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INTRODUCTION

The rapid advancement of industrial and com-
mercial sectors worldwide has led to a significant 
surge in both municipal and industrial waste gen-
eration, posing substantial challenges for environ-
mental sustainability and public health [Arabi et 
al., 2020]. In 2014, European Union countries col-
lectively produced over 242 million tons of mu-
nicipal solid waste (MSW), with a considerable 
portion of 62 million tons disposed of in land-
fills [Scarlat et al., 2019]. This escalating trend 
in waste generation has underscored the urgent 
need for effective waste management strategies to 

address the environmental, economic, and social 
implications associated with the growing waste 
volume, which is outpacing population growth 
rates [Renou et al., 2008]. Moreover, in many un-
derdeveloped countries, the prevailing method of 
solid waste disposal involves traditional landfill-
ing, wherein waste is buried in open areas without 
due consideration for environmental, topographi-
cal and geological factors [Reddy, 2016].

Like many other countries, Morocco is facing 
a mounting waste management challenge driven 
by factors such as population growth, econom-
ic expansion, and industrialization [Ouigmane 
et al., 2017]. In recent years, the annual waste 
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production rate in Morocco has reached 5.3 mil-
lion tons, with urban areas contributing signifi-
cantly at a rate of 0.76 kg/capita/day, while rural 
areas account for 1.47 million tons per year at a 
rate of 0.28 kg/capita/day [SEDD, 2019]. Urban 
areas produce 5.38 million tons of MSW annu-
ally (0.76 kg per capita per day), while rural areas 
generate 1.47 million tons per year (0.28 kg per 
capita per day) [Arabi et al., 2024a]. Environmen-
tal concerns related to leachate generation from 
municipal solid waste, characterized by high or-
ganic matter content and moisture levels [Arabi 
et al., 2020], pose significant challenges for waste 
management in Morocco. Addressing these issues 
requires comprehensive strategies that prioritize 
environmental protection, public health, and sus-
tainable resource management.

In Casablanca (Morocco), the Mediouna 
landfill was the principal disposal site for Casa-
blanca from 1986 to 2022. Handling substantial 
daily municipal solid waste, often amounting 
to thousands of tons, this landfill has resulted 
in significant leachate production [Ghalloudi et 
al., 2015]. Leachate, which is characterized as a 
source of nutrients and water, has been utilized 
as a fertilizer in various contexts [Romero et al., 
2013]. The leachate generated from municipal 
landfills, with its highly viscous and concen-
trated liquid composition and rich in dissolved 
organic matter and inorganic compounds such as 
Ca2+, Mg2+, K+, NH4

+, Fe, and SO4
2-, has proven 

beneficial for plant growth and development 
[Singh et al., 2017].

A study by Turki and Bouzid [2017] indi-
cated positive growth responses in wheat plants 
subjected to leachate irrigation, outperforming 
those in plants irrigated with water alone. Nev-
ertheless, it is crucial to acknowledge that ele-
vated leachate concentrations may induce stress 
symptoms in plants, potentially attributed to the 
presence of toxic metals in the irrigation leach-
ate [Singh et al., 2017].

To evaluate the transfer of metals from soil 
to plant tissues, the transfer factor (TF) index is 
calculated as the ratio of the metal concentra-
tion in plant tissue to that in the soil, with both 
values expressed in the same units. Higher TF 
values (≥ 1) suggest increased metal absorption 
from soil by the plant, rendering it more suitable 
for phytoremediation. Conversely, lower values 
indicate a poor response of plants to metal ab-
sorption, rendering them potentially safe for hu-
man consumption [Rangnekar et al., 2013].

M. sativa is recognized as the most cultivated 
forage crop globally [Radović et al., 2009] and 
plays a vital role in Moroccan agriculture. Culti-
vated on more than 100,000 hectares, it constitutes 
approximately 22% of the total acreage dedicated 
to fodder crops in the country [Bouizgaren et al., 
2013]. Renowned for its high productivity, opera-
tional flexibility, and quality, alfalfa contributes 
significantly to 50% of the total fodder units pro-
duced. Moreover, rural populations rely on alfalfa 
as a resilient source of livestock nutrition. Despite 
its agricultural importance, alfalfa faces challeng-
es, particularly its dependence on water availabili-
ty, which is a significant limiting factor in arid and 
semiarid regions, especially in Morocco [Farissi 
et al., 2013]. The aim of this study was to investi-
gate the levels of heavy metals in M. sativa plants 
and in soil irrigated with various concentrations of 
leachate, with a specific focus on the transfer of 
heavy metals from the soil to plants.

MATERIALS AND METHODS

Study area location

Casablanca’s main landfill, located in Me-
diouna from 1986 to 2022, covers 78 hectares, in-
cluding 60 hectares designated for waste disposal 
across 15 quarries. Serving as a crucial waste 
management hub for the region’s growing waste 
volume, it handles approximately 5,000 tons of 
waste daily, which is transported via the busy 
main road (P.R.7) linking Casablanca to Mar-
rakech (Figure 1) [Chaouki et al., 2017]. Over 
its operational years, this landfill generates more 
than 800,000 cubic meters of leachate, posing 
significant environmental concerns. With waste 
accumulation reaching 45 meters, there are risks 
of collapse and potential explosions due to waste 
decomposition, endangering worker safety [Sma-
hi et al., 2013]. These challenges underscore the 
urgent need for sustainable waste management 
strategies for landfill operations in Casablanca.

Leachate sampling

In this study, leachate samples were collect-
ed directly from the intake tube of the untreated 
leachate pond at the Mediouna landfill site during 
the year 2022. The collection of leachate samples 
involved the use of presterilized 5 L capacity poly-
ethylene bottles dedicated to physicochemical 
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parameter analysis. To ensure the integrity of the 
samples, the bottles underwent thorough clean-
ing with the respective leachate before they were 
filled with the brim. Subsequently, the caps were 
tightly secured to prevent any gas exchange with 
the surrounding atmosphere.

For the physicochemical analyses, the leach-
ate was collected in presterilized polyethylene 
(PET) bottles with a capacity of 5 litters. Thus, 
to ensure the integrity of the samples, the bottles 
were thoroughly cleaned and then rinsed with the 
respective leachate before being filled on board. 
Subsequently, the plugs were securely fastened 
to prevent any gas exchange with the surround-
ing atmosphere. For the analysis of biological 
oxygen demand (BOD5), leachate samples were 
taken in BOD specific bottles with a volume of 
300 ml, while for the heavy metal analysis, these 
leachates were collected in prewashed PET con-
tainers of 100 ml and acidified with a few drops 
of 97.5% concentrated nitric acid on site to avoid 
precipitation of the metals.

All the samples were quickly transported to the 
laboratory in coolers at a temperature below 4 °C 
and then stored in a refrigerator prior to the start of 
laboratory analysis. The analysis of these leachate 
samples was conducted within a 48-hour timeframe.

Physicochemical analysis of leachate

The physicochemical parameters of all the 
leachate samples were analysed according to the 
methods of Rodier [Rodier, 2009; Rodier et al., 
2016]. The parameters analysed included pH, 
electrical conductivity (EC), chemical oxygen 
demand (COD), biochemical oxygen demand 
(BOD₅), nitrite (NO₂⁻), nitrate (NO₃⁻), ammonium 

(NH₄⁺), and orthophosphate (PO₄³⁻). The pH and 
electrical conductivity (EC) were measured in 
accordance with the NF ISO 10390 and NF ISO 
11265 standards [Arabi et al., 2024b].

The BOD₅ was determined through a com-
bination of dilution and manometric meth-
ods over a 5-day period [Rodier, 1986]. COD 
analysis was carried out using the potassium 
dichromate (K₂Cr₂O₇) method according to 
the HACH method as described by Xiao et al. 
[2022], where 0.2 mL of the sample and 1.8 
mL of distilled water were added to a COD 
tube. The tube was sealed, agitated, and heated 
for 2 hours in a COD reactor. After cooling, 
the samples were homogenized, and the results 
were read using a DR 2010 reader. For the 
analysis of biological oxygen demand (BOD₅), 
a 40 mL leachate sample was taken in a BOD₅ 
flask containing a magnetic bar and filled to 
160 mL with distilled water. Lithium hydrox-
ide gel was added to the flask capsule.

The flask was placed on a HACH BOD meter 
in an incubator at 20 °C [Zarei Mahmoudabadi 
et al., 2021]. After 5 days of incubation, a read-
ing was taken, and the BOD₅ value was corrected 
with the dilution factor.

Spectrometric methods were employed 
for the analysis of nitrate (NO₃⁻), ammonium 
(NH₄⁺), and orthophosphate (PO₄³⁻) to ensure 
precise results. The ammonium (NH₄⁺) was 
analysed using the indophenol blue method, in-
volving treatment with sodium hypochlorite and 
phenol solution, with readings taken at 630 nm 
using a UV-visible spectrophotometer [Scott et 
al., 1989]. Orthophosphates (PO₄³⁻) reacted with 
ammonium molybdate and ascorbic acid to form 
a blue colouration, measurable at 807 nm, as 

Figure 1. Location of the Mediouna landfill [Chaouki et al., 2017] (modified)
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described by Afkhami and Norooz-Asl [2009]. 
Nitrates (NO₃⁻) were analysed by colorimetry at 
543 nm after reduction to nitrites using a cadmi-
um column treated with copper [Mohale, 2011]. 
Nitrites (NO₂⁻) were analysed using the sulfa-
nilamide method, where they react with sulfa-
nilamide in an acidic medium to form a diazo 
compound that reacts with N-naphthylethylene 
diamine, resulting in a purple complex measur-
able at 543 nm [Panchagnula, 2018].

Plant material and growth conditions

This experimental study, undertaken at the Ain 
Chock Faculty of Science, Hassan II University in 
Casablanca, delved into open-field conditions, fo-
cusing on M. sativa L. as the plant material.

The choice of this plant as the focal point of 
this study aligns with its agricultural importance 
and adaptability [Jiang et al., 2006]. This versatile 
plant, belonging to the Fabaceae family, holds a 
prime position in semiarid regions and has a cru-
cial influence on agricultural systems. The impor-
tance of M. sativa L. is underscored by its varied 
contributions, spanning the diversification of crop 
rotations, provision of highly nutritious feed for 
livestock, improvement of soil quality through 
biological nitrogen fixation, and support for soil 
and water conservation [Luo et al., 2020].

The soil at the experimental site was specifi-
cally selected for its established physicochemi-
cal attributes and its positive suitability for agri-
cultural endeavors, as highlighted in a previous 
study [Ouansafi et al., 2019].

The experimental field was organized using a 
randomized plot design, where irrigation treatments 
were applied. Each treatment was replicated twice, 
resulting in a total of 10 plots dedicated to M. sativa 
plants (5 irrigation treatments × 2 replicates).

The meticulous arrangement of the experi-
mental plots, characterized by specific dimen-
sions, facilitated a comprehensive study. The 
plot, subdivided into lanes measuring 1 meter in 
length and 2 meters in width, served as the test-
ing ground. Within this framework, two lanes 
subjected to irrigation with potable water were 
exclusively allocated to the control group. The 
remaining eight lanes were designated for the ap-
plication of distinct leachate concentration treat-
ments, namely, C0: control; C1: 5%; C2: 7%; C3: 
10%; and C4: 15%. These concentrations were 
selected based on a prior study covering a wide 
range from 1% to 100% [Torretta et al., 2016]. 

Within this range, 5% and 7% were identified 
as optimal for promoting plant growth, while 
15% represented the maximum tolerable con-
centration. Higher concentrations adversely af-
fected plant health, highlighting the importance 
of maintaining concentrations within the 5% to 
15% range for effective irrigation management.

Sampling conditions and plant 
growth measurements

At the end of the experiment, M. sativa plants 
were collected at different concentrations, includ-
ing those in the control group and those subjected 
to varying leachate concentration treatments (5%, 
7%, 10%, and 15%). This sample method included 
the aerial parts of M. sativa plants, including stems, 
leaves, and any existing fruits. The collected samples 
were then analysed to determine the impact of vary-
ing irrigation treatments on plant growth and physi-
ological reactions. This study meticulously mea-
sured both leaf area and plant height, treated them as 
essential morphological parameters, and employed 
MESURIM 2 software.

Heavy metal analysis

In accordance with the Association of Ana-
lytical Communities (AOAC) international 
guidelines, leachate and plant samples were min-
eralized with 1 mL of H2O2 and 9 mL of HNO3 
according to the methodology of ‘Wastewater’ 
and ‘Dried Plant Tissue’, respectively, in multi-
ple waves: 150 °C/15 min, 200 °C/15 min. Heavy 
metals, including cadmium (Cd), lead (Pb), and 
mercury (Hg), were analysed using flame atomic 
absorption spectroscopy. Aluminum (Al) and 
sodium (Na+) were analysed by ICP-MS. Each 
sample was analysed in triplicate [CSG, 1995].

Determination of the transfer factor

The transfer factor was determined by divid-
ing the concentration of heavy metals in vegeta-
bles by the concentration of heavy metals in the 
soil. The heavy metal transfer factor from soil in 
plants was established using the following equa-
tion [Olănescu et al., 2007]:

 

 

𝑇𝑇𝑇𝑇 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝)
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑝𝑝𝐶𝐶𝐶𝐶𝑝𝑝)  (1) 

  

 (1)

where:  concentration (plant) and concentration (soil) 
represent the concentrations of heavy met-
als in plants and soil (mg/kg), respectively.
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Statistical analysis

Analysis of variance (ANOVA) for all the 
measured variables was performed by statistical 
evaluation with GraphPad Prism software, and 
the results are presented as the average standard 
error of the mean (SEM). When p < 0.05, the dif-
ferences were deemed significant.

RESULTS AND DISCUSSION

Physicochemical analysis of leachate

The results of the physicochemical param-
eters of the leachate used for irrigation are pre-
sented in Table 1. The raw leachate has a hy-
drogen potential value of 8.2, which aligns per-
fectly with the requirements for this agricultural 
activity according to the Moroccan standards, as 
stated by [DRWP, 2007].

The chemical oxygen demand (COD) at a 
level of 18037 mg/L and the biochemical oxygen 
demand (BOD5) at 2000 mg/L both exceeded the 
acceptable thresholds set by the Moroccan stan-
dards, indicating that chemical pollution was 
likely attributed to pesticide use in the zone where 
the leachate was situated (landfill of Mediouna).

The same observation is applicable to BOD5, 
which surpasses the required standards for water 
intended for irrigation, revealing the presence 
of discharged organic matter of domestic origin, 
such as fecal matter [Belghyti et al., 2009]. The 

BOD5/COD ratio, with a value of 0.11, serves 
as an indicator reflecting the biodegradability of 
organic matter and the maturation level of leach-
ate. The observed ratio is notably low, falling be-
low 0.4, indicating that the elements in the leach-
ate are only partially biodegradable [Kastali et 
al., 2022]. The lead (Pb), mercury (Hg) and alu-
minum (Al) concentrations were 0.22, 0.022 and 
21.045 ppm, respectively, for the raw leachate. 
When the lead concentration remained within the 
acceptable limit of Pb < 5 ppm, both the alumi-
num and mercury concentrations surpassed their 
respective reference limits of Al < 5 ppm and Hg 
< 0.001 ppm, as per the standards required by the 
DRWP [2007]. The presence of heavy metals can 
be attributed to the incorporation of chalcopyrite 
in batteries and ore processed at smelters, as well 
as the use of chemicals for photograph process-
ing and Pb-based paints at landfills [Kanmani 
and Gandhimathi, 2013].

In contrast to the undetectable levels of cad-
mium (Cd) in the leachate (< 0.02), a markedly 
high concentration of sodium (Na) was detected.

Statistical tests were employed to assess the 
significance of differences observed among the 
dilutions. The results indicated that most param-
eters did not exhibit significant variations across 
the dilutions compared to those of the raw leach-
ate, except for COD. Specifically, dilutions of 5%, 
7%, 10%, and 15% resulted in highly significant 
differences in the COD levels compared to those 
of the raw leachate.

Table 1. Physicochemical characteristics of the leachate used for M. sativa irrigation (mean ± standard deviation).
Parameters 100% raw leachate 5% Dilution 7% Dilution 10% Dilution 15% dilution

pH 8.20 ± 0.26 7.02 ± 0.10 7.00 ± 0.13 7.07 ± 0.10 7.10 ± 0.20

EC (mS/cm) 43.23 ± 2.29 10.54 ± 0.39 15.07 ± 0.21 20.30 ± 0.10 31.00 ± 0.10

DO (mg/L) 0 ± 0 0.78 ± 0.01 0.78 ± 0.02 0.81 ± 0.02 1.00 ± 0.03

NO2
- (mg/L) 0.14 ± 0.03 0.10 ± 0.01 0.10 ± 0.01 0.13 ± 0.01 0.20 ± 0.01

NO3
- (mg/L) 95.28 ±12.21 7.40 ± 0.29 14.30 ± 0.26 29.00 ± 0.10 41.20 ± 0.90

NH4
+ (mg/L) 2014.80 ± 93.61 25.32 ± 0.90 50.3 ± 1.30 80.00 ± 0.86 133.40 ± 0.97

PO4
3- (mg/L) 8.58 ± 4.25 0.40 ± 0.01 0.50 ± 0.01 0.60 ± 0.01 0.90 ± 0.01

COD (mg/L) 18037 ± 8925.20 120.00 ± 1.49 358.50 ± 2.09 580.00 ± 1.87 871.00 ± 13.09

BOD5 (mg/L) 2000 ± 311.60 23.00 ± 0.19 25.10 ± 0.20 40.70 ± 0.31 69.68 ± 0.33

BOD5/COD ratio 0.11 0.07 0.07 0.07 0.08

Na+ (ppm) 365.00 ± 58.00 8.20 ± 0.01 15.01 ± 0.01 33.70 ± 0.05 41.00 ± 0.02

Pb (ppm) 0.22 ± 0.04 < 0.02 < 0.02 < 0.02 < 0.02

Cd (ppm) < 0.02 < 0.02 < 0.02 < 0.02 < 0.02

Hg (ppm) 0.02 ± 0.01 < 0.02 < 0.02 < 0.02 < 0.02

Al (ppm) 21.04 ± 4.58 < 0.02 < 0.02 < 0.02 < 0.02

Note: *Below the detection limit (< 0.02)
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Effect of leachate on plant 
height and leaf growth

Figure 2 shows the effects of different leach-
ate concentrations on the leaf area and stem 
length of M. sativa plants. Indeed, the observed 
influence of leachate concentration on the mor-
phological characteristics of the plant, particular-
ly stem length and leaf area, aligns with the lit-
erature on the effects of metal pollutants on plant 
growth. Notably, the increase in stem length up 
to 7% leachate concentration (70.17 cm), fol-
lowed by a decrease of 10% (60.67 cm) and a 
significant decrease of 15% (41.33 cm) suggest-
ed a complex response to the varying concentra-
tions of pollutants.

Statistical analysis revealed that leaf surface 
area measurements across different leachate di-
lutions did not significantly differ from those of 
the control group (p > 0.05). Conversely, signifi-
cant differences were observed in the stem length 
measurements between the control group and the 
5%, 7%, and 10% leachate dilution groups, with p 
values < 0.01 indicating highly significant differ-
ences. There was also a significant difference in 
stem length between the 15% leachate treatment 
group and the control group, with a p value < 0.01.

According to Breckle [1991], studies have 
reported an increase in plant biomass in the pres-
ence of heavy metals such as Hg and Pb. How-
ever, these effects were observed in experiments 
utilizing low concentrations. This implies that the 
concentration of pollutants plays a crucial role in 
determining the nature of the plant’s response. In 

our study, the progressive increase in stem length 
at leachate concentrations up to 7% may be in-
dicative of an adaptive response or a stimulatory 
effect at lower leachate concentrations. In con-
trast, evidence of retarded shoot growth due to 
the presence of excess Pb in the root environment 
was found by Seyyedi et al. [1999]. This finding 
aligns with our observations of a decrease in stem 
length at a 10% leachate concentration, signify-
ing the potential inhibitory effects of higher metal 
concentrations on plant development.

The fluctuations in leaf area, showing a posi-
tive response at leachate concentrations up to 7% 
and a subsequent decrease at 10% and 15%, are 
consistent with the findings of Bożym et al. [2021]. 
These authors suggested that the combination of 
heavy metals, especially at higher concentrations, 
may induce synergistic toxic effects, surpassing 
the plant’s tolerance threshold. This could lead to 
physiological stress, inhibited cell elongation, and 
an overall compromise in growth. Our results at 
15% leachate agree with this concept, indicating a 
significant reduction in stem length.

The cumulative toxic effects of heavy metals, 
including Pb, Hg, and Al, as hypothesized in the 
study of Bożym et al. [2021], likely contributed to 
the observed decrease in stem length.

Following the analysis of heavy metal toxic-
ity and its consequences for plant development, 
notably in terms of Pb, Hg, and Al, it is necessary 
to investigate the effect of sodium concentration 
on plant growth.

Sodium is essential for maintaining turgor 
pressure within plant cells; however, excessive 

Figure 2. Influence of various leachate concentrations on (a) stem length (cm) and (b) 
leaf area (cm²).**: p < 0.01 (significant); *** p < 0.001 (highly significant)
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levels can trigger water stress. Concentrations ex-
ceeding 50 mg/L can be toxic to sensitive plants, 
especially in recirculating irrigation systems. In 
this study, the initial sodium concentration in 
the raw leachate was high, but subsequent dilu-
tion decreased it. This dilution initially promoted 
plant growth; nevertheless, a subsequent increase 
in sodium concentration led to reduced growth. 
Fortunately, the sodium concentration in the di-
luted leachate used for irrigation remained below 
the limit recommended by Brouwer et al. [1985].

Concentrations of heavy metals 
in soils and plants

Figure 3 reveals varying concentrations of 
heavy metals, such as Pb, Cd and Hg, in M. sativa 
plants and soil irrigated with different concentra-
tions of leachate (Figure 3).

Pb concentrations in plants and soil exhibit 
a progressive increase, which is correlated with 
higher leachate concentrations. Similarly, the 
Cd and Hg concentrations exhibited comparable 
trends in response to leachate amendments, while 
the soil concentrations of Cd and Hg moderately 
increased. The concentrations of cadmium (Cd) 
in plants ranged from 0.001 ppm to 0.08 ppm, 
whereas in soil, they varied between 0.013 ppm 
and 0.38 ppm. The recommended permissible 
limit for Cd in plants set by the WHO [2015] is 
0.02 ppm. Additionally, the maximum allowable 
level of Cd in soil, according to MEF [2007], is 
0.8 mg/kg. For lead (Pb), the concentrations in 
plants ranged from 0.19 ppm to 6.56 ppm, while 
in soil, they varied from 0.32 ppm to 7.05 ppm. 
The recommended permissible limit for Pb in 
plants by the WHO [2015] is 2 mg/kg, whereas 
the limit for lead in soil is 85 mg/kg MEF [2007]. 
The mercury concentrations in the plants ranged 

from 0.001 ppm to 0.03 ppm, and in the soil, 
they varied between 0.006 ppm and 0.079 ppm. 
The Hg concentrations in both plants and soil re-
mained below the limit for soils intended for ag-
ricultural activities, which is Hg < 0.5 ppm, as 
outlined by MEF [2007] and the WHO [2015].

The results of the statistical analysis revealed 
no significant differences in the Cd and Hg con-
centrations between the various leachate dilu-
tions in both the plants and soils. However, the 
concentration of Pb showed varying levels of 
significance across the dilutions. For Pb, a mar-
ginally significant difference was observed at the 
7% leachate dilution, indicating a potential but 
weak impact on Pb concentrations. A significant 
difference was noted at the 10% dilution, sug-
gesting a more pronounced effect on Pb levels in 
both plants and soils. Notably, the 15% leachate 
dilution had a highly significant effect on the Pb 
concentration, indicating a substantial impact on 
the accumulation of lead in both plants and soils.
These results therefore provide a good understand-
ing of the complexity of heavy metal uptake and the 
need for proper management and regular surveil-
lance of the environment in the case of any effects.

Transfer factors of heavy metals 
from soil to plants

The transfer factor (TF) of heavy metals from 
soil to vegetables provides important insights into 
the complex mechanisms of metal absorption and 
accumulation by plants. This pivotal parameter 
for assessing metal transfer dynamics serves as an 
indicator of heavy metal concentrations in vege-
tables relative to the soil [Rangnekar et al., 2013]. 
A higher TF implies a greater concentration of 
heavy metals in vegetables, indicating either poor 
soil retention or effective metal absorption by 

Figure 3. Concentrations of heavy metals in M. sativa plants and soil. (a) Concentration of 
lead (Pb); (b) concentration of cadmium (Cd); (c) concentration of mercury (Hg) *: p < 0.05 

(marginally significant); **: p < 0.01 (significant); ***p < 0.001 (highly significant)
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plants. A lower TF, on the other hand, indicates 
that heavy metals are less concentrated in vegeta-
bles than in soil, indicating high metal sorption to 
soil colloids [Mirecki et al., 2015].

The analysis of the transfer factors (TFs) of 
Pb, Cd, and Hg from agricultural soil to M. sa-
tiva plants under varying leachate treatments re-
vealed insightful trends (Table 2). TF ratios >1 
signify plant accumulation of elements, ratios 
near 1 suggest minimal influence, and ratios <1 
indicate element exclusion by plants, offering 
crucial insights into the intricate soil–vegetable 
metal transfer dynamics [Olowoyo et al., 2010]. 
Despite the observed lead accumulation, the TF 
ratio for Pb was less than 1, indicating that M. 
sativa plants did not exhibit lead uptake, possibly 
due to plant-specific absorption and translocation 
mechanisms [Olowoyo et al., 2010].

The TF for Pb exhibited a consistent in-
crease with increasing leachate concentration, 
reaching its peak at 15% with a value of 0.930, 
signifying significant lead uptake. In contrast, 
the TF for Cd fluctuated across treatments, 
ranging from 0.076 to 0.215, indicating vary-
ing cadmium accumulation levels. The TF for 
Hg displayed an increasing trend with leachate 
concentration, with the highest value of 0.379 
at 15%, suggesting substantial mercury uptake. 
These findings emphasize the impact of leach-
ate concentrations on metal transfer to M. sativa 
plants and highlight the plant’s selective exclu-
sion of lead despite the observed accumulation, 
shedding light on the complex mechanisms gov-
erning metal uptake in plant systems.

Statistical analyses were performed to as-
sess the significance of the observed differenc-
es in transfer factors. The results suggest a uni-
form soil-to-plant transfer efficiency for these 
metals, as the transfer factors did not differ 
noticeably between leachate dilutions for Cd 
and Hg. However, the transfer factor showed a 
marginally significant difference in plants irri-
gated with 15% leachate dilution for Pb. These 

results may indicate a minor effect of leachate 
dilution on the transfer of lead from the soil to 
plants at the dilution level used.

The study of Rusu et al. (2005) aligns with 
results on lead transfer factors, which fall within 
a similar range of values (0.55–0.93), where a ra-
tio less than 1 signifies lead exclusion by M. sa-
tiva plants. For cadmium (Cd) and mercury (Hg), 
the TF ranged from 0.07 to 0.21 and from 0.1 to 
0.37, respectively, suggesting a lower transfer ef-
ficiency than that of lead. The results of Jafarian-
Dehkordi and Alehashem [2013] support these 
findings, highlighting the high transfer factor for 
lead and notable concentrations of heavy metals 
in their samples.

Soil pH is a critical factor that significantly 
influences the transfer of metals within plant 
cells, as emphasized by Griffith et al. [2001]. 
High alkalinity, as observed in soils with a 
measured pH ranging between 7.49 and 7.89, 
plays a crucial role in stabilizing metals in 
the soil matrix, effectively reducing leaching 
effects [Zhang et al., 2018]. This mechanism 
leads to lower metal concentrations in the soil 
solution, thereby limiting the absorption of 
metals by plants and their translocation into 
crop tissues [Ouansafi et al., 2019].

The study of Griffith et al. [2001] further il-
lustrated the impact of soil pH on metal accumu-
lation, demonstrating heightened metal levels in 
vegetation thriving on alkaline, anthropogenic soil 
compared to natural soil conditions. Additionally, 
Kukier et al. [2004] highlighted the increase in 
nickel concentrations in Alyssum plant shoots with 
increasing soil pH, indicating a direct correlation 
between soil pH and metal uptake. Moreover, Har-
ter [1983] underscores the intricate relationship be-
tween soil pH and the adsorption of lead, copper, 
zinc, and nickel in soils, with enhanced retention 
observed at pH levels above 7.0 to 7.5. Singh et al. 
[1995] contributed to this discussion by showing a 
decrease in cadmium concentration in plant species 
as soil pH increases. Furthermore, the combination 
of immobilizing agents such as lime, gypsum, and 
guano has been proven to be highly effective in re-
ducing the phytoavailability of heavy metal(loid)s, 
as evidenced by Kim et al. [2019].

These collective findings emphasize the pivotal 
role of soil pH in mediating the transfer of metals 
within plant cells. Overall, the observed trend in the 
accumulation capacity of heavy metals (Pb > Hg > 
Cd) aligns with the broader understanding of how 
soil pH influences metal uptake and distribution in 

Table 2. Transfer factors (TFs) of Pb, Cd and Hg from 
agricultural soil to M. sativa plants

Treatments Pb Cd Hg

0% (Control) 0.593 0.076 0.100

5% 0.554 0.083 0.166

7% 0.691 0.215 0.142

10% 0.885 0.207 0.196

15% 0.930 0.210 0.379
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plant systems. The interplay between soil pH and 
metal transfer dynamics underscores the complexity 
of plant‒soil interactions and highlights the impor-
tance of considering soil pH as a key determinant in 
assessing metal bioavailability and plant uptake.

CONCLUSIONS

In this work, our investigation into the effects 
of leachate on plant height and leaf growth un-
der irrigation at varying concentrations revealed 
noteworthy trends. Both leaf area and plant height 
demonstrated a positive response up to a 7% 
leachate concentration, followed by a subsequent 
decline at higher leachate concentrations (10% 
and 15%). This nuanced response underscores the 
significance of considering optimal leachate con-
centrations to foster plant growth while mitigating 
potential adverse effects. An essential finding is 
that despite the presence of certain elements (Cd, 
Pb, and Hg) in both the leachate and soil due to 
human activities, the accumulation of contami-
nants in M. sativa plants remains relatively low. 
This finding is particularly reassuring for the use 
of M. sativa as a feed crop in landfill surrounding 
soils.The transfer factor (TF) analysis further sup-
ported this conclusion, indicating a decreasing or-
der of Pb > Hg > Cd. This implies that the transfer 
of these elements from soil to plant tissues follows a 
pattern that minimizes the potential risk of contami-
nation in cultivated feed crops. In summary, while 
metal contamination in soil is a global concern, our 
study provides insights into the specific dynamics of 
leachate effects on plant growth and the subsequent 
accumulation of contaminants. These findings reas-
sure the suitability of M. sativa as a feed crop, em-
phasizing the importance of careful consideration 
of leachate concentrations to optimize growth and 
mitigate potential risks. Nevertheless, there is still 
a need to improve leachate treatment, especially in 
landfills built in large urban areas, to protect sur-
rounding plant‒soil‒water ecosystems.
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