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ARTICLE INFO ABSTRACT

Keywords: This study aimed to assess the transfer factor (TF) of heavy metals (HMs) from soil to commonly
Heavy metals consumed vegetables irrigated with different water sources. The field study covered 36 m? of
Irrigation

agricultural land in Kermanshah province, Iran, divided into nine equal-sized plots. Coriander,

grimfer factor basil, and radish were the three types of vegetables cultivated and subjected to irrigation over two
Ol PETI . .
Vegetables months, utilizing three different water sources: treated wastewater effluent (TWE), river water

(RW), and well water + nitrogen fertilizer (WWF). After the irrigation and harvesting stages, soil
samples from the cultivation area and harvested vegetables were collected. These samples un-
derwent analysis using the ICP-OES method to assess HM levels and subsequent calculation of the
TF of HMs from soil to plants. The results revealed that the TF levels indicated plants’ relatively
weak response (TF < 1) to the absorption of HMs. For non-toxic elements (Mn, Fe, Zn, Cu, Ni), TF
values were generally higher than those for toxic elements (Cd, As, Pb) across all three vegetable
types and irrigation treatments. The study’s findings suggest that the TF of HMs in the studied
vegetables varied based on the irrigation source and vegetable type. Various factors, including the
type of irrigation source and vegetable, influenced the TF of HMs, each having different impacts
on the transfer rate of each HM. The study highlights the importance of monitoring irrigation
water and soil quality to prevent the accumulation of HMs in cultivated vegetables, thereby
mitigating potential risks to human health.

1. Introduction

The accumulation of heavy metals (HMs) and their metabolites in agricultural soils poses a significant concern related to the food
chain. The entry of HMs into agricultural soils can disrupt the metal balance in the soil, leading to the transfer of these metals to
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agricultural products. Ultimately, this may increase the potential health risks for consumers of those agricultural products [1-4].

Soil HMs can originate from two primary sources, including natural and human activities. The amount of natural HMs varies from
one region to another and depends on the natural characteristics of the soil in that region. Human activities, on the other hand, are
related to activities carried out by humans that cause an increase in HMs in the soil. These activities include the construction of in-
dustries near agricultural lands, atmospheric deposition, burying dangerous solid waste materials in the soil, waste incineration,
leakage of petrochemical products in the ground, the use of various organic and inorganic fertilizers in agricultural lands, the use of
sewage sludge as fertilizer, the use of pesticides, and the use of polluted irrigation water, especially municipal and industrial sewage
effluents [1,5-9].

HMs are a significant source of pollution in edible vegetables [10]. HMs that are non-biodegradable have long biological half-lives
and can accumulate in various organs of the body, leading to adverse effects in humans [11-13]. Due to their solubility in water, most
HMs are highly toxic and can easily be converted to toxic levels [14].

Researchers have increasingly directed their attention toward the potential hazards associated with the intake of HMs in food items,
specifically vegetables, in response to the growing demand for food safety [11,12,14-16]. However, it is important to acknowledge
that fruits and vegetables are essential components of the human diet, playing a critical in supplying essential nutrients. As under-
standing of their nutritional value increases, the consumption of vegetables rises. Therefore, the contamination of vegetables with
various pollutants, especially HMs, poses a significant threat to human health [16-19].

Leafy vegetables have a high potential for accumulating HMs, posing a major concern for consumers’ health. Lead (Pb) and
cadmium (Cd) are among the most common and dominant HMs in vegetables, and they are also toxic [20,21]. The high level of HMs in
food is associated with many diseases, especially heart, renal, neurological, and bone diseases [22-24]. In addition, these types of
metals have other harmful effects, such as the induction of cancer, genetic mutations, and congenital disabilities [25,26].

Moreover, essential elements, including zinc (Zn), copper (Cu), manganese (Mn), and iron (Fe), play crucial roles in physiological
and biochemical functions, contributing to the maintenance of human health. However, excessive levels of these metals can lead to
adverse health effects. Zn deficiency is associated with a wide range of immune system impairments, while Cu deficiency is associated
with anemia, neutropenia, and skeletal deformities [27-29]. Conversely, an excessive increase in Cu is associated with hepatic injury,
and a high Zn level may result in negative nutritional interactions with Cu, leading to impaired immune system activity. Additionally,
high concentrations of Fe and Mn can cause pathological conditions, such as the accumulation of iron oxides in individuals affected by
Parkinson’s disease [30].

The transfer or translocation factor (TF) of HMs from soil to plants is crucial for evaluating the uptake of HMs by plants [31]. TF for
metals is calculated as the ratio of the concentration of HMs in the plant extract to the total concentration of HMs in the soil extract [32,
33]. Total HM concentration in the soil is considered for metal TF, as the soil’s storage capacity for HMs is a critical factor influencing
the diffusion of HMs from the solid phase to the liquid phase [34]. The availability of metals for plants is controlled by the plants’
requirements for micronutrients and their capacity to absorb or remove toxic elements [35]. This availability varies among different
plants and depends on various parameters, including plant species, HM concentration in the soil, environmental and weather con-
ditions, pH, organic carbon, cation-exchange capacity, plant growth stage, microorganisms around plant roots, active and passive
transport processes, sequestration and speciation, redox states, type of plant root system, plant response to elements in seasonal cycles,
and irrigation water quality [36-42]. Based on these parameters, plants are classified into three groups: excluders, indicators, and
accumulators [35]. Herbs absorb fewer metals than fast-growing plants, such as lettuce, spinach, carrot, and tobacco [35].

Higher TF values (>1) indicate that the plant efficiently absorbs metals from the soil, making it more suitable for phytoextraction
and phytoremediation. In contrast, lower TF values suggest that the plant has a weak response to the absorption of HMs, making it
suitable for human consumption [43].

The accumulation of HMs in vegetables and their bioavailability for human consumption is an area that requires further research.
To mitigate the potential health risks associated with HMs, producing vegetables with lower metal content and better compatibility
with agricultural practices is important. In summary, the TF of HMs from agricultural soil to vegetables is a valuable metric for
evaluating human exposure to HMs through the intake of vegetables and for assessing the health risks associated with HMs in veg-
etables. This study aimed to determine the TF of different elements, including Fe, Mn, Cu, Zn, lead (Pb), arsenic (As), nickel (Ni),
cadmium (Cd), and chromium (Cr), in soil irrigated with different sources for coriander, basil, and radish. These vegetables were
selected because they are commonly consumed in Iran and have a short life cycle. Basil and coriander are consumed as leaves, while
radish contains both leaves and edible tubers. The selection of these vegetables allowed for investigating the TF of different HMs in
both the edible leaves and tuber, providing more information on potential health risks associated with HMs in vegetables. The irri-
gation sources investigated in this study included well water with fertilizer (WWF), treated wastewater effluent (TWE), and river water
(RW).

2. Materials and methods
2.1. Characterizations of the study area

A 36 m? portion of agricultural land adjacent to the sewage treatment plant in Kermanshah province was chosen as the cultivation
site. The province of Kermanshah, located between 33°37’ and 35°17' N and 45°20' and 48°1' E, spans an area of 24,640 km? in Iran.
The region experiences an average annual precipitation of 450 mm, with hot, arid, clear summers and cold, partly cloudy winters. The
temperature in Kermanshah typically varies between —4 °C and 38 °C throughout the year, with occasional dips below eight °C and
highs above 44 °C.
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2.2. Cultivation and irrigation of vegetables

The cultivation of vegetables commenced on April 19, 2021. As illustrated in Fig. 1, the selected agricultural land (36 m?) was
divided into nine parts (P), each measuring 2 x 2 m (4 m?). The study involved the cultivation of three distinct species of vegetables:
coriander, basil, and radish. These vegetables were grown in three separate portions, denoted as P1, P4, and P7 for coriander; P2, P5,
and P8 for basil; and P3, P6, and P9 for radish. The planting process was carried out in an environment characterized by clear, sunny
weather and balanced temperatures. Each type of vegetable was watered using three distinct water sources. Consequently, specific
areas of the farmed land were allocated for cultivating each type of vegetable, with each area irrigated using a designated water supply.
The three irrigation sources employed in this investigation were as follows:

1. Well water (groundwater) + nitrogen fertilizer (WWF) was used for irrigation in sections P1, P2, and P3, with nitrate nitrogen
fertilizer applied to the agricultural soil at 15 g per square meter.

2. Qarasu River water (RW) was used for irrigation in sections P4, P5, and P6.

3. Treated wastewater effluent (TWE) from Kermanshah City was used for irrigation in sections P7, P8, and P9.

The mean concentration of various HM pollutants in the water samples used for irrigation is presented in Table 1. Following the
cultivation and seeding of all nine sections (Fig. 1), the initial irrigation was carried out using well water. Subsequently, over two
months (60 days), irrigation was performed at 20 intervals using each irrigation source, with a frequency of every three days.

A drinking tap water near the cultivation site was irrigated with WWE. On the other hand, 20-L gallons were utilized to transport
the water required for irrigation and to prepare the RW and TWE. Furthermore, to ensure optimal and beneficial irrigation practices,
all parts were irrigated after sunset, when the temperature had dropped. In the case of irrigation with WWF, fertilizers were applied to
sections P1, P2, and P3 in three stages during the cultivation and irrigation stages.

2.3. Sampling

2.3.1. Sampling of soil

Before planting vegetables, ten composite soil samples were collected from the cultivation site at five different points (P1, P2, P5,
P7, and P9) at a depth of 30 cm. These initial soil samples were labeled as soil samples without irrigation (SWI), and each sample was
divided into three sections, resulting in 30 SWI samples for subsequent analysis. Following the vegetable harvest, soil samples were
collected from different sections denoted as P1-P9. Six soil samples were obtained from areas P1-P3, irrigated with well water and
chemical fertilizers (SWWF). Similarly, six soil samples were collected from sections P4-P6 and irrigated with river water (SRW).
Additionally, six soil samples were taken from areas P7-P9, irrigated with treated sewage effluent (STWE). In total, 18 soil samples
subjected to irrigation and ten samples not subjected to irrigation were collected, and each sample was subdivided into three portions.
During this study phase, 84 samples were analyzed for the presence of HMs.

2.3.2. Sampling of vegetables

Five samples were taken from each type of vegetable, each produced with different watering schedules. Consequently, 45 samples
were obtained and transferred to the laboratory, considering the three types of vegetables and three irrigation treatments. Each
collected sample was analyzed with three repetitions, resulting in the analysis of 135 samples for the target pollutants. The leafy parts
of coriander and basil were subjected to analysis. For radish, both the leaves and tubers were combined before analysis.

2.4. Sample preparation

The collected soil samples were air-dried for 24 h and were subsequently sieved through a 2 mm mesh to eliminate gravel and other
impurities. To digest the soil samples, 2 g of pre-dried soil was placed into a 25 mL flask, and 15 mL of 4 N nitric acid was added. The

Coriander Basil Radish
Vegetable Vegetable Vegetable

Well Water+
Chemical Fertilizer

River Water

Treated Municipal
Wastewater

Fig. 1. The method of placing the vegetables on designated plots and watering them with different irrigating treatments.
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Table 1

Concentration of HMs in various irrigation water sources.
HMs Various irrigation water sources (mean + SD) (mg/L)

RW TWE wWw

Fe 3.700 + 1.419 1.681 + 0.376 0.113 + 0.037
Zn 2.757 +£1.110 0.258 + 0.066 0.146 + 0.025
Mn 1.987 + 0.777 0.086 + 0.062 0.042 + 0.010
Cu 1.087 + 0.573 0.052 + 0.028 0.022 + 0.006
As 0.117 + 0.022 0.022 + 0.007 0.004 + 0.001
Pb 0.858 + 0.257 0.043 + 0.004 0.004 + 0.001
cd 0.082 + 0.007 0.058 + 0.020 0.002 + 0.000
Cr 1.150 + 0.082 0.029 + 0.007 0.045 + 0.004
Ni 1.317 + 0.238 0.045 + 0.012 0.042 + 0.007

HMs: heavy metals; RW: river water; TWE: treated wastewater effluent; WW: well water.

mixture was thoroughly mixed and placed in a hot water bath at 80 °C for 12 h. Following cooling, the samples were filtered using a 42-
pm Whatman paper filter into another 25 mL flask. Finally, the obtained extract was adjusted to volume using double-distilled water
[12].

To perform acid digestion of vegetable samples, 0.2 g of dried vegetables were weighed and transferred into a 25 mL flask, followed
by the addition of 4 mL of concentrated nitric acid. The flask was then placed in a hot water bath at 65 °C for 1 h, with the water bath
temperature subsequently increased to 100 °C for 90 min. After cooling to laboratory temperature, 0.2 mL of 37 % H30, was added to
the flask to digest organic matter, and the samples were left for half an hour to complete the process. The sample was then filtered
through a Whatman paper filter into another 25 mL flask. Finally, the resulting extract was adjusted to volume using double-distilled
water [12,44].

2.5. Determination of heavy metals in soil and plants

After the soil and vegetable samples were prepared, the HM content in each sample was measured using an inductively coupled
plasma optical emission spectrometry)ICP-OES(device (SPECTRO, Germany) with the characteristics listed in Table S1. Limit of
detection (LOD) of this device for metals As, Cd, Pb, Cu, Fe, Zn, Cr, Mn, and Ni was 0.179, 0.049, 0.166, 0.306, 0.160, 0.270, 0.564,
0.325, 0.240 pbb, respectively. Also, the recovery percentages for the mentioned metals were 96.8 + 7.2, 98.5 + 66.6, 94.6 + 7.2,
104.5 + 8.4,97.6 + 3.3, 101.4 & 8.4, 95.4 + 3.6, 98.5 + 2.8, and 97.5 + 6.7, respectively.

2.6. Evaluation of the transfer factor

To determine the actual amount of HMs absorption by each vegetable, the TF was computed using Eq. (1). The TF represents the
ratio of the concentration of a particular pollutant in the plant to the concentration of the same pollutant in the soil [2,3,35,36,38,39].
It is important to note that the calculation of the TF requires consideration of each plant type with its corresponding soil sample.

_ CmP (mg/kg dry weight)
" CmS (mg/kg dry weight)

Eq. (1)

In this equation, TF is the transfer factor of HMs from soil to plant, while CmP and CmS refer to the concentration of HMs in the
plant and soil, respectively.

Table 2
Transfer factor of HMs from soil to coriander vegetable based on the average, minimum, and maximum concentration of HMs in soil and vegetable.
Soil type Based on the average concentration of heavy metals
Fe Zn Mn Cu As Pb cd Cr Ni
SRW 0.20 + 0.03 0.09 + 0.02 0.19 + 0.04 0.10 £+ 0.02 0.02 £+ 0.01 0.01 £+ 0.01 0.05 £+ 0.03 0.02 + 0.01 0.01 +0.01
STWE 0.14 £+ 0.02 0.21 £+ 0.02 0.25 £+ 0.02 0.02 £ 0.01 0.02 £ 0.01 0.02 £ 0.01 0.11 + 0.02 0.01 £ 0.01 0.03 £ 0.01
SWWF 0.13 £ 0.01 0.06 + 0.01 0.57 £ 0.04 0.07 £ 0.01 0.04 £ 0.01 0.02 + 0.01 0.04 £ 0.01 0.03 £ 0.01 0.04 £ 0.01
- Based on the minimum concentration of heavy metals
SRW 0.17 0.07 0.11 0.06 0.01 0.01 0.02 0.01 0.01
STWE 0.10 0.17 0.21 0.02 0.01 0.01 0.08 0.01 0.02
SWWF 0.12 0.05 0.52 0.06 0.03 0.01 0.03 0.02 0.03
- Based on the maximum concentration of heavy metals
SRW 0.25 0.14 0.25 0.13 0.04 0.01 0.10 0.03 0.02
STWE 0.17 0.26 0.28 0.03 0.04 0.02 0.14 0.01 0.04
SWWF 0.15 0.08 0.62 0.09 0.06 0.02 0.06 0.04 0.05

SRW: Irrigated soil by river water; STWE: Irrigated soil by treated wastewater effluent; SWWF: Irrigated soil by well water and fertilizer.
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2.7. Statistical analysis

To compare the TF of each HM among various soils and vegetables, a one-way analysis of variance (ANOVA) test was conducted
using SPSS software version 25, with a significance level set at o = 0.05.

3. Results and discussion
3.1. Effect of different irrigation sources on the transfer factor of heavy metals in various vegetables

Tables 2-4 present the results of the TF of HMs from soil cultivated using three different types of irrigation for the three plants
studied, based on the average, minimum, and maximum concentrations of HMs. The results showed that the TF of different HMs in
coriander, basil, and radish varied depending on the irrigation source. For WWF irrigation source, the order of TF from the highest to
the lowest level of this factor was Mn > Fe > Cu > Zn > Cd ~ As ~ Ni > Cr > Pb for coriander, Mn > Fe > Zn > Cu ~ As > Ni > Cd > Cr
> Pb for basil, and Mn > Fe > Zn > As > Cu > Cd ~ Ni > Cr ~ Pb for radish. For TWE, the order of TF was Mn > Zn > Fe > Cd > Ni ~ Cu
> As > Pb ~ Cr for basil, Mn > Fe > Zn > Cd > Cu > As ~ Ni > Pb ~ Cd for radish, and Mn > Zn > Fe > Cd > Ni > Pb &~ As =~ Cu > Cr for
coriander. For RW irrigation treatment, the order of TF was Fe > Mn > Zn > Cd > Cu =~ Ni > Cr > As > Pb for radish, Fe > Mn > Cu >
Zn > Cd > As ~ Cr > Ni ~ Pb for coriander, and Fe > Mn > Zn > Cd > Cu =~ Ni > Cr > As > Pb for basil (Tables 2-4). The results
consistently indicated that the TF values were less than 1 in all cases, suggesting a relatively weak response of the studied plants to the
absorption of HMs. This discovery indicates that the contamination levels of HMs in the plants studied might not pose a significant
barrier to consuming these vegetables. However, it remains vital to comply with environmental quality standards established by
national or international regulations and the relevant authorities responsible for ensuring environmental safety. This adherence is
essential to guarantee the safe consumption of vegetables.

Based on the results of the study, it is evident that the use of WWF and TWE irrigation sources for cultivating the studied vegetables
increases the potential for Mn to enter the food chain compared to other HMs, while the potential for Pb and Cr to enter the food chain
is the lowest in most cases. Conversely, using the RW irrigation source is associated with HM’s highest and lowest potential entering
the food chain for Fe and Pb, respectively. Although the characteristics of different irrigation treatments can affect the TF, the high TF
rate for Mn and Fe can be explained by the high mobility of these metals in the soil. On the other hand, the low TF rate for Pb and Cr in
the investigated vegetables can be attributed to their ability to bind to soil and lower mobility within the soil than other HMs [8].

Based on the results mentioned above, in all three types of vegetables and irrigation treatments, the TF of non-toxic metals (Mn, Fe,
Zn, Cu, Ni) was higher than that of toxic metals (Cd, As, Pb). Furthermore, Cd’s TF was higher than that of Pb in all cases. Cd is an
element that readily joins the soluble part of organic matter (fulvic acid), making it highly mobile in soil and easily absorbed by plants
[45]. Wang et al. [36] found that the TF of Cd from soil to plants is ten times higher than that of Pb, attributable to the greater mobility
of Pb compared to Cd [36]. Cao et al. [46] demonstrated that the TF of HMs from soil to crops such as rice and vegetables follows the
order of Cd > Cr > Pb [46]. The application of compost on the soil surface has the potential to alter the labile fraction of Cd in soils and
promote the binding of Cd to humic and fulvic acids, thereby forming an organometallic complex that could impede the availability of
Cd to plants [47].

In all cases, the TF of Zn was found to be higher than that of Cd. This observation may be due to the chemical similarity of these two
elements and their antagonistic relationship, leading to competition in their absorption by vegetables. These findings align with similar
studies, including Cheraghi and Ghobadi [48], where parsley grown in fields irrigated with sewage effluent exhibited the lowest (1.14
mg/kg) and the highest (25.23 mg/kg) concentrations of Cd and Zn, respectively [48]. This trend has also been noted in the studies of
McKenna et al. [49] and Yildiz, [50]. Furthermore, Gebrekidan et al. [8] reported TF values of 42.89, 0.84, and 0.37 for Fe, Pb, and Cd,
respectively [8].

Table 3

Transfer factor of HMs from soil to basil vegetable based on the average, minimum, and maximum concentration of HMs in soil and vegetable.
Soil type Based on the average concentration of heavy metals

Fe Zn Mn Cu As Pb cd Cr Ni

SRW 0.28 + 0.04 0.12 +0.01 0.22 + 0.03 0.05 £+ 0.01 0.03 £+ 0.01 0.02 £+ 0.01 0.07 £+ 0.03 0.04 + 0.02 0.05 + 0.01
STWE 0.19 = 0.02 0.26 = 0.06 0.33 = 0.06 0.05 + 0.01 0.04 +0.01 0.02 £+ 0.01 0.08 +0.01 0.02 +0.01 0.05 +0.01
SWWF 0.18 + 0.01 0.08 + 0.01 0.29 £+ 0.03 0.06 + 0.01 0.06 £+ 0.01 0.02 £ 0.01 0.02 £ 0.01 0.02 + 0.01 0.03 £ 0.01
- Based on the minimum concentration of heavy metals
SRW 0.23 0.10 0.18 0.03 0.02 0.02 0.03 0.02 0.03
STWE 0.16 0.18 0.24 0.04 0.03 0.02 0.07 0.01 0.03
SWWF 0.17 0.07 0.24 0.05 0.05 0.01 0.01 0.02 0.02
- Based on the maximum concentration of heavy metals
SRW 0.35 0.14 0.27 0.08 0.05 0.03 0.11 0.08 0.07
STWE 0.21 0.36 0.40 0.06 0.06 0.02 0.11 0.02 0.07
SWWF 0.20 0.09 0.34 0.07 0.09 0.01 0.02 0.03 0.04

SRW: Irrigated soil by river water; STWE: Irrigated soil by treated wastewater effluent; SWWF: Irrigated soil by well water and fertilizer.
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Table 4

Transfer factor of HMs from soil to radish vegetable based on the average, minimum, and maximum concentration of HMs in soil and vegetable.
Soil type Based on the average concentration of heavy metals

Fe Zn Mn Cu As Pb cd Cr Ni

SRW 0.27 + 0.03 0.12 +0.01 0.13 + 0.02 0.07 £+ 0.02 0.03 +0.01 0.01 £+ 0.00 0.08 £+ 0.02 0.04 = 0.01 0.02 +0.01
STWE 0.29 £+ 0.02 0.13 £ 0.01 0.31 £ 0.05 0.05 £ 0.01 0.04 £ 0.01 0.01 £+ 0.00 0.06 + 0.01 0.01 = 0.00 0.04 = 0.01
SWWF 0.25 + 0.01 0.10 £ 0.01 0.52 £ 0.03 0.04 £ 0.01 0.07 £ 0.01 0.01 + 0.00 0.02 £ 0.01 0.01 £+ 0.00 0.02 £+ 0.01
- Based on the minimum concentration of heavy metals
SRW 0.24 0.10 0.10 0.05 0.02 0.01 0.04 0.02 0.01
STWE 0.26 0.12 0.23 0.04 0.03 0.01 0.04 0.01 0.03
SWWF 0.24 0.09 0.44 0.03 0.06 0.01 0.02 0.01 0.02
- Based on the maximum concentration of heavy metals
SRW 0.31 0.14 0.15 0.11 0.04 0.02 0.11 0.06 0.02
STWE 0.33 0.15 0.37 0.05 0.05 0.01 0.07 0.01 0.06
SWWF 0.27 0.11 0.57 0.04 0.09 0.03 0.03 0.02 0.02

SRW: Irrigated soil by river water; STWE: Irrigated soil by treated wastewater effluent; SWWF: Irrigated soil by well water and fertilizer.

3.2. Transfer factor among different irrigated soils for each specific heavy metal

The loading and accumulation of HMs in soil are contingent upon several factors, including the chemical speciation of the elements,
soil pH, organic matter content, soil texture, and cation exchange capacity (CEC) [51,52]. As pH levels increase, the percentage and
availability of metals decrease, alongside the content of organic matter, CEC, and clay [52]. The presence of carbonates, sulfates,
phosphates, and sulfides in the soil enhances the precipitation of metals, thereby reducing their availability to crops [51,52].
Furthermore, the absorption and release of elements in the soil are influenced by plant species, growth stage, and soil solution
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Fig. 2. The transfer factor of each specific heavy metal among various soils irrigated with different sources. *P < 0.05: Significant difference (It
means that at least one of the pairwise comparisons was significant); **P > 0.05: Non-significant difference (It means that non-pairwise comparisons
were significant). The depicted error bars represent the standard deviation.
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composition [53].

A comparison of the TF of HMs among different irrigated soils revealed that for Fe, the order of TF was SRW > STWE > SWWF. For
Zn, Pb, and Cd, the order of TF was STWE > SRW > SWWF. For Mn, the order of TF was SWWF > STWE > SRW. For As, the order of TF
was SWWF > STWE > SRW. For Cu and Cr, the order of TF was SRW > SWWF > STWE. For Ni, the order of TF was STWE > SWWF >
SRW (Fig. 2).

The ANOVA results showed that, except for Pb, there was at least one significant difference (P < 0.05) between the two irrigation
treatments regarding the average TF for each of the examined metals. This suggests that, in general, a significant difference (P < 0.05)
can be observed between different irrigation treatments in terms of the average TF for each of the examined metals (Fig. 2 &
Tables S2-S10).

Based on the study results, no consistent trend was observed in the TF of different metals based on the type of irrigation treatment.
Certain metals or a group of metals dominated the TF in each specific irrigation treatment. The irregularity in TF can be attributed to
various factors. For instance, if a particular irrigation treatment supplies more of a specific metal to the plant, that metal becomes more
accessible for absorption by the plant’s roots. Additionally, the inherent properties of a metal can influence its transfer rate from soil to
plant. However, the most crucial factor is that each irrigation treatment possesses unique physical and chemical properties, influencing
the soil’s characteristics. Consequently, these differences can impact the TF amount [49,50].

3.3. Transfer factor among different vegetables for each specific heavy metal

TF value measures plants’ ability to accumulate elements, with higher values indicating greater accumulation [54]. By comparing
the TF of HMs among different vegetables, it was found that for Fe and As, the order of TF was radish > basil > coriander; for Zn and Pb,
it was basil > coriander > radish; for Mb, it was coriander > radish > basil, for Cu and Cd it was coriander > basil > radish, for Cr it was
basil > radish > coriander, and for Ni, it was basil > radish ~ coriander (Fig. 3). These findings suggest that different vegetables have
varying abilities to accumulate HMs.

The accumulation and distribution of HMs in plants is a complex process influenced by various factors. These factors include the
plant species, the levels of metals in the soil, the types of elements and their bioavailability, the pH of the soil, the cation exchange
capacity, the climate conditions, and the growing season [55]. The continuous absorption and translocation of HMs in plants can
increase the concentration of these metals in plant tissues, even in soils with low metal concentrations [56].
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Fig. 3. The transfer factor of each specific heavy metal among various vegetables irrigated with different sources. *P < 0.05: Significant difference
(It means that at least one of the pairwise comparisons was significant); **P > 0.05: Non-significant difference (It means that non-pairwise com-
parisons were significant). The depicted error bars represent the standard deviation.
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The ANOVA results showed that for Fe, As, Pb, Cr and Ni, there was at least one significant difference (P < 0.05) between the two
vegetables regarding the average TF for each examined metal (Fe, As, Pb, Cr and Ni), whereas, for Zn, Mn, Cu and Cd, no significant
difference (P > 0.05) was observed in vegetables (Fig. 3 & Tables S11-S19).

The TF of HMs in different vegetables is primarily related to their physical and physiological characteristics. Factors such as the rate
of metal transfer from the root surface to the interior of the root, the movement of metals from inside the root to other parts of the plant,
the plant’s potential to absorb mobile ions from the soil and water, the volume and surface area of the plant’s root, and other plant
characteristics can collectively impact the TF of metals [50]. Moreover, Liu et al. [57] investigated the absorption of Cr, Cd, and Pb
elements by plants such as cabbage, barley, and spinach. The study reported that the TF of elements from soil to plants differs, with the
TF for Cd being greater than that of Cr and Pb [57]. Xiao et al. [58] also found that the TF of Cd from root to leaf is higher than from
root to stem [58].

4. Conclusions

The study revealed variations in the TF of HMs in vegetables, which were influenced by the irrigation source and vegetable type.
The TF levels consistently indicated a relatively weak response (TF < 1) in plants to HM absorption. Notably, Cd always exhibited a
higher TF than Pb, and Zn had a higher TF than Cd in all cases. The TF of non-toxic metals consistently exceeded that of toxic metals.
Different vegetables demonstrated varying abilities to accumulate HMs; radish exhibited the highest TF for Fe and As, while basil led in
Zn and Pb TF. The difference in TF among different metals in various vegetables can be attributed to the plants’ physical and phys-
iological characteristics, including the metal transfer rate from the root surface to the interior and movement within the plant.
Furthermore, the TF of different metals did not exhibit a consistent trend based on the type of irrigation treatment. This irregularity
may result from factors such as the quantity of a specific metal provided by an irrigation treatment, the inherent properties of the
metal, and the distinct physical and chemical characteristics of various irrigation treatments. The study highlights the critical
importance of monitoring irrigation water and soil quality to prevent the accumulation of toxic HMs in cultivated vegetables, which
poses substantial risks to human health. It supports adopting sustainable and safe irrigation practices to safeguard the environment and
public health. Further, this study highlights the necessity for additional research on the influence of the physicochemical properties of
soil on the extent of HM accumulation in plants. It also suggests evaluating the long-term effects of HM accumulation in vegetables and
its potential consequences for human health.
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