
Synergistic Nano–Bio–Phytochemical Treatment
for Microbial Enrichment, Wastewater Remediation,
and Enhanced Hydrogen Yield
Shivangi Dubey 

Rajiv Gandhi Institute of Petroleum Technology
Rudraksh Srivastava 

Rajiv Gandhi Institute of Petroleum Technology
Harish Hirani 

Rajiv Gandhi Institute of Petroleum Technology
Japan Trivedi 

University of Alberta
Tushar Sharma 

Rajiv Gandhi Institute of Petroleum Technology

Research Article

Keywords: Nano–bio–phytochemical treatment, ZnO nanofluid, Croton bonplandianum, 16S rRNA
sequencing, Wastewater treatment, Green hydrogen production

Posted Date: October 22nd, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10848955/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-10848955/v1
https://doi.org/10.21203/rs.3.rs-10848955/v1
https://doi.org/10.21203/rs.3.rs-10848955/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

Research Article  

Synergistic Nano–Bio–Phytochemical Treatment for Microbial Enrichment, Wastewater 

Remediation, and Enhanced Hydrogen Yield 

Shivangi Dubeyb, Rudraksh Srivastavaa, Harish Hiranib, Japan Trivedic, Tushar Sharmaa,*  

aEOR-CUS Research Laboratory, Department of Petroleum Engineering & Geoengineering, Rajiv 

Gandhi Institute of Petroleum Technology Jais, Amethi, Uttar Pradesh-229304, India.  

bDepartment of Mechanical Engineering, Rajiv Gandhi Institute of Petroleum Technology Jais, 

Amethi, Uttar Pradesh-229304, India.  

cSchool of Mining and Petroleum Engineering, University of Alberta, Edmonton, Canada. 

 

 

 

 

 

 

 

 

*Corresponding Author:  

E-mail address: Tushar Sharma: tusharsharma.ism@gmail.com 



2 

 

Abstract 

Enhancing microbial enrichment while maintaining microbial compatibility is essential for 

efficient biological wastewater treatment and sustainable resource recovery. In the present 

investigation, an integrated nano–bio–phytochemical strategy using low-dimensional ZnO nanofluid 

and Croton bonplandianum (Bantulsi) extract was developed to enrich pollutant-degrading 

microorganisms and improve municipal wastewater treatment. Activated sludge was enriched under 

four treatment conditions (S1–S4), and the combined ZnO nanofluid–Bantulsi system (S4) exhibited 

the highest microbial proliferation and wastewater treatment efficiency, with significant reductions 

in turbidity, total dissolved solids, total suspended solids, electrical conductivity and organic 

contaminants, together with improved dissolved oxygen. 16S rRNA sequencing, BLAST analysis 

and phylogenetic characterization confirmed the successful enrichment of Enterobacter and 

Pseudomonas species, exhibiting 97.3–98.8% sequence identity, 95.93–99.80% BLAST similarity, 

and an E-value of zero. Toxicity assessment revealed a 0 mm zone of inhibition, demonstrating 

excellent microbial compatibility of the optimized ZnO nanofluid. The treated wastewater was 

subsequently utilized for alkaline hydrogen generation, wherein the optimized treatment achieved 

~98% hydrogen production, corresponding to a 112% enhancement over untreated wastewater. 

Furthermore, optimization studies identified smaller ZnO NPs, 1 wt% ZnO concentration, and higher 

Bantulsi extract concentration as the optimum conditions for maximizing hydrogen production. 

Overall, the developed nano–bio–phytochemical platform provides an environmentally sustainable 

approach for simultaneous microbial enrichment, wastewater remediation, and green hydrogen 

production. 

Keywords: Nano–bio–phytochemical treatment; ZnO nanofluid; Croton bonplandianum; 16S 

rRNA sequencing; Wastewater treatment; Green hydrogen production. 



3 

 

Introduction 

  Water is one of the fundamental requirements for sustaining every existing life on this planet 

and therefore it is essential for human survival, ecosystem stability, and economic development. The 

use of water in daily life covers drinking [1], food production [2], sanitation [3], energy generation 

[4], and industrial activities [5]. Water also plays a critical role in maintaining climatic balance, 

supporting biodiversity, and regulating biochemical cycles such as carbon and nitrogen cycles. 

Around 70% of Earth’s surface is covered by water; however, only 2.5% constitutes freshwater, and 

less than 1% is readily available for human consumption [6]. On the other hand, groundwater (30% 

of global freshwater reserves), is being depleted at an alarming rate in many regions due to over-

extraction for agriculture and urban demands [7, 8]. Therefore, there is no option left, other than the 

treatment of used water, as the continuous expansion in volume of wastewater is causing water 

pollution and direct effect on human life as well as environment [9–14]. Globally, municipal 

wastewater exceeds 380 billion m³ per year and is projected to increase by about 24% by 2030 [6]. 

So far, globally only 56% of domestic wastewater is safely treated. This leaves a substantial gap in 

water reuse potential. Therefore, reuse of wastewater has emerged as a strategic approach to meet 

freshwater demands and align with Sustainable Development Goal 6 (clean water and sanitation). 

For instance, Tchobanoglous et al. [15] reported that municipal wastewater with an initial 

biochemical oxygen demand (BOD) concentration of ~250–300 mg/L and chemical oxygen demand 

(COD) of about 500–600 mg/L could be treated through biological processes to achieve final 

concentrations below 30 mg/L BOD and 100 mg/L COD, producing effluent suitable for agricultural 

reuse and groundwater recharge.  

Conventional wastewater treatment systems rely on a combination of physical separation 

processes, biological degradation mechanisms, and advanced physicochemical polishing techniques 
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to remove contaminants from wastewater streams [16–20]. For instance, primary sedimentation of 

municipal wastewater with initial TSS concentrations of ~250–350 mg/L has been reported to reduce 

TSS levels to about 80–120 mg/L, while BOD concentrations decrease from nearly 200–300 mg/L 

to around 120–180 mg/L following physical separation processes [15]. Subsequently, biological 

treatment processes such as activated sludge systems facilitate microbial degradation of dissolved 

organic matter and typically achieve 85–95% BOD removal and 75–90% COD reduction under 

optimized conditions [21]. One of the major drawbacks of conventional wastewater treatment 

systems is the large amount of sludge generated during the treatment process which can range 

between 0.3–0.8 kg per kg of BOD removed, which creates significant challenges related to sludge 

handling, disposal, and environmental management [15]. Although these treatment technologies are 

widely used, they are often energy-intensive, infrastructure-dependent, and associated with 

secondary environmental concerns, including chemical residuals and greenhouse gas emissions [22]. 

These limitations have encouraged the development of more sustainable and environmentally 

friendly treatment approaches [23–26]. Among these approaches, biological wastewater treatment 

systems, particularly activated sludge processes, have received widespread attention due to their 

ability to efficiently degrade organic pollutants [13, 27]. Variations in influent flow rate [15], organic 

loading [21], temperature, and pH [27] significantly affect microbial metabolism, and under shock 

loading conditions microbial activity may decrease by 30–60%. For instance, sudden increases in 

organic loading from typical influent COD concentrations of ~400–600 mg/L to levels exceeding 

900–1000 mg/L have been reported to disrupt microbial respiration rates and reduce treatment 

efficiency in activated sludge systems [27].  

To overcome these limitations and enhance microbial treatment performance, several 

strategies have been explored. For instance, the incorporation of NPs (NPs) and plant-derived 
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bioactive compounds has gained increasing attention as a promising approach to stimulate microbial 

activity and improve wastewater treatment efficiency [28, 29]. Moreover, plant-derived phenolic 

extracts at concentrations of ~20–80 mg/L have been reported to improve microbial cell viability 

and enzymatic activity in biological systems exposed to oxidative stress, reducing intracellular 

oxidative stress levels by about 20–40% resulting in significantly enhanced metabolic stability and 

pollutant degradation efficiency [7]. It has to be noted that addition of engineered NPs (TiO₂, Fe₃O₄, 

ZnO) at low concentrations (~20 mg/L) has been reported to enhance microbial respiration and 

electron transfer rates, resulting in 10–30% higher COD removal efficiency in biological wastewater 

treatment systems compared with conventional microbial processes Among these nanomaterials, 

ZnO NPs have attracted particular attention due to their high catalytic activity, biocompatibility, and 

stability. For instance, Rai et al. [8] reported that ZnO NPs with particle sizes of ~40–50 nm, applied 

at concentrations of 25–40 mg/L, enhanced microbial catalytic activity and improved COD removal 

efficiency from nearly 65–70% to about 80–85% in biological wastewater treatment systems. 

However, excessive NP concentrations may induce reactive oxygen species (ROS) generation and 

inhibit microbial growth, emphasizing the importance of careful dosage optimization [8, 30]. 

Moreover, controlling the concentrations of plant extracts and NPs to achieve an optimum 

synergistic effect remains a significant challenge. An improper balance between NP dosage and 

phytochemical concentration may induce NP aggregation, reduce the availability of active catalytic 

sites, or adversely affect microbial growth, thereby limiting the overall treatment efficiency. This 

limitation may be overcome through a single-step sol–gel synthesis approach capable of producing 

size-controlled, low-dimensional ZnO nanofluids with simultaneous integration of plant-derived 

phytochemicals. Such an approach is expected to provide homogeneous NP dispersion, minimize 

agglomeration, and allow systematic tuning of NP size, NP concentration and phytochemical 
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concentration, thereby creating a favourable nano–bio–phytochemical microenvironment for 

microbial enrichment. To the best of our knowledge, the combined integration of size-controlled 

ZnO nanofluids, Bantulsi (Croton bonplandianum) extract, microbial enrichment, molecular 

microbial characterization, toxicity validation and subsequent hydrogen generation from treated 

wastewater has not been reported previously. Therefore, the novelty of the present investigation lies 

in developing an integrated nano–bio–phytochemical platform that combines green synthesis of low-

dimensional ZnO nanofluid with phytochemical-assisted microbial enrichment for simultaneous 

wastewater remediation and sustainable resource recovery. 

In the present investigation, the integrated application of size-controlled ZnO nanofluid and 

Bantulsi extract was employed to establish a selective and supportive environment for enriching 

metabolically active microbial communities under controlled biological treatment conditions. The 

enriched microbial consortium was subsequently characterized using 16S rRNA sequencing, 

BLAST analysis and phylogenetic characterization to confirm the successful enrichment of 

environmentally beneficial bacterial populations prior to wastewater treatment. The microbial 

compatibility of the developed nano–bio–phytochemical system was further evaluated through 

toxicity assessment using the agar well diffusion method to ensure that the optimized ZnO nanofluid 

did not adversely affect microbial viability. Thereafter, the enriched microbial consortium was 

applied for municipal wastewater treatment, followed by the utilization of the treated wastewater for 

alkaline green hydrogen generation. Furthermore, the effects of ZnO NP size, ZnO nanofluid 

concentration and Bantulsi extract concentration on hydrogen production were systematically 

investigated to establish the optimum operating conditions. Overall, the developed nano–bio–

phytochemical strategy provides a sustainable and integrated approach for microbial enrichment, 

molecular microbial validation, environmentally compatible wastewater treatment and green 
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hydrogen production, thereby addressing the growing demand for simultaneous environmental 

remediation and renewable energy generation. 

Materials and Methods 

2.1 Materials 

For the study, activated sludge, used as the microbial inoculum, along with wastewater 

samples, was collected from the Municipal waste area, Amethi region, Uttar Pradesh, India. Luria–

Bertani agar (LB agar) and Luria–Bertani broth (LB broth), used for microbial cultivation, were 

procured from HiMedia Laboratories. Zinc acetate dihydrate (ZnO precursor; molecular weight 

219.51 g mol⁻¹) and ammonium hydroxide (NH₄OH, 25% aqueous solution) supplied by Merck 

India was used as a catalyst to facilitate hydrolysis and condensation reactions. Polyacrylamide 

(PAM; molecular weight ≈ 5–6 × 10⁶ g mol⁻¹, anionic grade) procured from Sigma-Aldrich was used 

as a steric stabilizing agent. Fresh leaves of Croton bonplandianum collected from the Jais railway 

station region were used for the preparation of plant extract.  Deionized (DI) water with an electrical 

conductivity of 0.0054 mS cm⁻¹ was produced using a Millipore Elix-10 water purification system. 

Microbial incubation was performed in a laboratory incubator. Optical characterization was 

performed using a UV–Visible spectrophotometer (Lab India UV-Vis 3200). Functional group 

analysis of green extract was conducted using an FTIR spectrometer (Thermo Scientific Nicolet 

iS20, USA). Crystalline structure was analyzed using an X-ray diffractometer (PANalytical 

EMPYREAN-QTY1 diffractometer). Morphological characteristics were examined using 

transmission electron microscopy (JEOL JSM-7900F). Alkaline hydrogen generator (Athena 

technology) was used for hydrogen production with a flow rate of 300ml/min.  Nitrile gloves were 

used during handling processes. Physicochemical water quality analysis was conducted using a 
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digital pH meter (Eutech Instruments), Labmann scientific water quality multi-parameter monitoring 

system for total dissolved solids and total suspended solids measurement. A digital magnetic stirrer 

(IKA C-MAG HS7, Germany) was used for the preparation of aqueous PAM solution and 

subsequent solution processing. All glassware, including Petri dishes, culture tubes, beakers, and 

droppers, was thoroughly cleaned with DI water and sterilized prior to use to prevent contamination 

during the experimental processes. All chemicals were used as received without further purification. 

2.2 Collection and pretreatment of wastewater sample 

  The STP wastewater sample was collected in sterile glass containers and transported 

immediately to the laboratory. The STP wastewater sample was pre-filtered through a 100 µm mesh 

to remove coarse suspended particles as shown in Fig. 1. The filtered sample was allowed to remain 

undisturbed for 16–18 hours for settling of suspended solids. The settling process for settlement of 

suspended solids was carried out at room temperature (≈25 °C). The small sized debris get 

accumulated and settled at the bottom in the beaker. The supernatant STP wastewater was collected 

in separate beaker.     

2.3 Preparation of ZnO nanofluid 

ZnO nanofluid were synthesized using a sol-gel method. An aqueous zinc precursor solution 

was prepared by dissolving 2.19 g of zinc acetate dihydrate in 100 mL of deionized water and 

dispersed in a 0.5% (w/v) polyacrylamide (PAM) solution. The mixture was stirred continuously 

using a digital magnetic stirrer to ensure homogeneous mixing. The reaction was carried out at room 

temperature (≈25 °C) under continuous stirring at ~700 rpm for 3 hours. 0.5 M ammonium hydroxide 
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solution was added dropwise under constant stirring until alkaline conditions (pH ≈ 9) were obtained 

and it leads to the nanofluid synthesis as shown in Fig 2. 

2.3. 1 Characterization of ZnO nanofluid 

Optical characterization of synthesized ZnO nanofluid was done by using a UV–Visible 

spectrophotometer. Crystalline structure was analyzed using an X-ray diffractometer. Morphological 

characteristics of synthesized ZnO nanofluid were examined using HR-TEM 

 2.4 Preparation of plant extract 

Fresh leaves of Croton bonplandianum were washed thoroughly with tap water followed by 

deionized water to remove surface contaminants such as dust particles, microbial load, 

environmental pollutants, and other attached impurities before the preparation of green extract.  The 

collected fresh leaves of Croton bonplandianum were crushed into fine paste by using a laboratory 

mortar and pestle. The prepared 10 g of the paste was mixed with 100 mL of deionized water and 

heated at 80 °C on a laboratory hot plate with continuous stirring to obtain an aqueous extract of 

bantulsi as shown in Fig. 3. The clear extract was filtered to obtain ~80 mL of aqueous extract. 

2.4.1 Characterization of plant extract 

Functional group analysis of the green extract was conducted using an FTIR spectrometer. 

KBr pellets were first prepared by thoroughly mixing the dried plant extract with spectroscopic-

grade potassium bromide and pressing the mixture into transparent pellets. The FTIR spectra were 

recorded in the wavenumber range of 4000–400 cm⁻¹ to identify the major functional groups present 

in the extract. These functional groups are associated with various phytochemical constituents such 
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as phenolics, flavonoids, and proteins, which may contribute to the chemical characteristics and 

stability of the extract. 

2.5 Preparation of culture media and microbial cultivation 

2.5.1 Preparation of LB agar medium 

LB agar medium was prepared by dissolving 0.48 g LB agar powder in 10 mL distilled water, 

followed by sterilization with continuous stirring. The volume was adjusted to 12 mL using 

deionized water. The mixture was heated on a hot plate to near boiling (~90 °C) until the agar 

completely dissolved and the solution became clear. The medium was sterilized by autoclaving at 

121 °C for 15 minutes. After sterilization, the molten medium was allowed to cool to 45–50 °C and 

2–3 mL was aseptically poured into each sterile Petri plate and allowed to solidify. 

2.5.2 Preparation of LB broth medium 

1.2 g of LB broth was dissolved in ~35 mL of deionized water with continuous stirring. The 

volume was adjusted to 40 mL with DI water to obtain a clear solution. The medium was sterilized 

by autoclaving at 121 °C for 15 minutes and allowed to cool at room temperature before use. 

2.5.3 Characterization of LB broth medium cultured microbes 

The LB broth medium cultured microbes were characterized under microscope. The prepared 

sample was observed under an optical microscope equipped with a digital. A small aliquot of the 

cultured suspension was carefully transferred onto a clean glass slide and covered with a sterile 

coverslip. The slides were then placed under the microscope and observed at different magnifications 

to examine the morphology, distribution, and aggregation behavior of the microbial cells.   

2.6 Microbial enrichment on agar plates 
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Activated sludge obtained from STP wastewater was used as the microbial inoculum. Four 

experimental plate conditions were prepared under sterile conditions. All glassware was previously 

sterilized and kept in an incubator at 37 °C for complete drying. After drying, sterile petri plates 

were taken out, and prepared LB agar was poured into them. Four Petri plates were used as shown 

in Fig. 5, each containing different compositions and different volumes of LB agar, activated sludge, 

nanofluid, and green extract as given in Table-1 (sample composition with nomenclature). Each plate 

was filled with ~2–3 mL of molten LB agar and allowed to solidify under aseptic conditions. Each 

plate was kept semi-open for drying of the poured LB agar. After drying, the first plate (Fig. 5(a)) 

was inoculated with activated sludge using a dropper and spread evenly with the help of a spreader. 

The second plate (Fig. 5(b)) was treated with ZnO nanofluid and activated sludge and spread evenly 

using a spreader. The third plate (Fig. 5(c)) was treated with plant extract and activated sludge. 

Finally, the fourth plate (Fig. 5(d)) was treated sequentially with nanofluid, plant extract, and 

activated sludge. Nitrile gloves were worn during handling as a safety measure and to avoid 

contamination. All plates were sealed with parafilm and incubated at 37 °C for 24–28 hours in a 

laboratory incubator. 

2.7 Characterization of microbes via 16S rRNA sequencing 

The enriched microbial consortium obtained after the enrichment process was characterized using 

16S rRNA gene sequencing to identify the dominant bacterial species present in each experimental 

sample. Genomic DNA was extracted from the enriched microbial cultures (S1–S4), of the bacterial 

16S rRNA gene using universal primers. The obtained nucleotide sequences were analyzed using 

the Basic Local Alignment Search Tool (BLAST) against the NCBI GenBank database to identify 

the closest bacterial species based on sequence similarity, query coverage and E-value.  
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2.8 Toxicity assessment of enriched microbial consortium 

The microbial compatibility of the developed nano–bio–phytochemical treatment system was 

evaluated using the agar well diffusion method shown in Fig. 4B. Fresh nutrient agar plates were 

inoculated with the enriched microbial culture using the spread plate technique to obtain a uniform 

bacterial lawn. Sterile wells were punched into the agar medium, and aliquots of the treated samples 

containing the optimized ZnO nanofluid (S2 and S4) were introduced into the respective wells. The 

plates were incubated at 37 °C for 24 h, after which the zone of inhibition (ZOI) surrounding each 

well was measured using a digital Vernier caliper. The absence or presence of a clear inhibition zone 

was used to evaluate the antimicrobial effect of the developed nano–bio–phytochemical treatment 

system and its compatibility with the enriched microbial consortium. 

2.9 Bulk cultivation of selected microorganisms 

Variability in the growth of colonies was observed across the four different petri plates (Fig. 

9). The uniformly developed colonies from enriched agar plates were aseptically scraped and 

transferred into four separate sterile LB broth culture tubes as shown in Fig. 5. The inoculated 

cultures were incubated at 37 °C under shaking conditions for 18–20 hours. Visible turbidity 

indicated successful bulk microbial proliferation. These enriched microbial cultures were labeled 

according to their respective plate conditions as S1, S2, S3, and S4. 

2.10 Application of enriched microbial culture to wastewater 

Experimental treatment was performed using mesh filtered wastewater. Henceforth, this will 

be called as “wastewater” for the study. The enriched microbial cultures obtained from samples S1, 

S2, S3, and S4 were individually introduced into separate wastewater flasks under sterile conditions. 

Each flask therefore contained wastewater treated with a different enriched microbial consortium. 
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The inoculated wastewater samples were incubated under controlled laboratory conditions for 24–

48 hours to allow microbial interaction and degradation of pollutants. After incubation, the treated 

suspensions were subjected to centrifugation to facilitate sedimentation of microbial biomass and 

suspended particulates. The supernatant water obtained after centrifugation from samples S1, S2, 

S3, and S4 was carefully collected and used for subsequent physicochemical characterization. 

2.11 Physicochemical analysis 

Untreated and treated wastewater samples were analyzed for physicochemical parameters 

including pH, Dissolved oxygen (DO), Total Dissolved Solids (TDS), Total Suspended Solids 

(TSS), and turbidity were measured using multi-parameter testing equipment. The pH was measured 

using a digital pH meter. DO were determined using a DO water quality monitoring system. TDS 

and TSS were measured using standard gravimetric methods. All measurements were performed 

duplicate, and observations were recorded for comparative analysis. 

2.12 Hydrogen production via treated samples S1-S4 

Hydrogen production was evaluated using the treated wastewater samples (S1–S4) as the electrolyte 

in an alkaline water electrolysis system. Fixed volume of each treated wastewater sample was 

transferred into a laboratory-scale electrolysis reactor containing the required alkaline electrolyte. 

Electrolysis was carried out under identical operating conditions using a DC power supply while 

maintaining constant voltage, electrode configuration, electrolyte concentration and reaction time 

for all experiments to ensure a fair comparison. The evolved gas was collected at regular time 

intervals and analyzed using Gas Chromatography equipped with a Thermal Conductivity Detector 

(GC–TCD) for hydrogen quantification. Hydrogen production was monitored for 90 min, and the 

hydrogen yield obtained from each treated wastewater sample was compared to evaluate the 
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influence of the developed nano–bio–phytochemical treatment on hydrogen generation 

performance. All experiments were performed in triplicate, and the average values were reported. 

3. Results & Discussion 

3.1 Microbial characterization using 16S rRNA sequencing 

The 16S rRNA gene sequencing is one of the most reliable molecular techniques for bacterial 

identification because the conserved and hypervariable regions of the 16S rRNA gene enable 

accurate taxonomic classification and phylogenetic analysis [31–33]. Therefore, 16S rRNA 

sequencing was employed to confirm the successful enrichment of the microbial consortium prior 

to wastewater treatment. The sequencing results, BLAST identification and phylogenetic analyses 

are presented in Figures 5B, 5C and supporting information Figures S1–S4. As shown in Fig. 5B, 

all four isolates exhibited high sequence identity with their corresponding NCBI GenBank reference 

strains, confirming successful enrichment of environmentally beneficial microorganisms. Samples 

S1 and S2 exhibited 97.6% and 98.8% sequence identity with Enterobacter quasiroggenkampii and 

Enterobacter cloacae, respectively, whereas S3 and S4 showed 97.3% and 97.6% sequence identity 

with Pseudomonas aeruginosa. Since sequence identities greater than 97% are generally accepted 

for reliable species-level identification [34], all isolates were accurately identified. Furthermore, Fig. 

5C shows that BLAST analysis produced 96.69%, 98.94%, 99.80% and 95.93% similarity for S1–

S4, respectively, while all isolates exhibited an E-value of zero, indicating excellent nucleotide 

homology and highly significant sequence alignment. The phylogenetic trees (supporting 

information Figures S1–S4) further demonstrated that all isolates clustered closely with their 

corresponding reference strains, confirming high genetic relatedness and stable microbial 

enrichment. Previous studies have consistently reported Enterobacter and Pseudomonas as 
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dominant pollutant-degrading microorganisms due to their metabolic versatility, extracellular 

enzyme production and biofilm-forming ability [33, 35–38]. Therefore, the successful enrichment 

of these bacterial genera probably provided a favourable biological foundation for efficient pollutant 

degradation during the subsequent wastewater treatment. The combined application of low-

dimensional ZnO nanofluid and Bantulsi extract may have further promoted selective microbial 

enrichment by improving microbial adhesion, extracellular electron transfer and metabolic activity 

[28, 39, 40]. Overall, the developed nano–bio–phytochemical enrichment strategy successfully 

established a genetically stable microbial consortium exhibiting 97.3–98.8% sequence identity, 

95.93–99.80% BLAST similarity, and an E-value of zero. These molecular characteristics confirmed 

the successful enrichment of environmentally beneficial Enterobacter and Pseudomonas species, 

providing a strong microbiological basis for the enhanced wastewater treatment and hydrogen 

production discussed in the subsequent sections. 

3.2 Toxicity evaluation using ZOI analysis 

The environmental compatibility of the developed nano–bio–phytochemical treatment system was 

evaluated using the agar well diffusion method by measuring the ZOI, and the results are presented 

in Fig. 5D. Since ZnO NPs exhibit concentration-dependent antimicrobial activity, toxicity analysis 

was performed for S2 and S4 to examine whether the optimized ZnO nanofluid affected the enriched 

microbial consortium prior to wastewater treatment and subsequent hydrogen generation. As shown 

in Fig. 5D, both S2 and S4 exhibited 0 mm zone of inhibition, with dense and uniformly distributed 

bacterial colonies around the wells, indicating the complete absence of antimicrobial activity. It is 

to be noted here that the optimized ZnO nanofluid concentration did not inhibit microbial growth or 

reduce the viability of the enriched bacterial consortium, demonstrating excellent biological 

compatibility while maintaining the catalytic benefits required for wastewater treatment. The 
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observed non-toxic behaviour was probably due to the optimized ZnO NP concentration employed 

in the present investigation. Previous studies have reported that ZnO NPs exhibit antimicrobial 

activity mainly at elevated concentrations through reactive oxygen species (ROS) generation and 

membrane disruption, whereas lower concentrations generally maintain microbial viability [41–43].  

In addition, phytochemical constituents present in Bantulsi extract may have reduced NP-induced 

oxidative stress through their antioxidant activity, thereby improving microbial adaptation [39, 44, 

45]. Furthermore, the successful enrichment of Enterobacter and Pseudomonas species, confirmed 

by 16S rRNA sequencing, probably enhanced microbial tolerance because these bacteria are known 

for EPS production, biofilm formation and environmental adaptability [37, 38, 46]. The present 

findings were consistent with previous reports demonstrating that optimized NP concentrations 

preserve microbial activity, whereas excessive ZnO loading induces measurable microbial inhibition 

[41, 47]. However, unlike many NP-assisted treatment systems, the developed nano–bio–

phytochemical strategy exhibited zero detectable toxicity (0 mm ZOI) while maintaining excellent 

microbial growth, indicating successful optimization of NP dosage without compromising microbial 

functionality. Overall, the toxicity assessment confirmed that the optimized nano–bio–

phytochemical treatment system was environmentally benign and biologically compatible 

3.3 Characterization of raw STP wastewater 

The physicochemical characteristics of the raw STP influent were analyzed to establish the baseline 

wastewater quality before treatment. As shown in Fig. 6, the influent exhibited a grayish and highly 

turbid appearance, indicating the presence of suspended solids, colloidal particles, dissolved organic 

matter, and indigenous microorganisms. The corresponding physicochemical parameters are 

summarized in Table 2 and compared with ASTM specifications for ultrapure water. It was observed 

that the raw wastewater exhibited a turbidity of 8–9 NTU, which was nearly 160–180 times higher 



17 

 

than that of ultrapure water (<0.05 NTU), confirming the presence of a high concentration of 

suspended and colloidal matter. Similarly, the TDS (500–1500 mg L⁻¹) and electrical conductivity 

(1800–2200 μS cm⁻¹) indicated a considerable concentration of dissolved inorganic ions and soluble 

organic constituents. The wastewater also exhibited an acidic pH of 4–5, which is generally 

unfavorable for microbial metabolism because most wastewater microorganisms exhibit optimum 

activity near neutral pH [15]. In addition, the dissolved oxygen (DO) concentration of 1.2–2.2 mg 

L⁻¹ suggested oxygen-deficient conditions resulting from continuous microbial oxidation of 

biodegradable organic matter. The organic strength of the wastewater was further confirmed by BOD 

(<30 mg L⁻¹) and COD (<200 mg L⁻¹) values (Table 2), indicating the presence of biodegradable 

organic pollutants that require further treatment before reuse or discharge. For instance, Metcalf & 

Eddy reported that municipal wastewater generally exhibits turbidity above 5 NTU, conductivity 

between 1000 and 3000 μS cm⁻¹, DO below 2 mg L⁻¹, and COD ranging from 100 to 500 mg L⁻¹, 

depending on sewage composition [15]. The measured physicochemical parameters obtained in the 

present investigation therefore fall within the reported range for municipal wastewater, confirming 

that the collected influent represented a realistic and challenging wastewater matrix for evaluating 

the developed treatment system. Therefore, these baseline characteristics served as the reference for 

evaluating pollutant removal, microbial activity, toxicity, and subsequent hydrogen generation 

discussed in the following sections. 

3.4 Characterization of ZnO nanofluid and green extract  

The physicochemical characteristics of the synthesized ZnO nanofluid were investigated using TEM, 

DLS and zeta potential analysis, whereas the phytochemical constituents of the Bantulsi (Croton 

bonplandianum) extract were characterized by FTIR spectroscopy. The corresponding results are 

presented in Figures 7–8 and Table 3. As shown in Fig. 7, the TEM micrograph revealed uniformly 
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dispersed ZnO NPs without noticeable agglomeration, indicating successful stabilization of the 

nanofluid by the PAM matrix. It is to be noted here that the NPs were uniformly embedded within 

the polymer network, suggesting strong polymer–NP interactions that probably restricted particle 

aggregation through steric stabilization [48–50]. 

The quantitative characterization further confirmed excellent nanofluid stability (Table 3). The 

synthesized ZnO nanofluid exhibited an average hydrodynamic particle size of 21 nm together with 

a zeta potential of −52 mV, indicating a highly stable colloidal dispersion. Generally, colloidal 

systems with zeta potential values exceeding ±30 mV are considered stable, whereas values greater 

than ±50 mV indicate excellent resistance to aggregation [51, 52]. Compared with previously 

reported polymer-stabilized ZnO nanofluids exhibiting particle sizes of 25–60 nm and zeta potentials 

between −30 and −45 mV [40, 53], the present nanofluid exhibited smaller particle size and higher 

colloidal stability, which may provide a larger active surface area for microbial interaction and 

catalytic activity during wastewater treatment. The phytochemical composition of the Bantulsi 

extract was characterized by FTIR spectroscopy, and the spectrum is presented in Fig. 8. A broad 

absorption band at ~3350 cm⁻¹ corresponded to O–H stretching vibrations of phenolic and hydroxyl-

containing compounds, whereas the bands at 3000–2850 cm⁻¹ were assigned to aliphatic C–H 

stretching vibrations. The characteristic peak near 1650 cm⁻¹ indicated C=O stretching of carbonyl-

containing phytochemicals, while the fingerprint region (1500–1000 cm⁻¹) confirmed the presence 

of C–O functional groups associated with phenolics, flavonoids and other secondary metabolites 

[39, 54]. These phytochemical constituents have been widely reported to function as natural 

reducing, stabilizing and antioxidant agents, which may improve NP stability and microbial 

adaptation under wastewater treatment conditions [39, 45]. Overall, the characterization results 

confirmed the successful synthesis of a highly stable low-dimensional ZnO nanofluid (21 nm, −52 
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mV) together with a phytochemical-rich Bantulsi extract. The combination of excellent colloidal 

stability and abundant phenolic functional groups is expected to promote efficient NP dispersion, 

microbial interaction and catalytic activity during the subsequent nano–bio–phytochemical 

wastewater treatment process. 

3.5 Microbial enrichment and growth efficiency 

The microbial enrichment efficiency under different treatment conditions was evaluated by 

comparing the bacterial colony morphology and growth pattern after 18–22 h of incubation at 37 °C, 

and the results are presented in Fig. 9. It has to be noted here that microbial enrichment is an 

important prerequisite for biological wastewater treatment because the abundance and activity of 

pollutant-degrading microorganisms directly influence the subsequent biodegradation efficiency 

[15]. As shown in Fig. 9a, the control sample (S1) exhibited heterogeneous colony morphology with 

irregular distribution, representing the natural microbial population present in activated sludge. On 

the other hand, S2 (Fig. 9b) showed more uniform and denser colony growth after enrichment with 

ZnO nanofluid, suggesting that the optimized NP concentration probably promoted the selective 

growth of metabolically active microorganisms. A comparatively lower colony density was observed 

for S3 (Fig. 9c), which may be attributed to the presence of phytochemical constituents that 

selectively inhibited sensitive microorganisms while allowing tolerant bacterial populations to 

proliferate [39, 45]. The most prominent and uniformly distributed microbial growth was observed 

for S4 (Fig. 9d), indicating a synergistic interaction between the ZnO nanofluid and Bantulsi extract. 

This enhanced microbial proliferation was probably due to the combined effect of improved NP 

dispersion, microbial adhesion, and phytochemical-mediated reduction of oxidative stress. Previous 

studies have reported that ZnO NPs at optimized concentrations facilitate extracellular electron 

transfer and microbial attachment, whereas plant-derived phenolics enhance microbial adaptability 
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and metabolic activity [28, 40]. The improved microbial growth observed for S4 was further 

supported by the 16S rRNA sequencing results, which confirmed the successful enrichment of 

Enterobacter and Pseudomonas species known for their biodegradation capability and biofilm-

forming characteristics [35, 38]. Overall, the microbial growth results demonstrated that the 

combined nano–bio–phytochemical system provided the most favourable environment for selective 

microbial enrichment. The enhanced microbial proliferation observed in S4 is expected to facilitate 

more efficient biodegradation during the subsequent wastewater treatment process. 

3.6 Effect of microbial treatment on water quality parameters 

The evaluation of physicochemical parameters before and after treatment was carried out to 

determine the effectiveness of microbial augmentation and chemical coagulation in reducing the 

overall pollutant load of the wastewater [55, 56]. Monitoring these parameters provides a clear 

understanding of how the treatment stages influence contaminant removal and water quality 

improvement [57].  

3.6.1 Reduction in turbidity across different treatment stages 

The variation in turbidity during different treatment stages (S1–S4) is presented in Fig. 11, while the 

initial characteristics of raw wastewater are summarized in Table 2. The raw STP wastewater 

exhibited an initial turbidity of ~8 NTU, confirming the presence of a high concentration of 

suspended and colloidal contaminants. After biological treatment using the enriched microbial 

consortium (S1), turbidity decreased to 0.50 NTU, corresponding to ~93.8% removal. The proposed 

mechanism is illustrated in Fig. 10A. This reduction may be attributed to microbial degradation of 

suspended organic matter through extracellular enzymatic activity together with partial settling of 

biomass and suspended particles. Furthermore, the incorporation of the optimized 1 wt% ZnO 
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nanofluid (S2) reduced turbidity from 0.50 to 0.01 NTU, representing an additional 98.0% reduction 

over S1 and an overall removal efficiency of ~99.9% relative to the raw wastewater. Such 

improvement was probably associated with the large specific surface area of uniformly dispersed 

ZnO NPs, which promoted adsorption of colloidal particles, enhanced biofloc formation and 

facilitated aggregation–sedimentation of suspended impurities. The stabilized nanofluid may have 

provided abundant active interfacial sites for microbial attachment and catalytic oxidation, resulting 

in more efficient clarification of wastewater. 

Treatment with Bantulsi extract (S3) produced a turbidity of ~0.02 NTU, corresponding to 

nearly 99.75% overall removal. The phytochemical constituents present in the extract, particularly 

polyphenols and flavonoids, may have promoted microbial metabolism and natural bioflocculation 

through intermolecular complexation and particle bridging, thereby enhancing aggregation of fine 

suspended particles [39]. The highest treatment potential was achieved for the integrated nano-bio-

phytochemical system (S4), where turbidity reached 0 NTU, indicating complete clarification of the 

treated wastewater. It is to be noted here that simultaneous incorporation of the optimized ZnO 

nanofluid and Bantulsi extract probably created a synergistic microenvironment that enhanced 

microbial activity, particle aggregation and floc stability. Consequently, suspended particles were 

completely removed through combined biodegradation, adsorption and sedimentation mechanisms, 

as schematically illustrated in Fig. 10B. The present results compared favourably with previously 

reported wastewater treatment systems. Conventional activated sludge processes generally produce 

treated effluent with turbidity values of 0.5–2.0 NTU [15]. Sirelkhatim et al. [42] reported that ZnO 

NP-assisted treatment systems typically achieved treated turbidity around 0.5–1.2 NTU owing to NP 

agglomeration and partial microbial inhibition. On the other hand, the present nano-bio-

phytochemical strategy achieved 100% turbidity removal (8 to 0 NTU), corresponding to complete 
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elimination of suspended and colloidal particles. It is to be noted here that this superior performance 

was probably associated with the synergistic interaction among the stable low-dimensional ZnO 

nanofluid, Bantulsi phytochemicals and the enriched microbial consortium rather than the individual 

contribution of any single component. These findings clearly demonstrate the potential of the 

proposed nano-bio-phytochemical strategy for advanced wastewater remediation and provide an 

effective pretreatment platform for hydrogen generation process. 

3.6.2 Effect of treatment on conductivity 

Electrical conductivity represents the concentration of dissolved ionic species in wastewater and is 

an important indicator for evaluating the removal of inorganic salts and dissolved contaminants 

during treatment [15]. The conductivity values obtained at different treatment stages (S1–S4) are 

shown in Fig. 12, while the initial characteristics of the raw wastewater are summarized in Table 2. 

The raw STP wastewater exhibited a conductivity of 2103 ± 5 µS cm⁻¹, indicating a high 

concentration of dissolved ionic species. Following microbial treatment (S1), the conductivity 

decreased markedly to 27 ± 3 µS cm⁻¹, corresponding to a 98.72% reduction. This reduction may be 

attributed to microbial assimilation of dissolved nutrients together with biodegradation of ionizable 

organic compounds, thereby decreasing the ionic strength of wastewater. Additionally, the 

incorporation of the optimized 1 wt% ZnO nanofluid (S2) reduced the conductivity to 16 ± 2 µS 

cm⁻¹, representing an additional 40.7% reduction compared with S1 and an overall conductivity 

reduction of 99.24% relative to the untreated wastewater. The improved performance was probably 

associated with the high surface area and excellent colloidal stability of the synthesized ZnO 

nanofluid (21 nm average particle size and −52 mV zeta potential), which enhanced adsorption of 

dissolved ionic species while simultaneously promoting microbial activity and interfacial electron 
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transfer. It is to be noted here that the treatment with 1 wt% Bantulsi extract (S3) further decreased 

the conductivity to 12 ± 2 µS cm⁻¹, corresponding to an additional 25.0% reduction relative to S2. 

FTIR analysis confirmed the presence of phenolic and flavonoid functional groups in the extract, 

which probably facilitated microbial metabolism and complexation of dissolved ionic species, 

resulting in further reduction of the ionic content [39, 58]. The integrated nano-bio-phytochemical 

treatment (S4) exhibited the lowest conductivity of 7 ± 2 µS cm⁻¹, corresponding to an overall 

reduction of 99.67% compared with the raw wastewater. Conventional activated sludge systems 

generally produce treated effluents with conductivity values ranging between 300 and 1200 µS cm⁻¹ 

[15]. Likewise, plant-based remediation processes commonly reported treated water conductivity 

between 80 and 300 µS cm⁻¹ [58]. In comparison, the developed nano-bio-phytochemical treatment 

reduced the conductivity to only 7 ± 2 µS cm⁻¹, demonstrating substantially higher ionic removal 

efficiency than conventional biological, NP-assisted and phytochemical-based treatment systems. 

This superior conductivity reduction was probably associated with the stable, agglomeration-free 

ZnO nanofluid synthesized through the single-step process together with the phytochemical-rich 

Bantulsi extract, which collectively enhanced microbial enrichment, ionic adsorption and 

contaminant biodegradation. The extremely low conductivity obtained after treatment indicates 

excellent water quality with minimal ionic interference and further demonstrates the suitability of 

the treated wastewater for downstream electrochemical applications, including alkaline hydrogen 

generation discussed in the subsequent section. 

3.6.3 Effect of treatment on DO 

The DO values obtained after different treatment stages (S1–S4) are presented in Fig. 13, while the 

initial wastewater characteristics are summarized in Table 2. The raw STP wastewater exhibited a 

DO of 1.2 ± 0.2 mg L⁻¹, confirming severe oxygen depletion resulting from the high organic 
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pollution load. Following microbial treatment (S1), the DO increased to 5.2 ± 0.3 mg L⁻¹, 

corresponding to a 333% increase compared with the untreated wastewater. This improvement may 

be attributed to microbial degradation of oxygen-demanding organic pollutants, thereby reducing 

the overall oxygen demand of the wastewater. Furthermore, the incorporation of the optimized 1wt% 

ZnO nanofluid (S2) increased the DO to 6.7 ± 0.3 mg L⁻¹, representing an additional 28.8% 

improvement relative to S1. The enhanced oxygen recovery was probably associated with the 

excellent colloidal stability of the synthesized ZnO nanofluid, which promoted catalytic degradation 

of dissolved organic contaminants and improved microbial activity through efficient nano-bio 

interactions. It is to be noted here that treatment with 1 wt% Bantulsi extract (S3) further increased 

the DO to 7.8 ± 0.2 mg L⁻¹, corresponding to an additional 16.4% increase over S2. The integrated 

nano-bio-phytochemical system (S4) achieved the highest DO of 7.9 ± 0.2 mg L⁻¹, corresponding to 

an overall 6-fold increase compared with the untreated wastewater. The DO value obtained for S4 

approached the saturation range typically observed in clean surface water at ambient temperature, 

indicating excellent recovery of water quality. The present results compared favourably with 

previously reported wastewater treatment technologies. Conventional activated sludge systems 

generally produce treated effluents with DO values between 3.0 and 6.0 mg L⁻¹ depending on the 

organic loading and aeration conditions [15]. Manisha et al. [59] reported treated wastewater DO 

values of ~4.5–6.5 mg L⁻¹, whereas Jia et al. [47]  obtained DO values of 5.5–6.8 mg L⁻¹ following 

ZnO NP-assisted biological treatment. Plant-mediated remediation systems have also been reported 

to achieve DO values of ~5–7 mg L⁻¹ [58]. In comparison, the present nano-bio-phytochemical 

treatment achieved a DO of 7.9 ± 0.2 mg L⁻¹, representing one of the highest oxygen recovery values 

reported for integrated biological wastewater treatment. 

3.6.4 Effect of treatment on TDS 
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TDS represent the concentration of dissolved inorganic salts and soluble organic compounds present 

in water and are widely used to evaluate water quality and purification efficiency [15]. The variation 

in TDS during different treatment stages (S1–S4) are shown in Fig. 14, while the characteristics of 

raw wastewater are summarized in Table 2. The raw STP wastewater exhibited a TDS value of 1280 

± 18 ppm, indicating a high concentration of dissolved contaminants. Following biological treatment 

(S1), the TDS decreased significantly to 22 ± 2 ppm, corresponding to an overall reduction of 

98.28%. This reduction probably resulted from microbial assimilation of biodegradable dissolved 

organic compounds together with the transformation of soluble contaminants into microbial 

biomass. It was observed that the incorporation of the 1 wt% ZnO nanofluid (S2) reduced the TDS 

to 13 ± 2 ppm, representing an additional 40.9% reduction compared with S1 and an overall removal 

efficiency of 98.98%. The improved performance may be attributed to the highly stable ZnO 

nanofluid (21 nm particle size; −52 mV zeta potential), which provided a large accessible surface 

area for adsorption of dissolved species while simultaneously facilitating microbial activity and 

interfacial catalytic reactions. It was also observed that the addition of 1 wt% Bantulsi extract (S3) 

further reduced the TDS to 11 ± 2 ppm, corresponding to an additional 15.4% reduction relative to 

S2. FTIR analysis confirmed the presence of phenolic and flavonoid functional groups, which may 

facilitate complexation of dissolved ionic species while simultaneously supporting microbial 

metabolism through naturally occurring phytochemicals [39, 58]. The integrated nano-bio-

phytochemical system (S4) exhibited the lowest TDS of only 5 ± 1 ppm, corresponding to an overall 

removal efficiency of 99.61%. Such exceptional performance probably resulted from the synergistic 

interaction of microbial biodegradation, adsorption by uniformly dispersed ZnO NPs, and 

phytochemical-assisted complexation of dissolved contaminants. The present nano-bio-

phytochemical strategy reduced TDS to 5 ppm, which is ~30–50 times lower than NP-assisted 
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systems and 40–100 times lower than conventional biological treatment. The remarkably low TDS 

obtained after treatment demonstrates the effectiveness of integrating stable, low-dimensional ZnO 

nanofluid with phytochemical-assisted microbial enrichment for simultaneous biodegradation and 

dissolved contaminant removal. Such high-quality treated water is expected to be highly suitable for 

downstream applications requiring minimal ionic interference, including electrochemical hydrogen 

production, while also improving its potential for agricultural reuse and reducing membrane fouling 

and scaling during advanced water treatment processes. 

3.6.5 Effect of treatment on TSS 

TSS represents the concentration of suspended particulate matter present in wastewater and are an 

important indicator of clarification efficiency and particulate pollutant removal [15]. The TSS values 

obtained during different treatment stages (S1–S4) are presented in Fig. 15, while the corresponding 

values are summarized in Table 4. Following microbial treatment (S1), the wastewater exhibited a 

TSS of 1.10 ± 0.04 mg L⁻¹, indicating that fine suspended particles and colloidal organic matter still 

remained in the treated water. Although microbial degradation effectively decomposes 

biodegradable organic pollutants, biological treatment alone generally exhibits limited capability for 

complete removal of fine suspended solids owing to the slow settling of colloidal particles. Upon 

incorporation of the 1 wt% ZnO nanofluid (S2), the TSS decreased markedly to 0.10 ± 0.01 mg L⁻¹, 

corresponding to an additional 90.9% reduction compared with S1. The significant decrease 

probably resulted from the highly dispersed, agglomeration-free ZnO NPs, which provided abundant 

active surface sites for adsorption and promoted particle bridging and biofloc formation. 

Consequently, larger and denser flocs settled more efficiently under gravity, substantially reducing 

the concentration of suspended solids. 
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Interestingly, the addition of 1 wt% Bantulsi extract (S3) resulted in a slight increase in TSS 

to 0.15 ± 0.02 mg L⁻¹, ~50% higher than S2. Similar transient increases in suspended solids after the 

addition of plant-derived organic materials have also been reported during phytochemical-assisted 

wastewater treatment [58]. The integrated nano-bio-phytochemical system (S4) produced the lowest 

TSS of only 0.008 ± 0.001 mg L⁻¹, corresponding to an overall reduction of 99.27% relative to S1. 

Such exceptional removal efficiency probably resulted from the combined action of microbial 

biodegradation, ZnO NP-assisted flocculation, and phytochemical-mediated aggregation, which 

collectively promoted the formation of compact bioflocs with excellent settling characteristics. 

Conventional activated sludge processes generally achieve final TSS values of 10–30 mg L⁻¹, while 

plant-based treatment systems typically report 5–20 mg L⁻¹ depending on wastewater characteristics 

[58]. ZnO NP-assisted biological treatment has been reported to reduce TSS to ~2–8 mg L⁻¹, with 

removal efficiencies generally between 80 and 95% owing to NP aggregation and limited particle–

microbe interactions [47, 60]. On the other hand, the present nano-bio-phytochemical strategy 

achieved an exceptionally low TSS of 0.008 mg L⁻¹, which is 250–3750 times lower than values 

commonly reported for conventional biological treatment and ~250–1000 times lower than 

previously reported NP-assisted systems.  

3.6.6 Effect of treatment on COD and BOD 

The removal of organic pollutants during wastewater treatment was evaluated through COD and 

BOD, which represent the total oxidizable and biodegradable organic fractions, respectively. The 

corresponding results are presented in Fig. 16, whereas the initial characteristics of the raw 

wastewater are summarized in Table 2. A continuous decline in both COD and BOD was evident 

from S1 to S4, demonstrating the progressive improvement in organic pollutant removal through the 
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developed nano-bio-phytochemical treatment strategy. It was observed that the raw STP wastewater 

exhibited relatively high COD (312 ± 5 mg L⁻¹) and BOD (46 ± 2 mg L⁻¹), confirming the presence 

of a considerable organic pollution load. After biological treatment (S1), the COD decreased to 15.8 

± 0.5 mg L⁻¹, corresponding to 94.9% removal, while the BOD decreased to 5.5 ± 0.2 mg L⁻¹, 

representing an 88.0% reduction.  It was also observed that incorporation of the 1 wt% ZnO 

nanofluid (S2) further improved the treatment efficiency. As illustrated in Fig. 16a, the COD 

decreased to 13.5 ± 0.4 mg L⁻¹, corresponding to an additional 14.6% reduction compared with S1. 

Similarly, the BOD decreased to 4.2 ± 0.2 mg L⁻¹ (Fig. 16b), representing an additional 23.6% 

reduction. It is to be noted here that the stable and uniformly dispersed ZnO nanofluid probably 

provided abundant active interfaces for adsorption and enhanced microorganism–pollutant 

interactions, thereby accelerating biodegradation of residual organic contaminants. A more 

pronounced reduction was achieved after incorporating the Bantulsi extract (S3). The COD further 

decreased to 7.6 ± 0.3 mg L⁻¹, corresponding to an additional 43.7% reduction relative to S2, whereas 

the BOD reached 2.6 ± 0.1 mg L⁻¹, indicating a further 38.1% reduction. The credit for this 

improvement can probably be attributed to the phytochemical constituents identified by FTIR, 

particularly phenolic and flavonoid compounds, which may have enhanced microbial metabolic 

activity and facilitated degradation of the remaining organic pollutants. The result also aligns well 

with the dissolved oxygen analysis (Fig. 13), where improved DO values indicated progressive 

reduction of oxygen-demanding organic matter. The integrated nano-bio-phytochemical system (S4) 

exhibited the best treatment performance. It was observed that the COD further decreased to only 

5.1 ± 0.2 mg L⁻¹, while the BOD reached 0.8 ± 0.1 mg L⁻¹, as presented in Fig. 16. These values 

correspond to overall removal efficiencies of 98.4% for COD and 98.3% for BOD compared with 

the untreated wastewater. It is to be noted here that such exceptionally low residual organic load 
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demonstrates the strong synergistic interaction between microbial biodegradation, the stable ZnO 

nanofluid and the phytochemical-rich Bantulsi extract. The integrated system probably enhanced 

pollutant adsorption, microbial activity and catalytic degradation simultaneously, resulting in 

superior organic matter removal. Conventional activated sludge treatment generally achieves 80–

90% COD removal and 75–90% BOD removal, with final effluent concentrations typically ranging 

between 20–60 mg L⁻¹ for COD and 10–30 mg L⁻¹ for BOD [15]. Similarly, Jain et al. reported COD 

and BOD removal efficiencies of ~85–90% and 80–88%, respectively, using NP-assisted or plant-

mediated treatment systems [40]. However, the present investigation achieved only 5.1 mg L⁻¹ COD 

and 0.8 mg L⁻¹ BOD, which are ~4–10 times lower than those commonly reported for conventional 

biological and NP-assisted wastewater treatment processes. Overall, the integrated nano-bio-

phytochemical treatment demonstrated excellent capability for mineralization of organic pollutants 

and restoration of water quality.  

3.7 Hydrogen production performance of treated wastewater 

The hydrogen production performance of the treated wastewater was evaluated using an alkaline 

hydrogen generation system, while the evolved hydrogen was quantified by GC–TCD. The 

chromatograms and hydrogen production profiles obtained under different treatment conditions are 

shown on Fig. 17. The objective of this study was to investigate whether improvement in wastewater 

quality through the developed nano–bio–phytochemical treatment could subsequently enhance 

hydrogen generation efficiency. A distinct hydrogen peak appeared at a retention time of ~2.7 min, 

confirming successful hydrogen evolution during alkaline electrolysis (Fig. 17a). The chromatogram 

exhibited a sharp and symmetrical peak without noticeable secondary gaseous products, indicating 

high hydrogen purity and excellent reproducibility of the GC–TCD analysis [61]. The absence of 
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interfering peaks also suggested that the treated wastewater did not introduce detectable gaseous 

contaminants during electrolysis. It was observed that hydrogen production continuously increased 

with electrolysis time for all investigated samples, although significant differences were observed 

among the treatment stages (Fig. 17b–c). The untreated wastewater (S1) produced the lowest 

hydrogen throughout the experiment, whereas progressive enhancement was obtained for S2, S3 and 

S4. After 90 min, hydrogen production reached ~46%, 60%, 77%, and 98% for S1, S2, S3, and S4, 

respectively. Relative to S1, hydrogen production increased by ~30%, 67%, and 112% for S2, S3 

and S4, demonstrating that progressive improvement in wastewater quality directly influenced the 

subsequent electrochemical hydrogen generation process. It is to be noted here that the credit for this 

remarkable enhancement can be attributed to the cumulative improvement in wastewater 

characteristics achieved during the nano–bio–phytochemical treatment. The integrated system 

substantially reduced turbidity (8 NTU to 0 NTU), conductivity (2103 ± 4 to 7 ± 2 μS cm⁻¹), TDS 

(1280 ± 5 to 5 ± 2 ppm), COD (312 ± 4 to 5.1 ± 0.3 mg L⁻¹) and BOD (46 ± 2 to 0.8 ± 0.2 mg L⁻¹), 

while simultaneously increasing DO from 1.2 ± 0.2 to 7.9 ± 0.2 mg L⁻¹. Such improvement probably 

minimized electrolyte contamination, reduced electrode fouling, enhanced ionic transport and 

improved charge-transfer characteristics during electrolysis, thereby facilitating higher hydrogen 

evolution. Therefore, the improved hydrogen generation probably originated from efficient 

wastewater purification achieved by the enriched microbial consortium rather than from electrolysis 

alone. For instance, Verstraete et al. [17] obtained hydrogen yields of nearly 65–75%, while Stillwell 

et al. [20] reported ~70–82% hydrogen production using treated municipal wastewater. More 

recently, Jain et al. [40] demonstrated that NP-assisted wastewater treatment improved downstream 

hydrogen generation to ~85–90%. On the other hand, the present investigation achieved ~98% 

hydrogen production, corresponding to an improvement of ~9–15% over recent NP-assisted systems 
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and ~20–40% higher than conventional biologically treated wastewater. This superior performance 

may be attributed to the simultaneous integration of stable low-dimensional ZnO nanofluid, Bantulsi 

phytochemicals and a selectively enriched microbial consortium within a single treatment platform. 

Overall, the GC–TCD analysis demonstrated that the developed nano–bio–phytochemical treatment 

substantially enhanced the suitability of wastewater for hydrogen production. The integrated 

treatment (S4) produced the highest hydrogen yield (≈98% after 90 min) together with a 112% 

improvement over untreated wastewater. The efficient green hydrogen production highlighted the 

potential of the proposed strategy for wastewater remediation and sustainable energy recovery. 

3.8 Influence of ZnO NP size, ZnO concentration and Bantulsi extract concentration on 

hydrogen production 

The hydrogen generation efficiency was strongly governed by the physicochemical characteristics 

of ZnO NPs together with the concentration of ZnO nanofluid and Bantulsi extract employed during 

wastewater treatment. Therefore, systematic investigations were carried out to evaluate the influence 

of NP size, ZnO concentration and Bantulsi extract concentration on subsequent hydrogen 

production. The experimental results together with the proposed mechanisms are presented in 

Figures 18 and 19. 

3.8.1 Effect of ZnO NP size 

The effect of ZnO NP size on hydrogen production is presented in Fig. 18(a). It was observed that 

hydrogen generation decreased significantly with increasing particle size. The smallest ZnO NPs 

achieved the highest hydrogen production of 98%, whereas intermediate-sized and larger NPs 

produced 68% and 45%, respectively. Thus, increasing particle size reduced hydrogen production 

by ~54%, while decreasing the particle size enhanced hydrogen generation by 118%. It is to be noted 
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here that the superior performance of smaller ZnO NPs can be attributed to their higher specific 

surface area, improved dispersion stability, and greater density of catalytically active sites, which 

enhanced microbial attachment, electron transfer, and degradation of organic contaminants. The 

proposed mechanism is illustrated in Fig. 19(a). The result aligns well with previous literature. 

Srivastava et al. [51] reported that reducing NP size increased photocatalytic degradation efficiency 

by ~35–45%, while Raghupathi et al. [62] demonstrated that 20 nm ZnO NPs exhibited nearly 2-

fold higher biological activity than 80 nm particles. Compared with these reports, the present 

investigation achieved hydrogen production of 98%, representing a 118% improvement over the 

largest particle size investigated, demonstrating the importance of NP size optimization for efficient 

hydrogen generation. 

3.8.2 Effect of ZnO nanofluid concentration 

The influence of ZnO nanofluid concentration on hydrogen production is presented in Fig. 18(b). 

Hydrogen production increased from 51% to 0.5 wt% ZnO to a maximum of 98% at the optimized 

concentration of 1 wt%, followed by a decline to 75% and 62% at 1.5 wt% and 2 wt%, respectively. 

Thus, the optimum concentration enhanced hydrogen production by ~92% compared with the lowest 

concentration investigated. The credit of this improvement can be attributed to the balanced 

interaction between catalytic activity and microbial viability at 1 wt% ZnO, where sufficient active 

sites were available without causing excessive particle agglomeration or microbial inhibition. 

Increasing concentration beyond the optimum reduced the effective surface area and generated 

localized oxidative stress, thereby decreasing hydrogen evolution as shown in proposed mechanism 

Fig. 19(b). Moreover, Raghupathi et al. [41] reported that ZnO concentrations above 1 mg L⁻¹ 

significantly reduced bacterial viability due to reactive oxygen species generation, while Zhang et 

al. [47] observed that optimum ZnO loading improved pollutant degradation by ~40–55%, with 
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further increases resulting in performance deterioration. These results reported an optimum ZnO 

dosage beyond which catalytic efficiency decreased due to NP agglomeration. Compared with these 

studies, the present investigation achieved the highest hydrogen production (98%) at only 1 wt%, 

while increasing the concentration to 2 wt%, reduced hydrogen generation by ~37%, confirming the 

importance of dosage optimization too. 

3.8.3 Effect of Bantulsi extract concentration 

The influence of Bantulsi extract concentration on hydrogen production is presented in Fig. 18(c). It 

was observed that hydrogen production increased continuously with increasing extract 

concentration, rising from 45% at the lowest concentration to 68% at the intermediate concentration 

and reaching 90% at the highest concentration investigated. Overall, hydrogen production increased 

by ~100%.  It is to be noted here that the improvement can be attributed to the phenolic compounds, 

flavonoids and antioxidant constituents present in Bantulsi extract, which enhanced microbial 

metabolism and stabilized the ZnO nanofluid by minimizing particle aggregation. Consequently, 

pollutant degradation improved, resulting in higher hydrogen production. Previous literature, for 

instance, Daglia et al. [39] have also reported that plant-derived polyphenols significantly improve 

microbial growth and reduce oxidative stress during biological treatment. Additionally, Cushnie and 

Lamb et al. [44] demonstrated that flavonoids promote microbial metabolic activity and biofilm 

development, while Devanesan et al. [63] showed that medicinal plant extracts enhanced 

environmental remediation efficiency by ~30–50% due to their abundant bioactive compounds. 

Compared with these studies, the present nano-bio-phytochemical system increased hydrogen 

production from 45% to 90%, demonstrating the effectiveness of Bantulsi extract in enhancing 

sustainable hydrogen generation. 
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4. Conclusion 

A sustainable nano–bio–phytochemical wastewater treatment strategy was successfully developed 

by integrating a single-step synthesized ZnO nanofluid, Croton bonplandianum (Bantulsi) extract, 

and an enriched microbial consortium for simultaneous wastewater remediation and hydrogen 

production. Molecular characterization confirmed successful enrichment of Enterobacter and 

Pseudomonas species, exhibiting 97.3–98.8% 16S rRNA sequence identity, 95.93–99.80% BLAST 

similarity, and an E-value of 0, while the toxicity assessment showed 0 mm zone of inhibition, 

demonstrating excellent microbial compatibility of the optimized ZnO nanofluid. The developed 

treatment system substantially improved wastewater quality. Turbidity decreased from 8 NTU to 0 

NTU, conductivity from 2103 to 7 µS cm⁻¹ (99.67%), TDS from 1280 to 5 mg L⁻¹ (99.61%), TSS 

from 1.1 to 0.008 mg L⁻¹ (99.27%), COD from 312 to 5.1 mg L⁻¹ (98.37%), and BOD from 46 to 

0.8 mg L⁻¹ (98.26%), while dissolved oxygen increased from 1.2 to 7.9 mg L⁻¹, indicating efficient 

restoration of water quality. These values are substantially better than those generally reported for 

conventional biological, NP-assisted, or phytochemical-based wastewater treatment systems. GC–

TCD analysis further demonstrated that the treated wastewater served as an efficient electrolyte for 

alkaline hydrogen generation. The optimized treatment (S4) achieved ~98% hydrogen production, 

corresponding to a 112% improvement over untreated wastewater. Parametric optimization revealed 

that smaller ZnO NPs, an optimum ZnO concentration of 1 wt%, and increasing Bantulsi extract 

concentration significantly enhanced hydrogen evolution by improving microbial activity, catalytic 

efficiency, and pollutant degradation. 

Overall, this work presents a novel integrated nano–bio–phytochemical platform that 

combines microbial enrichment, stable ZnO nanofluid technology, and plant-derived 

phytochemicals within a single treatment process. The excellent purification efficiency, complete 
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microbial compatibility, and enhanced hydrogen production demonstrate considerable potential for 

simultaneous wastewater treatment and renewable hydrogen generation. The developed strategy 

provides a promising route toward circular water management, resource recovery, and sustainable 

energy production, with strong potential for future pilot-scale implementation and industrial 

wastewater applications. 
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Tables: 

Table 1 Composition of all 4 Petri plates used to grow microbes, detailing the volume of agar, ZnO 

nanofluid, extract, and activated sludge. 

Sample name Agar Conc. ZnO 

Nanofluid 

Bio extract STP (activated sludge) 

S1 2ml _ _ 2ml 

S2 2ml 1ml _ 1ml 

S3 2ml _ 1ml 1ml 

S4 3ml 1ml 1ml 1ml 

 

Table 2 Parameters of Raw STP water sample compared to Ultra-Pure Water (UPW), including 

TDS, Conductivity, and BOD. 

Parameter Unit Wastewater (Outlet) Ultra-Pure Water 

Turbidity NTU 8 to 9 < 0.05 

Total Dissolved Solids (TDS) mg/L (ppm) 500 – 1500 0 – 1 
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Total Suspended Solids (TSS) mg/L <30 ~ 0 

Conductivity µS/cm 1800 – 2200 0.055 

Dissolved Oxygen (DO) mg/L 1.2 – 2.2 8 – 9 

Biochemical Oxygen Demand (BOD) mg/L < 30 0 

Chemical Oxygen Demand (COD) mg/L < 200 0 

 

Table 3 Dynamic Light Scattering (DLS) data for ZnO nanofluid. 

Precursor Accelerator Particle size  

(nm) 

Zeta 

potential 

(mV) 

Concentration 

(Weight %) 
Zinc acetate dihydrate Ammonium hydroxide 

2.2 mg 5 mL 21 -48 1 wt% 

 

Table 4 Final physicochemical parameters (Turbidity, TDS, Suspended Solids, DO, and 

Conductivity) for treated samples (S1-S4) 

Sample name Turbidity (NTU) TDS (ppm) TSS (mg/L) DO (mg/L) Conductivity (µS/cm) 

S1 0.5 22 1.1 5.2 27 

S2 0 13 0.1 6.7 16 

S3 0 11 0.15 7.8 12 

S4 0 5 0.008 7.9 7 

 

Figures: 
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Fig. 1 Schematic representation of wastewater collection, mesh filtration (100 μm), sedimentation, 

and separation of supernatant wastewater for subsequent treatment. 

 

Fig. 2 Schematic illustration of ZnO nanofluid synthesis through the sol–gel route using zinc acetate 

dihydrate, ammonium hydroxide, and PAM as a stabilizing agent. (With reactions involved) 

 

Fig. 3 Preparation of Croton bonplandianum leaf extract through washing, crushing, aqueous 

extraction, heating, and filtration steps. 
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Fig. 4A Schematic representation of microbial enrichment using activated sludge in the presence of 

ZnO nanofluid and plant-derived phytochemicals prior to wastewater treatment.  

 

Fig. 4B Schematic representation of microbial toxicity assessment using the agar well diffusion 

method for determining ZOI.  
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Fig. 5A Experimental workflow showing LB agar preparation, microbial enrichment on agar plates, 

bulk cultivation in LB broth, and subsequent inoculation of wastewater samples.  

 

Fig. 5B Phylogenetic and sequence alignment analysis of microbial samples. (Left) Phylogenetic 

tree showing the evolutionary relationships and percent sequence identities of isolated samples (S1–

S4) relative to reference strains (Right) illustrating isolated bacterial strains. 
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Fig. 5C BLAST identification and percent similarity scores for isolates S1–S4. Tabular summary 

with corresponding percentage majority identification scores for samples S1-S4.  

 

Fig. 5D Toxicity evaluation via agar diffusion assay. (Top) Plate images illustrating agar wells pre-

treatment (agar only) and post-treatment (microbial growth with sample introduction) for S2 and S4. 

(Bottom) Summary table detailing the mean zone of inhibition (ZOI = 0 mm) and resulting 

biocompatibility assessments, demonstrating non-toxic characteristics. 



50 

 

 

Fig. 6 Visual representation of wastewater showing high organic, ionic load and microbial 

contaminants (as proposed at the bottom side in the Fig.). 

 

Fig. 7 TEM characterization of ZnO–PAM nanofluid: (a) TEM image showing the overall dispersion 

of ZnO NPs; (b) proposed stability scheme of ZnO NPs; (c) steric stabilization of ZnO NPs; (d) 

enlarged view illustrating the interparticle spacing and uniform NP distribution within the PAM 

matrix; and (e) proposed steric stabilization mechanism of ZnO NPs by PAM. 
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Fig. 8 FTIR spectrum of Croton bonplandianum extract showing characteristic O–H, C–H, C=O, 

and C–O functional groups associated with phenolic and flavonoid phytochemicals. 

 

Fig. 9 Microbial colony growth on LB agar plates under different enrichment conditions: (a) S1 

(activated sludge), (b) S2 (activated sludge + ZnO nanofluid), (c) S3 (activated sludge + plant 

extract), and (d) S4 (activated sludge + ZnO nanofluid + plant extract).  
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Fig. 10A Proposed mechanism of turbidity and TSS reduction through microbial degradation and 

ZnO nanoparticle-assisted bio flocculation. ZnO nanoparticles enhance enzymatic activity, promote 

aggregation of suspended particles, and facilitate formation and settling of larger bioflocs. 

 

Fig. 10B Proposed mechanism of phytochemical-assisted pollutant removal. Flavonoids and 

phenolic compounds present in Croton extract promote microbial metabolism, contaminant 

complexation, and aggregation of organic particles through chelation and molecular interactions. 



53 

 

 

Fig. 10C Proposed synergistic nano–bio–phytochemical treatment mechanism showing the 

combined action of ZnO nanofluid, plant-derived phytochemicals, and enriched microbial 

communities.  

 

Fig. 11 Variation in turbidity of wastewater samples treated with S1–S4 microbial consortia showing 

progressive reduction in suspended and colloidal matter.  
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Fig. 12 Conductivity of untreated wastewater and treated samples (S1–S4), illustrating progressive 

removal of dissolved ionic contaminants during treatment. 

 

Fig. 13 DO concentration of untreated wastewater and treated samples (S1–S4), demonstrating 

improved oxygen availability following pollutant degradation.  
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Fig. 14 TDS concentration of untreated wastewater and treated samples (S1–S4), showing reduction 

of dissolved contaminants through the nano–bio–phytochemical treatment process.  

 

Fig. 15 TSS of treated wastewater samples (S1–S4), demonstrating enhanced particulate removal 

and biofloc settling efficiency.  
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 Fig. 16 Changes in organic pollution indicators following treatment: (a) Chemical oxygen demand 

(COD) and (b) Biochemical oxygen demand (BOD) of untreated wastewater and treated samples 

(S1–S4), showing progressive degradation and mineralization of organic contaminants. 
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Fig. 17 Gas chromatographic analysis and comparative hydrogen production performance. (a) 

Representative GC spectrum highlighting the detected hydrogen peak; (b) Cumulative hydrogen 

production volume over time (0–90 min) for treated samples S1 through S4; and (c) Percentage 

increase in total H2 yield for samples S2, S3, and S4 relative to the baseline sample S1. 
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Fig. 18 Parametric effects on microbial hydrogen production. (a) Influence of ZnO NP size; (b) 

Effect of ZnO NP concentration; and (c) Effect of plant extract concentration on H2 generation. 

 

Fig. 19 Proposed mechanism for the effects of ZnO NP size and concentration on microbial activity. 

(a) Schematic showing the interaction of different ZnO particle sizes; and (b) illustrating the 

concentration-dependent response: low concentrations, and excessive concentrations inhibit 

microbial metabolism due to cellular.  
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