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Abstract: Health risks of toxic metals and polycyclic aromatic hydrocarbons (PAHs) associated with the consumption
of Telfairia occidentalis and Talinum triangulare impacted by wastewater from water treatment plants within Uyo
Metropolis, Southern Nigeria, were investigated using standard methods. The level of toxic metals and PAHs was higher
in vegetables impacted by wastewater from food processing industries than in the other investigated sources. The levels
of cadmium (Cd), lead (Pb), arsenic (As), and chromium (Cr) in the vegetables exceeded their recommended limits by
the Food and Agriculture Organization (FAO) and the World Health Organization (WHO). Wastewater was confirmed
as the major source of toxic metals in the vegetables. The estimated chronic daily intake of toxic metals through
vegetables for both child and adult populations was lower than their tolerable daily intake. The hazard quotients of non-
carcinogenic PAHs indicated higher values for children than adults. The vegetables contained all the priority PAHs
except dibenz[a,h]anthracene. The estimated daily intake of PAHs was higher in children than in adults, except for
phenanthrene. The threshold screening values for PAHs indicated lower non-carcinogenic health risks for consumers.
The carcinogenic health risks of metals and PAHs via vegetables indicated a moderately high risk for both populations.
The consumption of vegetables impacted by wastewater could result in serious health problems for both child and adult
populations. This study has exposed the environmental and human health problems related to the use of wastewater for
the irrigation of vegetable gardens, which hitherto were unavailable in the study area.
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1. Introduction

The high population density in urban areas within the developing countries of the world is associated with the
scarcity of potable water. Consequently, farmers have resorted to the use of wastewater for the irrigation of their
farmlands. In Nigeria, for instance, most farms, especially the ones cultivated with vegetables, are located close to
water treatment plants for water accessibility. These farmers are also interested in the wastewater from these treatment
plants for its high nutrient content [1-3]. However, literature has shown that wastewater is a good source of toxic metals,
organic contaminants, and pathogens in the soil and subsequently in the plants cultivated there [4-8]. It has also been
reported that wastewater from water treatment plants has high levels of polycyclic aromatic hydrocarbons (PAHs) [9-
11]. These toxic organic substances may also be transferred to the soil environment and vegetables grown on it. Studies
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have shown that the high accumulation of PAHs in vegetables and their cancer-causing potential are becoming serious
health problems [12-14]. High levels of toxic metals have been reported in vegetables cultivated in soils irrigated with
wastewater from different sources [15-18]. The consumption of vegetables highly polluted with inorganic and organic
toxic substances may also result in serious human health problems [19]. In Nigeria, vegetables, especially Telfairia
occidentalis (fluted pumpkin) and Talinum triangulare (water leaf), are widely cultivated and consumed [20]. Hence,
the cultivation and processing of these vegetables should be closely monitored to avoid serious health problems along
the food chain. Studies have also established that leafy vegetables have the capacity of accumulating high levels of
toxic substances in their edible parts and transferring them to consumers [21, 22]. Despite the intensive consumption
of these vegetables, information on their processing, suitability, or otherwise for human consumption is still scanty.
The use of untreated or partially treated wastewater for irrigation may result in several human health problems [23-
25]. Nevertheless, the use of treated wastewater for farming is a good source of plant nutrients [26-28]. Several
techniques could be applied by industries for the proper treatment and removal of emerging toxic contaminants from
their wastewater, and these include liquid-liquid extraction, filtration and flotation, chemical precipitation, and ion
exchange [29-31]. This study has indicated the impact of wastewater on the metal loads in vegetables and the human
health problems associated with the consumption of vegetables impacted by wastewater within the study area. Previous
studies in this area concentrated mainly on the characterization of wastewater from industries, but they never considered
assessing the potential negative impacts of irrigating edible plants by the wastewater [32-34]. This study investigated the
impact of irrigating vegetables with wastewater from water treatment plants and the human health risks associated with
the consumption of contaminated vegetables. It focused on examining the accumulation of some selected toxic metals
and PAHs in two vegetable types, i.e., T. occidentalis and T. triangulare, that are commonly consumed among locals.
The study further assessed the carcinogenic health risks associated with this practice.

2. Materials and methods
2.1 Description of study locations

Three water treatment plants in Akwa Ibom State, Nigeria, namely: Ibom Hotels and Golf Resort wastewater
treatment plant (Station 1), Champion Brewery wastewater treatment plant (Station 2), and Akwa Ibom Water Company
wastewater treatment plant (Station 3), were used for this study. The descriptions of each of the stations including their
coordinates were given below:

Station 1: The Ibom Hotels and Golf Resort is popularly known as a five-star hotel treatment plant that is located
between latitude 5° 03 26.8” N and longitude 8° 02” 20.7” E at Nwanaiba, Uruan, Akwa Ibom State. The hotel was
established in 2006 and commenced full operation in 2008. It covers a land mass of 176 hectares and can treat 2,000
cubic meters of water per day for use in the hotel and the immediate environment.

Station 2: The plant is located between latitude 5° 04’ 55.7” N and longitude 9° 20’ 08.63” E along Aka Road, Uyo,
Akwa Ibom State. The company was incorporated on the 31st of July 1979, and started operating in December with an
initial capacity of 150,000 hectoliters of beer per annum. After a major upgrade in the year 2000, production capacity
was increased to 500,000 hectoliters of beer per annum. The plant can treat about 6,000 cubic meters of water per day.

Station 3: The Akwa Ibom Water Company wastewater treatment plant is located between latitude 5° 02° 1.1” N
and longitude 7° 56’ 19.6” E at Dominic Utuk Avenue, Uyo, Akwa Ibom State. The water treatment facility was built
in 1989 and expanded in 1992 to a capacity of 130,000 cubic meters per day before it began operation. It can provide
treated water to urban, semi-urban, and rural communities in Akwa Ibom State.

The Control Station: The Control Station is a vegetable garden where tap water is used for irrigation. Hence,
wastewater has no impact on the vegetables cultivated there. The farm is located between 5° 06’ 28.4” N and longitude
8°04°22.5” E along Nwanaiba Road in Uyo Metropolis, Akwa Ibom State.

2.2 Analytical methods

Fresh leaves of T. occidentalis and T. triangulare were collected from farmlands within the designated wastewater
treatment plants using a stainless-steel knife. The collection of samples was done in the early hours of each day between
8:00 and 9:00 am. The leaves of T. occidentalis and T. triangulare were also collected from the Botanical Garden of
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the University of Uyo and used as controls. Both the studied vegetables and controls were packed into well-labeled
polyethylene containers and transported to the laboratory. A total of 36 subsamples and 12 composite samples of T
occidentalis and T. triangulare were collected for toxic metals and PAHs determination. Six subsamples and two
composite vegetables were obtained as controls for toxic metals determination. Meanwhile, six subsamples and two
composite samples were also obtained as controls for the determination of PAHs. Samples for metal determination
were dried in an oven at a temperature of 105 °C for six hours to eliminate water and other liquids. These samples were
disaggregated to fine sizes using an electrical grinder (Binatone, Model BLG-402), and the resulting powdered samples
were sieved mechanically to obtain fractions that were approximately 60 um. The powdered samples were preserved
in polyethylene containers for subsequent digestion and atomization. The samples and their controls meant for PAH
analysis were preserved in a refrigerator at a temperature of 4 °C before analysis.

2.3 Determination of toxic metals and polycyclic aromatic hydrocarbons in the vegetables
2.3.1 Determination of toxic metals in the vegetables

One gram of each of the powdered samples was placed in a crucible with 10 mL of aqua regia (a mixture of
hydrochloric acid (HCI) and nitric acid (HNO,) in a ratio of 3:1). The solution was left to digest under reflux for 24
hours and then heated at 70 °C in a water bath for three hours. When cooled, the digest was decanted into a 20-mL
standard flask and filled to the mark with de-ionized water. The concentration of toxic metals in the filtrate was obtained
using an Agilent 710 inductively coupled plasma optical emission spectrophotometer (Perkin Elmer, Model Optima
5300 DV).

2.3.2 Determination of polycyclic aromatic hydrocarbons in the vegetables

PAH contents in studied vegetables were determined following a modified method by Tao et al. [35]. The
homogenized air-dried sample was fortified with the surrogate standard solution and saponified with 45 mL of
methanolic potassium hydroxide. After repeated extractions in n-hexane, further clean-up was carried out using a
silica-SPE cartridge. The extract was concentrated to a 1 mL volume and analyzed by gas chromatography-mass
spectrophotometer (GC-MS) using Agilent 7890 gas chromatography with a 5975C Inert Triple Axis Mass Selective
Detector as described by Camargo and Toledo [13]. The instrument detection limits (IDLs) were obtained as the
concentration of targeted compounds in a sample that results in peaks with a signal-to-noise (S/N) ratio of 3:1. The
individual PAH IDLs for the GC-MS setup ranged from 0.01 and 0.03pg/L. The derivation of the limits of detection
(LOD) and quantification (LOQ) was based on the standard deviation of the response (o) and the slope of the calibration
curve (S) at levels approaching the limits according to the expressions: LOD = 3.3 (a/S) and LOQ = 10 (ao/S). The
LOD and LOQ values derived for standards of the target compounds were from 0.05 to 0.22 and 0.05 to 0.19 pg/L,
respectively. Concentrations below the IDL were denoted as less than the method detection limit (<KMDL).

2.4 Health risk assessment of toxic metals and polycyclic aromatic hydrocarbons

Cancer and non-cancer health risks associated with the consumption of 7. occidentalis and T. triangulare impacted
by wastewater from water treatment plants within Uyo Metropolis, Nigeria, for child and adult populations were
assessed. The assessments were done for both toxic metals and PAHs using standard procedures as indicated in the
equations below. The non-carcinogenic risk assessment for toxic metals and PAHs was carried out by determining the
estimated chronic daily intake (ECDI), hazard quotient (HQ), total hazard index (THI), and screening value. Meanwhile,
the carcinogenic health risk was assessed using an incremental lifetime cancer risk (/LCR) model. The estimated
screening value and carcinogenic toxic equivalent (7EQ) for the PAHs were also carried out.

2.4.1 Non-carcinogenic health risk

The ECDIs for toxic metals and PAHs were computed using Equation 1:
ECDI = (MI<MC)/BW (1)

where MI is the estimated quantity of vegetables consumed in kg/person/day, MC is the mean concentration of each
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toxic metal and PAH in the vegetables expressed in mg kg™, and BW represents the average body weight for children
and adults in kg. The estimated quantities of vegetables used in this study for computing £CDI for both child and adult
populations are as reported by Nabulo et al. [36]. The HQ of individual toxic metals and PAHs was determined using
Equation 2:

_ Ef x EDtotal x EDI
RfDox BW x AT

HO x10E-03 ©)

where Ef stands for exposure frequency, EDtotal represents the total exposure duration, EDI is the estimated daily intake
of each metal, RfDo depicts the oral reference dose, and AT is the average time for non-carcinogens. The units for the
parameters are indicated in Table 1. The THI for toxic metals and PAHs was calculated by summing up the HQs of the
contaminant according to Equations 3 and 4:

THI = $HQ = HOCd + HOPb + HQAs + HOCr + HONi 3)

THI =%}, HQi(individual non-carcinogenic PAHs) 4)

Table 1. Parameters used for estimating the risks associated with the consumption of 7. occidentalis and T. triangulare and values used

No Parameter Value Source
1. Body weight (BW; kg) Child = 15 kg and adult = 70 kg [38,39]
2. Estimated consumption rate of studied vegetables (MI; kg/person/day) ~ Child = 0.118 and adult = 0.182 [36]
3. Exposure frequency (Ef) 350 days/year [40]
4. Exposure duration (EDtotal) Child = 6 years and adult = 30 years [41]
5. Maximum acceptable risk level (RL) 103 [39]
6.  Estimated daily intake of toxic metals and PAHs (EDI) Values in Tables 4 and 6 -

7. Mean concentration of toxic metals in vegetables (MC; mg kg™) Values in Table 2 -
8. Concentration of PAHs in vegetables (mg kg™) Values in Table 3 -
9. Oral reference doses of toxic metals (RfDo; mg kg™ day™) 12(11:5)5)204, Pb =0.001, As = 0.0003, Cr = 0.001, and [42]

10.  Oral reference doses of PAHs (RfDo; mg kg™ day™) As indicated by the author [43]

11.  Average time for non-carcinogens (A47; day/year) 365 days/year [39]

Cd=10.02t00.07, Pb=0.21, As =0.13, Cr = 0.035 to

12. Maximum tolerable daily intake of toxic metals 0.2, and Ni = 0.04 [44-46]
13.  Toxicity equivalence factor (TEF) As reported in these sources [47, 48]
14.  Oral cancer slope factor of toxic metals (CSF) S((i);lOBS, Pb = 0.0085, As = 1.5, Cr = 0.5, and Ni [49]
15.  Oral cancer slope factor of PAHs (CSF) g%ij;ogf%gkioii’ glléFI];l::Og%’ Chr=0.0073, [39]
16.  Maximum incremental lifetime cancer risk limit (/LCR) 10°to 10 [39]

Note: BaP = benzo[a]pyrene; BbFL = benzo[b]fluoranthene; BKFL = benzo[k]fluoranthene; Chr = chyrsene; BP = benzo[ghi]perylene; DBA =
dibenz[a,h]anthracene; and Ind = indino[1,2,3-c,d]pyrene

To further assess and identify potential chemical compounds of concern in the studied vegetables in terms of non-
carcinogenic health problems, screening values of non-carcinogenic PAH compounds were estimated following the
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procedures of the U.S. Department of Health and Human Services [37] as indicated in Equation 5:

. . . REDx BW
Screening value (non-carcinogenic) = ———— %)
IFRvegetable

where RFD is the reference dose of the PAHs and /FRvegetable represents the ingestion rates of 7. occidentalis and
T. triangulare. The values applied in the determination are listed in Table 1.

2.4.2 Carcinogenic health risk

The ILCR of toxic metals and PAHs through consumption of the studied vegetables was estimated using Equation 6:
ILCR = ECDI x CSF (6)

where ECDI is determined using Equation 1 and CSF is the oral cancer slope factor for toxic metals and carcinogenic
PAHs. CSF for studied toxic metals and individual carcinogenic PAH are listed in Table 1. The cancer screening
value which is the threshold concentration of the carcinogenic PAHs in the studied vegetables that are of public health
concern, was evaluated using Equation 7:

RL x BW
CSF

IFR

Screening value (carcinogenic) =

(7

where RL is the maximum acceptable risk level and /FR represents the consumption rate of studied vegetables.
Values used for computation are shown in Table 1. The contribution of individual PAHs in the studied vegetables
to the occurrence of carcinogenic health risks was examined using TEQ. The TEQ is the sum of the product of the
concentration of individual PAH congeners and their toxicity equivalency factor, as shown in Equation 8, where TEF is
the toxicity equivalence factor of each cancer-causing PAH.

TEQ = $PAHi x TEF )

2.5 Statistical analysis
The statistical analysis of the obtained results was performed using the IBM SPSS Statistics 20.0 (IBM USA)
model. The principal component analyses were carried out by means of varimax factor analysis on five parameters

and values of 0.669 and above were judged significant. The hierarchical cluster analysis (HCA) was performed using
dendrograms to categorize homogeneous groups with common properties and sources.

3. Results and discussion

Concentrations of cadmium (Cd), lead (Pb), arsenic (As), chromium (Cr), and nickel (Ni) in 7. occidentalis and T.
triangulare are impacted by wastewater from some water treatment plants in the Uyo Metropolis and the control site
and are presented in Table 2.
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Table 2. Concentration (mg kg™!) of toxic metals in vegetables

T. occidentalis T. triangulare

Cd Pb As Cr Ni Cd Pb As Cr Ni

Station 1 0.19 0.36 0.13 1.67 2.26 0.18 0.36 0.24 2.03 3.46
Station 2 0.25 0.54 0.21 1.48 4.38 0.22 0.44 0.30 1.84 1.28
Station 3 0.14 0.28 0.17 1.24 1.51 0.12 0.32 0.16 1.52 2.32
Min 0.14 0.28 0.13 1.24 1.51 012 0.32 0.16 1.52 1.28
Max 0.25 0.54 0.21 1.67 4.38 0.22 0.44 0.30 2.03 3.46
Mean 0.19 0.39 0.17 1.46 2.71 0.17 0.37 0.23 1.79 2.35
SD 0.04 0.11 0.03 0.10 0.07 0.04 0.04 0.06 0.13 0.06
CTL 0.01 BDL 0.02 0.05 BDL BDL 0.01 0.01 BDL 0.02

Note: SD = standard deviation; CTL = control; and BDL = below detectable limit

3.1 Concentration of toxic metals in the vegetables

The results obtained in the studied vegetables indicated appreciable levels of toxic metals, which varied between
the two vegetables. Concentrations of Cd in the studied 7. occidentalis and T. triangulare ranged from 0.14 to 0.25
mg/kg and 0.12 to 0.22 mg/kg, respectively. These ranges are higher than 0.01 to 0.07 mg/kg reported in vegetables
by Mafuyai et al. [50], but lower than 0.34 to 5.44 mg/kg and 0.24 to 6.00 mg/kg obtained in vegetables by Akan et
al. [51] and Lawal et al. [52], respectively. The highest level of Cd was obtained in 7. occidentalis from Champion
Breweries while the lowest was recorded in 7. triangulare from Akwa Ibom Water Company (Table 2). The relatively
high levels of Cd in T occidentalis impacted by wastewater from Champion Breweries could be attributed to stainless
steel equipment [53, 54]. The mean values of Cd recorded for the studied 7. occidentalis and T. triangulare are relatively
higher than the values reported for these vegetables at the control site (Table 2). This is consistent with the studies where
higher concentrations of metals were recorded in the studied vegetables than in those from control sites by Al-Ansari et
al. [55] and Etuk et al. [22]. This could be attributed to the impact of wastewater on the quality of these vegetables, as
previously observed by Tiruneh et al. [56] and Dan et al. [57]. The mean values of Cd reported in the studied vegetables
are higher than the 0.1 mg/kg recommended by the Food and Agriculture Organization (FAO) and World Health
Organization (WHO) [58] for leafy vegetables. Hence, prolonged exposure may result in Cd toxicity and associated
health problems, as reported by the United States Department of Health and Human Services (HHS) [59]. Thus, as a
highly toxic element, routine monitoring of its availability in these widely consumed vegetables is encouraged.

Concentrations of Pb varied from 0.28 to 0.54 mg/kg and 0.32 to 0.44 mg/kg in the studied 7. occidentalis and
T triangulare, respectively. These ranges are lower than the 1.22 to 4.18 mg/kg and 2.43 to 8.12 mg/kg reported in
vegetables by Perveen et al. [60] and Najam et al. [61], respectively. The results in Table 2 also indicate higher levels of
Pb in the studied vegetables than in vegetables from the control site. This is similar to the findings by Sayo et al. [62],
which also obtained higher Pb in vegetables impacted by wastewater than in those from the control station. The higher
Pb concentrations in the studied vegetables may be an indication of anthropogenic addition from wastewater used for
irrigation. The general results in Table 2 indicate that the highest concentration of Pb was obtained in 7. occidentalis
from Champion Breweries, while the lowest Pb level was also reported in 7. occidentalis but from Akwa Ibom Water
Company. Hence, wastewater from a food processing industry (brewery) could contain higher levels of Pb than that
from a water treatment plant, as previously observed by Khanal et al. [63] and Rai et al. [64]. The mean values of
Pb in Table 2 are higher than the acceptable limit of 0.30 mg/kg for leafy vegetables set by the FAO and WHO [65].
Consequently, the consumption of 7. occidentalis and T. triangulare harvested from the studied location may result in
Pb-toxicity and associated health problems over time [66]. It has been reported that prolonged exposure to Pb could
result in health problems associated with the kidney, liver, spleen, and lungs, with the child population being more
vulnerable [67].

The concentrations of As in the studied vegetables ranged from 0.13 to 0.21 mg/kg and 0.16 to 0.30 mg/kg in T
occidentalis and T. triangulare, respectively. The reported ranges are higher than 0.05 to 0.11 mg/kg and 0.03 to 0.09
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mg/kg obtained in vegetables by Tom et al. [68] and Chaoua et al. [69], respectively. However, the ranges obtained in
this study are lower than the 1.93 to 5.73 mg/kg reported in vegetables by Gebeyehu and Bayissa [70]. Higher mean
values of As were obtained in the studied vegetables than in those from the control site. This could be attributed to the
impact of wastewater on the quality of the studied vegetables [56, 71]. The general concentrations of As in the studied
vegetables ranged from 0.13 to 0.30 mg/kg. The highest level was obtained in 7. triangulare impacted by wastewater
from Champion Breweries and the lowest in 7. occidentalis affected by wastewater from The Ibom Hotels and Golf
Resort. The high content of As in T. triangulare impacted by wastewater from Champion Breweries validates the
negative impacts of industrial wastewater on the quality of the studied vegetables [72, 73]. The results of this study
also revealed that the mean values of As in the studied vegetables were higher than the recommended 0.1 mg/kg safe
limit for leafy vegetables by FAO and WHO [65]. Consequently, the consumption of 7. occidentalis and T. triangulare
impacted by wastewater could result in health risks related to As-toxicity, with children being more susceptible, as
reported by Wani et al. [74].

Results in Table 2 show the ranges of Cr in the studied 7. occidentalis and T. triangulare as 1.24 to 1.67 mg/kg and
1.52 to 2.03 mg/kg, respectively. The ranges of Cr obtained in the studied vegetables are consistent with the findings
by Gebeyehu and Bayissa [70], higher than the 0.28 to 1.16 mg/kg reported by Khan et al. [75], but lower than the 2.67
to 4.82 mg/kg obtained by Mahmood and Malik [76]. The results in Table 2 also indicate higher mean values of Cr in
the studied vegetables than in those from the control site. This agrees with the findings by Mahmood and Malik [76],
who also reported higher Cr in the studied vegetables than in those from the control site. This could be attributed to the
anthropogenic inputs of Cr from the wastewater used for irrigation. The highest concentration of Cr was reported in 7.
triangulare impacted by wastewater from a food processing company (The Ibom Hotels and Golf Resort), whereas the
lowest level was obtained in 7. occidentalis affected by wastewater from Akwa Ibom Water Company (Table 2). This
high level of Cr in the sample impacted by wastewater from a food processing company may be caused by the stainless
steel used as cooking and packaging apparatus [77, 78]. The mean values of Cr in the studied vegetables were also
higher than the safe limit of 1.00 mg/kg for leafy vegetables established by FAO and WHO [65]. The consumption of
these vegetables could result in health problems associated with high Cr in consumers over time [79, 80].

The concentrations of Ni in the studied 7. occidentalis and T. triangulare ranged from 1.51 to 4.38 mg/kg and 1.28
to 3.46 mg/kg, respectively. The obtained ranges are lower than the 8.47 to 11.28 mg/kg reported by Ismail et al. [81]
but higher than the 0.18 to 0.34 mg/kg reported in leafy vegetables by Lone et al. [82]. The mean values of Ni in the
studied vegetables were higher than those obtained in similar vegetables from the control site. This could be attributed
to the influence of wastewater on Ni accumulation in the studied vegetables from the experimental locations. The
results in Table 2 indicate the highest level of Ni in 7. occidentalis from Champion Breweries, while the lowest level
is in T. triangulare, also impacted by wastewater from Champion Breweries. Consequently, this study has revealed a
relatively higher tendency for 7. occidentalis to absorb Ni from a contaminated environment than 7. triangulare. Hence,
T. occidentalis could be utilized for phytoremediation of Ni-impacted soil, as reported by Animashaun et al. [83]. The
high contents of Ni in wastewater from a food processing company (brewery) as reported by Ashraf et al. [84] and
Cempel and Nikel [85], have also been confirmed. However, the mean values of Ni reported in the studied vegetables
were lower than the recommended 10.00 mg/kg safe limit for leafy vegetables by FAO and WHO [65]. Hence, the
consumption of 7. occidentalis and T. triangulare from the studied locations may not result in health risks related to Ni-
toxicity. Nevertheless, since Ni can bioaccumulate in living cells with time, its presence in the food chain should be
closely observed to forestall problems related to Ni [86, 87].

Generally, it was observed that 7. occidentalis accumulated higher levels of Cd, Pb, and Ni than T triangulare.
Meanwhile, T. triangulare showed a higher potential for absorbing As and Cr than T. occidentalis. The potentials of
these vegetables to bioaccumulate metals are in the following order: Ni > Cr > Pb > Cd > As for T. occidentalis, and Ni
> Cr > Pb > As > Cd for T triangulare. This indicates that both 7. occidentalis and T. triangulare have a high ability to
bio-accumulate Cr and Ni from contaminated soil.

3.2 Levels of polycyclic aromatic hydrocarbons in the studied vegetables and control

Results in Table 3 show the levels of PAHs in T. occidentalis and T. triangulare irrigated with wastewater from
some water treatment plants within the Uyo Metropolis, Southern Nigeria, and their control site. For this study, all
16 priority PAHs were determined in the vegetables and their controls. Interestingly, the studied vegetables showed
variable levels of these PAHs based on stations except for dibenz[a,h]anthracene (DBA) which was not detected in
either vegetable at all stations. The total amount of PAHs found in 7. occidentalis were 6.53, 7.33, and 5.12 mg/kg
for Stations 1, 2, and 3, respectively. Meanwhile, the total PAHs in T triangulare from Stations 1, 2, and 3 were 4.31,
5.19, and 3.16 mg/kg, respectively. The values of total PAHs reported in this study are higher than the 1.54 to 3.62 mg/
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kg obtained by Khan et al. [75] but lower than the 8.24 to 11.36 mg/kg reported by Song et al. [88]. The total PAHs in
T. occidentalis and T. triangulare from the control site were 0.39 and 0.33 mg/kg, respectively. The results obtained
showed that 7. occidentalis has a higher potential for accumulating PAHs than T. triangulare. Hence, the ability of
vegetables to accumulate PAHs from contaminated soil is dependent upon the species of the plant, as observed by Inam
et al. [89]. The variations in the accumulation of PAHs by these vegetables at different locations could also be attributed
to disparities in the concentration of these hydrocarbons in the wastewater used for irrigation, in addition to the physical
and chemical nature of the soil [88]. The relatively lower total PAHs in the vegetables from the control site shows the
impact of wastewater on the accumulation of PAHs in the studied soils and vegetables. The higher PAH contents in the
vegetables impacted by wastewater compared to the controls are consistent with the findings by Inam et al. [89] and
Ashraf and Salam [90]. According to Tao et al. [35], the variations in the results of PAHs reported at different locations
could be attributed to the differences in the composition of wastewater, species of plants, soil chemistry, and plant
parts used. The results of individual PAHs in the studied vegetables revealed higher concentrations of low-molecular-
weight hydrocarbons such as NaP, AcPY, AcP, Flu, and Phe than the higher-molecular-weight of Ind, BP, BaP, and
BKFL. The results also indicated that the total PAHs in the studied vegetables were mainly contributed by the two and
three rings than the four, five, and six rings PAHs. This is similar to the reports by Sojinu et al. [91] and Zhang et al.
[92], who also reported higher concentrations of two to three ring PAHs in wastewater-impacted vegetables than in the
higher ring PAHs. This could be attributed to the high water and fewer oil contents of vegetables, increasing PAHS’
lipophilicity with increased ring size, hence more of the less lipophilic PAHs will be favored [93]. The study also
showed that concentrations of most of the higher molecular weight PAHs, such as BaA, Chr, BbFL, and BKFL, were
below the detectable limit of the equipment used. According to the USEPA [94], there are no stipulated limits for PAHs
in vegetables and other food items. However, it has been reported that several health problems are associated with long-
term exposure to total PAHs at a level higher than 5.00 mg/kg [95].

Table 3. Level (mg kg") of PAHs in T’ occidentalis and T. triangulare

T. occidentalis T. triangulare

Station 1 Station 2 Station 3 CTL Station 1 Station 2 Station 3 CTL

NaP 2.14 1.80 1.24 0.17 0.93 1.14 0.66 0.11
AcPY 2.06 2.77 1.51 0.08 1.54 1.73 0.83 0.04
AcP 0.74 0.82 0.91 0.05 0.48 0.73 0.54 0.08
Flu 0.80 0.92 0.74 0.01 0.53 0.54 0.41 0.03
Phe 0.13 0.18 0.15 0.04 0.19 0.24 0.28 0.02
Ant 0.08 0.03 0.05 0.02 0.10 0.06 0.09 0.01
FL 0.08 0.06 0.06 0.01 0.08 0.04 0.02 0.01
Pyr 0.02 0.05 0.03 0.01 0.03 0.07 0.03 0.02
BaA 0.04 0.06 0.06 BDL 0.02 0.04 0.03 0.01
Chr 0.07 0.11 0.04 BDL 0.03 0.06 0.01 BDL
BbFL 0.12 0.16 0.08 BDL 0.09 0.13 0.06 BDL
BKFL 0.10 0.17 0.08 BDL 0.11 0.11 0.07 BDL
BaP 0.01 0.03 0.01 BDL 0.02 0.02 0.04 0.01
BP 0.04 0.03 BDL BDL 0.06 0.04 0.03 BDL
DBA BDL BDL BDL BDL BDL BDL BDL BDL
Ind 0.10 0.14 0.16 BDL 0.09 0.12 0.06 BDL
Total 6.53 7.33 5.12 0.39 431 5.19 3.16 0.33

Note: BDL = below detectable limit; CTL = control; NaP = naphthalene; AcPY = acenaphthylene; AcP = acenaphthene; Flu = fluorene; Phe =
phenanthrene; Ant = anthracene; FL = fluoranthene; Pyr = pyrene; BaA = benz[a]anthracene; Chr = chyrsene; BbFL = benzo[b]fluoranthene; BKFL =
benzo[k]fluoranthene; BaP = benzo[a]pyrene; BP = benzo[ghi]perylene; DBA = dibenz[a,h]anthracene; and Ind = indino[1,2,3-c,d]pyrene
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3.3 Results of multivariate analysis of toxic metals in the vegetables

Principal component analysis (PCA) was utilized for the identification of the definite factors responsible for the
accumulation of these toxic metals in the studied vegetables [96]. Table 4 reveals that 7. occidentalis and T. triangulare
each has two principal factors with eigenvalues greater than one that account for 100% of the total variance. In the
PCA of T. occidentalis, factor one added 71.2% to the total variance with significant positive loadings on Cd, Pb, As,
and Ni (Table 5). This represents the negative influence of wastewater on the quality of the studied 7 occidentalis [15].
Whereas factor two contributed 28.8% of the total variance, with a strong negative loading on As and a significant
positive loading on Cr (Table 5). This shows the impacts of both natural and anthropogenic (wastewater) sources [97,
98]. The PCA of the studied T. triangulare in Table 4 also reveals two major factors. Factor one contributed 71.2% of
the total variance, with strong positive loadings on Cd, Pb, and As (Table 5). This indicates the impact of anthropogenic
sources (wastewater) on the quality of the studied vegetable [99]. Factor two added 28.8% to the total variance with
significant positive loadings on Cr and Ni (Table 5). This signifies the impacts of wastewater from the food processing
industry on the metal accumulation in T. triangulare [66, 72].

Table 4. Explanation of total variance for toxic metals determined in the vegetables

Initial eigenvalues Extraction sums of squared loadings Rotation sums of squared loadings
Component  Tou  Feerage Comultve gy Peserags Cumulaive gy Peenage  Cumiaine

T occidentalis

1 3.56 71.2 71.2 3.56 71.2 71.2 3.55 71.1 71.7

2 1.44 28.8 100.0 1.44 28.8 100.0 1.45 28.9 100.0
T triangulare

1 3.56 71.2 71.2 3.56 71.2 71.2 3.50 70.0 70.0

2 1.44 28.8 100.0 1.44 28.8 100.0 1.502 30.0 100.0

Table 5. Result of principal component analysis representing relative loading for metals in the studied vegetables

T. occidentalis T. triangulare
Component 1 2 1 2
Cd 0.982 0.187 0.997 0.078
Pb 1.000 0.022 0.974 -0.225
As 0.692 -0.722 0.999 0.046
Cr 0.343 0.939 0.649 0.761
Ni 1.000 -0.028 -0.444 0.896

The HCA was used to identify the similarity and common sources among the toxic metals determined in the studied
vegetables [100]. The results for HCA of both T occidentalis and T. triangulare revealed a similar dendrogram with two
main clusters, as shown in Figure 1. This corroborates the two major factors identified by PCA in Table 5. Cluster one
links Cd, As, and Pb together as identified by factor one for both vegetables. This also confirms that these three metals
originated from a common source [101]. Cluster two links Cr and Ni together as reported by Factor 2 in the PCA of T.
triangulare. This validates a common source (stainless steel in wastewater from food processing industries) for Cr and
Ni in the studied vegetables [78, 84].
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Figure 1. Hierarchical clusters of the trace metals determined in the vegetables

3.4 Health risk assessment of toxic metals and polycyclic aromatic hydrocarbons through
vegetable consumption

3.4.1 Estimated chronic daily intake, hazard quotient, and indices for non-carcinogenic risk of toxic metals

Results for the ECDI, HQ, and indices of toxic metals in vegetables impacted by wastewater are presented in Table
6. These parameters were computed for child and adult populations. The result indicates variable daily intake values
for the toxic metals for both populations. All the toxic metals determined in 7. occidentalis and T. triangulare indicated
higher estimated daily intake values for children than adults, with a range of 4.0E-04 to 2.0E-02. None of the metals
recorded ECDI values higher than their respective maximum tolerable daily intake, as indicated in Table 1. The HQOs
for T. occidentalis and T. triangulare ranged from 1.4E-04 to 4.4E-03 for both child and adult populations, with HQO
values for children being higher than those of the adult population. The THI of toxic metals in the studied vegetables
were lower than one, implying low health risks to consumers. However, the relatively lower EDI and HQ obtained in
this study should not be overlooked as these health risk indicators can increase over time. The EDI, HQ, and THI were
estimated based on the estimated daily consumption of 7. occidentalis and T. triangulare, taken as 182 g/person/day and
118 g/person/day for adults and children, respectively (Table 1). There is a possibility that the computed indicators for
non-carcinogenic health risk may change depending on the daily consumption rate of these vegetables, whose values
fluctuate with time, location, and other factors.

Table 6. Estimated chronic daily intake, hazard quotient and indices of toxic metal

Estimated chronic daily intake (ECDI) Hazard quotient (HQ)
T. occidentalis T. triangulare T. occidentalis T. triangulare
Children Adults Children Adults Children Adults Children Adults
Cd 0.0020 0.0005 0.0010 0.0004 5.8E-04 2.1E-04 4.9E-04 1.7E-04
Pb 0.0030 0.0010 0.0030 0.0010 2.9E-04 1.0E-04 2.9E-04 1.0E-04
As 0.0010 0.0004 0.0020 0.0006 1.7E-03 5.5E-04 2.6E-03 8.2E-04
Cr 0.0100 0.0040 0.0141 0.0050 4.4E-03 1.6E-03 5.0E-03 2.1E-03
Ni 0.0200 0.0070 0.0185 0.0062 4.0E-04 1.4E-04 3.6E-04 1.3E-04
THI 7.4E-03 4.5E-03 8.7E-03 6.0E-03
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3.4.2 Cancer health risk of toxic metals through vegetable consumption

The cancer health risk of toxic metals through the consumption of 7. occidentalis and T. triangulare was estimated
using the /LCR model, and the results are presented in Table 6. The /LCR values were higher in T. occidentalis than T.
triangulare for both child and adult populations, with the child population recording higher levels of the metals. The
range of /LCR obtained for both vegetables for both child and adult populations varied from 8.5E-06 to 1.9E-02 which
is higher than the 1.0E-06 to 1.0E-04 stipulated by USEPA [102]. However, the /LCR values obtained for Pb in both
vegetables for adults were within the acceptable range. Consequently, consuming 7. occidentalis and T. triangulare
from the studied locations can pose a carcinogenic risk to consumers due to Cd, As, Ni, and Cr toxicity. The /LCR range
obtained in this study is higher than the 9.1E-08 to 6.7E-06 reported by Shaheen et al. [45] but consistent with the 2.3E-04
to 2.2E-03 obtained by Gebeyehu and Bayissa [70]. Among the five toxic metals appraised for cancer risk through the
consumption of these vegetables, all were capable of stimulating cancer risk in the child population, while Cd, As, Ni,
and Cr represented 80% of the studied metals that could cause cancer in the adult population.

Table 7. Incremental lifetime cancer risk of toxic metals

T. occidentalis T. triangulare
Children Adults Children Adults
Cd 6.0E-04 2.0E-04 5.0E-04 1.6E-04
Pb 3.0E-05 8.5E-06 2.6E-05 8.5E-06
As 2.0E-03 6.0E-04 3.0E-03 9.0E-04
Cr 6.1E-03 2.0E-03 7.1E-03 2.5E-03
Ni 1.9E-02 7.0E-03 1.7E-02 5.7E-03

3.4.3 Estimated chronic daily intake, hazard quotient, indices, and screening value for non-carcinogenic risk of
polycyclic aromatic hydrocarbons

Table 8 shows the EDI of PAHs through the consumption of 7. occidentalis and T. triangulare impacted by
wastewater for both child and adult populations. For all the PAHs, the EDI values varied with vegetables and
population. For both vegetables, all the PAHs recorded higher daily intake values for children than adults, except for
Phe. The EDI for DBA was not computed for the vegetables because their concentration was below the detectable limit,
as indicated in Table 3. The non-carcinogenic HQ of PAHs through the consumption of studied vegetables for child
and adult populations is presented in Table 8. Out of the nine non-carcinogenic PAHs, HQ was computed for only six,
namely: NaP, AcPY, Flu, Phe, Pyr, and BaA for both vegetables due to a lack of information about the RfDo of the other
three. Generally, HQO values for both vegetables and populations ranged from 1.8E-06 to 1.4E-04. The HQ values were
higher for children than the adult population for all the PAHs computed except for Flu (Table 8). This is due to the
higher EDI values obtained for children; however, none of the six PAHs recorded HQ values close to or higher than one.
The THI obtained as the sum of individual non-carcinogenic HQ for both populations and vegetables are presented in
Table 8. The hazard indices ranged from 4.9E-05 to 1.9E-04, with none being close to one, implying that exposure to
either individual PAHs or complex PAH mixtures through the consumption of studied vegetables may not result in an
immediate non-carcinogenic health risk in the consumers. To further estimate the threshold level of each of the six non-
carcinogenic PAHs, non-carcinogenic screening values were determined using Equation 5 and the results are presented
in Figure 2. The calculation was done based on the consumption rates for child and adult populations. As shown in
Figure 2, the screening values of the PAHs range from 9.01 to 35.59, with a higher value recorded for the children than
the adult population. The concentrations of PAHs in the studied vegetables were lower than the estimated threshold
screening values. Consequently, a low risk of non-carcinogenic health challenges regarding the consumption of these
vegetables was envisaged [103]. However, the level of PAHs in these vegetables should be closely monitored to avoid
bioaccumulation over time since consumers are already exposed to some levels of these toxic hydrocarbons, as indicated
in the results obtained. The non-carcinogenic health risks to both child and adult populations may likely increase with
an increased consumption rate if the level of PAHs in these vegetables is elevated.
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Table 8. Estimated daily intake, hazard quotient, and indices of PAHs of T. occidentalis and T. triangulare

Estimated chronic daily intake (ECDI) Hazard quotient (HQ)
T. occidentalis T. triangulare T. occidentalis T. triangulare
Children Adults Children Adults Children Adults Children Adults
NaP 0.020 0.005 0.01 0.002 2.1E-05 5.7E-06 1.1E-05 2.3E-06
AcPY 0.030 0.005 0.02 0.004 1.4E-04 2.6E-05 9.5E-05 2.1E-05
AcP 0.010 0.002 0.01 0.001 - - - -
Flu 0.010 0.002 0.01 0.002 7.6E-06 1.6E-05 7.6E-06 1.6E-05
Phe 0.002 0.004 0.003 0.001 3.3E-05 2.7E-05 1.9E-05 6.8E-06
Ant 0.001 0.0001 0.001 0.0002 - - - -
FL 0.001 0.0002 0.001 0.0001 - - - -
Pyr 0.0004 0.0000- 0.001 0.0001 7.7E-06 1.8E-06 1.9E-05 2.1E-06
BaA 0.0007 0.0001 0.0004 0.0001 8.9E-06 1.4E-06 5.1E-06 1.4E-06
Chr 0.001 0.0002 0.0004 0.00009 - - - -
BbFL 0.001 0.0003 0.001 0.0002 - - - -
BKFL 0.001 0.0003 0.001 0.0002 - - - -
BaP 0.0002 0.00004 0.0003 0.00007 - - - -
BP 0.0003 0.00006 0.001 0.0001 - - - -
DBA - - - - - - - -
Ind 0.002 0.0004 0.001 0.0002 - - - -
THI 1.9E-04 8.7E-05 1.5E-04 4.9E-05

Note: THI = total hazard indix; NaP = naphthalene; AcPY = acenaphthylene; AcP = acenaphthene; Flu = fluorene; Phe = phenanthrene; Ant = anthracene;
FL = fluoranthene; Pyr = pyrene; BaA = benz[a]anthracene; Chr = chyrsene; BbFL = benzo[b]fluoranthene; BKFL = benzo[k]fluoranthene; BaP =
benzo[a]pyrene; BP = benzo[ghi]perylene; DBA = dibenz[a,h]anthracene; and Ind = indino[1,2,3-cd]pyrene

Concentration of PAHs (mg/kg)

NaP AcPY Flu Phe Pyr BaA
Individual PAHs in children and adults
m Children m Adults

Figure 2. Non-carcinogenic threshold screening value of vegetables for children and adults

3.4.4 Cancer health risk of polycyclic aromatic hydrocarbons through vegetable consumption

The cancer health risk of PAHs in child and adult populations through the consumption of vegetables impacted
by wastewater was determined using the /LCR model in terms of the carcinogenic hazard quotient. Results for the
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carcinogenic hazard quotients and indices of seven carcinogenic PAHs recognized by the USEPA [39] are presented in
Table 9. For both vegetables, the HQ and indices were higher for child than adults, with none of the PAHs being closer
to one. The range for the HQ for both vegetables in child and adult populations was 6.3E-08 to 2.2E-03. The hazard
indices for T. occidentalis and T. triangulare in the case of both child and adult populations were very close. This is
due to the closeness of their £DI values, as shown in Table 8. For individual carcinogenic potencies of PAHs for both
populations, variable values were obtained, with BbFL, BKFL, and Ind congeners showing higher cancer potencies for
both vegetables. The potencies of the seven carcinogenic PAHs combined to cause health challenges to consumers of
the studied vegetables were further tested by determining the TEQ shown in Figure 3. The results showed a TEQ value
of 1.06 for T. occidentalis and 0.87 for T. triangulare. The TEQ values obtained for both vegetables were higher than
their carcinogenic screening values presented in Table 9. This is an indication of the threshold concentration of the
contaminants in the studied vegetables that is of public health concern [104]. These results imply that the cancer-causing
PAHs assessed in the studied vegetables are of public concern and that the tendency to cause cancer in consumers is
moderately high.

Table 9. Carcinogenic hazard quotient, total hazard indices, and carcinogenic screening values of PAHs for child and adult populations

ILCR measured as carcinogenic hazard quotient

T. occidentalis T. triangulare Carcinogenic screening value

Children Adults Children Adults Children Adults

Chr 7.3E-06 1.5E-06 2.9E-06 6.3E-08 1.7E-01 5.2E-01

BbFL 7.3E-04 2.2E-04 7.3E-04 1.5E-04 2.0E-03 5.0E-03

BKFL 7.3E-05 2.2E-05 7.3E-05 1.5E-05 2.0E-02 5.0E-02

BaP 1.5E-03 3.1E-04 2.2E-03 5.1E-04 2.0E-02 5.0E-04

BP 6.9E-06 1.4E-07 2.3E-05 2.3E-06 2.0E-04 1.7E-01
DBA . - . - - -

Ind 1.5E-03 2.9E-04 7.3E-04 1.5E-04 2.0E- 03 5.0E-03

THI 4.2E-03 8.0E-04 3.8E-03 8.3E-04

Note: /LCR = incremental lifetime cancer risk; 7HI = total hazard indices; Chr = chyrsene; BbFL = benzo[b]fluoranthene; BKFL = benzo[k]fluoranthene;
BaP = benzo[a]pyrene; BP = benzo[ghi]perylene; DBA = dibenz[a,h]anthracene; and Ind = indino[1,2,3-cd]pyrene
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Figure 3. Carcinogenic toxic equivalent of PAHs
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4. Conclusion

Based on the results of this study, vegetables irrigated with wastewater from water treatment plants within Uyo
Metropolis accumulate very high concentrations of toxic metals and PAHs. Hence, modern and standard techniques
should be employed for the treatment of wastewater by industries before discharging it into the environment. The
PCA and HCA analyses have confirmed that wastewater from food processing industries used for irrigation was
the fundamental source of these toxic substances for the vegetables. However, the EDI rate of toxic metals via the
consumption of these vegetables in child and adult populations was below the maximum tolerable daily limits. An
increase in the concentration of PAHs in the studied vegetables resulted in increased daily intake, non-carcinogenic
HQ:s, indices, and other health risk indicators. The cancer risk to both child and adult populations for toxic metals and
PAHs due to the consumption of the studied vegetables exceeded the maximum threshold values for all the metals and
the seven carcinogenic PAHs. It could therefore be concluded that there is a need for strict regulations on the use of
wastewater for irrigation as it can result in the excessive accumulation of toxic metals and PAHs in the soil and edible
plants cultivated. Incidentally, the use of untreated wastewater from food processing industries for irrigation may cause
serious human health problems for both child and adult populations.

4.1 Future plans

Based on the outcome of this study and the comments of the reviewers, subsequent studies in similar areas shall
consider other toxic metals not examined in this work. Wastewater from the industries shall be analyzed to ascertain
their levels of toxic substances, and the results obtained shall be correlated with those of the media impacted by the
wastewater. The removal and quantification of toxic substances shall be one of the procedures of future studies. Proper
and current techniques used for emerging contaminants shall be recommended for industries concerned with forestalling
associated health and environmental problems along the food chain.

Conflict of interest

There is no conflict of interest for this study.

References

[T Rattan RK, Datta SP, Chandra S, Saharan N. Heavy metals and environmental quality—Indian Scenario.
Fertiliser News. 2002; 47(11): 21-40. https://www.researchgate.net/publication/284478797 Heavy metals and
environmental quality-Indian_Scenario

[2] Carey RO, Migliaccio KW. Contribution of wastewater treatment plant effluents to nutrient dynamics in aquatic
systems: A review. Environmental Management. 2009; 44(2): 205-217. https://doi.org/10.1007/s00267-009-9309-
5

[3] Ebrahim JE, Salih AA, Abahussain A. Effect of long-term irrigation using treated wastewater on heavy metal
contents of soils grown to Medicago sativa in the Kingdom of Bahrain. International Journal of Advanced
Agricultural Research. 2016; 4(4): 20-29. http://bluepenjournals.org/ijaar/pdf/2016/July/Ebrahim_et al.pdf

[4] Yadav RK, Goyal R, Sharma RK, Dubey SK, Minhas PS. Post-irrigation impact of domestic sewage effluent on
composition of soils, crops and ground water—A case study. Environment International. 2002; 28(6): 481-486.
https://doi.org/10.1016/S0160-4120(02)00070-3

[5] Mapanda F, Mangwayana EN, Nyamangara J, Giller KE. The effect of long-term irrigation using wastewater on
heavy metal contents of soils under vegetables in Harare, Zimbabwe. Agriculture, Ecosystems & Environment.
2005; 107(2-3): 151-165. https://doi.org/10.1016/j.agee.2004.11.005

[6] Santos IR, Baisch P, Lima GTNP, Silva Filho EV. Nutrients in surface sediments of Mirim lagoon, Brazil-Uruguay
border. Acta Limnologica Brasilensia. 2004; 16(1): 85-94. https://repositorio.furg.br/bitstream/handle/1/2029/
Nutrients%20in%?20surface.pdf?sequence=1

[71 Okoh AI, Odjadjare EE, Igbinosa EO, Osode AN. Wastewater treatment plants as a source of microbial pathogens
in receiving watersheds. African Journal of Biotechnology. 2007; 6(25): 2932-2944. https://doi.org/10.5897/

Volume 3 Issue 1]2023] 123 Environmental Protection Research


https://www.researchgate.net/publication/284478797_Heavy_metals_and_environmental_quality-Indian_Scenario
https://www.researchgate.net/publication/284478797_Heavy_metals_and_environmental_quality-Indian_Scenario
https://doi.org/10.1007/s00267-009-9309-5
https://doi.org/10.1007/s00267-009-9309-5
http://bluepenjournals.org/ijaar/pdf/2016/July/Ebrahim_et_al.pdf
https://doi.org/10.1016/S0160-4120(02)00070-3
https://doi.org/10.1016/j.agee.2004.11.005
https://repositorio.furg.br/bitstream/handle/1/2029/Nutrients%20in%20surface.pdf?sequence=1
https://repositorio.furg.br/bitstream/handle/1/2029/Nutrients%20in%20surface.pdf?sequence=1
https://doi.org/10.5897/AJB2007.000-2462

[20]

[21]

AJB2007.000-2462

Lan W, Gang G, Jinbao W. Biodegradation of oil wastewater by free and immobilized Yarrowia lipolytica W29.
Journal of Environmental Sciences. 2009; 21(2): 237-242. https://doi.org/10.1016/S1001-0742(08)62257-3

Pérez S, Farré M, Garcia MJ, Barceld D. Occurrence of polycyclic aromatic hydrocarbons in sewage sludge and
their contribution to its toxicity in the ToxAlert® 100 bioassay. Chemosphere. 2001; 45(6-7): 705-712. https://doi.
org/10.1016/S0045-6535(01)00152-7

Cai QY, Mo CH, Wu QT, Zeng QY, Katsoyiannis A. Occurrence of organic contaminants in sewage sludges
from eleven wastewater treatment plants, China. Chemosphere. 2007; 68(9): 1751-1762. https://doi.org/10.1016/
j.chemosphere.2007.03.041

Kumar V, Kothiyal NC, Saruchi. Analysis of polycyclic aromatic hydrocarbon, toxic equivalency factor and
related carcinogenic potencies in roadside soil within a developing city of Northern India. Polycyclic Aromatic
Compounds. 2016; 36(4): 506-526. https://doi.org/10.1080/10406638.2015.1026999

Zhong W, Wang M. Some polycyclic aromatic hydrocarbons in vegetables from Northern China. Journal of
Environmental Science and Health, Part A. 2002; 37(2): 287-296. https://doi.org/10.1081/ESE-120002588
Camargo MCR, Toledo MCF. Polycyclic aromatic hydrocarbons in Brazilian vegetables and fruits. Food Control.
2003; 14(1): 49-53. https://doi.org/10.1016/S0956-7135(02)00052-X

Orisakwe OE, Mbagwu HOC, Ajaezi GC, Edet UW, Uwana PU. Heavy metals in seafood and farm produce from
Uyo, Nigeria. Levels and health implications. Sultan Qaboos University Medical Journal. 2015; 15(2): 275-282.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4450792/pdf/squmj1502-¢275-282.pdf

Sharma A, Nagpal AK. Contamination of vegetables with heavy metals across the globe: Hampering food security
goal. Journal of Food Science and Technology. 2020; 57: 391-403. https://doi.org/10.1007/s13197-019-04053-5
Suruchi K, Jilani A. Assessment of heavy metal concentration in washed and unwashed vegetables exposed
to different degrees of pollution in Agra, India. Electronic Journal of Environmental, Agricultural and Food
Chemistry. 2011; 10(8): 2700-2710. https://www.researchgate.net/publication/286693165 Assessment of
heavy metal concentration in washed and unwashed vegetables exposed to different degrees of pollution
in_Agra India

Alrawiq N, Talib ML. Accumulation and translocation of heavy metals in soil and paddy plant samples collected
from rice fields irrigated with recycled and non-recycled water in MADA Kedah, Malaysia. International Journal
of ChemTech Research. 2014; 6(4): 2347-2356. https://www.researchgate.net/publication/265551433

Alghobar MA, Suresha S. Evaluation of metal accumulation in soil and tomatoes irrigated with sewage water
from Mysore city, Karnataka, India. Journal of the Saudi Society of Agricultural Sciences. 2017; 16(1): 49-59.
https://doi.org/10.1016/j.jssas.2015.02.002

Parveen T, Hussain A, Rao S. Growth and accumulation of heavy metals in turnip (Brassica rapa) irrigated with
different concentrations of treated municipal wastewater. Hydrology Research. 2015; 46(1): 60-71. https://doi.
org/10.2166/nh.2014.140

Orhuamen EO, Olorunmaiye KS, Adeyemi CO. Proximate analysis of fresh and dry leaves of Telfairia
occidentalis (Hook.f.) and Talinum triangulare (Jacq.) willd. Croatian Journal of Food Technology, Biotechnology
and Nutrition. 2012; 7(3-4): 188-191. https://hrcak.srce.hr/file/139929

Hajeb P, Sloth JJ, Shakibazadeh SH, Mahyudin NA, Afsah-Hejri L. Toxic elements in food: Occurrence, binding,
and reduction approaches. Comprehensive Reviews in Food Science and Food Safety. 2014; 13(4): 457-472.
https://doi.org/10.1111/1541-4337.12068

Etuk HS, Ebong GA, Dan EU, Udoh HF. Probability of health risk, bioaccumulation, and geochemical fractions
of toxic elements in soils and vegetables impacted by manures in Nigeria. Environmental Protection Research.
2022; 2(2): 47-126. https://doi.org/10.37256/epr.2220221485

Trang DT, Hoek WVD, Tuan ND, Cam PD, Viet VH, Luu DD, et al. Skin disease among farmers using
wastewater in rice cultivation in Nam Dinh, Vietnam. Tropical Medicine & International Health. 2007; 12(s2):
51-58. https://doi.org/10.1111/j.1365-3156.2007.01941.x

Okoh Al, Sibanda T, Gusha SS. Inadequately treated wastewater as a source of human enteric viruses in the
environment. International Journal of Environmental Research and Public Health. 2010; 7(6): 2620-2637. https://
doi.org/10.3390/ijerph7062620

Amoah ID, Abubakari A, Stenstrom TA, Abaidoo RC, Seidu R. Contribution of wastewater irrigation to soil
transmitted helminths infection among vegetable farmers in Kumasi, Ghana. PLoS Neglected Tropical Diseases.
2016; 10(12): 1-12. https://doi.org/10.1371/journal.pntd.0005161

Verbyla ME, Oakley SM, Mihelcic JR. Wastewater infrastructure for small cities in an urbanizing world:
Integrating protection of human health and the environment with resource recovery and food security.

Environmental Protection Research 124 | Emmanuel Udo Dan, et al


https://doi.org/10.5897/AJB2007.000-2462
https://doi.org/10.1016/S1001-0742(08)62257-3
https://doi.org/10.1016/S0045-6535(01)00152-7
https://doi.org/10.1016/S0045-6535(01)00152-7
https://doi.org/10.1016/j.chemosphere.2007.03.041
https://doi.org/10.1016/j.chemosphere.2007.03.041
https://doi.org/10.1080/10406638.2015.1026999
https://doi.org/10.1081/ESE-120002588
 https://doi.org/10.1016/S0956-7135(02)00052-X
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4450792/pdf/squmj1502-e275-282.pdf
https://doi.org/10.1007/s13197-019-04053-5
https://www.researchgate.net/publication/286693165_Assessment_of_heavy_metal_concentration_in_washed_and_unwashed_vegetables_exposed_to_different_degrees_of_pollution_in_Agra_India
https://www.researchgate.net/publication/286693165_Assessment_of_heavy_metal_concentration_in_washed_and_unwashed_vegetables_exposed_to_different_degrees_of_pollution_in_Agra_India
https://www.researchgate.net/publication/286693165_Assessment_of_heavy_metal_concentration_in_washed_and_unwashed_vegetables_exposed_to_different_degrees_of_pollution_in_Agra_India
https://www.researchgate.net/publication/265551433
https://doi.org/10.1016/j.jssas.2015.02.002
https://doi.org/10.2166/nh.2014.140
https://doi.org/10.2166/nh.2014.140
https://hrcak.srce.hr/file/139929
https://doi.org/10.1111/1541-4337.12068
https://doi.org/10.37256/epr.2220221485
https://doi.org/10.1111/j.1365-3156.2007.01941.x
https://doi.org/10.3390/ijerph7062620
https://doi.org/10.3390/ijerph7062620
https://doi.org/10.1371/journal.pntd.0005161

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[41]

[42]

[43]

[44]

Environmental Science & Technology. 2013; 47(8): 3598-3605. https://doi.org/10.1021/es3050955

Cornejo PK, Zhang Q, Mihelcic JR. How does scale of implementation impact the environmental sustainability
of wastewater treatment integrated with resource recovery? Environmental Science & Technology. 2016; 50(13):
6680-6689. https://doi.org/10.1021/acs.est.5b05055

Adegoke AA, Amoah ID, Stenstrdom TA, Verbyla ME, Mihelcic JR. Epidemiological evidence and health risks
associated with agricultural reuse of partially treated and untreated wastewater: A review. Frontiers in Public
Health. 2018; 6: 1-20. https://doi.org/10.3389/fpubh.2018.00337

Ismail WNW, Mokhtar SU. Various methods for removal, treatment, and detection of emerging water
contaminants. In: Nuro A. (ed.) Emerging Contaminants. London, United Kingdom: IntechOpen; 2021. p.27-53.
https://www.intechopen.com/chapters/72958

Saravanan A, Kumar PS, Jeevanantham S, Karishma S, Tajsabreen B, Yaashikaa PR, et al. Effective water/
wastewater treatment methodologies for toxic pollutants removal: Processes and applications towards sustainable
development. Chemosphere. 2021; 280: 130595. https://doi.org/10.1016/j.chemosphere.2021.130595

Kumar P, Gacem A, Ahmad MT, Yadav VK, Singh S, Yadav KK, et al. Environmental and human health
implications of metal(loid)s: Source identification, contamination, toxicity, and sustainable clean-up technologies.
Frontiers in Environmental Science. 2022; 10: 1-23. https://doi.org/10.3389/fenvs.2022.949581

Sam SM, Esenowo GJ, Udosen IR. Biochemical characterization of cassava processing waste water and its effect
on the growth of maize seedlings. Nigerian Journal of Basic and Applied Sciences. 2017; 25(2): 12-20. https://
doi.org/10.4314/njbas.v25i2.3

Akankali JA, Ambrose IS, Braide W. Assessment of brewery effluents quality discharged into treatment ponds
in Uyo, Akwa Ibom State, Nigeria. International Journal of Agriculture and Earth Science. 2020; 6(1): 42-
51. https://www.iiardjournals.org/get/IJAES/VOL.%206%20N0.%201%202020/ASSESSMENT%200F %20
BREWERY.pdf

Okorie CN, Emencheta SC, Berebon DP, Okpalanwa CN, Evurani SC, Ozioko CN. Assessment of brewery
effluent, effluent impacted pond and soil in Uyo Akwa-Ibom State. Journal of Pharmaceutical and Allied
Sciences. 2022; 19(2): 3594-3602. https://www.researchgate.net/publication/363672117

Tao S, Cui YH, Xu FL, Li BG, Cao J, Liu WX, et al. Polycyclic aromatic hydrocarbons (PAHs) in agricultural
soil and vegetables from Tianjin. Science of the Total Environment. 2004; 320(1): 11-24. https://doi.org/10.1016/
S0048-9697(03)00453-4

Nabulo G, Young SD, Black CR. Assessing risk to human health from tropical leafy vegetables grown on
contaminated urban soils. Science of The Total Environment. 2010; 408(22): 5338-5351. https://doi.org/10.1016/
j.scitotenv.2010.06.034

Mumtaz M, George J. Toxicological profile for polycyclic aromatic hydrocarbons. U.S. Department of Health and
Human Services, Public Health Service, Agency for Toxic Substances and Disease Registry; 1995. https:/www.
atsdr.cdc.gov/toxprofiles/tp69.pdf

Office of Emergency and Remedial Response. Risk assessment guidance for superfund volume 1. Human health
evaluation manual (part A) interim final. U.S. Environmental Protection Agency. Report number: EPA/540/1-
89/002, 1989.

United States Environmental Protection Agency (USEPA). Risk-based concentration table. Philadelphia: USEPA;
2000. http://www.epa.gov/spc/pdfs/rchandbk.pdf [Accessed 28th May 2022].

Wang X, Wang F, Chen B, Sun F, He W, Wen D, et al. Comparing the health risk of toxic metals through
vegetable consumption between industrial polluted and non-polluted fields in Shaoguan, South China. Journal of
Food, Agriculture and Environment. 2012; 10(2): 943-948. http://world-food.net/comparing-the-health-risk-of-
toxic-metals-through-vegetable-consumption-between-industrial-polluted-and-non-polluted-fields-in-shaoguan-
south-china/

Grzeti¢ 1, Ghariani RHA. Potential health risk assessment for soil heavy metal contamination in the central zone
of Belgrade (Serbia). Journal of the Serbian Chemical Society. 2008; 73(8-9): 923-934. https://doi.org/10.2298/
JSC0809923G

Tongo I, Ogbeide O, Ezemonye L. Human health risk assessment of polycyclic aromatic hydrocarbons (PAHs)
in smoked fish species from markets in Southern Nigeria. Toxicology Reports. 2017; 4: 55-61. https://doi.
org/10.1016/j.toxrep.2016.12.006

Tongo I, Etor EE, Ezemonye L. Human health risk assessment of PAHs in fish and shellfish from Amariaria
community, Bonny River, Nigeria. Journal of Applied Sciences and Environmental Management. 2018; 22(5):
731-736. https://doi.org/10.4314/jasem.v22i5.19

Zheng N, Wang Q, Zhang X, Zheng D, Zhang Z, Zhang S. Population health risk due to dietary intake of heavy

Volume 3 Issue 1]2023] 125 Environmental Protection Research


https://doi.org/10.1021/es3050955
https://doi.org/10.1021/acs.est.5b05055
https://doi.org/10.3389/fpubh.2018.00337
https://www.intechopen.com/chapters/72958
https://doi.org/10.1016/j.chemosphere.2021.130595
https://doi.org/10.3389/fenvs.2022.949581
https://doi.org/10.4314/njbas.v25i2.3
https://doi.org/10.4314/njbas.v25i2.3
https://www.iiardjournals.org/get/IJAES/VOL.%206%20NO.%201%202020/ASSESSMENT%20OF%20BREWERY.pdf
https://www.iiardjournals.org/get/IJAES/VOL.%206%20NO.%201%202020/ASSESSMENT%20OF%20BREWERY.pdf
https://www.researchgate.net/publication/363672117
https://doi.org/10.1016/S0048-9697(03)00453-4
https://doi.org/10.1016/S0048-9697(03)00453-4
https://doi.org/10.1016/j.scitotenv.2010.06.034
https://doi.org/10.1016/j.scitotenv.2010.06.034
https://www.atsdr.cdc.gov/toxprofiles/tp69.pdf
https://www.atsdr.cdc.gov/toxprofiles/tp69.pdf
https://doi.org/10.2298/JSC0809923G
https://doi.org/10.2298/JSC0809923G
https://doi.org/10.1016/j.toxrep.2016.12.006
https://doi.org/10.1016/j.toxrep.2016.12.006
https://doi.org/10.4314/jasem.v22i5.19

[62]

[63]

metals in the industrial area of Huludao city, China. Science of the Total Environment. 2007; 387(1-3): 96-104.
https://doi.org/10.1016/j.scitotenv.2007.07.044

Shaheen N, Irfan NM, Khan IN, Islam S, Islam MS, Ahmed MK. Presence of heavy metals in fruits and
vegetables: Health risk implications in Bangladesh. Chemosphere. 2016; 152: 431-438. https://doi.org/10.1016/
j.chemosphere.2016.02.060

Basha AM, Yasovardhan N, Satyanarayana SV, Reddy GVS, Kumar AV. Trace metals in vegetables and fruits
cultivated around the surroundings of Tummalapalle uranium mining site, Andhra Pradesh, India. Toxicology
Reports. 2014; 1: 505-512. https://doi.org/10.1016/j.toxrep.2014.07.011

Nisbet ICT, LaGoy PK. Toxic equivalency factors (TEFs) for polycyclic aromatic hydrocarbons (PAHs).
Regulatory Toxicology Pharmacology. 1992; 16(3): 290-300. https://doi.org/10.1016/0273-2300(92)90009-X

The Commission of The European Communities. Commission Regulation (EC) no 1881/2006 of 19 December
2006 setting maximum levels for certain contaminants in foodstuffs (text with EEA relevance). 32006R1881.
Europe: Official Journal of the European Union; 2006.

United States Environmental Protection Agency (USEPA). Regional Screening Levels (RSLs) - Generic Tables.
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables [ Accessed 26th June 2022].

Mafuyai GM, Eneji IS, Sha’Ato R, Nnamonu LA. Heavy metals in soil and vegetables irrigated with ex-tin
mining ponds water in Barkin - Ladi local government area Plateau State, Nigeria. Agriculture and Food Sciences
Research. 2019; 6(2): 211-220. https://doi.org/10.20448/journal.512.2019.62.211.220

Akan JC, Kolo BG, Yikala BS, Ogugbuaja VO. Determinations of some heavy metals in vegetable samples
from Biu Local Government Area, Borno State, North Eastern Nigeria. International Journal of Environmental
Monitoring and Analysis. 2013; 1(2): 40-46. https://doi.org/10.11648/j.ijjema.20130102.11

Lawal NS, Agbo O, Usman A. Health risk assessment of heavy metals in soil, irrigation water and vegetables
grown around Kubanni River, Nigeria. Journal of Physical Science. 2017; 28(1): 49-59. https://doi.org/10.21315/
jps2017.28.1.4

Kamerud KL, Hobbie KA, Anderson KA. Stainless steel leaches nickel and chrominum into foods during
cooking. Journal of Agricultural and Food Chemistry. 2013; 61(39): 9495-9501. https://doi.org/10.1021/
jf402400v

Mansouri B, Azadi NA, Albrycht M, Binkowski LJ, Blaszczyk M, Hamesadeghi U, et al. Metal risk assessment
study of canned fish available on the Iranian market. Biological Trace Element Research. 2021; 199: 3470-3477.
https://doi.org/10.1007/s12011-020-02446-8

Al-Ansari N, Aldardor W, Siergieiev D, Knutsson S. Effect of treated wastewater irrigation on
vegetables. Journal of Environmental Hydrology. 2013; 21: 1-12. http://Itu.diva-portal.org/smash/record.
jsf?pid=diva2%3A986388&dswid=-5637

Tiruneh AT, Amos O, Fadiran AO, Mtshali JS. Evaluation of the risk of heavy metals in sewage sludge intended
for agricultural application in Swaziland. International Journal of Environmental Sciences. 2014; 5(1): 197-216.
https://www.researchgate.net/publication/264788848

Dan E, Fatunla K, Shaibu S. Influence of Abattoir wastes on soil microbial and physicochemical properties. Asian
Journal of Chemical Sciences. 2018; 5(1): 1-17. https://doi.org/10.9734/AJOCS/2018/44094

Joint FAO/WHO Food Standards Programme. Report of the 33rd session of the Codex Committee on food
additives and contaminants the Hague, the Netherlands 12-16 March 2001. Report number: ALINORM 01/12A,
2001.

United States Department of Health and Human Services. Toxicological profile for cadmium. Atlanta, Georgia:
Agency for Toxic Substances and Disease Registry; 2012.

Perveen S, Shah Z, Nazif W, Shah SS, Thsanullah IU, Shah H. Study on accumulation of heavy metals in
vegetables receiving sewage water. Journal of the Chemical Society of Pakistan. 2011; 33(2): 220-227. https://
inis.iaea.org/search/search.aspx?orig_q=RN:42069372

Najam S, Nawaz R, Ahmad S, Ehsan N, Khan MM, Nawaz MH. Heavy metals contamination of soils and
vegetables irrigated with municipal wastewater: A case study of Faisalabad, Pakistan. Journal of Environmental
and Agricultural Sciences. 2015; 4: 6-10. https://www.researchgate.net/publication/277290324

Sayo S, Kiratu JM, Nyamato GS. Heavy metal concentrations in soil and vegetables irrigated with sewage
effluent: A case study of Embu sewage treatment plant, Kenya. Scientific African. 2020; 8: 1-8. https://doi.
org/10.1016/j.sciaf.2020.e00337

Khanal BR, Shah SC, Sah SK, Shriwastav CP, Acharya BS. Heavy metals accumulation in caulifiower (Brassica
Oleracea L. var. Botrytis) grown in brewery sludge amended sandy loam soil. International Journal of
Agricultural Science and Technology. 2014; 2(3): 87-92. https://www.researchgate.net/publication/269932331

Environmental Protection Research 126 | Emmanuel Udo Dan, et al


https://doi.org/10.1016/j.scitotenv.2007.07.044
https://doi.org/10.1016/j.chemosphere.2016.02.060
https://doi.org/10.1016/j.chemosphere.2016.02.060
https://doi.org/10.1016/j.toxrep.2014.07.011
https://doi.org/10.1016/0273-2300(92)90009-X
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables
https://doi.org/10.20448/journal.512.2019.62.211.220
https://doi.org/10.11648/j.ijema.20130102.11
https://doi.org/10.21315/jps2017.28.1.4
https://doi.org/10.21315/jps2017.28.1.4
https://doi.org/10.1021/jf402400v
https://doi.org/10.1021/jf402400v
https://doi.org/10.1007/s12011-020-02446-8
http://ltu.diva-portal.org/smash/record.jsf?pid=diva2%3A986388&dswid=-5637
http://ltu.diva-portal.org/smash/record.jsf?pid=diva2%3A986388&dswid=-5637
https://www.researchgate.net/publication/264788848
https://doi.org/10.9734/AJOCS/2018/44094
https://inis.iaea.org/search/search.aspx?orig_q=RN:42069372
https://inis.iaea.org/search/search.aspx?orig_q=RN:42069372
https://www.researchgate.net/publication/277290324
https://doi.org/10.1016/j.sciaf.2020.e00337
https://doi.org/10.1016/j.sciaf.2020.e00337
https://www.researchgate.net/publication/269932331_Heavy_Metals_Accumulation_in_Cauliflower_Brassica_Oleracea_L_var_Botrytis_Grown_in_Brewery_Sludge_Amended_Sandy_Loam_Soil

Heavy Metals Accumulation_in_Cauliflower Brassica Oleracea L. _var Botrytis Grown_in_Brewery Sludge
Amended Sandy Loam_Soil

Rai PK, Lee SS, Zhang M, Tsang YF, Kim KH. Heavy metals in food crops: Health risks, fate, mechanisms, and
management. Environment International. 2019; 125: 365-385. https://doi.org/10.1016/j.envint.2019.01.067

Joint FAO/WHO Food Standards Programme. Report of the 13rd session of the Codex Committee on
contaminants in foods Yogyakarta, Indonesia 29 April-3 May 2019. Food and Agriculture Organization of the
United Nations (FAO) and World Health Organization (WHO). Report number: REP19/CF, 2019.

Khan ZI, Ahmad K, Ashraf M, Parveen R, Mustafa I, Khan A, et al. Bioaccumulation of heavy metals and
metalloids in luffa (Luffa Cylindrica L.) irrigated with domestic wastewater in Jhang, Pakistan: A prospect for
human nutrition. Pakistan Journal of Botany. 2015; 47(1): 217-224. http://www.pakbs.org/pjbot/PDFs/47(1)/30.
pdf

Maihara VA, Favaro DIT, Barbosa Jr. F. Toxic elements. [Elementos toxicos]. In: Cozzolino SMF. (ed). Nutrient
bioavailability. [ Biodisponibilidade de nutrientes]. 4th ed. Brazil: Editora Manole Ltda; 2012. p.845-877.

Tom M, Fletcher TD, McCarthy DT. Heavy metal contamination of vegetables irrigated by urban storm water: A
matter of time? PLoS ONE. 2014; 9(11): 1-21. https://doi.org/10.1371/journal.pone.0112441

Chaoua S, Boussaa S, Gharmali AE, Boumezzough A. Impact of irrigation with wastewater on accumulation
of heavy metals in soil and crops in the region of Marrakech in Morocco. Journal of the Saudi Society of
Agricultural Sciences. 2019; 18(4): 429-436. https://doi.org/10.1016/j.jssas.2018.02.003

Gebeyehu HR, Bayissa LD. Levels of heavy metals in soil and vegetables and associated health risks in Mojo
area, Ethiopia. PLoS ONE. 2020; 15(1): 1-22. https://doi.org/10.1371/journal.pone.0227883

Uwimana A, Nhapi I, Wali UG, Hoko Z, Kashaigili J. Sludge characterization at Kadahokwa water treatment
plant, Rwanda. Water Supply. 2010; 10(5): 848-859. https://doi.org/10.2166/ws.2010.377

Chung JY, Yu SD, Hong YS. Environmental source of arsenic exposure. Journal of Preventive Medicine & Public
Health. 2014; 47(5): 253-257. https://doi.org/10.3961/jpmph.14.036

Noukeu NA, Gouado I, Priso RJ, Ndongo D, Taffouo VD, Dibong SD, et al. Characterization of effluent from
food processing industries and stillage treatment trial with Eichhornia crassipes (Mart.) and Panicum maximum
(Jacq.). Water Resources and Industry. 2016; 16: 1-18. https://doi.org/10.1016/j.wri.2016.07.001

Wani AL, Ara A, Usmani JA. Lead toxicity: A review. Interdisciplinary Toxicology. 2015; 8(2): 55-64. https://doi.
org/10.1515/intox-2015-0009

Khan S, Cao Q, Zheng YM, Huang YZ, Zhu YG. Health risks of heavy metals in contaminated soils and food
crops irrigated with wastewater in Beijing, China. Environmental Pollution. 2008; 152(3): 686-692. https://doi.
org/10.1016/j.envpol.2007.06.056

Mahmood A, Malik RN. Human health risk assessment of heavy metals via consumption of contaminated
vegetables collected from different irrigation sources in Lahore, Pakistan. Arabian Journal of Chemistry. 2014;
7(1): 91-99. https://doi.org/10.1016/j.arabjc.2013.07.002

Agarwal P, Srivastava S, Srivastava MM, Prakash S, Ramanamurthy M, Shrivastav R, et al. Studies on leaching
of Cr and Ni from stainless steel utensils in certain acids and in some Indian drinks. Science of the Total
Environment. 1997; 199(3): 271-275. https://doi.org/10.1016/S0048-9697(97)05455-7

Accominotti M, Bost M, Haudrechy P, Mantout B, Cunat PJ, Comet F, et al. Contribution to chromium and
nickel enrichment during cooking of foods in stainless steel utensils. Contact Dermatitis Cutaneous Allergy
Environmental and Occupational Dermatitis. 1998; 38(6): 305-310. https://doi.org/10.1111/j.1600-0536.1998.
tb05763.x

Kohlmeier M. Nutrient metabolism: Structures, functions, and genes. 2nd ed. London, United Kingdom:
Academic Press; 2015. https://doi.org/10.1016/C2010-0-64980-7

Sneddon C. Chromium and its negative effects on the environment. https://serc.carleton.edu/NAGTWorkshops/
health/case_studies/chromium.html [Accessed 8th July 2022].

Ismail A, Riaz M, Akhtar S, Ismail T, Amir M, Zafar-ul-Hye M. Heavy metals in vegetables and respective soils
irrigated by canal, municipal waste and tube well waters. Food Additives & Contaminants: Part B Surveillance.
2014; 7(3): 213-219. https://doi.org/10.1080/19393210.2014.888783

Lone MI, Saleem S, Mahmood T, Saifullah K, Hussain G. Heavy metal contents of vegetables irrigated by
sewage/tubewell water. International Journal of Agriculture and Biology. 2003; 5(4): 533-535. https://www.
researchgate.net/publication/233736025

Animashaun IM, Otache MY, Yusuf ST, Busari MB, Aliyu M, Yahaya MJ. Phytoremediation of agricultural
soils polluted with nickel and chromium using fluted pumpkin plant (7elfairia occidentalis). In: International
Engineering Conference. Minna, Nigeria: Federal University of Technology, 2015. p.360-366. http://repository.

Volume 3 Issue 1]2023] 127 Environmental Protection Research


https://www.researchgate.net/publication/269932331_Heavy_Metals_Accumulation_in_Cauliflower_Brassica_Oleracea_L_var_Botrytis_Grown_in_Brewery_Sludge_Amended_Sandy_Loam_Soil
https://www.researchgate.net/publication/269932331_Heavy_Metals_Accumulation_in_Cauliflower_Brassica_Oleracea_L_var_Botrytis_Grown_in_Brewery_Sludge_Amended_Sandy_Loam_Soil
https://doi.org/10.1016/j.envint.2019.01.067
http://www.pakbs.org/pjbot/PDFs/47(1)/30.pdf
http://www.pakbs.org/pjbot/PDFs/47(1)/30.pdf
https://doi.org/10.1371/journal.pone.0112441
https://doi.org/10.1016/j.jssas.2018.02.003
https://doi.org/10.1371/journal.pone.0227883
https://doi.org/10.2166/ws.2010.377
https://doi.org/10.3961/jpmph.14.036
https://doi.org/10.1016/j.wri.2016.07.001
https://doi.org/10.1515/intox-2015-0009
https://doi.org/10.1515/intox-2015-0009
https://doi.org/10.1016/j.envpol.2007.06.056
https://doi.org/10.1016/j.envpol.2007.06.056
https://doi.org/10.1016/j.arabjc.2013.07.002
https://doi.org/10.1016/S0048-9697(97)05455-7
https://doi.org/10.1111/j.1600-0536.1998.tb05763.x
https://doi.org/10.1111/j.1600-0536.1998.tb05763.x
https://doi.org/10.1016/C2010-0-64980-7
https://serc.carleton.edu/NAGTWorkshops/health/case_studies/chromium.html
https://serc.carleton.edu/NAGTWorkshops/health/case_studies/chromium.html
https://doi.org/10.1080/19393210.2014.888783
https://www.researchgate.net/publication/233736025
https://www.researchgate.net/publication/233736025
http://repository.futminna.edu.ng:8080/jspui/handle/123456789/10041

futminna.edu.ng:8080/jspui/handle/123456789/10041

Ashraf W, Seddigi Z, Abulkibash A, Khalid M. Levels of selected metals in canned fish consumed in Kingdom of
Saudi Arabia. Environmental Monitoring and Assessment. 2006; 117: 271-279. https://doi.org/10.1007/s10661-
006-0989-5

Cempel M, Nikel G. Nickel: A review of its sources and environmental toxicology. Polish Journal of
Environmental Studies, 2006; 15: 375-382. http://www.pjoes.com/pdf-87881-21740?filename=Nickel %20A%20
Review%200f%201ts.pdf

Abadin H, Ashizawa A, Stevens YW, Llados F, Diamond G, Sage G, et al. Toxicological Profile for Lead. Atlanta
(GA): Agency for Toxic Substances and Disease Registry (US); 2007. https://pubmed.ncbi.nlm.nih.gov/24049859/
Martin S, Griswold W. Human health effects of heavy metals. Environmental Science and Technology Briefs for
Citizens. 2009; 15: 1-6. https://engg.k-state.edu/chsr/files/chsr/outreach-resources/1 SHumanHealthEffectsofHeav
yMetals.pdf

Song C, Qiang F, Tianxiao L, Dong L, Yifan L, Min W. Transfer and migration of polycyclic aromatic
hydrocarbons in soil irrigated with long-term wastewater. International Journal of Agricultural and Biological
Engineering. 2016; 9(5): 83-92. https://doi.org/10.3965/].ijabe.20160905.2528

Inam E, Ibanga F, Essien J. Bioaccumulation and cancer risk of polycyclic aromatic hydrocarbons in leafy
vegetables grown in soils within automobile repair complex and environ in Uyo, Nigeria. Environmental
Monitoring and Assessment. 2016; 188: 1-9. https://doi.org/10.1007/s10661-016-5695-3

Ashraf MW, Salam A. Polycyclic aromatic hydrocarbons (PAHs) in vegetables and fruits produced in Saudi
Arabia. Bulletin of Environmental Contamination and Toxicology. 2012; 88: 543-547. https://doi.org/10.1007/
s00128-012-0528-8

Sojinu OS, Sonibare OO, Ekundayo O, Zeng EY. Biomonitoring potentials of polycyclic aromatic hydrocarbons
by higher plants from an oil exploration site, Nigeria. Journal of Hazardous Materials. 2010; 184(1-3): 759-764.
https://doi.org/10.1016/j.jhazmat.2010.08.104

Zhang J, Qu C, Qi S, Cao J, Zhan C, Xing X, et al. Polycyclic aromatic hydrocarbons (PAHs) in atmospheric
dustfall from the industrial corridor in Hubei Province, Central China. Environmental Geochemistry and Health.
2015; 37: 891-903. https://doi.org/10.1007/s10653-014-9647-y

Adetunde OT, Mills GA, Oluseyi TO, Oyeyiola AO, Olayinka KO, Alo BI. Polycyclic aromatic hydrocarbon
in vegetables grown on contaminated soils in a sub-saharan tropical environment — Lagos, Nigeria. Polycyclic
Aromatic Compounds. 2020; 40(4): 979-989. https://doi.org/10.1080/10406638.2018.1517807

Office of Emergency and Remedial Response. Risk assessment guidance for superfund: Human health evaluation
manual (part A) interim final. U.S. Environmental Protection Agency. Report number: 9287.701A, 1989.

Al-Saad H, Farid W, Abdul-Ameer W. Distribution and sources of polycyclic aromatic hydrocarbons in soils
along the Shatt Al-Arab River Delta in Southern Iraq. Soil and Water Research. 2019; 14(2): 84-93. https://doi.
org/10.17221/38/2018-SWR

Ebong GA, Ettesam ES, Dan EU. Impact of abattoir wastes on trace metal accumulation, speciation, and human
health—related problems in soils within Southern Nigeria. Air, Soil and Water Research. 2020; 13: 1-14. https:/
doi.org/10.1177/1178622119898430

Khairiah J, Yin YH, Ibrahim KN, Wee AW, Aminah A, Maimon A, et al. Bioavailability of chromium in
vegetables of selected agricultural areas of Malaysia. Pakistan Journal of Biological Sciences. 2002; 5(4): 471-
473. https://doi.org/10.3923/pjbs.2002.471.473

Khezami L, Capart R. Removal of chromium (VI) from aqueous solution by activated carbons: Kinetic and
equilibrium studies. Journal of Hazardous Materials. 2005; 123(1-3): 223-231. https://doi.org/10.1016/
jjhazmat.2005.04.012

Tariq FS. Heavy metals concentration in vegetables irrigated with municipal wastewater and their human daily
intake in Erbil City. Environmental Nanotechnology, Monitoring & Management. 2021; 16: 100475. https://doi.
org/10.1016/j.enmm.2021.100475

[100] Kahangwa CA. Application of principal component analysis, cluster analysis, pollution index and

geoaccumulation index in pollution assessment with heavy metals from gold mining operations, Tanzania. Journal
of Geoscience and Environment Protection. 2022; 10(4): 303-317. https://doi.org/10.4236/gep.2022.104019

[101] Ebong GA, Etuk HS, Dan EU. Distribution, pollution index and associated health risk of trace metals in waste-

impacted soils within Akwa Ibom State, Nigeria. Geosystem Engineering. 2018; 21(3): 121-134. https://doi.org/1
0.1080/12269328.2017.1376291

[102] United States Environmental Protection Agency (USEPA). Provisional guidance for quantitative risk assessment

of polycyclic aromatic hydrocarbons. Environmental Criteria and Assessment Office. Report number: EPA/600/

Environmental Protection Research 128 | Emmanuel Udo Dan, et al


http://repository.futminna.edu.ng:8080/jspui/handle/123456789/10041
https://doi.org/10.1007/s10661-006-0989-5
https://doi.org/10.1007/s10661-006-0989-5
http://www.pjoes.com/pdf-87881-21740?filename=Nickel_%20A%20Review%20of%20Its.pdf
http://www.pjoes.com/pdf-87881-21740?filename=Nickel_%20A%20Review%20of%20Its.pdf
https://pubmed.ncbi.nlm.nih.gov/24049859
https://engg.k-state.edu/chsr/files/chsr/outreach-resources/15HumanHealthEffectsofHeavyMetals.pdf
https://engg.k-state.edu/chsr/files/chsr/outreach-resources/15HumanHealthEffectsofHeavyMetals.pdf
https://doi.org/10.3965/j.ijabe.20160905.2528
https://doi.org/10.1007/s10661-016-5695-3
https://doi.org/10.1007/s00128-012-0528-8
https://doi.org/10.1007/s00128-012-0528-8
https://doi.org/10.1016/j.jhazmat.2010.08.104
https://doi.org/10.1007/s10653-014-9647-y
https://doi.org/10.1080/10406638.2018.1517807
https://doi.org/10.17221/38/2018-SWR
https://doi.org/10.17221/38/2018-SWR
https://doi.org/10.1177/1178622119898430
https://doi.org/10.1177/1178622119898430
https://doi.org/10.3923/pjbs.2002.471.473
https://doi.org/10.1016/j.jhazmat.2005.04.012
https://doi.org/10.1016/j.jhazmat.2005.04.012
https://doi.org/10.1016/j.enmm.2021.100475
https://doi.org/10.1016/j.enmm.2021.100475
https://doi.org/10.4236/gep.2022.104019
https://doi.org/10.1080/12269328.2017.1376291
https://doi.org/10.1080/12269328.2017.1376291

R-93/089, 1993.

[103] Tango CN, Wei S, Khan I, Hussain MS, Kounkeu PFN, Park JH, et al. Microbial quality and safety of fresh
fruits and vegetables at retail levels in Korea. Journal of Food Science. 2018; 83(2): 386-392. https://doi.
org/10.1111/1750-3841.13992

[104] Cheung KC, Leung HM, Kong KY, Wong MH. Residual levels of DDTs and PAHs in freshwater and marine
fish from Hong Kong markets and their health risk assessment. Chemosphere. 2007; 66(3): 460-468. https://doi.
org/10.1016/j.chemosphere.2006.06.008

Volume 3 Issue 1]2023] 129 Environmental Protection Research


https://doi.org/10.1111/1750-3841.13992
https://doi.org/10.1111/1750-3841.13992
https://doi.org/10.1016/j.chemosphere.2006.06.008
https://doi.org/10.1016/j.chemosphere.2006.06.008

