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Evaluation of growth and physiological dagrass in an electrokinetic-bioremediation
system for oil-cont i a response surface curve

Abstract

Crude oil contamination of soil i challenge requiring novel remediation approaches. This
study designed a syr" i ini etics (0, 1.5, and 3 V/cm), phytoremediation with Bermuda
grass, and bloremedlat§ I-algal consortium (Pseudomonas fluorescens and Chlorella) at moisture
levels of 60%, 80%, an pacity. The system was evaluated for remediating soil contaminated with

effects on plan indi sh and dry weight, height, leaf area, and greenness index). RSM analyses showed
tric field intensity, contamination level, and the biological consortium, with models

the algal-bacterial consortium, representing the innovative aspect of this research. The

helugsSief fresh and dry weight, greenness index, plant height, and leaf area were observed in treatment No.
22 (1.5% crud@®®il contamination, electric current of 1.5 V cm, 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!, 70.50 and 45.50 cm, and 4.90 cm? pot™, 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.

Keywords: Field capacity moisture, Microbial-algal consortium bioremediation, Oil pollution, Phytoremediation,
Response Surface Methodology, Petroleum hydrocarbon



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 cRaracteristics, along
with comparing their efficacies and establishing operational priorities, has not been sufficiently e . Therefore,
this research aimed to design and evaluate an integrated, synergistic system cogbini

growth and physiological indices. This study offers a novel, sustainable soluti e most challenging
environmental issues and enhances understanding of complex remediation mecRggi in oi tamin@soils.
Materials and Methods

This greenhouse study used Response Surface Me
levels of oil contamination:
1.5%, 3%, and 4.5%wt. Electrical potential was applie : 5, and 3 V cm? of soil. Biological
treatments included three levels: 0%, 3% Pseudomonas fluo alone, and a 3% consortium of dried
Chlorella algae biomass and Pseudomonas fluorescens bacteri tionally, three soil moisture levels of 60%,
80%, and 100% of field capacity (FC) were i nodon dactylon) was cultivated in calcareous
loam-textured soil. The effects of treatment and physiological indices, including fresh and dry
tigated. Measurements were taken before harvest.
Plant height and leaf area were measured using a dex was directly measured on healthy and mature
ere harvested, and the fresh weight of shoots was
recorded. Subsamples of harVested shoots wi 5°C for 48 hours to determine shoot dry weight.
Finally, modeling, optimization, idati rmed using the RSM approach in the Design-Expert 11
software environmer\
Results and discussio ‘
RSM analysis revealed tHat t
composition ggeates a com
high adjusted

between electrical field intensity, contamination level, and consortium
plant responses. All resulting models were statistically significant, exhibiting
anging from 0.82 to 0.99. Under optimal conditions, all examined plant growth
and physiological d with the application of the integrated electrokinetic-bioremediation system. The
most significant impro in growth variables were observed in samples containing the algae-bacteria consortium
(dried la Rjo with Pseudomonas fluorescens solution), which constitutes the primary innovative aspect of
this stu values for the studied traits were observed in Run 22 (1.5% crude oil contamination, 1.5 V
cm?elect ntial, 3% algae-bacteria consortium treatment, and 80% FC soil moisture). These values were 50.10
and 20.67 g or shoot fresh and dry weights, 70.50 for greenness index, 45.50 cm for plant height, and 4.90 cm?
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
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treatment, particularly the algae-bacteria consortium, effectively mitigated the adverse effects of oil contamination
and created favorable conditions for plant development. Combining physical and 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 significggt potential of the
electrokinetic-bioremediation system as a novel, eco-friendly, scalable approach for remediati
soils, providing a scientific basis for practical strategies in soil conservation and restoration
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ol g0y (02 0l aslllas 550 (sla Sy p 0dds Jlas! lojlog il oaiS oo gi sla Jio gl (ANOVA) Ll jly 4500 pols -V Jg.\#

Source Sum of squares DF Mean square F-value P-value

(0145 2 %) 7 oi9
Model Yo-Y/A- v Yav/sa YYAIAD < ofenny Significant
A-Crude oil pollution Y-$5/AY \ Y-$5/AY VA /Yy < ofeeny
B-Electric current AV/YY \ AV/YY VOISA < ofeeny
C-type of biological factor YAF/FY \ YA¥/FY V-89 < ofenny
D-Moisture stress ANov \ Nov Y/AA o[y
AC WS \ WS \-Ivs o[ ¥Y
A? YVIVY \ YVIVY YE/SV < efeve
D2 N-¥ \ N-¥ /¥ [oYs
Residual Yo /5v Q V/-a
Lack of Fit Y-/ov 4 A \Y¥rd /-0 not significant
Pure Error NANRR Y o[-50¥
Cor Total YOYY¥/FY \id

(oI5 )3 0,5) SKis (5o
Model ¥L¥/5¥ 3 AYWE/A YAY/A-
A-Crude oil pollution YIY/VE \ IY/VE ¥ao/vy
B-Electric current YA/DY \ YV/o)
C-type of biological factor SAUIYA \ £A/YA
Residual \¥/av i -I5YYD
Lack of Fit \¥/-0 A3 Q7228 * significant
Pure Error -Jovys Y <YV
Cor Total FIA/T Y
-
- [ N
Model VFAY/AA ¥ FYV/YD FY/YA < ofeeny Significant
A-Crude oil pollution Yoo/vs \ Yoo/vs Yo/vE < ofenny
C-Type of biological factor vy \ vy Ve¥/YR < feeny
AC V\olos \ V\o/0F \as [++¥0
Cc2 ARYZAY \ ARYZATN YA/A- < ofeeey
Residual YIASY Yy a/a¥
Lack of Fit YASI5Y Y- Y+ /AY V< /AY RN not significant
Pure Error Y/-- Y Veoos
Cor Total VAL Y/EY 7
- N M
Model WYS/YE \ AAZYR NI S < efeeey significant
A-Crude oil pollution VTS \ AAV/YS YVAY/D¥ < ofeeny
B-Electric current S¥/¥- \ SY¥/f- VEV/EY < ofeeny
C-Type of biological factor TEV/YY \ TRV/YY VOY/AS < ofeey
AB /A \ /A o/¥a [y
AC VA5 \ N -5 v4/20 < ofeeny
A2 YY-/YY \ YY-/VY V-AND < fenny
(o ¥/VF \ ¥VF A [++59
Residual N A -[fovY
Lack of Fit /¥ WV RAAd AR +[EMO not significant
Pure Error V. Y /o0+A
Cor Total VWYFF/AY \fd
- (5 53 150 o sl) S 1 Lo

Model \LV2N o Y/a¥ SEINY < ofeeny significant
A-Crude oil pollution Nss \ Nss AaViN < feeny
B-Electric current VY \ VY \V/EY [eee¥
C-Type of biological factor ¥/A- \ ¥/A- YA/FQ < ofeeey
AC -IVVYE \ <IYVYE ¥/¥0 [¥V-
A2 ¥/AA \ ¥/A vana < efeeed
Residual VYA A -5\
Lack of Fit VY A o[58 a/\A Ny not significant
Pure Error o[NY¥S Y AT
Cor Total y./ay vs
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