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Objective: Advanced wastewater treatment plays a vital role in reducing environmental pollution and
safeguarding water resources, particularly as industrialization and urban development continue to
accelerate globally. Among the various treatment technologies available, electrochemical processes
have emerged as a promising and innovative option, largely due to their effectiveness in eliminating
resistant and hard-to-treat contaminants. These technologies not only offer high treatment efficiency and
scalability but also exhibit strong potential for integration with traditional treatment systems, making
them a practical enhancement to current infrastructure. Key goals of wastewater treatment include
achieving high removal rates of organic pollutants, consistently meeting regulatory thresholds for
nutrients like nitrogen and phosphorus in the effluent, and improving the overall operational efficiency
of treatment processes, thus ensuring long-term sustainability and effectiveness in environmental
management.

Method: This study evaluates the integrated treatment strategy by examining the removal
efficiencies of key pollutants, including organic matter, phosphorus, and ammoniacal nitrogen,
alongside measurements of sludge volume index (SVI) and energy consumption across a voltage
range of 1 to 15 volts. To ensure both practical relevance and methodological robustness,
experiments were conducted using a combination of real and synthetic wastewater samples.
Results: The findings revealed that applying voltages below 5 volts significantly enhanced the
removal of organic contaminants, achieving up to a 1.5-fold improvement relative to conventional
treatment systems. Notably, the system attained a peak organic load removal efficiency of 98% at
an applied voltage of 3 volts. In parallel, phosphorus removal efficiency reached 99%, while
ammoniacal nitrogen removal was observed at 69% within the 1-5 volt range. Beyond pollutant
elimination, the incorporation of electrochemical technology notably improved sludge
characteristics. The most substantial decrease in SVI occurred at 15 volts, reducing sludge volume
to one-third of that observed in traditional sequencing batch reactor (SBR) systems over an
equivalent operational period. Additionally, the system demonstrated favorable energy performance,
with maximum energy consumption under optimal operating conditions measured at 1.78 kWh per
cubic meter of treated wastewater.

Conclusions: The findings of this study indicate that enhancing the conventional biological
wastewater treatment system through the simultaneous application of the electrochemical method leads
to increased efficiency in the removal of organic load, phosphorus, and ammonium, particularly at
voltages below 5 V. Furthermore, the results suggest that, under optimal operating conditions, the
integration of the electrochemical method reduces retention time, significantly improves the sludge
volume index (SVI), and optimizes energy consumption, making the process more sustainable,
environmentally friendly, and economically viable in the long term.
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Introduction

Municipal wastewater comprises various organic and inorganic constituents in both dissolved and particulate
forms, in addition to a wide array of pathogenic organisms. If discharged into the environment without
adequate treatment, it can cause serious and often irreversible damage to water, soil, and air resources. From
the standpoint of public health and the potential for wastewater reuse, the effective treatment of sewage is a
critical and foundational objective for sustainable development. Among the widely adopted treatment methods,
the sequencing batch reactor (SBR) is commonly used due to its operational flexibility and compact design.
However, performance limitations have been reported in existing SBR systems, especially under fluctuating
or non-standard influent conditions. Notably, increased influent chemical oxygen demand (COD)
concentrations up to two to three times the typical levels can significantly impact reactor performance. These
impacts include higher sensitivity to shock loading, changes in mixed liquor suspended solids (MLSS)
concentrations, and a marked reduction in COD removal efficiency. In addition, determining the number of
operational cycles required to achieve steady-state conditions and calibrating experimental findings using
mathematical modeling and regression analysis have revealed the necessity of enhancing SBR performance
under atypical wastewater characteristics.

Method

1. Specifications of Wastewater sample

To achieve optimal operational conditions for the laboratory-scale systems under investigation, the
experiments were conducted in two phases: initially using synthetic wastewater and subsequently with real
wastewater samples collected from the influent stream to the aeration tanks of the South Tehran Wastewater
Treatment Plant.

2. Laboratory Pilot

A cylindrical laboratory reactor made of plexiglass with a volume of one liter containing two graphite
electrodes (anode and cathode) was used. The graphite electrodes had dimensions of Imm>X60mmX120mm,
with the placement depth of each electrode and the contact surface with wastewater being 80 mm and 60
mm X80 mm, respectively. A distance of 1.5 cm was maintained between the electrodes. Air supply to the
reactor was carried out by two air pumps, namely Hailea aco-5503 and Hailea aco-5505.

3. Operation of laboratory-scale pilots

The study was divided into two phases: the first phase involved synthetic wastewater, whereas the second
phase focused on municipal wastewater. Initially, 0.6 liters of excess biological sludge collected from the South
Tehran Wastewater Treatment Plant was transferred into each of the two reactors. Then, 0.3 liters of the
respective wastewater samples were added to the pilot reactors. Both pilots were connected to aerators to
provide aeration and mixing. In this stage, the electrodes were placed inside the reactors after being connected
to a power supply, and the current was adjusted using a multimeter.

During the 10-hour retention time, samples were taken from both pilots at 2-hour intervals. At the end of the
experiment, the COD, phosphorus, and ammonium concentrations in the effluent samples from both pilots
were measured and recorded. These parameters were determined according to the Standard Methods guideline,
with all measurements performed in triplicate to ensure the reliability of the results.

Results

Firstly, the results of comparing the efficiency of two pilots in removing organic load (COD) were presented
to determine the optimal voltage range. Then, within this range, the percentage of phosphorous and ammonia
removal in both systems was investigated.

1. Synthetic wastewater

At voltages higher than 5, the implementation of the electrochemical process led to a reduction in its efficiency.
At voltages of 1, 2, 3, and 4 (with current intensity of 0.007, 0.009, 0.01, and 0.02 amperes), the COD removal
percentages after an 8-hour period in the combined SBR-electrochemical system increased to 94, 98, 97, and
85 percent, respectively. In contrast, the removal efficiency of the conventional system reached less value, the
phosphorous removal percentages were measured as 26% and 96%, 29% and 99%, and 24% and 99% during
a 5-hour retention time in both conventional and electrochemical systems respectively and the ammonia
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removal percentages were measured as 22% and 28%, 21% and 48%, 24% and 68% during an 8-hour retention
time in both systems, respectively. Although the efficiency of the electrochemical system increased at higher
voltages, the ammonia removal was elevated within the optimal voltage range, considering the system’s
priority in COD removal.

2. Wastewater sampled from the wastewater treatment plant

At voltages of 2, 3, and 4 (with current intensities of 0.009, 0.01, and 0.02 amperes), the COD removal
percentages over an 8-hour retention time were measured as 83% and 86%, 81% and 87%, 80% and 89% for
conventional SBR and the combined SBR-electrochemical systems, respectively. The results indicated that at
these voltages, the application of the electrochemical process continued to enhance the system’s performance
in terms of removing COD from wastewater. At voltages of 2, 3, and 4 (with current intensities of 0.009, 0.01,
and 0.02 amperes, respectively), the phosphorous removal percentages were measured to be 28% and 81%,
27% and 87%, and 30% and 94% during a 5-hour retention time in both conventional and electrochemical
systems, respectively, and the ammonia removal percentages were 23% and 46%, 24% and 67%, 21% and
79% during an 8-hour retention time in both conventional and electrochemical systems, respectively.

3. Sludge volume index (SVI)

It was observed that the implementation of the electrochemical process led to a significant reduction in the SVI
value. Moreover, applying higher voltages resulted in a more pronounced improvement in SVI over a shorter
duration.

4. System energy consumption

With an increase in voltage (from 1 to 5), the current intensity also rose (from 0.007 to 0.04). Current intensity
and voltage were crucial cost factors. The energy consumption of the electrochemical system at optimal
voltages over an 8-hour period ranged from 0.063 to 1.78 kWh for 1m?3 wastewater.

Conclusions

Today, the application of hybrid treatment methods has garnered significant attention from researchers and
professionals in the water and wastewater industry as an effective approach to overcoming the limitations of
conventional wastewater treatment processes. In this context, the improvement of the sequencing batch reactor
(SBR) performance, a biological treatment method, was explored by incorporating electrochemical
technology.

This study was conducted in two phases using synthetic and real wastewater. It demonstrated that incorporating
electrochemical methods into this conventional biological system significantly improves the removal
efficiency of organic matter, phosphorus, and ammonium, particularly at voltages below 5 volts, with optimal
organic load removal observed between 2 and 4 volts. Moreover, the findings revealed that under optimal
operational conditions, the electrochemical enhancement contributes to reduced hydraulic retention time
(HRT), substantial improvement in sludge volume index (SVI1), and more efficient energy consumption. These
improvements are of considerable importance for the optimal design and operation of SBR-based treatment
facilities, based on existing operational experiences. While the laboratory-scale results present a promising and
effective solution, further investigations at the semi-industrial pilot scale are essential. Given the dual
objectives of upgrading existing treatment plants and developing new ones, future research should explore two
main hybridization strategies: (1) integration with conventional technologies such as adsorption, membrane
processes, ozonation, and multi-stage biological systems; and (2) incorporation of advanced and emerging
technologies, including advanced oxidation processes (AOPs) and bioelectrochemical systems.

Transforming traditional biological reactors into bioelectrochemical systems with the aim of water reuse,
energy production or recovery, nutrient recovery, and generation of value-added products is regarded as a
forward-looking and promising approach. Ultimately, comparative evaluation of outcomes can pave the way
for identifying optimal solutions within the water-energy-economy-food-environment nexus.

Based on the conducted experiments, upgrading the SBR system using electrochemical methods leads to
increased efficiency in removing organic load, phosphorus, and ammonium, especially at voltages below 5
volts. Additionally, the results of this study demonstrate that under optimal operating conditions, the use of
electrochemical methods reduces the retention time in the system compared to the conventional SBR method,
significantly influencing the improvement of the sludge volume index (SVI).
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