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Abstract In the present study, the feasibility and the
practicability of two different approaches to the
individualization of microfibrillated celluloses
(MFCs) from oil palm empty fruit bunches were
evaluated. Some properties of MFCs prepared by
ammonium persulfate (APS) oxidation were investi-
gated and compared with those extracted using sulfuric
acid hydrolysis. Fourier transform infrared observation
demonstrated that almost all the hemicelluloses and
lignin were effectively removed after the sulfuric acid
hydrolysis, which was substantiated by the disappear-
ance of the characteristic peaks of these two noncel-
lulosic components at 1735 and 1508 cm™',

respectively. However, a peak at 1735 cm™' was
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observed in the spectrum of APS-oxidized MFCs
because the products prepared by this treatment are
stabilized by carboxyl groups instead of sulfate half-
ester groups, which introduced by sulfuric acid.
Furthermore, X-ray diffractograms of MFCs revealed
the decrease in crystallinity after sulfuric acid hydrol-
ysis but remained similar after APS oxidation. Ther-
mogravimetric analysis was employed to determine
the thermal stability of the treated fibers. In addition,
the morphologies and diameters of MFCs were deter-
mined by field-emission scanning electron micro-
scopy. MFCs formed by these two different
techniques exhibited long and network-like fibrils with
widths ranging from 8 to 40 nm. UV-Vis spectroscopy
was used to monitor the optical transmittance of the
nanocellulose suspensions.

Keywords Oil palm empty fruit bunch -
Microfibrillated celluloses - Ammonium persulfate
oxidation - Carboxyl groups - Sulfuric acid hydrolysis -
Sulfate half-ester groups

Abbreviations

APS Ammonium persulfate

CNCs Cellulose nanocrystals

Crl Crystallinity index

FESEM Field-emission scanning electron
microscopy

FTIR Fourier transform infrared

HCI Hydrochloric acid
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HNO; Nitric acid

H,O Water molecule

H,0, Hydrogen peroxide
HSO,~ Hydrogen sulfate ion
H,SO,  Sulfuric acid

KBr Potassium bromide

MFC Microfibrillated cellulose

NaClO, Sodium chlorite

NaOH Sodium hydroxide

NCCs Nanocrystalline celluloses
OPEFB  Oil palm empty fruit bunch
SO, Sulfate radical anion

S,03~ Peroxydisulfate ion

TGA Thermogravimetric analysis
UV-Vis  Ultraviolet-visible

XRD X-ray diffraction

Introduction

Natural fibers have garnered considerable attention in
the industry and research areas because of their
distinctive properties, which include excellent
mechanical strength, biodegradability, renewability,
low density as well as ease of surface modification
(Azizi Samir et al. 2005; Nurfatimah et al. 2014,
Ashiqur et al. 2015; Ershad et al. 2015; Yong et al.
2015a; Tan et al. 2015). Cellulose is an inexhaustible
source of biopolymer; thus, it is anticipated to be cost
effective because of its high availability (Cherian et al.
2011). Cellulose can be processed in nanoscale
dimensions with a plethora of potential applications
including as a drug carrier (Jackson et al. 2011), paper
additive (Sehaqui et al. 2011) and enzyme immobi-
lizer (Mahmoud et al. 2009). Owing to its remarkable
mechanical properties, cellulose has emerged as a
prominent candidate to replace synthetic reinforcing
fillers in bio-nanocomposites, polymetric matrixes and
biodegradable composites (Cherian et al. 2011; Tan
etal. 2015). The utilization of these undesirable wastes
is a clear advantage in terms of environmental impact
(El-Saied et al. 2012).

Acid hydrolysis (Lu and Hsieh 2012; Ching and Ng
2014; Ching et al.2015), mechanical disintegration (Li
etal. 2012), TEMPO-mediated oxidation (Tanaka et al.
2012) and enzyme-assisted hydrolysis (Janardhnan
and Sain 2007) are some of the promising approaches
employed to isolate celluloses from numerous sources
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of lignocellulosic biomass materials. Among these
techniques, sulfuric acid hydrolysis is recognized to be
the most common method to selectively remove the
amorphous regions of cellulose, producing highly
crystalline cellulose nanoparticles known as cellulose
nanocrystals (CNCs) or nanocrystalline celluloses
(NCCs) (Abraham et al. 2011). Generally, nanocellu-
loses have diameters of less than 100 nm and are tens to
hundreds of nanometers long (Lam et al. 2013). Thus,
they have a large surface-to-volume ratio (Huang et al.
2003). Manipulating several parameters such as the
temperature, reaction time and acid concentration
allows some variations in the dimensions of the final
derived nanocelluloses (Fatah et al. 2014).

Nevertheless, sulfuric acid hydrolysis displays
some drawbacks in terms of productivity and thermal
stability (Quaetal. 2011; Nget al. 2014). According to
Qua et al. (2011), small quantities of nanofibers that
are approximately 30 % on a weight basis will be
produced as the final yield using this method, which
causes difficulty in scaling up the production. In
addition, the sulfate half ester groups incorporated into
the nanofibers after sulfuric acid hydrolysis will
potentially have a detrimental effect on the thermal
properties of the CNCs produced (Roman and Winter
2004). Furthermore, removal of the noncellulosic
components such as hemicelluloses, lignin and waxes
is a prerequisite prior to the isolation of CNCs (Leung
et al. 2011). Hence, multiple chemical procedures are
involved to eliminate the noncellulosic constituents
before the acid hydrolysis. With this technique,
tedious and time-consuming preparation steps are
required to obtain nanocelluloses.

Howeyver, all these difficulties can be avoided because
of the exciting discovery of the isolation of carboxylated
nanocelluloses via an effective and a green procedure
using ammonium persulfate (APS) (Leung et al. 2011;
Castro-Guerrero and Gray 2014; Lam et al. 2013).
Ammonium persulfate is a strong oxidant that performs
versatile functions to generate nanocelluloses in a one-step
procedure without any pretreatment. Removal of hemi-
cellulose and lignin as well as the bleaching of fiber can be
easily attained in a simple method. The in situ exclusion of
these noncellulosic components and amorphous regions
can be explained by the postulated mechanism whereby
SO, ", HSO, and hydrogen peroxide are formed
during the course of nanocellulose synthesis by APS
(Leung et al. 2011). Formation of free radicals will be
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induced when heat is applied to the solution containing
persulfate (szo§* -+ heat — 2S0O;7). Under acidic
conditions (pH 1.0), hydrogen peroxide is also formed
(S203” +2H,0 — 2HSO; + H,0,) (Hsu et al.
2002). Both free radicals SO, and H,O, are capable
of penetrating the amorphous domains as well as
performing the decolorization of the materials (Leung
etal. 2011). In contrast to sulfuric acid hydrolysis, this
method generates some carboxyl groups on the
nanocellulose surface. This method is amenable to
large-scale nanocellulose production and is applicable
to a variety of cellulosic biomasses (Leung et al.
2011).

In some particular applications, especially tissue-
engineering scaffolds, fine and long nanofibers are
indispensable as they are required to emulate the native
extracellular matrix (ECM) for nutrient transport as
well as cell attachment (Coburn et al. 2011). Microfib-
rillated cellulose (MFC) is another type of nanofiber
that has elicited much interest, having similar features
as cellulose nanocrystals but with a higher aspect ratio
(L/d) (Linetal. 2012). MFCs exhibit long and network-
like structures (Lin et al. 2012) with widths ranging
from 30 to 100 nm and are several micrometers in
lengths (Fatah et al. 2014). MFC production is
normally achieved by means of mechanical disinte-
grations such as homogenization (Zhao et al. 2013),
microfluidization (Ferrer et al. 2012) and ultrasonica-
tion (Chen et al. 2011a, b). In this work, we attempted
to treat oil palm empty fruit bunches (OPEFBs)
individually by sulfuric acid hydrolysis or APS oxida-
tion to extract MFCs as well as examine some of the
properties of the resultant MFCs.

Experimental
Materials

The OPEFB fibers were provided by Sabutek Sdn.
Bhd., Malaysia, and were used as the starting material.
Sodium hydroxide (NaOH) pellets, glacial acetic acid,
65 % nitric acid (HNOj3), 95-97 % sulfuric acid
(H>SO,4) and ammonium persulfate (APS) were pur-
chased from Friendemann Schmidt Chemicals.
Sodium chlorite (NaClO,) (80 %) and absolute
ethanol were supplied by Sigma-Aldrich and Kollin
Chemicals, respectively.

Extraction of microfibrillated celluloses by acid
hydrolysis

OPEFB fibers were passed through a 45-um sieve.
First, the resins, waxes and oil components of OPEFBs
were removed by Soxhlet extraction using 250 ml
70 % (v/v) ethanol as solvent for 24 h. The extractive-
free fibers were washed with boiled water. Next, 6
wt% NaOH solution was prepared and added to the
extracted samples for 4 h at 30 °C, which resulted in
swelling of the fiber and subsequent increases in the
moisture absorption (Abraham et al. 2011; Tan et al.
2014). For the removal of hemicelluloses, swollen
fibers were treated with a higher concentration of
NaOH solution (17.5 wt% of NaOH). This was
conducted at 80 °C for 4 h under constant mechanical
stirring. After the treatment, the fibers were subjected
to centrifugation and washed with distilled water to
remove the alkali-soluble components as well neu-
tralize the fibers. A subsequent bleaching process was
carried out by adding equal parts of acetate buffer
(solution of 2.7 g NaOH and 7.5 ml glacial acetic acid
in 100 ml distilled water) and 1.7 wt% aqueous
chlorite to the treated fibers for 4 h at 80 °C. This
process was repeated a few times until the fibers had
completely turned white. After this, bleached fibers
were washed with cold water. For the purification of
fibers, bleached fibers were soaked in a mixture of
10 ml 65 % HNO; and 100 ml 80 % acetic acid and
then placed in a preheated oil bath (120 °C) for
30 min. The acid hydrolysis was conducted by adding
64 wt% H,SOy to the purified sample with a 10:1 ratio
for 1 hat45 °C under vigorous agitation. The reaction
was quenched by diluting it with cold water. The
diluted suspension was centrifuged at 12,000 rpm for
10 min, and this step was repeated several times until
it turned into a turbid suspension. Final washing of the
sample was performed by dialysis for 7 days. After
dialysis, the suspension was sonicated (Digital ultra-
sonic cleaner, model ST-UB3300LDT) in an ice bath
for 30 min. The resultant sample was freeze dried and
stored in a drying cabinet.

Individualization of microfibrillated celluloses
via APS oxidation

One liter of 1 M ammonium persulfate was prepared

and added to 10 g OPEFB fibers, which were used as
the starting biomass materials. The mixture was heated
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at 60 °C for 16 h under constant mechanical stirring.
Centrifugation of the treated suspension was carried
out at 12,000 rpm for 10 min. The washing process
was repeated four times until the pH of the suspension
was close to 4. The sample was sonicated (Digital
Ultrasonic Cleaner, model ST-UB3300LDT) in an ice
bath 30 min prior to lyophilization. The lyophilized
sample was stored in a drying cabinet.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy stud-
ies were performed using a PerkinElmer FTIR spec-
trophotometer (FT-IR spectrometer, PerkinElmer) to
determine the functional groups of all the raw fibers,
pre-acid hydrolysis-treated fibers, sulfuric acid-hy-
drolyzed nanocelluloses and APS-treated nanofibers.
Effects of the treatments on the chemical compositions
can be tracked from the IR spectra. Samples were
ground and mixed well with KBr (1:100, w/w), then
pressed into thin pellets prior to analysis. FTIR
analysis was performed in the transmittance mode
with a wavenumber range of 4000-400 cm™' and a
resolution of 4 cm™" at an accumulation of 32 scans.
The positions of the peaks were determined by the
OriginPro software.

Field-emission scanning electron microscopy
(FESEM)

Bleached fibers and freeze-dried samples were
mounted on aluminum stubs using double-sided
adhesive carbon tapes, and the samples were sputter-
coated with platinum using an auto fine coater (Jeol
JFC-1600). Morphological characteristics were
observed using a FESEM (Jeol JSM-7600F), operated
in high vacuum mode with a 5-kV accelerating
voltage. Fiber diameters were analyzed using ImageJ
software.

X-ray diffraction (XRD) analysis

The crystallinities of raw OPEFB, acid-hydrolyzed
MEFCs and APS-oxidized MFCs were evaluated by
X-ray diffraction study. Impacts of the treatments on
the crystallinity index values of the celluloses can be
investigated from the X-ray diffractograms. The X-ray
diffraction patterns of the specimens were obtained from
an X-ray diffractometer (PANalytical Empyrean)
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operated at 40 kV and 40 mA with Ni-filtered CuKa
radiation. X-ray diffractograms were recorded from
10°to 60° at a scan rate of 2 s/step with 0.02° step size.

Crystallinity index (Crl) values were calculated
from diffraction intensity data via the empirical
method using the following equation (Segal et al.
1959):

Crl (%) o = Iaw (1)
002

where Iy, represents the maximum intensity of the 0 0
2 reflection peak and 7,y is the minimum value, which
corresponds to the reflection intensity of the amor-
phous phase. The diffraction peak for plane 0 0 2 is
located at a diffraction angle close to 26°, correspond-
ing to the crystalline part, and the intensity scattered
by the amorphous part is measured at the 260 angle
close to 15°.

Thermogravimetric analysis (TGA)

Thermal properties of the samples were analyzed by a
thermogravimetric analyzer (TGA) (TGA 4000, Perk-
inElmer). Samples were placed in a crucible and
heated under nitrogen atmosphere from 35 to 600 °C
with the heating rate of 10 °C/min.

Optical transmittance

Bleached fiber and nanofiber suspensions were pre-
pared and introduced into a quartz cuvette. The optical
transmittance was measured between 300 and 800 nm
using a Shimadzu UV-Vis spectrophotometer (UV-
2600, Shimadzu). A cuvette filled with distilled water
was used as blank.

Results and discussions
FTIR analysis

FTIR spectroscopy is an appropriate technique to
monitor the variations in the chemical compositions of
the samples in response to different treatments. As
presented in Figs. 1 and 2, all the treated and untreated
OPEFBs exhibited two major absorbance regions,
which included the regions at high (2800-3500 cm™ ")
as well as low wavenumbers (500-1700 cmfl),
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consistent with the previous studies (Ching et al. 2013;
Fahma et al. 2010). Figure 1 displays the FTIR spectra
of all the pretreated samples before digestion by
sulfuric acid. Based on the spectra obtained, there
were slight changes in the chemical compositions after
the alkaline treatment and the bleaching process.

A dominant and broad absorption band located
from 3500 to 3400 cm ™! and peak at approximately
2900 cm™' were observed in the entire spectra,
ascribed to the OH and CH stretching, respectively
(Satyamurthy et al. 2011; Seng et al. 2014). A
prominent peak at 1735 cm™' could be observed in
the spectra of raw OPEFB and fiber after Soxhlet
extraction, but it totally vanished in the other spectra.
The peak at 1735 cm™' was associated with the
presence of the acetyl and uronic ester groups of the
hemicelluloses or to the ester linkage of the carboxylic
groups of the ferulic and p-coumeric acids of lignin
and/or hemicellulose (Sain and Panthapulakkal 2006).
The disappearance of this peak substantiated that most
of the hemicelluloses and lignin were removed
effectively after NaOH and NaClO, treatments (Che-
rian et al. 2008).

However, the IR spectrum of APS-derived nanocel-
luloses, as shown in Fig. 2b, displayed a signal at
1735 cm™ !, indicating the presence of a C=0 band,
which was the most notable difference observed in
respect to acid-hydrolyzed nanofibers. The APS-
oxidized sample had peaks at 3400 cm™' and
1735 cm™!, demonstrating the presence of carboxylic
acid groups (Leung et al. 2011). In addition, the peak
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Fig. 1 FTIR spectra of a raw OPEFB, b bleached OPEFB,
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Fig. 2 FTIR spectra of a acid-hydrolyzed MFCs and b APS-
treated MFCs

at approximately 1510 cm™' was another significant
signal for tracking the presence of the lignin as it
represented the C=C stretching vibration in the
aromatic ring of lignin (Chen et al. 2011a, b; Sun
et al. 2000). This characteristic peak disappeared
completely after the bleaching process, indicating that
NaClO, had successfully dissolved the lignin compo-
nents of OPEFB. The peak at approximately
1640 cm ™" observed in all the spectra corresponded
to the H-O-H stretching vibration of the water
molecules absorbed by the OPEFB fiber as OPEFB
is hygroscopic in nature (Chen et al. 2011a, b).

Morphological investigation

Figure 3 depicts the FESEM micrographs of bleached
fibers (Fig. 3a), acid-hydrolyzed MFCs (Fig. 3b) and
APS-derived MFCs (Fig. 3c). The pristine OPEFB
fiber is composed of microfibril bundles tangled with
massive nonfibrous components, namely hemicellu-
loses and lignin (Fatah et al. 2014; Alemdar and Sain
2008; Johar et al. 2012). However, Fig. 3a shows
individualized fibrils under FESEM observation,
indicating the elimination of cementing materials
after the bleaching process, which was in strong
agreement with the spectroscopic results.

As mentioned in the procedure description, OPEFB
fibers were treated by NaOH prior to bleaching using
NaClO,. NaOH treatment facilitated the dissolution of
hemicelluloses and partial depolymerization of the
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Fig. 3 FESEM micrographs of a bleached fibers, b sulfuric acid-hydrolyzed MFCs and ¢ APS-derived MFCs

lignin and also induced the segregation of fiber
bundles into elementary fibers. Meanwhile, the
bleaching process helped to exclude most of the lignin
present in OPEFB fibers effectively, contributing to
further defibrillation and reduction of the fiber diam-
eter. The bleaching agent containing chlorine was able
to oxidize the lignin and stimulate the formation of
hydroxyl carbonyl and carboxylic groups, which in
turn facilitated the solubilization of lignin in an
alkaline medium (Cherian et al. 2010). The bleached
fibers were found to have an average mean of 14 pm.

The results revealed that the fiber diameter dimin-
ished to the nanometer scale after the acid hydrolysis
reaction and APS treatment. Both sulfuric acid-
hydrolyzed MFCs (Fig. 3b) and APS-derived MFCs
(Fig. 3c) exhibited long and network-like fibrils,
whereby the morphologies of both samples were
similar to the morphologies of the MFCs obtained by
Zimmermann et al. (2010). Aggregation of nanocel-
luloses can be observed in Fig. 3b, ¢, which is a
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common phenomenon reported by many previous
studies (Kargarzadeh et al. 2012; Lu and Hsieh 2012;
Rubentheren et al. 2015). Self-assembly of cellulose
can be due to hydrogen bonding and depends on the
species as well as separation method of the nanofibers
(Hult et al. 2001). Nanofibers hydrolyzed an hour in
sulfuric acid have diameters ranging from 8 to 26 nm,
with the majority at approximately 16 nm. Mean-
while, 16-h APS-treated nanofibers have a mean
diameter of 23 nm. Nevertheless, it was difficult to
obtain an appropriate measurement of the length of
both APS-oxidized and acid-hydrolyzed MEFCs
because of the difficulty in assigning the ends of the
MEFCs.

Fatah et al. (2014) also reported on the isolation of
nanofibers from OPEFB by sulfuric acid hydrolysis
but with the assistance of mechanical disintegration.
They treated the bleached OPEFB with 30 % H,SO,
solution at 60 °C for 2 h with an acid-to-fiber ratio of
17.5:1 and successfully reduced the size of the fibers to
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9 + 1 pum, along with the shortened length of fibers.
This revealed that the sizes of the resulting fibers after
acid hydrolysis were strongly dependent on the acid
concentration as well as the acid-to-fiber ratio.
Furthermore, Dong et al. (1998) showed that 45 °C
was more favorable for acid hydrolysis than higher
temperatures such as 65 °C because higher tempera-
tures can potentially lead to a dehydration reaction.
For extraction of nanofibers by APS, Lam et al. (2013)
prepared rod-shaped nanowhiskers from microcrys-
talline cellulose (Avicel PH102 microcrystalline cel-
lulose, FMC Corp.) using APS oxidation, and the final
fiber diameter was found to be approximately 5 nm.
This indicated that the morphology and width of the
nanocelluloses formed from APS treatment depend on
the raw material used.

The nanofiber yield after acid hydrolysis and APS
oxidation was determined by the weight difference.
The yield percentage of the acid-hydrolyzed MFCs
was approximately 25 %. Meanwhile, extraction via
APS treatment was determined to produce about 40 %
MECs on a weight basis. This result showed that APS
oxidation can effectively synthesize nanofibers in
larger quantities with only one-step treatment.

Crystallinity studies

XRD studies were conducted to evaluate the crys-
talline behaviors of raw OPEFB and chemical-treated
fibers. Celluloses are semicrystalline biopolymers
known to comprise both crystalline and amorphous
domains in their molecular structure. Crystalline
regions are well-organized parts because of the
hydrogen-bonding interactions and van der Waals
forces between the molecules (Zhang and Lynd 2004;
Nurfatimah et al. 2015). On the contrary, amorphous
regions are disordered parts within the cellulose
structures due to the absence of H-bonding (Jonoobi
et al. 2011). The implications of different chemical
treatments on the crystallinity index of the cellulose
can be determined and compared from the XRD
diffractogram profiles obtained. As shown in Fig. 4,
diffractograms obtained for all the untreated and
treated fibers exhibited similar patterns, which repre-
sent the typical semicrystalline materials with an
amorphous broad hump and crystalline peak.

The crystallinity index for raw OPEFB, APS-
treated MFCs and sulfuric acid-hydrolyzed MFCs
was calculated based on Eq. (1) and found to be 75, 76

Intensity (counts)

2 Theta (degree)

Fig. 4 XRD diffractograms of a acid-hydrolyzed MFCs,
b APS-oxidized MFCs and ¢ raw fibers. The inset displayed
the XRD diffractogram of raw fibers with a more apparent
amorphous hump (inner)

and 72 %, respectively. The crystallinity index of the
MEFC samples produced from OPEFB remained sim-
ilar after the APS treatment. Leung et al. (2011)
investigated APS oxidation on different cellulosic
sources including flax, hemp, bacterial cellulose,
commercial microcrystalline cellulose and fibrous
cellulose powder (Whatman CF1). They reported that
the crystallinity index for most of the nanofibers after
the treatment was higher than for the parental coun-
terparts except for nanofibers isolated from commer-
cial microcrystalline cellulose and Whatman CF1. The
crystallinity index of nanofibers prepared from com-
mercial microcrystalline cellulose increased only
slightly after APS oxidation and remained similar for
Whatman CF1.

The crystallinity index of nanofibers after 60 min of
hydrolysis was anticipated to be higher than for raw
fibers because of the removal of a substantial part of
the amorphous noncellulosic constituents including
pectin, hemicelluloses and lignin, during the pretreat-
ment steps (Chen et al. 2011a, b; Alemdar and Sain
2008; Li et al. 2009). Both alkalization and bleaching
processes can effectively alter the crystallographic
structure of fibers and eliminate the surface impurities,
which are vital for the enhancement of the fiber-matrix
interaction. This occurs because both of these treat-
ment stages induce the exposure of the hydroxyl
groups for the bonding reactions (Abraham et al.
2011).
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After sulfuric acid hydrolysis, it was postulated to
have a further increment in crystallinity as the
hydronium ions could penetrate into the more acces-
sible amorphous domains of cellulose, promoting the
hydrolytic cleavage of glycosidic bonds and eventu-
ally liberating the elementary crystallites (Li et al.
2009). Moreover, higher crystallinity could be
achieved during the self-assembly of nanocellulose
as the realignment occurred in this natural phe-
nomenon, enabling close packing and hydrogen bond
formation (Li et al. 2009; Lu and Hsieh 2012).
However, the crystallinity index of nanofibers after
60 min of hydrolysis was determined to decrease
slightly, which was possibly the consequence of
excessive exposure to concentrated sulfuric acid.
According to Fahma et al. (2010), the crystallinity of
fibers tended to decline slightly after 60 min of
sulfuric acid hydrolysis as well. They reported that
the crystallinity index of nanofibers prepared from
OPEFB by 60 min of sulfuric acid hydrolysis was
about 54 %, with the raw OPEFB being 55 %.
Furthermore, alkaline treatment was also believed to
be able to consume the crystalline cellulose while
increasing the amount of amorphous cellulose, as
shown in the XRD pattern of acid-hydrolyzed
nanofibers (John and Anandjiwala 2008).

Cellulose can be generally classified into four
different polymorphs: cellulose I, II, III and IV. It is
worth noting that the cellulose forms can be recog-
nized from the XRD patterns. In fact, no doublet will
be observed in the main peak at 20 at 26° for a typical
cellulose I structure, which was demonstrated by
pristine OPEFB. However, a doublet appeared in the
major peak after chemical treatments, as shown in
Fig. 4c, indicating the transformation of native cellu-
lose from cellulose I to cellulose II (Lani et al. 2014).
This conversion can be explained by the formation of a
new Na-cellulose-I lattice through the alkaline pre-
treatment before the acid hydrolysis reaction. In this
lattice structure, OH groups of the cellulose are
replaced by ONa groups, expanding the molecule
dimensions. Subsequent rinsing with water will
remove the linked Na ions and lead to transformation
into the most stable crystalline structure, which is
cellulose II (John and Anandjiwala 2008).

Cellulose crystallinity is of prime importance as this
is a key factor to determine the reinforcing capability
and mechanical strength of cellulose to be utilized in
composite applications. The highly crystalline fibers are
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expected to be more effective in providing higher
reinforcement for composite materials owing to the
increased stiffness and rigidity, achieving a higher
Young’s modulus (Cheng et al. 2007).

Thermostability analysis

Thermogravimetric analysis was used to investigate
the thermal stability of the untreated and treated fibers.
Determination of the thermal characteristics of the
reinforcing materials is essential to evaluate the
applicability of these materials in biocomposite
applications at high temperatures. Both TG and dTG
curves were plotted, as shown in Figs. 5 and 6, to track
the thermal stability differences for all the samples.
The dTG curves allowed for more precise assessment
and comparison.

An initial weight loss was observed for all the
samples upon heating to 100 °C, resulting from the
vaporization of the loosely bound moisture on the
surface of the materials (Fahma et al. 2010; Kar-
garzadeh et al. 2012; Yong et al. 2015b). According to
Moran et al. (2007), another reason for this small
weight loss was the degradation of the low molecular
compounds remaining after various treatment stages.
Raw OPEFB pyrolyzation was detected at different
stages because it consists of various constituents,
including hemicelluloses, lignin and cellulose. This
observation was expected because cellulosic and
noncellulosic components decompose at different

100
80
L 604
=i N
< &
=
.20 .
] 8
B 40 R
—— APS treated MFCs N N
- = = Acid hydrolyzed MFCs
~~~~~ Raw fibers
201 —-—- Bleached fibers
0 T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Fig. 5 TG curves of APS-treated MFCs, acid-hydrolyzed
MECs, raw fibers and bleached fibers
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Fig. 6 dTG curves of APS-treated MFCs, acid-hydrolyzed
MEFCs, raw fibers and bleached fibers

temperatures (Mordn et al. 2007; Yang et al. 2007). A
low temperature shoulder was clearly observed in the
dTG curve of raw OPEFB, which was ascribed to the
degradation of hemicellulose (Moran et al. 2007).
Hemicellulose decomposed at a lower temperature
than lignin and cellulose, and this was attributed to the
presence of acetyl groups in its structure. Meanwhile,
there was another noticeable peak at around 350 °C
corresponding to the pyrolysis of cellulose (Kar-
garzadeh et al. 2012).

The findings revealed that there were two decom-
position stages for sulfuric acid-hydrolyzed nanofibers
at approximately 235 and 350 °C, in accordance with
the previous study reported by Mandal and Chakra-
barty (2011) (Fig. 5). It was plausible to postulate that
the early decomposition temperature is the conse-
quence of the hydrolysis process, which results in a
massive reduction of the molecular weight (Mohamad
Haafiz et al. 2013). Furthermore, it was also believed
that sulfuric acid hydrolysis not only removes the
noncrystalline segment, but could also potentially
dissolve some crystalline segments, making it more
susceptible to degradation in response to rising
temperature (Mandal and Chakrabarty 2011). More-
over, two different decomposition stages can also be
explained by the presence of highly sulfated amor-
phous domains and unsulfated crystalline domains.
The highly sulfated regions were more susceptible to
degradation at lower temperature, whereas the higher
temperature decomposition corresponded to the break-
down of unsulfated crystals (Kargarzadeh et al. 2012),

while both bleached fibers and APS-derived MFCs
showed a major peak at 330 °C, which represented the
decomposition of cellulose.

Previous studies (Wang et al. 2007; Roman and
Winter 2004; Kim et al. 2001) reported that a longer
hydrolysis period induced the incorporation of more
negatively charged sulfate groups to cellulose surfaces
and led to a reduction in the thermostability of treated
nanofibers. Sulfate groups replaced the OH groups of
celluloses, leading to dehydration reactions. Cellulose
degradations can be catalyzed because the activation
energies of cellulose chain degradations were lowered
by dehydration reactions (Roman and Winter 2004;
Wang et al. 2007). In addition, a long hydrolysis time
also cleaved celluloses into short chains, providing a
large surface area and resulting in a low degree of
polymerization that tended to degrade at low temper-
atures (Wang et al. 2007). The large surface area
diminished the thermal stability of the cellulose
because of the increased exposure to heat (Lu and
Hsieh 2010).

The low thermal properties of acid-hydrolyzed
nanofibers can be solved by neutralization with NaOH
(Wang et al. 2007; Favier et al. 1995; Martinez-Sanz
et al. 2011) or by conducting the hydrolysis using
different acid species such as hydrochloric acid (HCI)
to replace H,SO,4 (Mohamad Haafiz et al. 2013). After
neutralization with NaOH, no acid sulfate groups
remained, and the thermal stability was shifted to a
higher temperature, but the crystallinity was similar.
Therefore, sulfate group contents play a significant
role in determining the thermal properties of the
materials (Kargarzadeh et al. 2012). In addition, the
sulfated groups were recognized to be flame retar-
dants. For this reason, the char fraction increased with
an increasing amount of sulfated groups. As a result,
the amount of char residue remaining after 600 °C was
found to be higher for hydrolyzed fibers (Roman and
Winter 2004).

Optical transmittance

UV-Vis spectroscopy was carried out to obtain
information on the impacts of different treatments on
the transparency of the MFC suspensions. The degree
of transparency also reflects the size of the fibers. The
transmittance is strongly dependent on the wave-
length; it decreases with decreasing wavelength
(Benhamou et al. 2014). Indeed, light will scatter
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Fig. 7 UV-Vis transmittance spectra of a acid-hydrolyzed
nanofiber suspensions, b APS-oxidized nanofiber suspensions
and ¢ bleached OPEFB

when it passes through a nanocellulose suspension
containing randomly dispersed particles because the
scattering occurs when there is a discontinuation in the
refractive index, eventually causing a reduction in the
transparency degree (Besbes et al. 2011). In addition,
light will scatter more when the wavelength
approaches the width of the dispersed particles (Saito
et al. 2006). As observed from the UV-Vis spectra in
Fig. 7, acid-hydrolyzed nanofibers were noted to have
the highest optical transmittance followed by APS-
oxidized nanofibers and bleached fibers. This indi-
cated that the nanofibers generated by acid hydrolysis
had smaller sizes than APS-derived nanofibers. These
results were in accordance with the observations from
FESEM.

Conclusion

MECs were readily isolated from OPEFB by sulfuric
acid hydrolysis and APS treatment without the assis-
tance of mechanical disintegrations such as homoge-
nization and microfluidization. The pronounced
difference between these two methods was that the
APS-derived MFCs were stabilized by carboxyl
groups, while sulfuric acid-hydrolyzed MFCs were
stabilized by sulfate half ester groups. MFCs prepared
by APS oxidation were more thermally stable than
those extracted by sulfuric acid hydrolysis because of
the presence of the sulfate ester groups. In addition,
60 min of sulfuric acid hydrolysis was found to

@ Springer

damage some of the crystalline segments, which
eventually led to decreased in crystallinity. Further-
more, tedious and multiple pretreatment steps
involved in the removal of noncellulosic components
such as hemicelluloses, lignin and waxes were
required prior to sulfuric acid hydrolysis. Hence, the
time consumption to produce MFCs by sulfuric acid
hydrolysis was longer than by APS treatment. Most
importantly, the final yield of MFCs extracted by
sulfuric acid hydrolysis was approximately 25 %,
which was lower than the final productions of APS-
derived MFCs (~40 % on a weight basis). Therefore,
we can conclude that the simple and versatile APS
oxidation is a better and more practicable method for
large-scale production of MFCs.
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