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Process design for acidic

and alcohol based deep eutectic
solvent pretreatment and high
pressure homogenization of palm
bunches for nanocellulose
production
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This research aimed to study on nanocellulose production from palm bunch using process design and
cost analysis. Choline chloride based deep eutectic solvent pretreatment was selected for high-purity
cellulose separation at mild condition, followed by nano-fibrillation using mechanical treatment.
Three types of choline chloride-based deep eutectic solvents employing different hydrogen-bond
donors (HBDs) namely lactic acid, 1,3-butanediol and oxalic acid were studied. The optimal cellulose
extraction condition was choline chloride/lactic acid (ChLa80C) pretreatment of palm empty bunch
at 80 °C followed by bleaching yielding 94.96%w/w cellulose content in product. Size reduction using
ultrasonication and high-pressure homogenization produced nanocellulose at 67.12%w/w based

on cellulose in raw material. Different morphologies of nanocellulose were tunable in the forms of
nanocrystals, nano-rods and nanofibers by using dissimilar deep eutectic solvents. This work offered
a sustainable and environmentally friendly process as well as provided analysis of DES pretreatment
and overview operating cost for nanocellulose production. Application of nanocellulose for the
fabrication of highly functional and biodegradable material for nanomedicine, electronic, optical, and
micromechanical devices is achievable in the near future.

Keywords Deep eutectic solvent, Nanocellulose, Palm empty fruit bunch, Waste utilization, Nanorods,
Nanofibers, Waste management

Nanocellulose, as an environmentally friendly and biodegradable nanomaterial with green credentials, has
garnered significant attention in the nanomaterial community over the past decade. This attention is primarily
due to its non-toxicity, eco-friendliness, natural biocompatibility, and outstanding physicochemical properties,
including its low density, expansive specific surface area, high crystallinity, impressive mechanical strength, and
modulus’?. These advantageous characteristics position nanocellulose as having substantial potential across
various fields, including 3D printing materials®, biomedicine**, food packaging®, functional nanopapers’,
pickering emulsions®, flexible electronics’, solar cells'’, and wearable sensors'!.
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In recent years, as interest in nanocellulose has grown, numerous studies have explored its preparation
methods, encompassing cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs). CNCs typically
refer to small rod-like nanocrystals with widths and lengths ranging between about 5 to 20 nm and 50 to
500 nm, respectively. The dimensions of CNCs are directly tied to the source of lignocellulosic materials and the
manufacturing processes used'?. CNFs, on the other hand, are generally described as slender nanofibers with
diameters between 10 and 100 nm and lengths extending to several micrometers®>.

It was reported that CNCs were firstly produced from bleached sulfite pulp using 2.5 N sulfuric acid.
This breakthrough laid the groundwork for subsequent methods of producing CNCs through mineral acid
hydrolysis, including the use of acids like H,SO,, HC, and H;PO,'*-". Later, the initial extraction of CNF
from wood was accomplished through a high-pressure homogenization process at 55 MPa'®. This marked the
beginning of exploration into various mechanical techniques for CNF extraction, such as ultrasonication',
grinding®, microfluidization®, ball milling®, and high-speed blending?’. However, it is important to note that
mechanical treatments alone cannot completely break the robust hydrogen bonds between cellulose chains,
making it challenging to isolate individual fibrils**. Even when nanofibrils are successfully separated, relying
solely on mechanical processing is hindered by its high energy consumption and limited product consistency?.
To address these challenges, a viable approach is to introduce appropriate biological or chemical pretreatments
before mechanical operations to yield nanocellulose. These pretreatment methods encompass technologies like
TEMPO oxidation?, carboxymethylation?’, phosphorylation®, enzyme hydrolysis**, and more®. However,
despite their effectiveness in producing nanocellulose, the industrialization of these conventional processes
faces significant obstacles related to environmental impact and economic feasibility.

Lately, ionic liquid (IL) pretreatment has emerged as a promising solvent for nanocellulose production,
primarily due to its non-flammable nature, high thermal stability, and low vapor pressure®. However, the
drawbacks of IL, including its toxicity and high cost, limit its practical use in nanocellulose fabrication. In
contrast, deep eutectic solvent (DES), which shares similar characteristics with IL but is more affordable and
less toxic, is gaining traction as a viable option for nanocellulose preparation®. Typically, DES is categorized as
an eco-friendly solvent composed of a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) at
specific temperature conditions®>**. The attractive forces like van der Waals interactions and hydrogen bonding
between the HBA and HBD components in DES result in a lower melting point for the formed transparent DES
compared to the individual constituents®>*. Moreover, DES offers several advantages, including ease of synthesis,
customizable structure, environmental friendliness, recoverability, and so forth®”3. Additionally, a majority of
the constituents used in DES systems are renewable and biodegradable, aligning well with the principles of green
chemistry”. In recent times, these benefits have led to the widespread adoption of DES for pretreating various
biomass feedstocks to dissolve lignocellulose and extract nanocellulose®-4!.

Previous research has shown that acidic DESs, such as those based on choline chloride (ChCl) combined
with acetic acid, formic acid, citric acid, or lactic acid, exhibit a high solubility for lignin. This, in turn, has
a substantial positive impact on enhancing sugar yields*2. An effective removal of lignin, and separation of
cellulose was successfully reported from moso bamboo using a combination of ChCl and lactic acid at moderate
temperature under 100 °C*. On the other hand, certain alkaline or neutral DESs, such as those composed of
ChCl with urea, glycerin, or imidazole, have demonstrated limited effectiveness in removing lignin and have
a less pronounced impact on saccharification*. In light of these findings, acidic DES treatments have gained
prominence as a green, environmentally friendly, and sustainable approach for nanocellulose extraction in
recent years. Among the various acidic DES options, those based on carboxylic acids and ChCl are recognized
as an optimal method for cellulose hydrolysis and the production of nanocellulose. In addition, three types of
primary alcohols or butanediols, each with different functional group positions (1,2-butanediol, 1,3-butanediol,
and 1,4-butanediol), have been purposely designed and synthesized as HBDs for DESs. These butanediols are
combined with ChCl serving as the HBA and resulted in a unique electrostatic property of each butanediol
investigated that could influence the solubility of solute to be extracted®. This combination of ChCl and
butanediols has been successfully employed in the extraction process for bioactive compounds or drugs*®*.
Despite the promising benefits of DESs as green solvents, there are significant challenges when it comes to their
extensive use in nanocellulose production. The most apparent issues are their high viscosity and high cost, which
result in a low mass concentration of dissolution and slow solvent-transfer operations. These challenges need to
be addressed to fully leverage the potential of DESs in large-scale nanocellulose production®.

To the best of our knowledge, there have been no specific studies that have compared acidic and alcohol-based
DESs for refining lignocellulosic biomass and achieving massive nanocellulose production. Consequently, various
types of acidic based DESs (ChCl/oxalic acid and ChCl/lactic acid) and alcohol based DESs (ChCl/1,3-butanediol)
were investigated for cellulose extraction from palm empty fruit bunch at varied reaction temperatures. Cellulose
nano-fibrillation using ultrasonication and subsequent high-pressure homogenization was applied and the unique
morphology of nanocellulose products from different DESs was reported.

Experimental

In this research, analytical grade chemicals for DESs synthesis namely choline chloride, lactic acid, 1,3-butanediol
and oxalic acid were purchased from Alfa Aesar (Thermo Fisher Scientific). EFB is one of the oilseed crop residues
found abundantly in Southeast Asia*®. It was supplied from a Palm Oil Mill, Thailand. Commercial cellulose,
sodium chlorite, and acetic acid were acquired from Sigma-Aldrich.

Chemical engineering process design for nanocellulose production
Prior to experimental work on nanocellulose production from palm empty fruit bunch, the literature survey
was performed in two sections: (1) lignocellulosic biomass pretreatment to obtain high cellulose yield and
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(2) nanocellulose production from pretreated cellulose which was moreover separated into chemically acid
hydrolysis process and physical/mechanical size reduction of cellulose to nanocellulose. The most feasible process
among all literatures that could produce high yield of nanocellulose based on the same amount of raw material
(palm empty fruit bunch) was selected, and the experiments on EFB pretreatment, high-purity cellulose making
and nanocellulose production were carried out.

DESs preparation and EFB pretreatment

Preparation of DESs was conducted at different molar ratios of HBA (ChCl) and three HBDs including lactic
acid, 1,3-butanediol, and oxalic acid at 1:10, 1:2 and 1:1, respectively. The two chemicals were mixed at room
temperature, heated to 80 °C under vigorous stirring for 1 h to get clear solution, and cooled down to room
temperature (30 °C) for use. Three types of DESs were named as ChLa, ChBu and ChOx, respectively.

For EFB delignification pretreatment in DESs, EFBs (—200/+ 325 mesh) were pretreated in freshly prepared
ChCl based DESs with a solid to liquid ratio of 1:10 by weight. The reaction took place at 60, 80 and 100 °C for
8 h under refluxin a round bottom flask equipped with a condenser. The slurry of EFB after DES extraction was
diluted three folds with deionized water by weight, and centrifuged at 10,000 rpm for 15 min. Solid fraction was
dried in an oven at 60 °C overnight for further experiment and analysis. Liquid fraction was analyzed by High
performance liquid chromatography (HPLC) for the products from the chemical reaction in different DESs.

Pulp bleaching

Solid fraction from DESs treatment was bleached to obtain more whiteness and higher purity of cellulose. Solid
after DESs pretreatment was mixed with 1.5 wt% NaClO, solution at a solid to liquid ratio of 1:50. The bleaching
reaction was conducted at 70 °C, with stirring speed of 250 rpm for 30 min. Acetic acid was added every 30 min
until pH of the mixture reached 4, and the mixture was continuously heated until 2 h*%0, After bleaching, the
mixture was filtrated and washed with deionized water. After dried at 60 °C for overnight, photograph was taken
and the whiteness (AE) of the bleached pulp was calculated according to Eq. (1) using Adobe Photoshop Program
when the color value was expressed by CIE model’!, which reported as L*, a*, b* color coordinates from which L*
value indicates lightness, a* value is the color ranged from green to red, and b* value is the color ranged from blue
to yellow. The bleaching process was carried on repeatedly until the whiteness index, AE, reached a constant value.

AE = /L*¥? + g*2 4 b*2 (1)

Nano-defibrillation using ultrasonication and high-pressure homogenization

After bleaching process, deionized water was added to bleached cellulose at the solid to liquid ratio of 1:100.
The cellulose-water mixture was fibrillated to obtain fine and small fiber using ultrasonic generator at 20 kHz
for 20 min at 40% amplitude of highest intensity ultrasonic processor (VCX 750, CT, USA) with the probe
tip diameter of 13 mm for 300 mL of cellulose solution. The sample temperature during the sonication was
maintained at 30 °C using an ice bath. After ultrasonication, micro-/nano-cellulose fiber suspension was then
defibrillated by high-pressure homogenizer (HPH) (Microfluidics, M-110P, USA) at a constant pressure of
150 MPa and temperature of 30 °C when the total cellulose solution was used at least 300 mL for each run.

Characterization and data analysis

Chemical composition analysis of pretreated EFB and nanocellulose from different steps was performed according
to Goering and Soest Method?? and the detail of analysis was reported elsewhere®®. Enzymatic digestibility of
DESs pretreated sample was analyzed using a commercial cellulase (Cellic'Ctec2, Novozyme). Dry EFB sample
(0.2 g) was mixed with 19.2 mL of 0.050 mol L™! sodium acetate buffer, pH 4.80 and 0.4 mL Ctec2 enzyme
(200 FPU g! dry sample)®. The hydrolysis took place in an incubator shaker at 50 °C for 72 h at 150 rpm, and
the supernatant was analyzed by HPLC. The cellulose digestibility was calculated from the amount of glucose
released from cellulose hydrolysis as shown in the Eq. (2).

A t ( llulose hydrolysi
Cellulose digestibility(%) = mount of glucose from cellulose hydrolysis (g)

100
Amount of cellulose in sample(g) x @

Sugars (e.g., glucose, xylose, cellobiose) and organic acids (e.g., acetic acid) in liquid fraction from DES
pretreatment of EFB were quantified by HPLC (Waters model Alliance 2690, USA) equipped with Aminex HPX-
87H Column (7.8 mm x 300 mm, BioRad, USA) and reflective index (RI) detector. The column temperature was
set at 60 °C and the 0.005 mol L! sulfuric acid was used as a mobile phase at a flow rate of 0.6 mL min™1%3-%.

Fourier transform infrared spectroscopy (FT-IR) was carried out at wavenumber of 4000-400 cm ™! with 100
numbers of scan (Model Nicolet iS50 FT-IR, Thermo Scientific, USA). The crystal structure was measured using
X-ray diffractometer (XRD) from 5° to 80° (2 theta) (Model D8 Discover, Bruker, Germany). Crystallinity index
(CrI) was calculated from the difference of XRD intensity of Ly, (cellulose crystalline structure at 22.5°) and I,
(amorphous structure at 18°) according to a previous report® and by Segal method*® (Eq. 3).

0o — Iam

I
Crl(%) = ZOIT x 100 3)

Field emission transmission electron microscope (FE-TEM) with an accelerating voltage of 300 kV (FE-TEM,
Model JEM-3100F, JEOL, Japan) was used to analyze morphology and width of nanocellulose. Viscosity of
nanocellulose at 12-pass HPH were analyzed using a rheometer (Malvern model Kinexus Pro, UK) fitted with a
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PU20 probe and operating at 25 °C when the frequency was 1 Hz. Aspen Plus software was used for simulation
of mass balance in the process and economic analysis.

Results and discussion

Engineering process design of nanocellulose production from lignocellulosic biomass

From the literature review, the pretreatment processes were firstly evaluated for their feasibility in terms of
cellulose yield, extracted from lignocellulosic biomass (Cellulose Separation; CellSep process) using DESs as well
as wastewater disposal without any recycles and economic considerations using economic assessment in Aspen
software. Subsequently, chemical reaction (Chemical Process; ChemCN process) for cellulose hydrolysis to obtain
nanocellulose was reviewed and compared with physical/mechanical nanofibrillation to produce nanocellulose
(Mechanical Process; MechCN process).

Process analysis for cellulose separation (CellSep) from lignocellulosic biomass

To achieve cellulose separation from lignocellulose, an effective pretreatment process to remove lignin and
hemicellulose with minimum damage of cellulose structure is required. DESs have emerged as a promising
class of environmentally friendly solvents that align perfectly with the twelve principles of green chemistry*’
demonstrating efficient performance in biomass pretreatment, and surpassing the capabilities of certain
conventional solvents®.

Firstly, the study on enhanced disruption of EFB by ChCl deep eutectic solvents for cellulose production
from our group was introduced (CellSep-A1 process) as shown in Fig. $1%°. The maximum cellulose yield was
achieved when EFBs were pretreated with DES based on ChCl and 1,3-butanediol. The reaction occurred in a
hydrothermal reactor at the reaction temperature of 200 °C and the reaction time of 20 min under the N, pressure
of 1 MPa. It was reported that 15.77 wt% cellulose was obtained from 100 kg EFB corresponding to 40.96%w/w
cellulose yield based on cellulose in raw EFB. Kumar and his colleagues studied on techno-economic evaluation
of natural DES-based biorefinery of rice straw and explored the different design process scenarios®. The optimal
condition was carried out in a reactor with DES based on ChCl and lactic acid at 121 °C and for 20 min under
the pressure of 0.1 MPa yielding 10.92 wt% cellulose from rice straw (CellSep-A2 process). The cellulose yield
based on cellulose content of rice straw was 27.3%w/w. Zang et al. conducted a study on pretreatment of switch
grass for cellulose production using a techno-economic approach. One-pot biomass fractionation and furfural
production were focused®'. As shown in Fig. S1, the pretreatment was carried out in a one-pot reactor containing
Ch(l, sulfuric acid and methyl isobutyl ketone (MIBK) at 170 °C for 60 min under 0.76 MPa that was the most
excellent condition to separate cellulose from switch grass (CellSep-A3 process). The obtained cellulose was
13.84 wt% from 100 kg dry switch grass corresponding to 40.12%w/w cellulose yield based on cellulose in switch
grass. The reason for lower cellulose yield of CellSep-A2 and CellSep-A3 compared with CellSep-A1 was mainly
due to cellulose breakdown during treating with ChCl/lactic acid in which acid could catalyze the breakdown of
B, 1-4 glycosidic linkage to short chain of cellulose polymer.

Considering all the analyzed processes, the greatest cellulose yield after pretreatment was from CellSep-A1l
process in which EFB was pretreated in DES in a combination of ChCl and 1,3-butanediol®. The maximum
cellulose yields attained with ChCl and 1,3-butanediol were due to the preservation of cellulose integrity. The
low cellulose yield while using ChCl/lactic acid and ChCl/oxalic acid was mostly caused by cellulose degradation
after treatment with acid-based DESs, where acidic solutions could possibly catalyze the breakdown of p-1,4
glycosidic linkage into shorter cellulose polymer chains. In contrast, polyol-based DESs, ChCl/1,3 butanediols
possess unbound hydroxyl groups that interact with lignin’s free and etherified hydroxyl groups. This interaction
considerably improves lignin fractionation efficiency and cellulose accessibility during the process®?. The
systematic process flow diagram of CellSep-A1 was performed as demonstrated in Fig. S2 with the cellulose yield
was 40.96%w/w. The mass balance showed that cellulose input in the stream 1 was 38.5 kg h™" and the extracted
cellulose in the solid A which was cellulose in stream 7 was 17.6 kg h™* cellulose corresponding to 45.70%w/w
cellulose yield based on cellulose in EFB (Table S1).

Comparison of economic feasibility of all three processes demonstrated in Fig. S1 was additionally performed
using Aspen Plus software as shown in Table S2. The result exhibited that the report from Nosri and coworkers®
(CellSep-Al process) was more feasible than others where the capital cost and the operating of the process were
1.16 million USD and 33.14 million USD per year, respectively, and this caused the highest yearly profit of 33.70
million USD per year. Therefore, net present value (NPV) and internal rate of return (IRR) can be estimated to
1.25 million USD and 47%, respectively. It would provide only 3 years of payback period to recover the original
investment. In conclusion, DES based on ChCl and 1,3-butanediol was selected for cellulose extraction from
EFB in experimental study in the present work.

Nanocellulose production from cellulose-rich (pulp) fraction (chemical process; ChemCNC)

Acid hydrolysis is commonly used in cellulose hydrolysis for cellulose size reduction®. To select the optimal acid
hydrolysis condition for this study, the best condition from highest nanocellulose yield which was observed from
the previous research was examined in detail using a simulation software.

From the first research work of Bondancia and colleagues, 65 wt% of citric acid solution was mixed with
eucalyptus kraft pulp and the reaction occurred in a reactor at 45 °C, 450 rpm for 6 h (ChemCNC-BI process
in Fig. $3). From this work, 23 kg CNC and 52 kg CNF were produced from 100 kg Eucalyptus cellulose kraft
pulp containing 75.60 kg cellulose which was corresponded to 30.56%w/w CNC yield and 68.78%w/w CNF
yield based on cellulose in kraft pulp®®. Guo and colleagues produced nanocellulose from softwood sulfite pulp
via acid hydrolysis using 64 wt% sulfuric acid at 45 °C for 2 h (ChemCNC-B2 process)®. It was revealed that
71 kg CNC was produced from 74 kg cellulose in softwood sulfite pulp which was 95.95%w/w cellulose yield
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based on cellulose content in raw material. Lastly, Wang and colleagues hydrolyzed bleached softwood kraft pulp
using 0.3 wt% sulfuric acid at 160 °C, 200 rpm for 2 h (ChemCNC-B3 process)®. The CNC yield was reported at
15.78 kg from 87.90 kg cellulose in bleached softwood kraft pulp which was corresponded to 17.95%w/w based
on cellulose in raw material.

Among three CNC production processes analyzed, ChemCNC-B2 process using 64 wt% sulfuric acid to
hydrolyze cellulosic softwood sulfite pulp was the most suitable process to produce highest CNC yield (71 wt%).
The process flow diagram for simulation is demonstrated in Fig. S4. The mass balance was evaluated in details
using a simulation software (Table S3) and the results showed that the cellulose feed in stream 1 of 74 kg h™!
could generate 71 kg h™ CNC at 45 °C acid hydrolysis temperature. The other unit operations required only
room temperature at 25 °C, at atmospheric pressure (0.1 MPa). Therefore, this simple process seemingly requires
low cost of utility as presented in the following economic assessment section. From economic analysis shown in
Table S4, although ChemCNC-B2 process required highest raw material cost from cellulose pulp and chemicals
for wastewater neutralization, the process consumed lowest utility cost due to low temperature and short time
of acid hydrolysis, and provided greatest revenue due to highest yield of CNC produced. Therefore, the capital
cost and the operation of the process were 3.02 million USD and 866.34 million USD per year, respectively. The
yearly profit was 866.48 million USD per year. Consequently, the NPV and IRR can be estimated as -1.4 million
USD and 2%, respectively. Relatively lengthy payback period of 21 years could possibly be reduced by adding
acid recycling process. Nevertheless, detailed analysis and evaluation results showed a massive economic and
environmental disadvantage from the large amount of chemicals consumed from concentrated acid hydrolysis
and neutralization of acid usage. Therefore, physical/mechanical processes for nanocellulose production from
cellulose-rich material was further analyzed in the following section.

Nanocellulose production from cellulose-rich (pulp) fraction (mechanical process; MechCN)

Initially, Li and colleagues evaluated the experiment on nano-fibrillated cellulose from wood powder using
ultrasonication (MechCN-C1) as shown in Fig. S5. After ethanol solvothermal reaction at 180 °C for 80 min to
remove lignin, wood powder was subjected to alkaline-hydrogen peroxide pretreatment at 50 °C for 90 min to
eliminate residual lignin and hemicellulose®’. As a result, 20.86 kg nanocellulose was produced from 23.18 kg
cellulose in pretreated material by means of ultrasonication at 20 kHz for 20 min which corresponded to 90%w/w
nanocellulose yield (diameter 1-9 nm) based on cellulose content.

In MechCN-C2 process, sugarcane bagasse was pretreated by steam explosion at 250 °C for 10 min and after
alkaline-hydrogen peroxide delignification at 65 °C for 45 min for 2 times, cellulose was produced for 23.57 kg
from 100 kg of sugarcane bagasse. High-pressure homogenization (HPH) at 138 MPa for 12 passes was applied to
produce nanocellulose. This process yielded 20.15 kg nanocellulose (85.5% nanocellulose yield based on cellulose
in pretreated material) with narrower range of diameter of 3-7 nm®. Lastly, Gao and colleagues investigated a
combined ball milling (30 min) and alkaline treatment (80 °C for 2 h) to produce nanocellulose from wheat straw
(MechCN-C3 process). Microcrystalline cellulose (CMF) (~10 pum in diameter) was produced at 92.30%w/w
CMF yield based on cellulose in raw material®.

The detailed process flow diagram of MechCN-C3 process that yielded highest microcrystalline cellulose
was illustrated in Fig. S6. Table S5 additionally demonstrated the simulation results showing 35 kg h™! cellulose
in wheat straw in stream 1 was turned to CMF at 30.69 kg h™'. Economical parameters evaluated in Table S6
demonstrated that although MechCN-C3 process provided highest CMF yield and gave a short payback period
(3 years), however, when the size of cellulose product was taken into consideration, the most excellent narrowest
particle size of nanocellulose was obtained from HPH (MechCN-C2 process) on yielding CNF at the diameter
~3-7 nm®. Moreover, the price of nanocellulose is extremely higher than microcrystalline cellulose as CNF has
been versatilely used as functionalized 2D nanomaterial in numerous applications. Hence, MechCN-C1 and
MechCN-C2 processes are of interest for scaling up to produce CNF in a larger scale.

The fixed capital and utility cost for ultrasonication (MechCN-C1 process) and HPH (MechCN-C2 process)
processes were the majority among all costs (Table S6). To optimize the utility cost of HPH (MechCN-C2
process), a reduction of HPH cycle (less than 12 passes) is another way to reduce the overall costs of CNF
production. Therefore, in the present work, the application of ultrasonic defibrillation and the optimization of
HPH cycle were further investigated. It was evaluated that the reduction of HPH cycles from 12 to 4 passes or
8 passes will substantially reduce utility cost and thus enhance NPV and IRR to similar level as other processes,
and the payback period will be possibly reduced to 3-4 years accordingly.

Experiments on nanocellulose production from EFB based on the selected most feasible
process

Based on the process design in the previous section, cellulose was extracted from raw EFB by using various ChCl
based DESs at different temperatures (60, 80 and 100 °C) at atmospheric pressure for 8 h. After bleaching, the
size of cellulose was mechanically reduced by ultrasonication and HPH at different cycles (passes) from 4 to 12
passes at a constant pressure of 150 MPa.

Cellulose extraction by DESs

The chemical composition of pretreated EFBs was analyzed and compared with raw EFB as shown in Fig. 1A.
Cellulose content in raw EFB was 38.5% w/w and after pretreatment with DES, the maximum cellulose content
in pretreated material was 42.3% w/w for ChBu pretreatment at 60 °C (ChBu60C) and 40.2%w/w from ChLa
pretreatment at 60 °C (ChLa60C), respectively. In case of ChLa pretreatment, an increased temperature from 60
to 80 °C and 100 °C resulted in a substantial removal of hemicellulose in a rising degree dependent on elevated
temperature. Hemicellulose removal of 33.9%w/w, 60.8%w/w and 75.5%w/w based on hemicellulose in raw
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Figure 1. (A) Compositional analysis of pretreated EFBs in different DES and temperature varied at 60 °C,
80 °C and 100 °C for 8 h under reflux, and (B) Cellulose digestibility of extracted cellulose in pretreated EFB.

EFB were observed from ChLa60C, ChLa80C and ChLal00C, respectively while lignin removal was detected
at 33.1%w/w, 49.6%w/w and 48.5%w/w based on lignin in raw EFB, respectively. Lignin removal was highest at
80 °C (ChLa80C), and an increased temperature to 100 °C (ChLal00C) did not show any improvement. ChLa80C
contained highest cellulose content at 43.56%w/w along with 10.24%w/w hemicellulose, 9.48%w/w lignin and
7.46%w/w ash (Fig. 1A).

Similar results were found in case of ChOx pretreatment where hemicellulose removal was 59.6%w/w and
63.1%w/w from ChOx80C and ChOx100C, respectively while lignin removal was reported as 43.4%w/w and
44.9%w/w, respectively. Hemicellulose was degraded in higher extent relative to lignin due to acid constituents
namely lactic acid (ChLa) and oxalic acid (ChOx) as hydrogen bond donors in DES solvent. In a study,
pretreatment and enzymatic hydrolysis of rape straw were carried out by Li et al. using DES based on choline
chloride and oxalic acid. The effects of DES treatment on the chemical composition, structural alteration, and
enzymatic saccharification of RS were investigated. They reported that DES with a low molar ratio of HBA to
HBD (ChCl:Ox 1:3) showed the greatest viscosity as 80.7 mPa-s, leading to low pretreatment efficiency. An
increase of ChCl:Ox ratio from 1:3 to 3:1 mol/mol significantly reduced viscosity of DES solution from 80
to 18.1 mPa-s, therefore the mass transfer could be better at higher ChCl:Ox ratio. Interestingly, at moderate
temperature between 110-120 °C, ChCl:Ox ratio of 1:2 mol/mol showed the best delignification and enzymatic
saccharification efficiency as 76% and 89%, respectively. Further increase of Ox to ChCl in the DES (ChCl:Ox
of 1:3) gave adverse effect on the efficiency of enzymatic saccharification. This phenomenon could be attributed
to the excessive removal of xylan and lignin, leading to a higher likelihood of glucan aggregation. Consequently,
this resulted in decreased accessibility of cellulose and reduced efficiency of enzymatic digestion. Nevertheless,
at more severe temperature between 130-140 °C, ChCl:Ox ratio of 2:1 and 3:1 mol/mol performed better and
exhibited on 81.5-87.5% delignification and 95.1-95.5% saccharification efficiency. The study demonstrated that
the ratio of choline chloride and oxalic acid ratio is important in the removal of lignin and extraction of cellulose
from lignocellulose materials™. In addition, the characteristics of DESs can be measured using the Kamlet- Taft
parameters. The parameters o, , and ©* in this approach describe the hydrogen bond acidity, basicity and
polarity of a solvent’!. The a and P play a crucial role in enhancing the effectiveness of pretreatment’?. DES with
a high a value exhibits easy release of H*, whereas DES with a high B value has a greater capacity to receive H*.
The large a, B, and n* values of DES serve as an important part in the decomposition rate of xylan and lignin
in biomass pretreatment’>’%. The basicity value in this study is equivalent to that of choline chloride, while the
acidic characteristics exhibit variation. Oxalic acid has the greatest H* release, followed by lactic acid, and the
lowest is found in 1,3 butanediols.

Figure S7 exhibited the cleavage product of cellulose to water-soluble cello-oligomer in ChOx and ChLa,
however cello-oligomer was not found in ChBu. ChOx showed greater extent of cellulose hydrolysis to cellobiose
at 11.3%w/w and 24.4%w/w from ChOx80C and ChOx100C, respectively. The result was in good agreement of
low cellulose content in ChOx pretreated material as only 9.88%w/w and 6.47%w/w based on treated EFB from
ChOx80C and ChOx100C (Fig. 1A), respectively. This was owing to considerably too severe hydrolysis condition
of cellulose catalyzed by oxalic acid that caused depolymerization of cellulose to short chain oligosaccharides
which were soluble in aqueous solution. The results were in good accordance with a previous report revealing
that significant cleavage of cellulose chains to nanocrystal was observed in ChOx solvent®” and low fiber yield
was obtained.

In case of ChBu pretreatment, lignin was more selectively removed compared with hemicellulose. Lignin
removal of 65.2%w/w, 69.6%w/w and 73.5%w/w based on lignin in raw EFB was detected from ChBu60C,
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ChBu80C and ChBul00C, respectively corresponding to lignin content in residual cellulose of 6.55%w/w,
5.71%w/w and 4.99%w/w in pretreated EFB (Fig. 1A) while hemicellulose removal was calculated as 43.9%w/w,
32.8%w/w and 22.8%w/w based on hemicellulose in raw EFB, respectively. An increase of temperature,
substantially enhanced lignin removal, on the other hand decreased hemicellulose removal. This was possibly
due to the high polarity of ChBu solvent that was reported to be as same as ethanol solvent when the Nile Red
Polar Parameter values (Eyy) of ethanol and DES were calculated from UV-Vis absorbance after adding Nile Red
Dye into each DES investigated’®. This observation indicates that the spatial arrangement of 1,3-propanediol’s
molecules is favorable for creating a hydrogen-bonded complex with ChCl”® compared with other polyalcohols
such as 1,4-butanediol”’, 1,2-propanediol, 1,3-propanediol, and 1,2-butanediol as hydrogen bond donors”.
Consequently, ChBu could extract lignin from EFB structure with higher efficiency relative to other DESs
investigated i.e., ChLa and ChOx. As lignin and hemicellulose are formed in a lignin-carbohydrate complexes,
therefore hemicellulose removal was also high for ChBu extraction, and thus led to low content of lignin and
hemicellulose in ChBu pretreated samples as shown in Fig. 1A.

However, when cellulose content in pretreated material was taken into consideration, ChLa and ChBu
pretreatment at 60 °C and 80 °C provided high cellulose content while lignin and hemicellulose were selectively
removed. ChLa and ChBu pretreatment at all temperatures yielded relatively high cellulose content that meant
cellulose structure was intact. At 80 °C of pretreatment, cellulose contents in ChLa80C and ChBu80C were
43.56%w/w and 37.65%w/w, respectively. It was obvious that ChBu80C was still composed of hemicellulose and
lignin greater than those of ChLa80C. The cellulose content of ChLal00C and ChBul00C were considerably
reduced to 28.09%w/w and 30.09%w/w based on pretreated EFB, respectively. Therefore, cellulose destruction
was obtained at elevated temperature from 60 to 100 °C and thus cellulose content decreased from 40-42%w/w
to 29-30%w/w for ChLa and ChBu as demonstrated in Fig. 1A. Therefore, ChLa and ChBu were suitable
pretreatment methods for nanocellulose production, and the final yield of cellulose as well as characteristics of
nanocellulose were used to select the most suitable process for nanocellulose production.

Enzymatic digestibility of pretreated EFBs was analyzed for hydrolyzable sugar released into supernatant and
reported as cellulose digestion ability as shown in Fig. 1B. From Fig. 1B, the performance of DESs pretreatment
can best describe the value of cellulose digestibility’s. ChLa obtained a fulfilling cellulose digestibility from the
pretreatment at 60, 80 and 100 °C which were 74.03%, 72.47%, and 66.75%, respectively. Cellulose digestibility
of the pretreated EFB by ChBu solvent at the reaction temperature of 60, 80 and 100 °C were 70.39%, 70.65% and
67.53%, respectively. ChOx80C pretreated EFB achieved the maximum cellulose digestibility as 74.03%, although
low cellulose content was found in pretreated EFB due to cleavage of cellulose to soluble cello-oligomers. On
the contrary, ChOx100C gave lowest cellulose digestibility as 56.36% since relatively high percentage of lignin
was remained in the material. An enhanced pretreatment temperature of acidic DESs (ChLa and ChOx) on
EFB pretreatment considerably caused high amount of lignin content in pretreated material which hindered
the susceptibility of cellulase and hemicellulase enzymes to hydrolyze cellulose and hemicellulose®. Lignin
adsorption onto binding sites of enzyme was the main reason of lower cellulose hydrolysis efficiency regarding
non-productive binding. Besides, the presence of lignin in biomass obstructs the efficient adsorption of cellulase
by acting as a shield around the cellulose, thus impeding the access of cellulases”. Hence, one of the reasons that
influences cellulose digestibility is the ability to dissolve cellulose® and acidic DESs was proven to have a higher
biomass structural disruption compared to other DESs which enhanced the cellulose accessibility that influenced
cellulose digestibility’®. Consequently, the result demonstrated that the pretreatment of EFB with ChLa80C for
8 h was a suitable condition for EFB pretreatment and cellulose digestibility.

Considering pretreated EFBs obtained from the same DESs, cellulose yield apparently diminished with an
increasing of reaction temperature as demonstrated in Fig. 1A. The reaction temperature of 80 °C was confirmed
as a suitable pretreatment temperature compared with 100 °C. Pretreated EFBs from ChLa and ChBu at the
reaction temperature of 60 °C were also obtained a satisfied amount of cellulose content. Whereas, the impurities
of hemicellulose and lignin were highly remained in pretreated EFBs. The optimization of pretreatment process
revealed that harsh conditions, such as prolonged reaction time and excessively high operating temperatures,
could potentially cause thermal degradation of the DES compounds. These factors should be taken into account
to maintain the stability and effectiveness of the DES during the delignification process®. A similar temperature
dependence was observed in the study investigating the extraction mechanism of cellulose using ChCl-based
DESs. The cellulose was extracted in the DES under different reaction temperatures, and it was found that
the extraction process exhibited a temperature-dependent behavior. This suggests that the temperature plays a
crucial role in the extraction of cellulose in ChCl-based DESs. The result demonstrated that a high temperature
corresponded to a strong ability of the solvent to delignification and some destructive cellulose removal®'.

Bleaching of extracted cellulose from EFB

Pretreated EFBs from all DESs were bleached with 1.5 wt% NaClO, and acetic acid solution repeatedly for seven
cycles until the whiteness reaching the same level as commercial cellulose at which AE was 57 as demonstrated in
Fig. S8. The results showed that the whiteness of all extracted cellulose after 6-7 times of bleaching was as high
as commercial cellulose. Figure 2A additionally showed the changing rate of cellulose whiteness for each cycle
of bleaching. ChOx pretreatment at 80 °C (AE=12) and 100 °C (AE=9) gave darkest color of pretreated material
before bleaching, nevertheless a substantial enhancement of whiteness to the same level as other DESs extracted
cellulose was observed at only the 1st and 2nd cycle of bleaching for ChOx80C and ChOx100C, respectively.
At 80 °C of pretreatment, ChLa80C and ChBu80C provided highest whiteness value beyond commercial
cellulose (AE=57) as AE=64.1 and AE =63.1, respectively. The white color of cellulose could indicate a lower
amount of lignin content in cellulose that makes them appeared white after bleaching®. The process of NaClO,
delignification generates chlorine dioxide (ClO,) under acidic conditions. This ClO, then acts to break the ester
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Figure 2. (A) Change of whiteness (AE) of bleached cellulose at different cycles of bleaching, (B) FTIR spectra
of bleached cellulose, (C) XRD patterns of pretreated EFB, and (D) XRD patterns of 7th cycle of bleached
cellulose extracted from EFB using different DES pretreatments at 60 °C, 80 °C and 100 °C for 8 h.

Untreated EFB 30.02 NA 38.50 100.0
ChLa60C 36.35 47.09 72.56 23.54 61.1
ChBu60C 354 49.74 74.14 19.37 50.3
ChLa80C 37.94 52.24 88.96 26.37 68.5
ChBu80C 31.21 50.15 86.41 13.16 342
ChOx80C 36.68 55.32 84.27 2.61 6.8
ChLal00C 42.56 57.34 73.54 11.08 28.8
ChBu100C 36.85 55.26 71.64 13.17 342
ChOx100C 31.24 51.92 85.36 1.66 43

Table 1. Crystallinity index (%CrI) of cellulose extracted from different DES pretreatments and after the 7th
cycle of bleaching, and cellulose yield after the 7th cycle bleaching.
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bond between lignin and hemicellulose, as well as the ether and carbon-carbon bonds in lignin molecules®?. From
Table 1, the result concluded that seven-cycle bleaching was suitable for DESs extraction of cellulose from EFB
at 60-100 °C for 8 h. After bleaching, ChLa80C provided the highest cellulose yield of 26.37%w/w based on EFB
or 67.12%w/w cellulose yield based on cellulose in raw EFB (Table 1). Since the overall process steps after DES
pretreatment (bleaching, ultrasonication and HPH) are the same for all DESs, thus OPEX is solely influenced by
chemical cost of DESs based on the yield of bleached cellulose production in different DES. As shown in Table S7,
the best bleached cellulose yield from Table 1 were selected for each DESs for the calculation of economic analysis
(6.80% cellulose for ChOx80C, 50.30% cellulose from ChBu60C, and 68.50% cellulose for ChLa80C). When the
DESs cost is computed based on 10 g raw EFB and compared with the amount of bleached cellulose produced,
although ChBu60C provided lower amount of cellulose of 1.94 g compared with ChLa80C that could generate
2.64 g cellulose from 10 g EFB, lowest cost of cellulose as 1.75 USD/g cellulose was achieved from ChBu60C
compared with 2.09 USD/g cellulose from ChLa80C. This was because the molar ratio of ChCl:lactic acid and
the cost of lactic acid which is higher than that of 1,3-butanediol as shown in Table S7. Moreover, ChOx80C
gave lowest cellulose yield and greatest DES cost. Although, DES cost of ChLa was greater than ChBu, however
a significant reduction of OPEX could be obtained from DES recycling and the optimization of HBA-to-HBD
ratio at specific pretreatment temperatures’*®. Therefore, both ChLa80C and ChBu60C were seemingly suitable
for the further mechanical nano-defibrillation steps, ultrasonication and HPH, for nanocellulose production.

Figure 2B shows FTIR spectroscopy of bleached cellulose compared to commercial cellulose. The results
revealed the high absorption at wavenumber 3400 cm™ representing the — OH functional group, the peak at
wavenumber 1035 cm™ attributed to the CO stretching, and the peak at wavenumber 1432 cm™ associated with
the — CH, vibration of cellulose. The mentioned FTIR peaks are corresponding to cellulose peaks appeared on
eco-friendly extraction of cellulose from EFB using formic acid and hydrogen peroxide under mild condition®.
Nazir and colleagues found similar peaks suggesting the C-H stretching of OCH; at the wavenumber 2855 cm™!
and the peak at the wavenumber 1600 cm™ representing lignin’s C=C functional group. The FTIR spectra
demonstrate that the lignin peak at the wavenumber 1600 cm™! was absent in all bleached samples. The removal
of lignin can be attributed to the reaction between NaClO, and lignin, which leads to aromatic substitution and
scission, along with the displacement of lignin side chains, particularly in an acidic environment®. Additionally,
the CI~ ions that remain can form hydrogen bonds with the hydroxyl groups (OH) in the polysaccharide, which
aids in the separation of lignin-polysaccharide complex®. It was reported that the inclusion of acidic DES residue
(i.e., ChLa and ChOx) in pretreated wet sample prior to bleaching may additionally assist in the promotion of
NaClO, delignification®.

The crystallinity of cellulose (CrI) is an important factor influencing the hydrolysis capacity of lignocellulose.
Lignin and hemicellulose both contain amorphous regions. The XRD data of untreated and DES pretreated
lignocellulose materials are shown in Fig. 2C. X-ray diffraction analysis of untreated EFB exhibited two prominent
peaks in the 20 angle range, approximately at 15.4° and 22.5°. The first peak arose from an overlapping signal
contributed by the 110 plane of cellulose, while the second peak corresponded to the 200 plane of cellulose®.
The CrI of raw EFB was 30.02% and an obviously enhanced CrI was detected after DES pretreatment of EFB in
all samples since amorphous moieties (I, at 18°) composed mainly of lignin and hemicellulose were removed
as shown in Table 1. Similar XRD patterns of 7th-cycle bleached cellulose was demonstrated in Fig. 2D. After
bleaching, a markedly increase of %CrI from ca. 31-42% to ca. 47-57% was observed as demonstrated in Table 1.
Similar XRD results were reported by Li et al., when rape straw (RS) was treated with DES, ChCl:Ox. The reported
XRD peaks was presented at the 20 of 15.0°, 22.5° and 31.5°. The crystallinity was increased significantly as
66.7% for DES-treated RS as compared to untreated RS which exhibited crystallinity of 35.4%. According to the
report, the amorphous area of cellulose can be reduced by degradation through the action of DES, produced
by ChCL:0x™. In another study on ChCl/formic acid and ChCl/1,4-butanediol DES pretreatment of industrial
xylose residue, CrI of ChCl/1,4-butanediol treated samples at 80, 100 and 120 °C for 2 h containing 71.8 to
77.3% cellulose and lignin from 13.5 to 20.3% was reported between 18.3 to 18.6% which was little greater than
untreated sample (CrI=13.3%). In contrast, ChCl/formic acid (1:1.5 mol/mol) increased CrI for 2-time between
27.8 and 29% in the same DES pretreatment condition when the sample contained 76.4-79.3% cellulose and
10.7-13.5% lignin®.

Previous research has demonstrated that the native cellulose found in biomass possesses a semi-crystalline
structure known as cellulose-Ig. In this structure, parallel chains of the glucan polymer are arranged together,
forming flat sheets that are held together by inter-hydrogen linkages®. Typically, various cellulose lattice planes
such as the plane 1-10 observed at diffraction angle 15.4°, the plane 110 at 16.2°, the plane 004 at 34°, the plane
021 at 22.1°, and the plane 200 at 22.5°* are observed in the cellulose-I; form, which is commonly found in higher
plants®'. However, commercial microcrystalline and nanocellulose primarily consist of the lattice plane 200 while
cellulose lattice planes 1-10, 110, and 004 are comparatively less abundant than the aforementioned plane®.

High-pressure homogenization of ultrasonicated cellulose for nanocellulose production

Ultrasonication of bleached cellulose caused fibrillation of fiber, and afterward high-pressure homogenization
(HPH) process was applied to produce nanocellulose. The HPH forces occurred by rapidly alternating the
opening and closing of the valve that contributes to a substantial level of fibrillation, promoting the formation
of nanofibers®?. From the XRD diffractograms of HPH nanocellulose at different passes in Fig. 3, cellulose lattice
planes were obviously exhibited as followed: the plane 1-10 observed at diffraction angle 15.4°, the plane 110
at 16.2°, the plane 004 at 34°, the plane 021 at 22.1°, and the plane 200 at 22.5°%°. These XRD peaks represented
the structure of cellulose-I; form, which is commonly found in higher plants®'. Compared with untreated EFB
from Fig. 2C,D, the DES delignification, bleaching and ultrasonication process provided nanocellulose with the
strong XRD intensity of the 110 planes of the cellulose lattice. In the analysis of the HPH-nanocellulose sample’s
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Figure 3. XRD diffractograms of nanocellulose after high-pressure homogenization (HPH) of bleached/
ultrasonicated cellulose (Blank) for 4 passes, 8 passes and 12 passes at 150 MPa from extracted cellulose from
(A) ChLa60C, (B) ChBu60C, (C) ChLa80C, (D) ChBu80C, (E) ChOx80C, (F) ChLal00C, (G) ChBul00C, and
(H) ChOx100C using DES pretreatment methods for 8 h.

crystalline planes, the 200 plane was highly identified especially for the ChBul00C and ChOx100C as shown in
Fig. 3G, and H. However, there was a slightly shift of the 021 plane and the 200 plane when applying HPH beyond
6 and 8 passes in case of ChLa60C, ChBu60C, ChLa80C, ChBu80C, ChOx80C, and ChLal00C as demonstrated
in Fig. 3A-F. These discrepancies in detecting various crystalline lattice planes in nanocellulose samples may
be attributed to the difference in the hydrogen-bond intensity (degree of organization) between the adjacent
cellulose chains in those samples. Alteration between 021 and 200 planes was also observed in a previous study
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on DES pretreatment of rice straw®. Typically, compared to either 200 or 021 planes, the cellulose lattice planes
1-10, 110, and 004 have a relatively lower frequency of occurrence.

CrI of HPH nanocellulose from acidic DES pretreatment of EFB at 80 °C and 100 °C namely ChLa80C,
ChOx80C, ChLal00C, and ChOx100C was found to be reduced slightly when increasing the number of passes
as shown in Fig. S9. It was apparent that ultrasonication of acidic DES already enhanced CrI to the highest degree
especially in the case of ChOx80C, ChLal00C and ChOx100C which provided 68.9, 73.5, and 74.7% CrI of
0-pass HPH nanocellulose samples, respectively. After 12-pass of HPH, CrI of the aforementioned nanocellulose
(ChOx80C, ChLal00C and ChOx100C) was decreased to 64.0, 68.7 and 66.7% CrI (Fig. S9), respectively. An
increased number of passes to 12th cycle substantially decreased crystallinity of nanocellulose observed by
a reduction of the plane 200 in XRD pattern from Fig. 3. It can be inferred that beyond a certain number of
homogenization cycles, excessive peeling would noticeably decrease the crystallinity of the cellulose nanofibers
(CNF). Similar findings were reported when HPH parameters (pressure and number of cycles) were optimized
on the crystallinity, isolated yield, and diameter of nananocellulose®®. An increased number of passages through
the homogenizer results in a higher energy imparted to the suspension, gradually breaking down the hydrogen
bonds that hold the fibers together, and consequently increasing fibrillation efficiency®.

The optimal number of passes for HPH of ChBu pretreated EFB was somewhat different. At low temperature
of ChBu pretreatment at 60 and 80 °C, ChBu60C and ChBu80C required 4-pass HPH and 8-pass HPH to enhance
the CrlI of nanocellulose up to 65.8 and 58.5%Crl, respectively. Similar results were revealed for a significant
reduction of crystallinity of nanocellulose when the pressure and number of passes of HPH process increased®.
The observed increase in crystallinity as the number of homogenization cycles increases from the blank
(ultrasonicated bleached cellulose) to 4th-8th pass of HPH process may be attributed to the rearrangement of
crystals within the water medium. The mechanical process has the ability to rearrange the restricted sections
of the nanofibers, which were originally disordered due to the nanocrystal’s or nanofibers’ increased mobility
in water®.

In case of ChBul00C, the greatest Crl was achieved as 58.5% Crl without passing HPH (0-pass HPH),
therefore at elevated temperature of ChBul00C pretreatment (Fig. S9), further ultrasonication for mechanical
treatment is sufficient energy to fibrillate cellulose structure toward nanocellulose and not necessary to apply
HPH. In details, elucidated morphological analysis is required to conclude the hypothesis. At 12-pass HPH, the
highest CrI in the present study was obtained from ChLal00C (68.7%CrI) which was in good correspondence
to TEM images (Fig. 4F).

From TEM image analysis, the average diameters of nanocellulose from different DES pretreatments
followed by 7-cycle bleaching, ultrasonication and 12-pass HPH process were demonstrated in Fig. 4. The results
confirmed that nanocellulose produced from all conditions displayed the diameter in a range of 3.44 nm to
32.33 nm. Interestingly, in case of ChBul00C, 12-pass HPH process was too severe to produce cellulose nanofiber,
instead of that, the breakdown of cellulose chains to a cluster of soluble oligosaccharides were observed as shown
in Fig. 4G. From the results, acidic DESs pretreatment of EFB namely ChLa and ChOx with 12-pass HPH could
successfully produce cellulose nanocrystal or nanoparticles as illustrated in Fig. 4A for ChLa60C, Fig. 4E for
ChOx80C, and Fig. 4H for ChOx100C corresponding to the average diameter of 8.47+0.27 nm, 7.78 £0.18 nm,
and 6.96+0.17 nm, respectively. Most of acidic DES pretreatment (ChLa60C, ChOx80C, and ChOx100C) gave
cellulose nanocrystals at an average diameter less than 10 nm and the length between 50 and 100 nm (Fig. 4)
from which the aspect ratio or length-to-diameter ratio (L/d) was between 5 and 10. Nevertheless, in the present
work, cellulose nanofibers were successfully produced from two conditions namely ChBu80C (Fig. 4D) and
ChLal00C (Fig. 4F) when processed with ultrasonication and followed by 12-pass HPH. This gave the nanofibers
with the average diameter of 15.20+0.73 nm and 17.29 +£0.04 nm, and the length of nanofibers in a range
of more than 1000 nm and ~ 300-600 nm, respectively. The width and length of cellulose nanofibers treated
with ChBu80C, displayed average diameter of 15.20 nm and average length of 1000 nm or L/d =~ 65.8. For
ChLal00C, it generated cellulose nanofibers with an average diameter and length of 17.29 nm and ~ 300-600 nm,
respectively or L/d=~17.4 to ~ 34.7 (Fig. 4). ChBu60C and ChLa80C followed by 12-pass HPH gave cellulose
fiber with a clumpy structure containing lots of fiber aggregation as shown in Fig. 4B,C, respectively. A greater
DES pretreatment temperature at 100 °C for ChLal00C treatment may cause harsh interruption of long fibers
to short length after 12-pass HPH compared with more suitable ChBu80C pretreatment that was appropriate
for 12-pass HPH to yield nanocellulose fibers. However, both ChLal00C and ChBu80C yielded aggregate
nanocellulose fibers suitable for nanofiber production for liquid and air filter fabrication. Additionally, it has
been reported that addition of nanocrystal fillers into nanofiber matrix significantly enhanced filtration efficiency.
Consequently, adjustable of nanocellulose morphology is undoubtedly important and a challenging aim for the
nanocellulose utilization in the future.

The summary of L/d ratios, morphology and viscosity tested at the sweeping frequency of 0.1 Hz of all
nanocellulose samples was demonstrated in Table S8. Depending on their morphology, nanocellulose with
clumpy structure gave substantially high viscosity of 147.9 Pa-s for ChBu60C and 46.65 Pa-s for ChLa80C.
Subsequently lower viscosity in a range of 32.45 to 99.42 Pa‘s was obtained from nanocrystal structure after
passing HPH for 12 cycles namely ChLa60C (99.42 Pa-s), ChOx100C (41.1 Pa‘s) and ChOx80C (32.54 Pa's). In
case of nanofiber structure, after 12-pass HPH relatively lower viscosity was shown between 12.92 and 14.40 Pa-s
for ChBu80C and ChLal00C, respectively.

Figure 5 illustrated the mass balance of acidic DES (ChLa80C) and alcohol-based DES (ChBu60C)
pretreatment of raw EFB, followed by 7-cycle bleaching using sodium chlorite and acetic acid solution,
ultrasonication at 20 kHz for 20 min, and 12-pass HPH at 150 MPa and 30 °C for nanocellulose production.
Based on 100 g raw EFB which contains 38.5 g cellulose, the highest nanocellulose yield of 25.84 g was produced
using ChLa80C process (Fig. 5A). This acidic DES substantially removed hemicellulose from 26.1 g in raw EFB
to 8.24 g in pretreated EFB equivalent to 68.43% removal while lignin was removed as 59.41%. Massive loss of
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Figure 4. FETEM images: image (1) 30,000x magnification, and (2) 50,000x or 100,000x magnifications, and
(3) histogram presenting nanocellulose size distribution from 12-pass HPH process at 150 MPa of different DES
pretreated samples; (A) ChLa60C, (B) ChBu60C, (C) ChLa80C, (D) ChBu80C, (E) ChOx80C, (F) ChLal00C,
(G) ChBu100C, and (H) ChOx100.

cellulose was found at bleaching process from 35.04 to 26.37 g corresponding to 24.74% cellulose loss. Final
product which was cellulose nanocrystals with an average diameter less than 10 nm were produced at 25.84 g
which was 67.12% nanocellulose yield based on mass of cellulose in raw EFB. From Fig. 5A, final nanocellulose

Scientific Reports | (2024) 14:7550 | https://doi.org/10.1038/s41598-024-57631-9 nature portfolio



www.nature.com/scientificreports/

Figure 4. (continued)
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product from ChLa80C contained highest cellulose purity of 96.48%, and small contaminants remained (1.39%
hemicellulose, 1.54% lignin and 0.59% ash).

In case of nanocellulose from ChBu60C pretreatment (Fig. 5B), although lignin was greatly removed from raw
EFB (18.8 glignin) to 5.35 g lignin which was corresponded to 71.54% lignin removal, nevertheless dark color of
pretreated EFB was obtained as illustrated in Fig. S8. Owing to the swollen structure of ChBu60C pretreated EFB,
oxidation of color chromophore caused greater loss of cellulose after bleaching accounted as 43.94% cellulose
loss during 7-cycle bleaching. Therefore, only 18.98 g nanocellulose was produced (nanofiber with diameter less
than 15 nm) from 100 g raw EFB that was equivalent to 49.31% nanocellulose yield based on cellulose mass in
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Figure 5. Mass balance of acidic-based DES (ChLa80C) and alcohol-based DES (ChBu60C) pretreatment
for 8 h of raw EFB, followed by 7-cycle bleaching, ultrasonication at 20 kHz for 20 min, and 12-pass HPH at
150 MPa 30 °C for nanocellulose production.

raw material. From Fig. 5B, final nanocellulose product from ChBu60C contained cellulose purity of 94.35%,
and small contaminants remained (3.90% hemicellulose, 0.58% lignin and 1.17% ash).

In conclusion, meaningfully highest nanocellulose yield (67.12% based on initial mass of cellulose in EFB)
was achieved from ChLa80C pretreatment compared with other DES pretreatments investigated in the present
study. Nevertheless, lower DES cost of ChBu60C for 16% relative to ChLa80C (Table S7) must be taken into
account for further detailed feasibility analysis. Summary of acidic and alcohol based DES pretreatment of
palm EFB followed by nano-defibrillation using ultrasonication and high-pressure homogenization of EFB
for nanocellulose production was presented in Fig. 6. Most of nanorods and nano whiskers as well as clumpy
morphology was obtained from acidic DESs while longer and interconnecting nanofibers was achieved from
alcohol based DESs pretreatment. Further optimization of number of HPH cycle should be performed in order
to obtain striking network of cellulose nanofibers or clumpy fibrous structure of nanocellulose for a specific
purpose such as 3D printing, stabilizer, pickering emulsifier, etc.

Conclusion

From the chemical engineering process design for nanocellulose production, the most proper process was selected
for nanocellulose production from biomass in terms of minimum operating cost and highest nanocellulose yield.
From the process design, DES extraction at low reaction temperature (<100 °C) followed by mechanical treatment
using ultrasonication was the most promising. Therefore, the experimental section in the present work selected
DES in a combination of ChCl as hydrogen bond acceptor and hydrogen bond donors were 1,3-butanediol
(ChBu), oxalic acid (ChOx) and lactic acid (ChLa) for cellulose extraction. Ultrasonic fibrillation and subsequent
high-pressure homogenization (HPH) with varying number of passes were a chosen equipment for the reduction
of cellulose particle size. From the results, ChLa80C was the most optimal condition that could extract cellulose
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Figure 6. Illustration of acidic and alcohol based deep eutectic solvent (DES) pretreatment and subsequent
nano-defibrillation using ultrasonic and high-pressure homogenization of EFB for nanocellulose production.

from palm empty fruit bunch at 35.04 g cellulose per 100 g of EFB. After bleaching, cellulose was defibrillated
to nanofibers by using ultrasonication and subsequent 12-pass HPH. Massive production of nanocellulose as
25.84 g from 100 g EFB (67.12%w/w cellulose yield) was achieved within 18-h processing time from ChLa80C
pretreatment. Although ChBu60C provided 49.31%w/w nanocellulose yield, however, 16% of DES cost of ChBu
was lower than ChLa. Therefore, detailed feasibility analysis is necessary for further scaling up process. The
findings additionally demonstrated different morphology of nanocrystals in nanorod-like structure from both
ChLa60C and ChLa80C which was suitable for various application such as reinforcement filler in polymer
matrix and formulation of molecular nanocarrier as well as in fabricating of magnetic, electronic, optical, and
micromechanical devices. High purity of nanocellulose and tunable morphology as well as functionality produced
makes this material applicable for high precision application.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.
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