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Abstract: Utilizing nanotechnology for weed management offers a sustainable alternative
to synthetic herbicides. This study evaluated the effectiveness of sunn hemp extract (SH),
Fe3;04 nanoparticles (NPs), and Fe3O4/sunn hemp NPs in inhibiting the germination of
redroot pigweed (Amaranthus retroflexus L.), wild mustard (Sinapis arvensis L.), and lamb’s
quarters (Chenopodium album L.) weeds. The structural characteristics of the NPs were
analyzed using Scanning electron microscopy (SEM), Scanning X-ray diffraction (XRD),
Thermogravimetric analysis (TGA), Vibrating sample magnetometer (VSM), Brunner—
Emmet-Teller (BET), and Fourier-transform infrared spectroscopy (FTIR). The optimal
Fe304 NP concentration for reducing seed germination ranged from 3000 to 3100 mg L.
Higher concentrations of SH extract (100, 150, and 200 g L) effectively inhibited weed seed
germination with A. retroflexus displaying the highest sensitivity. The maximal effective
concentration (NOECax) for Fe304/sunn hemp NPs was 10 g L~ for S. arvensis, 150 gL~ 1
for A. retroflexus, and 200 g L~! for C. album. Fe304/sunn hemp NPs led to a reduction in
1/Dsp and an increase in EECs, indicating a rise in sensitivity to FesO4 NPs, particularly in
S. arvensis. Variations in species responses to SH, Fe304 NPs, and Fe3O,/sunn hemp NPs
are likely influenced by genetic, physiological, and ecological factors. Overall, the findings
suggest that utilizing Fe3O4/sunn hemp NPs offers an effective strategy for sustainable
weed management.

Keywords: Fe3;O4 nanoparticles; sunn hemp allelopathy; Amaranthus retroflexus; Sinapis
arvensis; Chenopodium album

1. Introduction

Competition with weeds poses a significant biological challenge to crop production,
contributing up to a 34% reduction in crop yields [1,2]. While the use of relatively low-cost
synthetic chemicals for weed control offers short-term effectiveness and ease of applica-
tion, there is an increasing need for farming practices that offer more sustainable and
environmentally friendly strategies [3-7].

Nanotechnology has emerged as an alternative weed control [8,9]. Nanoparticles
(NPs), typically less than 100 nm in size, exhibit unique electrochemical, optical, and
thermal properties. Nevertheless, the synthesis of metallic NPs may pose environmen-
tal hazards attributable to the application of highly reactive and toxic reducing agents,
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including sodium borohydride and hydrazine hydrate [10]. To mitigate these concerns,
green chemistry methods have been proposed to produce more environmentally friendly
NPs, using extracts from plants such as barley (Hordeum vulgare) and sorrel (Rumex ace-
tosa) [11] and methanolic extracts from grape leaves [12] to stabilize Fe304 NPs. These
processes highlight the role of biomolecules, such as phytols, terpenoids, and antioxidants
in synthesizing Fe3O4 NPs.

Sunn hemp, a C3 tropical crop from Fabaceae family, is known for its resilience to
harsh environmental conditions and traditionally is used as a cover crop for nitrogen
biological fixation [13]. It offers various ecosystem benefits, including suppression of
weeds [14], parasitic nematodes [15], in addition to the improvements in soil health [16].
Sunn hemp’s ability to produce substantial biomass contributes to its effectiveness in weed
suppression [17], but also releases allelopathic compounds such as hydroxy norleucine, a
phytotoxic non-protein amino acid, from its decomposing residues [18]. Sunn hemp seeds
also contain 2-amino-5-hydroxyhexanoic acid, another amino acid with weed-suppressing
properties [19]. Furthermore, sunn hemp’s root, stem, and seeds contain dehydropy-
rrolizidine alkaloids, which contribute to weed suppression abilities [20]. These alkaloids
are found in varying concentrations in different plant parts, including 0.150% w/w in seeds,
0.115% w/w in stems, 0.053% w/w in roots, and 0.008% w/w in leaves [21]. Alkaloids such
as riddelliine, senecionine, and seneciphylline are known for their allelopathic effects in
weed suppression [19]. However, concerns have been raised about relying solely on the
allelopathic effect of cover crops for weed management due to the negligible amounts
of allelopathic compounds in the plants. Combining allelopathic compounds from plant
extracts with NPs may present a novel approach to integrated weed management.

Redroot pigweed (Amaranthus retroflexus), lamb’s quarters (Chenopodium album), and
wild mustard (Sinapis arvensis) are amongst most common weeds in many agricultural
fields. These species hinder crop growth and reduce yield due to their rapid growth,
prolific seed production, and ability to germinate under diverse environmental conditions.
Several studies have explored the effects of aqueous and methanolic extracts, as well
as essential oils derived from allelopathic plants, on the germination of these invasive
weed species [22-24]. The application of sunn hemp leaf extract significantly reduced
germination in various crops, including Poaceae (cereal rye, sweet corn, winter wheat
2-22%), Solanaceae (tomato, bell pepper 100%), Fabaceae (Austrian winter pea, cowpea,
crimson clover 39-8%), Liliaceae (onion 95%), Brassicaceae (turnip 69%), Malvaceae (okra
49%), and Cucurbitaceae (cucumber 2%) [25].

In this study, we hypothesized that an aqueous extract derived from sunn hemp leaves
can significantly prevent the germination of weed species. Previous research has shown
that natural extracts that possess phytotoxic properties can make them viable alternatives
to synthetic herbicides. We propose that green synthesis of Fe304 NPs using sunn hemp
leaf extract may further enhance the inhibition of germination, surpassing the effects of
the extract alone. This investigation aims to evaluate the effectiveness of the sunn hemp
aqueous extract, Fe304 NPs, and the synthesized Fe304/sunn hemp NPs in controlling the
germination of the three common weed species. We seek to determine whether the combi-
nation of NPs and plant extracts offers a more effective approach to weed management.
This research therefore may contribute to the sustainability of farming by providing an eco-
friendly alternative to synthetic herbicides and promoting an environmentally sustainable
approach to managing weed growth.
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2. Materials and Methods
2.1. Sunn Hemp Biomass and Extract Preparation

Sunn hemp (Crotalaria Juncea L.), (Global Sunn brand) was grown in the field at
the Experimental Research Station of the Department of Plant Production and Genetics,
University of Mohaghegh Ardabili, Iran, with geographical coordinates 48°20" E, 38°19' N
in 2022. Sunn hemp was planted at the recommended seeding rate, 50 kg ha™! [26]. The
leaves of the plants at the onset of the blooming phase, approximately 65 days after
planting, were harvested by hand [25]. The collected material was completely dried at
room temperature (23 = 2 °C) for 30 days because phenolics are not stable for drying
in an oven at high temperatures [27]. The extract was prepared utilizing the maceration
technique outlined by Trusheva et al. [28]. In brief, specified amounts of sunn hemp powder
(0, 10, 50, 100, 150, and 200 g L~ 1) were added to one liter of distilled water, and placed
on the shaker for 24 h. The solution was filtered through Whatman No. 42 filter paper
and centrifuged for 15 min at 5000 rpm to remove the solids. The separated supernatant,
referred to hereafter as the sunn hemp extract, was kept in the refrigerator at 4 °C until
germination tests were conducted.

2.2. Seed Gathering and Storage

The experiment aimed to study the impact of the aqueous extract of sunn hemp, Fe304
NPs, and Fe3O4/sunn hemp NPs on the germination of the three weed species lamb’s
quarters (Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.), and wild
mustard (Sinapis arvensis L.). The weed seeds were collected from fields in Moghan Research
and Natural Resources Center located at 48°20" E, 38°19' N during the summer of 2022.
Weed-ripening inflorescences were gathered and air-dried at 23 & 2 °C for three weeks,
after which seeds were separated by rubbing. Germination tests on freshly harvested seed
showed that C. album, A. retroflexus, and S. arvensis had high primary dormancy. We broke
the primary seed dormancy by treating them with ultrasound technology and gibberellic
acid at 15 min and 1500, and 1000 mg L1, respectively [29-31]. The weed seeds were
stored in a dry environment at room temperature (23 & 2 °C) for four days before the
experiment started.

2.3. Biosynthesis of Fe3O4 NPs

The Fe304 NPs were synthesized through the co-precipitation technique described by
Massart, [32]. Initially, water was degassed by blowing N gas for 20 min. For the synthesis,
0.476 g of FeCl3-6H,O was dissolved in 20 mL of the degassed water (Solution A). In a
separate preparation, 0.166 g of FeCl,-4H,0O was added to 5 mL of degassed water and
0.8 mL of 2 M HCI (Solution B). Solutions A and B were combined with 13.1 mL of NH3 and
20 mL of sunn hemp extract, while N, gas was continuously blown into the solutions. After
stirring for 60 min, the brown precipitate was refluxed for an additional hour to ensure
a complete reaction. The resulting precipitate was then washed with water and ethanol
before drying. Additionally, pure Fe304 NPs was synthesized using the same method,
omitting the sunn hemp extract (Scheme 1, Reaction Equation (1)).

Fe?™ +2Fe’* + OH™ — Fe (OH), + 2Fe (OH),

F 1
1,0 €304 1)
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Scheme 1. Schematic of Fe304/sunn hemp extract synthesis.

2.4. Characterization Technigues

Thermogravimetric analysis (TGA, LINSEIS STA PT-1000, LINSEIS Messgerdte GmbH,
Selb, Germany) and vibrating sample magnetometer (VSM, MDKEFE, Magnetic Daneshpajoh
Kashan (MDK) Co., Kashan, Iran), Fourier-transform infrared spectroscopy (FTIR, Perkin
Elmer Spectrum RXI, PerkinElmer Co., Hopkinton, MA, USA), Scanning electron micro-
scope (SEM, LEO 1430VP, LEO Electron Microscopy Ltd., Cambridge, UK and Carl Zeiss
AG, Jena, Germany), X-ray diffraction (XRD, Philips Xpert diffractometer, Philips Co., Eind-
hoven, The Netherlands), and Brunner—-Emmet-Teller (BET, Belsorp Mini II, MicrotracBEL
Corp., Osaka, Japan) analysis were employed to assess the thermal and magnetic properties,
analyze the chemical structure and functional groups, investigate the microstructures and
crystal structure of the nanomaterials, and evaluate their textural characteristics.

2.5. Experimental Design

The study was executed in 2022 at the Weed Science Laboratory, Faculty of Agriculture
and Natural Resources at Mohaghegh Ardabili University. The bioassay experiments
were conducted in two parts. In the first part, the focus was on optimizing the impact of
Fe304 NPs on the germination of seeds. A germination test was carried out using different
concentrations of Fe3O4 NPs (0, 250, 500, 1000, 2000, and 3000 mg L~1) to determine
the half-maximal effective concentration (NOECs5j) and maximal effective concentration
(NOECax) within two defined ranges. Subsequently, Fe;04 NPs containing sunn hemp
extract were synthesized using green methods. In the second part, a germination test was
performed using 0, 10, 50, 100, 150, and 200 g L1 (or0, 1,5, 10, 15, and 20%) of pure
sunn hemp extract and Fe3O4/sunn hemp NPs in three points (SH (Sunn hemp extract),
SH + NOECs5p, and SH + NOECax). Both parts of the experiment were conducted using
a completely randomized design with three replications for each weed seed. Each Petri
dish contained 50 seeds disinfected with 1% sodium hypochlorite placed on filter paper
within 9 mm diameter Petri dishes. Ten milliliters of the treatments (SH extract, Fe304 NPs,
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and Fe3;04/sunn hemp NPs) were added to each Petri dish, which was then covered with
transparent plastic wrap and transferred to a seed germinator (BINDER KBW 240, Binder
GmbH, Tuttlingen, Deutschland, Germany) set at a temperature of 25 °C without light.
Germination experiments lasted 14 days. Seeds exhibiting healthy radicles that reached a
length of two millimeters were classified as successfully germinated [33].

2.6. Gas Chromatography—Mass Spectrometry (GC-MS)

The analytical procedures utilized an Agilent 7890B Gas Chromatography system
paired with an Agilent 5977A Mass Selective Detector (MSD), Agilent Technologies Inc,
Palo Alto, CA, USA. A sample injection volume of 0.1 uL was used, with helium gas serving
as the carrier. The multimode inlet (MMI) operated in split mode with a 15:1 ratio and a
flow rate of 48 mL/min. The MMI's initial temperature started at 100 °C and was raised to
380 °C at 8 °C/min, while the oven began at 40 °C and increased to 325 °C at 4 °C/min
before rising to 400 °C at 10 °C/min, held for 12.5 min. The total analytical duration was
91.25 min.

2.7. Statistical Analysis
Cumulative germination percentage: The cumulative germination percentage repre-
sents the overall count of seeds that successfully sprouted within the experimental sample.
Final germination percentage (Gmax): Scott et al.’s [34]. and Burnett et al.’s [35]
Equation (2) was used to calculate the Gpax.

Gmax = % x 100 ()

where S indicates the number of germinated seeds, and T refers to the total number of seeds
included in the sample.

For the determination of the regression trend of parameters, we used the non-
linear regression function of Logistic (Equation (3)) and Comperze (Equation (4)) using

R 2.4.1 software.
Ymax

Y = slope (3)
v (= (r))
Y = Yiax X exp(—exp(_ws;)f)ecm))) 4)

where Ymax represents the maximum value of y, and ECsg denotes the half-maximal
effective concentration. The parameters’ best estimates were assessed using R? (coeffi-
cient of determination) and RMSE (root mean square error), which were computed using
Equations (5) and (6), respectively.

SSR
2 = SSiT (5)
N _ 2
RMSE = \/ Zi:l(Yp“;\ch Yobs) (6)

where SSR denotes the sum of squares due to regression, and SST represents the total sum
of squares. Yobs refers to the observed value, Ypred indicates the predicted value, and n
signifies the number of samples.

3. Results
3.1. Characterization of Prepared NPs

The XRD analysis was executed to assay the purity and crystallinity of the Fe304 NPs
and Fe3O,/sunn hemp NPs (20%) samples, as demonstrated in Figure 1a. The diffraction
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patterns of both Fe304 NPs and Fe3O,/sunn hemp NPs (20%) revealed peaks correspond-
ing to the (220), (311), (400), (422), (511), and (440) planes, positioned at 20 values of 30.1°,
35.5°,43.3°,53.5°, 57.1°, and 62.8°, respectively [36]. No alterations in the crystal structure
of Fe30,4 NPs were detected following the addition of the extract. The distinct diffraction
peaks of samples were consistent with cubic inverse spinel structures (JCPDS file No. 01—
075-0033) [37,38]. Furthermore, the absence of impurity peaks in the XRD patterns suggests
that the synthesized NPs are of high purity.

The SEM images provided insights into the microstructures of the Fe;O4 NPs,
Fe3;04/sunn hemp NPs (15%), and Fe3O4/sunn hemp NPs (20%) samples, showing
that FesO4 NPs and Fe304/sunn hemp NPs samples possessed nearly spherical shapes
(Figure 1b—d) [39].

FTIR analysis was performed to detect the functional groups present in the Fe3O4
NPs, Fe304/sunn hemp NPs (15%), and Fe3O4/sunn hemp NPs (20%) nanomaterials, as
shown in Figure le. The absorbance bands for O-H stretching and bending vibrations were
identified at 3200-3500 cm ! and 1662 cm !, respectively [40,41]. The bands ranging from
579 to 632 cm ! corresponded to the stretching vibration of Fe-O [42]. The characteristic
peaks of C-O stretching, and C-H stretching were found around 1120 and 1440 cm ™!,
respectively [43,44].

Thermal stability of the Fe;04 NPs and Fe3O4/sunn hemp NPs (20%) was assessed
through TGA, revealing minimal weight loss below 200 °C attributed to the evaporation of
adsorbed water from the samples. The maximum weight loss of samples occurred between
250 and 700 °C, due to the decomposition of organic compounds surrounding the samples
(Figure 1f).

BET analysis was used to assess the textural characteristics of the Fe3O4 NPs,
Fe3O4/sunn hemp NPs (15%), and Fe3O,/sunn hemp NPs (20%) samples. The N
adsorption—desorption isotherms of the samples are displayed in Figure 1g, revealing
a type Il nitrogen isotherm characteristic of mesoporous structures for all the samples. Pure
Fe304 NPs had the largest surface area followed by Fe3O4/sunn hemp NPs samples, with
values of 35.8, 10.7, and 6.2 ng’l, for the Fe304 NPs, Fe30,/sunn hemp NPs (15%), and
Fe304/sunn hemp NPs (20%) samples, respectively. Table 1 demonstrates the details of
porosity measurement information.

Table 1. Textural properties of the prepared sunn hemp samples.

Sample Surface Area Mean Pore Total Pore Volume
P (m?g-1) Diameter (nm) (cm3g-1)
Fe30y4 35.8 4.677 0.041
Fe30y4/Extract (15%) 10.7 4.006 0.010
Fe30,4/Extract (20%) 6.2 3.703 0.005

Fe304/sunn hemp (15%), Fe304/sunn hemp 150 g L~1; Fe304/sunn hemp (20%), Fe3O4/sunn hemp 200 g L1

To explore the magnetic characteristics of the nanomaterials, VSM analysis was per-
formed. Figure 1h reveals the magnetization curves of Fe304 NPs, Fe30,/sunn hemp NPs
(15%), and Fe304/sunn hemp NPs (20%) with a magnetic field of —12,000 to 12,000 Oe
at 300 K. The saturation magnetization (Ms) of 17.05 emug~! was obtained for Fe;Oy
NPs, while the Ms value reduced to 12.71 and 11.27 emug~! for Fe304/sunn hemp NPs
(15%) and Fe304/sunn hemp NPs (20%) samples, respectively. With the incorporation of a
non-magnetic extract to the surface of Fe304 NPs, the Ms value of the Fe3O4/sunn hemp
NPs samples was reduced when compared with the Fe;O4 NPs. Nevertheless, the magnetic
properties of the Fe304/sunn hemp NPs samples were sufficient to allow separation from
the solution using an external magnetic field.
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prepared nanomaterials. Fe3Oy4, Pure Fe3Oy; Fe30, /Extract (15 and 20%), Fe3O4/sunn hemp (150

and 2

00 g L~1) NPs.



Agronomy 2025, 15, 795

8 of 21

3.2. Optimizing the Fe3O4 NPs

Figure 2 displays the logistic function’s optimized output for various concentrations
of Fe3O4 NPs and indicates that the model fits the data well (RMSE = 3.10-6.09 and
R? = 0.846-0.999). The final germination percentage (Gmax) of three weed species was
evaluated, and the use of Fe3O4 NPs up to 200 mg L~! had no significant effect on weed
seed germination. For example, the Gax in A. retroflexus in 0 and 200 mg L~! of Fe3O4 NPs
was about 100% and 80%, respectively. The Gmax of S. arvensis and C. album in similar ranges
from 100 to 80% and 77 to 68%, respectively. Furthermore, the NOECs of Fe304 NPs, was
obtained in concentrations between 765 and 980 mg L~!, depending on the species. The A.
retroflexus and C. album had the highest and lowest NOECs, respectively. The NOECpax
was recorded at about 3000-3100 mg L~! and weed species were not statistically different

(Figure 2).
100 1
Species
Amaranthus retroflexus RMSE=3 10 R2?=0 997
F Chenopodium album RMSE=4.59 R2=0.986
75 Sinapis arvensis RMSE=6.00 R2=0.979
—
=
:’ NOECS50
% 50
E
(L)
25
0 4

0 1000 2000 3000
Concentrations Fe304 (mg/L)

Figure 2. Final germination (Gmax) of three weed species influenced by different concentrations
of Fe304 NPs by fitted logistic model. The points correspond to the observed values, whereas the
lines represent the predicted values. NOECsy, half maximal effective concentration of Fe30, NPs;
NOECnax, maximal effective concentration of Fe30O4 NPs.

3.3. Effect of Fe304/Sunn Hemp NPs on Cumulative Germination

The Comperze model successfully fitted cumulative germination to investigate the
germination initiation process of all three weed species, where R? ranged from 0.859
to 0.999 for A. retroflexus, 0.934 to 0.999 for S. arvensis, and 0.893 to 0.999 for C. album
(Tables A1-A3 (Appendix A)). The estimated parameters indicated that A. retroflexus and
S. arvensis reached their Gpax (estimated by the model) of approximately 100%, while C.
album reached its peak germination rate of 77% under normal conditions (distilled water)
(Figure 3).

The use of SH extract resulted in a reduction of Gpax and an increase in Dsgj (time
to reach 50% germination); thus, the germination rate (1/Ds) of all weed species slowed
down. For instance, when 50 g L~! of SH was applied in the absence of Fe;O; NPs, the
Gmax dropped by 85, 93, and 17 units in A. retroflexus, S. arvensis, and C. album, respec-
tively. The results indicate that the use of Fe304 NPs at the optimized values for NOECsg
and NOEC.x alleviated the toxic effects of SH extract. For example, in the absence of
Fe30,4 NPs, the application of 100 g L~! of SH extract in A. retroflexus and C. album and
150 g L~ 1in S. arvensis inhibited their Gmax. However, in the presence of SH + NOECs
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and SH + NOECax of Fe304 NPs, the germination inhibition occurred at the presence of
150 and 200 g L~ of SH extract, respectively. The results indicated that the S. arvensis was
relatively more tolerant to the extract of SH than C. album, while Gmax of S. arvensis was
4% and 1% under 100 and 200 g L~! SH extract and SH + NOECs conditions, respectively,
and the Gpax of the other two species was stopped. In the presence of Fe304 NPs, the
concentration of SH extract for the complete inhibition of germination of C. album increased
from 100 g L~! to 200 g L.

Amaranthus retroflexus Chenopodium album Sinapis arvensis
100
751
50 2
251
I e PP PR K PV TR Concentrations
3 E
-E.- 0 {&8egoas £a g0 S sunn hemp
extract
[#] 4
= (o)
i _
c 40 o] :
E i +
£ 30 é 10
o 207 2 = 50
> 101
= —+ 100
T o=
= 150
E
=
o 200
61 7
T
=
4 m
o
2 - e :
7 5
() -{50 o g S-g0 55 s o0 o 48 g5 55 gs gu gs on de on gh dops g el

0 100 200 3000 100 200 3000 100 200 300
Time (hours)

Figure 3. Cumulative germination of three weeds species influenced by different concentrations
of sunn hemp extract (SH) and two points of Fe3O,/sunn hemp NPs (NOECsy and NOECnax)
fitted Gompertz model. The points correspond to the observed values, whereas the lines represent
the predicted values. NOECs5j, half maximal effective concentration of Fe304/sunn hemp NPs;
NOECmax, maximal effective concentration of Fe3O,/sunn hemp NPs.

3.4. Optimizing Sunn Hemp Extract Effect

Figure 4 and Table 2 illustrate the fitted logistic model for optimizing the effect of SH
extract on the Gmay of all three weed species. Our findings indicated that the logistic model
successfully fitted the Gmax count and 1/Ds for all three weed species. The R? values
ranged from 0.940 to 0.999 and RMSE values varied from 0.001 to 4.32 when different con-
centrations of SH extract were used, depending on the estimated parameter. For example,
the maximum EECgyj (half maximal effective concentration) of SH extract for Gpax was
estimated at 23.9 g L~! for S. arvensis but 52.3 g L~! for C. album. The presence of Fe30;4
NPs resulted in an increase in EECsg of A. retroflexus from 21.9 to 25.3 ¢ L1, from 52.3 to
645¢g L~ tin C. album, and from 23.9 to 21.7 g L~ 1in S. arvensis. On the contrary, EECsg
for 1/Dsg in A. retroflexus and S. arvensis decreased whereas in C. album increased in the
presence of Fe3O4 NPs at the optimized point (Table 2).
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Figure 4. Final germination (Gmax) and germination rate (1/Ds) of three weeds species influenced
by different concentrations of sunn hemp extract and three points of Fe30,/sunn hemp NPs (SH,
SH + NOECsp and SH + NOECnax) when fitted by logistic model. The points correspond to the
observed values, whereas the lines represent the predicted values. SH, Sunn hemp extract; NOECs,
half maximal effective concentration of Fe3O4/sunn hemp NPs; NOECax, maximal effective concen-
tration of Fe3O4/sunn hemp NPs.

Table 2. Estimated parameters of final germination percentage (Gmax) and germination rate (1/Dsq)
of three weed species influenced by different concentrations of sunn hemp extract and Fe;O,/sunn

hemp NPs.
1D
. Estimate Gumax /Dso
NOECsy  NOECmax NOECs, NOECoax
0.005 +
. Yma  996%23  5L0£15  80+05 004740002 0037£0002 o2
S o .
£5  EECy 219415 253424 36427 27432 110422 1556 + 254
S5 Slope  -23+017 224022 0614020 -—188+026 —092+0.12 —57.6+ 463
£% R 0.999 0.998 0.979 0.994 0.992 0.997
RMSE 224 149 0.54 0.002 0.002 0.0001
Yoax 999419 509+ 15 - 0.026 +0.003  0.017 + 0.001 -
«g  EECsy 239425 217+23 ; 783+158 6284178 ;
SE  Slope  -36+047 —3.0+040 ; 28412  —096+0.24 ;
& 8 R 0.999 0.998 ; 0.940 0.962 ;
RMSE 195 148 ; 0.004 0.001 ;
0.005 +
] Yma 7204250 397£18 60402 001940007 0016+0001 oo
S EECy 5234361 645453 19414 5134652  834+32 5844574
(=) i
SE Slope WOF 5816 0384008 3554490 —073£009 1974021
NS .
S R 0.992 0.990 0.992 0.998 0.977 0.996
RMSE 432 259 0.22 0.004 0.001 0.0002

Ymax, Gmax, 0or 1/Ds in distilled water; Gmax, Final germination percentage, Dsy, Time to reach 50% germination;
SH, Sunn hemp extract; NOECsp, Half maximal effective concentration of Fe3O4/sunn hemp NPs; NOECyax,
Maximal effective concentration of Fe304/sunn hemp NPs; EEC5, Half maximal effective concentration of

treatments; RMSE, Root Square Error; R2, Coefficient of determination.
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3.5. Extract Components

Table 3 displays the results of the sunn hemp GC-MS analysis utilized in this experi-
ment. The analysis identified 37 dominant components in the extract, with Nonadecane
(105.8 mg/g), Heneicosane (58.1 mg/g), Pentadecanone, 6, 10, 14-trimethyl (33.3 mg/g),
Heptadecane (31.8 mg/g), Triallylsilane (33.7 mg/g), Phytol (39.5 mg/g), and Crotonic acid,
Menthyl ester (35.4 mg/g) being the most prevalent compounds. Among these components,
nonadecane was the dominant compound, with concentration (0.06-21.16 g L) across
concentrations of sunn hemp, ranging from 10 to 200 ¢ L~ Interestingly, the concentrations
of the other components of the extract remained relatively constant.

Table 3. GC-MS results for sunn hemp at the minimum and maximum tested concentrations [45].

c i Plant Content Extract Content
Row omponents Time (mg/g) Min (mg/L) Max (mg/L)
1 Naphthalene 14.9 11.9 0.06 2.38
2 Apha-Cubebene 18.3 7 0.04 1.40
3 Caryophyllene 19.2 7.5 0.04 1.50
4 H-Cyclopropala]naphthalene 19.5 10.7 0.05 2.14
5 5,9-Undecadien-2-one, 6,10-dimet 19.9 8.3 0.04 1.66
6 Hexadecane 20.1 5.6 0.03 1.12
7 1,2,4-Methenoazulene, decahydro 20.6 6.9 0.03 1.38
8 Buten-2-one, 4-2,6,6-trimethy 20.7 13.8 0.07 2.76
9 Caryophyllene oxide 22.7 11.7 0.06 2.34
10 Cyclohexane, 1,1,3,5-tetramethyl 22.8 5.7 0.03 1.14
11 Heptadecane 247 31.8 0.16 6.36
12 Octadecane 26.5 5.1 0.03 1.02
13 Pentadecanone, 6,10,14-trimethyl 27.3 33.3 0.17 6.66
14 Z-5-Nonadecene 27.8 13.4 0.07 2.68
15 Nonadecane 28.3 105.8 0.53 21.16
16 5,9, 13-Pentadecatrien-2-one, 6,1 28.6 11.5 0.06 2.30
17 Triallylsilane 29.1 33.7 0.17 6.74
18 N-Hexadecanoic acid 29.3 8.5 0.04 1.70
19 Eicosane 29.8 19.2 0.10 3.84
20 Heneicosane 314 58.1 0.29 11.62
21 Phytol 31.6 39.5 0.20 7.90
22 Dodecane, 1-cyclopentyl-4-3-cyc 329 28.2 0.14 5.64
23 Cyclohexane, 1-ethyl-2-propyl 35.1 10.8 0.05 2.16
24 Cyclohexane, 1,1’-methylenebis 35.6 6 0.03 1.20
25 Triallylsilane 36.4 20.5 0.10 4.10
26 Tetracosane 415 12.1 0.06 2.42
27 Cyclohexane, 1,1'-propylidenebis 43.3 17.5 0.09 3.50
28 Eicosane, 3-cyclohexyl 43.4 14.5 0.07 2.50
29 Cyclooctane, 1-methyl-3-propyl 439 7.7 0.04 1.54
30 Cyclohexane, (1-decylundecyl) 442 16.3 0.08 3.26
31 Phosphorous acid, tris (decyl) ester 443 11.6 0.06 2.32
32 Cyclohexane, 2,4-diethyl-1-methyl 444 7.1 0.04 1.42
33 Decane, 5, 6-bis 2,2-dimethylprop 449 6.3 0.03 1.26
34 Benzene, 1-fluoro-2-methoxy 45.6 24.5 0.12 4.90
35 Crotonic acid, menthyl ester 45.7 35.4 0.18 7.08
36 1,2-Dodecanediol 46.2 6.6 0.03 1.32
37 Octen-2-one, 3,6-dimethyl 46.3 28.8 0.14 5.76

4. Discussion

Biosynthesis of NPs using plant extracts with allelopathic properties is cost-effective
and environmentally friendly, and can be implemented as an alternative to synthetic
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herbicides for weed management [46,47]. This study evaluates the effectiveness of using
green synthesis of Fe;04 NPs with allelopathic sunn hemp (SH) extract in inhibiting the
germination of three common weeds.

Our results demonstrated that SH aqueous extract, Fe304 NPs, and Fe304/sunn hemp
NPs considerably inhibited the germination of A. retroflexus, S. arvensis, and C. album.
The extent of inhibition, however, varied among species, reflecting differences in sensitivity.
This variation in germination potential is among species” inherent biological differences
and ecological adaptations that influence their competitive abilities in agricultural set-
tings [48-50]. As our results exhibited, A. retroflexus had the highest sensitivity to SH
extract among other species, whereas C. album displayed relative tolerance. This variability
in response may stem from differences in seed coat permeability and water absorption
mechanisms, as thicker seed coats in C. album likely limited water and allelochemical
uptake [51], and C. album had 77% germinating rate in control conditions.

Sunn hemp extract, notably lowered Gmax while raising the 1/Dsg values for all
three weed species, suggesting a delay in the time needed to achieve 50% germination.
Sunn hemp extracts inhibited germination because allelochemicals can hinder endosperm
weakening and embryo growth (processes required for endosperm rupture and root pro-
trusion) [52,53]. Gas chromatography-mass spectrometry (GC-MS) analysis of SH extract
identified phytol, terpenes, and other compounds; however, isolating individual com-
pounds is necessary to elucidate their specific modes of action. Prior research has indicated
that the SH aqueous extract contains a variety of phytochemicals, including alkaloids, and
flavonoids [18,54]. Prior studies reported that alkaloids impact seeds by hindering water
uptake, disrupting germination enzymes, and affecting hormonal balance [55]. The effect
of phenolic compounds varies by their concentration and receptor sensitivity. Additionally,
flavonoids inhibit germination by disrupting cell membrane permeability and causing
leakage [56,57]. Our results are aligned with Skinner et al. [25], and Abdelmalik et al. [58],
who found that dried ground sunn hemp residues and leaf extracts inhibited germination
and seedling growth of various weeds and cover crops and also that there is a correlation
between extract concentration and reduced germination.

The comprehensive characterization of Fe3O4 NPs synthesized using SH extract un-
derscores the adaptability of these materials. Analytical techniques, including XRD, SEM,
FTIR, TGA, BET, and VSM, demonstrated the structural integrity, presence of functional
groups, microstructural features, thermal stability, surface characteristics, and magnetic
properties of the NPs. The findings affirmed the viability of employing SH extracts for
functionalization, highlighting the practical potential of NP synthesis with SH [59]. The re-
sults of this study indicated that in optimizing the Fe3O4 NPs effect in the control group,
Gmax ranged from 100 to 77% for A. retroflexus, S. arvensis, and C. album. Germination
significantly decreased by 80-68% at the highest Fe;04 NPs concentration (3000 mg L),
while concentrations up to 200 mg L~! did not inhibit germination in these three weed
species (Figure 2). These findings suggest that low concentrations of Fe304 NPs do not
inhibit seed germination and therefore may not significantly threaten weed establishment.
However, a high concentration of Fe;04 NPs (3000 mg L) significantly reduced germina-
tion, possibly due to insufficient interaction of the functional groups of the NPs at this level.
The functional groups of Fe3O4 NPs effective in stabilizing reactive oxygen species (ROS)
during seed germination mainly include oxygen-containing groups (COOH-, OH-, C=0,
and -O) that interact with ROS and regulate oxidative stress [60]. Fourier-transform infrared
spectroscopy (FTIR) analysis of Fe304 NPs revealed C-O and O-H bonds (Figure 1e), yet
there was probably insufficient interaction to neutralize radicals and control ROS at high
Fe;04 NPs concentrations, led to a severe reduction and inhibiting seeds germination.
These findings align with previous research [61], which indicated that Parthenium-mediated
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green synthesis of Fe304 NPs greatly reduced corn seed germination at 400 ppm, while
lower concentrations acted as micronutrients. Additionally, based on the NOECs results,
A. retroflexus seeds demonstrated the highest tolerance to Fe3O4 NPs. Increased Fe;Oy
NPs concentration reduces seed germination in A. retroflexus, S. arvensis, and C. album.
Despite the high concentrations utilized in this study, it is noteworthy that the evalu-
ated weed species did not show statistically significant differences in NOECnax values.
This underscores the toxic effects of elevated concentrations of Fe304 NPs, necessitating
further research into the mechanisms of action of seeds against Fe304 NPs. Another report
indicated that high concentrations of Fe;04 (>100 mg L~1) exacerbated oxidative stress
markers (malondialdehyde, H,O,) in rice seedlings [62]. Our findings are also aligned with
Kornarzynski et al. [63], who investigated the effects of Fe304 NPs on seed germination
and element concentration in Helianthus annuus L., reporting Fe3O4 NPs’ toxic effects on
the reduction of germination parameters.

Green-synthesized Fe3O4 NPs with SH extract (SH + NOECsg) reduced or completely
stopped the germination of S. arvensis, C. album, and A. retroflexus. In addition to the
varying sensitivities of weed seeds to SH extract, Fe304 NPs, and Fe304/sunn hemp NPs,
increasing the concentration of Fe3O4/sunn hemp NPs reduced or eliminated germination.
This reduction in germination is likely due to the decreased NP surface area at higher
extract concentrations. As shown by the BET results (Table 1), surface area decreases
for Fe304/sunn hemp (15% and 20%) NPs with increasing extract concentration. The re-
duced BET surface area of green synthesized Fe;O4 NPs with SH extract may hinder seed
germination by limiting water and NPs uptake, interaction with seeds, and possibly nutri-
ent delivery [63,64]. However, increasing SH concentration in the Fe;O,4 green synthesis
enhanced the functional groups (C-O and O-H) (Figure le). In this study, the observed
reduction in NPs surface area at 15% and 20% concentrations (150 and 200 g L1 may
limit the interaction of these functional groups, reducing their ability to alleviate oxidative
stress during germination [60,65]. While Fe304 NPs can have both positive and negative
effects on germination [66-68], the unique properties of Fe3O4 NPs, including their small
size, high surface area, modifiable surface, functional groups, and magnetic properties,
likely influence their mechanism of action [69]. For instance, one study found that root
water uptake decreased to 57% of the control at 50 mg L~! and further decreased to 26% at
100 mg L1 [63].

5. Conclusions

The use of natural products, such as plant extracts, for weed control has gained
popularity due to their short environmental half-lives, low toxicity, and eco-friendliness.
This study examined the effectiveness of sunn hemp leaf extract, Fe304 NPs, and their
green synthesis on the seed germination of three globally common weeds. Weed species
exhibited variable responses to sunn hemp extracts, Fe304 NPs, and Fe3O4/sunn hemp
NPs, underscoring the importance of tailoring weed management strategies to specific
species. The combination of Fe304 NPs and sunn hemp extract enhanced their inhibitory
effects on weed germination, suggesting a synergistic interaction between nanoparticles
and allelochemicals. Understanding the mechanisms underlying these differences, such
as seed coat permeability, functional groups of NPs, and water absorption, may improve
the efficacy of natural herbicides. The results indicated that the concentration of NPs and
sunn hemp extract plays a critical role in their effectiveness. While low concentrations had
minimal impact, higher concentrations significantly inhibited germination, emphasizing
the need for precise dosing in practical applications.
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BET Brunner-Emmet-Teller
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Gmax Final germination percentage or Maximum germination

NOECs Half maximal effective concentration of Fe304 NPs and Fe30,/sunn hemp NPs
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SEM Scanning electron microscopy
SH Sunn hemp extract
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Appendix A

Table Al. Estimated parameters of cumulative germination changes on A. retroflexus influenced by different concentrations of sunn hemp extract and Fe3O4/sunn
hemp NPs.

Sunn Hemp Aqueous Extract Fe304/Sunn Hemp NPs

SugntHe:np SH SH + NOECs, SH + NOECpax
xtrac
Concentrations (g Estimate Parameter , Estimate Parameter , Estimate Parameter ,
L Gmax D5 Slope R RMSE Gmax Dso Slope R RMSE Gmax Dso Slope R RMSE
(%) (h) (%) (h) (%) (h)
999+ 213+ 53+ 508+ 273+ 258 % 8.0+ 1926 £ 030+
0 0.05 0.01 0.01 0999 0.002 1.3 3.6 7.7 0961 354 0.00 0.39 0.02 0999 0.001
846+  265=+ 52+ 455+ 527+ 335+ 2.6 £ 1961+ 036 =
10 0.01 0.02 0.01 0999 0.004 0.5 1.7 23 0995 125 0.00 0.30 0.02 0999 0.001
151+ 955+ 210+ 85+ 1336 £ 167+ 20+ 2001+ 030+
20 024 174 20 090 080, 21 25 0P 04 0 030 oo 09 002
47+ 2007+ 380+ 1.0+ 2048+ 030+
100 - - - - - 30 31 106 0.859 0.34 0.00 0.36 0.01 0.995  0.067
14+ 2394+ 382+ 0.6 + 2221+ 026 =+
150 - - - - - 32 07 13 0.999 0.01 0.00 0.34 0.01 0999  0.002
200 - - - - - - - - - - - - - - -

Gmax, Final germination; D5y, Time to reach 50% germination; SH, Sunn hemp extract; NOECsy, Half maximal effective concentration of Fe304/sunn hemp NPs; NOECax, Maximal
effective concentration of Fe304/sunn hemp NPs; RMSE, Root Mean Square Error; R?, Coefficient of determination.
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Table A2. Estimated parameters of cumulative germination changes on S. arvensis influenced by different concentrations of sunn hemp extract and Fe304/sunn

hemp NPs.
Sunn Hemp Aqueous Extract Fe304/Sunn Hemp NPs
Sunn Hemp SH SH + NOECs SH + NOECmax
Extract
Concentrations Estimate Parameter Estimate Parameter Estimate Parameter
_ 2 2 2
gL G;mx Dso Slope R RMSE G;mx Dso Slope R RMSE G;nax Dso Slope R RMSE
(%) (h) (%) (h) (%) (h)
99.8 + 30.6 + 72+ 50.8 + 60.9 + 38.7 + 2.0 + 1982+  0.05+
0 0.01 0.11 0.01 0.999 0.30 1.10 2.9 4.1 0.989 217 0.00 0.29 0.02 0.999 0.001
96.2 + 421+ 16.8 + 46.8 + 63.0 + 27.0 +
10 0.87 1.17 1.4 0.996 249 0.47 1.4 1.8 0.996 L.16 ) ) ) ) )
6.0 £ 55.3 + 159 + 32+ 1212+ 398+
>0 0.06 1.08 1.3 099 0.16 0.29 9.0 9.2 0934 039 i ) i ) i
39+ 69.9 + 215 + 2.0 + 169.0+ 263+
100 0.12 4.05 5.0 0958 0.3 0.13 4.8 7.2 0971 0.17 ) ) ) ) )
19+ 1720+ 263+
150 - - - - ” 0.03 13 7o 092 0l ) ) ) ) )
1.0+ 199.0 + 0.26 +
200 - - - - - 0.03 0.8 0.2 0.999 0.00 - - - - -

Gmax, Final germination; D5y, Time to reach 50% germination; SH, Sunn hemp extract; NOECsy, Half maximal effective concentration of Fe304/sunn hemp NPs; NOECnax, Maximal
effective concentration of Fe304/sunn hemp NPs; RMSE, Root Mean Square Error; R?, Coefficient of determination.
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Table A3. Estimated parameter of cumulative germination change on C. album influenced by different concentrations of sunn hemp extract and Fe3O4/sunn hemp

NPs.
Sunn Hemp Aqueous Extract Fe304/Sunn Hemp NPs
Sunn Hemp SH SH + NOECs SH + NOECax
Extract
Concentrations Estimate Parameter Estimate Parameter Estimate Parameter
(gL-1) R> RMSE R> RMSE R> RMSE
8 G;“ax Dso Slope G;“ax Dso Slope G;“ax Dso Slope
(%) (h) (%) (h) (%) (h)
77.3 + 50.7 + 8.8 &+ 42.6 + 61.3 &+ 459 + 6.0 + 192.6 + 0.35 +
0 0.05 0.04 0.07 0.999 0.14 1.72 1.32 7.12 0.982 249 0.001 0.38 0.02 0.999 0.001
66.7 + 54.0 &+ 79 + 36.9 + 82.9 + 27.5 + 2.0+ 1925 + 0.05 £+
10 0.03 0.05 0.04 0.999 0.10 0.36 2.92 1.73 0.997 0.87 0.001 0.38 0.02 0.999 0.001
60.6 & 68.7 + 1.6 + 325+ 90.9 4+ 30.2 + 1.5+ 196.0 £+ 0.06 &
50 0.15 1.24 0.085 0.999 0.42 0.89 4.68 3.98 0.989 1.85 0.001 0.35 0.01 0.999 0.001
25+ 134.9 + 87.8 + 1.3+ 200.1 + 0.30 &
100 - - - - - 0.70 327 g2 08B 029 h0m 030 oo1 099 000
2.0+ 169.0 & 26.3 + 09 + 208.3 + 0.26 &
150 ) ) ) ) ) 0.13 4.8 7.2 0.971 0.17 0.002 0.40 0.01 0.999 - 0.001
1.0 & 199.8 + 0.26 £+ 0.6 = 221.2 + 0.19 +
200 - - - - - 013 o4 0.2 0.999 0.001 0.001 0.35 0.01 0.999 0.001

Gmax, Final germination; D5, Time to reach 50% germination; SH, Sunn hemp extract; NOEC5y Half maximal effective concentration of Fe3O,/sunn hemp NPs; NOECnax, Maximal
effective concentration of Fe304/sunn hemp NPs; RMSE, Root Mean Square Error; R?, Coefficient of determination.
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