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Crude oil contamination of soil is a complex environmental challenge requiring novel
remediation approaches. This study designed a synergistic system combining electrokinetics
(0, 1.5, and 3 V/cm), phytoremediation with Bermuda grass, and bioremediation using a
bacterial-algal consortium (Pseudomonas fluorescens and Chlorella) at moisture levels of
60%, 80%, and 100% of field capacity. The system was evaluated for remediating soil
contaminated with 1.5%, 3%, and 4.5% crude oil. Response Surface Methodology (RSM) was
used to optimize and model treatment effects on plant growth indices (fresh and dry weight,
height, leaf area, and greenness index). RSM analyses showed complex interactions between
electric field intensity, contamination level, and the biological consortium, with models
achieving high R2 values (0.82-0.99). Under optimal conditions, all plant indices increased
with the application of the integrated electrokinetic-bioremediation system, and the greatest
improvement in the studied variables was observed in samples containing the algal-bacterial
consortium, representing the innovative aspect of this research. The maximum values of fresh
and dry weight, greenness index, plant height, and leaf area were observed in treatment No.
22 (1.5% crude oil contamination, electric current of 1.5 VV cm-1, biological treatment with 3%
algal (Chlorella)-bacterial (Pseudomonas fluorescens) consortium, and soil moisture at 80%
of field capacity), reaching 50.10 and 20.67 g pot-1, 70.50 and 45.50 cm, and 4.90 cm? pot-1,
respectively. The results demonstrated that employing an integrated electrokinetic—biological—
phytoremediation system alongside modeling approaches (e.g., RSM) can provide an effective
and scalable strategy for managing oil-contaminated soils and enhancing plant resilience in
such environments.
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EXTENDED ABSTRACT

Introduction

Soil is a complex mixture of mineral materials, organic matter, gases, liquids, and living organisms that,
through continuous interactions, sustain life on Earth. Given its foundational role in engineering and
agriculture, and particularly in securing food for the rapidly growing global population, the soil is one of the
most important natural resources. Consequently, protecting soil and preventing contamination have become
critical global priorities. Over the past decade, environmental pollution from different contaminants has
emerged as one of the most serious challenges for human society, necessitating the application of eco-friendly,
innovative remediation approaches. A comprehensive evaluation of the multi-dimensional impacts of these
methods on soil and plant characteristics, along with comparing their efficacies and establishing operational
priorities, has not been sufficiently evaluated. Therefore, this research aimed to design and evaluate an
integrated, synergistic system combining electrokinetics, phytoremediation, and bioremediation. The primary
innovation was applying a dried, powdered microbial-algal consortium (Chlorella biomass with Pseudomonas
fluorescens) rather than live algae, contributing to nutrient supply, soil structure improvement, and microbial
activity support. For the first time in such a triple system, Response Surface Methodology (RSM) was
employed to model and optimize operational conditions with a specific focus on plant growth and physiological
indices. This study offers a novel, sustainable solution to one of the most challenging environmental issues
and enhances understanding of complex remediation mechanisms in oil-contaminated soils.

Materials and Methods

This greenhouse study used Response Surface Methodology (RSM) with a Box-Behnken design,
implemented in Design-Expert software version 11. The experimental treatments comprised three levels of
crude oil contamination: 1.5%, 3%, and 4.5%wt. Electrical potential was applied at three levels: 0, 1.5, and 3
V cm™ of soil. Biological treatments included three levels: 0%, 3% Pseudomonas fluorescens bacterium alone,
and a 3% consortium of dried Chlorella algae biomass and Pseudomonas fluorescens bacterium. Additionally,
three soil moisture levels of 60%, 80%, and 100% of field capacity (FC) were imposed. Bermuda grass
(Cynodon dactylon) was cultivated in calcareous loam-textured soil. The effects of treatments on plant growth
and physiological indices, including fresh and dry weights, plant height, leaf area, and greenness index, were
investigated. Measurements were taken before harvest. Plant height and leaf area were measured using a ruler.
Greenness index was directly measured on healthy and mature leaves using a SPAD-502 chlorophyll meter.
Subsequently, plants were harvested, and the fresh weight of shoots was recorded. Subsamples of harvested
shoots were dried in an oven at 65°C for 48 hours to determine shoot dry weight. Finally, modeling,
optimization, and validation were performed using the RSM approach in the Design-Expert 11 software
environment.

Results and discussion

RSM analysis revealed that the interaction between electrical field intensity, contamination level, and
consortium composition creates a complex pattern of plant responses. All resulting models were statistically
significant, exhibiting high adjusted and predicted R? values ranging from 0.82 to 0.99. Under optimal
conditions, all examined plant growth and physiological indices increased with the application of the integrated
electrokinetic-bioremediation system. The most significant improvements in growth variables were observed
in samples containing the algae-bacteria consortium (dried Chlorella biomass with Pseudomonas fluorescens
solution), which constitutes the primary innovative aspect of this study. The maximum values for the studied
traits were observed in Run 22 (1.5% crude oil contamination, 1.5V cm™ electrical potential, 3% algae-bacteria
consortium treatment, and 80% FC soil moisture). These values were 50.10 and 20.67 g pot* for shoot fresh
and dry weights, 70.50 for greenness index, 45.50 cm for plant height, and 4.90 cm?2 pot? for leaf area.
Optimization results demonstrated minimal deviations between experimental and predicted values, with
percentage errors falling within acceptable limits. Consequently, the RSM model effectively predicts fresh and
dry weights, greenness index, plant height, and leaf area of Bermuda grass by integrating electrical potential,
biological agent type, and soil moisture at varying crude oil contamination levels. The integrated
electrokinetic—bio—phytoremediation system, combined with the RSM modeling, provides an effective and
scalable approach for managing oil-contaminated soils and enhancing plant resilience.

Conclusion

The findings demonstrated that the integrated electrokinetic-bioremediation system is an effective and
sustainable approach for enhancing plant growth in oil-contaminated soils. The synergy between electrical
current and biological treatment, particularly the algae-bacteria consortium, effectively mitigated the adverse
effects of oil contamination and created favorable conditions for plant development. Combining physical and
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biological processes overcomes limitations inherent in each method when applied independently. The
simultaneous improvement in plant growth and physiological indices indicated that the system increases
biomass and resilience under stress while providing a conducive environment for phytoremediation. This study
also revealed that soil moisture stress does not necessarily lead to a significant decrease in plant performance.
In other words, the system maintained its efficiency even under water-stress conditions, strengthening
operational stability in arid regions where water shortage is common. The RSM-based multi-phase modeling
proved to be a precise tool for designing remediation systems while reducing laboratory costs. Future research
should investigate long-term sustainability at field scales and examine efficacy with various organic pollutants
and different plant species. In summary, these results revealed the significant potential of the electrokinetic-
bioremediation system as a novel, eco-friendly, scalable approach for remediating oil-contaminated soils,
providing a scientific basis for practical strategies in soil conservation and restoration.
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