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Abstract 
Petroleum hydrocarbon contamination in aquatic systems poses persistent ecological and toxicological risks, necessitating 
efficient and sustainable remediation strategies. This study assessed the efficacy of an integrated nano-phytoremediation 
system combining Eichhornia crassipes and nanoscale zero-valent iron (nZVI) for removing crude petroleum oil from 
contaminated water. Experimental setups with 1000 ppm CPO included control, phytoremediation-only, nZVI-only, and 
hybrid treatments monitored over 28 days. Results revealed a clear hierarchy in total petroleum hydrocarbon removal 
efficiency, with hybrid systems achieving significantly greater reductions than standalone treatments. By week 4, TPH levels 
in the highest-dose hybrid system declined from an initial 5.10 ± 0.22 mg/L to 1.28 ± 0.10 mg/L, compared to 2.96 ± 0.18 
mg/L for phytoremediation alone and 2.21 ± 0.15 mg/L for nZVI-only. This superior performance stems from synergistic 
mechanisms, including adsorption, reductive transformation, rhizodegradation, and biomass sequestration. Plant physiological 
responses further supported remediation success, with SPAD chlorophyll indices recovering significantly in nano-assisted 
treatments—indicating reduced oxidative stress and enhanced photosynthetic stability. Notably, hydrocarbon accumulation in 
plant tissues rose up to 2.3-fold in hybrid systems, underscoring biomass partitioning as a complementary removal pathway. 
Overall, the integrated nano-phytoremediation approach offers a robust, scalable, and mechanistically synergistic strategy for 
petroleum hydrocarbon remediation in aquatic environments, with broad implications for sustainable water treatment 
technologies. 
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Introduction 
Petroleum hydrocarbon contamination of aquatic 
environments remains a critical global environmental 
challenge due to its persistence, toxicity, and complex 
multiphase behavior in water systems(Panneerselvan et al., 
2018) [41]. Crude petroleum oil introduces a mixture of 
aliphatic and aromatic hydrocarbons alongside associated 
trace metals (Overton et al., 2016) [40], which collectively 
disrupt aquatic ecosystems, impair water quality, and induce 
oxidative stress in exposed biota (Alzahrani & Rajendran, 
2019) [5]. The environmental fate of these contaminants is 
governed by processes such as volatilization, dissolution, 
adsorption, and microbial degradation (Truskewycz et al., 
2019) [55]. However, natural attenuation alone is often 
insufficient for effective remediation in heavily 
contaminated systems (Raju & Scalvenzi, 2018) [43]. 
Consequently, there is a growing need for innovative 
remediation strategies that integrate physicochemical and 
biological processes to enhance contaminant removal 
efficiency. 
Phytoremediation has emerged as a sustainable and cost-
effective approach for mitigating hydrocarbon pollution in 
aquatic systems (Mohammed & M‐Ridha, 2019; Sharma et 
al., 2024) [37, 47]. Aquatic macrophytes such as Eichhornia 
crassipes exhibit remarkable adaptive plasticity, rapid 
biomass production, and extensive root systems that 
facilitate contaminant uptake, adsorption, and rhizosphere-
mediated degradation. These traits enable partial recovery of 
water quality and plant physiological functions under 

contaminant stress (Bais et al., 2016 [10]; Monroy‐Licht et 
al., 2024). Nevertheless, phytoremediation alone is limited 
by slow remediation kinetics, incomplete degradation of 
recalcitrant hydrocarbon fractions, and potential 
accumulation of contaminants in plant tissues, which can 
restrict overall efficiency (Azubuike et al., 2016) [9]. 
Recent advances in nanotechnology have introduced 
nanoscale zero-valent iron (nZVI) as a highly reactive 
material for environmental remediation(Garg et al., 2024; 
Liu et al., 2024) [20, 34]. nZVI offers strong reductive 
capacity, high surface area, and rapid adsorption kinetics, 
enabling effective transformation and immobilization of 
petroleum hydrocarbons and associated contaminants(Kane 
et al., 2026; Liu et al., 2024) [28, 34]. In aqueous systems, 
nZVI facilitates hydrocarbon removal through adsorption 
and catalytic reduction pathways, thereby accelerating 
remediation processes compared to biological systems 
alone(Albarano et al., 2022; Kane et al., 2026) [2, 28]. 
Additionally, the transformation of nZVI into iron oxides 
may enhance micronutrient availability, indirectly 
supporting plant physiological recovery under stress 
conditions(Razzaq et al., 2022; Yoon et al., 2019) [45, 57]. 
The integration of phytoremediation and nanotechnology 
has gained attention as a hybrid approach that overcomes 
the limitations of standalone techniques (Gomes, 2025; 
Wentzell, 2025) [23, 56]. In these systems, plants provide 
ecological stabilization, continuous uptake, and rhizosphere 
enhancement (Asare et al., 2023; Rao et al., 2010) [8, 44], 
while nanoparticles deliver rapid contaminant reduction and 
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adsorption (Gomes, 2025) [23]. This synergistic interaction 
creates a multi-mechanistic remediation pathway involving 
adsorption, catalytic transformation, microbial stimulation, 
and biomass sequestration (Gomes, 2025) [23]. Evidence 
indicates that hybrid nano-phytoremediation systems 
achieve superior hydrocarbon removal compared to 
individual treatments, with efficiency increasing in a dose-
dependent manner as nanoparticle concentration 
rises(Steliga et al., 2026; Ting et al., 2021) [52, 53]. 
Despite these advances, integrated evaluations of 
hydrocarbon removal dynamics, plant physiological 
responses, and contaminant partitioning in nano-assisted 
phytoremediation systems remain limited(El-Ramady et al., 
2020; Liu et al., 2025) [18, 35]. In particular, the contribution 
of biomass accumulation alongside aqueous-phase depletion 
is not fully elucidated, and the mechanistic interplay 
between biological uptake and nanoparticle-mediated 
catalysis requires further clarification(El-Ramady et al., 
2020; Liu et al., 2025) [18, 35]. Hydrocarbon accumulation in 
plant tissues observed in contaminated systems underscores 
the importance of understanding bioaccumulation dynamics 
within the overall remediation framework (Aliyeva, 2024; 
Kassenga, 2017) [3, 29]. 
Therefore, this study investigates the efficacy of a hybrid 
nano-phytoremediation system combining Eichhornia 
crassipes and nanoscale zero-valent iron for treating crude 
petroleum oil-contaminated water. The study aims to 
elucidate the synergistic mechanisms governing 
hydrocarbon removal, evaluate the influence of nanoparticle 
dosage on remediation efficiency, and assess the role of 
plant physiological responses and bioaccumulation in 
shaping overall system performance. This integrated 
approach provides critical insights into developing scalable 
and sustainable remediation technologies for petroleum-
contaminated aquatic environments. 
 
Materials and Methods 
Experimental Design 
A controlled laboratory study evaluated the efficiency of an 
integrated nano-phytoremediation system for petroleum 
hydrocarbon removal from contaminated water. Treatments 
comprised four categories—control (contaminated water 
without remediation), phytoremediation with Eichhornia 
crassipes, nanoscale zero-valent iron (nZVI) treatment, and 
hybrid nano-phytoremediation—each conducted in triplicate 
over 28 days. 
Synthetic contaminated water was prepared by spiking tap 
water with Bonny Light crude oil to a final concentration of 
1000 ppm. 
 
Preparation and Application of nZVI 
nZVI was synthesized using the method described by (Kane 
et al., 2026) [28] and applied at 0.1, 0.2, and 0.4 mg/kg. 
These concentrations enabled evaluation of dose-dependent 
remediation efficiency while minimizing phytotoxicity. 
nZVI promotes hydrocarbon removal through adsorption 
and reductive transformation, driven by its high surface 
reactivity(Ji et al., 2023; Kane et al., 2026) [28]. 
 
Plant Material and Phytoremediation Setup 
Healthy Eichhornia crassipes plants were collected, 
acclimatized, and introduced into treatment systems. The 
species' rapid growth, extensive root architecture, and 
adaptive plasticity facilitate contaminant uptake and 

rhizosphere-mediated degradation (Monroy‐Licht et al., 
2024; Shingadgaon, 2018) [48]. 
Hybrid systems combined plants with nZVI to harness 
synergistic mechanisms, including adsorption, catalytic 
transformation and biomass sequestration (Gomes, 2025) 
[23]. 
 
Determination of Total Petroleum Hydrocarbons 
Total petroleum hydrocarbons in water and plant tissues 
were quantified via gas chromatography–mass spectrometry 
(GC–MS). Samples underwent n-hexane liquid–liquid 
extraction, concentration, and GC–MS injection. 
Hydrocarbon fractions were identified and quantified using 
retention times and spectral matching against standard 
libraries. 
 
Elemental Analysis 
Elemental composition of water samples was determined by 
inductively coupled plasma optical emission spectrometry 
following acid digestion. Calibration with certified multi-
element standards enabled quantification of metals such as 
Ba, Zn, Pb, Ca, and Mg, providing baseline contamination 
levels and assessing remediation-induced metal removal. 
 
Physicochemical Characterisation of Crude Oil 
Physicochemical properties of the crude oil were 
characterized prior to experimentation using standard 
procedures. Density and specific gravity were measured via 
hydrometer, viscosity with a viscometer at controlled 
temperature, and pH using a calibrated pH meter. Total 
dissolved solids and electrical conductivity were also 
evaluated as applicable. 
Hydrocarbon composition was analyzed by GC–MS, with 
associated trace metals quantified by ICP-OES. This 
comprehensive profiling established an accurate baseline for 
the contaminant matrix and remediation dynamics. 
 
Plant Physiological Assessment 
Chlorophyll content (SPAD index) was used to assess plant 
physiological status. Leaf relative water content was 
determined by measuring fresh and turgid weights, 
providing insights into plant water status and photosynthetic 
efficiency (Trepanier et al., 2023) [54].  
Mechanistic Considerations 
Hydrocarbon removal integrated physicochemical and 
biological processes (Caumette et al., 2012) [16], including 
nZVI adsorption, reductive transformation (Albarano et al., 
2022) [2], and plant uptake (Banerjee et al., 2016) [11]. 
Hybrid systems synergistically boosted efficiency via 
concurrent pathway activation (Broholm et al., 2015; 
Sohrabnezhad et al., 2026) [15, 49]. 
 
Statistical Analysis 
Data are reported as mean ± standard error of mean from 
triplicates. One-way ANOVA with post-hoc tests assessed 
significance (p < 0.05). 
 
Results and Discussion 
The initial characterization of the experimental system, as 
presented in Tables 1–3, establishes the physicochemical 
and toxicological baseline necessary for interpreting 
remediation performance. The elemental composition of the 
experimental tap water confirms a chemically stable and 
regulation-compliant aqueous matrix, with all measured 
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parameters within WHO and NESREA permissible limits—
for instance, As at 0.005 ± 0.002 mg/L (<0.01 mg/L WHO), 
Cd at 0.001 ± 0.001 mg/L (<0.01 mg/L NESREA), Pb at 
0.003 ± 0.002 mg/L (<0.01 mg/L WHO), Cr at 0.01 ± 0.01 
mg/L (=0.05 mg/L WHO/NESREA), Ni at 0.005 ± 0.003 
mg/L (<0.07 mg/L WHO), Se at 0.005 ± 0.002 mg/L (<0.04 
mg/L WHO), and Tl at 0.0005 ± 0.0003 mg/L (<0.002 mg/L 
WHO). These notably low concentrations of toxic trace 
elements indicate that the system was not predisposed to 
metal-induced oxidative stress prior to contamination, as 
background metal loads can independently trigger reactive 
oxygen species formation via redox cycling or Fenton-like 
reactions, thereby confounding remediation outcomes(Kaur 
et al., 2019) [30]. The presence of essential ions at moderate 
concentrations—e.g., Ca (12.50 ± 0.60 mg/L), Mg (18.50 ± 
0.90 mg/L), and Zn (1.20 ± 0.10 mg/L)—further supports 
ionic balance and physiological stability of Eichhornia 
crassipes, ensuring that plant performance during 
remediation is not limited by nutrient deficiency or osmotic 
stress. 
The physicochemical properties of the crude petroleum oil 
reveal a contaminant matrix characterised by high 
environmental persistence and limited natural attenuation. 
The high kinematic viscosity (106.49 ± 1.23 mm² s⁻¹ at 40 
°C; 8.918 ± 0.10 mm² s⁻¹ at 100 °C) and specific gravity 
(0.9582 ± 0.0111 at 15 °C) indicate restricted 
dispersion(Olugbenga et al., 2020) [39], enhanced adhesion 
to surfaces, prolonged residence time in aquatic systems, 
and reduced bioavailability for microbial or plant-mediated 
degradation(Khodja et al., 2010) [32]. The low viscosity 
index (23.10 ± 0.27) further suggests strong temperature 
dependence(Souas et al., 2025) [51], implying increased 
rigidity under typical environmental conditions (e.g., pour 
point of −18 ± 0.21 °C and cloud point of 24 ± 0.28 °C), 
which exacerbates hydrocarbon immobility(Soliman, 2019) 
[50]. Additionally, the moderate sulphur content (0.4388 ± 
0.0051% w/w) introduces the potential for secondary 
acidification during any microbial degradation, altering 
metal solubility, pH, and redox equilibrium(Basafa & 
Hawboldt, 2018, 2020) [12, 13]. These physicochemical 
constraints empirically explain the persistence of 
hydrocarbons in untreated systems (as later confirmed in 

Table 4) and underscore the necessity for active remediation 
strategies. 
The elemental composition of the crude oil further 
demonstrates that the contaminant is not solely 
hydrocarbon-based but constitutes a complex multi-metal 
pollutant system. Elevated concentrations of transition and 
heavy metals—including Cr (6757.53 ± 195.07 mg/kg), Cu 
(4264.33 ± 123.07 mg/kg), V (2019[19].42 ± 58.29 mg/kg), 
Pb (192.87 ± 5.56 mg/kg), and as (25.90 ± 0.75 mg/kg)—
confirm substantial metal enrichment within the crude oil 
matrix. Transition metals such as Cr and V catalyse ROS 
generation through redox cycling, while Cu participates in 
Fenton-like reactions, intensifying oxidative stress; Pb and 
As introduce additional toxicity through enzyme inhibition 
and binding to thiol (-SH)-containing biomolecules, as As 
inactivates over 200 enzymes and heavy metals displace 
essential ions in metalloproteins (Engwa et al., 2019; Kaur 
et al., 2019) [19, 30]. 
Importantly, the coexistence of hydrocarbons and metals 
establishes a synergistic toxicity framework, where 
hydrocarbons disrupt membrane integrity to facilitate 
intracellular metal penetration, while metals amplify 
hydrocarbon-induced oxidative damage through catalytic 
ROS production (Gauthier et al., 2014) [21]. This dual-mode 
stress—evidenced by the metal burdens in Table 3—
significantly enhances the ecological risk of petroleum 
contamination compared with single-contaminant 
systems(Zhang et al., 2023) [58], creating a chemically 
complex environment that demands multifaceted 
remediation. 
Collectively, Tables 1–3 define three critical baseline 
conditions: the experimental aqueous system was 
chemically stable and free from confounding contamination; 
the crude oil exhibited high viscosity, persistence, and 
resistance to natural attenuation; and the contaminant matrix 
carried a substantial burden of redox-active metals capable 
of intensifying oxidative stress. These foundational 
characteristics provide the mechanistic basis for 
understanding the superior treatment-dependent 
hydrocarbon removal, elemental redistribution, and 
bioaccumulation patterns observed in subsequent sections 
(e.g., Table 4). 

 
Table 1: Elemental Analysis of Experimental Tapwater Sample 

 

Element Tap Water (mg/L, Mean ± SD) WHO Guideline (mg/L) NESREA Guideline (mg/L) Compliance 
Ag 0.03 ± 0.01 0.10 – Acceptable 
Al 0.08 ± 0.02 0.20 0.50 Acceptable 
As 0.005 ± 0.002 0.01 0.05 Acceptable 
Ba 0.12 ± 0.03 0.70 0.10 Acceptable* 
Be 0.00 ± 0.00 – – Acceptable 
Ca 12.50 ± 0.60 – – Acceptable 
Cd 0.001 ± 0.001 0.00 0.01 Acceptable 
Co 0.00 ± 0.00 – – Acceptable 
Cr 0.01 ± 0.01 0.05 0.05 Acceptable 
Cu 0.20 ± 0.05 2.00 1.00 Acceptable 
Fe 0.10 ± 0.03 0.30 0.30 Acceptable 
K 2.80 ± 0.20 – – Acceptable 

Mg 18.50 ± 0.90 50.00 – Acceptable 
Mn 0.03 ± 0.01 0.10 0.20 Acceptable 
Na 8.20 ± 0.50 – – Acceptable 
Ni 0.005 ± 0.003 0.07 0.02 Acceptable 
Pb 0.003 ± 0.002 0.01 0.05 Acceptable 
Se 0.005 ± 0.002 0.04 0.01 Acceptable 
Th 0.00 ± 0.00 – – Acceptable 
Tl 0.0005 ± 0.0003 0.002 – Acceptable 
U 0.010 ± 0.004 0.03 – Acceptable 
V 0.003 ± 0.002 0.01 – Acceptable 
Zn 1.20 ± 0.10 3.00 5.00 Acceptable 
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Table 2: Physicochemical Properties of Crude Oil (Mean ± SEM) 
 

Parameter Unit Mean ± SEM 
Specific Gravity @ 15 °C – 0.9582 ± 0.0111 

Kinematic Viscosity @ 100 °C mm² s⁻¹ 8.918 ± 0.10 
Kinematic Viscosity @ 40 °C mm² s⁻¹ 106.49 ± 1.23 

Viscosity Index – 23.10 ± 0.27 
Sulphur Content % w/w 0.4388 ± 0.0051 

Flash Point °C 162 ± 1.87 
Pour Point °C −18 ± 0.21 

Cloud Point °C 24 ± 0.28 
 
Table 3: Elemental Composition of Crude Oil by ICP-OES (Mean 

± SEM) 
 

Element  Mean±SD (mg/kg) 
Mg 775.57 ± 22.38 
Na 4944.31 ± 142.75 
Be 0.44 ± 0.01 
V 2019.42 ± 58.29 
Cr 6757.53 ± 195.07 
Mn 450.05 ± 12.99 
Fe 265.64 ± 7.67 
Co 48.52 ± 1.40 
Ni 64.52 ± 1.87 
Cu 4264.33 ± 123.07 
Zn 79.90 ± 2.31 
Al 1032.08 ± 29.79 
As 25.90 ± 0.75 
Se 52.48 ± 1.51 
Pb 192.87 ± 5.56 
Ag 192.87 ± 5.56 
U 32.42 ± 0.94 
Cd ND 
Th ND 
Tl ND 

 
Table 4 presents a quantitative comparison of the removal 
efficiencies of total petroleum hydrocarbons and selected 
metals across all treatment groups, providing an integrated 
assessment of phytoremediation, nanoremediation, and their 
synergistic interaction. The results reveal a clear treatment-
dependent and dose-responsive pattern, with low standard 
deviations indicating high analytical precision and 
reproducibility. 

The control system exhibited minimal removal efficiencies, 
confirming the persistence of petroleum hydrocarbons and 
associated metals in the absence of intervention. This aligns 
with the crude oil's high kinematic viscosity, specific 
gravity, and low viscosity index detailed in Table 2, which 
restrict dispersion, volatilisation, and biodegradation, as 
well as the metal burdens in Table 3 that resist natural 
attenuation. 
Phytoremediation alone achieved moderate removal, 
demonstrating Eichhornia crassipes' capacity for 
rhizofiltration, adsorption, and uptake. However, incomplete 
removal—particularly for less bioavailable as/Cr—
highlights limitations in complex hydrocarbon matrices, 
where restricted accessibility and high persistence impede 
full efficacy. 
Hybrid nano-phytoremediation systems showed marked 
improvements, with efficiencies increasing dose-
dependently: Group 3: 52–58%; Group 4: 66–72%; Group 
5: TPH 82.0 ± 2.2%, metals 82.5–88.6%—a ~2.2-fold 
increase over WHS alone for TPH and up to 2.2-fold for 
metals. This confirms strong synergy between nZVI and 
WHS (Gomes, 2025) [23]. Mechanistically, nZVI drives 
adsorption, reductive transformation, co-precipitation of 
metals, and hydrocarbon breakdown via catalytic processes, 
while WHS stabilises nanoparticles, enhances dispersion, 
and promotes rhizosphere degradation, averting re-
mobilisation(Gomes, 2025) [23]. 
Groups 6–8 exhibited the highest efficiencies, reflecting 
reduction to near-background levels rather than active 
remediation. This underscores nZVI's intrinsic efficiency in 
non-complex systems, unhindered by hydrocarbon 
interference, with Group 8 achieving near-complete 
removal. Standalone nanoremediation showed moderate-to-
high dose-dependent removal, but consistently 
underperformed hybrids by 20–40%. This stems from 
nanoparticle passivation by viscous hydrocarbon films, 
reducing reactive sites, and lacks biological stabilisation for 
sustained removal. 
This performance hierarchy—control < phyto/nano alone < 
hybrid—demonstrates synergy over additivity, with nano-
phytoremediation overcoming individual limitations for 
superior transformation, uptake, and stabilisation (Gomes, 
2025) [23]. 

 
Table 4: TPH and Metal Removal Efficiency across Treatment Groups 

 

Group Treatment Description TPH Removal (%) Pb Removal (%) Cu/Zn Removal (%) As/Cr Removal (%) Overall Performance 
1 Control (CPO only) 5.9 ± 1.2 8.5 ± 2.0 7.5 ± 1.8 6.8 ± 1.5 Very Low 
2 WHS only 36.6 ± 3.1 40.2 ± 3.5 35.8 ± 3.0 30.5 ± 2.8 Moderate 
3 WHS + nZVI (0.1 mg/kg) 53.8 ± 2.8 58.5 ± 4.0 56.2 ± 3.6 52.4 ± 3.2 High 
4 WHS + nZVI (0.2 mg/kg) 69.7 ± 2.5 72.8 ± 3.8 70.5 ± 3.4 66.3 ± 3.0 Very High 
5 WHS + nZVI (0.4 mg/kg) 82.0 ± 2.2 88.6 ± 3.5 86.9 ± 3.2 82.5 ± 2.9 Maximum Efficiency 
6 WHS + nZVI (0.1), no oil 93.0 ± 1.5* 68.4 ± 3.2 66.7 ± 3.0 64.8 ± 2.8 High 
7 WHS + nZVI (0.2), no oil 95.0 ± 1.3* 78.6 ± 3.0 76.9 ± 2.8 74.2 ± 2.6 Very High 
8 WHS + nZVI (0.4), no oil 97.0 ± 1.1* 91.5 ± 2.5 89.8 ± 2.3 87.6 ± 2.2 Near Complete Removal 
9 nZVI only (0.1 mg/kg) 30.5 ± 2.9 48.2 ± 3.6 46.5 ± 3.4 44.0 ± 3.1 Moderate 
10 nZVI only (0.2 mg/kg) 40.2 ± 2.7 58.7 ± 3.4 56.8 ± 3.2 52.6 ± 3.0 Moderate–High 
11 nZVI only (0.4 mg/kg) 51.5 ± 2.4 68.9 ± 3.2 66.4 ± 3.0 61.8 ± 2.8 High 

*Groups 6–8 had no crude oil; values reflect reduction to near-background levels. 
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Key Interpretation 
 Hybrid systems achieved the highest removal 

efficiencies: TPH up to 82.0 ± 2.2% (Group 5, Table 
4); metals up to 88.6 ± 3.5% for Pb, 86.9 ± 3.2% for 
Cu/Zn (Group 5, Table 4). 
 

 nZVI alone: moderate efficiency (30.5–51.5% TPH; 
44.0–68.9% metals, Table 4) but limited by 
hydrocarbon interference and nanoparticle passivation. 

 
 Phytoremediation alone: moderate performance (36.6 

± 3.1% TPH; 30.5–40.2% metals, Group 2, Table 4). 
 
 Control: negligible removal (5.9 ± 1.2% TPH; 6.8–

8.5% metals, Group 1, Table 4). 
 
 Optimal condition: Group 5 (WHS + 2.0 g/L nZVI + 

CPO), confirming ~2.2-fold synergy over individual 
treatments (Gomes, 2025) [23]. 

 
Table 5 presents the distribution of total petroleum 
hydrocarbons within Eichhornia crassipes tissues across 
treatment groups, providing direct evidence of plant-
mediated uptake and the influence of nano-assisted 
processes on contaminant partitioning. The results 
demonstrate a strong treatment-dependent and dose-
responsive pattern, with tissue TPH concentrations 
increasing markedly in the presence of both crude oil and 
nZVI (Group 2: 300 ± 45 mg/kg; Group 3: 2,500 ± 300 
mg/kg; Group 4: 5,000 ± 450 mg/kg; Group 5: 7,800 ± 600 
mg/kg). 
In the phytoremediation-only system, TPH accumulation 
was relatively low (300 ± 45 mg/kg), reflecting uptake 
driven solely by plant physiological processes such as 
passive diffusion, adsorption onto root surfaces, and 
rhizosphere-mediated interactions(Ehis-Eriakha et al., 2024; 
Gkorezis et al., 2016; Hoang et al., 2020) [17, 22, 25]. This 
moderate accumulation is consistent with the limited 
removal efficiency observed in aqueous TPH, confirming 
that phytoremediation alone is constrained by hydrocarbon 
bioavailability(Gkorezis et al., 2016; Hoang et al., 2020) [22, 

25], high kinematic viscosity(Abdullah et al., 2020) [1] 
(106.49 ± 1.23 mm² s⁻¹ at 40 °C, Table 2), and mass transfer 
limitations(Romero‐Zerón, 2012). 
A substantial increase in tissue TPH was observed in the 
hybrid systems, rising progressively from 2,500 ± 300 
mg/kg to 7,800 ± 600 mg/kg—a 26-fold increase over 
phytoremediation alone. This indicates a pronounced 
enhancement of hydrocarbon uptake under nano-
phytoremediation conditions, with a clear dose-dependent 
effect driven by escalating nZVI concentrations (0.5–2.0 
g/L). Corresponding declines in aqueous TPH further 
validate this partitioning. 
Mechanistically, this enhanced accumulation arises from 
multiple interacting processes: nZVI catalyses the 
breakdown of complex hydrocarbon structures into 
bioavailable fragments, promotes adsorption and reductive 
transformation, and averts nanoparticle aggregation for 
sustained reactivity (Gomes, 2025) [23]. As aqueous TPH 
concentrations decline (e.g., 3.20 to 0.90 mg/L), a stronger 
concentration gradient drives uptake into lipid-rich plant 
tissues (Liu et al., 2021) [36]. The extensive root system of 
water hyacinth provides ample sorption sites, amplified by 

nanoparticle-induced improvements in contaminant mobility 
and plant resilience (Gomes, 2025) [23]. 
Plant stress biomarkers (e.g., chlorophyll dynamics, Figure 
1) corroborate vitality under these conditions. 
In contrast, Groups 6–8 exhibited very low TPH 
concentrations (90 ± 20 to 50 ± 12 mg/kg), confirming no 
accumulation without external contamination. The slight 
dosage-related decrease suggests minimal adsorption of 
background organics, underscoring nZVI's role as a 
facilitator rather than a contaminant source. Furthermore, 
nZVI addition increased plant biomass, aligning with its 
nano-fertilizer effects on nutrient uptake and photosynthesis 
(Gomes, 2025) [23], thereby boosting assimilation capacity. 
Overall, Table 5 demonstrates that hydrocarbon 
accumulation in water hyacinth is significantly enhanced 
(~26-fold) by nZVI, following a dose-dependent trend. 
Hybrid nano-phytoremediation thus couples aqueous-phase 
reduction with biomass sequestration, overcoming 
individual limitations for superior efficiency (Gomes, 2025) 
[23]. 
Table 6 quantifies the efficiency of hydrocarbon partitioning 
from water into plant tissues using the bioaccumulation 
factor, defined as the ratio of plant tissue TPH concentration 
(mg/kg) to aqueous TPH concentration (mg/L). The results 
reveal an exponential, dose-dependent increase in BAF 
across treatment groups—from 6.25 in the control to a peak 
of 8,666.67 in Group 5—particularly in hybrid systems 
combining water hyacinth with escalating nZVI doses 
(Gomes, 2025) [23]. 
The control group exhibited a negligible BAF of 6.25, 
indicating minimal passive transfer of hydrocarbons into 
plant tissues under unassisted conditions. Phytoremediation 
alone showed a 15-fold increase to 93.75, confirming that 
Eichhornia crassipes actively concentrates hydrocarbons 
relative to surrounding water via root adsorption and 
rhizosphere processes. 
Hybrid systems demonstrated a dramatic escalation, with 
BAF surging from 1,041.67 to 3,333.33 and 8,666.67—
representing 11- to 92-fold enhancements over 
phytoremediation alone. This aligns with parallel declines in 
aqueous TPH (from 3.20 mg/L to 0.90 mg/L) and rises in 
tissue TPH (300 to 7,800 mg/kg), quantitatively highlighting 
dynamic redistribution of hydrocarbons from water into 
harvestable biomass(Gomes, 2025) [23]. 
Mechanistically, nZVI catalyzes hydrocarbon breakdown 
into bioavailable fragments, enhances adsorption, and 
boosts contaminant mobility via reductive transformation, 
thereby intensifying the concentration gradient for plant 
uptake (Gomes, 2025; Komárek, 2024) [23, 33]. Nanoparticle 
integration further promotes plant resilience, averting 
toxicity and amplifying rhizosphere flux (Gomes, 2025) [23]. 
Groups 6–8, absent crude oil, showed moderate BAFs 
(257.14–333.33) due to low aqueous baselines (0.15–0.35 
mg/L), confirming system stability and nZVI's facilitative 
role without contamination risk. 
The BAF hierarchy—Group 5 (8,666.67) > Group 4 
(3,333.33) > Group 3 (1,041.67) >> Group 8 (333.33) ≈ 
Group 7 (280.00) ≈ Group 6 (257.14) > Group 2 (93.75) >> 
Group 1 (6.25)—rigorously demonstrates that hybrid nano-
phytoremediation maximizes partitioning efficiency, 
overcoming bioavailability limitations of standalone 
approaches. 
Critically, these elevated BAFs signify remediation success, 
not ecological hazard: reduced aqueous TPH minimizes 
exposure risks, while sequestration in biomass enables 
permanent removal via harvesting. 
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Integrated Insight 
Tables 5 and 6 collectively substantiate a synergistic, 
coupled mechanism: nZVI accelerates aqueous-phase TPH 
reduction (up to 82%), while WHS drives biomass 

sequestration (up to 7,800 mg/kg). The dose-responsive 
BAF surge confirms nano-phytoremediation's superiority, 
integrating rapid degradation with sustained uptake for 
comprehensive TPH remediation (Gomes, 2025) [23]. 

 
Table 5: Total Petroleum Hydrocarbon (TPH) in Water Hyacinth Plant Samples 

 

Group Treatment description WHP TPH (mg/kg) Scientific justification 
2 WHS + Tap water + 1000 ppm CPO 300 ± 45 Phytoremediation-driven uptake only 
3 WHS + Tap water + CPO + nZVI (0.1 mg/kg) 2,500 ± 300 Initial WHS–nZVI synergy 
4 WHS + Tap water + CPO + nZVI (0.2 mg/kg) 5,000 ± 450 Strong nano-assisted sorption + uptake 
5 WHS + Tap water + CPO + nZVI (0.4 mg/kg) 7,800 ± 600 Maximum hydrocarbon transfer to biomass 
6 WHS + Tap water + nZVI (0.1 mg/kg) 90 ± 20 Background uptake only (no CPO source) 
7 WHS + Tap water + nZVI (0.2 mg/kg) 70 ± 15 Trace adsorption, within background 
8 WHS + Tap water + nZVI (0.4 mg/kg) 50 ± 12 Lowest background-level accumulation 

 
Table 6: Bioaccumulation Factor (BAF) of TPH in Water 

Hyacinth (Week 4) 
 

Group Water TPH (mg/L) WHP TPH (mg/kg) BAF 
Group 2 3.20 300 93.75 
Group 3 2.40 2,500 1,041.67 
Group 4 1.50 5,000 3,333.33 
Group 5 0.90 7,800 8,666.67 
Group 6 0.35 90 257.14 
Group 7 0.25 70 280.00 
Group 8 0.15 50 333.33 

 
Figure 1 illustrates the temporal dynamics of chlorophyll 
content in Eichhornia crassipes across treatment groups 
over a 4-week exposure period. Chlorophyll content, 
measured via SPAD values, serves as a sensitive biomarker 
of photosynthetic efficiency and plant physiological status, 
particularly under hydrocarbon-induced environmental 
stress(Ali et al., 2024; Arellano et al., 2017) [3, 6]. 
At Week 0, SPAD values were uniformly comparable across 
groups (~65–70 units), confirming equivalent baseline 
physiological conditions prior to treatment initiation. By 
Week 1, a pronounced decline emerged, most acute in 
Group 4 (dropping ~25%), reflecting rapid hydrocarbon 
disruption of chloroplast membranes, thylakoid integrity, 
and pigment biosynthesis pathways—hallmarks of crude oil 
phytotoxicity(Arellano et al., 2017; Haider et al., 2021) [6, 

24]. 
Week 2 revealed partial recovery in most groups (rising 10–
15%), indicative of adaptive responses such as antioxidant 
upregulation. Critically, hybrid nano-phytoremediation 
groups (3–5) exhibited superior rebound compared to 
controls and phytoremediation alone, as nZVI nanoparticles 
mitigate toxicity by accelerating contaminant degradation, 
enhancing bioavailability for uptake, and bolstering plant 
resilience via improved nutrient assimilation and oxidative 
stress tolerance(Gomes, 2025) [23]. 
Week 3 marked a synchronous nadir across groups (~42–48 
SPAD units; 30–35% below baseline), aligning with peak 
cumulative stress from persistent TPH, associated metals, 
and secondary oxidative bursts—consistent with 
documented delayed responses in petroleum-exposed 
macrophytes(Pant et al., 2024) [42]. 
By Week 4, robust recovery dominated (reaching ~60–62 
units; 90–95% of baseline), most pronounced in high-dose 
hybrid systems (Groups 4–5), quantitatively demonstrating 
nano-enhanced restoration of photosynthetic machinery 
once aqueous TPH burdens diminish sufficiently. 
This trajectory delineates a conserved three-phase response: 

1. Acute stress phase (Weeks 0–1): Sharp SPAD decline 
from direct contaminant assault. 

2. Adaptive/peak stress phase (Weeks 2–3): Transient 
recovery overshadowed by cumulative toxicity. 

3. Restorative phase: Vigorous chlorophyll resurgence 
post-remediation. 

 
The dose-responsive superiority of nZVI-assisted hybrids—
notably faster and fuller recovery—rigorously validates 
their dual role in contaminant abatement and 
phytoprotection, corroborated by parallel TPH/metal 
reductions (Tables 5–6) and physiological proxies (Gomes, 
2025) [23]. 
 

 
 

Fig 1: Temporal Variation in Leaf Chlorophyll (SPAD) Content of 
Eichhornia crassipes Exposed to Crude Oil and Remediated with 

Nano-Zerovalent Iron (nZVI) 
 
Figure 2 illustrates the relative water content of Eichhornia 
crassipes leaves across experimental groups, quantifying 
cellular hydration, turgor pressure, and osmotic homeostasis 
as proxies for physiological integrity amid hydrocarbon-
induced stress. 
The control exhibited the highest RWC, establishing a 
baseline of optimal hydration absent remediation demands. 
Group 2 displayed moderate RWC decline 
(phytoremediation alone), attributable to crude oil's 
disruption of aquaporins, root hydraulic conductance, and 
membrane integrity, inducing osmotic disequilibrium 
(Gomes, 2025) [23]. 
Critically, Group 3 recorded the nadir RWC, revealing 
transient exacerbation during nascent nano-
phytoremediation—likely from nZVI-catalyzed TPH 
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mobilization intensifying initial bioavailability gradients 
prior to uptake equilibrium (Gomes, 2025) [23]. Conversely, 
Groups 4 and 5 manifested dose-responsive RWC 
resurgence (optimized hybrids), as escalated nZVI dosing 
accelerated contaminant catabolism, alleviated osmotic 
burdens, and enhanced nanoparticle-mediated stress 
tolerance via upregulated antioxidants and nutrient 
mobilization(Gomes, 2025) [23]. 
Groups 6–8 maintained elevated RWC levels comparable to 
controls, confirming nZVI's innocuousness in the absence of 
hydrocarbons and underscoring its facilitative role in 
phytostabilization. 
The observed RWC hierarchy—Group 1 > Groups 6 ≈ 5 ≈ 7 
> 2 > 4 > 8 > 3—precisely delineates remediation efficacy: 
maximal stress under under-remediated contamination, 
progressive restoration through hybrid intensification, and 
baseline stability in uncontaminated nano-systems. 
 

 
 

Fig 2: Leaf Relative Water Content (%) of Eichhornia crassipes 
Across Experimental Groups 

 
Conclusion 
In summary, this investigation demonstrates that the 
synergistic application of nano-zerovalent iron (nZVI) with 
*Eichhornia crassipes* significantly enhances the 
phytoremediation efficiency of total petroleum 
hydrocarbons-contaminated aquatic environments. 
Specifically, the results indicate that nZVI not only 
facilitates the degradation and removal of hydrocarbons but 
also mitigates physiological stress in the plant, as evidenced 
by improved chlorophyll content and relative water content 
(Arora et al., 2024; Brasili et al., 2020) [7, 14]. This dual 
action establishes a robust framework for leveraging nano-
bio partnerships to enhance contaminant removal while 
simultaneously bolstering plant resilience against 
environmental stressors (Kamyab & Samsampour, 2025) 
[27]. Moreover, the observed improvements in physiological 
parameters such as chlorophyll content and relative water 
content underscore the potential of nZVI to counteract 
stress-induced cellular water deficit and preserve 
photosynthetic integrity (Khan et al., 2024) [3]. Future 
research should focus on optimizing nZVI dosage and 
particle characteristics to maximize phytoremediation 
efficacy and minimize potential ecological impacts, while 
exploring the long-term stability and fate of nanoparticles in 
complex aquatic systems. Further investigations into the 
genotoxicological effects of residual nanoparticles on 
aquatic organisms and subsequent trophic transfer are 
warranted to ensure environmental safety and inform 
regulatory guidelines for large-scale deployment. 
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