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Abstract 
Conventional enhanced oil recovery (EOR) methods often lose effectiveness under high-temperature, high-salinity 
(HTHS) conditions because of inadequate fluid stability, limited wettability alteration, and insufficient interfacial 
tension (IFT) reduction. This study developed and evaluated cellulose nanoparticles (CNPs) derived from Acacia 
auriculiformis as a sustainable nanofluid for EOR. CNPs were extracted using a deep eutectic solvent (DES) process 
and surface-modified to improve thermal stability and interfacial functionality. Structural, morphological, 
compositional, and thermal characteristics were evaluated, while the resulting cellulose nanofluid (CNF) was assessed 
through rheology, IFT, contact-angle, and sand-pack flooding experiments. The process yielded 78.3% CNP, with an 
average particle size of 19.65 ± 0.2 nm and crystallinity index (CrI) of 76.6%, confirming successful formation of 
crystalline nanocellulose. At 0.2 wt%, CNF reduced oil-water IFT to approximately 7.8 mN/m at elevated temperature 
and decreased the sandstone contact angle to 16.5°, indicating strong water-wet alteration. Sand-pack flooding 
achieved 13.7% incremental oil recovery and 72.3% total recovery, compared with 9.8% incremental recovery and 63.1% 
total recovery for xanthan. The superior performance is attributed to the combined effects of IFT reduction, wettability 
alteration, mobility control, and thermal stability. Overall, Acacia-derived CNF demonstrates greater EOR potential 
than xanthan and represents a promising, environmentally sustainable nanofluid for challenging reservoir conditions. 
  
Copyright © 2026 by Authors, Published by Universitas Diponegoro and BCREC Publishing Group. This is an open 
access article under the CC BY-SA License (https://creativecommons.org/licenses/by-sa/4.0). 
  

Keywords: Interfacial tension; xanthan; cellulose nanofluid; contact angle; Enhanced oil recovery; Acacia 
auriculiformis 
  
How to Cite: Nyah, F., David, A., Mkpadem, K., Barima, M., Agwu, O., Ridzuan, N. (2026) Acacia auriculiformis-
Derived Cellulose Nanoparticles as a Sustainable Nanofluid for Enhanced Oil Recovery. Journal of Chemical 
Engineering Research Progress, 3 (2), 369-389 (DOI: 10.9767/jcerp.20816) 
  
Permalink/DOI: https://doi.org/10.9767/jcerp.20816 
 

Original Research Article 

Received: 12th August 2026; Revised: 3rd September 2026; Accepted: 5th September 2026 
Available online: 8th September 2026; Published regularly: December 2026 

1. Introduction 
Global energy insecurity, geopolitical 

disruptions, and the transition toward lower-
carbon energy systems continue to sustain the 
importance of crude oil within the global energy 
portfolio [1,2]. Consequently, enhanced oil 
recovery (EOR) remains important for mobilizing 
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residual oil trapped after primary and secondary 
recovery. Following water or gas flooding, a 
substantial fraction of the Original Oil in Place 
(OOIP) remains unrecovered because of capillary 
forces, high oil-water IFT, unfavorable wettability, 
and reservoir heterogeneity. Chemical enhanced 
oil recovery (CEOR), including polymer, 
surfactant, alkaline, and foam flooding, has 
therefore attracted considerable attention because 
of its ability to improve oil displacement and 
sweep efficiency at relatively low cost and with 
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established operational practices [3,4]. Sweep 
efficiency is the fraction of a reservoir volume 
effectively contacted by an injected fluid during 
secondary or enhanced oil recovery. It describes 
how well the injected fluid reaches oil-bearing 
regions rather than bypassing them. Sweep 
efficiency comprises areal sweep, which 
represents horizontal reservoir coverage, and 
vertical sweep, which reflects fluid penetration 
through reservoir layers. High sweep efficiency 
indicates uniform fluid distribution and greater 
reservoir contact, whereas low sweep efficiency 
results from channeling through high-
permeability zones or fractures, leaving oil 
unswept. Therefore, improving sweep efficiency is 
essential for maximizing oil recovery. 

Among CEOR agents, hydrolyzed 
polyacrylamide (HPAM) is widely used for 
mobility control because its incorporation into the 
aqueous phase increases viscosity and reduces the 
mobility ratio between injected water and oil [5]. 
This suppresses viscous fingering and premature 
water breakthrough while improving 
displacement-front stability. HPAM can also 
increase flow resistance in high-permeability 
zones, diverting the injected fluid toward less-
swept regions and consequently improving 
macroscopic sweep efficiency [6]. Nevertheless, 
conventional CEOR systems can experience 
viscosity loss, thermal degradation, precipitation, 
and deterioration of interfacial performance 
under HTHS reservoir conditions [7,8].  

Similarly, under HTHS conditions, 
conventional CEOR fluids such as HPAM and 
surfactants suffer reduced performance. High 
temperature accelerates HPAM hydrolysis and 
backbone degradation, while Na+ shields 
electrostatic repulsion, causing polymer chains to 
coil, reducing hydrodynamic volume and viscosity 
[9]. Ca2+ and Mg2+ can bridge negatively charged 
HPAM chains, causing aggregation and 
precipitation that may impair injectivity [10]. 
Meanwhile, high salinity and temperature alter 
surfactant hydration, micellar structure, phase 
behaviour, and hydrophilic-lipophilic balance, 
increasing adsorption and reducing IFT-reduction 
and wettability-alteration efficiency. 
Consequently, HTHS conditions compromise 
polymer mobility control, fluid stability, 
injectivity, and interfacial performance, 
ultimately reducing CEOR effectiveness. These 
limitations have stimulated interest in 
nanoparticle-assisted EOR.  

Nanoparticle-assisted EOR has 
consequently emerged as a promising strategy 
because nanoparticles possess a high specific 
surface area, thermal stability, and potential 
resistance to salinity-induced degradation. Their 
interactions with rock surfaces and reservoir 
fluids can promote wettability alteration, IFT 

reduction, rheological modification, asphaltene 
stabilization, and mobility control [11-13]. For 
example, Al₂O₃ nanoparticles have been reported 
to improve the thermal resistance of HPAM 
through a shielding effect, whereas SiO₂ and 
graphene oxide can enhance polymer tolerance to 
elevated salinity and temperature [14,15]. 
Nevertheless, prolonged exposure to harsh 
reservoir conditions may weaken nanoparticle-
polymer interactions through bond degradation, 
particle aggregation, and changes in surface 
chemistry, thereby compromising long-term 
performance [16,17]. The development of 
intrinsically robust, salt-tolerant, and thermally 
stable nanomaterials is therefore essential for 
maintaining nanoparticle functionality 
throughout the EOR process. In this regard, the 
effectiveness of nanoparticles is closely associated 
with their interfacial behaviour and their ability 
to interact with both reservoir fluids and mineral 
surfaces [18]. 

These interfacial interactions enable 
nanoparticles to improve colloidal stability, 
wettability, and IFT. Their high specific surface 
area promotes adsorption at oil-water or gas-
liquid interfaces, forming protective layers that 
inhibit droplet coalescence and film rupture, 
thereby enhancing emulsion and foam stability 
[19]. At solid-fluid interfaces, nanoparticle 
adsorption modifies surface charge, hydration, 
and surface free energy, facilitating oil 
displacement and shifting rock wettability from 
oil-wet toward water-wet conditions [20,21]. 
Similarly, nanoparticle accumulation at oil-water 
interfaces can reduce interfacial free energy and 
IFT, improving oil displacement and multiphase-
flow control [22]. These effects highlight the 
importance of nanoparticle surface chemistry, 
adsorption, dispersion, and thermal stability 
under reservoir conditions.  

The high specific surface area of 
nanoparticles provides abundant active sites for 
interactions with polymers, surfactants, and 
dissolved ions, thereby contributing to improved 
thermal stability and salinity tolerance [23]. 
Under elevated temperatures, nanoparticle-
polymer interactions can restrict chain 
degradation and preserve rheological properties, 
while surface functional groups can mitigate ion-
induced polymer contraction, aggregation, and 
precipitation in saline brines [24]. These effects 
depend on key nanoparticle characteristics, 
including specific surface area, thermally stable 
cores, surface charge, functional groups, 
interaction strength, and steric stabilization. 
These properties help maintain nanoparticle 
dispersion, polymer conformation, viscosity, and 
interfacial functionality under HTHS conditions, 
although their effectiveness depends on particle 
composition, size, concentration, surface 
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modification, and compatibility with the polymer 
and brine chemistry [25,26]. Consequently, 
beyond improving nanoparticle performance, 
increasing attention has been directed toward the 
development of sustainable nanomaterials that 
can provide these interfacial functions while 
reducing environmental and economic concerns 
associated with conventional inorganic 
nanomaterials. 

Biomass-derived nanomaterials offer an 
attractive alternative because of their abundance, 
renewability, biodegradability, low cost, and 
tunable physicochemical properties [27,28]. 
Lignocellulosic biomass can produce cellulose 
nanocrystals (CNCs), biochars, and graphene-like 
materials. Acacia-derived nanomaterials have 
previously demonstrated promising performance 
in adsorption and photocatalytic degradation, 
highlighting the potential of Acacia biomass as a 
versatile precursor for functional nanomaterials 
[29]. These characteristics provide a basis for 
exploring Acacia-derived cellulose nanomaterials 
as functional additives for nanofluid-based 
enhanced oil recovery. Nguyen et al. [30] 
demonstrated strong relationships between 
Acacia-derived biochar properties and adsorption 
performance. Mary et al. [31] further achieved 
93% methylene-blue degradation using Acacia-
derived eco-graphite/rGO-MoO3 photocatalysts. 

Despite these advances, Acacia-derived 
nanomaterials remain largely unexplored for 
EOR. In particular, the capability of CNP derived 
from Acacia auriculiformis to withstand HTHS 
conditions while improving wettability, IFT, 
rheology, and oil displacement remains 
insufficiently understood. Moreover, existing 
approaches predominantly modify conventional 
polymers and surfactants rather than developing 
inherently robust biomass-derived CEOR 
materials. Accordingly, this study aims to extract 
cellulose from A. auriculiformis bark, convert it 
into surface-modified CNP, and evaluate their 
physicochemical, structural, interfacial, 
rheological, and oil-recovery performance under 
reservoir-relevant conditions. The novelty lies in 
introducing A. auriculiformis bark as a 
sustainable precursor for cellulose-based 
nanomaterials specifically designed for CEOR. 
The bark contains five triterpenoid saponins, 
proacaciaside-I, proacaciaside-II, acaciamine, 
acaciasides A and B, with structural 
characteristics that may enhance interfacial 
activity [23]. Unlike previous Acacia applications 
in remediation, this study investigates wettability 
alteration, IFT reduction, rheological 
enhancement, and structural disjoining pressure 
for oil displacement. The work therefore bridges 
biomass valorization, nanotechnology, and 
petroleum engineering, while advancing 

sustainable CEOR alternatives and supporting a 
circular bioeconomy. To achieve these objectives, 
DESs were considered particularly relevant 
because their tunable physicochemical and 
interfacial properties could facilitate both biomass 
fractionation and subsequent nanomaterial 
functionalization. 

DESs possess distinctive physicochemical 
properties arising from strong hydrogen-bonding 
and ion-dipole interactions between hydrogen-
bond acceptors (HBAs) and hydrogen-bond donors 
(HBDs) [32,33]. These interactions can modify 
solvent polarity, activity, viscosity, and solvation 
behaviour, making DESs effective media for 
biomass processing and material modification. 
During cellulose extraction, the extensive 
hydrogen-bonding interactions of DESs can 
facilitate the disruption of lignocellulosic 
structures and promote the selective dissolution 
or removal of lignin and hemicellulose, thereby 
increasing cellulose accessibility and recovery 
[34]. Their relatively low vapour pressure, tunable 
polarity, and adjustable viscosity can further 
influence solvent penetration and mass transfer 
within the biomass matrix. In addition, the 
relatively high density of many DES formulations, 
typically within 1.0 - 1.4 g/cm3, can affect phase 
behaviour and solute-solvent interactions [35]. 
These characteristics make DESs attractive 
alternatives to conventional organic solvents for 
the sustainable extraction and preparation of 
cellulose-based nanomaterials. 

Beyond their role in biomass fractionation, 
DESs can also influence the colloidal stability and 
interfacial functionality of the resulting 
nanomaterials. Extensive hydrogen-bonding and 
ion-dipole interactions can modify surface 
chemistry and molecular organization, while 
preferential interactions with solid or polymer 
surfaces can alter surface energy, hydration, and 
wettability [36]. DES treatment can also disrupt 
hydrogen-bond networks within cellulose, 
increasing the accessibility of hydroxyl and other 
polar functional groups that can participate in 
subsequent surface modification [37]. Such 
interactions provide opportunities for one-pot 
functionalization processes, including 
esterification, grafting, and plasticization, 
enabling controlled adjustment of nanoparticle 
surface properties. Consequently, the combined 
extraction and functionalization capabilities of 
DESs provide a rational basis for producing 
surface-modified CNPs with improved dispersion 
and interfacial activity, which are essential 
characteristics for their application in CEOR 
under demanding reservoir conditions. 
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Physical Properties  Value 
Viscosity (cP) 9.67  
Density (g/cm3) 0.874 
Specific gravity 0.874 
API Gravity (oAPI) 36.2 

Properties Core 
Length (cm) 9.5 
Diameter (cm) 3.5 
Bulk volume (cm3) 104.4 
Pore volume (cm3) 29.7 
Porosity (%) 28.4.2 
Permeability (mD) 152.24 
Initial oil saturation (%) 93.44 
Injection rate (mL/min) 0.5 

2. Materials and Methods 
2.1. Materials 

Acacia auriculiformis bark was collected 
from the Gambang Campus of Universiti 
Malaysia Pahang Al-Sultan Abdullah (UMPSA). 
Choline chloride (98%), citric acid monohydrate 
(98%), hydrogen peroxide (35%), sodium 
hypochlorite, ethanol (95%; CAS 64-17-6), sodium 
chloride, sodium hydroxide, and acetic acid (5%; 
density 1.0446 g/cm³ at 25 °C) were commercially 
obtained and used without further purification. 
Sarawak crude oil had a density of 0.874 g/mL, 
API gravity of 36.2°, and viscosity of 9.67 cP at 25 
°C. Sarawak sandstone cores were used, with 
properties listed in Table 1. (The reported 
parameters correspond to the complete sand-pack 
sample used in each experiment, unless otherwise 
stated). For typical sand-pack EOR experiments, 

parameters such as sand mass, bulk volume, pore 
volume, porosity, permeability, and initial oil 
saturation are generally characteristics of the 
whole sand pack, not “per gram”. Water 
specifications and crude-oil properties are 
provided in Table 2. 

 
2.2. Preparation of Acacia auriculiformis Bark 

Acacia auriculiformis bark was washed 
sequentially with tap and distilled water to 
remove impurities. It was air-dried for 5-7 days 
and subsequently oven-dried at 75 °C for 24 h to 
achieve constant weight. The dried bark was 
ground using a laboratory grinder and sieved 
through a 250 μm mesh to obtain uniform 
particles. The processed powder was stored in 
sealed containers for subsequent cellulose 
extraction and nanoparticle synthesis. The 
preparation procedure is presented in Figure 1. 

Table 1. Physical and petrophysical 
characteristics of the sand-pack samples used in 
the core-flooding experiments (H₂O/CO₂ on 
13X/Y). 

Table 2. Physiochemical properties of crude oil. 

Figure 1. Sequence of Acacia bark preparation. 
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2.3. Acacia Bark Pretreatment  
Dried Acacia auriculiformis bark was 

delignified with 5% aqueous NaOH at a 1:20 solid-
to-liquid ratio (g/mL) for 2 h. The treated material 
was washed with distilled water to neutral pH 
and oven-dried at 60 °C to constant weight. It was 
subsequently bleached using 3 wt% NaClO at a 
1:20 pulp-to-liquid ratio for 1 h, washed to neutral 
pH, and dried at 60 °C. Cellulose yield (Y, %) was 
calculated using Equation (1). 
 
𝐸𝐸𝐸𝐸(%) =  𝑊𝑊𝐶𝐶

𝑊𝑊𝑝𝑝𝑝𝑝
 × 100%    (1) 

 
whereas Wpw and Wc are the masses (g) of the 
initial raw paper wastes and extracted cellulose, 
respectively. 
 
2.4. DES Solvent Preparation 

Choline chloride (ChCl) and citric acid (CA) 
were selected as DES components based on their 
demonstrated suitability for cellulose 
fractionation. The DES was prepared by mixing 
ChCl and CA at a 1:1 molar ratio for 1 h at 70 °C 
under continuous magnetic stirring until a 
homogeneous solution was obtained [38].   

 
2.5. Hydrolysis of Bleached Acacia Pulp via DES 

The DES was formulated using choline 
chloride (ChCl) as the hydrogen bond acceptor 
(HBA) and citric acid monohydrate (CA) as the 
hydrogen bond donor (HBD) at a 1:2 molar ratio. 
Their molecular weights were 139.62 and 210.14 
g.mol⁻¹, respectively, giving a combined molar 
mass of 349.76 g.mol⁻¹. Therefore, to prepare a 
200 mL DES solution, these calculations were 
done: 
 
Total DES = Mol. wt. of ChCl +Mol. wt. of CA  (2) 
 
Mass fraction of ChCl =  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐶𝐶ℎ𝐶𝐶𝐶𝐶

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝐷𝐷𝐷𝐷
× 100% (3) 

 
The calculated masses ensured accurate 

ChCl-CA formulation. The components were 
stirred at 80 °C until a clear homogeneous DES 
formed, cooled, and stored in a sealed glass 
container to minimize moisture uptake [41]. DIW 
(40 mL) was gradually incorporated under gentle 
stirring, followed by A. auriculiformis pulp at a 
1:10 pulp-to-solvent ratio (20 g pulp/200 mL 
DES). The suspension was maintained at 100 °C 
for 4 h to selectively remove lignin and 
hemicellulose, while preserving cellulose. 
Treatment temperature, time, water content, and 
biomass loading were varied. The product was 
diluted tenfold, filtered, repeatedly washed with 
water and ethanol to neutral pH, dried at 60 °C, 
and stored airtight. Yield was determined using 
Equation (4) [39]. 

𝑌𝑌(%) =  𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶
𝑊𝑊𝐶𝐶

 × 100%     (4) 
 
whereas WC and WCNP are the masses (g) of the 
initial raw paper wastes and extracted cellulose 
after DES treatment, respectively.   

 
2.6. Characterization of Cellulose and CNPs 
2.6.1. Determination of functional groups via 
FTIR 

Functional groups in bleached Acacia 
auriculiformis pulp and DES-treated CNPs were 
analyzed using a Spectrum 65 FTIR spectrometer 
(PerkinElmer). Each 1 mg sample was mixed with 
100 mg KBr, pelletized at 80 kN for 2 min, and 
scanned from 4000-450 cm-1 using 16 scans. 
Spectrum was smooth and baseline-corrected with 
PerkinElmer Spectrum software. 

 
2.6.2. XRD 

The crystallographic characteristics of 
bleached pulp cellulose and DES-treated cellulose 
nanocrystals (CNPs) were evaluated using a 
SmartLab high-resolution X-ray diffractometer 
with a HyPix-3000 detector. Measurements 
employed Bragg–Brentano geometry over 2θ = 2°–
40°, with a 0.01° step and 1°.min⁻¹ scan rate, at 45 
kV and 200 mA [40]. The crystallinity index (CrI) 
was calculated using Equation (5). 
 
𝐶𝐶𝐶𝐶𝐶𝐶% =  𝐼𝐼200−𝐼𝐼𝑎𝑎𝑎𝑎

𝐼𝐼200
× 100%    (5) 

 
whereas CrI% is the measured apparent 
crystallinity, I200 is the intensity of the 200 peak 
and Iam is the contribution from the amorphous 
cellulose taken at the minimum between the 110 
and 200 peaks. 
  
2.6.3. Thermal analysis (TGA/DTG) 

The sample's thermal stability was 
investigated using Mettler Toledo, TGA/DSC 3+. 
The material was initially dried at a rate of 10 oC 
per minute before being heated to 900 oC in a 
nitrogen atmosphere. 

 
2.6.4.  SEM/FESEM 

The morphology of bleached Acacia 
auriculiformis pulp and DES-treated CNPs was 
examined using JSM-7001F and LEO SUPRA 
50VP FESEM systems. Samples were mounted on 
aluminum stubs using conductive carbon tape and 
sputter-coated with platinum using a JEOL JFC-
1600 coater. Micrographs were acquired at 10 kV 
and magnifications of 50,000× and 100,000×, 
while preliminary morphology was also examined 
at 5000× after gold coating. 
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2.7. Cellulose Nanofluid Preparation 
CNP (0.5 wt%) was dispersed in deionized 

water (DIW), agitated for 6 h, and subsequently 
ultrasonicated for 1 h to obtain a homogeneous 
cellulose nanofluid (CNF). To evaluate the effect 
of reservoir salinity on CNF behaviour, NaCl was 
added at concentrations ranging from 0.7-2.7 
wt%, followed by swirling for 24 h. This salinity 
range represents the average formation-water 
salinity reported for the Malay Basin [41] and 
therefore provides a reservoir-relevant basis for 
assessing CNF performance. Under these 
conditions, CNF was selected as a promising 
alternative to conventional xanthan gum because 
its nanoscale cellulose structure provides 
distinctive rheological and thermal stability 
characteristics relevant to CEOR. Both CNF and 
xanthan gum exhibit non-Newtonian, shear-
thinning behaviour, which is advantageous 
during injection because viscosity decreases 
under high shear, reducing flow resistance [42]. 
CNF can also form a physically interconnected 
nanoparticle network that contributes to 
suspension stability and structural integrity, 
while its relatively high thermal and chemical 
stability may help preserve functionality under 
elevated temperature and salinity [43]. Xanthan 
gum was therefore used as a benchmark to 
determine whether CNF could provide 
comparable or improved rheological performance 
under reservoir-relevant conditions. 

 
2.7.1. Rheological Analysis 

Using a Brookfield RST rheometer, the 
rheology of bleached-treated acacia cellulose and 
DES-treated CNP were assessed (Figure 2). For 
high temperature situations, the rheometer is 
made up of a temperature control that is coupled 
to a water bath. Every measurement was 
performed in a temperature range of 25-80 °C and 
a shear rate of 1-1000 s-1. The trials were carried 
out in triplicate and the average was given for 
repeatability. 

2.7.2. IFT measurement 
The IFT between crude oil and CNP was 

measured using a K20 Easy Dyne Kruss 
tensiometer (Kruss GmbH, Germany) (see Figure 
3). The Du-Nouy ring method was used to conduct 
measurements in air circumstances. This method 
was used to assess the IFT of CNP dispersions at 
various concentrations (0.05-0.5 wt%), while 
examining the effects of temperature (25-80 oC) 
and NaCl content (0.7-2.7 wt%). 

 
2.7.3. Contact Angle Measurement 

Wettability alteration was assessed using 
the sessile-drop method. Sandstone cores (1 cm 
thick, 5 cm diameter) were cleaned with DI water 
and toluene and dried for 24 h. Samples were oil-
conditioned in crude oil at 90 °C for 78 h, then 
exposed to 0.05–0.5 wt% CNP solutions for 78 h 
and dried. Contact angles were determined using 
0.1 cm³ oil droplets and analyzed with ImageJ. 

 
2.8. Oil Recovery 

Sandpack flooding was performed at 25 °C 
and 14.7 psi using 300 µm quartz sand. The sand 
was washed, oven-dried at 105 °C for 24 h, and 
uniformly packed into the holder (Figure 4). Bulk 

Figure 2. Brookfield DV2T Viscometer for 
rheology. 

Figure 3. KRUSS K20 Easy Dyne for IFT and 
Contact Angle. 

Figure 4. Experimental setup of the sand pack to 
determine oil displacement. 
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Biomass waste DES Conditions Yield (%) References 
Acacia bark  ChCl/CA (1:1) Temp.: 100 oC; Time: 4 h Cellulose: 72.9%; CNP: 

78.3% 
This study 

OPEFB ChCl/OA (1:1) Time: 90 oC; Time: 15 
min 

Cellulose: 84.85%; 
CNP: 87% 

[44] 

Sterculia Foetida 
shell (SFS) 

ChCl/LA (1:2) Time: 110 oC; time: 120 
min 

Cellulose: 30.6±0.84%; 
CNP: 88.07% 

[48] 

Oil Palm Trunk 
(OPT) 

ChCl/Levulinic 
acid 

Time: 104.2 oC; time: 
3.76 h 

Cellulose: 91.29% [49] 

Hemp fibres ChCA/LA Time: 2-4h  Cellulose: 78-91% [50] 

volume and sand mass were determined from 
measured dimensions and weighing. The pack 
was vacuum-saturated with 3.5 wt% NaCl brine 
to determine pore volume and porosity, while 
permeability was obtained from steady-state flow 
using Darcy’s law. Crude oil established initial 
saturation, followed by waterflooding and 
approximately 1.0 PV CNF injection for tertiary 
recovery. Cumulative oil production was recorded 
throughout flooding. 

The bulk volume was calculated using 
Equation (6): 
 
(𝑉𝑉𝑉𝑉) =  𝜋𝜋 �𝐷𝐷

2
�
2

× 𝐿𝐿     (6) 
 
whereas D (cm) is the diameter of the consolidated 
sand in the sandpack holder, L (cm) is the length 
of the sandpack holder, Vp (cm3) is the pore 
volume and Vb (cm3) is the bulk volume. The pore 
volume (Vp) was calculated using Eq. (7): 
 
  𝑉𝑉𝑝𝑝 = 𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆−𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷

𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
     (7) 

 
where Wdry is the weight of dry sandpack, Wsat is 
the weight of the saturated sandpack filled with 
brine, the density of brine, ρbrine (1.02 g/mL).  
The porosity was calculated using Eq. (8): 
 
𝜙𝜙 = 𝑉𝑉𝑝𝑝

𝑉𝑉𝑏𝑏
 × 100%      (8) 

 
where 𝜙𝜙 is the porosity, Vb is the bulk volume and 
Vp is the pore volume. The permeability (k) of the 
sandpack is calculated using Eq. (9): 
 
𝑘𝑘 = 𝑄𝑄𝑄𝑄𝑄𝑄

𝐴𝐴Δ𝑃𝑃
              (9) 

 
where k is permeability in Darcy, Q is flow rate in 
mL/min, L (cm) is the length of the sand pack 
tube, μ is the viscosity of water, A is the cross-
sectional area (cm2) of the tube, and 
ΔP (atmosphere) is the pressure difference. The 
OOIP was determined as shown in Eq. (10): 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑉𝑉𝑝𝑝 × 𝑆𝑆𝑜𝑜𝑜𝑜                 (10) 
 
where Vp is the pore pore and Soi is the initial oil 
saturation. Recovery Factor (RF) from the 
secondary recovery method was determined using 
Eq. (11): 
 
𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤 =  𝑉𝑉𝑜𝑜𝑜𝑜

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
 × 100%               (11) 

 
where Vop denotes cumulative oil produced during 
waterflooding (cm3), while OOIP represents 
original oil in place (cm3). Residual oil was 
subsequently subjected to CNF–xanthan tertiary 
flooding. All experiments were conducted in 
duplicate to ensure reproducibility. 
 
3. Results and Discussions 
3.1. Yield (%) Cellulose and Cellulose 
Nanoparticles (CNP) 

Sequential alkaline and bleaching 
pretreatment effectively removed lignin, 
hemicellulose, and other impurities from Acacia 
auriculiformis bark. Treatment with 5% (w/v) 
NaOH followed by 3 wt% NaClO yielded 72.9% 
cellulose (Table 3), indicating effective 
delignification and purification. This value is 
comparable with reported cellulose yields of 
84.85% from OPEFB [44] and 57.5% from coffee 
pulp [45]. DES-assisted hydrolysis subsequently 
produced CNPs, with the optimum condition of 
ChCl = 1:1, 100 °C, 4 h, and 20 wt% water 
achieving an average yield of 78.3%. Water 
addition reduced DES viscosity, enhanced solvent 
penetration and fibre swelling, and facilitated 
lignin and hemicellulose removal. Conversely, 
anhydrous DES limited mass transfer because of 
its higher viscosity. The obtained yield agrees 
with reported DES-based cellulose yields of 78-
84% for OPEFB, 65.2% for MCC, and 60.2% for 
wheat-straw CNCs [19,22], confirming the 
effectiveness of the proposed extraction route 
[46,47]. 

Table 3. Previous research studies on Cellulose and CNP yield (%). 
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3.2. Characterization of Cellulose and CNPs 
Figure 5(a) shows the FTIR spectra of 

bleached Acacia auriculiformis cellulose (ACA-
bleached) and DES-derived cellulose 
nanoparticles (ACA-CNP). Both samples 
exhibited characteristic cellulose I bands at 3350 
cm⁻¹ (O–H), 2900 cm⁻¹ (C–H), 1640 cm⁻¹ (adsorbed 
H₂O), 1410 cm⁻¹ (CH₂), 1330 cm⁻¹ (C–H), 1170 
cm⁻¹ (C–O–C), 1050 cm⁻¹ (C–O), and 897 cm⁻¹ (β-
(1,4)-glycosidic linkage) [51]. The broader, 
stronger 3350 cm⁻¹ band in ACA-CNP indicates 
increased hydroxyl accessibility following lignin 
and hemicellulose removal, whereas 
disappearance of the 2900 cm⁻¹ band suggests 
elimination of residual aliphatic constituents [52]. 

Preservation of the 1640, 1050, and 897 cm⁻¹ 
bands confirm retained cellulose structure. DES 
selectively disrupts lignin–carbohydrate 
interactions, while ultrasonication releases 
nanoscale crystallites without cleaving β-(1,4)-
glycosidic bonds [53,54]. These structural changes 
enhance surface functionality and interfacial 
reactivity, supporting EOR applications [55,56]. 

Figure 5(b) presents the XRD patterns of 
bleached Acacia auriculiformis cellulose and ACA-
CNP. Both samples exhibited characteristic 
cellulose I reflections at 2θ = 15°, 16.5°, 22.7°, and 
34.7°, corresponding to the (1-10), (110), (200), and 
(004) planes, respectively [57]. The retained 
diffraction profile confirms preservation of the 
native cellulose I structure following DES 

Figure 5. Characterization of bleached Acacia auriculiformis cellulose and CNPs: (a) FTIR spectra, (b) XRD 
patterns, (c) TGA profiles showing mass loss, and (d) DTA thermograms of bleached cellulose and DES-
treated CNPs. 
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Biomass waste DES ratio Conditions Crystallinity Index 
(CI%) References 

Acacia bark ChCl/CA (1:1) Temp: 100 oC; time: 4 h 76.6% This study 
SCB ChCl/Urea (1:2) Temp: 130 oC; time: 2 h 56.7-57.2 [62] 
Hemp fibres ChCl/LA Time: 2-4 h 89.9% [63] 
Sargassum spp. Biomass ChCl/OA (1:1) - 86% [64] 
Kenaf fiber ChCl/LA (1:2) - 81.2 [65] 
Untreated Sorghum 
bicolor stalk (SBS) 

ChCl/Urea (1:2) - 45.05 ±0.1% [66] 

Acid hydrolyzed poplar 
chips 

ChCl/LA - 80 [67] 

Cotton wool ChCl.Gallic 
acid 

- 80 [68] 

treatment and ultrasonication. The dominant 
(200) reflection at 22.7° remained evident, 
although its lower intensity in ACA-CNP suggests 
partial crystalline-domain disruption during 
processing [58]. Nevertheless, selective removal of 
amorphous lignin, hemicellulose, and disordered 
cellulose increased the relative crystalline 
fraction. Accordingly, CrI increased slightly from 
75.9% for bleached cellulose to 76.6% for ACA-
CNP, demonstrating effective fractionation with 
minimal structural damage as shown in Table 4 
[59,60]. These values compare with reported CrI 
values of 84% for mustard-straw CNPs and 68% 
for carpentry-wood CNPs [61], confirming the 
suitability of DES-assisted hydrolysis for 
producing structurally stable Acacia CNPs. 

Figure 5(c) presents the TGA, DTG, and DTA 
profiles of bleached Acacia auriculiformis 
cellulose and CNPs, revealing similar overall 
thermal degradation behaviour. The initial mass 
loss below 120 °C is attributed to evaporation of 
physically adsorbed moisture, while the principal 
degradation region corresponds to dehydration, 
depolymerization, and cleavage of cellulose 
glycosidic linkages [69,70]. At 650 °C, residual 
masses of 13.7% and 8.1 wt% were recorded for 
bleached cellulose and CNPs, respectively. The 
greater residue of bleached cellulose may reflect 
residual inorganic constituents or pretreatment-
derived residues. DTG analysis (Figure 5(d)) 
showed a maximum degradation temperature 
(Tmax) of approximately 337 °C for bleached 
cellulose, whereas CNPs exhibited an additional 
peak near 150 °C, potentially associated with 
thermally labile citrate-derived surface groups. 
Overall, degradation occurred in three stages: 
moisture and amorphous-component removal (25-
120 °C), cellulose decomposition (250-300 °C), and 
carbonization (400-650 °C). DTA profiles showed 
endothermic events below 120 °C and at 330-360 
°C, corresponding to moisture evaporation and 
cellulose degradation, respectively [70]. The 
sharper CNP endotherm indicates greater 

structural uniformity and crystalline enrichment 
following DES treatment, confirming effective 
purification and nanocrystal formation [71]. 

 
3.3. SEM & FESEM 

Figure 6 presents the SEM micrographs of 
bleached Acacia auriculiformis cellulose (ACA-
bleached) and DES-derived cellulose 
nanoparticles (ACA-CNP). The colour change 
from brown to pale yellow after alkaline and 
bleaching treatment indicates progressive 
removal of lignin, hemicellulose, and extractives. 
Morphologically, ACA-bleached exhibited rough, 
partially separated fibrils, whereas ACA-CNP 
showed well-dispersed, rod-like nanoparticles 
with an average diameter of 19.65±0.2 nm (Figure 
7), confirming successful nanocrystal isolation 
[72]. The absence of pronounced agglomeration 
further indicates effective DES-assisted 
fibrillation and favourable dispersion. 

The morphological transformation can be 
attributed to the synergistic effects of 
pretreatment and DES hydrolysis. Alkaline 

Table 4. Crystallinity Index (CI).  

Figure 6. Acacia auriculiformis bark delignification 
and hydrolysis via DES. 
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treatment promotes fibre swelling and 
hemicellulose removal, while bleaching oxidizes 
and solubilizes residual lignin. Subsequently, 
DES preferentially removes amorphous regions 
while preserving the ordered crystalline domains 
[73]. Ultrasonication further disrupts 
interfibrillar interactions, facilitating nanocrystal 
separation while maintaining structural integrity 
[74]. The resulting nanoscale structure provides 
high surface area and accessible hydroxyl groups, 
which can enhance interfacial interactions and 
support nanocomposite and EOR applications 
[75,76]. 

 
3.4. Rheological Behaviour of CNP and Xanthan 
under Varying Salinity and Temperature 
Conditions 

Figure 8(a) shows that Acacia CNP exhibited 
shear-dependent non-Newtonian behaviour 

comparable to xanthan gum, but with higher 
apparent viscosity at 2.2 wt%, indicating stronger 
particle-particle and particle-fluid interactions. 
The CNP suspension displayed three-region 
behaviour: shear thinning at low shear, an 
intermediate viscosity plateau, and further 
thinning at high shear due to progressive 
alignment and reorganization of rod-like 
nanoparticles [77,78]. Enhanced viscosity may 
also arise from electroviscous effects, whereby 
surface charges and electrical double layers 
increase effective hydrodynamic volume and flow 
resistance [79,80]. These characteristics 
demonstrate the potential of Acacia CNP for 
effective mobility control during EOR. 

Figure 8(b) shows that increasing NaCl 
concentration progressively reduced the apparent 
viscosity of both Acacia CNP and xanthan gum at 
2.2 wt%, while preserving shear-thinning 

Figure 7. SEM micrograph images at (a) alkali treated acacia bark (b) bleached acacia pulp (c) DES treated 
acacia (d) FESEM images of acacia bark. 
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behaviour. The stronger viscosity decline 
observed for CNP indicates greater ionic-strength 
sensitivity. This reduction is primarily attributed 
to Na⁺-induced compression of the electrical 
double layer, which weakens interparticle 
repulsion and reduces effective hydrodynamic 
volume and electroviscous effects [81,82]. 
Nevertheless, persistent shear thinning indicates 
that salinity altered viscosity magnitude rather 
than the fundamental flow mechanism, as CNPs 
progressively align under shear [83]. At excessive 
ionic strength, further charge screening may 
induce aggregation [4,84]. Acacia CNP 
maintained favourable rheological behaviour 
under saline conditions, supporting its potential 
for mobility control in high-salinity EOR [85], 
[86]. 

Figure 8(c) compares the temperature-
dependent rheology of Acacia CNP and xanthan 
at 2.2 wt% over 25-80 °C. Xanthan viscosity 
decreased progressively with temperature 

because increased molecular mobility weakened 
intermolecular associations and reduced polymer-
chain resistance to flow. In contrast, Acacia CNP 
viscosity increased, suggesting temperature-
induced changes in hydration, Brownian motion, 
and particle-particle interactions rather than 
changes in surface area [87]. Temperature may 
promote reorganization of rod-like CNPs and 
strengthen transient structures, thereby 
increasing flow resistance [88,89]. The observed 
viscosity enhancement indicates potential for 
high-temperature EOR mobility control. 
However, thermal-aging studies are required to 
distinguish reversible structural changes from 
aggregation or degradation [90]. 

 
3.5. Effect of CNF and Xanthan Concentration on 
IFT 

Figure 9(a) shows a concentration-dependent 
reduction in oil–water IFT following CNF 
addition. The initial IFT values were 24.4 mN/m 
for CNF and 26.7 mN/m for xanthan, decreasing 
to 18.2 mN/m and 19.53 mN/m, respectively. 
Thus, CNF exhibited greater interfacial activity, 
achieving approximately 19.9% IFT reduction. 
This behaviour is attributed to CNF adsorption 
and accumulation at the oil–water interface, 
forming a denser interfacial layer that lowers 
interfacial free energy [91]. The superior 
performance of CNF may result from its high 
aspect ratio, specific surface area, and adsorption 
capacity, whereas excessive xanthan may promote 
aggregation. Reduced IFT can decrease capillary 
trapping and facilitate residual-oil mobilization, 
highlighting CNF's potential as a bio-based EOR 
additive [92,93]. 

Figure 8. Rheological characteristics of CNF and xanthan: (a) shear-rate-dependent behaviour, (b) effect of 
salinity on apparent viscosity, and (c) temperature dependence of apparent viscosity. 
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Figure 9(b) shows a non-monotonic effect of 
NaCl concentration on oil–water IFT. Increasing 
salinity from 0.7 to 2.2 wt% reduced CNF IFT 
from 17.5 to 12.3 mN/m (29.7%), compared with 
19.6 to 15.8 mN/m (19.4%) for xanthan. The 
reduction is attributed to ionic-strength-induced 
electrical double-layer compression, enhanced 
CNF adsorption, and improved interfacial 
packing [94,95]. The minimum IFT occurred at 
2.7 wt% NaCl, suggesting an optimum balance 
among CNF dispersion, hydration, and interfacial 
adsorption. At excessive salinity, further charge 
screening may promote aggregation and reduce 
interfacial availability [96]. The resulting IFT 
reduction can lower capillary resistance and 
facilitate residual-oil mobilization, although 
wettability and capillary forces must also be 
considered [97]. 

Figure 9(c) shows a monotonic decrease in 
oil–CNF IFT as temperature increased from 25 to 
80 °C. At 80 °C, CNF and xanthan achieved IFT 
reductions of 51.9% and 48.6%, corresponding to 
decreases of 7.6 and 9.4 mN/m, respectively. The 
greater percentage reduction for CNF indicates 
stronger interfacial activity at elevated 
temperatures. Increased molecular mobility 
enhances CNF transport, adsorption, and 
interfacial rearrangement, producing a more 
stable interfacial layer and lowering interfacial 
free energy [98,99]. Unlike some inorganic 
nanoparticles, CNF showed no apparent 
temperature-induced aggregation, retaining IFT-
reducing capability up to 80 °C. This thermal 
stability can reduce capillary resistance and 
facilitate residual-oil mobilization during EOR 
[100,101]. 

 
3.6. The Effect of CNF and Xanthan 
Concentration on Contact Angle  

Figure 10(a) shows a concentration-
dependent shift from oil-wet toward water-wet 
conditions after CNF and xanthan treatment. The 
initial contact angle was 128°; at 0.05 wt%, it 
decreased to 110.2° for xanthan and 84.3° for 
CNF. At 0.5 wt%, the angles further declined to 
75.2° and 58.8°, respectively, confirming superior 
wettability alteration by CNF. The reduction is 
attributed to structural disjoining pressure 
generated as CNF accumulates near the oil–rock–
water contact line, forming a wedge-shaped film 
that separates oil from the rock surface [102]. 
Increasing CNF concentration strengthens this 
film through enhanced particle interactions and 
electrical-double-layer effects. The greater CNF 
response reflects its favourable size, surface 

Figure 9. Effects of (a) CNF and xanthan concentration on IFT, (b) NaCl concentration on IFT reduction, 
and (c) temperature on the IFT of CNF and xanthan systems. 
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charge, dispersion, and interfacial mobility. 
Consequently, CNF-induced water-wetness 
reduces oil adhesion and promotes residual-oil 
mobilization [103]. 

Figure 10(b) shows that NaCl concentration 
influenced the wettability alteration of both 
xanthan and CNF. At low salinity, both agents 
shifted sandstone from oil-wet toward water-wet 
conditions; however, increasing salinity 
progressively weakened xanthan performance, 
producing intermediate wettability. In contrast, 
CNF maintained water-wet conditions, achieving 
a contact angle of 36.2° compared with 50.1° for 
xanthan, demonstrating superior salt tolerance. 
At low ionic strength, enhanced electrical-double-
layer (EDL) interactions increase electrostatic 
repulsion and disjoining pressure, promoting oil 
detachment [104,105]. Higher salinity 
compresses the EDL, reducing repulsion and 

promoting particle aggregation and 
sedimentation [106]. Nevertheless, CNF 
maintained an optimum contact angle of 36.2° at 
2.2 wt% NaCl, indicating greater dispersion 
stability and interfacial robustness under saline 
conditions [107,108]. 

Figure 10(c) shows a pronounced 
temperature-dependent wettability alteration for 
CNF and xanthan. Increasing temperature from 
25 to 80 °C reduced contact angles from 130.5° to 
16.5° for CNF and 135.1° to 48.9° for xanthan, 
corresponding to reductions of 87.3% and 63.8%, 
respectively. The stronger CNF response reflects 
enhanced molecular mobility, reduced oil viscosity 
and interfacial energy, and improved nanoparticle 
transport toward the oil–water–rock interface 
[109,110]. CNF may also form a thin aqueous film 
that reduces oil–rock adhesion, while structural 
disjoining pressure promotes oil detachment 
[111]. The pronounced change between 30-60 °C 
likely results from these combined effects. 
Continuous wettability improvement to 80 °C 
further indicates favourable thermal stability of 
CNF under the tested conditions [112]. 

 
3.7. Oil Displacement Experiments 

Figure 11 demonstrates the superior EOR 
performance of CNF relative to xanthan during 
core flooding. Water flooding recovered 53.3% 
OOIP, leaving considerable residual oil. 
Subsequent CNF flooding increased recovery to 
75.7% RF, compared with 63.1% RF for xanthan, 
corresponding to additional recoveries of 22.4% 
OOIP and 9.8% OOIP, respectively [113,114]. The 
enhanced CNF performance reflects a synergistic 
combination of mobility control, wettability 
alteration, IFT reduction, and interfacial 

Figure 10. Wettability characteristics of CNF and xanthan: (a) effect of concentration on contact angle, (b) 
influence of NaCl concentration on contact angle, and (c) temperature-dependent contact-angle variation. 
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disjoining pressure rather than viscosity 
enhancement alone [115]. 

At the macroscopic scale, the higher CNF 
viscosity improves the mobility ratio and 
promotes more efficient sweep of previously 
unswept regions. Microscopically, its lower IFT 
and stronger shift toward water-wetness reduce 
oil–rock adhesion and facilitate residual-oil 
deformation and detachment. Moreover, CNF 
accumulation near the three-phase contact region 
can generate structural disjoining pressure and 
form a wedge-shaped aqueous/nanoparticle film, 
further promoting oil displacement [116]. Thus, 
the markedly higher recovery achieved by CNF 
indicates that interfacial mechanisms, 
particularly wettability alteration, complemented 
by improved rheology, govern its superior EOR 
performance. 

 
4. Conclusion 

This study successfully developed an 
environmentally compatible CNF from Acacia 
auriculiformis biomass and demonstrated its 
potential for sustainable EOR. Process 
intensification influenced CNP formation and 
properties, with SEM/FESEM confirming 
predominantly cylindrical particles of 19.65 ± 0.2 
nm. FTIR verified characteristic cellulose 
functional groups, while XRD confirmed 
structural integrity and a crystallinity index (CrI) 
of 76.6%. Rheological analysis showed shear-
thinning and pseudoplastic behaviour for both 
CNF and xanthan; however, CNF exhibited 
superior viscosity retention under saline 
conditions, supporting its mobility-control 
potential in harsh reservoirs. CNF also 
demonstrated stronger interfacial and wettability 
performance. At elevated temperature, CNF 

reduced IFT to 7.4 mN/m, compared with 9.2 
mN/m for xanthan, while contact angles 
decreased to 16.5° and 49.3°, respectively, 
indicating a stronger transition toward water-
wetness. These effects are attributed to enhanced 
CNF adsorption, molecular mobility, and 
favourable oil-brine-rock interactions, which 
reduce oil-rock adhesion and promote residual-oil 
mobilization. Most importantly, core flooding 
yielded 22.4% incremental oil recovery with CNF 
versus 9.8% for xanthan. Collectively, these 
results establish Acacia-derived CNF as a 
promising and sustainable alternative to 
conventional chemical EOR agents. However, 
further work is required to translate this 
laboratory performance into field applicability 
through pilot- and field-scale validation of CNF 
injectivity, transport, pressure response, thermal-
salinity stability, wettability alteration, and 
recovery efficiency under representative HTHS 
reservoir conditions. In parallel, long-term 
durability and process optimization should 
address DES composition, recycling, feedstock 
pretreatment, surface functionalization, CNF 
retention, and injectivity, supported by long-term 
HTHP flooding, techno-economic analysis, and 
life-cycle assessment to establish the technical, 
economic, and environmental feasibility of large-
scale deployment. 
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