


Nano Zinc Oxide-Mediated Remediation of Spent Engine Oil-Polluted Soil and Its Impact on Ficus benjamina Growth Performance

Abstract
Background: Spent engine oil (SEO) affects soil physico-chemical parameters and plant productivity, but the interactive effects of n-ZnO in soils polluted with SEO and its impacts on the growth performance of plants in SEO polluted soil have not been fully explored. Upon entering the soil, the interaction of the SEO with the soil may alter its properties due to attachment or adsorption to soil components, which can affect the soil ecosystem. These pollutants accumulate in the soil, leading to long-term contamination with attendant effects on soil health and plant productivity. 
Aim: The study aimed to assess the effects of n-ZnO on the physicochemical properties of soil polluted with spent engine oil and the growth performance of F. benjamina.
Materials and Methods: A 12-month Screen house experiment was conducted in the Institute of Ecology and Environmental Studies, Obafemi Awolowo University, Ile Ife, Nigeria using sandy loam soil treated with six levels of SEO (0, 0.5, 1.0, 1.5, 2.0, and 2.5 L/kg) with and without 50 ppm n-ZnO arranged in a completely randomized design Pre- and post-harvest soil physicochemical parameters (pH, total nitrogen, organic carbon, phosphorus, exchangeable bases, cation exchange capacity, and moisture content) were analyzed using standard methods. Plant growth parameters such as height and number of leaves were monitored bi-weekly. Data were analysed using appropriate statistical methods. Data sets that met the assumptions of normality were analysed using one-way analysis of variance (ANOVA). Differences between treatment means were assessed using Duncan’s Multiple Range Test (DMRT) at a significance level of p ≤ 0.05. 
Results: Results indicated that SEO contamination significantly reduced soil pH, phosphorus availability, exchangeable bases, and moisture content, but increased the total nitrogen and organic carbon due to hydrocarbon residues. High concentrations of SEO (≥2.0 L/kg) led to stunted growth and caused up to 100% plant mortality. At 0.5 L/kg SEO without amendment, F. benjamina showed a 20.8% reduction in height and a 23.9% reduction in leaf number compared to the control. However, the application of 50 ppm n-ZnO mitigated these adverse effects. Notably, F. benjamina grown in 0.5 L/kg SEO amended with n-ZnO increased the plant height by 16.1% and number of leaves by 6.7%, while at 1.0 and 1.5 L/kg SEO, n-ZnO amendment led to increases in height by 19.8% and 0.7%, and in leaf number by 21.8% and 37.8% respectively in relation to the plants in the SEO unamended soils. Although SEO contamination reduced soil pH slightly, differences across treatments were not statistically significant (p > 0.05). Control soil had a pH of 6.6, while SEO-treated soils ranged from 6.44 to 6.40. The observed ameliorative effects of n-ZnO were attributed to its high reactivity, increased nutrient bioavailability, and stimulation of soil microbial activity, which improved soil fertility and plant resilience. 
Conclusion: This study concludes that n-ZnO is a promising amendment for remediating SEO-contaminated soils and enhancing plant growth. The findings underscore the potential of integrating nanotechnology into sustainable environmental management practices. Further studies are recommended to assess long-term ecological impacts and the potential bioaccumulation of nanoparticles in plants under field conditions
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1.0 INTRODUCTION
The soil ecosystem is an essential component of life, and man depends on it for food and natural resources while plants depend on it for their growth (Adewole and Uchegbu, 2010; Akpan et al., 2024).  However, the pressure on developing countries to keep pace with the global industrial revolution has led to a sharp increase in the importation of used vehicles (commonly referred to as ‘Tukunbo’), engines and heavy-duty machinery (Nwosu et al., 2008). This has resulted in the proliferation of auto-mechanic workshops across urban and peri-urban areas with attendant effects, including the release of a wide range of organic and inorganic pollutants into the soil ecosystem through the indiscriminate discharge of Spent Engine Oil (SEO) into the environment, with attendant effects on soil health (Gautam et al., 2012). Increased urbanisation has led to an escalation in the prospects and production of crude oil and its refined products, which are extensively employed in powering vehicles, generators, power plants, and other applications to enhance living standards. Due to the spill of petroleum (crude oil), the soil has become a repository for the sink of harmful chemical constituents of petroleum (Moses et al., 2024; Nwachukwu et al., 2020). 
The term spent oil is used to describe engine oils, transmission oils, and industrial oils (hydraulic and cutting oils) after use (Rauckyte et al., 2006).  This oil has been used for its intended purpose and is contaminated by physical or chemical contaminants such as iron, steel, copper, zinc, lead, barium, cadmium, sulfur, dirt particles and ash that enter the oil as the engine wears (Okebalama et al., 2024). Spent oil has a mixture of various chemicals such as aliphatic hydrocarbons, aromatic hydrocarbons, polychlorinated biphenyls, chlorodibenzofurans, lubricating additives, decomposition products and heavy metal contaminants that come from engine parts as they wear out (Adedokun and Ataga, 2007; Nwite and Alu, 2015; Umana et al., 2016). 
Upon entering the soil, the interaction of the SEO with the soil may alter its properties due to attachment or adsorption to soil components, which can affect the soil ecosystem (Vu et al., 2015; Vu and Mulligan, 2023). These pollutants accumulate in the soil, leading to long-term contamination which may affect soil health and plant productivity (Shahzad et al., 2024).  Moreover, contamination of surface soil alters its chemical properties, thereby affecting soil–plant interactions, water retention, soil atmosphere, and the bioavailability of soil nutrients and by extension, affecting soil health (Nwankwo et al., 2025). Approximately 20 million gallons of spent oil are accumulated every year from mechanic workshops across Nigeria and disposed of carelessly into the environment. It was further reported that oils are released into the milieu from the exhaust systems during engine operations as well as engine leaks (Muhammad et al., 2022). 
Soils polluted with SEO affect soil health due to poor aeration, immobilisation of soil nutrients and lowering of soil pH (McGrath et al., 1995; Okebalama et al., 2024). This is because oil in soil creates unsatisfactory conditions for plant growth, probably due to insufficient aeration of the soil, by displacement of air from spore spaces by oil and increase the demand for oxygen by the activities of oil-decomposing micro-organisms (Gudin and Syrat, 1975; Rowell, 1977; De Jong, 1980; Odjegba and Sadiq 2002). 
 Several studies have shown that spent engine oil in soil affects soil physicochemical properties (Chijioke and Chinenye, 2016; Muhammad et al., 2009; Nwite and Alu, 2015; Okonokhua et al., 2007; Tanimu et al., 2019). However, the effects of spent oil on soil physicochemical properties depend to a large extent on the levels and concentrations of the oil. In the 1970s, it became clear that the natural attenuation capacity of soils and their role as barriers to contaminants had been overestimated, which led to greater awareness of the importance of their protection. Ensuring soil protection is therefore essential to preserving environmental balance and ecosystem functionality (Guimarães et al., 2025). 
Studies have also shown that SEO in the soil affect plant germination, growth, flowering and fruiting; however, dependent on plant species and the concentration of SEO. According to Adenipekun et al. (2008), spent engine oil at all concentrations delayed the germination of Corchorus olitorius by 2 days compared to the control. Also, both the number of leaves and plant height decreased with increasing concentration of SEO.  Osuagwu and Nwofia (2014) and Osuagwu and Iwuoha (2015) attributed the effects of SEO on poor germination and growth rates of plants to the volatile fraction of oil, which has high wetting capacity and penetrating power; to enter the seed coat, deprive the seed of water and oxygen, thereby destroying the embryo. Also, as oil-contaminated soil samples become compact, it leads to poor wetting ability, poor water content, poor aeration and an increase in the amount of toxic substances, which results in decreased germination and growth of plants (Agbogidi and Etuotor, 2012). Vegetative growth reduction and low biomass could be attributed to the total effect of oil on the stomata number per unit area of the leaf which resulting in to decrease in the photosynthetic products (Agbogidi and Ilondu, 2013). Spent oil in the soil-plant micro environment affects soil chemistry, including nutrient release and reduction in the amount of water available for plants (Osuagwu et al., 2017). 

Nanotechnology is an emerging technology in the field of environmental management and agriculture, manipulating materials at the nanoscale, with at least one dimension less than 100 nanometers for diverse applications and these engineered nanoparticles (ENPs) are increasingly used in agriculture and environmental management (Akpan et al., 2025). Studies have revealed that ENPs have effects on the physico-chemical properties of the soil (Vu and Mulligan, 2023; Ogunneye et al., 2014; Akpan et al., 2025).
Zinc oxide nanoparticles are among the most commonly used ENPs. It has a wide range of applications, including in sunscreen products, paint, and nano-fertilisers (Sharifan and Ma, 2017). Zinc oxide nanoparticles are considered to be effective in the slow release of bioavailable zinc in soil due to their enhanced reactivity as compared to their bulk counterparts (Deka, 2019; Faizan et al., 2021; El-Sharkawy et al., 2024). Studies reveal that n-ZnO reduces the toxicity of heavỷ metals in plants. Raliyd et al. (2015) reported that co-presence of n-ZnO showed a significant increase in shoot and root growth as well as biomass rate in Solanum lycopersicum. According to Priyanka et al. (2021), ZnO nanoparticles play a significant role in enhạncing the seedlings' growth characteristics via regulation of Cd and Pb metal tolerance potential by reduction of oxidative stress as well as an increase in photosynthetic pigment contents of plants under heavy metals stress. 
Ficus benjamina (weeping fig)  is one of the most beautiful and common park ornamental plants belonging to the family of Moraceae, which is generally broader and taller with a beautiful, dense umbrella-like canopy of pendant branches that cascade down to the ground (Akpan et al., 2025). Some previous studies report the medicinal properties of F. benjamina for antimicrobial, pro-wound healing, anti-inflammatory and effects on cancer cell lines proliferation (Dahan et al., 2025). According to Prasad et al. (1999) and Pilon-Smits (2005), F. benjamina has a tendency to tolerate certain pollutants such as heavy metals. Application of n-ZnO may probably enhance the phytoremediation capability of organic and inorganic compounds.  Ficus benjamina can host a range of endophytic and rhizospheric microorganisms, which may play a role in its phytoremediation potential in the rhizospheric degradation (Lugtenberg and Kamilova, 2009).

Studies show that n-ZnO improves soil fertility and enhances plant growth (Akpan et al., 2025), but there is still a dearth of information and understanding of the interactive effects of n-ZnO in soils polluted with SEO and its impacts on the growth performance of Ficus benjamina in SEO polluted soil. Given these concerns, the present study investigates the effects of n-ZnO on the physicochemical properties of soil polluted with SEO and the growth performance of F. benjamina.

 2.0	MATERIALS AND METHODS
Nano Zinc Oxide (ZnO) Water Dispersion was purchased from LIWEI Nano tech Co., Ltd., Kaohsiung City, Taiwan (mean particle size of 30 nm), and Ficus benjamina seedlings were raised at Parks and Garden Unit, Obafemi Awolowo University, Ile-Ife, Nigeria. Spent engine oil was obtained from auto-mechanic workshops in Ile-Ife metropolis. 
 2.1	Screenhouse Experimental Set-up
A screenhouse experiment was conducted at the Institute of Ecology and Environmental Studies, Obafemi Awolowo University, Ile-Ife, Nigeria.  Screenhouse experiment involved twelve months in spent engine oil (SEO) contaminated soils amended with n-ZnO cultivated with Ficus benjamina. The established tolerable concentration of n-ZnO (50 ppm) (Akpan et al., 2025) was used as a soil amendment in SEO contaminated soils. Thirty-six (36) plastic pots were filled with 5 kg of air-dried soil samples from relatively undisturbed natural vegetation. Six different concentrations (0, 0.5, 1.0, 1.5, 2.0, 2.5 L/kg) of SEO were introduced into the pots containing the soil samples in triplicate. Eighteen (18) pots containing the SEO were then amended with the established 50 ppm of n-ZnO. The amended soil samples were watered and left for two weeks for equilibration. Three-week-old seedlings of Ficus benjamina were transplanted into treated soils. The experiment was set up using a Complete Randomised Design (CRD) and was monitored for 12 months. Plant height and number of leaves were measured fortnightly with effect from the second week after planting. At the termination of the experiment, plants were harvested, while post-harvest soil analysis was carried out using standard methods.
2.2	Determination of Physicochemical Parameters of Experimental Soil Samples
All soil samples were air-dried at room temperature before being ground and sieved through a 2 mm stainless steel sieve for the determination of various parameters. Soil samples from each treatment were analysed for their physicochemical properties.
Soil pH was determined using the ASTM D 4972 method (ASTM, 2013,Cai et al., 2015) using a calibrated pH meter. Soil particle size distribution was determined using the Bouyoucos hydrometer method (Rowell, 2014). Cation Exchange Capacity (CEC) was determined following the USEPA (2000) method. Exchangeable cation was analysed using a flame atomic absorption spectrometer. Total nitrogen was analysed using the alkaline permanganate method (Subbiah & Asija, 1956). Organic carbon was determined using the Walkley and Black (1934) wet oxidation method. Soil moisture content was determined using the gravimetric method (ASTM, 2016). Available phosphorus was measured using the Olsen et al. (1954) method. The transmittance was measured at 660 nm using a spectrophotometer. 
2.3	Statistical Analysis
All data collected were subjected to normality testing using the Shapiro-Wilk test. Data sets that met the assumptions of normality were analysed using one-way analysis of variance (ANOVA). Differences between treatment means were assessed using Duncan’s Multiple Range Test (DMRT) at a significance level of p ≤ 0.05
3.0	RESULTS AND DISCUSSION
 3.1	Physical and Chemical Parameters of Experimental Soil before Contamination
The baseline physical and chemical properties of the experimental soil were analysed before the experiment to ascertain its suitability for supporting plant growth and to provide reference values for post-experiment comparisons, as presented in Table 1. The soil was classified as sandy loam, based on its particle size distribution (sand: 76%, silt: 10%, clay: 14%). This texture is generally favourable for plant growth due to its balanced water retention and drainage properties. Nwite and Alu (2015) and Akpan et al. (2025) reported similar textural classes in comparable agro-ecological settings.
The soil pH measured 6.5, falls within the optimal range (6.0–7.0) for most agricultural crops (FAO , 2021; Nichols, 2022). This slightly acidic condition supports the availability of essential nutrients and optimal microbial activity. The organic carbon content was 2.6%, indicative of moderate soil fertility, with implications for microbial biomass, aggregate stability, and cation exchange dynamics (Lefèvre et al., 2017). While this value suggests some organic enrichment, it remains slightly below levels typically associated with highly fertile soils. The total nitrogen content was 0.26%, which is within the moderate range for most cultivated soils adequate for supporting early vegetative growth. The available phosphorus content was 70.3 mg/kg, significantly above the critical threshold of 10 mg/kg required for optimal crop growth (Enwezor et al., 1982; FAO, 1976; Chinene, 1992; Onwuka et al., 2020). This suggests that phosphorus availability was not a limiting factor in this soil.
Soil moisture content was 42.66% at the time of sampling, indicating suitable water availability for seed germination and initial plant establishment under controlled or field conditions. The soil’s cation exchange capacity (CEC) was 12.87 Cmol/kg, indicating moderate nutrient retention capacity typical of sandy loam soils. Among the exchangeable bases, calcium (5.6 Cmol/kg) and magnesium (6.15 Cmol/kg) were dominant, reflecting a fertile soil profile. Potassium and sodium were measured at 0.31 Cmol/kg and 0.18 Cmol/kg, respectively. These values are characteristic of productive, unpolluted soils, as reported by Sesan et al. (2013). The dominance of calcium and magnesium in the exchange complex also supports plant vigour and physiological function, particularly in cell wall stability and chlorophyll synthesis.
Although the organic carbon and total nitrogen levels could be considered moderately low relative to temperate soils, they are within the expected range for tropical sandy loam soils and comparable to those reported in similar ecological contexts (Nwite & Alu, 2015). The overall fertility status, texture, and base saturation indicate that the soil is suitable for plant growth and experimental evaluation. Comparable soil properties have been used effectively in related studies by Amin (2011), Sesan et al. (2013), and Akpan et al. (2025), further affirming the suitability of the soil for the present investigation.
3.2	Physical and Chemical Properties of Screen-house Soils after Harvest
Table 2 presents the post-harvest physicochemical properties of soils treated with various concentrations of spent engine oil (SEO) and SEO amended with nano zinc oxide (n-ZnO). Overall, the results demonstrate the interactive effects of SEO contamination and n-ZnO amendment on soil texture, nutrient dynamics, and moisture retention in relation to the growth performance of Ficus benjamina.
Table 1:  Physical and chemical properties of soil before planting
	Soil Properties
	Values

	Soil pH
	6.5 ±0.10    

	Organic Carbon (%)
	3.6 ±0.00

	Sand (%)
	68 ±0.00    

	Silt (%)
	10 ±0.00   

	Clay (%)
	14 ±0.00

	Total N (%)
	0.26 ±0.20

	Available P (mg/kg)
	70.3 ±0.20

	Moisture (%)
	42.6 ±0.10

	K (Cmol/kg)
	0.31 ±0.13

	Mg (Cmol/kg)
	6.15 ±0.00

	Na (Cmol/kg)
	0.18 ±0.12

	Ca (Cmol/kg)
	5.6 ±0.10



Soil texture remained relatively stable across all treatments. The sand fraction in uncontaminated soils was 75.0%, closely matching the pre-planting value of 76%, confirming the sandy loam classification. SEO-contaminated soils without n-ZnO showed a decline in sand content (70–72%) and a corresponding increase in clay (up to 17%), suggesting potential compaction and structural changes caused by SEO. In contrast, n-ZnO-amended soils retained higher sand content (75–78%) and lower clay levels (12–15%), indicating that n-ZnO mitigated the texture-altering effects of SEO. The results suggest that SEO  treatments may have influenced particle size redistribution, but with no effects on the overall soil texture. These observations are consistent with findings by Adesodun (2004), Okonokhua et al. (2007) and Nwite et al. (2020), who noted that short-term petroleum hydrocarbon contamination does not significantly alter soil texture due to its dependence on parent material. Akpan et al. (2025) emphasised that soil texture is mainly influenced by parent material and not easily affected by short-term n-ZnO exposure.
Total nitrogen (TN) increased significantly (p < 0.05) in both SEO and SEO+n-ZnO-treated soils. The control soil recorded a TN of 0.57%, whereas SEO-only soils ranged from 1.35% to 3.36%. The highest TN value (3.64%) was observed in SEO+n-ZnO-treated soil at 1.5 L/kg SEO. However, nitrogen levels declined at higher SEO concentrations (2.0–2.5 L/kg), possibly indicating microbial inhibition or nutrient immobilisation at elevated contamination levels. Similarly, organic carbon (OC) content increased from 3.30% in the control to 5.63% in SEO-only and 6.98% in SEO+n-ZnO-treated soils. These increases may result from the hydrocarbon-rich nature of SEO, which introduces organic residues that temporarily boost microbial activity and carbon inputs. These findings align with previous studies by Osaigbovo et al. (2013), Iren and Ediene (2017), and Nwite and Alu (2015). The authors reported elevated organic carbon and nitrogen levels in soils contaminated with SEO. Chijioke and Chinenye (2016) attributed such increases in OC to the hydrocarbon content of spent engine oil.  Okonokhua et al. (2007) reported that the elevated levels of C and N of the SEO contaminated soils result from crude oil, from which the engine oil is produced, which contains principal elements such as oxygen, nitrogen and sulphur other than hydrogen and carbon.  However, the present findings contrast with reports by Kayode et al. (2009) and Devatha et al. (2019), who documented reductions in nitrogen and carbon content at higher levels of SEO contamination. This discrepancy may reflect differences in soil type, climatic conditions, microbial community structure, or the duration of exposure in various studies. The enhanced total nitrogen and organic carbon observed in this study may thus be due to the input of organic residues from the oil, which can temporarily increase microbial biomass and organic matter content. Furthermore, the application of n-ZnO consistently improved both nitrogen and carbon concentrations in the soil across most treatments, possibly due to its catalytic properties and increased nutrient availability through enhanced microbial activity. According to Al Momani et al. (2024) and Akpan et al. (2025), TN and OC increased at lower n-ZnO levels (10–50 ppm) in the soil due to microbial stimulation at low doses of n-ZnO. 
Although SEO contamination reduced soil pH slightly, differences across treatments were not statistically significant (p > 0.05). Control soil had a pH of 6.6, while SEO-treated soils ranged from 6.44 to 6.40. The pH decline aligns with findings by Okonokhua et al. (2007), Osaigbovo (2013), and Nwachukwu et al. (2020), who attributed reduced pH to hydrocarbon-induced acidification and microbial degradation. However, contradictory results in the literature (for instance, Odjegba & Atebe, 2007; Swapna et al., 2021; Mbah et al., 2010) have reported pH increases in hydrocarbon-contaminated soils, possibly due to enhanced cation exchange or alkaline base accumulation. The application of n-ZnO mildly intensified acidification, likely due to Zn²⁺ ion release via nanoparticle oxidation and proton exchange (Verma et al., 2022; Vu et al., 2023). Akpan et al. (2025) reported that soil pH decreased from 6.5 in control soil to 6.3 and 5.3 in soil amended with 50 ppm and 300 ppm of n-ZnO, respectively, within 12 weeks of exposure.
Available phosphorus (AP) decreased significantly with SEO contamination. The control soil recorded 66.4 mg/kg AP, while SEO-only treatments ranged from 9.78 to 53.52 mg/kg. SEO+n-ZnO treatments showed improved phosphorus availability (16.77–60.27 mg/kg) compared to SEO-only soils, although still below control levels. The decline in phosphorus may result from microbial immobilisation during hydrocarbon degradation or chemical interactions, potentially immobilising phosphorus (Okonokhua et al., 2007; Adams & Duncan, 2022; Uquetan et al., 2017). According to FMARD (2002), Nwite and Alu (2015), Iren and Ediene (2017), and Akpan et al. (2024), SEO contamination inhibits nutrient dynamics, particularly phosphorus. Devatha et al. (2019) also found that the concentration of available phosphorus in soil decreased proportionally with increasing SEO levels.  The recovery of phosphorus with n-ZnO application supports findings by Verma et al. (2022) and Tarafdar & Claassen (2003), who noted that zinc enhances phosphatase activity and microbial P mobilisation at low concentrations. However, Bala et al. (2019) and Lv et al. (2022) warned that excessive zinc may antagonise phosphorus availability due to ionic competition or complex formation. While available phosphorus was generally reduced by SEO contamination, but improved with n-ZnO amendment; however, the values remained lower than in control soils, and inconsistencies in the response to n-ZnO suggest a complex interaction between zinc, hydrocarbons, and soil phosphorus. Further research is needed to ascertain the underlying mechanisms responsible for these trends.
Exchangeable cations (Na, Mg, K, and Ca) declined progressively with increasing SEO concentrations. For instance, Na dropped from 3.33 Cmol/kg in control to 0.66 Cmol/kg at 2.5 L/kg SEO. Similar trends were observed for Mg (30.0 to 5.92 Cmol/kg), K (24.5 to 8.41 Cmol/kg), and Ca (38.10 to 14.76 Cmol/kg). The impact was more severe at the highest level of SEO, as supported by Nwite et al. (2020). These reductions reflect the displacement or adsorption interference caused by hydrocarbon coatings on soil particles (Swapna, 2021; Uheghu et al., 2012). Application of n-ZnO ameliorated these effects, increasing cation concentrations and CEC across most treatments. Improved CEC in n-ZnO soils is likely due to enhanced surface reactivity and ion exchange properties of the nanoparticles (Rezaei & Baya, 2022; Liu & Dong, 2020; Akpan et al., 2025). Nevertheless, the response was not uniform for all cations, suggesting complex interactions between soil type, SEO, and n-ZnO concentrations.
Soil moisture content was highest in the control (45.82%) and decreased significantly with increasing SEO levels (6.88% at 2.5 L/kg). This supports previous findings that oil pollutants reduce soil porosity and water retention by clogging soil pores (Khamehchiyan et al., 2007; Kayode et al., 2009; Nwite and Alu, 2015). According to Swapna (2021) and Adenipekun et al.(2011), the adverse impact of SEO on moisture content is attributed to pore blockage and reduced water permeability.
However, n-ZnO addition improved soil moisture, with values ranging from 7.69% to 30.55%. This suggests a mitigating role of n-ZnO in sustaining moisture retention under oil-contaminated conditions. These findings are consistent with those of Bayat et al. (2017), who reported that n-ZnO enhances water retention and soil structure.
Table 2:    Physicochemical Parameters of Soils after Harvest of F. benjamina
	Contaminant level of SEO (L/kg)
	Sand (%)
	Silt (%)
	Clay (%)
	TN (%)
	OC (%)
	pH
	AP (mg/kg
	Moisture (%)
	CEC (Cmol/kg)

	
	
	
	
	
	
	
	    
	
	Na
	Mg
	K
	Ca

	0.0 (control soil)
	75.00 
	12.00 
	13.00 
	0.57d
	3.30e
	6.60 
	65.66a 
	45.50a
	3.33a
	30.00a
	24.50a
	38.10a

	0.5
	72.00 
	13.00 
	15.00 
	1.35c
	5.34c
	6.44 
	53.52b
	28.53b 
	1.77b
	29.26b 
	13.23b
	33.72c

	1
	70.00 
	13.00 
	17.00 
	2.44b
	5.31c
	6.41 
	43.24c
	11.33c
	1.43d
	22.41c
	13.05c
	37.41b

	1.5
	70.00 
	13.00 
	17.00 
	2.47b
	5.63a
	6.41 
	35.37d 
	11.13c
	1.56c
	13.01d
	11.33d 
	23.67d 

	2
	70.00 
	13.00 
	17.00 
	2.47b
	5.50b
	6.40 
	17.40e
	10.53d
	1.00e
	10.65e
	8.41e
	23.01e

	2.5
	70.00 
	13.00 
	17.00 
	3.36a
	3.01d
	6.40 
	9.78f
	6.88e
	0.66f
	7.69f
	5.92f 
	14.76f 

	Contaminant +n-ZnO (50 ppm)
	
	
	
	
	
	
	
	
	
	
	

	0.0 (control soil)
	75.00 
	12.00 
	13.00
	0.58c
	3.38e
	6.60 
	66.40a
	45.82a
	3.32d
	29.65a
	26.75a
	37.19a

	0.5
	75.00 
	12.00 
	13.00
	2.23b
	6.24b
	6.20 
	60.27b 
	30.55b 
	4.81a
	25.25b
	15.20b 
	33.47b 

	1
	78.00 
	10.00 
	12.00 
	3.37a
	6.96a
	6.20 
	47.75c
	18.37c
	4.33b
	24.50b
	14.42b
	30.41c

	1.5
	77.00 
	10.00 
	13.00
	3.64a
	6.98a
	6.00 
	42.38d
	12.12d
	3.43c
	15.01c
	14.03b 
	21.61d

	2
	78.00 
	10.00 
	12.00 
	3.53a
	5.81c
	6.20 
	29.45e 
	11.40e 
	2.82e
	11.55d
	9.05c
	19.30e

	2.5
	75.00 
	10.00 
	15.00 
	3.35a
	4.12d 
	6.00 
	16.77f
	7.69f
	1.94f
	9.71d
	6.01c 
	16.73f



Means of replicates (SE) followed by different letters in the same column are significantly different (p < .05) according to Duncan’s new multiple range test. 
3.3	Growth Performance of F. benjamina 
Figures 1–27 illustrate the bi-weekly growth pattern of Ficus benjamina cultivated for 12 months in soil contaminated with varying concentrations of spent engine oil (SEO), with and without nano zinc oxide (n-ZnO) amendment. The results indicate a progressive decline in plant growth parameters—specifically height and number of leaves as the concentration of SEO increased.
At lower contamination (0.5 L/kg SEO), the plants demonstrated moderate tolerance, with growth values significantly higher than at higher concentrations. Specifically, by the time of harvest, plants in uncontaminated soil recorded an average height of 85.7 cm and 164 leaves, while those in 0.5 L/kg SEO-contaminated soil had 67.9 cm in height and 124.7 leaves, representing a 20.8% decrease in height and a 23.9% decrease in number of leaves compared to the control. At 1.0 L/kg SEO, plant height and number of leaves decreased by 60.6% and 64.5% respectively, in relation to the control. Similarly,  increasing the SEO concentration to 1.5 L/kg resulted in substantial growth reduction to 29.5 cm in height and 37 leaves, representing 65.6% and 77.4% reductions, respectively. Notably, plants in 2.5 L/kg SEO died by week 4, while those in 2.0 L/kg died at week 8, confirming the phytotoxicity of high concentrations of SEO. These findings align with previous studies. For instance, Donald et al. (2016) observed complete inhibition of germination and growth of Capsicum frutescens, C. chinense, and C. annum in 3%–9% SEO-contaminated soils. Similarly, Ohanmu et al. (2014) reported a delayed lethal effect of crude oil-contaminated soils on Zea mays, becoming evident 3–6 weeks after planting. Anoliefo and Vwioko (1995) also reported premature mortality in Lycopersicon esculentum exposed to all concentrations of spent lubricating oil. According to Johnpaul (2021), contamination of soil with spent engine oil caused growth retardation in tomato (Lycopersicon esculentum) and pepper (Capsicum annum L.). For example, Ogboghodo et al. (2004) reported that SEO inhibited the germination and growth of maize at high pollution levels, while the growth of okro and fluted pumpkin seedlings was highly reduced with an increase in crude oil concentrations (Asuquo et al., 2001). Нe response of plants to oil contamination depends upon the level of contamination
However, the application of 50 ppm n-ZnO significantly improved growth performance. F. benjamina in 0.5 L/kg SEO + 50 ppm n-ZnO recorded the highest growth performance across all treatments, attaining 99.5 cm in height and 175 leaves, which represents a 16.1% increase in height and a 6.7% increase in number of leaves over the control. This indicates that n-ZnO not only mitigated the toxicity of SEO but also enhanced overall plant performance beyond baseline. At 1.0 L/kg SEO + n-ZnO, plant height and leaf number improved to 40.5 cm and 71 leaves, reflecting a 19.8% increase in height and a 21.8% increase in leaf number compared to the same SEO level without n-ZnO. Similarly, at 1.5 L/kg SEO + n-ZnO, plant growth improved to 29.7 cm and 51 leaves, corresponding to a 0.7% increase in height and a 37.8% increase in leaves over the unamended SEO treatment at the same concentration. However, even with n-ZnO, high SEO levels (2.0 and 2.5 L/kg) remained lethal to plants. These results reinforce the phytotoxic nature of elevated SEO concentrations and demonstrate the partial but concentration-dependent ameliorative effects of nano zinc oxide.
The observed improvement in plant growth under n-ZnO-amended conditions may be attributed to the nutrient-enhancing and stress-mitigating properties of zinc nanoparticles (Dimkpa et al., 2019; Faizan et al., 2021; Thounaojam et al., 2021). Zinc is a vital micronutrient involved in various physiological processes such as enzyme activation, protein synthesis, and membrane integrity (Broadley et al., 2007; Solanki, 2021). Nano-scale formulations offer greater zinc bioavailability due to their high surface-area-to-volume ratio and solubility (Beig et al., 2023). Khan and Bano (2016) reported that nanoparticle supplementation improved plant resilience, nutrient uptake, and stress tolerance. Similarly, Pillai and Kottekottil (2016) found that nano-materials enhanced plant adaptability to both in situ and ex situ stress conditions. Moreover, n-ZnO amendment appeared to enhance soil quality. Soils amended with nano-zinc oxide exhibited higher concentrations of total nitrogen, organic carbon, and exchangeable bases such as calcium, magnesium, sodium, and potassium—essential nutrients for plant growth. These findings corroborate the report by El-Sharkawy et al. (2022), who demonstrated significant improvements in soil nutrient profiles and plant performance under nano-zinc oxide treatments.
The results indicated that F. benjamina showed clear sensitivity to spent engine oil contamination, with growth inhibition and plant mortality at higher pollutant concentrations. However, amendment with nano-zinc oxide significantly enhanced growth performance, improved soil nutrient status, and increased survival rates, demonstrating its potential as a phytoprotective and soil-restorative agent in SEO-polluted environments.

        
Fig. 1: Plant growth at week 1		                            Fig. 2: Plant growth at week 3
       
Fig. 3: Plant growth at week 5			  Fig. 4: Plant growth at week 7 
Fig 1-4: Plant Height and Number of Leaves of Ficus benjamina in Spent Engine Oil Contaminated Soil at Week 1 to 7
     
Fig. 5: Plant growth at week 9		                   Fig. 6:  Plant growth at week 11
       
Fig. 7: Plant growth at week 13		        Fig. 8: Plant growth at week 15
Figs 5- 10: Plant Height and Number of Leaves of Ficus benjamina in Spent Engine Oil Contaminated Soil at Week 9 to 15
        
Fig. 9: Plant growth at week 17		Fig. 10: Plant growth at week 19
              
Fig 11: Plant growth at week 21		Fig 12: Plant growth at week 23
Figs 11-14:  Plant Height and Number of Leaves of Ficus benjamina in Spent Engine Oil Contaminated Soil at Week 17 to 23
           

Fig. 13: Plant growth at week 25				Fig. 14: Plant growth at week 27

	     	
Fig. 15: Plant growth at week 29				Fig. 16: Plant growth at week 31

Figs 13-16: Plant Height and Number of Leaves of Ficus benjamina in Spent Engine Oil Contaminated Soil at Week 25 to 31

     
Fig. 17: Plant growth at week 33			Fig. 18: Plant growth at week 35

        
Fig. 19: Plant growth at week 37				Fig. 20: Plant growth at week 39

Figs 20-21: Plant Height and Number of Leaves of Ficus benjamina in Spent Engine Oil Contaminated Soil at Week 33 to 39
      
Fig. 21: Plant growth at week 41			Fig. 22: Plant growth at week 43

        
Fig. 23: Plant growth at week 45			      Fig. 24: Plant growth at week 47

Figs 23-26: Plant Height and Number of Leaves of Ficus benjamina in Spent Engine Oil Contaminated Soil at Week 41 to 47
              
Fig. 25: Plant growth at week 49			  Fig. 26: Plant growth at week 51

   
Fig. 27: Plant growth at week 52

Figs 25-27: Plant Height and Number of Leaves of Ficus benjamina in Spent Engine Oil Contaminated Soil at Week 49 to 53





4.0	CONCLUSION
The study demonstrated that spent engine oil (SEO) contamination significantly alters soil physicochemical properties, resulting in reduced nutrient availability, compromised soil texture, and diminished moisture retention. These adverse changes were directly linked to the poor growth performance and mortality of Ficus benjamina at higher SEO concentrations, underscoring the phytotoxic effects of hydrocarbon pollutants on soil-plant systems. However, the incorporation of nano zinc oxide (n-ZnO) at 50 ppm effectively mitigated several deleterious impacts of SEO. The n-ZnO amendment improved soil fertility indicators—such as phosphorus, potassium, calcium, and magnesium levels—as well as moisture content and organic matter balance. Notably, n-ZnO-treated soils supported significantly better plant growth, even under moderate SEO pollution, indicating its potential as a remediation agent. These findings highlight the dual utility of n-ZnO in restoring soil quality and enhancing plant resilience in polluted environments. Future research should explore long-term ecological impacts, the bioaccumulation potential of n-ZnO, and its field-scale application in contaminated landscapes.
The study, however, recommended that future field-based studies should be conducted to validate these findings beyond controlled screenhouse conditions. Stakeholders in the Environment should develop low-cost, community-friendly phytoremediation models using accessible nanoparticles and ornamentals to rehabilitate degraded urban and peri-urban soils. Also, while the study showed short-term benefits, long-term environmental risks and bioaccumulation of nanoparticles in soil and plant systems remain unclear. Therefore, further research should focus on understanding the fate and transport of n-ZnO in the environment and evaluating risks to soil microbiota, food chains, and groundwater.  It is further recommended that comparative studies across different plant species be conducted to identify plants best suited for phytoremediation in oil-polluted environments when supported by nanoparticle amendments. 
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Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	11.93333333	11.3	11.1	10.633333329999999	10.266666669999999	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	11.133333329999999	11.366666670000001	11.1	11.233333330000001	10.8	10.766666669999999	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	6	3.3333333330000001	4	2.6666666669999999	1.3333333329999999	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	5.3333333329999997	6.3333333329999997	6	5.6666666670000003	3.3333333330000001	2.3333333330000001	Level of SEO (L/kg)

Height (cm)/ number of leacves of
 F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	13.266666669999999	12	11.43333333	10.733333330000001	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	13.06666667	13.43333333	12.266666669999999	12.3	11.3	10.866666670000001	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	8.3333333330000006	7	5	3	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	8.3333333330000006	9.3333333330000006	6.6666666670000003	7	4.3333333329999997	2.6666666669999999	level of SEO (L/kg)

Height (cm)/number of leaves of
 F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	15.83333333	13.66666667	12.366666670000001	11.6	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	15.3	16.133333329999999	15.9	12.46666667	11.7	11.2	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	12.33333333	9.3333333330000006	7.3333333329999997	6	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	12	13	12.66666667	9.3333333330000006	6.3333333329999997	3.3333333330000001	Level of SEO (L/kg)

 Height (cm)/ number of  
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	18.43333333	15.366666670000001	12.93333333	12.16666667	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	18.399999999999999	19.766666669999999	17.033333330000001	13.66666667	12.16666667	11.16666667	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	16.333333329999999	12	12.66666667	9	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	15.33333333	17	14.33333333	11.66666667	6.6666666670000003	3.3333333330000001	Levels of SEO (L/kg)

Height (cm)/no of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	20	17.633333329999999	14.46666667	13.96666667	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	20.766666669999999	21.43333333	17.833333329999999	14.66666667	11.7	11.2	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	24	17.333333329999999	13.33333333	11.33333333	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	22	21.333333329999999	17	14	4	4	Levels of SEO (L/kg)

 Height/ number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	22	18.266666669999999	15.233333330000001	15	0	0	 Height of plant SEO/n-ZnO	0	0.5	1	1.5	2	2.5	21.93333333	22.766666669999999	18.399999999999999	18.033333330000001	12.766666669999999	11.46666667	No of leaves of plant  exposed to SEO	0	0.5	1	1.5	2	2.5	29.333333329999999	20.333333329999999	14.33333333	14	0	0	No of leaves of plants exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	27.666666670000001	27.666666670000001	23.666666670000001	18	6.3333333329999997	4	Levels of SEO (L/kg)

 Height (cm)/ number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	29.06666667	20.966666669999999	16.666666670000001	15.633333329999999	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	27.233333330000001	26.9	22.533333330000001	19.600000000000001	13.06666667	11.866666670000001	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	39.666666669999998	26.333333329999999	15	12	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	38.333333330000002	27.666666670000001	20.666666670000001	16.666666670000001	6.6666666670000003	4.3333333329999997	Levels of SEO (L/kg)

 Height (cm)/ number of leaves of F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	31.366666670000001	26.5	16.733333330000001	15.266666669999999	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	30.666666670000001	32.433333330000004	24.93333333	21.2	13.4	12.366666670000001	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	50.433333330000004	33	16.866666670000001	16.666666670000001	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	48	36.666666669999998	25.666666670000001	19.666666670000001	8.6666666669999994	6	Levels of SEO (L/kg

 Height (cm)/number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	34.5	28.033333330000001	18	16.033333330000001	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	33.133333329999999	37.033333329999998	25.366666670000001	23.43333333	13.6	13.1	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	55.2	34.333333330000002	20.666666670000001	18.666666670000001	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	53.333333330000002	48	28	23.666666670000001	9.3333333330000006	6.6666666670000003	Levels of SEO (L/kg)

 Height/ number of leaves of F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	36.299999999999997	29.43333333	19.600000000000001	16.766666669999999	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	37.866666670000001	39.733333330000001	27.766666669999999	17.43333333	14.766666669999999	12.96666667	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	59	41.766666669999999	21.666666670000001	18.766666669999999	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	56.666666669999998	49.333333330000002	33	26	11	7.6666666670000003	Levels of SEO (L/kg)

Height (cm)/ number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	38.333333330000002	32.299999999999997	21.166666670000001	16.93333333	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	40.200000000000003	44.833333330000002	30.5	19	15.16666667	13.3	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	66.466666669999995	46.666666669999998	23.333333329999999	16.666666670000001	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	64.666666669999998	58.666666669999998	37.333333330000002	27.333333329999999	12.66666667	7.6666666670000003	Levels of SEO L/kg)

 Height (cm)/number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	46.066666669999996	34.433333330000004	22.6	17.166666670000001	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	46.566666669999996	49.766666669999999	35.433333330000004	22.633333329999999	15.53333333	14.06666667	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	77	51.666666669999998	25.333333329999999	17.666666670000001	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	75.666666669999998	69.666666669999998	43.333333330000002	30.333333329999999	13.66666667	7.3333333329999997	Levels of SEO (L/kg)

 Height (cm)/number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	49.6	34.466666670000002	24.133333329999999	12.96666667	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	50.9	53.5	38.933333330000004	25.3	15.766666669999999	13.66666667	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	85.1	57.1	29.666666670000001	13	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	85	78.333333330000002	50	33.333333330000002	13.66666667	8.6666666669999994	Levels of SEO (L/kg)

 Height (cm)/number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	52.033333329999998	36.1	24.4	13.766666669999999	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	53.833333330000002	55.4	42.4	27.06666667	16	13.93333333	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	94	65	32.333333330000002	11	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	92.333333330000002	85	58.333333330000002	34	14.33333333	10	Levels of SEO

 Height(cm)/number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	54	38.700000000000003	26.766666669999999	15.1	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	56.033333329999998	57.333333330000002	46.466666670000002	28.533333330000001	16.5	14.43333333	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	101.33333333	60	34.666666669999998	13.33333333	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	104.66666667	96.333333330000002	62	38	16	12	Levels of SEO (L/kg)

 Height (cm)/number of leaves of F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	59.5	35.733333330000001	26.666666670000001	15.5	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	58.966666670000002	59.566666669999996	33.333333330000002	28	17.43333333	14.766666669999999	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	110.1	62.333333330000002	31.333333329999999	15.66666667	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	107.33333333	102.33333333	69.666666669999998	34	17.666666670000001	13	Levels of SEO (L/kg)

Height (cm)/number of leaves of F. benjamina 



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	63.5	40.6	27.633333329999999	21.56666667	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	63.633333329999999	60.366666670000001	38.5	32.766666669999999	17.8	13.33333333	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	116.66666669999999	70.433333329999996	36.766666669999999	17	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	118.61	122.1	72.666666669999998	30.666666670000001	13	12.33333333	Levels of SEO (L/kg)

Plant height (cm)/number of leaves



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	68.933333329999996	44.333333330000002	27.3	22.43333333	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	66.133333329999999	64.333333330000002	35.033333329999998	35	18.033333330000001	12.366666670000001	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	124.0666667	74	21.833333329999999	14.33333333	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	123.66666669999999	129.66666667000001	75	30.333333329999999	15.33333333	11.33333333	Levels of SEO

Plant height (cm)/ number of leaves



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	71.2	45.6	30.9	23.4	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	72.266666670000006	66.633333329999999	38.933333330000004	35.333333330000002	18.466666669999999	0	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	129.43333329999999	76	25.333333329999999	16.06666667	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	132.66666670000001	134.66666667000001	78.333333330000002	34.333333330000002	17	Levels of SEO (L/kg)

Height (cm)/number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	73.866666670000001	50.35	31.533333330000001	24.333333329999999	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	73.3	70.333333330000002	41.666666669999998	37.133333329999999	18.766666669999999	11.16666667	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	138.19999999999999	82.433333329999996	29.333333329999999	12	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	147.66666670000001	153	83.666666669999998	36.666666669999998	20.333333329999999	10.66666667	Levels of SEO (L/kg)

Height (cm)/ number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	75.033333330000005	55.8	31.1	25.2	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	75.866666670000001	75.666666669999998	45.533333329999998	39.733333330000001	19.06666667	10	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	149.4	92	26.1	12	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	154	165.33333332999999	87.333333330000002	40.333333330000002	22.333333329999999	10.66666667	Levels of SEO (L/kg)

Height (cm)/ number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	75.466666669999995	57.066666669999996	32.933333330000004	26.666666670000001	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	78.099999999999994	80.400000000000006	48.4	42.733333330000001	19.866666670000001	11.6	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	156.4	100.4333333	30.43333333	15.66666667	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	162.33333300000001	178.33333332999999	94.333333330000002	40.333333330000002	23.666666670000001	12.66666667	Levels of SEO (L/kg)

 Height (cm)/ number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	78.3	60.133333329999999	35.033333329999998	24.06666667	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	78.333333330000002	84.266666670000006	50.766666669999999	45.4	20.6	13	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	166.33333329999999	105.33333330000001	38	19.333333329999999	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	170.66666670000001	185.33332999999999	99	44	25	12.33333333	Levels of SEO (L/kg)

Height (cm)/ number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	82.7	64.433333329999996	34.566666669999996	24.56666667	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	85	89.166666669999998	52.9	40.133333329999999	21.06666667	15.83333333	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	172.66666670000001	110.4333333	45	24.666666670000001	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	180	198	106.66666667	47	26	12	Levels of SEO (L/kg)

 Height (cm)/number of leaves of 
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	88.7	66.966666669999995	33.833333330000002	21.5	0	0	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	90.133333329999999	94	52.566666669999996	42.7	21.866666670000001	0	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	184	119.7666667	50.333333330000002	25.3	0	0	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	188.33333329999999	205	110.71	51.333333330000002	23	0	Levels of SEO (L/kg)

 Height (cm)/ no of leaves of
F. benjamina



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	10.56666667	10.43333333	10.43333333	10.43333333	10.5	10.5	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	10.33333333	10.33333333	10.366666670000001	10.33333333	10.43333333	10.43333333	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	3.6666666669999999	4	3	3.3333333330000001	3.3333333330000001	3.6666666669999999	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	4	4	4	3.6666666669999999	3.3333333330000001	4	Levels of SEO (L/kg)

Height (cm)/ number of leaves of F. benjamia



Height of plant exposed to SEO	0	0.5	1	1.5	2	2.5	 	10.866666670000001	10.9	10.8	10.3	10.16666667	10.3	 Height of  plant exposed to SEO/n-ZnO	0	0.5	1	1.5	2	2.5	 	10.6	10.766666669999999	10.53333333	10.66666667	10.56666667	10.7	No of leaves of  of plant exposed to SEO	0	0.5	1	1.5	2	2.5	 	5	4	3.3333333330000001	2	1	1	No of leaves of plant exposed to  SEO/n-ZnO	0	0.5	1	1.5	2	2.5	 	4	6	4.3333333329999997	4.3333333329999997	3.6666666669999999	3.3333333330000001	Level of SEO (L/kg)

 Height (cm)/ number of leaves of F. benjamina






