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Abstract 
Produced water from oil fields contains complex dissolved organic and inorganic species, 
including Ca²⁺, HCO₃⁻, and CO₃²⁻, which induce CaCO₃ scaling and hinder waterflooding 
operations. This study investigated the performance of electrocoagulation (EC) and 
ultrasonic-assisted electrocoagulation (sono-EC) for treating native produced water from 
Indonesian oil fields, focusing on scaling ion removal, floc structural characteristics, and 
hydrogen evolution. Experiments were conducted at pH 5, 7 and 9 using Al-SS316 
electrodes under constant current conditions, with intermittent sonication applied to 
enhance Al³⁺ release and suppress electrode passivation. The results demonstrated that 
pH 7 provides optimal conditions for the formation of stable amorphous Al(OH)₃ flocs. 
Scanning electron microscopy analysis revealed a porous lamellar morphology that 
promotes ion adsorption and co-precipitation, resulting in the highest removal efficiencies 
of Ca²⁺, HCO₃⁻ and chemical oxygen demand (COD). Sonication further enhanced process 
performance by inducing cavitation-driven micro-mixing, accelerating floc growth, and 
increasing hydrogen evolution. Brunauer-Emmett-Teller and Barrett-Joyner-Halenda 
analyses confirmed pronounced pH-dependent differences in floc porosity and surface 
characteristics, which mechanistically explained variations in ion capture behaviour. 
Overall, the sono-EC operated at neutral pH offers an effective strategy to mitigate scaling 
potential, while hydrogen evolution is used as an electrochemical indicator of cathodic 
surface activity. 
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Introduction 

Produced water from the oil and gas industry is the largest waste product, accounting for 

approximately 80 to 90 % of total production volume. The complex composition of produced water 

poses significant challenges due to organic contaminants and high inorganic ions such as Ca²⁺, 

HCO₃⁻, and CO₃²⁻ [1-3]. Among these challenges, the presence of carbonate-associated ions is of 

particular concern, as they promote the formation of calcium carbonate (CaCO₃) scale [4,5], a major 

cause of decreased injectivity, fouling, and equipment failure in many oil fields. A large volume of 

produced water is often reinjected into the reservoir to aid production, maintain pressure, or 

support waterflooding. This makes effective scale precursor removal through wastewater treatment 

essential for long-term operational reliability [6]. 

Recently, electrocoagulation (EC) has gained significant attention as a wastewater treatment 

method that can destabilize organic and inorganic pollutants without chemical coagulants. When 

aluminium electrodes are employed, this process generates aluminium hydroxide flocs in situ, which 

act as effective coagulants for destabilizing dissolved and colloidal pollutants. Although several studies 

have explored the removal of chemical oxygen demand (COD), turbidity, dyes, and heavy metals using 

EC [7-9], only a few have investigated its performance in removing scale ions such as Ca²⁺, HCO₃⁻, and 

CO₃²⁻, despite their direct relevance to oil and gas fields. Most existing reports also rely on synthetic 

water or focus primarily on organic degradation. This creates a significant knowledge gap regarding 

the performance of EC in real produced water matrices, where ionic equilibria, buffering effects, and 

competitive reactions differ substantially from those in laboratory-prepared systems. 

One of the EC process developments carried out is a hybrid method that incorporates ultrasonic 

waves into EC (sono-EC). This method has been shown to increase mass transfer, reduce electrode 

passivation, promote micro-mixing, and enhance the degradation of organic pollutants through 

cavitation-driven oxidation [10-13]. The current literature on sono-EC still focuses significantly on 

organic removal, leaving a substantial knowledge gap regarding the effects on scale-causing ion 

removal, floc formation dynamics, and the stability of aluminium hydroxide species under various 

pH conditions. There is a lack of studies that mechanistically correlate ultrasonic cavitation with the 

structural and morphological changes in flocs produced by EC, particularly in the high-salinity 

environments characteristic of produced water. 

Although pH-driven aluminium speciation, including transitions between Al³⁺, Al(OH)₂⁺, Al(OH)₃(s) 

and Al(OH)₄⁻, is well understood [14-18], limited studies have related these transformations to 

quantitative floc porosity data. Understanding how pH and sonication influence coagulants, including 

specific surface area and pore-size distribution, is essential for determining floc capacity to adsorb and 

encapsulate dissolved ions. Currently, reports on Brunauer-Emmett-Teller (BET) characterization of 

electrocoagulated flocs are limited, particularly in real-world produced water treatment systems. 

Therefore, this study presents a systematic evaluation of EC and sono-EC performance in removing 

scale-causing ions and organic contaminants from real produced water sourced from active oil fields 

in Indonesia. In the context of produced water management, scaling potential evaluation is generally 

focused on the concentrations of Ca²⁺, HCO₃⁻ and CO₃²⁻ ions because their interaction controls the 

carbonate-bicarbonate equilibrium that determines the level of supersaturation and precipitation of 

calcium carbonate (CaCO₃). Based on the chemical characterization of the produced water used in this 
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study, the carbonate system shows a dominant concentration compared to other scale-forming ions, 

so monitoring Ca²⁺, HCO₃⁻ and CO₃²⁻ can be used as the main indicators of scale formation potential 

in the studied system. This is because these three ions are the main precursors of calcium carbonate 

(CaCO₃) scale formation, globally recognized as the most common type of scaling occurring in oil wells, 

fluid processing facilities, and reinjection systems [19]. The formation of CaCO₃ reaction is highly 

dependent on the interaction of Ca²⁺, HCO₃⁻ and CO₃²⁻ ions through the carbonate-bicarbonate 

equilibrium, which determines the supersaturation level and tendency for precipitation [20,21]. 

Previous studies have shown that the presence of Mg²⁺, Ba²⁺ or SO₄²⁻ ions is relevant in the case of 

gypsum (CaSO₄) or barite (BaSO₄) scaling, which are not dominant in the composition of produced 

water in many Indonesian oil fields, including the water source used in this study [1,5]. 

In addition to assessing process effectiveness, this study provides new insights into how pH 

conditions and ultrasonic treatment affect the formation, morphology, and porosity characteristics of 

coagulants. The analysis is conducted using an integrative approach combining scanning electron 

microscopy (SEM) and BET analysis. Furthermore, hydrogen evolution during the EC process is quanti-

tatively examined to show potential as a valuable byproduct in water treatment. By combining process 

performance evaluation and material characterization, this study offers a robust mechanistic frame-

work to explain how operational parameters influence coagulant properties and pollutant removal 

effectiveness. The results are expected to provide significant scientific guidance for optimizing EC-

based technologies for produced water management and scale mitigation. 

Materials and methods 

Produced water characteristic 

Produced water samples were obtained from the Cepu Oil Field, Central Java. The characteristics 

observed during the EC process are shown in Table 1. 

Table 1. Produced water characteristics 

Concentration, g L-1 
pH 

Ca2+ HCO3
- CO3

2- COD 

13 2.074 0.177 1.400 9 
 

As an observed variable, the pH of the sample solution was adjusted using 1 M NaOH or 1 M HCl to 

obtain pH levels of 5, 7 or 9, representing acidic, neutral and basic solution conditions, respectively. 

Electrocoagulation process 

The EC process was carried out in a 250 mL batch reactor with an aluminium electrode plate as 

the anode and a 316 stainless steel plate as the cathode, each measuring 2 cm × 4 cm, with a 

distance of 3 cm. Both electrodes were connected to a direct current of 0.4 A and maintained for 60 

minutes. Stirring was performed in the process to maintain homogeneity, minimize passivation and 

fouling, and accelerate gas release from the solution.  

Ultrasonic-assisted electrocoagulation 

Ultrasonic-assisted electrocoagulation was conducted by integrating intermittent ultrasonic 

irradiation into the conventional EC process to enhance mass transfer and mitigate electrode passi-

vation. Sonication was performed using an ultrasonic bath (model MH-020S, China) operating at a fixed 

frequency of 40 kHz and a nominal power of 120 W. The electrocoagulation reactor was placed inside 

the ultrasonic bath to allow indirect ultrasonic exposure, ensuring uniform cavitation throughout the 

solution while avoiding direct mechanical erosion associated with probe-type sonicators. 

http://doi.org/10.5599/jese.3237
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Sonication was applied intermittently, consisting of 5 minutes of ultrasonic irradiation followed 

by 10 minutes without sonication, repeatedly throughout the total EC duration of 60 minutes. This 

operational mode was selected to balance cavitation-induced enhancement effects with floc 

stability and energy efficiency. During non-sonicated intervals, electrocoagulation proceeded under 

identical electrical and hydrodynamic conditions as the conventional EC experiments. 

The primary function of sonication in this system was to promote cavitation-driven micro-mixing, 

facilitate the release of Al³⁺ ions from the anode surface, enhance contact between coagulant 

species and dissolved ions, and suppress the formation of passive oxide layers on the aluminium 

electrode. The influence of ultrasonic irradiation was evaluated by comparing process performance, 

floc characteristics, and hydrogen evolution under sonicated and non-sonicated conditions at 

identical pH values. 

Analytical methods  

Samples were collected at 15-minute intervals during the electrocoagulation process and 

analysed immediately to minimize post-treatment chemical changes. Calcium ion (Ca²⁺) concen-

tration was determined using complexometric EDTA titration, following standard analytical 

procedures. Bicarbonate (HCO₃⁻) and carbonate (CO₃²⁻) concentrations were quantified by acid-

base titration using standard alkalinity determination methods, allowing differentiation between 

the carbonate and bicarbonate species based on the titration endpoints. 

Chemical oxygen demand (COD) was measured using the closed reflux colorimetric method in 

accordance with Standard Methods for the Examination of Water and Wastewater (APHA 5220D) [22]. 

All measurements were conducted in triplicate, and average values are reported to ensure analytical 

reliability. Solution pH was monitored using pH universal indicator throughout the experiments. 

Hydrogen gas generated during the electrocoagulation process was collected volumetrically at 

the end of the 60-minute operation period. The concentration of hydrogen in the produced gas was 

measured using a gas chromatograph (Shimadzu GC-2014) equipped with a molecular sieve (MS) 5A 

column, using argon as the carrier gas, with a known retention time. The experimentally measured 

hydrogen yield was compared with the theoretical hydrogen production calculated from Faraday’s 

law to determine Faradaic efficiency, which was used as an indicator of cathodic electrochemical 

activity under different operating conditions. 

Coagulant characterization 

The surface morphology of flocculant granules and aluminium plates, as well as the morphology 

and surface characteristics of electrocoagulated flocs and aluminium electrode surfaces, were 

characterized using field-emission scanning electron microscopy/energy-dispersive X-ray spectro-

scopy (FESEM/EDX) (Thermo Fisher Scientific - Prisma E-SEM, USA) in high vacuum mode with 4,500x 

to 10,000x magnifications, and an accelerating voltage of 10 to 12 kV; the spot size was set at 2.5 

(instrument setting). This analysis was conducted to evaluate floc morphology and electrode surface 

characteristics and confirm assumptions based on previous results [1,10], and to assess floc structure, 

lamellar features, surface roughness and electrode surface changes associated with passivation and 

depassivation phenomena.  

The combined SEM and BET- Barrett-Joyner-Halenda (BJH) analyses were used to correlate floc 

morphology and porosity with pH conditions and ultrasonic treatment, providing mechanistic 

insight into the relationship between floc microstructure, ion adsorption capacity, and electro-

chemical process performance. 
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Results and discussion 

The discussion of the mechanistic aspects of the EC and sono-EC processes is developed by linking 
pH-influenced aluminium speciation, floc microstructure, and electrode surface activity. These three 
variables are assessed as interrelated in determining process performance, particularly in terms of 
their ability to eliminate scaling ions and hydrogen evolution, the latter being used as an indicator 
of the extent to which electrical charge can be utilized under constant current operation. 

An efficient method, such as EC, capable of simultaneously addressing the complexities of 
inorganic and organic components, is required to treat produced water from the oil and gas 
industry. Therefore, this study observed the performance of aluminium-based EC, showing its ability 
to produce in-situ flocs as adsorbents for dissolved pollutants, alongside hydrogen gas as a co-
benefit. The challenges encountered included anode passivation, floc instability at certain pH values, 
and limited aluminium decay as the base material for Al(OH)3 floc formation. Although the 
integration of sonication has been proposed to improve EC performance, previous literature has 
reported inconsistent results and has neglected fundamental interactions among sonication, pH, 
aluminium speciation, and floc structure [23-25]. 

In this study, the integration of ion analysis, COD, hydrogen evolution, SEM morphology, and pore 
characterization using BET and BJH provided new insights into how pH and sonication synergistically 
influence floc quality and treatment efficiency. The results showed that pH was a critical factor in 
determining aluminium speciation and controlling the physicochemical properties of flocs.  

 

Figure 1. Changes in the concentrations of (a) Ca2+, (b) CO₃2- and (c) HCO₃⁻ ions in produced water during 
EC process at various pH values and with sonication/non-sonication treatments 

The acidic condition at a pH of 5 causes aluminium species to be dominated by Al³⁺, Al(OH)²⁺ and 
Al(OH)₂⁺, which are soluble, reactive, and unstable as solid coagulants. Therefore, the flocs formed 
tended to be brittle and easily broken, and they had the potential to re-release previously adsorbed 
ions. At pH 5, the carbonate system also experiences a significant equilibrium shift, where CO₃²⁻ and 
HCO₃⁻ are protonated to form H₂CO₃, which decomposes to form dissolved CO₂. The mechanism is 
enhanced by cavitation turbulence due to sonication, which accelerates CO₂ stripping from the 
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solution. This led to a rapid decrease in carbonate-bicarbonate ion concentration with and without 
sonication, as shown in Figure 1. For Ca²⁺, sonication yields a clear performance improvement, as 
evidenced by the significantly lower final Ca²⁺ concentration compared to the unsonicated condition. 
The observed variation was attributed to high formation of reactive Al-hydrolysis clusters capable of 
capturing Ca²⁺ despite the instability of the floc. In comparison, the effect of sonication on CO₃²⁻ and 
HCO₃⁻ at pH 5 was relatively small, as most of the reduction was due to chemical CO₂ formation rather 
than the coagulation mechanism. BET analysis results in Figure 2 showed that the pores in floc at pH 5 
were relatively large but not interconnected. This indicates that under acidic conditions, floc is less 
mechanically stable and prone to collapse, as reported by Cañizares et al. [26] and Jo et al. [27]. 

 
Figure 2. The results of BET analysis of flocs that occurred from EC process performed successively at  

(a) pH 5, (b) pH 7 and (c) pH 9 

In a neutral solution at pH 7, the dominant aluminium species is amorphous Al(OH)₃, which is the 
most effective form for adsorption and sweep flocculation. Flocs formed under these conditions are 
stable, porous, and have a strong lamellar character, as presented in the SEM image in Figure 3.  

 
Figure 3. SEM characterization results for aluminum plate surface (a) without sonication and (b) with 

sonication; coagulant surface (c) without sonication and (d) with sonication at pH 7 

Relative pressure Relative pressure Relative pressure 
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Furthermore, BET results showed a more interconnected pore structure, providing active sites for 

interaction with Ca²⁺ ions and carbonate-bicarbonate anions. This mechanism is consistent with 

previous studies, in which sweep flocculation by Al(OH)₃ was reported to be effective when the floc 

was at optimal pH conditions [15,28]. In terms of the performance shown in Figure 1, the decreases 

in Ca²⁺ and HCO₃⁻ concentrations were significant and relatively stable over time. For CO₃²⁻, the effect 

of sonication was most pronounced, where treatment without sonication caused a moderate 

decrease in CO₃²⁻. Meanwhile, sonication treatment showed a significant further decrease after 30 

minutes. This indicated that pH 7 did not provide the greatest reduction for all scaling ions but offered 

the most balanced combination of removal efficiency and floc stability. 
Different results were obtained under alkaline conditions (pH 9), where the abundance of OH- 

ions allowed aluminium species to form Al(OH)₄⁻, a soluble form that could not generate sufficient 
amounts of solid coagulant. Therefore, the produced flocs were small, non-cohesive, and low-
porosity. Previous studies reported that excessively high pH levels prevented aluminium from 
forming a soluble complex and hindered the contribution to the sweeping mechanism [29]. As 
presented in Figure 1, the reduction in scaling ions at pH 9 was significantly lower, while the BET 
analysis in Figure 2 showed a minimum pore volume. 

To further clarify the role of pH and sonication treatment in the EC process, Table 2 displays the 
BET-BJH textural parameters of electrocoagulated flocs. BET surface areas were calculated from 
adsorption data in the relative pressure range P/P0 = 0.05 to 0.30. Total pore volume was estimated 
at P/P0 ≈ 0.99, and average pore diameter was derived from BJH desorption analysis. 

Table 2. Properties of EC flocs under different pH and sonication conditions 

Process condition BET surface area, m2 g-1 Total pore volume, cm3 g-1 Average pore diameter, nm 

pH 5, no sonication 226.96 0.38 3.31 

pH 7, no sonication 225.91 0.45 4.00 

pH 9, no sonication 243.16 0.28 2.26 

pH 7, sonication 209.91 0.28 2.45 

pH 9, sonication 224.77 0.22 1.94 
 

Table 2 reveals that the maximum floc surface area was observed at pH 9, although this condition 

did not correspond to the lowest values of total pore volume and pore diameter. This suggests the 

formation of compact, non-cohesive microflocs at pH 9, attributable to the predominance of Al(OH) 

species under alkaline conditions, which hinder the development of sweep floc structures. In contrast, 

at neutral pH, flocs exhibited higher pore volume and pore diameter, consistent with the formation of 

amorphous Al(OH) species. BET analysis further indicates that these flocs possess an interconnected 

and open pore network, providing abundant active sites for ion adsorption and facilitating efficient 

mass transfer at the liquid-electrode interface, thereby enhancing the removal of scale-forming ions. 

Table 2 also highlights the impact of sonication, which consistently reduced floc surface area, pore 

volume, and average pore diameter across all pH conditions. This phenomenon is attributed to 

cavitation-induced micro-fragmentation, which generates smaller lamellar structures and disrupts 

fragile pore frameworks. At neutral pH, sonication appears to refine Al(OH) flocs characterized by 

inherently stronger structures into more uniformly distributed porous units, thereby improving their 

capacity to sweep dissolved contaminants. This interpretation is corroborated by the progressive 

decline in dissolved Ca concentration (Figure 1) and COD values (Figure 4), which demonstrate 

sustained removal efficiency at pH 7. Conversely, under alkaline conditions, electrochemical 

performance was limited due to the formation of fragile flocs with minimal porosity. 

http://doi.org/10.5599/jese.3237
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Time, min 

Figure 4. Changes in COD values of produced water under various EC process conditions 

The integration of sonication introduced physicochemical phenomena not found in conventional 

EC. Specifically, sonication produced cavitation, the formation and collapse of microbubbles, causing 

high local pressure, microstreaming, and intense turbulence at the microscale [30]. This cavitation 

effect accelerates mass transfer, improves mixing homogeneity, and promotes the release of Al³⁺ 

ions from the anode. Various studies reported that the contact probability between coagulant and 

contaminant was increased by introducing turbulence, particularly in solutions with high ionic 

content, such as produced water [31,32]. This study also indicated that sonication functioned as an 

effective depassivation mechanism. SEM images of the electrode showed a rough, inhomogeneous 

surface, filled with micro-pits after sonication, indicating the erosion of the passive Al₂O₃ oxide layer. 

The result suggests that, in addition to its hydrodynamic role, sonication improves electrochemical 

efficiency by reducing the anode surface resistance. Previous electrochemical studies on sono-

electrolysis systems have shown similar phenomena [31,33]. 

At pH 5, sonication provided a significant benefit for Ca²⁺ removal but altered significant CO₃²⁻ 

and HCO₃⁻ reduction trends. A slight rebound in carbonate concentration at the end of the reaction 

suggests that fragmentation of fragile flocs can trigger some back-release, although overall removal 

performance is high. At pH 9, due to limited coagulant formation, sonication provided no significant 

benefit and likely only increased energy requirements. These results show that sonication does not 

automatically improve EC performance under all conditions, although its effectiveness must be 

considered in relation to aluminium speciation and floc stability. 

The advantages of sonication were significant at pH 7, where Al(OH)₃ floc has high structural integrity. 

Under these conditions, the micro-fragmentation process produced by cavitation did not damage the 

floc but refined it into layered units to increase active surface area. BET showed increased pore 

connectivity after sonication, while BJH indicated a more defined mesopore distribution. Furthermore, 

SEM images showed a cleaner, smoother, and more uniform lamellar structure. This transformation 

indicates that sonication could increase mesoporosity in certain hydroxide materials. The improved floc 

structure showed a significant increase in Ca²⁺, HCO₃⁻ and CO₃²⁻ removal at pH 7 during sonication. 

COD removal performance followed a similar trend. As presented in Figure 4, the combination of 

adsorption by porous flocs and oxidation of hydroxyl radicals (•OH) generated by cavitation significantly 

reduced COD at pH 7, as also reported by Gogate and Pandit [34]. At pH 5, the fragile, unstable floc easily 

C
O

D
, m

g 
L-1
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released the captured organic compounds, leading to inconsistent COD reduction. The low coagulant 

formation was the main cause of the inefficiency of adsorption at pH 9. Consequently, the role of 

sonication was limited only to the partial breakdown of organics by free radicals. 
Hydrogen production in the EC process serves as a practical indicator of the cathodic electrochemical 

activity, reflecting both electrode surface conditions and bubble dynamics influenced by sonication. 
Figure 5 shows the hydrogen yield after 60 minutes of electrocoagulation at different pH values, with 
and without sonication. The bar plots represent the experimentally measured hydrogen yield, while the 
line plots indicate the corresponding Faradaic efficiency (FE), calculated from the theoretical hydrogen 
yield based on Faraday's law. For the applied current of 0.4 A and operation time of 60 min, the 
theoretical hydrogen amount was estimated as 7.46 mmol per run, based on Equation (1): 

2H ,theo
2

It
n

F
=  (1) 

The hydrogen amount was then converted to the Faraday efficiency (FE) to quantify the fraction 

of the applied charge that contributes to the cathodic hydrogen evolution reaction. 

 
Figure 5. Hydrogen amount per run and Faradaic efficiency at various pH under different EC process 

conditions  

As shown in Figure 5, conventional EC exhibited relatively low FE values (6 to 12 %), indicating 

that a significant portion of the applied current was consumed by side processes or hindered by 

mass-transfer limitations and bubble coverage at the cathode surface. The introduction of 

sonication substantially increased the FE, particularly at neutral pH, where the efficiency rose from 

12.35 to 41.81 %. This improvement suggests that ultrasonic cavitation facilitated faster detachment 

of hydrogen bubbles and reduced diffusion resistance near the cathode, thereby enhancing the 

effective utilization of the applied current for hydrogen evolution. 

The pronounced pH dependence of FE further underscores that cathodic activity is tightly 

coupled to the physicochemical conditions governing floc formation and electrode-surface 

interactions. At pH 7, maximum hydrogen evolution is achieved because three conditions are 

simultaneously met. These include the stable release of Al³⁺ ions, flocs that do not disrupt the 

cathode surface, and high water-reducing activity due to depassivation. Sonication accelerates the 

release of hydrogen bubbles, thereby reducing diffusion barriers and increasing reaction efficiency. 

A recent sono-electrolysis study demonstrated a similar phenomenon, indicating that cavitation can 

accelerate gas release from the cathode surface [35]. At pH 5 and 9, floc instability and low coagulant 

settling have little impact on sonication during hydrogen production.  

In the treatment of produced water known for its high salinity, the stability of the flocs produced 

during the electrocoagulation process will impact electrode surface conditions. At neutral pH, stable 

and porous Al(OH)₃ flocs are produced, thus minimizing surface coverage and floc fragmentation. 

http://doi.org/10.5599/jese.3237
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The formed flocs settle more readily in the bulk solution. This condition results in a more reduced 

electrode passivation, thereby enhancing electrochemical efficiency through sustained Al³⁺ ion 

release. At the same time, limited floc clogging facilitates faster gas bubble evolution on the cathode 

surface, which is reflected in higher FE values. Conversely, under acidic and basic solution 

conditions, floc formation tends to be unstable and insufficient, respectively. These conditions lead 

to more rapid electrode surface clogging and limited depassivation, resulting in lower cathodic 

activity. This combined effect indicates that floc stability, anodic depassivation, and cathodic activity 

are intrinsically interconnected in high-salinity matrices.  

It should be emphasized that hydrogen measurements were performed only at the end of the 

process (after 60 minutes), serving solely as a metric for comparing relative cathodic effectiveness 

across pH conditions and sonication treatments. Consequently, these endpoint data do not provide 

insights into the kinetics of hydrogen evolution. 

The observed trends indicate that electrocoagulation performance in high-salinity produced 

water is governed by a coupled interaction between aluminium hydrolysis behaviour, floc micro-

structure, and electrode surface conditions. Neutral pH favours the formation of stable Al(OH)₃ flocs 

with interconnected porosity, while ultrasonic irradiation modifies mass transfer and electrode 

surface states through cavitation-induced effects. However, the extent to which sonication 

enhances treatment efficiency is strongly dependent on floc stability and aluminium speciation, as 

evidenced by the contrasting behaviour observed under acidic and alkaline conditions. These results 

emphasize that electrochemical performance, ion removal efficiency, and hydrogen evolution 

cannot be interpreted independently but must be evaluated as interconnected physicochemical 

processes within the electrocoagulation system. 

Conclusions 

The results obtained show that pH 7 is the most rational operating condition for EC-sonication 

systems applied to produced water. This pH value offers an optimum compromise between coagulant 

chemistry, pore structure, adsorption capacity, floc mechanical stability, electrochemical efficiency, 

and hydrogen production. For oil and gas industry applications, this configuration has important 

practical implications, as produced water intended for reuse as an injection fluid must exhibit 

sufficiently low concentrations of Ca²⁺, CO₃²⁻, and HCO₃⁻ to minimize the risk of calcium carbonate 

scaling in reservoir formations. The results demonstrate that the combination of pH 7 and sonication 

significantly reduces the concentration of scaling ions while producing stable and easily separable 

flocs, thereby enabling safer waterflooding operations. In addition, hydrogen evolution serves as a 

robust indicator of cathodic electrochemical activity under varying pH and sonication conditions. 
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