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Abstract

This study aimed to investigate heavy metal contamination in soil and cassava in the area of the Khon Kaen
Municipality landfill during the transition period of waste management (December 2015), focusing on non-
carcinogenic and carcinogenic health risks from consuming cassava tubers. Soil (0-30 cm) and cassava samples
were collected from agricultural areas most affected by leachate leakage. Soil and cassava samples were digested
for heavy metal analysis using microwave-assisted acid digestion (USEPA 3052), followed by heavy metal
analysis with ICP-AES (USEPA 6010D). The analysis revealed that the concentration of heavy metals in soil did
not exceed the WHO/FAO permissible limits, but contamination levels in cassava tubers for Cd, Cr, and Pb
exceeded the permissible limits. Cassava demonstrated the ability to accumulate heavy metals in its tubers, with
Ni showing the highest bioaccumulation potential (BCF = 5.837). Once accumulated in tubers, heavy metals
translocated to leaves (Cd, Cr, Fe, Mn, Pb, Zn) and stems (Cr, Fe, Mn, Pb, Zn), with Mn exhibiting the highest
translocation potential (TF tuber to leave = 10.670, TF tuber to stem = 7.094). Health risk assessments showed
that both non-carcinogenic and carcinogenic health risks for both children and adults were unacceptable (HI
>1, TCR >10%). These findings highlight that, during the initial phase of waste management improvements,
contamination persists in the soil and cassava, posing health risks to consumers. Therefore, enhancing leachate
management systems is essential, and the results should serve as a reference for future waste management.
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Introduction and 2014 (Asian Development Bank, 2015). Conse-

Asia is experiencing a continuous increase in munici-
pal solid waste generation. In 2016, the global popula-
tion generated approximately 1.2 billion tons of waste,
with projections indicating an increase to 1.5 billion
tons by 2030 and further rising to 1.9 billion tons by
2050 (World Bank, 2018; World Bank, 2012). This
increasing waste generation is closely linked to
economic development (UNEP, 2024). Thailand is
one of the countries that has experienced significant
economic development, particularly between 1985

quently, the country is also facing the challenge of
increasing waste generation. A comparison of waste
generation between 2008 and 2015 reveals an increase
from 23.93 million tons to 26.85 million tons per year
(Local Administration Department of Thailand,
2015). Moreover, between 2020 and 2022, waste
generation increased from 25.37 million tons to 25.7
million tons per year (Pollution Control Department
of Thailand, 2022). The waste generation rate in
Thailand varies between urban and rural areas. In ur-
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ban areas, the waste generation rate is 1.5 kg per
person per day, while in rural areas, it is 0.4 kg per
person per day (Pollution Control Department of
Thailand, 2011). This indicates that economically
developed urban areas tend to generate more waste
than rural areas. In the case of Khon Kaen, a study
conducted by the Pollution Control Depart-
ment found that the city's waste generation rate
is 1.59 kg/person/day (Sustainable Environment Re-
search Institute, 2023). This elevated rate is attributed
to Khon Kaen's
economic hub in Northeastern Thailand, leading to

status as the fastest-growing
increased waste generation per capita. Given the
increasing waste generation rate, government agencies
must adopt effective waste management strategies. In
the past, Thailand primarily utilized controlled
dumping, later transitioning to open dumping, and
subsequently developing sanitary landfill methods to
mitigate the contamination of pollutants from landfills
into the environment (Local Administration Depart-
ment of Thailand, 2015). However, with the cont-
inuous rise in waste generation, sanitary landfill ma-
nagement has led to environmental challenges. A
major issue stems from the excessive accumulation of
waste in landfill sites, which results in a significant
increase in leachate production. The leakage of lea-
chate into the environment poses a serious concern,
as it contains toxic organic compounds and toxic
inorganic compounds (Pranav and Deblina, 2024),
particularly heavy metals. Consequently, landfill ope-
rations contribute to environmental contamination
and facilitate bioaccumulation in soil, water, and
plants surrounding landfill areas. The process of
bioaccumulation in living organisms and the envi-
ronment subsequently affects the food chain, leading
health risks. These risks
both non-carcinogenic and carcinogenic effects, ulti-

to potential include
mately impacting human health as the final consu-
mers in the chain (Sumona et al., 2015). The Khon
Kaen municipal landfill is one of the waste mana-
gement sites that frequently faces environmental
challenges, particulatly concerning soil, water, and
agricultural crops surrounding the landfill. Additio-
nally, frequent landfill fires have been reported, pri-
martily caused by the anaerobic decomposition of
waste, which generates methane gas and leads to fire
incidents, resulting in significant air pollution. Thus, it
can be concluded that this landfill has environmental
impacts on multiple dimensions, including soil, water,
air, and surrounding ecosystems. The primary cause
of these environmental issues is the excessive accu-
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mulation of waste in the landfill. To address this chal-
lenge, the Thai government has allocated funding for
the development of waste management systems
aimed at treating both newly generated and accumu-
lated waste through incineration technology. This ini-
tiative commenced in 2015, and the co-disposal ap-
proach, which combines landfilling and incineration,
has significantly reduced the volume of accumulated
waste. Specifically, in 2017, the total waste accumu-
lation in the landfill was 548,328 tons, and by 2023,
this amount had decreased to 288,244 tons (Khon
Statistical Office, 2020). This
substantial reduction suggests that improvements in
waste management practices have been effective in
reducing waste accumulation. However, continuous
environmental monitoring remains essential, particu-
larly for soil, water, and agricultural resources, espe-
cially cassava (Manihot esculenta). Cassava is a key
economic crop in Thailand (Land Development
Department of Thailand, 2021) and is widely culti-
vated in the northeastern region, including areas
surrounding landfill sites. As a result, cassava grown
near landfills may contain hazardous pollutants, parti-
culatly heavy metals, due to the absorption of conta-
minants from soil affected by leachate leakage. The
accumulation of heavy metals in cassava can lead to
their transfer and bioaccumulation through the food
chain (Arivalagan et al, 2024; Nouri et al., 2009)
posing potential health risks to humans. This study
investigates the contamination of heavy metals,
including Arsenic (As), Cadmium (Cd), Chromium
(Cy), Iron (Fe), Manganese (Mn), Nickel (Ni), Lead
(Pb), and Zinc (Zn), in soil and different components
of cassava plants at high-risk sites surrounding
the Khon Kaen municipal landfill during the initial
phase of waste management system development.
Furthermore, this research identifies the sources of
heavy metal contamination in soil using statistical
methods and assesses the health risks associated with
heavy metal contamination in cassava tubers thro-
ugh non-carcinogenic and carcinogenic health risk
assessment models.

Kaen Provincial

Materials and Methods

Study area

The study area is located within the Khon Kaen
municipal landfill. Sampling sites are in agricultural
fields used for cassava cultivation, identified as high-
risk areas due to leachate migration from the landfill.
This contamination is caused by the lower elevation
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of the fields compared to the landfill, as well as the
proximity of the agricultural area to the landfill site.
Sampling locations and coordinates are shown in
Figure 1. The sampling was conducted in December
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2015, duting the landfill's transition from landfilling to
a co-disposal approach, combining landfilling and
incineration to manage both new and accumulated
waste.

Figure 1.
Geagraphic coordinates of soil
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the Khon Kaen Municipality
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Soil and cassava sampling

Cassava samples were collected using a grid sampling
method, in which the cultivation area was divided into 3 X
3 m? grids, totaling 15 grids, to ensure comprehensive
coverage of the entire area. Samples were taken from the
central aligned square grid following the standard research
methodology of USEPA (USEPA, 2002a). Cassava was
sampled before harvest, or 10 months after planting. The
cassava samples were divided into three parts: leaves,
stems, and tubers. Soil samples were taken from the area
around the cassava plants, near the base, at a depth of 0-30
cm using a composite sampling method with a hand auger
(CSIRO, 2021), collecting 1 kilogram of soil per sample. To
preserve the samples during transportation, cassava and soil
were stored in polyethylene bags before being transported
to the laboratory.

Sample preparation, digestion, and analysis

Cassava samples (tubers, stems, and leaves; n = 15) were
washed with deionized water, then oven-dried at 45°C for
48 hours (Bortey-Sam et al., 2015) and ground into smaller
particles using a clean porcelain mortar. Soil samples (n =
15) wete oven-dtied at 50°C (Olusegun et al., 2023). After
preparation, both cassava and soil samples were sieved
(pore size = 200 micrometers), and 0.5 grams of each were
subjected to acid digestion using the USEPA 3052 standard
method with microwave-assisted acid digestion (USEPA,
1996). A mixture of concentrated nitric acid (Merck,
Germany), 30% (Chem  supply,
Australia), deionized water, and concentrated hydrofluoric
acid (QReC, New Zealand) in a 3.5:2:2:0.1 ml ratio was u-.

hydrogen peroxide
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sed, and the samples were digested in a microwave dige-ster
(PerkinElmer, USA) at 180°C for 5 minutes, then held at
180°C for 10 minutes, followed by cooling for 30 minu-tes.
The digested samples were filtered using filter paper No. 42
(Whatman, USA) and adjusted to a final volume of 25 mL
(Yong et al., 2023). The samples were stored at temperatu-
res below 4°C in a dark space until analysis. Heavy metal
contamination was analyzed using the USEPA 6010D D
standard method by ICP-AES (PeklinElmer Optima 8300,
USA) at wavelengths of 193.696, 226.502, 267.716,
259.940, 257.610, 231.604, 220.353, and 213.856 nm for
the determination of As, Cd, Cr, Fe, Mn, Ni, Pb, and Zn,
respectively (USEPA, 2018).

Bioaccumulation Factor

Bioaccumulation Factor (BCF) is a tool used to study the
accumulation of heavy metals from soil to plants (Kamal et
al., 2019), which can be calculated using the following
equation [1]

Ctuber

" Csail

BCF [1]
where, C refers to the concentration of metals in the
tuber (Ctuber) and soil (Csoil). When the BCF value
is >1, it indicates that the plant can efficiently accu-
mulate heavy metals and is classified as a hyperac-
cumulator, whereas a BCF value <1 suggests that the
plant lacks the ability to accumulate the metal.

Transfer Factor

Transfer Factor (TT) is a tool used to study the trans-
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location of substances from the tuber to the upper
parts of the plant (Kim et al, 2003), as shown in

equatiOﬂ (2]. Cleave, Cstem

TF =
Ctuber

where C represents the concentration of heavy metals
in the leave (Cleave), stem (Cstem), and tuber
(Ctuber). When the TF value is greater than 1, it
indicates that the plant has a strong ability to
translocate metals from the tuber to the shoots (leave
and stem). However, when the TF value is less than 1,
it suggests that the plant's ability to translocate heavy
metals is inefficient (Kowvacs et al., 2021).

2]

Statistical Analysis

The results of the descriptive statistical analysis are
presented as the mean, median, and standard devia-
tion (SD). Reference statistics are calculated using
One-way ANOVA, Pearson’s correlation, and Princi-
pal Component Analysis (PCA). One-way ANOVA
was conducted, followed by a post-hoc test using
Tukey's HSD method, to analyze differences in heavy
metal contamination in soil and vatious parts of the
plant at a significance level of 0.05. Pearson’s correla-
tion and PCA analysis, also at a significance level of
0.05, ate used to identify soutces of contamination
between pairs of heavy metals (Dragovic et al., 2008)
and to group the metals accordingly (Yan et al., 2023).
All statistical calculations ate performed using the
SPSS software.

Quality analysis (QA)/Quality control (QC)

Quality control for the analysis will be ensured
through instrument and chemical quality control.
Specifically, glassware used in the analysis must be
soaked in 10% nitric acid for 48 hours before use. All
chemicals used for the analysis will be of AR grade.
The quality control of the analytical results will be
managed by conducting triplicate determinations,
with the %RSD set to be less than 5%. The concen-
tration of heavy metals will be calculated using a
standard solution graph, with a Certified Reference
Material from PeklinElmer (Lot No.: 3-18MKBY1).
The linearity test results showed an r* value ranging
from 0.996 to 0.999, which meets the acceptable
standard (r* > 0.995). The % recovery values were
between 97% and 117%, which fall within the AOAC
acceptable range of 80% to 120%. (Abdullah et al,
2020; AOAC, 2002; Jiang, 2013)

Health Risk Assessment
The health risk assessment is a mathematical model u-
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sed to evaluate the risk of heavy metal exposure to
the human body through exposure assessment. This
both non-carcinogenic risk
assessment and carcinogenic risk assessment. The
model is designed by the USEPA (1989) and adapted
from Onyedikachi et al. (2018).

assessment includes

Exposure assessment

Exposure assessment is a tool used to evaluate the in-
take of heavy metals into the body through ingestion,
which can be calculated using Equation [3].

EDI Jkaday) = Ctuber x CF x DFI 53]
(mg/kg.day) = B
where, EDI represent Estimated daily intake

(mg/kg/day); Ctuber represents the concentration of
heavy metals in cassava tuber (mg/kg); CF is the
conversion factor from fresh to dry weight (0.085)
(Avila et al., 2017); DFI is the daily food intake for
cassava tuber (0.418 kg for adults, 0.209 kg for
children) (Onyedikachi et al. ,2018); and BW is the
body weight (70 kg for adults, 15 kg for children)
(USEPA, 1989).

Non-carcinogenic health risk assessment

Non-carcinogenic health risk assessment evaluates the
potential risk of non-cancerous diseases resulting
from the ingestion of cassava tuber contaminated
with heavy metals. The non-carcinogenic risk from
the ingestion of a single heavy metal element is
calculated using the Target Hazard Quotient (THQ)
(USEPA, 2012). For multiple heavy metal elements,
the risk is assessed by calculating the Hazard Index
(HI) (USEPA, 1989), as shown in equations [4] and
[5], respectively.
EDI

THQ = —

wp [

HI =Y | THQi [3]

where, THQ is the Target Hazard Quotient; HI is the
Hazard Index; EDI is the Estimated Daily Intake
(mg/kg/day); irepresents the type of heavy metal;
and RefD is the reference dose for ingestion, with the
following values for As, Cd, Cr, Fe, Mn, Ni, Pb, and
Zn as 0.0003, 0.001, 1.5, 0.7, 0.033, 0.02, 0.0037, and
0.3 mg/kg/day, respectively. (USEPA, 2013; Lalifn et
al,, 2018; IRIS, 20006). When the calculated THQ value
is greater than 1, it indicates a potential health risk for
non-cancerous diseases. Conversely, when the THQ
or HI is less than 1, it suggests no significant health
risk for non-cancerous diseases (USEPA, 1989).
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Carcinogenic health risk assessment

Carcinogenic health risk assessment is a process used
to evaluate the potential health risk of developing
cancer from the ingestion of carcinogenic substances
(USEPA, 1989). The cancer risk is assessed by
calculating the Cancer Risk (CR) for single heavy
metal elements and the Total Cancer Risk (TCR) for
multiple heavy metal elements, as shown in equations
[6] and [7], tespectively.

CR = EDIxSF [0]

HI [7]

= Y- | THQi
where, CR is carcinogenic risk; TCR is total carci-
nogenic tisk; EDI is estimated daily intake (mg/kg
/day); i represents the type of heavy metal; and SF is
slope factor. The slope factors for As, Cd, Cr, Ni, and
Pb are 1.5, 0.38, 0.5, 0.84, and 8.5x1073, respectively
(USEPA, 2002b; USEPA, 2011). When CR or TCR is
greater than 107, it indicates a potential health risk for
cancer. If CR or TCR falls between 10 and 104, the

risk is considered acceptable. However, if CR or

TCR exceeds 104, the risk is considered unacceptable.
If CR or TCR is less than 10, it indicates no risk of
cancer (USEPA, 2005).

Results and Discussion

Concentration of heavy metals in soil and cassava

The contamination of heavy metals in soil and various
parts of cassava, including leaves, stems, and tubers
(mg/kg), is presented in Table 1. The study found
that the average heavy metal contamination in the soil
of agricultural areas was ranked as follows: Fe
(2665.062) > Mn (58.981) > Cr (18.631) > Zn
(17.273) > Ni (4.935) > Pb (2.263) > As (1.003) > Cd
(0.194). The average contamination in cassava tubers
was ranked as: Fe (123.536) > Ni (28.806) > Cr
(22.669) > Zn (19.307) > Mn (15.544) > Pb (1.467) >
As (1.088) > Cd (0.083). For cassava leaves, the
average contamination was: Fe (160.017) > Mn
(110.270) > Zn (38.594) > Cr (27.443) > Ni (26.990)
> Pb (1.598) > As (0.596) > Cd (0.071). The average

Table 1. Heavy metal concentrations in soil and cassava (mg/ kg) and statistical analysis results using One-way ANOT A.

Element S(zr:&l)e Concentration (mg/kg) Anova
Range Median Mean SD F P value
Soil 0.357 - 4.020 0.777 1.003 0.909
As Cassava tuber 0.470 - 1.650 1.070 1.088 0.303 4.284 0.009"
Cassava stem 0.021-1.112 0.573 0.596 0.257
Cassava leave 0.300-1.062 0.525 0.562 0.227
Soil 0.138 - 0.550 0.163 0.194 0.105
cd Cassava tuber 0.050 - 0.102 0.08 0.083 0.017 12.376 0.000%
Cassava leave ND - 0.100 0.081 0.071 0.034
Cassava stem 0.041 - 0.250 0.180 0.158 0.069
Soil 5.965 - 58.176 10.328 18.631 17.831
Cr Cassava tuber 2.390 - 40.756 24.200 22.669 9.520 1.036 0.384
Cassava leave 2.362 - 61.601 27.464 27.443 15.190
Cassava stem 4.135 - 48.907 21.961 25.395 14.182
Soil 1763.387-5272.549 2307.498 2665.062 1095.94
Fe Cassava tuber 22.59 - 203.831 123.895 123.536 51.187 59.981 0.000*
Cassava leave 30.151 - 356.052 157.18 160.017 83.227
Cassava stem 27.4 - 1638.35 859.08 756.871 466.569
Soil 39.242 - 106.400 56.086 58.981 17.231
Mn Cassava tuber 1.850 - 165.640 4.511 15.544 41.551 13.030 0.000%
Cassava leave 35.133 - 224.174 88.650 110.270 67.059
Cassava stem 1.450 - 363.250 180.450 165.851 113.554
Soil 3.075-10.350 3913 4.935 2176
Ni Cassava tuber 11.98-64.600 24.38 28.806 12.908 12.384 0.000%
Cassava leave 1.460-54.881 23.93 26.99 14.472
Cassava stem 3.66-53.352 28.05 28.194 15.901
Soil 1.384-7.524 1.831 2.263 1.565
Pb Cassava tuber 0.63-3.282 1.35 1.467 0.621 1.918 0.137
Cassava leave 0.62-4.510 1.31 1.598 0.932
Cassava stem 0.48-5.022 211 2.195 1.215
Soil 7.697-25.447 18.099 17.276 5.181
Zn Cassava tuber 8.96-55.801 15.12 19.307 12.435 14.360 0.000*
Cassava leave 7.25-56.512 42.46 38.594 15.509
Cassava stem 3.08-114.420 70.36 62.56 37.849

*, significant at the level of 0.05
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average contamination was: Fe (160.017) > Mn
(110.270) > Zn (38.594) > Cr (27.443) > Ni (26.990)
> Pb (1.598) > As (0.596) > Cd (0.071). The average
heavy metal contamination in cassava stems was: Fe
(756.871) > Mn (165.851) > Zn (62.560) > Ni
(28.194) > Cr (25.395) > Pb (2.195) > As (0.562) >
Cd (0.158). The comparison of mean heavy metal
concentrations in soil, cassava leaves, stems, and
tubers using One-way ANOVA (Table 1) revealed
significant differences at the 0.05 level for As (F =
4.289, p-value = 0.009), Cd (F = 12.376, p-value =
0.000), Fe (F = 59.981, p-value = 0.000), Mn (F
13.030, p-value = 0.000), Ni (FF = 12.884, p-value
0.000), and Zn (F = 14.360, p-value = 0.000).
comparison of the concentration of heavy metals in
cassava tubers and soil with the permissible limits of
WHO/FAO (Table 2) showed that the average
concentrations of Cd, Cr, and Pb in cassava tubers
exceeded the permissible food limits. However, the

A

average concentration of all heavy metals in the soil

was within the permissible limits for agricultural soil.
This indicates that the consumption of cassava may
pose health risks from exposure to Cd, Cr, and Pb. A
comparison of heavy metal contamination in cassava
tubers from the Khon Kaen municipal landfill area
with those from other areas with potential sources of
contamination indicated that the average levels of
contamination in cassava tubers from the Khon Kaen
landfill area were higher, with the exception of Pb
(3.97) and Zn (21.83) in rural areas of Enugu State,
Nigeria, As (5.14) and Pb (9.71) in Beluluane
Industrial Park, Mozambique, Fe (127) and Pb (5.70)
in Benin dumping site, and Cd (3.24) and Pb (2.08) in
an automobile waste dumping site in Abia State, as
shown in Table 3. The comparison highlights that
despite the shift in waste management to a combined
landfill and incineration method, the accumulation of
waste and the leakage of leachate into agricultural
areas still results in high levels of contamination in
cassava, higher than in other comparison areas.

Table 2. Permissible limit values for agricultural soil and food according to WHO/FAO.

Concentration (mg/kg)

WHO/FOA Standard e Cd C: e Mo i 5 - Reference

Maximum permissible
limit in food 2.0 0.02 1.30 425 500 67 0.03 99.4 (WHO/FOA, 2002;

) o WHO/FOA, 2007,
Maximum permissible 5.0 10 100 50000 2000 50 60 200 WHO/FOA, 2011)
limit in agricultural soil

Table 3. Heavy metal contamination in cassava tubers from other studies.
C i ki
Study area oncentration (mg/kg) Reference
As Cd Cr Fe Mn Ni Pb 7n
Urban area Bodo City, 001 084 1186 504 001 002 - (Dikioye et al., 2018)
Nigeria
Rural area in Enugu 0.0012 0.0015 00067 4179 730 179 397  21.83 (Orish et al., 2019)
State, Nigeria
Beluluane Industrial .
- [6

Park, Mozambique 5.14 0.04 0.43 0.57 9.71 5.4 (Mario et al., 2024)
Asphalt Quarry - 002 039 000 016 005 009 - (Chincdu et al., 2021)
Company, Nigeria
Tarkwa, Ghana 0.009 0.007 0.05 - - 3.7 0.18 7.6 (Bortey-Sam et al., 2015)
Be'run' dumping site, i 0.00 2.00 127 i 20 570 (Omorogieva and Tonjoh,
Nigeria 2020)
Automobile waste
dumping site in Abia - 3.24 0.051 - - 2.08 - (Ogbonna et al., 2020)

State, Nigeria

Identify source of heavy metal in soil

The analysis of the correlation coefficients using the
Pearson method to identify the sources of heavy
metal contamination in the soil is shown in Table 4.

71

According to Howladar (2017), the correlation coef-
ficient has four levels: 1) 0-0.4 indicates weak corre-
lation, 2) 0.4-0.6 indicates moderate correlation, 3)
0.6-0.8 indicates strong correlation, and 4) 0.8-1
indicates very strong correlation.
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As cd Cr Fe Mn Ni Pb Zn Table 4
As 1 0.082 0.236 0.145 -0.184 0.370 0.076 0.143 Pé’ﬂi’m.ﬂ mrre/af‘zm
- - " coefficient matrix of heavy
Cd 1 0.456 0.871 0.262 0.801 0.987 0.485 LT
. . - ) metals contamination in
Cr 1 0.730 0.543 0.742 0.484 0.542 contaminated agricultural
Fe 1 0433 0.822°  0862°  0.651" soil
Mn 1 0.464 0.361 0.293
Ni 1 0.848"™ 0.444
Pb 1 0.445
Zn 1

*Correlation significant at the level of 0.05 (2-tailed), ™ Correlation significant at the level of

0.01 (2-tailed)

The pairwise correlation analysis at a significance level
of 0.05 showed that the correlation between Ni-Cd,
Ni-Fe, Fe-Cd, Ni-Pb, and Pb-Fe had a very strong
correlation, Fe-Zn, Ni-Cr, and Fe-Cr had a strong
correlation, and Mn-Cr and Zn-Cr had a moderate
correlation. This indicates that the pairs of heavy
metals are likely to originate from the same source of
contamination (Polash et al., 2020), such as waste types
releasing heavy metals into leachate that contaminates
the soil.

Table 5. Varimax rotated component matrix of heavy metal
contamination in soil by PCA

The PCA analysis results of heavy metals in
contaminated soil showed that the Kaiser Meyer
Olkin (KMO) value and p-value were 0.630 and 0.000,
respectively. This indicates that the data on heavy
metal contamination in the soil can be analyzed for
components to identify the sources of contamination
using PCA analysis (KMO>0.6, p-value<0.05). The
PCA results with the rotated component matrix are
shown in Table 5 and Figure 2. The 1% component
(PC1) consists of Mn, Ni, Cd, Ct, Fe, Pb, and Zn
(59.167% of the total variance), while the 2
component (PC2) consists of As (14.777% of the
total variance). The PCA analysis combined with the

Parameter Component 1 Component 2
As 0.239 0.892
Ni 0.929 0.135
Cd 0.883 -0.007
Mn 0.514 -0.603
Fe 0.954 -0.044
Zn 0.662 -0.002
Pb 0.899 -0.056
Cr 0.781 -0.032
Eigenvalue 4.733 1.182
% total of variance 59.167 14.777
Cumulative % 59.167 73.944

Component Plot in Rotated Space

As

Component2

Component 1

Figure 2. Loading plot of PCA analysis of heavy metals in sol.

field survey found that PC1 was caused by human
activities, particularly the leakage of leachate from
landfills into agricultural areas. In contrast, As in PC2
also results from human activities but originates from
both leachate leakage and agricultural chemical use,
especially pesticides (Chopra et al., 2007). This aligns
with the findings of Banyam (2017), which showed
contamination of Cd, Cr, Mn, Ni, Pb, and Zn in
leachate, while As contamination was not detected in
the leachate.

Transferring Factor and Bioaccumulation Factor

The analysis of the BCF and TF value of heavy metals
in cassava was shown in Table 6. The results of the
heavy metal accumulation in cassava tubers, as
calculated by BCF, indicate that the trend in BCF
values is as follows: Ni (5.837) > Zn (1.118) > Cr
(1.217) > As (1.084) > Pb (0.648) > Cd (0.426) > Mn
(0.264) > Fe (0.046). The heavy metals that were most
effectively accumulated in the cassava tubers were Ni,
Zn, Cr, and As (BCF>1), suggesting that cassava is a
potential hyperaccumulator plant for Ni, Zn, Cr, and
As. Regarding the translocation of metals from the
tubers to the leaves and stems, the TF wvalues
demonstrated that Cd, Cr, Fe, Mn, Pb, and Zn
exhibited the ability to translocate from the tuber to
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Table 6. BCF and TF values of heavy metals in cassava plants.

Indicator As Cd Cr Fe Mn Ni Pb Zn
Bioaccumulation factor 1.084 0.426 1.217 0.046 0.264 5.837 0.648 1.118
Transferring tuber to leave 0.517 1.911 1.120 6.127 10.670 0.979 1.497 3.240
factor tuber to stem 0.548 0.855 1.211 1.295 7.094 0.937 1.090 1.999

the leaves (TF tuber to leave > 1). Similatly, the
metals that were effectively transported from the
tuber to the stem (TF tuber to stem > 1) included Ct,
Fe, Mn, Pb, and Zn. Based on accumulation and
translocation in cassava through BCF and TF values,
three groups of heavy metals can be identified. Group
1 consists of As and Ni, which are metals that
accumulate well in the tuber but do not effectively
translocate from the tuber to the leaves and stems.
Group 2 consists of Cr and Zn, which accumulate
well in the tuber and are also able to translocate to the
leaves and stems. Group 3 consists of Cd, Mn, Fe,
and Pb, which either accumulate minimally in the
tuber or do not accumulate significantly at all, but the
metals that do accumulate can effectively move to the
shoots. Therefore, in agricultural areas where As and
Ni contamination in the soil is present, cassava should
not be cultivated in these areas. Doing so would result
in the accumulation of As and Ni in the tubers, with
little to no translocation of these metals to other parts
of the plant (such as the leaves and stems), potentially
posing health risks to humans through the consum-
ption of the tubers.

Exposure assessment

The calculation of EDI for heavy metals through
cassava tuber consumption is shown in Table 7. The
trend in EDI values for both children and adults was

Table 7. Estimated Daily Intake (EDI) of heavy metals throngh
cassava tuber consumption

Estimated Daily Intake (mg/kg/day)

Element
Children Adult
As 1.288x1073 5.555x10
Cd 9.791x10° 4.196x10>
Cr 2.685x102 1.151x102
Fe 1.463x10"! 6.270x102
Mn 1.841x102 7.890x1073
Ni 3.412x102 1.462x102
Pb 1.737x1073 7.444x10*
Zn 2.287x102 9.799x1073

as follows: Fe > Ni > Cr > Zn > Mn > Pb > Cd.
Heavy metals were more readily absorbed in children
compared to adults, primarily due to their lower body
weight. As a result, children’s EDI values are higher,
with metals accumulating at a greater rate in their
bodies. This finding is consistent with Qing et al.
(2022), which observed that children’s EDI values are
1.25 to 2.8 times higher than those of adults, largely
due to body weight differences.

Non-carcinogenic health risk assessment

The results of the Non-Carcinogenic Health Risk
Assessment, based on THQ and HI calculations, are
shown in Table 8.

Table 8. The values of THQ and HI for non-carcinogenic health risk, and the values of CR and TCR for carcinogenic health risk assessment

throungh cassava tuber ingestion.

Target Hazard Quotient

Carcinogenic Risk

Element
Children Adult Children Adult
As 4.195 1.841 1.933 x10 8.283 x10*
Cd 9.790x102 4.196x102 3.720 x10 1.595 x10
Cr 1.790x102 7.671x10°3 1.342 x102 5.753 x1073
Fe 2.090x10! 8.958x102 Not calculated Not calculated
Mn 5.579x10! 2.391x10! Not calculated Not calculated
Ni 1.706 7.311x10! 2.866 x1072 1.228 x10?
Pb 1.241 5.317x10! 1.477 x10° 6.328 x10°
Zn 7.622x1072 3.267x102 Not calculated Not calculated

Total HI = 8.200 HI =3.514

TCR = 4.407 x10? TCR = 1.889x x10?
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The THQ wvalues for children from single metal
exposure indicate the following trend: As > Ni > Pb >
Mn > Fe > Cd > Zn > Cr. A similar trend is observed
for adults. Specifically, the THQ values for As (4.195
for children, 1.841 for adults), Ni (1.706 for children),
and Pb (1.241 for children) exceed the acceptable risk
level (THQ > 1), indicating unacceptable health risk
levels. The potential health effects include liver damage
from Ni, kidney dysfunction, and neurological issues
from Pb, and organ impairment from As (Ugonna et
al., 2020; Prabhat et al, 2019; Shetty et al,, 2025).
Children exhibit higher THQ values than adults due to
their lower body weight, resulting in higher EDI values.
Interestingly, the THQ of As is high despite lower
exposure, likely due to its low reference dose (RefD),
which indicates higher toxicity even at low concen-
trations. Conversely, metals with higher RefD, such as
Fe, show lower THQ, suggesting lower health risks.
The Multi element exposure health risk, assessed using
the HI, indicates a significant risk (HI > 1) for both
children (8.200) and adults (3.514), with children at a
greater risk. While some metals have acceptable THQ
values individually, the combined effect of multiple me-
tal exposures through cassava consumption leads to an
unacceptable risk level. To mitigate this, waste mana-
gement strategies should focus on enhancing landfill
leachate containment to prevent continued contamina-
tion. Agtricultural practices should also address the re-
duction of heavy metal contamination in cassava.
Farmers, waste management operators, and industrial
stakeholders should collaborate to employ technologies
like nanotechnology, advanced washing technologies,
and ion-exchange to minimize metal contamination in
cassava before industrial processing (Seo et al., 2023).
Additionally, cultivating crops with a low BCF, such as
maize (Aladesanmi et al., 2019), near landfill sites could
mitigate the accumulation of heavy metals in plant
parts consumed by humans.

Carcinogenic health risk assessment

The results of the Carcinogenic Health Risk
Assessment, based on the calculation of CR and TCR
values for heavy metals such as As, Cd, Cr, Ni, and Pb
through ingestion, are shown in Table 8. The analysis
reveals that the trend of CR values for heavy metals in
children is Ni > Cr > As > Cd > Pb, which is
consistent with the trend for adults. For both groups,
the assessment of carcinogenic risk from single metal
exposure indicates unacceptable risk levels (CR > 10
for As, Cr, and Ni in both children and adults. Cd and
Pb fall into the acceptable risk category for both
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groups. No metals were found to have a risk level
below the threshold for carcinogenic health impacts.
The carcinogenic risks associated with the exposure
to As, Cr, and Ni, which exceed the acceptable limits,
could lead to wvarious cancers, including: 1) Cd
exposure leading and kidney
(Rapisarda et al., 2018); 2) As exposutre leading to
urinary and bladder cancer (Jomova et al., 2024); 3) Ct
exposure leading to gastrointestinal cancer (NTP,
2008); 4) Ni exposure causing respiratory system
cancer and affecting carcinogenic  processes
(Mcgregon et al., 2000; Seikop and Oller, 2003); and
5) Long-term Pb exposure causing stomach and
bladder cancer (Garcia et al., 2010; WHO, 2023). The
multiple-element exposure assessment shows that the
total carcinogenic risk, with TCR values exceeding the
acceptable limit (TCR > 10%), is unacceptable for
both children and adults. Specifically, the TCR for
adults is 1.889x102, while for children it is 4.407x1072,
indicating a higher cancer risk for children. These
findings highlight the unsuitability of cassava from
the study area for consumption, as prolonged
ingestion may lead to an increased risk of cancer, as
also shown in the non-carcinogenic health risk
assessment.

to renal cancer

Conclusions

The contamination of heavy metals in soil and
cassava, including tubers, leaves, and stems, showed
the following trends: in the soil, the highest levels of
contamination were Fe > Mn > Cr > Ni > Pb > As
> Cd; in the cassava tubers, the highest levels were Fe
> Ni > Cr > Zn > Mn > Pb > As > Cd; and in the
cassava leaves, the highest levels were Fe > Mn > Zn
> Ni > Cr > Pb > As. Significant differences in the
contamination levels of As, Ni, Cd, Mn, Fe, and Zn
were found between the soil and cassava at the 0.05
level. When comparing the levels of heavy metal
contamination in the soil and cassava tubers to the
permissible limits of WHO/FAO, the heavy metal
contamination in the soil was found to be below the
permissible limits. However, contamination levels of
Cd, Cr, and Pb in the tubers exceeded the permissible
limits. The source analysis of heavy metal contami-
nation in the soil revealed that human activities con-
tributed significantly to the contamination. PCA ana-
lysis identified 2 principal components: PC1 consisted
of Ni, Cd, Mn, Fe, Zn, Pb, and Cr, which originated
from leachate leakage into agricultural soil; PC2
consisted of As, which originated from both landfill
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operations and the use of chemicals in agriculture.
The heavy metals that accumulated from the soil into
cassava tubers were As, Cr, Ni, and Zn, while the
metals that were capable of translocating from the
tubers to the leaves were Cd, Cr, Fe, Mn, Pb, and Zn.
The metals that were translocated from the tubers to
the stems were Cr, Fe, Mn, Pb, and Zn. Health risk
assessment analysis showed the trend of heavy metals
entering the human body through ingestion, with the
order being Fe > Ni > Cr > Zn > Mn > Pb > As >
Cd in both children and adults. The non-carcinogenic
health risk assessment revealed that the highest risks,
based on THQ calculations, were from As, Ni, Pb,
Mn, Fe, Cd, Zn, and Cr. Heavy metals exceeding
acceptable levels for health risk were As in both
children and adults, Ni and Pb in children. The
multiple element exposure assessment revealed an
unacceptable health risk (HI > 1) for both children
and adults. The carcinogenic health risk assessment,
based on multiple metal exposure, showed that the
highest cancer risks were from Ni > Cr > As > Cd >
Pb, with all heavy metals in children falling within the
unacceptable health risk range (CR > 10°). Similarly,
the carcinogenic health risk from multiple element
exposure showed an unacceptable risk for both
children and adults (TCR > 104).
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