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ABSTRACT

Despite the worldwide increase in the consumption of PET-bottled mineral waters compared to tap waters encouraged
by its microbiological and chemical safety for public health, contaminants could migrate from the plastic packaging into
the water and induce adverse effects on human health. Volatile organic compounds (VOCs), including benzene, toluene,
ethylbenzene, ortho, meta, and para-xylenes (BTEX), styrene, chlorobenzene and benzaldehyde are among the potential
contaminants of bottled waters. This study aimed to assess Lebanese PET-bottled waters, in respect of VOCs contents,
with comparison to polycarbonate-bottled and tap waters. Both HS-SPME-GC/FID and SPE-GC/FID were optimized
and validated for VOCs determination in the waters, and their performances were compared. The HS-SPME-GC/FID
was valid (Afnor NF T 90-210 (May 2009)) for all the studied molecules with limits of quantifications (LOQ) far lower
the maximum contaminants levels (MCLs) set by both US-EPA and WHO. SPE-GC/FID was valid only for ethylben-
zene, m/p-xylenes, o-xylene, and styrene, with poorer LOQs. HS-SPME-GC/FID was used therefore for VOCs moni-
toring in studied water samples showing the safety of the Lebanese bottled-water. The effects of bottles storage condi-

tions (time, and exposure to sunlight) on VOCs migration were also studied.
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1. Introduction

Bottled drinking water consumption is increasing espe-
cially in developing countries, due to safety reasons, be-
cause in these countries tap water is rarely submitted to
control and monitoring to ensure its chemical and micro-
biological quality. Various contaminants including alde-
hydes and phthalates occur in bottled ad tap waters [1-3].
Volatile organic compounds (VOCs), such as benzene, to-
luene, ethylbenzene, ortho, meta, and para-xylenes called
(BTEX), as well as styrene, chlorobenzene and benzal-
dehyde may also be present in bottled and tap waters [4]
due to: 1) their relatively high solubility in water which
is 18, 25, 3, 20, 50, 100, 300, 500 and 4600 mg-L™", re-
spectively [5], 2) their non-intentionally addition to PET
during its production and therefore their potential migra-
tion from bottles to waters, and to 3) the environmental
contamination from industrial activities of springs, gro-
und and surface waters from which drinking waters are
derived. The contamination of the aforementioned envi-
ronmental matrices by VOCs is one of the consequences
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of the environmental pollution by waste solvents, oils
and sewage, gasoline cars and pesticides, which leads to
the VOC:s transfer to drinking waters [5,6].

Another source of these VOCs in bottled mineral wa-
ters is the plastic packaging. The polyethylene terephtha-
late (PET) is the most commonly used especially for ma-
king water bottles below 7 liters. This polymer is obtain-
ed by polymerization of ethylene glycol (MEG) with te-
rephthalic acid (TPA) or dimethylterephtalate (DMT).
After this first step, a second polycondensation is carried
out with antimony-, germanium- or titanium-based cata-
lyst [7,8]. Then the PET obtained as granules is submit-
ted to an extrusion process at 285°C to produce preforms,
and subsequently to a blow molding process between 95
and 100°C, which gives the bottle its final form [9]. Poly-
carbonate (PC) is used to make water containers above 7
liters. Most migration studies concerned the migration of
bisphenol A (BPA) from PC bottles [10,11]; however,
other compounds might be present in PC-bottled food
and waters and deserve therefore an investigation.

BTEX are used worldwide as solvents and chemical
intermediates in plastic production [12]; whereas styrene

AJAC



A.GHANEM ET AL. 177

derived from composites of PET with polystyrene (PS)
[13]. Residual traces of these VOCs might migrate from
PET bottles to the bottled water. Otherwise and during
injection-blowing, high-temperature is able to cause the
degradation of PET and the appearance of by-products
including VOCs which can leach out, by diffusion into
the water after bottling [3]. Similarly it is shown that the
rate of the secondary products in PET increases exponen-
tially with the applied temperature, especially for ben-
zene [14]. Also the presence of oxygen [15] and humid-
ity can promote degradation reactions [16]. Finally the
migration of these pollutants from PET to bottled water
is held according to the partition and the diffusion coeffi-
cient of each compound between the two mediums. Che-
mical migration increases with the storage time, the ex-
posure to UV light and to the high temperature.

Dutra et al. [17] have shown the presence of benzal-
dehyde in PET virgin bottles without being present in the
granules before their formatting. This may be due to a
degradation of the polymer during the process. In addi-
tion the detection of this VOC by several studies in the
recycled PET [18,19] allows us to consider that its pres-
ence in bottled mineral water is an indicator that the used
PET is totally or partly recycled, because benzaldehyde
is used as solvent for printing inks used for bottles label-
ling.

Today, the water contamination with VOCs is a topical
issue challenging not only the scientific community for
developing suitable and sensitive analytical methods, but
is worrying as well for environmental, social and public
health concerns. Due to the toxicity (carcinogenic or mu-
tagenic properties) of the VOCs even at trace levels, many
countries focus their research on the monitoring of these
contaminants in waters [20].

Food contact plastic materials are covered by the Eu-
ropean regulation N° 10/2011 which establishes the list
of authorized compounds for use in plastic formulation
and sets restrictions for individual authorized substances
expressed as specific migration limits (SML) [21]. Also
the US-Environmental Protection Agency (EPA) [22] and
the World Health Organization (WHO) [23] set maxi-
mum concentration levels (MCLs) for the potential mi-
grants in drinking water. These values are relatively low
for the VOC:s, especially for benzene which are of 5 and
10 pg-L™" for EPA and WHO, respectively.

The Purge and trap-GC/MS technique is adopted by
the U.S.EPA 524.2 method [24] as the most widely used
for the analysis of VOCs in water, allowing low detec-
tion limits (LOD) of 0.1 pg-L™" for BTEX and styrene,
far below their MCLs [4,25]. Flame ionization detector
(FID) allows less sensitivity with LODs ranging between
0.3 and 2.4 pg-L™" [7]. The use of photoionization detec-
tor (PID) shows LODs between 5.6 and 7.2 ug-L™" [26].
However the drawbacks of the Purge and trap are the
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requirement of complex instrumentation, the interference
of water vapor generated at the purge stage, the possible
contamination of the trap (cross contamination), longer
analysis time per sample, and its nonavailability in all ana-
lytical laboratories.

HS-GC/MS arises as an alternative method with a
LOD of 0.02 pug-L™" [27]. The replacement of the MS by
FID or PID detector allows LOD between 0.2 and 7.5
ng-L™" which is not adequate for all VOCs [28]. Head
space solid phase dynamic extraction (HS-SPDE) cou-
pled to GC/MS is a very efficient technique with a LOD
of 20 ng-Lﬁl, but it is not available in all laboratories [29].
Another fast method is the direct aqueous injection DAI-
GC/MS that allows LOD ranging from 0.6 to 1.1 pg-L™
[30,31]. This technique requires the use of an absorbing
material in the liner of the injection port and a tempera-
ture below 70°C to the injector, to prevent the passage of
water to the separation column. But this temperature is
not adequate for the separation of VOCs with a higher
boiling point.

Solid phase extraction (SPE) is a widely used tech-
nique for sample preparation including purification and
concentration in a single step with the use of a small
volume of solvent eluent. SPE-GC/MS gives a LOD be-
tween 6 and 10 pg-L™' [32], because of the loss of VOCs
by volatility during sample concentration [33]. In the li-
terature, some authors suggest the conservation of the
sample and the elution solvent at 4°C, or the addition of a
Cetrimonium bromide (CTAB) surfactant in the sample,
to limit the loss of VOCs by formation of micelles and
subsequently ensure a good recovery [34].

The solid phase micro extraction (SPME) is used as an
alternative extraction technique offering the advantages
to be simple, fast and does not require solvents (green and
environmentally friendly technique). In immersion and
head space mode, the LOD is between 0.01 and 0.5
pg-L™" with GC/MS [17,35-37] and between 0.01 and 1
ng-L™" with GC/FID [38-41]. However the HS mode has
proven to be more advantageous because it often shows
an important reduction of extraction time [41].

The objective of our work is to verify the safety of
mineral bottled waters in Lebanon in respect to the VOCs
contamination. Analytical methods involving HS-SPME-
GC/FID and SPE-GC/FID were developed and their per-
formances were compared. Optimization of the parame-
ters of each technique was accomplished by using the
methodology of the experimental design [42]. Methods
validation was carried out following the Afnor NFT 90 -
210 (May 2009) criteria. The methods were applied to
monitor VOCs in Lebanese bottled water samples with
comparison to tap waters in order to assess the safety of
the drinking water in our country. A study of the VOCs
migration from the PET to the bottled waters was carried
out involving the storage time, and the exposure to sun-
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light.

2. Materials and Methods
2.1. Chemicals and Standards

Ethylbenzene (98%), m/p-xylene (99%), styrene (99%),
o-xylene (98%), fluorobenzene (99%) (Internal Standard,
IS) and benzaldehyde (98%) were purchased from Sig-
ma-Aldrich (Steinheim, Germany); benzene (extra pur)
was purchased from Merck (Germany); toluene (99.7%)
from Fluka Analytical (St. Louis, MO, USA) and chloro-
benzene (99%) from Riedel de Haén (Seelze, Germany).
All chemicals and solvents used were of analytical-rea-
gent and chromatographic grade, respectively. The 0.45
um filtered ultrapure water (conductivity 0.055 pS/cm)
was used for solutions preparation and was generated by
“TKA” Smart 2 Pure Water System (Niederelbert, Ger-
many). Stock solutions of mixture compounds were pre-
pared in acetonitrile at 500 mg-L™". The working stan-
dard solutions of all volatile organic compounds were
prepared by diluting the stock solution in water.

2.2. Sample Collection

Different samples of mineral bottled water were collected
from the Lebanese market. Sampling was performed
mainly according to the following criteria: bottle brand
and type (PET, PC, or glass), bottle volume (0.33, 0.5, 1,
1.5, 2, and 6 liters for PET, 18.9 liters for PC and 0.75
liters for glass). Comparison was made with tap water.
All samples were analyzed within their validity date (be-
fore expiry date as mentioned on the bottle), during the
year 2010-2011.

In addition, the effect of storage mode of PET-bottles
on the migration of VOCs into the bottled water was also
evaluated. For this part of study, PET-bottled water sam-
ples from different brands and sizes were collected in
duplicate and were divided into two equivalent groups
(same batch number) to be stored during 5 months before
analysis: one was stored at dark at 20°C as mean tempera-
ture and one in open air under sunlight (35°C as mean
temperature).

To assess the quality of the PET-bottled water samples
at their expiry date (Directive 2002/72/EC), a series of
PET-bottled samples (0.5 L) were analyzed freshly after
collection and 10 similar samples were incubated at 40°C
during 10 or 20 days, then analyzed and the results were
compared.

2.3. Analytical Procedures

For HS-SPME, a 10 mL of sample solution containing 10
ng-L™" of fluorobenzene as internal standard was under-
taken, added to a 20 mL sample vial equipped with a
PTFE-coated septum. A 65 um PDMS/DVB fiber was
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used to extract the VOCs from water samples. Duplicate
analyses were performed under the following conditions:
extraction temperature (25°C), extraction time (31 min),
NaCl concentration (0.2 g-mL™"), and sample solution
stirring.

SPE extraction was carried out on a Visiprep™™ SPE
Vacuum Manifold (Sigma-Aldrich, Steinheim, Germany).
The SampliQ C18 SPE cartridges (500 mg, 6 mL) pro-
vided from Agilent (USA) were conditioned by flushing
10 mL of methanol followed by 10 mL of ultrapure water.
Water samples (330 mL) were loaded on the cartridges at
a flow rate of 3 mL-min"'. The cartridges were then rins-
ed with 3 mL of water and analytes were eluted in 10 mL
of acetonitrile containing 108 pL of dodecane, added as
keeper to decrease the rate of VOCs volatilization. Sam-
ple concentration was then carried out under a stream of
nitrogen until 50% of evaporation of the extract volume.
After SPE concentration, 1 pL of the sample were injec-
ted in the GC injector set on splitless mode.

Chromatographic separation was performed on a gas
chromatograph (Agilent technologies 6890N Series N.0S5.
04) equipped with FID detector. The data acquisition and
processing were done using Agilent Chem Station soft-
ware. The separation of BTEX (benzene, toluene, ethyl-
benzene, and xylenes), styrene, chlorobenzene and ben-
zaldehyde was carried out on a DB-5 column (30 m x
0.25 mm i.d.) with 1 pm of film thickness. The GC oven
temperature was programmed as follows: 50°C held for 3
min, rate at 15°C/min to 90°C and held for 3 min; rate
15°C/min to 60°C and held for 2 min and finally rate
15°C/min to 140°C and held for 4 min. The total time for
each GC run was 22 min. Helium, at a constant flow rate
of 2 mL/min, was used as the carrier gas. The injector
and detector temperatures were set at 250°C and 300°C,
respectively. For HS-SPME, the injection port fitted with
a 0.75 mm i.d. injection liner (Supelco, Sigma-Aldrich,
Steinheim, Germany) was operated in the splitless mode.

2.4. Methods Validation

The linearity and limits of quantification were validated
according to standard AFNOR NF T 90 - 210 (May 2009)
[43], under the optimum conditions of both HS-SPME
and SPE-GC/FID methods. This validation was obtained
by extracting five different concentrations of standards
ranging between LOQ and 100 pg-L™', with fluoroben-
zene (10 pg-L™") as internal standard for HS-SPME; where-
as standards concentrations were 50, 70, 90, 120 and 250
pg-L™!, with chlorobenzene (90 pg-L™") as internal stan-
dard, for SPE. Calibrations were performed on five con-
secutive days.

According to the AFNOR document NF T 90 - 210
(May 2009), 10 measurements of independent solutions
with a concentration at the estimated limit of quantifi-
cation LOQ were performed (mean = zLOQ, standard
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deviation sLOQ). The estimated limit of quantification is
acceptable when zLOQ — 2 x sLOQ > LOQ — 60% x
LOQ and zLOQ + 2 x sLOQ < LOQ + 60% x LOQ. The
0.6 value has been defined by convention but can be mo-
dify in agreement with specific regulations.

To ensure the quality control of the analysis, the sam-
ples analysis were performed after verifying the absence
of memory effect in the chromatograms. All sample ana-
lysis were performed in duplicate, and a blank sample
was analyzed every six sequences.

2.5. Experimental Designs

2.5.1. HS-SPME Design

To Central Composite Designs (CCDs) were used to com-
bine the experiments of a factorial design (Nf), the star
points (2k + 1) and NO in the center of the field trials.
This is a quadratic model with N =2 ~k 2 + k NO, k is
the number of factor. The star points are located at +a,
with a = 1 in this case the center of the experimental do-
main. These tests are on the faces of the cube [44]. The
number of experiments was 30 involving 4 factors (Ta-
ble 1) and 6 replicates of the central point were included
to assess the experimental errors.

This design allows assessing isoresponse curves. Once
the experiments and the model coefficients are calculated,
we obtain the response surfaces shown in Figure 1. To
find an acceptable compromise area for the experimental
conditions we have defined the individual desirability fun-
ctions for the studied contaminants. These are left unilat-
eral functions, knowing that in the global desirability, no
preponderance was imposed.

All “blank” water samples were spiked with the stan-
dards in mixture at 10 pg-L™" for each compound. CCD
was used to optimize the four factors (cited with their
low (—1), central (0), and high levels (+1)). The opti-
mized factors were: 1) the ionic strength by means of the
NaCl concentration (0 - 0.1 - 0.2 g'mL™"), 2) extraction
temperature (25°C - 50°C - 75°C), 3) extraction time (5 -
18 - 31 min), and 4) headspace volume (ratio phase of
sample volume in 20 mL vial) (2/20 - 6/20 - 10/20).

Using the CCD, the peak areas of all analytes were ex-
tracted from the chromatograms and were considered as
the responses. The software used is NemrodW (LPRAI,
Marseille-France, 2011), which allows us to draw the
appropriate matrices, to calculate the coefficients of the
model, to represent the response surface, the desirability
surface and to find the optimum.

2.5.2. SPE Design

Similar CCD was used for SPE optimization (Table 2)
and involved 30 experiments and 4 factors that are: 1)
sample volume (250 - 350 - 450 mL), 2) elution volume
of acetonitrile (10 - 14 - 18 mL), 3) keeper volume in elu-
tion phase (62 - 93 - 124 uL) and 4) percentage of the
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evaporation of the extract volume under nitrogen stream
(50% - 60% - 70%). The water samples were spiked with
standards in a mixture at 250 pg-L™" for each compound.
The extraction recoveries (calculated from the peak areas
obtained) were considered as the responses to include in
the chemometric calculations (Figure 2).

3. Results and Discussion
3.1. Optimization of the HS-SPME

3.1.1. Choice of the Fiber Coating

In order to select the best fiber to extract VOCs, several
fiber coatings purchased from Supelco (Sigma-Aldrich,
Steinheim, Germany), were tested: 1) a fused silica fiber
coated with 100 um layer of polydimethylsiloxane (PDMS),
2) a fused silica fiber partly coated (composite coatings)
with a 65-um layer of polydimethylsiloxane/divinylben-
zene (PDMS/DVB) [36], and 3) a fused silica fiber partly
coated with a 75-um layer of carboxen/polydimethylsilo-
xane (CAR/PDMS) [45].

A test of repeatability (n = 3) was realized to choose
the most repeatable fiber, using water samples spiked
with the mixture of standards at 10 pg-L™" for each com-
pound. In a vial of 20 mL, 10 mL of spiked water with a
NaCl concentration of 0.2 g-mL™" (HeadSpace HS ratio
of 10/20) were extracted under magnetic stirring for 10
min at 25°C. The fiber was then introduced into the GC
injector to desorb at 250°C during 1.5 min the analytes
from the fiber coating. The relative standard deviation
(RSD%) of the absolute area of each analyte was deter-
mined.

The results obtained (Table 3) showed that the PDMS/
DVB coating allows the best peak area repeatability of
analytes with RSD lower than 16%; whereas the RSD
values reaches 35% with PDMS for the most volatiles
(i.e. benzene and toluene) and 77% with CAR/PDMS for
the benzene. The non-polar PDMS coating is recommen-
ded by the supplier for non-polar with low molecular
weight compounds such as alkanes, etc., via adsorption
[45]. However, our results showed poor repeatable ex-
traction with the PDMS when dealing with high volatiles
compounds, which could be explained by unreached par-
tition equilibrium of the analytes between the polymeric
stationary phase and the sample matrix.

Despite that CAR/PDMS, a bipolar adsorbent, has been
previously described for BTEX analysis at trace levels by
SPME coupled to cryo-trap GC/MS [45], this fiber coat-
ing was poorer repeatable for benzene (the most critical
analyte) extraction when HS-SPME-GC/FID is involved.
Our analytes were adsorbed more efficiently, and re-
leased faster with more repeatable extraction, on the 65-
pm (PDMS/DVB)-coated fiber. With the thinner coating
and higher specific surface area, the PDMS/DVB ex-
tracts more of our analytes through diffusion and better
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Table 1. Experimental variables, levels, matrix of CCD and peak areas (a.u.) for the VOCs by HS-SPME-GC/FID using the

PDMS/DVB fiber.

Extraction conditions

Peak areas

NaCl Time Temperature Volume

Run (g/ml) (min) ¢C) HS (mL) Benzene LS. Toluene Chlorobenzene Ethylbenzene m/p-Xylenes Styrene o-Xylene Benzaldehyde
1 -1 -1 -1 -1 7.6 5.1 7.4 7.7 9.4 242 15.2 12.6 1
2 41 -1 -1 -1 6.6 115 154 14.9 15.3 40.8 238 225 2.9
3 -1+l -1 -1 34 56 157 17.9 23 51.1 284  26.1 44
4 4+ +1 -1 -1 63 164 207 32.7 29.2 732 335 35 11.4
5 -1 -1 +1 -1 031 34 13 2.1 33 8.2 6.9 5.9 3.4
6 +1 -1 +1 -1 024 119 12 3 5.3 10.6 8.5 7 5.5
7 -1 +1 +1 -1 0.13 74 1.1 2 3.2 8.2 7.4 6.4 33
8 +1  +1 +1 -1 023 58 1.6 3.6 5 13.1 10.6 9.4 10.3
9 -1 -l -1 +1 57 92 168 16.5 24.9 63.5 22.1 253 1
0 +1 -1 -1 +1 99 13.8 257 26.2 31.9 82.6 37.9 39.4 1.7
11 -1+ -1 +1 67 78 319 43 50.3 149 80 110.9 44
12 +1  +1 -1 +1 10.1 194 415 52.8 50.3 128 82 72.4 9.5
13 -1 -1 +1 +1 0.55 6.6 3.7 10.5 17.3 425 29.8 26.7 33
4 +1 -1 +1 +1 14 46 105 16.8 24.7 69 45.7 39.2 10.7
15 -1 + +1 +1 086 14 89 12.3 22.4 58.3 37.2 34.6 4.8
16 +1 + +1 +1 14 33 106 17.1 25.4 75.6 49.1 442 12.5
17 -1 0 0 0 2 51 154 29.7 38.9 100.5 62.3 56.3 7.1
18 +1 0 0 0 64 59 18 322 41.7 130.8 74.6 57.6 16.4
19 0 -1 0 0 2.8 55 15.6 253 33.8 87.1 48.1 45.5 4.6
20 0 +1 0 0 83 45 95 19.6 26.3 79 59.9 43 11.8
21 0 0 -1 0 10.1 17.7 388 41.2 42.5 114.2 62.5 60.6 3.6
220 0 +1 0 2 121 45 8.4 13.3 42.6 343 23.5 6.4
23 0 0 0 -1 1.1 4.2 7.2 10.6 16.1 41.2 23.4 22.2 16.1
24 0 0 0 +1 6.6 127 283 45 59.6 161.2 84.7 83.4 13.8
25 0 0 0 0 2.7 9.1 159 32 46.9 121.8 71.6 65.2 10.8
26 0 0 0 0 39 38 20 34 40.3 116.7 722 59 14.5
27 0 0 0 0 6 41 154 30.2 39.6 108.1 69.9 54.7 14.8
28 0 0 0 0 23 48 157 25 41.8 110 67.1 60.2 14.1
29 0 0 0 0 46 44 171 33.5 38.8 110.6 70.5 56.3 14
30 0 0 0 0 3.8 86 246 40.4 51.9 127 71.4 66.4 14.7

release the compounds during thermal desorption.

3.1.2. Optimization Results

The optimization of the HS-SPME was performed on the
fiber that allows the best repeatability (65 um PDMS/
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DVB). The desorption temperature and time of the VOCs
from the SPME fiber into the GC injector were optimized
classically by testing desorption efficiency of the ana-
lytes by means of their peak areas in the corresponding
chromatograms, with the absence of memory effect in the
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Table 2. Experimental variables, levels, matrix of CCD and yields (%) for the VOCs by SPE-GC/FID.

SPE variables Yields %
Sample  Elution Keeper Evaporation
Run volume volume volume under Fluorobenzene Toluene  EthylBenzene  m/p-Xylenes Styrene  o-Xylene
(mL)  (ml)  (uL) N: (%)
1 250 10 62 50 18.16 88.6 452 49 64.32 58.6
2 450 10 62 50 7.2 54.65 37.7 41.2 56.5 48
3 250 18 62 50 12.38 101.3 44.8 48 69.6 51.6
4 450 18 62 50 18 64.4 35.8 37.7 59.2 45
5 250 10 124 50 5.52 112.5 37.9 37 58.3 45.1
6 450 10 124 50 6.84 60 35.75 38 56 39.4
7 250 18 124 50 11 145 30 28 50 38.7
8 450 18 124 50 6.18 52.5 37.8 423 61.1 46.6
9 250 10 62 70 8.2 34.08 32 37 52 36.8
10 450 10 62 70 1.87 29.4 30.6 34.8 56 435
11 250 18 62 70 0 324 32 353 56.1 40.7
12 450 18 62 70 0 45 24.05 29.5 45 38.75
13 250 10 124 70 5.3 65.8 24 26.8 46.7 352
14 450 10 124 70 0 25 21 23.8 44.5 33.2
15 250 18 124 70 11.7 54.7 23 21.6 45.7 31
16 450 18 124 70 2.47 54 29.2 324 54.7 40.3
17 250 14 93 60 0 58.3 30 31 55 37.3
18 450 14 93 60 6 38 23.7 25.7 48 30.2
19 350 10 93 60 7.15 40.5 35 38.2 62.7 444
20 350 18 93 60 5.67 97 35.8 38.75 62.6 453
21 350 14 62 60 247 45.6 30.8 32.7 50.4 375
22 350 14 124 60 4.45 60 34 36.6 53 39
23 350 14 93 50 6.9 56.3 39.6 443 62.5 49.5
24 350 14 93 70 0 29 25.5 30 46.5 37.5
25 350 14 93 60 4.15 42.5 35 40 57 51
26 350 14 93 60 5.4 62 325 38.6 57 46
27 350 14 93 60 10.7 71.5 332 38.4 52 38
28 350 14 93 60 2.17 45 31 38 55.2 43
29 350 14 93 60 1.4 63.4 31.2 35 49 343
30 350 14 93 60 6.5 45.8 34 39.5 60 47

further blank injections.

The studied four HS-SPME factors (salinity, extraction
time and temperature, and HS volume) are often descri-
bed in the literature [36,41,45] as the most relevant. Be-
fore optimization, a screening design similar to this de-
scribed in the literature [36] was applied to assess the
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pertinence of the aforementioned factors, involving addi-
tional factors such as the SPME mode (HS vs direct im-
mersion), the sample pH, and the sample stirring during
extraction. From results obtained (data not shown), the
HS mode, magnetic stirring with no pH-adjustment of the
sample were fixed throughout the experiments.
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Benzaldehyde O-Xylene

I 16.0870 I 101.3500

5

M+PXylene EthylBz

I 147.2910 I 54.4700

j tos extiac

Toluene FluoroBz

I 37.8300 I 17.7600

9.5630

(2)

ChloroBz

I 481810

Figure 1. Response surfaces obtained by HS-SPME-GC/FID of (a) benzaldehyde; (b) o-xylene; (¢) styrene; (d) m, p-xylene; (e)
ethylbenzene; (f) chlorobenzene; (g) toluene; (h) fluorobenzene; (i) benzene.

Optimum HS-SPME conditions were found to be: 0.2
g'mL™" of NaCl; extraction during 31 min at 25°C; Head-
space volume of 10 mL in a 20 mL vial. The salting-out
effect was obvious in increasing the analytes extraction
during an acceptable time. Heating the sample was sup-
posed to increase the VOCs volatility and therefore their
transfer to the fiber from the vapor phase. However, the
results show that high temperature provokes early deso-
rption of the analytes from the fiber coating during
HSSPME extraction, mainly for the most volatile com-
pound (such as benzene). A temperature of 25°C was
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found to be optimum to extract the analytes with higher
efficiency when sample volume is 10 mL in a 20 mL-vial.
When the sample volume increases, the mass of analytes
transferred to the vapor phase increases leading to higher
adsorbed amounts on the fiber coating and therefore to a
better extraction.

Global desirability of SPME (DSPME = 0.8004) value
was satisfactory [42,46,47]. This function takes into
consideration all of the individual desirabilities of all
studied contaminants. It is a multiplication of these late
functions, if any of these is none satisfactory (= 0), the
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Figure 2. Response surfaces obtained by SPE-GC/FID of (a) fluorobenzene; (b) toluene; (c) ethylbenezene; (d) m/p-xylene; (e)

styrene; (f) o-xylene.

Table 3. Effect of the type of coating on the repeatability of
the HS-SPME-GC/FID (n = 3): mixture of VOCs standards
at 10 pg-L™" for each compound, extraction (10 min at 25°C),
salinity of 0.2 g-mL™", headspace volume (10/20 mL).

RSD%

Fiber coating PDMS PDMS/DVB CAR/PDMS
Benzene 35 15 77
Toluene 35 11 13

Chlorobenzene 29 15 21

Ethylbenzene 28 16 12

m/p-Xylene 25 9 20
Styrene 31 12 15
o-Xylene 22 15 26
Benzaldehyde 18 15 20

overall desirability will be equal to zero.

3.2. Optimization of the SPE
Global desirability of SPE (DSPE = 0.9563) value was

Copyright © 2013 SciRes.

satisfactory [42,46,47]. SPE extraction efficiency was
very poor for benzene, fluorobenzene and benzaldehyde
which makes difficult to reach acceptable sensitivity and
repeatability of the analytical method. These analytes
were thus not included in the SPE optimization. The four
SPE studied factors were: the sample volume, the elution
volume of acetonitrile, the keeper volume in elution phase,
and the percentage of the evaporation of the extract vo-
lume under nitrogen stream. The minimum and maxi-
mum values of each factor were set after preliminary ex-
periments. The studied range of the sample volume was
set between 250 and 450 mL to ensure high load of ana-
Iytes within a reasonable time. The optimum sample vo-
lume was 330 mL, since higher volumes require not only
more loading time, but lead also to lower yields due to: 1)
an increase of the VOCs loss by evaporation during this
step and 2) a higher breakthrough of the analytes from
the cartridges [48].

The trapped analytes were eluted under optimum con-
ditions: with 10 mL of acetonitrile containing 108 pL of
dodecane. Sample concentration was then carried out
under a stream of nitrogen until 50% of evaporation of
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the extract volume. The efficiency of the acetonitrile vo-
lume on the SPE yields was tested ranging from 10 to 18
mL of the eluent. Despite that high acetonitrile volume
can elute any residual trapped analytes from the cartridge;
the optimum volume was 10 mL (minimum volume) since
highest volumes require additional time of evaporation
under nitrogen stream in the subsequent step. The vola-
tiles analytes are thus lost by evaporation at this final
step, which should be kept at its minimum (50% of sam-
ple volume evaporation found as optimum). The opti-
mum volume of the keeper in the eluent composition was
108 pL, since enough dodecane should be added to re-
duce the evaporation of the analytes during and after elu-
tion. However, higher keeper volume decreases the ana-
lytes solubility in the acetonitrile phase and consequent-
ly decreases the elution efficiency.

3.3. Methods Validation

3.3.1. HS-SPME-GC/FID Validation
The HS-SPME-GC/FID was valid for all the studied ana-
lytes, with good linearity expressed as r* (>0.988), in the
range between LOQ and 100 pg-L™', fulfilling the re-
quirements of the AFNOR NF T 90 - 210 (May 2009).
The precision of the experimental procedures was asse-
ssed at five concentration levels of analytes within the
linearity range (5 replicates). The results of the HS-SPME
showed good intermediate repeatability with relative
standard deviations (RSDr) less than 15% for all the ana-
lytes, within the acceptance criteria (Table 4) [49].
Method accuracy was determined by considering both
systematic and random errors. Accuracy was thus estima-

ted from the uncertainty measurement of the analytical
assay determined from the validation data according the
LGC/VAM protocol and the ISO/DTS 21748 guide [49].
The uncertainty measurement of the HS-SPME was rang-
ing from 0.02 to 15.83.

The limits of quantification are the lowest concentra-
tion of analytes that can be determined These quantita-
tively with an acceptable level of precision. limits were
validated following the ANOR XP T 90-210 recommen-
dations and their values were with HS-SPME far lower
than MCLs, allowing the determination of these contami-
nants in bottled drinking water, with respect to the US
EPA and WHO regulations (Table 4).

The method recoveries were determined using spiked
water samples that were extracted and analyzed by GC/
FID under the optimized conditions. The recovery values
obtained ranging from 90% - 117% for all the analytes
by HS-SPME in the concentration range between LOQ
and 100 pug-L™" are very satisfactory.

3.3.2. SPE-GC/FID Validation
SPE-GC/FID validation results are summarized in Table
4. This method was valid following AFNOR NF T 90-
210 (May 2009) criteria for only four analytes (ethylben-
zene, m/p-xylenes, styrene, and o-xylene) with 1* > 0.998
in the range between LOQ and 250 pg-L™'. The inter-
mediate repeatability of the SPE was also acceptable for
the four valid analytes with RSDr less than 16%. The
lowest uncertainty measurement of the SPE was 3.60 for
styrene (Table 4).

SPE does not provide enough sensitivity for most of

Table 4. Validation of the analytical methods (AFNOR NF T 90 - 210) for the VOCs in water and their MCLs.

mape 100 VR pgoas RSP Ry Meswomen  MCLOSLD
(gL ge % uncertainty US-EPA WHO
Benzene 0.5 0.51-100 0.9989 0.6-14 97-117 0.31-1.47 5 10
Toluene 1.1 1.1-100 0.9981 2-9 95-109 0.06 - 7.72 1000 700
Chlorobenzene 0.5 0.05 - 100 0.9880 3-14 97-109 0.03-9.99 - -
Ethylbenzene 1.5 1.5-100 0.9980 2-10 90 - 105 0.02 - 4.41 700 300
HS-SPME
m/p-Xylenes 1.6 1.6 - 100 0.9885 2-15 94 -111 0.03-11.91 10.000 500
Styrene 0.2 0.17 - 100 0.9960 1-7 95-110 1.35-15.83 100 20
0-Xylene 0.3 0.28 - 100 0.9932 3-12 90-115 1.31-9.33 10.000 500
Benzaldehyde 1.2 1.22 - 100 0.9984 3-5 93-113 0.81-4.72 - -
Ethylbenzene 70 70 - 250 0.9984 6-12 85-117 9.54 - 13.08 700 300
\ m/p-Xylenes 70 70 - 250 0.9983 6-14 87-116 5.04-15.20 10.000 500
SPE Styrene 50 50-250 0.9989 4-9 90-115 3.60-13.71 100 20
0-Xylene 50 50-250 0.9991 6-16 88-117 5.39-9.80 10.000 500
*The SPE-GC/FID was not valid for benzene, toluene, chlorobenzene, and benzaldehyde.
Copyright © 2013 SciRes. AJAC
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the analytes. LOQ was higher than MCL for styrene am-
ong the four valid analytes, following only USEPA stan-
dards (not WHO). SPE provides wider range of recove-
ries than HS-SPME ranging from 85% to 117% for the
valid four analytes and for higher concentration levels
(<50/70 - 250 pg-L™'>) (Table 4).

When comparing the validation criteria of both me-
thods and in the response to the essential need of high
sensitivity to monitor traces of VOCs in bottled water, it
is obvious that the SPE is less preferment than HS-SPME
to be applied for VOCs screening in different bottled
waters and to assess the migration of these molecules
from packaging to the bottled water under several condi-
tions of storage.

3.3.3. VOCs Background in the Blanks

Blank samples were analyzed to determine the VOCs
concentrations as background levels that should be taken
into account for LOQs determination as well for reco-
veries calculation. The main problem was that VOCs are
found in blanks of ultra-pure water under our laboratory
conditions. Blank chromatographic injections were made
to ensure the absence of VOCs in the apparatus. Their
detection in the blank chromatograms may be attributed
to their presence at low levels in the ultra-pure water or
due to contamination during the analytical procedural
stages.

With SPE, traces of ethylbenzene, xylenes, and styrene
were found in the blanks with the styrene found at the
highest peak areas. With SPME, traces of almost all of
the VOCs were found in the blanks with highest peak
areas for toluene and m/p-xylenes. However, all com-
pounds are, when found in the blanks, at very low amounts
and not quantified. Their peak areas were subtracted from
the corresponding ones in real samples.

3.4. VOCs Screening

A total of 43 different PET-bottled water samples were
analyzed along with 11 PC-bottled water samples to
assess the contamination of waters with VOCs. Glass-
bottled water (n = 2) was taken as reference, and compa-
rison was carried out with tap waters (n = 6) to assess the
global environmental contamination of drinking waters
with the target analytes. The results of the HS-SPME
analysis (Table 5) showed no contamination with all the
analytes using the glass as packaging material. Analyzed
tap water samples were contaminated only by toluene
and m/p-xylenes below the LOQ and therefore far below
their MCL, showing the safety of the Lebanese tap
waters for human health with regards to VOCs. In plas-
tic-bottled waters, benzene, chlorobenzene, styrene and
benzaldehyde were not detected in all the samples what-
ever the plastic packaging is (PET or PC). Toluene was
detected in all the samples but all concentrations were

Copyright © 2013 SciRes.

below the LOQ, similar to tap waters; thus the HS-SPME
results confirm the presence of toluene in bottled waters
in the same manner as obtained previously [25,50]. The
source of contamination with toluene cannot be well
established, since this pollutant is widely detected in the
environmental waters, and all the concentrations in bot-
tled waters are below the LOQ making difficult the study
of migration under realistic conditions.

Ethylbenzene was detected in 13 over 43 PET-bottled
waters and in 10 over 11 PC-bottled ones; whereas o-
xylene was detected in 4 of the PET-, and in 9 of the PC-
bottled waters. Ethylbenzene as well as toluene, benzene,
and styrene are aromatic hydrocarbons that are com-
monly identified in PET samples subjected to tempera-
tures between 200°C and 300°C due to thermal degra-
dation [3,51]. However, in our study, no correlation was
found between the detection of the aforementioned four
VOCs, since when ethylbenzene and toluene are detected
in PET-bottled waters, no traces of either benzene, or sty-
rene are detected. The high volatility of benzene might
be one of the reasons that cause its loss from bottled wa-
ters, either by diffusion through the plastic pores, or by
volatilization at the direct opening of the bottle. m/p-
xylenes are detected at concentrations below their LOQ
in all PET- and PC-bottled waters. P-xylene is considered
as residue from the production of tetrephtalique acid or
its ester, the dimethylterephtalate (raw materials required
to synthesis PET). Similarly, this VOC is part of not
intentionally added substances (NIAS) that result often
from PET degradation during its manufacturing process
[52].

Even if some bottled waters were contaminated by the
studied molecules, all the concentrations were far below
their MCLs, showing that the Lebanese bottled waters
are safe for human consumption close to tap waters, in
respect to the VOCs contamination. However, the oc-
currence of the aforementioned contaminants in tap wa-
ters deserves future and continuous monitoring of the un-
packed waters to assess any increase in their concen-
trations that could be harmful for public health.

3.5. VOCs Migration Study

In order to assess the influence of storage conditions of
bottled waters on the VOCs migration from the PET ma-
terial to the mineral water, the total of 20 PET-bottled
waters were analyzed after their storage during 5 months,
either at room temperature in dark, or under daily sun-
light. Glass bottled waters were taken as reference and
were stored with the aforementioned samples, under same
conditions. Benzene, cholorobenzene, and benzaldehyde
were not detected in all the analyzed samples (Table 6).
Toluene was found in all the samples (<LOQ) independ-
ently on the storage conditions; the effect of sunlight and
heat on toluene migration from PET is thus not obvious.
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Table 5. Concentrations range of VOCs (ug-L™") in the water samples by HS-SPME-GC/FID.

Packaging PET Without Glass PC
Bottle size (L) 0.33 0.5 1 1.5 2 6 Tap water 0.75 18.9
Number of 3 15 2 6 12 5 6 2 1

replicates
Benzene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Toluene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ n.d. <LOQ
Chlorobenzene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ethylbenzene <LOQ <LOQ n.d. n.d. n.d <LOQ n.d. n.d. n.d.-<LOQ
m/p-Xylene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ nd. <LOQ
Styrene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
o-Xylene <LOQ n.d. n.d. n.d. n.d. <LOQ - 0.93 n.d. n.d. n.d.
Benzaldehyde n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Table 6. VOCs concentrations (ug-L™") in bottled waters depending on the storage conditions.
Solar sunlight Dark
PET Glass PET Glass
Size (L) 1 1.5 2 0.75 1 1.5 2 0.75
Ij:;nhlzze‘;f 2 3 5 1 2 3 5 1
Benzene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Toluene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Chlorobenzene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ethylbenzene <LOQ-2 <LOQ-1.8 <LOQ n.d n.d <LOQ <LOQ n.d.
m/p-Xylene <LOQ-2.2 <LOQ-2.2 <LOQ nd <LOQ <LOQ <LOQ n.d.
Styrene <LOQ <LOQ n.d. n.d. n.d. n.d. n.d. n.d.
o-Xylene <LOQ-1.1 <LOQ-1 <LOQ n.d. n.d. <LOQ <LOQ n.d.
Benz-aldehyde n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Styrene detection in samples after solar exposure cannot
be attributed to migration since this compound remains
below LOQ. Sunlight seems to promote only ethylben-
zene and xylenes migration from PET bottles, since quan-
tifiable concentrations were determined after 5-months of
samples exposure to sunlight. However, the concentra-
tions remain far lower than the MCLs, with no consider-
able risks on human health. These contaminants have
been previously quantified in other bottled waters at high-
er concentrations [25].

According to the Commission Directive 2002/72/EC,
the safety of plastic materials such as PET intended to
come into contact with foodstuffs (i.e. mineral water)
should be assessed by means of specific migration tests.
For this purpose, a total of 10 samples were analyzed
freshly after collection and 10 similar samples were in-
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cubated at 40°C during 10 days then analyzed and the re-
sults were compared. Extended period of exposure until
20 days was also studied. The results in Table 7 showed
no significant and quantifiable increase in the migration
of the VOCs after 10 and 20 days of storage at 40°C.

The o-xylene quantified at an average of 0.9 ug-L™" at
day 10, is expected to reach 5.4 ug-L™" (when multiplied
by a factor of six following Crank equation), after 1 year
of usual storage (2002/72/EC), but still below its MCL.

Similar safety of the Lebanese PET used to bottle wa-
ters in respect to VOCs migration was demonstrated in a
previous article with Head space trap GC/FID [50].

4. Conclusion
The HS-SPME-GC/FID was valid (Afnor NFT 90-210
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Table 7. Assessment of the migration of VOCs from PET to
bottled waters when stored in the oven at 40°C.

Concentrations range (ug-L™) -n=10

I““gi’r‘l‘:"“ Day 0 Day 10 Day 20
Benzene n.d. n.d. n.d.
Toluene <LOQ <LOQ <LOQ

Chlorobenzene n.d. n.d. n.d.
Ethylbenzene <LOQ <LOQ <LOQ
m/p-Xylene <LOQ <LOQ <LOQ
Styrene n.d. n.d. n.d.
o-Xylene <LOQ-093 <LOQ-0.89 <LOQ-0.J91
Benzaldehyde n.d. n.d. n.d.

(May 2009)) under optimized conditions: 0.2 g-rmL™" of
NaCl; extraction during 31 min at 25°C; Headspace vol
ume of 10 mL in a 20 mL vial, to analyze the studied
VOCs with LOQs ranging from 0.2 (styrene) to 1.6 pg-L™
(m/p-xylenes), which are far lower than their MCLs.
SPE-GC/FID showed poorer performances, even after
optimization using CCD, with LOQ above 50 pug-L™"' for
the validated molecules (4/8 VOCs). All analyzed sam-
ples were not contaminated with benzene, chlorobenzene,
styrene and benzaldehyde, similarly to tap waters. The
contamination with the other VOCs when occurs was at
very low concentration levels, below the LOQ. The sa-
fety of the Lebanese drinking waters is thus proved in
respect to VOCs analysis. Analysis performed on PET-
bottled waters stored at 40°C for 10 and 20 consecutive
days did not show any significant VOCs migration and
the packaging can be considered safe at its expiry date
(Directive 2002/72/EC). The exposure to sunlight during
5 months seems to promote the migration of ethylben-
zene and xylenes, but their concentrations in bottled wa-
ters remain below the MCLs.
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