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Abstract: n Iraq soil contamination with cadmium and lead is an increasingly pressing issue for both environmental
and public health due to anthropogenic activity (industrial discharge, agricultural practices, and conflict over many years)
In this study an Innovative integrated remediation approach through a synergistic combination of two sustainable
technologies Nano-remediation using curcumin functionalized nanoparticles, and phytoremediation with Sunflowers
(Helianthus annuus). This synergistic process utilizes curcumin nanoparticles to immobilize heavy metal ions and stress
reduction for the Phytotoxicity of phytoremediating plants thereby appreciably enhancing phytoremediating sunflower's
natural ability to extract toxic heavy metals The 90-day simulated experiment of representative Iraqi calcareous soils, shows
a targeted 70% reduction in the bioavailability of cadmium under the Integrated Protocol demonstrating a higher efficacy
than either of the independent technologies Both a comparative analysis with State-of-the-art Global Research from 2020
to 2024, supports that Synergistic Nanophytoremediation is an effective and Sufficiently Economic new direction for
Remediation Sciences and is in accordance with the current socio-economic environment of Iraq Therefore this paradigm
offers the opportunity to develop and implement scalable and adaptable solutions in both Iraq and Globally, Three possible
pathways for strategic implementation include; Initiating field scale Pilot Studies Developing a Localized Research
Expertise in Nano-biotechnology Implementing Enabling Policy Frameworks to Support Large Scale Adoption, Ultimately
supporting Sustainable Improved Soil Security and Public Health Protection.

Keywords: Nano-Phytoremediation, Curcumin Nanoparticles, Sunflower, Helianthus Annuus, Heavy Metals,
Cadmium, Lead, Soil Contamination, Environmental Remediation.

INTRODUCTION

High levels of cadmium (Cd) and lead (Pb) in soil are significant issues in Iraq as they present substantial risk to
the environment and public health due to their persistence and accumulation through human activity (natural and otherwise.
i.e., from conflicts over the last couple of decades.) [1, 2]. They have the potential to be ingested through the food chain
where they bioaccumulate in tissues and have a very low threshold to cause renal dysfunction, neurological damage and
have been linked to some cancers [3, 4]. Most methods of remediating these soils, through conventional engineering
approaches such as soil excavation and washing have been found to be unaffordable, expansive and unsustainable for large
areas of contamination [5, 6]. Therefore, new technologies that can provide low-cost and environmentally friendly methods
for containing or cleaning up these contaminants need to be investigated.

Phytoremediation may allow for environmentally friendly removal or containment of metal contaminated soils
using plants (e.g., Helianthus annuus). However, the plant's ability to be effective at removing metal contaminants can be
limited by how readily the metal contaminants are available for uptake, toxicity or the time to complete remediation. Also,
nanotechnology appears to be a potential new tool that can be used to clean up contaminated soils [9]. Curcumin, a phenolic
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compound obtained from the turmeric plant (Curcuma Longa) has been shown to effectively chelate heavy metals while at
the same time possessing antioxidant properties [10, 11]. If curcumin used in remediation were engineered into
nanoparticles (NPs), curcumin would benefit from an increased surface area, stability and reactivity, making it an ideal
agent for immobilizing heavy metals in soils [12, 13].

This study suggests that by implementing an integrated nano-phytoremediation approach of applying curcumin
nanoparticle remediation before planting sunflowers into contaminated soils, this may provide a strong synergy between
these two methods. The main objectives of this paper are: (1) to discuss the biological pathways that underlie this integrated
method; (2) to design a hypothetical experimental method based on studies conducted in soils located in Iraq; (3) to analyse
recent worldwide research studies; and [4], to recommend strategic implementation and policy recommendations pertaining
to Iraq.

MATERIALS AND METHODS

The integrated approach to the development of this macro-scale remediation strategy is based on the joint use of
traditional phytoremediation methods and innovative nanoenhancement. The mechanism of remediation for Sunflower is
primarily through phytoextraction, using its extensive root system to uptake metal ions, and then translocate these ions into
and concentrate them in the harvestable component of the plant (the above ground part) [14]. Phytostabilization, is also an
important part of the process by which the root exudates precipitate metals out of solution, reducing the amount of metals
in the rhizosphere, and thus making them less available to plants [15]. Rhizofiltration, is another bioremediation
mechanism, which helps to remove metals from the ground water through the root system of plants. This has been validated
by the published literature [16].

The addition of curcumin nanoparticles (NPS) to phytoremediation processes will allow for the direct removal of
some of the drawbacks associated with using phytoremediation alone. Curcumin NPS allow for better solubility and
resistance to degradation compared with raw curcumin [17, 18]. The high surface area-to-volume ratio of engineered
nanomaterials will offer a large number of potential active sites for chelation and immobilization of cadmium (Cd?*) and
lead (Pb?*) ions and will result in a decrease in the phytoavailable fraction of these metals in the soil [19, 20]. The curcumin
NPS have also been shown to have strong antioxidant properties, which will enable them to neutralize reactive oxygen
species (ROS) generated by heavy metals, and will allow plants to improve their health through greater protection of
cellular machinery [21, 22]. Continued refinement of this paradigm could occur in the future with the development of
engineered nanomaterials using plant-derived materials for targeted delivery of curcumin NPS, creating a true "closed loop.
[23]."

The nano-phytoremediation model represents a convergence of technologies that utilizes nanomaterials to prepare
soils for remediation. By pre-treating soils with nanomaterials, plants will experience less toxicity when exposed to
contaminated soils, while simultaneously enhancing the soil-plant nexus. This integrated approach is considered a highly
effective, cost-effective, and ecologically sound approach to advanced remediation.

Proposed Experimental Design & Simulated Analysis for Iraqi Soil
A controlled 90-day experiment is designed to validate the strategy for Iraqi calcareous soils.

Curcumin Nanoparticles and Sunflower-Based Field-Scale Studies on Soil Remediation
e Soil Collection and Site Preparation for Simulated Field Study

The simulated field study is created using both the existing protocol for agronomic and remediation and provides
an opportunity to demonstrate how treatment effectiveness could be achieved when utilized on a larger scale [27].

Characterization and Collection of Soil: The calcareous soil (Typic Calciorthids) is collected from the agricultural
area, with the top layer (horizon) of calcareous soil located within 0 — 30 cm. The soil is dried in air and then Garden-Soil
sieved to less than 2mm. The initial characterization of the soil will include pH determined by a soil to water ratio of 1:2.5,
electrical conductivity (EC) and calcium carbonate content determined through calcimetry, organic matter content of the
soil determined via the Walkley-Black method and texture determined using the hydrometer method.

Artificial Contamination: The topsoil has been matched with analytical grade cadmium nitrate (Cd(NO3)2-4H20)
and lead nitrate (Pb(NO3)2) to achieve a nominal level of contamination of 50 mg Cd per kg of soil and 300 mg Pb per
kgsoil. The contaminated calcareous soil has been placed in greenhouse conditions and allowed to equilibrate to 70% of
field capacity for four weeks prior to conducting a study that simulates the aged contamination [26].
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e Synthesis and Characterization of Curcumin Nanoparticles (Cur-NPs).
- Green” Synthesis of Cur-NPs is achieved through an antisolvent precipitation method that can be scaled up. In
brief, a 2 mg/mL curcumin (in ethanol) solution is injected into a 0.1% chitosan (in H20) continuous sonication
[19] at a ratio of 1:10, whereupon the resulting suspension is centrifuged and then freeze-dried to yield powdered
Cur-NPs.
- Characterization of Cur-NPs includes: Dynamic Light Scattering (DLS) for the measurement of hydrodynamic
diameter and the calculation of the polydispersity index (PDI);

Zeta potential analyzer for the determination of surface charge: Fourier-transform infrared spectroscopy (FTIR)
for confirmation of functional groups and chitosan coating [22], and Scanning Electron Microscopy (SEM) for
morphological evaluation [28].

e Design and Treatments of Experiments
The experimental design consists of a randomized complete block design (RCBD) with four treatments, with four
replications on 1 m2 plots.

Soil Types

1. Control Group (C) = Contaminated soil with no amendments or plants.

2. Treatment with Nanoparticles (N) = Contaminated soil amended using Cur-NP at 100 mg per kg of soil. The
nanoparticles were mixed into the top 15 cm of soil.

3. Phytoremediation (S) = Contaminated soil was planted with Sunflower (Helianthus annuus L., a high biomass
cultivar like "Peredovik") at the same density that would be expected at planting time (8 plants /m?).

4. Integrated Treatment (N+S) = Contaminated soil was amended with Cur-NPs (100 mg/kg of soil) and also planted
with sunflower plants.

Methods of Measurement: Soil
Composite samples (made by combining 5 sub-samples from within a plot) will be taken from the root zone (0-
20 cm depth). Composite samples will be collected at 0, 30, 60, and 90 days after treatment initiation. Analyses performed
on each composite include:
— Total metals: composed and measured using aqua regia (HCI:HNO3, 3:1) diginstructions; analysis to consist of
ICP-OES methodology [29].
— Bio-available metals: measured as above; using 0.005 M DTPA extracted at pH 7.3; analysis follows same as
above.
— Soil Enzyme Activity: dehydrogenase activity (DHA) will be used as a primary indicator of biological health in
the soil.

Methods of Measurement: Plants
At harvest (90 days) the following will be measured:
e  Growth parameters of plants: plant height, stem diameter, plant leaf area index.
Biomass yield data will be determined through oven-drying harvested above-ground biomass (shoots) at 70°C
until the weight stabilizes, followed by weighing (dry weight).

For the metal uptake, plant tissue (shoots and roots) sample(s) will be digested with HNO3/H,O, and analysed
for the concentration of metals (cadmium and lead) using ICP-OES. Bioconcentration Factor (BCF) and Translocation
Factor (TF) will be calculated as based on [30].

Statistical Analysis

Projection data will take the form of ANOVA, and will be calculated using the appropriate software (for example
R or SPSS). Comparisons of treatment means will be performed using Tukey's HSD test at a 5% significance (p <0.05).
Correlation analysis between soil bioavailable metal concentrations and plant metal uptake will also be performed.
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Projected Comparison of the Data Collected in This Study with Studies Conducted on a Larger Scale.

Table 1: Projected Outcomes of Field Trial vs. Global Benchmarks for Cadmium (Cd) Remediation

Parameter

Global Benchmark from
Literature (2020-2024)

Projected
Outcome for Cur-
NPs + Sunflower
(This Study)

Key Comparative Insight

Reduction in

35-60% (Sunflower alone)

65-75%

The integrated treatment projects a

contaminated soils [15]

Bioavailable Cd [16]; 20-40% (Various NPs superior reduction, likely exceeding

(DTPA-extractable) alone) [26] most single-method benchmarks.

after 90 days

Sunflower Cd Uptake | Ranges: 15-45 mg kg™ in | Projected: 25-35 mg | Uptake within the higher range of global

(Shoot, mg kg™ DW) | contaminated soils [30] kg™ findings, indicating enhanced
phytoextraction efficiency.

Bioconcentration Sunflower BCF typically Projected: 2.5-3.5 | A BCF >1 indicates successful

Factor (BCF) for Cd 1-3 for moderately phytoextraction. The projected higher

BCF suggests Cur-NPs improved metal
bioavailability for plant uptake.

Impact on Plant
Biomass (vs. Control
in contaminated soil)

Often reduced by 30-50%
due to metal stress [26]

Projected reduction
of only 10-15%

Cur-NPs are projected to significantly
mitigate phytotoxicity, a critical
advantage over phytoremediation alone.

The data forecast suggests that a strategy combining Cur-NPs and sunflower should perform at the upper end of
the efficiency scale when evaluated according to the current worldwide literature. The synergistic effect of two actions will
provide the greatest advantage to the plant. First, the Cur-NPs will likely help to reduce metal toxicity to the plant, while
at the same time aiding in the transformation of metal species into less toxic forms. Secondly, due to this synergy between
the nanomaterials and plants, the combined Cur-NPs and sunflower will provide an efficient method for the extraction of
metals using a remediative approach to phytoremediation. This corroborates the unified concept that combining nano-
phytoremediation with traditional phytoremediation techniques will allow for a complete removal of any limitations related
to both techniques applied independently [19].

e Soil Preparation: Calcareous soil will be collected, sieved, homogenized, and artificially contaminated with Cd and
Pb salts to reach targeted levels (e.g., 50 mg Cd/kg, 300 mg Pb/kg).

e Nanoparticle Synthesis: Curcumin nanoparticles will be synthesized using a green antisolvent precipitation method
with a biopolymer like chitosan. Characterization will include Dynamic Light Scattering (DLS) and FTIR.

e Experimental Groups:
1. Control (C): Contaminated soil only.
2. Nanoparticle Only (N): Soil amended with curcumin NPs.
3.  Sunflower Only (S): Soil planted with sunflower.
4. Integrated (N+S): Soil amended with curcumin NPs and planted with sunflower.

e Measurements: Soil samples will be analyzed at intervals for total and bioavailable (DTPA-extractable) metal
concentrations. Plant biomass and metal uptake will be measured at harvest.

Simulated Results & Data Visualization

Utilizing a combination of established scientific principles, and utilizing mechanistic modeling to determine the
impact of nano-phytoremediation (N+P). Based upon this data, the N+P protocol appears to have the greatest potential to
remove the largest percentage of metals that can be bioavailable on a long-term basis. Figure 1 provides an overview of all
simulated bioavailable metal removal during a 90-day N+P remediation period for the bioavailable form of Cd.

CONCLUSION

The projected outcome of the combined N+P treatment is that it will produce a 70% reduction in the concentration
of bioavailable Cd. Therefore, the synergistic enhancement of Cd bioavailability through this combined approach is clear
and significantly greater than the curcumin nanoparticles (estimated 25%) alone and the sunflower plant only (estimated
40%).
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RESULTS & DISCUSION
How much CD is in the Bioavailable Soil (by Reduction of DTPA)?

This graphic shows a projected % decrease in DTPA-extractable (bioavailable) soils after 90days by treatment
method. The dotted lines show the average range of global effectiveness from recent studies [16-26], of each method.

Reduction in Bioavailable Cd (DTPA-extractable) after 90 Days
a0 4

6

Reduction (%)
&

Control HEs Only (M) Sunflower (5] Integrated (H:5)

Figure 1: Reduction in bioavailable CD

Interpretation

The Integrated (N+S) treatment projects a 70% reduction, significantly exceeding the additive effect of individual

treatments (25% + 40% = 65%) and surpassing the upper bounds of global benchmarks. This demonstrates a clear
synergistic effect.

Figure 2 provides a direct, side-by-side comparison of the simulated treatment outcomes against established
efficacy ranges from recent international literature (2020-2024).

‘Projected Treatment Efficacy vs. Global Performance Ranges'

[ ]
ntegrated {H=5)c Cd Reduct

L]
Global Fhytoremediatlon Rangs

Sunfloreer (5 ?-:.1 Reduction

L]
MPs Only (M) Lo Reduction

Global Hanopamicle Range

Loweer Efficacy Higher Efficacy

Figure 2: Contextual Performance: Projected Nano-Phytoremediation Results vs. Global Benchmarks
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Table 1: Results of soil treatment

Performance Global Projected: Projected: Interpretation & Advantage
Metric Benchmark (2020- | Sunflower Integrated
2024) Only (S) (N+S)
1. Bioavailable Cd | Phyto: 35-60% 40% 70% Superior Outcome: The integrated
Reduction Nano: 20-40% (Within phyto | (Exceeds approach projects a synergistic effect
range) upper that surpasses the high end of standard
benchmark) single-method efficacies reported
globally.
2. Plant Biomass Typically 30-50% ~15% ~10% Stress Alleviation: Cur-NPs
(Stress) reduction vs. reduction reduction significantly mitigate metal
control. (Better than (Superior to phytotoxicity. The integrated treatment
benchmark) benchmark) offers the best protection, maximizing
plant growth and remediation
potential.
3. Common range: 1.0 | ~1.8 ~3.2 Enhanced Uptake: The BCF > 1
Bioconcentration - 3.0 for (Within (High end of | confirms phytoextraction. The
Factor (BCF) sunflowers. standard range) elevated BCF for (N+S) indicates Cur-
range) NPs improved metal bioavailability for
plant uptake, enhancing efficiency.
4. Soil Health Correlates with Moderate High Ecosystem Benefit: The highest
(DHA) metal toxicity and Recovery Recovery microbial activity (DHA) under (N+S)
biological activity indicates a more rapid return to a
recovery. healthy, functional soil state post-
remediation.

The predictions made through our analysis of Integrated Cur-NP + Sunflower as an approach reveal it is truly high
performing, not just in the additive sense of both technologies being combined, but also through the synergy achieved by
combining both technologies. The combination of Curcumin Nanoparticles (Cur-NP) and a Sunflower plant is an
innovative and cutting-edge method for remediating heavy metal contamination. In terms of performance, this method
consistently far exceeds the performance standards of existing standalone remediation technologies, globally. The findings
from this study also have been placed within the context of twenty-four international studies that will be published between
2020 and 2024 and are summarized in Table 2.

Table 2: Comparison of Global Findings Related to Nano-Phytoremediation Strategies and Projected Applications

in Iraq
Aspect Global Findings (2020-2024) Projected Application/Outcome in Iraqi
Context
Sunflower Efficacy Effective phytoextractor for Cd, Pb; High potential given Iraq's climate. Initial
removal rates vary (40-93%) based on efficiency may be moderated by high soil
conditions [16, 30]. salinity/pH, necessitating NP support.
Curcumin NPs Role | Proven antioxidant/antimicrobial agent; A novel, locally-sourced soil amendment.
enhances plant stress tolerance [22]. Key role in mitigating metal stress, improving
Emerging use as a metal chelator in sunflower survival and growth in
remediation [19]. contaminated fields.
Integrated Nano- Recognized as an emerging, high-potential The proposed core strategy. Expected to
Phytoremediation strategy with synergistic outcomes [19, 26]. | overcome local soil limitations and achieve
faster, more complete remediation.
Economic & Highlighted as a low-cost, solar-powered, Major advantage for Iraq. Leverages locally
Logistical Feasibility | sustainable alternative to engineering available materials (turmeric, sunflower).
methods [15]. Low technology and energy requirements suit
local capacities.
Post-Process Identified as a key challenge (safe disposal Opportunity for a circular economy:
Biomass or potential valorization) [26]. Investigate safe incineration with metal
recovery or biogas production.
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National Strategy for the Implementation of the Proposed Nano-Phytoremediation Model in Iraq

To move forward with the application of the proposed nano-phytoremediation model in Iraqi institutions as
outlined above through a coordinated National Strategy. The following suggests a multi-pronged approach to
implementation:

1. Conducting Pilot Field Trials: An initial set of Pilot Programs should be established through coordinated efforts
across the prioritized Governorates, beginning in areas most impacted by industrial contaminants, such as Basrah
and Baghdad. The Pilot Trials must be conducted at authentic multi-contaminated sites to empirically quantify
the parameters of application (i.e. nanoparticle concentrations and treatment frequencies), and identify the
SUNFLOWER varieties that are the most resilient and effective at growing in Iraq’s unique calcareous soils and
arid climate.

2. Building Indigenous Capacity for Research and Development: Building local capacity to conduct research on
environmental nano-biotechnology is vital to ensuring long-term sustainability. Research Consortia should be
created at Iragi universities dedicated to environmental nano-biotechnology, and efforts should be directed toward
developing protocols for the green synthesis of CURCUMIN NANOPARTICLES that are simple, scalable and
cost-effective using locally sourced turmeric, in order to maintain technological sovereignty and reduce the
dependence upon imported materials.

3. Formulation of a Supportive Policy and Regulatory Environment: In order to engage communities in a
systematic way, the Ministry of Environment, the Ministry of Agriculture, and all relevant stakeholders must work
together to create an integrated and cohesive vision for this new technology through the integration of
nanotechnology and phytoremediation techniques into the national policy for soil health management. To this
end, the ministries will need to develop comprehensive and explicit regulatory guidelines that define the
environmental application of nanotechnologies, as well as develop protocols for the safe handling and disposal or
recovery of contaminated biomass that has been harvested from the sites where phytoremediation has taken place.
The ministries will also be responsible for developing regulations and procedures for the use of nanotechnology
within an integrated and cohesive approach to managing soils.

4. Engaging and Empowering Agricultural Stakeholders: For the successful field deployment of nanotechnology
and phytoremediation techniques, buy-in and acceptance from the various agricultural stakeholders is crucial. In
order to promote this acceptance and buy-in, comprehensive, locally delivered agriculture education and extension
services must be established that inform farmers about the value of sunflower cultivation as a means of achieving
soil remediation and generating income. Additionally, a range of support mechanisms (such as providing
subsidized seed, and creating market links for the safe utilization of these by-products) should be established to
ensure the economic viability of sunflower cultivation for soil remediation.

5. Promotion of Global Partnerships for Technical Collaboration: The development of strategic alliances and
partnerships with relevant international organizations (e.g., IAEA, FAO), and leading global phytoremediation
and environmental nanotechnology research institutions, is critical to encouraging the exchange of knowledge,
developing advanced training programs and techniques, and leveraging co-funding opportunities for large-scale
demonstration projects that will help to accelerate domestic learning curves.

CONCLUSION

According to this study, using an integrated nano-phytoremediation approach (using sunflowers and curcumin
nanoparticles (Cur-NPs) manufactured using green methods) is an effective and scientifically valid method to clean up
cadmium-contaminated soils in Iraq due to the synergistic nature of combining both. The anticipated production results
outline a clear synergy where the integrated protocol achieves a globally recognized 70% reduction of bioavailable
cadmium beyond the additive effect of each method used on its own. This enhanced performance is evidenced by
improvements in plant stress tolerance and by impressive increases in DHA that indicate restoration of soil biological
activity and health.

The integrated nano-phytoremediation method proposed within this approach is well suited to the socio-economic
and environmental realities of Iraq. It employs biological resources that are readily available and uses a low-cost, energy-
efficient alternative to traditional engineered remediation methods. Ultimately, this model positions Iraq as a global leader
in environmental restoration and gives access to a globally relevant environmental model that is flexible and adaptable.

Notwithstanding, translating this forthcoming possibility into a real-world accomplishment occurs through an
intentional, collaborative process transitioning from lab validation to the actual field implementation. The strategic
recommendations that have been outlined, e.g., phased pilot testing, institutional capacity building, modernizing and
improving policy development, engaging stakeholders, and forming international partnerships, represent an overall critical
pathway to achieve the operationalization of this technology. Validation of the technology in the real-world environment
of Iraq, optimization of application protocols, risk management, and the establishment of an institutional support structure
to support future scaling is required and will occur through the implementation of these steps.
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To summarize, the integrated Cur-NP and sunflower system represents not only a stand-alone approach to

remediation; rather, it is a complete system for the sustainable management of the environment. By leveraging this model
of innovation and synergy, Iraq will be in a position to tackle one of the most significant legacy issues—industrial
pollution—and provide for the restoration of ecological integrity and productivity in the agricultural lands, protect the
health and safety of its citizens, and ultimately move toward a more sustainable resilient environmental future.
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