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Effect of hydrolysis time on the
morphological, physical, chemical,
and thermal behavior of sugar palm
nanocrystalline cellulose (Arenga
pinnata (Wurmb.) Merr)

RA Ilyas1,2, SM Sapuan1,2 , MSN Atikah3, MRM Asyraf4,
S Ayu Rafiqah2, HA Aisyah2, N Mohd Nurazzi5 and
MNF Norrrahim6

Abstract

Sugar palm nanocrystalline celluloses (SPNCCs) were isolated from sugar palm fiber (SPF). In this study, acid hydrolysis

(60 wt. %) at different reaction times (30, 45, and 60 min) was carried out to investigate the optimum yield of NCC. The

physical properties, degree of polymerization, chemical composition, structural analysis, crystallinity, surface area and

charge, zeta potential, thermal analysis, and morphological characterization were also conducted to determine the

outcome (efficiency) of the process. The results showed that a needle-like shape was observed under transmission

electron microscopy (TEM) studies. TEM analysis showed optimum aspect ratios of 13.46, 14.44, and 13.13 for isolated

SPNCC-I, SPNCC-II, and SPNCC-III, respectively. From thermogravimetric analysis (TGA), the degradation temperature

of NCC decreased slightly from 335.15�C to 278.50�C as the reaction time increased. A shorter hydrolysis time tended

to produce SPNCC with higher thermal stability, as proven in thermal analysis by TGA. The optimal isolation time was

found to be around 45 min at 1200 rpm during hydrolysis at 45�C with 60% sulfuric acid. Therefore, the extracted

SPNCC from SPF has huge potential to be utilized in the bionanocomposite field for the production of biopackaging,

biomedical products, etc.
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In the past decades, the increasing recognition of
the need to protect the Mother Nature has resulted in
the growing utilization of various natural resources
and eco-friendly materials for numerous applica-
tions.1–4 Natural fibers are among the main natural
resources that can be highlighted, especially in develop-
ing country like Malaysia, which has large agricultural
production based on sugar palm, kenaf, palm oil,
rubber, coconut, paddy, and others.5–8 The use of bio-
degradable polymer-based materials has been
greatly hindered by their intractable nature, poor
water sensitivity, and poor mechanical strength and
brittleness9–13; therefore, the use of natural fibers as
reinforcements in bioplastic polymer composites has
attracted substantial attention during the last few dec-
ades.14–17 Various chemical and physical treatments
have been tested to overcome these problems, including
blending with other synthetic polymers, chemical modi-
fication, graft copolymerization, and incorporating fil-
lers such as natural fibers, lignin, clay, sugar palm fiber
(SPF), sugar palm-derived cellulose, and multi-walled
carbon nanotubes.18–22

Natural fibers are classified based on their origins,
such as animals, minerals, or plants.23–25 Plant fibers
are further categorized into subgroups according to
their sources, such as seed fibers, fruit fibers, leaf
fibers, and stem fibers.26–31 According to Bledzki and
Gassan,32 the properties of natural plant fibers
depend on their composition. Plant fibers are composite
tissues formed by the combination of three main
components: cellulose (a semicrystalline polymer),
hemicellulose, and lignin (an amorphous polymer).33–36

In the current study, cellulose acts as the most important
component compared to the other two components due
to its intrinsic properties, which present as a linear poly-
mer of the poly(1,4-b-D-anhydroglucopyranose) unit.
This unit is composed of hydroxyl groups that allow
cellulose to form strong hydrogen bonds.37–39 In fact,
removing the amorphous region would affect the crys-
tallinity index, surface morphological structure, and
thermal stability of the subjected fibers.40

The critical components responsible for natural fiber
stiffness are nanocrystalline celluloses (NCCs). With a
width ranging from 5 to 80 nm and length from 100 to
250 nm, NCCs are highly crystalline materials formed
by hydrogen bonds between hydroxyl groups and the
oxygen of adjacent molecules.41–44 With the combin-
ation of low density, high aspect ratio of 100, high
mechanical strength, high surface area of 100m2 g�1,
unique morphology, non-toxic nanofiber, high mechan-
ical properties, high crystallinity, availability, bio-
degradability, and renewability, NCCs have drawn
vast interest for their utilization as potential nanofillers
in bionanocomposites.45 These units are stabilized by a
strong hydrogen interaction between hydroxyl groups

via intermolecular hydrogen bonding, which form an
ordered structure fabricated together into compact
microfibrils. Hence, in order to obtain purified NCC,
hydrolysis treatment is utilized to remove amorphous
polymers (i.e., hemicellulose and lignin). According to
Deepa et al.,46 the isolation of NCC has shown
improvement in terms of the crystallinity and thermal
stability of nanofibers. Moreover, the properties of
NCC are closely related to their size, surface charge,
and structure.47–49 According to Naduparambath
et al.,50 there is a certain degree of grafting of the sul-
fate group on the surface of NCC during sulfuric acid
(H2SO4) hydrolysis treatment. These groups impart a
negative surface charge to NCC that stabilizes the
aqueous suspension against agglomeration and com-
promises the thermal stability of nanocrystals.51–53

The most common commercial natural fiber resource
containing cellulose is wood; however, other non-wood
plants, such as hemp, sugar palm, jute, cotton, and
sisal, also contain a large amount of cellulose. Acid
hydrolysis treatment is a well-known process for the
isolation of NCC from cellulose macrofiber. Acid
hydrolysis allows the removal of amorphous polymers
of cellulose fibers under controlled conditions whilst
keeping crystalline polymers intact in the form of crys-
talline nanofibers.1 The preparation of NCC has used a
wide range of raw materials as extractive media in the
past decades. Among these raw materials, several of
them have been experimented to isolate nanocellulose
embedded in agro-residue plants, such as sago seed
shells,50 ginger fiber,36 water hyacinth,33 pistachio
shells,54 soy hulls,55 and wheat straw.56 The selection
of natural fibers for polymer composites is important,
as it affects the thermal and mechanical properties.57–60

Pokok kabung or enau is the Malaysian name for
Arenga pinnata (Wurmb.) Merr., which is commonly
known as black-fiber palm or sugar palm. This plant
is a member of the Palmae family and also belongs to
the subfamily of Arecoideae and tribe of Caryoteae.26–28

In tropical countries like Malaysia, SPFs at present
are by-products from sugar palm cultivation, in which
the trees and fibers are left to die by sugar palm
farmers after several years of harvesting its sugar
palm from the sap of the trees’ flower bunches. At
other times, not all sugar palm trees yield sugar-
rich sap, where sometimes up to half of the trees in a
plantation field are unproductive. These agro-residue
fibers comprise a high percentage of cellulose content
(56.8wt. %)9 that can be used for industrial purposes,
where the wastes are converted to high-value nanoma-
terial products, besides having huge potential to
be reinforced into nanocomposite products. In add-
ition, it is expected that selecting sugar palm fibers as
low-cost NCC agro-residual sources will increase the
production of nanocrystalline, as well as reducing
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the production cost. This paper aims to optimize the
isolation of NCC with maximum yield at optimum
hydrolysis time.

Little or no investigation has been reported on the
effect of hydrolysis time on the physical, chemical, mor-
phological, physical, chemical, and thermal behavior of
sugar palm nanocrystalline cellulose (SPNCC; Arenga
pinnata (Wurmb.) Merr) based on literature studies.
Hence, in the present work, NCCs embedded within
sugar palm fibers were successfully isolated using
H2SO4 hydrolysis treatment at different reaction times
(30, 45, and 60min). The prepared NCCs were charac-
terized as to their physical, chemical, and morpho-
logical properties, as well as their chemical
composition, degree of polymerization, zeta potential,
yield, surface area, size distribution, crystallinity, and
thermal properties.

Procedure and materials

Materials

The site that produced both sugar palm fiber (SPF) and
sugar palm starch (SPS) utilized in this study is located
in the city of Jempol, Negeri Sembilan, Malaysia.
Chemicals such as sodium chlorite (NaClO2), acetic
acid (CH3COOH), and sodium hydroxide (NaOH)
were supplied by Sue Evergreen Sdn. Bhd. (Semenyih,
Malaysia).

Extraction of sugar palm fiber and sugar
palm-derived cellulose

SPF exists on the trunk of the sugar palm tree as a
natural woven fiber that was removed by an axe as it
covers the tree. Afterwards, the sampled SPF was
ground in a Fritsch Pulverisette mill and screened to
the preferred size of 2mm. Delignification and mercer-
ization processes were used for the extraction of cellu-
lose fibers from SPF.61,62 The preparation of
holocellulose deployed the bleaching process, according
to ASTM D1104-56 (1978). This initial delignification
step was designed to eliminate lignin that presents in
SPF. This process yielded sugar palm bleached fiber
(SPBF). Then, the ASTM D1103-60 (1977) standard
was used on SPBF to produce a-cellulose or sugar
palm cellulose (SPC).

Isolation of sugar palm nanocrystalline cellulose

Acid hydrolysis of the obtained cellulose was conducted
for the preparation of SPNCC. The operating con-
ditions employed for this process include aqueous
H2SO4 of 60wt. % and mechanical stirring with a
rotation speed of 1200 rpm at 45�C for a manipulated

variable period of 30, 45, and 60min, denoted as
SPNCC-I, SPNCC-II, and SPNCC-III, respectively.
The obtained cellulose-to-liquor ratio was 5:100 (wt.
%) (5 g cellulose:100 g H2SO4 solution). The centrifu-
gation process (6000 rpm, 20min, and 10�C) was
then carried out to wash out leftover H2SO4 from the
hydrolyzed cellulose samples. The suspensions were
dialyzed against distilled water until a constant pH
was reached (6.5–7) and the resultant suspension was
sonicated for 30min. Finally, the suspension was
freeze-dried and then stored in a cool place prior to
sample analysis.

Characterization

Chemical compositions. The chemical compositions of
SPF, SPBF, and SPC fiber were determined according
to the method described by Wise et al.63 (holocellulose
in wood and pulp) and TAPPI standard methods T 222
(acid-insoluble lignin in wood and pulp) and T 203
(alpha-, beta-, and gamma-cellulose in pulp).39

Field emission scanning electron microscopy. An FEI NOVA
NanoSEM 230 machine (FEI, Brno-Černovice, Czech
Republic) with 3 kV accelerating voltage aided the field
emission scanning electron microscopy (FESEM) ana-
lysis. The entire samples were encapsulated in gold by a
utilizing argon plasma metallizer (sputter coater
K575X) (Edwards Limited, Crawley, UK) to avoid
unwanted charging.

Transmission electron microscopy. A Philips Tecnai F20
transmission electron microscopy (TEM) machine
with 200 kV accelerating voltage and a standard slanted
sample holder was used to obtain nanostructure images
of SPNCC.

Atomic force microscopy. Atomic force microscopy
(AFM) analysis was performed by using a Dimension
Edge with high-performance AFM tool (Bruker, Santa
Barbara, CA, USA) assisted with Bruker Nanoscope
Analysis software (Version 1.7) functioning using the
Peak/Force Tapping mode with a single controller
(Nanoscope V from Bruker) for the estimation of the
thickness of SPCCs. A drop of SPNCC suspension was
dropped on the surface of an optical glass slide and was
set to air dry. Then, SPNFC samples were scanned at
room temperature and controlled relative humidity in
the tapping mode with OMCL-AC160TA standard Si
probes (radius of tip of less than 10 nm, spring constant
of 2.98N m�1, and resonant frequency of �310 kHz)
under a scan rate of 1Hz.

Density. All fibers were dried for 7 days in a desiccator
with phosphorus pentoxide (P2O5) as the drying agent
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prior to density testing. The density of all fibers was
determined using an AccuPyc 1340 pycnometer with
gas intrusion under helium gas flow. The processes
were carried out for five different specimens and their
densities were calculated as an average value of the
measurements.

Yield. The initial weight of SPC was used as the basis to
calculate the nanocellulose yield obtained after
hydrolysis treatment (30, 45, and 60min). SPNCC sus-
pensions obtained after dialysis were subject to the
freeze-drying process. The yield was determined by
using Equation (1), where Mi and Mf represent the ini-
tial and final weight of the samples before and after the
freeze-drying process, respectively

Yield ð%Þ ¼
Mf

Mi
� 100 ð1Þ

X-ray diffraction. A Rigaku D/max 2500 X-ray powder
diffractometer (Rigaku, Tokyo, Japan) fixed with Cu-
Ka radiation (�¼ 0.1541 nm) in the 2y range of 10–40�

was used to investigate the X-ray diffraction (XRD)
pattern of the fibers. The evaluation of the crystallinity
index of the samples (Xc) was made possible by utilizing
the empirical technique reported by Segal et al.,64 as
depicted in Equation (2). I002 and Iam are the peak
intensities of crystalline and amorphous materials,
respectively

Xc ¼
I002 � Iam

I002
� 100 ð2Þ

Zeta potential. The determination of the estimated size
and the characterization of the surface charge proper-
ties of SPNCC were performed using a Zetasizer Nano-
ZS (Malvern Instruments, Worcestershire, UK) by
measuring the zeta potential of the fiber samples.
Each fiber sample was diluted 10-fold in distilled
water to 1ml total volume and then placed into a par-
ticle size analyzer at room temperature (i.e., 25 ºC).
Based on the Helmholtz–Smoluchowski equation, the
analysis involved electrophoretic mobility (mm s�1) of
the nanofibers that was converted to zeta potential by
inbuilt software.

Degree of polymerization. The degree of polymerization
(DP) for each treated fiber suspension was measured
based on the intrinsic viscosity. Measurement of viscos-
ity was carried on according to TAPPI Standard
Method T230 om-08 and ISO 5351-1, as reported by

Chauve et al.65 The treated fibers were diluted in solu-
tions containing distilled water and copper (II) ethyl-
enediamine (CED) solution as a solvent with a ratio of
0.01:1:1 (treated fiber:distilled water:CED). The solu-
tion was shaken until all fibers were completely dis-
solved. The viscosity of the solvent and solution was
measured at 25�C using an Ubbelohde viscometer tube
(Type 231, PTA Laboratory Equipment, Vorchdorf,
Austria) in triplicate for all samples. The molecular
weight of the treated fiber was calculated using
the Mark–Houwink approach, using the following
equation

�½ � ¼ KM� ð3Þ

where [�] the intrinsic viscosity and M is the molecular
weight. The values of the constants were taken as
K¼ 0.42 and �¼ 1 for the CED solvent.66

Surface area and porosity measurements. The surface area,
pore size, and pore size distribution were measured by
the Brunauer–Emmett–Teller (BET) method or N2

adsorption–desorption at 77K by using surface area
and porosity analyzer BELSorp Mini II (NIKKISO,
Osaka, Japan). The samples were degassed at 105oC
under vacuum condition for 10 h. Specific surface
areas were derived from the linear region of the iso-
therms using the BET equation in a relative P/Po pres-
sure range of 10�2 to 1, whereas pore size distributions
were calculated from the adsorption branch of the iso-
therms by the Barrett–Joyner–Halenda (BJH) method.
The total pore volumes were estimated from the
amount absorbed at a relative pressure of P/Po¼ 0.98.

Fourier transform infrared spectroscopy. A Fourier trans-
form infrared (FTIR) spectrometer (Nicolet 6700
AEM, Thermo Nicolet Corporation, Madison WI,
USA) was used to characterize the FTIR spectra
of fibers within the wavenumber range of
4000�500 cm�1 with a total of 42 scans at 4 cm�1

resolution.

Thermogravimetric analysis. The determination of the
thermal stability of the samples was performed using
a Q series thermal analysis machine from TA
Instruments (New Castle, DE, USA). The operating
conditions were temperature of 25–600�C, dynamic
nitrogen environment, and 10�C min�1 heating rate.
Samples of 5–15mg were placed in an aluminum
vessel prior to heating. The determination of weight
loss was made possible by utilizing the thermogravi-
metric analysis (TGA) curve bearing a plot of percent
weight loss versus temperature.
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Results and discussion

Chemical composition

The chemical compositions of the SPF, SPBF, and SPC
are shown in Table 1. SPF consists of 43.88% cellulose
and 33.24% lignin, which were increased by 12.79%
and reduced by 32.97%, respectively, after treating
the SPFs with NaClO2 solution for cellulose and
lignin, respectively. The utilization of NaClO2 during
the first stage of treatment was an excellent choice for
lignin removal, as natural fiber can be considered as a
composite of hollow cellulose fibrils reinforced by
lignin as a binder in a hemicellulose matric.67 This
eased hemicellulose removal after that of lignin.62 The
significant reduction of the hemicellulose content in
fiber occurred during NaOH treatment, which was
3.97% from 19.8%. Lignin and hemicellulose were
solubilized by bleaching and dilute alkali treatment,
respectively. This might be attributed to the cleavage
of the ester-linked substance of hemicellulose, where
this treatment increased the surface area of the SPF
to make polysaccharides more vulnerable to hydroly-
sis.62 Besides that, after the alkali treatment, the a-cel-
lulose content was increased from 43.88% to 82.33%,
whereas hemicellulose content was decreased from
7.24% to 3.97%. According to Alemdar and Sain,68

the changes of chemical composition of the fiber after
acid and alkaline treatments would results in a better
degree of crystallinity of cellulose and, therefore,
improve the strength and thermal properties of the
fibers.69,70

Physical properties of fibers

The physical properties of SPF, SPBF, SPC, and
SPNCC were determined using Image J software using
images collected from TEM, FESEM, and AFM ana-
lysis. Figure 1(a) shows that for SPF with diameter size
of 212.01� 2.17mm, the diameter decreased after the
acid and alkali treatments. The diameters of SPBF and
SPC were reduced to 121.80� 10.57 and
11.87� 1.04mm, respectively. This might be attributed
to the partial removal of lignin and hemicelluloses; in
other words, because of the elimination of the primary
walls, which was further supported by the chemical

analysis data given in Table 1. According to Rosa
et al.71 and Alemdar and Sain,68 who worked with coco-
nut fiber and wheat straw and soy hull, respectively,
these images showed the partial removal of impurities
pectin, lignin, and hemicellulose after chemical treat-
ments, which acted as cementing components surround-
ing the fiber-bundles. Besides that, the surface of SPC
(Figure 1(c)) had changed to smooth and groovy with
parallel arrangement along the cellulose.

Several studies hypothesized a convergence between
the effects of hydrolysis conditions on the physical
properties. The studies revealed that the concentration
of acid, ratio of acid to fiber, temperature, and time of
hydrolysis process were crucial in defining the dimen-
sions and morphology of the yielded NCC.49,72

Figure 1 also shows the aqueous suspension (2wt. %)
for the TEM, FESEM, and AFM microscopies of
SPNCC-I, SPNCC-II, and SPNCC-III. For the TEM
nanoscopy image of SPNCC-I (Figure 1(d)), it can be
observed that the SPNCC-I nanoscale structures were
arranged and well-aligned with each other in bulky
bundles. This might be ascribed to the diminutive reac-
tion time in the partial depolymerization of SPC
microfibrils.

SPNCC nanostructures produced from sugar palm-
derived cellulose possessed a needle-shaped form,
which is obviously displayed by SPNCC-II and
SPNCC-III in Figures 1(h) and (f), respectively. From
these figures, it can be perceived that both SPNCC-II
and SPNCC-III had well- and uniformly distributed
nanofiber morphology with good stability in colloidal
suspension. The observed bundles of SPNCC that were
arranged in parallel aligned for both SPNCCs were due
to the hydrophilic copper grid substrate that stimulated
the self-assembly process of nanoparticles through
strong lateral hydrogen bonding.

Besides that, the diameter of SPNCC-I was approxi-
mately 13� 1.73 nm, which presented an insignificant
diameter difference, compared with those of SPNCC-
II of approximately 9� 1.96 nm and SPNCC-III with
an average value around 7.5� 1.35 nm (Table 2). The
present discovery in TEM analysis is supported by the
previous literature, with the estimated diameter size of
NCC from kenaf (5.4–25.9 nm)73 and jute (10–12 nm).74

The reduction of the SPNCC-I diameter compared
to SPC was 99.89% based on Table 1, which was due to
the removal of amorphous regions via hydrolysis

Table 1. Chemical composition of sugar palm fiber (SPF), sugar palm bleached fiber (SPBF), and sugar palm cellulose (SPC)

Fibers Holocellulose (%) Cellulose (%) Hemicellulose (%) Lignin (%) Extractive (%) Ash (%)

SPF 51.12 43.88 7.24 33.24 2.73 1.01

SPBF 76.47 56.67 19.8 0.27 0.23 2.16

SPC 86.3 82.33 3.97 0.06 – 0.72
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Figure 1. Field emission scanning electron microscopy (FESEM) micrographs of sugar palm fiber (a), sugar palm bleached fiber (b),

sugar palm cellulose (c); aqueous suspension of (2 wt. %) (d), (e), (f); TEM images (g), (h), (i); FESEM images (j), (k), (l); AFM images

(m), (n), (o) . Images of SPNCC-I (d), (g), (j), (m), SPNCC-II (e), (h), (k), (n), and SPNCC-III (f), (i), (l), (o). SPNCC: sugar palm

nanocrystalline cellulose; D: diameter.
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treatment on SPC. Hydrolysis process was continued
for SPNCC-II and SPNCC-III for 45 and 60min,
respectively. This caused the size of SPNCC to reduce
by 31% and 42% compared to SPNCC-I, respectively.
This might be resulted by a longer reaction time of
H2SO4 via hydrolysis treatment on fibers, which
removed amorphous regions from nanofibers.
Furthermore, a longer hydrolysis time could irritate
the structure (length and diameter) of the SPNCC.
Thus, a longer hydrolysis time led to shorter length
and diameter of nanofibers. However, this depended
on the conditions of the hydrolysis process and varieties
of cellulosic fiber sources.73

The longest SPNCC was recorded for SPNCC-I,
with the length of 175� 37.01 nm, and decreased
slightly by 31%, to 130� 30.23 nm, for SPNCC-II.
This trend of decrement throughout the extended
hydrolysis time from 45 to 60min was determined by
observing the 42% decreasing length for SPNCC-III,
with an average value of 105� 33.69 nm compared to
SPNCC-I. Optimum aspect ratios (length to diameter)
can be calculated by obtaining the values of length and
diameter. Thus, from the calculation, the values of opti-
mum aspect ratios for SPNCC-I, SPNCC-II, and
SPNCC-III were 13.46, 14.44, and 13.13, respectively.
These values were higher compared to the values from
other NCCs originated from agro-residue sources, such
as sago seed shells (5)50; however, the values were lower
compared to pistachio shells (16).54

Furthermore, according to FESEM analysis, instead
of a bulky bundle of structure displayed by SPNCC in
TEM analysis, SPNCC-I (Figure 1(j)) had an individu-
ally long and fine nanofibrous structure. This phenom-
enon might be attributed to the freeze-drying process
and high-intensity electron beam in the FESEM obser-
vation, which damaged the cellulose and pierced its
structure, which was previously bundled into individual
nanofibers. SPNCC-II (Figure 1(k)) and SPNCC-III
(Figure 1(l)) demonstrated an asymmetrical rod-like

shape instead of needle-like shape in TEM nanograph
analysis. This was due to the tiny nanofiber fragments
that tended to accumulate with individual SPNCC
nanocrystals by interfacial hydrogen bonds.75,76 Such
accumulation was possible, as verified by FESEM ana-
lysis, that apparently showed a wider diameter size of
SPNCC-II (9� 1.96 nm) compared to SPNCC-II
(35.0� 8.68 nm) in TEM nanographs. In the analysis
of AFM topographic nanograph images, SPNCC-I
(Figure 1(m)) had a wide and long fibrous shape-
form, which was consistent with the morphology of
nanofibers obtained from TEM nanographs. SPNCC-
II (Figure 1(n)) displayed denser crystallites compared
to SPNCC-III (Figure 1(o)). Indeed, both SPNCC-II
and SPNCC-III showed needle-like form, which was
in good agreement with the TEM study. Furthermore,
the calculated average values for SPNCC-I, SPNCC-II,
and SPNCC-III from AFM analysis were higher com-
pared to TEM nanograph analysis; however, the values
obtained were within the diameter of FESEM. This
phenomenon might be ascribed to the overestimation
of nanoparticle dimensions by the tip broadening effect
in AFM analysis. Based on the comparison of all
results from the microscopy images taken by TEM,
FESEM, and AFM equipment, it can be concluded
that the clearest images of the resultant SPNCC morph-
ology were the images from TEM analysis with the
diameter size of 9� 1.96 nm. However, AFM micros-
copy is commonly performed for accurately measuring
the height of nanofibers. The peak nanofiber heights of
SPNCC-I, SPNCC-II, and SPNCC-III were 7.703,
5.781, and 4.655 nm, respectively.

Density, surface area, and porosity of fibers

One of the parameters that has to be considered in the
process of material selection is weight, as it influences
the performance of the products. In correlation to that,
density is the key criterion that is interrelated with these

Table 2. Physical properties of sugar palm fiber (SPF), sugar palm bleached fiber (SPBF), sugar palm cellulose (SPC), and sugar palm

nanocrystalline cellulose (SPNCC)

Samples Diameter (Length) (nm)

Density

(g/cm�3) Xc (%)

Surface

area (m2/g)

Pore volume

(cm3/g) DP Mw (g/mol)

SPF 212� 2.17 mm – 1.50 55.8 7.58 6.10� 10�2 – –

SPBF 94� 0.03 mm – 1.30 65.9 10.35 6.78� 10�2 2963.33 480,513.39

SPC 12� 1.04 mm – 1.28 76.0 13.18 19.50� 10�2 946.48 153,458.51

SPNCC-I 13� 1.73 nm 175� 37.01 1.07 81.0 14.23 21.15� 10�2 226.19 36,677.53

SPNCC-II 9� 1.96 nm 130� 30.23 1.05 85.9 14.47 22.60� 10�2 142.86 23,164.74

SPNCC-III 8� 1.35 nm 105� 33.69 0.95 83.5 15.13 23.45� 10�2 107.14 17,373.56

Results expressed as mean� standard deviation.

DP: degree of polymerization.
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fiber weight properties. The density value of SPF,
SPBF, SPC, SPNCC-I, SPNCC-II, and SPNCC-III
showed a decreasing pattern throughout the treat-
ments, which were 1.50, 1.30, 1.28, 1.07, 1.05, and
0.95 g/cm�3, respectively. This trend might be attribu-
ted to the removal of the main component of the fibers,
such as lignin and hemicellulose, as displayed in
Table 1. The removal of amorphous non-cellulosic
compound components, such as lignin and hemicellu-
lose, in bleaching and alkali treatment created voids in
the structure of fibers that would lead to fiber swelling.
The component of the fibers then became well sepa-
rated, which increment in volume with loss in weight
caused the density to decrease.77

Besides that, from Table 1, it can be observed that
the densities of SPNCC-I, SPNCC-II, and SPNCC-III
decreased insignificantly throughout the prolongation
of the hydrolysis process, with the values of 1.07,
1.05, and 0.95, respectively. This trend was the result
of the removal of amorphous regions that were
attached to crystalline regions that occurred due to
the extended hydrolysis treatment producing abysses
or spaces in the nanofiber structure. This swelled and
separated the nanofibers into individual crystallites.
According to Ray and Sarkar,77 the increment in
the volume of fiber and loss in weight would
affect the reduction in the density values. Moreover,
the SPNCC densities of all treatments were lower
compared to conventional fibers, such as glass fiber
(2.5 g/cm3), aramid (1.4 g/cm3), and carbon
(1.7 g/cm3).78

The density of fiber is related to the surface area and
the porosity of fibers. The higher the pore volume, the
lower the density of the fiber. It can be observed that
the cumulative pore volumes of SPF, SPBF, SPC,
SPNCC-I, SPNCC-II, and SPNCC-III increased
throughout the treatments, with values of 6.10� 10�2,
6.78� 10�2, 19.50� 10�2, 21.15� 10�2, 22.60� 10�2,
and 23.45� 10�2 (cm3/g), respectively. The cumulative
pore volume for SPNCC-II (22.60� 10�2 cm3/g) is four
times larger than for SPF (0.061 cm3/g). This was due to
the closely aligned, rigid, and tightly bounded building
elements via strongly hydrogen bonded cellulose struc-
tures, hence leaving few interfacial spaces.79 The result
of low pore volume was supported by the FESEM, and
AFM (Figure 1). The pore volumes of SPNCC-I,
SPNCC-II, and SPNCC-III were observed to
increase after the loosely packed structures took
shape to create a huge amount of mesopores among
the SPNCC. A similar trend was observed with the
BET surface area for SPF, SPBF, SPC, SPNCC-I,
SPNCC-II, and SPNCC-III, which were 7.58, 10.35,
13.18, 14.23, 14.47, and 15.13m2/g, respectively. The
BET surface area of SPNCC-II was two times larger
compared to SPF. The higher specific surface area

of the nanofibers assembled from SPNCC might be
attributed to the smaller fiber sizes compared with
those of SPF.

Degree of polymerization

The DP is an important parameter for determining
the length and branching of cellulose chains.
Besides that, it also functions to evaluate the effect of
hydrolysis in the cellulose chains that are present in
nanocellulose. Frenot et al.80 stated that the DP
and molecular weight (Mw) might affect the
properties of cellulose, such as solubility and
spinnability, as well as the mechanical properties of
cellulose-based materials. The DP and viscosity-aver-
age Mw of the treated fibers were determined using an
intrinsic viscosity measurement. Table 1 displays the
DP values for the various treated fibers prepared in
this study. The DP of the SPBF, SPC, SPNCC-I,
SPNCC-II, and SPNCC-III were 2963.33, 946.48,
226.19, 142.86, and 107.14, respectively, and the
molecular weights were 480,513.39, 153,458.51,
36,677.53, 23,164.74, and 17,373.56 g/mol, respectively.
It is observable that the DP obtained for the SPC was
almost similar to the DP of oil palm cellulose (967),66

curaua cellulose (989),81 and bamboo cellulose (891).82

Yasim-Anuar et al.66 reported that the DP and Mw

of cellulose-based material ranged from 400 to 3000
and 90,000 to 300,000 g/mol, respectively. The DP
and Mw of SPF were in the range of the cellulose DP
and Mw, and therefore they were in good agreement
with those reported in the literature.66

The decreasing trend observed for the DP and Mw of
SPBF, SPC SPNCC-I, SPNCC-II, and SPNCC-III
might be due to the removal of lignin, hemicellulose,
and the amorphous region via the acid, alkali, and
hydrolysis treatments of the raw SPF. Through these
treatments, SPF, SPBF, and SPC fibers were cleaved,
releasing the NCC.83 Besides that, according to
Hubbell and Ragauskas,84 the reduction of cellulose
DP was due to the acid-catalyzed cleavage during
acid-chlorite treatment. In addition, alkali treatment
stimulated more reactive sites on the surface of cellu-
lose.81 This phenomenon might increase the effective-
ness of the acid hydrolysis treatment that resulted in a
major level of breaking the cellulose chains. Corrêa
et al.81 and Pääkkö et al.85 reported that the sulfate
group of strong acid led to an extensive hydrolysis of
the amorphous phase and catalyzed the degradation of
the cellulose chain, later reducing the DP. Thus, the
longer the hydrolysis time, the smaller the DP value
due to the degradation of amorphous regions and crys-
talline parts. The DP attained for SPNCC-II and
SPNCC-II was similar to the DP of curaua nanofiber
(101.6)81 and sugar beet pulp (120).86
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SPNCC yield and zeta potential

The isolated SPNCC yields of SPF from various treat-
ments according to specific times of 30, 45, and 60min
are summarized in Table 3. The highest yield was rec-
orded for SPNCC-I with 33.5% and decreased to
29.01% for SPNCC-II. The decreasing trend through-
out the hydrolysis extended time from 45 to 60min can
be observed in the SPNCC-III and SPNCC-II decreas-
ing yields of 15.89% and 13.12%, respectively. The low
yield of SPNCC might resulted from the gradual disin-
tegration of amorphous regions and the degradation of
crystalline parts during extended hydrolysis time. The
attained SPNCC yield in this work was in agreement
with the nanocrystals from mengkuang leaves (28%)
and sisal yield (30%) reported by Sheltami et al.40

and Garcia de Rodriguez et al.,45 respectively.
However, de Morais Teixeira et al.87 addressed that
the yield of NCC from sugarcane bagasse agro-residue
was 58%, which almost doubled the yield of SPNCC.
The dissimilarities of the obtained NCC yield were
influenced by the difference in the sources and origins
of the used fibers, fiber pretreatment, and hydrolysis
process conditions (i.e., type and concentration of
acid used, temperature, and time).88

Zeta potential

Table 3 also presents the zeta potential and conductiv-
ity values of SPNCC-I, SPNCC-II, and SPNCC-III.
The nanocellulose suspension stability was based on
the measurement of zeta potential. The incorporation
of sulfate groups embedded on NCC caused the exist-
ence of negatively charged nanomaterials. This phe-
nomenon was due to the hydrolysis of sulfuric acid,
which promoted the formation of negative electrostatic
layers for covering and encapsulating nanocellulose,
and hence stimulated their dispersion in water.50 High
surface charging modifications of SPNCC-I, SPNCC-
II, and SPNCC-III with the values of �20.66� 5.25,
�61.50� 1.65, and �63.54� 1.59mV, respectively,
were due to the great incorporation of sulfate groups
into SPNCC during sulfuric acid hydrolysis.89 From
Table 3, all SPNCC nanofibers demonstrated zeta
potential values larger than �15mV, which indicated

that SPNCC possessed good stability of dispersion in
an aqueous suspension.89 These large negatively
charged zeta potential values were due the properties
of cellulose fibers that possessed –OH functional groups
and produced negatively charged polymers. The sus-
pension of Nanofibrillated cellulose (NFCs) was con-
sidered to be stable as the absolute values were lower
than -30mV and higher than 30 mV.50 According to
Naduparambath et al.,50 nanofibers will exist in the
agglomeration form if the value of zeta potential is
between �15 and 15mV. This is because, within this
value, the nanofibers did not have sufficient charge to
repulse each other, thus forming agglomeration.
Moreover, small zeta potential values showed weak
electrostatic repulsive force among Sugar palm nanofi-
brillated cellulose (SPNCC).50 The value of conductiv-
ity also increased as the value of zeta potential
increased. According to Kian et al.,89 the electrostatic
repulsive forces between nanofibers became stronger
when more sulfate groups were attached to the surface
of the nanofibers, which then promoted higher negative
zeta values of SPNCC-II compared to SPNCC-I.
Furthermore, this phenomenon was also similar for
SPNCC-III, as the hydrolysis time continued until
60min, which resulted in significantly larger values of
zeta potential than those of SPNCC-II. This might be

Figure 2. X-ray diffraction patterns of SPNCC-I, SPNCC-II,

and SPNCC-III. SPNCC: sugar palm nanocrystalline cellulose.

Table 3. Yield and zeta potential of SPNCC-I, SPNCC-II, and SPNCC-III

Fibers Yield (%) Z-average (nm) Zeta-potential (mV) Conductivity (mS/cm)

SPNCC-I 33.51% 192.62� 22.56 �20.66� 5.25 0.036� 0.001

SPNCC-II 29.01% 138.93� 13.91 �61.50� 1.65 0.051� 0.001

SPNCC-III 13.12% 76.94� 2.20 �63.54� 1.59 0.101� 0.002

SPNCC: sugar palm nanocrystalline cellulose.
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due to the SPNCC-III geometry with much smaller
diameter values compared to SPNCC-I and
SPNCC-II, thus displaying an increased surface area
sulfated by sulfuric acid.90

X-ray diffraction measurements

The changes in crystallinity profile of the fibers at all
stages of treatment were analyzed using XRD analysis.
The degree of crystallinity were calculated by using the
Segal formula and is summarized in Table 2. The crys-
tallinity indices of SPF, SPBF, SPC, SPNCC-I,
SPNCC-II, and SPNCC-III were found to increase sig-
nificantly: 55.8%, 65.9%, 76.0%, 81.0%, 85.9%, and
83.5%, respectively. The higher crystallinity value of
SPNCCs compared to sugar palm fibers can be well
understood by the removal of amorphous non-cellulo-
sic compounds, such as lignin and hemicellulose,
induced by the acid, alkali, and hydrolysis treatments
that took place during the purification process. To be
more focused on the effect of hydrolysis time on the
crystallinity of SPNCC, Figure 2 shows the crystallinity
patterns of SPNCC-I, SPNCC-II, and SPNCC-III. The
characterization data of nanofiber polymorphs
obtained from XRD diffractograms showed that the
presence of cellulose type I (�110 and 200) was observed
at the peaks of 2y¼ 15� and 22.6�, respectively, and cel-
lulose II was detected at the peaks of 2y¼ 12.3� and
22.1�.91 X-ray diffractogram patterns from Figure 2 dis-
played a major intensity peak at 2y¼ 22.6� for all nano-
fiber samples, which indicated a crystalline structure of
cellulose type I, whereas a low amorphous region was
detected at the low intensity peak of 2y¼ 18�.64 The
major intensity peaks for SPNCC-I, SPNCC-II, and
SPNCC-III nanofibers were observed at 22.68�,
22.88�, and 22.6�, respectively, and the minor intensity
peaks at 18.72�, 19.28�, and 19.06�, respectively. The
resulting XRD profiles indicated a mixture of poly-
morphs of cellulose type I (typical peaks at 2y¼ 15�

and 22.6�).91 From Table 2, the highest crystallinity
index of 85.90% was observed for SPNCC-II with its
narrow peak at 22.88�. However, SPNCC-III exhibited
a slightly decreased diffraction peak at 22.88� with a
crystallinity degree of 83.50% compared to SPNCC-
II. This phenomenon occurred possibly due to severe
hydrolysis conditions that resulted in the reorientation
of the crystalline lattice order in (200).92 The extended
hydrolysis reaction suggested that the extraction time
of 60min was severe enough, as this duration removed
the amorphous regions of nanofibers and also partly
disintegrated the crystalline regions. SPNCC-I
showed the poorest crystallinity index value of
80.97% with intense peaks at 15� and 22.68�, where
the peak at 15.0� corresponded to the (110) plane pres-
ence of amorphous regions. Furthermore, it has been

proven that the removal of amorphous regions that
were more degradable by hydronium ions tended
to produce high-crystallinity SPNCC crystallites,
signifying that the extended hydrolysis reaction was
effective.92 The crystallinity degree of fibers was
increased with the sharpness of diffraction
peaks.27,39,56,62 Even though the structure of the nano-
fiber crystals was not altered, the crystallinity index
varied significantly among the nanofibers. The crystal-
linity indexes of SPNCC-I, SPNCC-II, and SPNCC-III
were 80.97%, 85.90%, and 83.50%, respectively.
These outcomes revealed that the material crystallinity
was gradually increased with the extended hydrolysis
time. The crystallinity index values of the respective
nanofibers were higher compared to other agro-
residual nanofibers, such as wheat straw (77.8%)68

and pineapple leaves (54%).93 Nevertheless, the values
were still lower than NCC from agro-residue rice straw
(91.2%).79 The crystallinity indexes of nanofibers were
directly interrelated to cellulose rigidity and
nanofiber tensile strength. As the number of the crys-
talline index increased, the rigidity of cellulose
increased and, thus, the tensile strength also increased.
Therefore, these nanofibers could be used as reinforce-
ment nanofiller in the nanocomposite field, as it
would improve the mechanical properties of
nanocomposites.

FTIR spectroscopy for physic-chemical analysis

Figure 3 displays the physic-chemical analysis of the
FTIR spectral features of SPNCC-I, SPNCC-II, and
SPNCC-III. With the increase of hydrolysis time, a
wide band at 3200–3500 cm�1 that indicated the pres-
ence of O-H covalent bonds stretching with strong

Figure 3. Fourier transform infrared spectra of SPNCC-I,

SPNCC-II, and SPNCC-III. SPNCC: sugar palm nanocrystalline

cellulose.
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intramolecular and intermolecular H-bonding became
deeper. This occurred due to the presence of hydroxyl
groups in nanofibers, which also signified the hydro-
philic property of SPNCC.94 A typical cellulose struc-
ture was observed at the peak of 897 cm�1, in which this
spectrum displayed a slight increase in the absorbance
band, around 1080 and 890 cm�1. This might due to the
interaction between b-glycosidic linkages and the glu-
cose units of cellulose, which also signified the removal
of amorphous regions. Another wide region at
1160 cm�1 assigned to C-O-C asymmetric valence
vibration became narrower and piercing due to the
higher revelation of cellulose content.95 Furthermore,
the prominent peaks at 897 cm�1 (C-H rocking vibra-
tion), 1110 cm�1 (C-OH stretching), and 2900 cm�1 (C-
H symmetrical stretching) linked to the presence of a-
cellulose and NCC characteristics were more observ-
able after extended hydrolysis treatment.94,95 The indis-
tinct change of intensity crests at 1370 cm�1 (C-H2

deformation vibration) and 1316 cm�1 (C-H2 rocking
vibration) were observed between SPNCC-II and
SPNCC-III, which might be attributed to the develop-
ment or reorientation of the hydrogen bonding network
in the crystal lattice of the NCC chemical structure and
resulted in the reduction of CH2 rocking vibration.92

The sulfation peak of nanocellulose at 807 cm�1 indi-
cated C-O-S bending vibration in C-O-SO3� groups,
and was detected in SPNCC-II and SPNCC-III spectra
but observed to be insignificant in SPNCC-I spectra.
This might be due to the extended hydrolysis time,
where sulfuric acid had longer contact time with the
nanofibers, and thus resided in NCC. The peak within
the FTIR spectra of 1637 cm�1 (H-O-H stretching
vibration), which was also related to common water
absorption, showed an increasing intensity from
SPNCC-I to SPNCC-III.92

Thermogravimetric analysis

Figure 4 shows TGA curves of SPNCC samples. Most
of the SPNCC underwent the first stage of weight loss
at the temperature range of 40–150�C. This is asso-
ciated with the evaporation of moisture residue within
the components of nanocellulose. In addition, all
SPNCCs showed continued thermal degradation at
the temperature range of 160–350�C, which is mainly
linked to the degradation of the cellulosic chain.96

SPNCC-III nanofibers displayed the lowest onset deg-
radation with TOnset¼ 160.76�C. This might contribute
to the difference in organization of crystal structures,
which is the reorientation and rearrangement of the
crystalline structure in cellulose that occurred during
the extended hydrolysis treatment. Besides that, the
effect of the sulfate group on the surface of nanofibers
also promoted the increase in the onset temperature of
degradation. However, for SPNCC-I and SPNCC-II,
TOnset was located around 190.19�C and 185.78�C,
respectively, which was possibly due to the well-aligned
and rearrangement of crystalline structure of SPNCC-I
and SPNCC-II that affected the thermal resistance of
nanofibers toward initial temperature decomposition.89

Starting from the initial thermal decomposition
onwards, both SPNCC-I and SPNCC-II shifted their
higher thermal decomposition temperatures toward
higher temperature, until 335.15�C and 348.65�C,
respectively, when compared with SPNCC-III
(278.50�C). SPNCC-II showed the most stable curve
and highest thermal stability from 185.78�C to
348.65�C that might be attributed to the unaffected
and strong native crystal order in its crystalline
structure.

Figure 5. Derivative thermogravimetric curves for SPNCC-I,

SPNCC-II, and SPNCC-III. SPNCC: sugar palm nanocrystalline

cellulose.

Figure 4. Thermogravimetry curves for SPNCC-I, SPNCC-II,

and SPNCC-III. SPNCC: sugar palm nanocrystalline cellulose.
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In DTG analysis (Figure 5), the asymmetric curves
of SPNCC-III with additional medium shoulders or
humps in close proximity indicated multiple decompos-
itions of the nanocellulose chain around 160–600�C. A
defected TGA curve for SPNCC-III was possibly due
to the sample being thermally unstable as a result of the
greater heterogeneity of exposure of different contents,
largely the sulfate group, incorporated on the surface
area of the nanocellulose, which is then susceptible to
heat degradation.75,97 Nanocellulose with a high sul-
fated region tended to degrade at lower temperatures
compared to less accessed sulfated regions, which were
more thermally stable. The first6 thermal degradation
observed at approximately 278.50�C was associated
with the degradation of more sulfated regions or less
thermally stable sulfonated nanocellulose, whereas a
small hump (second thermal degradation) at 340.09�C
was ascribed to the degradation of non-chemically
modified cellulose regions or less accessed regions by
sulfate groups of the acid. This phenomenon was sup-
ported by the research conducted by Mandal and
Chakrabarty,98 in which the first thermal degradation
of SPNCC-III (TMax¼ 278.50�C) and wide-range
decomposition of SPNCC-III can be possibly assigned
to the severe reduction in molecular weight and decom-
position of more accessible parts in nanocellulose,
which was contacted with highly sulfate amorphous
regions. Beyond 420�C, the presence of the third deg-
radation peak at 531.22�C was likely associated with
the thermal resistance of the sulfur component that
inhibited the decomposition of carbonaceous residues
into low molecular weight components.

Both SPNCC-I and SPNCC-II presented insignifi-
cant differences of decomposition peak temperatures,
which might be due to their relatively low effect of
sulfur contact and crystallinity degree. Besides that,
the decomposition peak temperature of SPNCC-III
was lower than those of SPNCC-I and SPNCC-II,
which was described earlier from the deposition of a
large amount of sulfur that stimulated earlier nanocel-
lulose decomposition.94,99,100 High weight loss in the
samples resulted in low residue formation at the end
of the analysis. Herein, the TGA results revealed that
the highest weight loss occurred in the sample of
SPNCC-III, hence having the lowest amount of residue
due to the combination effect of high crystalline frac-
tion and large sulfate content contacted on the surface
of nanocellulose.94 SPNCC-II produced 17.97% resi-
due, which was lower compared to SPNCC-I with the
residue value of 19.5%. This revealed that SPNCC-II
consisted of a higher composition of sulfate content
being incorporated within nanocellulose. This was
due to the comparatively low molecular weight of sul-
fate content compared with that of crystal lattice
content.94

Conclusions

The duration of the hydrolysis process is a crucial single
factor in obtaining a suspension of negatively charged
isolated NCC in water suspension. The low yield of
SPNCC can be explained by the disintegration of
amorphous regions and extended degradation of crys-
talline regions. The findings in this current work pre-
sented an isolation of SPNCC from SPC using a
moderately low chemical concentration of 60wt. %
H2SO4 solution, which gained a yield of 33.51%.
Thus, this certified that hydrolysis process is a cost-
saving isolation process. From the image morphology
captured by TEM and AFM, all SPNCCs showed
needle-shaped nanofibers; however, FESEM micro-
images showed rod-shaped nanofibers. In the TEM
analysis, SPNCC-II (45min hydrolysis) showed the
highest aspect ratio of 14.44, which suggested that
SPNCC-II attained a high proficiency of mechanical
improvement in the polymer nanocomposite field.
Furthermore, in view of the dispersion stability,
SPNCC-II displayed a well-dispersed characteristic in
colloidal suspension, feasibly providing it with better
nanocellulose distribution during the fabrication of
nanocomposites. The XRD showed enrichment in the
proportion of crystalline cellulose in nanocellulose. The
crystallinity of the SPNCC-II was 30% higher than that
of the raw fiber. Besides that, in terms of thermal prop-
erties, the SPNCC-II sample showed good stability
compared to SPNCC-III due to the reinforcement of
the sulfate constituent during sulfuric acid hydrolysis
treatment. Therefore, it can be summarized from
these results that SPNCC isolated from this current
experiment can be used as a potential reinforcement
nanomaterial in the future for the improvement of
starch-based nanocomposites in the fields of food
packaging, automotive, and biomedical applications.
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