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surfactant protective layers, we proposed a newly-developed polyethyleneimine micelle
template approach to achieve simultaneous surface charge manipulation and morphology
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transformation of magnetic nanospheres to magnetic nanorods. The results revealed that

Nanoemulsions

positively charged magnetic nanospheres exhibited limited separation performance of na-

Surface charge

noemulsions, with a maximum chemical oxygen demand (COD) removal of 50%, whereas

Magnetic nanorods

magnetic nanorods achieved more than 95% COD removal in less than 30 s. The magnetic

Surfactant

nanorods were also applicable to wasted nanoemulsions from different sources and exhib-

Interfacial film

ited excellent resistance to wide pH changes. Owing to their unique one-dimensional struc-

Oil-water separation

ture, the interfacial dispersion of magnetic nanorods was significantly promoted, leading to
the efficient capture of surfactants and widespread destruction of both the interfacial film
and network structure, which facilitated droplet merging into the oil phase. The easy-toprepare and easy-to-tune strategy in this study paves a feasible avenue to simultaneously
tailor surface charge and morphology of magnetic nanoparticles, and reveals the huge potential of morphology manipulation for producing high-performance nanomaterials to be
applied in complex interfacial interaction process. We believe that the newly-developed
magnetic-nanorods significantly contribute to hazardous oily waste remediation and advances technology evolution toward problematic oil-pollution control.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Oil plays an essential role in our daily lives and industry.
However, the unwanted release of oil to the environment induces severe water pollution (Berenshtein et al., 2020; Wan
and Chen, 2018). Due to the widespread use of anionic sur-
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factants, oily wastewater typically exists as a stable emulsion
containing negatively charged droplets. Wasted nanoemulsions stabilized with high concentration of surfactants have
attracted increasing attention because of their long-lasting
environmental hazards and detrimental ecosystem impacts
(Kumar and Mishra, 2018; Putatunda et al., 2019). Separation of
ultra-fine oil droplets from nanoemulsions is a precondition
for oil reuse and the safe discharge of effluent (Zhang et al.,
2016) . Many efforts have been devoted to developing materials that are aimed at oil-water separation, such as membrane (Li et al., 2017; Zhao et al., 2020) and sponges (Han et al.,
2020), which are more applicable to separate oil-water mixtures or emulsions stabilized with very low concentration of
surfactant (0–100 mg/L). However, the significantly higher surfactant content in nanoemulsions (>1,000 mg/L) compared
to common oily wastewater not only protects and sustains
nanoscale oil droplets (100–500 nm) by providing a robust interfacial film, but may also aggregate into a network structure
around the droplets (Bai et al., 2014; Zhao et al., 2019b). These
double barriers constructed by surfactants considerably impede the oil-water separation of nanoemulsions (Xiong et al.,
2020; Xiong et al., 2021). Therefore, the selective removal of
surfactants and destruction of protective layers is crucial for
effective oil-water separation.
Currently, very few studies have reported the removal of
surfactants from multiphase emulsions, with the focus instead on adsorbing surfactants from monophasic solutions by
using versatile materials (Rossi et al., 2017; Yang et al., 2010).
In previous studies, the adsorption of anionic surfactants was
achieved by amino groups of chitosan via electrostatic attraction (Kahya et al., 2018; Zhang et al., 2017), demonstrating
an effective method of selectively capturing anionic surfactants using amino-containing molecules such as triethylene
tetramine or polyethylenimine. Sufficient binding sites, a large
specific surface area, and facile separation are considered necessary requirements of a material for efficient surfactant removal (Su, 2017). Owing to their easy functionalization, large
surface area and rapid separation (Cardoso et al., 2018), magnetic particles (MNPs) exhibit good potential for surfactant removal (Tang et al., 2016). Therefore, if high-density nitrogenbased groups are grafted onto MNPs, anionic surfactants can
be easily captured and rapidly separated by magnetic force.
Surface-modified MNPs have been used to separate dispersed oil droplets from micro-sized emulsions (5–10 μm)
stabilized with very low concentrations of surfactant (0–100
mg/L) (Chen et al., 2018; Lu et al., 2018); however, they have
not yet been applied to nanoemulsions stabilized with high
concentrations of surfactant. Furthermore, MNPs are widely
accepted to be effective for droplet separation, whereby the
MNPs attach to droplets and separate them via drag under
magnetic force (Peng et al., 2012); however, interactions between MNPs and surfactants have been rarely discussed. To
separate surfactant-rich nanoemulsions, MNPs should be able
to deplete the surfactant, collapse the network structure, and
pierce the interfacial film to induce droplet coalescence. Consequently, a high dispersion of MNPs is required to maximize the exposed surface for surfactant capture and enlarge
the occupation area at the interface to induce large-scale
surfactant breakdown. Compared to commonly used magnetic nanospheres, magnetic nanorods exhibit both an ex-
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cellent ability to resist aggregation in water (Afrooz et al.,
2013; Ng et al., 2020) and effective attachment at the oilwater interface with a maximized occupation area (de Folter
et al., 2014; Dewangan and Conrad, 2018) due to their unique
one-dimensional structure. Furthermore, magnetic nanorods
can induce controllable rotating motion in external magnetic
fields (Grzelczak et al., 2010; Wang et al., 2020), producing disruptive effects over a wide contact area. These characteristics of magnetic nanorods demonstrate substantial potential
for the destruction of surfactant barriers in nanoemulsions.
Therefore, we hypothesize that positively charged magnetic
nanorods with a high density of uniformly distributed amine
groups will be able to successfully capture surfactants and act
as “nano-knife arrays” to “cut” both the surfactant network
and interfacial film, thereby effectively separate nanoemulsions.
To obtain MNPs with such characteristics, the selection of an appropriate regulating agent is extremely important. Polyethylenimine (PEI), which comprises hydrophobic
−CH2 −CH2 − and a high density of hydrophilic amine groups,
has strong potential for regulating the surface charge of particles and inducing crystal growth (Adhikari et al., 2020). In
this study, the simultaneous surface charge manipulation and
morphology transformation of magnetic nanospheres to magnetic nanorods is achieved by adjusting the PEI concentration to capture anionic surfactants for the oil-water separation
of nanoemulsions. The separation performance and mechanisms of the magnetic nanorods are then investigated. The
results of this study are expected to inspire a novel direction
for the design of highly efficient magnetic nanomaterials for
oil-water separation and other related interfacial separation
processes.

1.

Materials and methods

1.1.
Fabrication and characterization of magnetic
nanoparticles
PEI-based magnetic nanoparticles (M-PEIs) were fabricated by
a facile co-precipitation-crosslinking route. Specifically, 50 mL
of PEI solution with different masses of PEI (0–5 g) was added
to a FeCl3 •6H2 O and FeSO4 •7H2 O solution under N2 atmosphere and stirred to obtain mixtures with PEI concentrations
in the range of 0–14.2 g/L. Then, 30 mL of NH3 •H2 O was added
dropwise when the solution temperature reached 60 °C. After
a period of 2 hr, the precipitates were separated and transferred to 0.5% glutaraldehyde solution for crosslinking. The
MNPs prepared at different PEI concentrations were denoted
as M0 to M7.
The chemical compositions, crystal structures, morphologies, and magnetic properties of the as-prepared M-PEIs
were characterized using Fourier transform infrared spectroscopy (FTIR, Thermo, USA), X-ray diffraction techniques
(XRD, Bruker, USA), transmission electron microscopy (TEM,
JEM–2100F, Japan), and SQUID–VSM (Quantum Design, USA).
The percentage of PEI grafted on the MNPs was quantified using thermogravimetric analysis (TGA, TA, USA). The specific
surface area of the M-PEIs was calculated by N2 adsorption–
desorption isotherms according to the Brunauer–Emmett–
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Teller (BET) method. Measurements of the ζ -potential were
conducted using a Zetasizer Nano (Malvern Instruments, UK).

1.2.

Oil-water separation experiments

Three model oil-in-water emulsions were prepared to test
oil-water separation performance of M-PEIs. Specifically, a
surfactant-stabilized nanoemulsion (NE1) was designed to
simulate wasted nanoemulsion produced in metalworking industries while a surfactant-free nanoemulsion (NE0) and a micron scale emulsion (ME) as contrasts. To emulate formulation
of wasted metalworking emulsion, liquid paraffin (Sinopharm
Chemical Reagent Co. Ltd., CAS number: 8012-95-1 and density: 0.83∼0.86 g/cm3 ) and sodium dodecylbenzene sulfonate
(SDBS) were chosen as oil phase and surfactant respectively.
The surfactant-free and surfactant-stabilized nanoemulsion
(NE0 and NE1) were prepared by adding 2.5% of paraffin by
volume to deionized water or 1000 mg/L of SDBS solution under 5 min sonication. The coarse micron-scale emulsion (ME)
was prepared with the same formulation as NE1 by a highspeed homogenizer at 9,500 r/min for 5 min. Three wasted
nanoemulsions produced by the metalworking industry were
obtained from a Hazardous Waste Treatment Company in
Jiangsu Province, China.
The oil-water separation of emulsions was accomplished
by homogenizing M-PEIs in the emulsions with a vortex mixer
for 120 sec followed by separation of M-PEIs with a magnet
at a field strength of 0.25 T for 30 sec. The treated samples
were collected for measurement of chemical oxygen demand
(COD) and transmittance to determine oil-water separation
performance of M-PEIs. The COD of the effluent was measured
with the use of Hach cuvette test kits, a Hach digestion device (HACH DR200) and an UV–vis spectrophotometer (HACH
DR 3900). With a certain volume of sample added to kits cuvette and digested at 150°C for 2 hr, the COD was measured
with the UV–vis spectrophotometer at 620 nm. The transmittance of effluent was measured with the UV–vis spectrophotometer at 600 nm. The concentration of surfactant (SDBS)
was quantified by a crystal violet spectrophotometry method,
which referred to a standard methylene blue spectrophotometric method (GB7497-1987). With crystal violet combined
with alkylbenzensulfonate to form ionic complexes and extracted into benzene, the SDBS concentration could be determined with the UV–vis spectrophotometer at 605 nm. The size
and zeta potential of oil droplets in the emulsions were measured using a Zetasizer and Zeta potential analyzer (Malvern
Instruments, UK).

1.3.
Observation of M-PEIs distribution at the oil-water
interface
To observe the arrangement of magnetic nanospheres and
magnetic nanorods at the oil−water interface, we solidified
the oil phase to prepare easily visible particle-covered interfaces. Specifically, melted solid paraffin was slowly poured
onto a quartz cell containing the M-PEI suspension. The cell
was transferred to a water bath at 65 °C for 30 min. Subsequently, the dried solid paraffin covered with particles was
used for scanning electron microscope (SEM) observations.

1.4.

Interfacial film strength tests

The ability of M-PEIs to break the oil-water interface was evaluated by recording the lifetime of M-PEI suspension droplets
on the interface. Liquid paraffin was poured on top of the water phase (either surfactant free or containing 1,000 mg/L of
SDBS) within a square quartz container to form an interface.
After 1 hr ripening, a M-PEI suspension droplet formed at the
center of the interface, the lifetime of which was recorded by a
high-speed charge-coupled device as it coalesced with the water phase. A magnet was applied to test the effects of a magnetic field on accelerating interface breakdown. By employing
the same procedure used to form an oil-water interface, the
effects of magnetic nanorods and magnetic fields on destruction of the interfacial film were revealed in situ by Brewster
angle microscopy (Model EP4, Accurion GmbH, Germany).

1.5.

Observation of emulsion microstructures

The microstructure of paraffin-in-water emulsions stabilized
with 1,000 mg/L of SDBS before and after mixing with M-PEIs
were observed by Cryo-SEM. To clearly observe the oil droplets,
liquid paraffin was replaced by solid paraffin during preparation of the emulsion at 65 °C. The original emulsion and the
mixed emulsion containing M-PEI suspensions were instantly
frozen using liquid nitrogen for subsequent imaging.

2.

Results and discussion

2.1.
Morphology transformation of magnetic particles
induced by PEI concentration
The M-PEI morphologies induced by different concentration of
PEI were characterized by transmission electron microscopy.
The Fe3 O4 MNPs prepared by co-precipitation exhibited a
spherical shape with an average size of 10 nm, which were
heavily aggregated in clusters due to high surface energy
(Fig. 1a). An increase of PEI concentration from 0.28 to 2.8 g/L
(M1–M3) exhibited no obvious influence on particle morphology (Fig. 1b–1d). Interestingly, a new morphology of nanorod
appeared when the PEI concentration was increased to
5.7 g/L (M4) (Fig. 1e). Moreover, the percentage of nanorods increased substantially as the PEI concentration reached 11.4 g/L
(M6), then remained nearly constant at 14.2 g/L (M7), indicating that morphology transformation had reached an equilibrium (Fig. 1f–1h). The length and width of these nanorods was
52–87 nm and 10–15 nm, respectively.
The surface properties and microstructure of magnetic
nanospheres and nanorods are shown in Fig. 2. An increase
in the PEI concentration improved the PEI graft percentage
on magnetic nanospheres from 3.8% to 20.4%, whereas this
value remained constant for magnetic nanorods (Fig. 2a). The
surface coating of PEI increased the zeta potential of magnetic nanospheres from +7.5 mV to +27 mV and reduced
the saturation magnetization from 80 emu/g to 55 emu/g
(Fig. 2b–2c). Conversely, the same percentage of PEI simultaneously induced variations in the microstructure of magnetic
nanorods, which involved a further decrease in magnetization
(Fig. 2c), as well as obvious changes in the peak intensity and
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Fig. 1 – Transmission electron microscopy images of M–PEIs prepared with different concentration of PEI. (a) M0, (b) M1, (c)
M2, (d) M3, (e) M4, (f) M5, (g) M6, (h) M7.

Fig. 2 – Properties and microstructure of M–PEIs prepared with different concentration of PEI. (a) Graft percentage of PEI
calculated by thermogravimetry, (b) zeta potential and specific surface area, (c) magnetization curves, (d) X-ray diffraction
spectra.

width (Fig. 2d). Furthermore, the transformation of magnetic
nanospheres to magnetic nanorods remarkably increased the
specific surface area of particles, which was also confirmed by
our calculations (Appendix A Table S1). The ability of magnetic
nanospheres and magnetic nanorods to capture surfactants
in theory and practically is evaluated in Appendix A Table
S1. The magnetic nanospheres and magnetic nanorods theoretically provide excessive amino groups for surfactant removal and exhibit equivalent abilities to capture 97.5%–98.8%
of free surfactants in aqueous solution. However, in this study,
the magnetic nanorods showed a higher adsorption capacity

(398.8 mg/g) than the magnetic nanospheres (312.8 mg/g) and
a more dispersed state after adsorbing the surfactants (Appendix A Fig. S1), implying a superior ability for long-lasting
surfactant removal during oil-water separation.
To reveal the formation process of magnetic nanorods in
this study, the surface tension of the PEI solutions and the
size and zeta potential of PEI aggregates were measured. The
critical micelle concentration (CMC) of PEI resembling that of
surfactant was determined to be 5.7 g/L (Appendix A Fig. S2),
implying that micelle formation occurred at a concentration
exceeding this value. The size and zeta potential of PEI aggre-
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Fig. 3 – Oil-water separation performance of various M-PEIs. (a) COD removal ratio of a surfactant-free nanoemulsion (NE0), a
surfactant-stabilized nanoemulsion (NE1) and a surfactant-stabilized micron emulsion (ME) at 5.0 g/L of M-PEIs, (b)
photographs of three practical wasted nanoemulsions (WNE1, WNE2 and WNE3) and the effluents separated by M6 at the
dosage of 5.0 g/L.

gates was undetected until the PEI concentration exceeded
5.7 g/L (Appendix A Fig. S3), confirming the transformation
of loosely distributed PEI molecules to a compactly organized
micelle. The measured size of the micelles was approximately
100 nm, which was close to the size of the nanorods. Therefore, we confirmed that the PEI micelles acted as a template
for nanorod formation (Appendix A Scheme S1). At a concentration below 5.7 g/L, monomer PEI attached to the nucleus
surface and produced regular nanospheres. When the PEI concentration exceeded the CMC, PEI self-aggregated into rodshape micellar structures and nanocluster growth was strictly
limited in the one-dimensional space to form nanorods. Compared to the one-dimensional chain template (Hu and Li, 2012)
and oriented attachment routes (Moore et al., 2010; Zhu et al.,
2021) for inducing the formation of nanorods, micelle templates relieve the dependence on the inherent structure or
composition of shape controllers, which creates more opportunities for morphology manipulation (González-Rubio et al.,
2020). PEI has long been recognized as a cationic polyelectrolyte; however, this study demonstrates for the first time
that it also exhibits surfactant-like characteristics that enable
it to form micelles and regulate particle structure. Compared
to the regular surfactant micelle template approach, which
only demonstrates the ability to regulate particles structure
(Ding et al., 2008), this study confirms PEI micelles as a versatile shape controller that simultaneously manipulate the surface charge and morphology of MNPs. The approach adopted
in this study represents a simple manipulation strategy for
particles, which has great significance in the field of material
technology and science.

2.2.
Effects of M-PEI surface charge and structure on
oil-water separation
The oil-water separation performance of M-PEIs at 5.0 g/L
(determined according to batch experiments in Appendix A
Fig. S4) was investigated in three typical emulsions. A nanoemulsion NE0 (Csurf = 0 mg/L, Doil = 0.538 μm) and a
micron-sized emulsion ME (Csurf = 1,000 mg/L, Doil = 4.56 μm)

were designed as contrasts to the nanoemulsion NE1
(Csurf = 1,000 mg/L, Doil = 0.267 μm) to highlight the effects
of surfactant content and droplet size on demulsification. The
magnetic nanospheres exhibited excellent separation performance of common emulsions ME and NE0 with COD removal
of more than 90% (Fig, 3a), but limited separation performance
of nanoemulsion NE1. Notably, magnetic nanorods (M6) not
only achieved equivalent separation of ME and NE0 but also
showed superior separation performance for the surfactantrich nanoemulsion NE1 (Fig. 3a). Additionally, M6 demonstrated excellent resistance over a wide pH range of 3–11 (Appendix A Fig. S5). The M6 was further used to investigate its
effect on three types of practical waste nanoemulsions. The
results showed that the emulsion was completely separated
after the addition of M6. The respective transmittance of separated water was 90%, 95%, and 98%, which indicated that M–
PEI also yielded an excellent separation effect on practical nanoemulsions (Fig. 3b). A high surfactant content, viscous oil
phase, and small droplet size are critical factors contributing to the remarkable stability of emulsions (Ali et al., 2015;
Zhang et al., 2016). In previous studies (Appendix A Table S2),
only one or two of these factors was satisfied, such as a viscous oil phase (72–500 mPa•s) but low concentration of surfactants (0–46 mg/L) and large droplets (6–10 μm) (Chen et al.,
2018; Zhao et al., 2019a), or small oil droplets (1.09–1.30 μm)
but a low-viscosity oil phase (0.75 mPa•s) (Ko et al., 2014).
Conversely, the nanoemulsions involved in this study exhibited a high surfactant content (1,000 mg/L), viscous oil phase
(100–1,000 mPa•s), and fine oil droplets (0.267 μm). Notably,
the high concentration of surfactant induced the formation
of a robust interfacial film and network structure around the
droplets, providing strong steric and electrostatic repulsions
among droplets, which significantly hindered the separation
of nanoemulsions. The currently developed oil-water separation materials, such as magnetic demulsifiers (Chen et al.,
2018; Reddy et al., 2016; Wang et al., 2015), membrane (Li et al.,
2017; Zhao et al., 2020) and sponges (Han et al., 2020), are more
applicable to separate oil-water mixtures and micron-scale
emulsions stabilized with very low concentration of surfac-
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Fig. 4 – Relations of surface charges and specific surface
area of various M-PEIs (M0∼M7) to the COD removal ratios
of NE1 at 5.0 g/L of M-PEIs.

tant (0–100 mg/L). Therefore, the magnetic nanorods developed in this study are competent nanoparticle materials for
the efficient separation of such problematic emulsions.
The zeta potential and specific surface area curves of MPEIs versus the COD removal ratio of NE1 were plotted to reveal
the roles of these factors in oil-water separation (Fig. 4). With
a single increase of the surface charge, magnetic nanospheres
achieved a maximum COD removal ratio of 50%. Surprisingly, an additional increase of the specific surface area induced by magnetic nanorods led to a further increase of the
COD removal ratio to 95%. The surfactant capture results indicated that only 76.9%–82.3% of surfactants were captured
by magnetic nanospheres from the nanoemulsion, whereas a
capture ratio of 98.8%–99.3% was accomplished by the magnetic nanorods. Therefore, the unique morphology of magnetic nanorods guaranteed more effective surfactant capture and thus contributed to enhanced oil-water separation
of the nanoemulsions. Currently, MNPs are constructed either by grafting interfacially active commercial demulsifiers
(de Folter et al., 2014) or modifying them with special surface wettability (Liang et al., 2015) or charges (Peng et al.,
2018; Zhang et al., 2016) to achieve oil-water separation. However, these approaches have a limited effect on nanoemulsions stabilized with high concentration of surfactants. This
study presents a newly-developed approach to constructing
MNPs for efficient oil-water separation by regulating the particle morphology, which creates new possibilities for the design
of functional nanomaterials and broadens their applications
in the interfacial interaction processes.

2.3.
Emulsion separation process and mechanism of
magnetic nanorods
The separation process of emulsions (denoted as demulsification) is considered to involve the attachment of MNPs
to droplets followed by the separation of the MNP-tagged
droplets under a magnetic field force (He et al., 2019; Ko et al.,
2017). However, fine oil droplets in nanoemulsions are securely
protected by the double barriers constructed by the surfactant, so are not easily separated by this two-step process.

Fig. 5 – Distribution of magnetic nanospheres (a: top view,
b: side view) and magnetic nanorods (c: top view, d: side
view) on the oil-water interface.

Thus, the interfacial distribution of MNPs and the destruction of the interfacial film and network structure constructed
by the surfactant are critical processes for the demulsification of nanoemulsions. In this study, the behavior of magnetic
nanospheres and magnetic nanorods were thoroughly compared during these main stages to reveal their demulsification
separation mechanisms.

2.3.1.

Distribution of M-PEIs at the oil-water interface

Spatially, the distribution and packing state of magnetic
nanospheres and nanorods at the oil-water interface were
observed from both top and side views. The magnetic
nanospheres were severely aggregated into clusters and
sparsely distributed on the planar oil-water interface (Fig. 5a),
with very few magnetic nanospheres situated on the crosssection line (Fig. 5b). In contrast, the magnetic nanorods were
uniformly adsorbed at the oil-water interface, forming a layer
of solid cover (Fig. 5c), where an intact line of magnetic
nanorod aggregates could be clearly observed (Fig. 5d). Therefore, the magnetic nanorods were more likely to rest on the
oil-water interface than the magnetic nanospheres, which is
closely related to their ability to orient their long axes parallel
to the interface and therefore maximize the occupied area (de
Folter et al., 2014; Dewangan and Conrad, 2018), demonstrating a greater potential to destroy a larger area of interfacial
film. Compared to previous studies that applied the wettability (Liang et al., 2014), interfacial activity (Lu et al., 2018), and
surface charge (Lü et al., 2020) of MNPs to promote particle attachment on the interface, this study additionally emphasizes
the essential role of particle morphology.
Distinctive dispersion states of the magnetic nanospheres
and nanorods were observed during demulsification separation process. The magnetic nanospheres were severely aggregated after interacting with the emulsion, whereas the
magnetic nanorods remained well dispersed (Appendix A
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Fig. 6 – Destruction of the interfacial film by magnetic nanospheres and magnetic nanorods. (a) Coalescence time, (b1–b4)
images of the interfacial film rupture process, (c1–c4) Brewster angle microscopy images of interfacial film evolution.

Fig. S6). According to the Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory, the electrostatic interaction energy barrier between nanorods is at least twice that between nanospheres
(Appendix A Eqs. (S1)–(S2)), implying stronger interparticle repulsion induced by nanorod morphology to resist aggregation. Furthermore, compared to the point-by point contact between nanospheres, which produced a dense packing state,
the nanorods exhibited distinctive end-to-end or end-to-side
interactions, leading to a less compact structure and improved
dispersion stability (Ng et al., 2020). Therefore, the remarkable interparticle repulsion and steric hindrance induced by
nanorod morphology ensured long-term dispersion of particles, which was still effective even when surface active sites
were occupied, implying a greater ability to break the interfacial structure during subsequent demulsification process.

Breakdown of the oil-water interfacial film was revealed
in situ. The magnetic nanorod droplets were able to remain
on the surfactant stabilized oil/water interface for a period of
time (Fig. 6b1). However, when a magnet was applied under
the droplet, the interfacial film was stretched and severely deformed (Fig. 6b2). After a period of 10 sec, the elastic interfacial
film suddenly ruptured (Fig. 6b3), exhibiting a broken oil-water
interface (Fig. 6b4). The interfacial film breakdown process
was also revealed by Brewster angle microscopy. The magnetic
nanorods were first evenly distributed on the oil-water interface (Fig. 6c1), which began to detach when a magnet was applied (Fig. 6c2), eventually collapsing the interface (Fig. 6c3 and
Fig. 6c4). Therefore, magnetic nanorods coupled with a magnetic field exhibit an outstanding ability to destroy interfacial
films stabilized by high concentration of surfactants, which
agrees with the oil-water separation performance results.

2.3.2.

2.3.3.

Destruction of the oil-water interfacial film

The effects of magnetic nanospheres and nanorods on the oilwater interfacial film stabilized without surfactant (S0) and
with 1000 mg/L of surfactant (S1) were investigated by measuring the coalescence time between particle-loaded droplets
and the interface. The droplet on interface S1 and S0 could
sustain a maximum time span of 270 sec and 80 sec, respectively (Fig. 6a), indicating that high concentration of surfactants induced a more robust interfacial film. The magnetic
nanospheres decreased the average coalescence time for S1
and S0 from 110 sec and 35 sec to 80 sec and 20 sec, respectively. Remarkably, the magnetic nanorods further decreased
the average coalescence times to 50 sec and 16 sec, respectively, demonstrating a superior ability to destroy the interface, especially for surfactant-rich interface. With a magnetic
field, the average coalescence time for the magnetic nanorods
was sharply reduced to 5 sec for both S0 and S1.

Collapse of the surfactant network structure

The microstructures of emulsions before and after application
of magnetic nanospheres and nanorods were imaged by CryoSEM. In the original emulsion, a complex three-dimensional
network aggregated by the surfactant was observed, where oil
droplets got incorporated within the network hole (Fig. 7a).
After addition of magnetic nanospheres, which mostly selfaggregated into large spheres (Fig. 7b), the surface area in contact with the surfactant network/droplets was significantly reduced. In contrast, due to their excellent interfacial dispersion
stability, the magnetic nanorods were uniformly distributed
over the oil droplets and surfactant network (Fig. 7c–7d). The
positive charge and large specific surface area ensured a high
capacity for surfactant capture. Combined with a magnetic
force, the magnetic nanorods acted as a “nano-knife array”
to “cut” and breakdown the protection structures formed by
the surfactant. The released oil droplets could then easily co-
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Scheme 1 – Oil-water separation mechanism of magnetic nanorods.

magnetic demulsification separation process of emulsions involves MNP attachment to droplets followed by droplet separation under magnetic force. Here, we emphasize the importance of the interfacial dispersion of MNPs for the collapse of
interfacial films and surfactant networks, which provides additional insights into the complex interfacial mechanisms occurring during demulsification separation.

3.

Fig. 7 – Cryo-SEM images of the (a) emulsion
microstructures, (b–c) emulsion under the action of
magnetic nanospheres and magnetic nanorods, (d)
magnetic nanorods on an oil droplet.

alesce into a continuous oil phase through the bridging action
of magnetic nanorods.
Based on the results described in this study, a plausible demulsification separation mechanism for the magnetic
nanorods is proposed in Scheme 1. The high concentration of
surfactants generated a stable honeycomb structure enclosing
the oil droplets. The unique one-dimensional structure of the
magnetic nanorods ensured efficient attachment to the surfactant network and oil-water interface. With the parallel orientation of magnetic nanorods maximizing their occupation
area, large amounts of surfactant were detached from both
the network and interface. When aided by a magnetic field,
the magnetic nanorods rotated to orient parallel to the magnetic field direction (Huang et al., 2017; Tokarev et al., 2012;
Wang et al., 2020), collapsing the surfactant network and rupturing the interfacial film on oil droplets. Open channels between adjacent droplets were formed for coalescence, which
eventually developed into an oil phase. Due to the unique
one-dimensional morphology of the nanorods, they displayed
superior interfacial dispersion than the nanospheres, which
resulted in the widespread and more persistent destruction
of interfacial films and surfactant networks. Currently, the

Conclusions

In summary, this study for the first time proposes a facile and
controllable micelle induction strategy to promote the simultaneous manipulation of MNP surface charge and transformation from magnetic nanospheres to magnetic nanorods. The
resultant magnetic nanorods displayed significantly improved
performance regarding the selective capture of anionic surfactants for the efficient separation of surfactant-rich nanoemulsions. The superior separation performance was mainly attributed to enhanced interfacial dispersion of the nanorods,
which achieved large-scale destruction of the stable surfactant network structure. This unique design provides a new
method of efficient oil-water separation and represents extraordinary progress in the development of functional MNPs,
which expands the application of magnetic nanomaterials to
complex and problematic environmental remediation.
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