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Abstract

Cellulose nanopaper (CNP) is a new potential candidate for flexible biopolymer substrate made of nanocellulose (NC). We
systematically studied the effect of NC production from oil palm empty fruit bunch using the different types of acid hydroly-
sis based on sulphuric acid (NCs) as well as phosphoric acid (NCp) at varied temperatures regarding their morphology and
crystallinity on the final properties of CNP. Both CNP from NCs (CNPs) and NCp (CNPp) exhibited higher optical transpar-
ency than conventional micropaper. In terms of mechanical properties, CNPs possessed an exceptional improvement of up to
200% compared to micropaper. CNPp specifically produced higher mechanical properties compared to CNPs. The stronger
tensile strength of CNPp was attributed to a higher aspect ratio and thus a more flexible one compared to NCs. The greater
transparency of CNPs than CNPp was postulated due to the formation of the densely packed order of intra-inter hydrogen
bonds found in CNPs, which allowed more light to transmit through the film and reduce the light to scatter. In addition, the
higher crystallinity with a smaller aspect ratio could also promote the higher transparency of CNPs to give the combination
of influencing factors in explaining the level of transparency of CNP.

Keywords Cellulose nanopaper - Oil palm empty fruit bunch - Nanocellulose - Cellulose nanocrystals - Cellulose - Acid
hydrolysis

Introduction

4 Athanasia Amanda Septevani
athanasia.amanda.septevani @brin.go.id Paper is one of the most widely used materials in everyday
life, from exchanging information through writing and print-
ing to storage. Very recently, cellulose nanopaper (CNP), a
new type of paper made of nanocellulose (NC), has attracted

great attention as a promising substrate candidate for func-
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tionalized optical products in various potential applications
due to its transparency and remarkably mechanical proper-
ties while maintaining the sustainability, and certainly its
environmental friendliness [1-3]. CNP holds enormous
applications, including LEDs, screens, solar cells, sensors,
supercapacitors, UV blocking and paper-based anticounter-
feiting [4, 5], with the market demand expected to be $73
billion in 2025 [6]. Compared to traditional paper with a
15 to 30 um-wide cellulose fibers, CNP is made up of 3
to 15 nm wide nanocellulose (NC). It consists of densely
packed NC which left no cavity for light scattering offering
higher transparency and lower haze compared to its micro-
scale paper [7]. The preparation process of CNP is similar to
the traditional paper [8, 9]. The process includes the solvent
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evaporation method [10, 11], drying of NC suspension into
the repetitive rolling process [12], vacuum filtration [13],
solvent casting [13], pressure filtration [14] and filtration
accompanied with the hot pressing method [15, 16].

NC as the base material on CNP production can be distin-
guished into two types, known as cellulose nanofibers (CNF)
and cellulose nanocrystals (CNC). CNF containing crystal-
line and amorphous cellulose are long, flexible, and strongly
entangled networks of nanofibrils. It can be produced by
high shearing forces [17], including direct mechanical
fibrillation [18, 19], mechanical fibrillation after enzymatic
hydrolysis [9, 20], mechanical fibrillation after 2,2,6,6-tetra-
methylpiperidine-1-oxyl radical (TEMPO)-mediated oxida-
tion [21], and acid treatment [16]. Meanwhile, needle-like
or rod-like- CNC, is generally produced by acid hydrolysis
[22, 23]. CNC can be produced from strong acid hydrolysis,
mostly using sulphuric acid (NCs) or mild acid hydrolysis
by using phosphoric acid (NCp). NCs typically have a low
aspect ratio, while highly aspect ratio of CNC is obtained
from phosphoric acid hydrolysis. The crystallinity of NCs
is higher than that of NCp at up to above 90% [24]; never-
theless, the higher thermal stability of fCNC is typically
observed for NCp rather than NCs [25].

NC can be isolated from various lignocellulosic bio-
mass[26]. Indonesia has a great advantage as the larg-
est crude palm oil (CPO) producer in the world. A large
amount of solid residue, including oil palm empty fruit
bunch (OPEFB), has scarily been generated and discarded
during palm oil production, leading to environmental prob-
lems. To overcome this problem while giving a value-added
to transform this huge amount of biomass waste into highly
innovative material, the utilization of OPEFB can be an
alternative solution as the raw material-based NC for the
production of CNP.

In this study, we aim to produce NC from OPEFB using
different types of acid hydrolysis: strong acid and mild acid.
The obtained NC-OPEFB was then used to produce OPEFB-
based CNP. The structure—property relationship of different
acid hydrolysis-based NC was systematically studied on the
obtained CNP properties in terms of optical transparency,
mechanical properties, and surface morphology. To the best
of our knowledge, there is no study on the production of
transparent CNP from OPEFB. This study investigated the
potential use of OPEFB as a promising resource to produce
CNP.

Material and method
Materials

OPEFB was obtained from Lampung, Indonesia. The
OPEFB was chopped to 30 mesh and oven-dried until the
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moisture content is less than 10%. All chemicals, including
NaOH, H,0,, H,SO,, and H;PO, were technical grade-based
chemicals.

Method
Pretreatment and bleaching

Pretreatment and bleaching were conducted before the prep-
aration of NCs/NCp. Pretreatment was performed using a
bench-scale reactor CHEMEX with a feed capacity of 500 g.
Cyclone, belt press, washing tank, and buffer tank were
equipped in the reactor. Dilute alkaline (NaOH 10%) was
used as a solvent with a solid-liquid ratio of 1:5. The mix-
ture was heated at 150 °C, 7-8 bar for 30 min. The treated
OPEFB was neutralized with tap water and oven-dried until
the moisture content was around 10%. The bleaching process
was conducted by adding five grams of dried-treated OPEFB
into 500 ml H,O,. The mixture was then agitated, heated,
and kept at 80-85 °C for an hour. After finished, the cake
was filtered and washed until neutral.

Preparation of nanocellulose (NCs and NCp) using acid
hydrolysis

Preparation of NCs was conducted using 36% sulfuric acid
with a solid/liquid ratio of 1:80 at different temperatures
(50 °C, 60 °C, 70 °C) for 3.5 h denoted as NCs50, NCs60,
and NCs70, respectively. The solution was then centrifuged
at 10,000 rpm for 15 min to remove excess acid. Dialysis
in aquadest was conducted for 3—4 days to neutralize the
solution. Meanwhile, NCp was produced using phosphoric
acid of 63% with solid/liquid ratio of 1:185 for 3.5 h at the
temperature of 50 °C, 70 °C, 80 °C, 90 °C and were denoted
as NCp50, NCp70, NCp80, and NCp90, respectively.

Characterization of nanocellulose

The morphological structure and elemental analysis of
NC from OPEFB were analyzed using Scanning Electron
Microscopy (SEM) on the gold-coated sample using the
JEOL JSM-IT200 integrated Energy Dispersive X-ray Spec-
troscopy (EDS) operated at 5 kV in the Research Center for
Physics-BRIN. At the nanoscale, the morphology of NC was
analyzed by Transmission Electron Microscopy (TEM) at
Eijkman Research Institute. The NC suspension was spot-
ted onto a gold glider grid G400G and then stained with 2%
aqueous uranyl acetate. The prepared samples were analyzed
inaJEOL 1010 at 80 kV. Zeta potential analysis was charac-
terized in aquadest with the ratio of sample:aquadest is 1:10
using Horiba Nano Partica SZ-100. The laser resource was
DPSS laser with a wavelength of 532 nm and a laser angle
of 173°. The analysis was done in automatic mode.



Journal of Polymers and the Environment (2022) 30:3901-3913

3903

X-Ray analysis was conducted on a Shimadzu Maxima
X-ray diffractometer (XRD-7000, Japan) generated at
40 kV and 30 mA. NC samples were nicely placed in the
sample holder and scanned over a range of 20 from 10°
to 35° with a speed of 2 min~!. To provide a clearer base-
line, a blank sample was also run with the same condition
presented except for the NC in the sample holder. The
blank data was then subtracted from the data with the NC
sample. The crystallinity index (CrlI) was calculated using
Segal’s method as follows:

_ 1(200) — I(amorphous)
a 1(200)

%Crl x100% (1)

where 1(200) represents the intensity of crystallinity peak
at the maximum 20 between 22°-23°, and I(amorphous) is
the minimum intensity at 20 between 18°-19° (of the amor-
phous region).

Synthesis of cellulose nanopaper

NC with a varied concentration of solid content (Y %)
at the range of 0.2% wt. — 0.7% wt. was ultrasonicated
using Ultra-Sonica at 500 kW with an amplitude of 30%
for 10 min. The mixture was then filtered using a Whatman
filter grade 1 to remove remaining aggregates and agglom-
erated NC. The suspension was poured on Petri dishes and
left for five days for drying at ambient temperature. CNP
from blended Whatman filter paper No.l was also fabri-
cated with the same procedure for comparison as a micro-
paper. CNP derived from CNs was denoted as CNPsX-Y,
while CNP derived from NCp was denoted as CNPpX-Y. X
has represented the temperature process during hydrolysis
of NC and Y is the concentration of NC in CNP.

Characterization of cellulose nanopaper

The CNP was characterized by its optical and mechani-
cal properties. The optical properties of the CNP were
measured using a UV-VIS Spectrophotometer from Ocean
Optics (Maya 2000 PRO) using Whatman filter paper no 1
as blank reference material. The transmittance of the sam-
ples was measured between 400—-1000 nm wavelengths.
Tensile tests test was carried out using a Universal Testing
Machine, Orientec UCT-5 T Japan, equipped with a 100 N
load cell on the strips sample at size 6 mm X 25 mm. The
testing speed was 2 mm min~!. The average values with
standard deviation were calculated based on a minimum
of three measurements. All digital photos of CNP in this
study were taken by a digital camera without any polar-
izer or filter.

Result and discussion

The first step to prepare NC is to isolate and increase cel-
lulose purity from OPEFB by removing lignin and hemi-
cellulose that bind the fibers together through pretreat-
ment using alkaline (NaOH) followed by bleaching using
H,0,. Hemicellulose and lignin removal represents a criti-
cal point during processing and in the final properties of
NC and thus CNP. Hemicellulose hinders the formation of
strong hydrogen bonds between crystalline by physically
inhibiting direct contact between NC. Moreover, hemicel-
lulose is a highly plasticizer by absorbing moisture causing
a decrease in cohesion. Accordingly, the lower content of
hemicellulose is preferred as it can improve the mechani-
cal properties of CNP [27]. Meanwhile, the presence of
lignin produces darker films and provides undesired physi-
cal, optical, and water interaction properties of CNP [28].
The removal of lignin and hemicellulose is also reported
to increase defibrillation resulting in a large number of
single fiber [29]

In this study, cellulose from OPEFB was success-
fully isolated via our previously reported protocol using
the simultaneous pretreatment process at the purity of
84.03 +0.3% of cellulose, and 12.6 +0.1% of hemicellu-
lose, and 3.1+ 0.2% of lignin. The result was higher in
terms of all three components than the cellulose standard
[30, 31].

The properties of nanocellulose using different
types of acid hydrolysis

Stability of nanocellulose

The preparation of NC was conducted via two types of
acid hydrolysis, namely (i) strong acid hydrolysis using
sulphuric acid (NCs), and (ii) mild acid hydrolysis using
phosphoric acid (NCp). A stabilization test was conducted
to simply confirm the formation of NC. The dispersion
stability of NCs and NCp at various temperatures (Fig.
S1 and Fig S2, respectively in the Supplementary Data)
was physically observed by taking the photographs for up
to two weeks. Stable and transparent suspensions were
observed in all NCs samples while a stable dispersion of
NCp was observed at temperature >70 °C. NCp at 50 °C
showed the formation of two-phase after 1 h. NCs exhib-
its higher stability and transparency than NCp. This dif-
ference might be ascribed to the presence of a relatively
large NCp bundle and network which scattered the light
as well as physical entanglement between the fibers from
the network [22]. The stability of nanocellulose dispersion
can also be quantitatively investigated by zeta potential

@ Springer



3904

Journal of Polymers and the Environment (2022) 30:3901-3913

Table 1 Shows the zeta potential of NCs and NCp processed at differ-
ent temperatures

Sulfuric acid hydrolysis Phosphoric acid hydrolysis

Samples Zeta potential (mV) Samples Zeta potential (mV)
NCs50 —4237+0.15 NCp50 -17.6+0.30
NCs60 -51.3+0.10 NCp70 —43.4+0.36
NCs70 - 545+0.17 NCp80 —45.43+0.15

(Table 1). The greater stability of nanocellulose can be
attributed to a higher surface charge across the electric
field due to the presence of a negative surface charge on
the surface of nanocellulose.

Typically, the zeta potential value at 30 mV represents
the onset of stabilization of fibril dispersion, in which this
zeta potential value above the onset value indicates a sta-
ble dispersion of nanomaterials [32]. As reflected by the
storage stability test for up to 2 weeks (Supplementary
Data), samples of NCs at all diffreent temperatures exhib-
ited zeta potential above 40 mV showed the greater disper-
sion stability, while only NCp processed at the temperature

SEI 20KV
CNC S 60™

WD1imm SS

above 70 °C showed the good storage stability in agree-
ment to a higher zeta potential at about 40 mV.

Further, the yellow-brownish suspension observed in the
phosphoric acid hydrolysis at 90 °C due to over hydrolysis
exceeded the formation of glucose and was further dehy-
drated into carbon thus the analysis of zeta potential was
not performed. Dong et al. (1998) reported that at a high
temperature above 70 °C, side reactions such as dehydra-
tion reactions can start to occur leading to the color change
from yellowish to black as a result of carbon formation. The
formation of carbon can influence the storage stability of
the suspension as supported by the two phase’s formation
of NCp90 after 1 day (Fig. S2 in the Supplementary Data).

Morphology studies of nanocellulose

Figure 1 shows SEM images of NCs at different tem-
peratures of hydrolysis. The dimension of NCs50 was
measured at 502 +342 nm in diameter (Fig. 1A), while
the dimensions of NCS60 (Fig. 1B) and NCS70 (Fig. 1C)
were very small and so difficult to be measured. This result
revealed that the increase in hydrolysis temperature sig-
nificantly decreased the size of the fiber. To determine

x1,000  10pm

0001

Fig. 1 SEM analysis of NC from sulphuric acid hydrolysis at A 50 °C, B 60 °C, and C 70 °C as well as TEM analysis of NC from sulphuric acid

hydrolysis at D 60 °C, and E 70 °C
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the dimension of cellulose at the nanoscale, TEM anal-
ysis was further conducted for NCs60 (Fig. 1D) and
NCs70 (Fig. 1E). Rod-like CNC was observed from acid
hydrolysis at 60 °C (NCs60) with a length of 132 +22 nm
and diameter of 9 +4 nm, while NCs70 has a length of
108 +9 nm and diameter of 8 + 1 nm. The dimension of
this NC was smaller than reported standard cotton NC
from Whatman filter paper (169 +49 nm in length and
11 =3 nm, in diameter) [33].

Morphology and size dimensions of cellulose nanofiber
(NCp) from phosphoric acid hydrolysis were analyzed using
SEM as illustrated in Fig. 2. The increasing temperature
significantly affected the dimension of obtained NC, indi-
cating that the temperature plays a key role in controlling
the dimension of nanocellulose. Nevertheless, the temper-
ature should be controlled, at which dehydration have to
be avoided. NCp50 had a diameter of 847 +346 nm and a
length in micron-scale (Fig. 2A). The measurement of the
microscale length was difficult as the fibers were tangled
with each other with no distinctive endpoint. At 70 °C, the
diameter became much smaller, which was at 492 + 188 nm.
Meanwhile, the dimension of NCp80 could not be measured
based on SEM, and thus, TEM was used for the investiga-
tion (Fig. 2E).

TEM micrograph of NCp80 in Fig. 2E revealed the for-
mation of NC in the length of about 395 + 28 nm and diam-
eter of 10+ 3 nm, which was a distinctively higher aspect
ratio than NCs (Fig. 1D). It was reported that sulfuric acid is
known as a very strong hydrolytic agent that is very aggres-
sive in attacking amorphous regions and thus produces NC

SEl 15KV
CNFP 90

WD10mm  $S58

with a short nano-sized dimension compared to mild acid
and even other strong acids such as hydrochloric acid [34].

Chemical structure and composition of nanocellulose

As previously discussed, during the acid hydrolysis process,
the acid could aggressively attack the disorder or amorphous
fraction of cellulose including hemicelluloses and lignin,
while the crystalline region is maintained due to its higher
resistance to acid disorder [35]. Based on component anal-
ysis of nanocellulose (after the hydrolysis), there was an
increase in cellulose content and reduce in hemicellulose
and lignin content, compared to microcellulose (before
hydrolysis). NCs is composed of 89.5+0.6% of cellulose,
8.4+ 0.4% of hemicellulose and 2.1 +0.2% of lignin, while
NCp is composed of 89.0+3.09% of cellulose, 8.9 +2.4%
of hemicellulose and 2.2 +0.7% of lignin.

FTIR spectroscopy has been also extensively used in cel-
lulose research since it presents a relatively easy method
of obtaining direct information on chemical changes during
various chemical treatments including acid hydrolysis. In
the FTIR analysis, the spectra of bleached treated raw EFB
(microcellulose), the sulfuric acid hydrolyzed of cellulose
(NCs), and the phosphoric acid hydrolyzed cellulose (NCp),
are shown in Fig. 3.

The peaks around 2892-2904 cm™! indicate the aliphatic
saturated C-H stretching associated with methylene groups
in cellulose, hemicellulose, and lignin [36, 37]. The absorp-
tion peaks in the region of 1342-1305 cm™! corresponded
to the CH, rocking of polysaccharides [38—40]. All spectra

Fig.2 SEM analysis of NC from phosphoric acid hydrolysis at A 50 °C, B 70 °C, C 80 °C, D 90 °C as well as TEM analysis of NC from phos-

phoric acid hydrolysis at E 80 °C
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Fig.3 FTIR spectra of microcellulose and nanocellulose

are dominated by the peaks of hydroxyl groups (OH) indi-
cating the hydrophilic cellulose. The distinction between
NCs, NCp, and micropaper in the case of the hydroxyl group
exhibited OH spectra shifting for the samples before and
after hydrolysis. The OH stretching peak of the NCp shifted
from 3344 cm™! before hydrolyzed to 3330 cm™". Similarly,
NCs before hydrolysis showed OH spectra shifted from 3344
to 3328 cm™!. The difference between hydrolyzed sam-
ples and unhydrolyzed samples could also be investigated
from the spectra shifting from 2904 cm™' (micropaper) to
2892 cm™! for NCp, also the peak of 2898 cm™! for NCs60
and 2893 cm™! for NCs70. There is also shifting spectra
from 898 cm™! before hydrolyzed to 892 cm™ after treat-
ment; these are the evidence of the cleavage of a glycosidic
bond to break a long chain of cellulose into nanocrystallite
because of hydrolysis [38, 40—43].

Further, the peak at 1161 cm™' in the NCs spectrum
corresponds to the presence of sulfonate group (SO,) and
603-606 (SO, scissoring) cm™" are observed for NCs70 and
NCs60 compared to micropaper [34, 38, 44]. The unhydro-
lyzed sample was shifted from 598 to 603-606 cm™". This
result indicated that the sulfonate group was successfully
attached to the NC structure. In terms of the presence of the
phosphate group in NCp, although a new peak of the vibra-
tions band of P=0 occurred at 1210 cm™! and the vibrations
band of P-O—Alkyl stretching was observed at 1041 cm™!,
P—OH stretching at 916 cm™! was not clearly revealed [45].
This may indicate minor phosphate group functionalization
on the surface of the NCp structure. It was reported that the
sulfonyl has greater ionic attachment than phosphoryl ion
sites, as reflected by its higher dispersion ability [39, 46]
as a noted by the higher zeta potential of NCs compared to
NCp and attributed to the agglomeration that occurs on the
surface of the phosphate from SEM micrographs of CNP

@ Springer
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Fig.4 X-Ray Diffraction of nanocellulose

in the following discussion. Finally, the elemental analysis
using SEM-EDS (Fig. S3 in the Supplementary Data) con-
firmed that the presence of phosphorous was not detected in
NCp while at about 0.01 +0.01% mass of sulphur element
was detected in NCs.

Crystallinity of the nanocellulose

It is known that cellulose contains both crystalline and amor-
phous regions in molecular structure. The presence of acid
will selectively attack the disordered (amorphous) region. At
the same time, the highly ordered and arranged (crystalline)
structure remains stable in an acid condition, leading to the
increasing crystallinity index. The degree of crystallinity
of the obtained NC was investigated on the selected NC of
NCs60, NCs70 and NCp80 (Fig. 4) by using X-Ray Diffrac-
tometer and the determination of crystallinity index (CrI,
%) was calculated by using the Segal method. This method
has been widely used in the crystallinity study of cellulose
as represented in Eq. (1).

Based on the Segal method, the degree of crystallinity
of NCs60, NCs70, and NCp80 is 77.1%, 76.1%, and 74.7%,
respectively. Sulphuric acid hydrolysis has been known as a
promising method to produce higher crystalline NC because
the presence of strong acid could aggressively attack the
disorder or amorphous region rather than other mild acids.
As expected, the crystallinity of NCs60 and NCs70 were
higher than NCp80. The crystallinity of OPEFB-NC in this
work also showed similar results to the study on palm bio-
mass-based NC from palm mesocarp fiber using a similar
method at 75-77.8% [38]. At the same resources of OPEFB,
the crystallinity of the obtained NC from acid hydrolysis
both sulphuric and phosphoric acid also shows a higher
crystallinity compared to that of OPEFB-NC obtained from
chemo-mechanical via High-Pressure Homogenizer with
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the maximum crystallinity at 69% [47], suggesting acid
hydrolysis offers a promising method to produce a higher
crystallinity.

The structure-property relationship of cellulose
nanopaper associated with different types
of nanocellulose

Prior to the fabrication of CNP via dry-casting, previously
obtained NCs and NCp were subsequently filtered using
Whatman filter paper grade 1 to remove unreacted aggregate
and agglomerated NC as this contaminant was detected in
microscopy analysis (Figs. 1 and 2). During the dry-casting,
the formation of thin-film CNP occurs when the fibrils are
connected to each other and formed inter-intra connection
hydrogen bonding along with the increasing concentration of
NC due to the evaporation of the water [27]. In some cases,
a dry-casting method was preferred for the preparation of
CNP for the high viscosity of nanocellulose suspension [7].
Figures 5 and 6 show the visual photography of CNPs from
NCq(s) and CNPp from NCp at different concentrations.

In terms of the effect of NC concentration, reduced
transparency of CNP was observed by the increasing

concentration of NCg. However, it should be taken into
account that the low concentration reduced the mechani-
cal properties of CNP as the thickness of the CNP reduced
accordingly, leading to a lower mechanical strength.
Physically observed in both transparency and mechani-
cal strength, the best CNP was obtained from NCs60 and
NCs70, due to the greater interconnection of hydrogen
bonding between nanoscale cellulose.

Figure 6 displays CNP from NCp at different con-
centration (0.2% wt., 0.3% wt. and 0.4% wt.). Similar to
CNPs, the dimension and concentration greatly affected
the transparency of CNPp. As expected, CNPp50 produce
an opaque white paper that was visually similar to con-
ventional micro-paper due to the micro size diameter of
NCp50 at almost 1 um (Fig. 2).

Meanwhile, CNPp70 and CNPp80 exhibited better
transparency than CNPp50, which was attributed to the
significantly smaller dimension of NCp in the formulation.
Nevertheless, the transparency of CNPp was lower than
that of CNPs for all formulations. In the dispersion, longer
entanglement of NCp tends to form non-homogeneous dis-
persion, which hindered the ordered tight packing between
inter-intra hydroxyl groups on the surface of nanofibers
and thus decreases the transparency of CNP [7].

Fig.5 CNP made of NCs from
sulphuric acid hydrolysis at
different temperatures and
concentrations

CNPs at 0.3 % wit.

CNPs at 0.5 % wit.

CNPs at 0.7 % wit.
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Fig.6 CNP made of NCp from
phosphoric acid hydrolysis

at different temperatures and
concentrations

CNPp at 0.3 % wt

CNPp at 0.2 % wt

CNPp at 0.4 % wt.

Optical properties of the CNP

The optical properties of CNP are critical parameters for the
application of CNP as a substrate in optoelectronics [48].
The optical properties of CNP are investigated by determin-
ing the regular light transmittance with a UV—visible spec-
trometer in the wavelength of between 400 and 800 nm [49].
Wavelength versus transmittance for both CNPs and CNPp
are represented in Fig. 7.

CNPs70-0.5 and CNPs70-0.3 exhibited the highest
transmittance at a maximum of 65% among other formula-
tions of NCs at different temperatures and concentrations.
Meanwhile, the increase of NCs concentration to 0.7% wt.
(CNPs70-0.7) reduced the maximum transmittance to 40%,
which simply was attributed to an increase in thickness, thus
reducing the intensity of the visible light to pass through the
substrate in comparison to other studies on the production
of CNP from biomass waste, the maximum transparency
of CNP made of OPEFB-NCs in this study was similar to
that of CNP from wood flour-NC at about maximum 60%
transmittance, suggesting the EFB as a promising source of
CNP [50].

In general, the transparency of CNPs was higher than that
of CNPp. For example, the highest transparency of CNPp
was only achieved at 30% transmittance for CNPp80 at 0.2%,
while the transparency of other CNPp was lower than 20%
transmittance. The opaqueness and lower transparency of the
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CNPp compared to CNPs might be also attributed to several
factors. The common explanation is first, associated with the
formation of the densely packed order of intra-inter hydro-
gen bond between NC in CNP, which allows more incidence
of light to transmit the light through the film and reduces the
light to scatter [48]. As illustrated in Fig. 8a, the electro-
static attractions between oxygen and hydrogen atoms of the
adjacent ring in the individual cellulose nanofibril, induce
intra-molecular hydrogen bonding leading to more stabilized
glycosidic linkages and linear chain configuration. In addi-
tion, the inter-chain hydrogen bonds between the adjacent
polymeric cellulose nanofibrils promote parallel stacking to
further create densely packed and firmed cellulose structures
into microscale predecessors, in this case, is nanopaper.
Figure 9 shows the SEM images of the obtaining CNP
after drying for selected CNPs and CNPp. The well-dis-
persed of individual NCs as reflected in Fig. 1E could be
densely and uniformly packed during the casting process
(Fig. 9, upper). Thus, the interstices between fibers could be
eliminated to avoid light scattering (as illustrated in Fig. 8b),
leading to higher transparency of CNPs. In contrast, NCp, as
reflected by Fig. 2E promoted the agglomerated fibers and
voids in the sheet and thus creating more interstitial cavi-
ties (Fig. 9, below) resulting in a more incidence of light to
scatter (Fig. 8b) and thus lower % transmittance, meaning
low optically transparent paper was obtained [51]. Residual
sulphate groups (SO,>") were also reported to provide neg-
ative charges which offered a better dispersibility of NCs
compared to other types of acids, in this case, phosphoryl
as reflected by FTIR spectra (Fig. 3). Finally, crystallinity
was also reported to affect transparency [7, 27, 52]. Crl of
NCs60 and NCs70 was higher than NCp80 leading to the
higher transparency of CNP made of NCs (Fig. 4). Hence,

it is postulated that the combination of influencing factors in
explaining the level of transparency of CNP was attributed
to the characteristics of the NC as a result of the temperature
and type of acid variables.

Mechanical properties of CNP

Mechanical properties of CNP can be affected by several
factors, including lignin content, the inter-fibrillary hydro-
gen bonds within NC, geometry, and crystallinity. Selected
samples were prepared as representative of the control types
of NCs and NCp (Table 2).

CNP derived from OPEFB exhibited good mechanical
properties compared to the conventional micropaper (What-
man No.1). Lignin is reported to hinder hydrogen bonding
and thus causes a reduction in the mechanical strength [53],
but in this study, all the lignin content was maintained at
the same level as the sources of cellulose come from the
same batch of treated OPEFB. The size of NC also has an
important impact on the mechanical properties of CNP. It
was expected that the smaller diameter led to a stronger CNP
[53]. Nevertheless, the crystallinity of cellulose is also cru-
cial to its mechanical and thermal properties [27]. Amor-
phous regions were eliminated due to the presence of strong
acid resulting in stiffer and higher crystalline NCs compared
to NCp (Fig. 4).

Hence, although the aspect ratio of NCs was lower than
that of NCp, thus leading to greater transparency, the tensile
strength of CNPp is stronger than CNPs, which was attrib-
uted to flexible and longer fibrils in combination with lower
crystallinity [11, 54]. It is also reported that a high aspect
ratio of NC-based CNP is mostly selected compared to
NCs based CNP as flexible printed electronics [6]. Further,
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Fig.9 SEM of CNPs (upper) and CNPp (below) sheet

voids/
agglomeration

Table 2 Mechanical properties

of CNPs and CNPp Sample Tensile strength (MPa) Improvement% Young’s modulus (MPa) Improvement%

Micropaper 1.33+0.09 - 109.22+12.50 -

CNPs50 1.51+0.74 13.53 146.62+19.96 34.24
CNPs60 2.19+0.22 64.66 265.99+92.65 143.54
CNPs70 3.46+0.32 160.15 302.98 +£152.89 177.40
CNPp50 1.61+0.15 21.05 156.84 +22.04 43.60
CNPp70 3.18+0.24 139.10 270.62+9.42 147.78
CNPp80 3.60+£0.40 170.67 331.97+70.39 239.49

CNPp exhibited higher tensile strength compared to CNPs
was might be attributed to the absence of an interconnected
fibrillar network in the NCs network as supported by SEM
images of a web-like structure of NCp (Fig. 2) which was
reported as the factor to increase tensile strength [55].
Table 2 shows that the improvement of the tensile strength
of CNPs and CNPp compared to micropaper was achieved at
160% and 171%, respectively. In fact, the tensile strength of
the obtained CNP is typically lower than other reported nan-
opaper, which might be attributed to the presence of an inor-
ganic contaminant, in this case, is silica at 0.28-0.34% mass,

@ Springer

originally coming from OPEFB as reflected by SEM-EDS
results (Table S1 in the Supplementary Data). According to
Amiralian et al. (2015) [56] these inorganic particles could
interfere with the inter-intra molecular hydrogen bonding
between the nanocellulose and act as ‘‘stress raisers’’, which
could adversely affect the strength of the sheet. Neverthe-
less, it was also observed that the greater improvement on
the young modulus for CNPp was double than that of control
micropaper indicating that the CNP developed from OPEFB
showed promising load-bearing characteristics compared to
the microscale paper.
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Conclusion

CNP was successfully produced from NC derived from oil
palm empty fruit bunch (OPEFB) via sulphuric acid (NCs) and
phosphoric acid (NCp) hydrolysis. The CNP showed outstand-
ing performance regarding its optical properties, with the high-
est transmittance of ~70% for CNPs and 200% in improved
mechanical properties for CNPp than conventional micropa-
per. Temperature and types of acid were found to have a sig-
nificant role in affecting the dimension of the NC, which deter-
mines its morphology and crystallinity. A smaller aspect ratio
with higher crystallinity was observed from CNPs, resulting in
greater transparency than CNPp and conventional micropaper.
On the other hand, a higher aspect ratio and lower crystallinity
benefited CNPp in terms of high tensile strength. In summary,
the obtained CNP demonstrated distinctive effects based on
different NC (NCs and NCp), suggesting that the fabrication
of CNP can be controlled to meet the requirement for various
applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10924-022-02484-4.
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