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Abstract

For the first time, a systematic study was conducted on the properties and colloidal sta-
bility of suspensions containing synthesized MgO nanoparticles. The nanoparticles were
synthesized using hydroquinone as a chelating agent. This approach ensured the forma-
tion of an ultradispersed system with an average size of 14 nm and also prevented the
formation of stable micrometer-sized agglomerates, as confirmed by acoustic spectroscopy
data. The suspensions were characterized for colloidal stability, rheological properties, and
surface properties. Light transmission profiles along the height of the sample remained
virtually unchanged. Rheological measurements demonstrated Newtonian flow patterns
across the entire concentration range studied. The surface tension of the suspensions at
the air interface remained at the level of distilled water (72–73 mN/m), indicating the
absence of pronounced particle surface activity. A microfluidic study was conducted to
evaluate the efficiency of oil displacement from a model pore space using suspensions of
synthesized nanoparticles stabilized with hydroquinone. The displacement efficiency con-
sistently increased with increasing MgO concentration. For water, it was 44.15%, reaching
55% at 2 wt.% nanoparticles. The results demonstrate the potential of MgO suspensions
synthesized with hydroquinone for enhanced oil recovery technologies.

Keywords: sol–gel method; MgO nanoparticles; nanosuspension; colloidal stability; viscos-
ity; microfluidics; enhanced oil recovery

1. Introduction
Oil recovery methods are classified as primary, secondary, and tertiary. Typically,

primary and secondary oil recovery methods can recover only approximately one-third
of the original oil volume due to reservoir complexities, such as heterogeneous rock pore
structure, rock composition, pore and rock distribution, and reservoir fluid variability [1,2].
Tertiary recovery methods affect the rock–oil system, increasing recovery through various
mechanisms. These mechanisms include reducing interfacial tension, altering reservoir
wettability, reducing oil viscosity, and optimizing phase behavior [3].

For example, polymer flooding leads to an increase in the viscosity of the injected
system, which leads to a decrease in the mobility coefficient and an increase in the formation
coverage area [4]. Foam flooding ensures the removal of fluid from absorption zones to
areas of lower permeability [5]. Alkaline solution flooding increases oil recovery due
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to the microemulsification of trapped residual oil [6]. When surfactant solutions are
injected, the interfacial tension of capillary-trapped oil decreases, oil viscosity decreases,
and the permeability of the rock increases. These factors contribute to more efficient fluid
penetration into the formation and an increase in oil production [5,7].

Recently, there has also been growing interest in the use of metal and non-metal oxide
nanoparticles for enhanced oil recovery. Metal oxides (Al2O3, Fe2O3, TiO2, and ZnO) and
non-metal oxides (SiO2) have already demonstrated significant efficiency in enhancing oil
recovery due to their unique surface reactivity, stability under extreme reservoir conditions,
and physical and chemical properties [8,9].

Nanoparticle-based enhanced oil recovery mechanisms have been demonstrated in
numerous experiments and are widely presented in the literature. Nanoparticles migrate
and pass through most of the pore channels of the reservoir via bulk flow and Brownian
motion [10], and then reversibly or irreversibly are adsorbed on the surface of the formation
rocks, blocking highly permeable layers and, thereby, positively adjusting the production
profile [11]. It has been established that nanoparticles form wedge-shaped structures in
the three-phase oil–water–solid region, causing a wedging pressure gradient. This effect,
associated with the ability of one liquid to spread over a solid surface, is one of the main
mechanisms of oil displacement from the rock surface [12,13]. Nanoparticles modified with
hydrophilic and hydrophobic groups are adsorbed at the oil–water interface, similar to sur-
factant molecules, and reduce interfacial tension [14,15]. Furthermore, nanoparticles slowly
settle on the rock, creating water-wetted surfaces. Thus, nanoparticles alter the wettability
of the rock and positively influence the distribution of fluid flow in the reservoir [16].

Enhanced oil recovery using Al2O3-based nanofluids has been extensively studied
in the literature [8,17,18]. Al2O3 nanofluids effectively reduce both the oil–mineralized
water interfacial tension and oil viscosity. Experiments on oil displacement from sandstone
cores showed that the best oil recovery occurred when using brine or distilled water
as the dispersion medium. Additional tests on spontaneous imbibition of sandstone
samples confirmed this conclusion [17]. In ref. [18], the stability of emulsions prepared
with 0.05 wt.% Al2O3 in 3 wt.% NaCl brine and their effect on oil recovery were studied.
The authors reported a reduction in interfacial tension when using alumina nanoparticles
but noted that the primary mechanism for increasing oil recovery efficiency is a change
in wettability. Alumina nanoparticles interact with oil-wetted mineral surfaces due to
their amphoteric surface chemistry, making a change in wettability, rather than a reduction
in interfacial tension, the dominant mechanism for oil recovery, especially in carbonate
formations [8].

Silicon dioxide nanoparticles exhibit several mechanisms for enhancing oil recovery.
Similar to aluminum oxide, silicon dioxide nanoparticles can change rock wettability from
oil-wet to water-wet, effectively alter interfacial tension [19,20], and generate disjoining
pressure between the discrete phase and the rock [13]. The use of hexadecylsilane-modified
silica nanoparticles in salt water significantly reduces the contact angle and oil–water
interfacial tension, increasing oil recovery for light oil by 25.43% [21]. In ref. [22], it was
shown that for oil with a viscosity of 4.24 mPa·s, the highest oil displacement efficiency
(60.6%) was observed during core flooding with a nanosuspension containing 0.25 wt.%
SiO2 nanoparticles (10 nm). In general, due to their adjustable surface properties, thermal
stability, good suspension stability and the ability to simultaneously affect several extraction
methods, silicon dioxide nanoparticles have great potential as additives for nanofluids in
oil production operations [23].

The use of MgO nanoparticles in enhanced oil recovery applications has been studied
significantly less in the literature. The effect of magnesium oxide nanoparticles on the
surface tension at the oil–water interface has been studied under various conditions. An
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increase in the concentration of magnesium oxide nanoparticles leads to a decrease in sur-
face tension [24]. In ref. [25], the effect of MgO nanoparticles on changes in zeta potential,
pH, and interfacial tension during electrical heating and magnetization of the nanofluid
was determined. The effect of magnesium oxide nanoparticles on the zero surface charge
and critical salt concentration during low-salt and alkaline flooding of formations was
studied [26]. In addition, MgO is used in enhanced oil recovery applications as a rheological
modifier, which optimizes interfacial tension and increases the efficiency of oil displace-
ment [27]. In this case, the key factors influencing the use of MgO nanoparticles in enhanced
oil recovery applications are particle size, size uniformity and synthesis conditions.

Common methods for synthesizing MgO nanoparticles, such as the sol–gel [28,29],
coprecipitation, and hydrothermal methods [30], have significant drawbacks. These meth-
ods are characterized by poor particle size control, strong particle agglomeration, and
dependence on harsh conditions or complex equipment, which limits their reproducibility
and scalability [30]. An alternative and more controllable method is the synthesis of MgO
nanoparticles in a polyacrylamide gel [31]. This method uses metal nitrates (e.g., Mg(NO3)2)
as precursors due to their high solubility and reactivity, but these precursors pose significant
risks during high-temperature calcination. Their exothermic decomposition leads to the
rapid release of NOx gas, causing severe splashing, potential equipment damage, or a fire
hazard. In addition, ref. [32] presents the results of a study on the effect of various chelating
agents on the strength of complexation with Mg2+ ions using MgSO4 as a precursor, the
size and morphology of MgO nanoparticles, and the stability of nanosuspensions. It was
found that MgO nanoparticles synthesized using hydroquinone as a chelating agent exhibit
the smallest size and high colloidal stability.

The novelty of this work is defined by the material, the synthesis route, and the
approach to evaluation. Unlike amphoteric SiO2 and acidic Al2O3, MgO is a basic oxide
whose surface basic centers interact selectively with the acidic components of crude oil.
MgO also has higher thermal conductivity and thermal stability than SiO2, yet remains
much less studied in EOR, and systematic microfluidic studies of MgO nanofluids are scarce.
The nanoparticles were obtained by the polyacrylamide gel method, a specialized variant of
the sol–gel approach in which the crosslinked polymeric network acts as a molecular-scale
nanoreactor, immobilizing the metal ions and preventing premature agglomeration. Within
this route, we use hydroquinone as the chelating agent, which yields ultrafine particles
and prevents the formation of stable micrometer-sized agglomerates. The study combines
full nanofluid characterization with a microfluidic evaluation at five concentrations and
provides quantitative data on displacement efficiency, pressure drop, and breakthrough
time together with direct visualization of the displacement front.

It should be noted that the synthesis procedure itself follows the framework established
in ref. [32]. The novelty of the present work lies in the application of this material to
enhanced oil recovery and in the microfluidic evaluation of MgO nanofluids, which has not
been reported previously. In this study, we synthesized magnesium oxide nanoparticles,
prepared suspensions based on them, and conducted a microfluidic study of oil filtration in
a microfluidic chip. Our results will help to better understand the mechanisms of enhanced
oil recovery using MgO nanoparticles.

2. Materials and Methods
2.1. Particle Synthesis

In this work, MgO nanoparticles synthesized by the polyacrylamide gel method (see
Figure 1) according to the procedure described in ref. [32] were used; however, in the
present study, hydroquinone was used as a chelator. In the first step, an aqueous solution
of magnesium sulfate (MgSO4·7H2O) with a concentration of 2 mol/L was prepared. Three
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separate solutions were prepared in parallel: acrylamide (monomer), MBAA (crosslinking
reagent), and ammonium persulfate (polymerization initiator). The metal salt solution was
combined with the monomer in a three-necked flask equipped with a stirrer, thermometer,
and condenser. After a homoegeneous mixture was achieved, the pH was adjusted to
9 using KOH or HCl. Then, the initiator and crosslinking agent were sequentially intro-
duced into the reaction system in quantities of 0.3 and 5 wt.%, respectively (relative to
the monomer). The reaction mixture was heated to 80 ◦C and maintained at this tempera-
ture until a three-dimensional polymer network was formed in which magnesium cations
were immobilized.

Figure 1. Scheme of synthesis of MgO nanoparticles by the polyacrylamide gel method.

The formed hydrogel was separated from the flask walls and transferred to a vacuum
oven for drying at 80 ◦C (duration: two days). Complete removal of moisture yielded a
hard, brittle material (xerogel). The xerogel was mechanically ground in an agate mortar,
after which the resulting powder was placed in a corundum crucible. Heat treatment
was performed in a muffle furnace in air: the sample was heated to 800 ◦C at a rate of
5 ◦C/min, held at this temperature for two hours, and then cooled to room temperature
without forced rate control. During calcination, the polymer component burned off and the
magnesium sulfate decomposed, resulting in the formation of magnesium oxide as a white
nanosized powder.

The key difference between the presented method and the reference protocol [32] is
the use of hydroquinone as a complexing additive during the preparation of the precursor
solution. All quantitative synthesis parameters (reagent concentrations, temperature and
time regimes, and pH) fully correspond to the reference conditions adopted in the original
work. In ref. [32], the chelating agents investigated were EDTA and citric acid, whereas
hydroquinone was not examined. Its use here is therefore a deliberate extension of that
work rather than a reproduction of the reference protocol. The resulting MgO powder
was subjected to a range of physicochemical analytical methods without any additional
purification, which fully reproduces the characterization scheme proposed in ref. [32]. This
approach ensures comparability of results and allows us to identify the effect of chelator
replacement on the structural and morphological characteristics of the final product.
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2.2. Preparation of Nanofluids

Nanofluids were prepared using an FB15051 ultrasonic bath (Fisher Scientific,
Waltham, MA, USA) with a power of 280 W. MgO powder was dispersed in distilled
water to obtain suspensions. To achieve a reproducible dispersed state, an optimized pulse
protocol was used, including two 30 s ultrasonic treatments with a 15 min break between
cycles. The choice of this mode was justified by the results of preliminary optimization
carried out for a reference sample synthesized according to the protocol (6 min treatment
without breaks) [32]. Visual monitoring of the dispersion state was performed after each
cycle until a homogeneous suspension without visible sediment was achieved.

2.3. Acoustic Spectroscopy and Electron Microscopy

Particle size and distribution in the suspension were determined using acoustic spec-
troscopy on a DT 1202 instrument (Dispersion Technology Inc., Bedford Hills, NY, USA).
This method measures the attenuation of acoustic waves in a suspension and allows parti-
cle size distributions over a wide range to be obtained without pre-diluting the samples.
Measurements were performed at room temperature in triplicate using a 1 wt.% suspension
prepared according to a standard procedure.

Particle morphology was examined using scanning electron microscopy (SEM) on an
SU3500 microscope (Hitachi, Tokyo, Japan). SEM was performed at an accelerating voltage
of 5 kV, a working distance of 8.3 mm, and a magnification of ×30,000 using a secondary
electron (SE) detector.

The elemental composition of the synthesized powder was determined by X-ray
fluorescence (XRF) spectroscopy on a PANalytical Axios-MAX wavelength-dispersive
spectrometer (PANalytical, Almelo, The Netherlands). The analysis provided the mass
fractions of magnesium and sulfur in the final product. The instrument does not detect light
elements such as oxygen and carbon, so the reported values were used as a comparative
measure of relative magnesium enrichment and residual sulfur after calcination, without
recalculation to oxide equivalents.

2.4. Colloidal Stability Measurement

The colloidal stability of MgO nanoparticle suspensions was assessed using a Multi-
scan MS-20 multibeam scanning dispersion stability analyzer (DataPhysics Instruments
GmbH, Filderstadt, Germany). The instrument is equipped with a pulsed near-infrared
light source (880 nm) and two synchronously moving photodetectors that simultaneously
record the intensity of transmitted and backscattered radiation across the entire height of
a glass cuvette (scan height 55 mm, step 0.1 mm). This approach allows for the detection
of changes in particle concentration in different zones of the sample at the early stages of
destabilization without external perturbation of the system. Measurements were performed
at room temperature for 4 h with automatic profile recording at specified time intervals.
The resulting transmission profiles were used to assess sedimentation stability and draw
conclusions about the behavior of the dispersed system over time.

2.5. Viscosity Measurement

A DVNext rotational viscometer (DVNext Inc., Bedford, MA, USA) was used in con-
junction with a CPZ-40 measuring cone, which provides high measurement accuracy over
a wide range of shear rates (Figure 2). The measurement process included the sequential
determination of viscosity at different shear rates in the range of 250 to 1875 s−1. The mea-
surement technique involved placing the sample in the viscometer’s measuring cell with
the CPZ-40 cone installed, setting the required thermostatting temperature, and holding
the sample until temperature equilibrium was reached. Subsequently, sequential viscosity
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measurements were performed at different shear rates. For each sample, at least three
repeated measurements were taken to determine the average value and estimate the error.
All measurements were conducted at a constant temperature of 25 ◦C.

Figure 2. Rotational viscometer (a) and measuring cone (b).

2.6. Surface Tension

The surface tension of the resulting suspensions was measured using a K6 manual
tensiometer (Krüss, Hamburg, Germany) by the ring pull-off method (Figure 3). Before
measurements, the platinum–iridium ring was thoroughly cleaned by heating it in a gas
burner flame. Measurements were performed at room temperature (25 ± 1 ◦C). At least
five consecutive ring pull-offs were recorded for each suspension. The final surface tension
value was calculated as the arithmetic mean of all measurements. The standard deviation
did not exceed 0.5 mN/m, indicating good reproducibility of the results.

Figure 3. Manual tensiometer K6.

2.7. Microfluidic Filtration

The oil used in the microfluidic experiments had a density of 874 kg/m3 and a viscosity
of 47 mPa·s at 25 ◦C. The displacing phase was an aqueous MgO suspension prepared at
concentrations of 0.25 wt.% and 2 wt.% in distilled water. The chip was first saturated with
oil, after which the MgO suspension was injected at a constant flow rate of 0.1 µL/min. All
experiments were performed at room temperature (25 ◦C) and atmospheric pressure. Each
experiment was repeated three times, and the reported values are averages of the three
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replicates. The relative error in the determination of the displacement efficiency did not
exceed 1%.

Microfluidic experiments were performed using the setup schematically shown in
Figure 4a. A detailed description is provided below. A microfluidic chip model of the
porous medium of a terrigenous reservoir (see Figure 4b) was used. The model was
generated using cylinders with sizes ranging from 18.6 to 237.6 µm. The pore volume
was 0.837 µL, and the width and length of the porous region were 3752 and 8682 µm,
respectively. The channel depth of the entire micromodel was 40 µm.

Figure 4. Schematic diagram of the experimental setup (a) and a photograph of the microfluidic chip
filled with oil (b).

Fluid was supplied using an SPlab01 syringe pump (Shenchen, Baoding, China). Flow
rates ranged from 0.831 nL/min to 127 mL/min, with a flow rate accuracy of ±0.5%. The
syringe (Hamilton, Bonaduz, Switzerland) had a capacity of 500 µL and a Luer-TLL (Luer
Tip) connection. A 1/16” OD PTFE tube was used to connect the microfluidic chip, pressure
sensor, and syringe pump, as shown in Figure 4a. The chip was mounted horizontally
on the slide of an NSZ-608 stereoscopic microscope (Nanjing Jiangnan Novel Optics Co.,
Ltd., Nanjing, China). Data were recorded using an MC-20 digital camera microscope
(Microanaliz LLC, St. Petersburg, Russia). Subsequently, the resulting video files were
converted into images using FFmpeg, version 7.1. The system pressure was monitored
using an MPS 3 sensor (Elveflow BV, Amsterdam, The Netherlands). The MSR Read module
was used to record data from the pressure sensor. The pressure sensor operating range was
−1000 to 2000 mbar. The error was not more than ±0.2% of the maximum pressure, and
the repeatability was ±0.2%.

To analyze the oil displacement coefficient, the “Program for analyzing water and oil
saturation in a porous structure (Oil Recovery Image Analyzer)” was used. This program
allows for the automatic determination of the oil displacement coefficient by processing and
threshold segmentation of experimental images of models in a selected area of the image.

The primary silicon master mold was fabricated using photolithography and reactive
ion etching. To prevent adhesion between silicon and PDMS, the master mold was vacuum-
treated with trichloro (1H,1H,2H,2H-perfluorooctyl) silane vapor for 24 h. After silanization,
a primary print was obtained from the silicon master mold using PDMS (Sylgard 184, Dow
Corning) according to the manufacturer’s instructions. The PDMS master mold was then
used to create the final microfluidic chips using KER 215 epoxy resin and KCA4303 curing
agent (Kumho Petrochemical Group) [33] (see Figure 5). New chips were created for each
experiment to ensure that the initial experimental conditions were always the same.
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Figure 5. Basic diagram for making a master mold and chips from epoxy resin.

The epoxy micromodel reproduces the topology of the pore network but not the abso-
lute pore size or the surface chemistry of a natural rock. The results are therefore presented
as a mechanistic and comparative study rather than a direct quantitative prediction of
field-scale recovery.

3. Results and Discussion
3.1. Optimization of Ultrasonic Treatment of Suspensions

This subsection is devoted to the systematic optimization of the process for obtaining
a monodisperse and stable suspension for microfluidic analysis and oil displacement
rate assessment. The optimization was conducted to determine the minimum ultrasonic
treatment time required to form a homogeneous colloidal system.

At the initial stage of the work, the standard protocol used in ref. [32] for reference
samples (6 min ultrasonic treatment at 280 W without breaks) was adopted for the prepa-
ration of the nanofluid. An alternative optimized protocol included the use of ultrasonic
treatment with two short 30 s pulses and a 15 min break between cycles. The effectiveness
of the protocols was quantitatively assessed using acoustic spectroscopy. Figure 6 shows
a comparison of the particle size distribution of the MgO sample treated in the standard
ultrasonic treatment mode and with the optimized pulse method.

An analysis of the distribution after the standard protocol (Figure 6a) shows that
continuous six-minute processing results in a bimodal distribution. The first mode is
characterized by an average size of ~80 nm, while the second mode corresponds to particles
in the micron range with a maximum at 6.1 µm. The micron fraction accounts for 24%,
and the standard deviation of the distribution is 0.2. The smaller size of the primary
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mode compared to the optimized protocol (~80 nm versus ~95 nm) indicates a more
intense fragmentation of agglomerates under prolonged ultrasonic treatment. However,
the appearance of a pronounced secondary peak in the micrometer range indicates the
reverse process (intense re-agglomeration) caused by excessive energy exposure. Thus, the
continuous protocol, despite its effective fragmentation, leads to a deterioration of colloidal
homogeneity and the formation of large, stable agglomerates.

Figure 6. Particle size distribution of a reference sample of MgO nanoparticles after standard
sonication (a) and optimized pulsed sonication (b).

With the optimized pulsed protocol (Figure 6b), the particle distribution becomes
unimodal. The second micrometer mode is completely absent; the average size of the single
population is ~95 nm, and the standard deviation decreases to 0.19. The elimination of
the secondary peak in the micrometer range indicates the effective destruction of large
agglomerates, and the slight increase in the average size of the primary mode is explained
by the removal of small fragments that formed micrometer-sized clusters in the standard
protocol. The absence of particles in the micrometer range is a key advantage of the pulsed
mode, ensuring the production of a homogeneous colloidal system.

Thus, the optimized pulse protocol allows for the production of a monodisperse
suspension with reproducible physicochemical properties, which is critical for accurately
assessing oil displacement efficiency in microfluidic experiments. This protocol was used
to prepare all suspensions studied in this study.

3.2. Characterization of Particles and Suspensions

Figure 7a shows an SEM micrograph of the synthesized MgO nanoparticles. The
particles have a predominantly isometric, nearly spherical morphology with distinct edges
characteristic of the periclase crystal structure. The size of the observed objects ranges from
230 to 480 nm. However, it should be noted that the SEM image captures the structure of
a dried droplet, in which the primary nanoparticles form dense agglomerates under the
action of capillary forces during solvent removal.

Acoustic spectroscopy results (Figure 7b) show that the particle distribution in the
liquid suspension is bimodal. The primary mode is characterized by an average size of
14 nm, while a secondary, minor mode (9%) corresponds to particles with a size of approxi-
mately 77 nm. The standard deviation is the same for both modes and is 0.33, indicating a
moderate peak width and sufficient particle homogeneity within each fraction. The absence
of a population in the micrometer range confirms that the synthesized nanoparticles do not
form irreversible microagglomerates in the suspension, and ultrasonic treatment ensures
effective disaggregation.
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Figure 7. SEM micrographs (a) and size distribution of MgO nanoparticles (b) synthesized with
hydroquinone as a chelating agent.

The difference in sizes recorded by SEM and acoustic spectroscopy is due to fundamen-
tal differences in the methods. Electron microscopy visualizes dry agglomerates on a sub-
strate, while acoustic spectroscopy measures the hydrodynamic diameter of disaggregated
particles directly in the liquid phase. Both methods complement each other and, together,
provide a complete picture of the dimensional characteristics of the synthesized material.

The difference between the two values reflects what each method measures. SEM
shows dried particles under vacuum. During drying, the primary particles stick together
into agglomerates, so the SEM images show agglomerates of 230–480 nm. Acoustic spec-
troscopy measures the particles in the liquid, without drying or dilution, and gives a
bimodal distribution with a main mode at 14 nm and a minor mode at 77 nm. The larger
SEM value therefore corresponds to the dried agglomerates, and the smaller acoustic value
corresponds to the particles in the suspension. This is consistent with the colloidal stability
data, which show no sedimentation and no micrometer-sized particles.

Thus, the use of hydroquinone as a chelating agent in the synthesis of MgO nanopar-
ticles allows production of particles with a size of 14 nm. A small second mode at 77 nm
(9%) likely corresponds to stable dimers or small aggregates of primary crystallites. The
differential distribution curve (Figure 7b) does not reveal particles in the micrometer
range, indicating effective disaggregation under the suspension preparation conditions
and allowing the resulting material to be considered promising for further rheological and
microfluidic studies. To confirm the chemical identity and phase purity of the final product,
the powder was additionally characterized by XRF.

The XRF analysis of the final powder yields 89.38% Mg and 8.40% S, normalized to
the sum of the detected elements, with 2.21% K. The high relative magnesium content and
the low residual sulfur confirm that the sulfate precursor decomposed almost completely
during calcination and that the final product is predominantly magnesium oxide. Since
XRF does not detect oxygen, these values serve as a comparative measure of magnesium
enrichment and residual sulfur rather than an absolute MgO content.

3.3. Colloidal Stability

To assess the stability of the synthesized MgO suspensions, a multibeam scanning
method was used, allowing for real-time recording of changes in light transmittance
along the sample’s height. Figure 8 shows the transmittance profiles for the four studied
concentrations after 4 h of observation.
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Figure 8. Transmission profiles in the considered suspensions with different concentrations
of nanoparticles.

In all cases, the transmittance profiles remained virtually unchanged throughout the
experiment, indicating the absence of significant sedimentation or aggregation of particles.
The average transmittance value decreases consistently with increasing nanoparticle con-
centration, from 35.5% for the most dilute suspension (0.25 wt.%) to 0.38% for the highest
concentration (2 wt.%). This decrease is due to an increase in the volume fraction of the
solid phase and a corresponding increase in light scattering, which is characteristic of stable
colloidal systems with high optical density. The absence of a transmittance gradient along
the height of the cuvette indicates a uniform distribution of particles throughout the sample,
without the formation of a precipitate or a distinct clear zone at the top of the suspension.

The obtained data confirm the high sedimentation stability of the studied nanofluids
for a time sufficient to conduct microfluidic experiments.

3.4. Rheological Properties

The viscosity measurements of the suspensions, as well as the effect of MgO nanoparti-
cle concentration on their viscosity, are presented in Figure 9. An analysis of the shear stress
versus shear rate (Figure 9a) shows that all the studied MgO nanofluids exhibit Newtonian
behavior. Shear stress increases linearly with increasing shear rate, while viscosity remains
constant over the entire range of shear rates studied.

Figure 9. Dependence of shear stress on shear rate (a) and viscosity on concentration (b) of MgO
nanoparticles in suspension.
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The effect of nanoparticle concentration on the relative viscosity of suspensions is
shown in Figure 9b. As can be seen from the data presented, the introduction of MgO
nanoparticles leads to a slight increase in viscosity. Thus, with an increase in particle mass
concentration to 2%, the relative viscosity increases to 1.097, corresponding to an increase of
less than 10% relative to water. Moreover, over the studied concentration range, a roughly
linear relationship between relative viscosity and nanoparticle content is observed.

It is important to note that the experimentally obtained viscosity values significantly
exceed those predicted by the classical Einstein theory for spherical particles. According
to the Einstein theory, for a volume fraction of the solid phase corresponding to 2 wt.%
MgO (taking into account the density of MgO as ~3.58 g/cm3, the volume fraction φ is
≈0.565 vol.%), the relative viscosity should be ηrel = 1 + 2.5φ ≈ 1.014. The experimental
increase in viscosity is almost 7 times greater than the theoretical value. This excess is
a characteristic feature of nanofluids and is due to nanoscale effects that are not taken
into account by Einstein’s model. This fact fundamentally distinguishes the behavior
of nanosuspensions from classical colloidal systems with micron particles and confirms
the high quality of synthesis, ensuring the preservation of the nanoscale properties of
the particles.

The obtained rheological data indicate that MgO nanofluids maintain Newtonian
behavior up to the maximum concentration studied, and the controlled increase in viscosity
with increasing particle content is favorable for use in oil displacement technologies. A
predictable increase in suspension viscosity improves the mobility ratio of the injected fluid
to the reservoir oil. This contributes to an increase in formation sweep efficiency during
displacement and prevents the formation of viscous fingers. However, a minor increase in
viscosity cannot be the sole primary mechanism for enhancing oil displacement.

3.5. Surface Properties

Analysis of surface properties revealed that the surface tension of the suspensions at
the interface with air remained virtually unchanged across the entire studied concentration
range and was 72–73 mN/m, which corresponds to the value for distilled water. This
clearly demonstrates the absence of surface-active properties in the synthesized MgO
nanoparticles. Direct measurement of the interfacial tension at the interface with oil using
optical tensiometry was impossible due to the opacity of the suspensions. However, given
that the particles showed no activity at the interface with air, it can be concluded that their
effect on the interface with oil is also negligible.

3.6. Results of the Microfluidic Experiment

The effectiveness of nanoparticles in displacing residual oil depends largely on their
concentration in the injected fluid. The optimal concentration should be sufficient to
significantly alter interfacial forces and wettability but not so high as to clog pore channels,
damage the formation, or become economically unviable.

Figure 10 shows photographs of the displacement process for MgO-0.25% and MgO-2%
in comparison. The volumetric displacement flow rate was 0.1 µL/min. The displacement
dynamics for MgO-0.25% are similar to the displacement process when pumping distilled
water [34]. At the beginning (the first 30 s), a uniform distribution of the displacing fluid
throughout the pore space is observed. The front then splits into separate streams and
moves approximately to the middle of the chip along the lower part of the channels (2 min
of displacement). Then, the liquid moves along the upper part and reaches the exit of the
microchip (5 min of displacement). After the displacing liquid has exited, the flow stabilizes
and proceeds along the formed channels (20 min of displacement). The entire displacement
process for MgO-0.25% took approximately 184 s; compared to water, this is three seconds
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longer. For MgO-2%, the dynamics of the displacement process at the beginning (first
minute) are similar to the displacement for MgO-0.25%. Clear differences in displacement
for MgO-2% begin in the second minute. The displacement front forms a wedge shape; the
process involves filling the upper region in the first half of the chip, and displacement also
proceeds along the upper region of the pore space of the chip and reaches the exit of the
chip (5 min for MgO-2%). The entire displacement process for MgO-2% took approximately
257 s, which is 74 s longer than that for MgO-0.25%.

Figure 10. Photographs of the oil and suspension distribution inside the microfluidic chip during the
displacement process for the 0.25 wt% and 2 wt% MgO suspensions at different time points.

Experiments were conducted to study the effect of MgO concentration, as shown in
Figure 11. The final displacement photographs for the first three concentrations are very
close to those of water, but for the maximum concentration, the final displacement differs
from the others. The displacement efficiency (Kdisp) for pure distilled water was 44.15%.
It was found that with increasing concentration, an increase in displacement efficiency
is observed. Thus, for the MgO nanofluid with a mass concentration of 0.25%, the Kdisp

was 44.28%, which is 0.13% higher than that of water. Increasing the MgO concentration
to 0.5 wt.% yields a Kdisp of 47.05%, representing an increase of 2.77% relative to the
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previous concentration and 2.9% relative to distilled water. A further increase in the MgO
concentration to 1 wt.% results in an increase in Kdisp by 0.44% compared to a concentration
of 0.5%, and in comparison with water, Kdisp increases by 3.21%. The maximum effect
of Kdisp is achieved at a concentration of 2 wt.%, and amounts to 54.98%, which is 7.49%
higher than at 1 wt.%, and in comparison with pure water, it results in an increase in Kdisp

by 10.83%.

Figure 11. Final photographs of oil-displacing fluids based on MgO nanosuspensions depending
on concentration.

The dependence of the displacement efficiency and pressure drop on time in Figure 12
is noteworthy. The displacement dynamics in the graph in Figure 12a have the same
slope for all samples during the first 3 min, indicating that the displacement process was
stable for all samples. After displacement, the graph shows how the flow in the channels
stabilized and followed the formed channels. The change in pressure drop over time is
shown in Figure 12b. The flow rate remained constant at 0.1 µL/min in all displacement
experiments, so any changes in the measured pressure reflect changes in the hydraulic
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resistance of the porous medium rather than changes in the imposed flow rate. The
measured pressure represents the total pressure drop across the chip and comprises a
hydrodynamic component associated with viscous flow through the pore network and a
capillary component associated with the menisci at the fluid interfaces. These components
behave differently during displacement, which explains the shape of the pressure curve in
Figure 12b.

Figure 12. Graph of displacement efficiency (a) and pressure drop (b) versus time.

At the beginning of the experiment, the nanofluid enters the pore space and displaces
the oil initially present in the pore network and inlet channels. At this stage, the displacing
fluid must overcome the capillary resistance of the oil-filled pores and establish a continuous
flow path, while the effective cross-section available for flow is still limited. Both effects
increase the total hydraulic resistance, and over the first ~3 min the pressure rises.

Once the fluids begin to exit the pore space of the chip and a connected path is
established through the porous zone, the capillary resistance gradually decreases as the oil
is mobilized and the wettability of the pore walls changes. This is reflected in the smooth
decline of the pressure, clearly visible in Figure 12b over the time interval corresponding to
the displacement process (Kdisp), and in the change in the pressure drop. In the subsequent
portion of the curve, the pressure reaches a plateau, which corresponds to a steady-state
flow regime in which the displacing agent flows through the already formed channels with
no further oil recovery. At this stage, the hydrodynamic component dominates and the
capillary component becomes essentially constant, so the total pressure drop stabilizes.

The summarized results of the displacement experiments for all studied oil-displacing
fluids are shown in Figure 13. As described above, the plot of the displacement efficiency
versus nanofluid concentration shows an increase in Kdisp with increasing MgO mass con-
centration (see Figure 13a). A different picture is observed in the pressure drop plot. With
increasing concentration, the average pressure drop for pumping the nanofluid decreases
and reaches a minimum of 11.20 mbar at 1 wt.%. A further increase in concentration to
2 wt.% increases the average pressure drop to 15.71 mbar, which is 4.51 mbar higher than
that for MgO-1% but still lower than the average pressure drop for water (see Figure 13b).
The plot of the displacing fluid breakthrough time versus concentration shows a trend sim-
ilar to that of the displacement efficiency. For water and MgO-0.25 wt.%, the breakthrough
times are virtually identical, differing by only a few seconds. A significant difference in
breakthrough time begins at a concentration of 0.5% and increases with further increasing
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concentration. The maximum breakthrough time is observed for the MgO-2 wt.% nanofluid,
amounting to 4.28 min (see Figure 13c).

Figure 13. Graphs of quantitative indicators of oil-displacing fluids depending on the concentration
of MgO nanoparticles: displacement coefficient (a), pressure drop (b), and breakthrough time (c).

It is useful to compare these results with those for the SiO2 and Al2O3 nanofluids
studied previously on the same microfluidic setup and with the same oil and flow rate [35].
At 0.5 wt.%, the displacement efficiency was 46.26% for 10 nm SiO2, 44.32% for 45 nm SiO2,
and 45.43% for Al2O3 nanofibers, compared with 44.15% for water. The MgO nanofluid
used here yields 47.05% at the same concentration, which is higher than all three oxide
systems. Data at higher concentrations are not available for SiO2 and Al2O3, so the compar-
ison is made at equal particle concentration. This shows that MgO is at least as effective
as, and in this case slightly more effective than, the oxide systems tested, and that its ad-
vantage becomes more pronounced at higher concentration while the suspension remains
colloidally stable.

Thus, the obtained results demonstrate a direct positive relationship between the
concentration of MgO nanoparticles in the suspension and oil displacement efficiency,
pressure drop, and breakthrough time. Among the five concentrations studied, 2 wt.%
was the most effective. It should be noted that the optimal concentration is not universal
and depends on pore-throat size distribution, permeability, salinity, and particle surface
chemistry, so 2 wt.% should be understood as the optimum for the specific MgO nanofluid,
oil, and micromodel used here.

The data from the microfluidic experiments conducted at various nanofluid concen-
trations allow us to summarize the observed trends and quantify the impact of MgO
nanoparticle content on oil displacement efficiency.

4. Conclusions
Microfluidic experimental studies of oil-displacing fluids based on magnesium oxide

nanoparticles synthesized in the presence of hydroquinone as a chelating agent were
conducted. The efficiency of oil displacement from model microchips by nanofluids with
varying concentrations of MgO nanoparticles was assessed. The stability and rheological
properties of the studied nanofluids were determined, as well as the dependence of the
oil displacement efficiency and pressure drop during flooding of the microchips with the
studied solutions. The front movement pattern during oil displacement was analyzed. The
synthesis followed the polyacrylamide gel route established in ref. [32], with hydroquinone
introduced here as the chelating agent. The contribution of this work is the microfluidic
evaluation of the resulting MgO nanofluids for enhanced oil recovery.
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The synthesis of MgO nanoparticles using hydroquinone as a chelating agent yielded
particles measuring 14 nm. Importantly, the suspension was completely free of micrometer-
sized agglomerates. Acoustic spectroscopy did not detect particles larger than 100 nm,
indicating effective disaggregation and high colloidal stability. Thus, hydroquinone acted
not simply as a chelator but also as a structure-directing agent, ensuring the formation of
ultrafine particles with a narrow size distribution.

All studied MgO nanofluids exhibited colloidal stability, which is necessary for
reproducible rheological measurements and accurate interpretation of microfluidic
displacement results.

Rheological measurements showed that all studied suspensions behaved like Newto-
nian fluids. Viscosity was independent of shear rate and increased linearly with particle
concentration, increasing to 1.096 mPa·s as the MgO content reached 2 wt.%.

Microfluidic experiments on model chips confirmed the efficiency of MgO suspensions
for oil displacement. With water flooding, the displacement efficiency was 44%. The
addition of 0.5 wt.% particles increased it to 47%, and with 2 wt.%, the efficiency reached
55%, which is 10.8% higher than that of water. At equal concentration, the MgO nanofluid
yielded a higher displacement efficiency than the SiO2 and Al2O3 nanofluids tested under
identical conditions.

Moreover, the surface tension of the suspensions remained at the level of pure water
(72–73 mN/m), which excludes the capillary mechanism. Consequently, the observed
effect is associated with an increase in the viscosity of the displacing agent and, likely,
a change in the wettability of the rock due to the adsorption of nanoparticles on the
surface and the formation of disjoining pressure in thin wetting films. The obtained results
are consistent with the mechanism described in ref. [36] and open up prospects for the
use of synthesized MgO suspensions in enhanced oil recovery technologies. Among the
concentrations studied, 2 wt% gave the highest displacement efficiency, and this value
should be understood as the most effective concentration for the specific system used here.
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