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Abstract

Considering the adverse effects of polycyclic aromatic hydrocarbons (PAHs) on human health and the
complexity of their detection in water resources, this study was developed to assess the performance of a
new automated device for the identification of PAHs in water based on the solid-phase extraction and to
simulate the cancer risk of 16 priority PAHs by Monte Carlo technique. All operational modes of extraction
were automatically performed using the proprietary software program. Three spiked aliquots of PAHSs
including 100, 500, and 1000 ng/L were used to evaluate the performance of the automated-solid phase
extraction (SPE) apparatus. The time of extraction in the automatic-SPE apparatus was 50+4 minutes for
simultaneous extraction of 4 water samples, which was four times faster than that of manual-SPE apparatus.
The mean recoveries of PAHs were 89.22 £4.94, 91.70+4.45, and 94.61 +6.28% in spiked samples, with
a mean of 91.84+5.22%. Except for naphthalene, all obtained recoveries were in an acceptable range
(85-115%). The results of Monte Carlo simulation showed that the cancer risk attributable to eight detected
PAHs including naphthalene, fluorene, phenanthrene (Phe), benzoanthracene, chrysene, benzo(k)
fluoranthene, indeno(cd)pyrene, and dibenzo(a,h)anthracene ranged from 0.05E-6 to 0.11E-6, with the
cancer risk of 0.012E-6 having the highest probability (P=0.82). Additionally, this simulation showed
that 99% of the probability density of cancer risk was located within the range lower than 0.05E-6. Our
results showed that the novel automated-SPE apparatus could be utilized for the extraction of PAHs from
water resources with a good recovery (85%-115%), high operational speed, and potential for separation of
solvents from the air in the drying step. Therefore, this device can be used for the extraction of trace PAHs
and similar organic compounds from water resources.
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1. Introduction

water is reported (3). In addition, pollution of bottled

Bottled water is a source of potable water whose
consumption is increasing in recent decades, especially
with climate change and increasing ambient air
temperature. It is demonstrated that an increase in the
mean temperature is correlated with an increase in bottled
water consumption (1). Iranian people consume 15-20 L
of bottled water annually. This value is 130, 170, and 244
L in Turkey, the United States, and Mexico, respectively,
suggesting that bottled water consumption is considerably
low compared with the other countries (2).

On the other hand, the detection of organic pollutants
in bottled water is increasing. In a previous study, the
occurrence of contaminants of emerging concernin bottled

water with polycyclic aromatic hydrocarbons (PAHs) has
been reported in various studies (4-6). They are a group of
chemicals with high melting points, high boiling points,
low vapor pressure, very low water solubility, and priority
pollutants that can cause environmental (7) and human
health concerns (8). The presence of the PAHs in different
water bodies including sediments (9), rivers (10), sea (11),
and drinking water (12) has been widely investigated.
They can pollute water resources mainly through dry
and wet deposition (13), vehicle traffic (14), discharge
of untreated industrial wastewater (15), leaching from
creosote-impregnated wood (16), crude petroleum spills
(17), and fuel combustion (18). The permissible limit is
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Polycyclic Aromatic Hydrocarbons in water resources

not established for PAHs in bottled water. However, the
maximum allowed limit for benzola]pyrene (BaP), a
carcinogen PAHs, is determined to be 0.0007 mg/L (19).

There are many analytical methods for extraction
of PAHs from water resources including dispersive
liquid-liquid microextraction (20), pressurized liquid
extraction (21), solid-phase extraction (22), solid-phase
microextraction (23), simultaneous distillation extraction
(24), headspace solid-phase microextraction (25), stir
bar sorptive extraction (26), and so on, which are often
used manually. Solid phase extraction (SPE) is one of the
most common forms of sample preparation used for the
extraction, changing of solvents, clean-up, concentration,
and matrix simplification of PAHs. In addition, due to
its simplicity and economy in terms of time and solvent,
the SPE method has been largely replaced with the liquid-
liquid extraction method (22,27).

However, SPE has unfavorable properties for direct
analysis of a number of samples. In addition, various
studies have reported the limitations and challenges in
applying manual methods for solid-phase extraction
including the probability of migration, medium and
inadequate recovery for some analytes, exposure to
hazardous organic compounds as solvents, contamination
of the laboratory environment with organic solvents and
causing air pollution, operational problems such as the
limited capacity of manifold tank, the lack of automatic
control over chamber pressure, and the probability of
overflow of sample from the adsorbent cartridge (28).
Considering the intrinsic properties of PAHs and the
necessity to identify them in water sources, the objective
of this study was to develop an innovative automated SPE
apparatus for extraction of semi and non-volatile PAHs
from water resources, which was able to extract 4 water
samples simultaneously. In addition, the modified device
was also equipped with a gas control system. For this
purpose, two methods based on the use of an automated-
SPE device and manual solid-phase extraction method
have been developed for the extraction of 16 priority PAHs.
Additionally, this study aimed to simulate cancer risk from
PAHs in bottled water using the Monte Carlo technique.

2. Materials and Methods

2.1. Materials

Standard solutions of 16 PAHs including naphthalene
(Nap), acenaphthylene (Acy), acenaphthene (Ace),
fluorine (Fl), phenanthrene (Phe), anthracene (Ant),
fluoranthene (Flu), pyrene (Pyr), benzo[a]anthracene
(BaA), chrysene (Chy), benzo[a]pyrene (BaP), benzo[b]
fluoranthene  (BbF), benzo[k]fluoranthene (BKF),
dibenzo[a.h]anthracene (DahA), indeno([1,2,3-cd]pyrene
(IcdP), and benzol[g, h, i]perylene (BghiP) were obtained
from Supelco Company, USA. C18 extraction cartridges
were purchased from Chromaband, Germany. Moreover,
all solvents including cyclohexane, acetone, and methanol
were of analytical-reagent grade and they were obtained
from Merck, Germany.

2.2. PAHs Extraction by Automated Device

To decrease the problems and challenges of using manual-
SPE procedure for the extraction of organic pollutants
from water resources, an automated-SPE device was
developed. The main characteristics of this device are
presented in Table 1.

The device was designed for the extraction of 4 water
samples simultaneously. It enables the extraction of
PAHs in four stages including conditioning of cartridges,
sample injection to four cartridges, washing for the
removal of impurities from the cartridge, and elution. The
conditioning of cartridges was achieved by appropriate
solvents including methanol and ultra-pure water.
Injection of water sample was based on vacuum condition
in the manifold compartment. Automatic injection of
pure nitrogen was used to dry the elution solvents at
40°C. To prevent air pollution, all evaporated solvents
were transferred into a chamber and the adsorption
process using granular activated carbon (GAC) was
used to eliminate organic solvents from the effluent. All
operations related to injection, conditioning, washing,
elution, liquid discharge from the vacuum chamber, as
well as the injection and discharge of air into the GAC
are performed automatically using the proprietary
software program. This software system enables the user
to perform extraction operations in both manual and
automatic modes. The extraction procedures applied in
this automated-SPE device were consistent with previous
studies (29,30). To evaluate the performance and quality
control of the automated-SPE device, three spiked levels
of PAHs including 100, 500, and 1000 ng/L were used
with three replicates. All analyses of PAHs concentration
were carried out with the duplicate samples. To obtain
the calibration curves, samples were analyzed at seven
levels ranging from 2 to 2000 ng/L with three replicates
resulting in correlation coefficients ranging from 0.96
to 0.99. Additionally, standard solutions contained all
studied PAHs. The detection limit (DL) for PAHs, with a
signal-to-noise ratio of 3, ranged from 0.5 to 3 ng/L. The
sequence of implementation steps in the automated-SPE
device is presented in Fig. 1.

Table 1. Specifications of Automated-PSE Device for the Extraction of PAHs
From Water

Condition Characterization

Injector technique Vacuum manifold with 4 channels
Manifold capacity 751

Manifold dimensions 0.20%X0.15%0.3 mm
Distribution system Stainless steel tubes
Sample injection capacity 1000-4000 mL of water
Water flow rate 20-50 mL/min
Temperature during the solvent drying step  40+0.2°C
Rate of N, injection into manifold 3000 ft/min
Solvent drying rate 1+0.2 mL/min
Air purification system Granular activated carbon unit

Total extraction time 50+4 min
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Fig. 1. The Sequence of Implementation Steps in the Automated-SPE Device.

2.3. Water Sampling

A total of 39 bottled water samples were selected to
determine the concentration of PAHs. Bottled water
was purchased from local retail stores in Iran. They were
selected from famous brands of bottled water which were
kept away from sunlight at ambient temperature. The
bottles were made of polyethylene terephthalate (PET),
a crystalline polymer that is widely used for packaging
foods and beverages. After sampling, water samples were
poured into 1 L amber glass bottles with Teflon lined tops
to prevent reaction. Each sample was stored in a cooler at
4°C for transportation to the laboratory.

2.4. Sample Analysis

Extraction of PAHs was performed using C18 cartridges
in three interconnected phases. First, the SPE cartridges
were conditioned with 5 mL of methanol under vacuum
conditions. Then, cartridges were washed with 5 mL
of ultra-pure water. In the second step, 1 L of the water
sample was passed through the cartridge at a flow rate
of 20 mL/min. Afterwards, pure nitrogen was used to
dry the wall of the separating funnel and the cartridge.
The centrifugation process is critical for the removal of
the residential water from cartridges in the manual-SPE
procedure (12). However, in the automated-SPE device,
centrifugation was removed from the drying process.
The third step was elution, which was performed with
the injection of 5 mL of cyclohexane into the cartridges.
Finally, the extract was dried using N2 at 40°C for 5
minutes. The extract was poured into the micro vial and
stored in the refrigerator until analysis.

The PAHs in the extracts were measured using a 3800
Varian GC coupled to a Varian Saturn 2200 MS, equipped
with a 30 mx0.25 mm i.d. WCOT CP-Sil 8 CB column.
The initial column temperature was adjusted to 70°C. After
an initial holding time of 1 minute, the temperature was
programmed to rise to 300°C at a rate of 10°C/min for 30
minutes. The injector and detector temperatures were 250°C
and 300°C, respectively. Helium was used as the carrier gas

at a flow rate of 2 mL/min. All procedures were performed
according to EPA Method 8270D (31). Method parameters
for the analysis of PAHs are presented in Table 2.

2.5. Health Risk Simulation

The simulation of cancer risk attributable to PAHs in
bottled water was accomplished using SPSS version 26.0
(Chicago, IL, USA). The Monte Carlo method was used
for the simulation, which is a mathematical technique
to estimate the possible outcomes of an uncertain event.
Before the simulation, toxic equivalency factors (TEFs)
were applied to convert the concentrations of multi-
component PAHs into BaP equivalent concentrations.
TEF is an estimate of the relative toxicity of a PAH
compound compared to BaP, which can be detected in the
bottled water (32). The input variables were bottled water
ingestion rate by adults, exposure duration for adults,
adsorption rate of BaP in the intestinal tract, exposure
frequency for adults, body weight of adults, cancer slope
factor of BaP, and average time of exposure to BaP. The
values for the above-mentioned parameters were 0.3 L/day
(33), 54 years (34), 100% (34), 350 days/year (33), 70 kg
(35), 1 mg/kg/day (36) and 25550 days (35). In addition,
BaP equivalent concentration was used as the determined
concentration of 16 PAHs in the water samples.

3. Results and Discussion

3.1. Extraction of PAHs from Water Samples

The maximum time of extraction in the automatic-SPE
device was 50 +4 minutes for the extraction of 4 samples.
As presented in Table 3, the recovery percentages of PAHs
were 60.20-123.40%, 63.85-120.40%, and 61.30-112.50%
at spiked concentrations of 100, 500, and 1000 ng/L,
respectively. These values are comparable with extracted
PAHs using automated-SPE method from seawater (88-
104%) and rainwater (91-113%) (37). The mean recoveries
for analyzed 16 PAHs were 89.22+4.94, 91.70+4.45, and
94.61£6.28% at concentrations of 100, 500, and 1000 ng/L,
respectively. In addition, the mean recovery was found

64 | Avicenna J Environ Health Eng, 2022, Volume 9, Issue 1



Polycyclic Aromatic Hydrocarbons in water resources

Table 2. Method Parameters and Analytical Results for PAH Components

Selected lons for Mass Spectrometry Quantification

Compounds PAHs t, (min) R? in Calibration
Range Target
Nap 7.99 127-129 128 0.99
Acy 11.66 151-153 152 0.99
Ace 12.08 152-154 153 0.99
Fl 13.30 165-167 166 0.99
Phe 15.60 177-179 178 0.98
Ant 17.76 177-179 178 0.98
Flu 18.60 201-203 202 0.99
Pyr 19.06 201-203 202 0.99
BaA 21.94 227-229 228 0.97
Chy 22.03 227-229 228 0.96
BbF 24.63 251-253 252 0.96
BkF 24.50 251-253 252 0.98
BaP 24.80 251-253 252 0.98
lcdP 28.70 275-277 276 0.98
DahA 28.80 275-277 276 0.98
BghiP 29.76 277-279 278 0.98

Table 3. Recoveries of PAHs Components Using Different Manual and Automated-SPE Procedures

Recovery in manual-SPE  Recovery in automated-SPE  Recovery in automated-  Recovery in automated- Detected 16 PAHs

(S 12) (%) (100 ng/L) SPE (%) (500 ng/L) SPE (%) (1000 ng/L) in water (ng/L)
Nap 36.28 60.20+3.14 63.85+2.14 61.30+3.21 ND-2.10
Acy 68.14 77.14+4.11 88.14+2.90 86.10+3.90 ND*
Ace 82.94 89.30+2.10 88.30+3.21 86.70+3.90 ND

Fl 59.10 69.45+3.90 81.11+2.50 81.90+6.12 ND-2.10
Phe 112.24 98.58+6.90 112.3+4.15 112.20£9.11 ND-2.90
Ant 97.03 112.10+5.35 115.50+8.45 112.50+7.02 ND

Flu 74.50 123.40£11.50 120.40+9.75 110.40+6.50 ND

Pyr 82.00 120.80+5.20 110.15+4.65 112.406.50 ND

BaA 79.74 90.70+3.85 90.40+9.45 98.75+11.00 ND-6.35
Chy 64.54 75.50£2.10 85.30+4.26 85.106.98 ND-97.93
BbF 108.14 80.10+4.40 78.69+2.32 89.15:+5.02 ND

BKF 117.82 80.30+4.10 85.30+3.25 86.35+5.50 ND-10.76
BaP 69.70 80.35+4.50 95.23+2.85 91.35+7.00 ND
lcdP 80.23 112.80+9.80 98.60+7.20 100.72+7.55 ND-47.18
DahA 132.57 78.32+6.00 78.50+2.11 99.65+7.55 ND-16.07
BghiP 47.83 78.50+2.14 75.50+2.00 99.503.60 ND
Total PAHs (ng/L) - - - - 16.00-117.59
Average recovery (%) 82.05 89.22£4.94 91.70+4.45 94.61+6.28 -

*Not determined.

to be 91.84+5.22%. In non-automated-SPE procedure,
different results have been reported according to the
extraction methods. For example, the recovery of PAH
compounds from bottled water was reported to range from
92.5 to 103.4% using magnetic solid-phase extraction by
Sharifiarab et al (38) and it ranged from 85 to 121% by
ultrasonic extraction method in a study by Ngubo et al (39).

The regression analysis revealed that there was not any
significant difference between recovery percentages at
three spiked concentrations of PAHs including 100, 500,
and 1000 ng/L (P>0.05). The lowest recovery belonged
to Nap (60.20%) at the spiked concentration of 100 ng/L;
this can be attributed to the drying of elution solvent at
high temperatures. It is proved that Nap is more sensitive

to high temperatures than other PAHs (40). In addition,
the obtained results revealed that the mean recovery for
Nap using automated-SPE method was higher than that
obtained by manual-SPE method, which was reported to
be 36.28% (12).

In manual-SPE procedure, the recoveries of 12 PAHs
including Nap, Ace, Acy, Fl, Flu, Pyr, BaA, Chy, BaP,
IcdP, DahA, and BghiP were not in the acceptable range
(85-115%) (12). However, in automated-SPE procedure,
except for Nap, all obtained recoveries were in an
acceptable range (85-115%).

3.2. PAHs Levels in Water Samples
As presented in Table 3, eight individual PAHs including
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Nap, Fl, Phe, BaA, Chy, BkF, IcdP, and DahA were
identified in the bottled water. The detected concentration
of PAHs ranged from 2.10 to 97.93 ng/L. The mean
detected concentration of PAHs in the bottled water was
5.86 ng/L (33). In addition, total concentrations of PAHs
ranged from 16.00 to 117.59 ng/L, indicating that some
samples had concentrations higher than the maximum
permissible level recommended by European Commission
(100 ng/L) (41).

The presence of PAHs may be the result of a high
concentration of PAHs in water resources (12), especially
in groundwater which was the main resource for the
production of bottled water in this study. Moreover,
it can be attributed to secondary pollution such as air
particulate during wet deposition (4, 38). Results were
comparable to those reported by Vega et al. They studied
16 PAHs in bottled water in Mexico City and found that
total concentrations of PAHs ranged from 12.78 to 20.15
ng/L. They found that Phe, Ant, Flu, Pyr, and BaA were
the dominant PAHs. Additionally, BbF and BKF were
detected at high concentrations (4). In addition, our
results were not comparable with the findings of a study
by Giiler. It was reported that the mean concentration of
PAHs in Turkish mineral bottled water was 3000 ng/L (6).

3.3. Simulation of Cancer Risk
Obtained results indicated that the presence of PAHs in

Mahdavi Doost et al

bottled water can threaten the health of consumers. The
point estimation of cancer risk showed that excess lifetime
cancer risk ranged from 0.08E-8 to 9.78E-08, with an
average of 1.53E-08, which was lower than the acceptable
health risk proposed by the World Health Organization
(WHO) (42). The acceptable health risk defined by the
WHO is 1.0E-05, meaning that 1 in 100000 increased risk
is considered acceptable (43,44). As presented in Fig. 2,
the Monte Carlo simulation revealed that the cancer risk
from PAHs in bottled water ranged from 0.05E-6 to
0.11E-6, with the cancer risk of 0.012E-6 having the
highest probability. This simulation showed that 99% of
the probability density of cancer risk was located within
the range lower than 0.05E-6. In addition, as presented in
Fig. 3, the cumulative distribution of expected cancer risk
showed that the maximum risk of PAHs cannot exceed
0.1E-6. In addition, the mean ELCR was estimated to be
0.016+0.009 (95% CI=0.015-0.016).

4. Conclusion

This study was the first attempt to use the Monte Carlo
method for the estimation of cancer risk attributable to
PAHs in bottled water in Iran. It revealed that the cancer
risk from PAHs in bottled water ranged from 0.05E-6 to
0.11E-6, with the cancer risk of 0.012E-6 having the highest
probability. In addition, the obtained results showed that

)

0.02

0.00¢

0.08—

0%=
Mean

Probability

0.04=

000

oo

)

| 38%=0.05(=

n4 06

ELCR(E6)
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the novel automated-SPE device can be used for extraction
of PAHs from water resources with a good recovery (85-
115%), except for Nap. The main novelties of this device
are high extraction speed and separation of organic
solvents from the air during the solvent drying step. This
device enables the separation and extraction of BaP, as an
indicator for the presence of PAHs, from water resources.
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