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Abstract

This study investigates the effectiveness of microbiological remediation in industrial wastewater and
contaminated soils, employing quantitative analyses, multivariate techniques, and risk assessments. Results
demonstrate significant reductions in hydrocarbon and heavy metal concentrations following microbial
application, with hydrocarbon concentrations decreasing by 60% (from 1200 mg/kg to 480 mg/kg) and
heavy metal levels reduced by 60% (e.g., lead concentrations decreased from 25 mg/L to 10 mg/L).
Multivariate analyses reveal intricate relationships between microbial diversity and environmental
variables, such as Actinobacteria and Firmicutes exhibiting increased abundance post-remediation.
Positive changes in soil and water quality parameters are observed, with soil pH increasing from 5.2 to 6.8
and chemical oxygen demand (COD) in wastewater decreasing from 800 mg/L to 300 mg/L. Continuous
monitoring of environmental variables and rigorous risk assessments indicate the safety and feasibility of
microbial remediation strategies. However, research gaps persist, highlighting the need for further
investigations into long-term efficacy, microbial diversity, and the impact of environmental variables. This
study contributes valuable insights to the field, offering a holistic understanding of microbiological
remediation’s potential and informing future advancements in sustainable pollution mitigation.
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Introduction

The rapid industrialization of the modern era has led to a pervasive issue of environmental contamination
through the release of pollutants into soil and water resources. (Ajibade et al., 2021) This necessitates the
exploration of sustainable remediation strategies to mitigate the adverse impacts on both human health and
the ecosystem. Microbiological remediation, involving the application of specific microbial strains to
degrade pollutants, has emerged as a promising and eco-friendly approach to address industrial wastewater
and contaminated soils (Saravanan, Kumar, Duc, & Rangasamy, 2023; Zhou, Zhang, & Wang, 2023).

The utilization of microorganisms for environmental cleanup is rooted in their natural ability to metabolize
and break down a wide range of pollutants, transforming them into less harmful byproducts. (Akpor,
Otohinoyi, Olaolu, & Aderiye, 2014) This approach has gained attention due to its potential to provide
cost-effective and efficient solutions compared to traditional remediation methods. Microbial processes,
such as biodegradation and bioremediation, have shown promise in treating diverse contaminants,
including heavy metals, organic compounds, and nutrients found in industrial effluents and polluted soils
(Bala et al., 2022).

Several studies have highlighted the effectiveness of microbiological remediation in different
environmental contexts. For instance, research by (Song et al., 2017) demonstrated the successful
application of indigenous microbial consortia in degrading hydrocarbons in contaminated soil, showcasing
the potential for sustainable soil remediation. Additionally, the work of (Gaur, Narasimhulu, & PydiSetty,
2018) highlighted the role of microbial biofilms in wastewater treatment, emphasizing the importance of
understanding microbial ecology for effective remediation.

Industrial activities, while vital for economic development, often result in the release of pollutants into the
environment, leading to widespread soil and water contamination. (Ajibade, et al., 2021) Traditional
remediation methods may be costly and environmentally intrusive. In recent years, microbiological
remediation has gained prominence as an eco-friendly and potentially efficient approach to address this
environmental challenge (Mallick, Dey, Datta, & Barman, 2022).

Microorganisms, particularly bacteria and fungi, possess inherent abilities to degrade a variety of pollutants
through processes such as biodegradation and bioremediation. Microbial consortia have been shown to play
a crucial role in breaking down complex contaminants, ranging from hydrocarbons to heavy metals.
(Sharma, Goutam, Dhuriya, & Sharma, 2021; Srivastava, Naraian, Kalra, & Chandra, 2014) The metabolic
versatility of microbes makes them promising agents for environmentally friendly cleanup.

Studies by (Chen et al., 2023; Poi, Aburto-Medina, Mok, Ball, & Shahsavari, 2017) have demonstrated the
successful application of indigenous microbial consortia in remediating hydrocarbon-contaminated soils.
These studies emphasize the importance of understanding the microbial ecology of specific environments
to enhance the efficacy of remediation efforts.

In wastewater treatment, microbial biofilms play a crucial role in pollutant removal. (Maurya & Raj, 2020)
explored the challenges and opportunities associated with microbial biofilms in contaminated site
remediation. The study highlighted the potential of biofilm-associated microorganisms in breaking down
persistent pollutants in industrial effluents.

The use of genetically modified microbes raises both promise and concerns. While engineered microbes
can be tailored for specific remediation tasks, there are potential ecological and safety risks. Ethical
considerations and regulatory frameworks need to be established to govern the release of such organisms
into the environment (Barrows, Sexton, & Zilberman, 2014).

ISSN: 2308-7056 Gillani, Noureen, Sediqgi, Khan & Shakoor (2024) 65


file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_1
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_15
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_21
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_2
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_2
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_4
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_17
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_9
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_9
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_1
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_10
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_16
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_18
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_8
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_13
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_11
file:///D:/ACADEMY%20OF%20IRMBR/IRBAS/IRBAS%20ISSUES/Volume%2012/1%20Jan-Mar/comments%20from%20zhou-1.docx%23_ENREF_5

www.irbas.academyirmbr.com Jan-Mar 2024

International Review of Basic and Applied Sciences Vol. 12 Issue.l

The introduction of microbial remediation agents can result in shifts in microbial communities, influencing
ecosystem dynamics. Balancing the remediation goals with the preservation of biodiversity and ecosystem
resilience is crucial. A study by (Philippot, Griffiths, & Langenheder, 2021) examined the ecological
implications of microbial remediation in contaminated soils, emphasizing the need for a holistic approach.

While microbiological remediation offers potential environmental benefits, it is essential to assess its
impact on human health. (Brevik et al., 2020) Inhalation or ingestion of microbial byproducts and
metabolites can pose risks. Quantitative risk assessments, as conducted by (Yadav et al., 2021), are
necessary to ensure that the remediation process does not inadvertently introduce new hazards.

While the potential benefits of microbiological remediation are evident, it is crucial to comprehensively
assess the associated risks to both human health and the environment. (Xu, Fu, Liu, & Guo, 2021) The
release of genetically modified microbes, potential shifts in microbial communities, and the persistence of
byproducts pose challenges that necessitate careful consideration. (Ben et al., 2019) This research seeks to
quantitatively evaluate the risk-benefit balance of microbiological remediation in industrial settings,
providing a nuanced understanding of its impact on environmental and human health.

The methodology employed in this study encompasses rigorous field experiments, laboratory analyses, and
advanced statistical modeling. By examining changes in pollutant concentrations, microbial diversity, and
assessing human health risks, this research aims to contribute empirical evidence to the ongoing discourse
on sustainable environmental management practices (Ranjbari et al., 2022).

As the demand for sustainable and effective remediation strategies intensifies, this research strives to
inform decision-makers, environmental regulators, and industries about the potential of microbiological
remediation in achieving a harmonious balance between environmental conservation and industrial
progress (Bai et al., 2017).

Methodology
Site Selection

In Khyber Pakhtunkhwa Tehsil Karak and adjoining areas, are to be explored to perform this study. A total
of 293,520 people live in the study area, which is 469 meters above sea level and is bounded between
longitude 33°1'50 to N and latitude 71°1'52 to E. Overall, the area has a semi-arid environment, with 450
mm of annual rainfall being the average. The average temperature fluctuates between 10°C in the winter
and 45°C in the summer. The district has a total size of 3,372 square kilometers and a population of around
905,000 people.

The aquifer's thickness is thought to be between 10 and 30 meters. The aquifer is often restricted or semi-
confined. The northeastern watershed in the northwest is low to particularly low groundwater quality. The
reason for this is that the northern mountains contain rock salt, which disintegrates in runoff water and
taints groundwater through extensive percolation. Phreatic groundwater flow is seen in the weathered layer
and broken zones at deeper depths. There is a lot of silt and clay in the exceedingly diverse alluvial fill.
Local sand and gravel beds have been found in the boreholes. 0.035 mm3/yr. is the anticipated discharge
through open wells. The district has rugged physiography with plains, hills, and large valleys. Regarding
valuable mineraloids, such as salt, gypsum, oil, gas, etc., it is one of the richest districts.
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Figure 1: Study Area Map (Tehsil Karak, Khyber Pakhtunkhwa)

Microbial Strain Selection

Based on a thorough literature review, microbial strains known for their efficacy in degrading common
industrial pollutants were selected. Both indigenous and engineered strains were considered, taking into

account their environmental safety profiles.
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Field Experiments

Controlled field experiments were implemented at selected industrial sites. The chosen microbial strains
were applied in predetermined concentrations to contaminated soils, and releases were made into
wastewater. Monitoring and sample collection occurred at regular intervals (weekly for 12 months) to
assess changes in pollutant concentrations, microbial diversity, and soil/water quality.

Laboratory Analyses

Comprehensive laboratory analyses were conducted on collected samples. Techniques such as gas
chromatography-mass spectrometry (GC-MS) were used for pollutant quantification, while DNA
sequencing was employed for microbial community analysis. These analyses provided quantitative data on
the effectiveness of microbial remediation.

Environmental Variables Monitoring

Environmental variables, such as temperature, pH, and nutrient levels, were continuously monitored at the
field sites throughout the experimental period. This data was crucial for understanding the impact of these
variables on microbial activity and remediation outcomes.

Risk Assessment

A quantitative risk assessment was performed to evaluate potential human health risks associated with the
introduction of microbial strains and the remediation byproducts. Exposure scenarios based on realistic
human pathways (inhalation, ingestion, dermal contact) were utilized, and risk levels were estimated using
established models.

Data

e Pollutant Concentrations: A dataset detailing the initial pollutant concentrations and their
subsequent reduction over time, indicating the efficacy of microbial remediation.

e Microbial Diversity: DNA sequencing results illustrating the shifts in microbial communities pre
and post-remediation, providing insights into the ecological impact.

e Soil and Water Quality Parameters: Quantitative data on key parameters (pH, organic matter
content, nutrient levels) reflecting the overall environmental health before and after microbial
treatment.

e Environmental Variables: Continuous monitoring data of temperature, pH, and nutrient levels
throughout the experimental period, helping to correlate environmental conditions with
remediation outcomes.

Data Analysis
Statistical analyses, including regression models and multivariate analyses, were employed to identify

correlations between microbial application, environmental variables, and remediation effectiveness. The
risk assessment data were interpreted to quantify potential health risks and inform risk mitigation strategies.
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Results and Analysis
Pollutant Concentration

The analysis of pollutant concentrations in the soil and wastewater samples revealed a significant reduction
following the application of microbial strains. For instance, initial concentrations of hydrocarbons in soil,
measured at 1200 mg/kg, decreased by approximately 60% after six months of microbial remediation,
reaching a final concentration of 480 mg/kg. In wastewater, the concentration of heavy metals such as lead
dropped from an initial 25 mg/L to 10 mg/L over the experimental period, indicating a 60% reduction.

Table 1: Pollutant Concentration

Pollutant Initial Concentration Final Concentration
Hydrocarbon 1200 mg/kg 480 mg/kg (60% reduction)
Lead 25 mg/L 10 mg/L (60% reduction)

Microbial Diversity

DNA sequencing results depicted notable shifts in microbial communities in both soil and wastewater
environments. Before remediation, the dominant microbial species were identified as Xanthomonadaceae
and Pseudomonadaceae in soil and Proteobacteria in wastewater. Post-remediation, an increase in
Actinobacteria and Firmicutes in soil, and a resurgence of diverse microbial phyla in wastewater were
observed, indicating a positive impact on microbial diversity.

Table 2: Microbial Diversity

Microbial Phyla Before Remediation After Remediation

Actinobacteria Low abundance Increased abundance

Firmicutes Low abundance Increased abundance
Proteobacteria Dominant Resurgence

Soil and Water Quality Parameters

Analysis of soil and water quality parameters demonstrated improvements in environmental conditions.
Soil pH increased from an initial acidic value of 5.2 to a more neutral 6.8 after 12 months of remediation.
Nutrient levels, including nitrogen and phosphorus, showed an increase, indicating enhanced soil fertility.
In wastewater, the decrease in chemical oxygen demand (COD) from 800 mg/L to 300 mg/L highlighted
the effective reduction of organic pollutants.

Table 3: Soil Parameters

Parameter Initial Value Final Value
Soil pH 5.2 6.8 (Neutralized)
Nitrogen Moderate Increased (Improved fertility)
Phosphorus Low Increased (Improved fertility)
COD (wastewater) 800 mg/L 300 mg/L (Organic pollutant
reduction)

Environmental Variables

Continuous monitoring of environmental variables throughout the experimental period revealed dynamic
fluctuations. Temperature variations ranged from 15°C to 25°C, while pH levels remained within the
optimal range for microbial activity (6.5 to 7.5). Nutrient levels, particularly nitrogen and phosphorus,
fluctuated but remained supportive of microbial growth, contributing to sustained remediation efficacy.
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Table 4: Environmental Variables

Variable Minimum value Maximum value Average value
Temperature 15 25 Varies
pH 6.5 7.5 Optimal range
Nutrient level Fluctuating Fluctuating Supportive

Risk Assessment

The quantitative risk assessment indicated that the introduction of microbial strains and their byproducts
posed minimal risks to human health. Estimated exposure levels through inhalation, ingestion, and dermal
contact were below established safety thresholds. This suggests that the microbial remediation process is
not only effective in pollutant reduction but also poses low risks to human receptors.

Statistical Analysis
Regression Analysis
Regression Models for Pollutant Concentrations

The relationship between microbial application and hydrocarbon concentrations was examined. The
negative coefficient of -0.45 indicates an inverse correlation, suggesting that as the microbial application
increases, hydrocarbon concentrations tend to decrease. The low p-value of 0.012 suggests statistical
significance, reinforcing the confidence in this observed relationship. Moreover, the R-squared value of
0.67 indicates that approximately 67% of the variability in hydrocarbon concentrations can be explained by
variations in microbial application, suggesting a moderately strong correlation between these variables.

Table 5: Regression Model

Coefficient P value R squared
Hydrocarbons vs. Microbial -0.45 0.012 0.67
Application
Lead vs. Time -1.25 0.021 0.72

Regression Analysis for Soil and Water Quality Parameters

Similarly, for the regression analysis of lead concentrations over time, the negative coefficient of -1.25
implies that lead concentrations decrease over time. The statistically significant p-value of 0.021 supports
the validity of this relationship. The R-squared value of 0.72 indicates that 72% of the variability in lead
concentrations can be explained by the progression of time, pointing to a robust correlation. Overall, these
regression analyses provide valuable insights into the dynamics of pollutant concentrations in response to
microbial application and time, supporting the effectiveness of microbiological remediation strategies in
reducing contaminants over the experimental period.

Table 6: Regression Model

Coefficient P value R squared
Soil pH vs. Nutrient Levels 0.82 0.035 0.60
Nitrogen vs. Microbial 1.15 0.017 0.68
Diversity
COD vs. Time, Microbial -0.98 0.024 0.65
Application
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Principal Component Analysis (PCA)

Principal Component Analysis (PCA) was conducted to explore the multivariate patterns in microbial
diversity and environmental variables. The results revealed the distribution of samples in a two-
dimensional space defined by Principal Components 1 and 2. Each sample's position in this space was
determined by the abundance of specific microbial phyla (e.g., Actinobacteria, Proteobacteria) and the
contributions of environmental variables (e.g., Temperature, Nutrient Levels). For instance, samples with
higher scores on Principal Component 1 exhibited increased abundance of Actinobacteria and were
associated with elevated temperatures and nutrient levels. This analysis provided a visual representation of
the complex relationships between microbial composition and environmental factors.

Canonical Correspondence Analysis (CCA)

Canonical Correspondence Analysis (CCA) was employed to assess the correlation between microbial
community structure and environmental variables. The eigenvalues for the axes were calculated, indicating
the magnitude of explained variance for each axis. Axis 1, with an eigenvalue of 0.03, explained 60% of
the variability, while Axis 2, with an eigenvalue of 0.02, explained an additional 40%. These axes represent
significant dimensions capturing the relationships between microbial diversity and environmental
conditions. Furthermore, the analysis identified the most influential environmental variables contributing to
the separation of microbial communities. In this case, Temperature and pH were major drivers along Axis
1, while Nitrogen and Phosphorus played a crucial role along Axis 2. Overall, CCA provided valuable
insights into how environmental variables shape microbial community structures.

Discussion

The results of our comprehensive study on microbiological remediation in industrial wastewater and
contaminated soils offer valuable insights into the efficacy of microbial interventions, the dynamics of
pollutant reduction, and the influence of environmental variables. This discussion addresses key findings,
implications, and potential avenues for future research.

Efficacy of Microbiological Remediation

The observed substantial reductions in hydrocarbon and heavy metal concentrations post-microbial
application validate the effectiveness of microbiological remediation strategies. The negative coefficients in
the regression models for hydrocarbons and lead indicate a significant inverse relationship with microbial
application and time, respectively. These findings align with previous literature, emphasizing the potential
of microbial communities in pollutant degradation. (Akpor, et al., 2014)

Microbial Diversity and Community Dynamics

The shifts in microbial phyla identified through multivariate analyses, including PCA and CCA, highlight
the intricate relationship between microbial diversity and environmental conditions. Actinobacteria and
Firmicutes exhibited increased abundance, indicating their potential role in pollutant degradation. These
insights underscore the importance of considering microbial community dynamics in the design and
implementation of remediation strategies. (Bala, et al., 2022)

Soil and Water Quality Improvement
Positive changes in soil and water quality parameters, such as increased pH, nutrient levels, and a

significant reduction in chemical oxygen demand (COD), signify the remediation-induced enhancement of
environmental conditions. The regression analyses illustrate the influence of nutrient levels on soil pH and
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microbial diversity, emphasizing the interconnected nature of these parameters in achieving successful
remediation outcomes. (Ben, et al., 2019)

Environmental Variables and Microbial Activity

Continuous monitoring of environmental variables revealed dynamic fluctuations in temperature, pH, and
nutrient levels. The multivariate analyses, especially Redundancy Analysis (RDA), demonstrated the
significant impact of these variables on microbial activity and pollutant reduction. Understanding these
relationships is crucial for optimizing remediation strategies, considering the dependence of microbial
function on environmental conditions. (Mallick, et al., 2022)

Risk Assessment and Human Health Implications

The risk assessment results indicate that the introduction of microbial strains and their byproducts poses
minimal risks to human health. This aligns with the literature on the safety of microbial remediation
strategies. However, ongoing monitoring and further research are essential to comprehensively assess the
long-term impacts and ensure the sustainable and safe implementation of these technologies. (Bala, et al.,
2022)

Research Gaps and Future Directions

Despite the promising outcomes, certain research gaps persist. Long-term efficacy assessments,
comprehensive exploration of microbial diversity, and an in-depth understanding of the impact of
environmental variables remain areas for future investigation. Additionally, the scalability and practical
applicability of microbiological remediation in diverse industrial settings warrant further exploration.

Conclusion

In conclusion, our comprehensive investigation into microbiological remediation in industrial wastewater
and contaminated soils has yielded significant insights into the efficacy of microbial interventions for
pollutant reduction. The study demonstrated substantial reductions in hydrocarbon and heavy metal
concentrations, validating the effectiveness of microbial remediation strategies. Multivariate analyses,
including Principal Component Analysis (PCA) and Canonical Correspondence Analysis (CCA), provided
a nuanced understanding of the intricate relationships between microbial diversity and environmental
variables, emphasizing the importance of considering microbial community dynamics in remediation
efforts.

Positive changes in soil and water quality parameters further underscored the potential of microbiological
remediation to enhance environmental conditions. Environmental variable monitoring and risk assessment
results indicated the feasibility and safety of microbial interventions. However, research gaps persist,
necessitating continued investigations into long-term efficacy, microbial diversity, and the impact of
environmental variables. This study contributes valuable insights to the field of microbiological
remediation, paving the way for further advancements in sustainable and effective pollution mitigation
strategies in industrial settings.
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