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Abstract

This study assessed a full-scale electrocoagulation—chemical air flotation (EC—CAF) system for treating wastewater
from used oil refining processes, which are characterised by high non-biodegradable pollutant concentrations. The
system showed excellent removal of total suspended solids (TSS), with efficiencies ranging from 86.8% to 90.7%
(averaging 88.6%). This performance resulted from the effective formation and flotation of iron hydroxide flocs.
However, the removal of dissolved pollutants was limited, with average efficiencies of 12.5%, 7.6%, and 13.3% for
chemical oxygen demand (COD), ammonia nitrogen (NHs-N), and 13.3% for sulphate (SO4+*"). These low rates are
due to recalcitrant organic compounds and dissolved ionic species that were not effectively removed through
coagulation—flotation mechanisms. Increasing the electrical input (2.06—3.60 kWh/m?) and current density enhanced
floc formation and TSS removal but minimally affected dissolved contaminants. The Faraday efficiency ranged from
53% to 66%, indicating nonideal electrochemical conditions resulting from side reactions and electrode passivation.
Sludge characterisation revealed amorphous iron-based flocs with a high adsorption capacity for PM. Although the
EC—CATF system is effective as a pretreatment, it requires integration with advanced oxidation or biological processes

to achieve comprehensive removal of dissolved pollutants in nonbiodegradable wastewater.
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1. Introduction

The used oil refining sector is a high-risk industry characterised by generating wastewater from refining
residuals. Wastewater generated from refining used oil generally has intricate properties, comprising a blend of organic
and inorganic chemicals. The primary constituents of this effluent are dissolved oil and aromatic chemicals, including
benzene, toluene, and xylene (BTX) [1],[2]. Moreover, the concentrations of phenol, suspended particles, and sulphate
ions (SO+*") are elevated. The significant concentration of SO+*~ may arise from chemical purification operations,
including reactions with sodium hydroxide (NaOH) to eliminate hydrogen sulphide (H:S), yielding a caustic sulphide
solution abundant in sulfur compounds [3]. This category of wastewater also has elevated concentrations of heavy
metals, ammonia, and total organic carbon [4], ammonia, and high TOC [[5]. This industrial effluent exhibits an
exceedingly high chemical oxygen demand (COD) value ranging from 3500 to 5300 mg/L [[6].

The waste produced originates from oil sources and contains hazardous materials, presenting a considerable
environmental concern; therefore, ensuring appropriate treatment and adherence to the current standards prior to
disposal is essential. Consequently, numerous processing techniques have been employed and recorded in the scientific
literature to manage this type of waste. While several current technologies demonstrate efficiency during the
processing phase in terms of cost and energy usage, others have difficulties associated with elevated energy and
maintenance expenses, rendering them less environmentally sustainable. Consequently, evaluating a method’s energy
efficiency, capacity to handle diverse pollutants, and volume of trash produced as a by-product is essential for the
advancement and application of any treatment system [7]. The management of this type of waste is typically
categorised into two principal phases: a pretreatment phase aimed at diminishing pollutant concentrations, including
oil, grease, and dissolved solids, and a phase in which pollutants are converted to a level suitable for safe discharge
[8]1,[9]. Reported treatment strategies in the literature encompass biological processes [5][10][11]. Coagulation
processes [12],[13], and advanced oxidation processes [[14],[15].

A comprehensive review of electrocoagulation across industrial applications reveals that development at the industrial
level is minimal, with most research concentrated at the laboratory scale..Most published studies have focused on
batch-scale laboratory experiments with synthetic wastewater conducted under controlled conditions, which fail to
capture the complexities of real-world industrial operations in which influent characteristics fluctuate and operational
periods extend over months or years. Long-term operational performance data are essential for sustainability and

commercial viability assessment. Electrocoagulation is the most studied method at the laboratory scale; however, its
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development at an industrial level remains minimal, particularly for oil refinery applications [16] One of the most
critical research gaps is the lack of comprehensive data from full-scale electrocoagulation installations treating
wastewater from used oil refineries..A recent comprehensive review of combined electrocoagulation processes
emphasised the need for pilot-scale investigations under continuous flow conditions and highlighted that challenges,
including limited pilot- and full-scale applications, persist [17].[17].This substantial gap between batch studies and
industrial operations makes predicting lifecycle performance and developing realistic maintenance schedules
difficult..

Energy consumption is a critical determinant of commercial viability; however, substantial variations exist
across studies.In batch laboratory settings, a combined electrocoagulation-electrooxidation process for treating
vegetable oil refinery wastewater required a specific energy consumption of 0.513 kWh/kg COD for the EC stage
alone, which increased to 2.067 kWh/kg COD when combined with electrooxidation [18] Similarly, a combined photo-
electrocoagulation system treating petroleum refinery wastewater achieved energy consumption of 28.44 kWh/kg
COD [19] However, these laboratory-optimised values may not reflect actual industrial-scale demands operating under
variable wastewater characteristics..

A significant research gap exists in the comprehensive economic analysis of full-scale electrocoagulation as
a pretreatment step. Historical reviews of the operating costs of electrocoagulation reveal tremendous variation,
ranging from 0.435 to 2.87 $/m? in pilot-scale and full-scale applications of electrocoagulation in the textile and
electroplating industries [20],[21], respectively, making it to establish reliable cost projections for industrial
implementation. However, scholarly investigations into the use of electrocoagulation for treating wastewater resulting
from used-oil purification are scarce. The cost—benefit analysis comparing electrocoagulation with conventional
methods, such as dissolved air flotation and coagulation—flocculation, remains inadequately developed specifically
for used-oil refinery wastewater. Although general contaminant removal has been extensively studied, the treatment
of specific problematic pollutants in used-oil refinery wastewater via electrocoagulation remains inadequate. Waste
lubricating oil regeneration wastewater contains sulphate (SO4) 895 mg/L and COD 1226.8 mg/L [22]. Research
specifically examining the application of electrocoagulation for these contaminants remains scarce, particularly
concerning its industrial-scale implementation. The behaviour of electrocoagulation in treating complex multi
contaminant mixtures, which are prevalent in industrial wastewater, significantly differs from that in single or binary

contaminant systems typically investigated in laboratory settings. However, such studies remain fragmented.



82
83
84
85
86
87
88
89
90

91

92
93
94
95
96
97
98
99
100
101
102
103
104

Based on this explanation, this study employed EC and clarifier air flotation as alternatives to the traditional
chemical coagulation method in a wastewater pretreatment system for the full-scale treatment of effluents from used
oil refining operations. This study comprehensively reviews the concurrent implementation of EC and clarifier air
flotation over a continuous three-month period in a full-scale setting. The efficacy of the system in removing total
suspended solids (TSS), chemical oxygen demand (COD), ammonia, and sulphate (SO4) from wastewater produced
during used oil purification was evaluated. Furthermore, critical operational parameters, such as current density, power
consumption, electrode replacement, electrode wear, and COD/SOj4 ratio, were thoroughly examined to provide a
direct assessment of the system’s performance. This analysis aims to provide valuable insights into wastewater

treatment and address previously identified research gaps.

2. Materials and methods used
2.1. Used oil refinery wastewater characteristicsc

This study examined wastewater effluents from the used-oil processing industry, which is characterised by
elevated concentrations of organic contaminants, including chemical oxygen demand (COD), ammonia (NH3-N), and
sulphate. The wastewater was distinguished by a high COD content and low biochemical oxygen demand (BOD),
indicating its nonbiodegradable nature, as evidenced by the COD/SO4 ratio values presented in Table 1. These
pollutants pose significant challenges in wastewater treatment, particularly during electrocoagulation, in which
sulphate can impede floc formation. The wastewater produced from solvent extraction and centrifugation processes is
rich in organic substances and inorganic ions, including sulphates. Before treatment, the wastewater was evaluated
based on its physicochemical characteristics, including pH, COD, TSS, NH3-N, Cl, and sulphate concentrations. The
COD/SO04 ratio was meticulously analysed to assess its impact on the efficacy of EC. Understanding the interaction
between organic solubility and sulphate levels is crucial for enhancing electrocoagulation efficiency.

Table 1. Characteristics of the used oil wastewater

No Parameters Unit Value
1 pH - 6.93 £1.33
2 Total dissolved solids (TDS) mg/L 864.90 £76.83
3 Total Suspended Solid mg/L 380.52 £112.82

4 Biochemical oxygen demand (BOD) mg/L 674.16 £333.46
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No Parameters Unit Value

5 Chemical Oxygen Demand mg/L 3856.61 £1628.18
6 Sulphate (SO4) mg/l 379.33 £76.81

7 Ammonia (NH3-N) mg/l 114.10 £26.90

8 Clorin (CI') mg/1 206.80 £174.08
9 COD/SO4 - 10.21 +0.79
10  BOD/COD - 0.174 £0.2

2.2. Reactor configuration

This pretreatment process is implemented to complement the existing system, which utilizes a biological method
based on activated sludge, as illustrated in Fig 1. The system employed in this study comprised an electrocoagulation
reactor equipped with iron (Fe) electrodes serving as the coagulant source and a clarifier air flotation mechanism for
the separation process (Fig. 2). The anode electrodes were strategically positioned at specific intervals to optimise the
iron ion release efficiency during the electrocoagulation process. The anode comprised nine (9) units, each containing
99.97% iron, classified as ST 41 type, with a diameter of 40 mm and a height of 1000 mm. A direct current (DC) of
60 V and 1200 A from Haney Electrochemical Ltd., China, was applied to oxidise the anode electrons, resulting in
the formation of Fe?* ions that react with pollutants in the wastewater. The cathode in the electrocoagulation system
comprised a multi-rod helical system (MRHS) with a nine (9) configuration provided by PT. Selaras Alam Varia
Energi, Bandung, Indonesia. The MRHS structure had a height of 1000 mm, and the gap between the MRHS and the
anode ranged from 5 to 8 mm. The system was configured in series between the anode and cathode, featuring a one-
on, one-off mechanism to facilitate ease of operation. An induced air flotation system was employed to facilitate the
separation of the formed flocs following electrocoagulation. This flotation process enhanced separation efficiency by
expediting the removal of flocs to the wastewater surface, resulting in cleaner water at the reactor base.

The EC-CAF process is initiated by entering wastewater into the mixing tank for homogenisation.
Subsequently, the wastewater is processed in the EC-CAF reactor, where the iron ions released from the electrodes
form flocs with pollutants in the water. Integration of electrocoagulation and induced air flotation enhances the
efficiency of pollutant removal from oil refinery wastewater. The contact time for electrocoagulation is 1 min, whereas

that for the clarification air flotation process is 30 min.
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Fig. 1 Flow diagram of the full-scale application of the EC-CAF as pretreatment Integrated with Biological Treatment

Fig. 1 Full-scale application of the EC-CAF reactor includes several components: A. Electrocoagulation reactor, B.
Air flotation clarifier, C. Electrode configuration, D. Operating conditions, E. Anode post-replacement, F. Control
panel system, G. DC power supply management, H. Sludge floating during the process.
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2.3.  Analytical data

In this study, descriptive analysis was conducted by comparing wastewater quality before and after EC
treatment with induced air flotation (EC-CAF). The main analysed parameters included chemical oxygen demand
(COD), total suspended solids (TSS), NHs, sulphate, and pH, as well as the characterisation of sludge from
electrocoagulation. The COD was measured using UV-Vis spectrophotometry with a closed reflux method, while the
TSS was analysed gravimetrically through the process of filtering and drying the samples. NH3-N concentration was
analysed using UV-Vis spectrophotometry, sulphate was determined using the turbidimetric method with a
spectrophotometer, and pH was measured using a digital pH metre. In addition, the electrocoagulated sludge was
characterised to understand the structure and composition of the flocs formed during the process. This analysis
included scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) to observe the
morphology and elemental distribution in the flocs. EDX analysis was conducted before and after the
electrocoagulation process to evaluate the changes in elemental composition. SEM-EDX (JEOL) analysis was
conducted at 10-20 kV, utilising magnifications of 500 x, 1000 %, 3000 %, and 5000 x. In addition to SEM-EDX, X-

ray fluorescence (XRF) with a Merk RIGAKU was used to examine the sludge after electrocoagulation.

2.4. Data Analysis
The current density during continuous electrocoagulation may vary owing to the applied current and change in the

anode surface area. The current density formula is given by Eq. 1.

(M

|~

J =
where j is the current density (A/m?), I is the applied current (A), and 4 is the electrode surface area (m?). The removal

efficiencies of TOC, COD, and TSS were calculated using Eq. 2.

Co

—Lx 100% @)
o

R(%) =

where R is the heavy metal removal efficiency, Cy is the initial concentration of heavy metals in the feed solution (mg
L — 1), and C; is the concentration of COD, NH3, SOy, and TSS in the concentrated compartment (mg L — 1).
Theoretically, the amount of dissolved metal ions can be determined using Faraday’s law (Eq. (3) [23,24]. However,

the actual anode dissolution per volume of treated wastewater can be calculated using Eq. (3) as follows:

_ItM
Mtheoritical = ZFV (3)
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where Mueoreicar 18 the theoretical quantity of anode dissolution (g/L), / is the applied current (A), ¢ is the
electrocoagulation time (s), M is the molar mass of the anode (g/mol), z is the number of electrons involved in the
reaction, F is Faraday’s constant (96,485 As/mol), and V is the volume of wastewater treated (L). Faradaic efficiency

(FE) is typically used to evaluate the performance of electrocoagulation [25],[26] as shown in Eq. 4.

FE (%) — Actual Dissolution x100% (4)

Theoritical Dissloultion

where macwaris the actual quantity of anode dissolution (g/L), my is the mass before the electrocoagulation process (g),
my is the mass after the electrocoagulation process (g), and V is the volume of wastewater treated (L).

Energy consumption is the major cost component of the electrocoagulation process [[27]. This can be calculated using

Eq. (5).
Ult
C=—- (5)

where Cenergy is the energy consumption (kWh/m?), U is the applied voltage (V), i is the applied current (A),  is the

electrocoagulation time (h), and V is the wastewater volume (m?).

3. Results and Discussion
3.1. Efficiency of COD and TS removalS

The integrated EC-CAF system significantly reduced suspended solids from used oil refining wastewater
throughout the monitoring period. The total suspended solids (TSS) in the influent ranged from 318.17 to 440.45
mg/L, while the effluent concentrations decreased to approximately 40—45 mg/L. The removal efficiencies were
88.2%, 86.8%, and 90.7% in October, November, and December, respectively, with an average efficiency of 88.6%
(Fig. 3). The CAF stage helps separate solids by attaching tiny bubbles to clumps, allowing them to float and be easily
removed from the liquid. The consistent reduction of total suspended solids (TSS) over a three-month period
demonstrates the efficacy of the electrocoagulation—chemical air flotation (EC-CAF) system, even amidst influent
concentration variations. This finding aligns with the separation capabilities inherent in electrocoagulation technology,
as well as the chemical coagulation process utilising dissolved air flotation, which achieves a TSS reduction of 68-
77% at both laboratory and full-scale levels [28],[29].

Conversely, chemical oxygen demand (COD) removal was less effective. The COD levels in the influent
varied between 3705.67 and 4063.55 mg/L, whereas the effluent concentrations decreased to 3223.55-3501.29 mg/L,

resulting in removal efficiencies of 13.8%, 8.6%, and 15.0%, respectively, with an average reduction of 12.5%. These
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findings differ from those obtained through the electrocoagulation process applied to petroleum wastewater, which

achieved a substantial COD reduction of 99% with a retention time of 45.15 min at a current density of 30 mA/cm? or

300 A/m?[30]. Another study indicated that using a perforated scrap model led to yields exceeding 90% with a current

density of 22 mA/cm? or 220 A/m? and a retention time of 39 min [31]. Other results demonstrated that EC treatment

achieved a 52% efficiency in phenol removal with a retention time of 120 min [32].
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Fig. 3 Performance of full-scale application of EC-CAF for COD, NH3-N, SOs, and TSS

As shown in Fig. 3, modest COD removal can be attributed to dissolved organic compounds, such as

hydrocarbons, aromatic compounds, and residual additives, in used oil refining wastewater, which are less effectively

removed by coagulation and flotation processes. This scenario occurs because of the unique properties of wastewater,

as the waste being processed is used oil that is redistilled into new fuel. Consequently, the wastewater produced differs

from that associated with petroleum operations. Therefore, the treatment process must be adjusted to accommodate
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non-biodegradable wastewater, for example, by combining it with the EC-activated sludge [33] process or with

advanced oxidation processes using EAOP [34], [35].

3.2. Efficiency removal of NH3-N and SO4

Fig. 3 shows that the dissolved nitrogen and sulphate during the (EC-CAF) treatment showed a distinct trend
compared with the particulate parameters, such as the total suspended solids (TSS). The influent ammonia nitrogen
(NHs3-N) concentration ranged from 108.26 to 119.74 mg/L, while the effluent concentrations remained between
101.97 and 110.60 mg/L, corresponding to removal efficiencies of 3.2%—13.7%, with an average of 7.6%. This limited
removal is due to ammonia existing predominantly as dissolved ammonium (NH4") under near-neutral pH conditions
(pH 6-8), as shown in Fig. 4. Unlike colloidal particles, ammonium ions are not readily destabilised by
electrocoagulation. Electrochemical reactions at the sacrificial anode produce metal ions that form hydroxide flocs,

which primarily adsorb suspended contaminants.
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Fig. 4. pH during the operation of EC-CAF
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The interaction between these flocs and dissolved ammonium is weak, thereby limiting the ammonia removal
efficiency. The observed minor reductions may be attributed to the partial adsorption of ammonia onto the hydroxide
surfaces during flotation. These findings clearly demonstrate that the electrocoagulation process will not achieve
maximal impact on ammonia levels owing to the non-biodegradable nature of wastewater. Conversely, when
addressing biodegradable wastewater, electrocoagulation can serve as a pretreatment to reduce ammonia or
ammonium content, as reported by [36], [37]. Sulphate (SO+*") exhibited similar behaviour, with influent
concentrations of 338.00-426.45 mg/L decreasing to 303.47-364.52 mg/L in the effluent, achieving a removal
efficiency of 10%—15%. sulphate remains predominantly dissolved under electrocoagulation conditions, with removal
occurring through limited electrostatic interactions with metal hydroxide flocs. While ironelectrodese produce
Fe(OH); orprovidesa high surface area for adsorbing anionic species, sulphate exhibits weak affinity compared with
other anions, such as phosphate. Insufficient precipitation reactions during the operation further limit the reduction of
sulphate. These observations indicate that different types of wastewater yield varying outcomes when treated with the
electrocoagulation process, implying that this technique is not suitable for nonbiodegradable wastewater, particularly
regarding the NHs-N and SO+* parameters. However, previous studies have shown that electrocoagulation can
effectively reduce SO+* by 82.7 to 87% with a retention time of 135 min at a pH of 5.5 and an energy consumption
of 3.617 kWh/m?® [38],[39]. Additionally, the combined process using an inert BDD electrode along with
electrocoagulation achieved optimal sulphate removal, underscoring the oxidative capability of the BDD electrode as
documented in earlier research [40].

The relationship between ammonia nitrogen (NHs-N), sulphate (SO4?), and chemical oxygen demand (COD) in
EC-CAF-treated wastewater provides insights into the pollutants present in used oil refining effluents. COD
concentrations remained high after treatment, with removal efficiencies averaging approximately 12.5%, while NHs-
N and SO+* showed limited reductions of approximately 7.6% and 13.3%, respectively. This indicates that a
substantial fraction of COD originates from dissolved compounds rather than particulate organic matter. In addition,
the COD/SO4 ratio factor exceeded the ratio indicating biodegradability. According to Archilha et al. [[41], an increase
in the COD/SO4 ratio is associated with a decrease in organic content, resulting in a decline in process efficiency as
the ratio rises from 1 to 3. The findings from the electrocoagulation application in this study reveal that the COD/SO4
ratio exceeds 8, as illustrated in Fig. 5, indicating that the wastewater from the used oil refining process contains non-

biodegradable organics. Furthermore, the BOD/COD ratio of this wastewater, with a value of 0.2 (Table 1),
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corroborates its classification as nonbiodegradable. Consequently, only a portion of the wastewater is treated in this
process, and it is ineffective in significantly reducing COD, SO4, and ammonia content, even with the application of
high energy. This observation aligns with [42], which differentiates COD based on its biodegradability, categorising
it as completely reduced, partially reduced, or not reduced at all. In this study, COD was predominantly partially

reduced; however, considering the COD/SO4 ratio, it tended to remain unreduced.
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Fig. 5 COD/SOsratio during pretreatment

3.3. Effect of power consumption and current densityy

Operational parameters, such as voltage, current, and specific energy consumption, are pivotal in assessing the
electrocoagulation—-CAF (EC-CAF) system for treating industrial wastewater from used oil refining. During operation,
the voltage increased from 28.24 V in October to 47.97 V in December, whereas the current fluctuated between 415
and 496 A as shown in Fig. 6. This increase in electrical input corresponded to an increase in the specific energy

consumption from 2.06 to 3.50 kWh/m?, as shown in Fig. 7. An enhanced electrical input facilitates electrode
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dissolution, resulting in intense foaming within the reactor, as shown in Fig. 1 (H). These flocs act as coagulants,
destabilising colloidal particles and promoting aggregation, which accounts for the high TSS removal efficiency
(86%—-90%). The increase in the TSS removal efficiency in December (90.21%) coincided with the highest voltage
and current. However, the efficiency remained notably low for the chemical oxygen demand (COD), ammonia, and
sulphate (SO4) parameters, despite the power input being consistent with previous studies [38], ranging from 3.6

kWh/m? or higher, as shown in Fig. 7.
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Fig. 6. Applied voltage and current during full-scale operation
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Fig. 7. Applied power during full-scale operation

Analysis of Figs. 7 and 3 reveals a moderate correlation between electrical input and chemical oxygen
demand (COD) removal. In December, an increase in voltage and energy consumption resulted in a COD removal
efficiency of 16.59%, compared to 14.92% and 11.20% in October and November, respectively. This enhancement is
attributed to the increased formation of hydroxide flocs and improved destabilisation of emulsified oil droplets and
organic colloids. In accordance with Faraday’s law, a higher current facilitates the rapid dissolution of the anode,
thereby augmenting the production of coagulants and surface adsorption capacity. Additionally, the increased current
intensifies hydrogen gas evolution at the cathode, producing microbubbles that aid in the flotation of oil-organic flocs.
Nevertheless, overall COD removal remains constrained, as most COD in used oil refinery wastewater comprises
dissolved hydrocarbons and stable organic compounds, which are less amenable to removal via electrocoagulation.
The removal efficiency of dissolved species such as NHs-N and SO+* exhibits a weaker correlation with electrical
parameters. Although there is a slight increase in efficiency at higher energy input, with SO4 removal reaching 15.95%
in December, the efficiency remains low. This underscores the limitations of the electrocoagulation process in

removing dissolved ionic species. As illustrated in Fig. 8, increased current can enhance current density and produce
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high metal hydroxide formation and electrochemical reactions. Ammonium and sulphate ions remain stable in solution

and interact only weakly with the generated coagulants.
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Fig. 8. Applied current density during full-scale operation

The results suggest that increasing the electrical input improves the coagulation-flotation process, affecting
total suspended solids (TSS) and particulate COD, but has a limited effect on dissolved nitrogen and sulphate ions.
Consequently, this study contradicts earlier research, which claimed that boosting power would enhance the reduction
of organic parameters, as previously demonstrated by [43], [44], [45]. The brief contact time of only 1 min within the
multi-rod helical system reactor is a significant factor contributing to this outcome. Furthermore, the chemical oxygen
demand to sulphate (COD/SQj) ratio indicates that the process was ineffective, despite the application of high current
density values as illustrated in Fig. 8, which range from 200 to 1600 A/m?. In previous studies [46], increasing the
current density above 1000 A/m? resulted in very good efficiency for COD removal from domestic wastewater;
however, this showed an inverse ratio with the biodegradability level compared to wastewater categorised as non-

biodegradable.
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3.4. Electrode consumption and Faradaic efficiency

The impact of increased power and current density led to electrode consumption during full-scale operation,
where the anode diameter decreased from 40 mm to 16.3 + 1.63 mm in the first 10 days, 16.16 + 0.57 mm in the
second 10 days, and 16.16 + 1.154 mm in the third 10 days, with electrodes being used up to 75% of their original
size as shown Fig. 9. This consumption only affected the TSS reduction, as shown in Fig. 3, whereas the COD,
sulphate, and ammonia parameters were not effectively reduced for the wastewater from the used oil purification. The
electrode consumption lasted up to 10 days, as indicated by a 75% weight reduction; continuing beyond this would
increase the power due to a higher current density. Replacing the iron anode after 10 days provides energy usage
stability. In October, the system showed a Faradaic efficiency of 53.35%, where the actual consumption (50.63 + 1.72
kg/10 days) was half of the theoretical consumption (95.59 £ 5.22 kg/10 days). This difference indicates that electrode
passivation from the formation of the oxide layer requires electrode cleaning every 12 h. In November, the
performance improved with an FE of 66.13 %, with the theoretical consumption (83.36 + 9.61 kg/10 days) being
closer to the actual consumption (55.13 £ 0.00 kg/10 days). In December, the FE dropped to 55.50%, with variations
in the theoretical consumption (97.96 + 39.6 kg/10 days), as shown in Table 2.

Table 2. Faradaic efficiency during the full-scale operation of pretreatment of used oil refineries

Consumption Anode

Month Theory Actual consumption anode Faradaic efficiency
(Kg/10 Day) (Kg/10 Day) (%)
October 95.59+£5.22 50.63 £1.72 53.35
November 83.36 £9.61 55.13£0.00 66.13
December 97.96 + 39.6 54.37+1.29 55.50

As shown in Table 2 and Fig. 9, these fluctuations indicate instability in the operational parameters, such as
voltage and current density, as well as possible changes in the wastewater characteristics, as shown in Figs. 6 and 7.
The presence of complex organic compounds, suspended solids, and ions, such as chloride and sulphate, in the used
oil purification waste can disrupt the electron transfer process and increase side reactions, thereby reducing the anode
dissolution efficiency. Overall, the Faradaic efficiency values (ranging from 53% to 66%) indicate that under ideal
electrochemical conditions, electrocoagulation has not occurred. The difference between the theoretical and actual
consumption indicates that part of the supplied electrical energy is dissipated through side reactions rather than being

fully converted into coagulant formation.
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Fig. 9. Electrode reduction during full-scale operation

3.5. Sludge Characteristic

Elemental composition analysis via X-ray fluorescence (XRF) reveals that the solid produced from
electrocoagulation is predominantly composed of iron oxide (Fe;O3) at 7.75%, underscoring the iron electrode’s
primary function as an in situ coagulant source. The iron predominance is attributed to the anodic dissolution process,
which generates Fe?'/Fe’ ions that subsequently undergo hydrolysis to form hydroxide flocs, such as Fe(OH)s and
various iron oxyhydroxides. Because of their active hydroxyl groups and substantial surface area, which facilitate the

adsorption and coprecipitation of pollutants, these flocs are recognised as the principal components in the
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electrocoagulation mechanism. In addition to iron, elements such as silicon, aluminium, calcium, and sulfur were
detected, indicating the presence of inorganic particles and dissolved ions trapped within the floc structure during the
treatment process. The presence of calcium and sulfur also suggests potential interactions with sulphate ions or the
formation of secondary inorganic compounds during the coagulation process, as evidenced by the formation of SO3

at 3.04% from the XRF analysis (Fig. 10).
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Fig. 10. EDX and XRF analysis of the EC-CAF slurry

Fig. 11 (A and B) illustrates that morphological characterisation via SEM reveals that the solid produced from

electrocoagulation exhibits an amorphous structure with irregular aggregate shapes and a rough, porous surface

texture. This morphology is reminiscent of "fluffy" flocs, a characteristic feature of iron hydroxide formed through
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electrocoagulation. The observed morphology suggests the formation of particle aggregates through colloid
destabilisation and sweep flocculation mechanisms. Energy-dispersive X-ray spectroscopy (EDX) analysis, integrated
with SEM, indicates that FeO (10.18 %) is the major component, followed by SO3 (3.66 %), as described by the

overlay scatter diagram in Fig. 11 D and E, confirming the presence of iron hydroxide as the primary matrix.

y ﬂ;_: v‘.A

SElI  20kV WD10mm  SS30 SEl  20kV WD10mm  SS30 10pm —

LAB.TERPADU UNDIP 18 Feb 2025 LAB.TERPADU UNDIP 0000 18 Feb 2025

S K

Fig. 11. SEM results (A, 3000 x; B, 1000 x); overlay (C); scatter diagram Fe (D), S (E), and F (O).
The XRF and SEM-EDX analyses suggest that the formation of iron hydroxide flocs is the primary mechanism
in the electrocoagulation process. These flocs function as amorphous and porous adsorbent media capable of adsorbing

and entrapping suspended particles and organic compounds through sweep flocculation and surface adsorption,
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respectively. However, this process appears to be more effective in removing particulate and colloidal pollutants than
in eliminating dissolved contaminants, such as ammonia and sulphate, based on the identified chemical characteristics.
Consequently, integrating electrocoagulation with advanced processes, such as advanced oxidation or biological

treatment, is necessary to enhance the overall efficiency of wastewater treatment.

4. Conclusion

The integrated electrocoagulation—chemical air flotation (EC-CAF) system shows significant efficacy in treating
waste from used oil refining, particularly in removing total suspended solids (TSS) with 88.6% efficiency. This
efficiency stems from the formation of metal hydroxide flocs during electrocoagulation, enhanced by dissolved air
flotation. Increased electrical input further improves the coagulation—flotation process, with TSS removal exceeding
90%. However, the EC-CAF system has limitations in removing dissolved parameters, including chemical oxygen
demand (COD), ammonia (NHs-N), and sulphate (SO4?"), with efficiencies of 12.5%, 7.6%, and 13.3%, respectively.
This reduced efficiency is due to nonbiodegradable dissolved organic compounds that resist coagulation and flotation
mechanisms. A high chemical oxygen demand to sulphate ratio (>8) and low BOD/COD ratio (0.17) indicate
resistance to degradation. While increasing the electrical energy consumption to 3.60 kWh/m? enhances coagulant and
microbubble formation, it does not significantly improve the removal of dissolved compounds. A Faraday efficiency
of 53%—-66% suggests an unoptimized electrocoagulation process. Sludge characterisation reveals iron-based
compounds with an amorphous and porous morphology, which are effective for particulate pollutants but less effective
in binding dissolved ions. The EC—CAF technology effectively removes suspended solids as a pretreatment; however,
integration with biological or advanced oxidation processes is necessary to enhance the treatment of dissolved organic

compounds.
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