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Abstract In this paper, a novel functional magnetic nano-demulsifier with efficient oil–water sep-

aration and recyclability was prepared by one-pot method. Magnetic fluorinated polyether compos-

ite demulsifier (Fe3O4@C-F) was prepared by combining Fe3O4 as magnetic matrix with carbon

nanospheres and grafting fluorinated polyether. The morphology and structure of the composites

were analyzed by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy

(FTIR) and transmission electron microscopy (TEM). The results showed that carbon nanospheres

and fluorinated polyether were successfully compounded on Fe3O4, and the crystallinity of the com-

posites was improved. The demulsification experiment and recovery performance test were carried

out with the self-made crude oil emulsion. The main factors affecting the demulsification perfor-

mance of demulsifier and its demulsification mechanism were discussed. The results showed that

the demulsification effect of Fe3O4@C-F was the best when the dosage was 600 ppm, 65 �C,
120 min and pH value was 6. The demulsification rate could reach 96.68 %, and the oil–water inter-

face was clear. Fe3O4@C-F had magnetic response, and could be recycled and reused 5 times from

two-phase system under external magnetic field. The application of carbon materials in the field of
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oil–water separation has injected a new power source for the application of carbon nanomaterials in

the field of demulsifiers.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, all kinds of petroleum products have become an inte-

gral part of modern human life. Especially since 2020, affected by the

outbreak of COVID-19 pandemic, the global economy has deterio-

rated sharply, and the dependence of crude oil on foreign countries

has been increasing in many countries (He et al., 2021; Shuying and

Kun, 2021). A large number of emulsions will be produced during

the exploitation and transportation of crude oil (Huang et al., 2019;

Khan et al., 2019; Zhang et al., 2021). These stable emulsions reduce

the service life of the equipment through corrosion, and the oily

wastewater discharged can pollute the environment (Velayati and

Nouri, 2021; Wang and Zhang, 2016). Therefore, the treatment of

emulsions is facing a more severe test. However, conventional demul-

sifiers have problems such as large dosage of reagents, secondary pol-

lution, and difficulty in recycling (Li et al., 2013; Hjartnes et al., 2019).

Therefore, it is of great significance to develop new functional mag-

netic demulsifiers with small dosage of reagents, good demulsification

effect, and recoverability.

The conventional unifurcated polyether demulsifier has posed chal-

lenges in fulfilling the requirements for oilfield utilization due to its

drawbacks of substantial dosage and elevated demulsification temper-

ature. Fluorinated surfactant is one of the most active surfactants

found at present. It has high surface activity, high thermal stability,

high chemical inertness, and hydrophobic and oil-repellent properties

(Alves et al., 2020; Hu et al., 2017). In the realm of oil–water separa-

tion, the remarkable capability of fluorinated surfactants to substan-

tially diminish the surface tension of both aqueous and organic

solvent systems even at low concentrations has garnered considerable

interest. Moreover, their applicability in diverse settings such as acidic,

alkaline, highly oxidizing, and thermally demanding environments fur-

ther accentuates their significance (Bélarbi et al., 2010; Zhang et al.,

2016; Peyre, 2009). Our team has successfully introduced fluorine ele-

ment into the molecular structure of demulsifier in the early stage

(Zhang et al., 2022; Wei et al., 2021; Geng et al., 2022). The lipophilic

segment is generated by the polymerization of bisphenol AF and

propylene oxide, and then the hydrophilic ethylene oxide segment is

polymerized on this basis to obtain the fluorinated linear block poly-

ether surfactant, and the ideal demulsification effect is achieved. Under

the context of PM200 crosslinking modification, the demulsification

properties of linear and branched polyethers were examined by a team

of researchers hailing from Shandong University (Yin, 2014). The

results show that linear polyether micelles aggregate to form larger

micelles by bridging the protonated water molecules with ether oxygen

atoms in PEO, and the modified multi-branched polyether has good

demulsification effect on offshore crude oil. The above findings demon-

strate that the incorporation of functional groups into the side chain of

polyethers enhances its functionality while preserving the exceptional

properties of the main chain. This approach facilitates the development

of polymer materials with catalytic activity, surface activity, and

responsive properties, aligning with the inevitable trajectory for poly-

ether materials to cater to market demands and advancements in novel

technologies (Guo et al., 2021; Suhaimin et al., 2021).

Although the functional fluorinated polyether demulsifier has

remarkable effect on emulsion separation, it is also difficult to recover

and easy to cause secondary pollution. Nanomaterials have emerged in

the application of demulsifiers due to their special surface properties,

scale effect and macroscopic ion tunneling effect (Gasanov et al.,

2019; Nab and Aaa, 2022; Nikkhah et al., 2015; Huang et al., 2019).

Magnetic nanoparticles, as an emerging class of materials, encompass
not only the intrinsic surface and size effects observed in conventional

nanoparticles but also manifest distinct magnetic responsiveness. This

magnetic responsiveness enables efficient recycling of magnetic

nanoparticles through external magnetic fields. (Mu et al., 2022;

Zhou et al., 2021). The modified functional magnetic demulsifier can

effectively solve the problems of large dosage of traditional chemical

demulsifier and difficult recovery after reaction. Compared with other

applications, the application of magnetic nanoparticles in oil–water

emulsion demulsification started late, but it has aroused many

researchers’ interest. Among various magnetic nanoparticles, Fe3O4

has magnetic responsiveness and hydrophilicity (Xie and Deng, 2017;

Huan et al., 2019; Xu et al., 2021). Domestic and foreign scholars have

used organic polymers and Fe3O4 to synthesize amphiphilic magnetic

demulsifiers. They can be adsorbed on the oil–water interface mem-

brane and replaced with natural emulsifiers on the interface membrane,

reducing the stability of the interface membrane and achieving effective

demulsification (Feng et al., 2021). In this study, Fang Shenwen et al.

(Fang et al., 2017) employed propylene oxide-ethylene oxide block

polyether (PPO-PEO) as a solvent, reducing agent, and surfactant

for the one-step synthesis of a magnetic demulsifier known as PEMN.

The synthesis involved reacting iron acetylpyruvate (Fe(acac)3) with

PPO-PEO, thereby achieving the desired magnetic demulsifying prop-

erties. Demulsification experiments showed that PEMN had excellent

demulsification performance within 30 min when the demulsification

temperature was 70�C and the demulsifier dosage was 0.625 g/L. In

addition, PEMN can be recycled, showing excellent demulsification

performance in three cycles, and the dehydration efficiency remains

at 95%. Zhou Jingjing et al. (2021) synthesized a amphiphilic magnetic

demulsifier (M�ANP) by grafting aliphatic alcohol non-ionic propy-

lene oxide-ethylene oxide block polyether (ANP) onto the surface of

epoxy-functionalized magnetite (Fe3O4) nanoparticles. Under the con-

ditions of 2000 ppm addition and room temperature, the demulsifica-

tion efficiency of M�ANP for W/O crude oil emulsion reached 95.5%

in 2 min, and the demulsification rate of M�ANP could remain at

80% after one cycle in the cycle experiment, without further attenua-

tion, which had good cycle recovery performance. The synergistic

effect of ANP and MNPs provides us with inspiration on demulsifica-

tion mechanism. For W/O emulsion, when the demulsifier molecule

reaches the oil–water interface, the hydrophilic polyethylene oxide seg-

ment in the molecular structure of M�ANP at the oil–water interface

will form hydrogen bonds with water, which will increase the adsorp-

tion capacity of M�ANP on the surface of water droplets, thus replac-

ing the natural emulsifier molecule of the oil–water interface

membrane and forming a more easily fractured oil–water interface

membrane. Therefore, it is concluded that if the fluorinated polyether

with better demulsification effect is used to replace ANP, a more per-

fect demulsification effect may be achieved. (Umar et al., 2020) cova-

lently functionalized Fe3O4 nanoparticles with polyester bis (MPA)

dendritic macromolecules, 2-hydroxy, and 1-azide dendritic macro-

molecules, and successfully synthesized amphiphilic polyester dendritic

hydroxyl acid encapsulated Fe3O4 nanohybrid demulsifier (PEDHA-

Fe3O4). The experimental findings demonstrate that when the demulsi-

fication temperature is set at 60 �C and the PEDHA-Fe3O4 dosage

reaches 15 mg/L, the dehydration rate of PEDHA-Fe3O4 can reach a

substantial 79.1%. Notably, even in the third demulsification cycle,

the dehydration rate surpasses 50%. However, it is evident that the

demulsification effect of PEDHA-Fe3O4 does not exhibit an optimal

performance. We speculated that on the one hand, it might be because

the demulsification effect of polyester dendritic hydroxyl acid was not

high. On the other hand, PEDHA itself could not provide more sites

http://creativecommons.org/licenses/by-nc-nd/4.0/
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for the grafting of Fe3O4, resulting in only a small amount of PEDHA

successfully wrapped on the surface of Fe3O4. Therefore, it is plausible

to explore the incorporation of a material with a high specific surface

area, as this would facilitate the provision of additional grafting sites

for Fe3O4. Obviously, carbon nanospheres with low density, high

strength, high specific surface area, thermal stability and chemical sta-

bility are suitable choices (Zhao et al., 2013; Zhao et al., 2019; He

et al., 2016).

Given the scarcity of reports on carbon nanospheres and fluori-

nated polyether demulsifiers in oily wastewater treatment, our research

team has taken a step further to develop novel environmentally

friendly magnetic demulsifiers. This development builds upon our pre-

vious success in demonstrating the efficient demulsification rates

achieved by fluorinated polyether demulsifiers for oil–water separation

in crude oil emulsions. A novel magnetic demulsifier was synthesized

by combining Fe3O4 with carbon nanospheres and grafting fluorinated

polyether. The morphology and structure of this demulsifier were char-

acterized, and the factors affecting demulsification and recovery per-

formance were explored. The demulsification effect and

demulsification mechanism of the demulsifier were studied by bottle

test method, and the unexpected results were obtained. When the

dosage was 600 ppm, 65 �C, 120 min and pH value was 6. The demul-

sification rate could reach 96.68%, and the oil–water interface was

clear. Fe3O4@C-F had magnetic response, and could be recycled

and reused 5 times from two-phase system under external magnetic

field. It provides theoretical support for the efficient treatment of crude

oil emulsion in China’s petrochemical field and the environmental pro-

tection production of oilfields, and lays a foundation for the practical

promotion of magnetic demulsifiers in oilfield demulsification.
2. Experimental

2.1. Materials

Fluorinated polyether was prepared according to the report.

(Zhao et al., 2019) Fe(acac)3 was purchased from Shanghai
Aladdin Industrial Co., Ltd., China. Oleic acid, oleylamine
and carbon spheres were purchased from Shanghai McLean

Biochemical Technology Co., Ltd. Benzyl Ether was pur-
chased from Merck Chemical. All chemicals used in the pro-
duction process are analytical grade. The dehydrated crude
oil is supplied by a heavy oil block in Liaohe Oilfield. The

physical and chemical properties are shown in Table 1.

2.2. One-pot preparation of magnetic demulsifier

The preparation process of carbon nanospheres, fluorinated
polyether and Fe3O4-F can be found in the attachment.

Fe3O4@C-F was prepared by one-pot method (see Fig.1).

Firstly, 0.001 mol ferric acetylacetonate, 0.003 mol oleic acid,
0.003 mol oleylamine, 0.1 g carbon nanospheres and 5 g fluo-
rinated polyether were added into the beaker, and then the sol-

vent dibenzyl ether was added. Subsequently, the contents in
the beaker were subjected to thorough stirring and ultrasonic
dispersion for a duration of 30 min. Following this, the
Table 1 Basic physical properties of crude oil produced in a block

Density kg�m�3 Dynamic Viscosity

(50 ℃) m Pa�s
Gum % Aspha

943.0 180.2 22.98 12.75
reagents present in the beaker were transferred into the reac-
tor, while simultaneously purging the reactor with nitrogen
to eliminate any residual air. The reaction kettle was placed

in a muffle furnace at 230 �C for 5 h. After the insulation
experiment, remove the reactor, placed in the air naturally
cooled. The product in the kettle was taken out, and the mag-

netic demulsifier product was separated by magnet, and the
1:1 vol mixture of ethanol and n-hexane was added to the pro-
duct to clean the magnetic demulsifier product for 3–5 times.

Finally, the product was dried at 60 �C for 12 h to obtain mag-
netic demulsifier.

2.3. Preparation of crude oil emulsion

Oil in water (O/W) emulsion with mass fraction of 1% was
prepared. NaCl was dissolved in deionized water (5 mol/L,
NaCl) to prepare brine, and then the mixture of crude oil

(5 mL) and brine (495 mL) was heated to 60 �C, and constant
temperature 20 min, 11,000 rpm stirring 20 min, stable O/W
emulsion was obtained. The obtained water-in-oil emulsion

can be stable at room temperature for at least 24 h.

2.4. Demulsification performance test

According to SY-T 5281–2000, the demulsification perfor-
mance of fluorinated polyether, carbon nanospheres, Fe3O4,
Fe3O4@C, Fe3O4-F and Fe3O4@C-F was evaluated by bottle
test. First, the pre-configured crude oil emulsion is packed sep-

arately, each test tube is loaded with 20 mL emulsion, and then
placed in a 65 �C water bath for 5 min to prevent droplet solid-
ification in the emulsion. Then, according to the experimental

requirements, the pre-configured demulsifier solution was
added. It was heated in a 65 �C water bath for 5 min, and then
the test tube was taken out. The test tube was shaken back and

forth for 100 times within 1 min, so that the demulsifier and
crude oil emulsion were completely mixed. Finally, the test
tube was placed in a 65 �C water bath for static settlement,

and the demulsification effect was observed after 5 min,
15 min, 30 min, 60 min, 90 min and 120 min, respectively.

2.5. Performance test of demulsification recovery

The recyclability of Fe3O4@C-F magnetic demulsifier was
evaluated by reuse times. After the demulsification experiment,
the obtained reagent was subjected to an external magnetic

field to recover the Fe3O4@C-F magnetic demulsifier. The
recovered product was washed with n-hexane, and then
washed with an ultrasonic cleaner for 15 min. The demulsifier

was fully dispersed, and then recovered through an external
magnetic field, and washed three to four times until the solu-
tion was colorless and transparent. Finally, the product was

dried in a vacuum drying oven at 60 �C for 6 h, and the next
experiment was repeated.
of Liaohe Oilfield.

ltene% Acid value

mg KOH�g�1
Pour point ℃ moisture

content%

2.45 17 35.82



Fig. 1

Fig. 2 FTIR of different materials.
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3. Result and discussion

3.1. FTIR of different materials

Fig. 2 shows the infrared spectra of carbon nanospheres,
Fe3O4 and their composites. The FTIR spectra of carbon
nanospheres show that there are a large number of functional

groups on the surface of carbon nanospheres. A wide absorp-
tion peak at 3421 cm�1 corresponds to the stretching vibration
peak of AOH, a vibration absorption peak at 1700 cm�1 cor-

responds to the vibration peak of C‚O, a vibration absorp-
tion peak at 1611 cm�1 corresponds to the vibration peak of
C‚C, a bending vibration peak at 1370 cm�1 corresponds

to the vibration peak of CAO, and a stretching vibration peak
at 1298 cm�1 and 1209 cm�1 corresponds to the vibration peak
of CAOH. Comparing the carbon nanospheres with
Fe3O4@C, it can be found that in addition to the functional

groups of carbon nanospheres, FeAO groups also appear at
560 cm�1, corresponding to Fe3+ and Fe2+, indicating that
Fe3O4 and carbon nanospheres are successfully compounded.

In addition, the intensity of the characteristic peaks of all func-
tional groups except FeAO groups of Fe3O4@C is obviously
weakened because the carbon nanospheres are attached to

Fe3O4, thus weakening its intensity. In the FTIR spectra of
Fe3O4@C-F, ACH and ACH2 stretching vibration absorption
peaks appears at 2912 cm�1 and 2840 cm�1, respectively, and

CAF bond stretching vibration absorption peak appears at
1061 cm�1, indicating that fluorinated polyether is successfully
compounded on the surface of Fe3O4@C.

3.2. Morphology characterization of different materials

Fig. 3(a–c) is the SEM image of carbon nanospheres, Fe3O4,
Fe3O4@C-F and the TEM image of Fe3O4@C-F. It can be

seen from Fig. 3(a) that the shape of carbon nanospheres is
spherical, the particle size is uniform, and the dispersion is
good. The shape of Fe3O4 in Fig. 3(b) is also spherical and

evenly dispersed. In Fig. 3(c), Fe3O4@C-F is spherical but
the surface is not smooth. The surface of the sphere is obvi-
ously wrapped by a grayish white spherical shell, and the

sphere has good dispersion. Fe3O4@C-F particles were further



Fig. 3 SEM of carbon nanospheres, Fe3O4 and Fe3O4@C-F, TEM of Fe3O4@C-F, particle size of carbon nanospheres, Fe3O4 and

Fe3O4@C-F. (a) SEM of carbon nanospheres, (b) SEM of Fe3O4, (c) SEM of Fe3O4@C-F, (d) (e) TEM of Fe3O4@C-F, (f) particle size of

carbon nanospheres, Fe3O4 and Fe3O4@C-F.
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observed by TEM and Fe3O4@C-F was determined by particle
size analyzer. The visual representation in Fig. 3(d) and (e)
clearly shows that carbon nanospheres are uniformly attached

to the surface of Fe3O4 nanoparticles. Furthermore, fluori-
nated polyether molecules are tightly encapsulated within the
outer layer of Fe3O4@C-F, resulting in a relatively uniform

morphology. According to the particle size distribution
(Fig. 3(f)), the average particle size of Fe3O4 is 63.2 nm, the
average particle size of carbon spheres is 119.6 nm, and the
average particle size of Fe3O4@C-F is 163.7 nm. The success-

ful combination of carbon nanospheres, Fe3O4 and fluorinated
polyether molecules can be preliminarily judged by analyzing
the morphology of Fe3O4@C-F particles. The successful com-

bination of carbon nanospheres, Fe3O4 and fluorinated poly-
ether molecules can be preliminarily judged by analyzing the
morphology of Fe3O4@C-F particles.

3.3. X-ray photoelectron spectroscopy (XPS) of different

materials

The elemental valence and chemical composition of
Fe3O4@C-F were further studied by XPS. In the full spectrum
of Fe3O4@G-F (Fig. 4a), the signals of Fe, F, O and C ele-
ments appear at about 709.29, 684.58, 527.92 and 283.33 eV,

respectively. In the high-resolution Fe2p spectrum of
Fe3O4@C-F (Fig. 4b), two dominant peaks at 710.13 and
723.55 eV belong to Fe2p3/2 and Fe2p1/2 spin orbit peaks. At

the same time, the peaks at 713.00 and 726.32 eV are consistent
with the Fe3+ ions of the FeAO bond. Two peaks at 710.2 and
723.6 eV are assigned to Fe2+ ions. It can be seen from the C1s

spectrum in Fig. 4(c) that C1s can be divided into two strong
peaks and one weak peak, which are CAC/CAH, CAOH
and O‚C‚O, respectively. The two peaks in the O1s peak
separation spectrum (Fig. 4d) are C‚O and CAO, respec-
tively. The spectroscopic and crystallographic results support

that fluorinated polyether and Fe3O4 nanoparticles are sup-
ported by carbon nanospheres.
3.4. Effect of demulsifier dosage on demulsification performance

Fig. 5 shows that the different effects of Fe3O4@C-F magnetic
demulsifier at different dosage on demulsification performance

at the experimental temperature of 65 �C. Fig. 5(a) shows that
when the dosage of Fe3O4@C-F magnetic demulsifier is
600 ppm, the demulsification effect is the best, and the demul-
sification rate reaches 96.68%. It can be seen from the

Fig. 5 (b) test tube in the figure that the solution is clear and
the wall of oil droplets is less. With the increase of dosage,
the solution clarity decreases and the wall of oil droplets

increases. This indicates that Fe3O4@C-F magnetic demulsifier
is a very effective demulsifier for oily wastewater. When the
demulsifier dosage is less than 600 ppm, the demulsification

rate increases with the increase of demulsifier dosage. When
the demulsifier dosage is greater than 600 ppm, it decreases
with the increase of demulsifier dosage. This is due to the
amphiphilicity of Fe3O4@C-F, which means when the dosage

of demulsifier reaches a certain level, the adsorption amount of
demulsifier molecules on the oil–water interface will reach sat-
uration.The continuous increase of dosage will thicken the oil–

water film, resulting in more stable oil–water interface film and
reducing demulsification efficiency (Zhang et al., 2018). There-
fore, the optimum concentration of Fe3O4@C-F magnetic

demulsifier is 600 ppm.



Fig. 4 (a) XPS of Fe3O4@C-F, (b) Peak diagram of Fe2p, (c) Peak diagram of O1s, (d) Peak diagram of C1s.

Fig. 5 (a) Demulsification effect of Fe3O4@C-F at different dosages, (b) Demulsification effect of different doses of Fe3O4@C-F at

120 min.
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3.5. Effects of time and temperature on demulsification
performance

Four groups of control experiments at different temperatures
(35 �C, 50 �C, 65 �C and 80 �C) were set to observe the demul-
sification effect of Fe3O4@C-F within 120 min at 600 ppm

demulsifier concentration, the results are shown in Fig. 6. With
the increase of demulsification time and temperature, the
demulsification efficiency showed an upward trend. When
the demulsification temperature was 80 �C and the action time

was 120 min, the demulsification efficiency reached the highest.
After Fe3O4@C-F magnetic demulsifier was added, the emul-
sion changed rapidly. The color of emulsion changed from

dark brown to light brown within 5 min, and the demulsifica-



Fig. 6 The demulsification effect of demulsifier with temperature

at different time.
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tion efficiency exceeded 50%, which reflected the high demul-

sification efficiency of Fe3O4@C-F. Upon reaching a demulsi-
fication time of 90 min, the solution exhibited enhanced clarity,
accompanied by reduced adhesion of oil droplets. With the

increase of action time, the change of solution clarity was
not obvious.The horizontal comparison curve showed that
although the demulsification efficiency of demulsifier was

improved when the action time was extended to 120 min, the
increase was not obvious. Similarly, the horizontal comparison
curve in Fig. 6 showed that the demulsification efficiency of
demulsifier was the best at 80 �C, reaching 97.02%, but it

was not significantly improved compared with the demulsifica-
tion efficiency at 65 �C (96.68%). Obviously, increasing the
temperature and prolonging the demulsification time will

increase the production cost. Therefore, from the perspective
of engineering application, the demulsification time of
Fe3O4@C-F magnetic demulsifier is set at 90 min and the tem-

perature is set at 65 �C.
Fig. 7 (a)The demulsification effect of demulsifier at different pH va

pH values in 120 min.
3.6. Effect of pH on demulsification performance

Fig. 7(a) shows the effect of Fe3O4@C-F magnetic demulsifier
on demulsification performance under different pH environ-
ments, at the experimental temperature of 65 �C and the

dosage of 600 ppm. Fig. 7 (b) shows the demulsification effect
of Fe3O4@C-F magnetic demulsifier at 65 �C and 600 ppm in
different pH environments after 120 min. When the pH value
was 6, the demulsification rate of Fe3O4@C-F magnetic

demulsifier reached the highest and the demulsification perfor-
mance was the best. Moreover, it demonstrates a remarkable
demulsification rate at pH = 5, while exhibiting a demulsifica-

tion rate exceeding 90% under neutral conditions. These find-
ings signify the exceptional performance of the demulsifier
within a neutral to acidic environment. This is because under

acidic and neutral conditions, the surface of Fe3O4@C-F car-
ries positive charge, while the surface of oil droplets carries
negative charge. The electrostatic forces of attraction existing

between the two entities facilitate the heightened adsorption
of demulsifier molecules onto oil droplets. Furthermore, the
presence of dendritic fluorinated polyether on the demulsifier’s
surface promotes the coalescence of oil droplets, ultimately

facilitating efficient oil–water separation. However, the demul-
sification rate was low when the pH values were 8 and 9, and
the demulsification rate was not more than 85%. This is due to

the negative charge carried on the surface of Fe3O4@C-F
under alkaline conditions, and the negative charge carried on
the surface of oil droplets occurs electrostatic repulsion, which

reduces the adsorption capacity of demulsifiers and leads to
the decrease of demulsification rate.

3.7. Recovery performance analysis

The magnetic properties of Fe3O4 and its composites were
tested by VSM magnetization loop test. The results are shown
in Fig. 8(a). Fe3O4, Fe3O4@C, Fe3O4-F and Fe3O4@C-F all

showed superparamagnetic behavior, and their magnetic satu-
ration values were 65.9, 15.8, 45.8 and 30.6 emu/g, respec-
tively. The composite materials exhibit the superior magnetic

saturation value of Fe3O4-F, which can be ascribed to the
presence of smaller fluorinated polyether molecules and their
lues, (b) Physical diagram of demulsification effect under different



Fig. 8 VSM (a), recovery test (b) and demulsification rate of the first four cycles (c) of Fe3O4@C-F.

Fig. 9 Demulsification mechanism of Fe3O4@C-F.
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well-dispersed bonding with the surface of Fe3O4 particles.
Fe3O4@C-F still has magnetic responsiveness, which can be
effectively attracted by external magnetic field, and then recy-

cled and reused from the two-phase system. During the recy-
cling examination, the experimental conditions involved a
temperature of 65 �C, a demulsifier dosage of 600 ppm, and

a reaction time of 90 min. The corresponding outcomes are
illustrated in Fig. 8(b). The demulsification efficiency of
Fe3O4@C-F decreased with the increase of cycles, but it

showed excellent demulsification performance in the first four
cycles, and the demulsification rates were more than 70%.
However, after five times of recycling, the demulsification effi-

ciency of demulsification efficiency dropped sharply, only
12.91% and 5.86% at the 7th and 8th times. The possible rea-
son is that asphalt and resin in crude oil are adsorbed on the
surface of demulsifier molecules during demulsification, and

n-hexane solvent cannot dissolve all components of crude
oil. The decrease of magnetic response leads to the decrease
of recovery rate. The demulsification performance of

Fe3O4@C-F in the first four cycles is shown in Fig. 8(c).
Although the demulsification performance of Fe3O4@C-F
decreased with the increase of the number of cycles, the overall

demulsification trend remained unchanged. In summary,
Fe3O4@C-F magnetic demulsifier not only has excellent
demulsification performance, but also has unique magnetic
response performance to enable it to be recovered from the

oil–water two-phase system by external magnetic field, so as
to achieve recyclable recycling. This property solves a series
of environmental problems caused by the difficulty of separa-

tion of traditional chemical demulsifier after reaction.

3.8. Demulsification mechanism

Fig. 9 shows the demulsification mechanism of Fe3O4@C-F
magnetic demulsifier. Firstly, due to the existence of C-F bond,
Fe3O4@C-F magnetic demulsifier has ultra-high surface activ-

ity. When Fe3O4@C-F enters the crude oil emulsion, it can
quickly reach the oil–water interface film, and then replace
the natural emulsifiers such as asphaltenes and colloids on
the oil–water interface film to form a fragile film. The

branched fluorinated polyether on the surface of magnetic
demulsifier can act as a bridge to promote the oil droplet coa-
lescence. Secondly, carbon oxide nanospheres have a conju-

gated aromatic ring structure, which can adsorb oil droplets
in the emulsion through a strong p-p interaction with organic

compounds such as asphaltene and colloid. Then, Fe3O4 has
the characteristics of superhydrophobicity. It carries positive
charges under acidic and neutral conditions, and can attract

oil droplets carrying negative charges through electrostatic
interactions, which improves the adsorption capacity of
Fe3O4@C-F. Moreover, the nanoscale characteristics of car-
bon nanospheres and Fe3O4 provide a considerable adsorption

area. This unique combination enables a synergistic demulsifi-
cation effect. It can be seen from TEM and particle size distri-
bution that the particle size of Fe3O4@C-F is relatively

uniform. The introduction of Fe3O4 and carbon nanospheres
provides more sites for the grafting of fluorinated polyether.
Finally, Fe3O4@C-F has magnetic response, which can be

recovered from the two-phase system under the action of exter-
nal magnetic field and recycled after cleaning.

4. Conclusion

This study used a straightforward solvothermal method to create a

new kind of effective and environmentally friendly demulsifier based

on the original fluorinated polyether demulsifier and the inventive
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addition of Fe3O4 and carbon elements. The demulsification effect of

Fe3O4@C-F in 120 min can reach 96.68% when the demulsifier dosage

is 600 ppm, the test temperature is 65 �C, and the pH = 6. In addition,

Fe3O4@C-F can be recycled from the two-phase system for 5 times

under an external magnetic field. The excellent demulsification perfor-

mance of Fe3O4@C-F is attributed to the high surface activity. Carbon

nanospheres and Fe3O4 are nano-sized particles with large specific sur-

face area and many adsorption sites, which play a synergistic role. We

also found that the demulsifier can quickly reach the oil–water interfa-

cial film after adding into the crude oil emulsion, and replace the nat-

ural emulsifiers such as asphaltenes and colloids on the oil–water

interfacial film to form a new easily fractured film. In addition, we also

carried out the magnetic response recovery experiment. The applica-

tion of carbon nanomaterials in demulsification not only broadens

the application scope of carbon nanomaterials, but also provides a

new idea for the application of efficient demulsifiers.
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