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This research highlights the use of superheated steam (SHS) treatment to improve the productivity and reduce
the energy consumption of CNF processing. SHS treatment conducted at 150°C for 1 and 2 h (SHS1 and SHS2)
contributed to the reduction in degree of polymerization (DP) of cellulose from oil palm empty fruit bunch.
Results exhibited that SHS-treatment reduced the viscosity and number of cycles for CNF processing compared to
the untreated cellulose (UT). At the end of wet disc mill processing, CNF-SHS2 viscosity was measured at 60 cP,
almost five-fold lesser than that of CNF-UT. The productivity of CNF-SHS2 production improved by almost eight-
fold compared to CNF-UT, and the energy consumed to produce CNFSHS2 reduced from 60.5 to 7.4 kWh/kg. All
CNF samples produced had an average width of about 10 nm and crystallinity between 54 — 62 %. Our results
showed that treatment of cellulose by SHS prior to nanofibrillation contributed to energy efficient nano-
fibrillation process with improved productivity. The potential energy neutral SHS treatment is demonstrated
herein by integrating the energy resource available at the palm oil industry towards sustainable CNF production

which would promote the commercial potential of this versatile bio-based material.

1. Introduction

Cellulosic biomass from agricultural residues can be converted into
versatile nanomaterials applicable to various industries. The develop-
ment of cellulose nanofibril (CNF) from cellulosic biomass such as sweet
sorghum bagasse, sugar palm fibers, oil palm fibers, arecanut husk fi-
bers, raw cotton linter, bamboo, etc. has been reported earlier (Ganesh
Kumar et al., 2015; Ilyas et al., 2018; Julie Chandra et al., 2016; Meg-
ashah et al., 2018a; Morais et al., 2013; Ramirez et al., 2019). CNFs are
long, flexible, and entangled nanoscale fibrils (Hietala et al., 2018). The
unique properties of the material such as high surface area, high hy-
drophilicity, high mechanical properties, and has a gel-like appearance
have made the CNFs to receive attention from the industries for various
applications (Klemm et al., 2011). Among the applications are as a filler
in polymer-based composites (Ariffin et al., 2018; Sir6 and Plackett,

2010), an additive in the papermaking process (Bardet and Bras, 2014)
and as a low-calorie thickener for pharmaceutical/foods products
(Klemm et al., 2011; Spence et al., 2011). CNF also has been used as the
primary material for the production of optical transparent film and
coating materials (Huang and Wang, 2017; Hwangbo et al., 2016;
Megashah et al., 2020).

There have been several commercial plants for producing CNF.
Nevertheless, the widespread application of CNF is still limited, mainly
due to the manufacturing readiness level. The high energy demand for
the production of CNFs which leads to the high cost of this nanomaterial
has been the major hindrance in its commercial application. Conven-
tionally, CNFs are produced by mechanical approaches such as high-
pressure homogenization (Sanchez et al., 2016; Yang et al., 2017),
ultrasonication (Yasim-Anuar et al.,, 2018; Zhao et al., 2015),
cryo-crushing (Alemdar and Sain, 2008), microfluidization (Wang et al.,
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2015a; Wang et al., 2015b), and refining/ grinding (Chang et al., 2012;
Qin et al., 2016). Homogenization and refining are the most common
methods used for CNF production (Siro and Plackett, 2010). Despite
their efficiency in disintegrating the cellulose into CNFs, several issues
have been associated with these methods. For instance, the main issue
with homogenization is the extensive clogging when the cellulose pulp is
pumped through the narrow nozzle at the moving part of the machine.
This slows the production as frequent cleaning is needed. High number
of passes also contributes to the high energy demand, commonly in the
range of 20-70 kWh/kg (Boufi and Gandini, 2015; Spence et al., 2011).

In the case of refining, the most common method is the wet grinding
method using a wet disc mill (WDM), or commonly reported as Masuko
Supermasscolloider grinder (Levanic et al., 2020; Rambabu et al., 2016;
Rol et al., 2017; Wang and Zhu, 2016). The process involves the use of
frictional force by placing the cellulose suspension between the static
and rotating grinding stones at rotational speed of 1500-1800 rpm (Abe
et al., 2007; Iwamoto et al., 2008; Teixeira et al., 2015). This method is
capable of producing CNF suspension with solid content ranging from 1
— 3 wt% (Eriksen et al., (2008); Iwamoto and Endo (2015). Other notable
advantages of WDM compared to homogenization is that the process is
capable in defibrillating fibers at a higher consistency and having a
faster processing time, thus, making it easier for large-scale CNF pro-
cessing (Hietala et al., 2018; Wang and Zhu, 2016). Nevertheless, similar
to other mechanical methods, the major obstacle of WDM is that it re-
quires high energy demand between 5 — 30 kWh/kg (Berglund et al.,
2016; Josset et al., 2014; Spence et al., 2011). High energy consumption
can be a significant challenge in the industrial production of CNF and is a
concern for sustainability and cost-effectiveness (Balea et al., 2021).

One of the factors that contributes to the high energy processing of
CNF is the cellulose fibril length. Longer cellulose fibrils were found to
increase the fibrillation time to disintegrate micro to nanofibrils (Wang
and Zhu, 2016). As a consequence, energy consumed will be higher.
Pretreatments such as acid and enzymatic hydrolysis have been intro-
duced to reduce the energy demand during CNF fibrillation process
(Balea et al., 2021; Hubbell and Ragauskas, 2010; Liu et al., 2018; Qin
etal., 2016; Wang et al., 2015; Zhu et., 2011). The pretreatments reduce
fiber entanglement, which helps prevent blockages during mechanical
fibrillation. In our previous work (Megashah et al., 2020), we reported
the use of superheated steam (SHS) as a superior method for cellulose
depolymerization, and the resultant CNFs were used to prepare nano-
film. The CNF films produced had versatile characteristics due to the
difference in the degree of polymerization (DP) after the SHS treatment.
SHS treatment resulted in increased stiffness of the CNF films, as evi-
denced by higher Young’s modulus values based on previous study
(Megashah et al., 2020). This indicates that despite any potential
reduction in the degree of polymerization, the SHS treatment enhances
the mechanical properties of CNF.

SHS is a dry, saturated steam that has been heated to a temperature
above its boiling point at a specific pressure (Alim et al., 2022; Challabi
et al., 2019; Rajaratanam et al., 2017), making it a thermodynamically
stable state with no liquid water present. Unlike steam explosion which
uses high-pressure steam to break down the lignocellulosic structure for
bioethanol production (Barchyn and Cenkowski, 2014), SHS is primarily
used for hydrolysis, breaking the glycosidic bonds that link glucose units
in the cellulose polymer chain resulting in the cleavage of cellulose
molecules into smaller fragments to reduce its DP. SHS treatment also
loosens the structure of cellulose fibers and causes cellulose swelling,
making them more accessible to mechanical processes which is benefi-
cial for applications like CNF production from WDM. Reducing the DP of
cellulose enhances the flow properties of CNF suspension, lowering
viscosity and fibrillation time, thus improving energy efficiency and
overall productivity in CNF processing. Despite the lack of prior studies
on SHS for cellulose pretreatment for CNF production, this study focused
on investigating its potential in manipulating cellulose DP by SHS and its
effect on the flow property (viscosity), energy consumption and pro-
ductivity of the CNF processing, particularly using oil palm empty fruit
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bunch (OPEFB). This study also evaluated the economic feasibility of
this sustainable approach for industrial applications.

2. Experimental
2.1. Materials

Bleached pulp was prepared from oil palm empty fruit bunch
(OPEFB) fibers as reported in previous works (Megashah et al., 2018a;
Megashah et al., 2018b). The cellulose purity of the bleached pulp was
determined to be 93 % with the remaining of 7 % comprising hemicel-
lulose. Pulping was conducted in a 15 L batch reactor of a lab-scale twin
digester (model GTD-15L, GIST Co Ltd., Korea). OPEFB fibers were
mixed with 14 % alkali charge of sodium hydroxide solution at a ratio of
1:4 and cooked for 1 h at 160°C with a pressure of about 0.5 MPa. The
treated cellulose pulp was then washed several times using tap water
until the pH became neutral. For bleaching, a Totally Chlorine Free
(TCF) treatment was introduced. Dried pulp was soaked and stirred in a
peracetic acid solution for 24 h at 70°C. The cellulose samples obtained
were then washed and subsequently dried at 60°C overnight.

2.2. Depolymerization of OPEFB cellulose pulp by superheated steam
(SHS) treatment

SHS treatment was conducted in a lab-scale superheated steam oven
(QF-5200C, Naomoto Corporation, Osaka, Japan) at ambient pressure.
The SHS treatment temperature was maintained at 150°C throughout
the whole experiment. SHS treatment was conducted for 1 h (SHS1) and
2 h (SHS2). At these conditions, cellulose was depolymerized into lower
DP cellulose without involving the weight loss (except due to moisture
removal). Lower DP cellulose can be obtained if the treatment time is
prolonged, however this will reduce the mechanical properties of the
cellulose. It was hence the SHS treatment was limited to 2 h. The DP of
untreated cellulose pulp (UT), and SHS-treated cellulose pulp (SHS1 and
SHS2) was measured as mentioned in the previous report (Megashah
et al., 2020). Cellulose DP was determined by determining the intrinsic
viscosity of cellulose solution using the viscometric technique according
to the standard test method, TAPPI T230, ISO 5351 (Henriksson et al.,
2008; Marx-Figini, 1978). The DP of the cellulose pulp is summarized in
Table 1.

2.3. Preparation of cellulose nanofibrils by wet disc mill

CNF was produced by WDM (Multi mill, Grow Engineering, Adachi-
ku, Tokyo, Japan). In a WDM setup, there are two millstones: one upper
and one lower. The upper millstone remains stationary, meanwhile, the
lower millstone rotates during operation. This study employs a two-
stage grinding approach, utilizing varied types of stones for each
stage. The initial stage employs coarse stones (Type VC15-46A), fol-
lowed by the subsequent stage using smooth stones (Type aVCil5-46).
Initially, the untreated and treated cellulose pulps were soaked in
distilled water for 72 h at a known quantity, whereby the cellulose

Table 1
The degree of polymerization and molecular weight of cellulose pulp from
different conditions of SHS treatment.

Cellulose samples Degree of polymerization® Molecular weight, gmol ! ®

uT 1440 + 28.5 222,000 + 2.9 x10°

SHS1 1030 + 25.5 171,000 + 4.1 x10°

SHS2 820 + 10.5 133,000 + 4.0 x10°
Notes:

@ DP determination was calculated from the intrinsic viscosity, n, using [n] =
0.42DP for DP < 950 and [n] = 2.28DP °7° for DP > 950.

> MW = DP x (162 g/mol), whereby 162 g/mol is the molecular weight of an
anhydroglucose unit.
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content was set to be in the range of 1 — 4 wt% prior to milling. The
cellulose suspension was then subjected to the grinder, in which coarse
stones were used for the first 10 cycles to initiate early fibrillation, fol-
lowed by another 10 cycles using smooth stones to ensure the formation
of nano-scale size of CNFs. The distance between the upper and lower
stones was adjusted to be less than 50 micrometers from initial contact
and the rotational speed was set at 1800 rpm (Iwamoto and Endo, 2015;
Megashah et al., 2018a; Yasim-Anuar et al., 2020). Fig. 1 shows the
overview of CNF processing in this study.

2.4. Energy consumption

Energy consumed during the CNF fibrillation by WDM was evaluated
using a portable power meter (UNI-T UT200, 1000 A Series, China) to
measure the current flow (amps) and the voltage (volt) (Malucelli et al.,
2019). The calculation was based on the alternating-current three-phase
plug by the line to neutral voltage. For the induction load applied to the
rotating milling stones, the power factor was approximately 0.85 and
the voltage equals to 450 volts. The power consumption is in the unit of
kW and the specific energy is in kWh per kg of samples. The formula for
power and energy is as shown in the Eq. (1):

3 x PF x amperes (I) x volts (line to neutral)

Power(kW) = 1000

@

Where, PF = power factor, I = current (amps) and voltages (volts) are
generally subjected to the three-phase system, in line to neutral. The
value of power consumption will be used for calculating the specific
energy as in Eq. (2). Where, mass throughput expressed in h/kg of
grinding time is the total hours of complete cycles for per kg of cellulose
pulp.

kWh h
Specific energy (kﬂg> = Power(kW) x mass throughput (k—g) 2)
The reduction in energy consumption was calculated based on the
baseline energy consumption (Eo) at 20 cycles and AE is the absolute
reduction in energy consumption.
AE

Percentage Reduction(%) = (E—()) x100% 3)

2.5. Characterization

2.5.1. Field emission - scanning electron microscopy (FE-SEM)

The morphology of the CNFs were observed using a field emission
scanning electron microscope (FE-SEM; JEOL 7500 Ltd., Japan). The
CNF was freeze-dried prior to FE-SEM analysis. The samples were then
coated with Pt using Hitachi Ion Sputter E-1030 and the images were
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viewed at 100,000 x magnification with 15 kV of beam voltage.

2.5.2. High resolution - transmission electron microscopy (HR-TEM)

Further morphological analysis was conducted using high resolution
- transmission electron microscopy (HR-TEM; JEOL Ltd.) to confirm the
diameter size of the nanofibril. The CNF suspensions were diluted to
0.1 % (v/v) and sonicated using Thermo-6D ultrasonic cleaner for
15 min to ensure homogeneous dispersion of the CNF in the suspension.
The ultrathin carbon film on copper grids was placed on a drop of CNF
solution with uranyl acetate and allowed to stain for 5 min. This
dispersing agent helps in breaking the CNF bundles and keeps in indi-
vidual fibrils (Foster et al., 2018). Then, the prepared sample was
viewed under HR-TEM. The J-Images analysis software was used to
measure the diameter and distribution of the viewed CNF where the
fibers were randomly selected for size distribution analysis, with a
consistent total of 30 measurements conducted for each sample. The
method involved measuring the diameter size of CNF in the horizontal
direction of each fiber. The counts in a bin were presented in histogram
data.

2.5.3. Crystallinity

The crystallinity index (Crl) of cellulose and CNFs was determined
using a benchtop X-ray Diffractometer (XRD) model Rigaku MiniFlex.
The operating condition was set at 40 kV and 15 mA. The data was
collected at 26 value between 5 and 50° with a scan speed at 2.0°/min.
The CrlI was calculated based on Segal’s method (Eq. 3) (Segal et al.,
1959), whereby Iy is the intensity of the highest peak (Izo0) at 20
around 22.5°, while I,y is the minimum intensity of the amorphous
region at 20 around 18.5°. The intensities were in agreement to the
observed pattern in Segal’s peak height (Ling et al., 2019).

I — I
CrI(%) = y
200

100% “@
2.5.4. Thermogravimetric analysis

The thermal stability of samples was analyzed using a thermog-
ravimetry analyzer (TG 400, Perkin Elmer, Waltham, MA, USA). TG
analysis was conducted at a temperature range between 50°C to 550°C
with a heating rate of 10 °C/min. Nitrogen was purged at a flow rate of
100 ml/min.

2.5.5. Rheological properties

The rheology of different CNF suspensions was determined using a
rheometer instrument (DV2T, Brookfield, USA). The analysis was con-
ducted at ambient temperature and LV-04 (64) type spindle was used.
The rotational viscometer was performed in continuous measurement of
the friction torques. The reading of viscosity was recorded in a unit of
centipoise (cP). Each sample was run five times.

‘ Cellulose extraction ‘

|

1

SHS treatment l

I
|

uT
Untreated cellulose

SHS1

Superheated steam treated
cellulose (150°C for 1 h)

SHS2

Superheated steam treated
cellulose (150°C for 2 h)

I

‘ Wet disc milling (WDM)

Cellulose nanofibrils
(CNFs)

Fig. 1. Overview of the CNF production by wet disc milling.
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2.6. Economic assessment of cellulose nanofibrils processing

The economic assessment was determined at two process phases:
pretreatment for cellulose isolation and the process of nanofibrillation.
In comparison, the SHS treatment process model was compared to
without pretreatment for CNF production. Three key parameters were
taken into account including capital expenditure (CAPEX), operational
expenditure (OPEX) and profitability analysis. The calculations were
performed by referring to engineering economic multiplier values
(Peters et al., 2003). The assessment was based on the technical data
projected for 1-tonne CNF production using the data of production rate
and product yield obtained.

3. Results and discussion

3.1. Determination of the suitable number of cycle for complete
nanofibrillation of cellulose in wet disc mill

A preliminary evaluation was performed to determine the WDM
number of passes for CNF production. In this study, untreated cellulose
was used. Fig. 2., shows the morphological effect of the number of passes
(5, 10, 15, 20 and 30 cycles) on the morphological properties of the
cellulose. The diameter of the samples were quantified and shown in
Table 2. It is worth noted that the dimension of the original cellulose
fiber was more than 0.2 ym which was in micro size. After 5 passes,
thinner fibril bundles were partially disintegrated with a minimum
diameter of about 100 nm. It was observed that the fibrils network
started to create single nanofibrils after 15 cycles of milling. However,
there was still a large number of fibrils having a diameter of more than
100 nm, indicating that the cellulose did not disintegrate homoge-
neously. Continuous milling up to 20 and 30 cycles created smaller
nanofibrils aggregates which then resulted in homogenous disintegra-
tion into single nanofibrils with less than 20 nm. Subsequent cycles up to
30 did not show any noticeable changes, yet may cause a detrimental
effect on the fibrils such as low crystallinity and strength properties
(Rojas et al., 2015). Based on this result, 20 cycles was set as the suitable
number of passes for the next experiment, which was to compare the
effect of degree of polymerization on the formation of CNF.

Original fiber ¥

S AT
g

Cycle 15 %

Cycle 2
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Table 2
Effect of number of cycles (WDM) on the diameter size of fibrillated UT cellulose.

Cycle Cycle Cycle Cycle Cycle Cycle

0 5 10 15 20 30
Average 226.37 106.40 75.30 56.17 18.18 11.81
diameter (nm)
SD 58.21 20.08 17.65 12.13 10.84 2.66
Min 147.58 90.28 48.41 11.58 9.81 8.31
Max 309.74 120.50  108.80 108.16 53.29 19.18

Notes: SD = Standard deviation, Min - observation of lowest diameter size range,
Max - observation of highest diameter size range

3.2. Effect of degree of polymerization on dispersion behavior and
morphology of cellulose nanofibrils

Fig. 3 demonstrates the effect of DP on the evolution of fiber
dispersion in cellulose suspension during wet disc milling. The color
change observed in cellulose after SHS treatment can vary depending on
the treatment condition. Cellulose can undergo thermal degradation and
may appear yellowish. In this work, SHS treatment involves exposing
cellulose to high temperatures and the reason why SHS2 with longer
exposure to temperature is more likely to result in a darker color. These
degradation products can be the result of cellulose chain scission. Based
on the literature (Shahabi-Ghahfarrokhi et al., 2015; Thi et al., 2015),
the dispersion state can be used to qualitatively determine the degree of
fibrillation. The samples were collected at every two cycles and stored at
room temperature for more than three months to observe the stability of
CNFs to be freely dispersed in water. From the observation, it was
demonstrated that SHS1 and SHS2 caused the cellulose to be easier
dispersed in water compared to UT. This can be seen from the absence of
phase separation started at 14th and 8th cycle for SHS1 and SHS2,
respectively, compared to UT which achieved complete dispersion at
18th cycle. Complete dispersion contributed to increased viscosity. Ac-
cording to Henriksson and Berglund (2007), the viscosity of the cellulose
fiber suspension increases during CNF preparation due to the increase in
the length-to-diameter ratio of the fiber. As a result, reduced DP accel-
erates the rise in viscosity, as a reliable indicator of the degree of
nanofibrillation within the suspension. Findings from this research

Cycle10ﬂl'

0

N

Fig. 2. TEM micrographs of fibrillated UT cellulose (1 wt%) after 0, 5, 10, 15, 20 and 30 milling cycle.
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Fig. 3. Visual appearance of dispersion state of fibrillated cellulose at a concentration of 1 wt% for sample; (a) UT; (b) SHS1 and; (c) SHS2. L-R: Oth cycle (at the start
of experiment) — 20th cycle (at the end of the experiment). Red dashed lines indicate the number of cycle at which complete fibrillation (no phase separation) started

to be observed.

indicated that lower DP of cellulose improved the degree of nano-
fibrillation. Cellulose with a lower DP contributes to easier mechanical
disintegration due to the shorter chain and more susceptible to me-
chanical forces, making them easier to break apart. The DP can have a
pronounced effect on the dissolution behavior of cellulose, where pre-
vious studies reported that cellulose with a lower DP tends to exhibit
higher swelling, while cellulose with DP less than 500 is somewhat
dissolved and led to a molecular-disperse solution with no visible
structure when observed under the optical microscope (Koistinen et al.,
2023). However, swelling behavior can be influenced by temperature
and pressure. Thus, it is important to control the temperature and
treatment duration during SHS treatment in response to changes in DP.

This study revealed that increasing the number of milling cycles
resulted in the increment in its surface area. In agreement with Fig. 2,

== Scale: 50 nm

g Ny

Scale: 50 nm

——

~

vigorous mechanical fibrillation through WDM typically disrupts the cell
wall of cellulose and promotes the higher separation of aggregated fi-
brils. It also contributes to thinner cellulose fibrils by the formation of
hydrogen bonds around the fibrils and thus, exposing the hydroxyl
groups of cellulose chains to conformationally ordered (Boufi and
Gandini, 2015; Tayeb et al., 2018). This phenomenon is also known as
the electrostatic dipole-dipole of cellulose-water interaction where the
water with a negative charge tends to bind with cellulose chains with a
positive charge and vice-versa (Khazraji and Robert, 2013). In this case,
the SHS2 sample has much lower cycles which only required coarse
stones to complete the nanofibrillation process. This attributed to one
grinding process for CNF production. It is envisioned that the actual
cycles can be further used to produce CNF and the diameter sized were
further analyzed.

B RN N W
o u o v o

Percent Distribution
Percent Distribution

o w

48 55 63 71
Diameter (nm)

78 86 93

55 62 68 74 81
Diameter (nm)
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///;
%

49 55 61 67
Diameter (nm)

Fig. 4. The diameter size distribution of single nanofibril at cycle 20 through WDM processing, (a) CNF-UT; (b) CNF-SHS1; and (c) CNF-SHS2. Note: The elevated bin
represents the higher distribution size of nanofibrils from CNF suspension, while the lowest recorded the minimal distribution.
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Next, the diameter size of the fibrillated samples was obtained
through the analysis of FE-SEM and HR-TEM. From the results, the
diameter of CNFs at different DPs were below 50 nm. Despite the diffi-
culties to obtain individual nanofibrils from FE-SEM images, the well-
individualized nanofibrils could be observed using TEM. Fig. 4 dis-
plays the diameter of the CNFs from TEM images at a scale bar of 50 nm
which represents the final cycles (cycle 20) of each CNF sample and
showcases the diameter size distribution in the histogram. The images
demonstrated the individualized nanofibril for CNF-UT, CNF-SHS1 and
CNF-SHS2 with small aggregation at cycle 20. The result revealed that
all individual CNF have comparable diameter, capable of achieving
diameter with less than 10 nm despite having different DPs. However,
from the images, the highest degree of distribution of the nanofibrils
with smaller diameter can be seen from CNF-SHS2, followed by CNF-
SHS1 and CNF-UT. For example, CNF-SHS2 has the lowest diameter of
nanofibril in approximately 6.7 nm with higher percentage distribution
in about 28 %. Whereas, the histogram also shows that the CNF-SHS1
and CNF-UT recorded 13 % and 6 % of nanofibril with a diameter of
6.3-6.8 nm, respectively. The factor contributing to such differences in
diameter size of nanofibril may be arising from the heterogeneity of the
sample, where the lowest DP is expected to have less fibril network
entanglement and thus, dispersed well in CNF suspension (Megashah
et al., 2020).

3.3. Effect of number of cycles on the morphological property of different
degree of polymerization cellulose nanofibrils

It was exhibited in Fig. 3 that complete nanofibrillation can be
achieved at WDM cycle less than 20 for SHS1, SHS2 and UT samples. In
order to evaluate the effect of WDM number of cycles on the morpho-
logical property of the CNF, an observation was conducted by TEM for
the CNF samples produced at cycles 18, 14, and 8 for CNF-UT, CNF-SHS1
and CNF-SHS2, respectively. The findings are shown in Fig. 5. Based on
the results, it was observed that the average CNF diameter was slightly
larger in the range of 5 — 30 nm, compared to those prepared at 20 cycle
WDM (around 10 nm). It is interesting to note that lower DP CNF pro-
duced from SHS treated samples resulted in highest distribution with the
smallest nanofibrils diameter compared to CNF-UT. Based on the image,
a high degree of parallel alignment may suggest lower entanglement,

Scale: 100 nm
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while a more random and intertwined arrangement could indicate
greater entanglement. Nevertheless, it was revealed that the degree of
entanglement of nanofibrils is low for all CNF samples, thus, indicated
that the actual number of cycle was able to greatly reduced the diameter
size and gave CNF with higher disintegration.

3.4. Energy consumption during cellulose nanofibril production in wet
disc mill

The energy consumption of nanofibrillation in WDM were compared
as shown in Fig. 6. Standard CNF nanofibrillation in WDM is conducted
for 20 cycles, while in this study the actual number of cycles for nano-
fibrillation to occur were recorded at 18, 14 and 8 cycles for CNF-UT,
CNF-SHS1 and CNF-SHS2, respectively. This deviation highlights the
efficiency of the SHS treatment in facilitating fibrillation within fewer
cycles. Furthermore, TEM images provide additional support for the
attainment of nanosized fibrils in these samples. The actual number of
cycles is used in the calculation of energy consumption instead of the
standard number of cycles as the energy consumed can be reduced by
shortening the milling cycles. As demonstrated in Fig. 6, the energy
input was lower by 13 — 78 % for all CNF produced at an actual number
of cycles, as compared to the CNF produced at 20 cycles. Additionally,
energy consumption was found to be reduced substantially with DP
reduction and subsequently improved productivity as shown in Table 3.
For SHS-treated samples, the energy can be reduced from 60.5 kWh/kg
(CNF-UT) to 18.2 kWh/kg and 7.4 kWh/kg, respectively for SHS1 and
SHS2. The energy input was lower for CNF-SHS2 with about 88 %
reduction. It was also observed that the reduction in DP was correlated
with the reduction in the viscosity of CNF suspensions. The viscosity was
found to be at a minimum for CNF-SHS2 (60 cP), followed by CNF-SHS1
(226 cP), and CNF-UT (347 cP). This result can be explained through the
mechanism of SHS which contributed to the scission of the fiber chain,
contributing to the less entanglement of the nanofibrils (Megashah et al.,
2020) and hence lower viscosity. Lower viscosity eventually improved
the processing time for nanofibrillation and contributed to lower energy
consumption.

Data in Table 3 also revealed that the crystallinity index was
increased by reducing the DP, which was from 55.5 % to 60.3 % after
SHS treatment for 1 and 2 h, respectively. Fig. 7(a) is the pictorial view

Scale: 100 nm

CNF-SHS2 / cycle 8

CNF-SHS1 /cycle 14 §

CNF-UT / cycle 18

Size distribution (%)
@B0-10 N10-20 820-30

Fig. 5. The diameter of CNFs formed during WDM process. (a) CNF-UT/ cycle 18; (b) CNF-SHS1/ cycle 14; and (c) CNF-SHS2/ cycle 8; (d) Size distribution of three
different samples. SHS treatment produced nano-sized fibrils at lower number of WDM cycles.



L.N. Megashah et al.

80

70

N
i
it
[
i

\

60

50

40

Energy (kWh/kg)

30

20

2000000000000
5225\’?552228;5’3223832888328?332?23282?233238(’883(‘2

10

00000000

~.
=
=
=
o
=
.
o
=
=
=
o
o2
-
o
=
=
by
o=
o
=
=
==
=
=
=2
=
=
=
vy
=
==
'l
pay
=
B
=
=
o
T
=
o
gy
.
gy
i
LT
=
==
=
=
=
~

e
007
POCRN0N 0N

0 Sl

Industrial Crops & Products 222 (2024) 119861

820 cycle

/@ Actual cycle

CNF-SHS2

—

Fig. 6. Energy consumption of CNF samples at 20 cycle and actual cycle from WDM.

Table 3

Summary of energy, productivity and properties of CNF samples at actual cycles.
Samples Energy Productivity Viscosity Crl Tmax

(kWh/kg) (kg/h) (cP) (%) O

UT/ cycle 60.5 0.019 347 55.5 337
18
SHS1/ 18.2 0.060 226 58.2 337
cycle 14
SHS2/ 7.4 0.150 60 60.3 341
cycle 8

Notes:

e Crl - specifically referring to the Segal method for crystallinity index
e Tpnax - refers to the temperature at which the maximum rate of thermal
decomposition occurs during a heating process

of the x-ray diffractograms of the CNFs. In this case, SHS treatment did
not only reduce the DP, but also led to the removal of amorphous fibrils.
In other words, the SHS treatment selectively removed the non-
crystalline regions of the cellulose, leading to an overall increase in
the crystallinity of the CNFs. Meanwhile, the TGA curves (Fig. 7(b))
exhibited that there were no significant variations in term of thermal
stability for all CNF samples. This indicates that the reduction in DP did
not adversely affect the thermal stability of the CNFs.

3.5. High cellulose throughput processing for cellulose nanofibrils
production

It was postulated that lower cellulose DP may allow for a higher
cellulose throughput processing due to the reduction in viscosity. Fig. 8
shows that the energy consumption was in the range of 4.2-42.3 kWh/
kg for CNF-SHS2, CNF-SHS1 and CNF-UT processed with solid content of
4 wt%. This is lower compared to the CNF processed at a solid content of
1 wt% (Table 3). The productivity on the other hand was within the
higher range (0.044-0.320 kg/h) for CNF processing using 4 wt% solid
content, compared to 0.019-0.150 kg/h for the processing at 1 wt%
solid content. This finding shows that the solid content during CNF
processing affected the energy consumption and productivity, in which

the higher throughput processing contributed to lower energy con-
sumption and higher productivity processing.

The reduction in DP has made higher throughput processing even
more advantageous, with a decrement by 10 times in energy consump-
tion, and an increment by more than 7 times in productivity. This
observation is related to the viscosity of the CNF suspension (Table 4).
The viscosity was reduced from 13,200 to 2580 cP when the DP was
reduced from 1440 (CNF-UT) to 820 (CNF-SHS2). As mentioned earlier,
DP reduction reduced fiber entanglement and hence reduced viscosity
and easier processing.

3.6. Technical evaluation of the high throughput CNF processing using
WDM

In order to the evaluate technical feasibility of the high throughput
CNF processing, a comparison was made with other findings in terms of
the different pretreatment methods used and the type of fibrillation
process, as presented in Table 5. Recent studies have shown that the
energy demand of wet grinding or WDM for CNF production is lower
compared to those of homogenizer and microfluidizer. It is also impor-
tant to note that the energy consumption may differ with the literature
data when using various sources and pretreatments. For example,
Spence et al. (2011) used the same pretreatment (e.g. valley beater) with
different nanofibrillation process, which resulted in higher energy de-
mands for homogenizer processing (21.9 kWh/kg) as compared to the
wet-grinding process (3.6 kWh/kg), respectively. In the case of ho-
mogenizer, the mass throughput is low with the reported concentration
of 0.7 wt% cellulose. Higher concentration CNF processing at 2 wt%
cellulose has been reported by Boufi and Gandini (2015), and oxidation
was used as the pretreatment method. Nevertheless, the energy demand
was high at about 40 — 45 kWh/kg. The use of endoglucanase pre-
treatment on the bleached pulp was evaluated, and it was found that the
energy required was around 8.5 — 14.0 kWh/kg (Liu et al., 2018; Nair
et al., 2014). In this work, higher productivity was achieved through
SHS pretreatment, whereby increased concentration of cellulose up to
4 wt% was able to improve productivity with lower energy consump-

tion. The present study is in agreement with the other reported data
whereby it is possible to reduce both the milling time and energy
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Table 4
Data of viscosity and diameter size of 4 wt% CNF samples at actual cycles of wet
disc mill.

Industrial Crops & Products 222 (2024) 119861

consumption during WDM processing by applying pretreatment of cel-
lulose sample.

Samples uT SHS1 SHS2 3.7. Economic assessment of the energy-neutral pretreatment for the
Viscosity at 25 °C (cP) 13200 8500 2580 production of cellulose nanofibrils from oil palm empty fruit bunch
Average diameter (nm) 33.90 28.65 25.08
“Note: The data are presented with replicates The rising demand in the CNF market leads to an increased number
of companies producing CNF processing. One of the major issues
regarding its production, which is the energy consumption is being
considered. Berglund et al. (2020) reported that by omitting the pre-
treatment, the energy demands and production cost of CNF can be
reduced. In contrast, studies by Arvidsson et al. (2015) stated that
energy-efficient production of CNFs can be achieved by the incorpora-
tion of pretreatment, which, however, leads to increased environmental
Table 5
Comparison of energy consumption for CNF production.
Source of cellulose Pretreatment Fibrillation Solid content Energy input CNF Ref.
pulp process (Wt%) (kwWh/kg) diameter
Spruce softwood Thermostatic reactor Microfluidizer 1-2 14.9 < 100 nm Zimmermann et al.
(2010)
Hardwood Valley beater Homogenizer 0.7 21.9 10-100nm  Spence et al. (2011)
Hardwood Valley beater Wet-grinding 3 3.6 ~ 20.5 ym
Triticale straw TEMPO-mediated oxidation Homogenizer 2 40.0 - 45.0 20 - 30 nm Boufi and Gandini
(2015)
Tunicate Alkali/dimethyl sulfoxide swelling followed Stirring 0.2 3.4 7.1 nm Zhou et al. (2024)
by esterification
Kraft eucalyptus Valley beater Wet-grinding 2 < 30.0 3-5nm Wang and Zhu (2016)
Kraft softwood Endoglucanase enzyme Wet-grinding 2 < 14.0 2-20nm Nair et al. (2014)
Kraft softwood Endoglucanase enzyme Wet-grinding 2 12.9 9-12nm Liu et al. (2018)
Bagasse Endoglucanase enzyme Wet-grinding 2 8.5 9-12nm
Oil palm empty fruit SHS treatment Wet-grinding 1-4 42-7.4 6.7 — 50 nm This work
bunch
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Fig. 9. Proposed plant design for the processing of CNF from OPEFB. Energy-neutral pretreatment can be achieved by tapping the excess steam produced at the palm
oil mill. (Note: red dashed line indicates the flow for CNF-UT production with no SHS pretreatment).
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impacts. In this work, the possibility of adopting pretreatment while
reducing the environmental impact is demonstrated. This can be ach-
ieved by partnering with the palm oil mill to obtain the two important
resources for the production of CNF, which are fiber (OPEFB) and steam
(for the SHS pretreatment). Approximately, 177,000 tons of excess
steam is produced annually from the palm oil mill due to the excessive
burning of biomass as the source of energy (Abdullah et al., 2016; Chiew
et al., 2011). This unused steam can be tapped and used as a source of
energy for the CNF factory, and also for the SHS pretreatment in the
processing line. This energy-neutral pretreatment can be realized if the
CNF plant can be constructed next to the palm oil mill. The proposed
plant design is shown in Fig. 9.

The cost structure of the proposed CNF processing plant is demon-
strated in Table 6. The overall plant production costs were generated
based on the target annual CNF production of approximately 1 ton. The
calculation was made based on the technical data obtained from this
study with the following details:

i) Comparison was made between conventional processing and

improved processing methods

ii) Conventional processing involves the non-pretreated cellulose
processing to produce CNF-UT, with solid content of 2 wt%

iii) Improved processing refers to the use of SHS-pretreated cellulose
to produce CNF-SHS2, with solid content of 4 wt%

iv) Data used for CNF-UT: Productivity of 0.026 kg/h, Energy con-
sumption of 50.5 kWh/kg

v) Data used for CNF-SHS2: Productivity of 0.320 kg/h, Energy
consumption of 4.2 kWh/kg,

The CAPEX and OPEX were calculated to evaluate the cost between
CNF-UT and CNF-SHS2 production line in the CNF processing plant.

Table 6
The economic assessment for the production of 1 ton CNF from plant processing.

Items CNF-UT, USD CNF-SHS2, USD
CAPEX

Purchase equipment cost 194,396 196,783
Building 19,440 19,678
Electrical systems 19,440 19,678
Total Plant Direct Cost 233,276 236,140
Engineering 11,664 11,807
Construction 69,983 70,842
Total Plant Indirect Cost 81,646 82,649
Total Plant Cost 314,922 318,788
Contractor’s fees 9448 9564
Contingency 15,746 15,939
Total capital investment 340,116 344,292
OPEX

Basic labour costs 39,692 3225
Fringe benefits 15,877 1290
Supervision 7938 645
Administration 19,846 1613
Total labour costs 83,354 6773
Raw material 5816 5816
Utilities 15,756 4633
Operating supply 3969 323
Laboratory/QC/QA 3969 323
Total variables costs 112,865 17,867
Depreciation 32,747 33,149
Maintenance and repair 6894 6979
Total fixed costs 39,641 40,128
Total production costs 152,506 57,995
Unit-production cost per kg 168 64
Profitability analysis

Selling price per kg 240 240
Revenue per annum 217,680 217,680
Gross profit per annum 65,174 159,685
Net present value 91,827 714,031
Internal rate of return (%) 13 % 45 %
Project period (year) 10 10

Note: USD = United States Dollar
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CAPEX is the total capital investment from the total cost of direct and
indirect of the plants, as well as the fees of contractor and contingency.
The direct cost of the plant includes the equipment purchase cost,
building, yard improvement, and electrical system. The purchasing cost
of major equipment was obtained according to the market price.
Whereas, the indirect cost of the plant included the engineering and
construction cost. The total capital investment (TCI) for the CNF-SHS2
production line was estimated at USD 344,292, which is higher
compared to the CNF-UT. This is contributed by the high capital cost
needed to spare steam from the palm oil mill to be utilized, thus,
requiring additional costs for the unit operations such as heater,
expansion tanks and mixer, and the cost for the construction.

OPEX on the other hand refers to the sum of total labour cost, total
variables cost, and total fixed cost. Total labour cost includes basic la-
bour costs, fringe benefits, supervision, and administration. The basic
salary was calculated according to the Malaysia national minimum wage
policy (Bank Negara Malaysia, 2020). The production plants were
assumed to have management and production work up to 8 — 9 hours per
day for 261 days in a year. The total variables cost (TVC) was calculated
by including raw materials, utilities, consumables, operating supplies
and laboratory QA/QC, whereby the CNF-SHS2 system has incurred a
lower cost by 92 % compared to the CNF-UT system. Total fixed costs
include depreciation of the equipment used and their maintenance ex-
penditures, summing up the annual cost to bear at USD 40,128 per
annum for the CNF-SHS2 system. By including all the expenditures, total
production cost per annum for CNF-SHS2 is USD 57,995 with the pro-
jected unit-production cost per kg of CNF was USD 64. Compared to the
CNF-UT system, it can be concluded that the CNF-SHS2 system out-
weighed the CNF-UT system by ~62 % in terms of economic feasibility.

The profitability analysis was calculated based on the selling price of
CNF at USD 240, following the average market price for commercial
CNF within the range of USD 100 - 500 (Future Markets Inc.., 2019).
The annual gross profit for CNF-UT and CNF-SHS2 systems was pro-
jected at USD 65,174 and USD 159,685, respectively. The contribution
to higher profit of CNF-SHS2 system was correlated to the higher pro-
duction rate of 92.0 % than the CNF-UT system. Net present value (NPV)
and internal rate of return (IRR) were determined to assess the profit-
ability of an investment, where these values are critical for
capital-budget decisions. Simply put, these values presume the value of
the system as either worth investing in or not. The higher the values, the
more desirable it becomes. By taking into account the current inflation
rate of 6.6 % for 10 years, the NPV of the SHS-treated system was pro-
jected at USD 714,031, while the IRR achieved 45 %, signifying the
project would provide a better chance of strong growth.

4. Conclusions

High energy consumption and low productivity of conventional
CNFs processing have contributed to the high price of nanocellulose and
hence its slow application and utilization at the commercial scale. In this
research, it was exhibited that the energy consumption in nanocellulose
processing can be lowered, and at the same time, the productivity can be
improved by manipulating the cellulose degree of polymerization. Su-
perheated steam pretreatment contributed to the alteration of the cel-
lulose DP, in which reduced cellulose DP was found to reduce the
viscosity of the CNF suspension and eventually caused less burden to the
CNF processing due to less fiber entanglement and better flow property.
These contributed to the ability to have high throughput processing,
with faster processing per cycle compared to the one without pretreat-
ment. This in overall, improved the productivity, reduced the energy
consumption and hence, lowering the production costs. With the pro-
duction cost reduction, the actual selling price of CNF can be reduced,
and this will promote the application of the nanocellulose at the
commercialization scale. The example shown in this article on the
coupling of a nanocellulose production line with the palm oil mill is
meant to tap the excess energy from the mill. In countries without palm
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oil mills, other industries that can be self-sustained in terms of energy
generation may adopt this idea for reducing the production cost. Pulping
industry for instance may generate its own energy by utilizing the black
liquor generated during pulping and will be able to contribute to the
energy-neutral pretreatment process. In this case, the partnership be-
tween pulp, paper and nanocellulose mills would be advantageous in
terms of lowering the production cost. Lower cost of nanocellulose
production is expected to promote the mass production of CNF world-
wide, and hence the selling price can be reduced and this will benefit the
downstream industries utilizing nanocellulose.
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