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Abstract

The increasing demand for edible oils in food processing has resulted in
substantial oily wastewater generation, posing challenges to global water
security. This review examines electrocoagulation technology for treating oil
pollutants in food industry wastewater through analysis of peer-reviewed journal
articles and a broader patent landscape analysis across all industrial sectors.
Electrocoagulation generally achieved high oil removal efficiency across the
reviewed studies, though COD removal performance was more variable,
indicating strong effectiveness for oil separation but inconsistent overall organic
load reduction. Literature analysis revealed that key operational parameters
include electrode material, electrolysis time, pH, supporting electrolyte
concentration, applied voltage, and initial oil concentration. Patent analysis
revealed a growing commercial interest, with the United States leading,
followed by international patent applications (via the World Intellectual
Property Organisation, WIPO) and China. Patent trends show a steady growth
from 2017 onwards. Several challenges including electrode passivation, energy
consumption, and by-product/sludge management, which limit widespread
applications need to be addressed. Recommendations to enhance commercial
viability include integration of not only renewable energy and Artificial
Intelligence (AI) for energy optimisation but also life cycle assessments/life
cycle cost analysis to objectively evaluate environmental and economic impacts
and sludge valorisation for circular economy applications. This is to bridge
laboratory research and commercial implementation for sustainable food
wastewater treatment.
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1. Introduction

Wastewater generated from the food industry poses a significant environmental hazard that demands
urgent attention. Food industry effluents are typically rich in organic matter, nutrients, fats, oils, and
greases, and may also contain pathogenic microorganisms and trace amounts of heavy metals. Among
these contaminants, oil-based pollutants represent one of the most critical challenges, as they not only
impair water quality but also hinder natural biodegradation processes, reduce dissolved oxygen levels,
and exert toxic effects on aquatic ecosystems. If left untreated, oily wastewater can cause long-term
environmental damage and pose serious risks to public health, underscoring the need for effective and
sustainable remediation strategies. A major source of oily wastewater is the widespread use of edible
oils in food processing industry. Global demand for edible oils is projected to grow at a compound
annual growth rate (CAGR) of 4.8% between 2022 and 2027 [1], implying a parallel increase in oily
effluent generation. On a broader scale, it is estimated that approximately half a million tons of such
oils are discharged annually into marine environments from land-based sources including food-
processing facilities, agriculture, and urban runoff [2], highlighting their contribution to global waste
and water pollution burdens.

Grease traps are commonly used to remove free-floating oil by gravity separation. Any oil residue
that remains in the wastewater, including dispersed, emulsified and dissolved oil, must be removed in
further treatment stages. The removal of such oil residue from wastewater is a complex process,
particularly when dealing with emulsified oil [3]. Emulsified oil is a persistent form of oil particle found
in wastewater. It is formed when oil and water mixture is subjected to high-speed mixing or turbulence
which results in high shear force that weaken the interfacial tension between the oil and water molecules
[4]. As a result, oil breaks into smaller droplets and disperses throughout the mixture. Oil droplets can
also be stabilised with the addition of emulsifying agent by changing charge density of the oil molecules
and enhancing electrostatic repulsion between emulsified oil droplets [5].

There are various methods that have been developed for the removal of oil from oily wastewater.
Chemical coagulation/floatation treatment involves addition of chemicals to destabilise emulsified oil
droplets, which subsequently aggregate into larger flocs that can be separated more easily. Although
effective, this method is often considered environmentally unsustainable due to its high chemical
demand, the generation of large volumes of chemical sludge, and associated disposal challenges.
Membrane filtration, in contrast, separates oil droplets primarily through size exclusion. This process
offers high treatment efficiency and reduces the need for chemical additives, making it comparatively
more environmentally benign. However, it faces challenges due to issues such as membrane fouling,
sensitivity to feedwater characteristics, and susceptibility to thermal degradation. Electrocoagulation,
on the other hand, employs sacrificial metal electrodes to release coagulant species in situ, which
hydrolyse and destabilise oil droplets, forming flocs that can be readily separated. This technique
requires minimal or no external chemical addition, generates lower sludge volumes, and can be more
cost-efficient than conventional approach [6].

In recent years, electrocoagulation is explored as a promising alternative for treating emulsified oil-
containing wastewater from the food processing industry. Electrocoagulation technology has gained the
attention of researchers due to its flexibility and low footprint [6]. Furthermore, electrocoagulation
treatment produces at least 60% less volume of sludge compared to chemical coagulation, hence
reducing the amount of solid waste generated that requires further handling [7, §]

Several reviews on the application of electrocoagulation for oily wastewater have been published
in recent years. For example, Kadier et al. [6], Shokri and Fard [9], Jasim and Aljaberi [10], and Muvel
et al. [11] reviewed the advances in electrocoagulation for oily wastewater treatment across a range of
industrial applications including oilfields, petroleum processing plants, metal processing & finishing,
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food processing, tannery, and restaurants. However, these reviews either provide a broad overview of
electrocoagulation for oily wastewater across multiple industries [6,9] or focused on the mechanism
and optimisation of the electrocoagulation process for oily wastewater [6,9,10,11]. For the
aforementioned reviews, the oily wastewater treatment from the food processing industry is only briefly
mentioned. Shokri and Fard [9] very briefly described only one application of electrocoagulation in
food processing wastewater treatment. A deeper review was undertaken by Kadier et al. [6] that by
describing the treatment of oily wastewaters from food processing industries, slaughterhouses and
restaurants. Yet, their coverage relied predominantly on studies published before 2020. As will be
discussed later (Section 2.0), research on electrocoagulation in food processing wastewater has
increased substantially since 2020. Thus, valuable recent development and optimisation strategies have
not been captured in earlier reviews. This highlights the need for an up-to-date analysis of
electrocoagulation technologies for oily wastewater treatment in the food processing sector.

Hence, the objectives of this review are to provide a structured overview of electrocoagulation
technologies specifically applied to the treatment of oily wastewater from various food industries, to
evaluate the operational parameters that influence electrocoagulation efficiency within the context of
food-industry effluents, and to analyse patent trends across multiple industrial sectors to assess
commercial interest in electrocoagulation for wastewater treatment and its potential relevance to food
wastewater applications. By integrating insight from both literature and patent landscape, this work
highlights current advancements, emerging trends, and challenges to scale up this technology for
industry adoption. This approach allows recommendations be guided by both the food-focused literature
and the wider technological developments evident in patent trends.

The scope of this article includes a bibliographic review covering the period from 2000 to 2024 to
analyse the research interest in the application of electrocoagulation for treatment of oily wastewater
from various food industries, and the insights gained from those previous research. This was coupled
with patent analysis conducted from 2014 to 2024 across all industrial sectors. The patent analysis was
intentionally broadened to identify potential technology adaptation opportunities. Furthermore, the
increasing patent volume across multiple sectors reflects substantial technological activity in
electrocoagulation beyond academic research, which is relevant when evaluating its potential
applicability in the food industry. Thus, the cross-sector patent landscape offers insights into
technological options that could be adapted for this sector. This analysis also examined patent trends,
identified key industrial players and jurisdictions, providing insight into the practical implementation
potential and commercial interest in electrocoagulation for wastewater treatment applications. This
approach could better illustrate the technological progress, remaining challenges, and prospects of
electrocoagulation in wastewater treatment worldwide.

2. Methodology

A scoping review of the literature was conducted using the Scopus database to identify relevant journal
articles on the application of electrocoagulation for oily wastewater treatment in food industries. The
combined keyword search of "electrocoagulation" and "food wastewater" was applied, covering
publications from 2000 to 2024. The search was limited to research articles published in English. A
total of 41 relevant publications were identified after screening based on title and abstract reading to
confirm relevance to electrocoagulation treatment of oily wastewater from food industry sources.
Articles that did not relate to food industry wastewater or oil-based pollutant removal were excluded
from the analysis.

Thereafter, to evaluate the commercial interest and technological development of
electrocoagulation in wastewater treatment, a patent landscape analysis was conducted for the period
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2014-2024 using the Lens.org database that encompasses worldwide patent filings. The search was
performed with the Boolean search string keywords “electrocoagulation” and “wastewater treatment”.
The term “food” was intentionally excluded to capture a broader landscape that includes technology
adaptation opportunities and cross-sector technological activity, as justified in the Section 1.0.

The search was conducted in May 2025, only patents filed and granted within 1st January 2014 to
31st December 2024 were considered for analysis. The analysis includes both patent applications and
granted patents to identify emerging trends as well as established intellectual property. The analysis
excludes patents that do not relate to wastewater treatment for the purpose of producing drinking water.
Duplicated patents across multiple jurisdictions are also excluded and consolidated into a single patent
filing with respect to the earliest application granted. Patent screening was done through title and
abstract reading to determine relevance. Further patent reading was undertaken for patents of uncertain
information. Extracted patent information was then divided into patent year, number of patents, patent
applicants, and jurisdiction for easier trend analysis. The patent analysis was conducted as a landscape
analysis, with emphasis on identifying general trends in patent activity, key applicants, and jurisdictions,
rather than providing a detailed technical breakdown of individual electrocoagulation patents.

3. An Overview of Electrocoagulation Process in Food Wastewater Treatment

Since the early 2000s, scholarly interest in the application of electrocoagulation for food wastewater
treatment has shown a steady increase, with 41 relevant publications identified over the 24-year period
from 2000 to 2024. This reflects the growing recognition of electrocoagulation as a viable treatment
strategy for oily effluents generated by the food industry. Figure 1 illustrates the number of journal
articles published on electrocoagulation for food wastewater (real and simulated) from 2000 to 2024. It
can be observed that over the past 10 years, the number of publications on food electrocoagulation
studies has been steadily increasing. The types of food wastewater considered in previous studies are
also analysed and the breakdown with respect to industrial sources is illustrated in Figure 2. Detailed
information on oil removal percentages, experimental parameters, and the specific food industry
applications, including synthetic oil emulsion studies, is provided in Supplementary File as Table S1.

Based on the reviewed journal articles, the effectiveness of the electrocoagulation treatment can be
determined by the measuring chemical oxygen demand (COD), as 73% of the studies reported on COD
removal [28,29,31] while the remaining 27% reported on oil content removal [9,16,25]. Figure 3
illustrates the COD removal percentage of electrocoagulation technology in treating different sources
of food wastewater reported in investigated journal articles. Among the articles reporting COD removal,
37% reported >80% COD removal [22,26], 15% reported >60% COD removal [21,23], 12% reported
>40% COD removal [19,24], 8% reported >20% COD removal [14,20] and 1% reported <20% COD
removal [12]. Regarding oil removal performance, all reported results were >80% [9,18].

Furthermore, electrocoagulation studies were usually conducted with real food wastewater to
determine the feasibility of the treatment system for food industry applications. Based on the reviewed
articles, 39 out of the 41 articles were conducted with real food wastewater while the remaining 2
articles were conducted with simulated samples. However, the efficiency of the electrocoagulation
treatment in removing oil pollutant is difficult to be assessed with real wastewater due to the complex
composition of real wastewater.

Real wastewater is rich in organic contaminants, which are high in chemical oxygen demand,
biological oxygen demand, and nutrients (nitrogen and phosphorus) [34]. The characteristics of each
contaminant differ from one another, causing differences in reaction and treatment process outcomes.
Therefore, it is necessary to consider the effects of other contaminants present on the efficiency of
electrocoagulation. To provide conclusive results, synthetic oil emulsion was used in some studies.
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Figure 1. Number of journal articles published on the study of electrocoagulation for real and simulated food
wastewater in period from 2000 to 2024.
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Figure 2. Type and percentage of food industry studied in electrocoagulation treatment from 2000 to 2024.
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Figure 3. COD removal percentage of electrocoagulation technology in treating different sources of food
wastewater reported in investigated journal articles.

Mirshafiee et al. [18] examined the efficacy of electrocoagulation treatment for synthetic oil
emulsion prepared with fresh edible oil. They obtained high oil and COD removal at 97.71% and 94.6
+ 0.2% respectively. However, the properties of waste oil differ from fresh oil and may lead to different
treatment outcomes. Soo et al. [32] found that under optimised conditions of pH 6.4, supporting
electrolyte of 1.228 g/L, applied voltage of 3.251 V and an initial concentration of oil at 1.259 g/L,
98.11% of emulsified waste cooking oil removal efficiency could be achieved.

While the previous studies demonstrated varying removal efficiencies across different food
industry applications, the performance of electrocoagulation was also observed to be heavily dependent
on several key operating parameters. Understanding and optimising these parameters is crucial for
achieving the desired treatment outcomes. The next section examines the key factors that influence
electrocoagulation efficiency in food wastewater treatment.

4. Parameters affecting Electrocoagulation Efficiency in Oily Wastewater from
Food Industries

4.1. Electrode Material

Electrodes are the main medium used to conduct electrical current throughout the electrolyte in the
electrocoagulation process. Hence, the selection of suitable electrodes is imperative to achieving high
performance in the electrocoagulation treatment.

Figure 4 presents the types of electrode materials that have been used in electrocoagulation studies
for oil removal. The main electrode materials used to study oil removal efficiency via electrocoagulation
were aluminium, iron and stainless steel. It can be observed that aluminium and iron electrodes are more
commonly used in electrocoagulation studies, accounting for 65% [9,25] and 30% [27,28] respectively.
This is due to their ready availability, economical pricing, and proven efficiency.

Based on the analysis shown in Figure 4, aluminium electrode is preferred compared to iron
electrode. When a complete circuit is established, the aluminium electrode is readily oxidised into
trivalent ion, Al3+ that is used for the formation of in-situ metal coagulant, aluminium hydroxide,
AI(OH)3. The AI(OH)3 molecules are responsible for adsorbing and removing the oil molecules.
Compared to aluminium electrode, iron electrode would be initially oxidised into divalent ion, Fe*
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prior to trivalent ions, Fe3+ used for the formation of the desired metal coagulant, Fe(OH)?>. This means
that iron has a slower rate of dissolution and formation of coagulant compared to aluminium, which
could result in longer treatment time and higher electrical energy consumption [35].

Stainless steel
4%
Aluminum
59%
Iron
37%

Figure 4. Types of electrode materials for electrocoagulation studies from 2000 to 2024.

4.2. Electrolysis Time

Besides electrode material selection, the duration of treatment plays a critical role in electrocoagulation
efficiency. The treated water quality is significantly dependent on the duration of the electrocoagulation
treatment. During the treatment, pollutants would undergo several stages of reaction including
destabilisation, coagulation and adsorption. It is necessary to allocate sufficient amount of time for each
treatment process so that the treatment cycle is complete and efficient. This enhances the reactions
occurring at the electrode surface and improves the efficiency of the electrocoagulation process. In
accordance with Faraday’s law in Equation (1), the amount of metal ions produced in the
electrocoagulation system is directly proportional to the electrolysis time.

Itm
w=—— 1
= (1)

where, w is the amount of dissolved metal produced from the anode electrode (g), / is the current (A), ¢
is the electrolysis duration (s), m is the molecular mass of the anode metal (Al =26.982 g/mol), z is the
number of electrons involved in the redox reaction (za; = 3), and F'is Faraday’s constant (96500 C/mol).

At fixed current density, the dissolution rate of the anodic metal and the cathodic hydrolysis process
for producing hydroxide ions is limited. Thus, the electrocoagulation duration dominates the reaction
process. Allocating additional time for treatment would generate more metal and hydroxide ions from
the electrodes for the formation of metal coagulant that removes the pollutants. However, once the
treatment reaches its maximum capability, additional treatment time would provide insignificant
increase in the efficiency of electrocoagulation treatment.

Figure 5 shows the various durations allocated for pollutant removal by electrocoagulation
treatment based on the reviewed papers. It can be observed that most researchers carried out
electrocoagulation treatment for 0 — 30 min [19,28], followed by 31 — 60 min [20, 25], 91 — 120 min
[18,30] and a few for 61 — 90 min [18,22]. This is in agreement with An et al. [33], who concluded that
the optimal reaction time was 20 — 30 min.
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Figure 5. Various durations applied in electrocoagulation treatment studies for food-based wastewater from
2000 to 2024.

4.3. Impact of pH

The pH of the pre-treated wastewater sample also plays an important role. This is because the initial pH
would affect the stability of the metal hydroxides produced and alter the electrical characteristics of the
molecules, which could impact the efficiency of the electrocoagulation treatment process [36]. In
addition, the metal hydroxide formed varies under different electrolyte pH where the range of initial pH
studied was between 3 to 8.71 for real food wastewater and synthetic samples.

Figure 6 shows the percentage of oil and COD removal by electrocoagulation treatment for food
wastewater under different initial pH values. It can be observed that samples with high removal
percentage clustered was around neutral pH (6.5 — 7). This is because the production of metal coagulant,
e.g. AI(OH)3, dominates the reactions at neutral pH [37]. Hence, the rate of oil removal is more efficient
at neutral pH. When the pH is more acidic, the Al species formed are more positively charged, such as
Al**, AI(OH)*" and AI(OH)** [37]. These species are suitable for destabilising oil pollutants via charge
neutralisation process or electric double-layer compression. However, as the electrocoagulation
treatment takes place, the OH™ ions and H, gas generated at the cathode would neutralise the acidic
electrolyte and increase the pH. This occurs until equilibrium is achieved due to the buffer capability of
Al(OH)3/Al(OH)4 generated in the electrolyte [38].

At neutral pH, the adsorption process dominates the treatment and removes oil pollutants.
Nevertheless, acidic electrolytes are less efficient because they need to neutralise the electrolyte solution
prior to producing Al(OH)s. Similarly, basic electrolytes would induce the production of negatively
charged species including AI(OH)s, AI(OH)¢*, AI(OH)s*, and AlO," , which causes less effective
flocculation and a downturn of the performance of the electrocoagulation treatment [39]. This occurs
because of the repulsion effect between both of the negatively charged species and oil pollutants that
jeopardises the destabilisation and adsorption process of the electrocoagulation treatment [12]. Hence,
lower removal percentage in electrocoagulation treatment is obtained in basic electrolytes.
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Figure 6. Percentage of oil and COD removal by electrocoagulation treatment for food wastewater under
different initial pH values from 2000 to 2024.

4.4. Concentration of Supplied Electrolyte

Oil emulsion has poor electrical conductivity due to the lack of net charged ions in the solution.
However, electrocoagulation requires a certain level of minimum conductivity for the flow of electrical
current to occur. To enhance the electrical conductivity of the electrolyte, supporting electrolyte could
be added to the oil emulsion. According to a study [35], supporting electrolytes can promote the
conductivity of the electrolyte solution by reducing the passivation process at the anode, which
enhances the current efficiency during electrocoagulation treatment. Moreover, the negative ions from
the supporting electrolyte enhance the anodic dissolution process via localised pitting and produce more
metal ions for the formation of metal coagulant [40]. If chloride-based compound is used as the
supporting electrolyte, the chloride ions from such supporting electrolyte would produce chlorine,
hypochlorous acid and hypochlorite ions as shown in Equations (2), (3) and (4), which aid in oxidising
organic compounds and improving pollutants removal percentage [15]. Research on dairy industry
wastewater [40] revealed that 97% and 92% of oil and chemical oxygen demand (COD) removal were
achieved with 1.5 g/L of potassium chloride (KCI). Similarly, 1.5 g/L of sodium chloride (NaCl) was
sufficient to treat egg processing wastewater, which yielded 89% COD removal [15].

2CI" —>Cl, +2¢~ )
Cl, + H,O—HOCI+H" +CI~ (3)
HOCl— OCl™ +H* “4)

However, excess supporting electrolyte can reduce the efficiency of electrocoagulation treatment.
This is due to the buildup of strong ionic strength between Al** ions and supporting electrolyte, which
weakens the diffusivity and activity of the AI’" ions in the electrolyte. This could lead to lower
generation of metal coagulant for the removal of emulsified oil [35]. Subsequently, excess salt would
contribute to the formation of metal complex such as AlCls, which contributes to the dissolution process
of the metal species and decreased available metal ion for the coagulant formation [40]. An example of
common supporting electrolyte is sodium chloride, which is known for its cost-effectiveness and
comparable efficiency in pollutant removal.
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4.5. Voltage

Another factor affecting electrocoagulation treatment is the applied voltage (V). Applied voltage
governs the reactions occurring at the electrodes, which includes anodic dissolution, coagulant
formation, cathodic effervescent, and size of flocs [41,42]. In accordance with Faraday’s Law (Equation
(1)), the dissolution rate of the anode depends on the time and quantity of electrical current density
supplied to the system [13,43]. However, as defined in Ohm’s law (Equation (5)), V are proportional to
current (A), /, and inversely proportional to resistance (R). This indicates that the amount of voltage
applied to the system equals to the amount of current flowing through the electrolyte [44]. Therefore,
an increment in voltage also increases the amount of metal ions oxidised from the anode, which
contributes to the formation of metal coagulant for pollutant removal.
U=IR (5)
Furthermore, increasing the voltage also induces the production of hydrogen gas at the cathode.
This enhances the flux of dissolved gases on the electrode’s surface, which increases the concentration
of dissolved gases in the diffusion layer. This leads to a shorter nucleation time and favours smaller
bubbles formation [45]. The density of bubbles produced increases, hence reducing the size of the
bubbles [43]. This enhances the upwards flux and sludge formation for a more effective pollutant
removal process [13].

A similar trend was observed for the treatment of wastewater from the dairy industry [46]. As the
applied voltage increased from 10 V to 60 V, the removal percentage of COD, BOD and TSS increased
from 60.6% to 98.8%, 57.9% to 98%, and 49.29% to 97.75%, respectively. In addition, maximum
bacterial removal of >99.9% was also achieved at 60 V.

Table 1 summarises the removal percentage of electrocoagulation treatment under different applied
voltages. It can be observed that high removal percentage in electrocoagulation treatment can be
obtained despite different intensity level of voltage applied. This occurs due to the different
characteristic of each wastewater. From the reviewed articles, it can be observed that the voltages
applied ranged from 9 V to 60 V. Higher intensity of voltage applied could lead to higher energy
consumption and operation costs, which are not conducive for the adoption of electrocoagulation
treatment, from economic perspective. In fact, it might also result in less efficient electrocoagulation
treatment [44]. This is caused by the high rate of hydrogen gas formation that breaks the flocs and
simultaneously jeopardises the adsorption process for pollutant removal. On the other hand, high
voltage may also induce side reactions such as charge reversal of the colloids by excess coagulant,
dissolution of coagulants formed and expedited formation of passivation films on the surface of the
electrode [47].

4.6. Initial Oil Concentration

The characteristics of wastewater, particularly pollutant concentration, fundamentally determine
treatment requirements. In this context, initial oil concentration is one of the elements considered in the
characterising the wastewater. Very high initial oil concentration in wastewater could significantly
reduce the effectiveness of the electrocoagulation treatment. The removal of oil pollutants is dependent
on the flow of current throughout the treatment system to produce metal ions, metal hydroxide
coagulants and hydrogen bubbles. However, oil is a poor conductor of electricity. High concentration
of oil increases the resistance of the electrolyte and reduces the conductivity of current between the
electrodes. Thus, the accumulated resistance limits the flow of current through the electrolyte and limits
the production of essential elements for oil removal.

Similarly, at constant current density, supporting electrolyte and pH parameter settings, the amount
of metal coagulant produced in the electrolyte is the limiting factor for electrocoagulation treatment
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process. Under the same parameter settings, the amount of metal hydroxide coagulant produced is fixed
[18]. When the initial oil concentration of the electrolyte increases, the removal capacity of
electrocoagulation treatment is reduced. Therefore, this renders electrocoagulation treatment less
effective at high initial oil concentration.

A comparison of the efficiency of electrocoagulation treatment on different types of street food was
conducted by Shokri and Fard [9]. The study showed that the efficiency of electrocoagulation treatment
was slightly reduced when treating Hainanese chicken rice vendor’s wastewater, which has a higher
content of oil pollutants, at 310 mg/L + 12%, compared to noodles and dumplings vendor’s wastewater
with a lower concentration of oil pollutants of at 178 mg/L + 8%. Another study [18] also reported a
similar trend, showing decline in the effectiveness of electrocoagulation treatment from 94.6% to 82.3%
when the initial COD concentration increased from 1000 mg/L to 4000 mg/L.

Having established the technical parameters and performance characteristics of electrocoagulation,
which demonstrate the technical viability of this technology for food wastewater treatment across
diverse industrial applications, the following section examines the commercial and technological
development trends through patent landscape analysis. While the patent search was not restricted to the
food industry, the analysis provides valuable context for food industry adoption. It reveals the progress
of electrocoagulation technology and potentially adaptable innovations for food wastewater, thereby
providing insights into its practical implementation and industrial adoption.

Table 1. Removal percentage achieved from electrocoagulation treatment under different applied voltage.

12V 66% Turbidity removal [48]
98% Turbidity removal

15V 60-70% Hardness removal [42]
91% Fluoride removal

9V 89% COD removal [44]
83% Chromium removal
85% TDS removal

30V 80% COD removal [41]
82% BOD removal
92% Turbidity removal

30V 87% COD removal [43]
91% TSS removal
98% Dye removal

60V 98.84% COD removal [46]
97.95% BOD removal
97.75% TSS removal
>99.9% Bacterial removal

5. Patent Analysis for Electrocoagulation in Wastewater Treatment (2014-2024)

5.1. Patent Overview from 2014 to 2024

Based on Figure 7, which depicts trend based on data obtained from Lens.org, the total number of
patents from 2014 to 2024 was 868 patents (608 patent applications and 270 patents granted). Such a
high number of patent applications and granted patents imply that the application of electrocoagulation
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in wastewater treatment is becoming an emerging technology that is highly patentable. In general, there
are four trends that can be identified from Figure 7. These include a decrease in patents published from
2014 to the lowest point in 2016, a spike in published patents from 2017 to the peak in 2019, a slight
dip from 2020-2021, and a gradual increase in published patents until 2024. Each trend would be
analysed to understand the direction of electrocoagulation patenting.

Total Number of Patents Published

90 85 ¢ 87
79

80 72
70

69,

60

68
64 64
57
55
52 51 51 51
50 44 a1 mmmm Patent Application
4 6 s Granted Patent
3 7 1 8 ! 9 0 e=O==Total Patent
17 18 18
2 12
1

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year

Patent Count
() o S (e S

Figure 7. Total patents published in period from 2014 to 2024 (according to data from Lens.org) [Accessed on
7th May 2025].

In 2014, the total patents were 79 (52 patent applications and 27 granted patents), which then
decreased to 72 (55 patent applications and 17 granted patents) in the following year. The total number
of patents further decreased over the next year until it reaching the lowest point of the decade. In 2016,
only 56 patents were published (44 patent applications and 12 granted patents). This could possibly
reflect the slow emergence of interest in applying electrocoagulation to wastewater treatment. Another
possibility is that the research was not ready for patenting. The number of patents applied gradually
increased over the following three years (2017-2019). The number of patents published in 2019 showed
a significant increase to 92 published patents (68 patent applications and 24 granted patents). This
increase in patents published suggests renewed interest in electrocoagulation applications for
wastewater treatment. Similarly, the increase in the number of granted patents also indicates growing
technological innovations that are patentable.

However, the following two years saw a drop in total patents published, with 85 published patents
(57 patent applications and 28 granted patents) in 2020 and 82 published patents (51 patent applications
and 31 granted patents) in 2021. This decline may be due to the impact of COVID-19 pandemic, which
affected many research activities throughout the world and may have delayed the patenting process. It
is important to note that the number of granted patents continued to increase steadily despite the
decreased total published patents in 2020 and 2021. This increase suggests enhanced innovation levels
in electrocoagulation for wastewater treatment that are suitable for patenting. This trend continued until
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it reached the decade peak of 36 granted patents in 2022. In the same year, the total published patents
also increased until reaching the decade peak of 94 published patents (64 patent applications and 30
granted patents) in 2024. This growth trajectory in patent publications reflects increased commercial
interest. To better understand the driving forces behind this trend, it is essential to examine the key
players in this technological landscape.

5.2. Patent Jurisdiction

Finally, analysing patents from various countries that have patented technologies related to
electrocoagulation in wastewater treatment is important for understanding technological focuses around
the world. Such data are also important for helping companies and researchers to determine the future
regions or continents that will play important roles in the development of electrocoagulation technology.
Figure 8 depicts the patent document counts from various jurisdictions in the field of electrocoagulation
in wastewater treatment.

Patent Count Jurisdiction
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Russia 1
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Canada ® 6
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Europe e 63
China m——— (8
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Figure 8. Patent count according to jurisdiction from 2014-2024 (Lens.org) [Accessed on 7th May 2025].

The United States of America (USA) serves as the main source of patent activities related to
electrocoagulation in wastewater treatment. With 536 related patent documents over the decade, it is
not surprising that the USA achieved such numbers. This is due to its strong economic and research
infrastructure that encourages research activities and subsequently advances electrocoagulation
technology. Industrial players and research institutes in America with strong fundamental knowledge
and background knowledge related to wastewater treatment were able to successfully patent various
technological improvements for electrocoagulation.

After the USA, the World Intellectual Property Organisation (WIPO) recorded 175 filed patent
documents. WIPO serves as the primary intellectual property promotion and protection agency
worldwide. This substantial number of patent documents suggests global interest in promoting and
protecting various technological applications and advancements in electrocoagulation. In addition, it
indicated that there has been a surge in global interest in applying electrocoagulation to wastewater
treatment due to the patenting of such technologies in various countries. Through WIPO, the patents
are protected and serve as an initiative to promote electrocoagulation technology globally.
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In the Asian region, the main players in patenting electrocoagulation technology are China (68
patent documents) and the Republic of Korea (7 patent documents). The high number of patent
documents in both countries indicates increased interest in applying electrocoagulation to treatment of
wastewater. China is well positioned to focus on wastewater treatment due to its massive industrial
activities. In 2016, China released the “13™ Five Year Plan” which details the need for 30% water
reclamation around the Beijing area by the end of 2020 [51]. This incentivised the need to improve or
advance current wastewater treatment technologies. Thus, this explains the high number of patent
documents compared to Korea.

Europe also serves as a leader in patenting of electrocoagulation technologies, with 63 patent
documents. The high number of patent documents filed in Europe suggests emerging interest in the
region in electrocoagulation technology too. This is consistent with the circular economy action plan
developed by the European Union (EU) to reduce environmental damage. The “WIDER UPTAKE”
initiative undertaken by the EU in 2021 [52] has furthered the application of electrocoagulation in
wastewater treatment. The collaboration between the EU and China under the “China-Europe Water
Platform” (CEWP) has also advanced researches in wastewater treatment. This could partially explain
the similar amount of patent documents filed between both jurisdictions.

Despite the prevalence of patent documents in the main economic regions of the world, there were
still some other countries involved in patenting electrocoagulation for wastewater treatment documents.
For example, Canada has six patent related documents. Subsequently, one of the top applicants was a
company located in Canada. Other European countries such as the United Kingdom (3), Italy (2), Russia
(3), Finland (1) and Sweden (1) also have filed patent documents. These low numbers of patent
documents suggest that interest in electrocoagulation technology leans towards academic research
instead of commercial purposes. Other jurisdictions such as Mexico (2 patent documents) and Australia
(1 patent document) may also have a similar trend that is more academically focused instead of
commercially oriented.

While a high volume of patents exists across all sectors, few explicitly target food industry
wastewater. The search was intentionally broad because patents are typically drafted to cover multiple
industries rather than a single sector. Consequently, food-specific patents cannot be reliably isolated
from the search, and the patent trends presented here reflect general commercial interest rather than
food-focused developments. Overall, while the patent landscape demonstrates sustained technological
development in electrocoagulation, the translation from laboratory research and patent activity to large
scale industrial implementation remains constrained by several challenges that must be addressed to
fully realise the commercial potential demonstrated in the patent landscape.

6. Challenges and Prospects

6.1. Scalability and System Complexity

Although electrocoagulation has been widely recognised as a promising technology for oily wastewater
treatment, several challenges remain that hinder its large-scale adoption in food industries. A critical
issue lies in the scalability of electrocoagulation systems. Most studies reported in the literature are
limited to laboratory-scale or batch experiments [6,9,11]. While these studies demonstrate high removal
efficiencies for oil and COD, the translation of results into continuous-flow or industrial-scale
operations remains limited [18,22]. Moreover, wastewater characteristics in real food industry effluents
are highly complex, containing organic matter, nutrients, and emulsified oil fractions that behave
differently compared to synthetic wastewater [34,59]. This discrepancy highlights the need for more
robust and scalable systems that can handle variable pollutant loads without compromising performance.
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6.2. Electrode Passivation

Another significant challenge is electrode passivation, which reduces efficiency over time due to the
formation of insulating oxide layers on the electrode surface [6,11,35]. Passivation increases internal
resistance, lowering current efficiency and pollutant removal. Frequent electrode replacement adds to
the operational cost, raising concerns regarding long-term economic feasibility. Although approaches
such as polarity reversal and hybrid electrode materials have been proposed, their effectiveness still
requires validation at the industrial scale [59,60].

6.3. Energy Consumption

Energy consumption is another major barrier. Studies show that energy and electrode costs account for
about 60% of the total operating costs of electrocoagulation [6,9,11]. While increasing applied voltage
improves pollutant removal, excessive voltage leads to higher energy demand and can destabilise the
process by breaking flocs or inducing side reactions [41-44]. Optimisation is thus critical. Fotovat and
Hosseini [53] demonstrated that energy consumption could be reduced by 37% with optimised
residence time while maintaining oil removal efficiency above 98%. However, efficiency remains
highly dependent on operational parameters such as electrode type, pH, initial oil concentration, and
electrolyte composition, which complicates standardisation for industrial applications [40—64].

6.4. Operation Parameters Dependencies

Electrode selection, commonly aluminium and iron, is yet another challenge that significantly affects
coagulant formation and energy requirements. For instance, aluminium shows faster coagulant
production, whereas iron has slower dissolution and higher energy demand [60]. Similarly, electrolysis
time plays a critical role impacting the process economy. Although pollutant removal generally
increases with reaction time, once optimal conditions are reached (20-30 min), extending time adds
little benefit while raising energy costs [62]. pH sensitivity further complicates treatment, as
performance is highest near neutral pH (6.5-7), but less effective under acidic or basic conditions due
to unfavourable species formation [61].

In addition, initial oil concentration strongly influences conductivity, whereby high oil loads
reducing the current flow and lower the pollutant removal [62]. On the other hand, the use of supporting
electrolytes such as NaCl can enhance conductivity and improve pollutant removal [32], but excessive
concentrations reduce the efficiency due to ionic strength effects and complex formation [63]. Finally,
applied voltage directly influences pollutant removal, bubble formation, and sludge characteristics.
However, excessively high voltages increase energy costs [53] and may reduce treatment efficiency
[32]. These dependencies underline the challenge of optimising electrocoagulation process for diverse
real-world wastewater streams.

6.5. Sludge Management

The management of sludge by-products also poses difficulties. Although electrocoagulation generates
up to 60% less sludge than chemical coagulation, the by-products still require proper handling [7,8].
The sludge typically contains a mixture of metal hydroxides and organic matter, raising concerns about
safe disposal [11]. Valorisation strategies have been suggested, such as metal recovery, biogas
generation via anaerobic digestion, or the use of sludge in construction materials [54,57,58,60]. Such
approaches align with circular economy principles, turning waste into valuable resources while
improving environmental sustainability.
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6.6. Prospects of Artificial Intelligence and Machine Learning

To overcome the conventional challenges for electrocoagulation technology, the integration of Artificial
Intelligence (AI) and Machine Learning (ML) represents a transformative opportunity for advancing
electrocoagulation. Traditional process design often relies on empirical optimisation, which is time-
consuming and limited in capturing nonlinear, multivariate interactions in complex wastewater systems
[59,60]. Al-based approaches, including artificial neural networks (ANNSs), support vector machines
(SVMs), and random forest models, have been successfully applied to predict EC performance and
optimise operating conditions [17,61]. For example, El Jery et al. [65] applied ANNs to model oil
industry wastewater treatment, demonstrating reliable prediction of COD removal efficiency under
varying current densities and operating times.

ML-driven frameworks also enable multi-objective optimisation, balancing trade-offs between
pollutant removal, energy consumption, and sludge generation [7,60]. Shahedi et al. [61] highlighted
that Al integration into industrial EC operations allows dynamic adjustment of parameters in real time,
ensuring consistent performance under variable effluent conditions. Similarly, Tahreen et al. [62] noted
that Al-supported optimisation frameworks could stabilise treatment efficiency under fluctuating
pollutant loads, a critical factor for industrial scalability.

In addition to process optimisation, Al supports predictive maintenance and fault detection. By
analysing sensor data streams from EC reactors, machine learning models can detect early signs of
electrode passivation, scaling, or irregular conductivity before they compromise efficiency [33]. This
predictive capability reduces downtime and operational costs while extending electrode lifespan. The
convergence of Al with Industry 4.0 technologies—including IoT, smart sensors, cloud computing, and
digital twins—further enables real-time monitoring, remote control, and autonomous decision-making
in EC systems [55,56,63].

The integration of renewable energy sources offers a promising pathway to reduce both the
operational costs and carbon footprint of electrocoagulation systems [54]. Combined with Industry 4.0
technologies, such as IoT and digital twins, real-time optimisation, predictive maintenance, and
intelligent energy management [55,56,61] become increasingly achievable. Al-driven control systems
could stabilise treatment performance even under fluctuating wastewater conditions, addressing some
of the operational uncertainties that currently hinder industrial uptake.

6.7. Prospects of Life Cycle Assessment and Techno-economic Analysis

Beyond process-level optimisation, a broader evaluation of electrocoagulation through life cycle
assessment (LCA) and techno-economic analysis (TEA) is essential to benchmark its environmental
and economic performance against alternative wastewater treatment technologies [54,57,58]. Pilot-
scale demonstrations under continuous-flow conditions remain essential to evaluate technical feasibility,
economic performance, and environmental impact in real-world scenarios. Strong collaboration
between academia, industry, and policymakers will be vital to accelerate the transition of
electrocoagulation from laboratory-scale research into a commercially viable, Al-enhanced, and
sustainable technology for food wastewater treatment [7,33,59-63].

7. Conclusions

Wastewater treatment is an important aspect in maintaining global water security, with edible oils
among the most challenging pollutants requiring specialised removal strategies. One of the methods
under purview is electrocoagulation. Electrocoagulation has emerged as a potential solution based on
reported high removal efficiency, reduced chemical demand, and comparatively lower sludge
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generation. Numerous studies have demonstrated that process efficiency is influenced by factors such
as electrode material, treatment duration, and applied voltage. A bibliometric survey of Scopus-indexed
literature from 2000 to 2024 indicates a consistent increase in publications, with a marked surge in
recent years: between 2020 and 2024, 17 related manuscripts were published, surpassing the cumulative
output from the preceding two decades (2000-2019). It should be noted that the findings presented here
are trend-based insights drawn from a scoping review, rather than statistically validated conclusions.
This trend suggests the growing research attention towards electrocoagulation for oily wastewater
treatment. A broad patent landscape analysis for the past decade from 2014 to 2024 in all industrial
sectors further points to rising global interest in commercialising this technology. Patent activity
steadily increased between 2014 and 2019, with a temporary decline from 2020 to 2022 likely
attributable to research and development disruptions during the COVID-19 pandemic. The leading
patent applicants reflect the multidisciplinary nature of the field, with strong contributions from both
academia and industry: Massachusetts Institute of Technology (22 patents), Gradiant Corporation (20
patents), as well as petroleum-sector (Rockwater Resources LLC) and electrical-sector (Daikin
Industries Ltd.) companies. These observations suggest diverse industrial relevance and potential
innovation pathways for electrocoagulation. Despite these advances, several challenges hinder large-
scale adoption, including electrode passivation, high energy requirements, and by-product (sludge)
management. To accelerate commercialisation, future work should prioritise pilot-scale demonstrations,
integration of renewable energy and artificial intelligence for process optimisation, life-cycle and
techno-economic assessments, and exploration of sludge valorisation strategies. Overall, the trends
observed in this review suggest that electrocoagulation holds strong potential as an effective and viable
technology for oily food wastewater treatment. It should be noted that the findings presented here are
trend-based insights drawn from a scoping review, rather than statistically validated conclusions. An
extended quantitative meta-analysis would allow more robust conclusions to be drawn. Nonetheless,
this review demonstrates that electrocoagulation is a promising and increasingly relevant technology,
and the growing body of research and patent activity points toward its continued advancement for
effective food wastewater management.
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