C for
70 min. Among the 17 experimental runs tested for
acid concentration and hydrolysis temperature, Case
Il closely matched the conditions of Case V.
Treatment of BSG with 0.507 M acid at 56 °C for 70
min in Case 1l yielded 1.434 g of MCC with a 59%
crystallinity index.

Validation Experiments -

Response 1 > 3 X SD
Yield (g) 1.0 1.02 1.00 1.02 0.01
Crystallinity Index (Crl) 56.7 57.6 55.5 56.6 0.84
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Table 5: Case study of MCC production process.

Condition Desired Response Optimum Condition
Case [HCI] . - : [HCI] - .
(mol/L) Temp. (C)  Time (min) Yield (g) Crl (%) (mol/L) Temp. (C)  Time (min)
Case | In range In range In range 1.518 60 0.634 61 70
Case Il Lowest In range In range 1.609 59 0.530 59.89 70
(0.5M)
Case Il In range Lowest In range 1434 59 0.507 56.36 70
(55C)
Case IV In range In range Lowest 1.518 60 0.634 61 70
(70 min)
Case V Lowest Lowest Lowest 1.438 59.47 0.500 56.30 70
4 Conclusions and editing, funding  acquisition,  project

We optimized the production of MCC from BSG
through pretreatment followed by acid hydrolysis. The
optimal conditions for MCC production involved acid
hydrolysis using 0.634 M HCl at 61°C for 70 minutes,
achieving a maximum yield of 67% and crystallinity
of 57%. For the MCC production process, the higher
temperature and longer hydrolysis time would be
possible to achieve a higher yield. However, the cost
of the production process has to be considered. The
yield of MCC was significantly influenced by acid
concentration and the interaction between acid
concentration and hydrolysis time during the
alkalization, bleaching, and acid hydrolysis processes.
Scanning electron  microscopy revealed the
morphological characteristics of the produced MCC
derived from BSG. Thermal properties were analyzed
using thermogravimetric analysis (TGA), focusing on
key properties such as crystallinity. Our findings
demonstrate successful production of MCC from
BSG, readily to apply the condition for scaling up
process, although further exploration of its
physicochemical characteristics and applications is
warranted.
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