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This study examines heavy metals and metalloid contamination in rice and assesses
associated health risks from ingesting these contaminated rice products. The investigation
involved measuring contamination levels across different rice components and evaluating
health risks through non-carcinogenic and carcinogenic assessments. Non-carcinogenic
risks were quantified using Hazard Quotient (HQ) and Hazard Index (HI) values, while
carcinogenic risks were assessed using Carcinogenic Risk (CR) and Total Carcinogenic
Risk (TCR) values. Rice samples were collected from high-risk agricultural areas near
landfill sites during the storm season. Heavy metals(oid) were extracted using by acid
digestion and analyzed by Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) following USEPA methods 3050B and 6010D. Results indicated significant
metalloid accumulation, with Arsenic (As) concentrated in rice grains (9.137 mg/kg) and
other metals predominantly found in leaves and roots. Concentrations of Arsenic (As),
Chromium (Cr), Copper (Cu), Iron (Fe), and Lead (Pb) in rice grains exceeded
contamination standards set by Thailand, China, WHO, and FAQ in 100%, 100%, 20%,
100%, and 80% of samples, respectively. Health risk assessments of multiple ingested
elements showed unacceptable risks (HI >1, TCR >10) for children, adult males and

adult females, with the highest risk in children (HI = 414.111, TCR = 3.867x101).

1. INTRODUCTION

Rice (Oryza sativa L.) serves as a staple food for
approximately 3.5 billion people globally [1], particularly
for Asian populations [2, 3]. By 2030, the global demand for
rice is projected to increase to around 567 million tons [4].
Consequently, ensuring the quality and safety of rice for
consumption is critically important [5].

Currently, economic development in both the industrial
and agricultural sectors has adversely affected rice quality
[6]. This development has led to increased pollution in the
soil and surrounding environment, and rice has the ability to
accumulate toxic substances from both the soil and the
environment into its tissues through the absorption of
harmful environmental agents [7, 8]. Consequently,
cultivating rice in soils with elevated levels of pollutant
contamination can significantly increase the concentration
of these pollutants in the rice itself [9]. This situation
potentially exacerbates health risks for consumers, as
pollutants can be transferred through the food chain from
rice to humans [10].

A significant risk factor for pollutant contamination in
rice and environment is waste management through

landfilling [11], with inadequate engineering design for
leachate management as a primary cause.

The surface runoff, if poorly managed, can contribute to
dispersion of pollutant-containing leachate into surrounding
environment [12] and agricultural areas [13], which leads to
contamination of rice cultivated around landfill areas and
adversely affects consumers’ health. Furthermore, the
spread of toxins from landfills contributes to soil
contamination [14]. If contaminated soil is utilized for rice
cultivation, the yield of the rice from such areas may be
diminished [15], and the plants may exhibit abnormal
growth patterns [16]. For instance, rice grown in soil with
high cadmium contamination may have a lower germination
rate, lack essential nutrients required for growth, and display
shorter stems and roots, ultimately reducing photosynthetic
efficiency [17].

Nowadays, the issue of contamination in agricultural
products remain a global concern, including contaminated
rice due to cultivation around landfills, as landfilling
continues to be a prevalent waste management method in
developing countries [18]. The varieties of heavy metals that
can leach from landfills and can be absorbed by rice include
arsenic, cadmium, chromium, nickel, and lead [19, 20].
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Levels and types of heavy metal(oid) contamination depend
on composition of the waste disposed in each area [21].
Additionally, the pollutant contamination in rice results
from the use of agricultural chemicals, including herbicides,
insecticides, and chemical fertilizers [22]. These chemicals
often contain heavy metal such as chromium, nickel,
arsenic, and lead [23]. Excessive use of agricultural
chemicals to boost crop yield can also exacerbate levels of
heavy metal(oid) contamination in rice, consumption of
which can lead to various health problems [24, 25].
Therefore, rice grown near landfill sites together with
application of agricultural chemicals might contribute to a
significant health risk for consumers. The health effects
include: 1) non-carcinogenic effects such as gastrointestinal
problems, neurological disturbances, and genetic damage;
and 2) carcinogenic effects such as breast cancer, prostate
cancer and stomach cancer [26]-[28]. The evaluation of
health risks associated with the consumption of
contaminated rice serves as a method to study the potential
health impacts. Data obtained from this health risk
assessment can indicate the levels of toxins ingested through
exposure assessment, the degree of risk for non-
carcinogenic diseases through non-carcinogenic health risk
assessment, and the level of risk for developing cancers
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through carcinogenic health risk assessment [29].
Considering all the aforementioned factors, investigating
heavy metal(oid) contamination in rice and assessing
associated health risks for rice grown in areas impacted by
landfills is critically important.

2. MATERIALS AND METHODS
2.1. Study area and sample collection

The study area is an agricultural area for rice cultivation
located around the Ayutthaya landfill site in Bang Ban
District, Phra Nakhon Si Ayutthaya Province, Thailand. The
Ayutthaya landfill operates as a sanitary landfill, employing
an oxidation pond system for leachate treatment and utilizes
geosynthetic clay liners and geotextiles to reduce the levels
of heavy metal contamination in the effluent released into
the environment and to prevent leachate leakage. This
landfill serves as a center for managing both municipal and
hazardous waste generated within Ayutthaya Province [30].
A significant issue associated with the Ayutthaya landfill is
the leakage of leachate due to surface runoff during the rainy
season, which results in the contamination of pollutants in
the surrounding environment, including groundwater,
surface water, and soil [31, 32].
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Fig. 1. Map of sampling locations and Sampling site coordinates in study area by QGIS.
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The study site is situated to the north between the landfill
and the main irrigation canal of Bang Ban District, which is
identified as the highest-risk area for leachate accumulation
in environment and rice due to its lower elevation compared
to the landfill and surrounding areas. Additionally, the rice
sampling area is located in close proximity to the boundary
of landfill site and is approximately 200 meters from the
operational waste disposal area. The geographical
coordinates and sampling locations are illustrated in Fig. 1.

Rice samples were collected during the rainy season
(May 2023) because this period is characterized by the
highest levels of surface runoff, leading to increased
leachate flow from the landfill to the surrounding
environment and agricultural area. Rice selected for this
study was in the pre-harvest phase [33].

A random sampling method was applied to collect rice
samples, resulting in 6 samples representing the entire
agricultural area [34]. These samples were stored in HDPE
containers in the field. To prepare for extraction and heavy
metal(oid) analysis in the laboratory, the samples were
washed with deionized water and separated into different
components, namely roots, leaves, and grains [35]. The
washed and separated samples were then dried at 70°C for
24 hours until reaching a constant weight [36]. Then they
were ground into fine powder and sieved using Sieve No.10.
Afterwards, they were stored in HDPE containers at 4°C
pending further laboratory analysis [37].

2.2. Sample preparation and analysis

The acid digestion process for heavy metal(oid) analysis in
rice grains, leaves, and roots was conducted according to
USEPA Method 3050B [38, 39]. 1 g of rice sample was
accurately weighed and digested in the mixture of nitric acid
(HNO3, 65%), hydrochloric acid (HCI, 37%), and hydrogen
peroxide (H202, 30%) in a volumetric ratio of 15 ml:10
ml:10 ml. During the digestion process, the samples were
heated on a hot plate at 95 + 5°C without boiling for 2 hours
or until no brown fumes are released, signifying the
completion of the oxidation reaction. After digestion, the
sample was filtered through Whatman filter paper No. 42,
and the filtrate was adjusted to a final volume of 100 ml. The
concentration of heavy metal(oid), including arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe),
manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn), was
determined using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES), PerkinElmer model
8300, following USEPA method 6010D [40] at Valaya
Alongkorn Rajabhat University. The wavelengths used for
the analysis were 193.696 nm for As, 226.502 nm for Cd,
267.716 nm for Cr, 324.754 nm for Cu, 259.940 nm for Fe,
257.610 nm for Mn, 231.60 nm for Ni, 220.353 nm for Pb,
and 213.856 nm for Zn.

2.3. Quality assurance and quality control

Quality control of chemicals and glassware for analytical
testing was conducted using the following procedures. 1) All
glassware used in the analyses was soaked in 14% HNQO; for
24 hours and subsequently rinsed with deionized water
before use. 2) The chemicals used in the analysis including
HCI (Thermo Fisher), HNO3; (Kemaus), H2O, (Thermo
Fisher), and certified reference materials (CRM) for heavy
metal(oid) (Sigma-Aldrich) must be produced through
standardized processes to achieve quality certification in
accordance with 1SO 17034 standards.

To ensure quality control in the analytical testing,
linearity was tested by constructing a standard curve with
concentrations of 0, 0.25, 0.5, 1, 2.5, and 5 ppm before
starting the analysis process each time. The correlation
coefficients (r?) for heavy metal(oid) including As, Cd, Cr,
Cu, Fe, Mn, Ni, Pb, and Zn were greater than 0.995, which
is within the acceptable range according to AOAC standards
[41]. Accuracy was assessed through % recovery, with
values ranging from 102.32% to 109.70%, which meets the
AOAC acceptable range of 80-110% [42].

2.4. Translocation Factor

The Translocation Factor (TF) is utilized to evaluate the
translocation of heavy metal(oid) from the roots to other
plant tissues. It is determined by the ratio of heavy
metal(oid) concentrations in various plant parts relative to
their concentration in the roots [43], as defined by the
equation (1).

TE= Cshoot / Croot 1)

where, TF represents translcation factor; Cshoot represents
concentration of heavy metas in shoot (leaf and rice grain)
(mg/kg); Croot represents concentration of heavy metal(oid)
in root (mg/kg). When the TF is greater than 1, it indicates
that the rice has a high capacity to move heavy metal(oid)
from the roots to other parts of the plant. Conversely, when
TF is less than 1, it signifies that the rice effectively
accumulates heavy metal(oid) in the roots [44, 45].

2.5. Health risk assessment

Health risk assessment from rice consumption involves
evaluating exposure through the calculation of the Average
Daily Dose. The assessment of non-cancer health risks is
performed by calculating the Hazard Quotient and Hazard
Index. To evaluate cancer health risk, the Carcinogenic Risk
and Total Carcinogenic Risk are calculated, following the
methods by the USEPA [46].

2.5.1. Exposure assessment

Average daily dose value (ADD) of heavy metal(oid)
elements was calculated using the following equation (2)
[47]:

ADD = (C * IngR * EF * ED) / (BW *AT) )
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where, ADD is average daily dose from ingestion
(mg.kg/day); C is mean of heavy metal(oid) concentration
in rice grain (mg/kg); IngR is ingestion rate of rice for Thai
people (0.1984 kg/day for children, 0.43126 kg/day for adult
male and 0.3198 kg/day for adult female); EF is exposure
frequency (365 day/year); ED is exposure duration ( 6 years
for children and 70 year for adult); BW is average body
weight of Thai people (23.9 kg for children, 68.83 kg for
adult male and 57.4 kg for adult female); AT is averaging
time (ED x 365 day/year) [48]-[51]

2.5.1. Non-carcinogenic health risk assessment

The assessment of non-cancer health risk from consuming
rice contaminated with heavy metal(oid) can be evaluated
by calculating the Hazard Quotient (HQ) and Hazard Index
(HI), as described by the following equations (3) and (4)
[52]-[55]. The HQ is used to evaluate the health risk of
single substances, while the HI assesses the cumulative
health risk from exposure to multiple metal(oid).

HQ = ADD / RfD A3)

HI = HQAs + HQCd + HQCr + HQCu + HQFe  (4)
+ HQMn + HQMn + HQNi + HQPb HQZn

where, HQ represents the Hazard Quotient; HI represents
the Hazard Index; and RfD denotes the Reference Dose
(mg/kg/day). The RfD values for As, Cd, Cr, Cu, Fe, Mn,
Ni, Pb, and Zn are 3.0x10, 1.00x103, 3.0x1073, 4.0x10%?,
7.00x10%, 4.70x102, 2.00x10?, 1.4x103, and 0.3 mg/kg-
bwi/day [45], [56]-[58], respectively. When HQ or HI > 1, it
indicates that the heavy metal(oid) ingested can potentially
cause health risk. Conversely, when HQ or HI < 1, it
signifies that the ingested heavy metal(oid) is unlikely to
result in non-carcinogenic health risk.

2.5.1. Carcinogenic health risk assessment

Carcinogenic risk denotes the elevated likelihood of cancer
development over a person's lifetime (children, adult males
and adult females) due to exposure to a suspected
carcinogen, specifically As, Cd, Cr, Ni, and Pb [59]-[61].
Carcinogenic risk can be performed by calculating the
Carcinogenic Risk value (CR) and Total Carcinogenic Risk
value (TCR) using appropriate equation (5) and (6) [62]. The
CR measures the cancer risk linked to exposure to each
individual heavy metal(oid), whereas the TCR assesses the
cumulative cancer risk resulting from exposure to multiple
carcinogenic metal(oid).

CR =ADD * SF (5)

TCR = CRAs + CRCd + CRCr + CRNi + CRPb  (6)

In this study, CR represents carcinogenic risk via
ingestion, while TCR denotes the total carcinogenic risk.
The slope factors (SF) for carcinogens such as As, Cd, Cr,
Ni, and Pb are 1.5, 0.38, 0.5, 1.7, and 0.0085, respectively

[63]-[66]. The evaluation criteria for carcinogenic risk are
defined as follows: a TCR or CR value greater than 10
indicates an unacceptable risk level, suggesting a potential
for cancer development; a TCR or CR value between 1078
and 10~*signifies a risk that is considered acceptable but still
warrants attention; and a TCR or CR value less than 1078
denotes negligible risk of cancer associated with the
exposure to carcinogenic substances.

2.6. Statistic analysis

All statistical analyses were performed using SPSS (Version
29). Heavy metal(oid) contamination in rice and its various
components was reported as mean values and standard
deviations. To examine the relationships between different
individual metals in rice grains, Pearson correlation
coefficients were calculated [65]-[67]. Additionally, one-
way ANOVA was employed to assess differences in heavy
metal(oid) contamination among different rice components,
including rice grains, rice husks, and rice bran [68].

3. RESULTS AND DISCUSSION

3.1. Contamination of heavy Metal(oid) in different parts
of rice

The study of heavy metal(oid) accumulation (mg/kg dry
weight) in various parts of rice (Tablel) revealed the
following results; 1) Fe (17093) represented the highest
accumulation in the roots, followed by Mn (148.800) > Zn
(98.925) > Cu (59.467) > Cr (40.100) > Ni (23.358) > Pb
(13.533) > Cd (3.608) > As (1.550); 2) In the leaves, the
accumulation of Fe is still the highest at 985, which was
followed by Mn (375.450) > Cu (71.367) > Zn (46.558) >
Pb (27.375) > Ni (21.533) > Cr (12.608) > As (6.874) > Cd
(BDL); and 3) In the grains, the accumulation in descending
order was Fe (2,336) > Mn (209.710) > Zn (45.847) > Cu
(35.723) > Cr (14.962) > Ni (14.903) > As (9.137) > Pb
(6.792) > Cd (BDL). The accumulation of As, Cd, Cr, Mn,
Ni, and Zn varies significantly across different parts of rice
plants (p > 0.05). Specifically, Cd, Cr, Ni, and Zn
predominantly accumulate in the roots. Mn is mainly
concentrated in the leaves and grains, whereas As is
predominantly found in the grains. In contrast, the
accumulation of Cu, Fe, and Pb does not show statistically
significant differences between the leaves, grains, and roots
(p > 0.05). The contamination of heavy metals in rice
primarily results from the absorption of these metals from
contaminated soil and water [71]. The sources of heavy
metal contamination in the study area can be classified into
two main categories. 1) Anthropogenic sources: These
include activities associated with landfill operations and the
application of agricultural chemicals in rice cultivation.
Specifically, Cd and Pb are derived from leachate leakage,
while Cu is produced from waste combustion.
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Table 1. Contamination of Heavy Metal(oid) in parts of rice plant (Oryza sativa L.)

Rice sample o . Concentration of Heavy Metal and Metalloid (mg/kg)
arts of plant As Cd Cr Mn Ni Pb Zn
No. P (Mean+SD) | (Mean+SD) | (Mean+sp) | €V (Mean+SD) | Fe (Mean+SD) | \1oanisp) | (Mean+sD) | (Mean+SD) | (Mean+SD)
Rice 1 Root (RRO1) | 3.300+5.425 | 4.000+0.510 | 50.850+0.155 | 77.400+1.735 | 22560+126 | 187.500+3.900 | 24.900+0.405 | 11.200+0.780 | 136.600+1.320
(0. sativa L) Leaf (RLO1) | 9.300+4.350 BDL 10.300+0.420 | 17.000+0.310 1051+15 298.850+4.195 | 5.150+0.510 | 0.650+1.045 | 54.350+0.495
Grain (RS01) | 22.750+3.445 BDL 14.670+0.130 | 16.670+0.105 1537+5.900 | 296.500+0.935 | 8.920+0.600 BDL 59.580+0.170
Rice 2 Root (RR02) | 3.050+2.345 | 3.950+0.160 | 51.750+0.340 | 51.350+0.640 22060+79 | 123.150+0.790 | 27.100+0.660 | 15.150+1.435 | 94.500+0.195
(0. sativa L) Lea_f (RLO2) | 11.100+3.855 BDL 9.850+0.305 | 24.450+0.080 1232+2.250 | 328.100+0.515 | 1.150+0.360 | 7.700+1.120 | 57.600+0.295
Grain (RS02) | 24.150+2.665 BDL 13.050+0.165 | 20.700+0.790 1884+49 395.450+10.38 BDL 15.400+1.850 | 50.900+0.370
Rice 3 Root (RR03) | 2.950+8.965 | 2.650+0.195 | 38.000+0.515 | 94.300+1.485 16215+29 216.200+3.090 | 19.600+0.655 | 9.100+0.835 | 142.800+0.340
(0. sativa L.) Leaf (RLO3) | 15.500+3.585 BDL 12.600+0.225 | 23.800+0.325 1018+4.250 608+2.600 6.900+0.280 BDL 64.150+0.390
Grain (RS03) | 4.300+0.600 BDL 8.300+0.100 | 12.250+0.070 669+3.500 | 210.600+1.150 | 3.450+0.050 5+0.660 35.750+0.235
Rice 4 Root (RR04) BDL 3.900+0.275 | 36.250+0.290 | 45.700+0.310 | 13960+53.500 | 126.300+1.180 |23.350+0.145 | 13.800+0.875 | 73.900+0.490
(0. sativa L) Leaf (RLO4) | 1.656+0.300 BDL 16.850+0.800 | 335.150+32.05 | 963+6.750 | 356.050+2.330 | 96.800+0.520 | 7.010+0.405 | 32.550+0.230
Grain (RS04) | 0.899+1.640 BDL 13.000+0.005 | 127.650+1.030 | 1454+15.250 | 124.150+1.340 | 34.900+0.235 | 12.200+0.430 | 32.600+0.140
Rice 5 Root (RR05) BDL 4.500+0.125 | 33.250+0.275 | 60.550+0.995 | 15170+80.500 | 145.500+1.695 | 28+0.370 18.850+0.770 | 82.650+0.355
(0. sativa L) Leaf (RLO5) | 2.262+0.620 BDL 8.900+0.090 | 10.900+0.145 845+5 327.800+2.030 | 4.050+0.140 [139.850+1.035| 34.200+0.150
Grain (RS05) | 0.316+3.190 BDL 29.100+0.200 | 24.800+0.290 | 7816+55.400 | 105.200+0.900 | 18.290+0.220 | 4.900+0.800 | 45.000+0.080
Rice 6 Root (RR06) BDL 2.650+0.13 | 30.500+0.390 | 27.500+0.235 | 12590+20.500 | 94.150+0.445 | 17.200+0.085 | 13.100+1.250 | 63.100+0.510
(0. sativa L) Leaf (RLO6) | 1.428+2.590 BDL 17.150+0.060 | 16.900+0.120 | 799+10.650 | 333.900+4.080 | 15.150+0.080 | 9.050+0.340 | 36.500+0.165
Grain (RS06) | 2.407+1.450 BDL 11.650+0.075 | 12.250 + 0.535 657+6.7 126.350+1.360 | 23.950+0.255 | 3.250+0.110 | 51.250+0.730
Root 1.550 +1.702 | 3.608+0.773 | 40.100+9.051 | 59.467+23.721 | 17093+4221 | 148.800+45.2 | 23.358 +4.242 | 13.533 +3.354 | 98.925 +33.28
Average Leaf 6.874 +5.938 BDL 12.608+3.614 | 71.367+129.32 | 985+155.747 |375.450+115.38(21.533+37.170| 27.375 +55.23 | 46.558 +13.73
Grain 9.137+11.181 BDL 14.962+7.250 | 35.723+45.308 | 2336+2729 | 209.710+115.9 [14.903+13.280| 6.792 +5.811 | 45.847 +10.21
One -way F value 5.233 345.046 96.150 1.035 193.108 29.213 0.768 2.176 40.481
ANOVA P value 0.009 <0.001 <0.001 0.363 <0.001 <0.001 0.469 0.124 <0.001
Standard value
Thailand | Maximum
national Ip_er_ml_ssﬂ_)le 0.2 ppm 0.4 ppm - - - - - 0.2 ppm -
Standard imit in rice
[72]
Maximum
Levels of
Contaminants
in Food 0.2 ppm 0.2 ppm 1 ppm - - - - 0.5 ppm -
(China): GB
2762-2022
International [73]
Standard Maximum
permissible
levels in food
crops and rice|  0.35 ppm 0.4 ppm 1.2 ppm 73 ppm 425 ppm 500 ppm 67 ppm 0.2 ppm 99.4 ppm
b
WHO?FOA
[74]-[78]
Concentration of heavy metals in rice grain in other countries
Can Tho landfill,
Vietnam [79] - ND 0.57 1.45 - 129 1.68 ND 17.7
Gunung Tugel dumpsite,
Indonesia [80] - 0.048 0.089 0.03 0.445 0.196 - 1.202 1.962
Nakhonlung dumpsite,
Thailag ’ [815) - - 5.62 7.4 174.43 21.77 7.32 1.48 24.66
Contaminated site in Taipei
city, Taiwan [82] 0.001 ) 3 3 ) ) ) ) )
BDL, below detection limit; ND, not detected
Table 2. Translocation factor of Metal(oid) in rice
Translocation Metal and Metalloid
factor As Cd Cr Cu Fe Mn Ni Pb Zn
root to grain 5.895 0 0.373 0.601 0.137 1.409 0.638 0.502 0.463
root to leaf 4.435 0 0.314 1.200 0.058 2.523 0.922 2.023 0.471

Additionally, Cd contamination may also occur due to the
use of phosphate fertilizers. 2) Natural sources: This
category encompasses heavy metals that are naturally
present in the soil, such as Zn, which is found in both natural
soil and parent rock [83].

The results of the comparison between the average heavy
metal contamination levels in rice grains from this study and
those reported in various countries reveal that the average
concentrations of As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn in

rice cultivated near the Ayutthaya landfill are higher than
those observed in rice grown around landfill sites and
contaminated areas in Vietnam (Can Tho landfill), Indonesia
(Gunung  Tugel dumpsite), Thailand (Nakhonlung
dumpsite), and Taiwan (contaminated site associated with
wastewater disposal). Notably, Cd levels from the Can Tho
landfill in Vietham were found to be an exception. The
reason for the higher levels of heavy metal contamination in
rice from the Ayutthaya landfill area compared to other areas
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is the frequent leaching of leachate into the surrounding
agricultural fields, particularly during the rainy season when
surface runoff occurs.

Analysis of the TF to study the transfers of heavy
metal(oid) from the roots to different parts of the rice plant
(Table 2) indicated that rice effectively transfers As and Mn
from the roots to the grains (TFroot to grain > 1) and As, Cu,
Mn, and Pb from the roots to the leaves (TFroot to leave >
1). In contrast, Cd, Cr, Fe, Ni, and Zn showed lower transfer
efficiency to the grains and leaves (TFroot to grain, leave
<1). The TF values greater than 1 for As, Cu, Mn, and Pb
suggest that rice acts as a hyperaccumulator for these
elements, transferring them from roots to shoots (leave and
grain) [84]. Heavy metals can translocate from the roots to
the leaves and grains of rice via the xylem [85]. However,
the internal mechanisms of the plant cause variations in the
rates of translocation and accumulation of these metals to
the leaves and rice grains. For example, Cd and Pb are
sequestered in vacuoles of root, and Ni forms the stable

complexes with amino acids in root. Consequently, these
processes lead to a decreased translocation of heavy metals,
resulting in lower levels of Cd and Ni in the leaves and roots,
as well as diminished lead concentrations in the rice grains
[90]-[92].

Health risk assessments comparing heavy metal(oid)
contamination levels in rice grains to established standards
indicated that the average concentrations of As, Cr, Fe, and
Pb in rice grains exceeded the maximum permissible limits
set by Thailand, China, and the WHO/FAO [69-75].
Consequently, the consumption of rice contaminated with
these metal(oid)s poses significant health risks. Specifically,
the contamination levels of As and Pb in rice grains surpass
the standards established by Thailand, China, and the
WHO/FAO, while Cr levels exceed the standards set by
China and the WHO/FAO, and Fe levels exceed those
established by the WHO/FAO.

Table 3: Pearson correlation coefficient of Metal(oid) in rice grain samples

Element As Cr Cu Fe Mn Ni Pb Zn
As 1 -.210 -.340 -.254 941 -.669™ -.135 -.681"
Cr 1 -.040 .980"" -.337 174 -131 134
Cu 1 -.065 -.351 .730™ 486" -.620™
Fe 1 -.323 .088 -.057 .011
Mn 1 -.793™ 310 498"
Ni 1 .007 -.384
Pb 1 -.402
Zn 1

**_ Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

Table 4: Average daily dose (mg/kg bw/day) for heavy metal(oid) through rice consumption in study area

Exposure assessment
Group of exposed Average daily dose (mg/kg BW/day) of Metals and Metalloid (ADD)
population As Cd Cr Cu Fe Mn Ni Pb Zn
Children (ADDingC) | 7.585x102 | 0 |1.242x1071|2.965x10'| 19.393 1.741 |1.237x101 |5.638x102| 3.806x101
Male | 52o5x102 | 0 |9.374x102|2.238x101| 14.637 | 1.314 |9.338x10%|4.255x102|2.873x10"
Adult (ADDingM)
Female 5.082x102 | 0 |[8.322x102|1.987x101| 12.994 1.166 |8.290x10|3.778x102| 2.550x101
(ADDingFM)
Permissible daily dose intake
Safe"m'[‘g‘g?'“e 3011 3.00x100 |B2%| 3.00x10° | 5.00x10" | 8.00x107 | 1.40x10* | 2.00x107 | 3.60x10* | 60
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Table 5: Non-carcinogenic risk assessment by risk index (Hazard quotient and Hazard index) for heavy Metal(oid)
through rice consumption in study area

Non-carcinogenic health risk assessment

Group of exposed Hazard quotient of Metals and Metalloid (HQ) Hazard
population As Cd Cr Cu Fe Mn Ni Pb Zn index (HI)
Children 252.829 0 41.400 7.414 27.704 | 37.040 6.190 40.271 1.269 414.117

Male | 190.829 0 31.248 5596 | 20.910 | 27.956 | 4.669 30.396 | 0.958 312.562
Female | 169.411 0 27.741 | 4.968 18.563 | 24.819 4.145 26.984 | 0.851 266.482
HQ and HI result of relevant studies in previous study
Children| v/jetnam NA NA [1.38x102|7.77x10“4| NA |3.75x102|1.55x10°| NA |8.68x10%| 5.44x10%

Adult

Adult [79] NA NA [1.18x102|6.65x10%4| NA |3.21x102|1.32x103| NA |7.43x102| 4.66x10*
Children| |ndonesia | NA | 0.109 | 0.068 |6.00x10%| 1.4x10? |3.20x103| NA 0.778 | 0.015 NA
Adult [80] NA 0.148 | 0.092 |7.00x10*| 0.002 |4.30x10%| NA 1.062 | 0.020 NA
Children| Thailand NA NA |6.92x102[1.50x10%| NA |3.47x10%|1.32x103|1.19x102|4.32x10%| 8.78x1072
Adult [81] NA NA |5.92x102[1.28x10%| NA |2.97x10%|1.13x103|1.01x102|3.70x10%| 7.51x1072
Adult '\'['1906(;]"’ NA | 0490 | 0012 | 0028 | 0025 | 0138 | 0045 | 1.163 | 0.050 NA

Children| pakistan [2-11x10%| NA |2.09x102|6.19x102|2.51x107"|2.31x102|2.72x10°%| NA  |1.28x10? NA
Adult [101]  |1.78x10%] NA [1.76x102|5.22x102|2.11x10|1.95x102|2.30x103| NA |1.08x107 NA
Children 0.800 0.600 |5.00 x10#| 0.300 NA NA NA 0.100 NA 2.000

China [102]
Adult 0.800 | 0.600 |4.40x10* 0.300 NA NA NA 0.100 NA 1.900

NA, not available

Table 6: Carcinogenic risk assessment by risk index (Carcinogenic risk value) for heavy metal(oid) through rice consumption in

study area
Carcinogenic health risk assessment
Total
Group of exposed Carcinogenic risk of heavy metals and metalloid (CR) cazglﬂggen
population (TCR)
As Cd Cr Cu Fe Mn Ni Pb Zn
Children 1.138x10! 0 6.210 x102| NC NC NC |2.103x107 [ 4.790x10*| NC (3.867x10!

Male |8.587x10? 0 4.690x1072 NC NC NC | 1.587x10?|3.620x10“| NC |2.920x10*
Female | 7.624x107 0 4.160x107 NC NC NC | 1.409x10!|3.210x10“| NC |2.591x10

Adult

CR and TCR result of relevant studies in previous study

Children | |ndonesia NA  |3.43x10°| 5.04x10* | NA NA NA NA | 1.16x10% | NA| NA
Adult [80] NA  |9.35x10| 1.38x10% | NA NA NA NA | 3.16x105 | NA | NA
Adullt Thﬁ;'l"’]‘”d NA NA NA NA NA NA NA 5.31x10 | NA |5.31x10°8

Children| pakistan | 3-17x10% | NA 1.89x102 | NA NA NA | 2.48x1073 NA NA | 2.27x10%2
Adult [101] | 2.67x10% NA 1.59x102 | NA NA NA | 2.09x103 NA NA | 2.07x10%2
Children| 3.80x10% | NA NA NA NA NA NA NA NA | NA

China [102]
Adult 350x10% | NA NA NA NA NA NA NA NA| NA

NA, not available; NC, not calculated
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The health effects of consuming rice contaminated with
excessive levels of As, Cr, Pb, and Fe include: 1) excessive
accumulation of Fe can damage various organs, potentially
leading to diabetes and cardiovascular diseases [93]; 2) Pb
exposure can cause dysfunction in kidneys, the reproductive
system, and the nervous system. Children exposed to Pb are
possibly vulnerable to learning disabilities [94]; 3) Cr
exposure can impact the digestive system, causing bleeding
disorders, and high levels of exposure may lead to death and
heart failure. Moreover, chromium is a known carcinogen
that can cause cancers and genetic mutations [95]; 4)
Exposure can lead to symptoms such as vomiting,
abdominal pain, and diarrhea, whereas long-term exposure
may result in cancers, including bladder cancer, as well as
genetic damage [96].

Correlation analysis using Pearson's coefficient (Table3)
indicated strong positive correlations between As and Mn
(r=0.941), Cr and Fe (r =0.980), and Cu and Ni (r = 0.730),
suggesting a common or similar source of contamination
[97, 98]. Conversely, metal(oid) such as As and Ni (r =
-0.669), As and Zn (r = -0.681), Cu and Zn (r =-0.620), and
Mn and Ni (r = -0.793) exhibited negative correlations,
indicating distinct sources of contamination. Moderate
positive correlations, such as Cu and Pb (r = 0.486) and Mn
and Zn (r = 0.498), reflected complex relationships between
the sources of contamination [99].

3.2 Exposure assessment

The transfer of heavy metal(oid) from rice to the human
body through consumption was assessed using the ADD
calculated in mg/kg/day, as illustrated in Table 4. The
average ADD values for As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and
Zn were 7.585x1072, 0, 1.242x10%, 2.965x10%, 19.393,
1.741, 1.237x107, 5.638x107?, and 3.806x10* mg/kg/day for
children; 5.725x102, 0, 9.374x10?, 2.238x107%, 14.637,
1.314, 9.338x1072, 4.255x107?, and 2.873x10* mg/kg/day for
adult males; and 5.082x1072, 0, 8.322x102, 1.987x10%,
12.994, 1.166, 8.290x10?, 3.778x1072 and 2.550x10*!
mg/kg/day for adult females. The ADD value of As, Cr, Fe,
Mn, and Ni via ingestion pathway in children, adult males
and adult females exceeded the standard limits. ADD values
exceeding these safety standards indicate that consumption
of contaminated rice can lead to both short-term and long-
term health effects [86]-[89].

3.3 Non-carcinogenic health risk assessment

Calculated using HQ and HI values, the non-carcinogenic
health risk assessment of heavy metal(oid) through rice
consumption in children, adult males, and adult females are
presented in Table 5. The HQ values of metal(oid) were As
(HQ for children = 252.829, HQ for adult male = 190.829,
HQ for adult female = 169.411) > Cr (HQ for children
= 41.400, HQ for adult male = 31.248, HQ for adult female
=27.741) > Pb (HQ for children =40.271, HQ for adult male
= 30.396, HQ for adult female = 26.984) > Mn (HQ for
children = 37.040, HQ for adult male = 27.956, HQ for adult

female = 24.819) > Fe (HQ for children = 27.704, HQ for
adult male = 20.910, HQ for adult female = 18.563) > Cu
(HQ for children = 7.414, HQ for adult male = 5.596, HQ
for adult female = 4.968) > Ni (HQ for children = 6.190, HQ
for adult male = 4.669, HQ for adult female = 4.145) > Zn
(HQ for children = 1.269, HQ for adult male = 0.958, HQ
for adult female = 0.851) > Cd (HQ for children, adult male
and adult female = 0). The HQ values of As, Cr, Cu, Fe, Mn,
Ni, Pb and Zn in children, adult males, and adult females
were greater than 1, indicating potential non-carcinogenic
health risks.

Comparative analysis of HQ values across different
groups of people indicated that children exhibit higher HQ
values compared to adult males and adult females. The HQ
values for heavy metal(oid) associated with rice
consumption in this study are higher than those reported for
health risks from heavy metal(oid) exposure in rice from
areas near landfills and industrial zones in Indonesia,
Vietnam, Thailand (Kalasin), Pakistan, Nigeria, and China
[79]-[81], [100]-[102]. However, the HQ value for Cd was
lower than in Pakistan for both children and adults. This
suggests that human activities in the study area, such as
waste disposal and the use of agricultural chemicals,
contribute to higher health risks from rice consumption
compared to other regions with similar pollution activities.
Also, the assessment of non-carcinogenic risk from multiple
heavy metal(oid) indicates that the health risk levels are
deemed unacceptable (HI > 1) for children (HI = 414.117),
adult males (HI = 312.562), and adult females (HI =
277.482). These HI values for children, adult males, and
adult females suggest that the consumption of rice
contaminated with multiple heavy metals poses significant
health risks to consumers and may result in adverse health
effects in the future.

3.4 Carcinogenic health risk assessment

Table 6 presents the carcinogenic health risk assessment of
As, Cd, Cr, Ni, and Pb through rice consumption in children,
adult males, and adult females, which was calculated using
CR and TCR values.

The carcinogenic risk value for each heavy metal (oid)
was as follows: Ni (CR for children = 2.103x10%, CR for
adult males = 1.587x10?!, CR for adult females =
1.409x10) > As (CR for children = 1.138x10%,CR for adult
males = 8.587x107?, CR for adult females = 7.624x10?) > Cr
(CR for children = 6.210 x102, CR for adult males =
4.690x1072, CR for adult females = 4.160x10?) > Pb (CR for
children = 4.790x10, CR for adult males = 3.620x10*4, CR
for adult females = 3.210x10*) > Cd (CR for children, adult
males, and adult females = 0). Comparative analysis of
carcinogenic risk across different demographic groups
revealed that children exhibited higher carcinogenic risks
compared to adult males and adult females for Ni, As, Cr,
and Pb. In contrast, the CR for Cd was negligible across all
age groups. The individual metal(oid)s risk assessments
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indicated that all individual metal(oid), except for Cd,
presented risk levels that exceeded acceptable thresholds
(CR > 10") across all age groups. This suggests a potential
carcinogenic risk associated with the consumption of
contaminated rice over prolonged periods. In contrast, Cd
does not exhibit a significant risk.

A comparative analysis of CR values from this study with
other research locations impacted by heavy metal(oid)
contamination in rice revealed that the CR values for As, Cr,
Ni, and Pb in this study were higher than those reported in
Indonesia, Thailand (Kalasin province), Pakistan and China,
with the exception of Cd. However, the CR values for Cd in
children and adults from research conducted in Indonesia
were higher than those observed in this study, at 3.43 x 103
for children and 9.35 x 10" for adults. The evaluation of
cancer risk associated with the ingestion of multiple
elements, as measured by TCR values, indicated that the
TCR for children, adult males, and adult females exceeded
acceptable limits (TCR > 107#), with the TCR for children
being the highest at 3.867 x 107!, followed by adult males at
2.920 x 107! and adult females at 2.591 x 107! These
findings suggest that the risk of developing cancer due to the
consumption of rice contaminated with multiple elements is
significant for children, adult males, and adult females.

4. CONCLUSIONS

The average concentrations of heavy metal(oid)
contamination indicated that Cd, Cr, Fe, Ni, and Zn were
accumulated the highest in roots. Pb, Cu, and Mn are the
most prominently accumulated in leaves, while As exhibits
the highest accumulation in rice grains. The average
contamination levels of As, Cr, Fe, and Pb in rice grains
exceeded established safety standards. Among the
metalloid, As had the highest translocation factor, reflecting
its most significant movement from roots to leaves and
grains. The evaluation of health risks related to the ingestion
of individual metal(oid) from rice consumption indicated
that non-carcinogenic health risks for As, Cr, Cu,

Fe, Mn, and Pb in children, adult males, and adult females,
as well as Zn in children, exceeded acceptable levels.
Additionally, the carcinogenic health risks for As, Cr, Ni,
and Pb also surpassed acceptable thresholds.

Furthermore, when considering the ingestion of multiple
metal(oid), the assessment revealed that both non-
carcinogenic and carcinogenic health risks remained
unacceptable across all age groups. Specifically, the HI for
non-carcinogenic risks exceeded 1, and the TCR exceeded
107 for carcinogenic risks.

To mitigate heavy metal(oid) contamination in rice and
reduce health risks to consumers, it is imperative that
government agencies take proactive measures. The
following recommendations are proposed. 1) The
government should implement regulations to control waste
disposal sites, elevate standards for heavy metal(oid)
contamination in rice, and provide training to farmers on

proper agricultural chemical usage. 2) The government
should design and enhance wastewater management systems
to address leachate from waste disposal sites, including the
development of treatment facilities, leachate collection
systems, and measures to prevent surface runoff from these
sites that may spread contaminants into the environment. 3)

To address heavy metal contamination in rice, the
government should implement scientific approaches to
remediate the environment, particularly the soil
environment, to reduce the absorption of heavy metals by
rice from contaminated soil. Suggested techniques for soil
treatment include the use of nanoparticles, biosorption, and
phytoremediation. These methods can effectively decrease
heavy metal levels in agricultural settings, ultimately
enhancing food safety and public health.
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