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This study introduces a novel application of electrocoagulation (EC) as a pretreatment method for 
seawater desalination, uniquely focusing on reducing organic and biological fouling in reverse osmosis 
membranes. The EC process was investigated as an alternative to conventional approaches such as 
chemical coagulation, chlorination, and fouling inhibitors. EC was conducted in a batch cell using iron 
electrodes. The effectiveness of the EC process in removing organic matter from water was monitored 
by measuring absorbance UV254 and dissolved organic carbon (DOC), as well as total hardness. Various 
operational parameters, including mixing speed, current density, initial pH, and electrode spacing, 
were examined. Results demonstrated that increasing current density and decreasing pH enhanced 
the removal of organic matter from seawater via EC. The process achieved a 62% reduction in DOC 
and a 59.7% reduction in absorbance, indicating that higher current density is more favorable for 
these reactions. However, the reduction in total hardness was relatively low at approximately 11.2%, 
suggesting that EC is not suitable for reducing water hardness. Overall, the experimental findings 
highlight the high potential of electrocoagulation as a pretreatment method for mitigating organic and 
biological fouling of reverse osmosis membranes due to its effectiveness in removing dissolved organic 
matter and microorganisms from seawater.
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Seawater preprocessing with electrocoagulation is a technique used to remove suspended solids, heavy metals, 
and other contaminants from seawater before further desalination or treatment processes1. The process begins 
with the application of an electrical current to the seawater, which causes the dissolved ions and suspended 
particles to coagulate and form larger, easily removable flocs2–4. This is achieved through the use of a sacrificial 
anode, typically made of aluminum or iron, which dissolves and releases metal ions into the water5. These metal 
ions then react with the contaminants, causing them to destabilize and aggregate6. The coagulated particles, or 
flocs, formed during the electrocoagulation process then undergo flocculation, where they are agglomerated into 
larger, more easily settleable particles7. This can be achieved by the addition of flocculants, such as polymers, 
which help bridge the smaller flocs together. The larger flocs settle out of the water due to gravity, leaving a 
clarified supernatant that can be further processed, such as through membrane filtration or thermal desalination8.

The key advantages of using electrocoagulation for seawater preprocessing include the effective removal 
of suspended solids, heavy metals, and other contaminants, the lack of a need for the addition of chemicals, 
as the process relies on the electrochemical generation of coagulants, and the compact and relatively simple 
system design9. Additionally, there is the potential for energy recovery from the electrochemical process. 
Electrocoagulation is often used as a pretreatment step in seawater desalination plants to improve the performance 
and efficiency of the downstream processes, such as reverse osmosis or multi-stage flash distillation10. The specific 
design and operating parameters of an electrocoagulation system for seawater preprocessing will depend on the 
water quality, desired removal efficiency, and the overall system requirements, and it’s important to conduct 

1Faculty of Mechanical Engineering, University of Imam Khomeini Marine Sciences, Nowshahr, Iran. 2Department 
of Physical Chemistry, Faculty Chemistry, University of Tabriz, Tabriz, Iran. email: s.nikabadi@ikhnsu.ac.ir; 
behrangrose@gmail.com; b.golmohammadi@tabrizu.ac.ir

OPEN

Scientific Reports |         (2025) 15:8256 1| https://doi.org/10.1038/s41598-025-93220-0

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-93220-0&domain=pdf&date_stamp=2025-3-10


thorough testing and optimization to ensure the system meets the necessary performance and cost-effectiveness 
criteria11.

The application of ZnO (zinc oxide) coated on stainless steel electrodes has emerged as a promising approach 
for enhancing the performance and efficiency of seawater electrocoagulation12,13. One of the primary advantages 
of ZnO is its ability to improve the coagulation and flocculation processes during the electrocoagulation of 
seawater14. The ZnO coating acts as a catalyst, accelerating the dissolution of the sacrificial anode material 
(typically aluminum or iron) and the subsequent formation of metal hydroxides15. These metal hydroxides 
effectively capture and remove suspended solids, heavy metals, and other contaminants from the seawater16. 
Additionally, the ZnO coating can improve the corrosion resistance of the stainless steel electrodes, increasing 
their lifespan and reducing the need for frequent replacement17. This can contribute to the overall cost-
effectiveness and operational longevity of the electrocoagulation system. The enhanced charge transfer between 
the electrodes and the seawater, facilitated by the ZnO coating, can also lead to more efficient electrochemical 
reactions and better coagulation performance18.

In comparison to other nanomaterials, such as titanium dioxide (TiO2), graphene and graphene oxide, iron 
oxide (Fe3O4), and cerium oxide (CeO2), ZnO exhibits several advantages19. Firstly, while materials like TiO2 
and CeO2 have strong catalytic properties, ZnO has been shown to have excellent catalytic activity and can 
effectively enhance the coagulation and flocculation processes during electrocoagulation20. Secondly, the ZnO 
coating can improve the charge transfer between the electrodes and the seawater, resulting in more efficient 
electrochemical reactions compared to some other nanomaterials21. Additionally, ZnO can be effective in the 
removal of a wide range of contaminants, including suspended solids, heavy metals, and even certain organic 
compounds and microorganisms, making it a versatile choice for seawater treatment22. Finally, ZnO is generally 
a more cost-effective material compared to some of the other nanomaterials, which can be an important 
consideration for large-scale seawater electrocoagulation applications23. While the other nanomaterials offer 
unique advantages, such as the strong photocatalytic properties of TiO2 or the excellent adsorption capabilities 
of graphene-based materials, the overall performance and cost-effectiveness of ZnO-coated electrodes make it 
a highly attractive option for seawater electrocoagulation. The use of composite nanomaterials, combining the 
benefits of multiple nanomaterials, may also be a viable approach to further optimize the treatment efficiency 
and meet specific water quality requirements.

Despite advancements in electrocoagulation with ZnO-coated electrodes, its application as a pretreatment 
method for seawater desalination to reduce organic and biological fouling in reverse osmosis membranes remains 
underexplored. This study addresses this gap by systematically evaluating multiple operational parameters 
(mixing speed, current density, initial pH, and electrode spacing) and their combined effect on the removal 
of dissolved organic carbon (DOC) and UV254 absorbance. For the first time, we demonstrate a quantitative 
relationship between current density, pH, and the removal efficiency of organic matter in seawater for reducing 
membrane fouling. This approach is critical for optimizing pretreatment processes in seawater reverse osmosis 
systems. Furthermore, our findings on the limited effectiveness of EC in reducing water hardness provide new 
insights into the application scope of EC, which has practical implications for desalination pretreatment design.

The environmental and operational challenges of traditional pretreatment methods, such as chemical 
coagulation and chlorination, are discussed to justify the need for alternative methods like EC. The potential 
advantages of ZnO-coated electrodes in EC are elaborated, including their role in enhancing removal efficiency 
and reducing fouling. By addressing these gaps, this study contributes to advancing the understanding and 
application of ZnO-coated electrodes for seawater electrocoagulation.

Materials and methods
Saline water samples
The properties of the seawater used in this research are detailed in Table 1 (simulated with the properties of 
Persian Gulf water at a depth between 1 and 2 m from the water surface).

Dissolved organic carbon (DOC) was measured using a total organic carbon (TOC) analyzer (Model 820, 
Sievers Instruments, USA). Samples were filtered through 0.45 μm pore size filters prior to analysis to remove 
particulate matter. Calibration was performed using standard solutions of known organic carbon concentrations, 
and the results are reported as the average of triplicate measurements to ensure accuracy.

Physicochemical Parameters Values

Conductivity 52.4 mS/cm

Salinity 2500 mg/L

TDS 35,200 mg/L

DOC 1.34 mg/L

Total Hardness 2300 mg/L

UV 254 1.95 m− 1

pH 8

Table 1.  Features of saline water.
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Setup of experiment
The experimental setup for the electrocoagulation (EC) method used in this study is illustrated in Fig. 1. The 
experiment was conducted using a reactor with dimensions of 15 cm in width, 15 cm in length, and 10 cm in 
depth. Six iron plates, wired in parallel with the main power supply, were used as electrodes in a monopolar 
configuration for both the anodes and cathodes. Each electrode plate had dimensions of 10 cm by 5 cm, with a 
thickness of 0.1 cm, providing a surface area of 50 cm2 per electrode. The electrodes were submerged in saltwater 
for the treatment process. The anode and cathode groups were connected to the negative and positive terminals 

Fig. 1.  Experimental setup of the electrocoagulation (EC) process.
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of a DC power supply, respectively. The stirring speed during the experiments was controlled using a magnetic 
stirrer to ensure uniform mixing and proper contact between the electrodes and the seawater. Each experiment 
was conducted at least three times.

Substrate preparation
Prior to deposition, the substrates underwent a mechanical polishing process using abrasive papers with 
progressively finer grits of 600, 800, 1000, 1200, 2000, and 2400. Following polishing, the substrates were 
ultrasonically cleaned using acetone and deionized water, each for 10 min at 60 °C. The cleaned substrates were 
then dried at 100 °C for 1 h before proceeding to the deposition process.

Preparation of stainless-steel surface
The ZnO solution was prepared using zinc acetate dihydrate (Zn(CH3COO)2·2 H2O) (Fluka, > 99.0%), ethanol, 
and monoethanolamine (C2H₇NO, MEA). The concentration of Zn2⁺ in the solutions was set to 0.4  M. The 
solutions were stirred continuously for 1 h and then aged for 24 h. ZnO nanoparticle coatings were applied using 
the dip-coating method. Substrates were immersed in the ZnO solution and withdrawn at a speed of 1 mm·s⁻¹. 
The coated substrates were then heated at 400 °C for 10 min. This process of dip coating and drying was repeated 
four times to achieve the desired thickness. Finally, the obtained thin films were calcined at 450 °C for 1 h. In this 
study, a layer-by-layer (LbL) approach was used to deposit four films24.

Characterizations
X-ray diffraction (XRD) patterns were measured on a PANalytical X-ray diffractometer using Cu Kα radiation 
(λ = 1.5406 Å). Scanning electron microscope (SEM) images were collected by a field-emission SEM (FE-SEM, 
MIRA3-XMU, TESCAN). Fourier transform infrared (FT-IR) spectra of the materials were obtained with an 
ABB BOMER MB series spectrophotometer. The study involves assessing saltwater contaminants both before 
and during treatment using specific processes and instruments. To determine the acidity or alkalinity of the 
saltwater, a pH meter (model pHM84) is used. The concentration of dissolved substances is measured with a 
TDS meter (model TDS-EZ, HM Digital). Electrical conductivity, which indicates the level of ionized substances 
in the water, is assessed using the HANNA HI-99,301 instrument. Additionally, the concentration of chloride 
ions is quantified through titration using Mohr’s Method. These methods collectively ensure a comprehensive 
analysis of water quality by evaluating key parameters affecting saltwater treatment.

Results and discussion
Physical characterizations
The successful coating of ZnO on the surface of SS316 stainless steel was confirmed through Scanning Electron 
Microscopy (SEM) analysis (Fig.  2a and b). SEM images revealed a uniform and well-adhered ZnO layer, 
characterized by a continuous and homogeneous distribution of nanoparticles across the substrate surface. The 
micrographs showed that the ZnO nanoparticles exhibited a distinct morphology, typically indicative of the 
crystalline nature of the coating25. The high-resolution SEM images highlighted the fine details of the ZnO 
nanostructures, confirming their successful deposition and the absence of significant defects or discontinuities 

Fig. 2.  SEM images of coating of ZnO on the surface of SS316 at different scales.
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in the coating. This uniform coverage and the nanoscale features observed under SEM underscore the efficacy of 
the dip-coating process employed in this study for synthesizing ZnO coatings on SS316 substrates.

The successful coating of ZnO on the surface of SS316 stainless steel, as confirmed by Scanning Electron 
Microscopy (SEM) analysis, can be attributed to the efficacy of the dip-coating process employed in the study. The 
SEM images revealed a uniform and well-adhered ZnO layer with a continuous and homogeneous distribution 
of nanoparticles across the substrate surface, exhibiting a distinct morphology indicative of the crystalline nature 
of the coating26. The high-resolution SEM images further highlighted the fine details of the ZnO nanostructures, 
confirming their successful deposition and the absence of significant defects or discontinuities in the coating, 
underscoring the suitability of the dip-coating technique for synthesizing ZnO coatings on SS316 substrates. The 
findings of this study are in agreement with previous reports in the literature27. As shown in Fig. 3, the FT-IR 
spectrum of the ZnO coating on 316 SS alloy reveals several characteristic absorption bands. Specifically, the 
band at 440 cm− 1 is indicative of the ZnO stretching vibration, while the band at 3465 cm− 1 corresponds to the 
O-H stretching vibration. Furthermore, a weak band at 1512 cm− 1 is attributed to the H-O-H bending vibration. 
The presence of these bands collectively confirms the successful synthesis of ZnO nanoparticles on the steel 
substrate.

The specific FT-IR spectrum results observed for the ZnO coating on the 316 SS alloy. The band at 440 cm− 1 
is indicative of the characteristic stretching vibration of the Zn-O bond, indicating the presence of the ZnO 
phase on the surface. Furthermore, the band at 3465  cm− 1 corresponds to the stretching vibration of the 
hydroxyl (O-H) groups, suggesting the incorporation of hydroxyl groups within the ZnO coating, likely due 
to the adsorption of water molecules or the presence of surface hydroxyl groups. Additionally, a weak band at 
1512 cm− 1 is attributed to the bending vibration of the H-O-H groups, further confirming the presence of water-
related species within the ZnO coating, which can be associated with the hydroxyl groups identified in the O-H 

Fig. 3.  FT-IR spectra of the ZnO coating on 316 SS alloy.
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stretching vibration. The collective presence of these characteristic FT-IR bands provides strong evidence for the 
successful synthesis of ZnO nanoparticles on the 316 SS alloy substrate.

The FT-IR spectra of ZnO nanoparticles have been extensively characterized in prior studies, revealing various 
absorption peaks indicative of functional groups and chemical bonds. One study reported absorption peaks at 
3438, 2918, 2367, 1634, 1446, 1033, 876, and 701 cm⁻¹. Among these, the peak at 1033 cm⁻¹ is characteristic of 
Zn-O bonding, while peaks at 1634 and 1446 cm⁻¹ correspond to the stretching vibrations of C = C bonds in 
the capping agent. The presence of C-O stretching was identified at 2367 cm⁻¹, and peaks at 3438 cm⁻¹ were 
attributed to O-H stretching vibrations. These findings confirm the presence of Zn-O and other associated 
groups within the nanoparticles28.

In another study, the FT-IR spectra of pure ZnO and Cr-doped ZnO nanoparticles showed a broad absorption 
peak around 3450 cm⁻¹, attributed to O-H stretching vibrations, and a peak at 1643 cm⁻¹, corresponding to 
H-O-H bending vibrations from adsorbed water molecules. The Zn-O stretching vibration was observed at 
483 cm⁻¹, while the Cr-O stretching vibration appeared at 880 cm⁻¹, confirming the incorporation of Cr atoms 
into the ZnO lattice. The shifts in absorption peaks due to Cr doping were consistent with previously reported 
values, further validating the structural changes in ZnO nanoparticles upon doping29.

A separate investigation of synthesized ZnO nanoparticles identified absorption peaks at 3437.8, 2925.8, 
1595.8, 1383.7, 1355.5, 1118.1, 1005.3, 863.3, 776.8, 700.6, and 575.9 cm⁻¹. The peak at 575.9 cm⁻¹ corresponded 
to Zn-O stretching vibrations, while the peak at 1005.3 cm⁻¹ was attributed to the stretching vibration of either 
C-N bonds in primary amines or C-O bonds in primary alcohols. Peaks at 1118.1, 1355.5, and 1383.7 cm⁻¹ 
were linked to primary and secondary alcohols, while the peak at 1595.8 cm⁻¹ was associated with aromatic 
nitro compounds and alkyl vibrations. Peaks at 2925.8 and 3437.8 cm⁻¹ were ascribed to hydroxyl stretching 
vibrations, further confirming the presence of hydroxyl groups within the nanoparticles30.

In the present study, the FT-IR spectrum of the ZnO coating on 316 SS alloy revealed characteristic absorption 
bands that confirmed the successful synthesis of ZnO nanoparticles on the substrate. The band at 440 cm⁻¹ was 
attributed to Zn-O stretching vibrations, while the broad band at 3465 cm⁻¹ corresponded to O-H stretching 
vibrations, suggesting the incorporation of hydroxyl groups likely due to water adsorption or surface hydroxyl 
groups. Additionally, a weak band at 1512 cm⁻¹ was identified as H-O-H bending vibrations, further supporting 
the presence of water-related species within the ZnO coating. These observations align with previous studies and 
provide strong evidence for the successful formation of ZnO on the alloy surface.

To compare and verify the synthesis of zinc nanoparticles on the iron sheet, two X-ray diffraction (XRD) 
analyses were conducted: one on the bare iron sheet and another on the iron sheet loaded with zinc nanoparticles. 
The results of these analyses correspond well with those reported in the literature, confirming the successful 
loading of zinc nanoparticles on the iron sheet. Figure 4.a displays the XRD analysis of the bare iron sheet. 
The peaks at 44.67°, 52.24°, and 78.31° correspond to the (111), (200), and (220) crystal planes, indicating the 
presence of austenite. Additionally, the peaks at 47.25° and 73.35° correspond to the (110) and (200) crystal planes, 
indicating the presence of ferrite. Figure 4.b presents the XRD pattern of the ZnO nanostructure deposited on 
the 316 stainless steel (316 SS) sheet. This pattern matches well with the JCPDS reference pattern (1451-036-00), 
indicating a hexagonal wurtzite structure with a P63mc space group. The sharp XRD peaks suggest that ZnO is 
highly crystalline. The peaks observed at 31.73°, 34.65°, 36.24°, 47.58°, 56.57°, 62.81°, 66.18°, 67.98°, and 69.11° 
correspond to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) crystal planes, respectively. 
Therefore, the changes in the XRD pattern, along with comparisons to the literature, indicate the successful 
synthesis of zinc nanoparticles on the 316 SS sheet.

Fig. 4.  XRD patterns of (a) the bare 316 stainless steel (316 SS) and (b) ZnO nanostructure deposited on the 
316 stainless steel (316 SS).
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The changes observed in the XRD pattern between the bare iron sheet and the iron sheet loaded with zinc 
nanoparticles, along with the comparison to the literature references, provide strong evidence for the successful 
synthesis of zinc nanoparticles on the 316 SS substrate. The highly crystalline nature of the ZnO nanoparticles, as 
indicated by the sharp XRD peaks, further supports the efficacy of the synthesis process employed in the study.

Parameters analysis
The efficiency of the electrocoagulation (EC) process was evaluated based on various operational parameters. 
Key parameters selected for assessment included the reduction of dissolved organic carbon (DOC) and the 
reduction of UV254 absorbance, both as functions of EC operating conditions such as current density, pH, 
electrode spacing (d), and mixing rate31. The removal efficiency for each parameter was calculated using the 
following formula:

	
DOC Removal (%) = DOC (t = 0) − DOC ( t)

DOC (t = 0) × 100� (1)

	
UV 254 Removal (%) = UV 254 (t = 0) − UV 254 ( t)

UV 254 (t = 0) × 100� (2)

Effect of mixing on electrocoagulation system
Mixing conditions significantly influence the efficiency of electrocoagulation in pollutant reduction, especially 
when the maximum capacity for adsorption, co-precipitation, or neutralization of iron hydroxides is not achieved 
due to poor mass transfer32. This study evaluated the effect of mechanical mixing on the removal of organic 
matter from seawater by applying mixing speeds of 45, 90, and 180 rpm at a current density of 12 mA/cm2 and a 
pH of 8. As shown in Fig. 5, increasing the mixing speed from 45 to 90 rpm slightly enhanced the DOC removal 
efficiency from 48.0 to 49.0% at 40 min and from 54.0 to 55.6% at 80 min of treatment time. Further increasing 
the mixing speed from 90 to 180 rpm resulted in only a marginal change in DOC removal efficiency. Notably, 
no significant change in DOC removal efficiency was observed after 20 min of treatment. The most significant 
differences in the removal efficiencies were observed within the first 100 min, where both 90 rpm and 180 rpm 
exhibited similar performance, indicating that 90 rpm is the optimized mixing speed. Although the differences 

Fig. 5.  Effect of mixing rate on DOC removal with operating conditions: initial pH = 8, current 
density = 12 mA cm− 2, electrode distance = 4 cm.
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between the curves were minor, the objective was to minimize purification time to reduce both Fe2⁺ release and 
power consumption. A mixing speed of 90 rpm improved the dispersion of iron hydroxide species throughout 
the entire electrocoagulation cell compared to 45 rpm, ensuring a more uniform treatment process.

The improved performance at 90 rpm can be attributed to the better dispersion of iron hydroxide species 
throughout the entire electrocoagulation cell compared to the 45  rpm mixing speed. The more uniform 
distribution of the iron hydroxide species ensures a more effective treatment process, leading to enhanced 
DOC removal33. Overall, the study’s findings demonstrate the importance of optimizing the mixing conditions 
in the electrocoagulation process to achieve the desired removal of organic matter from seawater, while also 
considering the practical aspects of the system’s operation.

Effect of current density on electrocoagulation process
The efficiency of dissolved organic carbon (DOC) removal from seawater by the electrocoagulation process 
increased significantly with higher applied current densities. As illustrated in Fig. 6, the DOC removal rates 
were measured at 21%, 37%, 39%, 43%, 47%, and 57% for current densities of 2, 4, 8, 12, 16, and 20 mA/cm2, 
respectively, over a treatment time of 60 min. These results indicate a clear positive correlation between current 
density and DOC removal efficiency, with higher current densities enhancing the electrocoagulation process’s 
effectiveness. The increased electrical input likely promotes greater production of coagulant species and improves 
the destabilization of dissolved organic compounds, leading to more effective removal from the seawater.

The study’s findings on the impact of current density on the efficiency of dissolved organic carbon (DOC) 
removal from seawater by the electrocoagulation process are quite interesting and insightful. As shown in Fig. 6, 
the DOC removal rates were measured at different current densities over a treatment time of 60 min. The results 
clearly demonstrate a positive correlation between the applied current density and the DOC removal efficiency: 
at a current density of 2 mA/cm2, the DOC removal rate was 21%. Increasing the current density to 4 mA/cm2 
resulted in a DOC removal rate of 37%. Further increasing the current density to 8 mA/cm2 led to a DOC removal 

Fig. 6.  Effect of current density on DOC removal with operating conditions: initial pH = 8, mixing 
speed = 90 rpm, electrode distance = 4 cm.
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rate of 39%. At a current density of 12 mA/cm2, the DOC removal rate increased to 43%. Applying a current 
density of 16  mA/cm2 improved the DOC removal to 47%. The highest current density tested, 20  mA/cm2, 
achieved the highest DOC removal rate of 57%. These results clearly indicate that as the current density applied 
to the electrocoagulation process increases, the efficiency of DOC removal from seawater also significantly 
improves34. The underlying mechanism behind this observation is that higher current densities promote the 
enhanced production of coagulant species, such as iron hydroxides, within the electrocoagulation system35. 
These coagulant species play a crucial role in the destabilization and removal of dissolved organic compounds 
from the seawater36. When a higher current density is applied, it leads to an increased rate of electrochemical 
reactions at the electrode-electrolyte interface37. This, in turn, results in a greater amount of iron ions (Fe2⁺ 
or Fe³⁺) being released into the solution from the sacrificial anode. These iron ions then undergo hydrolysis, 
forming various iron hydroxide species (e.g., Fe(OH)3, Fe(OH)2) that act as effective coagulants38. The increased 
generation of these coagulant species improves the destabilization and aggregation of the dissolved organic 
compounds present in the seawater39. The larger, denser flocs formed by this process are then more easily 
removed from the solution, leading to the enhanced DOC removal observed at higher current densities40,41. 
Furthermore, the increased electrical input at higher current densities may also contribute to the improved 
performance by enhancing other electrochemical processes, such as electrochemical oxidation, that can help 
break down and remove the organic matter.

The reduction of UV254 absorbance from seawater, indicating the partial removal of aromatic organic matter 
such as humic and fulvic acids, exhibited a similar trend to DOC removal over time, as shown in Fig. 5. The 
UV254 reduction improved with increasing current density, with reductions of 32%, 35%, 37%, 40%, 43%, and 
47% observed for current densities of 2, 4, 8, 12, 16, and 20 mA/cm2, respectively, over 60 min. Figure 7 indicates 
that current load, defined as the product of current and time, is not a suitable parameter for scaling purposes, 
as all curves tend to plateau at values dependent on current density. This suggests that the roles of electrolysis 
time and current are not equivalent in the electrocoagulation process42. The removal of contaminants appears 
to be more sensitive to the cell potential, which depends on current density rather than treatment time43. This 

Fig. 7.  Effect of current density on UV254 removal with operating conditions: initial pH = 8, mixing 
speed = 90 rpm, electrode distance = 4 cm.
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highlights the importance of optimizing current density to enhance the efficiency of aromatic organic matter 
removal during electrocoagulation.

The removal of organic matter from seawater through electrocoagulation is likely facilitated by three primary 
mechanisms: adsorption, charge neutralization, and electro-oxidation44. Higher current densities generate 
significant quantities of metal hydroxide species, which effectively adsorb organic matter and neutralize the 
organic load in seawater45. Additionally, elevated current densities promote substantial oxidation of organic 
compounds. The study’s findings regarding the reduction of UV254 absorbance, which is an indicator of the 
partial removal of aromatic organic matter such as humic and fulvic acids, provide additional insights into the 
electrocoagulation process46. As shown in Fig. 5, the UV254 reduction exhibited a similar trend to the DOC 
removal over time, with the efficiency improving as the current density increased. Specifically, at a current 
density of 2 mA/cm2, the UV254 reduction was 32%. Increasing the current density to 4 mA/cm2 resulted in 
a UV254 reduction of 35%. Further increasing the current density to 8 mA/cm2 led to a UV254 reduction of 
37%. At a current density of 12 mA/cm2, the UV254 reduction increased to 40%. Applying a current density of 
16 mA/cm2 improved the UV254 reduction to 43%. The highest current density tested, 20 mA/cm2, achieved 
the highest UV254 reduction of 47%. These findings indicate that the removal of aromatic organic matter, as 
measured by the UV254 absorbance reduction, follows a similar pattern to the overall DOC removal observed 
earlier. Higher current densities enhance the electrocoagulation process’s effectiveness in removing these types 
of organic compounds from the seawater.

It has also observed an interesting phenomenon related to the scaling of the electrocoagulation process, 
as illustrated in Fig. 7. The graph shows that current load, defined as the product of current and time, is not 
a suitable parameter for scaling purposes, as all the curves tend to plateau at values dependent on the current 
density. This suggests that the roles of electrolysis time and current are not equivalent in the electrocoagulation 
process. The removal of contaminants, including aromatic organic matter, appears to be more sensitive to the 
cell potential, which depends on the current density rather than the treatment time47. This finding highlights 
the importance of optimizing the current density to enhance the efficiency of aromatic organic matter removal 
during the electrocoagulation process. Simply increasing the treatment time may not necessarily lead to a 
proportional increase in the removal efficiency, as the process is more dependent on the applied current density.

In summary, the study’s results demonstrate that the reduction of UV254 absorbance, which is indicative of 
the partial removal of aromatic organic matter, follows a similar trend to the overall DOC removal, with higher 
current densities leading to more effective removal. Additionally, the researchers found that current load is 
not a suitable parameter for scaling the electrocoagulation process, as the removal efficiency is more sensitive 
to the current density than the treatment time48. This emphasizes the importance of optimizing the current 
density to maximize the efficiency of aromatic organic matter removal during electrocoagulation. Consequently, 
the highest removal efficiencies for dissolved organic carbon (DOC) and UV254 absorbance were observed 
at the highest current density. After 80 min of treatment, both DOC and UV254 removal efficiencies showed 
minimal changes with further increases in treatment time. Specifically, a current density of 20 mA/cm2 achieved 
a DOC removal efficiency of 63%, while UV254 absorbance was reduced by 59%. These results underscore the 
critical role of current density in optimizing the effectiveness of electrocoagulation for organic matter removal 
in seawater.

The final physicochemical parameters were measured as a function of current density, as shown in Table 2. 
Electrical conductivity and salinity remained almost constant, with only a slight decrease observed as the applied 
current density increased; however, these changes were not statistically significant. The reduction in salinity 
can be attributed to the adsorption of anions and cations onto iron hydroxides and the precipitation of salts 
such as CaCO3, CaSO4, MgCO3, and MgSO4

49. This adsorption and precipitation process leads to a decrease 
in electrical conductivity. Despite the decrease in pH and the corresponding increase in H⁺ concentration, the 
overall effect on electrical conductivity is minimal because the salinity and hardness of seawater are so high 
that their reduction cannot be fully offset by the decrease in pH. This suggests that the primary mechanisms for 
reducing salinity and conductivity involve the removal of dissolved salts through electrocoagulation.

Consequently, the study found that the highest removal efficiencies for dissolved organic carbon (DOC) and 
UV254 absorbance were observed at the highest current density tested. After 80 min of treatment, both DOC 
and UV254 removal efficiencies showed minimal changes with further increases in treatment time. Specifically, 
a current density of 20  mA/cm2 achieved a DOC removal efficiency of 63%, while UV254 absorbance was 
reduced by 59%. These results underscore the critical role of current density in optimizing the effectiveness of 
electrocoagulation for organic matter removal in seawater. Despite the decrease in pH and the corresponding 
increase in H⁺ concentration, the overall effect on electrical conductivity is minimal because the salinity and 
hardness of seawater are so high that their reduction cannot be fully offset by the decrease in pH. This suggests 

Current density (mA/cm2) Final conductivity (mS/cm) Final salinity (mg/L) Final PH

2 52.5 34.8 7

4 52.3 34.8 6.8

8 52.1 34.7 6.7

12 52 34.5 6.6

16 51.9 34.4 6.3

20 51.9 34.4 6

Table 2.  Final physicochemical parameters as a function of current density.
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that the primary mechanisms for reducing salinity and conductivity involve the removal of dissolved salts 
through electrocoagulation, rather than the changes in pH50. These findings further emphasize the importance 
of optimizing the current density to enhance the removal efficiency of organic matter, as measured by both DOC 
and UV254 absorbance, during the electrocoagulation process. The results indicate that increasing the current 
density to 20 mA/cm2 provided the highest removal rates for both DOC and UV254, with minimal changes 
observed beyond 80 min of treatment time. Additionally, the study demonstrates that the electrocoagulation 
process primarily affects the removal of dissolved salts, with only minor changes in electrical conductivity and 
salinity observed, even as the current density was increased. Overall, the study’s findings highlight the critical 
role of current density in optimizing the effectiveness of electrocoagulation for organic matter removal in 
seawater, and provide insights into the underlying mechanisms responsible for changes in the physicochemical 
parameters of the treated water.

The electrocoagulation process was found to induce significant changes in pH, which were directly correlated 
with the increase in iron dosage (Fig.  8). These pH changes can be attributed to two primary mechanisms: 
electrochemical dissolution of iron electrodes and chemical shifts of H + and OH- ions51. The electrochemical 
dissolution of iron electrodes, triggered by the electric current, led to the release of Fe2+ and Fe3+ iron ions into 
the solution. Concurrently, chemical reactions occurred, resulting in the production or consumption of H+ and 
OH− ions. These changes in ion concentrations, in turn, caused a shift in the pH of the solution. The observed 
decrease in pH during the electrocoagulation process can be directly linked to the increase in iron dosage. This 
correlation suggests that the electrochemical dissolution of iron electrodes and the subsequent chemical shifts of 
H+ and OH− ions play a crucial role in pH changes during the electrocoagulation process. These findings provide 
valuable insights into the underlying mechanisms governing the electrocoagulation process and its impact on 
solution pH.

The observed decrease in pH during the electrocoagulation process can be attributed to several mechanisms. 
The precipitation of calcium carbonate and magnesium carbonate, resulting from the formation of carbonates, 
consumes hydroxide ions, leading to a decrease in pH. Additionally, at high current densities, the oxidation of 
chloride ions to chlorine gas is likely to occur, as described by the following reactions:

Fig. 8.  Effect of current density on seawater pH with operating conditions including mixing speed = 90 rpm, 
electrode distance = 4 cm.
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	 2Cl− (aq) → Cl2 (g) + 2e−� (3)

	 2H2O + 2e− → H2 (g) + 2OH−� (4)

The resulting chlorine gas is then hydrolyzed to hypochlorous acid, which can dissociate to produce hydrogen 
ions, further contributing to the decrease in pH:

	 Cl2 (g) + H2O → HOCl (aq) + HCl� (5)

	 HOCl (aq) + H2O ↔ H3O+ + OCl (aq)� (6)

Furthermore, the chemical dissolution of electrodes releases iron cations, which consume electrochemically 
unproduced hydroxide ions, also contributing to pH reduction. Therefore, the decrease in pH can be attributed 
to the combined effects of calcium carbonate and magnesium carbonate precipitation, chloride ion oxidation, 
iron overload, and chemical dissolution of electrodes52. In contrast, the decrease in electrical conductivity 
appears to be primarily due to the removal of salinity by the electrocoagulation process, despite the decrease in 
pH. This decrease in conductivity is more pronounced at higher current densities. Notably, the initial pH has no 
significant effect on the final conductivity/salinity after electrocoagulation. These processes all lead to a decrease 
in the concentration of hydroxide ions, resulting in the observed reduction in pH. In contrast, the decrease in 
electrical conductivity appears to be primarily due to the removal of salinity by the electrocoagulation process, 
despite the decrease in pH. This decrease in conductivity is more pronounced at higher current densities. 
Notably, the initial pH has no significant effect on the final conductivity/salinity after electrocoagulation.

Effect of pH on electrocoagulation system
The initial pH of seawater plays a crucial role in the efficiency of electrocoagulation due to its impact on iron 
speciation, which results from the spontaneous hydrolysis of electrochemically produced metal cations. The 
effect of initial pH on the removal of dissolved organic carbon (DOC) and UV254 absorbance was investigated 
over a pH range from 4 to 10. As illustrated in the Fig. 9a and b, the removal efficiencies for DOC and UV254 
increased with decreasing initial pH. The highest removal efficiencies were achieved at an initial seawater pH 
of 4. After 80 min of reaction time, the DOC removal efficiencies were 35%, 39%, 42%, and 47% for initial pH 
values of 10, 8, 6, and 4, respectively. Similarly, the UV254 removal efficiencies were 32%, 35%, 38%, and 47% 
for initial pH values of 10, 8, 6, and 4, respectively. These results indicate that lower initial pH levels enhance 
the electrocoagulation process’s effectiveness in removing organic matter from seawater. The improved removal 
efficiency at lower pH can be attributed to more favorable conditions for the formation and activity of iron 
hydroxides, which play a key role in the coagulation and adsorption processes53.

The natural organic matter (NOM) in seawater primarily comprises humic acids, including fulvic acid and 
humic acid, along with other humic-like compounds. The enhanced and faster removal of dissolved organic 
carbon (DOC) and UV254 absorbance at an initial pH of 4 during electrocoagulation can be attributed to 
the behavior of hydrolyzed iron species54, the resulting electrocoagulation mechanisms, and the charge and 
solubility properties of humic-like compounds55. At different initial pH levels, the hydrolysis of iron cations (Fe2⁺ 
and Fe³⁺) produced from anode electrolysis leads to the formation of positively charged iron hydroxides (such 
as Fe(OH)2 and Fe(OH)3) in acidic conditions. The active functional groups of humic acids include carboxyl 
and phenolic hydroxyl groups. At lower pH values, these groups retain their protonated forms (COOH and 
OH), while at higher pH values, they deprotonate to form carboxylate (COO⁻) and phenolate (O⁻) ions. At 
an initial pH of 4, the removal of DOC and UV254 is primarily driven by the charge neutralization of humic 

Fig. 9.  The effect of sea water pH on the (a) DOC, (b) UV254 under the condition’s current density = 12 mA 
cm-2, mixing speed = 90 rpm, electrode distance = 4 cm.
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acids and other organic components with similar functional groups. This leads to high removal efficiencies for 
DOC and UV254 due to the effective neutralization of the negatively charged organic matter by the positively 
charged iron hydroxides. In contrast, at higher (alkaline) pH levels, the deprotonation of humic compounds 
increases their negative charge and solubility. This higher negative charge reduces the efficacy of the positively 
charged iron hydroxides in neutralizing and removing the humic-like compounds56. Consequently, at alkaline 
pH levels, the dominant negatively charged iron hydroxides are less effective in intervening to remove humic 
substances. Therefore, DOC removal under these conditions primarily occurs through the adsorption of humic-
like compounds onto insoluble iron hydroxides, resulting in lower removal efficiencies.

Effect of distance between electrodes in electrocoagulation system
The distance between the electrodes is a critical operational parameter that not only influences electrocoagulation 
performance but also affects the electric current input of the process, as the ohmic drop is directly proportional 
to the electrical resistance of seawater. To evaluate the effect of electrode distance (d) on seawater organic matter 
removal, several experiments were conducted. As illustrated in Fig. 10, smaller electrode spacings result in higher 
DOC removal efficiencies, primarily due to lower energy consumption. Previous research has attributed the 
high efficiency of electrocoagulation at short electrode distances to the enhanced buoyancy of iron-contaminant 
species facilitated by the electrolytic gas produced at the cathode. A shorter distance between electrodes creates 
an electric field with a high potential gradient and low resistance to ion movement. This configuration promotes 
the rapid formation of iron hydroxide species and accelerates the collision of deposited particles with pollutants 
and H2 bubbles. In summary, the increased DOC removal efficiency at the smallest electrode distance is due to 
the enhanced mass transfer of species to the flocs, driven by the high turbulence observed near the electrodes. 
The DOC removal efficiencies for electrode distances of 2, 4, 8, and 10  cm were 46%, 39%, 34%, and 30%, 
respectively, within 80 min of reaction time.

The distance between the electrodes is a critical operational parameter in the electrocoagulation process, as 
it not only influences the performance but also affects the electric current input of the system. As illustrated in 
Fig. 10, the results show that smaller electrode spacings result in higher DOC removal efficiencies, primarily 
due to lower energy consumption. This observation can be explained by the following factors: the electrical 

Fig. 10.  Effect of electrode spacing on DOC removal rate with operating conditions: initial pH = 8, mixing 
speed = 90 rpm, current density = 12 mA cm-2.

 

Scientific Reports |         (2025) 15:8256 13| https://doi.org/10.1038/s41598-025-93220-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


resistance of the seawater is directly proportional to the distance between the electrodes (electrode spacing, d), 
and a smaller electrode spacing leads to a lower ohmic drop, which is the voltage drop across the seawater due 
to its electrical resistance57. The lower ohmic drop, in turn, results in a higher current input for the same applied 
voltage, enhancing the electrochemical reactions and the production of coagulating metal hydroxides. A shorter 
distance between the electrodes creates a stronger electric field with a higher potential gradient and lower 
resistance to ion movement58, which promotes the rapid formation of iron hydroxide species and accelerates the 
collision of the deposited particles with pollutants and hydrogen bubbles59.

Removing hardness in the electrocoagulation system
Water hardness is a prevalent issue caused by the presence of dissolved calcium (Ca2⁺) and magnesium (Mg2⁺) 
ions. The electrocoagulation process provides an effective mechanism for removing these hardness-causing 
ions through the in-situ production of coagulants via the electrolytic dissolution of sacrificial electrodes. 
Electrocoagulation with iron electrodes involves the anionic dissolution of the iron, which generates Fe2⁺ ions 
according to the following reaction:

	 Fe (s) → Fe2 + (aq) + 2e−� (7)

These Fe2+ ions then undergo hydrolysis to form iron hydroxides, primarily Fe(OH)2 and Fe(OH)3, depending 
on the solution’s pH. The formed iron hydroxides serve as coagulants, capable of adsorbing and precipitating 
calcium and magnesium ions, thereby reducing water hardness. The relevant reactions can be summarized as 
follows:

	 Fe2 + (aq) + 2OH− (aq) → Fe (OH)2 (s)� (8)

	 4Fe (OH)2 (s) + O2 (g) + 2H2O (l) → 4Fe (OH)3 (s)� (9)

The Fe(OH)3 flocs produced have a high specific surface area and strong adsorption capacity, which enhances 
the capture and removal of Ca2⁺ and Mg2⁺ ions from the water. This mechanism underlines the effectiveness of 
electrocoagulation in addressing water hardness by transforming dissolved ions into removable solid phases 
through coagulation and adsorption processes. The removal of total hardness from seawater by electrocoagulation 
was investigated to evaluate the efficacy of this pretreatment method in preventing scaling. Figure 11 illustrates 
the total hardness removal efficiency for different current densities over the treatment period. The results indicate 
that the total hardness removal efficiency from seawater is relatively low, ranging between 7.4% and 11.2%. 
Additionally, Fig. 11 shows that the removal efficiency does not significantly change with increasing current 
density and exhibits minimal improvement with prolonged treatment time beyond 20 min. This low removal 
efficiency can be attributed to the high total hardness of seawater, estimated to be between 2500 and 8000 mg/L. 
The high concentration of chloride anions in seawater mitigates the adverse effects of other anions such as CO3

2⁻ 
and SO4

2⁻, preventing the deposition of compounds like CaCO3, CaSO4, MgCO3, and MgSO4. These compounds 
can form an insulating layer on the electrode surfaces, inhibiting effective electrocoagulation. However, the 
primary factor influencing the total hardness removal efficiency appears to be the saturation of the cathode 
surface by the precipitation of CaCO3, CaSO4, MgCO3, and MgSO4 after 20 min. This saturation, observed in 
Fig. 8, results in minimal improvement in removal efficiency over time. Figuratively, while electrocoagulation 
shows potential for reducing total hardness, its effectiveness is limited by the high initial hardness of seawater 
and the formation of insulating layers on the electrode surfaces60.

The total hardness removal efficiency from seawater using electrocoagulation is relatively low, ranging between 
7.4% and 11.2%, and does not significantly change with increasing current density or prolonged treatment time 
beyond 20 min. This low removal efficiency can be attributed to the high total hardness of seawater, estimated to 
be between 2500 and 8000 mg/L. Additionally, the high concentration of chloride anions in seawater mitigates 
the adverse effects of other anions, preventing the deposition of compounds like CaCO3, CaSO4, MgCO3, and 
MgSO4 on the electrode surfaces. The primary factor influencing the low total hardness removal efficiency is 
the saturation of the cathode surface by the precipitation of these hardness-causing compounds after 20 min 
of treatment. Briefly, the electrocoagulation process has limited effectiveness in removing total hardness from 
seawater due to the extremely high initial hardness, the mitigating effect of chloride ions, and the saturation of 
the electrode surfaces by the precipitation of hardness-causing compounds.

Conclusion
The electrocoagulation process has limited effectiveness in removing total hardness from seawater. The total 
hardness removal efficiency ranges between only 7.4% and 11.2%, and does not significantly improve with 
increasing current density or extended treatment times beyond 20  min. This low removal efficiency can be 
attributed to several interrelated factors. Firstly, the extremely high initial total hardness of seawater, estimated 
to be between 2500 and 8000  mg/L, poses a significant challenge for the electrocoagulation process to 
effectively remove the hardness-causing ions, calcium and magnesium. Additionally, the high concentration 
of chloride anions in seawater mitigates the adverse effects of other anions, such as carbonate and sulfate, 
preventing the deposition of hardness-causing compounds like calcium carbonate, calcium sulfate, magnesium 
carbonate, and magnesium sulfate on the electrode surfaces. The primary factor limiting the effectiveness of the 
electrocoagulation process is the saturation of the cathode surface by the precipitation of these hardness-causing 
compounds after just 20 min of treatment. This saturation inhibits the efficient operation of the electrocoagulation 
process and prevents any meaningful improvement in total hardness removal over extended treatment times. In 
summary, the combination of the extremely high initial hardness, the mitigating effect of chloride ions, and the 
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rapid saturation of the electrode surfaces by precipitated hardness-causing compounds collectively hinder the 
effectiveness of the electrocoagulation process in removing total hardness from seawater.

Data availability
All data generated or analyzed during this study are included in this article.
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