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A B S T R A C T   

Emulsion wastewater contain substantial amounts of oil and various additives, which pose threats to the envi-
ronment and human health. Demulsification is a crucial pretreatment stage for wastewater. This study aims to 
identify a novel electro-demulsification method with high oil removal efficiency and low energy consumption. 
Modified carbonized birch wood with a unique isotropic multiscale pore structure is used as a self-standing 
electrode to treat a toluene oil-in-water (O/W) emulsion. The electrode must have a highly porous structure 
to facilitate efficient water diffusion and oil adsorption. It must also have high electronic conductivity to expedite 
polarized molecular electrophoresis to realize penetration into the pores and, subsequently, demulsification. 
Guided by an applied electric field force, polarized O/W droplets are drawn toward the electrode, revealing 
electrical characteristics distinct from those of polarized organic molecules. This electric field force augments the 
capture and adhesion of droplets by the electric double layer at the electrode interface. Consequently, adsorbed 
droplets in close proximity to the electrode rupture due to the combined influence of the electric field force and 
the electrostatic effects stemming from the electrode’s multiscale porous structure. This synergistic action en-
ables demulsification to occur efficiently at low energy consumption levels. This study has revealed that electro- 
demulsification can effectively treat toluene emulsions stabilized by various surfactants and microemulsion 
containing toluene. Therefore, this electro-demulsification technology can be further developed for various types 
of water pollution.   

1. Introduction 

Various industrial processes, including those applied in the metal 
processing, pharmaceutical, cosmetics, food, and crude oil industries, 
produce a substantial quantity of oil-containing emulsified wastewater 
[1]. Oil-in-water (O/W) emulsified wastewater is prevalent, primarily 
comprising mineral oil, synthetic oil, water, and different additives [2], 
and often exhibiting complex compositions that are difficult to bio-
chemically treat [3,4]. In industrial production, the presence of emul-
sions often leads to equipment wear, corrosion, and rust, consequently 

increasing operational and production expenses [5,6]. Oils, surfactants, 
and other additives in emulsions can be mutagenic and carcinogenic to 
human health, and they inhibit plant growth [7,8]. Many workers suffer 
from various skin diseases when exposed to cutting fluids [9,10]. 

The key problem in treating oily wastewater is breaking the emulsion 
[4]. Traditional demulsification methods can generally be categorized 
into several categories, such as chemical treatment, which can result in 
secondary pollution [11,12]. Although effective, biological treatment 
has limitations, such as a slow degradation speed and harsh reaction 
conditions [13]. Physical adsorption is another method, but it is 
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restricted by limited adsorption capacities and the separation process 
[14,15]. Although these treatment methods are relatively mature, they 
have drawbacks, which limit their applicability to simultaneous 
demulsification and oil remove [1]. Therefore, there is an urgent need to 
establish a novel demulsification method characterized by high effi-
ciency, low energy consumption, cost-effectiveness, and no secondary 
pollution. Electro-demulsification offers several advantages, including 
environmental friendliness, cleanliness, simplicity, and high efficiency 
[16]. However, the high energy consumption increases the cost, and 
high-risk factors limit industrial application [18]. In previous studies, 
traditional demulsification methods using high direct current (DC) 
voltages at the kilovolt (kV) level have been used for water-in-oil (W/O) 
emulsions. For example, Woo-Taeg Kwon et al. [17] used voltages 
ranging from 2 to 5 kV to treat W/O emulsions but achieved a separation 
efficiency of less than 80 %. Tsuneki Ichikawa et al. [18,19] discovered 
that rapid demulsification of heavy oil O/W emulsions is possible with 
cationic connections. However, they reported a voltage reduction until 
30 V. 

Therefore, there is no precedent for treating emulsions using electro- 
demulsification combined with adsorption while realizing dramatically 
reduced energy consumption and improved removal efficiency. Conse-
quently, we here describe, for the first time, the use of self-standing 
electrodes made from biomass-based carbon materials to treat oily 
emulsions through electro-demulsification. Wood possesses open chan-
nels along its growth direction that transport water, ions, and nutrients 
from the plant’s roots to the rest of the plant. These channels form a 
distinctive anisotropic structure consisting of both mesopores and mi-
cropores [20–23], and this porous structure is responsible for the high 
specific surface area of biochar. Carbonized biomass carbon offers the 
advantages of excellent electrical conductivity, widespread availability, 
large-scale production, and cost-effectiveness [24,25]. 

In the demulsification experiments in this paper, electrodes operated 
without an applied voltage serve as controls to emphasize the impact of 
electro-demulsification. Drawing on the results of experiments, charac-
terizations, modeling, and density functional theory (DFT) calculations, 
the mechanisms of electro-demulsification leading to demulsification 
and toluene removal are investigated systematically and comprehen-
sively. The effects of voltage magnitude, toluene concentration, and 
surfactant type on the demulsification process and the electrode 
demulsification cycle are studied. This combined technology using 
multiscale self-standing carbonized birch electrodes may become pop-
ular for application in the treatment of different wastewaters. 

2. Materials and methods 

2.1. Methods for the preparation and characterization of electrodes 

Birch electrodes were made via hydrothermal modification and 
carbonization. Initially, soaked birch was cut into a sheet of 5.0 × 0.3 ×
1.5 cm3. Soaking softens the wood, making it easier to cut it into the 
desired shapes without damaging its structure. The electrode- 
synthesized method was employed in our published work [26]. A total 
of 10.00 g of D-glucosamine hydrochloride (GlcN) (Biotech, Macklin, 
China) was dissolved in 100 mL of ultrapure water to obtain GlcN so-
lution. A total of 1.00 g of Fe2(SO4)3⋅7H2O (AR, SCR, China) and 1.16 g 
of NiCl⋅6H2O (AR, SCR, China) were dissolved in 100 mL of GlcN so-
lution, resulting in an aqueous solution. The wood slice was impreg-
nated with the mixture by vertically placing the wood in the solution. 
After ultrasonication (0.5 h), the hydrothermal reaction was performed 
in a Teflon-lined stainless-steel autoclave at 180 ◦C for 15.0 h [26]. 
Metal precursors (Ni2+ and Fe3+) and GlcN were attached to the surfaces 
and pores of the wood. GlcN and hydroxyl groups in wood can fix metal 
cations and contribute to the formation of nanoparticles (NPs) in wood 
[27]. After the hydrothermal reaction, the surface of the birch was 
rinsed with acetone and ultrapure water to remove impurities. Then, the 
birch wood was completely submerged in a triangular flask containing a 

solution of acetone with 12.50 g/L 2,3-dihydroxynaphthalene (98 %, 
Macklin, China) under vacuum conditions for 12.0 h to remove organic 
impurities in the wood and to keep the pores open [26]. 2,3-Dihydrox-
ynaphthalene can increase the degree of graphitization in the carbon-
ization of biomass electrodes, leading to enhanced electrical 
conductivity. It also facilitates the formation of nitrogen-containing 
functional groups, improving the pore structure and surface area of 
the electrode material [28,29]. The hydrothermally modified wood was 
freeze-dried (Bilang, China) at − 50 ◦C for 12.0 h to remove excess 
moisture and residual organic matter. Subsequently, the freeze-dried 
wood was toughened for carbonization treatment. Finally, under a N2 
protective atmosphere, the wood was carbonized in a tube furnace at 
350 ◦C for 3.0 h and at 1000 ◦C for 2.0 h [26]. After carbonization, the 
modified wood was labeled NiFe/CW (carbonized birch wood doped 
with NiFe NPs). The electrode prepared without metal doping is denoted 
as CW. The electrical conductivity of both electrodes was tested [26]. 

Scanning electron microscopy (SEM; Hitachi, Japan) was used to 
study the morphology, pore shape and metal particle distribution 
characteristics on the surface of the NiFe/CW electrode. The specific 
surface area and pore size of NiFe/CW were analyzed using an automatic 
physical adsorption instrument (BET; Quantachrom, U.S.A.). The 
elemental composition of NiFe/CW was analyzed using scanning 
transmission electron microscopy (STEM; Czech FEI, Czech) in combi-
nation with energy dispersive X-ray spectroscopy (EDX). The crystalli-
zation of the NiFe/CW metal alloy after carbonization was examined 
using an X-ray diffractometer (XRD; Tongda, China) at 20.0–80.0◦ (2θ). 
Furthermore, the metal content in NiFe/CW was analyzed by X-ray 
photoelectron spectroscopy (XPS; Esca Laboratory 250 Xi, measured by 
Guangzhou Quality Testing Technology Service Co., Ltd, China). The 
conductivity setup is a four-point probe setup (Ossila Ltd., UK) and the 
used software Sheet Resistance (v. 2.0.3.0, Ossila Ltd., UK). Using a 
Nuclear Magnetic Resonance (NMR) spectrometer to analyze the 
changes in H spectrum of an emulsion before and after its demulsifica-
tion (AVANCE NEO 400 MHz, Bruker). 

2.2. Methods for the preparation and characterization of emulsions 

2.2.1. Preparation of emulsions/microemulsions 
Toluene (>99.5 %) was used as the oil phase of the emulsions and 

microemulsions, and various types of surfactants were used as 
stabilizers. 

The concentrations of all surfactants in the toluene emulsion were 
controlled at 0.50 g/L. The specific configurations were as follows: 
polyethylene glycol sorbitan monolaurate (Tween-20) (>96 %, nonionic 
surfactant, hydrophilic-lipophilic balance = 16.7, Solarbio, China) was 
used to stabilize toluene emulsions with toluene volume fractions of 1 % 
and 5 %; sodium dodecyl sulfate (SDS) (95 %, anionic surfactant, 
hydrophilic-lipophilic balance = 40.0, Solarbio, China) was used to 
stabilize toluene emulsions with a toluene volume fraction of 1 %; and 
cetyl-trimethylammonium bromide (CTAB) (99 %, cationic surfactant, 
hydrophilic-lipophilic balance = 15.8, Solarbio, China) was used to 
stabilize toluene emulsions with a toluene volume fraction of 1 %. The 
surfactant was dissolved in the oil phase, and the aqueous phase was 
slowly added under stirring. The mixture was stirred at 1500 RPM for 
0.5 h and ultrasonicated for 0.5 h to prepare the toluene emulsion. 
Emulsions with low oil contents are relatively stable [30]. The diluted 
emulsions showed no spontaneous demulsification when allowed to 
stand for over 3.0 d. 

The 1 % toluene microemulsion was prepared using Tween-20 as a 
stabilizer and 1-butanol (AR, SCR, China) as a co-solvent. The volume 
ratio of toluene:Tween-20:1-butanol: water was 44.2:4:0.8:1. First, 
Tween-20 was mixed with 1-butanol and stirred thoroughly. Then, ul-
trapure water was added. Finally, toluene was added slowly, the solu-
tion started to become turbid, and stirring was continued until the liquid 
was stratified. The lower layer of the light blue liquid was the 1 % 
toluene microemulsion. 
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2.2.2. Characterization of toluene and emulsions 
The O/W droplet states were monitored during demulsification using 

optical microscopy (Soptop, China). An ultraviolet (UV)–visible (Vis) 
spectrophotometer (Shimadzu, Japan) was utilized to measure the 
transmittance and toluene content of the samples post-demulsification. 
Toluene solutions were prepared with methanol as the solvent at 
various concentrations. Scanning was performed in the 200–400 nm UV 
wavelength range, and the absorption peak at 261 nm was confirmed to 
correspond to the characteristic absorption peak of toluene (Fig. S1a, 
Supporting information). Then, the absorbance value of toluene at 261 
nm was measured for solutions with varying concentrations, and a 
standard curve of toluene concentration vs. absorbance was generated 
with an R2 value of 0.9988 (Fig. S1b, Supporting information). The 
standard curve was used to calculate the toluene content in the solutions 
after demulsification. A high-speed camera (iX-Cameras, U.K.) was 
employed to capture the dynamics of toluene adsorption by the 
electrodes. 

During the experiment, as demulsification progressed, the trans-
parency levels of the emulsions/microemulsions gradually increased. 
Transmittance in the visible range was highly correlated with the degree 
of demulsification for the emulsions/microemulsions. Therefore, trans-
mittance was employed to quantify the degree of demulsification of the 
emulsions/microemulsions. The transmittance spectra of the emulsions 
were monitored over time in the 200–800 nm range. The transmittance 
at 700 nm was utilized to assess the degree of demulsification (Fig. S2, 
Supporting information). Before the demulsification experiment, the 
transmittance of ultrapure water was adjusted to 100 % at 700 nm. 
Emulsions with a concentration of 1 % were subjected to voltages of 1.0 
V, 1.2 V and 1.5 V, and 5 % emulsions were treated with a voltage of 1.5 
V and 5.0 V. The 1 % microemulsion was treated with a voltage of 5.0 V. 

In the experiment, when the transmittance of the sample at 700 nm 
reached 90 %, it indicated complete clarification of the emulsion/ 
microemulsion. Moreover, under this condition, no O/W droplets were 
observable under the microscope, and the toluene removal efficiency 
surpassed 90 %. Therefore, a transmittance of 90 % was adopted as the 
criterion for complete demulsification. 

2.2.3. Toluene removal efficiency (η) 

η =
Va − Vb

Va
(1)  

where Va is the initial concentration of toluene in the emulsion (V/V) 
and Vb is the concentration of toluene after complete demulsification. 

2.2.4. Specific energy consumption calculation 
The specific energy consumption (SEC) in Equation (2) is defined as 

the electrical energy required to adsorb 1 kg of toluene in wastewater at 
the electrode (kWh) [31–33]. 

SEC =
103E

VρηVa
(2) 

In the above formula for calculating SEC (kWh kg− 1), E is the 
consumed electric energy (kWh), V is the volume of the sample (mL), ρ is 
the density of toluene (0.87 g cm− 3), and η is the removal efficiency of 
toluene. 

2.3. Preparation of the demulsification experiment 

As shown in Fig. 1, two NiFe/CW electrodes were arranged in par-
allel, connected by copper wires, and separated by a 1.5 mm thick 
insulating gasket. The total mass of both electrodes was approximately 
0.65 g. Three groups were set up: an experimental group, a control 
group, and a blank group. The experimental samples were measured 
with applied voltages and electrodes, the control samples were tested 
with electrodes and without applied voltage, and the blank samples 
remained free from electrodes and voltages. A parallel control test was 
employed to evaluate and compare the electro-demulsification proper-
ties of the electrode. An Ivium electrochemical workstation (IVIUM 
Technologies, Netherlands) controlled by a computer was connected to 
copper wires on the electrode via electrode clips; the electrode was 
inserted vertically into the reactor containing 18 mL of the emulsion. 
The sampling port was set and sealed. Two copper wires and the sam-
pling port protruded from three holes on the cap to avoid evaporation of 
the emulsion. The demulsification experiments were conducted under 
magnetic stirring (100 RPM, JD, China). Given that demulsification can 
be achieved using a single electrode, a similar experiment was per-
formed with a single electrode (Fig. S3, Supporting information). 

Fig. 1. Schematic diagram of the demulsification experiment: 1, 2 and 3 represent the experimental group, control group and blank group, respectively.  
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2.4. DFT analysis method 

To gain deeper insight into the process and mechanism of electro- 
demulsification and the removal of organic matter by biomass elec-
trodes, a C54H18 graphene model with 19 benzene rings was used to 
represent a pure graphene electrode (Fig. S4a, Supporting information). 
All carbon atoms were sp2 hybridized, and each carbon atom bonded 
with three other carbon atoms, forming a honeycomb polygon. The 
edges of the model were balanced with hydrogen atoms, and the gra-
phene system had a closed-shell electronic configuration [34]. However, 
the pyrolysis of biomass normally forms graphene-like substances 
(biomass model, C57H16O8) with some acid functional groups (Fig. S4b 
and S4c) [35], namely, lactone, phenol, lactol, and carboxyl groups 
(Fig. S4b, Supporting information) [35,36]. The C54H18 graphene model 
was used to represent a pure graphene electrode, and the C57H16O8 char 
model was used to simulate the biomass electrode. To study the 
adsorption process, a statistical physics theory was built with two hy-
potheses: (i) the solution was an ideal solution and (ii) there were no 
mutual interactions between the adsorbent (i.e., NiFe/CW) and solvent 
(i.e., water) [35]. 

Both simplified electrode models (Figs. S4a and Fig. S4b) were uti-
lized in the density functional theory (DFT) calculations. Becke’s 
gradient-corrected exchange–correlation, the Lee–Yang–Parr correla-
tion functional, and Grimme’s D3 dispersion correction (B3LYP-D3) 
were used. This functional delivered an excellent compromise between 
computational time and electronic properties, such as electronic en-
ergies, vibrational frequencies, and structural information, in previous 
studies [37–43]. In all calculations, the “Gen” keyword was used. To 
improve the computational efficiency, C, H, and O atoms adopted the 6- 
311G (d, p) method, and the Los Alamos National Laboratory (LANL) 
effective core potentials (ECPs) with the appropriate valence double- 
zeta basis set (LANL2DZ) were used for metal atoms (Ni, Fe). The 
geometrical minima were confirmed by vibrational analysis without 
imaginary frequencies. The zero-point vibrational energy (ZPVE) was 
obtained in the frequency calculations to correct the electronic energies. 
All calculations were performed using the Gaussian 09 Revision E.01 
suite of programs [43]. 

The binding energy (BE) between the adsorbent surface and the 
adsorbate species was obtained using the following equation [44]: 

BE = Etotal − (Eadsorbate + Eadsorbent) (3)  

Where Etotal is the total electric energy of the system after adsorption, 
Eadsorbate is the electric energy of the adsorbate species, and Eadsorbent is 
the energy of the adsorbent surface. 

Finally, the adsorption of toluene on the electrode, the effect of the 
doped metal, and the effect of the electric field on adsorption were 
analyzed by DFT calculations and models. 

3. Results and discussion 

3.1. Structure and morphology of the electrode 

In our previous work [26], the synthesis of the NiFe/CW electrode 
was comprehensively studied; this synthesis involves two critical steps 
(Fig. 1). First, metal cations such as Ni2+ and Fe3+ are introduced into 
native wood through a hydrothermal treatment process, allowing them 
to permeate the hollow pores of the wood. Subsequently, controlled 
pyrolysis is employed with varying temperature gradients. To initiate 
the process, a carbonization temperature of 350 ◦C is employed to 
facilitate metal nucleation, thereby promoting the development of 
metallic crystals and a graphitic structure. Subsequently, the tempera-
ture is gradually raised until it reaches 1000 ◦C. These steps are critical 
for the production of a self-standing electrode, as they prevent the car-
bon from becoming brittle and ensure the retention of high electronic 
conductivity. 

Figs. 2 and 3 show the physical characterization results of the 
biomass electrodes following hydrothermal treatment and carboniza-
tion. The SEM images of the NiFe/CW electrodes (Fig. 2a–2c) show 
honeycomb-like pores that are similar to the original 3D pore structure 
of wood. Some particles were attached to the cell walls of the electrode 
pores (Fig. 2b), and these particles were nanorod shape (Fig. 2c). These 
particles were identified as doped NiFe NPs on the basis of transmission 
electron microscopy (TEM) elemental mapping (Fig. 2e–2i). The XRD 
pattern corresponded to a face-centered cubic crystal structure with 2θ 
values of 44.2

◦

, 51.5
◦

, and 75.8
◦

, corresponding to the (111), (200) and 
(220) crystallographic planes (Fig. 3a). The main product was nickel 
iron ore (FeNi3). Further XPS analysis of the metals Fe and Ni revealed 
that the characteristic peaks of Fe 2p3/2 and Ni 2p3/2 were located at 
707.0 eV and 853.1 eV, respectively (Fig. 3b, 3c). This indicates that Ni 
and Fe primarily existed in the form of metals and minor metal oxides 
[26,45,46]. The atomic content analysis by XPS results indicated an 
approximate total metal atomic percentage of 3.2 % (Fig. 3d), with 
carbon constituting 88.4 % and oxygen comprising 5.7 %. The C1s 
spectrum XPS results for the samples are shown in Fig. 3e and Fig. S5. 
Carbon atoms differ in their binding energies depending on whether 
they are linked to one oxygen atom by a single or double bond or to two 
oxygen atoms [47]. The main peak at 284.7 eV corresponds to sp2 hy-
bridized C = C bonds, while the peaks at 287.2 and 288.9 eV are 
attributed to bonding with oxygen atoms [26]. The FT-IR spectrum of 
the biochar is shown in Fig. 3f. The most obvious peak was at 3430 
cm− 1, which is related to hydroxyl groups on the biochar surface [48]. 
The peak at 2820 cm− 1 can be attributed to C-H in alkanes, indicating 
the existence of aliphatic structures in the biochar [49]. In addition, the 
absorption peak at 1631 cm− 1 represents the carbonyl functional group 
in conjugated olefins [50,51]. The absorption peak at 1590 cm− 1 rep-
resents the stretching vibration of C = C [49]. The signal at 1080 cm− 1 

comes from the stretching of the C-O group in esters and phenols 
[52,53]. These acidic functional groups can serve as binding sites for the 
adsorption of organic compounds. The peak corresponding to the 
bending vibration of the C-H bond in olefins can be observed at 989 
cm− 1. Additionally, the π-π* transition indicates the presence of 
aromaticity in the electrode. The porosity of NiFe/CW was analyzed by 
the nitrogen adsorption method, and the obtained Brunauer–Emmett–-
Teller (BET) surface area was 387 m2/g [26]. The pore size distribution 
diagram confirmed that the surface porosity of the carbonized birch is 
mainly characterized by micropores (Fig. 3g), and the isotherm of the 
NiFe/CW electrode exhibits a typical type IV hysteresis curve (Fig. 3h), 
indicating the presence of mesopores in the electrode [26,54]. The 
multiscale porous structure of the electrode material, especially the 
well-developed micropores, significantly contributes to the removal of 
emulsions and organic compounds. 

3.2. Electro-demulsification experiment 

3.2.1. Demulsification of the 1 % toluene–Tween-20 emulsion 
The novel electro-demulsification method, utilizing carbonized birch 

as a self-standing electrode, was initially developed. To assess its feasi-
bility, Tween-20-stabilized emulsions containing 1 % toluene were sub-
jected to three different voltages: 1.0 V, 1.2 V, and 1.5 V. Fig. 4a illustrates 
that demulsification was most effective in the experimental sample sub-
jected to an electric field, resulting in over 90 % transmittance in 5.0 h. In 
contrast, the control sample reached only 50 % transmittance, and the 
blank sample had the lowest transmittance, approximately 10 %. In 
summary, the demulsification effectiveness follows this order: experi-
mental group > control group > blank group. A transmittance of 90 % 
was adopted as the criterion for complete demulsification (vide supra). A 
comparison of the transmittance at different voltages revealed that 
demulsification at 1.5 V achieved 90 % transmittance in 2.3 h, whereas at 
1.2 V, it took 4.3 h, and at 1.0 V, the process required 4.7 h. The toluene 
removal efficiency was shown in Fig. 4b. At 1.5 V, the toluene removal 
efficiency reached 99.13 %. The performance data was summarized in 
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Table 1 and Table S1. The demulsification experiment at 1.5 V exhibited a 
high toluene removal efficiency and low electricity consumption, 
requiring only 5.56 × 10-7 kWh to achieve complete demulsification. 
Additionally, increasing the voltage reduced the SEC from 0.011 kWh 
kg− 1 to 0.004 kWh kg− 1, demonstrating the advantage of demulsification 
at 1.5 V. Therefore, when treating 1 % emulsions, using 1.5 V for 
demulsification offers additional advantages. The electrode was cycled 
five times. Nevertheless, the demulsification ability diminished (Fig. S6, 
Supporting information). This phenomenon is likely attributed to the 
adsorption of high-molecular-weight surfactants onto the electrode, 
resulting in the clogging of electrode pores. Additionally, it may be 
associated with the potential collapse of the pore structure during oper-
ation. Future endeavors will be directed towards enhancing the durability 
of the electrode. 

The distribution and state characteristics of O/W droplets in the 
emulsion during demulsification at 1.5 V were observed with an optical 

microscope (Fig. 5). Initially, no voltage was applied, and the field of 
view was filled with droplets below 5.0 µm in size. With the continuous 
application of voltage, the number of droplets gradually decreased; at 
2.0 h, the droplets in the field of view almost completely disappeared. 
Overall, considering the motion of the emulsion under the electric field 
(Video S1), there was no noticeable droplet coalescence. Furthermore, 
the droplet size remained relatively constant, but the number of droplets 
decreased as the experiment progressed (Fig. 5). Consequently, the 
electric field force did not cause noticeable coalescence of the droplets. 
Additionally, However, it did facilitate the adsorption and accumulation 
of polarized molecules within the electrode’s pores, potentially resulting 
in demulsification processes occurring within the electrode. Therefore, 
the increase in emulsion transmittance is primarily attributed to the 
reduction in the number of emulsion droplets, which is mainly caused by 
the demulsification resulting from electro-demulsification on the 
electrode. 

Table 1 
Comprehensive analysis of the demulsification effect when the transmittance of the emulsion reaches 90%.  

Groups a t (h) b E (kWh) c q (mg g− 1) d SEC (kWh kg− 1) 

1.0 V–1 % Emulsion–Tween-20 4.7 1.76 × 10-6 236 0.011 
1.2 V–1 % Emulsion–Tween-20 4.3 2.31 × 10-6 237 0.015 
1.5 V–1 % Emulsion–Tween-20 

5.0 V–5 % Emulsion–Tween-20 
2.3 
3.4 

5.56 × 10-7 

1.19 × 10-5 
239 
1180 

0.004 
0.016 

5.0 V–1 % Microemulsion–Tween-20 6.9 1.85 × 10-4 226 1.259 
1.5 V–1 % Emulsion–SDS 3.2 4.22 × 10-6 238 0.027 
1.5 V–1 % Emulsion–CTAB 3.5 4.60 × 10-6 237 0.030  

a t is the time required for the transmittance of the emulsion to reach 90%, b E is the consumed electric energy, which was obtained from Ivium software, c q is the 
adsorption capacity of the electrode, and d SEC is the specific energy consumption. 

Fig. 2. Characterization of the FeNi/CW electrode. (a–c) SEM images; (d) STEM image; and (e–i) EDX mapping images.  
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Fig. 3. Characterization of the FeNi/CW electrode. (a) XRD image; (b-c) XPS spectra of Fe 2p and Ni 2p corresponding to the electrochemical performance tests; (d) 
XPS survey scan spectra and surface atomic ratios; (e) FT-IR spectra; (f) XPS C 1 s spectra; (g) pore size distribution; (h) N2 adsorption–desorption isotherm. 
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To further emphasize the initial advantage of the NiFe/CW electrode 
in demulsification, a 1 % emulsion was treated with the CW electrode 
（without metal） at a voltage of 1.5 V. As shown in Fig. S7, during the 
demulsification process of the CW electrode, the transmittance 
increased slowly at first 2.5 h, and complete demulsification was not 
achieved until 5.9 h. At this time, the removal efficiency of toluene was 
97.03 %. Due to the lack of a metal support, the CW electrode is 
extremely fragile and easy to break, and the surface of the electrode 

easily falls off during demulsification. Furthermore, our previous pub-
lication [26] characterized the electron conductivity of CW and NiFe/ 
CW samples, revealing that NiFe/CW electrodes exhibit higher electron 
conductivity, with a tangential conductivity of 8.41 × 102 S/m. 

3.2.2. Demulsification of the 5 % toluene–Tween-20 emulsion 
The above experiments demonstrate that effective demulsification 

and toluene removal can be achieved by using low voltage at low 

Fig. 4. (a) Change in transmission over time in the demulsification experiment with a 1% emulsion. (b) Toluene removal efficiency.  

Fig. 5. Distribution of O/W droplets observed under an optical microscope during demulsification at 1.5 V and corresponding sample photographs.  
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concentration. Achieving demulsification at a high concentration is of 
great practical significance. The demulsification processes of 5 % 
emulsified wastewater at 1.5 V and 5.0 V were investigated (Fig. 6). The 
demulsification effectiveness in the control group decreased notably at 
slightly higher emulsion concentrations. The demulsification process of 
the 5.0 V–5 % emulsion treatment was similar to that of the 1.5 V–1 % 
emulsion treatment, and the transmittance reached 90 % at 3.4 h. In 
addition, the SEC resulting from the 5.0 V treatment was 0.016 kWh 
kg− 1 (Table 1), the removal efficiency of toluene in the emulsion was 
97.97 %, and the electroadsorption capacity was 1180 mg g− 1. How-
ever, the experimental transmittance for 1.5 V was only 27 %. Therefore, 
when the concentration of the oil phase in the emulsion increases, the 
applied voltage can be increased to facilitate the demulsification of 
emulsion wastewater and the removal of toluene. 

3.2.3. Effect of a microemulsion on demulsification 
In the demulsification experiment of the 1 % toluene-microemulsion 

system, noticeable demulsification occurred when the voltage increased 
to 5.0 V. Figs. 7 and 8, the transmittance of the microemulsion was 
initially high (approximately 50 %) when a voltage was not applied, and 
the sample showed a blue–white color. However, only a few droplets 
with a diameter of less than 1.0 μm were visible under the microscope. 
The size of these droplets was significantly smaller than that of the 
toluene emulsion droplets. As the demulsification process proceeded, 
the microemulsion gradually changed from blue–white to milky white, 

and the transparency decreased significantly. The sample became milky 
white, and the droplets under the microscope increased in number and 
size; most of the droplets were of the O/W type at this time, and the high 
voltage was the reason for the large droplet aggregation. Afterward, the 
transmittance started to increase, and many large droplets disappeared 
from the field of view after 4.5 h. The transmittance increased to 
approximately 60 %, and the sample became increasingly transparent. 
Finally, after 6.9 h of demulsification, the transmittance reached 90 %, 
but the sample became completely transparent at 6.5 h. No droplets 
were observable under the microscope, indicating complete demulsifi-
cation of the microemulsion. After 6.9 h of demulsification, the toluene 
removal efficiency was 93.68 %, the power consumption was 1.85 × 10- 

4 kWh, and the SEC was 1.259 kWh kg− 1 (Table 1). 

3.2.4. Effect of surfactant type on demulsification 
Emulsions/microemulsions stabilized by nonionic emulsifiers were 

treated in the above experiments. To explore the universality of 
demulsification by this method, toluene water emulsions containing 1 % 
toluene that were stabilized by an anionic surfactant (0.50 g/L SDS) and 
cationic surfactant (0.50 g/L CTAB) were treated. In the 1.5 V demul-
sification experiments of emulsions stabilized by different ionic surfac-
tants (Fig. 4 and Fig. 9), the change trend of light transmittance over 
time was almost the same among the three groups, and the light trans-
mittance exceeded 90 % in 4.0 h. In the 1.5 V–1 % Emulsion–SDS 
experimental group, 98.58 % of toluene was removed after 3.2 h of 

Fig. 6. (a) Change in transmission with time in the demulsification experiment of the 5% emulsion. (b) Toluene removal efficiency.  

Fig. 7. Demulsification experiment of the 1% toluene microemulsion: (a) change in light transmittance with demulsification time and (b) toluene removal rate.  
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demulsification. The average energy consumption was 4.22 × 10-6 kWh, 
and the SEC was 0.027 kWh kg− 1 (Table 1). In the 1.5 V–1 % Emul-
sion–CTAB experimental group, the toluene removal efficiency was 
98.24 %, the energy consumption was 4.60 × 10-6 kWh, and the SEC was 
0.030 kWh kg− 1 (Table 1). Additionally, the experiment achieves 
demulsification using solar energy as the power source, the result is 
similar to that of indoor electro-demulsification (Fig. S8). 

3.3. Demulsification and oil removal mechanisms 

3.3.1. Physical adsorption of toluene into the electrode structure 
Graphene and graphene-like materials comprise electron-rich aro-

matic rings, while toluene is characterized by electron-deficient aro-
matic rings; as a result, π–π interactions are formed between graphene 
and toluene [55]. Therefore, DFT calculations were employed to 

Fig. 8. Distribution and corresponding sample photos of O/W droplets under an optical microscope during the demulsification of a 1% toluene microemulsion.  

Fig. 9. Demulsification experiment of toluene emulsions stabilized by anionic/cationic surfactants: (a) change in light transmittance with demulsification time and 
(b) toluene removal efficiency. 
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investigate the physical adsorption of toluene. Two electrode models 
were used in this study—the C54H18 graphene model and the C57H16O8 
biomass model—both of which contain numerous benzene rings 
[55,56]. The binding energies of the π–π interactions of C7H8–C54H18 
and C7H8–C57H16O8 were calculated to be − 62.5 kJ mol− 1 and − 64.3 kJ 
mol− 1, respectively, as shown in (B) in Fig. 10b. The binding energy of 
C7H8–C54H18 with only π–π interactions was slightly higher than that of 
C7H8–C57H16O8 (B). This phenomenon is due to the presence of oxygen- 
containing functional groups in C57H16O8. However, the acid functional 
groups in the C57H16O8 model can affect adsorption. Fig. 10a shows the 
electrostatic potential (ESP) diagrams of C57H16O8 and C7H8; red parts 
represent a negative potential, and blue parts represent a positive po-
tential. The hydrogen atoms outside the benzene ring of C7H8 show a 
high positive potential, while the oxygen-containing functional groups 
of C57H16O8 show a high negative potential. Consequently, the hydrogen 
atoms of C7H8 can interact with the oxygen-containing functional 
groups of C57H16O8 (C7H8–C57H16O8 (A) in Fig. 10b). The corresponding 
binding energy is − 72.2 kJ mol− 1. This finding suggests that the biomass 
electrode can adsorb C7H8 via π–π interactions, and the hydrogen 
bonding interaction between oxygen-containing functional groups in the 
biomass electrode and C7H8 can strengthen the molecular interaction 
between the electrode and toluene and form hydrogen bonds to promote 
the adsorption of toluene. An applied external voltage improves the 
transmission of free electrons at the negative electrode, which has a 
large negative potential, further promoting the adsorption of toluene by 
the electrode (via π–π interactions) [57]. 

As mentioned in the previous section, iron and nickel NPs in biomass 
electrode can improve the conductivity and adsorption of the electrode. 
The inclusion of metals leads to enhanced toluene adsorption by the 
electrode. Thus, the effects of metals on C7H8 adsorption were studied by 

DFT. Fig. 10c presents the binding energies of the metallic Ni and Fe 
clusters on the electrode surface for toluene adsorption. Three interaction 
modes exist for Ni–C7H8 interactions. In Ni–C7H8 (A), the interaction 
takes place between Ni and the benzene ring, exhibiting a binding energy 
of − 180.0 kJ mol− 1, and this is the most stable configuration among the 
three options. In Ni–C7H8 (B), an interaction occurs between Ni and the 
CH3 group of toluene (BE = -96.0 kJ mol− 1). For Ni–C7H8 (C), the Ni atom 
interacts with carbon atoms on the benzene ring (BE = -176.0 kJ mol− 1). 
However, there is only one Fe with a binding energy of − 34.7 kJ mol− 1 

(Fe–C7H8 (A) in Fig. 10c). In general, electrodes with mixed metals can 
enhance the adsorption of toluene. According to the binding energy re-
sults, Ni can enhance the adsorption of toluene more than Fe can. 

Finally, the mechanism of electrode removal of toluene in waste-
water at the microscopic level was further assessed by modeling gra-
phene in an electric field. In this study, an electric field can be formed 
around the electrified electrode, and toluene in the aqueous phase is 
affected by the electric field force. Therefore, to explore the effect of the 
electric field between the electrodes on the adsorption of toluene on the 
electrodes, a model of toluene adsorption on the electrodes under the 
effect of the electric field force was constructed, as shown in Fig. 10d. 
Due to π–π interactions, toluene is preferentially adsorbed on the 
electron-rich negative electrode. With increasing electric field force, the 
binding energy between toluene and the electrode decreases gradually 
and is lower than that without an electric field (BE = -62.5 kJ mol− 1). 
Therefore, toluene dissolved in the aqueous phase is subjected to electric 
field forces, which promote the adsorption of toluene on the electrode. 

3.3.2. Process of demulsification and oil removal 
Ionic surfactants impart an electrical charge to the emulsion. 

resulting in electrophoretic migration toward the oppositely charged 

Fig. 10. (a) Electrostatic potential surfaces of C57H16O8 and C7H8 calculated with DFT/B3LYP-D3. (b) Adsorption configurations of C7H8 and C54H18. (c) Metals 
interacting with C7H8. (d) Adsorption of C7H8 by C54H18 under an electric field force. 
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electrode upon the application of voltage. In contrast, nonionic surfac-
tants typically lack this charge-inducing property. To further investigate 
the demulsification mechanism, we will comprehensively examine the 
demulsification and oil removal processes of toluene emulsion droplets 
stabilized by Tween-20. The change in COD in the emulsion at various 
time points during the electro- demulsification experiment (Fig. S9), 
reveal a significant decrease in organic material, amounting to a 
remarkable 96.33 % removal. 

Furthermore, pure toluene adsorption experiments were conducted, 
with concentrations and time varied (Figs. S10, S11; Tables S2, S3). In 
contrast to electro-demulsification, applying a 1.0 V voltage to toluene 

aqueous solution showed only a slight initial improvement in pure 
adsorption, especially without surfactant (Fig. S11). Compared to pure 
adsorption, the 1.0 V-treated toluene solution did not exhibit the same 
advantage as in demulsification (Fig. S11). This suggests simultaneous 
demulsification and adsorption, with efficient toluene removal 
depending on its oil–water droplet form. The electric field accelerates 
charged toluene droplets into electrode pores during demulsification, 
enhancing adsorption. Therefore, toluene removal is optimized when it 
exists in the oil–water droplet form. 

Video S2 (Supporting information) was recorded using a high-speed 
camera to illustrate the motion of floating oil on the emulsion surface 

Fig. 11. (a) Floating oil droplets under a high-speed camera (the cathode is located above the upper border of the image). (b) States of O/W droplets in an electric 
field (the emulsion was dripped between the two electrodes). (c) Electrophoresis of O/W droplets in an electric field. (d) Schematic diagram of the electro- 
demulsification and adsorption removal of organic matter (Tween-20 and toluene) by a biomass electrode. 
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before and after the application of voltage in the demulsification 
experiment. Fig. 11a shows a screenshot from Video S2. After applying a 
voltage, the floating oil near the electrode began to move and accelerate 
toward the electrode. The movement of the floating oil was caused by 
mass transfer, indicating the adsorption of toluene by the electrode. In 
the experiment, the O/W droplet was capable of moving in the electric 
field, as demonstrated in Video S1. Fig. 11b provides a screenshot from 
Video S1 (Supporting information). The droplet exhibited Brownian 
motion before the application of voltage. Subsequently, when a voltage 
was applied, the droplet initiating movement toward the positive pole, 
resulting in a decrease in concentration at the cathode and an increase at 
the anode. To determine the mechanism of droplet movement in the 
electric field, several groups of electrodes were prepared, as shown in 
Fig. S12 (Supporting information), and the electrophoretic effects of O/ 
W droplets in the electric field were determined. The mechanism behind 
the formation of O/W droplets is elucidated in Fig. 11c. The hydro-
phobic terminals of the Tween-20 molecules surround toluene mole-
cules, while the hydrophilic terminals, consisting of oxygen-containing 
functional groups, remain in the aqueous phase. The analysis of the 
composition of the emulsion reveals that the hydroxyl groups in Tween- 
20 are responsible for the highly electronegative status of the droplets 
and Tween-20. The initial pH of the emulsion was 5.5, indicating that 
the hydrogen atoms on the hydroxyl groups in the Tween-20 molecule 
were ionized. Therefore, the O/W droplets and Tween-20 in the aqueous 
phase were polarized and electrophoresed to the anode under the action 
of an electric field. 

The demulsification and oil removal processes that took place in the 
experiment are depicted in Fig. 11d. An electric field is formed around 
the energized electrode, polarizing the nearby charged particles (Tween- 
20, O/W droplet) and accelerating them toward the anode in electro-
phoretic motion, especially the particles between the electrodes, and 
these particles collect near the electrode. The high surface area of pores 
significantly extends the electric double layer (EDL), enhancing the 
material’s adsorption capabilities associated with a large number of 
Coulombic forces [58]. Under the influence of an electric field force, O/ 
W droplets that enter the electrode pores collide and compress each 
other. This disrupts the rigid film of the droplets at the oil–water 
interface [59]. The increased instability of the droplets ultimately leads 
to disruption of the emulsion and the release of toluene [60]. The 
multiscale pores of the electrode provide ample space for demulsifica-
tion. The electric field force is the main cause of demulsification. As 
toluene exists in the form of O/W droplets, the electric field compels 
these droplets into the electrode pores. Subsequent to the breaking of 
these droplets within the pores, the released toluene exhibits a signifi-
cantly increased contact area with the electrode. This heightened con-
tact area is the primary factor contributing to the elevated removal 
efficiency of toluene. In addition, Tween-20 molecules on the surface of 
the droplets are attracted to the charged electrode (electrostatic inter-
action) and pulled away from the droplet surface, leading to destabili-
zation of the O/W droplets and the release of toluene [14,15]. Under the 
disturbance of microbubbles produced by water electrolysis, the colli-
sion frequency between O/W droplets and between O/W droplets and 
the electrode is relatively high, reducing the resistance between O/W 
droplet films (electrostatic repulsion) and promoting the electro- 
demulsification of particles. Last, the rich micropore structure of the 
electrode provides a very large surface area for the adsorption of pol-
lutants. Small molecular organics can be adsorbed on the surface and 
inner pore walls of the electrode through surface adsorption and 
micropore filling [61,62], and the main mechanism of toluene adsorp-
tion is π-π interactions [16,17]. The electrode further reduces the con-
centration of organic matter in the emulsion by adsorbing free toluene 
and Tween-20, facilitating the demulsification process [15,63]. The pH 
after demulsification increased from 5.5 to 6.8, confirming the removal 
of Tween-20. 

3.3.3. Mechanism of demulsification and oil removal 
In the experiments and DFT calculations, several key observations 

and characteristics were identified related to the NiFe/CW electrode. 
These phenomena included demulsification effects, toluene adsorption, 
the motion of floating oil, and the behavior of droplets in an electric 
field. Based on the experimental results and analysis, the mechanisms 
behind demulsification and oil removal can be summarized as follows: 1. 
The electric field force and multiscale porous structure of the electrode 
lead to demulsification. The electric field polarizes the O/W droplets and 
propels them toward the anode through electrophoresis. Ultimately, 
they accumulate on the electrode surface and diffuse into the pores of 
the electrode. Due to confinement within the finite space of the micro-
porous structure of the electrode, the droplets compress and interact, 
ultimately leading to the rupture of the rigid film. 2. Electrostatic 
interaction: Electrostatic interactions between the electrode and O/W 
droplets lead to the detachment of Tween-20 from the droplet surface, 
resulting in disruption of the emulsion. Furthermore, there are π–π in-
teractions between toluene and the electrode, leading to a reduction in 
the oil concentration in the emulsion. Thus, demulsification and oil 
removal primarily result from several factors, including the electric field 
force electrostatic interaction, multiscale porous structure, large specific 
surface area, excellent electrical conductivity, specific oxygen- 
containing functional groups, and nickel–iron adsorption docking 
points. 

Given the unique characteristics of the electrodes, electrochemical 
reactions may occur. Therefore, 1 M KOH electrolyte solution was used 
as a solvent before demulsification. Toluene-saturated solution, 0.50 g/L 
Tween-20 solution, and a 1 % toluene emulsion stabilized by 0.50 g/L 
Tween-20 were prepared at room temperature. Ag/AgCl was used as the 
reference electrode. Cyclic voltammetry was performed at different 
scanning speeds. Cyclic voltammetry was used to assess the treatment of 
1 % toluene solution with different concentrations of Tween-20. How-
ever, no obvious redox reactions were observed (Fig. 12a-12d). Nuclear 
magnetic resonance (NMR) and infrared spectroscopy analysis were 
conducted on the wastewater samples before and after demulsification, 
but no new substances were found to be formed (Fig. 12e-12f). More-
over, the outer layer of the O/W droplets consisted of Tween-20 or other 
surfactants, which are not prone to facile redox reactions. The molecular 
structure of surfactants typically comprises a hydrophilic (water- 
attracting) head group and a hydrophobic (water-repelling) tail group. 
This arrangement enables surfactants to serve as interface agents be-
tween water and oil, facilitating the dispersion of oil droplets or oil- 
soluble substances in water. Due to the design for stability in water, 
the structures of surfactants generally lack chemical bonds susceptible to 
oxidation–reduction reactions. Furthermore, based on the literature, the 
electrochemical oxidation of toluene often involves two main pathways 
[64–66]: 1. Direct electrooxidation using metal oxide electrodes and 2. 
generation of free radicals for indirect toluene oxidation. However, 
these methods cannot fully eradicate organic pollutants, as oxidized 
substances such as benzaldehyde and benzoic acid remain in solution 
[64,67]. 

4. Conclusions 

In this work, an original combination of electro-demulsification and 
adsorption was applied to the treatment of O/W emulsions to decrease 
energy consumption. The crucial point of this technology is the special 
self-standing electrode. Carbonized birch biomass was chosen due to its 
naturally occurring, hierarchical, and orderly pore structure, high 
electrical conductivity, and strong mechanical properties. The distinc-
tive porosity of wood allows it to accommodate substantial quantities of 
liquids and chemicals, offering exceptional capabilities for molecular 
diffusion and adsorption. Electrical force drove compression and colli-
sions to promote demulsification in the limited pore space, and then 
small molecules in the pores were adsorbed by electrostatic force. The 5 
% emulsion could be demulsified in 3.4 h at 5.0 V, and the removal 
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efficiency of toluene reached 97.97 %, with an electroadsorption ca-
pacity of 1180 mg g− 1 and a power consumption level of 1.19 × 10-5 

kWh. Solar as an energy source can be developed in the future to achieve 
convenience and environmental friendliness. This demulsification 
technology could realize demulsification with a low energy consump-
tion level and remove organic pollutants in wastewater to a certain 
extent. This demulsification technology is worth popularizing. 
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