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wave effects on Mn-doped
superparamagnetic iron oxide nanofluids:
applications in enhanced oil recovery

Mohamad Amin Bin Hamid, ab Beh Hoe Guan,*ab Chan Kar Timcd

and Hassan Soleimaniab

The utilization of superparamagnetic iron oxide nanofluids in enhanced oil recovery (EOR) has gained

attention due to their ability to alter the interfacial tension (IFT) of reservoir rocks. However, the

influence of electromagnetic (EM) waves on these nanofluids, particularly when doped with manganese

(Mn), remains underexplored. The interaction mechanisms between EM waves and Mn-doped Fe3O4

nanofluids are not well understood, limiting their application in EOR. This study aimed to investigate the

effects of EM waves on Mn-doped superparamagnetic iron oxide nanofluids and to assess the potential

for enhancing oil recovery by measuring their IFT. Mn-doped Fe3O4 nanoparticles were synthesized

using a co-precipitation method and stabilized with ascorbic acid. Density functional theory (DFT) was

employed to study the Mn-dopant site selectivity within the Fe3O4 lattice. Helmholtz coils generated

uniform EM fields and interfacial tension (IFT) measurements were conducted under applied EM waves

generated under both direct current (DC) and alternating current (AC) conditions. DFT calculations

indicated a preference for Mn dopants in specific lattice sites, while the experimental results showed that

both DC- and AC-generated sinusoidal EM waves could reduce the IFT of the Mn-doped nanofluids,

suggesting their improved EOR potential. These findings provide new insights into the application of EM

waves in nanofluid-based EOR.
Introduction

The demands for energy continue to rise among globally,
further increasing the need for innovative strategies to maxi-
mize hydrocarbon extraction from existing and future oil
reservoirs. In this endeavor, enhanced oil recovery (EOR) offers
an innovative solution to extract more oil frommature oil elds,
especially by using nanotechnology.1 Nanouid injection can
improve oil recovery by two mechanisms: by altering the
wettability of the reservoir rocks to become water-wet and by
reducing the interfacial tension (IFT) between oil and water
phases, leading to the formation of oil droplets that are more
easily mobilized.2,3 A recent study reported a 10.8% improved oil
recovery with the injection of 0.03 wt% Fe3O4@chitosan nano-
uids into carbonate sand pack.3
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Another underexplored mechanism in nanouid injection
EOR technique is manipulating ferromagnetic- or
superparamagnetic-based nanouids using external EM
waves.4,5 This approach leverages the inherent magnetic prop-
erties of nanoparticles such as Fe2O3 or Fe3O4, allowing remote
control of their movement and distribution inside the reservoir.
This mechanism allows dynamically adjusting the behavior of
magnetic nanoparticles to improve the sweep efficiency by
ensuring the nanoparticles are distributed to unswept areas,
reducing the IFT of the oil–water phase to mobilize trapped oil
droplets, and altering the wettability of reservoir rock to
improve oil displacement. Yarima et al. (2022)4 observed
a decrease in the IFT when Fe2O3, SiO2, ZnO, and brine were
exposed to EM waves. They highlighted that the ability of
materials to polarize and absorb the energy from propagating
EM waves plays a crucial role in the reduction of the IFT.
Enhancing the magnetic properties of materials such as Fe3O4

can improve their application in EM-waves-assisted EOR. One
key approach to achieve this is through substitutional doping
with transition metals, such as manganese (Mn), zinc (Zn), and
cobalt (Co), into the crystal structure of Fe3O4.6–10 Previous
studies found that substitutionally doping Co into Fe3O4 could
increase the magnetic saturation and coercivity, making it
suitable for applications with hard magnets or magnetic
hyperthermia.11,12
RSC Adv., 2024, 14, 35671–35678 | 35671
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However, magnetic nanoparticles, such as Fe3O4, tend to
agglomerate and clump together once the EM waves are
removed. This is also due to the high surface area to volume
ratio needed to produce superparamagnetism in Fe3O4, which
leads to large van der Waal interactions. Oen, surfactants,
such as sodium dodecyl sulfate (SDS), are needed to coat the
outer surface of the nanoparticles to overcome the large van der
Waal interaction between Fe3O4 nanoparticles.13–15 Nonetheless,
the idea of pumping heavy chemical surfactants raises some
concerns related to underground pollution. An alternative is to
use organic acids, such as ascorbic acid or citric acid, which are
more environmentally friendly.16,17 Our previous work found
that ascorbic acid-coated zinc ferrite nanouid formed a stable
dispersion with good wettability alteration properties at
a 0.25 M ascorbic acid concentration.16 In the present study, we
aimed to investigate the effects of EMwaves onMn-doped Fe3O4

nanouids and to assess their potential for EOR applications. In
this study, we synthesized Mn-doped Fe3O4 nanoparticles and
stabilized them by coating them with ascorbic acid. Then, we
created Mn-doped Fe3O4 nanouids by using 30 000 ppm as the
base uid and measured the IFT under the inuence of direct
current (DC) and alternating current (AC) EM waves.
Methodology

To better understand the effects of Mn doping on Fe3O4, we also
employed rst-principle calculations using density functional
theory (DFT). The structure of Fe3O4 is depicted in Fig. 1. The
DFT package (Quantum ESPRESSO) used the general gradient
approximation (GGA) pseudopotential and Perdew–Burke–Ern-
zerhof for Solid (PBEsol) exchange–correlation function, which
is a revised version of PBE.18,19 The preliminary density func-
tional theory (DFT) calculation was done using the Hubbard + U
correction to consider the strong electron correlation in 3d
Fig. 1 (a) Cubic lattice structure of Fe3O4 and the (b) octahedral and tetra
(c).

35672 | RSC Adv., 2024, 14, 35671–35678
metals such as Fe and Mn.20 In DFT+U computations, an addi-
tional value is added to correct the approximate DFT energy
functional to describe the on-site coulombic repulsion between
the electrons in d-orbitals.

EDFT+U = EDFT + EU

In the crystal structure of Fe3O4, the electrons in the valence
3d orbitals strongly interact with each other, which cannot be
accurately described using standard DFT. The correction U =

3 eV was chosen here for the Fe atoms while U = 1 eV was used
for the Mn dopants. For the oxygen (O) ions, the Hubbard
parameter was maintained at 0 eV.

The co-precipitation methodology utilized in this study was
based on our previous report on ascorbic acid-coated Fe3O4.16

MnxFe2−xO4 (x = 0, 0.25, 0.5 and 0.75) was thus synthesized by
co-precipitation. Here, iron(II) chloride, iron(III) chloride, and
manganese nitrate salts were mixed together into a solution of
distilled water at different stoichiometric ratios depending on
the concentration x. Then, 3 M potassium hydroxide was added
into the mixture to make it alkaline (up to pH 12). A black
precipitate was then formed from the reaction. The mixture was
then constantly stirred at 500 rpm for 20 min to ensure that the
reaction was complete. The black precipitate was repeatedly
ltered, dried, and washed at least 3 times to remove excess
supernatant and then air dried at 60 °C for 12 h. Once dried, the
black precipitate was ground into a ne powder. The coating of
ascorbic acid was done by immersing the black powder of
MnxFe2−xO4 into a beaker of y M (y = 0.1, 0.2, 0.3, 0.4, and 0.5)
ascorbic acid for 20 min before ltering using a magnet, and
then washed and dried. Next, 0.01 and 0.05 wt% MnxFe2−xO4

nanouids were obtained by immersing the powder into NaCl
brine solutions at 30 000 ppm, and ultrasonicated was
continued for 10 min to ensure dispersion of the ascorbic acid-
coated MnxFe2−xO4 inside the nanouid.
hedral sites. Mn dopants will be substituted into either site as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lattice constant, formation energy, and total magnetic
moment of MnxFe3−xO4

Lattice constant
(Å)

Formation energy
(eV)

Total magnetic
moment (mBohr)

Tetrahedral 8.423 −0.382 4.374
Octahedral 8.352 −0.379 0.3
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The formation of MnxFe2−xO4 was conrmed using X-ray
diffraction (XRD). Once conrmed, eld emission electron
microscopy and vibrating sample magnetometry (VSM) were
performed to study the surface morphology and magnetic
properties of MnxFe2−xO4. Then, pendant drop measurements
were performed to investigate the interfacial tension of the
ascorbic acid-coated MnxFe2−xO4 nanouid. Due to the
magnetic nature of our nanouid, we extended the studies to
also include testing the effects of the magnetic eld. The
experimental setup is illustrated in Fig. 2, where a Helmholtz
coil was used to produce a uniform eld in between two sets of
coils of copper wire. XRD analyses was carried out using a Pan-
alytical Xpert3 Powder X-ray diffractometer at 300 K. FESEMwas
carried out using a Zeiss-Supra 55VP electron microscope, while
the hysteresis loop was measured using a 7400 Series VSM
system.
Results and discussion

The Mn doping site selectivity was explored between the tetra-
hedral and octahedral sites for Mn substitution, whereby the
Mn dopants replaced either Fe3+ at the tetrahedral sites or Fe2+

at the octahedral sites. This was done by comparing the doping
effects on the formation energy, total magnetic moment, and
lattice constant, as presented in Table 1. From Table 1, it can be
seen that the tetrahedral substitution was slightly preferred,
even though the differences in the formation energy were
Fig. 2 Setup for the interfacial tension (IFT) measurements under the
generate electromagnetic field through a Helmholtz coil.

© 2024 The Author(s). Published by the Royal Society of Chemistry
relatively small, indicating mixed substitution. This helped
elucidate the co-precipitation of MnxFe2−xO4 (x = 0, 0.25, 0.5,
and 0.75). The lattice constant between the two sites showed
a contraction in comparison with Fe3O4 (8.505 Å). Fig. 3 pres-
ents the simulated XRD patterns of MnxFe2−xO4, indicating
a slight shi of the XRD spectra to lower angles, likely due to the
increasing volume per unit cell of MnxFe2−xO4.

A critical aspect of the XRD analysis in Fig. 3 is the obser-
vation of peak modications, particularly the formation of
doublets and shis in the peak positions. In the case of tetra-
hedral doping with Zn and Mn, there was no formation of
doublets in the XRD patterns. The absence of doublets in
tetrahedral doping indicated that the substitution of Fe ions by
the dopants did not signicantly distort the lattice to an extent
that would cause splitting of the diffraction peaks. This
suggests that the dopants were incorporated into the lattice in
a manner that preserves the overall symmetry and structure of
the Fe3O4 crystal. In contrast, the XRD patterns for octahedral
influence of direct current (DC) and alternating current (AC) used to

RSC Adv., 2024, 14, 35671–35678 | 35673

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04500a


Fig. 3 (a) Simulated XRD pattern obtained by VESTA analysis of MnxFe2−xO4, where one Mn atom replaces one Fe atom at either a tetrahedral or
octahedral site. (b) Total density of states, (c and d) partial density of states of tetrahedral and octahedral Mn-substituted Fe3O4.
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doping exhibited a slight broadening, indicating the formation
of doublets. The appearance of doublets in these patterns was
indicative of a more pronounced lattice distortion caused by the
substitution of Fe ions at the octahedral sites.

From Table 1, it can be seen that the tetrahedral substitution
led to an increase in the total magnetic moment compared to
Fe3O4 (3.9mBohr), while octahedral substitution led to a decrease
in the total magnetic moment. The substitution of a transition
metal, such as Mn, at either tetrahedral or octahedral sites can
lead to increasing or reducing the total magnetic moment due
to the disruption of either mechanism. In the superexchange
mechanism, the magnetic moments of Fe3+ ions are coupled
through an oxygen ion, leading to a characteristic antiferro-
magnetic alignment, while the double exchange mechanism is
a direct interaction that primarily occurs between Fe2+ and Fe3+

ions at the octahedral sites of the Fe3O4 lattice facilitated by the
overlapping of the d-orbitals of adjacent Fe ions, allowing for
the transfer of electrons between Fe2+ and Fe3+ states. Half-
metallicity is a unique electronic property characterized by
a material exhibiting metallic behavior for electrons of one spin
channel, while maintaining a semiconducting or insulating
behavior for electrons of the opposite spin channel. This
phenomenon can be clearly observed in the density of states
(DOS) plot in Fig. 3b, where the spin-up channel DOS has zero
population, indicating a gap near the Fermi level, while the
spin-down channel has a signicant population.

The s-orbital contribution was relatively small across the
energy spectrum, which is typical as s orbitals are oen fully
occupied rst. The p- and d-orbital contributions showed more
35674 | RSC Adv., 2024, 14, 35671–35678
signicant DOS, with peaks both below and above the Fermi
level, indicating that p orbitals contributed to both bonding/
valence band states and unoccupied/conduction band states.
For both the p- and d-orbitals, there were noticeable differences
between the spin-up and spin-down channels, indicating
magnetic behavior or spin polarization in the material. The
presence of overlapping peaks in the p- and d-orbital contri-
butions to the DOS near the Fermi level suggested hybridization
between these orbitals, which commonly occurs between
a metal's d-orbitals and the p-orbitals of the surrounding
ligands.

The characteristics peaks of Fe3O4 are shown and labeled
(220), (311), (400), (422), and (511) in Fig. 4. The peaks were
found in all the samples, indicating the characteristics of an
inverse spinel structure was maintained even when doped by
Mn ions. A subtle shi to lower angles was found in all the
doped samples, suggesting an expansion of the unit cell
volume, which might be due to the differences in ionic radii of
Mn2+ ions compared to Fe2+/Fe3+ ions. Further study of the
FESEMmicrograph in Fig. 4 revealed a clear trend of increasing
average particle size and agglomeration, where nanoparticles
were clustered together, as the Mn doping concentration
increased. All the MnxFe2−xO4 (x = 0.25, 0.5, and 0.75) nano-
particles displayed a superparamagnetic behavior (coercivity/
0). Increasing the Mn-dopant concentrations showed
a decreasing magnetic saturation (Ms). This was due to the
substitution of ferromagnetic Fe2+/Fe3+ ions with diamagnetic
Mn2+ ions, which interferes with the electron-exchange mech-
anism (double- and superexchange mechanism) in the inverse
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD spectra, hysteresis loops, and FESEM micrographs of (a–c) MnxFe2−xO4 (x = 0.25, 0.5 and 0.75). The histogram illustrates the
distribution of the average nanoparticle size.
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spinel structure of Fe3O4, leading to a reduction in the net
magnetic moment and Ms. However, the lowest Ms recorded
was when the Mn-doping concentration was at x = 0.5 with Ms
less than 10 emu g−1. Thorough observation by the FESEM
micrograph showed that there was some formation of rod-like
structures other than the almost spherical structure of Mnx-
Fe2−xO4. This might have contributed to the lowering of the Ms
Fig. 5 Interfacial tension (IFT) of ascorbic acid-coated Mn0.75Fe2.25O4/
0.05 wt% nanofluid concentrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
of MnxFe2−xO4 at Mn = 0.5, along with the increase in the
average nanoparticle size to around 30 nm. The sharper XRD
peaks also suggested a higher crystallinity of Mn = 0.5 doped
Fe3O4 compared to the others. Generally, the shape anisotropy
plays an important role in determining the magnetic properties
of Fe3O4, with a certain shape and morphology exhibiting
a higher magnetic saturation compared to others.21
NaCl brine nanofluid vs. the ascorbic acid concentration at 0.01 and

RSC Adv., 2024, 14, 35671–35678 | 35675
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Fig. 5 shows the interfacial tension (IFT) of ascorbic acid-
coated Mn0.75Fe2.25O4/NaCl brine nanouid under the effects
of the different ascorbic acid concentrations used (0.01 and
0.05 wt%). Generally, the IFT showed a distinct behavior for the
0.01 and 0.05 wt% nanouid concentration trendlines. For the
0.01 wt% nanouid, the IFT displayed a decreasing trend as the
surfactant concentration increased, showing a strong linear
dependency (R-squared = 0.85). In contrast, the 0.05 wt%
nanouid also showed a decreasing trend in the IFT with
increasing the surfactant concentration, but this relationship
showed a strong quadratic dependency (R-squared = 1). This
perfect t suggested a very strong non-linear relationship
between the IFT and surfactant concentration, indicating that
at much higher nanouid concentrations, the relationship
between the IFT and surfactant concentration was more
complex and could only be explained in a non-linear manner.
Similar trends were also reported by Paryoto et al. (2023),22

where a non-linear behavior in the IFT was reported with
increasing the concentration of a surfactant with either an
anionic or amphoteric nature. They reported that at lower
concentrations, the surfactant was effectively adsorbed at the
oil–water interface, leading to a signicant reduction in IFT, but
as the concentration of the surfactant increased, the interface
reached saturation, whereby the excess surfactant began form-
ing micelles in the bulk solution instead. However, the study
did not explicitly state that the IFT increased when the surfac-
tant concentration increased beyond a critical point. Molecular
Fig. 6 Interfacial tension of 0.01 wt% ascorbic acid-coated Mn0.75Fe2.25
voltages of (a) 2, (b) 4, (c) 6, (d) 9, and (e) 12 V.

35676 | RSC Adv., 2024, 14, 35671–35678
dynamics simulation of three sodium branched-alkylbenzene
sulfonates at the nonane–water interface were done by Liu
et al. (2017)23 and supported the observation of critical surfac-
tants concentrations, where the ability to further reduce the IFT
was reduced.

Considering the magnetic nature of the ascorbic acid-coated
Mn0.75Fe2.25O4/NaCl brine nanouid, we next studied the effects
of the electromagnetic eld (EM) on the IFT. The electromag-
netic eld was generated using a Helmholtz coil, from which
direct current (DC) and alternating current (AC) were supplied.
The DC supply produced a constant magnetic eld while the AC
supply produced a uctuating magnetic eld (sinusoidal). Fig. 6
illustrates the effects of the applied EM eld on the IFT of the
0.01 wt% ascorbic acid-coated Mn0.75Fe2.25O4/NaCl brine
nanouid. Linear regression was applied to both the AC (blue
line) and DC (yellow line) trends. Generally, the IFT of the
ascorbic acid-coated Mn0.75Fe2.25O4/NaCl brine nanouids
showed a decreasing trend for both the AC and DC trendlines.
With increasing the voltage supplied (9–12 V), the trendline for
both AC and DC seemed to be atter, indicating that the effect
of the surfactant concentration on the IFT became less signi-
cant at a much higher voltage. The EM waves generated by AC
voltage reduced the IFT of the ascorbic acid-coated
Mn0.75Fe2.25O4/NaCl brine nanouid more, with a steeper
decrease compared to the DC voltage, indicating that uctu-
ating EM waves were much more effective in reducing the IFT.
However, the R2 of the AC series was much weaker than with the
O4/NaCl brine nanofluid vs. the ascorbic acid concentration at varying

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DC voltage, indicating a possible non-linear relationship
between the EM applied and IFT, which could be further
explored. Comparing Fig. 5 and 6, it could be observed that the
application of EMwaves reduced the IFT. In between 2–12 V, the
IFT was reduced by 1.01 mNm−1 (2 V) to 1.18 mNm−1 (12 V) for
the 0.1 M ascorbic acid concentration when DC EM waves were
applied. When AC EM waves were applied, the IFT was reduced
further by 1.16 mN m−1 (2 V) to 1.22 mN m−1 (12 V). A similar
trend in the reduction of IFT was found across the different
ascorbic acid concentrations, with AC EM waves contributing to
a higher reduction compared to DC EM waves. Due to the
uctuating nature of the AC current, the EM waves produced
also uctuate, causing the affected nanoparticles to be unable
to quickly polarize with the changing polarity inside the nano-
uids. DC EM waves have constant polarity, which allows the
nanoparticles inside the nanouid to polarize and agglomerate.
Conclusions

In conclusion, this study provides valuable insights into the
effects of doping on Fe3O4 at low concentrations of Mn dopants.
Our ndings found that there were small preferences for
tetrahedral sites, although the differences in formation energy
were very small, indicating a mixed distribution of dopants
across both tetrahedral and octahedral sites. Mn dopants were
found to improve the total magnetic moment per unit cell of
Fe3O4 when doped at tetrahedral sites, due to the disruption of
the superexchange mechanism. The density of states study also
revealed the half-metallicity properties of MnxFe2−xO4 when
doped at both octahedral and tetrahedral sites The co-
precipitation of MnxFe2−xO4 (x = 0.25, 0.5, and 0.75) was
successfully performed. The magnetic characterization through
VSM veried the superparamagnetic properties, with
Mn0.25Fe2.75O4 having the lowest average nanoparticle size and
highest magnetic saturation, showing the size dependency of
the magnetic properties of the nanoparticles. The interfacial
tension of the 0.01 wt% ascorbic acid-coated Mn0.25Fe2.75O4/
NaCl nanouid was found to have an inverse and strong linear
relationship (R-squared = 0.85) with the ascorbic acid concen-
tration and applied electromagnetic eld. In contrast, the
0.05 wt% nanouid showed a quadratic relationship between
the IFT of the nanouid and the ascorbic acid concentration,
showing a strong non-linear relationship (R-squared = 1).
Although having a weak linear relationship, the electromagnetic
waves produced by AC power supply were found to lead to
a much steeper decrease in interfacial tension when compared
to DC power supply.
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