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A B S T R A C T 

This study introduces a new technique that utilizes nanohybrids made from 
graphene ferrite (CoFe₂O₄) quantum dots nanohybrids (G-FQDs). These 
nanohybrids are produced through a manufacturing process that is both 
inexpensive and scalable for commercial use. When these FQDs-G nanohybrids 
are dispersed in a fluid to form nanofluids, they significantly lower the interfacial 
tension the force at the boundary between oil and water. Reducing this tension 
helps to improve the displacement of oil in reservoirs, making these nanofluids 
highly effective for enhanced oil recovery (EOR) technologies. The graphene 
synthesis involves chemical exfoliation using deionized water, strong acids, and 
oxidants, while ferrite quantum dots (FQDs) are produced via a hydrothermal 
method using castor oil plant precursors. The G-FQDs nanohybrids are fabricated 
using a sol-gel process and characterized using techniques such as XRD, FTIR, and 
HRTEM. We investigated the mechanism of these nanofluids under reservoir-
simulated conditions. The results demonstrate that 0.5-G-FQDs nanofluid 
optimally modifies wettability in oil-wet carbonate slabs while exhibiting the 
optimal stability through minimal droplet formation. These nanohybrids 
significantly reduce interfacial tension, with oil/water IFT dropping from 14.5 
mN/m to 1.80 mN/m and n-decane/water IFT, which is a standard hydrocarbon 
phase that mimics the properties of crude oil decreasing from 46.6 mN/m to 24.3 
mN/m. This study confirms the potential of G-FQDs nanohybrids for enhancing 
EOR efficiency. 
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 Introduction 

everal types of nanoparticles (NPs) are 
abundant and play a critical role in many 
fields. These materials have emerged 
from recent advances in science and 
technology. They are widely used in 

some areas such as reservoir engineering, 
catalysis, and biomedical applications [1-4]. 
Therefore, the long-term use of NPs for other 
applications is attributed to their unique 
nanoscale qualities and favorable susceptibility, 
which differ from ordinary microparticles [5-6]. 
In reservoir engineering applications, 
nanoparticles can move freely through the pores 
of reservoir rocks due to their extremely small 
size, enabling them to be manipulated or 
directed by external forces for enhanced 
performance. Due to their consistence and 
stability, nanoparticles (NPs) have been 
effectively utilized to modify reservoir 
conditions, particularly by altering rock surface 
wettability and decreasing interfacial tension 
(IFT) between crude oil and water, leading to 
enhanced oil recovery [3,7-8]. While silica-based 
nanomaterials have historically been prominent 
for this purpose, recent advancements have 
highlighted metal oxide-based nanomaterials as 
superior agents for reservoir conditioning [9,10-
13]. 

Nanofluid is a new type of oil displacement 
agent, typically made by dispersing 
nanoparticles in a liquid, usually water-based. 
Compared to traditional chemical oil 
displacement agents, nanofluids offer several 
advantages including a high specific surface 
area, excellent biocompatibility, and improved 
oil recovery efficiency [14,15-19]. In recent 
years, scholars have discovered that graphene-
based flaky nanomaterials show great promise 
as oil displacement materials with wide 
application potential [20]. Graphene oxide (GO) 
is a key derivative of graphene and represents a 
new type of two-dimensional carbon 
nanomaterial. It retains several properties of 
graphene, such as a large specific surface area, 
high thermal conductivity, and strong 
mechanical strength. Additionally, the GO 
surface contains numerous oxygen-rich 
functional groups, which make it hydrophilic 
and easily dispersible in water. Due to these 

features, GO nanofluids have significant 
potential to enhance oil recovery [14,21-23]. 
Core flooding experiments have demonstrated 
that Fe₂O₃, Al₂O₃, and SiO₂ NPs, when dispersed 
in propanol, significantly reduce interfacial 
tension (IFT) from 38.50 mN/m to 2.75, 2.75, 
and 1.45 mN/m, respectively, leading to 
enhanced oil recovery [1,3,9-11,16]. 
Additionally, SiO₂ NPs improve the wettability of 
quartz rock surfaces, an effect attributed to their 
hydrophilic nature and influenced by several 
factors such as ionic composition, salinity, 
nanoparticle concentration, and interaction time 
with the rock surface[24]. 

Yahya et al. [25] used cobalt ferrite 
nanoparticles as a nanofluid in conjunction with 
electromagnetic waves. This method yielded a 
residual oil recovery of 31.58%, significantly 
higher than the 8.70% recovery when the 
nanofluid was used without electromagnetic 
waves. Cobalt ferrite nanoparticles were 
synthesized via the sol-gel method and 
characterized by X-ray diffraction (XRD) and 
electron microscopy, revealing particle sizes 
around 26–62 nm depending on annealing 
temperature [26]. Recent research by Rashid et 
al. [26] has revealed that combining graphene 
quantum dots (GQDs) with ferrite nanoparticles 
significantly enhances their dielectric and 
magnetic properties. These improvements are 
vital for optimizing oil recovery processes. 
Specifically, Co-Zn ferrite nanocomposites 
decorated with GQDs demonstrated superior 
dielectric and magnetic performance, making 
them promising candidates for use as contrast 
agents and in microwave absorption 
applications [26]. However, a significant 
research gap exists regarding the systematic 
design of G-FQD nanohybrids using scalable 
synthesis methods and their efficacy in 
modifying reservoir wettability for EOR. 

This study shows a new way to make graphene-
ferrite quantum dot nanohybrids (G-FQDs). The 
process involves three main materials: cobalt 
ferrite (CoFe₂O₄), carbon quantum dots, and 
graphene nanoparticles. These materials are 
combined step-by-step to create the final 
nanohybrid. The critical parameters were 
investigated including nanohybrid size 
modulation and concentration optimization. The 
results demonstrated remarkable wettability 
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 alteration, with contact angle of 21.0° (deionized 
water baseline) and a post-treatment shift to 
78.5° water-wet state. This synergistic 
combination enables precise control over fluid 
dynamics in porous media, particularly in 
carbonate reservoirs where traditional 
surfactants show limited effectiveness. 

Experimental 

Materials   

Ninety-nine percent pure iron (III) chloride 
hexahydrate (FeCl₃·6H₂O), sodium hydroxide 
(NaOH), and ethanol (C₂H₅OH) were 
commercially sourced. These reagents were 
utilized without any additional purification, 
followed by drying in an oven. A 0.22 µm filter 
paper was utilized to filter the extract during 
experiments. Throughout the study, only 
deionized distilled water was employed for all 
procedures. Other materials included hot plate, 
gloves, 10 ml syringe, water disperser, spatula, 
Petri dish, forceps, aluminum foil, plastic 
weighing trays, the N-decane was sourced from 
Merck Co., Germany. Carbonate and sandstone 
rock samples were collected from outcrops of 
two reservoirs located in the eastern region of 
Nigeria.   

 Collection  and  identification 

Castor oil plant specimens were collected from 
LAUTECH botanical garden, Ogbomosho, 
Nigeria. The collected green plant material was 
processed to extract the necessary substances 
and subsequently stored in a refrigerator for 
future use. Prior to any experimental 
procedures, the glassware was cleaned with 
deionized water, followed by ethanol to ensure 
thorough decontamination of any potential 
organic contaminants. 

Preparation  Ricinus  communis  plant  extract   

The leaves of Ricinus communis were 
thoroughly washed with deionized water to 
eliminate any contaminants before being air-
dried to remove excess moisture. 50 g of the 
dried leaves were then ground using a mortar 
and pestle to create a fine powder. This 

powdered leaf material was subsequently 
heated in 100 mL of deionized water for 
approximately one hour at 80 °C, until the water 
showed a green color. Afterward, the solid 
residue was discarded, and the resulting plant 
extract was collected as a filtrate in a beaker 
using 0.22 µm Whatman filter paper. The 
aqueous extract was then stored in a refrigerator 
until needed for further applications.  

Synthesis  of  carbon  quantum  dots  (CQDS) 

50 mL of Ricinus communis extract were 
placed into a Teflon-lined stainless-steel 
autoclave for hydrothermal treatment at 120 to 
280 °C for 12 h. After the reaction, the autoclave 
was naturally cooled to ambient temperature. 
During this hydrothermal process, the solution 
was changed to a dark brown color, indicating 
the C-dot formation. These carbon dots were 
purified to remove the larger nanoparticles by 
2 μm filter paper. The microstructure and 
particle size distribution of the C-dots were 
determined using high-resolution transmission 
electron microscopy (HRTEM) and dynamic 
light scattering. The synthesis method is in line 
with that suggested by Hoan et al. [13]. 

Synthesis  of  FQD  nanocomposite 

The FQD nanocomposite was synthesized using 
hydrothermal method with a weight ratio of 2:1. 
Specifically, 2 mmol (0.02 g) of CoFe₂O₄ and 1 
mmol (0.01 g) of gelatin-CQDs were mixed in 10 
mL of ethanol for 15 minutes until a homogeneous 
dispersion was achieved. The resulting solution 
was then heated to 70 °C in an oil bath under an 
argon atmosphere while being stirred 
magnetically for 4 hours. After the reaction, the 
brown precipitate was separated using a strong 
external magnet, washed alternately with 
distilled water and ethanol in a 2:1 ratio, and 
dried overnight in an oven at 40 °C [27]. 

Synthesis  of  graphene  oxide  (GO)   

Graphene oxide was synthesized from graphite 
pencil lead through a modified version of 
Hummer’s method  .2 g of finely powdered 
graphite pencil lead were placed in 50 ml of H-

2SO4, and the solution was thoroughly stirred 
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 with a magnetic stirrer for 60 minutes under an 
ice bath. Thereafter, 7 g of KMNO4 was slowly 
added to the mixture during the stirring process. 
Afterward, the mixture was transferred to an oil 
bath and the mixture was stirred constantly at 
500 revolutions per minute (RPM) for 40 
minutes. Subsequently, 150 mL of RO water was 
added to the solution and stirred the mixture 
continually for about 20 minutes. Next, 400 mL 
was added, followed by the slow addition of H2O2 
to eliminate the residue. A change in color was 
observed by visual inspection from brown to 
yellowish. The suspension was filtered and 
washed with 250 mL of dilute HCl (1:10). The 
resulting solution was dried, followed by adding 
500 ml of water. The GO solution was washed 
repeatedly to remove all residual salts and acids. 
The neutralized GO solution was stirred 
overnight, followed by sonication process to 
exfoliate the graphite oxide into graphene oxide. 
The GO dispersion was stored for the reduction 
process. GO and Ricinus communis leaf extract 
were mixed together by varying the GO at 
different ratios of 1:1, 1:2, and 1:4 under 
vigorous stirring 500 RPM for 8 h. Subsequently, 
the mixtures were washed with deionized water 
and sonicated for 30 min. This treatment was 
repeated several times until a clear solution was 
obtained, and then the ingredients were dried in 
a vacuum oven. 

Synthesis  of  G-FQDs  nanohybrids 

Typically, G-FQDs nanohybrids are prepared by 
a sol-gel process with a weight ratio of 2:1. 2 
mmol (0.02 mg) of ferrite QDs and 1 Mmol (0.01 
mg) of graphene were poured into 10 ml of 
ethanol and completely mixed for 15 min until 
dispersion. Thereafter, the solution was heated 
at 80 ℃ in an oil bath and thoroughly combined 
under argon gas and a magnetic stirrer for 5 h. 
The resultant solution was dried in an oven 
overnight at 40 ℃. 

Preparation  and  characterization  of  cores  and  
slabs 

A core plugging system was utilized to prepare 
core plugs for core flooding experiments. 

Initially, a cutter was used to trim both ends of 
the sandstone and carbonate cores. For contact 
angle measurements, standard 1-inch diameter 
rock cores were sliced into several pieces with a 
thickness of 0.2 cm and then polished following 
a standard procedure detailed in the literature 
[28,29]. 

Contact  angle  and  IFT  measurement 

The slabs were primarily aged in oil at 60 °C 
and 1 atm for 24 h, and then dried in an oven for 
6 h at 60 °C [30]. Consequently, the oil-infused 
slabs were immersed in nanofluids and 
deionized water (DW) for 72 h. The oil contact 
angle, which is the angle between the submerged 
slab surface and the surrounding aqueous fluid, 
was recorded using a camera and subsequently 
analyzed with ImageJ plugins (software). When 
the oil contact angle is less than 90°, 
approximately 90°, or more than 90°, the 
wettability of the system is classified as oil-wet, 
intermediate-wet, or water-wet, respectively 
[7]. The experiments have demonstrated that 
altering the wettability of porous media from oil-
wet to water-wet significantly enhances oil 
recovery [15]. 

The interfacial tension (IFT) between oil/water 
nanofluids and n-decane/water nanofluids was 
measured using an IFT-400 tensiometer at four 
different nanofluid concentrations such as 
0 mg/mL (neat deionized water), 0.2 mg/mL, 
0.4 mg/mL, and 0.6 mg/mL of nanoparticles 
(NPs). IFT measurements were conducted based 
on the pendant drop method, as shown in Figure 
1. In the procedure, the quartz chamber was 
initially filled with either water or the respective 
nanofluid, and an oil droplet was formed using a 
needle. Images captured during this process 
were then analyzed to determine the IFT values. 
The pendant drop method calculates the 
oil/water IFT using two experimental 
parameters: the equatorial diameter (de) and 
the diameter (ds) measured at a distance of de 
from the top of the oil droplet. The IFT is 
computed using Equation 1 [10]. 

H

gd
IFT e
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Figure  1:  Schematic  diagram  of  pendant  drop. 

Characterization  of  prepared  G-FQDs  
nanohybrid 

The crystalline structures and other structural 
characteristics of the G-FQDs nanohybrid were 
analyzed using a Rigaku Smartlab X-ray 
diffractometer, with an X-ray generator 
operating at 40 kV and 30 mA for X-ray powder 
diffraction. To investigate its chemical 
composition and functional groups, Fourier 
Transform Infrared (FTIR) spectroscopy was 
conducted using a Perkin Elmer FTIR 
spectrometer over the range of 4000 to 400 cm-

¹. Additionally, High-Resolution Transmission 
Electron Microscopy (HRTEM) was employed to 
examine the nanoscale morphology, including 
size distribution and agglomeration of G-FCQDs 
within the graphene matrix. Finally, the contact 
angle and interfacial tension (IFT) were 
measured using optical tensiometers after 
subjecting the samples to hydrothermal 
carbonization for 0.5, 1, 1.5, and 2 hours. 

Elmer  FTIR  spectrometer  over  the  range  of  
4000  to  400  cm-¹.  Additionally,  High-
Resolution  Transmission  Electron  Microscopy  
(HRTEM)  was  employed  to  examine  the  
nanoscale  morphology,  including  size  
distribution  and  agglomeration  of  G-FCQDs  
within  the  graphene  matrix.  Finally,  the  
contact  angle  and  interfacial  tension  (IFT)  

were  measured  using  optical  tensiometers  
after  subjecting  the  samples  to  hydrothermal  
carbonization  for  0.5,  1,  1.5,  and  2  hours. 

Results  and  Discussion 

FTIR  analysis   

The FT-IR spectra for G, FQDs and G-FQDs 
nanocomposite are depicted in Figure 2. The 
spectra exhibit a broad absorption band 
between 3300 and 4450 cm-1, along with distinct 
peaks in the 1400-1649 cm-1 range, which likely 
correspond to the stretching vibrations of O-H 
groups from water molecules adsorbed on the 
catalyst surface. For G, a peak at 590 cm-1 is 
attributed to the stretched model of O-H bond 
vibrations. Additionally, a peak at 1048 cm-1 may 
indicate the stretching vibration of Co in a metal-
organic chelate, formed during the synthesis of 
CoFe2O4 due to the chelation of ethylene glycol 
and metal ions. The peaks in the 1380-1390 cm-

1 range could be related to C-O-H formation in 
the in-plane band, resulting from the interaction 
between CoFe2O4 and G. Furthermore, the 
absorption peak at 575 cm-1 likely reflects Fe-O 
and Co-O bond vibrations within CoFe2O4. The 
comparative analysis of peaks between the G-
FQDs composite and FQDs supports the 
successful synthesis of the composite material. 
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Figure  2:  FTIR  analysis  of  G-FQDs,  FQDs,  and  graphene. 

 

Figure  3:  HRTEM  analysis  of  G-FQDs  nanohybrid

 

Figure  4:  XRD  analysis  of  G-FQDs  nanohybrid. 
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Figure  5:  Contact  angle  after  the  treatment  with  carbonate  rock  of  different  nanofluids. 

 

Figure  6:  Oil  contact  angles  after  treatment  of  carbonate  rocks  with  different  concentrations  of  0.5-G-
FQDs. 

 

Figure  7:  IFT  alterations  between  oil  and  fluids  (water  and  nanofluids). 
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Figure  8:  IFT  alterations  between  n-decane  and  fluids  (water  and  nanofluids). 

 

Figure  9:  Alterations  between  oil  and  nanofluids  with  different  concentrations  of  0.5-G-FQDs. 

HRTEM  analysis 

High-Resolution Transmission Electron 
Microscopy (HRTEM) is advanced imaging 
technique allows us to visualize materials at the 
atomic level, providing critical insights into their 
structural and functional properties. The G-
FQDs images, along with the droplet size 
distribution, are presented in Figure 3. The 
HRTEM images reveal that the average droplet 
sizes of G-FQDs, determined using Digimizer 
image analysis software, range from 5 to 10 nm. 
Additionally, the droplets are uniformly 
dispersed in solution without any signs of 
agglomeration. The absence of agglomeration 
suggests that the nanoparticles are evenly 

distributed. This consistency is essential for 
maximizing the surface area available for 
interactions with oil and enhancing the 
efficiency of recovery processes. When particles 
are well-dispersed, they can more effectively 
interact with the oil, leading to improved 
recovery rates.   

XRD  analysis 

The G-FQDs. composite was characterized 
using Rigaku Smartlab X-ray diffractometer. The 
x-ray diffraction analysis pattern of the G-FQDs 
in powder form is demonstrated in Figure 5. The 
analysis was conducted for angles ranging from 
20º to 80º. Five noticeable diffraction peaks 
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 occurred at Bragg’s angles 30°, 43°, 53°, 58°, and 
63°corresponding to the planes (211), (400), 
(422), (511), and (440), respectively. The XRD 
spectra identify the mineral composition of 
rocks and soils and crystalline structure of G-
FQDs, which is crucial in understanding 
reservoir properties and potential oil-bearing 
formations. The three as-prepared composites 
exhibit a strong diffraction peak around 35º 
which corresponds to the most abundant 
mineral or the phase in the reservoir rock, 
potentially impacting the oil migration and 
accumulation.  

Alternation  of  wettability 

Wettability alteration is a critical enhanced oil 

recovery (EOR) technique that modifies 

reservoir rock surfaces to improve oil 

displacement efficiency. By shifting rock 

wettability from oil-wet to water-wet 

conditions, this method decreases residual oil 

saturation and enhances hydrocarbon mobility 

through capillary forces and imbibition 

mechanisms [31]. 

Effect  of  G-FQDs  size 

Contact angle measurements were conducted 
to determine the flow rate of oil in the presence 
of diverse nanofluids, including deionized water 
(DW) as a control. As demonstrated in Figure 4, 
the contact angle of oil with DW was measured 
at 21.0°, indicating that the carbonate slabs 
exhibited oil-wet conditions. Notably, the 0.5-G-
FQDs introduction raised the oil contact angle 
significantly from 21.0° to 78.5°, marking the 
most substantial change in wettability observed 
among all G-FQDs tested at different sizes. These 
data suggest a shift in the wettability of the 
carbonate slabs to a water-wet state due to the 
effect of 0.5-G-FQDs. Additionally, larger G-FQDs 
resulted in oil contact angles that approached 
those observed under the initial oil-wet 
condition (oil/water without G-FQDs). Smaller 
G-FQDs were more effective in altering surface 
properties, as their size allowed them to 
penetrate and interact more effectively with the 
rock surface and oil droplets, resulting in higher 
disjoining pressures [3]. 

Structural disjoining pressure is a mechanism 
reported in several studies that explains changes 
in the wettability of oil-wet rocks in the presence 
of nanoparticles (NPs) [30,32-33]. It refers to the 
pressure needed to overcome the adhesive 
forces between the oil (fluid) and the solid 
surface (rock slabs), leading to the oil 
detachment from the surface. According to this 
mechanism, NPs form a wedge-shaped film at 
the oil/water/rock interface. The size and 
concentration of these nanoparticles are crucial 
factors affecting the magnitude of the surface 
disjoining pressure. When NP size decreases, 
Brownian motion effects become more 
pronounced, and increasing NP concentration 
enhances the repulsive forces between particles. 
This results in a higher structural disjoining 
pressure, contributing to better wettability 
modification [5]. 

Effect  of  G-FQDs  concentration 

The 0.5-G-FQDs exhibited the most optimal 
performance among the four G-FQDs in altering 
the wettability of oil-wet carbonate slabs. 
Consequently, additional contact angle 
measurements were conducted on 0.5-G-FQDs 
samples at concentrations of 0.2, 0.4, and 0.6 
mg/mL to investigate how G-FQDs 
concentration influences the wettability of these 
carbonate slabs. The results in Figure 6 indicate 
an optimal G-FQDs concentration of 0.4 mg/mL; 
below this level, the oil contact angle on the 
carbonate slabs decreased, while above it, the G-
FQDs effectiveness in altering wettability 
diminished. This aligns with existing results 
[11]. As the G-FQDs concentration approaches 
the optimal level of 0.4 mg/mL, the number of G-
FQDs between the carbonate rock and the oil 
droplet increases, enhancing repulsive forces 
and structural disjoining pressure. Therefore, 
the oil contact angle rises. However, at higher G-
FQDs concentrations, the NPs stability in the 
base fluid and wedge film is compromised due to 
increased charge density in the wedge layer [34]. 
As a result, the NPs ability to modify the 
wettability of carbonate slabs is diminished. 
Additionally, concentrations exceeding a certain 
threshold led to agglomeration, preventing the 
particles from adequately covering the rock 
surface and altering its wettability. 
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 IFT  reduction 

Interfacial tension (IFT) plays a crucial role in 
enhanced oil recovery (EOR) by affecting the 
mobilization of trapped oil within reservoir 
rocks. High IFT between oil and water phases 
creates strong capillary forces that prevent oil 
from being displaced by injected fluids. 
Reducing IFT is therefore a key strategy for 
increasing oil recovery, especially in oil-wet 
formations where residual oil is strongly 
retained [16]. 

Effect  of  G-FQDs  size 

The interfacial tension (IFT) between oil and 
water is a crucial factor in enhanced oil recovery 
(EOR), as lower IFT values generally facilitate 
increased oil extraction. The effect of the size of 
graphene/ferrite quantum dots (G-FQDs) on 
oil/water IFT and N-decane/water IFT was 
investigated. Similar to the wettability results 
presented in Figures 7 and 8, the 0.5-G-FQDs 
application led to a significant reduction in 
oil/water IFT, decreasing from 14.5 mN/m to 
1.80 mN/m, and a reduction in N-decan/water 
IFT, which fell from 46.6 mN/m to 24.3 mN/m. 
These findings align with the existing literature 
[21]. The G-FQDs with the smallest sizes yielded 
the lowest IFT values (1.80 mN/m in oil/water 
systems, and 24.3 mN/m in N-decane/water 
systems), while those with the largest sizes 
resulted in the highest IFT values. Generally, our 
measurements show that larger G-FQDs 
promoted larger IFT. Similar to how surfactants 
function, nanoparticles (NPs) gather at the oil-
water boundary and lower interfacial tension 
(IFT). This IFT reduction is more noticeable with 
smaller NPs because a higher quantity can pack 
into the interface. Furthermore, smaller NPs 
provide a larger surface area for contact with the 
oil phase, enhancing asphaltene adsorption onto 
the NP surface. This adsorption hinders 
asphaltene molecules from depositing at the oil-
water interface [35]. These factors explain why 
the smallest 0.5-G-FQDs in this study resulted in 
a greater decrease in IFT compared to the larger 
G-FQDs. Based on their superior IFT reduction, 
the 0.5-G-FQDs were selected for further 
investigation into the effect of their 
concentration (0.2, 0.4, and 0.6 mg/mL) on IFT. 

The G-FQDs concentration has a complex effect 
on oil/water interfacial tension (IFT). The small 
size of the 0.5-G-FQDs facilitates their 
accumulation at the oil/water interface. As the 
concentration increases from 0.2 mg/mL to 0.4 
mg/mL, IFT is significantly reduced, as 
demonstrated in Figure 9, likely due to increased 
particle packing at the interface. However, 
further increases to 0.6 mg/mL lead to the G-
FQDs aggregation in the base fluid, decreasing 
stability and resulting in a diminished IFT 
reduction, a trend observed in other research 
[19]. It is also possible that at these high 
concentrations, the G-FQDs form an over-
packed, rigid layer at the interface. This tightly 
packed layer could increase cohesive forces 
between the oil and water, leading to a 
counterintuitive increase in IFT [34]. These 
findings suggest that the optimal type and 
concentration of G-FQDs—specifically 0.5-G-
FQDs at 0.4 mg/mL—significantly reduced the 
interfacial tension (IFT) between oil and water, 
lowering it from 14.00 mN/m (deionized water 
only) to 1.85 mN/m. Wettability and IFT 
measurements confirm that 0.5-G-FQDs are the 
most effective in altering the interfacial 
properties of both the oil/water/rock and 
oil/water interfaces, with 0.4 mg/mL identified 
as the optimal concentration for this type of 
nanoparticles. 

Conclusion   

G-FQD dispersions of varying sizes were 
synthesized by adjusting the hydrothermal 
reaction time in water and subsequently used 
for flooding sandstone and carbonate cores in 
enhanced oil recovery (EOR) applications. 
Longer reaction periods produced larger G-
FQDs. Wettability tests on carbonate rocks 
revealed that nanofluids containing smaller G-
FQDs more effectively modified wettability, with 
0.5-G-FQDs delivering the most significant 
improvements. Concentration-dependent 
studies identified 0.4 mg/mL as the optimal 
concentration of 0.5-G-FQDs among the tested 
samples, while the G-FQDs nanofluids showed 
no effect on sandstone wettability. Additionally, 
the ability of the nanofluids to decrease 
oil/water and n-heptane/water interfacial 
tensions increased with decreasing G-FQDs size. 
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 Notably, the 0.5-G-FQDs nanofluid at 0.4 mg/mL 
concentration achieved the greatest reduction in 
interfacial tension, lowering the oil/water IFT 
from 14.5 mN/m to 1.80 mN/m, and the n-
heptane/water IFT from 46.6 mN/m to 24.3 
mN/m. The 0.5-G-FQDs nanofluid induced a 
dramatic wettability shift in carbonate slabs: the 
contact angle increased from 21.0° to 78.5°. 
These results clearly reveal that the introduction 
of prepared nanofluid effectively altered the 
wettability of carbonate slabs and sand stone 
stones, transforming their surfaces from oil-wet 
to a more water-wet state. 
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