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ABSTRACT

This study explores the production of nanocrystalline cellulose (NCC) from corn cob
(Zea mays), aiming to overcome the challenges of carbonization and reduced yield
typically associated with the use of highly concentrated and corrosive sulfuric acid.
A systematic approach was adopted employing one-factor-at-a-time analysis to
optimize the hydrolysis process, focusing on three key parameters: sulfuric acid
concentration, hydrolysis temperature, and duration. The determination of optimized
conditions was based on the desired particle size of the NCC produced and the
absence of carbonization. The produced NCC was thoroughly characterized using
Fourier transform infrared spectroscopy to determine its chemical structure, X-ray
diffraction for crystallinity, and thermogravimetric analysis (TGA) for thermal
properties. The results highlighted that the optimal conditions for NCC production
involve a sulfuric acid concentration of 40 wt% at a temperature of 70 °C, with a
hydrolysis duration of 150 min. These conditions yielded NCC with a uniform particle
size of 225.07 nm, no signs of carbonization, and a significantly lower inorganic
content at 6.73 w/w% after heating to 590 °C in the TGA. This study thereby offers
valuable insights for producing NCC with reduced carbonization and increased
yield.
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layer due to negatively charged groups, promoting its
dispersion in water and ensuring its thermostability

Cellulose, the most abundant natural polymer in the world,
is a challenging material to break down due to its strong
hydrogen bonding (Pandey, 2017). Its nanoscale
derivative, nanocellulose, forms a negative electrostatic
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(Grande et al, 2017). This nanomaterial is particularly
promising as a reinforcement for polymers due to the
potent effects of its interfibre hydrogen bonds, which are
not presentin microfiber composites (Thomas etal.,, 2018).
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However, the strength and modulus of nanocellulose
composites increase only up to an optimal content of about
5%, after which further nanocellulose content results in
impairment (Azeredo et al., 2017).

The production of cellulose, and subsequently
nanocellulose, can be achieved using lignocellulosic
material. The process starts with delignification and
hemicellulose removal to produce microcellulose.
Conversion from microcellulose to nanocrystalline
cellulose (NCC) is typically performed through an acid
hydrolysis method with sulfuric acid due to its consistent
performance and short reaction time (Adriana etal., 2020).
This process introduces sulphate groups to the NCC
through the catalytic degradation of sulfuric acid.

The current standard method for producing NCC via
hydrolysis involves a 60-64% sulfuric acid solution heated
at 45 °C for 45-60 min (Naduparambath et al, 2018).
However, under these conditions, NCC often undergoes
carbonization, a process that transforms biomass into a
carbonaceous solid when exposed to an aqueous catalyst
(Han et al, 2022). Although this carbonization results in
porous cellulose with coal fuel, electrode material, sorbent,
and catalyst applications, it reduces the material's utility as
a polymeric filler (Burra et al, 2021; Heidarinejad et al,,
2020).

This research seeked to address this issue by proposing
a set of guidelines to design acid hydrolysis parameters
that optimize NCC particle size while preventing
carbonization. It suggests milder hydrolysis conditions
using a lower concentration of sulfuric acid, with extended
temperature and reaction duration (Heidarinejad et al,
2020). This method provides a buffer period for the
observation of any immediate carbonization reactions that
could damage the NCC.

The present study utilized corn cob (Zea mays) as a
cellulose feedstock for the production of NCC (Sumaila et al,,
2020). To achieve this optimization, the study employed
the one-factor-at-a-time (OFAT) approach. This systematic
scientific method evaluated parameters such as sulfuric
acid concentration, hydrolysis temperature, and hydrolysis
duration. The physicochemical and thermal properties of
the resulting NCC were also characterized as part of the
study.

2. MATERIALS AND METHODS

2.1 Materials

Corn cob (Zea mays) was provided by Marine Gold
Marketing Sdn. Bhd. Malaysia. A commercial cellulose
nanocrystal (cNCC), used as the control in this study, was
purchased from Cellulose Lab, Canada. The chemicals used,
including sodium chlorite (NaClO), acetic acid (CH3COOH),
sodium hydroxide (NaOH), hydrochloric acid (HCI), and
sulfuric acid (HzS04), were all of analytical grade.

2.2 Microcrystalline cellulose (MCC) production
from corn cob

Corn cob was dried, blended, and then sieved to obtain a
powder with a particle size ranging between 250 um and
500 um. This powder was then bleached using a 5% w/v
solution of NaClOz in a ratio of 1:10. The bleaching process
was activated by the addition of 1 mL of concentrated
CH3COOH for every 100 mL of NaClO: used, and the
mixture was heated at 80 °C for 2 h (Fortunati et al.,, 2013).
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Following this, the delignification process resulted in a
cellulose pulp, which was subsequently filtered and
washed with deionized water. To remove the
hemicellulose content, the pulp was hydrolysed further
using a 20% w/v solution of NaOH. This was performed at
boiling temperature for 3 h, with continuous stirring
(Fahma et al., 2010). Finally, the MCC was washed until it
reached a neutral pH.

2.3 NCC optimization from MCC

OFAT method was used to analyze the production of NCC
using sulfuric acid hydrolysis. This process involved a
series of steps, starting with the mixing of MCC powder
with sulfuric acid in a 1:20 ratio under continuous stirring.

Hydrolysis was initially conducted at varying
temperatures, ranging from 40-80 °C, while maintaining a
fixed sulfuric acid concentration and hydrolysis duration.
Once the optimum temperature was determined, it was
kept constant for subsequent tests, during which the
sulfuric acid concentration varied from 20-50 wt%. This
was done while preserving the same hydrolysis duration
as in the previous temperature test.

In the next stage, both the optimized temperature and
sulfuric acid concentration were utilized to find the ideal
hydrolysis duration, testing intervals from 50-200 min.
These optimization steps were guided by the goal of
achieving the best particle size for the produced NCCs.
After the acid hydrolysis process, the NCC pulp was washed
multiple times through centrifugation before being freeze-
dried. Each treatment was replicated three times over two
separate batches to ensure reliability of the results.

2.4 Particle size analysis

A 0.5% suspension of NCC was prepared by thoroughly
homogenizing freeze-dried NCC powder in water. This was
accomplished using an ultrasound homogenizer. The
particle size of the NCC in the suspension was then
determined using a particle size analyzer, specifically the
Malvern Zetasizer Nano ZS from the UK. For this process,
the reflection index of the NCC in the water suspension was
setat 1.510.

2.5 Physicochemical and thermal properties

The chemical compositions of the NCC samples were
determined through characterization using transform
infrared spectroscopy, utilizing a Thermo Scientific Nicolet
iS5 from the USA and the attenuated total reflectance
(ATR) technique. The FT-IR spectrum was recorded within
a wavelength range of 400 cm-! to 4000 cm-1, employing a
spectral resolution of 4 cm-l. A total of 64 scans were
completed for each sample.

In addition, X-ray diffraction analysis was performed
using a Shimadzu XRD-6000. The XRD settings were at 30
kV and 30 mA, with a 20 scan angle range from 5° to 45°,
employing Cu-Ka radiation (A=1.5406 A). The degree of
crystallinity (Xcr) was determined based on the area ratio
of the crystal phase to the sum of the crystal and
amorphous phases in the XRD diagram, calculated using
Equation 1.

Xer(%) = (1(110) - 1(020))/1(110) %100 (1)

where I(;10) is the maximum/peak intensity at a 26 angle
of crystalline material and (30 is the maximum/peak
intensity at a 26 angle of amorphous material.
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The thermal degradation properties of the NCC
samples were evaluated using a Thermo-gravimetric
analyser, specifically a Perkin Elmer, TGA 7, USA model.
Each sample, weighing approximately 10 mg, was placed
on the heating pan. The analysis was performed in the
ramp mode, with a temperature range from 30-600 °C,
applying a constant heating rate of 10 °Cmin. To prevent
thermo-oxidative degradation, the tests were conducted
under a nitrogen atmosphere, flowing at 20 mLmin.

2.6 Statistical analysis

The mean * SD of the results from three replicates was
calculated. The statistical difference was analyzed by one-
way ANOVA using JMP Pro 12 with a confidence level of
0.95. A post-hoc Tukey-Kramer test (a = 0.05) was used to
compare the significant difference between each
formulation combination.

3. RESULTS AND DISCUSSION

3.1 Optimization of NCC particle size via OFAT
The OFAT analysis for the production of NCC targeted
three parameters: hydrolysis temperature, sulfuric acid
concentration, and hydrolysis duration. This was done to
manage the effects of carbonization and achieve the
desired particle size, as detailed in Table 1.

During the investigation of the temperature range (40-
80 °C), using 30 wt% H2SO0s4 for 100 min, a significant
difference was observed in the NCC particle size [F (4,
10)=31.9991, p<0.0001*]. As the hydrolysis temperature
increased to 60 °C, the NCC particle size decreased
substantially from about 4000 nm to 1383.67 + 211.68 nm.

This suggested that 60 °C is a critical temperature for
minimizing the activation energy during acid hydrolysis.
However, the produced NCCs demonstrated considerable
variation and inconsistency in particle size. The high PDI of
the NCC suspensions also indicated poor distribution and
dispersion.

Regarding the sulfuric acid concentration, a notable
decreasing trend was observed in the NCC particle size at
varying acid concentrations (20-50% w/w) [F (3, 8)=
5.1252, p=0.0287%*]. The smallest particle size was found in
NCC-C50 (577.13 £ 58.76 nm) and it displayed a smaller
standard deviation and PDI value, suggesting uniform
hydrolysis. Yet, NCC-C50 displayed signs of darkening,
indicating excessive hydrolysis and carbonization due to
the high H2S04 concentration. NCC-C40, however, showed
no signs of carbonization, suggesting that the given
concentration adequately degraded the amorphous
domains of long cellulose microfibrils.

When optimizing the hydrolysis duration (ranging 50-
200 min), with a fixed hydrolysis temperature of 70 °C and
40% w/w H2S0s concentration, significant differences
were noted in both particle size [F (3, 8) = 58.2491,
p<0.0001*] and PDI [F (3, 8) = 39.9878, p<0.0001*] of the
produced NCCs. NCC-t150, which showed no signs of
carbonization, had the smallest particle size (225.07 *
19.03 nm) and lowest PDI value (0.36 + 0.06) among all the
tested durations. This suggests that these conditions
effectively hydrolyze cellulose. Although commercial NCC
(cNCC) had a smaller particle size (68.87 £ 1.87 nm), its PDI
value was higher (0.55 * 0.03) than NCC-t150.
Consequently, NCC-t150 outperformed cNCC due to its
superior uniformity in particle size.

Table 1. Particle size and poly-dispersion index (PDI) estimation of NCCs

NCC sample Temperature (°C) H2S04 Duration Particle size (nm) PDI

(% w/w) (min)
NCC-T40 40 30 100 3853.33 +657.062 1.00 £ 0.00
NCC-T50 50 30 100 3915.33 £280.712 1.00 £ 0.00=
NCC-T60 60 30 100 1383.67 +211.68" 1.00 £ 0.00=
NCC-T70 70 30 100 1022.07 +505.23 0.92+0.13
NCC-T80 80 30 100 1726.67 +320.16 > 1.00 £ 0.00=
NCC-C20 70 20 100 1364.33 +211.91= 0.97 +£0.03 2
NCC-C30 70 30 100 1022.07 + 505.23 b 0.92+0.13
NCC-C40 70 40 100 648.87 +82.69 ab 0.75+0.09b
NCC-C50 70 50 100 577.13 +58.76" 0.71+0.04b
NCC-t50 70 40 50 1204.67 + 165.53 2 0.98+0.022
NCC-t100 70 40 100 648.87 +82.69 " 0.75+0.09b
NCC-t150 70 40 150 225.07 +£19.03¢ 0.36+0.06¢
NCC-t200 70 40 200 453.23 +38.80 b¢ 0.88+0.11
cNCC - - 68.87 £ 1.87 0.55+0.03

Note: a—c indicate significant difference (p<0.05) among the comparisons. NCCs are coded by temperature (T), concentration (C) and

time (t).

3.2 Physicochemical properties analysis

The physicochemical properties of NCC were assessed
using FT-IR and XRD. Representative cellulose samples,
including delignified cellulose, MCC, NCC-C50, and NCC
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t150, were selected for FT-IR spectra analysis as presented
in Figure 1(a).

The broad peak seen at 3333 cm! indicates the
presence of O-H stretching, comprised of inter- and
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intramolecular hydrogen bond vibrations in cellulose (Ma
et al,, 2015). The absence of the peak at 1728 cm-! in MCC
and the produced NCCs suggested the successful removal
of the acetyl group's C=0 stretching in hemicellulose
during alkaline treatment.

Multiple peaks in the 1450-1300 cm! range were
identified, including at 1428 cm-! (-CH2 bending), 1369 cm-!
(-CH deformation), and 1316 cm?! (-CH2 deformation)
(Boukir et al, 2019). The signals found at 1428, 1159,
1103, and 1052 cm-! confirmed the NCCs as cellulose type
1 (Fortunati et al, 2013). The absorption at 897 cm-!
further validated the NCC structure, revealing the presence
of the critical functional group in the 1,4-glucosidic linkage
between glucose units (Heidarian et al, 2016). XRD
analysis, as demonstrated in Figure 1(b), (c) and (d),
showed a sharp peak at 22°, representing the crystalline
region with plane (002). Another peak was observed at
16°, indicative of the amorphous region with plane (101).

(a) Delignified
cellulose

3333
- 2045

NCC-C50

NCC-t150

Normalized Transmitance

The Xcr is determined by the intensity difference between
crystalline and amorphous materials and the ratio of
crystalline regions. An additional peak at 20.5° was found
in cNCC, possibly corresponding to the amorphous region
of cellulose, which is present in certain brands of cNCC,
such as Avicel by Dupont, but absent in those derived from
pulp (Yao et al,, 2020). It is hypothesized that this could
result from the addition of stabilizers like carboxymethyl
cellulose in commercial preparations.

Recorded X values for NCC-T50, NCC-t150, and cNCC
were 40.52%, 59.33%, and 74.31%, respectively. The Xcr
for NCC-T50 aligned with nanocellulose extracted from
peach palm (Bactris gasipaes) (49.8-54.5%) and washed
cotton cloth (55.76-62.67%) (Wang et al., 2017; Franco et
al,, 2019). Importantly, all observed peaks in the produced
NCCs were consistent with the diffraction peaks of
cellulose type 1, suggesting that the hydrolysis process did
not impact the structure.
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Figure 1. Attenuated FT-IR spectra of (a) cellulose samples and XRD diffractograms of (b) NCC-T50, (¢) NCC-t150, and (d)
cNCC with scanning angle from 5-45° scanning angle from 2°min scanning speed at 30 kV, 30 mA
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3.3 Thermal properties of NCCs
The thermal degradation properties of various cellulose
samples were assessed, as shown in Figure 2. All samples
demonstrated the initial thermal degradation below 100 °C,
which is associated with water evaporation, reflecting
cellulose's hydrophilic tendency to adsorb ambient humidity.
Major thermal degradation commenced at around 250 °C,
coinciding with the combustion of most hydrocarbon
compounds. This observation aligns with previous findings
on cellulose pyrolysis, indicating processes such as water
desorption and cellulose dehydration (below 150 °C), and the
thermal cleavage of the glycosidic linkage, other carbon-
oxygen bonds, and some carbon-carbon bonds (240-400 °C)
(Tang and Bacon, 1964).

The maximum degradation temperature (Tmax) was
found to be highest for microcrystalline cellulose (MCC) at

339.77 °C. This was followed by NCC-t150 at 306.99 °C,
commercial NCC (cNCC) at 290.59 °C, and NCC-C50 at
282.45 °C, being the lowest. The lower Tmax of NCC-C50
could be related to its lower degree of crystallinity
reported earlier. It has been noted that the thermal
degradation of cellulose begins in amorphous regions and
progresses to more crystalline regions (Adawiyah et al,
2022). Many studies have also reported the plateau region
of nanocellulose's range to be between 280 °C and 400 °C,
similar to nanocellulose from mulberry, sugarcane bagasse,
and red algae (Chen etal., 2016).

T10% refers to the temperature at which 10% of the dry
weight content is lost due to progressive heating. All the
cellulose samples exhibited T10% within the range of 265 °C
to 280 °C. The Tmax and Tioy% findings suggest that MCC
displays better thermal stability compared to the NCCs.

(a) 00
Cellulose sample Wisgorc (%)
e Mcc 12.45
B0 - \ NCC-C50 20.58
\ NCC-t150 6.73
. cNCC 25.15
& 601 cNCC
= --- MCC
L]
= 04 ——Ncccso
- — - NCC-T130 —
l \ - pe
20 - LA il
1 A e T
o T T T T T
0 100 200 300 400 500 600
Temperature (°C)
() © T
Il cellulose . o
:: sample Tmax (°C) Winax (%)
. 1, Mcc 339.77 38.80
‘=154 11 NCCC50 282.45 57.55
E {| 11 NCCt150  306.99 27.14
N [] 11 ence 290.59 63.55
g cNCC |
10 4 - -- MCC
o
B ——— NCC-C50
=
S _ - == NCC-T130
a2
] T T T
1] 100 200 300 400 500 600
Temperature (°C)

Figure 2. (a) TGA and (b) DTG of the thermal degradation process of different sizes of cellulose from 25-590 °C with 5 °C

min-1 constant ramping under nitrogen environment

The weight remaining after heating the cellulose
samples to 590°C, represented by Wrsoo°c, was expected to
be relatively low for all samples. The highest Wrsgo °c was
found in cNCC at 25.15%, followed by NCC-C50 at 20.58%.
Conversely, NCC-t150 reported the lowest Wrsgo oc at
6.73%.

Cellulose, being composed of glucose monomers, is
expected to leave behind 12-15% of carbon mass
residue at 400 °C and even less than 10% at 1000°C
(Ishida et al.,, 2004). The elevated Wts90 °c of NCC-C50
may be attributed to a high carbon content resulting
from carbonization. For cNCC, the higher Wrsgo oc could
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partially be due to mineral salt impurities. The notably
low Wrsgo °c of NCC-t150 suggests minimal char residue in
the samples, which is considerably lower than what would
typically be expected.

4. CONCLUSION

In conclusion, this study employed a systematic and
straightforward approach to evaluate the feasibility of NCC
production through acid hydrolysis while circumventing
carbonization. Utilizing the OFAT analysis, optimized
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conditions for the hydrolysis process were identified: a
temperature of 70 °C, sulfuric acid concentration at 40
wt%, and a duration of 150 min. These conditions
facilitated the generation of a batch of NCC, referred to as
NCC-t150, that had a consistent particle size of 225.07 nm,
a PDI of 0.36, and showed no signs of carbonization. To
effectively hydrolyze cellulose into NCC while avoiding
carbonization, the following guidelines are proposed based
on the findings of this study:

1. Maintain the hydrolysis temperature at around 70 °C.
Exceeding this limit may reduce the particle size but it may
also accelerate carbonization.

2. Use a sulfuric acid concentration of 40 wt%. A higher
concentration might cause excessive hydrolysis, leading to
the darkening of the samples and increased carbonization.

3. Limit the hydrolysis duration to approximately 150
min. Prolonged exposure to the hydrolysis conditions may
lead to unwanted changes in the cellulose structure, which
might include carbonization.

While these guidelines assist in producing a desirable
NCC batch, it is crucial to note that the desire for smaller
particle sizes might necessitate carbonization. However,
such an approach is less sustainable, requires higher acid
concentrations, and necessitates an additional step to
remove carbonized char. Future work should consider
these aspects to ensure both the efficacy and sustainability
of the hydrolysis process.
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