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Effect of Sodium Hypochlorite Concentration during
Pre-treatment on Isolation of Nanocrystalline Cellulose
from Leucaena leucocephala (Lam.) Mature Pods
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Mature pods of Leucaena leucocephala (Lam.) de Wit were utilized as raw
material for nanocrystalline cellulose (NCC) production. NCC's isolation
begins with L. leucocephala fiber's alkaline treatment with sodium
hydroxide, followed by bleaching treatment at three different percentages
(3%, 5%, and 7%) of sodium hypochlorite. Acid hydrolysis was then
conducted to obtain NCC, which was comprehensively characterized in
terms of morphology, chemical functional groups, whiteness index, and
crystallinity. Fourier-transform infrared spectroscopy (FTIR) and chemical
composition results showed that alkali treatment (NaOH) and bleaching
(3%, 5%, and 7% of sodium hypochlorite, NaClO) were effective in the
removal of lignin and hemicellulose. The variation of sodium hypochlorite
concentration affected physical and structural characteristics of the NCC
produced, which exhibited a rod-shaped structure with diameters ranging
from 17 to 49 nm. These observations provide insight into the potential
utilization of L. leucocephala as raw material for preparing nanocellulose,
which may address problems of the underutilized mature pods.
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INTRODUCTION

Awareness of environmental conservation has increased research activity in the
search for new materials. A nanomaterial is defined as a material in which a single unit's
size, in at least one dimension, is between 1 nm and 100 nm. This unique nanomaterial is
derived from a natural polymer, i.e., cellulose. Cellulose is the building block of cell walls
in plants and acts as protection while providing for the plant cell walls. Plants are natural
biocomposites and contain amorphous matrices made of hemicellulose, lignin, waxes,
extractives, and trace elements (Halib et al. 2017; Phanthong et al. 2018).

Cellulose has obtained great attention from researchers and industry because it is
an abundant polymer on earth. Moreover, cellulose is renewable, biodegradable, and
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nontoxic. This natural polymer has high mechanical strength and a high strength-to-weight
ratio, allowing flexibility to counter substantial dimensional changes due to swelling and
shrinking (Dufresne 2013). Cellulose has been used in many industries, such as the
veterinary food, wood, paper, fiber, clothing, cosmetic, and pharmaceutical industries as
an excipient (Shokri and Adibkia 2013; Ummartyotin and Manuspiya 2015). Statistic data
from Statista Research Department (2016) forecasted figures for 2018 to 2025, by
application. In 2025, it is forecasted that the U.S. market value of cellulose fiber used for
hygiene applications will amount to approximately 700 million U.S. dollars.

The benefits of cellulose can be further extended when cellulose chains are bundled
together, generating highly ordered regions that can be subsequently isolated to produce
cellulose nanomaterials or nanocellulose. Nanocellulose can be categorized into three
major classes: nanocrystalline cellulose (NCC), nanofibrillated cellulose (NFC), and
bacterial nanocrystalline cellulose (BNC) (Phanthong et al. 2018). These forms of
nanocellulose have similarities in chemical composition but differ in morphology, particle
size, crystallinity, and isolation methods (Lavoine et al. 2012). The market value of
nanocellulose was estimated to amount to 297 million U.S. dollars worldwide in 2020. It
is expected to increase considerably by 2025, to a forecasted value of 783 million U.S.
dollars (Garside 2021). This data shows that the nanocellulose industry is a great field to
be explored and produced.

Malaysia is a tropical country that has abundant natural resources from its
agricultural sector. For many years, Leucaena leucocephala (Lam.) de Wit, also known as
"petai belalang™ has been a source of fiber and protein. It is a fast-growing tropical legume
tree native to Mexico and Central America. It is a thornless, evergreen, branched shrub or
small tree up to 8 m high with deep roots. The trunk is greyish brown, and the leaves are
alternate and bipinnate, up to 25 cm long, with 12 to 18 pairs of small, shortly stalked,
linear or linear-oblong, acute, dull greyish green, glabrous leaflets, 10 mm to 15 mm by 3
mm to 4 mm wide, with minute stipules (Lim 2012). This plant's fruit is a broadly linear
(strap-shaped), thin, flat pod, 12 cm to 14 cm long by 1.5 cm wide. It is light green when
immature and then turns brown and dry when ripe, containing 15 to 30 seeds. Seeds are
ovate-oblong, flat, 6 mm to 10 mm long, and green when immature, turning dark brown.
The plant has many economic advantages, including high biomass production. In the 1970s
and 1980s, these species were known as the "miracle trees" (Verma 2016) because of their
numerous applications, mostly in the livestock industry (Sethi and Kulkarni 1994; Aminah
and Wong 2004). The species is also used for pulp and paper production due to its low
lignin content (Pandey and Kumar 2013). In India, a Leucaena leucocephala farm forestry
plantation program initiated by JK Paper Ltd had been developed because of its potential
to be used as a new material for the paper industry (Khanna et al. 2019).

In Malaysia, this plant had been used as the source of raw material for the wood
composite industry as an alternative to the wood residue and rubberwood. Mohd et al.
(2020) reported that this tree showed a positive growth rate relative to the tree height, which
means that as the tree's age is increased, its height will also increase. It was found that L.
leucocephala can be a suitable alternative for particleboard manufacturing. Besides that,
cellulose was successfully isolated from this plant's seeds (Husin and Ab 2019). The
diameter of cellulose and microcrystalline cellulose from the seeds was approximately 5
pm to 10 um, similar to or lower than those of other plant fibers reported by others (Jahan
et al. 2011; Nuruddin et al. 2011). The isolation and purification of cellulose involves two
steps, namely pulping and bleaching (Kamel et al. 2020). Chemical pulping aims to
eliminate hemicellulose, and lignin. Usually, this process uses pulping agents such as alkali
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or organic solvent to remove non-cellulosic components. The step that comes after pulping
is bleaching, which is an integrated step in the pulping process. The example of bleaching
agents used in this process are sodium hypochlorite, sodium chlorite, and hydrogen
peroxide. Although there have been many studies investigating cellulose isolation from
plants, the effects of concentration variation during pre-treatment on the structure and
physical properties of the obtained NCC have not been studied.

Thus, this study aimed to isolate NCC from L. leucocephala pods and investigate
the effects of concentration variation during bleaching treatment on the properties and
morphology of the obtained NCC. The L. leucocephala mature pod's utilization is
important for increasing the mature pod value because of its potentially high cellulose
content. The novelty of this study is to investigate the use of L. leucocephala mature pod
as a new material for isolation of nanocrystalline cellulose, intending to provide another
application of this plant other than use in animal feed (leaves) (Masafu 2006), biodiesel
production (seeds) (Hakimi et al. 2017), and the paper industry (wood) (Rahman et al.
2014). Moreover, to date, no study has been done to investigate how different percentages
of sodium hypochlorite during the bleaching process can affect the characteristics of NCC
produced. The influences of different concentrations of NaCIO during pre-treatment on the
yield, color, functional groups, crystallinity, and morphology of L. leucocephala fibers
were investigated. The proximate and amino acid analysis of mature pod was provided, as
most of the previous research data was only focused on the leaves, seed, and tree. In this
work, the NCC was produced from L. leucocephala mature pods, which are a readily
available and inexpensive material. Pre-treatment was performed to remove non-cellulosic
materials, such as hemicellulose and lignin, making the cellulose more accessible to acid
during hydrolysis.

EXPERIMENTAL

Materials

Leucaena leucocephala (Lam.) de Wit. (voucher No. MFI 0079/19) mature pods as
lignocellulosic materials were collected from trees available at the Faculty of Engineering,
Universiti Putra Malaysia. The confirmation of plant species was done at Biodiversity Unit,
Institute of Bioscience, Universiti Putra Malaysia. The plant was identified as Leucaena
leucocephala (Lam.) de Wit, under the family name of Fabaceae. It is also known as "Petai
belalang" for the local name. Acetic acid (CH3COOH), sodium hydroxide (NaOH), sodium
hypochlorite (NaClO), sodium chlorite (NaClO2), acetic acid (CHsCOOQOH), and sulphuric
acid (H2SO4) was purchased from the company Evergreen Engineering & Resources
(Selangor, Malaysia). All the chemicals used in this study were analytical grade and applied
without further purification.

Proximate and Amino Acid Composition of L. leucocephala Mature Pod

The percentage of crude protein, crude fat, ash, and moisture content of L.
leucocephala mature pods were analyzed using AOAC (2005). The nitrogen was
determined by the micro-Kjeldahl method described by Pearson (1976); the percentage of
nitrogen was converted to crude protein by a multiplication method (Aborisade et al. 2017).
All determinations were performed in triplicates. Next, the amino acid analysis was
performed using High-Performance Liquid Chromatography (HPLC) with a Fluorescence
detector at Halal Products Research Institute, Universiti Putra Malaysia.
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Alkali Treatment of Leucaena leucocephala Pods

The L. leucocephala pods collected were brown, and the lengths of the pods ranged
from 14 to 18 cm. All collected pods were cleaned under running tap water and dried
overnight in an oven (Memmert Universal Oven, Memmert GmbH + Co. K.G., Schwabach,
Germany) at 100 °C. The dried pods were ground using a milling machine (Laboratory
Mill 120, Perten Instruments, Hagersten, Sweden) and then sieved through a vibrating sieve
shaker machine (AS 200 Control, Retsch Gmbh, Haan, Germany) to obtain a powder size
of 0.25 mm and below. The pre-treatment of the L. leucocephala pods was performed using
the method described by (Zheng et al. 2019). This treatment aimed to eliminate
hemicellulose from the L. leucocephala pods to obtain purified cellulose. The fiber was
mixed with 2 wt% of NaOH solution in a solid-to-liquid ratio of 1 g/ 10 mL, shaken at 50
rpm, and heated at 100 °C in a shaking water bath machine (BS-06/11/21/31, Daejeon,
Korea) for 4 hours. This alkali treatment was repeated four times until no more
discoloration occurred, and the product obtained after the treatment was referred to as alkali
L. leucocephala (A-LL). The fiber was then washed with distilled water to a pH of 7 and
proceeded to the second pre-treatment.

Bleaching Treatment

The bleaching treatment was performed using three different percentages (3%, 5%,
and 7%) of NaClO. Sodium hypochlorite was chosen as the bleaching agent. Aridi et al.
(2020) reported that 5% of sodium hypochlorite was the best bleaching agent in removing
hemicellulose and lignin from the fiber. Besides that, a study by Aurelia et al. (2019) also
investigated the bleaching process of Jack Bean skin by using 0, 3, and 6% of NaClO. They
found out that 3% of NaCIO gives the best results, with a high cellulose content, light color,
and FTIR peaks similar to commercial cellulose. Thus, for this study, 3%, 5%, and 7% of
NaClO were chosen to investigate the effect of using different percentages of NaClO to
characterize NCC obtained from the L. leucocephala mature pod. The solid-to-liquid ratio
used was 1 g of powder to 50 mL of bleaching agent solution. The solution was then heated
at 80 °C and shaken at 100 rpm for 2 hours using a shaking water bath. The specimen was
bleached twice to obtain a white powder. The bleached powder was then thoroughly
washed with distilled water to a pH of 7, and it was referred to as bleached L. leucocephala
(B-LL). The cellulose samples obtained were labeled as B-LL3, B-LL5, and B-LL7.

Isolation of NCC

Nanocrystalline cellulose from the L. leucocephala pods was obtained by sulfuric
acid (H2S0g4) hydrolysis according to the method of Song et al. (2019). One gram of pre-
treated L. leucocephala pod powders was slowly added into 30 mL of H2SO4 solution (63
wt.%) with vigorous stirring at room temperature (25 °C) for 1 h. Then, the hydrolysis
solution was quenched by adding ice water (300 mL) into the mixture. The resultant
mixture was then centrifuged at 9000 rpm for 15 min three times to obtain NCC. The
obtained NCC was dialyzed against distilled water for 3 days and sonicated at 50%
amplitude using a sonicator (Qsonica Sonicator Q500, Thermo Fisher Scientific, Waltham,
MA, USA) for 15 min. The obtained NCC was then freeze-dried using a freeze dryer
(ScanVac CoolSafe, LaboGene, Allergd, Denmark) at -110 °C with a vacuum pump (two
stages with 2 m3h to 5 m*/h capacity), and the freeze-drying process was performed for 24
h to obtain a fine powder for further analysis. The nanocrystalline cellulose samples
obtained were labeled as N-LL3, N-LL5, and N-LL7.
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Determination of Chemical Compositions

Leucaena leucocephala fibers' chemical composition was determined at different
stages such as raw fibers, bleached fibers, and alkali-treated fibers. According to a standard
method of the Technical Association of the Pulp and Paper Industry (TAPPI T13m), the
lignin content was measured. One g of sample was placed in a small beaker, and 72% of
sulfuric acid (15 mL) was added slowly with stirring. The mixture was allowed to stand for
2 h in a water bath at 20 °C, with frequent stirring. The mixture was washed into a 1-liter
beaker, and 500 mL of water was added for dilution to a sulfuric acid concentration of 3%.
The solution is then boiled for 4 h with the periodic addition of hot water to maintain the
volume. The insoluble lignin was allowed to settle, and then the mixture was filtered into
a crucible, which has been previously dried at 105 °C. The crucible and contents were dried
in an oven at 105 °C for 2 h, cooled in a desiccator, and weighed. The drying and weighing
were repeated until the weight was constant (Browning 1967; Dos Santosa et al. 2013).
The lignin quantity was calculated using Eq. (1)

Lignin (%) = (M1/ M) x 100 Q)

where Mz is the obtained lignin mass and M is the initial sample mass

The holocellulose content of the samples was determined according to the method
proposed by (Abdul Rahman et al. 2017). The fibers were soaked in a solution of 5 wt%
acidified aqueous sodium chlorite (NaClO2) at 70 °C for 1 h with a weight ratio of 1:20
fiber-to-NaClOz solution. Before that, the NaClO2 solution was acidified with sulfuric acid
(H2S04) solution until the pH reached 4. The sample’s residue was then filtered from the
solution, washed using distilled water and dried in an oven at 60 °C. The residue was finally
dried and weighed. The holocellulose content was calculated using Eq. (2)

Holocellulose (%) = (M2/ M) x 100 2

where Mz is the obtained residue mass and M is the initial sample mass

Meanwhile, the composition of cellulose was evaluated by soaking the
holocellulose for 24 h with 6 wt% of potassium hydroxide solution at room temperature.
After that, the sample was filtered, washed with distilled water, and oven-dried at 60 °C
until a constant weight was obtained. The hemicellulose content of the fibers is the
difference between the values of holocellulose and cellulose, Eq. 3,

Cellulose (%) = (M3/ M) x 100 3)
where Ms is the obtained white powder mass and M is the initial sample mass.

Whiteness Index Analysis

All samples’ reflective surface colors were measured using a Benchtop
Spectrophotometer, a color measurement system (CM-3600A, Konica Minolta, Tokyo,
Japan). Reflectance specular excluded (RSEX) mode was used, and the area view was
0.190 inches. The values of L*, a*, and b* were recorded, and each sample was
individually measured in triplicate. The whiteness index (W.1., %) was calculated using Eqg.
4 (Yen et al. 2009):

WI (%) = 100 — [(100 — L*) + (@*)2 + (b*)2]“ @)
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Morphology Analysis

Field emission scanning electron microscopy (FESEM) images were made using
an FEI Nova NanoSEM 230 scanning electron microscope (Field Electron and lon
Company, FEI, Oregon, USA) with an accelerating voltage of 3 kV to observe the
microstructural and nano structural surfaces of the longitudinal cross-sections of dried
untreated L. leucocephala fibers, as well as the fibers after different stages of treatment and
the NCC obtained. Also, the NCC's nano structural images were made using a transmission
electron microscope (Philips Tecnai 20, Amsterdam, Netherlands) with an acceleration
voltage of 200 kV and a standard inclined sample holder. First, a suspension of NCCs with
different bleaching treatments was dispersed by ultrasonication of particles in distilled
water for 10 min. After that, one drop of a diluted suspension of NCCs was placed on a
carbon-coated copper grid and allowed to dry at room temperature (25 °C). The
transmission electron micrographs of the nanostructures were enhanced to improve the
resolutions.

Functional Group Analysis Using Fourier-transform Infrared (FTIR)
Spectroscopy

The FTIR spectra of all samples were analyzed using an FTIR spectrometer
(Nicolet™ iS20, Thermo Fisher Scientific, Waltham, MA, USA) equipped with an
attenuated total reflectance (ATR) element. All the samples' powders were pressed into a
pellet before FTIR analysis, in which potassium bromide (KBr) was used as the diluent. A
spatula full of KBr was added into an agate mortar and ground to a fine powder until no
crystallites were observed. Then, a small amount of an NCC sample was mixed with the
KBr powder. Subsequently, the mixture was ground for 3 min to 5 min. Next, the powder
was added into a 7-mm collar and pressed with a small hydraulic press to produce a pellet.
A good KBr pellet is thin and transparent. The pellet was then put onto the sample holder
to begin scanning. The FTIR spectra were then collected in the mid-infrared region (400 to
4000 cm™) using 32 scans, and the resolution was 4 cm™. The OMNIC software (version
8.0, Thermo Fisher Scientific, Waltham, MA, USA) was used for data analysis.

Crystal Analysis Using X-ray Diffraction (XRD)

The XRD analysis of all samples was conducted at the Centre for Research and
Instrumentation Management, Universiti Kebangsaan Malaysia, Bangi, Malaysia. A
Bruker D8 Advance (Billerica, MA, USA) equipped with CuKa radiation (4 = 0.1541 nm)
was used to study the XRD patterns in the 26 range of 5° to 80° of the untreated fiber,
alkali-treated fiber, and NCC. The crystallinity index (Crl, %) was calculated according to
the method reported by Zheng et al. (2019) (Eq. 5),

Crl (%) = (1200 — lam) / 1200 x 100 (5)

where looz is the maximum intensity of the diffraction at the 200 peaks (20 = 22.06°), and
lam is the intensity of the diffraction at 20 = 18°.

Density and Moisture Content

The density was measured using gas intrusion under a helium gas flow with an
AccuPyc 1340 pycnometer. The samples were oven dried at 105 °C overnight to remove
moisture content within the fibers. Then, they were placed inside the desiccator to remove
traces of water from almost-dry sample before place inside the pycnometer. Five
measurements were conducted at 27 °C, and the average was calculated. For moisture
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content, three samples were prepared and heated in an oven for 24 hours at 10 °C. The
weights of samples before, Mi, and after Mt the heating were measured in order to calculate
the moisture content. Then, the moisture content was determined using Eq. (6).

Moisture content (%) = (Mi — Mr) / Mi x 100 (6)

RESULTS AND DISCUSSION

Proximate and Amino Acid Analysis of L. leucocephala Mature Pods

Leucaena leucocephala, also known as petai belalang in Malaysia, is one of the
fast-growing leguminous trees (Sethi and Kulkarni 1995). In India, it is an important plant
that is encouraged to be grown under social forestry schemes, as it provides useful timber
and paper industry (Khanna et al. 2019). In this study, the proximate and amino acid
composition of L. leucocephala mature pods were investigated, and its suitability for the
raw material for isolation of nanocrystalline cellulose was determined. From Table 1, the
carbohydrate showed the highest content with 78.08 g, and fat showed the lowest
composition with only 0.46 g. The other components, which included moisture, ash, and
protein, were 8.79, 5.23, and 7.45 g. The protein content of Leucaena seeds was higher
than its pods, as reported by Sethi and Kulkarni (1995), which explains why most of the
applications of L. leucocephala tress is focused on the leaves, seeds, and young pod for
animal feed.

Table 1. Proximate Data of Mature Pod Leucaena leuocephala

Composition Unit (g/100g)
Moisture 8.8
Ash 5.2
Total protein 7.5
Total fat 0.5
Carbohydrate 78.1
Energy 346

Besides that, the amino acid composition of L. leucocephala mature pods is
presented in Table 2. The amino acid is important in plants, as they play a major role as a
constituent of proteins. From Table 2, aspartic acid showed the highest percentage, which
was 25.36 %, and valine showed the lowest, with only 0.09%. Sethi and Kulkarni (1995)
differently reported the data obtained from the analysis of L. leucocephala seeds. It was
reported that the seeds are fairly rich in essential amino acids such as isoleucine, leucine,
phenylalanine, and histidine.

Yield Percentage and Whiteness Index

The alkali treatment and bleaching of L. leucocephala fibers caused partial
defibrillation and fiber bundles. The cementing components, such as hemicellulose and
lignin, were removed via the alkali and bleaching treatments. These two steps were critical
for more efficient NCC hydrolysis. Each of the microfibril bundles was composed of a
NCC bundle connected with the microfibril by the amorphous region. Amorphous regions
were eliminated by acid hydrolysis to obtain a high yield of NCC, resulting in diameter
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reduction and separation of fibers, from micron-sized fibers to individual nanofibers (Samir
et al. 2005; llyas et al. 2018). Generally, these NCCs are in the ranges of 100 nm to 250
nm in length and 5 nm to 80 nm in diameter, and most cellulosic materials become more
or less individualized through sonication (Bondeson et al. 2006).

Table 2. Amino Acid Composition of Mature Pod L. leuocephala

Amino acid compound Compound weight (ng) Compound % (w/w)
Hydroxyproline 2.4 1.6
Aspartic acid 37.8 25.4
Serine 6.3 4.2
Glutamic acid 18.1 121
Glycine 6.2 4.2
Histidine 3.8 2.6
Arginine 9.0 6.1
Threonine 7.3 4.9
Alanine 8.2 55
Proline 8.9 6.0
Cysteine 3.3 2.2
Tyrosine 2.7 1.8
Valine 0.1 0.1
Methionine 6.6 4.4
Lysine 10.7 7.2
Isoleucine 2.0 3.4
Leucine 8.2 55
Phenylalanine 4.4 29

The yield of NCC isolated from the L. leucocephala (Lam.) de Wit fibers increased
to 79.1% for 5% of NCC, as the percentage of NaClO was increased (Table 3). However,
the yield of NCC started to decrease when 7% of NaClO was used. External factors such
as loss during the washing treatment may also play a role in the cellulose weight loss.
Furthermore, cellulose yield decreased significantly with the increasing percentage of
NaClO due to the rupture of the glycosidic bond in the cellulose, also known as cellulose
degradation. NaClO can oxidize cellulose specifically in its amorphous zone (Aurelia et al.
2019; Wertz et al. 2010). The oxidation starts with converting a glucose unit to its unstable
derivative, followed by the opening of its ring and the rupture of its linkage. This reaction
leads to a decrease in the cellulose's molecular weight and an increase in its solubility.
Next, the whiteness indices of all samples are also presented in Table 3. The whiteness
index increased after the alkali and bleaching treatments were performed on the fibers. This
result shows that the bleaching treatment with NaClO successfully removed the lignin,
increasing the whiteness and leaving the cellulose. High concentrations of NaCIlO during
the bleaching treatment led to a lighter color in the cellulose produced. Lignin isa polymer
responsible for the brownish color of cellulosic material (Aurelia et al. 2019). However, at
7% of NCC, the whiteness index started to decrease, to 61.3%. This finding was similar to
the work of Aurelia et al. (2019). They found that cellulose from jack bean skin started to
become slightly brownish after the percentage of NaClO increased to 6%.
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Table 3. Yield Percentages and Whiteness Indices of NCC at Different
Percentages of NaCIO

Sample Yield (%) Whiteness Index (%)
Untreated - 515+1.1
Alkali treated 22.4+0.43 64.3+0.9
3% NaClO 56.2+1.0 68.8+0.4
5% NaClO 79.1+0.6 785%0.1
7% NaClO 55.4+0.7 61.3£ 0.5

Chemical Composition of Leucaena leucocephala Fiber

The chemical composition of L. leucocephala fiber at each stage of chemical
treatments is shown in Table 4. The untreated mature L. leucocephala pod consisted of
36.6% cellulose, 21.7% hemicellulose, and 29.5% lignin. In alkali treatment with sodium
hydroxide (NaOH), it was effective in eliminating the surface impurities, hemicellulose,
and lignin from the mature pod, as the amount of hemicellulose was decreased from 21.7
to 15.7%. In comparison, the lignin content was reduced to from 29.5 to 11.0%.

The effect of different percentages of sodium hypochlorite (NaClO) during the
bleaching process on the effectiveness of removing hemicellulose and lignin contents in
the mature pod was also investigated. From Table 4, cellulose treated with 7% NaClO
showed the highest percentage, which is 89.5 %, compared to cellulose treated with 3%
NaClO, which only 69.5%. This result showed that the treatments were efficient in
removing most hemicellulose and lignin, thus resulting in high cellulose content.

Table 4. Chemical Composition of Raw Leucaena leucocephala Mature Pods
and Treated Nature Pods

Material Holocellulose (%) Cellulose (%) | Hemicellulose (%) Lignin (%)
Untreated 58.3 36.6 21.7 29.5
Alkali treated 74.1 58.4 15.7 11.0
3% NaClO 79.5 69.5 10.0 5.4
5% NaClO 85.6 82.2 3.4 2.4
7% NaClO 90.9 89.5 14 0.9

Morphology Observation

The alkali and bleaching treatments altered the chemical compositions of the treated
fibers and affect the fiber surface structure. Figure 1 shows the untreated and alkali-treated
L. leucocephala (Lam.) de Wit fibers' morphologies. The fibers' color changed from dark
brown (Fig. 1a) to light brown (Fig. 1b) after the alkali treatment. The FESEM analysis of
the NCC isolated from the L. leucocephala fibers is presented in Fig. 2. At 500x
magnification (Fig. 1c), it showed that the untreated L. leucocephala fiber had a smooth
surface. It had a long rod shape and was bonded together by cementing components,
hemicellulose and lignin. However, the surface of the alkali-treated L. leucocephala fiber
became rough, with an irregular porous structure (Fig. 1d). This result was because
hemicellulose was hydrolyzed and became water-soluble, helping in the fibrils'
defibrillation, as shown in the micrograph in Fig. 1d. A study by Husin and Ab (2019)
showed a similar alkali-treated structure. This result was because treatment with sodium
hydroxide eliminates the fiber's hemicellulose group, thus resulting in a rough structure
and leaving behind the cellulose and lignin. Similar morphology was observed for
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Calotropis procera fiber after the pre-treatment. It became rough, and many wrinkles were
formed, as reported by Song et al. (2019), and NCC isolated from sugar palm fibers were
rough with pore-like structure (llyas et al. 2018).

() (d)

Fig. 1. (a) Untreated and (b) alkali-treated mature Leucaena leucocephala (Lam.) de Wit pod
fibers; FESEM analysis of (c) untreated and (d) alkali-treated mature L. leucocephala pod fiber, at

500% magnification

(@) (b) ()

Fig. 2. FESEM images of NCC with (a) 3%, (b) 5%, and (c) 7% of NaClO treatment, at 50,000x
magnification
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Moreover, the NCC isolated from the L. leucocephala became white after the
bleaching treatment with NaClO (Fig. 3). With 3% bleach, it showed a less white color,
which increased as the percentage of NaCIlO increased. The whiteness index of the NCC
increased as the percentage of NaClO increased during bleaching. However, the whiteness
index of NCC was decreased as 7% of NaClO used during bleaching. This result is
supported by a previous study investigating the effect of NaCIO concentration on the
cellulose produced from jack been skin (Aurelia et al. 2019). They found that a
combination of 10% sodium hydroxide and 3% of NaClO could produce the best cellulose
quality.

The FESEM images of the NCC isolated from the L. leucocephala fibers are shown
in Fig. 2, with a magnification of 50,000x. With 3% of NaCIlO, the NCC had a rod-shaped
structure (Fig. 2a). Refinement of the fibrillar structure is associated with a further
reduction in its diameter and intermittent breakdown of the fibrillar structure, as shown in
the NCC morphology. The NCC started to become smaller and to agglomerate as the
percentage of NaClO was increased. At 7% of NaClO (Fig. 2c), the shape of the NCC
produced were started to disappear. At 7% of NaClO, the NCC looked like a paste, rather
than being rod or needle-shaped. Also, 3% and 5% NCC had a similar shape with the NCC
isolated from water hyacinth fiber (Figs. 2a and b). This result occurs due to
depolymerization (Asrofi et al. 2018).

Figure 3 presents images of the bleached cellulose and NCC powder. The NCCs
were whiter than the bleached cellulose. Besides, transmission electron microscopy (TEM)
images of individual NCC particles are shown in Fig. 4.

(d) (e)

Fig. 3. Powders of bleached cellulose treated with (a) 3%, (b) 5%, and (c) 7% of NaCIO; NCC
treated with (d) 3%, (e) 5%, and (f) 7% of NaCIO
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Fig. 4. TEM images of NCC treated with (a) 3%, (d) 5%, and (g) 7% of NaClO; length histograms of NCC treated with (b) 3%, (e) 5%, and

(h) 7% of NaClO; and diameter histograms of NCC treated with (c) 3%, (f) 5%, and (i) 7% of NaCIO
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These images confirmed the achievement of rod-shaped nanostructure isolated
from L. leucocephala fiber. The NCCs were characterized and analyzed by particle length
(L), diameter (D), and aspect ratio (L/D). The diameters and lengths of the NCCs after
hydrolysis were determined by Image J (https://imagej.nih.gov/ij/), an image processing
program, and are presented in Table 4. This study's NCC morphology was similar to the
results obtained by Song et al. (2019). As shown in Figs. 4a, 4d, and 4g, the NCC had a
needle-like cellulose nanocrystal shape. As the percentage of NaClO was increased, the
length of the NCC produced increased (Fig. 4b, 4e, and 4h), but it decreased at 7% of
NaClO. At 3% of NaClO, the NCC showed the shortest length (133 nm + 66.04 nm), while
at 5% of NaClO, the NCC showed the longest length (223 nm = 92.83 nm). Also, the NCC
diameter was minimized (17 nm) when it was treated with 7% of NaClO. The diameters of
the NCCs after treatment with 3% and 5% of NaClO were 49 nm and 36 nm, respectively.
The results showed that increasing the concentration of NaClO improved the size of the
NCC obtained. Though, the majority of the overall diameters lay in the nanometric range.
The aspect ratios of the NCCs are presented in Table 4: 3.34 for NCC treated with 3% of
NaClO, 6.57 for NCC treated with 5% of NaClO, and 14.54 for NCC treated with 7% of
NaClO.

Acid hydrolysis separates the cellulose fibers by destroying the hydrogen bonds
between the cellulose polymers, thus reducing the diameters of the fibers. During
sonication, the forces produced are sufficient to break some of the bonds between the
glucose units, resulting in depolymerization and shorter fiber lengths in the nanometer
range.

Table 4. Lengths, Diameters, and Aspect Ratios of the Obtained NCC

Sample Length (nm) Diameter (nm) Aspect Ratio
3% NaClO 133 £ 66.0 49+32.1 3.3
5% NaClO 223+ 92.8 36 +10.8 6.6
7% NaClO 219 +86.5 17+5.2 14.5
FTIR Analysis

The purpose of the initial FTIR analysis was to investigate alkali treatment's effect
on the functional groups of the L. leucocephala fibers. The FTIR spectra of untreated fiber,
alkali-treated fiber, and cellulose treated with different percentages of NaClO are presented
in Fig. 5. The band located at approximately 1735 cm™ in the spectrum of the untreated L.
leucocephala fibers was attributed to C=0 stretching of the acetyl and uronic ester groups
of hemicellulose or ester linkages of carboxylic groups of ferulic and p-coumaric acids of
lignin and xylan in hemicellulose (llyas et al. 2018; Song et al. 2019). After the fiber had
undergone alkali treatment with sodium hydroxide, the band at 1735 cm™ was no longer
observed in the FTIR spectra. However, the band between 1511 and 1546 cm, related to
lignin, was still observed in the FTIR spectrum of the alkali-treated fiber. This result
showed that the alkali treatment with sodium hydroxide only removed hemicellulose from
the L. leucocephala fiber and did not fully remove the lignin.

Next, FTIR analysis was also used to study the effect of using different percentages
of NaClO during the bleaching process on removing lignin from the alkali-treated L.
leucocephala fibers in nanocrystalline cellulose (NCC) and presented in Fig. 6. Similar
results were observed for water hyacinth (Eichhornia crassipes) fiber, as Asrofi et al.
(2018) reported. They found that this particular band did not appear after the pre-treatment
step.
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Fig. 5. FTIR spectra of (a) untreated fiber, (b) alkali-treated fiber, (c) 3%-NaClO-treated cellulose
isolated from L. leucocephala fiber, (d) 5%-NaClO-treated cellulose isolated from L. leucocephala
fiber, and (e) 7%-NaClO-treated cellulose isolated from L. leucocephala fiber

(c)
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Fig. 6. FTIR spectra of NCC isolated from L. leucocephala fiber, treated with (a) NCC treated with
3% NaClO, (b) NCC treated with 5% NaClO, and (c) NCC treated with 7% NaCIlO

The band between 1511 and 1546 cm™ was identified as the aromatic skeletal
vibrations of lignin and lignocellulose's functional groups. The band at 1508 cm™ was
observed for the cellulose treated with 1% of NaClO. However, the band disappeared when
the fiber underwent the bleaching treatment with an increased percentage of NaClO. It was
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suggested that using 3% and greater NaCIO effectively removed lignin from the fibers.
Moreover, all samples’ spectra showed the characteristic C-H stretching vibrations at
approximately 2900 cm™ (Mandal and Chakrabarty 2011).

Similar FTIR spectra patterns were observed in previous studies (Rahman et al.
2017; Song et al. 2019). The cited authors found that, with alkali treatment with NaOH,
the peaks slowly diminished in the spectra due to the elimination of hemicellulose and
lignin during the pre-treatment step. Though different bleaching agents (a mixture of
sodium chlorite and acetic acid solution) were used to produce a white powder, the
disappearance of these two bands was observed after the fiber's bleaching process.

Crystallinity Analysis

In nature, cellulose consists of both crystalline and amorphous regions, whereas
hemicellulose and lignin are amorphous (Rahman et al. 2017). The acid hydrolysis
process’s aim during isolation of NCC was to eliminate the amorphous regions from the
NCC. X-ray diffraction analysis was used to determine the crystallinity indices of the
NCCs produced from the L. leucocephala fibers. Jasmani and Thielemans (2018) stated
that crystalline cellulose exists in at least four allomorphic forms: celluloses I, 1I, 111, and
IV. Cellulose 1 is the most common type found in nature. Cellulose Ig is found in larger
amounts in higher plants such as wood or animals such as tunicates, while cellulose l. is
dominant in algae and bacterial cellulose. Thus, the diffractogram peak (Fig. 7)
corresponded to the typical crystalline character of cellulose Ig. According to llyas et al.
(2018), the structure of crystalline materials can be determined using X-ray diffractograms,
in which a mixture of polymorphs of cellulose I will show peaks at 26 = 15° and 22.69°,
and cellulose Il will show peaks at 26 = 12.3° and 22.1°.

The X-ray diffractograms of the L. leucocephala (Lam.) de Wit fiber at different
chemical treatments steps and the NCC obtained are shown in Fig. 7. The major intensity
peak was observed at a 26 value of approximately 22.19° to 22.8°, showing that all samples
existed in cellulose I's crystalline structure. Meanwhile, the low intensity at a 26 value of
approximately 18° was labeled an amorphous region. The intensities of the peaks increased
as the percentage of NaClO used during bleaching increased. This result showed that a
higher percentage of bleaching agent was efficient in removing lignin from the fiber.

The XRD analysis was used to calculate the crystallinity indices of the NCCs. The
crystallinity index of NCC can be expressed as the diffraction ratio from a crystalline
region to the total diffraction of the sample (Zaki et al. 2018). A crystallinity degree in
fibers' structure can be identified by observing the sharpness of the diffraction peak (llyas
et al. 2018). A sharper diffraction peak indicates a higher crystallinity degree of the fibers.
The crystallinity index was determined by Eq.5, the intensity of 200 peaks (I200, 26 = 22.5°)
and the minimum between the 200 and 110 peaks (lam, 26 = 18°); l200 represents both
crystalline and amorphous material, while lam represents amorphous material.

Table 5 shows that the 7%-NaClO-treated NCC had the highest crystallinity index
(71.1%), while the untreated fiber had the lowest (34.6%). The increase in the NCC's
crystallinity index produced, as compared to the untreated L. leucocephala fiber, could be
explained by the reduction and removal of amorphous non-cellulosic compounds. The
increase in the NCC crystallinity after acid hydrolysis treatment was also observed in
previous studies (llyas et al. 2018; Song et al. 2019). However, this value was lower
compared to NCC from tea leaf (83.1%) (Rahman et al. 2017), sugar palm fibers (85.9%)
(llyas et al. 2018), and sugarcane bagasse (72.5%) (Kumar et al. 2014). However, the
crystallinity index of the NCC produced from the L. leucocephala fiber was comparable
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with those of NCC produced from Calotropis procera (68.7%) (Song et al. 2019) and
Pandanus tectorius (69.5%) (Sheltami et al. 2012).

The crystallinity values were varied, as they depend on the different types of plants
and the time during the hydrolysis process. According to previous work, there is a relation
between crystallinity and cellulose stiffness, where high crystallinity regions produce high
stiffness of fibers. Hence, NCC's mechanical properties can be upgraded by controlling the
conditions of the hydrolysis process.

Table 5. Crystallinity Indices (Crl) of All Samples

Sample Crl (%)
Untreated fiber 34.6
Alkali treated fiber 51.8
3% of NaCIlO 53.0
5% of NaCIO 60.4
7% of NaCIO 71.1
_ (e)
7% NCC

0,
-_/\/\M ) Ei/" NCC )
M 3% NCC (©)

Mkali treated mature pod | (P)

’M Untreated mature pod (a)

2 Theta

Fig. 7. (a) X-ray diffractogram of untreated fiber, (b) alkali-treated fiber, and (c) 3% NCC isolated
from L. leucocephala fiber, (d) 5% NCC isolated from L. leucocephala fiber, (e) 7% NCC isolated
from L. leucocephala fiber

Intensity

Density and Moisture Content

One of the most important characteristics that must be considered for a new natural
materials as potential additive, especially in food, is moisture content. Therefore, it is an
important parameter used to determine the properties and the end uses of the obtain fiber.
Most food powders have low moisture content, thus reducing the rate of quality
degradation. High moisture content material could weaken the stability of the materials and
also its compressibility. From Table 6, the moisture content of commercial cellulose was
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the lowest among all the samples. 5% NCC showed a lower moisture content compared to
3% and 7% NCC.

Next, density is an important structural property in materials. As a physical
characteristic, density is necessary in engineering calculations and is a quality parameter
in both mid-state (at intermediate stages of drying and food processing) and after
completion of drying and food processing. The density of untreated, alkali treated and NCC
obtained were ranging between 1.37 and 1.47 g/cm3. The density of NCC was lower if
compared to untreated and alkali-treated fibers because of the removal of main component
such as lignin and hemicellulose from the fibers. Not much difference on the density values
can be compare between NCC from L. leucocephala fiber with conventional manmade
fiber such as aramid (1.4 g/cm?®), and carbon (1.7 g/cm®) (llyas et al. 2017).

Table 6. Density and Percentage of Moisture of all Samples

Sample Density (9/cm3) | Moisture content (wt.%) Reference

Untreated L. leucocephala 1.45+0.01 14.8 £0.23 Current study
mature pod

Alkali-treated mature pod 1.47+0.01 13.9+0.21 Current study

3% NCC 1.42+0.01 14.0+£0.01 Current study

5% NCC 1.37+£0.01 6.5+2.12 Current study

7% NCC 1.42+0.01 10.5+0.63 Current study
Commercial cellulose 1.55+0.01 3.9+£0.12 Current study
Sugar palm NCC 1.05+0.00 17.9+0.01 (llyas, Sapuan, and

Ishak 2017)

CONCLUSIONS

1. Nanocrystalline cellulose (NCC) was successfully isolated from Leucaena
leucocephala (Lam.) de Wit fibers after alkali treatment (NaOH), bleaching (3%, 5%,
and 7% of NaClQ), and acid hydrolysis (H2SOa).

2. The Fourier transform infrared (FTIR) spectroscopy results showed that the alkali
treatment (NaOH) and bleaching (3%, 5%, and 7% NaClO) steps effectively removed
lignin and hemicellulose. The X-ray diffraction (XRD) analysis showed that the NCC's
crystallinity index increased as the percentage of NaClO used during bleaching was
increased.

3. The transmission electron micrograph (TEM) images revealed that the NCC produced
had a rod-like shape, with diameters ranging from 17 nm to 49 nm.

4. L. leucocephala fibers could be used as a preliminary material for NCC preparation.
Using 7% of NaClO during bleaching treatment resulted in the best NCC based on the
greatest crystallinity index. The NCC's physical, chemical, and morphological
properties have great potential as bioderived reinforcement in nanocomposites and for
use in food packaging.
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