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Waste lubricating oil regeneration wastewater (WLORW) contains a complex array of pollutants, such as
organic oils, ketones, ethers, total phosphorus (TP), and boron (B), whose direct discharge poses
significant environmental risks. While previous research has extensively addressed the removal of organic
pollutants, oils, and chemical oxygen demand (COD), the treatment of TP and B—similarly harmful yet
less studied—has received comparatively limited attention. This gap is particularly pressing in light of
China's stringent discharge standards for TP in industrial wastewater. Consequently, this study
investigated the efficiency of electrocoagulation as a pretreatment for simultaneously removing TP and B
from WLORW on a laboratory scale, employing a two-stage methodology: operational parameters were
first optimized using synthetic wastewater via an orthogonal experimental design, and then validated
with actual wastewater. Under the identified optimal conditions (current density = 15 mA cm™2, initial pH
= 7, electrode spacing = 2 cm, treatment time = 30 min), the process achieved removal efficiencies of
79.0% for TP and 13.5% for B from actual WLORW. The primary removal mechanism was identified as
flocculant adsorption through both inner-sphere and outer-sphere complexation. Notably, the formation

of vivianite within the flocs was observed, indicating a promising avenue for phosphorus resource
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Accepted 11th December 2025 recovery. Moreover, the hydrogen co-generated at the cathode presents an additional stream of

reclaimable energy. In summary, this research provides valuable theoretical insight and practical
guidance for scaling up WLORW pretreatment, thereby enhancing the recycling of used lubricating oils
and contributing to environmental conservation.
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According to the China Lubricant Industry White Paper
2024-2026, the annual apparent consumption of lubricants in
China reached 7.8 million tons in 2024.* Assuming a 5% waste
lubricant content, the annual WLORW volume reaches 380 000

Introduction

As an indispensable component essential for the operational
integrity of mechanical equipment, lubricants are crucial in

industrial production and transportation systems. However,
lubricants may become contaminated or deteriorate after use,
generating high volumes of waste lubricants with significant
environmental hazards." Given the global energy crisis and the
growing need for environmental protection, recycling waste
lubricants has gained prominence.? Before regenerating, these
lubricants undergo hydrofinishing, vaporization, and alkaline
washing to improve their quality.® However, these pretreatment
processes also generate waste lubricating oil regeneration
wastewater (WLORW), which has complex pollutant.
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tons. The WLORW contains numerous pollutants (including
organic oils, ketones, ethers, total phosphorus (TP), and boron
(B)), which can severely pollute the environment through direct
discharge or leakage. Consequently, strict adherence to
national emission standards is imperative for WLORW
management to prevent ecological damage.

Research on the treatment of WLORW remains scarce.® For
the treatment of similar oily wastewater, techniques such as
coagulation,® oxidation,” electrocoagulation,® membrane filtra-
tion,” and adsorption' have been employed. Among these,
electrocoagulation is a promising technology, primarily due to
its low chemical consumption, multifunctionality, operational
safety, ease of operation, and potential for automation.”® Its
efficacy is attributed to two concurrent processes: the contin-
uous release of metal ions from the anode and the generation of
hydrogen at the cathode. The released metal ions undergo
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hydrolysis and polymerization, forming various metal hydroxo
complexes with strong adsorption capacities.*** These
complexes entrap aquatic pollutants, facilitating their removal
via precipitation or flotation. Meanwhile, the hydrogen
produced at the cathode offers a potential avenue for energy
recovery.’*™® In our previous study,” electrocoagulation ach-
ieved a 60.06% oil removal from this wastewater. The process
also effectively eliminated recalcitrant organic compounds, and
increased the ratio of the five-day biochemical oxygen demand
to chemical oxygen demand (BOD;s/COD) by 4.31 times, signif-
icantly enhancing the biodegradability of WLORW. However,
WLORW also contains higher phosphorus levels. China
imposes stringent discharge requirements for TP in industrial
effluents, as the Integrated Wastewater Discharge Standard (GB
8978-1996) stipulates that industrial wastewater discharge that
complies with level III standards is subject to a TP limit of
5 mg L' (as phosphorus), which necessitates considering TP
removal from this wastewater. Furthermore, water quality
analysis revealed elevated B concentrations, posing a challenge
requiring resolution regarding whether B presence affects TP
removal or not.

In WLORW, TP primarily derives from anti-wear additives
such as zinc dialkyldithiophosphates, while B originates from
extreme-pressure additives like boric acid esters.' Boric acid is
primarily a lubricant additive, but it is also applied in deter-
gents and dispersants under ultra-high pressure conditions and
as an anti-rust inhibitor.>® Discharging WLORW directly into
water bodies can lead to excessive concentrations of TP and B,
which are harmful to aquatic environments. For instance,
excessive TP in water bodies (e.g., the critical concentration for
eutrophication occurrence in lakes is 0.02 mg per L TP)
promotes algal growth, triggering eutrophication and conse-
quently leading to the loss of critical biological habitats.**
Similarly, B contamination of groundwater poses risks of
gastrointestinal and reproductive disorders in humans through
long-term exposure.”* Therefore, developing efficient pretreat-
ment methods for TP and B removal from WLORW is critical.

Electrocoagulation demonstrates efficient TP and B removal.
Li et al. showed that electrocoagulation achieved a TP removal
efficiency of 90% for slaughterhouse wastewater.>® Similarly,
Tuyet et al. reported high phosphorus removal (93.12%) using
an iron-aluminum electrode reverse electrocoagulation
system.”* Zhang et al. electrocoagulated fracturing flowback
fluid to remove up to 85% of B.>* These results demonstrate the
technology's adaptability to diverse wastewater matrices.
However, research on the pretreatment of WLORW to co-
eliminate TP and B before biological treatment remains
limited. Therefore, it is necessary to remove TP and B in
WLORW simultaneously by electrocoagulation.

To address this gap, we evaluated electrocoagulation for
simultaneous TP and B removal during WLORW pretreatment.
Using an orthogonal experimental design, we investigated the
primary and secondary impacts of control factors (including
current density, initial pH, and electrode spacing) on TP and B
removal. The removal efficiency in actual wastewater under
optimal operating conditions was also examined. To further
elucidate the mechanisms behind the removal of inorganic
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pollutants like TP and B by electrocoagulation, we determined
the concentrations of iron ions, formation, and constituents of
flocs within the actual WLORW. The findings offer valuable
insights for the pretreatment of actual WLORW.

Materials and methods
Materials

The actual WLORW for this study was sourced from Jiangxi
Guofu Lubricant Industry Co. Ltd, located in Chihu Industrial
Park, Chaisang District, Jiujiang City, Jiangxi Province, China
(115°44'56.18"E, 29°46'31.68"N). The company's waste lubri-
cant regeneration process, which includes pretreatment (filtra-
tion, impurity removal, and oil-water separation), flash
evaporation, thin-film evaporation, molecular distillation,
extraction, stripping, and refining, generates 3505 tons of
comprehensive wastewater annually. Table S1 details the
wastewater quality from waste lubricant regeneration, identi-
fying chemical oxygen demand (80.6 g L"), oil (1.8 g L™"), TP
(12.9 mg L"), and B (17.5 mg L") as the primary pollutants.
The collected wastewater samples were refrigerated at 4 °C to
preserve the chemical integrity of the compounds during
storage. To ensure precise control over initial phosphorus (P)
and boron (B) concentrations, as well as the background envi-
ronmental matrix, this study adopted a two-stage method-
ology—first optimization with synthetic wastewater, followed by
validation using actual WLORW—to evaluate the specific effects
of electrochemical parameters on P and B removal. The
orthogonal experiments were conducted using synthetic
wastewater, which was primarily prepared by dissolving boric
acid and sodium tripolyphosphate in deionized water. The
elemental concentrations in the synthetic wastewater were
based on the TP and B contents detected in the actual WLORW.

Experimental setup and procedures for wastewater treatment

The WLORW was pretreated via electrocoagulation to co-
remove TP and B. These experiments were performed in a rect-
angular Plexiglas reactor with dimensions of 100 mm x 50 mm
x 130 mm with an effective volume of 500 mL (defined in our
previous study).” The side walls of the reactor were equipped
with parallel slots at variable distances to adjust the position of
the electrodes at different intervals. The effective area of the
sheet iron cathode and anode electrodes was 50 cm? (5 cm x
5 cm x 2 cm). The electrode requires pretreatment prior to use,
with specific procedures detailed in the study by Shan.* We
added Na,SO, as an electrolyte to the WLORW at 3 g L™,
resulting in a conductivity of 8500 uS em™". The experiments
were conducted by adjusting the initial solution pH, current
density, electrode spacing, and treatment time. A DC power
(TPR3005-2D, Hong Kong Longwei Instrument Co., Ltd, China)
supply generated the required current density, and the initial
pH was adjusted using either 2 M H,SO, or 2 M NaOH.
Orthogonal design can evaluate the main and secondary
effects of variables, consider parameter interactions, and
minimize experimental redundancy, providing a statistically
robust framework. Therefore, an orthogonal experimental

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A B C D
Serial number Current density (mA cm?) Initial pH Treatment time (min) Electrode spacing (cm)
1 10 3 10 1
2 10 5 20 2
3 10 7 30 3
4 10 9 40 4
5 15 3 20 3
6 15 5 10 4
7 15 7 40 1
8 15 9 30 2
9 20 3 30 4
10 20 5 40 3
11 20 7 10 2
12 20 9 20 1
13 25 3 40 2
14 25 5 30 1
15 25 7 20 4
16 25 9 10 3

design (L;¢ (4*)) was adopted to investigate the simultaneous
removal of TP and B from WLORW by electrocoagulation. Four
factors were studied at four levels: (10, 15, 20, 25 mA cm ™ ?), pH
(3,5, 7, 9), electrode spacing (1, 2, 3, 4 cm) and treatment time
(10, 20, 30, 40 min). Orthogonal experiments were organized
using Minitab (version 17) to evaluate the effect of key param-
eters on TP and B removal efficiency in WLORW. Details of the
Ly (4") orthogonal design, with four levels for each factor, are
provided in Table 1. All experiments were repeated three times.

Experimental analysis

Using the molybdenum antimony anti-spectrophotometric
method, TP was determined in the wastewater as described in
the Monitoring and Analysis Methods for Water and Wastewater.>
A curcumin spectrophotometric method, specified in the
Determination of Boron in Water Quality (HJ/T 49-1999),
quantified B in the samples. The total iron concentration was
determined via Lingfiloxanthin Spectrophotometry. These
indicators were measured in a UV-vis spectrophotometer (T6
series, Persee Instrument Co., Ltd, Beijing, China). A pH meter
(FE28, Mettler-Toledo, Switzerland) and a conductivity meter
(FE38, Mettler-Toledo, Switzerland) measured the pH and
conductivity, respectively.

The primary constituents of the flocs were examined using X-
ray diffraction (XRD, D8 Advance, Bruker, Germany) and Fourier
Transform Infrared Spectroscopy (FTIR, iS20, Thermo Scientific
Nicolet, USA) techniques. The sizes of the floc images were then
quantified using a two-dimensional fractal dimension (D2).
Subsequently, the quantity and size of flocs were analyzed with
Image-Pro Plus 6.0 software.

Energy consumption and hydrogen generation analysis

The energy efficiency of a treatment process is critically evalu-
ated through its specific energy consumption. Consequently,

© 2025 The Author(s). Published by the Royal Society of Chemistry

this metric is essential for the techno-economic analysis of
electrocoagulation.

For this purpose, the specific energy consumption per unit
volume (SEC) was employed. SEC represents the electrical
energy consumed per cubic meter of wastewater treated, which
is calculated according to eqn (1).

ulitr

SEC (1wh ) = Too077 1)

Furthermore, the specific energy consumption per unit
pollutant mass (SEEC) was applied. SEEC measures the energy
required to remove one kilogram of the target pollutant, as
defined in eqn (2).

1000U1t

SEEC(kwh kel) T m @)

where U is the reaction voltage (V), I is the reaction current (A), ¢
is the treatment time (h), V is the volume of experimental
wastewater (L), and C, and C, are the pollutant concentrations
in solution (mg L") at the beginning of electrocoagulation and
at time ¢ (h), respectively.

The hydrogen energy generation is calculated as follows:"*"

QHZ:IXA;txH 3)
where Qy, is the hydrogen generation (mol), I is the applied
current per unit area (A m~2), A is the effective surface area of
the electrode (m?), ¢ is the treatment time (s), H is half the
molecular weight of hydrogen, and F is the Faraday constant, 96
500 C mol . For hydrogen collection in electrocoagulation, the
method outlined by Phalakornkule et al. serves as the reference,
which describes the specific system and procedure employed.*

Ey, = m(0.244 MJ per mole) (4)

RSC Adv, 2025, 15, 50775-50783 | 50777


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08041j

Open Access Article. Published on 17 December 2025. Downloaded on 4/7/2026 9:03:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

where Ey denotes the recoverable energy (kJ), and m is the

amount of H, gas produced (mol).
The TP and B removal efficiencies were calculated as follows:

G -C
n = ———— % 100% (5)

G
where C, is the initial concentration of TP or B, (mg L™1); C, is
the concentration of TP or B in the supernatant at the end of the
electrocoagulation process, (mg L ™).

Statistical analysis

Analysis of variance (ANOVA) determined the degree of influ-
ence of controllable factors on experimental results, while the
relationship between them was examined using Spearman
Correlation. All statistical computations were based on a confi-
dence level of 95%, with a significance level of p < 0.05 assumed
for separation. Minitab (version 17) and SPSS 26.0 software
conducted all data analyses.

Results and discussion
Variance and range analysis

The experiment was conducted using an orthogonal design. The
parameters and results of the orthogonal experiment are pre-
sented in Fig. 1 and Table 2. The TP and B removal efficiency
ranged from 94.0% to 99.2% and 39.8% to 58.1%, respectively

98 | [ ] =
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ul =

TP removal efficiency (%)
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L L L L L L L L L
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Experiment serial number
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50 L] [ ]
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Fig. 1 Removal efficiency variation in orthogonal experiments: (a)
total phosphorus (TP); (b) boron (B).
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Table 2 Orthogonal experimental results for total phosphorus (TP)

and boron (B)¢

Serial number A B C D

TP F 314.7 7.6 10.4 0.5
P 0.002 0.025 0.007 0.063
Ky; 95.2 97.4 97.2 97.6
Ky; 98.6 97.8 97.6 97.9
Ks; 99.0 98.2 98.3 97.8
K, 98.2 97.6 97.9 97.7
R 3.9 0.8 1.1 0.2
Ranking A>C>B>D
Optimal combination A; B; C3 D,

B F 83.2 15.4 37.1 7.8
P 0.001 0.096 0.044 0.740
K 43.2 47.9 46.5 50.8
Ky 50.6 48.6 47.4 49.3
K 52.0 51.9 50.6 48.2
K, 50.8 48.1 52.1 48.3
R 8.9 4.0 5.6 2.6
Ranking A>C>B>D
Optimal combination A; B; C4 Dy

“ Where Kg; is the sum of the test indicators corresponding to the level
of factor s in column j and K; is the mean value of K. The size of K
determines the optimal level of factor j. R; is the range of factors in
column j, which is the index for judging the change of experimental
indexes. Generally, the larger the R; the more pronounced the factor's
influence on column j and the factor's effect on the experiment.
Therefore, R; size can be used to determine the order of factors.

(Fig. 1a and b). ANOVA (Table 2) was used to analyze the
significance order of the factors affecting the removal efficiency
of TP and B. A sophisticated range analysis (Table 2) investi-
gated the design parameters' effect on TP and B removal and
determined the optimal operating conditions. Here, each factor
influenced TP and B removal in the sequence A > B > C > D,
indicating that current density had the most significant impact,
followed by initial pH, electrode spacing, and treatment time.
The optimum combination of conditions in the TP removal was
A; B3 C3 D, (Table 2), ie., the optimum process conditions
included a current density of 20 mA cm™?, initial pH of 7,
electrode spacing of 2 cm, and treatment time of 30 min. For B
removal, the combination was A; B; C, D, (Table 2), i.e., the
optimum process conditions were a current density of 20 mA
cm?, initial pH of 7, electrode spacing of 1 cm, and treatment
time of 40 min.

Optimal operation conditions

Fig. 2 depicts the main effect of current density, initial pH,
electrode spacing, and treatment time on TP and B removal in
the orthogonal experiment of synthetic wastewater. The impacts
of current density and initial pH on the removal efficiency were
similar. As the current density and initial pH increased, the
removal rate initially increased before reducing (Fig. 2). The
current density had the most significant effect on the removal
because it influenced coagulant generation and bubble size.”
Within a specific range (10-15 mA cm ™ ?), an increase in current
density accelerates the dissolution of the anode and the
cathodic reaction, thereby increasing the concentrations of Fe**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mean main effects plot of factors affecting removal efficiency
and the interaction diagram showing the effect of total phosphorus
(TP)-boron (B) interaction on removal efficiency in synthetic waste-
water experiments: (a) total phosphorus (TP); (b) boron (B); (c) TP-B
interaction diagram.

and OH ,*® which facilitates the removal of TP and B. When the
current density is further increased to 20-25 mA cm™ 2, the
removal of phosphorus and boron decreases. This phenomenon
may be attributed to either the low concentrations of TP and B
in the solution, leading the reaction system to approach satu-
ration,” or the increased electrostatic repulsion between TP/B
ions and the cathode under a strong electric field,** which
negatively impacts phosphate and boron complex precipita-
tions. The initial pH affected the hydrogen bubble size at the
cathode, impacting the pollutant removal. Hydrogen bubbles at
near-neutral pH values aid aggregation and flotation.** The pH
influence trend on phosphorus and boron removal is similar to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that of current density (Fig. 2a and b). Neutral pH conditions
exhibit more effective performance, attributable to the fact that
iron hydroxides generated on the electrode readily transform
into floc species (Fe(OH);) that facilitate pollutant removal.**
Iron hydroxide flocs can dissolve under strong alkaline condi-
tions at higher pH values,* thus lowering the removal effi-
ciency. During the initial 30 min of electrolysis, the removal of
TP and B increased with treatment time (Fig. 2). This occurrence
may be that prolonging the treatment time increases the rate of
bubble formation and improves the removal of pollutants.**
After this period, entered a phase of gradual decline (Fig. 2a).
The influence of electrode spacing on TP removal was minimal.
In contrast, it negatively impacted B removal as the spacing
increased.*>*® Thus, the optimum conditions for TP and B
removal were as follows: current density of 20 mA ecm™?, initial
pH of 7, treatment time of 30 min, and electrode spacing of
2 cm. Furthermore, the interaction between TP and B was also
investigated (Fig. 2c). As shown in Fig. 2c, the interaction
between TP and B influences their removal efficiencies.
Specifically, TP inhibits B removal, while B slightly promotes TP
removal. Because the removal efficiency at a current density of
20 mA cm™ > was only 0.45% higher than at 15 mA cm ™2, we
selected the experimental condition of 15 mA cm™? to reduce
energy consumption (Table S2 lists the data on removal effi-
ciency versus energy consumption). Therefore, the subsequent
electrocoagulation actual wastewater experiment conditions for
wastewater treatment were current density of 15 mA cm™ 2,
initial pH of 7, treatment time of 30 min, and electrode spacing
of 2 cm.

Pollutant removal efficiency in WLORW

Based on orthogonal experimental results, we investigated the
performance of electrocoagulation in removing TP and B from
actual wastewater under a current density of 15 mA cm ™2, an
initial pH of 7, a treatment time of 30 min, and an electrode
spacing of 2 cm. Fig. 3a and b displays the removal efficiencies
of TP and B in actual WLORW. The removal efficiencies of both
pollutants increased with treatment time. A rapid removal
phase for TP and B was observed within the first 15 min, after
which the removal rate slowed down markedly. Our previous
study indicated that more flocs formed before 15 min, thereby
promoting the removal of the target contaminants.” The
formation of these flocs depends on the release of iron ions. As
the treatment proceeded, the release of iron ions slowed down
significantly, falling far below the theoretical iron production
(Fig. 3c). This can be primarily attributed to the passivation of
the iron anode surface.” The extent of passivation further
influences the frequency required for replacing the iron elec-
trodes. Compared to the orthogonal experimental setup for
synthetic wastewater, the electrocoagulation in actual waste-
water was significantly more effective in removing TP than B.
Besides, the removal efficiencies for TP and B from actual
WLORW were reduced to varying degrees, with a slight increase
in specific energy consumption. This deduction may be attrib-
uted to the complex composition of actual WLORW,® where
organic compounds interfere with the removal of TP and B. Our

RSC Adv, 2025, 15, 50775-50783 | 50779
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Fig. 3 Removal efficiency of total phosphorus (TP) and boron (B) in
actual wastewater and release of iron ions: (a) total phosphorus (TP);
(b) boron (B); (c) iron production.

previous study demonstrated that WLORW is a high-strength,
complex oily wastewater containing organic substances such
as ketones, ethers, amides, and phenolic compounds.’
Electrocoagulation has proven effective, achieving excellent oil
removal and satisfactory COD removal.®* Considering the impact
of wastewater complexity on TP and B removal, a correlation
analysis was performed between the removal efficiencies of TP/
B and those of 0ils/COD. The results indicated a statistically
significant positive correlation between TP removal and the
removal of both oils and COD (Fig. 3a and its embedded table).
A similar positive correlation was observed for B removal, sug-
gesting that oils and COD substantially influence the removal of
both TP and B in this wastewater (Fig. 3b and its embedded
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table). Moreover, according to the literature, the presence of
suspended solids (SS) in wastewater has been reported to
enhance COD removal efficiency, which is attributed to the
formation of colloidal coagulants comprising SS and polymeric
iron hydroxides.?” Given the significant correlation established
in this study between TP/B removal and COD removal, the re-
ported effect of SS likely also facilitates the co-removal of TP and
B. Moreover, as demonstrated in section “Optimal operation
conditions”, the interaction between TP and B also influences
their removal efficiencies. The TP removal from actual waste-
water reached 79.0% in 30 min (Fig. 3a), whereas B removal was
only 13.5% in 30 min (Fig. 3b). This observation is likely due to
the complex composition of the actual wastewater, which
significantly impacts boron removal. This finding aligns with
the research by Zhang et al.,® where electrolysis for 30 min at
a current density of 20 mA cm ™2 resulted in only approximately
20% boron removal in boron-containing actual wastewater.
Whereas, when the current density was elevated to 46.3-57.2
mA cm?, the removal efficiency enhanced to approximately
50%, while achieving 84% removal required prolonged elec-
trolysis of 90 min. However, considering energy consumption
and the preferential removal of phosphorus, the current density
was not increased in this study. The specific energy consump-
tion for TP and B removal was 0.43 and 1.89 kWh kg, respec-
tively. The discrepancy in removal efficiency may be attributed
to Ca** and Mg>" in the wastewater, which hinder the formation
of iron hydroxide flocs.** Additionally, other anions (such as
S0,>7) likely in the wastewater might inhibit the iron electrode
dissolution when highly concentrated, thus precipitating into
an insulating layer on the electrodes.*®*® This occurrence could
lower the current efficiency and slightly increase the specific
energy consumption.

In addition, generating hydrogen gas during electro-
coagulation is a promising green energy source.® Elsewhere,
Phalakornkule et al. indicate that converting hydrogen gas into
electrical energy can offset 5.8-13.0% of the energy required for
electrocoagulation.'® Under optimal experimental conditions,
treating 0.5 L of waste lubricating oil regeneration wastewater
can produce 0.007 moles of H,, with an electrical energy
consumption of 4.5 kWh m?® This estimation equates to
producing 14 moles of H, for every metric ton of waste lubri-
cating oil used for regenerating wastewater, sufficient to
generate 0.949 kWh of electrical power.

150 x 0.005 x 1800 x 0.5

Ou, = 96500 = 0.007 mole

The hydrogen production rate was quantified at 14 mol per
cubic meter of treated wastewater. Based on this yield, the
corresponding amount of recoverable energy from the H, gas
can be calculated.

Ey, = 14 moles x 0.244 MJ per mole = 3.416 MJ

Consequently, the recoverable energy from the H, generated
during electrocoagulation is equivalent to 0.949 kWh per m® of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treated wastewater (based on the conversion factor of 3.6 MJ =
1.0 kWh).

_6x0.75x0.5

SEC (kWhm™) = 1550="35005

=45 (kWhm™)
where SEC is the specific energy consumption per unit volume
(kwh m?®), defined as the electrical energy required to treat one
cubic meter of wastewater.

Quantity, floc size, and constituent analyses

The size and strength of flocs are essential in evaluating the
ability of electrocoagulation technology to remove pollutants
from wastewater.*® Therefore, we analyzed the characteristics of
flocs in the electrocoagulation of actual WLORW. Floc growth
involves formation, growth, and breakage stages.® Flocs are
formed through the electrolytic reaction between the electrodes
during electrocoagulation. The quantity and size of the flocs
were analyzed after they had stabilized for 30 min (Fig. 4). The
sizes of the flocs were =100 pm (mean = 5.53 um). Most flocs
fell within the 5-10 pm range, with flocs larger than 32 pm
constituting 10% of the total flocs (Fig. 4), indicating that larger
flocs had disintegrated into smaller ones.” Terminating the
experiment at this point can yield favorable results while
minimizing energy loss. Our previous study shows that forming
these flocs is closely associated with the electrolysis of iron and
the zeta potential within the wastewater.® Then, in the growth
phase, the iron plate anode continuously releases ions through
electrolysis, which fosters the formation and growth of
hydroxide flocs.

Fig. 5 presents the FTIR and XRD patterns of the flocs. The
FTIR spectrum revealed -OH group stretch vibrations within
3429 - 3699 cm ', O-H-O bending vibrations at 1629 cm ™"
associated with water molecules, phosphate absorption peaks
between 900 - 1200 cm ™}, and —-Fe-O- vibrations at 620 cm ™"
(Fig. 5a). The XRD pattern indicated that after 30 min of elec-
trolysis, the primary constituents of the flocs were hydroxyl
phosphate iron compounds and hydrated ferrous phosphates
(Fig. 5b)). The diffraction peaks observed for the flocs at
11.220°, 18.216°, and 32.729° closely match the characteristic

1600 |-
1,(q)=7.39497pm £ 0.22831pm 100

1400 | dg=32.73pm -
_____________________ ®

1 D)
1200 - 1Y =Yt AF(L-exp(-x/t)) + A*(1-exp(-x/t)) ] g9
: R2=0.9998 2
% 1000 - X H
° X s
= \ 60 &
z 00~ (i [ d50=5.53pm &
1 @
Q I &
L i =]
600 Y=Y+ A/(sqrt{l*pi)*\\'*x)*c\p(-(ln(x/xt))AZ/(Z*\\‘"2)) 40 ;:

2 1
400 - R#=0.99055 E
! 420 ©
200 - I d10=2.94pm
- R T Ty
-
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Fig. 4 Floc size and quantity after stabilization.
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Fig. 5 Fourier Transform Infrared Spectroscopy (FTIR) and X-ray
diffraction (XRD) of the main constituents of flocs: (a) FTIR; (b) XRD.

peaks of the vivianite PDF reference card, with corresponding
peak shapes showing good agreement. This correspondence
confirms the formation of vivianite crystals within the electro-
coagulation flocs, a product which is of significant interest for
resource recovery due to its economic value. In addition to
vivianite, other Fe(u)-P compounds, such as Fe,(OH);(PO,)s,
FeH,P30;, Fe,(HPO3); and Fe3(PO,), 4H,0, are present in the
flocs. Furthermore, compounds consistent with iron borate
hydrate phases are also identified in the floc composition.

Removal mechanism of pollutants from WLORW

Generally, electrocoagulation of pollutants involves several
processes: electrolytic reactions on the electrode, floc formation
in the solution, pollutant (soluble or colloidal) adsorption by
flocculants, and pollutant removal through precipitation or air
flotation. The electrolytic reactions at the electrode surface are
the primary mechanism responsible for forming metal
hydroxides, which act as flocculants in the solution. In the
electrocoagulation process for phosphorus removal using iron
electrodes, the resulting flocs may include not only iron
hydroxides but also ferrous phosphate and iron hydroxyl
phosphate species.'® Phosphate ions (PO,*”) exhibit strong
affinity for Fex(OH)y(sx’y) (s). In solution, PO, undergoes
ligand exchange with ~-OH groups, leading to the adsorption of
phosphate ions onto metal oxide surfaces through inner-sphere
complexation. When water molecules remain present between

RSC Adv, 2025, 15, 50775-50783 | 50781
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Fig.6 The mechanism of total phosphorus (TP) and boron (B) removal
from the WLORW by electrocoagulation.

the adsorbed phosphate ions and the hydroxide surface, the
interaction is referred to as outer-sphere complexation.

In this study, the removal mechanism of TP in actual
WLORW may be described as follows (Fig. 6) : (i) the formation
of iron phosphate complexes, Fe(OH);_y(POy4)x), Via inner-
sphere complexation.** These complexes can adsorb onto
positively charged Fe(m) hydrolysates or serve as nucleation
sites for these hydrolysates. (ii) PO,*~ adsorb onto Fe(m)
hydrolysates through outer-sphere complexation.** As the
treatment time extends, Fe(m) hydrolysis products are gradually
converted into hydroxyl complexes and ferrous phosphate,
thereby removing phosphates via adsorption. Consequently, the
primary components of the generated sludge include Fe(OH);
and adsorbed iron-phosphorus compounds such as vivianite.
Regarding the disposal of this iron-phosphorus sludge, its
subsequent resource recovery is of significant importance.*>**
The B removal during electrocoagulation is similar to that of TP,
with B primarily adsorbing onto amorphous iron hydroxide
(Fig. 6). As a Lewis acid, boric acid has electrostatic properties
and forms complexes with Fe(OH); on the outer and inner
layers, where the compound effect of inner and outer spheres
occurs."™** Also, hydrogen bubbles generated at the cathode
help lift the flocs to the water surface. The interaction between
bubbles and unstable flocs causes the flocs to float upward
while heavier flocs sink to the bottom, ultimately completing
the pollutant removal. The treated wastewater can be easily
separated from the suspended solids, effectively removing TP
and B.

Conclusions

This study demonstrates that electrocoagulation effectively
removes TP and B from WLORW. Orthogonal experiments with
synthetic wastewater, evaluating removal efficiency and SEC,
identified optimal parameters: current density = 15 mA cm 2,
initial pH = 7, electrode spacing = 2 cm, and treatment time =
30 min. Under these conditions, removal rates of 79.0% for TP
and 13.5% for B were achieved with actual WLORW. The
primary mechanism is complexation with in situ generated

Fe(m) species via inner- and outer-sphere interactions.

50782 | RSC Adv, 2025, 15, 50775-50783
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Specifically, TP removal occurs through ligand exchange form-
ing iron phosphate complexes (e.g, Fe(OH);_ ,(PO,).(s)) or
adsorption onto Fe(u) hydrolysates. Notably, vivianite forma-
tion within the flocs indicates a pathway for P recovery. B
removal follows a similar route, primarily through adsorption
onto amorphous Fe(OH),. Furthermore, the co-generated H,
constitutes a reclaimable energy source, enhancing process
sustainability.
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