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Cellulose nanoparticles are attracting interest in diverse fields because of their availability, low cost, and
benign nature. Albeit previous studies have reported excellent experimental results, the application of
cellulose nanoparticles in oilfield remains a challenge. Therefore, the objective of this research is to
provide vital information on how to design cellulose nanoparticles for oilfield applications. Herein, the
sources of cellulose and their derivatives were presented. Subsequently, cellulose pretreatment and
extraction methods were elucidated. Likewise, the design of cellulose nanoparticles for oilfield appli-
cations were discussed. Also, the enhanced oil recovery (EOR) mechanisms of cellulose nanoparticles for
high temperature high pressure (HTHP) reservoirs were identified and their application in EOR was
reviewed. The challenges hindering full scale field application of cellulose nanoparticles were presented
while concurrently shedding light on diverse methodologies employed to maintain their stability in
HTHP oil reservoirs. The results indicate that wettability alteration, asphaltene precipitation, interfacial
tension and viscosity reduction are the dominant EOR mechanisms by cellulose bionanomaterials, it also
demonstrate that cellulose bionanomaterials can increase the viscosity of injected fluid by 10-100%,
improve sweep efficiency by 52-98% and improve oil recovery by 10-35% original oil in place. It can be
concluded that bionanomaterial have potential for oil field applications and are economically viable due

to their high recovery rate.
© 2025 Chinese Petroleum Society. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2019a; Gbadamosi et al., 2018). After these initial and secondary
stages of recovery, approximately 30-35% of the original oil in

Enhanced oil recovery (EOR) refers to advanced techniques
employed to increase oil from reservoirs after primary and sec-
ondary recovery methods have become ineffective. Primary oil
recovery utilizes natural reservoir pressure to produce oil, whereas
secondary recovery involves injecting fluids like water or gas to
sustain pressure and enhance oil production efficiency (Agi et al.,

* Corresponding author.
** Corresponding author. Faculty of Chemical and Process Engineering Technol-
ogy, Universiti Malaysia Pahang Al-Sultan Abdullah, Lebuhraya Persiaran Tun
Khalil Yaakob 26300 Kuantan, Pahang, Malaysia.
E-mail addresses: Francis.nyah@yahoo.com (F. Nyah), augustine@umpsa.edu.
my (A. Agi).
Peer review under the responsibility of Editorial Office of Petroleum Research.

https://doi.org/10.1016/j.ptlrs.2025.12.002

place (OOIP) is entrapped in the reservoirs. EOR techniques are
categorized into thermal EOR, microbial EOR, chemical methods,
and gas methods. Each of these techniques is designed to improve
oil recovery rates and optimize production from declining reser-
voirs (Abutu et al., 2026).

Thermal EOR techniques use heat to lower crude oil viscosity,
enhancing its flow through pores. Methods such as steam injection
and in-situ combustion are especially effective for producing
heavy and extra-heavy crude oils. For instance, steam flooding
produced over 4 billion barrels of oil in the USA from 1980 to 2002
(Alvarado and Manrique, 2010; Musa et al., 2023; Ngouangna et al.,
2023; Yakasai et al., 2023). However, the high energy requirements
for generating steam contribute to substantial operating costs

2096-2495/© 2025 Chinese Petroleum Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



F. Nyah, N. Ridzuan, E. Epelle et al.

(Ramesh et al., 2021). Additionally, issues such as preferential flow
through high permeability zones and environmental concerns,
including greenhouse gas emissions and potential groundwater
contamination, pose significant challenges (Mishra et al., 2023).
Studies have shown that thermal EOR may not always be
economically viable or environmentally sustainable (Jiang et al.,
2023; Umunnawuike et al., 2024; Yakasai et al., 2021).

Another EOR technique is microbial enhanced oil recovery
(MEOR). MEOR involves injecting microorganisms, like macro-
bacteria, into oil recovery formations to enhance recovery
(Sakthipriya et al., 2017). Known for its low-cost and environ-
mentally friendly operations, MEOR has been implemented in
countries such as Malaysia, China, and Saudi Arabia (Abutu et al.,
2025). However, this method faces challenges, including low oil
recovery rates and complex, time-consuming procedures. Gas in-
jection technique (Secondary recovery method), which involves
injecting gases like CO; or lean hydrocarbons to achieve miscibility
with oil, has been successfully employed in fields such as Canada,
the US, Mexico, and Libya (Su et al., 2018; Wu et al., 2016). Despite
significant recoveries, issues such as unfavorable mobility ratios
and separation problems hinder their effectiveness. Chemical EOR
(CEOR) uses chemicals like polymers, surfactants, and alkalis to
increase oil recovery by reducing interfacial tension (IFT), altering
wettability, and improving sweep efficiency (Afolabi et al., 2022;
Gbonhinbor et al., 2023). CEOR has been successfully imple-
mented in various countries, including Bahrain, India, Venezuela,
and Russia, demonstrating technical and economic feasibility with
reasonable capital costs (Levitt and Pope, 2008). Chemical EOR is a
crucial technology in the oil and gas industries aimed at maxi-
mizing the production of crude oil from reservoirs that as already
undergone primary and secondary recovery methods. As conven-
tional oil reserve depletes, CEOR plays an essential role in meeting
global energy demands by releasing additional hydrocarbons that
remain trapped in geological formations.

The most widely applied CEOR techniques include alkaline
flooding, surfactant flooding, polymer flooding, surfactant-
polymer (SP) flooding, and alkaline-surfactant-polymer (ASP)
flooding. In polymer flooding, polymers are introduced to increase
the viscosity of the injection fluid, thereby stabilizing the
displacement front and reducing the mobility ratio, which delays
early breakthrough (Zeynalli et al., 2023; Zhong et al., 2022). This
enhances macroscopic sweep efficiency and prevents the forma-
tion of viscous fingers, which can result in unswept oil zones
(Mohsenatabar Firozjaii and Saghafi, 2020). Increasing the elas-
ticity of polymer solutions has also been shown to further improve
oil recovery and suppress viscous fingering (Podoprigora et al.,
2024; Zhong et al., 2025). For example, Yan et al. (2022) reported
that a viscoelastic polymer achieved an oil recovery efficiency of
71.68%, significantly higher than that of conventional water
flooding. These findings highlight the critical role of polymer
rheology in optimizing CEOR performance. The polymers
commonly used in EOR are classified into synthetic polymers and
biopolymers (Imuetinyan et al., 2022; Sheng et al., 2015). Bio-
polymers like Xanthan gum and Guar gum, as well as novel
polymers like polyacrylamide (PAM) and hydrolyzed poly-
acrylamides (HPAM), have been developed recently for EOR ap-
plications (Al-Jaber et al., 2023; Gbadamosi et al., 2022). One
significant issue with polymer flooding is polymer degradation
under high temperatures and high salinity conditions (Nyah et al.,
2024).

Consequently, several studies have been conducted to address
these limitations. Hence, the use of nanofluid in the EOR process
has been reported recently by researchers. In addition to being
more resistant to high salinity and high temperatures, nanofluid
(base fluid + nanoparticle) also has the advantages of longer
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stability, less clogging, and better retention in reservoirs. Recent
advances in nanotechnology have concentrated on combining
polymers and nanoparticles to create nanofluids with unique
properties (Al_Ani et al.,, 2024; Gbonhinbor et al.,, 2025). For
instance, numerous studies have documented the application of
silica (SiO), alumina (Al03), zirconia (ZrO;) (Salem et al., 2024)
and graphene oxide (Lashari et al., 2024) nanoparticles to enhance
the viscoelastic and rheological properties of HPAM. Salem et al.
(2024) revealed that the polymer viscosity was boosted by 110%,
45%, and 12% for HPAM-SiO,, HPAM-Al,03, and HPAM-ZrO,
respectively under the investigation range of temperature. More-
over, the polymer viscosity was improved by 73%, 48%, and 12% for
HPAM-SiO,, HPAM-AI,03, and HPAM-ZrO, respectively under the
investigation range of salinity. Nanocomposites are also found to
be a remarkable agent for reducing IFT and changing the contact
angle. The flooding experiments confirmed that the EOR by HPAM,
HPAM-SiO,, HPAM-AI,03, and HPAM-ZrO,, was 8.6%, 17.4%, 15.3%,
and 13.6% of OOIP respectively. The improved oil recovery was
attributed to the bonding effects, structural integrity, morpho-
logical interconnections, and stability of the nanoparticles with
polymer. Nonetheless, Gbadamosi et al.(2019) reported that at a
prolonged propagation of the polymeric nanofluid under high-
temperature reservoir conditions, the bonding effect and struc-
tural integrity of the polymeric nanofluid begin to disintegrate
leading to increase in IFT and wettability. Hence, researchers have
focused their attention on producing nanoparticles from biomass
with long chain monomers that can withstand the harsh reservoir
condition.

Cellulose derivatives are attracting interest in diverse fields
because of their availability, low cost, and benign nature (Nyah
et al., 2025). Previous research has reported excellent results
with the application of cellulose nanoparticles in EOR. For
example, Agi et al. (2019a) reported that cellulose nanofluid was
very effective in mobilizing residual oil at high temperature high
pressure (HTHP) reservoir conditions. The pressure drop data
confirmed the stability of cellulose nanofluid at 120 °C and the
formation of oil bank was enough to increase the oil recovery by
20%. This excellent result has not transcended the number of re-
views on the subject.

Few reviews exist on the subject mostly focused on the rheo-
logical flow behavior of cellulose nanoparticles. Li et al. (2023)
highlight the application of cellulose nanoparticles across the oil
and gas industry. These nanoparticles are used in upstream ac-
tivities like nanosensors for well logging and nanofluids for dril-
ling, cementing, fracturing (Money et al., 2025). In midstream, they
enhance plastic-based pipelines and storage tanks. In down-
stream, their role includes oil-water separation, dealkylation,
alkylation, desulfurization, and wastewater treatment, demon-
strating their wide-ranging impact on industry operations. Rana
et al. (2024) focused on recent advancements in utilizing cellu-
lose nanoparticles as an additive in drilling fluid and their role as
foam and emulsion stabilizing agent. The existing literature in-
dicates a conspicuous void is apparent in literature regarding in-
depth evaluation of EOR mechanisms of cellulose nanoparticles
and their application in HTHP reservoirs.

Therefore, this research aspires to furnish a comprehensive
review on the mechanisms of cellulose nanoparticles for HTHP
reservoirs and the challenges hindering field application. The
primary objective is to provide detailed information on how to
design cellulose nanoparticles to optimize their EOR mechanisms
for oilfield application. However, the information presented can
also be used in material science, chemistry, and chemical engi-
neering. Herein, the sources of cellulose and their derivatives were
presented. Subsequently, cellulose pretreatment and extraction
methods were elucidated. Likewise, the design of cellulose
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nanoparticles for oilfield applications were discussed. Also, the
EOR mechanisms of cellulose nanoparticles for HTHP reservoirs
were identified and their application in EOR was reviewed. The
challenges hindering full scale field application of cellulose
nanoparticles were presented while concurrently shedding light
on diverse methodologies employed to maintain their stability in
HTHP oil reservoirs.

The remainder of the paper is organized as follows: Section 2
highlights the sources of cellulose and their derivatives. Section 3
discusses the different pretreatment methods of cellulose while
Section 4 elaborated on the extraction methods. The review delved
into cellulose nanoparticles synthesis methods and functionali-
zation for HTHP reservoirs in Section 4. The EOR mechanisms of
cellulose nanoparticles were extensively discussed in Section 5
and their subsequent application in both laboratory and field
application was elucidated in Section 6. Finally, Section 7 discussed
technical challenges, limitations and perspectives for future
research.

2. Cellulose sources and its derivatives

Cellulose is an abundant, water-insoluble polymer composed of
repeated p-1,4 linked anhydro-p-glucose monomers, resulting in a
high molecular weight, low-cost biodegradable biopolymer that
can be extracted from plant cell walls and biomass wastes (Abbas
et al.,, 2024; Huang, 2018; Kedzior et al., 2021). It is abundantly
found in materials such as palm kernel shell (PKS), rice husk (RH),
oil palm empty fruit bunch (OPEFB), cotton stalk (CS), and others.
As illustrated in Table 1, cellulose can be synthesized from various
biomass waste sources, ranging from hardwood, agricultural res-
idues and industrial wastes. Cellulose consists of a crystalline re-
gion and an amorphous region, which includes both the reducing
and non-reducing ends. The global production of cellulose is
estimated at approximately 1.5x10E12 tons per year, primarily
driven by the wood and cotton industries, which utilize 90% and
98% of pulp, respectively (Dey et al., 2022; Haldar et al., 2022). The
crystal packing direction and physical characteristics of cellulose
are dictated by the presence of three hydroxyl groups: secondary
OH at carbon 2 and carbon 3, and primary hydroxyl ions at carbon
6 positions (Peter, 2021). These hydroxyl groups exhibit varying
reactivities and can form hydrogen bonds, as shown in Fig. 1.
Cellulose is classified based on the position of the hydroxyl groups
on its backbone, with natural cellulose belonging to cellulose I
(Aziz et al., 2022). Cellulose I is a crystallized form of cellulose that
can exist in either monoclinic unit cell (IB) or triclinic unit cell (o)
forms (Tashiro and Gakhutishvili, 2019). Depending on the treat-
ment of cellulose I, other forms such as cellulose II, III, and IV can
be obtained.

Fig. 1 illustrates that 3 hydroxy groups are bearded by each of
the glycopyranose units, and they give cellulose some of the
remarkable features such as chirality, biodegradability, hydrophi-
licity which are initiated because of the hydroxy group. Moreover,
cellulose can be synthesized from bacteria, yielding the purest
form of cellulose. Bacterial sources include Acetobacter xylinum,
Gluconacetobacter xylinum, and Acanthamoeba castellani (Ali et al.,
2023). Bacterial cellulose, derived from acetic acid-producing
bacterial strains such as Acetobacter, Gluconobacter, Gluconaceto-
bacter, and Komagataeibacter, is also of interest. These bacteria,
commonly found in fermented foods like vinegar and nata de coco,
can oxidize alcohol, aldehydes, sugars, or sugar alcohols to acetic
acid in the presence of oxygen. Species from the genera Glucona-
cetobacter and Komagataeibacter produce a moist extracellular
matrix composed of crystalline cellulose (Cannazza et al., 2021;
Cielecka et al., 2021; Noévak et al., 2024; Sumini et al., 2024).
Skiba et al. (2020) documented the production of bacterial
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cellulose from oat hulls, an agricultural residue, on a pilot scale. By
utilizing a symbiotic culture of Medusouces gievii and pretreating
the oat hulls with 2-6% nitric acid (HNOs) solutions, which were
enzymatically hydrolyzed to yield a sugar-rich solution, the study
achieved a production of 80.5 tons of bacterial cellulose per 100
tons of oat hulls. Another unique source of cellulose is tunicates,
marine invertebrate animals that produce cellulose in their outer
tissue. These sources produce cellulose with high crystallinity,
exemplified by species such as Metandroxarpa uedai, Halocynthia
papillosa, and Halocynthia roretzi (Dwivedi et al., 2022; Yadav et al.,
2021). Table 1 provides an overview of additional cellulose
sources.

2.1. Cellulose pretreatment methods

Pretreatment is the first step taken to eliminate or alter com-
pounds that can obstruct the crystallization process such as lignin,
hemicellulose ash, and others, during the production of crystalline
cellulose from different biomass sources. Cellulose isolation in-
volves eliminating lignocellulosic components, such as lignin and
hemicellulose, from biomass sources (Haji Badri, 2016; Kallel et al.,
2016; Wang et al.,, 2024a). Hemicellulose, characterized by its
unstable nature compared to cellulose and lignin, can be readily
hydrolyzed into simple sugars using enzymatic or hydrothermal
methods (Yang et al., 2019a). In contrast, lignin acts as a complex
barrier coating cellulose and hemicellulose, making it more
resistant to removal. Studies have demonstrated that lignin can be
effectively removed through delignification techniques involving
sodium chlorite (NaClO) combined with alkaline solutions
(Pramasari et al., 2021; Shi et al., 2014). This process alters the
lignin structure within the biomass, leaving behind primarily
cellulose (polysaccharides) for subsequent processing. Alkaline
treatments or delignification mechanisms involve saponification
of intermolecular ester bonds, facilitating easier extraction of
cellulose (Lee et al., 2024; Sofla et al., 2016). Lani and Ngadi (2014)
focused on isolating cellulose from empty fruit bunch (EFB),
reporting a cellulose yield of 93.01% from this biomass source. This
finding underscores the efficiency of cellulose isolation methods,
particularly from agricultural residues like EFBs, which are rich in
cellulose content. These pre-treatment techniques are divided into
chemical, physical, and biological, based on cellulose source and
preferred properties.

2.1.1. Chemical pretreatment methods

Chemical pretreatment methods, such as the use of acids, ba-
ses, or solvents, are essential for cellulose extraction from biomass.
These methods break down lignocellulosic components,
improving cellulose accessibility while altering the structure of
lignin and hemicellulose, thereby facilitating more efficient
extraction.

Acid pretreatment entails the application of acids such as hy-
drochloric acid (HCI) or sulfuric acid (H,SO4) to biomass wastes,
effectively removing hemicellulose while preserving the cellulose
structure (Baksi et al., 2023; Ravindran and Jaiswal, 2016). This
method has proven to be highly effective in yielding cellulose from
diverse sources including wood chips, corn stover, bamboo, EFB,
sugarcane bagasse, rice husk, garlic straw, sugarcane, and cassava
peel (Akhtar et al., 2016; Saha and Ghosh, 2019). The application of
acid pretreatment has been instrumental in enhancing cellulose
accessibility for subsequent processing into various products. For
instance, Mankar et al. (2021) investigated the pretreatment of
wheat straw at 180 °C for 10 min using 2% dilute H,SO4 and 43.1%
of cellulose was recovered. Using 700 mL of 6% w/v HNO3 com-
bined with 70 g of powdered sugarcane bagasse. Evans et al. (2019)
investigated the effects of pretreatment for 2 h at 80 °C. The results
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Table 1
Biomass waste sources and composition of cellulose, hemicellulose and lignin.
References Biomass source Cellulose Hemicellulose Lignin
Odejobi et al. (2024) Sugarcane bagasse 44 28 21
Birlie and Mamay (2024) Grewia ferruginea 60.4-72.6 18.5 135
Gupta and Tiwari (2024) Agave sisalana
Randis et al. (2024) Oil palm frond 55.17 8.52 1.74
Suyambulingam et al. (2024) Tarmind seed 90.57 1.84 6.77
Vicente-Flores et al. (2024) Cuajilote 40.45 18.7 32.8
Nyoo Putro et al. (2024) Jackfruit peel 79.8 5.2 3.7
Vijayakkannan and Rajendran  Habara Plant Stem 67.9 12.7 11.8
(2024)
Shibly et al. (2024) Bark of Rosa hybrida plant 52.99 18.49 17.34
Zheng et al. (2024) Brewer spent grain BSG = 20.5 27.12;2.15 14.93; 1.59
; BSGC = 88.12
Ebrahimi et al. (2024) Hazelnut shell (HNS), Treated 32.1; 70.8 17.9; 8.6 38.7;11.3
Hazelnut shell (THNS)
Ogunjobi et al. (2023) Siam weeds 39.6 27.5 28.7
Soppie et al. (2023) Cordleaf (Triumfetta cordifolia) 38.8 16.9 6
Sheferaw et al. (2023) Cyperus papyrus 59.8-63.8 11.4-123 2.15-34
George et al. (2023) Water hyacinth 67.5 6.6 223
Chavez et al. (2023) Stipa Obtusa raw 294 27.57 23.76
Andoko et al. (2023) Timoho fiber 63.9 2.57 9.23
Meraj et al. (2023) Kenaf fiber
El Amri et al. (2023) Stems of reed plant large- 59 - -
leaved cattail (Typha latifolia)
Gopinath et al. (2022) Bauhinia purpurea 67.46 20.1 10.21
Shaikh et al. (2022) Date palm trunk mesh 33.7 - 22.53
Wahib et al. (2022) Date pit (DP) DP = 21.2; AT(DP) = 63.1; DP = 28.1; AT(DP) = 7.95; DP = 19.9; AT(DP) = 7.02;
BT(DP) = 84 BT(DP) = 2.6 BT(DP) = 0.51
Islam et al. (2021) Rice husk 35 30 18
Smiriti et al. (2023) Water hyacinth 25.7 184 9.9
Nitzsche et al. (2021) Beechwood chip 41.6 22.3 259
Jiang et al. (2021) Pepper stalk 77.9 121 21
Ventura-Cruz and Tecante Rose stem 28.6 29.2 249
(2021)
Kassab et al. (2020) Hemp stalk 72 19 5
Pulido-Barragan et al. (2021) Euphorbia antisphilitica 45 16 37
Kian et al. (2020) Oliver fibre 394 24.2 14
Abu-Thabit et al. (2020) Date seeds 24.6 25 30.6
Baruah et al. (2020) Kans grass 48.2 32 171
Fisher et al. (2020) Milkweed 55 8 19
Chakraborty and Panigrahi Cissus Vitiginea 65.43 14.61 10.43
(2020)
Singh et al. (2020a) Corn stover 30.92 41.52 7.39
Zhang et al. (2020) Lemon seeds (Citrus limon) Ls = 19.16 Ls = 13.16 Ls-9.31
Painuli et al. (2020) Raw kenaf 45.8 21.2 22.8
Crespo et al. (2020) Eucalyptus globulus 50 14.1 20.5
Singh et al. (2020b) Jute 42.5 12.24 31.58
Dilamian and Noroozi (2021) Rice straw 384 25.6 21
Saravana Kumaar et al. (2019)  Carica Papaya 58.71 11.8 14.26
Collazo-Bigliardi et al. (2019) Coffee husk 61.8 27.2 2.6
Zheng et al. (2019) Walnut 274 314 36.3
Trilokesh and Uppuluri (2019)  Jackfruit peel 20.08 24.04 1.85
Li et al. (2018) Almond shell 38.48 28.82 29.54
Garcia-Garcia et al. (2018) Pine cone 45.3 5.4 39.7
Manimaran et al. (2018) Acacia leucophlea 68.09 13.6 17.73
Delicano (2018) Abaca leaf 56-63 20-25 7.0-13
Collazo-Bigliardi et al. (2018) Rice husk 91.92 0.72 434
Manimaran et al. (2018) Furcraea foetida 68.35 11.46 12.32
Vergara et al. (2018) Wheat straw 32.8 29.9 13.8
Cudjoe et al. (2017) Miscanthus giganteus 50 25 12
Bano and Negi (2017) Groundnut shells 38.31 21 27.62

demonstrate that the alkaline pretreatment method totally broke
down lignin and hemicellulose. To assess the impact of pretreat-
ment on sugarcane bagasse, Vaz et al. (2021) used 1% (w/v) H2SO4
at a solid-liquid ratio of (1:10) at a temperature of 121 °C for
20 min. Their findings indicate that hemicellulose and lignin were
eliminated from the raw cellulose, and the yield of cellulose
increased. Another chemical pretreatment is using alkaline.
Alkaline pretreatment represents another effective chemical
method for biomass processing, involving the use of sodium hy-
droxide (NaOH), ammonia (NH3), sodium carbonate (NaxCO3) and
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calcium hydroxide (Ca(OH);) to remove hemicellulose and lignin
from biomass materials (Bhutto et al., 2017; Zhang et al., 2022).
NaOH is regarded as the most efficient alkali among them for
pretreatment of lignocellulose biomass (Melikoglu et al., 2019).
This process improves the crystallinity and purity of cellulose, as
demonstrated in studies highlighted in Table 2. Alkaline pre-
treatment is known for its efficiency in modifying biomass struc-
ture, making cellulose more accessible for downstream
applications in industries requiring high-quality cellulose fibers or
nanocrystals  (CNCs).  Additionally, solvents like  N-
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Non-reducing end Repeating unit Reducing end

Fig. 1. Cellulose crystalline region and amorphous regions (Reducing and Non-reducing ends) (Kumar et al., 2017; Thakur et al., 2021).

methylmorpholine N-oxide (NMMO) have shown promise in pre-
treatment processes, particularly for producing high-quality CNCs
from biomass sources (Bishnoi et al., 2024; Emenike et al., 2023;
Yang et al., 2013). Several studies have confirmed the efficiency
of NaOH and other solvents in the pretreatment of cellulose. For
instance, Bhandari et al. (2022) isolated cellulose fiber from rice
husks to synthesize microcrystalline cellulose (MCC) using NaOH.
The milled rice husk was combined with 10% w/v NaOH and stirred
continuously for 90 min at 450 rpm and 55 °C. They reported that
lignin and hemicellulose were significantly removed from
biomass. Using an ionic liquid treatment after a Na;CO3 pretreat-
ment, Sankhla et al. (2021) were able to successfully separate
cellulose microfibers from sugar bagasse. They concluded that
Na,COs3 treatment was successful in solubilizing lignin and hemi-
cellulose, as evidenced by a maximum cellulose yield of 84%.

The impact of pretreatment on palm kernel meal (PKM) cellu-
lose extraction was investigated by Chamathka et al. (2024) using
4% w[v NaOH at 50 °C for 180 min. They observed that the treated
sample turned dark brown relative to the raw PKM. Their analysis
attributed these changes to the breakdown of hemicellulose and
depolymerization of lignin, disrupting covalent bonds between
lignocellulose components. Similarly, Pratama et al. (2024) used
5 wt% NaOH at 80 °C for 120 min. They reported that alkali
treatment degraded hemicellulose and lignin, increasing cellulose
crystallinity. Ebrahimi et al. (2024) pretreated Hazelnut shells
(HNS) with 3% w/v NaOH (pH 12) at 80 °C for 3 h; Fourier trans-
form infrared (FTIR) spectra revealed a reduction in peak intensity
in treated HS due to hemicellulose and lignin removal. Kusmono
et al. (2020) applied a 2% NaOH treatment to ramie fiber at 90 °C
for 2 h, resulting in hemicellulose and lignin elimination and
increased cellulose content. Theivasanthi et al. (2018) investigated
the alkaline pretreatment of cotton with 5% NaOH at 25 °C for 4 h,

alkaline pretreatment reduced hydrogen bonding due to hydroxyl
group removal through NaOH reaction. Kumar et al. (2024)
assessed the effect of increasing alkaline concentrations on palm
font fibers, observing through microphotography that 10% NaOH
caused constricted edges and surface fiber damage. These chemi-
cal pretreatment techniques highlight the adaptability of methods
enhancing cellulose extraction efficiency and purity, advancing
sustainable biorefinery technologies.

Organosolv pretreatment represents a sophisticated technique
in biomass processing, particularly valued for its ability to segre-
gate cellulose, hemicellulose, and lignin into distinct streams. This
method offers several advantages, including the extraction of
highly pure cellulose, the recyclability of organic solvents used,
and effective lignin and hemicellulose recovery for possible use in
goods with added value (Abolore et al., 2024; Zhang et al., 2020).
Organic solvents like ethanol, known for their low boiling points
and ease of recovery through simple distillation, are preferred in
this process due to their cost-effectiveness, ready availability, and
good solubility in water (Rana et al., 2021). During organosolv
fractionation, ethanol in an acidic environment facilitates the
breakdown of ester-acid bonds in hemicellulose-lignin com-
pounds and ether bonds in lignin, leading to the incomplete hy-
drolysis of glycosidic linkages in hemicelluloses, as indicated in
Fig. 2. The polysaccharides and aromatic rings found in biomass
are broken down as a result of this chemical interaction. To
enhance the efficiency of delignification and hydrolysis, re-
searchers have employed various catalysts including organic acids,
mineral acids, bases, salts, and hydrogen peroxide (Klochko et al.,
2020; Zhang et al., 2022). These additives further aid in breaking
down complex biomass components and facilitating the extraction
process. Additionally, organosolv extraction techniques have been
pivotal in isolating CNCs from diverse sources, demonstrating the

Table 2
Pretreatment of biomass waste sources by different techniques.
References Sources Solution of NaOH by (%w/v) Condition Findings
Xu et al. (2021) Corncob 16% KOH 70 °C @ 90mins Most of the cellulose with small portion
of Xylan
(Noremylia et al., 2022; Rossi et al., Sugarcane bagasse 2% KOH 85°C@2h Increases cellulose and hemicellulose
2021) content
Kusmono et al. (2020) Ramie fiber 2 90°C@2h Indicated elimination of hemicellulose
and lignin
(Czaikoski et al., 2020; Weligama Cassava peel 5% KOH 25°C@14h Processes were not enough to
Thuppahige et al., 2023) eliminate all lignin
Zheng et al. (2019) Walnut 2 100°C@4h Cellulose increase to 36.7%
Pinto et al. (2022) Cocoa pod husk 2 80°C@3h Favorable conditions
Ye et al. (2018) Sugarcane bagasse 6 95 °C @ 2 h, continuous agitation Short (25 h)
(Garcia-Garcia et al., 2018) Pinecone 4.5 80°C@2h Litter brown appearance
Theivasanthi et al. (2018) Cotton 5 25°C@4h Minimized hydrogen bonding by

eliminating hydroxyl group by a
reaction with NaOH
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versatility and applicability of this approach (Barbash et al., 2023;
Garcia et al., 2017; Rana et al., 2021). The extraction of CNCs
through organosolv methods underscores the method's effec-
tiveness in leveraging biomass resources for advanced materials
applications. During organosolv fractionation, cellulose is typically
recovered as a residual solid, while lignin is extracted into the
organic solvent phase, and hemicellulose along with other de-
rivatives are washed off in an aqueous solution. This process en-
ables the separation of biomass components with high precision,
contributing to the production of purified cellulose suitable for
various industrial applications.

Numerous studies have explored and documented the efficacy
of organosolv pretreatment techniques in biomass processing
(Nair et al., 2023; Zadeh et al., 2020). Ferreira and Taherzadeh
(2020) further underscored the importance of controlling
biomass particle size and solid-to-liquid ratios in laboratory set-
tings, essential parameters that influence the effectiveness and
scalability of organosolv processes. Hermsdorff et al. (2023)
examined the impact of organosolv pretreatment on sugarcane
bagasse via organic acid and supercritical carbon dioxide (CO;) and
ethanol as solvent. They reported that the optimum delignification
of 86%, 60% ethanol in water, was 1 wt% oxalic acid, and 25 g of CO,.
An investigation of the effectiveness of organosolv pretreatment
methods on sugarcane bagasse to extract CNC was carried out by
Hajiali et al. (2022). They employed a pretreatment condition
utilizing 50 v/v% ethanol as the organic solvent, along with 20 wt%
H,SO4 and 1% 3-tert-butyl-4-hydroxyanisole as a surfactant to
enhance lignin removal, at a temperature of 160 °C for 30 min.
Their findings indicated substantial removal rates of biomass
components, with 87% of hemicellulose and 71.2% of lignin was
effectively eliminated. resulting in a high cellulose recovery of 84%.
In related research, Zhang et al. (2020) explored the impact of
organosolv pretreatment using sugarcane as the biomass source.
They utilized 60 v/v% ethanol as the organic solvent combined
with 8 wt% NaOH, functioning for 30 min at 180 °C. Their study
concentrated on improving the removal of lignin and hemicellu-
lose, achieving significant reductions of 82.6% and 11.7% in non-
cellulosic components, respectively. This optimized process led
to an impressive cellulose recovery rate of 96.3%. Furthermore,
they employed 90 v/v% glycerol supplemented with 0.06 mL/L
FeCl; at a temperature of 150 °C for 20 min. Their investigation
highlighted effective removal rates of lignin and hemicellulose,
with 71.0% and 85.8% elimination. Tang et al. (2024) explored the
use of glycerol as an organic solvent for pretreating rice straw to

90% v/v Ethylene
glycol as solvent with
10g sugarcane
bagasse (SGB)

Organosolv
pretreatment

Filtration
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extract cellulose, respectively, resulting in a high cellulose recov-
ery of 96%.

Hernandez et al. (2018) conducted comparative research on the
impact of three different treatments—organosolv, soda, and so-
dium chlorite—on the percent yield, degree of polymerization,
thermal stability, and size distribution of cellulose extracted from
woody and herbaceous agricultural waste. Their results indicated
that the organosolv method yielded the highest cellulose content
even within a short duration, demonstrating its environmental
friendliness. Additionally, the organosolv-treated samples exhibi-
ted superior thermal stability compared to the other methods.
Similarly, Garcia et al. (2017) applied three treatment method-
s—autohydrolysis, soda, and organosolv (using 60% acetic acid),
followed by bleaching and acid hydrolysis—to extract CNC from
pea stalks (PS) and apple tree pruning (ATP). Their findings
revealed that the organosolv method produced CNCs with the best
size distribution in relationship to length, aspect ratio, and poly-
dispersity index, although autohydrolyzed CNCs showed higher
thermal stability.

2.1.2. Solvent pretreatment

Solvent pretreatment techniques such as ionic solvent, deep
eutectic solvent (DES), and subcritical methods are all modern
techniques in recent times that play integral roles in modifying the
properties and structure of cellulose materials (Chen et al., 2022;
Tian et al., 2020). DES has attracted much attention lately as a
lignocellulosic biomass pretreatment method. DES is a sustainable
substitute for ionic liquid in delignification processes. DES is
created by combining a certain ratio of hydrogen bond donor
(HBD) and hydrogen bond acceptor (HBA). Smith et al. (2014)
stated that a eutectic mixture can be created by mixing the two
components, HBA and HBD, at a temperature between 70 and
100 °C for a few minutes to many hours. The hydroxyl groups in
cellulose and hemicellulose would interact with the DES's HBD
component, while the aliphatic hydroxyl and phenolic groups of
the lignin interact with the HBA component of the DES. The
intermolecular forces that keep the biomass together are weak-
ened by hydrogen bonding contact, which also causes the struc-
ture to degrade. Many researchers have reported using DES to
extract cellulose from biomass waste (Lee et al., 2022; Lou and
Zhang, 2022). For instance, Tian et al. (2020) investigated the ef-
fect of liquid hot water (LHW) pretreatment poplar substrate
added with DES. About 6 g of LHW pretreated poplar was added
with 120 g of acidic DES and stirred continuously at 130 °C for 3 h

Cellulose

Lignin

\ —1 Diffusion
Catalyst: Solid-Liquid S l, g l e
0.005ml/L HCI Extraction

Hemicellulose
dissolved in
liquor

Fig. 2. Organosolv pretreatment for extraction of cellulose from SGB (Wei et al., 2021).

646



F. Nyah, N. Ridzuan, E. Epelle et al.

in a flat bottom flask. Their findings show that the cellulose-rich
fraction content significantly increased from 61.1 to 79.8-85.4%.
Using choline chloride (ChCl) as a hydrogen bond acceptor and
three hydrogen bond donors—Ilactic acid (LA), citric acid (CA), and
acetic acid (1:1) (AA), Moran-Aguilar et al. (2022) investigated the
impact of DES on sugarcane bagasse. They concluded that ChCl:AA
facilitated sugarcane bagasse (SCB) breakdown through morpho-
logical and functional group modifications.

Another solvent for pretreatment techniques is high-
temperature liquid hot water pretreatment (HTP). HTP, also
referred to as autohydrolysis, is a biomass pretreatment method
that relies solely on hot water to dissolve hemicellulose and
disrupt the lignin-carbohydrate matrix, eliminating the need for
external mineral acid catalysts. This technique offers economic
advantages with low capital and operational costs. Typically con-
ducted in the range of 150-200 °C under pressures around 30 bars
and lasting from 5 to 25 min. HTP aims to modify the structure of
lignocellulosic biomass by selectively removing hemicellulose and
partially converting lignin into a liquid phase (Pangsang et al.,
2019). The primary objective of HTP is to adjust the structural
composition of lignocellulosic materials, focusing particularly on
the unstable hemicellulose components due to their heteroge-
neous nature, branched structure, and presence of amorphous
polysaccharides. Hemicellulose side chains undergo a breakdown
during HTP, involving the release of organic acids and acetyl
groups, resulting in the formation of shorter oligomers. This
breakdown disrupts the bonding between hemicellulose and
lignin, thereby affecting the hydrogen bonds within the cellulose
structure (Ng et al., 2021; Patel et al., 2016).

HTP plays a substantial role in biomass conversion processes by
facilitating subsequent steps for extracting valuable components
like cellulose while enhancing overall biorefinery efficiency and
sustainability. HTP effectively removes the lignin from biomass
waste, thereby increasing accessibility to cellulose. Numerous
studies have investigated HTP in batch reactors, highlighting its
efficacy in hemicellulose and lignin removal through the genera-
tion of hydronium ions and the release of acetic acid from hemi-
cellulose (Yang et al.,, 2020). Research by Kumar et al. (2010)
further explained that increasing temperatures during HTP
weaken the hydrogen bonding network of water, facilitating the
dissociation into hydronium ions (H30") and hydroxide ions
(Meng et al., 2022). Based on the analysis presented, it is evident
that novel techniques offer enhanced viability and feasibility due
to their reduced toxicity rates, minimal chemical usage, and
shorter processing times. In contrast, conventional methods often
entail high chemical toxicity, significant environmental pollution,
and challenges in disposing of the water used in the process.

2.2. Physical pretreatment methods

Physical pretreatment techniques such as mechanical, thermal,
and irradiation methods play integral roles in modifying the
properties and structure of cellulose materials (Taylor et al., 2019).
Mechanical techniques such as ball milling, ultrasonication, and
high-pressure homogenization are employed to break down cel-
lulose fibers and enhance their surface area, thereby improving
accessibility for subsequent chemical or enzymatic treatments
(Zeng et al., 2021). These methods effectively reduce cellulose
particle size and increase uniformity, which is crucial for appli-
cations requiring fine cellulose fibers or nanocrystals. Thermal
pretreatment techniques, such as steam explosion, are employed
to alter the structure of the plant cell wall and increase accessi-
bility to cellulose fibers (Ravindran and Jaiswal, 2016). Steam ex-
plosion involves exposing biomass to steam under high pressure,
then followed by rapid depressurization, which breaks down
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lignocellulosic bonds and facilitates easier separation of cellulose
from lignin and hemicellulose components (Yu et al., 2022). This
process is advantageous for enhancing cellulose purity and crys-
tallinity, making it suitable for various industrial applications.
Irradiation pretreatment methods utilize gamma or electron beam
radiation to induce structural changes in cellulose fibers, thereby
increasing their crystallinity and improving material properties
(Wang et al., 2018). Irradiation techniques are effective in modi-
fying cellulose at a molecular level, enhancing its thermal stability,
biocompatibility and mechanical strength for applications in fields
such as biomedical engineering and materials science (Aziz et al.,
2022). These pretreatment techniques highlight the versatility
and innovation in cellulose processing, contributing to advance-
ments in sustainable biorefinery technologies and the develop-
ment of high-value cellulose-based products.

2.3. Biological pretreatment methods

Microbial techniques involve the utilization of microbes, like
bacteria or fungi, to break down lignin and hemicellulose,
increasing the accessibility of cellulose for subsequent processing
such as hydrolysis (Bhardwaj et al., 2021; Houfani et al., 2020;
Thapa et al, 2020). For example, Kameshwar and Qin (2018)
highlighted the use of white-rot fungi to effectively degrade
hemicellulose and lignin in plant biomass. This microbial action
enhances the accessibility of cellulose fibers by breaking down
complex structures that bind cellulose with other components.
White-rot fungi are particularly adept at enzymatically degrading
lignin, thereby facilitating the isolation of cellulose with improved
purity and accessibility for downstream processing in biorefinery
applications. In addition to fungi, bacterial strains like Acetobacter
xylinum have been utilized for their ability to produce cellulose
with high purity and crystallinity (Aswini et al., 2020; Florea et al.,
2016; Skiba et al., 2022). These bacteria synthesize cellulose
through fermentation processes, yielding fibers that exhibit
desirable properties for various industrial uses, including
biomedical applications where high-quality cellulose is crucial.
Microbial degradation of lignocellulosic biomass not only en-
hances the efficiency of cellulose extraction but also offers a sus-
tainable approach to biomass utilization, aligning with efforts to
develop environmentally friendly biotechnological solutions for
cellulose-based materials. Sikder et al. (2023) successfully pre-
treated OPEFB using an enzymatic method. Initially, the OPEFB
underwent rigorous washing to eliminate contaminants such as
dirt, wax, oil, and sand particles. The fibers were further processed
by physical separation and washed with a 1% detergent solution
followed by thorough rinsing and drying. After sun-drying, the
samples were cut into pieces measuring 0.5 mm in length. Sub-
sequently, the cellulose fibers were subjected to pretreatment
using free laccase enzyme in an acetate buffer solution at pH 5.0
and 50 °C for 12 h. This pretreatment step significantly increased
the raw cellulose content from 39.19% to 73.55%.

3. Cellulose extraction methods

Extraction of Cellulose from various agricultural wastes,
municipal wastes, hardwoods, and softwoods are all significant
areas of research (Ali et al., 2023; Chaka, 2022; Gunjan and
Manikanika, 2023; Hadou et al., 2024; Harini et al., 2024;
Hemida et al, 2023; Parihar et al., 2022; Rovera et al., 2023;
Vincent and Kandasubramanian, 2021). This is driven because of
the search for sustainable materials that are biodegradable and
non-toxic to the environment. These extractions fall into one of
several categories, including solvent methods, chemical methods,
mechanical and biological approaches, and hybrid procedures
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(Mboowa, 2024). Fig. 3 illustrates methods for extracting cellulose
and degrading hemicellulose and lignin to increase cellulose
crystallinity. Techniques for cellulose extraction from biomass
include biological, chemical, mechanical, oxidation, solvent-based,
and hybrid methods. Notably, hybrid techniques yield high cellu-
lose output with reduced chemical use, offering an efficient and
environmentally friendly approach.

3.1. Microwave-assisted method

Microwave-assisted extraction has emerged as a leading tech-
nique for the efficient retrieval of cellulose from various biomass
sources (Camani et al., 2020; Destandau and Michel, 2022). Using
electromagnetic waves with wavelengths between 1 mm and 1 m
and frequency between 300 MHz and 300 GHz, this method har-
nesses microwave energy to facilitate chemical treatments and
solvent extraction processes (Arpia et al., 2021; Mishra et al,,
2024). This approach is particularly favored for its environmental
friendliness, high thermal efficiency, energy savings, and ability to
achieve uniform heating and deep penetration into materials (Zhu
et al,, 2023). Microwave-assisted techniques are notably advanta-
geous in hemicellulosic extraction, minimizing polymerization
and acetyl loss under mild conditions while preserving hemicel-
lulose branch structures effectively (Agi et al., 2023).

Liu et al. (2021a) conducted research focusing on the
microwave-assisted extraction of cellulose from wheat straw.
They reported achieving a high purity of cellulose at 90.66% and
significantly reducing reaction times by 67%. Moreover, their
findings indicated that increasing the concentration of NaOH led
to a rise in the crystallinity index of the extracted cellulose,
demonstrating the method's efficiency in enhancing the struc-
tural integrity of the cellulose fibers. Using a bleaching pro-
cedure in conjunction with microwave-assisted extraction,
Azlan et al. (2022) studied the recovery of cellulose from oil
palm mesocarp fiber. Their research revealed a notable average
cellulose yield of 64% using y-valerolactone as a solvent. Simi-
larly, Anwar et al. (2024) extracted cellulosic bioethanol from
Pennisetum purpurem using y-valerolactone and microwave-
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assisted solvent extraction, yielding a noteworthy 70% alpha-
cellulose and 97.9% beta-cellulose/hemicellulose recovery.
These studies underscore the versatility and effectiveness of
microwave-assisted techniques in extracting cellulose from
diverse agricultural residues, offering promising avenues for
sustainable biomass utilization.

Louis et al. (2022) explored the application of microwave
technology in extracting nanocellulose from rice straws. Their
findings highlighted a substantial boost in the crystallinity index of
nanocellulose, underscoring the efficiency of microwave tech-
niques in producing cellulose with enhanced structural properties.
These studies jointly demonstrate the capacity of microwave-
assisted methods in advancing the extraction and utilization of
cellulose from agricultural residues, offering efficient and sus-
tainable pathways toward biomass valorization.

3.2. Microfludization

Microfludization is classified as a high-pressure homogeniza-
tion (HPH) technique. Steam explosion combined with micro
fluidization is a notable technique recognized for its efficient
reduction in energy consumption, boasting up to a 70% reduction
compared to conventional methods such as ball milling, and its
minimal or no use of chemicals (Djafari Petroudy et al., 2021). This
method leverages steam pressure to induce hydrolysis of cellulose
fractions and the formation of degradation products within
biomass (Hongrattanavichit and Aht-Ong, 2020). The intensity of
shearing forces exerted during the steam explosion discharge
correlates inversely with the pressure differential between the
reactor and ambient conditions. Liu et al. (2017) successfully
applied microfluidization for cellulose extraction from wheat
straw, observing a significant increase in cellulose content from
44.1% to 94.23%, accompanied by reductions in hemicellulose and
lignin content. They noted that subsequent microwave-assisted
hydrolysis further enhanced the crystallinity index from 45.85%
to 48.72%, ultimately reaching 62.15%. Despite initially decreasing
crystallinity due to intense forces during micro fluidization,
sequential treatments facilitated the removal of hemicellulose and
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lignin, leading to enhanced cellulose crystallinity (Tong et al.,
2023). Additionally, Perez-Palacios et al. (2022) explored the
application of micro fluidization in the context of isolating cellu-
lose nanofibrils from agave bagasse. Their study underscores the
versatility of micro fluidization in biomass processing, demon-
strating its potential to facilitate the extraction of cellulose nano-
fibrils from agricultural residues. The mechanisms of micro
fluidization are based on cellulose pulp preparation, shear force
and cellulose formation. The primary principle behind this tech-
nique is that shear stress assists in effectively breaking down the
cellulose structure without significant thermal degradation, which
is essential in maintaining and retaining the properties of cellu-
lose. Factors like pressure, flow rate and even the number of passes
through the microfluidizer can be used to adjust the particle sizes
of cellulose. Hence, the smaller particles enhance the mechanical
properties of materials and their dispersion (Aryasena et al., 2022).
During microfluidization, cellulose acquire a negative surface
charge due to sulfate ester groups introduced during chemical
hydrolysis, even with sulfuric acid. This charge prevents aggrega-
tion, providing for stable colloidal dispersion (Chaka, 2022;
Kandhola et al., 2020).

3.3. High intensity ultrasonication (HIUS)

Cellulose can be effectively extracted from biomass waste
sources using HIUS. HIUS utilizes a transducer with frequencies
exceeding 20 kHz to convert mechanical or electrical energy into
high-frequency acoustic energy (Agi et al., 2018; Vinatoru et al.,
2017). Ultrasonic waves propagate through the medium, creating
successive rarefaction and compression cycles that induce acoustic
cavitation, as shown in Fig. 4. This phenomenon generates local-
ized temperature and pressure conditions, producing highly
reactive free radicals that accelerate chemical processes, such as
hydroxyl, hydrogen, and hydrogen peroxide ions which quicken
chemical reactions. The ultrasonic waves produce oscillations that
cause slurry particles to undergo periodic compression and
expansion (Agi et al., 2020b; Gungoren et al., 2024). This process
resulted in the formation, expansion, and rapid collapse of
microscopic bubbles within the solution, known as cavitation. The
benefits of ultrasonic-assisted extraction include reduced treat-
ment times, minimal chemical or enzyme requirements, and
environmental friendliness, making it a widely researched tech-
nique for extracting and isolating cellulose from various biomass
sources (Agi et al., 2022).

Melikoglu et al. (2019) investigated using ultrasound combined
with reflux heating to extract cellulose from apple pomace, a waste
product of the food industry. They optimized their pretreatment
conditions to include 10.23% NaOH at 69.82 °C for 161.54 min,
resulting in a cellulose yield of 27% and an alpha-cellulose content
of 85.31%. The cellulose obtained from this process exhibited a
high crystallinity index of 78%. Similarly, Wong et al. (2021) suc-
cessfully extracted cellulose from OPEFB using ultrasonic-assisted
alkali treatment. In their study, OPEFB was treated with KOH and
subjected to ultrasonication at 80 °C with an ultrasonic amplitude
of 30% for 30 min. They achieved an optimal cellulose content of
7714 wt¥%, attributing the high crystallinity to the combined effect
of alkali and ultrasonic treatment, which effectively damaged the
OPEFB cell walls and solubilized hemicellulose present on its
surface. Zhang et al. (2023) also utilized ultrasonic-assisted hot
water extraction to extract cellulose from Dictyophora indusiara
fruiting bodies. They employed 5 g of dried Dictyophora indusiara
powder in 200 mL of deionized water with a solid-liquid ratio of
1:40. Using an ultrasonic microwave combined reaction system at
a constant temperature of 80 °C and 600 W for 25 min. After
extraction, the cellulose was separated, preliminarily purified, and
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freeze-dried to obtain the desired cellulose. Saini et al. (2022)
carried out research focusing on cellulose extraction from rice
straw using homogenization and ultrasonication treatments.
Initially, they used 1 M NaOH at 60 °C for 2 h to extract cellulose
from dewaxed and bleached rice straw. The extracted cellulose
sample was then subjected to homogenization at 12,000 rpm for
10 min, repeated twice. Subsequently, the homogenized suspen-
sion underwent ultrasonication at 20 kHz and 600 W for 30 min,
followed by centrifugation at 7000 rpm for 30 min to isolate cel-
lulose. The study aimed to enhance the efficiency of cellulose
extraction through mechanical and ultrasonic treatments, opti-
mizing conditions to achieve cellulose from rice straw.

3.4. Solvent extraction

Besides the widely recognized method of acid hydrolysis, cel-
lulose extraction can also be achieved through various solvent
extraction techniques. These approaches include ionic liquid
extraction, supercritical fluid extraction, and DES methods, among
others. Each of these techniques presents unique advantages in
terms of efficiency, selectivity, and environmental impact, making
them valuable alternatives for cellulose isolation and processing.

3.4.1. Ionic liquid extraction

Ionic liquids are promising solvents for cellulose extraction
from biomass, offering high dissolving power, enhanced cellulose
yield, and environmental benefits, making them an effective and
sustainable alternative in biomass processing. Pacheco-Fernandez
and Pino (2019) highlighted the benefits of ionic liquids, empha-
sizing their high thermal stability, green solvent properties with
low vapor pressure, and versatility in synthetic applications.
Glinska et al. (2021) demonstrated the effectiveness of ionic liq-
uids in extracting cellulose fibers from corn stover, achieving a
cellulose yield of 84% from the extracted biomass. Similarly, in
their study of the use of ionic liquid extraction to sugarcane
bagasse, Liu et al. (2021b) discovered that triethylbenzyl ammo-
nium chloride/lactic acid (TEBAC/LA)-based deep eutectic solvents
(TEBAC/LA) at 120 °C for 4 h and a solid-to-liquid ratio of 1:15
produced the best results for effective pretreatment and biomass
cellulose extraction.

3.4.2. Supercritical fluid

Subcritical and supercritical water hydrolysis represents a sig-
nificant advancement in the extraction of cellulose from biomass
wastes, leveraging the unique properties of water under these
conditions (Pattnaik et al., 2021). Water's ability to hydrolyze
polysaccharides, facilitated by the presence of hydronium ion
(H30™) ions and water molecules, pTElays a crucial role in breaking
down hemicellulose in biomass (Cardenas-Toro et al., 2014).
Subcritical water conditions, operating below its critical point
(critical temperature of water <374 °C under 1-20 MPa for
10-50 min), enhance ionized species concentration, thereby pro-
moting efficient hydrolysis reactions with minimal production of
fermentation inhibitors and corrosion issues (Purkayastha et al.,
2021). These conditions are particularly advantageous for their
high cellulose yields and the preservation of cellulose structure.
Subcritical fluid extraction of cellulose has been widely studied.
Abaide et al. (2019) explored the use of rice husk to extract cel-
lulose at 220 °C, 2.5 MPa, for 3 min with a 7.5:1 water-to-biomass
ratio, achieving hemicellulose and lignin removal. Similarly,
Nguyen Thi et al. (2017) examined water hyacinth hydrolysis un-
der laboratory conditions (165 °C, 5 MPa, 30 min, 10:1 water-to-
biomass ratio), reporting complete hemicellulose and lignin
degradation, enabling cellulose extraction.
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Fig. 4. Ultrasonic-assisted technique for the extraction of cellulose from SGB (Kumar et al., 2023).

3.4.3. DES

DES is a more environmentally friendly version of ionic liquids
that are created by combining two or more substances in partic-
ular proportions to produce a melting point that is much lower
than the sum of their constituent parts (H. Li et al., 2020; Tian et al.,
2020). DES have been widely employed in the extraction of bio-
polymers such as xylan and chitin (Nam et al., 2023). The disso-
lution of biomass using DES is influenced by various factors,
including eutectic composition, viscosity, hydrogen bonding ca-
pacity, pH, temperature, reaction time, and solvent-to-biomass
ratio. DESs with strong hydrogen bonding interactions and low
viscosity effectively dissolve biomass components, and the selec-
tion of an appropriate hydrogen bond donor and acceptor depends
on the specific biomass composition (Abolore et al., 2024). A well-
established example is the eutectic mixture of ChCl and urea in a
1:2 M ratio. Acid-based natural DESs containing ChCl as a
hydrogen bond acceptor generally exhibit higher viscosity
compared to alcohol-based natural DESs, such as those containing
glycol or 1,2-propanediol. Additionally, the incorporation of water
reduces the density of DES, which has been attributed to changes
in the molecular packing of water molecules within the solvent
system (Dai et al., 2013). Consequently, natural DESs with lower
molecular weights tend to exhibit lower densities than those with
higher molecular weights.

DES have garnered attention for their potential in extracting
cellulose from biomass wastes (Chen et al., 2019; Hardiningtyas
et al., 2024; Lee et al., 2022; Liu et al., 2023; Meraj et al., 2023;
Morais et al., 2020; Moran-Aguilar et al., 2022; Ojala et al., 2018;
Scelsi et al., 2021; Wang et al., 2023). For instance, Scelsi et al.
(2021) investigated the influence of alcohol as cosolvents in DES
systems on the delignification process of various biomass sources.
They investigated the effects of alcohol content on lignin frac-
tionation using a DES that contained oxalic acid and ChCl in a
1:1 M ratio. Their findings underscored the critical role of reaction
temperature and the DES-alcohol ratio in enhancing biomass
delignification efficiency. Notably, butanol exhibited optimal per-
formance, attributed to its effective lignin fractionation and min-
imal miscibility with water, thereby highlighting the strategic use
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of cosolvents in DES systems for biomass valorization. Lim et al.
(2019) investigated the use of triethylbenzyl ammonium chlo-
ride/lactic acid (TEBAC/LA)-based deep eutectic solvents (TEBAC/
LA) for extracting cellulose fibers from rice straw. Optimized
conditions (140 °C, 100 min, 1:10 straw-to-solvent ratio) enabled
partial removal of hemicellulose and lignin, enhancing the crys-
tallinity index and demonstrating the potential of DES in cellulose
extraction. Razali et al. (2022) explored an alkaline-DES pulping
method using potassium carbonate-glycerol DES, noting an in-
crease in cellulose content to 84.9% during alkaline treatment,
albeit with a slight decrease in post-surface modification (Liu et al.,
2023). In their study, Gan et al. (2020) demonstrated an effective
method for extracting cellulose from EFB using a DES. To create a
homogenous DES mixture, they combined potassium carbonate
and glycerol in a mole ratio of 1:7 and heated the mixture to 80 °C
for 2 h. Subsequently, the EFB was immersed in this DES solution at
the same temperature and duration before undergoing a bleaching
process. The bleaching process was repeated several times with
equal amounts of acetate buffer (made with glacial acetic acid and
NaOH), distilled water, and a 1.7% chlorite solution. This meticu-
lous treatment regimen effectively reduced the hemicellulose and
lignin content in the EFB from initial levels of 31.9% and 25.9%,
respectively, to significantly lower levels of 9.4% and 1% after
bleaching with the DES.

4. Cellulose bionanomaterials synthesis

Cellulose can be synthesized into advanced materials for in-
dustrial applications such as CNC (Badi et al., 2024; Mohamed
et al,, 2022; Naseem et al., 2024; Pandi et al., 2021). CNC are rod-
shaped particles with diameters ranging from 2 to 5 nm and
lengths of around 100 nm. They are good in terms of mechanical
strength, stiffness, and thermal stability. CNCs are biodegradable,
renewable and non-toxic, making them environmentally friendly
(Bangar et al., 2022; Korolovych et al., 2018; Meda et al., 2022;
Molnes et al., 2018; Raza et al., 2022). Various techniques have
been utilized for the synthetization of cellulose. One of the most
common is acid hydrolysis technique which is used to break down
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the amorphous cellulose chain at an elevated temperature (Akbar
et al, 2020; Burhani and Septevani, 2018; Cheng et al., 2017;
Espinosa et al,, 2013; Gunathilake et al., 2021; Hastuti et al.,
2018; Lv et al, 2019a; Neenu et al.,, 2022; Qu et al., 2020; Xie
et al.,, 2019), as illustrated in Fig. 5. Other methods include enzy-
matic hydrolysis, ionic hydrolysis, oxidization hydrolysis and me-
chanical techniques (Campora et al., 2022; Ishak et al., 2018; Zhang
et al., 2024a).

4.1. Chemical synthesis methods

Chemical synthesis techniques are among the most widely
used methods for producing CNCs. Several types of chemical ap-
proaches are employed, including acid hydrolysis, oxidation, and
nanoprecipitation. Each method offers unique advantages in terms
of yield, particle size control, and crystalline structure, providing
diverse options for CNC synthesis (Badi et al., 2024; Bishnoi et al.,
2024; Ogunjobi et al., 2023; Pandi et al., 2021; Samsudin et al.,
2020; Shaikh et al., 2022; Tuerxun et al., 2019).

4.1.1. Acid hydrolysis

Acid hydrolysis is a well-established technique used to break
down amorphous cellulose chains into shorter, more crystalline
segments using acids such as H,SOg4, HCI, nitric acid, or phosphoric
acid (Trache et al., 2016). Organic acid hydrolysis, using citric,
maleic, formic, or oxalic acid, optimizes cellulose extraction by
tailoring conditions and properties. Each acid offers unique ad-
vantages and limitations, depending on extraction needs (Bian
et al,, 2017; Ji et al.,, 2019; Lv et al.,, 2019b; Yang et al., 2019c).
Mixed acids, combining properties from different acids, are also
explored to achieve specific cellulose characteristics (Wang et al.,
2020a; Xie et al., 2019). This process cleaves the glycosidic bonds
linking glucose units in cellulose, resulting in the formation of
shorter chains with a more ordered arrangement. Acid hydrolysis
is widely employed for producing crystalline cellulose from
numerous plant sources such as wood pulp and cotton fibers due
to its cost-effectiveness, efficiency, and relatively short processing
time (Dai et al., 2018). Acid hydrolysis is particularly useful for
preparing highly purified microcrystalline cellulose, which typi-
cally exhibits crystallinity indices ranging from 60% to 80% (Xiong
et al., 2012). Nanocrystalline cellulose (NCC) synthesized through
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acid hydrolysis appears as tough, rod-like particles measuring
between 50 and 350 nm in length and 5-20 nm in diameter,
depending on the type of acid used, pH conditions, and process
parameters, as shown in Fig. 6 (Tuerxun et al., 2019). Acid hydro-
lysis methods underscore the versatility and adaptability of cel-
lulose processing techniques, catering to diverse industrial and
scientific applications that demand precise control over cellulose
morphology and properties.

Taflick et al. (2017) synthesized CNCs from Acacia bark using a
70% acetic acid and 80% nitric acid mixture at 20 °C for 15 min.
During the alkaline treatment, NaOH facilitated lignin breakdown,
while H,0, and H,SO4 further purified the cellulose by oxidizing
remaining lignin and selectively hydrolyzing amorphous regions,
isolating the CNC. The controlled synthesis conditions yielded
CNCs with specific properties. Ebrahimi et al. (2024) investigated
the effects of chemical treatments on raw and treated hazel seeds
(HS and THS) and CNC, noting the compact structure of raw HS
with hemicellulose and lignin, which were removed by bleaching
and acid hydrolysis. Their study compared chemical synthesis
processes, detailing factors such as duration, cost, waste man-
agement, and energy efficiency (Table 3). Perumal et al. (2022)
used 65% H,S04 at 45 °C for 45 min to create CNCs from areca nut
husk, observing uneven fibers (19.3 nm diameter; 195 nm length)
with high crystallinity due to amorphous cellulose removal.
Moradi and Fathi (2023) synthesized CNC from tomato pomace
using 64% H,S0y4, finding spherical particles (104 nm diameter)
and increased crystallinity, indicating successful elimination of
non-cellulosic material.

4.1.2. Oxidation hydrolysis

Hydroxyl groups on the surface of cellulose are known to
exhibit high reactivity towards oxidative degradation, which ren-
ders it susceptible to oxidation by potent oxidizing agents,
culminating in the formation of a carboxylic group. This charac-
teristic provides a promising route for the synthesization of CNC
through oxidation (Zhang et al., 2024b). Oxidative hydrolysis
techniques are categorized into three main systems: the 2,2,6,6-
tetramylpiperidol sodium bromide sodium hypochlorite oxygen
radical (TEMPO/NaBr/NaClO) alkaline system, TEMPO/NaClO/
NaClO; acidic system, and ammonium persulfate (APS) oxidation
system (Zhou et al., 2023). The TEMPO/NaBr/NaClO system is a
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well-known method for selectively oxidizing polysaccharides,
such as cellulose, using TEMPO as a catalyst with NaBr and NaClO
in an alkaline medium (pH 10-10.5). By contrast, the TEMPO/
NaClO/NaClO; system operates under acidic conditions (pH 4.6),
where the combination of NaClO and NaClO, enhances oxidation,
allowing for effective results under milder conditions, which is
particularly advantageous in applications that require controlled
oxidation (Filipova et al., 2020).

The TEMPO oxidation system, such as TEMPO/NaBr/NacClO, in-
volves converting the Cg hydroxyl groups of cellulose into carboxyl
groups. However, this method initially oxidizes hydroxyl groups to
aldehyde groups, which can lead to aggregation and reduced
dispersion of the resultant cellulose (Baron and Coseri, 2020). The
TEMPO/NaClO/NaClO, oxidation system represents a significant
advancement in the synthesis of CNC, directly converting hydroxyl
groups into carboxylic groups without the intermediate formation
of aldehyde groups. This approach enhances the stability and
dispersion properties of CNCs derived from cellulose, making them
suitable for various industrial applications (Ye et al., 2021). APS is a
strong oxidizing agent for various organic substrates, including
polysaccharides. Its oxidation mechanism involves free radical
generation, which is crucial for initiating polymerization reactions
and enabling selective modifications in substrates (Haunreiter
et al, 2024). APS oxidation selectively targets the hydroxyl
groups on cellulose surfaces, transforming them into carboxylic
groups through a reaction involving sulfate ions, peroxide species,
and water. This process not only modifies the surface chemistry of
cellulose but also enhances its crystallinity by disrupting the
amorphous regions. Wang et al. (2020b) demonstrated the effec-
tiveness of APS in synthesizing CNCs from lemon seeds, achieving
a high crystallinity index of 74.4% and a remarkable thermal
degradation temperature of 346 °C. As shown in Fig. 7, CNCs have
been synthesized using a variety of chemical techniques using a
variety of agricultural wastes.

4.1.3. Enzymatic hydrolysis

Enzymatic hydrolysis employing cellulase enzymes, such as
endoglucanase, exoglucanase, and f-1,4-glucanase, to synthesize
CNCs from biomass (Tong et al., 2023; Yarbrough et al., 2017;). This
process proceeds through three distinct stages: initially,
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endoglucanase targets the amorphous regions within cellulose
fibers by hydrolyzing glucosidic bonds, thereby generating new
chain ends. Subsequently, exoglucanase acts on both the reducing
and non-reducing ends of polysaccharide chains, producing
cellobiose and tetrasaccharides. Finally, -glucosidase further de-
grades cellobiose and tetrasaccharides into glucose, facilitating the
synthesis of CNCs (Chin et al., 2018; Shen et al., 2022). CNCs ob-
tained via enzymatic hydrolysis exhibit properties comparable to
those derived from acid hydrolysis but offer reduced environ-
mental impact due to the absence of harsh acids (Beltramino et al.,
2018; Du et al., 2016). This approach is often integrated with
chemical or mechanical techniques to optimize CNC yield and
quality. Several studies have been carried out on enzymatic hy-
drolysis of cellulose to synthesize CNC (Houfani et al., 2020; Tong
et al.,, 2020, Cabrera-Villamizar et al., 2024; Tong et al., 2023).
Nechyporchuk et al. (2015) compared the effectiveness of single
endogluacanse against a combination of exoglucanase and endo-
glucanase and observed that endoglucanase alone improved CNC
crystallinity and suspension production. It was also observed that
endoglucanase treatment improved crystallinity due to selective
degradation of amorphous regions. Tong et al. (2020) utilized a
blend of cellulase and xylanase to produce spherical CNC from
eucalyptus with an average particle size of 40 nm derived from
Eucalyptus pulp, which exhibited thermal stability of about 343 °C.
Fig. 8 illustrates the stages involving the complete degradation of
the non-cellulosic region and the synthesis of cellulose and CNC.
Table 4 illustrates various research works conducted by re-
searchers to synthesize CNC from biomass through pretreatment,
alkaline treatment and bleached treatment. Table 5 shows a
comparative analysis for the chemical method, mechanical,
enzymatic and hybrid techniques used in the synthesis of CNCs.

4.2. Mechanical methods

Nanocellulose, particularly CNC, is increasingly favored in
various industries due to its operational simplicity and potential
for production on a large scale (Das et al., 2022; Pires et al., 2019).
Mechanical techniques are commonly employed to synthesize
nanocellulose, involving repetitive cycles to reduce particle size
and achieve uniformity in length and fines. Methods such as ball
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Raw Materials

Alkaline treatment

Bleaching

(Cellulose)

Acid Hydrolysis

(CNC)

O =

Straw (c)
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Corn Acacia Bark

husk (d)

Sugarcane bagasse
(e)

Fig. 7. Images of biomass sources at the dewaxing stage, alkaline treated, bleached, and acid hydrolysis of (a) Jackfruit peel, (b) Oil palm empty fruit bunch, (c¢) Rice straw, (d) Corn
husk, (e) Sugarcane bagasse, (f) Acacia bark (Chawla et al., 2023; Louis et al., 2022; Rubiyah et al., 2023; Sikder et al., 2023; Taflick et al., 2017; Vu et al., 2024).

milling, HPH, steam explosion, and HIUS are prominent in this
regard (Dai et al., 2023; Dey et al., 2022; Pradhan et al., 2022).
Among these mechanical techniques, steam explosion stands out
as a widely adopted method for producing CNC. This process in-
volves subjecting milled biomass materials to high-pressure steam
(14-16 bar) and elevated temperatures (200-270 °C) for a brief
period. The rapid pressure release during steam explosion disrupts
the biomass structure, effectively decomposing lignocellulosic
components like cellulose and lignin while preserving cellulose
integrity (Jiang et al., 2021). Besides its ability to enhance crys-
tallinity, steam explosion is advantageous for industrial scalability
and integration with other processes such as gasification or
fermentation to derive value-added products from cellulose
(Sarker et al., 2021).

Another notable mechanical method, HPH, is widely recog-
nized for its effectiveness in reducing particle size and increasing
the number of particles produced during homogenization pro-
cesses (Hongrattanavichit and Aht-Ong, 2020). The key mecha-
nisms included are shear forces, cavitation, and impact force. The
high velocity of the fluid creates significant shear forces that break
down cellulose fibers into smaller particles. The rapid changes in
pressure can lead to cavitation where vapor bubbles collapse
violently. This phenomenon further leads to cellulose fiber's
fragmentation, whereby enhancing the efficiency of CNC synthesis
(Rovera et al., 2023). The principle behind HPH is that HPH de-
pends on the chemical and physical properties of the biomass such
as cellulose content, lignin presence, and moisture level. Higher
pressures generally lead to smaller particle sizes but in most cases,
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it may require optimization to avoid excessive energy consump-
tion or degradation of the cellulose (Song et al., 2019). Researchers
have applied HPH extensively to synthesize nanocellulose from
various sources, showcasing its versatility and efficiency (Chutia
and Mahanta, 2021; Lee et al., 2018; Long et al.,, 2024). For
instance, Wang et al. (2020a) synthesized CNC from cotton cellu-
lose using an ionic liquid solution and HPH, highlighting the
method's capability to refine cellulose into nanoscale dimensions.
Aguado et al. (2022) successfully synthesized CNC from hemp fiber
using HPH, achieving a high aspect ratio and significant surface
area enhancement through multiple homogenization cycles. The
extracted CNC measurement was about 277.76 nm in length and
6.38 nm in diameter, then exhibited a higher aspect ratio of 44.69.
Further studies by Chutia and Mahanta (2021) and Long et al.
(2024) underscored HPH's capacity to produce CNC with precise
morphological characteristics, such as uniform width and length
ranges, demonstrating its potential for tailored nanocellulose ap-
plications in diverse industrial sectors. Furthermore. HPH does not
alter the chemical structure of cellulose. This is evidenced through
FTIR analyses which show that functional groups remained intact
during post-treatment.

The main mechanism behind HIUS is acoustic cavitation, which
involves the creation, expansion, and implosive collapse of
microbubbles in a liquid solvent. As ultrasound waves propagate
through the liquid, they create high and low-pressure regions. The
low-pressure cycles allow gas bubbles to form while high-pressure
cycles cause these bubbles to collapse violently. The implosion
generates localized extreme conditions, namely high temperatures
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improves its crystalline structure, raising the material's crystallinity index.

which can disrupt cell walls and facilitate the release of CNCs from
biomass (Nugroho et al., 2023). The mechanical forces generated
by cavitation lead to the fragmentation of cellulose fibers. Some
parameters influence the effectiveness of HIUS synthesis process.
For instance, the longer the treatment time the more fragmenta-
tion increases and reduces the crystallinity index. Higher ampli-
tudes enhance cavitation intensity, leading to more disruption of
the cellulose structures. The total energy delivered during soni-
cation is paramount, as optimal energy maximizes CNC yield while
minimizing degradation (Nugroho et al., 2023; Szymanska-
Chargot et al., 2022).

Ball milling utilizes mechanical and frictional forces to break
down cellulose particles, reducing them to nano-sized dimensions.
Zhang et al. (2015) applied ball milling to softwood pulp under
ambient conditions, yielding CNC with an average diameter of
100 nm. Despite its effectiveness, ball milling generates frictional
heat that can soften cellulose particles, enhance their deform-
ability but also contribute to high energy consumption. This
environmental impact and the challenge of achieving good dis-
persibility have limited the widespread use of ball milling alone for
CNC synthesis. However, it remains valuable when combined with
other techniques (Sofla et al., 2016), as demonstrated by Hajiali
et al. (2022), who successfully integrated ball milling with ma-
leic acid hydrolysis to enhance CNC dispersion stability and ach-
ieve higher yields from bamboo fiber. Ultrasonication, another
mechanical approach, involves the application of high-frequency
sound waves to disrupt cellulose fibers.

4.3. Nanoprecipitation

The synthesis of CNCs via nanoprecipitation is gaining a lot of
momentum due to its simplicity and effectiveness. Nano-
precipitation, also known as solvent displacement or interfacial
deposition, involves dissolving cellulose in a solvent that is
miscible with water (Agi et al.,, 2019b). This solution is being
introduced into an antisolvent which leads to the formation of
nanoparticles due to spontaneous diffusion. This method of syn-
thesis allowed for CNCs ranging between 50 and 300 nm in size
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(Reimer et al., 2023). Various factors may affect nanoprecipitation.
The type of solvent used can significantly affect the particle size
and morphology of the CNP. For example, Cordt et al. (2020) re-
ported that acetone is noted for its effectiveness in manufacturing
stable colloidal suspensions. George and Sabapathi (2015) re-
ported that temperature and pH can alter the stability and solu-
bility of the cellulose solution, hence affecting their final
characteristics. The concentration of the cellulose solution can
directly affect the size of the resulting CNP as lower concentration
normally yields smaller particle sizes of CNP.

Chin et al. (2018) evaluated the impact of cellulose solution
concentrations and the volume ratio of solvent (aqueous solution
of NaOH/urea/thiourea)/antisolvent (ethanol) in particle forma-
tion through nanoprecipitation. They observed that when the
cellulose concentration varied from 0.001% to 0.005-0.1% (w/v),
the particle size increased from 218 nm to 263-683 nm. However,
the variation in solvent/antisolvent ratio from 1:20 to 1:60
decreased the sizes of the particles from 365 nm to 70 nm. Zhang
et al. (2019) observed that cellulose concentration can affect par-
ticle sizes, resulting in nanoparticles of size (<50 nm). Ho et al.
(2020) studied the effect of cellulose fiber obtained from paper
waste using a solution of carboxylic citric acid (CA) obtained from
TEMPO oxidation and acetylation in ultrapure water and ethanol
as an antisolvent. Their findings showed that the nanosphere was
reduced to 70-100 nm. Al Hakkak et al. (2019) investigated the
effect of MCC solvent dissolved in 1-methyl-3-methylimidazolium
acetate ([C;mim][Ac]) and acetonitrile as an antisolvent. The result
shows particles of 100-400 nm nanosphere.

4.4. Surface modification

CNC synthesized from biomass wastes such as EFB, PKS, rice
husk, may require surface modification due to their exhibition of
large surface areas and high concentrations of hydroxyl groups,
which leads to robust hydrogen bonds between the cellulose and
the CNCs or cellulose nanofiber (CNFs) structure. Cellulose is also
reported to possess excessive hydrophilicity, making it difficult for
usage in several applications (Marakana et al., 2021; Missoum
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et al,, 2013). Hence, surface modification of samples involves the
use of various additives to alter or manipulate the surface prop-
erties of the hydroxyl group on CNC to enhance properties such as
conductivity (Meulendijks et al., 2017), hydrophobicity (Mohanta
et al,, 2014) and thermal responsiveness (Raza and Abu-Jdayil,
2022; Zoppe et al., 2011). These chemical modifications may
include non-covalent bonding, silylation amidation, etherification,
sulfation, oxidation, esterification, polymer grafting, in small
molecules and the use of large molecules such as graft copoly-
merization, as illustrated on Fig. 9 (Habibi, 2014). The main pur-
pose of chemical functionalization is to introduce either negative
or positive electrostatic charges on the CNC surface, which pro-
vides better dispersion in any solvent or polymer.

4.4.1. Amidation

This method involves introducing amine groups to the cellulose
surface through a carbodiimide-mediated reaction, specifically by
activating the carboxylic acid moieties on crystalline cellulose to
create N-hydroxysuccinimidyl ester, which then reacts with a
primary amine to produce an amine product (Bangar et al., 2022;
Eyley and Thielemans, 2014). During the second phase, amida-
tion occurs between the carboxylate group (-COO) and the amine
functionalities (-NH>), facilitated by a peptidic linkage using N-(3-
dimethyl aminopropyl)-N'-ethyl carbodiimide (EDC)/N-hydrox-
ysuccinimide (NHS) catalyst. Filpponen and Argyropoulos (2010)
conducted an experiment using propargyl amine and 11-azido-
3,6,9-trioxaundecan-1-amine to examine the effects of amidation
on oxidized crystalline cellulose, with transmission electron mi-
croscopy (TEM) imaging revealing well-structured and coordi-
nated crystals. Gicquel et al. (2019) found that aromatic functions
on the CNCs surface significantly enhanced the sorption of aro-
matic ring-bearing molecules due to n-x interactions between the
sorbent and the sorbate. Their study reported various CNCs
modification procedures, including silylation, esterification, and
grafting using isocyanates, leveraging the hydroxyl groups present
on the CNCs surface. Lasseuguette (2008) produced a series of
CNFs amidated with benzylamine, hexylamine, dodecylamine, and
amine-functionalized poly(ethylene oxide)-b-poly(propylene ox-
ide) (PEO-b-PPO) copolymers (commercially known as Jeffamines)
under pH 7.58 with EDC and NHS. The advantages of amidation via

0 0 0 Hoj(oj\jf(ojim b
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EDC/NHS coupling include minimal chemical usage and the ability
to perform the reactions under aqueous conditions.

4.4.2. Esterification

Esterification is one of the easiest ways to introduce new sur-
face functionalities on the nanocellulose hydroxyl group (Kalia
et al,, 2014; Wang et al,, 2018; Zhang et al.,, 2023). Acid anhy-
dride esterification is commonly used, particularly for surface
acetylation, CNC is esterified under dry conditions with acetic and
acetic anhydride alongside an acid catalyst (Leszczynska et al.,
2019). This experiment is performed without water because wa-
ter, a by-product of esterification, can easily hydrolyze the esteri-
fication agents. Espino-Pérez et al. (2014) used acetic anhydride to
esterify CNCs with citric acid as the catalyst. The images of CNC
obtained from the acid hydrolysis procedure showed the typical
acicular structure of CNCs with dimensions ranging from 100 to
200 nm in length and 10-20 nm in width. Moreover, the rod-like
shape and the nanocrystals’ dimensions were not significantly
affected by acetylation, suggesting that only the surface of the CNC
was modified during the reaction. Transesterification of vinyl ac-
etate in the presence of potassium carbonate has also been used to
acetylate CNC surfaces without damaging their crystal structure,
although this was highly dependent on reaction time and tem-
perature (Mokhena and John, 2020).

4.4.3. Acetylation

Acetylations can be performed with the additional presence of
a nonswelling diluent, such as toluene (Heinze et al., 2018;
Rodriguez-Fabia et al., 2022) or pyridine (Martins et al., 2022;
Oberlintner et al., 2021), to minimize the solubilization of acety-
lated chains in the reaction medium or the peeling effect. Dhali
et al. (2021) studied the structural aspects of acetylation of cel-
lulose using a mixture of acetic acid and acetic anhydride,
employing toluene to stop the swelling and dissolution of cellulose
acetate. They found that acetylation proceeds by reducing the
diameter of the crystal without significantly affecting its length. It
was deduced that in a system allowing the dissolution of the
resulting cellulose acetate, chains are stripped from the surface of
the crystal into solution. The addition of a non-swelling solvent
retains modified chains at the surface of the crystal, resulting in a
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core of unmodified cellulose with a cellulose acetate shell
(Campora et al., 2022; Wang et al., 2018).

4.4.4. Etherification

Etherification is a prevalent modification technique reported in
literature, often conducted in aqueous media (Ge et al., 2022). Fi-
bers are first activated with an alkali hydroxide (NaOH), and then
mono-chloroacetic acid or its sodium salt is used for converting
the hydroxyl group into carboxymethyl moieties. Examples of
etherification processes include carboxymethylation, hydrox-
yethylation and hydroxypropylation (Ali et al., 2024; Liu et al.,
2022). The key difference between etherification and esterifica-
tion is that in the former, only the hydrogen of the hydroxyl group
is detached to form the ether linkage (-O-), while in the latter, the
entire hydroxyl group is substituted by the ester group (-COOR)
which involves glycidyltrimethylammonium chloride (GTMAC) or
its derivatives to cationize the cellulose surface. To modify GTMAC,
it is mixed with a CNC suspension in a sodium hydroxide solution
and heated for several hours. Four different modified product
types, non-ionic, cationic, anionic, and amphoteric are often pro-
duced as a result of etherification (Aziz et al., 2019). Habibi (2014)
reported that surface cationization using epoxypropyl-
trimethylammonium chloride (EPTMAC) resulted in a stable
aqueous suspension of cellulose with thixotropic gelling abilities,
as the alkali-activated cellulose hydroxyl group underwent
nucleophilic reaction with the epoxy group of the EPTMAC. EPT-
MAC is a chemical used to modify CNCs. Acting as a cationization
agent, it introduces positively charged quaternary ammonium
groups to CNC surfaces. This process converts the negatively
charged cellulose surface into a cationic one through esterification
reactions (Li et al., 2016; Littunen et al.,, 2016; Sunasee and
Hemraz, 2018). However, the resulting crystalline cellulose
became more hydrophilic than the initial form, posing limitations.
Sun et al. (2014) and Chauhan et al. (2023) used GTMAC as a cat-
ionization agent to etherify CNCs by adding a mixed solution of
CNCs containing NaOH and heating it to complete the modifica-
tion. A nucleophilic reaction occurred between the epoxy groups
of the GTMAC and the hydroxyl group of the CNC surface. The
results showed an increase in the positive charge density on the
CNCs, enhancing their dispersion. Recently, the environmentally
friendly SolReact process was developed by Gomri et al. (2022), in
which CNC surface hydroxyl groups were esterified with phenyl
acetic acid and hydrocinnamic acid. These carboxylic acids acted as
both reagents and solvents during the esterification reactions. In
this unique case, in situ solvent exchange by water evaporation
drives the reaction forward without drying CNCs.

4.4.5. Sulfonation

Sulfonation involves partially replacing the hydroxyl groups on
the nanocellulose surface with ionic sulfonic acid groups (-SO3H)
to form sulfate half-esters, resulting in stable cellulose colloidal
suspensions (Bangar et al., 2022; Eyley and Thielemans, 2014;
Habibi et al., 2010; Jaouahar et al., 2024). These sulfate half-ester
groups are crucial for the stability of CNC dispersions, with the
degree of replacement primarily influenced by the concentration
of sulfuric acid, the source of CNC, production methods, and re-
action temperature. High temperatures facilitate the easy transfer
of anionic charge to the CNC surface (Thomas et al., 2018).
Although sulfuric acid-prepared CNCs exhibit poor thermal sta-
bility, Mu and Gray (2014) noted that neutralization with NaOH
can enhance their stability. Controlling the resultant ester group
can be challenging; thus, Habibi (2014) suggested adding regu-
lated sulfate moieties to CNC surfaces via HCl acid hydrolysis (Etale
et al., 2023). Thompson et al. (2019) reported that sulfate esters
created highly stable colloidal suspensions that, when dried under
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controlled conditions, formed optically active films. Araki and
Nakajima (2023) developed controlled post-modification
methods using H,SO4 to introduce sulfate-half ester groups on
CNCs produced by HCl. Camarero Espinosa et al. (2013) found that
surface modification of CNCs by HCl or hydrobromic acid enzymes
did not produce surface charges but rather destroyed the amor-
phous areas holding the crystallites together.

4.4.6. Phosphorylation

The introduction of negative charges on CNC surfaces through
the incorporation of phosphate (PO3~) ester groups results in the
modification of CNC with inorganic esters, producing phosphate
and sulfate (Thakur et al., 2021). These esters release phosphoric
and H,S04, which accelerate dehydration (P. Li et al., 2020; Thakur
et al., 2018). Zoppe et al. (2020) pioneered the use of phosphoric
acid to produce phosphorylated CNCs. Camarero Espinosa et al.
(2013) experimented with CNC surfaces under optimal condi-
tions using 74 wt% phosphoric acid for 90 min at 100 °C. The re-
sults demonstrated homogeneous dispersion with an average
dimension of 30 x 320 nm? and high thermal stability.

4.5. Characterization of cellulose and nanomaterials

Different characterization techniques are employed to investi-
gate the surface morphology, topography, crystallinity, and ther-
mal properties of cellulose nanocrystals. Morphology and
topography samples can be evaluated through transmission elec-
tron microscopy (TEM) and field emission scanning electron mi-
croscopy (FESEM). Particle size distribution and zeta potential can
be determined using dynamic light scattering (DLS). Minerology
and thermal stabilities of cellulose nanocrystals can be analyzed
using X-ray diffraction spectroscopy (XRD), FTIR, and thermog-
ravimetry (TGA), respectively. Various characteristics techniques
and tools are used to investigate the crystalline structure, crys-
tallinity index, morphology and topography, and elemental and
thermal properties of CNCs extracted from any of the biomass
wastes.

4.5.1. SEM

Morphology and topography of cellulose can be evaluated using
SEM. The morphology of each type of cellulose including its
dimension, shape, size and other features are affected by factors
such as the techniques used in isolation of cellulose and processes,
source of cellulose, and treatment applied before and after pro-
cessing. SEM can scan in real-time and observe morphology with
relatively low quality but a comparatively large area. Several
studies have shown the effectiveness of SEM through its images
(Jaouahar et al., 2024; Kallel et al., 2016). For instance, Kumar et al.
(2024) investigated the effect of increasing alkaline concentration
during the treatment of Plam grass font (PGF) through the help of a
microphotograph. They observed that all four fiber samples (3
chemically extracted and 1 extracted by water retting) were
affected due to the concentration of NaOH used during treatment.
The result shows that the use of 10% NaOH during treatment leads
to constricted edges and damaged surface fiber, as can be seen in
Table 5. Chamathka et al. (2024) examined the surface morpho-
logical features, and orientation composition of raw PKM cellulose
and fibers treated with alkaline treatment, bleaching and acid
hydrolysis. They observed that during acid hydrolysis, hydronium
ions (H30") targeted the amorphous region of the cellulose,
leading to the facilitation of hydrolytic breaking down of glycosidic
linkages. The result of the topographical images of PKM cellulose
were homogenous and spherical. Shibly et al. (2024) employed
SEM to analyze the surface morphology of raw Rose hybrida plant
bark (RHB). They observed that the uneven surface of the fiber was
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warped by the hemicellulose, lignin and other contaminants
which were responsible for poor surface wet-out and inadequate
fiber-matrix bonding. Ebrahimi et al. (2024) studied the effect of
chemical treatment on raw hazel seeds (HS), treated hazel seed
(THS). They observed that the raw material exhibited a compact
structure and contained intercellular compounds such as hemi-
cellulose and lignin. Impurities were removal as a result of
bleaching and acid hydrolysis treatment. Sikder et al. (2023) suc-
cessfully cellulose from OPEFB using enzymatic hydrolysis. They
observed that the cellulose was largely made up of irregular sha-
ped aggregated long fibrils. They noticed that the original cellulose
was segmented and degraded to a large volume after cellulase
enzymatic hydrolysis resulting in tiny rodlike forms.

4.52. TEM

TEM is usually used to acquire the shape of CNCs at high
magnification (Kumar et al., 2014). Due to their small-sized CNCs in
nature, consisting of hydrogen bonding and low electron density;, it is
challenging to image CNCs individually (Li et al., 2015). Normally,
TEM with high resolution and magnification is used to investigate
the defined shape and distribution of CNCs. Through TEM analysis,
the diameter of CNCs can be determined as well as any possible
occurrence of agglomeration. Li et al. (2015) investigated the
morphological characteristics of CNCs using TEM, the results
revealed the appearance of needle-like shape CNC. In a similar
analysis, Rohaizu and Wanrosli (2017) conducted tests on CNCs ob-
tained through TEMPO-assisted oxidation of Elaeis guineensis EFB in
the presence of sonication treatment. The TEM images result of MCC,
TEMPO-oxidized MCC and CNC widths isolated from empty fruit
bunches were 31, 15, and 4 nm respectively. TEM provides better and
high-resolution images in nanoscales. They can exhibit individual
atoms compared to SEM. TEM micrographs are used in CNC char-
acterization to determine the particle size distribution and shape.
Many researchers have carried out a lot of research on this. For
instance, Burhani and Septevani (2018) conducted an experiment to
investigate the morphology of CNCs OPEFB. The result shows that
CNCs-OPEFB had a morphology rod with a diameter and length of
43 nm and 147 nm respectively. Junior de Menezes et al. (2009)
observed the morphology of ramie NCC with TEM. Findings from the
images show that the diameter was about 10.8 nm and the length
was around 135 nm. Similarly, Rohaizu and Wanrosli (2017) analyzed
CNCs obtained from TEMPO-assisted oxidation of EFB in the pres-
ence of sonication treatment. The results show that the TEM images
of microcrystalline cellulose (MCC), TEMPO-oxidized microcrystal-
line cellulose and CNCs extracted from EFB width were measured to
be 31 nm, 15 nm and 4 nm respectively. They attributed the size
reduction to the presence of TEMPO-oxidation and sonication, which
replaced the hydroxyl group with carboxylate groups which leads to
the formation of weak inter-fibrillar bonds.

Ibrahim et al. (2024) observed and accessed the Bamboo cel-
lulose nanoparticles (BCN) shape and aggregation from micro-
graph producing TEM images of BCN treated with NaOH NCNs and
BCN treated with benzoylated compound BCNy. The TEM images
revealed that both are nanoscale needle-like. Indicating that acid
hydrolysis breaks down the strong hydrogen bonds that hold
together the cellulose fibers and reduce the sizes. BCNg TEM image
shows that they are well separated, with a length 33-200 nm and a
wide 3-17 nm, whereas BCNb TEM image shows a length
34-228 nm and a wide 3-17 nm. They attributed it to the interfacial
hydrogen bonding, where the aggregation tendency of BCNb is
denser than BCNs. Wahib et al. (2022) investigated the effect of
chemical treatment on cellulose nanocrystals extracted from a
date pit, an agricultural solid waste. The result shows that CNC true
modification was made through sulfuric acid hydrolysis leading to
cellulose microfibrils with a packed structure.
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4.5.3. FESEM

FESEM can be used to obtain high-resolution images of cellu-
lose nanoparticles. FESEM can produce low-voltage images with a
magnification factor up to 30,000 and can detect and measure
samples are small as 1 nm. Hence, FESEM is far better than SEM in
terms of resolution because the beam gun in FESEM is electro-
magnetic while the beam gun used in SEM is thermionic. Unlike
optical microscopes, FESEM functions based on electrons rather
than light (Chorkendorff and Niemantsverdriet, 2003). The surface
morphology of raw, treated and cellulose nanocrystals can be
surveyed and analyzed through FESEM. Besides, FESEM can be
coupled with DLS technique to further identify and clarify the
particle size distribution of cellulose nanocrystals produced. The
diameter of cellulose nanocrystals will reduce in size due to the
removal of hemicellulose and lignin, after performing hydrolysis
and bleaching treatments (Kamelnia et al., 2019). To achieve the
adequate size and distribution of CNCs, ultrasound treatments
could be introduced. CNCs exist in rod-like shapes or spherical
shapes of the nanocrystals. So, this information can be recorded in
FESEM. The morphology of the cellulose nanoparticles obtained
from PKM was similar to cotton linters' morphological features. It
was revealed in the study by Chauhan et al. (2019) that the
spherical cellulose nanocrystals obtained from cotton linter pow-
der were 45-75 nm, which is smaller than the size of the CNP
obtained in the current study. FESEM is another technique that
also evaluates the morphology of CNCs. Unlike other techniques
that use optical microscopes. FESEM uses electrons instead of light.
Several studies have shown that the larger the diameter of the
fibers, the greater the strength. Zhang et al. (2019) conducted a
morphological test on CNCs using FESEM. The study's findings
show FESEM images of rice straw CNC (CNCS-RS) and poplar wood
(CNCS-PS) freeze-dried at 75 °C for 48 h. The average diameter of
CNCs-RS and CNCs-PS were 11.6 nm and 13.7 nm, respectively.
Using the FESEM images, Vicente-Flores et al. (2024) observed that
the raw fiber had a very rough topography and that the longitu-
dinal surface of the fiber presented many impurities such as
waxes, the presence of sugars, and remains of hemicellulose
(Hernandez et al.,, 2020). They observed that for the alkaline
treated fiber, there were less impurities, this fact was proven as the
surface cleaner, improving the roughness of the fibers (Ganapathy
et al., 2019). For the bleached process fibers, the bleaching process
using an oxidizing agent (NaClO,) created an opening in the fiber
bundles showing single helical microfibers with more regular
shapes and less rough surfaces and a size reduction (Reddy and
Yang, 2009). Ng et al. (2021) conducted a morphological study
on cellulose nanocrystals isolated through acid hydrolysis process.
They observed that the EFB surfaces after alkaline treatment were
smoother due to the removal of lignin, hemicellulose, wax and
other impurities.

4.5.4. X-ray diffraction (XRD)

XRD is a nondestructive technique for the characterization of
cellulose and cellulose nanoparticles. XRD is used to measure the
crystallinity of fibers, which can investigate the effect of each
preparation step used at the point of obtaining a material. Bunaciu
et al. (2015) reported that structure, grain size, phase, texture,
crystallinity and crystal defection are all obtained through XRD
analysis. Song et al. (2018) observed that the cellulose of raw
material and NCC both exhibited cellulose I structure with a
diffraction peak of the 20 at 15.1° and 22.5°, which were assigned
to planes (101) and (002) respectively. Hence, the structure of
cellulose did not exhibit any change during the extraction process.
However, the diffraction peaks of NCC were sharp and intense,
indicating a corresponding high crystallinity. Bano and Negi (2017)
conducted a study on groundnut shell (GNS) that has been dried
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and subjected to various treatments using XRD analysis. The dif-
fractogram had three (3) peaks of 20 at 16.4°, 22.5° and 34.4°. The
finding of the result shows that the crystal structure of cellulose
did not change significantly during the alkaline and ultra-
sonication treatments. The 20 at 16° peaks could be classified as
secondary peaks for amorphous regions. Whereas the 22° repre-
sents the crystalline area of the cellulose. The crystallinity index
obtained from CNC-GNS was 74% which is far better than GNS
(58%) and CPC-GNS (65%).

Moghaddam et al. (2024) studied the characteristics of fiber
extracted from corn husks using XRD. The result shows that the
extraction of fiber using the alkaline method leads to the removal
of non-cellulosic materials, hence increasing crystallinity by 63%
and 44% using treatments, Segal and curve method. However, the
bleaching method had no significant impact on the improvement
in the crystallinity of the extracted fibers. Bahndral et al. (2024)
studied the results obtained from X-ray data on lemon grass cel-
lulose samples. They observed that many of the ranges with high
peak intensity had a high crystallinity index. These crystalline
peaks were at 16.08°, 22.04° and 35.06° with planes of (101), (002)
and (202) respectively. Their findings show that the higher the
crystallinity index, the higher the purity and thermal stability of
cellulose materials. The crystallinity index increase as crystalline
size decreases and crystalline size of cellulose is dependent on
chemical treatment. Chavez et al. (2023) study the effect of
different concentrations of oxalic acid obtained as a nanofiber and
the raw ichu sample. The diffractogram obtained shows that the
two well defined peaks at 26 between 15 and 16° and 22.0-22.5°
which corresponds to the planes (110) and (002). It was observed
that the higher the concentration of oxalic acid used, the higher
the crystallinity index. The crystallinity index for raw ichu, 6%
(COOH)3y, 8% (COOH)3, 10% (COOH), were 45.63%, 52.37, 52.97 and
56.89% respectively. They attributed the increase to the removal of
hemicellulose and lignin through delignification in alkaline pre-
treatment, bleaching and acid treatment.

Hemida et al. (2023) accessed sample patterns for pulp Nile
Rose fibers (NRFs), bleached NRFs, and hydrolyzed NRFs. They
observed that the pulped NRFs had weak peaks which identified 20
at 15° and 22°. While the bleached NRFs had broader defined
peaks, indicating the removal of non-cellulosic material. The
bleached samples that were hydrolyzed also had the same peaks
with the appearance of a new peak of 26 at 35°. The characteristics
of these peaks were that of cellulose I corresponding to planes
(101), (200) and (040). They attributed the alteration of crystalline
structure to bleaching and acid hydrolysis treatment. Brahma and
Ray (2024) investigated the effect of chemical treatment on jack-
fruit peel. They observed that the peak of cellulose structure of 20
were 16.1°, 22.3°, and 34.3°. Their findings show that the crystal-
linity was lower than the cellulose value of 44%. This could be
attributed to the presence of hemicellulose and lignin. Due to the
presence of high amorphous region, H30" were observed to break
down the B-1,4 -glycosidic connection with the cellulose chain,
causing the individual crystallites to be released and increasing the
crystallinity of cellulose, as indicated on Fig. 10.

4.5.5. FTIR spectroscopy

FTIR is a tool used to identify the functional groups and char-
acteristics of the changes in chemical functional groups before and
after extraction of NCC by comparing the spectrum with the
relevant database. The FTIR characterization of CNCs particles aims
to determine the functional group indicated by the infrared ab-
sorption number. These functional groups detect the presence of
lignocellulosic compounds such as cellulose, hemicellulose and
lignin extracted from CNCs particles, as a different wavelength
indicates each lignocellulosic compound (Dungani et al., 2017;
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Sofla et al,, 2016; Supian et al., 2020). For instance, the FTIR
spectra of GNS chemically purified cellulose (CPC-GNS) and CNC-
GNS (Bano and Negi, 2017) shows some of the adsorption peaks
(1735 cm™ !, 1512 cm ™! and 1264 cm™!) in the GNS particles were
lost in the CPC-GNS and CNC-GNS. The loss of the adsorption peak
indicates that the extraction of GNS leads to the removal of
hemicellulose, lignin and other compounds. This also shows that
the CPS-GNS particle synthesis process using NaOH can remove
non cellulose compounds. Then the absorption peak of 3410 cm ™!
on the CNC-GNS spectrum has a higher density, which proves that
the non cellulose content in the CNCs-GNS particles has been
removed (Van-Pham et al., 2020). Chamathka et al. (2024) studied
the functional group present in PKM cellulose nanoparticles and
the changes caused by various treatments using FTIR analysis. The
treatment involved alkaline-treated raw PKM, bleached PKM and
acid hydrolysis PKM cellulose nanoparticles. They observed that
the peaks at 3421 cm~! for all spectra corresponded to the O — H
stretching which reflects the tendency to be hydrophilic. The
alkaline substance reduces the hydrogen bonding within the hy-
droxyl groups and non-cellulose material. The peaks at 2896 cm ™!
show that the spectrums correspond to C — H stretching. This
indicated the disappearance of peaks of lignin and hemicellulose
in PKM after alkaline and bleaching processes. Pratama et al.
(2024) studied the effect of various chemical treatments on
belulang grass using FTIR spectroscopy. Samples were initial grass
fiber, spectra obtained after alkalization, bleaching and acid hy-
drolysis. They observed that the absorption band at 3300 cm™!
became sharper with each treatment compared to the initial grass.
They attributed to the O-H stretching in the carboxyl group of the
lignin. They also observed that the absorption band around
2860 cm~! weakened and disappeared after alkalization and
subsequent treatments. They associated this band with the
stretching vibration of C-H groups in hemicellulose and noted that
the disappearance indicated decreases in hemicellulose content.
Further, they noticed that Belulang grass alkaline treated samples
had a peak around 1740 cm™!, corresponding to ketone, aldehyde
or carboxylic acid groups in hemicellulose molecules. The intensity
of the absorption band at 1440 cm ™! increased after bleaching and
acid hydrolysis. This corresponds with the high crystallinity index.
They concluded that various treatments, particularly alkalization
and acid hydrolysis effectively reduced the content of hemicellu-
lose and lignin and increased the crystallinity index of the fiber, as
clearly seen in Fig. 11.

4.5.6. TGA

TGA is used to determine the thermal stability of CNCs.
Trilokesh and Uppuluri (2019) conducted a study on CNCs
extracted from jackfruit using TGA. In the result findings, there are
3 levels of thermal degradation observed in the form of mass loss.
Stable conditions were obtained at 150 °C, cellulose thermal
properties were observed at 312-350 °C and mass loss at
200-380 °C due to cellulose depolymerization. The mass loss was
about 85% because of drying at a temperature of 300-350 °C. Zhao
et al. (2015) conducted a comparative analysis on CNCs-RS and
CNCs-PS. The TGA result shows that CNCs-PS has a higher peak
than CNCs-RS while the CNC-PS has a higher degree of polymeri-
zation and hydrogen bonding energy, resulting in better thermal
stability. Moghaddam et al. (2024) conducted a study on the effect
of temperature on the weight of corn husk lignocellulose fibers
using TG analysis. They observed that an increase in temperature
led to a continuous decrease in the weight of the fibers. This
weight loss was due to the decomposition of high volatile com-
pounds below 160 °C and loss of moisture and the decomposition
of cellulose, hemicellulose and lignin at about 200-400 °C. The
result shows that during alkaline and bleaching, the percentage of
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Fig. 10. XRD pattern for cellulose extraction at various stages (a) enzyme pretreated OPEB. (b) Jackfruit (c) sugarcane bagasse (SCB) (d) acacia bark (Evans et al., 2019; Rubiyah

et al., 2023; Sikder et al., 2023; Taflick et al., 2017).

cellulose increases as that of hemicellulose and lignin were
removed. This led to cellulose being more structured and regular
and increases thermal stability. Hence, bleached fiber samples
have higher thermal stability than other samples.

Taflick et al. (2017) studied the effect of residue on samples
without Soxhlet Extraction (SE)-cellulose and With Soxhlet
Extraction (WSE)-cellulose based on the results obtained from TGA
data for thermal degradation. They observed that the Tpax of SE-
cellulose was the lowest compared to that of WSE. They attrib-
uted the increase of the degradation temperatures of WSE-
cellulose to a higher mass of residue (9%), compared to SE-
cellulose (4%). To the presence of some compound that extracted
by solvent at the commencement of the process. on SE samples
and WSE samples. Rubiyah et al. (2023) evaluated the heat sta-
bility of both untreated and chemically treated jackfruit peel via
TGA. The fiber went through several stages of thermal degradation,
weight loss initially at a temperature of 100 °C eliminating water.
They observed the breakdown of the C-O-C glycosidic bond be-
tween the glucose unit of cellulose and depolymerization of the
hemicellulose of jackfruit at 287 °C. They also observed that after
alkaline treatment and bleaching, hemicellulose was eliminated.
Degradation of cellulose is responsible for the peak at about
324-340 °Cin all samples. The degradation of lignin was at a peak
of 568 °C in the raw samples. From their findings, as indicated in
Fig. 12, they concluded that the absence of a high-temperature
peak suggests that lignin was removed throughout the subse-
quent chemical processes.

Kumari et al. (2023) studied the cellulose and CNC that were
extracted from lemon via TGA to observe the degradation prop-
erties. They observed that each sample had an initial weight loss
from 50 to 80 °C, as a result of evaporation of absorbed water. They
observed that the thermal decomposition of cellulose onset
occurred at 232.84 °C followed by a raid weight loss at 250 °C,
which was attributed to hemicellulose degradation. Their results
show that CNC was stable to temperature, which was a result of an
increase in the crystallinity index. Debnath et al. (2023) investi-
gated the effect of chemical treatment and heat on tea wastes and
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cellulose extracted from it. They observed that the thermal
degradation of the sample resulted in an initial weight loss be-
tween 45 and 110 °C, which is due to the elimination of water
present in cellulose. The primary decomposition occurred be-
tween 200 and 335 °C, which is attributed to the breakdown of
cellulose and hemicellulose components. The decomposition of
raw tea waste and Tea waste microcrystalline cellulose (TWMCC)
started at 240 °C while delignified tea waste started to degrade at
temperatures 220 °C and 234 °C, respectively.

4.5.7. DLS

DLS is a technique that can be used to conveniently determine
the average size distribution of particles in a sample. This tech-
nique is based on the light scattered by diffusing particles. DLS
incorporates Rayleigh scattered light and Doppler broadening
resulting from the particle Brownian motion or translational
diffusion. Similarly, some DLS measurements can also provide zeta
potential data for cellulose nanocrystal dispersion in the presence
of an electrical potential. DLS technique assists in obtaining size
information of particles within a few minutes with diameter
running from few nanoscales in measurement to 5um. Very
essential to be applied on CNC for size verification while assisting
in determining the occurrence of agglomeration between CNCs
particles. Foo et al. (2019) studied the effect of size distribution of
particle and zeta potential on CNC synthesized from EFB. They
recorded an average distribution size of 75 nm and a zeta potential
value of less than - 10 mV. Through surface modification with
tannic acid and decylamine, they were able to successfully in-
crease the zeta potential value to CNC extracted from EFB to
around —65mV.

Similarly, Al-Dulaimi and Wanrosli (2017) successfully
increased the zeta potential from —-36.2 mV to —69.8 mV by
increasing the reaction time from 40 min to 100 min during acid
hydrolysis using H,SO4 at 58% and 45°C. Ogunjobi et al. (2023)
studied the size distribution of particles and zeta potential on
CNCs extracted from Siam weeds. They reported that the hydro-
dynamic diameter average size of 213 nm while the nanocellulose
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had an overall negatively charged with a zeta potential
of —9.57 mV. Nang Vu et al. (2024) evaluated the effect of size
distribution from CNCs extracted from sugarcane bagasse using
formic/peroxy formic acid. They show a hydrodynamic distribu-
tion size of about 300.1 nm. Their DLS analysis revealed a sharp
profile distribution, indicating uniformity in particle size. Simi-
larly, Pandi et al. (2021) recorded an average hydrodynamic size of
CNC of 221 nm from CNC that was synthesized from cotton via
ultrasound-assisted acid hydrolysis. Midhun Dominic et al. (2022)
synthesized CNFs from millet husk waste via chlorine-free
extraction. They observed that the hydrodynamic size of the
nanofiber obtained from DLS analysis exhibited an average size of
51.1 nm. Even though DLS analysis may not be accurate for fibrils
and rodlike molecules, it can give a nanoscale dimension for fiber
preparation. This goes a long way to show the importance of DLS
analysis in verifying the surface modification.

Zeta Potential gets an insight into the physical stability of nano-
suspensions by estimating the surface charge of nanocrystals. The
stability of synthesized cellulose nanocrystals can be determined
by measuring the zeta potential of charged particles. CNCs with
significant positive and negative zeta potential have adequate
intra-molecular repulsion to improve colloidal stability. However,
a low zeta potential value might lead to particle flocculation and
aggregation because of the van der Waals force of attraction be-
tween them (Singh et al., 2023). It helps determine the electro-
static charge on CNCs that they carry during synthesis and causes
repulsion between charged particles. Consequently, these repul-
sive forces help keep distance, resist the combination, and make
them more stable in suspension (Samsudin et al., 2020). Naseem
et al. (2024) studied the effect of zeta potential on cellulose
nanocrystals extracted from Hamelia patens leftover via hydrolysis
of microwave-assisted ionic liquid technique. They observed the
presence of sulfate ions in acid hydrolysis treatment while ionic
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liquid hydrolysis (ILH) had the presence of acetate ions leading to
the development of a net negative charge on CNC particles. The
CNC-ILH had a higher zeta potential value (—35 mV) than CNC-ILH
(=30 mV), which makes it more stable due to more repulsion.
Their findings show that the suspension of CNC-ILH remains stable
after 48 h due to the repulsive force existing between charged
particles, while CNC-acid hydrolysis had some sedimented parti-
cles due to agglomeration (Wang et al., 2020c).

Ogunjobi et al. (2023) study on DLS revealed that the nano-
cellulose prepared are uniformly distributed spherically shaped
nanocrystals with an average hydrodynamic size of 213 nm and are
negatively charged at —9.57 mV. Meda et al. (2022) reported that
CNCs was extracted from non-wood, such as Lagenaria siceraria
peels, a food-industry waste. They observed the development of
charge on the surface of CNC, which was because of sulfate group
(-0-S03-) from acid hydrolysis inducing the particle with a
negative electrostatic layer. Their result shows that the zeta po-
tential value of Lagenaria siceraria cellulose nanocrystals bottle
guord (CNC-BG) was —28.77 mV with an average hydrodynamic
diameter of 228.7 nm. They concluded that the repulsive electro-
static force was the most dominant, implying less aggregation of
crystals with high entropy and suspension stability. Nang Vu et al.
(2024) investigated the effect of various treatments on CNC
extracted from sugarcane bagasse. As indicated in Fig. 13, the
finding shows that the zeta potential of the CNCs suspension
was —62.6 mV. The negative charge was due to the addition of
sulfate groups to the surface of the CNCs during H,SO4 hydrolysis.
Wang et al. (2024b) reportedly studied the effect of stability of CNC
extracted from tea residues. They observed that the negative
charge on the surface was caused by the fact that during acid hy-
drolysis, a small part of sulfate groups is attached to the cellulose
surface and undergoes esterification with the hydroxyl groups,
resulting in residual sulfate groups in the black tea cellulose
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nanocrystals (BT-CNCs). Their result shows that the average zeta
potential value of BT-CNC was 31.0 mV. Lima et al. (2023) did a
comparative analysis on acid treatment and enzymatic treatment
to study the effect of isolation of cellulose nanofiber from Sali-
cornia ramosissima, an agro-industrial. They recorded a zeta
potential —42.5 mV for CNF (acid treatment) and 52.2 mV for CNF
(enzymatic treatment). They observed that both nanofibers had a
negative charge. They attributed the higher negative charges of
CNE(ET) to good electrical stability.

5. EOR mechanisms of cellulose bionanomaterials

Cellulose nanomaterials have garnered attention and are
promising in multidisciplinary fields ranging from drug delivery to
applied as environment remediators and EOR due to their green
properties (Arif et al., 2024; Jing et al., 2024; Keshu et al., 2021;
Khan et al., 2024; Selvaraj et al., 2024; Shahzad et al., 2023;
Wang et al., 2022). However, the EOR mechanisms of cellulose
nanomaterials include IFT reduction, wettability alteration, vis-
cosity reduction, sweep efficiency, asphaltene precipitation,
emulsion formation and stability.

5.1. IFT reduction

The phenomenon of IFT results from the energy differential
between water molecules and oil at the fluid interface. IFT quan-
tifies the energy necessary to create a unit area between two
immiscible fluids, expressed in Joules per square meter or Newton
per meter (Berry et al., 2015). The reduction of IFT plays a crucial
role in enhancing oil recovery, as it deforms the trapped oil
droplets, facilitating their movement through pore throats and
promoting the formation of in-situ emulsions that mobilize and
transport oil (Sheng et al., 2015). Several studies have examined
the impact of nanoparticle concentration and external conditions
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like salinity and temperature on IFT. Fig. 14a illustrates a clear
trend where IFT decreases as the concentration of CNF increases.
This finding aligns with existing research demonstrating that
higher nanoparticle concentrations generally result in greater IFT
reduction (Nowrouzi et al., 2022). The IFT reduction trend
observed with CNPs at an optimal concentration of 0.1 wt% further
supports the hypothesis that IFT reduction can be optimized by
controlling nanoparticles concentration. However, while the ben-
efits of IFT reduction are widely acknowledged, the extent of the
effect of nanoparticles remains controversial. Some studies argue
that nanoparticles exert little or no influence on IFT reduction,
instead simply interacting with water molecules and oil without
impacting the interface (Biswal et al., 2016). In contrast, others
report substantial IFT changes when nanoparticles are introduced
(Agi et al., 2020a; Gbadamosi et al., 2019; Ngouangna et al., 2020;
Pereira et al., 2020). This contradiction suggests a gap in under-
standing the exact mechanisms by which NPs interact with the
contact between water and oil. The addition of CNPs has effectively
reduced the IFT between oil and water, acting similarly to natural
emulsifiers at the oil-water interface. This reduction in IFT is
attributed to the molecular interactions at the interface where CNP
adsorbs, lowering the energy barrier. Several studies have
demonstrated this phenomenon, with notable effects observed at
low concentrations of CNPs (0.1-0.5%), where a significant reduc-
tion in IFT occurs. As the concentration increases, the reduction
continues but diminishing returns are often observed at higher
concentrations. For instance, Hu et al. (2022) reported that IFT
decreases linearly with increasing CNC concentration up to a
certain level, after which the reduction rate slows. Numerous
studies have corroborated these findings; for example, Tiong et al.
(2020) observed that at 500 ppm of CNC, the IFT dropped to
16.3 mN/m, while Agi et al. (2019a) demonstrated a concentration-
dependent decrease in IFT for CNCs between 0.05 and 0.2 wt% w/v,
in agreement with previous studies. Fig. 15a illustrates the effect of
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IFT on CNC with time. This shows that the IFT decreases as time
increases, leading to more oil recovery over time. The application
of CNFs has similarly demonstrated a 20% increase in oil recovery,
attributed to the formation of an oil bank. This increase in recovery
is ascribed to CNF's effective reduction of IFT, as shown in Fig. 15b.
Furthermore, CNFs have demonstrated stability at high tempera-
tures (up to 120 °C), which makes them suitable for usage in res-
ervoirs with high temperatures (Aadland et al., 2019).

5.2. Wettability alteration

Wettability, the tendency of a fluid to adhere to a solid surface
in the presence of two immiscible liquids, plays a critical role in oil
recovery due to its impact on capillary pressure and relative
permeability. Reducing capillary forces and improving oil mobility
can greatly enhance oil recovery by altering the wettability of
reservoir rocks from oil-wet to water-wet conditions. The high
surface area, high surface energy, and unrestricted mobility of
nanoparticles within rock pore spaces have made them promising
wettability modifiers (Sun et al., 2023; Yao et al.,, 2021). Various
studies have investigated the mechanisms by which nanoparticles
alter wettability, as well as their synergistic effects when used
with traditional wetting agents such as foams, alkaline solutions,
surfactants, and polymers. The ability of nanoparticles to alter
wettability hinges on their capacity to adsorb onto the rock surface
and influence interactions between ions and the solid matrix. As
nanoparticles are introduced into the reservoir, they modify the
wettability by forming a layer on the rock surface, shifting it from
oil-wet to neutral or water-wet conditions. This adsorption pro-
cess, combined with the creation of a pressure gradient, has been
identified as one of the prime mechanisms for wettability alter-
ation (Druetta and Picchioni, 2019; Natalya et al., 2022). The for-
mation of emulsions by CNPs also aids in altering wettability,
further promoting oil displacement and recovery. The application
of CNCs or CNPs in EOR has drawn a lot of interest because of their
capacity to alter the wettability of rocks found in reservoirs,
improving oil recovery rates. CNPs have demonstrated the po-
tential to shift the wettability of reservoir surfaces from oil-wet to
water-wet conditions, which is crucial for better displacement of
trapped oil. Numerous studies have confirmed that nanoparticles
can notably reduce the contact angle, indicating a transition to-
ward a more water-wet state, thus improving oil recovery (Al-
Asadi et al.,, 2022; Ngouangna et al., 2022). The contact angle, a
measure of wettability, plays a critical role in oil recovery within
porous media. According to Aadland et al. (2020), a lower contact
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angle reflects a more water-wet condition, facilitating improved
oil displacement. Fig. 16 illustrates the effect of wettability alter-
ation on the porous media. With an increase in CNC concentration,
the contact angle decreases, changing the wettability of the rock,
from an oil-wet to a water-wet state. Furthermore, the concen-
tration of CNPs has a significant impact on the contact angle;
higher concentrations lead to a decrease in the contact angle,
subsequently improving oil recovery. Wang et al. (2023a) found
that the contact angle decreased when the concentration of CNPs
was increased from 20 mg/L to 100 mg/, which corresponded with
an enhancement in oil recovery from 4.53% to 15.26%. However,
the results of Tiong et al. (2020) suggest that CNCs were unsuc-
cessful in altering the wettability of Edwards White rock samples,
as shown by the high oil-wet contact angle of 155°, as indicated in
Fig.17. Conversely, Li et al. (2017) observed a significant decrease in
contact angle from 127° to 62° when using a modified nano-
cellulose (SF-CNC) in combination with the surfactant APG1214,
indicating a shift in the rock's wettability towards water-wet.
Similarly, Li et al. (2016) synthesized nanocellulose grafted with
2-acrylamido-2-methylpropane sulfonic acid (AMPS) and hydro-
phobic groups, demonstrating superior salt tolerance and salt-
thickening properties, which were attributed to the incorpora-
tion of hydrophobic groups. These findings underline the prom-
ising role of CNCs in EOR applications, especially in enhancing rock
wettability.

5.3. Sweep efficiency improvement

A key component of EOR, sweep efficiency, is heavily impacted
by the mobility ratio (M), which contrasts the movement of the
displaced fluid (oil) with that of the displacing fluid (such as CNCs).
In terms of mathematics, the mobility ratio is represented as
follows:

K
Mobility ratio A fitn
A0 I<ro/ﬂo

(1)

Where 2, K and p, are mobility ratio, relative permeability and
viscosity, respectively. The subscript ‘n’ stands for displacing fluid,
CNCs and ‘o’ stands for displaced fluid, oil. When M is more than 1,
it means that the displacement of the fluid is greater than that of
the displaced fluid, oil. This causes early water breakthroughs
because of viscous fingering, which leads to poor oil recovery. To
avoid viscous fingering phenomena, the mobility ratio, M must be
less than or equal to 1 (M < 1) as illustrated in Fig. 18. One way this
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can be favorable is by improving the displacing fluid's rheology
(that is, increasing viscosity). Increasing water mobility causes
viscous fingering in the case of a higher mobility ratio (Omidi et al.,
2020). CNPs have proven to be effective additives in EOR due to
their distinctive characteristics, such as increased surface area and
the ability to modify fluid rheology. The integration of CNPs into
polymer systems has been shown to significantly impact the
mobility ratio, an essential factor in the efficiency of oil displace-
ment (Wang et al., 2023b). Fig. 19 illustrates the effect of good
sweep efficiency as a result of a mobility ratio less than or equal to
1. CNPs decrease the mobility ratio by increasing the viscosity of
the displacing fluid, bringing it to a level just below unity, which is
highly favorable for effective oil displacement. This favorable
mobility ratio contributes to greater volumetric sweep efficiency,
as demonstrated by Aadland et al. (2020), who investigated the
effects of CNPs on mobility ratio and observed that CNPs effec-
tively achieved a favorable mobility ratio, leading to improved oil
recovery outcomes.

5.4. Emulsion formation and stability

Emulsions are a proven method for increasing the viscosity of
the injected fluid, promoting pore blockage, and rerouting fluid
flow toward bypassed areas in EOR. This process aids in oil
intrusion into the moving fluid, ultimately leading to improved oil
recovery rates (Kumar et al., 2020). The formation of stable
emulsions is a key factor in this process. Amphiphilic emulsifiers
that are strongly absorbed at the oil-water interface reduce the IFT
between the two phases and produce stable emulsions. Droplet
coalescence and phase separation are resisted by the protective
layer that is formed around the emulsion droplets as a result of this
adsorption. Common emulsifiers used in EOR include various
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surfactants (Kumar et al., 2020; Massarweh and Abushaikha, 2020;
Umar et al., 2018). A crucial factor in the stability of emulsions is
the role of nanofluids, whose stability is influenced by the type and
concentration of salts present in the solution. CNPs have been
widely recognized for their ability to stabilize emulsions at the
water-oil interface by maintaining a stable dispersion of oil
droplets in water, which contributes to a reduction in IFT and,
ultimately, the mobility of oil within reservoirs (Ledyastuti et al.,
2021; Manikumar et al., 2024). These emulsions, stabilized by
CNPs, are particularly resistant to coalescence, a crucial factor in
enhancing their stability over time, as seen in Fig. 16. Functional-
ized CNFs have been reported to perform better in stabilizing
emulsions compared to non-functionalized variants, as the latter
are often more hydrophobic and less effective in preventing
coalescence.

The surface charge of CNPs also plays a significant function in
the stability of emulsions. Ojala et al. (2018) reported that a lower
surface charge density enhances the packing of particles at the oil-
water interface, leading to improved emulsion stability. This effect
is seen in their study, where both CNCs and CNFs were employed
to stabilize emulsions of oil and water, after pre-treatment with a
DES, as seen in Fig. 20. The results showed a substantial reduction
in oil droplet size, from 22.5 pm to 8.9 pm, indicating the effec-
tiveness of CNCs and CNFs in stabilizing emulsions by reducing
droplet coalescence and ensuring a more uniform dispersion. This
underscores the potential of CNPs, particularly when functional-
ized or pre-treated, to improve the stability and performance of
emulsions in various applications. Functionalized CNFs are re-
ported to enhance emulsion stability because of their modified
surface properties, which improve interaction with the oil-water
interface, whereas non-functionalized CNFs, being more hydro-
phobic, are less effective and often lead to coalescence. This
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Fig. 16. (a) Water flooding, residual oil is entrapped in the reservoir (b) cellulose nanofluid flooding, oil initially trapped is released from the reservoir rocks (Salem et al., 2024).

highlights a key finding that surface modification is critical in the
performance of CNPs as stabilizing agents. Additionally, the
versatility of CNPs is demonstrated in functional emulsions, such
as curcumin emulsions, where CNPs not only stabilize the emul-
sion but also provide beneficial properties like high encapsulation
efficiency and antioxidant activity.

5.5. Viscosity improvement and control

CNPs have demonstrated significant potential in enhancing the
viscosity of injected fluids, particularly in EOR applications, by
improving the sweep efficiency of fluids in porous media (Aadland
et al.,, 2019; Agi et al., 2019a). One of the key characteristics of CNP
dispersions is their shear-thinning behavior, where viscosity de-
creases with an increase in shear rate, which allows the fluid to
adapt to varying flow conditions. This increase in viscosity is
attributed to the interaction between CNPs and the fluid matrix,
wherein the unique properties of CNPs enhance overall fluid per-
formance. Studies have shown that aqueous CNC dispersions can
experience substantial viscosity increases when subjected to
temperatures above 90 °C. For example, Molnes et al. (2017) re-
ported a significant increase in the viscosity of Cellulose nano-
crystals in low-salinity brine (CNC-LS) solutions during long-term
temperature aging. However, contradictory results were observed
in a subsequent study by Ojala et al. (2018), where no increase in
viscosity was noted for CNC-LS effluent, highlighting the vari-
ability in CNP behavior under different conditions. Earlier research
on CNC-LS permeability in core samples typically showed re-
ductions in permeability, attributed to CNC particle entrapment
within porous media. More recent work indicated an increase in
permeability at 90 °C, likely due to the degradation of residual CNC
particles trapped in porous media as a result of prolonged high-
temperature exposure, altering the CNC surface chemistry. Con-
centration and salinity also play pivotal roles in influencing the
viciousness of CNP dispersions. A sharp increase in viscosity was
observed when CNC dispersions reached a critical concentration of
6000 ppm, marking the transition from biphasic to liquid crys-
talline regimes, where CNC rods become restricted in their ability
to flow freely. Bashir Wani et al. (2020) studied the effects of
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salinity on CNC dispersions and found that even at low salinity
levels, significant agglomeration of CNC particles occurred,
causing a dramatic rise in viscosity from 1.70 cP at a shear rate of
11.2 s~ ! to 11 cP at a salinity of 5 g/L. Additionally, CNCs improve
the viscosity and viscoelastic properties of aqueous media due to
electrostatic interactions between their whisker structures, which
facilitates a better mobility ratio during EOR. Similar to CNC, Agi
et al. (2019a) found that the apparent viscosity of CNF solutions
shows shear-thinning behavior, which is a feature of pseudo-
plastic fluids, decreasing with increasing shear rate. At 25 °C, the
apparent viscosity varied with shear rate across different con-
centrations (Fig. 21a). Higher CNF concentrations corresponded to
increased apparent viscosity. In region I, viscosity steadily
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bility turns towards water-wet conditions (Tiong et al., 2020).
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decreased as the shear rate increased, attributed to CNP alignment.
A similar trend was observed in region II, where the gradual drop
in viscosity resulted from the breakdown of the entangled network
at intermediate shear rates. In region III, a plateau formed, with a
slight decrease in viscosity due to further disruption of the
entangled network at high shear rates, leading to a well-oriented
structure (Fig. 21a).

This behavior was further supported by Moon et al. (2011), who
attributed the decrease in viscosity at high shear rates to particle
alignment that reduces flow resistance. Qiao et al. (2016) also
noted that increased NaCl concentration weakens CNC interactions
by shielding electrostatic repulsion. In contrast, Agoda-Tandjawa
et al. (2010) found that the removal of hemicellulose and lignin
from okra-derived CNF resulted in higher viscosity due to strong
hydration interactions. Moreover, Raza and Gates (2021) empha-
sized the environmental benefits of CNPs, highlighting their
biodegradability and sustainability as alternatives to synthetic
nanoparticles commonly used in EOR processes.

Similarly, Agi et al. (2019a) compared the apparent viscosity of
CNF at varying salinity (0.9-2.2%) with that of okra and xanthan at
the same concentration (0.2%), as shown in Fig. 21b. They observed
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a decrease in apparent viscosity for all three samples with
increasing salt concentration. The flow behavior of CNF and okra,
both anionic polyelectrolytes, was attributed to intra-molecular
electrostatic repulsion in water. Salt addition screened this
repulsion, causing the polymer coils to contract into compact
conformations, leading to reduced viscosity.

Molnes et al. (2017) reported that CNC-LS solutions experience
significant viscosity increase during long-term temperature aging,
aresult supported by the broader understanding that CNPs react to
thermal stress by forming stronger networks in the fluid matrix.
However, this trend is contradicted by Molnes’ later findings
Molnes et al. (2018), where no viscosity increase was observed in
CNC-LS effluent under similar conditions. This contradiction raises
questions about the consistency of CNP behavior in different en-
vironments and underscores the complexity of CNP-fluid in-
teractions, which may be influenced by aging conditions,
degradation, or surface chemistry changes at high temperatures.

The relationship between concentration and viscosity is not
uniform across all conditions. For example, Bashir Wani et al.
(2020) observed that salinity significantly impacts CNC behavior,
with even low salinity levels (5 g/L) causing particle agglomeration
and sharp viscosity increases. While these findings align with
general observations of CNPs increasing internal fluid viscosity,
they also point to the sensitivity of CNPs to ionic conditions, as
Qiao et al. (2016) found that higher NaCl concentrations shield
electrostatic repulsion between CNC particles, weakening their
interactions and reducing suspension stability. Despite these
consistencies, contradictions arise regarding the role of surface
functionalization and electrostatic interactions. Molnes et al.
(2017) suggested that CNC whiskers improve viscosity through
electrostatic interactions, whereas Agoda-Tandjawa et al. (2010)
emphasized that removing hemicellulose and lignin from okra-
derived CNF increases viscosity due to strong hydration in-
teractions rather than electrostatic forces. This discrepancy points
to understanding how surface modifications impact viscosity,
depending on the source and synthesis methods of the nano-
particles. Furthermore, the findings from Raza and Gates (2021)
highlight the environmental benefits of CNPs in EOR, noting their
biodegradability and sustainability as a key advantage over syn-
thetic alternatives. This focus on sustainability is an emerging
trend in literature, positioning CNPs as a potential solution to the
environmental concerns associated with conventional EOR
materials.
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Fig. 19. (a) Early breakthrough due to Mobility ratio, M being >1, (b) addition of CNP increases the viscosity of the displacement, gives better sweep and increases oil recovery

(Putra and Temizel, 2018; Zeynalli et al., 2023).
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5.6. Asphaltene precipitation

The largest molecular weight component of crude oil is known
as asphaltenes. Their fractions are insoluble in pentane and hep-
tane and contribute directly to the viscosity of crude oil. Hence,
one of the effective ways to reduce oil viscosity is by removing the
heavier component of crude oil (asphaltenes) (Zuo et al., 2019).
The more asphaltenes are removed from heavy oil, the greater the
viscosity reduction. Natural emulsifiers such as asphaltenes in oil
reservoirs are anticipated to have a crucial role in the production of
crude oil emulsion. Asphaltene precipitation and deposition can be
reduced through nanofluid flooding by the adsorption of the
molecules. Nanoparticles operate as inhibitors preventing the
precipitation of asphaltenes by encircling and degrading asphal-
tenes molecules, lowering viscosity, and inhibiting deposition.
Numerous research has been conducted to demonstrate that sur-
face modification can improve the adsorption capacities of nano-
particles. As pressure increases, the extent of the asphaltenes
precipitation increases up to the saturation pressure and then
decreases upon further increases in pressure beyond the satura-
tion pressure. Increasing nanoparticles concentration results in
decreasing asphaltene precipitation.

The use of CNPs as inhibitors has emerged as a promising
approach for mitigating asphaltene precipitation, a challenge in
the petroleum industry. Asphaltenes are complex molecules prone
to self-aggregation due to acid-base interactions and hydrogen
bonding. CNPs possess distinctive properties that enhance their
ability to prevent asphaltene precipitation. According to Zhang
et al. (2024c), CNPs can form hydrogen bonds with asphaltene
molecules, keeping them suspended within the crude oil. This
interaction helps maintain the stability of asphaltenes in a
dispersed state, preventing the formation of large aggregates. The
presence of CNPs contributes to smaller particle sizes of asphal-
tene aggregates, improving their overall dispersion within the
crude oil system (Yang et al., 2024).

Furthermore, several studies highlight the role of CNCs in
mitigating asphaltene precipitation through an adsorption mech-
anism. CNCs have been found to adsorb asphaltene molecules,
thereby reducing their tendency to flocculate and precipitate. This
adsorption process limits the aggregation of asphaltenes,
improving the stability of crude oil by preventing the formation of
large deposits (Aadland et al., 2019). The adsorption mechanism
exhibited by CNCs offers a promising avenue for controlling
asphaltene behavior, underscoring their potential as effective in-
hibitors in the petroleum industry. Fig. 22 illustrates the effect of
CNCs on asphaltene precipitation, as the CNCs assist in lowering
the viscosity of the heavy oil and reduce the aggravation of
asphaltenes to smaller sizes, hence recovery-improving oil. In
addition to improving sweep efficiency, nanoparticles play a key
role in reducing heavy oil viscosity. Heavy oils contain high

CNF stabilized
emulsion
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concentrations of asphaltenes, complex molecules that contribute
to the oil's high viscosity by forming viscoelastic networks.
Asphaltene precipitation and deposition during oil recovery pre-
sent challenges such as pore plugging, reduced permeability, and
altered rock wettability, all of which hinder oil recovery (Fakher
et al., 2019; Shen and Sheng, 2018).

6. Application of cellulose bionanomaterials in EOR

Cellulose nanomaterials have gained attention for their avail-
ability, biodegradability, high crystallinity, elastic modulus, and
nanoscale dimensions, making them suitable for oil and gas ap-
plications (Agi et al., 2020a, 2021). Cellulose nanomaterials,
particularly CNCs, show promise in EOR as flooding agents in
water-based nanofluid techniques (Ali et al., 2020; Mariyate and
Bera, 2023). Their unique properties, including IFT reduction,
high surface area, and viscosity modification, enhance oil
displacement efficiency, positioning them as effective tools for
EOR. Several studies show that CNPs can enhance fluid flow
behavior in porous media, resulting in an increase in oil recovery,
as seen in Table 6. For example, Abdullah et al. (2019) demon-
strated the high effectiveness of CNC nanofluids for displacing
crude oil in a Hele-Shaw cell, achieving an impressive sweep ef-
ficiency of up to 98% with a 2 wt% concentration. This remarkable
efficiency is attributed to the formation of stable interfaces by
CNCs, which penetrate the oil phase and generate microemulsions
that reduce IFT between the water and oil phases. The improved
mobility of the oil phase, aided by the high viscosity of CNC
nanofluids, underscores the potential of cellulose nanomaterials to
improve oil recovery processes by leveraging their unique struc-
tural and functional properties (Li et al.,, 2021). The viscosity
characteristics of CNC nanofluids play a pivotal role in addressing
challenges such as viscous fingering and flow diversion within
reservoirs, enhancing sweep efficiency in oil recovery (Aadland
et al,, 2019). It has been observed that the aging time and tem-
perature of CNC nanofluids significantly increase their viscosity,
which is advantageous for reservoir engineering applications.

Additionally, CNCs have demonstrated effectiveness in high-
salinity, high-temperature reservoir conditions (Duran-Valencia
et al., 2014). Aadland et al. (2020) reported a 3-17% increase in
oil recovery over water flooding when wusing surface-
functionalized CNFs, noting that grafting hydrophilic and hydro-
phobic groups improved both interfacial activity and salt toler-
ance. They attributed the improved oil recovery to wettability
alteration, dragging, and emulsification mechanisms. Valencia
et al. (2022) reported that CNCs perform well in high-salinity,
high-temperature reservoirs. This suggests that while CNPs have
a promising role in EOR, their effectiveness may depend heavily on
surface modifications and the specific conditions of the reservoir.
Similarly, Aadland et al. (2019) observed incremental oil recovery

CNC stabilized
emulsion

Fig. 20. CNC helps in stabilization of emulsion during oil recovery (Mikulcova et al., 2023).
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following the introduction of CNC after initial water flooding,
further affirming CNC's efficiency as an EOR agent. Additionally,
their study indicated that CNCs act as viscous liquids during core
flooding, contributing to favorable mobility ratios during oil re-
covery. Molnes et al. (2017) explored the injectivity of CNC into
highly permeable sandstone cores, finding that CNC demonstrated
excellent injectivity at all concentrations tested. This was attrib-
uted to the small particle size and good colloidal stability of CNC in
low-salinity conditions, which allowed the particles to travel
through the sandstone core with minimal obstruction. Li et al.
(2017) supported these findings, reporting a 6% incremental oil
recovery using CNC dispersion in a visual micromodel experiment.

Waterflooding without CNP

Asphaltene
precipitation

Oil

They attributed the enhanced recovery to in-situ emulsification
and the viscoelastic properties of CNC, which facilitated oil
displacement.

Similarly, Agi et al. (2019c) observed that IFT decreased as the
concentration and temperature of CNF increased, resulting in a
20% increase in oil recovery. They attributed this behavior to the
shear-thinning and pseudoplastic nature of CNF, which improved
oil mobilization in high-temperature, high-pressure reservoirs.
Similarly, Tiong et al. (2023) observed significant oil recovery in
Berea sandstone and Edwards White formations after the injection
of CNC dispersions, with 18.62% and 9.8% additional recovery,
respectively, as illustrated in Fig. 23a and b respectively. However,

Waterflooding with CNP

@ ——————— Asphaltene
. CNP

CNP Asphaltene absorption

Fig. 22. Effect of CNP on asphaltene precipitation and decomposition (Yakasai et al., 2021).
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Table 6
Prior studies on the application of CNC and CNF in EOR.

Petroleum Research 11 (2026) 641-686

References Dia. length Functional group Formulation Sweep efficiency
Raza and Gates (2021) - - Hydroxyl group (-OH) 0.2 wt% CNCs 98
(Chen et al., 2024; Rajput et al., 2021) - - Sulfonated group (-SO3) 3.0 wt% CNCs + 0-70 mL NaCl 60.81-71.58
Aadland et al. (2020) 15 >1000 (-OH group Carboxylate group (-COO™) 0.1 wt% CNCs + 0.1 wt% NaCl 88.7
Wei et al. (2019) 2-5 800 Carboxylate group (-COO") AMPS ASA 0.3 wt% SCNFs + 1.0 wt% NaCl 61.14-67.63
Wei et al. (2019) 2-5 800-1000 Carboxylate group (-COO") 0.3 wt% CNFs
Aadland et al. (2019) <20 <200 Hydroxyl group (-OH) Sulfated group 0.2 wt% CNCs + 0.1 wt% NaCl 66.2
(-S03)
Jakobsen et al. (2018) <20 >1000 Hydroxyl group and Carboxylate (-COO") 0.5 wt% CNCs combined with 0.1 wt% NaCl —
group
Ma et al. (2018) 2-5 800 Carboxylate group (-COO") in AMPS (2- 0.3 wt% CNFs-KYSS combined with 1.0 wt% 53-67
Acrylamido-2-methylpropane sulfonic NacCl
acid) and ASA (alkenyl succinic anhydride)
Pandey et al. (2018) 15 100-200 Hydroxyl (-OH) group and Sulfonated 3.0 wt% CNCs 86.5
group (-S03)
Li et al. (2017) 2-3 800 Carboxylate group (-COO") in AMPS (2- 0.3 wt% CNFs (KY/CNFs-KYSS) with 1.0 wt% 51.9

Acrylamido-2-methylpropane sulfonic

acid)

NaCl

they noted that permeability differences between the two for-
mations influenced recovery, with CNC particles effectively
blocking higher permeability zones in Berea sandstone, while the
heterogeneity of Edwards White left some zones unreached by oil,
resulting in disconnected flow paths. This suggests that the effi-
ciency of CNC in EOR applications is highly dependent on both rock
properties and fluid modification techniques. The findings from Li
et al. (2017) and Agi et al. (2019a) point to CNC's shear-thinning
and pseudoplastic behavior, which facilitates oil displacement
even in challenging high-temperature, high-pressure reservoir
conditions. Similarly, Wei et al. (2017) highlighted CNC's capacity
to improve the thermal stability and viscoelasticity of EOR fluids,
further strengthening its utility in oil recovery. These trends sug-
gest that CNC-based nanofluids can provide a stable and efficient
approach to EOR, particularly when used in reservoirs with vary-
ing salinity and temperature. However, several contradictions and
disagreements emerge when analyzing the efficiency of CNC in
different reservoir conditions. Molnes et al. (2017) noted that CNC
exhibits good injectivity in high-permeability sandstone cores, a
finding echoed by Tiong et al. (2020), who reported significant oil
recovery in Berea sandstone after CNC injection. Yet, Tiong et al.
(2020) also observed reduced recovery in Edwards White forma-
tions due to pore heterogeneity, which resulted in disconnected oil
pathways. This highlights the potential limitation of CNC in res-
ervoirs with complex pore structures. Additionally, the mecha-
nisms behind CNC's effect on permeability remain debated.
Molnes et al. (2017) attributed CNC's impact on permeability
reduction to particle entrapment in the rock matrix, whereas
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Bashir Wani et al. (2020) reported that CNC particles formed sta-
ble micron-sized agglomerates that permanently reduced
permeability. Furthermore, there are discrepancies regarding the
effect of temperature on CNC's performance. While Agi et al.
(2019a) found that CNC's viscosity and oil recovery efficiency
increased at elevated temperatures, other studies, such as Wei
et al. (2017), suggest that CNC performance is highly sensitive to
surfactant interaction and reservoir conditions. These contradic-
tions underscore the need for further research into how CNC's
performance varies across different reservoir environments and
fluid conditions. Thermal stability is another essential attribute of
CNCs in EOR applications. Heggset et al. (2017) reported superior
thermal resilience of CNCs relative to traditional agents such as
xanthan and guar gum, while Molnes et al. (2017) observed sig-
nificant viscosity retention after 24 h at 120 °C, underscoring CNC's
potential as a stable agent in high-temperature reservoirs. Table 7
illustrates the importance of and essence of using CNC as it helps
meet SDG in using biodegradable and eco-friendly materials,
which help to reduce toxicity in the environment.

7. Challenges and perspectives
7.1. Challenges

There are several challenges associated with the extraction,
modification, and characterization of CNCs from various biomass
sources. These are as follows.
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Fig. 23. Oil recovery as a result of CNCs core flooding on (a) Berea sandstones and (b) Edward White formations (Tiong et al., 2023).
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Top nanoparticles used to enhance oil recovery with their mechanisms.

Petroleum Research 11 (2026) 641-686

References

Class of Nanoparticles Mechanisms

Ultimate Oil Recovery Environmental Issues

(Aadland et al., 2019; Li et al.,
2023)
(Emmanuel, 2024; Sun et al.,

Cellulose nanocrystals (CNCs)

Polymer-Nanoparticles

2023) and reduces IFT

Gholinezhad et al. (2022)

(Negi

2023)
(Che Mohamed Hussein et al.,
2024; Zhu et al., 2018)

Silica Nanoparticles
wettability
et al,, 2021; Tian et al., Titanium Dioxide

Iron Nanoparticles

Modifies wettability, reduces
IFT, stabilizes emulsions
Improved viscosity, stability

Reduces IFT significantly, alters

Alter wettability enhances
rheological properties
Enhances oil displacement,
modifies surface properties

Around 20.2% increase in OOIP  Biodegradable and eco-friendly

Around 35% increase in OOIP It depends wholly on the
polymer used

Around 236% increase in OOIP  Potentially non-biodegradable
Around 21% increase in OOIP Non-biodegradable but non-
toxic

Major metal pollution is a
concern

Varies mainly around 10-15%

(1)

(2)

3)

(4)

(5)

Acid Hydrolysis: One major drawback of acid hydrolysis,
especially in extracting CNCs from OPEFB, is its low yield
and the significant volume of water required for washing to
neutralize and remove residual acid. Excessive water con-
sumption poses environmental concerns, particularly in
regions with limited water resources. Additionally, acid is
highly corrosive, which limits the recyclability of the
washing water unless specialized membranes, for recycling
(Lanjewar et al., 2021). However, these membranes must be
durable enough to withstand acidic conditions, and mem-
brane fouling could further complicate the process.

Time and Energy Consumption: ILH is a promising eco-
friendly method for biomass processing, yielding CNCs
with higher crystallinity and purity than acid hydrolysis.
However, it requires prolonged reaction times (up to 24 h)
and elevated temperatures (60 °C), leading to high energy
consumption and long cycles that limit industrial scalability.
Additionally, the recycling of ionic liquids is costly and
complex, posing further challenges to commercial viability
(Ovejero et al., 2021). Mechanical-enzymatic hydrolysis,
utilizing methods like HPH and HIUS, is energy-intensive,
costly, and limited by enzyme sensitivity to temperature
and pH, resulting in lower yields (Lee et al., 2014).
Compatibility of CNP with Other Materials: When incor-
porated with composite materials, CNP can face compati-
bility challenges. This is because the interaction between
CNP and hydrophobic materials can be very weak, leading to
poor mechanical performance in composite (Mariano et al.,
2014; Masek and Kosmalska, 2022). To improve this
computability and performance, CNP may require chemical
modification (Ma et al., 2023). The use of CNPs and its hybrid
nanofluids has shown promising results in laboratory-scale
studies for improving oil recovery, as these materials can
enhance the viscosity and displace residual oil more effec-
tively than conventional fluids.

High Costs of Nanoparticles: The economic feasibility of
using nanomaterials in EOR projects remains uncertain, as
the production of nanoparticles often involves energy-
intensive processes and high material costs. Maintaining
the nanoscale size of particles is crucial for effective fluid
performance, but the associated costs are significant. Re-
searchers have employed advanced synthesis techniques to
produce cost-effective CNP from biomass waste, signifi-
cantly reducing the expense of nanoparticle production
(Pereira et al., 2022).

Solvent Recovery Issues: DES and microwave-assisted
extraction show promise for cellulose extraction but face
challenges, including high viscosity, solvent recovery issues,
and the need for specialized equipment, hindering scal-
ability (Scelsi et al., 2021). Biomass fractionation methods
like organosolv and HTP are similarly limited by high energy
demands and recovery difficulties. Although organosolv
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effectively purifies cellulose, it involves toxic solvents, while
HTP's water-based reactions lead to corrosion issues,
restricting industrial applications (Zhang et al., 2015). Sus-
tainable fractionation methods with reduced operational
complexity are thus essential.

(6) Reagent Toxicity and Environmental Impact: Traditional

oxidation processes for CNC synthesis often involve toxic
reagents, raising environmental and health concerns (Lin
et al., 2022). Although alternatives like APS oxidation have
gained attention for their lower toxicity, they still face lim-
itations such as longer reaction times and reduced CNC
yields. Hybrid approaches, such as APS combined with ul-
traviolet light, have shown improved particle uniformity
(13-20 nm) but still require refinement to mitigate envi-
ronmental impacts effectively (Wang et al., 2020b). The
drive towards eco-friendly materials is reshaping the field of
nanomaterial synthesis, particularly in the development of
CNPs synthesized from biomass wastes. These bio-
nanomaterials hold potential for reducing the environ-
mental footprint of nanomaterial production, as they rely on
renewable resources and could lower the energy con-
sumption and waste associated with traditional synthesis
methods.

(7) Efficiency Constraints and Technical Challenges: Effi-

ciency limitations affect alternative methods like subcritical
and supercritical water hydrolysis, which, despite being eco-
friendly, require high-cost equipment and rigorous safety
protocols (Montesantos and Maschietti, 2020; Novo et al.,
2016). CNC nanofluids face salinity-induced viscosity re-
ductions. Surface modifications with polymers like Poly[2-
(methacryloyloxy)ethyl]trimethylammonium chloride
(PAMPS) have demonstrated increased stability, as seen
with CNFs-KYSS, which achieved a 6% rise in oil recovery
(Park et al., 2023). CNFs-KYSS refers to cellulose nanofibers
(CNFs) that have been surface modified with AMPS (2-
acrylamido-2-methylpropane sulfonic acid) and hydropho-
bic groups. Addressing these technical barriers is essential
for optimizing CNC applications in biomass valorization and
EOR.

(8) Temperature and Viscosity inconsistencies: CNCs have

shown viscosity inconsistencies in core flooding applica-
tions, with temperature and aging impacting their perfor-
mance (Aadland et al., 2019). These findings suggest further
research is needed on CNC behavior under varying condi-
tions. While CPNs are valued for biodegradability (Agi et al.,
2021), practical issues like production costs and scalability
for industrial EOR applications remain underexplored,
highlighting both the promise and challenges of CNP
integration.

(9) High Energy Consumption and Toxicity: The combination of

organosolv treatment with other chemical methods can
enhance cellulose extraction efficiency, yet high energy



F. Nyah, N. Ridzuan, E. Epelle et al.

demands and solvent recovery issues raise economic and
environmental concerns. For example, Chin et al. (2021) ach-
ieved a 90% wt cellulose yield from OPEFB, while Aggarwal
et al. (2021) obtained microcrystalline cellulose from rice
straw. Additionally, Zhang et al. (2016) noted toxicity risks
with some solvents, complicating waste disposal.

7.2. Existing research gaps

(1) Inadequate understanding of CNC rheological behavior un-
der harsh reservoir conditions (temperature, salinity, shear).

(2) Lack of scalable, green, and low-cost extraction methods
that balance yield, energy efficiency, and environmental
safety.

(3) Limited integration of computational modeling for process
optimization and fluid dynamics simulations in porous
media.

(4) Insufficient lifecycle and techno-economic analysis for
nanoparticle-assisted EOR systems.

(5) Scarcity of studies on long-term environmental impacts and
degradation pathways of nanomaterials in subsurface
environments.

(6) Few industrial-scale demonstrations and pilot trials vali-
dating lab-scale successes.

7.3. Future research directions

(1) Green Synthesis and Hybrid Extraction Techniques
e Development of hybrid systems (like DES-microwave,
APS-UV) for faster, more eco-friendly CNC production
with improved yields and particle control.
e Emphasis on bio-based solvents and recyclable systems to

reduce environmental footprint and operational
complexity.
(2) Surface Functionalization and Compatibility Enhanc
ement

¢ Designing multi-functional surface treatments for CNCs to
improve interaction with polymer matrices and reservoir
fluids.

e Exploring stimuli-responsive CNCs (like pH- or
temperature-sensitive systems) for controlled behavior in
subsurface environments.

(3) Cost Reduction via Biomass Valorization

e Utilizing low-cost agricultural waste (such as OPEFB, rice
straw) and optimizing reaction parameters to lower pro-
duction costs.

¢ Innovating continuous-flow processing systems for CNC
production at large scale.

(4) Nanofluid Stability and Performance Optimization

e Investigating polymer-coated CNCs, hybrid nanofluids,
and surfactant blends to improve EOR fluid performance
under field conditions.

e Addressing viscosity retention, dispersion stability, and
adsorption behavior in heterogeneous reservoirs.

7.4. Potential future developments in research methodologies

(1) Experimental Advances
e Adoption of high-throughput screening tools for rapid
CNC synthesis optimization.
e Use of advanced characterization techniques (such as
SAXS, AFM, cryo-TEM) for better insight into CNC
structure—function relationships.
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¢ Integration of core-flooding simulation units and micro-

fluidic devices for real-time EOR performance testing.
(2) Computational and Modeling Innovations

e Application of molecular dynamics (MD) and density
functional theory (DFT) to study CNC—fluid and CNC-rock
interactions.

e Development of reservoir-scale computational fluid dy-
namics (CFD) models incorporating CNC fluid rheology
and transport behavior.

e Implementation of machine learning algorithms to pre-
dict CNC properties, optimize synthesis parameters, and
simulate EOR outcomes.

8. Conclusions

This review depicts critical information on pretreatment,
extraction, synthesis, EOR mechanisms, and application of cellu-
lose nanomaterials in oil recovery. The synthesis methods and EOR
mechanisms were comprehensively reviewed. The study high-
lights the potential for field implementation while identifying
limitations that open avenues for further research and innovation.
The conclusions that followed were drawn from the review's
results.

(1) Acid pretreatment is highly effective in yielding cellulose
from diverse sources. However, to improve the crystallinity
and purity of cellulose for industrial applicability, alkaline
pretreatment is preferred.

(2) Nanoprecipitation is very common for small-scale applica-
tions while HPH synthesis method is widely recognized for
its effectiveness in reducing particle size and increasing the
number of particles produced during homogenization pro-
cesses but for industrial scalability and integration with
other processes steam explosion is preferable.

(3) Experimental results indicate that wettability alteration and
IFT reduction are the major EOR mechanisms by cellulose
bionanomaterial. Nevertheless, for heavy oil, viscosity
reduction and inhibiting asphaltene precipitation are the
dominant mechanisms.

(4) The literature reviewed demonstrated that cellulose bio-
nanomaterials can increase the viscosity of injected fluid by
10-100%, improve sweep efficiency by 52-98% and improve
oil recovery by 10-35% OOIP.

(5) This study shows that bionanomaterials have potential for
oil field applications and are economically viable due to
their high recovery rate.

In conclusion, while the challenges associated with CNC extrac-
tion and nanoparticle stability remain significant, ongoing research
into greener synthesis methods, improved dispersion techniques,
and the hybridization of materials offer promising prospects for the
future of EOR applications using bionanomaterials.
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