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on enhancing the demulsification and separation of cutting emulsions, which are beneficial
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tion region was determined to be an area 40 mm from the magnetic field source. Compared
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to the flocculant demulsification, the magnetic demulsification separation exhibited a sig-
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nificant advantage in accelerating flocs–water separation by decreasing the separation time
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of flocs from 180–240 min to less than 15 min, compressing the flocs by reducing the floc
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volume ratio from 60%–90% to lower than 20%, and showing excellent adaptability to the
variable properties of waste cutting emulsions. Coupled with the design of the magnetic
disk separator, continuous demulsification separation of the waste cutting emulsion was
achieved at 1.0 t/hr for at least 10 hr to obtain clear effluent with 81% chemical oxygen
demand removal and 89% turbidity reduction. This study demonstrates the feasibility of
applying magnetic demulsification separation to large-scale continuous treatment of waste
emulsion. Moreover, it addresses the flocs–water separation problems that occur in practical
flocculant demulsification engineering applications.
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Introduction
Cutting emulsions consisting of high-content mineral oil, concentrated surfactants, and various additives are necessarily applied as lubricants and coolants in metalworking processes (Wickramasinghe et al., 2020; Xue et al., 2020). Such
emulsions exhibit remarkable stability because their high
surfactant content induces the formation of nano-scale oil
droplets. In addition, they provide strong electrostatic repulsion amongst oil droplets and result in the assembly of a stable network structure that restricts droplet flow (Allende et al.,
2008; Chawaloesphonsiya et al., 2017; Tchoukov et al., 2014;
Zhao et al., 2019). After usage for a period of time, cutting
emulsions become less effective and are discarded as waste
cutting emulsions with an oil content of 1500–90,000 mg/L,
a droplet size of 100–1000 nm, and zeta potential of droplet
of −80 to −40 mV. This indicates that waste cutting emulsions originating from different sources vary greatly in terms
of their composition and properties. Waste cutting emulsions
pose a high risk to the environment and are therefore listed on
the National Catalogue of Hazardous Wastes of China (HW09).
The remarkable stability, variable properties, and high hazardousness of waste cutting emulsions make them extremely
difficult to handle.
Flocculant demulsification has been the most widely used
technique to treat emulsions in practical engineering applications owing to its low cost and easy operation. A flocculant
can neutralise the negative charge on oil droplets, induce the
destabilised oil droplet to aggregate into flocs, and cause the
flocs to squeeze against each other to separate from water
under gravity (Zhang, 2017). In waste cutting emulsions, oil
droplets are stabilised by a stable surfactant network structure. Although the flocculant can interact with the network
structure to form flocs, it cannot destroy this structure. Therefore, flocs show a spatial stability and cannot be efficiently
separated by just gravity, leading to a high floc volume ratio
(> 80%) and long separation time (˜240 min) (Xiong et al., 2020;
Zhou et al., 2019b). The low separation efficiency of the flocs
results in high practical engineering requirements for the reaction tank and sludge pool capacity. Furthermore, flocs require further treatment before their safe disposal, which not
only decreases the waste emulsion treatment efficiency but
also increases the operation cost. To resolve the high floc volume ratio and reduce flocs–water separation problems, an external driving force is required to enhance the separation of
flocs from water.
The magnetic field, which is a controllable force source,
has attracted considerable attention in studies of separation
(Kheshti et al., 2019; Rhein et al., 2019). In particular, magnetic
flocculation separation, in which a flocculant and magnetisation technology are combined, has been extensively used in
eliminating turbidity (Zhang et al., 2017), microalgae, bacteria, etc. (Abo Markeb et al., 2019; Liu et al., 2019). When applying a flocculant to capture pollutants and form flocs, magnetic particles are combined with flocs to magnetise them and
drag them rapidly (Ko et al., 2014; Zhou et al., 2019a). Recently,
the application of this technique was extended from solid particle separation to oil droplet destabilisation and separation.
For example, to achieve rapid treatment of oily-micro-polluted

surface water, Tang et al. used magnetic flocculation separation to accelerate oil removal, and they achieved 95% oil removal within 3 min (Tang et al., 2019). Our previous study applied nano-sized magnetic particles to enhance the demulsification separation of a waste emulsion and significantly
decreased the separation time from 210 to 20 min. In addition, the sludge volume ratio was reduced from 45% to 10%
(Xiong et al., 2020). Therefore, magnetic demulsification separation shows great potential to solve separation problems in
flocculant demulsification. However, current research remains
in the laboratory stage, and no industrial application of magnetic demulsification separation for complex waste emulsions
has been reported. Whether high separation efficiency can be
guaranteed after the treatment scale is expanded remains to
be determined.
To achieve the practical application of magnetic demulsification separation for waste emulsion treatment, the problem of low-cost magnetic particles must first be solved. The
currently used magnetic particles for demulsification separation are mainly nano-scale ones (Adewunmi et al., 2021;
He et al., 2020). Generally, small magnetic particles are considered to disperse more evenly in water and to collide easily and effectively with droplets to form magnetic flocs. Owing to their tiny sizes, nano-scale magnetic particles are normally harder to separate (Luo et al., 2017). Furthermore, these
particles are expensive, leading to their limited practical application (Zhou et al., 2019a). Evidently, the size of magnetic
particles plays an important role in determining both the separation efficiency and operation cost. Unfortunately, current
studies have reported contradictory results for the optimal
particle size to enhance demulsification separation and reduce costs. Therefore, this issue requires further investigation.
The practical application of magnetic demulsification separation strongly depends on the magnetic separation equipment. The magnetic field, which provides the most important
driving force for flocs–water separation, is the central component of magnetic separation equipment. Magnetic separation occurs as a result of diverse colloidal forces, such as magnetic attraction, gravitational forces, and interparticle forces,
acting on magnetic particles in the presence of an external
field (Hayashi et al., 2011; Luo and Nguyen, 2017). For effective separation of magnetic flocs, the magnetic force attracting the flocs must dominate the gravitational, inertial, fluid
drag, and diffusion forces when the flocs suspension flows
through the separation unit (Tang et al., 2013). However, only a
few studies have investigated the magnetic field conditions for
efficient magnetic demulsification separation, which has impeded the practical application of this technique. Therefore,
to realise the application of magnetic demulsification separation for waste cutting emulsion treatment, the effects of the
magnetic particle size and magnetic field on the separation
performance must be determined.
In this study, we focus on solving the key problems faced in
the engineering application of magnetic demulsification separation for waste cutting emulsion treatment. The influence of
the magnetic particle properties, especially the particle size,
on enhancing the performance of magnetic demulsification
separation, as well as the effects of magnetic field conditions
on efficient flocs–water separation, were investigated. After
determining the optimal magnetic particle size and magnetic

journal of environmental sciences 105 (2021) 173–183

field conditions, a magnetic demulsification and separation
system was designed to extend the waste cutting emulsion
treatment scale from bottle testing to continuous practical engineering applications.

1.

Materials and methods

1.1.

Characterisation of magnetic particles

Magnetic particles were selected in terms of the size, surface hydrophobicity, price, and purity. These magnetic particles were numbered from magnetic particle one to eight, abbreviated as MP1–MP8. MP1–MP5 (analytically pure) and MP6–
MP8 (industrially pure) were purchased from Wuxi Hengtai
Metal Material Co., Ltd., and Hebei Hongyao Mineral Products
Processing Co., Ltd., respectively. The average hydrodynamic
particle size and zeta potential of the magnetic particles were
measured using a zeta potential analyser (Malvern Instruments, Malvern, UK). The magnetic hysteresis loops of the
magnetic particles were measured using a Physics Property
Measurement System (Quantum Design, California, America)
at 25 °C. The water contact angle of the magnetic particles was
used to characterise their surface hydrophobicity. The suspension of the magnetic particles was filtered to form a particle
layer (by means of a vacuum) on a nitrocellulose membrane
(0.45 μm). The contact angles with water were then measured
on an SL200B instrument (Shanghai Solon Technology Science
Company, Shanghai, China).

1.2.
Sources and characterisation of original and waste
cutting emulsions
To study the effect of magnetic particle size on the demulsification separation performance, an original cutting emulsion was prepared by diluting commercial cutting oil with
water. Six waste cutting emulsions (E1–E6) with a different
droplet size, droplet surface charge, and chemical oxygen demand (COD) were selected from different industries, including
precision forging, electronic processing, and aerospace parts
manufacturing, to investigate the applicability of magnetic
demulsification separation. Both the original and the waste
cutting emulsions were characterised in terms of the COD,
droplet size distribution, and zeta potential. The COD of the
cutting emulsions was measured with the use of Hach cuvette test kits, a Hach digestion device (Hach DR200), and an
UV–vis spectrophotometer (Hach DR 3900). A certain volume
of sample was added to the corresponding kits cuvette and
was shaken to mix the agent with sample. The mixture was
heated to 150 °C for 2 hr. After cooling to normal temperature,
the COD was measured with the UV–vis spectrophotometer
at λmax = 620 nm. The droplet size and zeta potential of the
cutting emulsions were measured using a Malvern Zetasizer
Nano and Zeta potential analyser (Malvern Instruments, UK),
respectively. To prepare the sample, 0.1 mL of emulsion was
diluted to 10 mL by deionised water. After gentle mixing, the
sample was injected to a dust-free cylindrical quartz cuvette
for measurement.

1.3.
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Bottle test for magnetic demulsification separation

To investigate the effects of the magnetic particle characteristics on enhancing the demulsification separation of the cutting emulsion, experiments were performed by adding polyaluminium chloride (PAC) (2.0 g/L), polyacrylamide (PAM) as a
coagulant aid (0.0125 g/L), and eight types of magnetic particles (1.0 g/L) to an original cutting emulsion. This was followed by rapid mixing, slow stirring, and sedimentation. The
dosage of the PAC, PAM, and magnetic particles was determined based on a combination of a preliminary experiment
and practical application experience. The floc separation process was observed, and the volume change of the flocs was
recorded for 0–240 min under gravity (control group without
magnetic particle addition) or 0–30 min under the effect of a
NdFeB magnet (with magnetic particle addition) placed outside the bottom of the bottle. The COD removal ratio, turbidity,
time required for separation, and final volume percentage of
flocs were used to evaluate the performance of the magnetic
particles. To calculate the volume percentage of the flocs, the
volume was obtained based on the interface of the flocs and
water layers, and it was divided by the total volume of the liquid. After obtaining the optimal magnetic particle type, E1–E6,
which represented waste cutting emulsions from different industries, were used to investigate the applicability of magnetic
demulsification and separation. Appendix A Table S1 lists the
determined experimental parameters of the six waste cutting
emulsions.

1.4.
Setup of magnetic demulsification separation system
and continuous operation
The magnetic demulsification separation system was designed to conduct the continuous and large-scale treatment of
the waste cutting emulsion. The main components of the system consisted of an inlet zone, a demulsification zone (including pH regulation, PAC, magnetic particles, and PAM addition),
a magnetic separation zone, a water outlet zone, and a magnetic particle recovery zone. The PAC, PAM, and magnetic particle concentrations were 8.4, 0.2, and 10 g/L, respectively. The
waste cutting emulsion first flowed into the regulating tank,
where the pH of the influent emulsion was adjusted to ensure
that the flocculant could function at the most suitable pH condition. Then, the emulsion entered the front part of the demulsification zone. At this stage, PAC hydrolysed to form positively charged complexes and weakened the surface charge of
the emulsion droplet through electrostatic neutralisation and
bridging. The monodispersed oil droplets began to aggregate
and formed flocs. After the flocs entered the middle part of
the demulsification zone, the magnetic particles collided with
the flocs under the stirring action and combined with them to
form the magnetic flocs. Owing to the shear and modification
effects of the magnetic particles, the magnetic floc size was
reduced; however, the floc shape was more regular and compact. Finally, the coagulant aid PAM strengthened the capturing of fine flocs by netting and sweeping. When the magnetic
flocs entered the magnetic separation zone, they were separated from the water by the magnetic force of the disk (Fig. 1).
After the oily sludge was scraped by mechanical means, the
magnetic particles in the sludge were collected for reuse by
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Fig. 1 – Setup of magnetic demulsification separation system.

high-speed shearing. E3, the most problematic type of emulsion, was chosen to conduct the operation at 1.0 t/hr for 10
hr. The outlet was monitored at several time points to measure the COD, transmittance, ammonium nitrogen (NH4 –N),
and total phosphorus (TP). The COD, NH4 –N, and TP were measured with the use of Hach cuvette test kits, a Hach digestion
device (Hach DR200) and an UV–vis spectrophotometer (Hach
DR 3900). A certain volume of sample was added to the corresponding kit cuvette and was shaken to mix the agent with the
sample. Before TP measurements, the cuvettes were heated
to 150 °C for 0.5 hr. NH4 –N and TP were measured with the
UV–vis spectrophotometer at λmax = 655 nm and 880 nm, respectively. The transmittance of the effluent was directly measured with the UV–vis spectrophotometer (Hach DR 3900) at
λmax = 610 nm.
The key component of this system is a magnetic disk separator. The magnetic disk separator is a non-magnetic circular
plate embedded with permanent magnets (0.5 T). Three magnetic circular plates are installed on the circumference of the
same axis (Fig. 2). As the influent flows through the disk separator, flocs containing magnetic particles suspended in the
water are adsorbed onto the magnetic poles and separated.

1.5.
Measurement and calculation of magnetic field
distribution characteristics and transfer velocity of flocs
The magnetic field strength along the vertical direction of any
point on the central axis of the magnet could be calculated
by referring to the method proposed by Gou et al. (2004). The
theoretical magnetic induction intensity Bz could be calculated from Eq. (S1) (Appendix A). The magnetic induction gradient was calculated by using ∇Bz = ddBzz . The strength of the
magnetic field generated by the rectangular permanent magnet was measured by a hand-held Gauss metre (TX-15, Bei-

Fig. 2 – Magnetic disk separator.

jing CuiHaiJiaCheng Magnetoelectric Technology Co., Ltd.) and
a high-precision Hall probe.
To study the effect of the magnetic field on the floc separation, the settling rate of the flocs was investigated and calculated. The magnetic flocs were obtained after mixing the
waste cutting emulsion, flocculant, and magnetic particles.
To determine the velocity of a single floc, Newton’s law for
floc settling was extended by describing all the forces acting on a magnetic floc (Ko et al., 2014). Under the action of
a magnetic field, the flocs were predominantly under the effects of buoyancy, fluid drag force, and the magnetic field force
(Prigiobbe et al., 2015). The detailed calculation process could
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refer to the method reported by Luo and Nguyen (2017) that
was included in Appendix A.
Fb + Fdrag + FM = mp a

∂vp
∂t

(1)

Two assumptions were made: (1) the mass of the flocs is
very small (˜10−15 kg) and is therefore ignored, and (2) the
floc settlement process is considered an approximately onedimensional motion process. Moreover, only the component
forces and velocity components in the floc motion direction
are considered. Accordingly, the settling rate of a single magnetic floc under the action of a magnetic field can be expressed
as


1
VMPs χMPs
(2)
vp ( z ) =
Bz · ∇Bz + Vp (ρp − ρw )g
3π ηdp
μ0
where Vp (m3 ) is the volume of flocs, ρ p (kg/m3 ) is the floc density, ρ w (kg/m3 ) denotes the density of water, g (m/s2 ) is gravitational acceleration, and CD represents the resistance coefficient, which is related to Reynolds numbers, Re. In addition,
Ap is the projected area that is perpendicular to the direction
of motion, vp (m/s) is the relative velocity of the fluid and particle, dp (m) denotes the floc diameter, B (T) is the magnetic
strength, ∇B (T/m) represents the magnetic gradient, and VMPs
(m3 ) is the volume of magnetic particles in the flocs. Furthermore, χ MPs is the magnetic susceptibility of the magnetic particles, μ0 (H/m) denotes the space permeability, μ0 = 4π × 10−7
H/m, η (Pa•s) represents the dynamic viscosity coefficient of
water, and η = 1.01 × 10−3 Pa•s.
Floc diameter dp was measured using a laser particle size
analyser, and magnetic susceptibility χ MPs was determined
using a magnetic property measurement system. We assumed
that the total volume of the magnetic particles in the flocs
accounted for 5%. Appendix A Table S2 listed the parameters
used in the calculation.

1.6.

Observation of floc microstructure

The microstructure of the cutting emulsion, flocs induced by
PAC, and flocs formed by PAC and the magnetic particles were
determined using Cryo-SEM. The samples were collected in
plastic tubes and frozen in situ using liquid nitrogen. One
piece of a frozen sample was imaged in a frozen chamber at
–25 °C. An elemental analysis was performed using energydispersive X-ray spectroscopy (EDS, Phenom EDS) to determine the elemental composition of the flocs formed by PAC
and magnetic particles.

1.7.

Magnetic particle recovery and reuse

The effects of different recovery methods on the magnetic particle recovery ratio and reuse ability were investigated. The
magnetic floc was collected after demulsification separation,
and it was treated by heating at a temperature of 400 °C to
volatilise and decompose the oil, cleaning with ethanol under
ultrasonic conditions, cleaning with ethanol and hexane assisted with ultrasound. After the pre-treatment, the magnetic
particle was recovered and reused for magnetic demulsification separation of the fresh cutting emulsion.

2.
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Results and discussion

2.1.
Effects of magnetic particle characteristics on
demulsification separation
The selected magnetic particles were analysed in terms of the
particle size, surface hydrophilicity/hydrophobicity, magnetic
property, and surface charge, as summarised in Table 1. The
average hydrodynamic particle size of the eight magnetic particles ranged from 52 to 62,200 nm. The water contact angle
of MP1–MP6 was in the range of 10–20°, and that of MP7–MP8
was ˜150°. The price of commercially available bare magnetic
nano-particles is 1200 ¥/kg in China. In contrast, the magnetic
micro-particles cost only 50–110 ¥/kg, indicating that nanoscale magnetic particles are sold for 10–20 times the price
of micro-scale particles. Amongst the various magnetic particles, MP6 and MP8 have the lowest cost and thus show great
potential for large-scale applications. These magnetic particles exhibit small differences in terms of the surface charge
(zeta potential: −30 to −20 mV) and magnetic property (70–
85 emu/g, except for MP8, which has a low saturation magnetic strength of 1.2 emu/g). The low saturation magnetisation of MP8 may be attributed to the presence of impurities,
which conforms to the rule that non-magnetic material doping will affect the magnetic properties of the magnetic particles (Yoon et al., 2016). To better express the difference in the
magnetic particles, a radar map was produced after data normalisation. As shown in Appendix A Fig. S1, the properties of
MP7 and MP8, particularly the average hydrodynamic particle
size and hydrophilicity/hydrophobicity, are opposite to those
of the remaining magnetic particles.
Eight types of magnetic particles were applied to investigate the effects of key properties on the magnetic demulsification separation of an original cutting emulsion (Appendix
A Table S3 listed the properties of the emulsion). The COD
removal ratio, turbidity, separation time, and floc volume ratio after 240 min were used to characterise the demulsification separation performance of the original emulsion (column
of control in Fig. 3a–3d). The results indicated that the PAC
showed satisfactory demulsification activity on the emulsion
with a COD removal ratio of up to 95%, whereas the effluent
exhibited a high turbidity of 120 NTU. Furthermore, it required
almost 240 min to achieve flocs–water separation. The resulting flocs volume ratio was 45% (Fig. 3a–3d). The eight magnetic particles did not improve the COD removal; nevertheless, they all exhibited enhanced effects on the flocs–water
separation compared to PAC. Particularly, the turbidity was decreased by 82%–96% with the use of MP1–MP5, and all these
outperformed MP6–MP8, which showed a turbidity reduction
of only 36%–67% (Fig. 3b). The separation time was simultaneously decreased to 2–10 min by MP1–MP6 and to 25–30 min by
MP7–MP8, indicating that the floc separation velocity could be
accelerated by more than 120 times (Fig. 3c). MP1–MP6 could
decrease the flocs volume ratio to nearly 10%, thereby showing a reduction of more than four times (Fig. 3d). MP7–MP8 exerted a slight enhancing effect on floc reduction with a 25%–
32.5% floc volume ratio. The above results indicated that MP1–
MP6 exhibited more prominent effects than MP7–MP8 in terms
of strengthening the flocs–water separation. With overall con-
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Table 1 – Characteristics and properties of magnetic particles.
No

Water contact angle (°)

Hydrodynamic size (nm)

Price (¥/kg)

Zeta potential (mV)

Saturation magnetisation (emu/g)

MP1
MP2
MP3
MP4
MP5
MP6
MP7
MP8

10.8
13.4
14.0
14.8
18.6
13.7
151.6
152.5

52
460
1280
8340
6780
7250
35,400
62,200

1200
900
300
110
90
50
400
50

−27.8
−22.8
−27.5
−24.7
−24.4
−29.7
−22.7
−20.1

80
80
80
75
80
75
75
1.2

∗

With the black dotted line as the boundary, MP1–MP6 and MP7–MP8 are the hydrophilic and hydrophobic magnetic particles, respectively.

Fig. 3 – Magnetic demulsification separation ability of different magnetic particles after magnetic sedimentation for 30 min:
(a) COD removal ratio, (b) turbidity of effluent, (c) separation time, and (d) flocs volume ratio.

sideration of the separation efficiency and cost, the industrial
MP6 represented a promising magnetic particle for application and was used in the following demulsification separation
experiments.
The reuse ability of MP6 was further investigated. The
results indicated that its recovery ratio was nearly 80% by
ethanol and hexane cleaning aided with ultrasonic treatment.
During the three cycles of reuse, the turbidity and COD removal ratio remained 99.6% and 91.9% respectively, whereas
the effects of the magnetic particle on enhancing the flocs–
water separation and floc volume compression decreased
gradually (Appendix A Fig. S3). Therefore, although the magnetic particle exhibited recovery and reuse potential, its recovery ratio and reuse performance were not remarkable. This
remains a research question to be further explored.
As described above, the hydrophilic particles outperformed
the hydrophobic ones in terms of enhancing the demulsification separation. This may have been because hydrophobic par-

ticles tend to self-agglomerate under the effects of hydrophobic interactions in water. They consequently lose the ability to combine with the hydrophilic flocs to strengthen their
separation and compression. Amongst the hydrophilic magnetic particles, the average hydrodynamic particle size varies
widely from 52 to 8340 nm, indicating the possibility of using micro-scale magnetic particles to enhance the demulsification separation of emulsions. Since 2012, when Peng et al.
(2012) first used nano-scale magnetic particles to enhance
the demulsification performance of the chemical demulsifier
ethylcellulose, the nano-scale magnetic particles have played
a dominant role in enhancing the demulsification of emulsions (Li et al., 2014; Zhang et al., 2016). Especially the functional magnetic particle with a positive surface charge, which
can successfully overcome the stabilisation energy barrier between oil droplets by neutralising their charge, causes them
to adhere together and grow into flocs (Ko et al., 2017). The
magnetic particles with nano size and special surface prop-
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Fig. 4 – Magnetic field characteristics and floc transfer in the magnetic field. (a) Images of magnetic floc separation, (b)
magnetic strength, (c) magnetic field gradient, and (d) floc transfer velocity in the magnetic field.

erty are believed to have a higher interfacial activity and better dispersity, which is beneficial for them to interact with
oil droplets. However, nano-scale magnetic particles are difficult to recover and have an extremely high production cost,
making them unsuitable for large-scale practical applications
(Luo and Nguyen, 2017; Zhou et al., 2019a). The effect of increasing the magnetic particle size in magnetic demulsification separation has been a key problem hindering the largescale application of this technique to waste emulsion treatments. The findings of this study provide a solution to this
problem, thereby helping to extend the selectivity range of
magnetic particles from nano-particles to micro-particles in
practical engineering applications.

2.2.
Effects of magnetic field on floc transfer and
compression
According to the above demulsification results, one of the
most important roles of the magnetic field is to accelerate
the flocs–water separation. To determine the critical magnetic
field conditions for efficient flocs–water separation, the migration process of the magnetic flocs under the effects of a magnet was recorded within 300 s. With the addition of PAC at
5 g/L and MP6 at 1 g/L to E3 emulsion, and using a rectangular permanent magnet (0.25 T) as the magnetic field source,
the formed flocs could be separated rapidly in an area ˜40 mm
from the magnet in only 90 s (Fig. 4a), indicating the existence of an effective magnetic separation region. To reveal the
corresponding magnetic field properties, the magnetic field
strength was measured using a Tesla metre, and the magnetic
field gradient was calculated. The results indicated that the
magnet generated a flux density of 0.25 T at its centre surface.

This value decreased rapidly within 40 mm from the surface of
the magnet (Fig. 4b). Accordingly, the magnetic field gradient
was up to 9 T/m on the magnet surface. It decreased rapidly as
the distance increased to 40 mm (Fig. 4c). The magnetic field
strength and the magnetic field gradient variations well explained the effective separation region of 40 mm in Fig. 4a.
The variations of the magnetic field intensity and magnetic
field gradient with respect to distance were calculated by a
theoretical method to further support the above-mentioned
results. The calculated values of the magnetic field intensity
and the magnetic field gradient were found to exhibit strong
consistency with the measured values, indicating that the
calculation method adopted in this study was in accordance
with the actual situation. Based on the calculated values of
the magnetic field intensity and magnetic field gradient, the
transfer velocity of magnetic flocs in the magnetic field was
calculated. The results showed that the flocs settled rapidly
in the area 40 mm from the magnet, where the settling speed
attenuated rapidly from 0.065 to 0.002 m/s (Fig. 4d). The floc
settling velocity again validated the effective separation zone
of 40 mm. At the critical separation distance of 40 mm, the corresponding critical magnetic field strength and magnetic field
gradient were 0.03 T and 1.5 T/m respectively. Therefore, to
achieve flocs–water separation of E3 emulsion in practical engineering applications, the minimum magnetic field strength
and magnetic field gradient provided should be above 0.03 T,
and 1.5 T/m, respectively.
To reveal the role of the magnetic field in enhanced flocs–
water separation, the microstructure of the cutting emulsion,
the flocs induced by the PAC, and the flocs formed by the PAC
and the magnetic particles were characterized using CryoSEM. As shown in Fig. 5a, a complex network induced by
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Table 2 – Characterisation of waste cutting emulsions.

Fig. 5 – Cryo-SEM images of the flocs formed by the PAC and
magnetic particle. (a) Surfactant network, (b) microstructure
formed after PAC dispersion, (c) magnetic flocs, and (d)
magnetic flocs under a magnetic field.

the high content of surfactant formed in the cutting emulsion. The PAC was hydrolysed to form positively charged Alpolyhydric complexes and intertwined in the surfactant network to form a coarser surfactant–PAC floc structure (Fig. 5b).
When magnetic particles were present, they adhered to the
flocs, thereby shaping the magnetic floc network structure
(Fig. 5c). During this process, the positively charged PAC acted
as a bridge to connect the negatively charged surfactant network (along with the oil droplet) and magnetic particle. The
floc EDS energy spectrum indicated that the Al: Fe mass ratio
was approximately 1.09:1, which was consistent with the Al:
Fe mass ratio based on the PAC and magnetic particle dosage.
It thus demonstrated the successful combination of the magnetic particles and the flocs. Under the effects of the magnetic
field, the floc structure was destroyed and arranged directionally in the form of lines. Finally, the gap between the flocs was
filled, forming magnetic flocs with a high density and strength
(Fig. 5d).

2.3.
Application of magnetic demulsification separation to
waste cutting emulsion treatment
2.3.1. Magnetic demulsification separation performance for
various waste cutting emulsions
To investigate the adaptability of magnetic demulsification
separation, six waste cutting emulsions, which differed in
terms of the COD, droplet surface charge, and droplet size,
were selected from different industries, including precision
forging, electronic processing, and aerospace parts manufacturing, to represent the waste cutting emulsions produced in
metal cutting processes. As listed in Table 2, the COD of the
waste cutting emulsion varies from 28,500 to 392,800 mg/L,
indicating that the organic substance content differs significantly. The droplet size of the waste cutting emulsion ranges
from 100 to 1132 nm, indicating the nano-scale oil droplets

No.

pH

COD (mg/L)

Zeta potential (mV)

Droplet size (nm)

E1
E2
E3
E4
E5
E6

8.40
8.47
8.84
9.01
6.12
7.51

28,500
74,000
87,800
91,850
132,400
392,800

−59.3
−54.4
−44.5
−70.8
−46.0
−35.9

100.8
1132.0
624.5
270.0
665.7
114.4

in these emulsions. The zeta potential of the oil droplet is
in the range of −70 to −35 mV, demonstrating the strong
electrostatic repulsion between the droplets. Currently, magnetic particles are mainly used to treat model emulsions that
are stabilised with low surfactant contents. The size of the
oil droplets ranges from a few to dozens of micrometres
(Chen et al., 2018; Zhang et al., 2018, 2016). Compared to these
model emulsions, waste cutting emulsions exhibit remarkable
stability because the high surfactant content induces the formation of nano-scale oil droplets, provides strong electrostatic
repulsion amongst the oil droplets, and assembles into a stable network structure to restrict droplet flow (Allende et al.,
2008; Chawaloesphonsiya et al., 2017; Tchoukov et al., 2014;
Zhao et al., 2019). Therefore, the waste cutting emulsions are
more complex and difficult to handle.
To address the six different waste cutting emulsions, the
flocculant dosage was first optimised, which ranged from 3.75
to 20 g/L (Appendix A Table S1). The highest flocculant dosage
was applied at 20 g/L for E1 and E6, which exhibited the smallest oil droplet size and the highest COD. When the oil droplets
were extremely small or the oil concentration was high, more
flocculant was required to destabilise the droplets or to capture them to form flocs. Flocculant demulsification resulted
in a COD removal ratio of 74.2%–96.6% (Appendix A Table S4),
a separation time of 50–240 min (Fig. 4a), and a flocs volume
ratio in the range of 35%–90% (Fig. 4b) for the six emulsions.
E3, E4, and E5 exhibited a longer separation time and higher
floc volume ratio than the other waste cutting emulsions. This
may have been related to their strong stability resulting from
the small droplet size and negative charge on the droplet. In
particular, E3 showed the longest separation time and highest
floc volume ratio and was the most problematic type amongst
the six waste cutting emulsions. As could be observed, the required flocculant dosage and separation performance of flocs
varied greatly in terms of waste emulsions with different characteristics, which might lead to serious problems in practical
engineering applications.
Then, magnetic demulsification separation was used to
enhance the flocs–water separation of the six waste cutting
emulsions. Coupled with the magnetic particles and magnetic
field, the equivalent COD removal ratio of the six waste cutting
emulsions could be obtained (Appendix A Table S4). The required separation time was largely reduced from 50–240 min
to 5–15 min (decreased by 83%–94%) (Fig. 6a), and the corresponding floc volume ratio was reduced from 35%–90% to
10%–40% (decreased by 54%–77%) (Fig. 6b). In particular, for
E3, E4, and E5, which exhibited the highest difficulty in flocs–
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Fig. 6 – Separation performance for various waste cutting emulsions by flocculant demulsification separation (FDS) and
magnetic demulsification separation (MDS). (a) Separation time, (b) flocs volume ratio.

Fig. 7 – Magnetic disk separator and the effluents after treatment: (a) Magnetic disk, and (b) effluents during continuous
operation for 10 h.

water separation, the flocs–water separation time could be decreased by more than 90%, and the floc volume ratio could be
reduced by more than 70%. The magnetic particles greatly accelerate floc separation and compressed the flocs for the six
waste emulsions with different characteristics. Waste cutting
emulsion treatment has long been a difficult problem because
of the diverse composition and strong stability of the waste
emulsions. The variations in waste emulsions from one industrial source to another make it difficult to choose a general treatment technique (Benito et al., 2002). The results of
this study indicate the excellent adaptability and great application prospect of magnetic demulsification separation for
such complex waste cutting emulsions.

2.3.2. Application of magnetic disk separator to large-scale
continuous treatment of waste cutting emulsion
After comprehensively determining the optimal magnetic
particle size and critical magnetic field condition, the most
problematic emulsion, E3, was chosen to extend the emulsion treatment scale from laboratory testing to practical engineering applications. A magnetic demulsification and separation system was designed. Using this system, the waste
cutting emulsion first entered the regulating tank, then the
magnetic demulsification tank, and finally the magnetic disk

separator (Appendix A Fig. S2). With the magnetic disk rotating continuously, the magnetic flocs could be captured rapidly
by both sides of the disk (Appendix A Video S1). As shown,
a thick layer of flocs was firmly attached to the disk (Fig. 7a).
Then, the flocs were separated from the disk by a scraper blade
(Appendix A Video S2). After running for more than 10 h at a
flow rate of 1.0 t/h, the outlet was monitored at several time
points. The results indicated that the operation reached a stable state in a very short time and produced a clear effluent
(Fig. 7b). The COD, NH4 –N, and TP could be simultaneously
reduced by 79%, 46%, and 94.1%, respectively (Table 3). After
demulsification separation of the waste cutting emulsion, the
magnetic particles were recovered from the oily flocs by mechanical shearing. With a shearing force used to break the aggregated magnetic flocs into small pieces, nearly 40–60% magnetic particles could be separated from the flocs through a
magnetic drum. The recovered magnetic particles were transferred to the storage tank first, where high-speed stirring was
continuously maintained to sustain the dispersed state of the
magnetic particles. After sufficient stirring and dispersion, the
magnetic particles entered the magnetic flocculation area for
reuse. Therefore, magnetic demulsification separation could
achieve continuous large-scale treatment of the waste cutting emulsion. Furthermore, the effluent of the waste cutting
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Table 3 – Performance of magnetic disk separator during
10-hr operation.

Run time
(hr)

COD
removal
ratio (%)

Transmittance
(%)

NH4 –N
removal
ratio (%)

TP
removal
ratio (%)

0.5
1.5
2.5
4.0
6.0
8.0
10.0

76.5
75.8
76.3
73.9
76.5
81.2
79.0

68.1
54.9
70.6
84.1
84.4
88.6
86.3

40.0
46.0
34.0
42.0
46.0
48.0
46.0

98.4
92.3
95.1
92.8
88.4
96.1
94.1

emulsions treated at a large scale was comparable to that of
the laboratory experiments, thereby demonstrating the validity of the magnetic particle size and magnetic field condition
determined in Sections 2.1 and 2.2.
In the application of flocculant demulsification for waste
cutting emulsion treatment, flocs–water separation has been
the most prominent problem. Owing to the high oil content and strong stability of waste cutting emulsions, the
floc volume is generally high. The gravity or buoyancy that
serve as the main driving force for flocs–water separation
cannot induce fast separation. Therefore, floc separation requires a long time, leading to high requirements for the reaction tank or sludge pool capacity (Duan et al., 2019; PerezCalderon et al., 2018). Furthermore, because of the great variation in the emulsion properties, flocs may float or sink
after demulsification, resulting in significant challenges in
achieving stable flocs–water separation. Magnetic demulsification separation can operate continuously in a limited space.
Owing to the strong adhesion and extrusion pressure applied by a magnetic disk, it can efficiently separate and compress the flocs irrespective of whether they tend to float or
sink. Initially, the magnetic separation technique was used
to eliminate turbidity (Lv et al., 2019), microalgae, bacteria,
etc. (Abo Markeb et al., 2019; Ma et al., 2020), which involved the separation of solid particles. Recently, it has been
used to remove oil droplets from water at a laboratory scale
(Romanova et al., 2019). The present study represents a significant advancement in extending the separation target from
solid particles to liquid oil droplets in practical engineering
applications.

3.

Conclusions

In this study, magnetic demulsification separation was applied to treat waste cutting emulsions. The micro-scale magnetic particles were found to show comparable effects to
nano-scale magnetic particles on significantly shortening the
separation time of the flocs and reducing the floc volume
ratio, which is beneficial to broadening the selectivity of
low-cost magnetic particles. The critical magnetic field conditions for rapidly transferring and compressing the flocs
were determined. Furthermore, the magnetic demulsification separation technique was confirmed to exhibit excel-

lent adaptability to waste cutting emulsions from different
sources. Coupled with the design of the magnetic disk separator, magnetic demulsification separation of waste cutting emulsions was successfully extended from a laboratoryscale bottle test to large-scale continuous treatment. This
paper reports one of the first large-scale engineering applications of magnetic demulsification separation to waste
cutting emulsion treatments, which is expected to reduce
the flocs–water separation problems that occur in flocculant
demulsification.
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