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ARTICLE INFO ABSTRACT

Keywords: Conversion of lignocellulosic biowastes from agricultural industry into nanocrystalline cellulose provides
Pepper waste pathway to reduce environmental pollution while enhancing the economic value of biowastes. Nanocellulose
Hydrolysis

(NCC) with uniform morphology was isolated from pepper (Piper nigrum L.) stalk waste (PW) using acid hy-
drolysis method. The role of inorganic acids (sulfuric acid, hydrochloric acid, phosphoric acid), organic acids
(oxalic acid, citric acid, acetic acid) and variation of sonication times were investigated on the physicochemical
characteristics, self-assembled structure, crystallinity, particle size, zeta potential and thermal stability of the
isolated nanocellulose. Hydrolysis using inorganic acids transformed cellulose from PW into a spherical shaped
NCC at ~33-67 nm of average diameter. Meanwhile hydrolysis in organic acids produced rod-shaped NCC at
210-321 nm in length. This study highlighted the role of acidity strength for organic acid and inorganic acid in
controlling the level of hydrogen bond dissociation and the dissolution of amorphous fragments, which conse-
quently directing the morphology and the physicochemical properties of NCCs.

Inorganic acid
Organic acid
Sonication
Nanocellulose

1. Introduction

Indonesia is the world's largest white pepper producer, generating
~90,000 tons of pepper in 2019 (Direktorat Jenderal Perkebunan
Indonesia report). The industrial processing of pepper discarded ~80%
of waste in the form of fruit peel and stalk. Most of the discarded waste is
decomposed via open burning which caused serious harm to the envi-
ronment. Pepper waste is suitable for conversion into nanocellulose due
to the high level of cellulose content determined at approximately
77.9% [1]. Nanocrystalline cellulose (NCC) is an increasingly important
biomaterial for a variety of industrial applications such as biomedical
implant [2], food additives [3] and reinforcement agents for polymer
composites ([4,5]; Sabarudiin et al., 2020; Omran et al., 2021). NCC is a
lightweight material with high thermal and mechanical stabilities, ideal
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as reinforcement agent in biopolymer composite [6]. The properties of
nanocellulose derived from biomass such as morphology, crystallinity
and size are greatly influenced by the isolation method and the source of
biomass wastes. Lignocellulosic biomass is available in abundance and
classified as renewable and biodegradable material for nanocellulose
production [7,8]. Biomass waste such as sugarcane bagasse [9], corn
husk [10], straw pulp [11], pineapple leaf fiber [12], rice husk [13,14],
and oil palm empty fruit bunch [15] have been investigated for pro-
duction of nanocellulose.

Most of the nanocellulose from biomass waste is obtained using acid
hydrolysis process. Inorganic acid such as HCl, HySO4, H3PO4 and a
mixture of two different acids have been utilized for hydrolysis of cel-
lulose [16] [17]. Recently, natural organic acid was used to replace
inorganic acid as potential green catalyst in hydrolysis. Citric acid,
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Fig. 1. Images of (a) pepper tree, (b) dried pepper stalk fibers, (c) pepper stalk powder after milling and (d) PW Cellulose.

oxalic acid and formic acid produced high crystalline cellulose (Nagar-
ajan, Balaji, Kasi Rajan, & Ramanujam, 2020) [13,18-23]. Apart from
that, NCC produced from hydrolysis using organic acid has relatively a
higher thermal stability compared to sulfuric acid [24]. Nonetheless,
hydrolysis is a random process resulted in the formation of nano-
cellulose with various structure and morphology. Hydrolysis using
inorganic acid produced rod-like NCC (Chen, Hasanulbasori, Chiat, &
Lee, 2019), cellulose nanowhisker [25] and spherical shaped nano-
cellulose [26]. Meanwhile organic acids preserved most of the crystal
structure and the thermal stability of nanocellulose (Nagarajan, Balaji,
Kasi Rajan, & Ramanujam, 2020b).

This study is a continuation of our previously reported work on the
conversion of pepper stalk waste into microcrystalline cellulose [1].
Conversion of cellulose extracted from industrial pepper into highly
crystalline nanocellulose will be investigated in order to increase the
value-added properties of the agriculture waste. This research aimed to
establish the effect of different types of acids in controlling the
morphology and the properties of nanocellulose. To our knowledge,
there is no detail investigation to correlate the types of acids used in
hydrolysis with morphology, thermal stability, and physicochemical
properties of nanocellulose. Therefore, the effect of various acid solu-
tions categorized as organic acid and inorganic acid will be investigated,
in which the results highlighted the potential of organic acid to form rod
shape crystalline cellulose meanwhile inorganic acid produced spherical
shape nanocrystalline cellulose. The degree of acid dissociation poten-
tial will be discussed on the ability to dissociate hydrogen bond and to
disintegrate amorphous fragment.
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2. Material and methods
2.1. Materials

Pepper stalk waste (PW) was obtained from CV. Hanum Shafira,
Southeast Sulawesi, Indonesia. The separation of the peppercorn from
the fruit stalk was carried out by soaking the harvested pepper in water
for seven days. Sodium hydroxide (NaOH, >99%), Sulfuric acid (H2SO4,
98%), phosphoric acid (H3PO4, 85%), and hydrochloric acid (HCL, 37%)
were purchased from Merck, Germany. Hydrogen peroxide (H203, 30%
(w/w) in H20), citric acid monohydrate (CcHgO7, >99.5%), oxalic acid
dihydrate (CoH204, >99%) and acetic acid (CH3CO2H, >99%) were
purchased from Sigma, Singapore.

2.2. Isolation of nanocellulose

Isolation of cellulose from pepper stalk began by immersion of 500 g
of the stalk in deionized water at 80 °C for 4 h. After drying at 100 °C, the
stalk was milled to form powder. The composition of cellulose, hemi-
cellulose and lignin in pepper waste were previously determined at 7.9
+ 0.8%, 12.1 &+ 0.89% and 2.1 + 0.5% [1]. The resulting powder was
mixed with 5% NaOH solution at 1:20 of weight to volume ratios. The
mixture was filtered and washed with deionized water until the pH was
neutral. The powder was bleached using a mixture of 3% (v/v) HoO2 and
5% NaOH solution at the powder to reagent ratio of 1:40 (w/v). The
mixture was stirred at 55 °C for 90 min, then separated using vacuum
filtration. The resulting powder was washed with deionized water until
the pH of supernatant was neutral. The final step was re-alkalization
with hydrothermal-assisted method. The re-alkalization process was
carried out with the same method as alkalization only replacing the
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conventional thermal process into hydrothermal. After the hydrother-
mal process, the resulting solid was filtered, washed, and dried at 60 °C.
The resulting solid is referred as PW cellulose (PW-C). Fig. 1 showed the
images of pepper stalk and products from the treatments described in
this section.

The cellulose (PW-C) was subsequently hydrolyzed using 5.5 M acid
solution at 100 °C for 3 h. The ratio of PW-C to acid was kept at 1:50 (w/
v). The cellulose suspension was cooled down and continued with
ultrasonication using Ultrasonic probe model (Ultrasonic Processor
Model FS/000200/T 200 W with anti-noise cabinet, Cheimika, Italia).
Ultrasonication was carried out at 5 min interval for 25 min at room
temperature with 200 W sonication power. The acids used for hydrolysis
were classified into inorganic acid and organic acid. Sulfuric acid (HC),
phosphoric acid (H3PO4) and hydrochloric acid (HCl) were used as
inorganic acid, meanwhile citric acid (CA), oxalic acid (OA), and acetic
acid (AA) were used as organic acid. The concentration of acid was 5.5 M
and the resulting nanocrystalline cellulose were labeled as NC-SA, NC-
PA, NC-HA, NC-CA, NC-OA, NC-AA, respectively. The variation of son-
ication time at 0, 5, 10, 15, 20 and 25 min were coded as 0, 1, 2, 3, 4 and
5, respectively. After hydrolysis process, the nanocellulose suspension
was washed using deionized water by centrifugation at the gravitational
force of 7445 xg for 10 min until the pH remained unchanged at
~6.5-7.0.

2.3. Characterization

2.3.1. Physicochemical properties of NCC

Density, moisture content, pH, water holding capacity, oil holding
capacity and swelling index were determined in order to evaluate the
physicochemical properties of NCC. The density of NCC was measured
via liquid displacement method [27]. 0.5 g of sample was placed in
pycnometer and the weight of pycnometer was measured together with
the cellulose sample. Xylene was added in pycnometer containing the
cellulose. The volume of the sample was calculated from subtracting the
volume of xylene in the pycnometer with the volume of xylene that has
been added to the sample. The density was determined in triplicates
using this following equation.

The mass of sample

Density (C‘gﬁ) (@]

= The volume of sample

The moisture content of NCC was measured from the reduction of
NCC mass before (Wy) and after dried (W;) in oven [28]. One gram of
NCC was dried in oven at 100 °C. The moisture content of NCC was
calculated using the following equation:

W, — W,

x 100 (2)

Moisture content =
The acidity of NCC was measured using pH meter. 0.5 g of NCC was
dispersed in distilled water and sonicated for 15 min. The pH of the
solution was measured using benchtop pH meter, Mettler Toledo, UK.
Water and oil holding capacities (W/OHC) were measured using
method reported by Traynham et al. [29]. 1 g of NCC was weighed and
added into 10 mL of distilled water. The solution was then shaken for 10
min. After 10 min, the solution was centrifuged (IEC CL40R Refrigerated
Centrifuge, Thermo, Germany) at 2482 xg for 30 min at room temper-
ature. The supernatant was removed, and the hydrated NCC was
collected and weighed. The procedures were repeated using soybean oil
to determine the OHC (soybean oil density: 0.917 g/mL). Water/oil
holding capacity was calculated using the equation shown below:

o)

The swelling index was determined based on the method reported by
[30]. 1 g of NCC was dispersed in 10 mL of distilled water. The mixture
was stirred for 20 min, and the initial volume and final sedimentation
after 24 h was measured using measuring cylinder. The swelling index

— Wike swetting sample — Wine initiat sample

3

Wine initiat sample
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was calculated using the formula below:

Initial volume of sample

4

Swelling index =

Volume of sample after dispersing in water

2.3.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of PW, PW-C and NCC from PW were recorded
using Fourier transform infrared spectroscopy (FTIR 8400S Spectrom-
eter, Shimadzu, Japan). The characterization was carried out to identify
the functional groups of NCC. 1 mg of NCC were mixed with 99 mg of
KBr followed by pressing the mixture into pellets. The FTIR spectra
analysis was recorded in a range of 400-4000 cm L.

2.3.3. X-ray diffraction (XRD) analysis

The crystallinity phase of PW, PW-C and NCC were evaluated using
X-Ray X'Pert Diffractometer Type PW 3040 Powder Diffractometer,
Philips, Netherlands. The powder samples were placed on diffraction
cells and scanned using Cu Ka radiation, A = 1.54056 A, at 40 kV and 30
mA and 26 range angle from 5 to 50° with a scan speed of 0.0170°/
second. The crystallinity index (CI) of the sample was calculated using
Segal's empirical method [31] as below:

CI(%) = [(1002 — Iam)/IOOZ] x 100 (5)
where, Ipp2: The maximum intensity of diffraction of the 002 lattice peak
(20 = 22-23°) and I,y The diffraction intensity of amorphous region
(26 = 18-19°).

2.3.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS)

The morphology of cellulose from PW (PW-C) was observed using
SEM (Scanning Electron Microscope FlexSEM 1000, Hitachi, Japan) at
10-15kV. The dried sample was placed on the double-sided carbon tape.
Afterwards, Hummer Sputter Coater (Techincs EMS, Inc., VA) was used
to coat the sample with Au at 10 mA for 150 s. Meanwhile the elemental
components of nanocrystalline cellulose were measured by the energy-
dispersive X-ray spectroscopy (EDS).

2.3.5. Particle size and zeta potential analysis

Particle size distribution and zeta potential of NCC were determined
out using Nano size Particle Analyzer (Malvern 3000 Zetasizer NanoZS,
Malvern Instrument, U.K). The NCC sample was suspended in distilled
water and inserted in the cuvette. The samples were analyzed with a
particle size analyzer using dynamic light scattering. The measurements
were carried out in the range of 0.1-10,000 nm at room temperature and
in triplicates. Delsa Nano Software was used to process the data.

2.3.6. Transmission Electron Microscopy (TEM)

The structure, morphology, and size of NCC isolated from PW were
analyzed using Transmission Electron Microscopy (HT7700 120 kV
Automated TEM, Hitachi, Japan). 1% of NCC was dispersed in distilled
water and dripped onto the surface of copper grid. The solvent was dried
at room temperature and analyzed. The width and length of the NCC was
measured using Image-J software.

2.3.7. Thermal analysis

Thermal stability of NCC was measured using Simultaneous Ther-
mogravimetric Analyzer STA7200, Hitachi, Japan. The samples were
placed in alumina crucible and the decomposition thermal was carried
out from 28 °C to 600 °C under air atmosphere with the heating rate of
10 °C/min.

2.4. Statistical analysis
All the data were analyzed using ANOVA in which the significance

was accepted at P < 0.05. Data are expressed as means + standard de-
viation and the results were taken from independent experiments
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Fig. 2. Effect of sonication time on yield (a,b), crystallinity (c,d) and overall particle size of NCC determined using light scattering particle analyzer (e,f). The
nanocelluloses were hydrolyzed using inorganic acids (Sulfuric acid (SA), phosphoric acid (PA) and hydrochloric acid (HA)) and organic acids (citric acid (CA), oxalic

acid (OA), and acetic acid (AA)).

performed at least in triplicate measurements.
3. Results and discussion

3.1. Hydrolysis of cellulose PW into NCC

Fig. 2 summarized the yield, the crystallinity, and the particle size of
NCC after acid hydrolysis at variation of sonication times. Note that data
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at 0 min were obtained from acid hydrolysis prior to the sonication.
Increasing the sonication time reduced the amount of NCC yields for all
different types of acids. However, hydrolysis using inorganic acids (HCI,
HySO4 and H3PO4) produced relatively a lower NCC yield at
~49.5-79.9% compared to hydrolysis using organic acids (acetic acid,
oxalic acid, and citric acid) at 69.6-84.5% (Fig. 2a-b). The highest NCC
yield was obtained when hydrolysis was carried using acetic acid at
~80% production (NC-AA). On the other hand, the yield was
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Table 1

Physicochemical properties of NCC from pepper waste.

International Journal of Biological Macromolecules 204 (2022) 593-605

NC Density (g/cm3)

Moisture content (%)

pH

Water holding capacity (g/g)

0Oil holding capacity (g/g)

Swelling index

NC-SA
NC-HA
NC-PA
NC-OA
NC-CA
NC-AA

1.75 £ 0.05
1.69 £ 0.03
1.65 £ 0.05
1.64 £ 0.05
1.60 + 0.03
1.43 £ 0.04

2.42 4+ 0.02
2.56 + 0.03
2.45 + 0.01
2.38 + 0.02
2.36 + 0.03
2.58 + 0.02

6.43 + 0.02
6.34 £+ 0.02
6.50 + 0.01
6.55 + 0.03
6.35 £ 0.01
6.54 + 0.02

12.91 £+ 0.06
11.85 4+ 0.08
11.32 4+ 0.05
11.41 £+ 0.07
10.93 £+ 0.08
7.90 + 0.05

11.72 + 0.07
11.05 £+ 0.07
11.12 4+ 0.08
10.94 £+ 0.05
10.52 £+ 0.07
8.10 + 0.06

5.45 + 0.07
5.15 + 0.08
4.95 + 0.06
4.72 £ 0.05
4.75 £ 0.07
2.95 + 0.05

significantly lower in sulfuric acid to give 49.5% of NCC after 25 min of
hydrolysis (NC-SA).

Optimum crystallinity was obtained at 15 min, however prolonged
sonication significantly reduced the crystallinity of NCC (Fig. 2¢-d). The
degree of crystallinity is associated with the presence of hydrogen bonds
that strengthen the interaction between cellulose fragments. Hydrolysis
initiated the disintegration of polymeric cellulose network via the
dissociation of hydrogen bond. This consequently opened the rigid
structure of crystalline cellulose for further hydrolysis and disintegra-
tion of amorphous fragment within the crystalline network ([32,33];
Mohd Ishak, Khalil, Abdullah, & Muhd Julkapli, 2020). The crystallinity
of NCC was improved within the first 15 min of sonication regardless of
the types of acids. However, further sonication up to 25 min reduced the
crystallinity due to the hydrolysis not only removed the amorphous
fragments, but also destroyed the crystalline structures. The effect of
sonication time also revealed a continuous reduction of particle size
with prolonged hydrolysis (Fig. 2e-f).

Ultra-sonication treatment formed cavitation which separated the
molecules in the amorphous and the crystalline regions. The separation
caused the breakdown of the regular parts of the cellulose molecule,
resulting in the dissociation of hydrogen bonds and reduction of crys-
tallinity [34]. Therefore, the damage caused by sonication was more
pronounced when the sonication was extended beyond the optimum
period thus reducing the crystallinity of the cellulose [35,36]. Based on
the results, it can be concluded that the optimum sonication time for
isolation of nanocellulose from PW-C was measured at 15 min, with no
significant differences between the types of acids used in hydrolysis.
Therefore, the NCCs obtained after 15 min were used for further
characterization.

3.2. Characterization

3.2.1. Physicochemical properties of NCC

NCCs obtained after 15 min were characterized to determine density,
moisture content, pH, water holding capacity, oil holding capacity and
swelling index (Table 1). Moisture content determines the quality of
NCC that affected its application as filler or stabilizing agent. In general,
low moisture content indicates a high quality nanocellulose. NCC ob-
tained using organic acids and inorganic acids showed a low moisture
content within 2.3-2.5%. The values were approximately similar with
the NCC derived from pineapple leaf waste at ~2.34 + 0.31% [37]. The
density of NCCs was determined within 1.43 to 1.75 g/cmS. NCC pro-
duced from hydrolysis using sulfuric acid showed a higher density at
1.75 =+ 0.05 g/cm® in comparison to the rest of the NCCs. Apart from
density, the particle size of NCC obtained from sulfuric acid (NC-SA) was
also relatively smaller when compared to the other nanocelluloses. The
density of NCCs obtained from PW were comparable with the reported
values at 1.5-1.6 g/cm [37,38]. The pH of nanocellulose is used to ex-
press the level of acidity or alkalinity of cellulose when dispersed in a
solution. The pH of the NCCs were determined within 6.3 to 6.5 which
were slightly acidic presumably due to the presence of residual acid that
was incorporated within the structure of cellulose. The slight acidic pH
was consistent with the studies reported previously by other researchers
on nanocellulose produced using acid hydrolysis [39,40].

Water and oil holding capacities represented the ability of NCC to
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Fig. 3. FT-IR spectra of pepper waste (PW), cellulose from pepper waste (PW-
C) and nanocrystalline cellulose hydrolyzed using inorganic acids; sulfuric acid
(NC-SA), phosphoric acid (NC-PA) and hydrochloric acid (NC-HA); and organic
acids (oxalic acid (NC-OA), citric acid (NC-CA), and acetic acid (NC-AA).

absorb and to hold water/oil within its structure. In general, the trans-
formation of cellulose to NCC enhanced the WHC and OHC, due to the
increase of the specific surface area of NCC. Furthermore, reducing the
size of cellulose, together with the formation of uniform morphology can
contribute to a better oil or water holding capacity. NCC obtained from
hydrolysis using sulfuric acid showed the highest WHC and OHC values,
at ~12.91 +0.06 g/gand 11.72 + 0.07 g/g, respectively. Swelling index
is a parameter to determine the expansion of NCC when submerged in
water. The swelling index value has a positive correlation with the
WHC/WHO values. NCC with smaller size showed a higher swelling
index due to the ability of the nanocellulose to hold water. The lowest
swelling index was determined on NCC isolated from acetic acid (NC-
AA) at 2.95 + 0.5.

3.2.2. FTIR analysis of NCC

FTIR was used to analyze the functionality of NCC obtained using
different types of acids in hydrolysis. The lignocellulose pepper waste
(PW) showed the absorption band at 2860 em ! corresponded to the



H. Holilah et al. International Journal of Biological Macromolecules 204 (2022) 593-605
(@) 155 228 (b) 1545 228 ¢ 26
A MO NcsAs | "M Neas ¥ v U4
,\ i N——
/ ! .
-...f\/!“ NC-SA4 _..,./*\/ \ NC-HA4 /i) |
| ,x\-—»«-\-_‘ me—te—— NV NC-PA4
M N
m \ ? NC-HA3 | 7 /!
2 | NC-SA3 | £ 2 ‘
3 3 3 ‘ NC-PA3
& - - [
/N \MM_ r~—-/’V“ o2 | 2l A
2 s gl VI Neew
g M../\/ NC-SAl | E /\/ A NC-HA? | £
e . £ c
‘\_f\—/ &W-‘M “’ | Mf"“-' T - J‘/r \*‘%/\—EE:L
\ NC-SAQ \
\/\/ | J\/ \NV&O wo
\ PW-C ..,__,-\../ e PWC \J\j\ PW.C |
N """“"““"’\___‘M“ PW Wm il
0 2 30 4 50 10 20 30 4 50 0 20 30 40 50
2Theta (°) 2Theta (%) 2Theta (°)
(d) 1516 228 @) 1516 22"6 (0 1516 228
i
.\_,/‘\./\ 34.4 NC-OA6 34.4 ' 344
'\\--m~—~ __N \\ NC-CA6 e’ | M | NC-AAG
M L&A.‘.Nc‘_cl e "‘/l J i N\ [t
8 - - f "‘ - -
¢ ’\/,. NC-OA3 ‘§ ¢ i
g | R 8 , Neeas |31 /)L NC-AA3
QN’N,"\M@E 2 \ g m /| M .
. | 12 2 , |
§ | Z NOoA2 | & I I[M AN f R
: R LI .V -
i : \ NC-CAT VI NC-AAT
ﬁ A Moo | L SN\ e
| N et
\ ! ~f‘ﬁ", C \J\J\..___PVL N ,»-m,/_ __._PwcC
W,_EVL_M M-—-———PL_ ————n___ _PW
0 20 3 40 50 41 20 30 40 50 10 2 30 40 50
2Theta (°) 2Theta () 2Theta (°)

Fig. 4. XRD pattern of PW nanocellulose hydrolyzed by sulfuric acid (a), hydrochloric acid (b), phosphoric acid (c), oxalic acid (d), citric acid (e) and acetic acid (f).

asymmetric and symmetric stretching vibrations of the CHy groups of
hemicellulose. The PW also showed the absorption band of C=0 at
1740 cm™! which was associated with the presence of ketone, aldehyde,
or carboxylic acid groups in hemicellulose [41]. In addition, the band at
1503 cm ™! was assigned to C=C aromatic skeletal vibration of ester
linkage of lignin. Following transformation of pepper waste into cellu-
lose (PW-C) via alkalization and bleaching processes, the lignin and
hemicellulose contents were significantly reduced, evidenced from the
disappearance of the peaks at 1509 cm ™! and 1740 cm ™! respectively
[1]. All the NCCs hydrolyzed using various types of acids showed similar
absorption bands at 897, 1060, 1430, 1640, 2905, 3400 cm! (Fig. 3) as
the cellulose derived from pepper waste, PW-C.

The absorption band at 3400 cm ™! was assigned to the O—H group
stretching vibration, which represented the hydrophilicity of the sam-
ples [42]. The peak was accompanied with the OH bending band at
~1645 cm™! [16]. The adsorption band appeared at 2901 cm™! was
corresponded to the aliphatic saturated C—H stretching vibration
[43-45]. The C-O-C stretching of the p-1,4-glycosidic linkages in PW-C
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and C—H rocking vibration were observed at 1060 cm™! and 897
em ™}, respectively [45-47]. The absorption band at 1430 cm™! was
assigned to the bending vibration of symmetric CHy and the band was
also referred as the crystallinity band of the cellulose [25,48].

3.2.3. X-ray diffraction

Fig. 4 showed the XRD analysis of PW, PW-C and NCCs obtained from
hydrolysis using inorganic acids and organic acids at different sonication
times. PW showed a broad hump centered at 22.6° which is a typical
characteristic of amorphous lignocellulose. Cellulose (PW-C) showed the
formation of two broad peaks at 15-16° and 22.9° indicating the for-
mation of crystalline cellulose following removal of lignin and hemi-
cellulose fragments. Following hydrolysis with acids (0 sonication time),
the main characteristic peaks of crystalline cellulose appeared at 20 =
15.0°; 16.4°; 22.9° and 34.3° corresponded to (110), (110), (200), and
(004) lattice crystallographic planes of cellulose type I, respectively
[5,49]. NCC exhibited a higher crystallinity than PW-C due to further
removal of amorphous cellulosic fragments during acid hydrolysis [50].
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Table 2
Properties of nanocellulose isolated form pepper waste hydrolyzed using various acids.
Sample” Crystallinity Index (%) Yield (%)" Zeta Potential (mV) Particle size (nm) Shape
PSA® TEM’
Diameter Length
PW 48.3 - - - - - Rod like structure
PW-C 51.6 - - - - - Rod like structure
NC-SA 69.9 58.4 —-37.9+24 31.34 £ 1.7 33.4+£11.7 - Spherical
NC-HA 73.7 59.6 -33.2+0.3 63.33 £ 1.9 50.7 +£ 9.6 - Spherical
NC-PA 75.8 75.6 —-289+ 21 90.30 + 0.6 67.8 + 3.1 - Spherical
NC-OA 77.8 73.2 —28.0+ 1.9 100.7 + 2.0 21.7 £ 4.9 210.9 £53.1 Rod like structure
NC-CA 76.4 79.7 —-28.3+0.9 102.0 £ 0.5 23.2+0.6 258.8 + 58.4 Rod like structure
NC-AA 78.3 80.3 —23.4+0.6 343.7 £ 2.3 48.7 £ 9.4 321.5 £ 47.2 Rod like structure

# The nanocellulose samples (NC) are referred to NCC obtained at 15 of sonication time (NC3).
b Yields of nanocelluloses were calculated based on the weight of solid after 15 sonication time.

¢ Determined using particle size analyzer with DLS method.

4 The average diameter and length were determined from the TEM analysis using ImageJ analysis software.

Increasing the sonication time to 15 min enhanced the peak intensity
regardless of the types of acids used. The dissociated H" diffused into the
framework of cellulose and dissolved the amorphous cellulosic frag-
ments [51]. However, there is a possibility that the disintegrated
amorphous fragment is trapped within the interconnected crystalline
layer. Therefore, subsequent sonication facilitated the removal of
amorphous fragments [32,33]. Apart from removal of the amorphous
fragment, hydrolysis also disintegrated the larger crystallites into
monocrystals cellulose, particularly when the hydrolysis was carried out
using a strong acid. There is also a possibility that crystallinity was
increased due to rearrangement of the monocrystal structure through
the formation of inter and intramolecular hydrogen bonds [52]. The free
movement of the monocrystal cellulose is limited by the formation of
hydrogen bond via regular and parallel chains [22]. As summarized in
Table 2, NCC from sulfuric acid has low crystallinity index and small
particle size compared to the rest of the NCCs.

3.2.4. Particle size and zeta potential analysis

Particle size and zeta potential analysis determined the size and the
stability of suspended NCs when dispersed in water (Table 2). In general,
the particles size of NCCs were relatively larger when obtained using
organic acids compared to inorganic acids. NC-OA, NC-CA and NC-AA
were formed within 100-300 nm, which were significantly larger than
NC-SA, NC-HA and NC-PA (31-90 nm). The smallest NCCs were pro-
duced when using sulfuric acid with the average size was determined at
31 nm. Small particle size with narrow particle distribution indicated
the high stability of NCCs in water suspension.

Zeta potential analysis determined the surface charge of material
that can be used to evaluate the dispersion and the stability of nano-
cellulose suspension. Ideally, nanocrystalline cellulose should have high
zeta potential to prevent agglomeration between the colloidal suspen-
sion, consequently increased the dispersion degree [53]. The zeta po-
tential values of NCCs hydrolyzed with inorganic acid were determined
at —37.9 +2.4mV, —33.2 + 0.3 mV and —28.9 & 2.1 mV for NC-SA, NC-
HA and NC-PA samples, respectively. Meanwhile, the zeta potential
values for NC-OA, NC-CA and NC-AA samples were measured at —28.0
+ 1.9 mV, —28.3 + 0.9 mV and —23.4 + 0.6 mV respectively. The sta-
bility of colloidal suspension requires zeta potential value greater than
-30 mV. Meanwhile agglomeration was prone to happen if the value was
less than —15 mV [39,54]. The small zeta potential value (<—15 mV)
also implied insufficient charges on the surface of NCCs resulting in a
weak electrostatic repulsion ([55]; B. [56]).

Large NCC particles have a higher level of intrinsic hydroxyl group,
caused the formation of a less stable nanocellulose suspension that
insoluble in water [57]. Apart from that, the NCCs hydrolyzed using
inorganic acid showed a higher negative charge value than the NCCs
obtained from organic acid due to the strong adsorption of counter anion
on the cellulose surface [58]. NCC prepared using sulfuric acid showed a
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Fig. 5. SEM analysis of cellulose from pepper waste.

higher colloidal stability due to the presence of sulfate groups on the
NCC that enhanced the repulsive forces, resulted in the negative zeta
potential value at —37.9 £+ 2.4 mV [59]. NCC prepared using HCI and
H3PO4 showed relatively weak negative charged compared to HaSO4
[58,60]. The presence of anionic mineral on the NCCs that were hy-
drolyzed using inorganic acid was confirmed by EDS (Fig. S1). NC-SA
has a weak sulfur peak at 0.65% compared to the carbon peak at
32.63% (Table S1). The zeta potential value of NC-AA was determined at
—23.4 + 0.6 mV, significantly lower than the rest of NCCs.

3.2.5. Morphological analysis

TEM analysis was used to analyze the morphology of NCCs powder
obtained from hydrolysis using various types of inorganic acids and
organic acids. Note that the cellulose used for hydrolysis showed the
average diameter of 38.45 + 2.2 pm with random fibrous structures
(Fig. 5).

TEM analysis and the particle size distribution of NCCs isolated using
inorganic acid in Fig. 6 showed all the NCCs produced from H,SO4, HCI
and H3PO4 have spherical structures with diameter less than 100 nm.
The average diameter of NC-SA, NC-HA and NC-PA were determined at
33.41 + 14.7; 50.7 + 11.6 and 67.8 &+ 5.1 nm, respectively (Table 2).
The spherical NCCs were interconnected to form a chain like network



H. Holilah et al.

(@)

International Journal of Biological Macromolecules 204 (2022) 593-605

40

I NC-SA

Intensity (%)

T
2265 :5%,64&%@6 ,50 ,56 ,e‘o &1 .1‘56,%0

Diameter (nm)

35+ | NC-HA
30
254
£
> 201
®
& 15
=
10 -
5 4
0-
oI 2360 e M A% 50 265 BRe 1 13620
Diameter (nm)
30
| | I NC-PA
254
204
9
2 154
B
s
]
E 10
54
04
o2 23630 326890 23650 526 B B2 I 13620

Diameter (nm)

Fig. 6. TEM analysis and diameter distribution of NC-SA (a), NC-HA (b), and NC-PA (c).

presumably via interfacial hydrogen bonds formation [61]. When
organic acids were used in hydrolysis, the NCCs showed the formation of
rod-like shape structures (Fig. 7) with the average diameter were
determined at 21.68; 23.22 and 48.73 nm for the respective NC-OA, NC-
PA, and NC-AA. The lengths of the rods were determined at 210-321
nm.

3.2.6. Thermal analysis

TG-DTG analysis of PW, PW-C and NCCs obtained from hydrolysis
using organic acids and inorganic acids were shown in Fig. 8. The initial
temperature (Topget) and the maximum temperature of thermal degra-
dation (Tpeax) were summarized in Table 3. PW sample showed three
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degradation stages at 100 °C, 241 °C and 313.7 °C. Initial degradation at
temperature below 100 °C was due to the evacuation of physisorbed
water. Generally, hemicellulose has a lower thermal stability than cel-
lulose, and therefore the shoulder peak at 241 °C on PW was suggested
due to the degradation of hemicellulose [62]. PW and PW-C showed
Tpeak value of 313.7 °C and 328.7 °C, respectively. All the NCCs derived
from PW-C have a higher thermal stability than PW and PW-C. Mean-
while, the NCCs hydrolyzed from organic acids have relatively a higher
stability at 346-351 °C than the NCCs from inorganic acids. The high
thermal stability of NCC was ascribed to the presence of a highly crys-
talline cellulose as the results of removal of amorphous fragments and
lignin residues within the cellulose structures [63] (Fig. 8).
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Fig. 7. TEM analysis and diameter distribution of NC-OA (a), NC-CA (b), NC-AA (c).

It is apparent that thermal stability of NCC is closely related to the
particle size and the crystallinity. NCC obtained using inorganic acid
showed the onset temperature at 298-300 °C compared to NCC hydro-
lyzed using organic acid. In general, small NCC particles have a higher
surface area, and was suggested to contain a partial structural disorder
[22]. Therefore, the decomposition required less thermal energy and
occurred at lower temperatures (Jieng and Hsieh, 2013). Furthermore,
thermal stability of NCC is influenced by the presence of the counter
anions on the structure [58]. The presence of sulfate, chloride and
phosphate groups on NCC as evidenced from EDX analysis (Supple-
mentary document) reduced the initial degradation temperature by
reducing the activation energy during pyrolysis. The anion is also
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suggested to act as catalysts in dehydration reaction [16,22,28,58,64].
The carbon residue of NC-SA sample was determined at 30.47% which
was higher than the rest of NCCs.

3.2.7. The effect of inorganic acid and organic acid on the morphology of
nanocellulose

Facile hydrolysis and sonication using organic acids and inorganic
acids were able to control the morphology of NCCs isolated from pepper
waste. TEM analysis provided evidence for organic acids ability to
produce a rod-shaped NCC, meanwhile inorganic acids formed
spherical-shaped NCC. Isolation of NCC using acid hydrolysis is a
random process results in the formation of various structure and
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Table 3
Thermal degradation temperature and weight loss at 600 °C of prepared nano-
cellulose products.

Sample Thermal degradation temperature (°C) Weight loss at 600 °C (%)
Initial degradation Max degradation
PW 235.8 313.7 27.1
PW-C 269.1 328.7 22.4
NC-SA 300.6 345.6 30.5
NC-HA 291.5 343.7 17.2
NC-PA 298.3 333.2 16.2
NC-OA 311.2 346.5 9.9
NC-CA 310.1 349.0 12.6
NC-AA 308.2 351.2 11.4

morphology. Hydrolysis using sulfuric acid was reported to form cellu-
lose nano whisker [25], ribbon-like nanocellulose [65], nanofiber cel-
lulose [22] and spherical shape nanocellulose [26]. Meanwhile citric
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acid was reported to produce rod-shaped NCCs (Nagarajan, Balaji, Kasi
Rajan, & Ramanujam, 2020) and cellulose nanofibrils [66]. However,
the distinctive differences on the morphology of NCCs from cellulose
pepper waste were observed in this study when inorganic acids and
organic acids were used in hydrolysis. Fig. 9 summarized the isolation of
nanocrystalline cellulose from pepper waste cellulose fiber. Inorganic
acid is rapidly dissociated into H' to depolymerize cellulose molecules.
Sonication accelerated the hydrolysis of cellulose by developing a
continuous cavitation bubbles to release energy and mechanical shock
wave that caused disruption of the hydrogen bond network
[32,33,67,68].

Inorganic acid continuously released H' to further hydrolyze the
depolymerized micro-cellulose into spherical nanoparticles. It is un-
derstood that acid hydrolysis of cellulose is a process involving the
dissociation of hydrogen bonding between polymeric cellulose chain
[52]. The dissociation of polymeric cellulose chain exposed the amor-
phous fragment for further dissolution into sugar molecules. Hydrolysis
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Fig. 8. TG-DTG curves of PW nanocellulose hydrolyzed by (a-b) inorganic acids and (c-d) organic acids.
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of amorphous cellulose occurred faster than the crystalline cellulose
thus at controlled hydrolysis time, high crystalline cellulose can be
produced. The formation of smaller spherical NCC was proposed based
on the ability of fully dissociated H' ion from inorganic acid to disso-
ciate the p-1,4-glycosidic bonds, results in the formation of monocrystal
cellulosic fragments. The presence of residual anion residues further
stabilized the monocrystals from agglomeration by protecting the sur-
face with the negative charge counter anion, which consequently
created strong repulsive forces. On the other hand, the nature of organic
acid dissociation which is restricted by equilibrium reduced the effi-
ciency of hydrolysis process. Therefore, organic acid only removed the
amorphous cellulose, results in the formation of highly crystalline NCCs.
The lack of interaction between the weak counter anion of the organic
acid with the cellulose reduced the repulsive forces, which allowed
agglomeration to form a larger rod NCC structures.

4. Conclusion

This study reported a facile hydrolysis of lignocellulose pepper waste
to form uniform rod-shaped and spherical-shaped NCCs by utilization of
organic acids and inorganic acids. The hydrolysis was optimized by
varying the duration of sonication times in order to obtain high NCCs
yield and crystallinity. Nanocellulose with optimum crystallinity was
produced at 15 min of sonication time regardless of the types of acids
using in hydrolysis. The absence of hemicellulose and lignin in the
resulting nanocellulose were confirmed by FTIR spectra, meanwhile the
adsorption bands corresponded to cellulose structure were remained
unchanged. The crystallinity and thermal stability of NCCs were higher
than cellulose and pepper stalk waste (PW) indicating the enhancement
of physical characteristic of NCCs. Hydrolysis using inorganic acids
(HCl, HSO4, H3PO4) formed spherical-shaped NCCs with a smaller
diameter and a negatively charged surface. Hydrolysis using organic
acids (acetic acid, oxalic acid and citric acid) produced rod-shaped NCCs
with a relatively larger structure. The yield and the particles size were
smaller for NCCs produced from inorganic acid, and the NCCs also
exhibited low crystallinity, narrow particle distribution and high zeta
potential when compared to NCCs obtained using organic acids. This
study demonstrated the abundant pepper stalk waste can be converted
into a value added nanocrystalline cellulose, in which the morphology
and physicochemical properties can be controlled depending on the type
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of acid used in hydrolysis.
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