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Abstract In Jordan, as well as in all the world countries, consumption of citrus fruits is an essential

part of the daily diet, so it is important to assess the potential risk of the persistent organic pollu-

tants such as polyaromatic hydrocarbons (PAHs) in these fruits to the human health and identify

their sources in order to eliminate or reduce them. This study reports 16 priority PAHs content in

four types of peeled citrus fruits grown in Jordan
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Contamination of agricultural products is considered hazardous for a

considerable portion of the inhabitants. The most dangerous and car-

cinogenic groups of contaminants that may present in agricultural

products are polycyclic aromatic hydrocarbons (PAHs), chemical pes-

ticides, and heavy metals. PAHs are one of the most hazardous pollu-

tants that threaten the population if present in the food chain. PAHs

are nonpolar compounds with two or more fused benzene rings

(Wang et al., 2015). They are divided into two groups based on the

number of rings, where the more stable and toxic heavy PAHs

(HMW PAHs) with a structure of more than four rings and the less
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lipophilic light PAHs (LMW PAHs) that contain up to four rings

(Lawal 2017). The particles and gases that contain PAHs are trans-

ported in different phases and deposited in different parts of the envi-

ronment. PAHs are commonly detected in soil, water, and air, and

microbes cause their major degradation process (Abdel-Shafy and

Mansour, 2016). Most of the PAHs found in the environment come

from natural sources, such as volcanic eruptions and forest fires. How-

ever, their elevated levels were also found due to industrial processes,

fossil fuels, and coal production (Nie et al. 2014).

Their presence in food products is attributed to the various factors

contributing to their production, such as air pollution and food pro-

cessing. Depending on the properties of the PAHs, they can be trans-

ported through wet deposition or dry air (De Nicola et al., 2008). The

increasing of the octanol-water partitioning coefficient (Kow) for PAH

leads to an increase in PAHs lipophilicity, decreases the aqueous solu-

bility, and increases the tendency for sorption to a particular soil

(Abdel-Shafy and Mansour, 2016). The plant’s uptake and mobility

of LMW PAHs are easier than HMW PAHs, and thus, the plant

can easily absorb and transport LMW PAHs due to their mobility

and water solubility (Zelinkova and Wenzl, 2015). However, only 16

out of the hundreds of studied PAHs were considered priority pollu-

tants due to their potential to cause health problems (Zelinkova and

Wenzl, 2015). The presence of these compounds in plants and the envi-

ronment can affect the food chain, and they can reach the soil, sewage

sludges, aerosols, sediments, and water bodies through their various

distribution points (Kipopoulou et al. 1999; Zohair et al. 2006). Due

to atmospheric pollution, food items are usually contaminated with

these compounds through particulate deposition on vegetables and

fruits (Falcó et al., 2003). The most common method of transferring

PAHs to plants is through atmospheric exposure, either as surface

adsorption for low molecular mass PAHs or through adsorption to

air particles for HMW PAHs (Paris et al., 2018).

The uptake of PAHs by plants from soil water depends on the com-

pounds’ physical properties, such as their solubility, volatility, and

lipophilicity (Wang et al., 2017). However, in some cases, the presence

of PAHs in soil and plant tissues has been shown to directly relate to

the plant’s uptake and transport of the compounds (Meudec et al.,

2006). PAH concentration in certain plant tissues may vary depending

on the compounds’ physical properties, including the molecular

weight, the organic matter, and the soil’s characteristics (organic mat-

ters, texture, and aggregation) (Edwards, 1983). In vegetables, the

abundance of HMW-PAHs was lower than in soil (Tao et al., 2004).

While in fruits, PAH levels depend on plant variety, the fruit’s part,

and the fruit growing stage (Soceanu et al., 2016). Many PAHs and

their epoxides have severe health threats to humans and animals due

to their toxic, mutagenic, and carcinogenic properties (Yang et al.,

2017). Exposure to high levels of PAHs is known to have detrimental

effects on the health of organisms. Numerous studies have shown a

strong link between cancer and dietary exposure to PAHs (Yoon

et al., 2007). Humans consuming fruits with hydrophobic surface lay-

ers might risk getting PAHs from their particles (Broomhead et al.,

2020; De Nicola et al., 2008; Shariatifar et al., 2021). The accumulation

of PAHs in agricultural soils due to the various anthropogenic activi-

ties creates negative risks for humans through food chain bioaccumu-

lation (Domingo and Nadal, 2015). In order to analyze such risks, it is

crucial to investigate the concentrations and source of PAHs in both

soils and fruits.

Several studies were carried out to evaluate the levels of PAHs in

different types of fruit (Wennrich et al. 2002; Abou-Arab et al. 2014;

Soceanu et al. 2016). In a study by Abou-Arab et al. (2014) the total

concentration of PAHs in some Egyptian fruits collected from different

regions in Cairo was the highest in apple (2.867 lg/kg), followed by

guava (2.334 lg/kg). However, in another study the total mean concen-

tration of PAHs in different fruit samples obtained from various places

in Mumbai was the highest in apple (51.6 lg/kg) followed by guava

(48.31 lg/kg), sapota (41.3 lg/kg), grapes (40.72 lg/kg), papaya

(31.66 lg/kg) and pineapple (25.82 lg/kg) (Bishnoi et al., 2006). The

PAH contents in different fruit and vegetable species cultivated in the
industrial area of Bitterfeld-Wolfen (Germany) were decreased in the fol-

lowing order: parsley > kale > apples > potatoes > strawberries >

tomatoes > kohlrabi > lettuce (Wennrich et al., 2002). Another study

by Rojo Camargo and Toledo (2003) has determined the levels of PAHs

in samples of lettuce, tomato, cabbage, apple, grape, and pear, and utilize

these data to further calculate the dietary exposure of Brazilians to PAHs.

In the same study, it was found that the mean levels of total PAHs were

13.53 mg/kg in lettuce, 9.50 mg/kg in tomato, 8.86 mg/kg in cabbage,

4.05 mg/kg in apple, 3.77 mg/kg in grape and 3.87 mg/kg in pear. For citrus

fruits, it can be observed that PAHs concentrations in pulps are generally

smaller than in peels, which may be ascribed to exposure to contaminated

air (Soceanu et al., 2016). Moreover, several studies show that the concen-

trations of PAHs are generally higher on the plant surface and peels than

in internal tissue (Abdel-Shafy and Mansour, 2016), due to the generally

higher lipid content of peels than for cores (Chiou et al., 2001). Fruits,

which are characteristic of a hydrophobic surface layer, can directly

adsorb PAHs from particles (De Nicola et al., 2008), creating a health risk

for humans when consumed (Broomhead et al., 2020). Citrus fruits in

terms of nutritional value have an important role in the human diet. Thus,

information regarding the accumulation of PAHs in citrus fruits is essen-

tial in human health risk assessment. However, information about PAHs’

burden on agricultural soils and citrus fruits in this region is not available.

This is, to the best of our knowledge, the first paper in which PAHs con-

tent in Jordanian citrus fruits is addressed and evaluated.

Therefore, the main aim of this research is to investigate the level of

contamination by the most toxic 16 PAHs in one of the most known

agricultural areas in Jordan. Specifically, our study had the following

objectives: (1) to identify and quantify the levels of 16 priority PAHs

in soil and four types of peeled citrus fruits (grapefruit, orange, lemon,

and mandarin) from fields irrigated with the same water quality; (2) to

identify the probable sources of 16 PAHs in soil by using PAH ratios

and PCA; (3) to assess the transfer of PAHs from soil to plant; and (4)

to calculate the ILCR posed by citrus fruits consumption. The

obtained results would provide important information for the identifi-

cation of the sources of PAHs in the agricultural areas to minimize the

citrus fruits contamination and human health risks.
2. Methodology

2.1. Chemicals and reagents

All the chemicals were of analytical and HPLC-reagent grade,

purchased from Sigma-Aldrich (NJ, USA) unless otherwise
stated. OASIS HLB (6 mL/500 mg) cartridges for the solid-
phase extraction were purchased from Waters� (Waters�, Ire-

land). A analytical standard mixture containing 16 PAHs in
acetonitrile (10 mg L�1) were purchased from Merck (Darm-
stadt, Germany), which containing: naphthalene (NAP), ace-

naphthylene (ACY), acenaphthene (ACE), phenanthrene
(PHE), fluorene (FLO), anthracene (ANT), pyrene (PYR), flu-
oranthene (FLA), benzo[a]anthracene (BaA), chrysene (CHR),

benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo(a)pyrene (BaP), indo[1,2,3,c,d]pyrene (IcdP), dibenzo
[a,h]anthracene (DahA), and benzo[g,h,i]perylene (BghiP).
Milli-Q ultrapure water (18.2 MX cm, 25 �C) was obtained

from a water purification system (Waters, Milford, MA,
USA). Stock solutions of all target compounds at a concentra-
tion of 50 mg mL�1 were prepared in acetonitrile. A mixture of

target analytes was also prepared in methanol at different con-
centrations as follows: 50 ng mL�1, 1000 ng mL�1, and
30000 ng mL�1. All of the stock standard solutions were stored

at �20 �C in the dark for up to two months. The working stan-
dard solutions were prepared weekly, while the calibration
standard solutions for quantitation were daily prepared by
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dilution in a mixture of water/acetonitrile, (0.1% formic acid)
50:50 (v/v). All reagents were used as received without any fur-
ther purification.

2.2. Study area

The investigation area was located near the North of Deir-Alla

(NDA) in Jordan valley, Jordan (Fig. 1). In this area, the irri-
gation water comes merely from the King Abdullah Canal
(KAC). The quality and quantity of the KAC depend on the

runoff water resources from different places including Jordan,
Syria, and Golan Heights in the winter season. Due to the
shortage quantity of the feeding water in the summer season,

the canal is fed from the Arab and Ziglab dams in Jordan
(Fig. 1), where the water quality is considered cleaner water
than the King Talal dam water (Tahboub et al., 2017). The
study area is characterized by its arid hot climatic conditions

in the summer and mild in the winter seasons. The annual rain-
fall value is about 300 mm (Department of Statistics, 2020). It
is containing intensive agricultural activities (�23,000 ha) with

different types of vegetables and fruits, where around 90% of
the production of citrus fruits in Jordan originates from the
Jordan valley. The Citrus fruit production comes from farms

of around 79 � 106 m2 of calcareous soil producing more than
79,000 tons annually. Moreover, the sampling sites also have
medium traffic densities that run parallel to the farms, which
reduces the possibility of contamination from the surrounding

environment.

2.3. Sampling

Soil, water, and citrus fruit samples were collected from the
same cultivation site in 2018. Sampling took place in Novem-
ber–December at the end of the growing season of each pro-

duct when the fruits are ripe and ready for harvesting. Four
kinds of citrus fruit were included in the investigation: orange,
lemon, grapefruit, and mandarin. Sampling was performed

based on the sampling principles and methods outlined by
the (European Commission, 2002). Ten samples per product
were collected from different sites, whereas the sub-samples
were taken from different locations throughout the entire of

each investigation site. For each sample, about 1 kg of each
product was gathered, placed in sterile bags and transported
to the laboratory where the samples were cleaned with distilled

water, dried with paper towels, and stored at 4 �C.
A total of 36 samples of irrigation water samples were col-

lected on a monthly basis for one year throughout 2018. Sam-

pling was performed triplicated using 1 L amber glass bottle,
acidified to pH 2 by adding hydrochloric acid (1 M) and stored
at 4 �C.

Twenty soil samples were collected with a clean stainless-
steel soil auger from the investigated sites at two depths, the
upper zone (0–15 cm) and the lower zone (15–30 cm). Each
sample was a composite of five sub-samples (four from corners

and one from the center of the area) collected within a
100 m � 100 m plot and thoroughly mixed to form a homoge-
neous composite sample of approximately 500–1000 g. All the

samples were placed in a dark sterile container protected from
light, transported to the laboratory, and stored at 2 �C. All the
collected samples of the soil, plant, and water were extracted
within three days of collection to avoid PAHs degradation
or contamination.

2.4. Sample preparation and PAHs extracting

2.4.1. Sample pre-treatment

The fruits were cleaned using Milli-Q ultrapure water. Citrus
fruits were peeled to assess the concentration of PAHs in the

flesh that is usually eaten. Each sample of fruits was homoge-
nized using a high-speed blender to prepare a smooth purée
which was kept at �20 �C until analysis. A one litter sample

of the collected water was filtrated via vacuum filtration appa-
ratus fitted with a 35–40 lm pore size membrane (Hahnemühle
GmbH, Dassel, Germany), and transferred subsequently to a
Solid Phase Extraction (SPE) system (Agilent Varian, Santa

Clara, CA, USA) fitted with an Oasis HLB cartridge (Waters
Corporation, Milford, MA, USA) that equipped with a vac-
uum pump. The soil samples were sieved (<2 mm) to ensure

homogeneity of the materials, then kept in a solvent-cleaned
glass jar, and stored at �20 �C until the performance of instru-
mental analysis (Al Nasir and Batarseh, 2008).

2.4.2. Extraction of PAHs from water

Before the passage of the water sample in the SPE stage, the
cartridge was pre-conditioned prior to use, firstly washed with

6 mL of ethyl acetate, followed by 6 mL of methanol, and the
final wash with 6 mL of acidified HPLC grade water at a flow
rate of 1 mL min�1. Then, the sample was loaded to the car-

tridge at a 3 mL min�1. Subsequently, the cartridge was
washed with 6 mL 5% methanol in water, and pre-dried under
low pressure for 5 min to remove the excess of water. Finally,
the retained compounds were eluted using two mL aliquots of

ethyl acetate at a flow rate of 1 mL min�1. The collected
extract was passed through a small column (2 g) of anhydrous
sodium sulfate to remove the water traces and then concen-

trated to around 0.5 mL using a gentle stream of nitrogen,
and the residue was transferred and stored in amber glass vials
for analysis.

2.4.3. Extraction of PAHs from soil and fruits

The extraction of PAHs from soil and fruits samples was per-
formed by solid-liquid extraction (SLE) as described by (Al

Nasir and Batarseh, 2008). The wet homogenized samples con-
taining 50 g of soil, or 100 g of fruit materials were placed into
500 mL Erlenmeyer flask. PAHs extraction was carried out

with 100 mL of a 2:1 acetone/water (v/v) mixture for the soil
(after being adjusted to its moisture content), while, for fruits
with 100 mL of acetone. The samples were overnight shaking
using a horizontal shaker at a velocity of 220 cycles/min.

The liquid/liquid partitioning was performed by adding 15 g
of NaCl and 100 mL cyclohexane, and shaken for 1 h. The
organic layer containing analytes was decanted into a

250 mL Erlenmeyer flask and dried over 15 g of anhydrous
sodium sulfate. The dry extract was rotary evaporated to
1 mL then to dryness using gentle stream of N2 gas and then

redissolved in 3 mL of hexane. of the extract were evaporated
and dissolved in 5 mL of 1:1 ethylacetate and cyclohexane mix-
ture (v/v).



Fig. 1 Location Map of NDA in the Jordan valley, Jordan. Reproduced with permission from reference (Al-Nasir et al., 2020).
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2.4.4. Samples cleanup

The residues from the extraction step were cleaned up using
alumina column to eliminate the organic interference sub-
stances and to remove the color from the extracted samples
which enhance the identification and quantitation of target
analytes. Before starting this step, the extracted residues were

micro-filtered using a polytetrafluoroethylene (PTFE) syringe,
and concentrated by mean of the rotary evaporator to around
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1 mL. The alumina was fully activated overnight at 180 �C
inside laboratory oven (ULM 600 Memmert, Germany), then
it was partly deactivated with 2.0% H2O and shake for 2 h

using horizontal shaker (SSL1 Stuart, UK). The chromato-
graphic column was packed with 10 g of deactivated alumina
(70–230 mesh) then 2 g of dried anhydrous sodium sulfate

was loaded to the top of the column, and washed sequentially
with 40 mL n-hexane. The residue extract was transferred to
the top of the alumina column and eluted with 50 mL of n-

hexane, then the elute was evaporated and concentrated using
a gentle nitrogen stream. Finally, the sample was divided into
four portions each of 1 mL into amber vials for analysis.

2.5. Instrumental analysis

The chromatographic analysis of the 16 PAHs were carried out
on a symmetric biphenyl column (4.6 mm � 250 mm, 5.0 lm
diameter) using a high-performance liquid chromatography
(HPLC) system (Agilent 1200) equipped with a diode array
(DE64262847) and a fluorescence detector (DE90959767).

Milli-Q ultrapure water (A) and acetonitrile (B) mixture were
used as the mobile phases to optimize separation of the PAHs
applying the following gradient elution with a flow rate of

1 mL min�1: 0–10 min, 40% A; 10–35 min, 10% A; 35–
40 min, 0% A; 40–40.1 min, 40% A, and kept constant to
45 min. The injection volume was 20 mL and the temperature
of the column oven was controlled at 35 �C. Blank samples

were prepared to prevent and detect contamination during
treatment operation. Detection was carried out with the fluo-
rescence detector wavelength switching program at an excita-

tion wavelength of 260, 260, and 260 nm, and emission
wavelength of 352, 420, and 460 nm. The concentrations of
the 16 US EPA priority PAHs (NAP, ACY, ACE, FLO,

PHE, ANT, FLA, PYR, BaA, CHR, BbF, BkF, BaP, IcdP,
DahA, BghiP) were determined in the current study according
to the internal standards (Fig. 2).

2.6. Quality assurance and quality control

Method validation was evaluated by performing method
blank, standard spiked recoveries, and determination of the

HPLC detection limits. Before analysis, relevant standards
containing all the analyte components were run to check col-
umn performance, peak height, resolution, the limits of detec-

tion (LOD), and the limit of quantitation (LOQ). Peak
identification and quantification were done using an individual
standard solution of each compound. The identification was

accomplished using relative retention time techniques while
quantification was done by comparison of peak areas of sam-
ples to those of standard solutions at known concentrations

and using an external calibration method.
The LOD and LOQ for PAHs compounds were calculated

based on a statistical method employing the concentrations of
analytes in a sample gave rise to a peak with a signal-to-noise

ratio (S/N) of 3 and 10, respectively (Pang et al., 2018). The
LOD and LOQ were found to be ranged from 0.08 to
27.03 ng kg�1 and 0.27 to 89.20 ng kg�1 for the soil and plant

samples, while, 0.05 to 3.96 ng l�1 and 0.17 to 13.15 ng l�1 for
the water samples, respectively. The linearity of the calibration
standards with R2 > 0.995 was considered to accept the cali-

bration. In addition, the precision of the analytical procedures
was expressed as relative standard deviation (RSD), where
±20% as RSD was the acceptable value (Gustavo González
and Ángeles Herrador, 2007). The variation coefficients in

the concentrations of different PAH between the duplicate
samples were <10%.

Different recovery studies were performed employing

50 lg kg�1 level of each PAHs spiked with the fruit and soil
samples, and 10 lg l�1 for the water sample, then the blank
samples were also run. The mean recovery rates of the PAHs

ranged between 79 and 107%, with RSD values �10. These
analytical results were found in comparative agreement with
other recovery rates reported for these compounds in different
studies (Gratz et al., 2011; Kishikawa et al., 2003).
2.7. Bioconcentration factor (BCF)

The BCF is an index that shows the contaminant concentra-

tion in the plants with respect to its concentration in the soil

substrate. BCF was calculated for various citrus fruit accord-
ing to Rehman et al. (2017) using the Equation (1):

CF ¼ Cplant=Csoil ð1Þ

Cplant and Csoil represent the individual PAHs concentration in

citrus fruit and soil, respectively.
2.8. Estimates of cancer risk for PAHs

The ILCR via consuming contaminated fruits was calculated

according to USEPA (2005),based on the relative Equation
(2):

ILCR ¼ TEQBaP � IRi � EF � ED � SF � CF

AT � BW
ð2Þ

where ILCR is the incremental lifetime cancer risk of dietary
exposure, IRi is the amount of fruits ingested per day
(18.36 g day�1 for orange, 12.60 g day�1 for lemon, 1.92 g day�1

for grapefruit, and 8.22 g day�1 for mandarin (Department of
Statistics, 2020), EF is the exposure frequency (365 d yr�1), ED
is the exposure duration (70 yrs), SF is the oral cancer slope
factor of benz[a]pyrene (7.3 (mg kg�1 day�1)�1) (USEPA,

2017), CF is a conversion factor (10�6 mg ng�1), AT is averag-
ing time (days) for cancer genic development [AT = ED
� 365] (i.e. 25,550 days) and BW is the bodyweight for an

adult (70 kg).
Total toxic BaP equivalent (TEQBap) for PAHs was com-

puted using Equation (3):

TEQBaP ¼
Xn

i¼1

Ci � TEFi ð3Þ

where Ci is the concentration of the individual PAH in fruits
and TEFi is the corresponding toxic equivalency factor for

PAHs. According to Wang and Lang (2010), the TEF for
NAP, ACY, ACE, FLO, PHE, ANT, FLA, PYR, BaA,
CHR, BbF, BkF, BaP, DahA, IcdP, and BghiP are 0.001,

0.001, 0.001, 0.001, 0.001, 0.01, 0.001, 0.001, 0.1, 0.01, 0.1,
0.1, 1, 1, 0.1, and 0.01, respectively. For statistical reasons,
contents of PAH species that were below the detection limit
were presumed to be zero.



Fig. 2 HPLC chromatograms of PAHs standards.
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2.9. Data analysis

PCA is a powerful multivariate analytical procedure that uses
an orthogonal transformation to transform the primary set of
data (measured PAH contents in soil) into a smaller set of lin-

ear combinations (principal components, PCs) that account
for most of the variance of the original data to explain the rela-
tionship among the original variables. In this study, only

major PCs having factor loadings higher than 0.5 were identi-
fied using Varimax rotation and eigenvalue >1. Each PCs was
further evaluated and recognized by source markers or profiles

as reasonable pollution sources according to the PAH source
characterization in the literature. PCA was performed on con-
centration data from 13 PAHs. PHE, ANT, and DahA were

excluded because of their rather lower detection frequencies
in most of the soil samples. PCA was performed using SPSS
26.0 software.

3. Results and discussion

3.1. The PAHs levels in fruits

The concentrations of PAHs in the four types of peeled citrus

fruits (orange, lemon, grapefruit, and mandarin) are summa-
rized in Table 1. The results showed a significant difference
in the accumulation and frequencies of PAHs in the analyzed

samples, even within the same type of citrus fruit, which could
be related to the physiological characteristics of the product
rather than the similarity of the ecological characteristics at
the sampling sites (Martorell et al., 2010). In total, among
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the analyzed PAHs, ACY (0.456–11.588 mg kg�1), BaA (0.225–
5.553 mg kg�1), and BaP (0.004–18.585 mg kg�1) were the most
dominant analytes present in all the analyzed samples, while,

ANT was not detected in any sample. Our results suggested
that the fruit samples were moderately contaminated, similar
to other reports in Iran Iran (Khalili et al., 2021a), Korea

(Lee et al., 2019), Spain (Martorell et al., 2010), and Brazil
(Rojo Camargo and Toledo, 2003).

The mean concentration of total PAHs content (RPAHs) in

the citrus samples showed a decrease in the following order:
grapefruit > lemon > mandarin > orange. A similar trend
was reported for citrus fruits
(grapefruit > tangerine > lemon > orange) marketed Teh-

ran/Iran (Khalili et al., 2021a), and in citrus fruit juices pro-
duced in Brazil (Soceanu et al., 2011). The results of our
study showed that the PAHs levels in fruits harvested from

NDA in Jordan Valley are similar to that in Campinas / Brazil,
while, they are lower than the reported results by Khalili et al,.
in Tehran / Iran, which can be related to the cleaner irrigation

water and the far industrial area from our study area compar-
ing to the mentioned study (Khalili et al., 2021a),. A compar-
ative assessment indicated that the PAHs levels in the peeled

citrus fruits grown near NDA in the Jordan valley, namely,
grapefruit (62.593 mg kg�1), mandarin (22.901 mg kg�1), lemon
(24.840 mg kg�1), and orange (5.082 mg kg�1) are higher than
those reported in the literature from other regions of the

world. For instance, Soceanu et al. (2016), reported that the
sums of 16 PAHs were 14.04 mg kg�1 in grapefruit, 9.50 mg kg�1

in mandarin, 11.01 mg kg�1 in lemon and 2.30 mg kg�1 in

orange collected from Romania markets.
Moreover, as shown in Table 1, grapefruit showed the high-

est total PAHs concentration among the analysed citrus sam-

ples as its PAHs content ranged from 28.861 to
46.190 mg kg�1 with a mean concentration of 34.857 mg kg�1.
>75% of the detected PAHs in grapefruit samples was attrib-

uted mainly to ACE which showed very high concentrations
compared to other PAHS, ranging from 19.831 to
35.018 mg kg�1 with a mean value of 20.658 mg kg�1 in most
of the analysed grapefruit samples (80% of the samples).

Besides, ACY showed a high concentration in only one sample
at 20.658 mg kg�1. A 50% of the LMW PAHs (NAP, PHE,
and ANT) were not detected in all the grapefruit samples,

which can be related to the higher volatility of these com-
pounds (Marquès et al., 2016). In this context, it was reported
that the initial concentration of naphthalene decreased around

30% in the presence of the UV light due to the photodegrada-
tion (Al-Madanat et al., 2020). For the HMW PAHs, BaP and
IcdP were the dominant PAHs as BaP was detected in all the
analysed grapefruit samples, whereas IcdP was found in 60%

of the collected samples. The high concentration of HMW
PAHs for grapefruit resulted from the deposition of particle
bounded PAHs on the fruit and their uptake directly through

the waxy cuticle of fruit (Jones et al., 1989).
For mandarin, the predominant detected PAHs in the ana-

lyzed samples were FLA, PYR, BaA, BbF, and BaP, which

were found in all analysed mandarin samples. ACY was the
major detected PAH as its concentration ranged from 7.852
to 11.588 mg kg�1 with a mean value of 9.720 mg kg�1. BaP,

which is used as a marker for the occurrence and the effect
of carcinogenic PAH in food based on a scientific opinion of
the former Scientific Committee on Food (SCF) (Zelinkova
and Wenzl, 2015), showed a wide range of concentrations as
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it ranged from 2.316 to 18.585 mg kg�1 with a mean concentra-
tion of 7.742 mg kg�1. In the case of orange, all analyzed PAHs
were detected at different detection ratios except ANT and

CHR. Among the carcinogenic PAHs (BaA, CHR, BbF,
BkF, BaP, IcdP, DahA and BghiP), BaA and BaP as the most
carcinogens PAHs were detected in all analyzed orange sam-

ples and exhibited the highest mean concentrations with a
mean value of 0.986 mg kg�1 and 1.060 mg kg�1, respectively.
A recent investigation by Lee et al. showed that the mean con-

centration of the eight carcinogenic PAHs in commercial
orange samples collected from Seoul, Korea was found to be
0.33 ± 0.02 mg kg�1, which is much lower than their concen-
trations in the presented study (Lee et al., 2019).

For lemon, only four of the congeners were found in 40–
80% of the samples with wide ranges of concentrations as fol-
lows ACY (5.007–7.390 mg kg�1), ACE (10.689–19.085 mg kg
�1), BaA (1.721–2.869 mg kg�1) and BaP (1.556–3.894 mg kg�1).
The total PAHs concentration was much higher in lemon than
in orange fruit as their total concentration ranged from 18.973

to 33.238 mg kg�1 with a mean value of 24.840 mg kg�1. The
highest concentration of the LMW PAHs that was detected
in lemon samples compared to the HMW PAHs can be related

to theirhigher solubility and entery to the pulp of the lemon
through the gaseous form. However, the addition of lemon
juice to barbecue products reduces the risk of PAHs in these
products (Chen et al., 2018a).

Although grapefruit showed the highest PAHs concentra-
tion, it has the lowest carcinogenic content. The percentage
of the carcinogenic PAHs to total PAHs was found to be the

lowest in grapefruit (27%) and the highest in orange (83%)
that showed the lowest PAHs content. The PAHs in the stud-
ied area are recent as indicated by the predominance of PAHs

with fewer rings (�3) and by the high variation in their concen-
trations on the same site (Cai et al., 2007a). Authors showed
that further, two- and three-rings PAH compounds have a

higher solubility in water than other PAH compounds and
therefore have a relatively higher uptake by plants (Khalili
et al., 2021a). Due to their bioavailability, two- and three-
ring compounds are predominant among PAHs compared to

other compounds, including relatively high solubility in water,
and therefore have better uptake into plants (vegetables and
fruits).

Comparing with vegetables and fruits, other crops could
also contain a high amount of PAHs such as coffee and tea
as nutritive elements consumed daily. Roudbari et al. (2021)

showed that significant differences were observed in NAP,
FLA, CHY, BaP among tea and coffee. However, mean of
all PAH compounds in the coffee had the highest value.
Among all PAHs, NAP had the highest mean in the samples,

and it was found in coffee (6.39 ± 1.23 lg kg�1) and in tea
(2.72 ± 0.66 lg kg�1). The lowest mean PAH concentrations
in all samples belonged to ACE, ACY, FLO, PHE, ANT,

PYR, BaA, BbF, BkF IcdP, DahA, and BghiP. Iwegbue
et al. (2015) showed that the concentrations of the sum of
the 16 PAHs in the cocoa-based food, coffee, and tea bever-

ages ranged from 38.0 to 1406.4, 38.7 to 593.1, and 5.2 to
913.1 lg kg�1, respectively. As reported by Roudbari et al.
(2021) the actual target hazard quotient (THQ) for the adult

and children was equal to 1.63 � 10�4 and 1.67 � 10�4, respec-
tively; hence, non-carcinogenic health risk for consumers is
negligible.
Like vegetables, fruits, coffee and tea; cereal could contain
high amount of PAHs; Khalili et al. (2022) revealed that the
means of total PAHs were 98.2, 121.7, 134.9, 166.3, 176.3,

176.2, 130.1, and 248.3 lg kg�1, respectively for many kinds
of bread (Barbari, Sangak, Baguette, Taftoon, Lavash), maca-
roni, lasagna, and cooked rice. During this study the authors

showed that ILCR indexes in cereals were estimated to be
5.2 � 10�5 and 7.73 � 10�5, respectively, which were higher
than the acceptable risk level (10�6).

3.2. PAHs in soil

The concentrations of the analyzed PAHs in the soil at two

depths are shown in Table 2. Although the sampling sites are
not far from each other, the PAHs concentrations are highly
variable within the different locations. Despite the hot climatic
condition in the study area, NAP and ACE were found at

higher concentrations than many other HMW PAHs. Besides,
individuial RLMW-PAHs (10.025 lg kg�1) and RHMW-
PAHs (11.496 lg kg�1) in the surface (upper) layer of soil

showed close values from both species. This can be attributed
to the recent and continuous irrigation that frequently increase
the levels of these compounds in the studied area (Li et al.,

2008) and the strong adsorption of the LMW PAHs to the soil
organic matter, thus reducing its losses by volatilization (Li
et al., 2010). However, in the case of the lower depth, the
HMW PAHs constitute the majority of PAHs in soil samples

with a mean concentration of 13.191 lg kg�1 comparing to
4.536 lg kg�1 for the LMW PAHs, which can be related to
their less mobility and the very low photodegradation rate

(Al-Madanat et al., 2021), lower intake by plants, and the
higher biodegradation rate of the low ring by the soil bacteria
than high ring PAHs (Bossert et al., 1984).

In Jordan, the content of PAHs in soils is not yet regulated,
and just a couple of guidelines exists worldwide. One of them is
soil contamination criteria on the basis of the

P
16PAHs was

defined by Maliszewska-Kordybach (1996), to evaluate the
level of soil contamination by PAHs as follows: not contami-
nated soil (R16PAHs � 200 lg kg�1), slightly contaminated
soil (200 < R16PAHs � 600 lg kg� 1), weakly contaminated

(600 < R16PAHs � 1000 lg kg�1), and heavily contaminated
soil (R16PAHs > 1000 lg kg�1). According to this classifica-
tion system, the agricultural field soil was considered as ‘‘not

contaminated soil” (
P

16PAHs � 200 mg kg�1). The other clas-
sification was suggested by the Canadian Council of Ministers
of the Environment and included three major classes, specifi-

cally, class A, or clean soil when the concentration of BaP is
less than 100 mg kg�1; class B, or slightly polluted soil when
the concentration of BaP is less than 1000 mg kg�1 (further
investigation is required); and class C, or seriously polluted soil

when the concentration of BaP is up to 10000 mg kg�1 (imme-
diate remediation is needed) (CCME, 1991). According to this
classification, the agricultural soils in Jordan valley-Jordan can

be considered as a clean soil.
In order to clearly understand and evaluate the quality of

the agricultural soils near NDA in Jordan valley, the
P

16PAH levels in this study were compared with the concentra-
tions reported around the world in agricultural soils (Table 3).
The concentration level of

P
16PAHs in the studied soil was

significantly lower than most of the reported values for agricul-
tural soils in Iran, Estonia, USA, Lebanon, Germany, UK,
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Brazil, Japan, and the USA, as well as in most places in China
(Table 3), except Lishui and Henan in China, as well as
Canada. Observed

P
16PAHs concentrations in the study were

much lower than the typical concentration (200 mg kg�1)
described for the sum of 16 EPA PAHs in arable soils
(Wilcke, 2000). These comparisons indicated that the agricul-

tural soil near NDA in the Jordan valley was slightly contam-
inated with PAHs compared with agricultural soil in other
parts of the world.

3.3. PAHs in irrigation water

The concentration of individual PAHs detected in irrigation

water samples collected from the investigated fields is summa-
rized in Table 4. Six PAHs mostly of heavy type (HMW) were
detected in all irrigation water samples (FLA, BaA, BbF, BaP,
IcdP, and BghiP) comprising more than 93% of the detected

PAHs concentrations, Although the recovery experiment was
able to detect all 16 PAHs, other types of PAHs (NAP,
FLO, PHE, ANT) were not detected in all samples. BkF was

detected in 75% of the samples, PYR in 50% of the sample
and (ACY, ACE, CHR, and DahA) in only 25% of the anal-
ysed samples. The total concentrations of the detected PAHs

ranged from 0.089 to 0.224 lg L�1 with a mean value of
0.193 lg L�1. The dominant PAHs were the most carcinogenic
compounds, BaA and BaP, however, they were found at low
concentrations.These concentration values are much higher

than PAHs content of the same source that were reported by
Jiries et al., in 2004 (Jiries et al., 2004). In a similar study, Li
et al., determined 15 priority PAHs in water, sediment, soil,

and plant samples collected from Aojiang River and its estu-
ary. The authors found that the

P
15 PAHs ranged from

0.910 to 1.520 lg L�1 in water samples, which is higher than

the presented reported values. A comparison study by Tah-
boub et al., for the Semi-volatile organic pollutants (including
the PAHs) in Jordanian surface water reveals that Semi-

volatile organic pollutants of surface water in Jordan are
within the acceptable international limits, which is become
with agreement with our results in this study (Tahboub
et al., 2017).

Based on the higher content of LMW PAHs in citrus fruits
compared to their concentration in irrigation water, it seems
that the quality of irrigation water has a low impact on the

PAHs content in the citrus fruit, where we observed the preva-
lence of ACY and ACE prevalent in very high concentrations
in some kinds of fruit such as lemon, grapefruit and mandarin.

The easiest uptake of LMW PAHs by plant can be related to
the great mobility of these compounds in air and soil and their
higher water solubility compared to heavy PAHs (Paris et al.,
2018).

3.4. Identification of PAHs sources in agricultural soil

The identification of PAHs sources in the soil is an important

procedure in terms of risk management and pollution control.
The PAHs molecular diagnostic ratios are considered a classi-
cal method used as a tool for identifying and assessing the pol-

lution emission sources. Isomeric ratios of PAH species cannot
create quantitative results. However, PCA is applied in soil
source apportionment of PAHs with increasing frequency.

Combined with PAH diagnostic ratios, PCA technique can



Table 3 PAHs concentrations in agriculture soils from different areas in the world.

Location RPAHs (mean)

(mg kg�1)

No. of PAHs Depth (cm) References

King Talal Dam (KTD), Jordan valley, Jordan 25.01 16 0–30 This study

Lishui, China 10.95 16 0–20 (Hu et al., 2009)

Japan 320.00 16 0–15 (Honda et al., 2007)

Uberlândia, Brazil 96.00 20 0–20 (Wilcke et al., 1999)

UK 190.00 12 -a (Wild and Jones, 1995)

Germany 1900.00 6 -a (Tebaay et al., 1993)

Dalian, China 223.00 14 0–5 (Wang et al., 2007)

Henan, China 24.40 15 0–15 (Feng et al., 2017)

Canada 16.00 16 -a (Choi et al., 2009)

Nabatiyeh, Lebanon 33.50 17 0–100 (Soukarieh et al., 2018)

Estonian 100.00 12 0–10 (Trapido, 1999)

Great Plains, USA 142.00 20 0–10 (Wilcke and Amelung, 2000)

Ahvaz, Iran 59.80 16 0–20 (Bahrami et al., 2021)

a : No available data.
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present more accurate results regarding the possible sources of

PAHs (Tobiszewski and Namieśnik, 2012).

3.4.1. Identifying PAHs sources using diagnostic ratios

PAH isomer ratios have been long used by environmental

researchers as a technique for source identification of PAHs
in different environmental matrices (Bahrami et al., 2021;
Deelaman et al., 2020; Kalteh et al., 2020). The ratios of differ-

ent PAHs are anticipated to differ with sources, most likely
due to different paths of PAH formation under different com-
bustion circumstances (Tobiszewski and Namieśnik, 2012). In
this study, to distinguish the possible emission sources of

PAHs in soil and citrus fruits, isomeric ratios of FLA/
(FLA + PYR), LMW/HMW, IcdP/(IcdP + BghiP), BaA/
(BaA + CHR), (BaP/BghiP), (

P
COMB/

P
16PAHs), (FLA/

PYR), and BaP/(BaP + CHR) were applied (Fig. 3).
In general, LMW/HMW ratios >1 indicates that the

source is petrogenic, such as fuel or light refined petroleum

products, whereas LMW/ HMW ratios <1 indicates a pyro-
genic source such as coal, grass, and combustion of wood
(Zhang et al., 2008). In the present study, the range of

LMW/HMW for soil and citrus fruits was 0.60 – 4.18. The
LMW/HMW ratios for soil, mandarin, and orange were less
than 1 (Fig. 3), while grapefruit and lemon had ratios higher
than 1. The ratios suggest a pyrogenic source for soil, man-

darin and orange, whereas, a petrogenic source for grapefruit
and lemon. In the case of FLA/(FLA + PYR) ratio: a value
<0.4 is an indication of petroleum emission, a value between

0.4 and 0.5 range implies liquid fossil fuel (crude oil and vehi-
cle) combustion, and a value >0.5 indicates biomass/coal
combustion as the potential source (Yunker et al., 2002).

Based on our results, the FLA/(FLA + PYR) ratio values
range between 0.12 and 0.95 according to the citrus fruits type.
In orange, the FLA/(FLA + PYR) ratio was <0.4, indicating
petroleum emission. In mandarin and grapefruit, the values

were >0.5 displaying biomass combustion, whereas, in soil,
it is between 0.4 and 0.5 linking the emission to liquid fossil
fuel combustion sources.

The FLA/PYR ratio >1 indicates a pyrogenic source,
while that <1 is a characteristic of a petrogenic source
(Sojinu et al., 2010). According to Yunker et al. (2002), the

ratio IcdP/(IcdP + BghiP) <0.2 is recognized as an indication
of a petroleum and petrogenic source; 0.2–0.5 indicates liquid

fossil fuel combustion (mobile sources associated with vehicu-
lar) and >0.5 as biomass or coal combustion. In this study, the
IcdP/(IcdP + BghiP) ratio value for mandarin was between
0.2 and 0.5 implies traffic emission source and for orange,

grapefruit, and soil were >0.5 indicating biomass combustion
source.

The BaA/(BaA + CHR) ratio <0.2 implies a petrogenic

(petroleum) origin, while 0.2–0.35 indicates petroleum com-
bustion (particularly liquid fossil fuel, vehicle, and crude oil),
and >0.35 implies combustion of coal, grass, and wood

(Akyüz and Çabuk, 2010). In addition, BaP/(BaP + CHR)
ratio <0.20 suggests a petrogenic origin, while 0.2–0.35 sug-
gests a vehicular and combustion source, and >0.35 implies

coal, wood, and grass combustion source (Akyüz and
Çabuk, 2008). However, the ratio of BaP/BghiP <0.6 implies
non-traffic emissions, while >0.6 implies traffic emissions
(Katsoyiannis et al., 2007). The BaA/(BaA + CHR) ratio

for soil and citrus fruits (mandarin, orange, grapefruit, and
lemon) was >0.35 suggesting that PAHs in the agricultural
soil and citrus fruits resulted from wood and grass combus-

tion. The ratio FLA/PYR was found to be 0.84 and 0.13 for
soil and orange, respectively indicating the petrogenic origin
of PAHs, while for mandarin and grapefruit the ratio was

17.80 and 1.35, respectively, suggesting pyrogenic source.
Apparently, the use of kerosene as a herbicide is the reason
for the observed petrogenic origin (Bahrami et al., 2021). In

orange, grapefruit, mandarin, and agriculture soil, the BaP/
BghiP ratio values were >0.6 indicating traffic emissions
source. However, in orange, grapefruit, mandarin, lemon,
and agriculture soil, BaP/(BaP + CHR) ratio values were

>0.35 indicating combustion of biomass as a possible source.
PAH emissions from combustion during the pyrogenic pro-

cess can be represented by combustion PAH species (
P

COMB

the sum of major combustion specific compounds including
FLA, PYR, BaA, CHR, BbF, BkF, BaP, BghiP, and IcdP)
and ratios of

P
COMB/

P
16PAHs >0.50 indicates PAHs

originated from combustion activities (Fu et al., 2009). The
ratios of

P
COMB/

P
16PAHs for soil, mandarin, and orange

were 0.62, 0.57, and 0.55, respectively, which indicate that
extensive combustion activities affected the PAHs in soils,

mandarin and orange.
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All diagnostic ratios above indicated that the sources of
PAHs in soil and citrus fruits were mainly derived from the
petrogenic origin, traffic emissions source, and biomass

combustion.

3.4.2. Source identification by PCA

In spite of the fact that molecular diagnostic ratios have been

extensively used in the source apportionment of PAHs, they
have some uncertainty and limitation. Consequently, the
PCA was used to improve the accuracy of the source identi-

fication and quantitatively identify the sources of PAHs.
PCA has been considered to be an effective tool applied for
the determination of the probable source of PAHs in soil

(Yin et al. 2008; Yuan et al. 2014). The results of the PCA
analysis of PAH concentrations are presented in Table 5.
The PCA analysis extracted two principal components

(PC1 and PC2) and explained 91.50% of the total variables.
PC1 explained 62.72% of the total variance and was dom-

inated by NAP (0.95), ACY (0.84), ACE (0.88), FLO (0.85),
FLA (0.71), and PYR (0.88). It was concluded that low-

temperature circumstances throughout open burning of bio-
mass result in incomplete combustion and is distinguished
by low molecular PAHs (NAP, ACE, ACY, FLO, and

FLA) (Feng et al., 2014; Jenkins et al., 1996). In addition,
PYR is often associated with the low-temperature pyrogenic
processes, such as grass or wood-burning (Jiang et al., 2014).

Therefore, PC1 reflected that these species were primarily
derived from biomass burning origin. This is underscored
by the fact that open burning of biomass (especially agricul-

tural residue waste) is a common practice by the farmers in
the studied area as they burn agricultural residues to save
the crops against frost during many cold winter nights.

In contrast, PC2 explained 28.78% of the total variance

and was loaded by BaA (0.60), CHR (0.91), BbF (0.57),
BkF (0.88), BaP (0.56), IcdP (0.79), and BghiP (0.83).
According to the literature (Liu et al. 2009), IcdP and BghiP

were associated with diesel and gasoline-powered vehicles,
while BkF and its isomers (BbF and BaP) are related to
diesel-powered vehicles (Sharma et al. 2007). According to

Rogge et al. (1993) and Jiang et al. (2009), BaA and CHR
are originated from the combustion of diesel fuel. Conse-
quently, PC2 reflected the source of vehicular emissions,
which might be resulted from the use of tractors and genera-

tors in agricultural activities. In addition, agricultural soils
are subjected to accidental inputs of diesel, which is regularly
used in tractors and generators.

Overall, the PCA results led to the conclusion that PAHs
concentrations in agriculture soil near NDA in the Jordan
valley, mainly come from biomass burning and vehicular

emissions.

3.5. PAHs transfer from soil to fruit

Generally, a soil-to-plant transfer is possible but contamina-
tion of citrus fruits through the air by PAHs volatilization
from soil can be also a possible way of contamination, which
has to be taken into consideration (Chen et al., 2018a,b). The

BCF was calculated for individual PAHs in citrus fruit sam-
ples (Table 6) to determine the relative uptake of PAHs by
the citrus fruit with respect to soil. Different citrus fruits

showed different BCF values for PAHs, depending on the



Fig. 3 Cross plots for the isomeric ratios of: (a) FLA/(FLA + PYR) vs. IcdP/(IcdP + BghiP), (b) BaP/BghiP vs. BaP/(BaP + CHR),

(c) BaA/(BaA + CHR) vs. FLA/PYR, (d) LMW/HMW vs.
P

COMB/
P

16PAHs in soil and Citrus fruits of NDA in the Jordan valley,

Jordan.
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nature of PAH compounds, physiology of the plants, and
characteristics of soil (Trapp and Legind, 2011).

The grapefruit showed the highest BCF value (2.48) forP
16 PAHs, followed by lemon (0.99), mandarine (0.92), and

orange (0.20). Among the individual PAHs, the highest BCF

was observed for IcdP (13.65), ACY (7.72), FLO (6.07), and
ACE (5.85) in grapefruit followed by PHE (4.94) in orange,
FLA (4.54) in grapefruit, ACY (3.63) in mandarine, ACE

(3.09) and ACY (2.32) in lemon. Mostly, BCF values decrease
with increasing ring numbers. The BCF value of LMW PAHs
was higher than HMW PAHs. The uptake rate and availability
of PAHs decline with increasing the number of benzene rings

(Fismes et al., 2002). In our study, the results of BCF denoted
that LMW PAHs have tremendous mobility. The BCF
increases with the reduction of octanol/water partition coeffi-

cient and rise of PAHs solubility in water (Kipopoulou
et al., 1999).

BCF value >1 denotes that the citrus fruit is an accumula-

tor for the particular PAHs. It is obvious from the Table, that
the studied citrus fruit behaves as an accumulator for ACY,
ACE, FLO, PHE, FLA, PYR, BaA, BkF, IcdP, and DahA.

However, grapefruit proved to be hyper-accumulators of IcdP
(13.65), ACY (7.72), FLO (6.07), ACE (5.85), and FLA (4.54),
respectively. The crop type has a very large effect on uptake

processes, e.g. tree fruits are not in close contact with soil.
As a result, in tree fruits, the accumulation of PAHs by uptake
directly from the air is higher, whereas the accumulation of

PAHs from soil is much lower (Trapp and Legind, 2011).

3.6. The incremental lifetime cancer risk of PAHs

Exposure to PAHs and bioaccumulation of PAHs in human

bodies via food intake is recognized to pose increased risks
to human health (Famiyeh et al., 2021). Various studies (e.g.
Qi et al. 2019) revealed that exposure to PAHs could increase

ILCR in humans. Anyway, the potentiality of PAHs to create
a specific health problem largely depends on the vulnerability
of individuals (Famiyeh et al., 2021). In this study, ILCR for



Table 5 Factor analysis scores following varimax rotation for

13 PAHs in soil.

PAHs Principle component (PC)

PC 1 PC 2

NAP 0.95 0.37

ACY 0.84 0.43

ACE 0.88 0.18

FLO 0.85 0.19

FLA 0.71 0.20

PYR 0.88 0.18

BaA 0.35 0.60

CHR 0.39 0.91

BbF 0.13 0.57

BkF 0.42 0.88

BaP 0.25 0.56

IcdP 0.42 0.79

BghiP 0.25 0.83

Variance (%) 62.72 28.78

Cumulative (%) 62.72 91.50

Possible source biomass burning vehicular emissions

Bold number: Loading value>0.5 (heavy loading).
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PAHs was computed to assess potential carcinogenic risk to
the inhabitants from PAHs exposure via citrus fruits

consumption.
In terms of US-EPA standard, ILCR lower than 10�6 is

considered to be an acceptable or negligible risk, ILCRs

between 10�6 and 10�4 indicate potential risk, and
ILCRs>10�4 denote a serious high cancer risk (USEPA,
1996). In this study, the ILCR for PAH dietary exposure
was 6.99 � 10�6, 4.36 � 10�5, 3.66 � 10�6, and 2.56 � 10�6,

for mandarin, grapefruit, lemon, and orange, respectively.
Table 6 Bioconcentration factor (BCF) for citrus fruits collected fr

16 PAHs number rings BCF Manda

Naphthalene (NAP) 2-rings 0.09

Acenaphthylene (ACY) 3-rings 3.63

Acenaphthene (ACE) 3-rings ND

Fluorene (FLO) 3-rings ND

Phenanthrene (PHE) 3-rings 0.81

Anthracene (ANT) 3-rings ND

Fluoranthene (FLA) 4-rings 1.47

Pyrene (PYR) 4-rings 0.07

Benzo[a]anthracene (BaA) 4-rings 1.41

Chrysene (CHR) 4-rings 0.15

Benzo[b]fluoranthene (BbF) 5-rings 0.84

Benzo[k]fluoranthene (BkF) 5-rings 0.85

Benzo[a]pyrene (BaP) 5-rings 0.75

Indeno[1.2.3.4.cd]pyrene (IcdP) 6-rings 0.33

Dibenzo[a.h]anthracene (DahA) 6-rings ND

Benzo[g.h.i]perylene (BghiP) 6-rings 0.97P
16 PAHs 0.92P
LMW-PAHs 1.05P
HMW-PAHs 0.83

P
Low molecular weight PAHs (LMW-PAHs) = two- to three-ring PAP
High molecular weight PAHs (HMW-PAHs) = four- to six-ring PAH

ND = not detected.
The results of this study suggested a serious potential cancer
risk related to lemon, orange, grapefruit, and mandarin con-
sumption therefore, more attention should be paid to citrus

fruits. Long-term exposure to PAHs could result in thier accu-
mulation in human tissues, because PAHs are lipophilic and
have long biological half-lives (Kim et al., 2013). It was found

that the cumulative ILCR for PAH dietary exposure through
four citrus fruits (lemon, orange, grapefruit, and mandarin)
investigated in this study was 5.68 � 10�5. Ingestion of the

chosen citrus fruits in the study area appears to pose a poten-
tial risk of cancer in regards to PAHs. Societal risk was calcu-
lated by multiplying the ILCR with Jordan’s current
population number (10 million) and it was found that 56 extra

cases of cancer are likely for lifetime ingestion exposure of the
four chosen citrus fruits in Jordan.

The probabilistic health risk in vegetables and fruits sam-

ples of Tehran city, Iran, was evaluated by Khalili et al.
(2021a) showed that the sum of 16 PAHs in vegetables were
about 104.7 to 314.9 lg kg�1; with the highest PAH levels cor-

responded to acenaphthene (135.1 ± 7.1 lg kg�1) and naph-
thalene (114.1 ± 5 lg kg�1), wherease the sum of 8 PAHs in
vegetables were from ND to 12.6 lg kg�1. Moreover, the

authors showed that the highest ILCR in the four groups of
samples belonged to fruits (4.3 � 10�4) and root vegetables
(1.6 � 10�4) while the lowest was found in cabbage
(3.5 � 10�7). However the mean of incremental lifetime cancer

risk (ILCR) in vegetables and fruits according to are
5.20 � 10�5 and 7.70 � 10�5, which are higher than the accept-
able risk level (10�6).

On other hand, the WHO Expert Committee of Food Addi-
tives, (2005) reported an average BaP intake of 0.004 lg kg�1b.
W/Day corresponding to a daily intake of 0.23 lg per person

(WHO Expert Committee of Food Additives, 2005). By Teh-
ran Citizens, the higher ED value of PAHs among the con-
sumed vegetable were in tomato (3378), potato (1251) and
om NDA in the Jordan valley, Jordan.

rine BCF Grapefruit BCF Lemon BCF Orange

ND ND 0.05

7.72 2.32 0.34

5.85 3.09 0.17

6.07 ND 1.46

ND ND 4.94

ND ND ND

4.54 ND 0.02

2.80 ND 0.13

0.36 0.90 0.39

0.44 ND ND

0.24 ND 0.30

0.53 ND 1.08

0.13 0.25 0.10

13.65 ND 0.69

ND ND 1.01

0.85 ND 0.41

2.48 0.99 0.20

5.14 2.13 0.23

0.88 0.31 0.19

Hs.

s.



14 A. Jiries et al.
onion (639). Moreover, the lower ED values of PAH among
the consumed vegetables were in radish (0.5), Spinach (6)
and turnip (9.4) lg kg�1 per day.

4. Conclusion

The present study is the first comprehensive study to provided infor-

mation about PAHs residue in four types of peeled citrus fruits (lemon,

orange, grapefruit, and mandarin) grown near NDA in the Jordan val-

ley, Jordan. Results showed that all samples contained PAHs at vari-

ous amounts and frequencies. Since all the citrus fruits were grown up

in the same environmental conditions and fed from the same water

resources, differences in total PAHs content in these fruits such as

grapefruit (highest) and orange (lowest) lead to conclude that citrus

kind is the main factor governing the content of PAHs in the fruit.

The isomer ratios reveal that the main sources of PAH contamination

in soil and citrus fruits were mainly derived from the petrogenic origin,

traffic emissions source, and biomass combustion. Based on the source

identification by PCA, it was inferred that the PAHs in the agriculture

soil samples originated mainly from biomass burning and vehicular

emissions. ILCR indicated that PAHs in lemon, orange, grapefruit,

and mandarin pose a potential cancer risk to human body health

through exposure to PAHs in these fruits. Finally, incremental cancer

risk assessment revealed that up to 56 excess cancer cases are expected

in Jordan due to lifetime ingestion exposure to PAHs at their detected

concentrations. Thus, the carcinogenic risk of PAHs caused by eating

citrus fruits grown in this contaminated environment requires more

attention from the local authorities and policymakers. Further, several

precautions should be applied, including routine measurements of the

contamination levels in different fruit samples, and holding workshops

to educate farmers about the riskiness of these compounds, the ways

they contaminate their crops, and how to eliminate or reduce the

sources of these persistent organic pollutants.
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