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Abstract: To develop an eco-friendly method for synthesizing zinc oxide nanoparticles (ZnO-NPs)
ARTICLE INFO using rosemary extract and to evaluate their effectiveness in removing hydrocarbons from soil and
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represent different pollution levels, including highly contaminated and nearly uncontaminated ar-

Published: February 01, 2026 leaves were processed to obtain the bioactive extract used for the green synthesis of ZnO-NPs

through an ultrasonic-assisted aqueous reaction, followed by centrifugation, drying, and steriliza-
tion. The nanoparticles were characterized using SEM, FTIR, and XRD to determine their morphol-

ogy. Results: GC analysis of the rosemary extract revealed 32 active compounds including phenol-
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ics, organic acids, amines, alcohols, and fatty acids which contributed to nanoparticle stabilization
and enhanced surface reactivity. SEM confirmed the formation of spherical, smooth, and uniformly
dispersed nanoparticles measuring 15-30 nm, with an organic layer of 2-3 nm thickness. DLS anal-
ysis showed a narrow size distribution (PDI = 0.18). The application of rosemary-mediated ZnO-
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(CC BY) license. NPs resulted in a significant reduction in hydrocarbon concentrations, achieving 25-36% removal

in soil and 40-52% in date palm leaves over six months, while maintaining the activity of Pseudomo-
nas aeruginosa. SPAD chlorophyll measurements indicated improved photosynthetic performance
and reduced oxidative stress due to decreased hydrocarbon toxicity and increased zinc availability
for essential enzymatic processes. Conclusions: The results demonstrate that ZnO nanoparticles
synthesized using rosemary extract provide an effective and environmentally friendly approach for
hydrocarbon remediation, while enhancing plant growth and preserving soil microbial health.
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1. Introduction

Soil contamination with petroleum hydrocarbons and associated heavy metals rep-
resents a major environmental challenge, particularly in industrial regions and areas ad-
jacent to oil refineries. These complex organic compounds, especially polycyclic aromatic
hydrocarbons (PAHs), are characterized by high toxicity, biological persistence, and po-
tential for bioaccumulation in the food chain. Such contamination leads to the deteriora-
tion of soil physical and chemical properties, reduced fertility, and disruption of microbial
and plant communities [1]. In recent years, nanotechnology has emerged as a promising
approach for environmental remediation due to the unique properties of nanoparticles,
including high specific surface area and enhanced reactivity. These properties allow na-
noparticles to function as effective catalysts and adsorbents for the degradation or immo-
bilization of contaminants [2]. Among nanomaterials, zinc oxide nanoparticles (ZnO-NPs)
have received increasing attention due to their photocatalytic activity, antimicrobial prop-
erties, and ability to interact with both organic pollutants and heavy metals in soil matrices
[3]. However, conventional synthesis methods for nanoparticles often rely on harsh chem-
icals and energy-intensive procedures, raising environmental and health concerns. Con-
sequently, green synthesis approaches using plant extracts as natural reducing and stabi-
lizing agents have gained prominence. Phytochemicals such as polyphenols, flavonoids,
and terpenoids serve as eco-friendly mediators for nanoparticle formation and stabiliza-
tion, enhancing biocompatibility while minimizing ecological risks [4]. Rosmarinus offici-
nalis is an aromatic and medicinal plant rich in bioactive compounds, including carnosic
acid, rosmarinic acid, and volatile oils with strong antioxidant and antimicrobial proper-
ties. These phytochemicals act as natural reducing and stabilizing agents, enabling the
green synthesis of ZnO-NPs with enhanced stability, to develop a green synthesis protocol
for ZnO-NPs using aqueous extracts of rosemary leaves, characterize the structural and
chemical properties of the nanoparticles, and evaluate their efficiency in remediating oil-
contaminated soils. Specifically, the study will assess total petroleum hydrocarbon (TPH)
reduction, lead (Pb) removal, and improvements in soil physicochemical properties. This
research contributes to the practical application of medicinal plants in environmental nan-
otechnology and highlights a sustainable approach to soil remediation [5]. This study
aims to synthesize zinc oxide (ZnO) nanoparticles using rosemary extract as a green and
eco-friendly approach and to characterize their physicochemical and structural proper-
ties. It further evaluates their effectiveness in reducing hydrocarbon contamination in soil
and date palm leaves, enhancing photosynthetic performance, and mitigating oxidative
stress in plants. The study hypothesizes that organic compounds in rosemary stabilize the
nanoparticles and increase surface reactivity, that treatment selectively reduces hydrocar-
bons while preserving beneficial soil microbes, and that the integration of nanoparticle
morphology and surface functionality explains the high efficiency of hydrocarbon re-

moval and plant growth promotion.
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2. Materials and Methods
2.1. Experimental Procedures
2.1.1. Study Site Selection

The study sites were carefully selected in Baghdad to represent areas with
contrasting contamination levels near the Central Oil Company. Some sites were heavily
contaminated with crude oil, while others represented nearly unpolluted conditions. This
selection aimed to evaluate treatment efficacy under diverse environmental conditions

and pollution levels, thereby enhancing the reliability and comparability of the results [6].

2.1.2. Soil and Date Palm Leaf Sampling

Soil samples were collected from both sites at a depth of 30 cm using sterile
polyethylene bags to prevent external contamination. Three replicates were collected per
site to ensure representativeness and allow statistical analysis. Samples were air-dried,
followed by oven-drying at 40-50°C to preserve their physicochemical properties. The
dried samples were then ground and sieved through a 0.2-0.5 mm mesh to obtain
homogeneous particles for analysis. In parallel, leaves of Date Palm (Phoenix dactylifera;
Kingdom: Plantae; Class: Liliopsida; Order: Arecales; Family: Arecaceae; Genus: Phoenix;
Species: P. dactylifera) surrounding the sites were collected to assess contamination levels

using X-ray fluorescence (XRF) and evaluate treatment effectiveness [7].

2.1.3. Rosemary Leaf Preparation

Fresh leaves of Rosemary (Rosmarinus officinalis; Kingdom: Plantae; Class:
Magnoliopsida; Order: Lamiales; Family: Lamiaceae; Genus: Rosmarinus; Species: R.
officinalis) were collected from an uncontaminated environment to ensure purity. Leaves
were thoroughly washed with distilled water, shade-dried to preserve bioactive
compounds, and then ground into a fine powder using an electric grinder to facilitate

extraction.

2.1.4. Rosemary Extract Preparation

One hundred grams of dried rosemary leaf powder were soaked in 1000 mL of 70%
ethanol with continuous stirring for 72 hours to extract the bioactive compounds. The
extract was filtered through Whatman No.1 paper and dried in an oven at 40°C to remove
residual solvent. The concentrated extract was stored in sterile containers at 4°C for

subsequent use in ZnO nanoparticle synthesis and chemical analysis via GC [8].

2.2. Chemicals
Zinc nitrate hexahydrate (Zn(NOs),*6H,O) was used as a zinc source for ZnO

nanoparticle preparation.

2.3. Preparation of Zinc Oxide Nanoparticles (ZnO-NPs)
2.3.1. Source Clarification

Zinc nitrate was used as the zinc source to avoid confusion with ZnO powder [9].
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2.3.2. Synthesis Procedure

An aqueous solution of zinc nitrate (1.69 g/L) was prepared with continuous stirring.
Five milliliters of rosemary extract were added dropwise at 70°C. The mixture was then
subjected to ultrasonic vibration (40 kHz, 150 W) for 30 minutes to promote
environmentally friendly formation of ZnO nanoparticles. Particle formation was
observed by the solution changing from transparent to pale white. Nanoparticles were
separated via centrifugation at 10,000 rpm for 10 minutes, oven-dried at 60°C for 48 hours,

and sterilized using a 0.2 um Millipore filter prior to use [10].

2.4. Nanoparticle Characterization
2.4.1. Scanning Electron Microscopy (SEM)
SEM was employed to analyze particle morphology, size distribution, and uni-
formity, as well as surface structure and reactivity, using a JEOL JSM-7600F instrument at

15 kV accelerating voltage, high vacuum mode, and magnifications of 10,000-50,000x [11].

2.4.2. Energy Dispersive X-ray Spectroscopy (EDX)
EDX was used to confirm the elemental composition of the nanoparticles, including

zinc and oxygen essential for ZnO function [12].

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra were recorded using a Bruker Tensor 27 instrument (400-4000 cm™) to
identify chemical bonds, confirm Zn-O formation, and analyze functional groups from

the rosemary extract (-OH, -C=0) for nanoparticle stabilization [13].

2.4.4. Additional Methods

e UV-Vis spectroscopy (200-800 nm) to confirm particle formation [14].

e  X-ray diffraction (XRD) to determine crystalline structure and crystal size using the
Scherrer equation [15].

e  Transmission electron microscopy (TEM) to analyze particle shape and distribution
[16].

2.5. Experimental Design and Soil Treatment
2.5.1. Experimental Groups
Four groups were established to evaluate the effects of nanoparticles and rosemary
extract:
1.  Contaminated soil without treatment (Control 1)
2. Contaminated soil + rosemary extract only (Control 2)
3. Contaminated soil + chemically synthesized ZnO-NPs (Control 3)
4

Contaminated soil + rosemary-mediated ZnO-NPs (Experimental)
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2.5.2. Application Method

Nanoparticles were mixed with the top 15 cm of soil to ensure uniform distribution.
Mixtures were stabilized for two weeks before foliar spraying of Date Palm leaves (5 mL
per plant) three times over six months (December 2024, March 2025, June 2025). The ap-
plied ZnO-NP concentration was 50 mg/kg of soil [17].

2.6. Treatment Efficacy Evaluation
2.6.1. Hydrocarbon Measurement
X-ray fluorescence (XRF) spectroscopy was used to determine total hydrocarbon con-

tent in soil and Date Palm leaves at 3, 6, and 9 months after treatment [18].

2.6.2. GC-MS Analysis
GC-MS was employed to precisely identify and characterize aliphatic and aromatic

hydrocarbons and assess degradation rates under treatment conditions [19].

2.6.3. Plant Physiological Assessment
SPAD readings were taken to measure chlorophyll content in Date Palm leaves, as
increased chlorophyll reflects improved plant health and photosynthetic efficiency fol-

lowing treatment [20].

2.6.4. Antibacterial Activity

The effect of ZnO-NPs on beneficial soil bacteria (Pseudomonas aeruginosa) was
assessed using the agar well diffusion method to evaluate any potential adverse impacts
on the soil microbial community [21]. The bacterial strain was isolated from the soil at the

study site to ensure that it represents the local soil microbial population.

2.7. Statistical Analysis

Data were analyzed using SPSS software. ANOVA was performed to compare
differences among groups at a significance level of p < 0.05. Means, standard deviations,
and hydrocarbon reduction percentages were calculated to ensure accurate interpretation
of results [22].

3. Results
3.1. Assessment of Hydrocarbon Concentrations in Soil and Plant Before Treatment

The concentrations of aliphatic hydrocarbons (ALHs) and polycyclic aromatic
hydrocarbons (PAHs) were measured in soil and date palm leaves prior to any treatment.

The results are summarized as shown Table 1.

Table 1. Initial hydrocarbon concentrations in soil and plant before treatment.
Sample Type Hydrocarbon Type Mean (mg/kg) SD CV (%)

Soil ALHs 180 14 7.8
Soil PAHs 120 9 7.5
Plant ALHs 18 1.8 10

Plant PAHs 12 1.2 10
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3.2. Phytochemical Analysis of Rosmarinus officinalis
3.2.1. GC Analysis of Rosemary Extract — Final Modified Paragraph

Gas Chromatography identified 32 chemical compounds in the rosemary extract,
spanning organic acids, esters, amines, alcohols, phenolics, and fatty acids. All
compounds were assigned a percentage value, including trace compounds <1%, to ensure
complete transparency and reproducibility. Each compound was evaluated for its

potential role in nanoparticle synthesis and stabilization, Table 2, Figure 1.

Table 2. Chemical compounds in rosemary extract and their potential role in nanoparticle synthesis.

Chemical . Percentage Potential Role in
Major Compounds o .
Group (%) Synthesis
Antioxidant,
Organic acids Acetic acid, . " IO,X Ldan
. . 18.2 antimicrobial, enhances
and esters Rosmarinic acid . .
nanoparticle stability
Ami 1-
.mlnes and . N, . Oxidation inhibition, cell
nitrogenous Dimethylpentylami 12.4 )
protection, stress tolerance
compounds ne
. a1
Alcohols 2-Hexen-1-ol 0.8 Moderate ?n'hbacterla
activity
Phenolics an%d Eugenol, Carnosol 0.28 Ar'1tioxidant, anti-
plant aromatics inflammatory

Formation of organic

Fatty acids Palmitic acid 0.5 capping layer, reduces
aggregation
Other minor . Natural reducing and
Various 0.7 e
compounds stabilizing agents

3.2.2. Color Change as an Indicator of ZnO Nanoparticle Formation
A color change from transparent to creamy white was observed upon adding the
rosemary extract to Zn(NOs), solution, indicating the formation of primary ZnO nanopar-

ticles.

3.2.3. Morphological Analysis (SEM)

SEM micrographs revealed spherical, smooth, and uniformly dispersed ZnO nano-
particles ranging from 15-30 nm. TEM images confirmed morphology and measured the
organic capping layer (~2-3 nm) derived from rosemary extract. DLS analysis showed a
narrow size distribution with a polydispersity index (PDI) = 0.18. Histograms of particle
size distribution from TEM/DLS are presented in Figure 2, demonstrating nanoscale uni-
formity. The thin organic layer enhances adsorption capacity, prevents particle aggrega-
tion, and explains the high hydrocarbon degradation efficiency observed in soil and plant

tissues.
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Figure 2. SEM images of ZnO nanoparticles synthesized using rosemary extract.

3.2.4. FTIR Analysis

FTIR spectra showed characteristic peaks in Figure 3 :
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Figure 3. FTIR spectra of ZnO nanoparticles.
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3.2.5. Crystalline Structure (XRD)

XRD analysis confirmed a crystalline wurtzite hexagonal structure with an average

crystallite size of ~25 nm.

3.2.6. Elemental Composition (EDX)

Table 3. EDX analysis of ZnO nanoparticles synthesized using Rosmarinus officinalis extract.

Element Weight % Atomic %
C 13.33 41.16
O 7.85 18.18
P 1.75 2.10
S 4.07 4.71
Cl 5.57 5.83
K 8.04 7.62
Zn 59.38 20.41

3.3. Reduction of Hydrocarbons in Soil and Plant
The application of rosemary-mediated ZnO-NPs significantly reduced ALHs and
PAHs in soil and date palm leaves. Statistical analysis included p-values for all time points

to confirm significance, Tables 4 and 5.

Table 4. Hydrocarbon concentrations and reduction in soil.

Time Point Initial Final Reduction Initial Final Reduction p-value
PAHs PAHs (%) ALHs ALHs (%)
Late Dec 200+£20 150+15 25 250+25 18018 28 0.03
Late Mar 200+£20 140x14 30 250+25 17016 32 0.02
Late Jun 200£20 130x12 35 250+25 16015 36 0.01
Table 5. Hydrocarbon concentrations and reduction in date palm tissues.
Time Point Initial Final Reduction Initial Final Reduction p-value
PAHs PAHs (%) ALHs ALHs (%)

Late Dec 25+5 15+4 40 305 205 33 0.04
Late Mar 25+5 13+3 48 305 18+4 40 0.02
Late Jun 25+5 12+2 52 30+5 16+3 47 0.01

3.4. Chlorophyll Content (SPAD) in Date Palm Leaves

e  SPAD readings were conducted on five leaves per plant from three plants per treat-
ment group, using the third fully expanded leaf from the apex to standardize meas-
urement, Table 6.

e  Late Dec: 25 + 3 SPAD units

e  Late Mar: 31 +4 SPAD units (24% increase)

e Late Jun: 36 £ 5 SPAD units (16% increase)
The increase in SPAD values indicates improved photosynthetic performance and

reduced oxidative stress in treated plants. Statistical significance was confirmed (p < 0.05).
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Table 6. SPAD chlorophyll content in date palm leaves.
Time Point SPAD (Mean =+ SD) Increase (%) CV (%)

Late Dec 25+3 - 12.0
Late Mar 31+4 24 12.3
Late Jun 36+5 16 13.0

3.5. Effect on Soil Pseudomonas aer1iginos
Total bacterial counts of Pseudomonas aeruginosa remained largely unchanged after

nanoparticle treatment, indicating selective remediation, Table 7.

Table 7. Total bacterial counts (CFU x 10¢/g).

ZnO-NPs +
Time (days) Control Rosmarinus Change (%) p-value
officinalis
7 6.7 6.5 -2.99 0.12
14 6.7 6.6 -1.49 0.25
21 6.7 6.7 0.00 0.98

4. Discussion
4.1. Hydrocarbon Accumulation in Soil and Plants Before Treatment

The initial analysis demonstrated that the soil contained significantly higher levels of
aliphatic hydrocarbons (ALHs) and polycyclic aromatic hydrocarbons (PAHs) compared
to date palm leaves [18, 23]. This can be attributed to the high adsorption capacity of soil,
which is influenced by organic matter content, porosity, and cation exchange capacity
(CEQ). Soil acts as a reservoir for hydrophobic compounds, reducing mobility into plant
tissues [18]. Conversely, lower concentrations in plants reflect limited uptake and inherent
detoxification mechanisms, such as enzymatic transformation, compartmentalization, and
sequestration of hydrocarbons within vacuoles [24]. These baseline observations are
critical to understanding the effectiveness of the ZnO nanoparticle-assisted remediation

and serve as a reference point for subsequent statistical analyses (p < 0.05) [19].

4.2. Phytochemical Characterization of Rosmarinus officinalis and Its Role in ZnO-NPs
Formation
4.2.1. GC Analysis: Chemical Diversity and Functionality

GC analysis identified 32 bioactive compounds, including phenolics, organic acids,
amines, alcohols, and fatty acids, with trace compounds (<1%) included for completeness
Phenolic compounds, such as rosmarinic acid and carnosol, act as antioxidants,
preventing nanoparticle oxidation. Amines and fatty acids facilitate nanoparticle capping
and stabilization, reducing aggregation and enhancing surface area. This chemical
diversity explains the extract’s efficiency in mediating nanoparticle synthesis and its high

functionality in hydrocarbon removal this agree with [25, 26].

4.2.2. SEM/TEM/DLS Analysis: Morphology, Size, and Organic Layer
SEM and TEM analyses confirmed that the nanoparticles were spherical, smooth, and

uniformly dispersed, with sizes ranging from 15-30 nm [27].
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TEM revealed a thin organic layer (~2-3 nm) derived from the rosemary extract,
which effectively stabilized the nanoparticles and prevented aggregation. DLS analysis
corroborated a narrow size distribution (PDI = 0.18), and particle size histograms further
highlight uniformity at the nanoscale [27, 28], this nanoscale uniformity enhances surface
reactivity, explaining the high efficiency of hydrocarbon degradation in both soil and

plant tissues.

4.2.3. FTIR Analysis: Surface Functional Groups

FTIR spectra displayed functional groups such as OH (3330-3400 cm™), C=O/N-H
(1630-1650 cm™), and Zn-O (450-500 cm™), indicating chemical interactions between
bioactive compounds and ZnO nanoparticles[28]. These functional groups enhance
hydrocarbon adsorption, maintain nanoparticle stability, and facilitate catalytic
degradation. Correlation with GC and SEM/TEM data confirms that phytochemicals not
only mediate nanoparticle formation but also enhance their environmental activity [28,
29].

4.2.4. XRD Analysis: Crystalline Structure

XRD analysis showed a wurtzite hexagonal crystalline structure with an average
crystallite size of ~25 nm [30]. High crystallinity ensures mechanical stability and
promotes electron transfer for photocatalytic hydrocarbon degradation. Integrated with
SEM/TEM, FTIR, and GC findings, XRD confirms that nanoparticles possess both
structural robustness and chemical activity, supporting the observed remediation

performance [29, 30].

4.3. Mechanistic Interpretation of Hydrocarbon Reduction
The rosemary-mediated ZnO nanoparticles induced significant hydrocarbon
reductions, ranging from 25-36% in soil and 40-52% in date palm leaves over six months

according to [26, 30], this effect can be attributed to multiple mechanisms:

4.3.1. Nanoscale Size and High Surface Area
Facilitates direct contact with hydrocarbons and enhances adsorption.
4.3.2. Crystalline ZnO Structure
Catalyzes oxidative degradation via electron transfer processes.
4.3.3. Organic Capping Layer
Derived from the rosemary extract, this layer stabilizes nanoparticles, prevents ag-
gregation, promotes adsorption, and reduces cytotoxicity toward soil microbes.
Integration of GC, SEM/TEM/DLS, FTIR, and XRD results provides a coherent multi-
level explanation for the observed hydrocarbon degradation, demonstrating the synergis-
tic effect of nanoparticle morphology, chemical composition, and surface functionality
[30].
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4.4. Impact on Photosynthetic Efficiency

SPAD chlorophyll measurements showed significant improvement in treated plants,
indicating reduced oxidative stress and enhanced photosynthetic activity [25]. This
improvement can be attributed to reduced hydrocarbon toxicity: Lower concentrations of
ALHs and PAHs mitigate oxidative damage in chloroplasts and enhanced nutrient
availability: Zinc from the nanoparticles serves as a cofactor for key photosynthetic
enzymes, including RuBisCO and carbonic anhydrase, supporting photosynthetic
efficiency [28], this dual effect highlights the role of ZnO nanoparticles not only as

remediation agents but also as promoters of plant growth under hydrocarbon stress.

4.5. Effects on Soil Microbial Community

Total counts of Pseudomonas aeruginosa remained largely unchanged after treatment
(p > 0.05), indicating the selective action of rosemary-mediated ZnO nanoparticles. The
organic capping layer likely mitigates nanoparticle toxicity, allowing beneficial microbes
to persist. Future studies should include long-term monitoring using qPCR or
metagenomic sequencing to evaluate broader microbial community dynamics and ensure
sustainable soil health [31].

4.6. Integrated Mechanistic Framework

A comprehensive mechanistic interpretation emerges when combining the outcomes
of GC, SEM/TEM/DLS, FTIR, and XRD analyses. Gas chromatography reveals the
presence of bioactive compounds that act as reducing and stabilizing agents during
nanoparticle synthesis. Morphological and dimensional features, confirmed through
SEM, TEM, and DLS, highlight the role of size distribution and surface capping layers in
governing reactivity and stability. FTIR spectra provide evidence of functional groups that
facilitate hydrocarbon adsorption and catalytic degradation processes, while XRD
patterns verify the crystalline structure, ensuring both structural integrity and
photocatalytic efficiency. Collectively, these multi-level insights demonstrate the
synergistic interaction between phytochemical-mediated nanoparticle characteristics and
their environmental performance, explaining the observed enhancement in hydrocarbon

degradation and improved plant physiological responses.

5. Conclusions

Rosemary-mediated ZnO nanoparticles effectively reduce hydrocarbons in soil and
date palm leaves by up to 52% over six months. The rosemary extract contains bioactive
compounds (phenolics, organic acids, amines, alcohols, fatty acids) that stabilize nanopar-
ticles, prevent aggregation, and enhance surface area. Nanoparticles are spherical,
smooth, 15-30 nm with a 2-3 nm organic capping layer and narrow size distribution, en-
hancing surface reactivity and hydrocarbon degradation efficiency. Physicochemical
characterization (SEM/TEM/DLS/FTIR/XRD) demonstrates the integration of crystalline
structure, chemical functionality, and organic capping to ensure particle stability and en-

vironmental activity.
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