Environ Geochem Health (2018) 40:1609-1627
https://doi.org/10.1007/s10653-018-0075-2

@ CrossMark

ORIGINAL PAPER

Seasonal occurrence, source evaluation and ecological risk
assessment of polycyclic aromatic hydrocarbons
in industrial and agricultural effluents discharged in Wadi

El Bey (Tunisia)

Imen Gdara - Ines Zrafi - Catia Balducci - Angelo Cecinato -+ Ahmed Ghrabi

Received: 10 October 2017/ Accepted: 1 February 2018 /Published online: 13 February 2018
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract Polycyclic aromatic hydrocarbons are of
great concern due to their persistence, bioaccumula-
tion and toxic properties. The occurrence, source and
ecological risk assessment of 26 polycyclic aromatic
hydrocarbons in industrial and agricultural effluents
affecting the Wadi El Bey watershed were investi-
gated by means of gas chromatographic/mass spec-
trometric analysis (GC/MS). Total PAHs (> 26 PAH)
ranged from 1.21 to 91.7 pg/L. The 4- and 5-ring
compounds were the principal PAHs detected in most
of 5 sites examined. Diagnostic concentration ratios
and molecular indices were performed to identify the
PAH sources. Results show that PAHs could originate
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from petrogenic, pyrolytic and mixed sources.
According to the ecotoxicological assessment, the
potential risk associated with PAHs affecting agricul-
tural and industrial effluents ranged from moderate to
high for both aquatic ecosystem and human health.
The toxic equivalency factor (TEF) approach indi-
cated that benzo[a]pyrene and benz[a]anthracene were
the principal responsible for carcinogenic power of
samples.
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PAH symbols

Ant Anthracene

BaA Benz[a]anthracene
BbF Benzo[b]fluoranthene
BkF Benzo[k]fluoranthene
BgP Benzo[ghi]perylene
BeP Benzo[e]pyrene

BaP Benzo[a]pyrene

Chry Chrysene
DBA Dibenz[a,h]anthracene

Fluo Fluoranthene
Indeno  Indeno[l,2,3 -cd]pyrene
Mphe Methylphenanthrene

Naph Naphthalene
Pery Perylene
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Phe Phenanthrene

Pyr Pyrene

B(c)phe Benzo(c)phenanthrene
Introduction

Water pollution has been aggravated all over the world
by industrialization, urbanization and technological
development. In fact, all of these processes entail the
dumping of toxicants into receiving water bodies,
which induces undesirable effects onto aquatic envi-
ronment (Moses et al. 2015). Wastewater released
from different industrial and domestic sources contain
different types of contaminants ranging from inor-
ganic pollutants (e.g., nitrates, phosphates, heavy
metals) to organic compounds (e.g., persistent organic
pollutants POPs, chlorinated hydrocarbons, pesti-
cides) (Hamid et al. 2016; Haddaoui et al. 2016;
Wang et al. 2014). The presence of toxicants deteri-
orates the water quality and also poses risk to
consumption by humans (Mudhaf et al. 2009). As
belonging to toxic and quite persistent organics,
polycyclic aromatic hydrocarbons (PAHs) are a
numerous class of compounds whose molecular
structure is formed by >2 fused aromatic rings, which
ubiquitously threaten the environment (Zhang et al.
2014) due to their carcinogenic and mutagenic prop-
erties (Aziz et al. 2014; Qin et al. 2014; Deng et al.
2006). The PAH contamination of aquatic systems is
more and more gaining attention by environmental
protection agencies and scientific institutions (Bai
et al. 2014). At this regard, 16 PAH species have been
designated as priority pollutants by the US Environ-
mental Protection Agency (US EPA) (Sereshk and
Bakhtiari 2014) and 7 of them have been classified as
certain, probable or possible carcinogens to humans by
International Agency for Research on Cancer (Qin
et al. 2013a, b). PAHs affecting natural environments
are mainly derived from man’s activities, e.g., com-
bustion of biomass and fossil fuels, petroleum pro-
cessing and spill, industrial manufacturing and
vehicular traffic. Additionally, PAHs can be originated
by natural sources, such as forest fires, volcanic
eruptions and biosynthesis activities (Yanker et al.
2002; Lima et al. 2005; Parinos et al. 2013). PAHs can
be transferred into water through several ways, such as
anthropogenic and natural oil spills, surface runoff,
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industrial and municipal sewage, and water surface/air
exchange (Tsapakis et al. 2006; Zhiguo et al. 2010).
Therefore, the PAH behavior, transport, fate, sources
and risk posed to ecological systems require extensive
studies focused on the aquatic compartment (Guo et al.
2007). Recent researches have confirmed the adverse
impact of PAHs on water bodies spread over different
regions of the world (Zhang et al. 2012a, b, c; Lu et al.
2014; Sun et al. 2016; Luo et al. 2008a). The
identification of PAHs sources found in the environ-
ment represents the first step to initiate every appro-
priate management and remediation plan. The
concentration ratio approach between pairs of com-
pounds is among the widely used techniques to
investigate PAHs origin (Yuan et al. 2001; Yanker
et al. 2002). To characterize the pollution sources of
waters, the PAH molecular signature was examined,
using PAH concentration ratios as diagnostic. Due to
large differences in stability, solubility and absorption,
PAH concentrations change during the migration
process from sources to waters; thus, PAHs with
relatively high stabilities and similar molecular
weights were chosen for this investigation (Yanker
et al. 2002; Luo et al. 2008a, b).

Hydrocarbon pollution in Tunisia has been well
documented in recent years (Louati et al. 2001;
Trabelsi and Driss 2005; Zaghden et al. 2005a, b;
2017; Zrafi-Nouira et al. 2008, 2009, 2010; Zrafi et al.
2013); however, most studies have been focused on
marine environment, while only a few of them have
been aimed at assessing hydrocarbon contamination in
wastewaters and their receiving bodies (wadies, lakes,
rivers, etc.). Watersheds receive a variety of wastew-
aters from agriculture runoff, industrial and municipal
effluents; in particular, pollution caused by xenobiotic
contaminants associated with industrial and agricul-
tural effluents dumped into Wadi El Bey watershed
has attracted great concern. This study was aimed at
producing the first database concerning PAH loads in
the effluents dumped there.

In light of the collected data, our study aimed at: (1)
investigating the spatial-temporal distribution of
PAHs at a relatively large scale through the analysis
of industrial and agricultural dumping in different
seasons; (2) discriminating the possible sources of
PAHs by means of diagnostic concentration ratios
approach; and (3) assessing the environmental risks
associated to these contaminants affecting surface
wastewater of Wadi El Bey watershed.
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Materials and method
The study area

Wadi El Bey watershed is located in the northeast of
Tunisia, southeast of the Cap Bon Peninsula (Fig. 1).
It covers a total area of approximately 664 km? that
includes several urban agglomerations. Among them,
Soliman, Bou Argoub, Grombalia and Menzel Bou-
zelfa host several industrial districts (food-processing
industry, paper mills, tannery, etc.) and an important
agricultural activity that employs huge amounts of
organic and chemical fertilizers. The hydrographic
network overall consists of Wadi El Bey, the most
important river in the governorate, and its major
tributaries Wadi Masri, Tahouna and el Malah, whose
waters are controlled by hillside dams. Wadi EI Bey
has become heavily polluted not only due to natural

outlet of runoff, but also due to domestic effluents,
industrial discharges and wastes of agricultural
drainage produced in the region, which contain metal
and organic pollutants such as polycyclic aromatic
hydrocarbons. The river pours all of its waters into the
sebkha of Soliman, wetlands of relevant ecological
value and wintering place for migratory birds. The
area has been declared as sensitive for its biological
diversity by the Convention signed in 1971 by the
Delegates at International Conference of Ramsar, Iran,
for the conservation and sustainable use of wetlands
(Mili 2016); the sebkha also acts as a flood zone
absorbing the floods of Wadi El Bey during the pluvial
periods and eventually draining into the Gulf of Tunis
through a dune cordon. The direct and permanent
dumping of treated and untreated waters in Wadi El
Bey exerts an important pressure on quality of the
whole river system comprising the wadi, sebkha and
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Fig. 1 Sampling location in the Wadi El Bey watershed. W-IGr
represents the discharge of industrial area—Grombalia, W-IB
represents the discharge of the Beer industry, W-TI represents

the Tannery discharges (Oued Tahouna), W-Ag-WM represents
the agricultural drainage—Wadi Maleh, and W-Ag-BK repre-
sents the agricultural drainage—Béni Khaled

@ Springer



1612

Environ Geochem Health (2018) 40:1609-1627

coastal zone. Sewage treatment plants and industrial
units located on its banks represent sources of
significant punctual pollution affecting water quality
in all components of hydro-system. Diffuse pollution
of agricultural and natural areas located in the
watershed and runoff from urban areas also contribute
to deterioration of the quality of these waters, espe-
cially during the winter season. For this study, the
selection of the sampling sites privileged the Wadi El
Bey watershed sites that received industrial effluents
and agricultural drainage, posing special attention to
these sources of pollution.

Sample collection

Surface waters were collected from 2013 to 2015 at
five sites during the four year seasons (summer,
winter, spring and autumn). Sampling was carried out
by means of 1-L. amber glass screw-cap bottles. At
least 2 samples for season were collected in each site.
The distribution of the sampling points is shown in
Table 1 using the Global Positioning System. After
collection, the samples were stored at 4 °C until
analysis.

Hydrocarbon extraction and cleanup (liquid
chromatography)

Before analysis, water samples were filtered, the
analytical procedure used to extract the hydrocarbon
content from waters was a modification of the method
described by Saliot (1989). To summarize, total
hydrocarbons (TH) in water samples (50 mL) were
liquid/liquid-extracted three times for 1h with
100 mL of pure chloroform, using a separatory funnel.
Standard mixtures of deuterated PAHs in toluene
(1000 pg/mL) were used to calculate the recovery
efficiency; the average percentage recovery of total
PAHs achieved 96%. The extracts were concentrated

Table 1 Location and characteristics of sampling sites

to 2 mL using a rotary evaporator and reduced to
dryness under gentle nitrogen flow. Afterward, the
extracts were weighed and separated into non-aro-
matic hydrocarbon (NAH) and aromatic hydrocarbon
(AH) fractions through adsorption liquid chromatog-
raphy. A column of silica gel was used for this
purpose, while pure n-hexane and a mixture of n-
hexane/chloroform (2:1 in volume) were chosen to
elute NAH and AH fractions, respectively. The mini-
column (5 mm internal diameter, 150 mm length) was
filled with 1.0 g of silica gel, type 60 for chromatog-
raphy (63-200 mm). Prior to use, the silica was
conditioned overnight at 110 °C. Following solvent
evaporation, NAHs were dissolved in cyclohexane,
fortified with a mixture of perdeuterated PAHs acting
as internal standards for analysis and processed
through gas chromatography coupled to mass spec-
trometry. TH was thus expressed by the sum of non-
aromatic and aromatic hydrocarbons, while highly
polar compounds were not accounted for.
(TH = NAH + AH).

Gas chromatography—mass spectrometry
(GC-MS) analysis

The analytes were detected and quantified using a
Trace GC Ultra gas chromatograph equipped with an
AS-8000 auto-sampler and Trace DSQ-II quadrupole
mass spectrometer (both from Thermo, Rodano, Italy).
The separation of analytes was obtained through a
Restek 30-m-long Rtx®-5MS-type capillary column
(i.d. = 250 pm, film = 0.25 pm, provided by Super-
chrom, Milan, Italy). The column temperature was
held at 90 °C for 2 min, then raised to 170 °C at
+ 20 °C/min, and kept constant for 2 min; a second
ramp (4+ 5 °C/min rate) held the column up to 290 °C,
where elution was completed within 8 min. The
carrier gas was helium (1 mL/min). Sample injection
was operated in the split-less mode (7 = 280 °C,

Station Reference Station identification Latitude Longitude

S1 W-1Gr Discharge of industrial area, Grombalia 36°36/37.18"N 10°29'57.70"E
S2 W-BI Discharge of beer industry, Wadi Tahouna 36°36/38.52"N 10°29'59.15"E
S3 W-TI Tannery discharges, Wadi Tahouna 36°36/40.81"N 10°30'2.16"E
S4 W-Ag-WM Agricultural drainage, Wadi Maleh 36°38'29.96"N 10°31'6.97"E
S5 W-Ag-BK Agricultural drainage, Béni Khaled 36°39'34.56"N 10°30'36.75"E
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valve closure = 1 min). The analyte detection was
performed in the positive selective ion monitoring
(SIM) mode, and signals were acquired by a dedicated
software (Excalibur) purchased from Thermo. Target
compounds were identified by comparing retention
times and mass spectrums of GC peaks with those of
authentic standard solution and using a certified
standard reference National Institute of Standards
and Technology (NIST, USA) and homemade spec-
trum libraries. To ensure quality analyses, standards
were injected and analyzed under the same conditions
as those used for the samples. Each analyte was
referred to its perdeuterated homolog when present, or
to the closest internal reference compound in the
chromatogram. Compounds were quantified by com-
paring the peak areas with those of the co-injected
standards. A total of 26 PAHs from naphthalene to
dibenz[a,h]anthracene were investigated together with
methylated homologs.

Quality assurance and quality control

Before analysis, standard solutions (mixtures of PAHs)
were run to check column performance, peak height and
resolution. A PAH mixture in toluene (purchased from
Sigma, Milan, Italy) was used to prepare the standard
and calibration stock solutions. After checking the
linearity of the instrumental response, the efficiency of
the whole analytical procedure and the absence of
matrices effects were valued by spiking equivalent
portions of a sample bulk with increasing amounts of
standard. The amounts of analytes measured were
plotted versus the concentration added. The intercept
point of the regression line on the concentration axis
was equal to the amount of analyte in the original
sample. The standard addition graph for all PAHs in
sediments extracted was linear with coefficients of
determination (R?) better than 0.98.

Statistical analyses

The concentration data of the individual and total
polycyclic aromatic hydrocarbon were statistically
analyzed using Statistica software. A total of 40
samples were used for the statistical analysis. Results
were expressed as mean + SE (standard error). Com-
parisons among multiple groups of samples, for each
site and each season, were achieved by one-way

ANOVA followed by Tukey’s multiple comparison
Test. Statistical significance was defined as P < 0.05.

Principle component analysis (PCA) is a multivari-
ate analytical tool used to reduce unrelated original
index variables and to extract a small number of
factors, which explain most of the variance of the
original index (Jiacheng et al. 2015). PCA was
performed on individual PAH concentrations of
wastewater with the varimax rotation method (Hu
et al. 2014). Two factors were obtained, and the
profiles of the factor loadings were used to infer the
possible sources of PAHs.

Results and discussion
Spatial and seasonal distribution of PAH

Figure 2 illustrates the spatial-temporal distribution
of PAHs in wastewater resulting by the analysis of
samples collected in different sampling sites and in the
four seasons. The total concentrations of 26 PAHs
(XPAHS) in surface water showed a wide variability,
ranging from 1.22 £ 0.01 to 91.7 & 0.09 pg/L.

In industrial effluents, XPAH ranged from 1.30 to
91.7 pg/L with the mean reaching 15.0 4+ 0.01 pg/L.
The W-IGr site (influents from Grombalia industrial
area) experienced the maximum concentration of
PAHs; this finding probably depended on the high
number of industries (> 30) wasting their effluents
into the Wadi El Bey watershed.

In agricultural effluents, XPAH ranged from 1.22 to
18.7 ng/LL (mean = 4.86 £ 0.68 pg/L), the maxi-
mum occurring in W-Ag-Bk (agricultural drainage,
Beni Khaled site); therefore, industrial districts
resulted more polluted than agricultural areas.

As put in evidence in Fig. 2, in general in most of
the sampling sites, > PAHs concentrations raised
during the cold seasons. This could be caused by the
high effluent volumes dumped into the Wadi El Bey
watershed during the warm period (flow rates
~ 2 m%s in summer and ~ 0.10 m*/s in winter).
Indeed, hydrological conditions and the strength of
pollutant sources are the major factors modulating the
PAHs presence in the water bodies. In our case, the
contaminants were probably diluted by big water
volumes recorded in the hot season; resulting in low
PAH concentrations in that year time (Lu et al. 2014).
Furthermore, the low concentration of PAH in W-Ag-
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Fig. 2 Seasonal 100
distribution of polycyclic
aromatic hydrocarbon in
industrial and agricultural 80 -
effluents. The blue

histogram shows the
concentration of PAHs (ng/
L) in autumn. The red
histogram shows the

i 3 PAH (autumn)
M ) PAH (winter)

SPAH (pg /L)

concentration of PAHs (ng/ 40 +

L) in winter. The green 30 -

histogram shows the

concentration of PAHs (ng/ 20 -

L) in spring. The orange 10

histogram shows the

concentration of PAHs (ng/ 0-

L) in summer W-1Gr W-BI

Industrial effluents

WM in winter can be attributed to the high inputs of
agricultural effluents discharged during winter. The
contaminants could be diluted by large volume of
effluents (W-Ag-WM) in cold season.

Apart from PAH inputs, the PAH concentration in
surface water can be affected by losses and outputs,
due to evaporation, absorption by suspended particu-
lates, integration into the food chains, biodegradation
and photodegradation (Tsapakis et al. 2006; Guigue
et al. 2014). An important role in the surface water
output of low molecular weight PAHs (LPAHs) can be
played by evaporation. Evaporation to the atmosphere
is the most important process that hydrocarbons
undergo with regard to their vapor pressure, after
introduction/deposition to surface waters (Yamada
et al. 2003). Degradation by bacteria and photodegra-
dation lead to synergetic reactions that enhance the
degradation (Watkinson and Griffiths 1987; Literathy
etal. 1989). Seasonal variations of removing processes
have also been widely described. In this study, in
summer when temperature is near 35 °C, evaporation
was maximal and the flow was very low. In these
conditions, concentrations of PAH in the reservoir
water will be decreased. Lower molecular weight
PAHs such as naphthalene and anthracene are more
soluble and degradable; however, higher molecular
weight compounds such as pyrene and benz[a]an-
thracene are more recalcitrant (Obayori and Salam
2010). In our study area, naphthalene ranged from 32.1
to 228.2 ng/L. during the cold season and 19.2 to
95.3 ng/L in warm season, which highlighted the
increase in weathering effects during the warmer
months.
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W YPAH (Spring)
W 3 PAH(summer)

W-Ag-WM W-Ag-Bk

Agricultural effluents

Table 2 presents a worldwide comparison of PAH
levels recorded determination in water bodies. Based
on that, total PAH concentrations were relatively high
in surface waters of the Wadi El Bey watershed.
However, it should be taken in account that most
studies were limited to the 16 US EPA priority PAHs,
hence, the concentration there reported was not fully
representative of total PAH contents in the corre-
sponding study areas (Yuhu et al. 2015). The PAH
concentrations in the industrial and agricultural dis-
charges affecting Wadi El Bey exceeded those valued
in previous studies in Tunisia (Gulf of Tunis, Gulf of
Gabes) (Mzoughi and Chouba 2011; Fourati et al.
2017) and also of most areas all over the world listed
Northwestern Mediterranean Sea (France), Anacostia
River (USA), Marseille coastal area (France), Venice
Lagoon (Italy) (Lu et al. 2014; Hwang and Foster
2016; Guigue et al. 2011; Manadori et al. 2006).
Furthermore, PAHs contamination in surface water
could be categorized into four grades, namely micro-
polluted, 10-50 ng/L; light-polluted, 50-250 ng/L;
moderately polluted, 250-1000 ng/LL and heavily
polluted, > 1000 ng/L. (Chen 2008). Y PAHs in
wastewater discharged into Wadi El Bey watershed
ranged from 1.218 to 91.7 pg/L, so that all sampling
sites could be classified as heavily PAH polluted.

PAH composition according to ring number

PAHs under study were divided into five groups
according to number of aromatic rings (2-6). The
concentrations of the five PAH groups in effluents
from the Wadi El Bey watershed are shown in Table 3,
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Table 2 Levels of total PAHs in water samples from various locations over the world

Location N >"PAH (ng/L) References

Watershed of Wadi El Bey, Tunisia 26 1.210-91.700 This study

Gulf of Tunis 24 139-694 (summer) Mzoughi and Chouba (2011)
150-1.008 (winter)

Northwestern Mediterranean Sea (France) 21 8.1-405 Lu et al. (2014)

Anacostia River (USA) 35 89-457 Hwang and Foster (2016)

Gulf of Gabes (Tunisia, Southern Mediterranean Sea) 29 8.94-197.83 Fourati et al. (2017)

Marseille costal area (France) 32 5-162 Guigue et al. (2011)

Venice lagoon (Italy) 20 12.4-266.8 Manadori et al. (2006)

River runoff of the Pearl River Delta, China 27 55.5-522 Wang et al. (2006)

Dalian coast 24 16-140 Liu et al. (2013)

Elbe River, Hamburg, Germany 22 60.9-381.6 Gotz et al. (1998)

York River, USA 20 2.09-123 Countway et al. (2003)

N number of PAHs investigated

which reports also the respective seasonal trends. The
percent distribution was quite similar in most sites
within the same season. Indeed, 4-ring PAHs were the
most abundant in the majority of sampling sites (87%
in winter at W-TT), followed by 3-ring congeners (81%
in spring at W-Ag-WM). Six-ring PAHs were scarce

and were detected only in the autumn. As total, high
molecular weight homologs HMW PAHs (4 to 6 rings)
were predominant in most sampling sites and seasons,
the concentrations ranging from 0.084 to 63.2 pg/L
with the maximum detected in W-IGr during the
winter; instead, low molecular weight (LMW) PAHs

Table 3 Concentrations of

. 2 rings 3 rings 4 rings 5 rings 6 rings LMW HMW
PAHs (pg/L) according to
the ring group in the W-IGr Au  0.032 0.378 0.393 0246  n.d. 0.41 0.693
investigated sampling sites Wi 0228 2504 2845 3475  nd. 2526 632
(n.d. = not detected, or
< LOD) Sp  0.030 1.14 2.23 1.90 n.d. 1.17 4.13
Su  0.043 6.9 8.11 1.29 n.d. 6.94 9.4
W-BI A 0.073 0.96 6.96 n.d. 0.42 1.033 74
w012 1.57 6.12 0.28 nd. 1.69 6.4
Sp 0019 0.48 2.61 0.78 n.d. 0.499 3.39
Su  0.037 0.48 3.97 0.16 nd. 0.517 4.13
W-TI A 0.048 0.85 9.77 0.43 n.d. 1.04 10.2
W 0.091 1.41 6.71 n.d. n.d. 1.50 6.71
Sp  0.095 131 0.55 0.74 n.d. 1.40 1.29
Su  0.027 0.433 0.42 1.23 n.d. 0.46 1.65
W-AgWM A 0.099 1.071 1.46 0.14 0.23 1.17 1.83
W 0.037 1.29 0.55 0.20 n.d. 1.32 0.75
Sp  0.049 0.99 0.084  nd. nd. 1.03 0.084
Su  0.037 0.82 3.11 0.41 n.d. 0.85 3.52
W-Ag-BK A 1.8 1.76 2.55 0.13 0.049 3.56 272
n.d. not detected, or W 0.052 0.143 6.31 6.89 n.d. 0.195 132
< LOD; Au autumn; Wi Sp  0.055 0.786 0.76 0.41 n.d. 0.841 1.17
winter; Sp spring; Su Su  0.027 0211 143 nd n.d. 0238 143
summer
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(2 and 3 rings) predominated only in W-Ag-WM site
(agricultural drainage, Wadi Maleh) during the winter
and spring and in W-Ag-Bk in the autumn. LMW
PAHs, such as Nap, Ant and Phe, are more labile and
are expected to degrade faster than HMW compounds;
moreover, their relatively high vapor pressure com-
pared to HMW PAHs favors volatilization (Fernandes
et al. 1997; Macias-Zamora et al. 2002). In fact in the
summer, when temperatures increase, the net
volatilization of LMW hydrocarbons occurs (Fingas
1995; Dachs et al. 2002; Palm et al. 2004). Besides,
low concentrations of LMW hydrocarbons in summer
have been often ascribed to higher rates of photo- and
biodegradations (Yamada et al. 2003; Palm et al.
2004). For example, in site W-IGr the concentration of
LMW decreases from 25.26 pg/L in winter to 6.94 pg/
L in summer and this is due to evaporation of
compounds because of the high temperature registered
in this site in warm season. The PAH fingerprint in the
samples provides important information about the
sources affecting the sites from which they come (Cao
et al. 2005). Many studies reported that the predom-
inance of alkylate, 2- and 3-ring PAHs indicated the
petrogenic nature of pollution sources, e.g., crude oil,
unburned petroleum and its products, while that of 4-
to 6-ring PAHs is related to pyrogenic sources, i.e., to
incomplete combustion of organic matters such as coal
and petroleum (Xu et al. 2007; Cheng et al. 2009). This
is of concern, because 4- and 5-ring PAHs display
toxicity and environmental persistence properties
(Cerniglia 1992).

Source identification of PAHs
Diagnostic concentration ratios of PAHs

PAHs are introduced into the environment mainly via
industrial wastes, fossil fuel combustion, petroleum
spills, vehicle exhausts, as well as through nonpoint
sources such as urban runoff and atmospheric fallout
(Countway et al. 2003).

According to formation mechanisms, PAHs can be
classified as pyrogenic and petrogenic. Pyrogenic
PAHs are formed during incomplete combustion of
organic matter, while petrogenic PAHs are derived
from petroleum (crude oil and its refined products).
PAH molecular indices based on different thermody-
namic stability have been widely used to identify
potential PAH sources in environmental samples
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(Budzinski et al. 1997; Yunker et al. 2002; Tuncel
and Topal 2015).

Since the molecular fingerprints of PAHs change
with the nature of emission, indices based on concen-
tration ratios between PAH species have been derived
to identify sources affecting environmental compart-
ments, despite this approach can be regarded only as
qualitative, because of variability of calculated ratio
rates due to distinct volatility and persistence of
compounds. To reduce possible artifacts, congeners of
similar volatility (i.e., isomeric species) and good
stability are usually chosen. The sole important
exception is the BaP/BeP ratio that, owing to high
persistence of the latter compared to the former, looks
indicative of the aging of samples (Yanker et al. 2002;
Liu et al. 2008; Cecinato et al. 2014). In this study,
several PAH ratios were examined. They include the
(Phe/Ant), Flu/(Flu 4 Pyr), InP/(InP 4 BgP), (BaA/
(BaA + Chr), (MPhe/Phe) pairs, all of them proposed
by the scientific literature for interpreting the petro-
genic and pyrogenic nature of PAHs (Table 4)
(Yanker et al. 2002; Keshavarzifard et al. 2014,
Zakaria et al. 2002). As for Phe/An and Fluo/Pyr
ratios, values < 10 and > 1, respectively, indicate that
contamination results from combustion processes
(Soclo et al. 2000). In fact, anthracene and fluoran-
thene are less thermodynamically stable than phenan-
threne and pyrene, respectively. Though these
substances are often associated with each other in
natural matrices, the predominance of Flu over Pyr
looks as typical of pyrolytic processes. In petroleum-
derived emissions, pyrene is more abundant than
fluoranthene. Moreover, LMW/HMW PAHs ratios
< 1 suggest pyrolytic contamination, while ratios > 1
are typical of petrogenic sources (Budzinski et al.
1997).

According to our data (Table 4), Phe/Ant was < 10
and Flu/Pyr > 1 in W-IGr (spring), W-BI (winter,
spring, summer), W-TI (autumn, summer) and W-Ag-
WM (spring, summer). Thus, at the four sites pollution
was of pyrolytic nature; on the other hand, the others
sites seemed to present both pyrolytic and petrogenic
contamination. The source assignment was confirmed
by the LMW/HMW PAH ratio rates (e.g., see data for
W-Ag-WM both in the winter and spring).

Furthermore, BaA/(BaA + Chr) ratios of < 0.2,
0.2-0.35 and > 0.35 are associated with petroleum,
mixed origin and combustion sources, respectively
(Gao et al. 2007; Bouloubassi et al. 2012). In this
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Table 4 Seasonal variation of PAHs diagnostic ratio at the study sites
Phe/  Flu/ Ant/ Flu/ BaA/ MPhe/  BaP/ BbF/ LMW/
Ant Pyr (Ant 4 Phe) (Flu + Pyr) (BaA 4+ Chyr) Phe (BaP + Chry) BKF HMW
W-IGr Autumn 095 0.85 0.1 0.46 0.3 3.32 0.75 <DL 0.46
Winter 099 049 0.50 0.33 0.37 1.22 0.46 <DL 0.38
Spring 043 42 0.18 0.80 0.20 2.17 <DL 0.97 0.20
Summer 0.89  0.19 0.52 0.15 047 <DL 0.04 <DL 0.73
W-BI Autumn 2.67 099 0.27 0.49 0.49 3.10 <DL <DL 0.14
Winter  4.04 .12 0.19 0.52 0.50 2.97 0.22 <DL 0.12
Spring 252 3.09 0.28 0.75 0.21 4.01 <DL 3.38 0.10
Summer 3.44 1.05 0.22 0.51 0.59 2.45 0.07 1.18 0.12
W-TI Autumn  3.92 1.03  0.20 0.50 0.5 3.40 0.52 <DL 0.08
Winter 4.14 <DL 0.19 <DL 0.57 3.24 <DL <DL 0.13
Spring 327 0.81 0.23 0.45 <DL 3.66 <DL 0.93 0.75
Summer <DL 135 <DL 0.57 0.24 3.53 0.72 <DL 0.28
W-Ag-  Autumn 2.64 098  0.27 0.27 0.76 3 0.41 <DL 0.61
WM Winter 5.87 057 0.14 0.14 0.33 2.32 0.25 <DL 142
Spring  7.22 .15 0.12 0.12 <DL 2.64 <DL <DL 5.86
Summer 5.03 .11 0.16 0.16 0.34 2.4 <DL <DL 0.24
W-Ag-  Autumn 746 044  0.11 0.11 0.55 2.39 0.47 <DL 0.65
Bk Winter <DL <DL <DL <DL 0.55 <DL 0.33 <DL 0.01
Spring 439  0.89 0.18 0.18 <DL 1.42 <DL 5.2 0.41
Summer <DL 098 <DL <DL 0.38 2.14 0.13 <DL 0.16

study, most sites were characterized by BaA/
(BaA + Chr) rates exceeding 0.35, which implied
wood and coal combustion. On the other hand, the
mixed origin for PAHs was supposed in W-IGr
(autumn, spring), W-BI (spring), W-TI (summer),
W-Ag-WM (winter).

BaA/(BaA + Chr) and Ant/(Ant + Phe) ratios
were plotted versus Flu/(Flu + Pyr) for each data
point and season to analyze how PAHs were dis-
tributed with respect to possible origins (Fig. 3).
According to graphs, the sites were likely affected by a
blend of petrogenic and pyrolytic inputs. Pyrogenic
emissions show MPhe/Phe rates < 1, while fresh
petroleum-related contamination is characterized by
rates ranging 2-6 (Garrigues et al. 1995), and values
falling between 1 and 2 are indicative of mix of
pyrogenic and petrogenic emissions (coal, used lubri-
cants, automobile exhausts) (Luo et al. 2008a, b). In
our study, MPhe/Phe rate was > 2 at most sites
indicating fresh petroleum inputs, the only exceptions
occurring at W-IGr in the winter and at W-Ag-Bk in
the spring (1 < MPhe/Phe < 2).

Khalili et al. (1995) and Guo et al. (2003) found
BaP/(BaP + Chr) ratios equal to 0.49 and 0.73,
respectively, in gasoline and diesel engine exhausts,
while 0.07-0.24 values (Chen et al. 2005) were
indicative of grass, wood and coal combustion.
According to that (Table 3), the Wadi El Bey area
was impacted by vehicular emissions.

The ratio of benzo[b]fluoranthene to benzo[k]fluo-
ranthene (BbF/BkF) has been used to distinguish
among pyrogenic sources (Morillo et al. 2008; Walker
and Dickhut 2001). The BbF/BKF ratio has shown
distinct rates in the cases of aluminum smelters
(2.5-2.9), coke ovens (3.7), motor vehicles (1.3),
creosote (1.2) and wood soot (0.9) (Dickhut et al.
2000; Stout et al. 2003; Tobiszewski and Namiesnik
2012). In our study, this ratio seemed to suggest the
occurrence of wood soot in W-IGr and W-TT as well as
of coke oven dust in W-BI in the spring and of creosote
in W-BI during the summer.

In conclusion, according to PAH diagnostic ratios
the pyrolytic sources were predominant, though
somewhere petrogenic emission could contribute.
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PCA analysis similarities and differences. For this purpose, the
varimax rotation was adopted with principal compo-
PCA is a statistical tool that resets large amounts of nents (factors) present in eigen values > 1 to identify

data and data sets (Simpson et al. 1996). PCA was possible sources.
applied to data set to facilitate the visualization of
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projection of the variables on the factorial plane (1*2)
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Fig. 4 PCA loading plot of individual PAH wastewater from
the watershed of Wadi El Bey

PCA loading plots for wastewater from industrial
and agricultural effluents dumped in the watershed of
Wadi El Bey are shown in Fig. 4. Component 1 (PC1)
could explain 41.69% of total variance, with high
loadings on Nap, Acy, Phe, Ant, Pyr and FI (overall 2-
and 3-ring PAHs). InP is an indicator of diesel
combustion (Li and Kamens 1993). This seems to
indicate that petrochemical wastewater and exhausts
coming from industrial area were the main pollution
source in the study area. Factor 2 was highly weighted
by 4- and 5-ring PAHs (Chry, BaA, BaP, BaF and
Fluo). Vehicles are known to release considerable
percentages of Chry (Harrison et al. 1996), while BaA
is commonly produced by both gasoline and diesel
combustion (Lee et al. 2004). Thus, PCA confirmed
that wastewater contamination of Wadi El Bey was
determined by both petrogenic (3-ring) and pyrolytic
sources, whose relative importance depended on the
site.

Environmental risk assessment
Potential toxicity of carcinogenic PAHs

Although many PAHs and by-products display long-
term toxicity, attention is overall paid to seven
compounds (BaA, BaP, BbF, BkF, Chry, DBA and
Ind), classified by IARC as possible, probable or
certain carcinogens for humans (CPAHs) (Keshavarz-
ifard et al. 2015). The three major routes of exposure
of PAHs to humans are inhalation, ingestion and
dermal contact (Neff 1979; Weast 1968). In this study,
low-income people living close to the watershed of

Wadi El Bey are currently exposed to polluted water.
Ingestion pathway seems to pose low-risk exposure
pathway even when untreated water is used. Attention
to dermal absorption should be useful for protecting
children, who play in the rivers as a recreational
activity. Moreover, people in poverty situation use
directly river water to carry out domestic activities;
those living close to the study area could be exposed to
PAHs via dermal contact. In this study, the concen-
tration of PAH in industrial effluents is much higher
than that in agricultural effluents; that’s why workers
in the wastewater treatment facilities (specially indus-
trial activities) must be protected from direct contact
with the wastewater in order to reduce the likelihood
of skin cancer.

The concentrations of CPAHs in wastewaters from
the watershed of Wadi El Bey ranged from 484 to
1415 pg/L (Table 5); the maximum was recorded at
W-IB, and the minimum at W-Ag-WM. CPAHs in the
watershed of Wadi El Bey was quite high (2-26%)
compared to other rivers in the world (e.g., Gomti
River 6.93%) (Malik et al. 2011).

Though benzo[a]pyrene is the only PAH for which
adequate toxicological data are available (WHO 2005;
Chen and Chen 2011), toxic equivalency factors
(TEFs) have been established to index the carcino-
genicity of other PAHs relative to BaP and have been
used to estimate benzo[a]pyrene-equivalent doses
(Nadal et al. 2004). Consequently, TEFs were used
to evaluate the overall toxicity and assess the subse-
quent risks induced by PAHs affecting environmental
samples. TEFs used in our study were as follows: 1.0
for BaP; 0.1 for BaA, BbF, BKF and InP; and 0.01 for
Chr (US EPA 2010; Nekhavhambe et al. 2014) (DBA
was not taken in account, since it was never detected in
examined samples). According to IARC (1987), the
benzo[a]pyrene-equivalent toxicities (TEQ) of each i-
PAH and of their sum are:

BaP (eq.dose;) = TEF; * dose;
Total TEQ = ZBaP (eq.dose;).

After conversion of neat concentrations of the
seven carcinogenic PAHs into BaP (eq.dose) values,
total toxicity (TEQ) was calculated. Total TEQ values
calculated for samples from industrial and agricultural
effluents varied from 75.2 to 237.3 ng/L (Table 5).
Though the highest CPAH was measured at W-BI, the
maximum value of total TEQ was found at W-TI, due
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to high content of BaP there. TEQ values were found to
exceed 1 for all PAH congeners except Ind; therefore,
harmful biological effects could be expected from
carcinogenic PAHs affecting all wastewaters in the
region.

Relative BaP (eq.doses) comprised in total TEQ
resulted to be in the following order: BaP
(33-87%) > BaA > BKF > BbF > Chry > Ind
(Table 5). Similar contributions of BaP (43.6-70%)
were calculated in other studies in different environ-
ments (Nadal et al. 2004; Savinov et al. 2003)
confirming the importance of BaP as indicator of the
overall PAH carcinogenity.

Ecological risk assessment

Ecological risk assessment (ERA) using risk quotients
(RQ) is used to assess the impact caused by pollutants
(i.e., human activities) onto living organisms belong-
ing to ecosystems (Qiao et al. 2006). ERA includes
chemical, physical and biological monitoring of
waters and sediments (Unlii and Alpar 2009). In the
early stages of risk assessment RQ, namely the
quotient of the measured or estimated environmental
concentration divided by the toxicant reference value,
was proposed for the individual value estimate (US
EPA 2001). In recent decades, some indicators and

Table 5 Potential toxicity of carcinogenic PAHs in wastewaters

methods of different complexities have been proposed
for ERA of toxic chemicals in waters (Sany et al.
2012). The pollution ability to cause undesired
aftermaths onto the environment can be estimated by
means of ERA cumulative indexes (Solomon et al.
2000). PAHs always occur in water as a complex
mixture of compounds, leading to cumulative effects
on the ecological environment (Guo et al. 2011). Thus,
PAHs in sediments pose a potential risk for aquatic
ecosystems, and the ecological risk assessment has
been shown to be a useful tool in characterizing the
PAHs-associated risk posed to surrounding organisms
and ecosystems (Wu et al. 2011). Kalf et al. (1997)
proposed to assess the ecological risk of organic
substances by using risk quotient (RQ), and Cao et al.
(2010) improved the accuracy method by introducing
the toxic equivalency factors. This new method was
applied in this study to assess the ecological risk of
PAHs in industrial and agricultural effluents dis-
charges in Wadi El Bey watershed. The risk quotients
(RQ) for each of PAHs were calculated as follows:

RQ = Cpan/Cqv, (1)

where Cpay is the concentration of each PAH
accounted for and Cgqy is the corresponding quality
value in the medium (Kalf et al. 1997). In the present
study, the negligible concentrations (NCs) and the

Sampling sites CPAH (ng/L) Total TEQ (ng/L) % BaP % Ind % BbF % BKF % BaA % Chry
Industrial discharge
W-IGr 851 122.6 £+ 22.7 59.3 0 7.7 10.8 19.7 2.5
W-BI 1415 1654 £ 3.3 49.5 0.002 8.1 2.8 36.3 33
W-TI 731 2373 £ 25 87.8 0 2.0 2.6 6.5 1.1
Agricultural discharge
W-Ag-WM 484 78.0 £ 1.9 71.3 0.007 1.4 0 24.3 2.9
W-Ag-BK 692 752 +£29 33.7 0.001 26.6 31.6 5.5 2.5
Table 6 Risk classification Individual PAHs S"PAHs
of individual PAHs and
S PAHs RQucs  RQuvpcs) RQy-pans (nes)y  RQy-pans (vpey)
Risk free 0 Risk free =0
Low risk > 1; < 800 =0
Moderate risk >1 <1 Moderate risk; > 800 =0
Moderate risk, < 800 >1
High risk > 1 High risk > 800 >1
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maximum permissible concentrations (MPCs) of
PAHs in water, sediment and bank soil as reported
by Kalf et al. were chosen as the quality values. MPCs
refer to the concentration of pollutants above which
the risk of adverse effects is considered unaccept-
able to ecosystems, and NCs refer to the concentration
in the environment below which the occurrence of
adverse effects is considered to be negligible (Crom-
mentuijn et al. 2000).

Therefore, RQNCs and RQMPCs are defined as
follows:

RQNCS = CPAHS/CQV (NCS), (2)

RQMPCS = CPAHS/CQV (1\/[PCS)7 (3)

where Cqy (NCs) is the quality value of the NCs of
PAHs in the medium, and Cqov (MPCs) is the quality
value of the MPCs of PAHs in the medium. And the
RQXPAHs, RQXPAHs (NCs) and RQXPAHs (MPCs)
are defined as follows:

RQXPAHs = YRQi (RQi > 1), (4)

RQXPAHSs (NCs) = RQi (NCs) (RQi (NCs) > 1),
(5)

RQXPAHs (MPCs) = XRQi (MPCs) (RQi (MPCs) > 1).

(6)

Based on the ecosystem risk assessment of 16
individual PAHs, the sum of RQ (NCs) and RQ
(MPCs) of individual PAHs exceeding 1.0 was
adopted to estimate the cumulative risk assessment
through RQ) "PAHs (NCs) and RQ> PAHs (MPCs)
(Table 6).

This approach allowed to classify the PAH-associ-
ated risk taking in account all toxic compounds
independently of the medium nature, as well as to
compare the risk for ecosystems induced by PAHs in
distinct mediums (Sany et al. 2012). Table 5 reports
NCs and MPC in waters for each PAH, and the
corresponding RQ (NCs) and RQ (MPCs) values are
calculated for Wadi El Bey watershed sites. In
principle, RQ (NCs) < 1.0 indicated that the single
PAHs might be of negligible concern, while RQ
(MPCs) > 1.0 would indicate that contamination of
single PAHs was severe and some control measures
and remedial actions had to be undertaken. In case of
RQ (NCs)>1.0 and RQ (MPCs) < 1.0,

@ Springer

contamination of single PAHs was at middle levels
and control measures or remedial actions seemed to be
useful.

As shown in Table 7, RQ(MPCs) corresponding to
Nap (W-TI), Acy (W-IGr), Ace (W-IGr, W-Ag-WM),
Flu (all sites), Phe (W-IGr), Ant (W-IGr), Flua (W-
IGr, W-BI), Pyr (W-IGr, W-BI), BaA (all sites), Chry
(W-I1Gr, W-BI, W-TI, W-Ag-Bk), BbF (W-1Gr, W-BI,
W-TI, W-Ag-Bk), BKF (W-1Gr, W-BI, W-TI, W-Ag-
Bk), BaP (all sites) and Ind (W-Ag-WM, W-Ag-Bk)
exceeded 1, which indicated that severe toxicity might
be caused to the aquatic organisms by PAHs. The
mean values of RQ (NCs) in all sampling sites and for
all individual PAHs exceeding 1 showed a middle-
level risk for ecosystem.

RQ (MPCs) of > PAHs were all > 1 and all RQ
(NCs) of > PAHs were > 800 (Table 6), so the
cumulative risk posed by PAHs to ecosystem in
industrial and agricultural effluents wasted in Wadi El
Bey watershed was very high.

It could be observed from Fig. 5 that high molec-
ular weight PAHs were the principal responsible for
risk to ecosystem. In fact, HMW are highly mutagenic
and carcinogenic, while low molecular PAHs are less
mutagenic. Risk assessment indicates Nap, Acy, Ace,
Phe, Ant, Flt, Pyr, BaA, BbF, Bkf, Bap and Chry had
moderate or high ecotoxicological risks in the Wadi El
Bey watershed, and the total concentrations of the 16
PAHs reached relatively higher levels. Therefore,
more extensive investigations of sources of these
PAHs, control measures and remedial actions should

30000
H LMW(RQ NCs )
25000 +— M HMW (RQ NCs)
20000 -
15000 -
10000 -
T i VVVVVVVVV i VVVVVVVVVVVVVVVVVVVVVV i
o .

W-IGr W-BI W-TI W-Ag-WM  W-Ag-Bk
Fig. 5 RQ (NCs) of HMW and LMW in sampling sites. The red
histogram represents RQ (NCs) of HMW, while the blue
histogram represents RQ (NCs) of LMW PAH in the sampling
area
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be conducted to decrease the contamination of 3-4-5
rings in the study region.

In particular, the main pollution sources (petroleum
and combustion) should be controlled to decrease the
level of PAHs.

Conclusion

The comprehensive survey of 26 PAHs in industrial
and agricultural effluents discharges has been con-
ducted in Wadi El Bey. PAH concentrations in
industrial effluents were higher than in agricultural
discharges with maximum in the W-IGr site. Accord-
ing to PAH levels, contamination in Wadi El Bey was
relatively high. The PAH profiles indicated that the 4-
and 5-ring PAHs were the main compounds at most
sites. Diagnostic concentration ratios suggest that
PAHs could originate from petrogenic, mixed and
pyrolytic sources, depending on the site. According to
water quality guidelines and calculated risk quotients,
Wadi El Bey wastewaters were very polluted and
posed moderate to high risk to the ecosystem. The
results of this study would contribute to understanding
the levels, sources and ecosystem risk of PAHs in the
agricultural and industrial effluents wasted into Wadi
El Bey watershed, directly connected to the Mediter-
ranean Sea. This can provide useful information for
human health and water resources protection in this
dynamic region of the world. Finally, data on the
compositional patterns and the identification of pollu-
tion source could be used as the baseline for further
local or regional studies.
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