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Abstract

Combining headspace (HS) sampling with a needle-trap device (NTD) to determine
priority volatile organic compounds (VOC’s) in water samples results in improved
sensitivity and efficiency when compared to conventional static HS sampling. A 22
gauge stainless steel, 51-mm needle packed with Tenax TA and Carboxen 1000
particles is used as the NTD. Three different HS-NTD sampling methodologies are
evaluated and all give limits of detection for the target VOC’s in the ng-L™' range.
Active (purge-and-trap) HS-NTD sampling is found to give the best sensitivity but
requires exhaustive control of the sampling conditions. The use of the NTD to collect
the headspace gas sample results in a combined adsorption/desorption mechanism. The
testing of different temperatures for the HS thermostating reveals a greater desorption
effect when the sample is allowed to diffuse, whether passively or actively, through the
sorbent particles. The limits of detection obtained in the simplest sampling
methodology, static HS-NTD (5mL aqueous sample in 20 mL HS vials, thermostating
at 50°C for 30 minutes with agitation), are sufficiently low as to permit its application to
the analysis of 18 priority VOC’s in natural and waste waters. In all cases compounds

were detected below regulated levels.
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1. Introduction

The contamination of water supplies is a growing cause of environmental and health
concern. The US Environmental Protection Agency’s (US-EPA) National Water
Quality Inventory of 2004 [1] identified agriculture, atmospheric deposition,
construction, habitat alteration, hydromodification, and industrial activity as the largest
sources of pollutants in rivers, lakes, and estuaries in the United States. One of the most
ubiquitous families of contaminants is volatile organic compounds (VOC’s), which are
emitted as gases from both anthropogenic and biogenic sources. Most of the health
effects described for these compounds are not a result of low level exposure but are
rather associated with occupational exposure, controlled laboratory experiments and
substance abuse [2]. The ability to monitor VOC’s at low levels in environmental

waters will greatly facilitate the study of their possible effects on human health.

As VOC’s are typically present at very low concentrations (i.e. in the range of ng~L'1) in
surface and ground waters, highly sensitive methods of determination are required. The
most sensitive and common methodologies currently used for the analysis of VOC’s in
waters are based on the purge-and-trap (PT) technique [3,4] and solid phase
microextraction (SPME) [5,6] and have detection limits in the range of hundreds of
ng-L'l. However, these detection limits are still too high for the accurate determination
of VOC’s in natural waters. A report by the US Geological Survey [7] showed that only
in ~19% of the ground-water samples analyzed in aquifer studies (from 3,498 wells)
was it possible to detect the presence of one or more VOC’s at an assessment level of
200 ng-L'1 but this increased to ~51% (from 1,687 wells) when a method with a

detection limit of 20 ng-L™" was used.

The current trend is to develop methods that are not only more sensitive, but which are
also fast, reproducible, accurate, automated, environmentally friendly, and portable for
on-site use [8,9]. In-tube or in-needle sorptive extraction methods are approaches based
on dynamic headspace (HS) that have been developed to overcome the relatively limited
concentration capacity of SPME [10]. Needle-trap devices (NTD’s), summarized details
of which can be found in several recent reviews [8,11-14], use blunt hypodermic
needles packed with an appropriate sorbent and allow laboratory automation and on-site

sampling as well as coupling to analytical instrumentation [14].
3
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NTD’s present different advantages: (i) robustness and adaptability to different
sampling methodologies, (ii) simplicity and relatively low cost as no specific additional
instrumentation is required, and (iii) a high level of efficiency and sensitivity enabling

the detection of target VOC’s at low ng-L™" levels with small sample volumes [15].

NTD’s have mostly been used for the analysis of gaseous samples and their application
to HS analysis of water is still limited. When used, HS sampling has typically been
active (i.e. purge-and-trap) [9,16-18] although there are a few cases where it has been
static [9,19,20]. In all these studies, benzene, toluene, ethylbenzene and xylenes

(BTEX) were the target compounds and real samples were rarely evaluated [18-20].

In the present study we have evaluated and compared the behavior of NTD’s for the
analysis of 18 VOC'’s taken from the lists of priority pollutants given in the US Clean
Water Act [21] and EU Directive [22] (Table 1). After evaluating four different
sampling methods, the most appropriate sampling method is selected for the analysis of
aqueous samples from three waste-water treatment plants (WWTP’s) and some natural,

mineral and tap waters.

2. Experimental
2.1. Materials

Carboxen 1000 (60/80 mesh, specific surface area of 1200 m*g™" and a density of 0.47

g'mL'l) and Tenax TA (60/80 mesh, specific surface area of 35 m* g'1 and a density of
0.25 g-mL'l) were used as sorbent materials (Supelco, Bellefonte, PA, USA). Reagents
(purity >97%, Table 1) were supplied by Sigma-Aldrich (Steinheim, Germany).

22-gauge (22G, O.D. 0.71 mm, I.D. 0.41 mm, 51 mm length) stainless steel (metal hub)
needles with point style 5 were from Hamilton (Bonaduz, Switzerland). Gold wire of
100 um diameter (Supelco) was used to prepare the spiral plugs to hold the sorbent
particles inside the needles. HS vials, Teflon/silicone septum and caps were purchased

from Supelco.

Stock solutions were freshly prepared daily by spiking milli-Q water (Millipore Iberica,
Barcelona, Spain) with 50 pL of a methanolic solution containing the compounds at

320-590 mg'L'l. These solutions were transferred to HS vials, filling them to avoid any
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remaining headspace. The vials were then closed and stored at 4°C. Working solutions
were prepared by the appropriate dilution of the stock solution in milli-Q water. In order
to prevent VOC loss during the preparation of the solutions and samples, glass syringes
(Hamilton) were used for sample transfer taking care to avoid the formation of gas

space in the syringes [23].

2.2. Sampling by needle-trap device

Each NTD was prepared by taking a 51-mm long, 22G, stainless steel needle and filling
it with the sorbent materials (Figure 1). The following protocol was used to immobilize
sorbent particles inside the needle [15]: (i) a small piece of spiral plug (five turns) was
fixed in the tip of the needle to prevent sorbent particles from becoming fixed in the
side hole of the needle; (ii) 20 mm of Tenax TA was aspirated first with the help of a
vacuum pump and positioned in the tip of the needle, 10 mm of Carboxen 1000 was
then fixed in the shaft to prevent low volatile compounds contacting the stronger
sorbent, Carboxen, during the sorption and desorption processes, so avoiding memory
effects [24]; (iii) another spiral plug was carefully introduced into the upper position of
the needle until it reached the end of the Carboxen layer. Each NTD was conditioned in
the GC injector at 300°C for 2-3 hours with a permanent helium flow to remove
impurities. Finally, the tip end was sealed with the help of a Teflon septum and the
upper part of the needle was closed with a push-button syringe valve (SGE Europe Ltd,
Milton Keynes, UK) to prevent contamination during storage. This procedure avoids the
use of epoxy resin, which leads to significant levels of impurities in ultra-trace analysis

[15].

A preliminary study highlighted the importance of controlling sampling flow when
using needle traps and found manual sampling to have significant limitations and to
give poor reproducibility [15]. Automatic sampling is therefore recommended for NTD.
A syringe pump (New Era Pump System Inc., Farmingdale, NY, USA) was used to pull
headspace samples through the NTD’s at a fixed flow rate of 2 mL-min™ (Figure 1).

For the evaluation of the different sampling methodologies, we used a fixed 5 mL
sample volume in 20 mL crimp-cap HS vials (Supelco). The four sampling

methodologies compared were: (i) conventional static HS sampling (HS), (ii) static HS
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sampling using the NTD to collect a fixed volume of the headspace (HS-NTD), (iii)
static HS with passive diffusion through the NTD (pHS-NTD), and (iii) active HS
sampling with the NTD (PT-NTD). In (i), 150 pL of headspace air was drawn with a
gas-tight syringe and injected into the GC-MS in splitless mode. In (ii), 4 mL of
headspace air was drawn into the NTD after equilibration. In (iii), the NTD was placed
in the headspace during the thermostated equilibration process allowing the gases
generated to diffuse freely through the NTD (as in a passive sampler). In (iv), the NTD
was placed in the headspace and a purging needle was guided to a nitrogen gas
reservoir. A constant N, purging flow of 6 mL-min”' was maintained during the process.
The headspace was allowed to move through the NTD by the overpressure generated in

the vial.

Different approaches as to how to transfer the desorbed sorbents into the GC column
have been discussed by Eom and Pawliszyn [25]. The simplest approach, used in the
present study, is to use the desorptive flow produced by the internal air expansion at the
hot desorption temperatures of the GC injector. No modification of the GC inlet is
required as it is only necessary to fit the appropriate liner [15]. The NTD was inserted
into the injection port in the splitless mode for one minute. After opening the split valve,
the needle was kept in the hot injector for at least 10 minutes. Blank runs were carried
out every five samples but no carry over was observed. Figure 1 in Supplementary
Materials shows the extracted chromatogram of a standard mixture under the desorption

conditions described.

2.3 GC-MS analysis

Component separation was achieved by the use of a 30 m long TR-Meta.VOC column
with 0.25 mm L[.D. and 1.5 pm film thickness (Teknokroma, Barcelona, Spain). A Focus
GC (Thermo Scientific, Waltham, MA, USA) with a mass spectrometer detector (DSQ

II, Thermo Scientific) was used.

The injector (desorption) temperature was maintained at 300°C to ensure complete and
fast desorption of target VOC’s [15,26,27]. The oven temperature program was 40°C for
2 min, then ramped at 10°C-min™" to 225°C and held for 2 min. Helium carrier gas was

used with a constant inlet flow of 0.8 mL-min™" after purification for water vapor,
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hydrocarbons and oxygen. MS analyses were carried out in full-scan mode with a scan
range of 40-250 u. Electron impact ionization was applied at 70 eV and the transfer line
was maintained at 230°C. Chromatographic data was acquired by means of Xcalibur
software (v. 1.4, Thermo Electron). Single quantification for each VOC was performed
by analyzing the corresponding extracted ion chromatograms (XIC) at the m/z values

given in bold in Table 1.

2.. Water samples

Three urban WWTP’s (Castell-Platja d’Aro, Palamés and Blanes), located on the Costa
Brava in north-eastern Spain, were evaluated. The treatment process includes grit
removal and screening, primary settling and activated sludge biological processing in all
plants. The main differences between the plants are in the water reclamation treatment:
at Castell-Platja d’Aro WWTP this consisted of disinfection with UV light and
chlorination, at Palamos it just consisted of chlorination, and at Blanes the treatment

system was not in service during the sampling period.

Sampling was performed during April and June 2011. Three samples were taken each
sampling day, collected in independent vials, stored at 4°C, and analyzed within 24
hours. Other water samples evaluated were obtained from a natural stream (La Tordera
stream, sampling downstream from the Blanes WWTP), tap water and commercial

mineral waters.

3. Results and Discussion
3.1. Comparison of sampling methods

Conventional static HS was evaluated and compared with the other three sampling
strategies using NTD’s. Different working solutions ranging from 20 to 0.002 pg-L™ for
six target compounds were prepared and measured with the four methodologies. Table 2
shows the lowest concentration detected (LCD’s) obtained with the target VOC’s. LCD
values correspond to the minimum concentration giving a peak in the chromatogram

with a signal-to-noise ratio >5.
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The use of the needle-trap resulted in a significant concentration factor that led to a
reduction in the LCD’s (1-2 orders of magnitude between HS and HS-NTD). When the
NTD was placed in the headspace during the thermostated equilibration process (pHS-
NTD), LCD’s were still lower than those obtained with conventional static HS, but
higher than those achieved with HS-NTD. Using this sampling methodology, the
passive diffusion occurring during the heating process allowed a portion of the VOC'’s
to be retained by the NTD. However, as will be seen in the following sections, the time
needed for this sampling methodology to reach maximum efficiency is much longer
than the 50 min used here. The active sampling (PT-NTD) gave the best results for

sensitivity, and LCD’s decreased to the units of ng'L'1 range.

Ridgway et al. [28] evaluated a different needle-trap methodology, known as solid-
phase dynamic extraction (SPDE), and also found that HS-SPDE increased the
sensitivity for BTEX when compared with static HS. However, the use of a PDMS
coating in that study resulted in highly volatile compounds giving a poor response in

HS-SPDE.

It is clear that the use of NTD’s with appropriate sorbent material gave improved
sensitivity, reaching limits of detection in the range of a few ng-L™". This presents two
advantages: firstly, it is several orders of magnitude below the regulated values for
VOC'’s in drinking, natural and waste waters (benzene, due to its carcinogenic risk, has
regulated values of between 1 [29] and 5 ;,tg'L'1 [30] for drinking waters and 50 ;,tg-L'1
for surface waters [22]), and, secondly, the ability to detect VOC’s at very low ranges
makes it possible to determine a high percentage of these compounds in water samples
and so provides more accurate information as to their content. Taking into account these
preliminary results, a more detailed evaluation of the adsorption/desorption mechanisms
involved in each sampling procedure was performed before selecting the most

appropriate analytical method.

3.2. Static HS-NTD sampling

The main advantage of needle traps is that VOC’s are retained by an adsorption
mechanism. By increasing the extraction temperature, the amount of analytes in the

headspace is increased so improving the sensitivity of the method. However, some
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sensitivity is also lost due to the fact that the increased temperature results in a partial
desorption of the VOC’s from the sorbent particles of the NTD. The combined
adsorption/desorption mechanism therefore requires an accurate determination of the
thermostating temperature to find the optimum sampling conditions when working with

NTD’s.

Previous studies analyzing BTEX using divinylbenzene [9] and Carbopack X [20] as
sorbents showed that breakthrough for benzene occurred at temperatures above 40°C,
but that increased temperatures resulted in greater sensitivity for the other BTEX. We
compared the results obtained by thermostating at 35°C and 50°C for 60 minutes. It was
found that all 18 VOC’s evaluated gave better sensitivity at 50°C. The increase obtained
for the most volatile compounds (dichloromethane and chloroform) was ~60%. The
response increased by 70% in the case of benzene, 90-100% for 1,2-dichloropropane,
toluene and chlorobenzene, and 120-130% for the other less volatile compounds. The
reduced increase observed for the most volatile compounds may be attributed to the
breakthrough described in previous studies [9,20]. Increasing the temperature had the
opposite effect on the repeatability. Precision was better at 35°C (RSD ranging from 3%
for 0-xylene to 15% for dichloromethane, n=3) than at 50°C (RSD from 8% for
naphthalene to 24% for propylbenzene, n=3). Taking into account that (i) methods with
low detection limits are required for the analysis of VOC’s in waters and (ii)
repeatability obtained at 50°C was adequate when working at the ng-L™ range, a
compromise thermostating temperature of 50°C was selected for further static HS-NTD

studies.

A second parameter evaluated was the equilibration time required to obtain the
maximum sensitivity. It was found that times of around 90 min were required to obtain
the maximum headspace concentration (see Figure 2 in Supplementary Materials),
which is excessive for routine analysis. Moreover, it was found that precision was poor
at larger equilibration times (RSD’s <15% at 30 min, <24% at 60 min and <30% at 120
min).

Continuous mixing is an effective way to decrease the time needed for equilibration .
Moreover, shaking is recommended for the analysis of nonpolar VOC’s when aqueous

solutions exceed 3 mL [23]. The effect of mixing during thermostating was evaluated

and a significant reduction in the equilibration time was observed: <30 min were

9
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enough to reach equilibrium under mixing conditions (see Figure 3 in Supplementary
Materials). The use of shorter equilibration times also resulted in better precision (RSD

ranging from 2% for trichlorobenzene to 15% for 1,2-dichloropropane).

3.3. pHS-NTD sampling

This sampling methodology is based on the passive diffusion of VOC’s through the
sorbent. This process is slow and long equilibration times can be expected. The
evaluation of different sampling times showed a significant increase in the response for
the VOC’s evaluated (Figure 2) and equilibrium was not reached after 150 min of

thermostating.

It was found that the slow passive diffusion of VOC’s along the sorbent trap enhanced
the effect of the temperature in the desorption mechanism described in the previous
section. When sampling at 50°C, competitive desorption of the most volatile compounds
resulted in band broadening along the sorbent bed in the needle trap. This yielded peak
tailing with a shoulder at the back of the peaks for the most volatile compounds (Figure
3). This effect was greater as the volatility of the compound increased and did not allow

quantitative analysis of the most volatile compounds (dichloromethane and chloroform).

The desorption process also resulted in increased breakthrough at large sampling times
for highly volatile compounds. As can be seen in Figure 2, compounds with boiling
points >135°C (ethylbenzene, xylenes and 2-ethyltoluene in Figure 2) gave constant
peak area ratio increases, in line with the sampling time ratio increases. The increase in
toluene (b.p. 110.6 °C) was only constant until a sampling time of ~60 min, longer
sampling times resulted in the breakthrough of this compound. In the case of benzene
(b.p. 80.1°C), the presence of a shoulder in the chromatograms confirmed breakthrough
at a sampling time of 30 minutes. Sanchez and Sacks [31] also found that sampling
VOC’s from gaseous samples with a microtrap at 40°C resulted in less adsorption of the

most volatile compounds than that achieved at room temperature (25£1°C).

3.4. PT-NTD sampling

Dynamic HS, more commonly known as purge-and-trap sampling, can be used to

increase the sensitivity of headspace sampling. Conventional PT instrumentation
10
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requires cryogenic devices to help focus the trapped VOC’s before they enter the
chromatographic column in order to reduce band broadening. When analyzing aqueous
samples, water content in the headspace is also trapped and may even block the
capillary column by ice formation due to the large amounts of water retained. Thus,
sampling times ~10 min are typically used to reduce the problem with water unless
sophisticated methods for water removal are used [23]. When NTD’s have been used to
trap VOC’s from aqueous solutions, water has not been found to be a significant

problem [9,18-20].

As in the previous sections, we evaluated the effect of sampling time and temperature
by PT-NTD sampling. The use of an N, purge at 6 mL-min™ helped to reduce the
equilibration time (Figure 4) (45-60 min at 33°C as compared to >150 min with pHS-
NTD) and the limits of detection (see section 3.1).

The same desorption mechanism described in previous sections was found with PT-
NTD sampling. Breakthrough took place for those VOC’s with boiling times <100°C
after 45-60 min at the two temperatures evaluated (33°C and 50°C) (Figure 4d). Toluene
(b.p. 110°C) only showed breakthrough after 60 min at 50°C and no breakthrough was
observed at 33°C (up to 90 min). Other less volatile compounds did not show

breakthrough at any of the temperatures evaluated.

. Repeatability experiments were performed by analyzing three independent sample
vials at 0.6-1.1 ug-L™" for each compound. As can be seen in Table 3, RSD’s obtained
when purging at 50°C were higher than those at 33°C. Moreover, repeatability values
were independent of the purging time when thermostating at 33°C but were strongly
dependent at 50°C, as can also be observed by the larger error bars obtained at the
longer purging time in Figure 4. These results agree with those obtained by Eom at al.
[9] using sequential purge-and-trap sampling with an NTD. These authors found that no
breakthrough occurs for BTEX at 23°C, but that breakthrough for benzene took place at

temperatures >40°C, and for toluene at >60°C.

Taking into account the mechanism involved with these sampling methodologies, it is
recommended either to sample at low temperatures or cool the needle-trap during the
process for the analysis of highly volatile compounds. The first approach is
instrumentally simpler but has the major limitation that the sampling time required to

reach equilibrium and to obtain limits of detection (LOD) below those achieved with
11
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static HS-NTD increases significantly. The second approach requires the development
of more complex instrumentation and was not evaluated in the present study. Static HS-
NTD, however, has shown adequate results for analyzing VOC’s in natural and
wastewaters with LOD’s below regulated levels using simple and robust

instrumentation.

3.5. Figures of merit of the HS-NTD sampling methodology

Static HS-NTD (5 mL sample in 20 mL HS vial, f=3.0) without stirring (50°C for 60
min) and with mixing (50°C for 30 min) were evaluated. Calibration standard mixtures
(n=8) in the range 0.01 to 50 ;,tg-L'1 for each compound were analyzed applying both
methods. Chloroform and dichloromethane were excluded from the calibrations to avoid

contamination as they are solvents that are commonly used in adjacent laboratories.

Table 4 shows the figure of merits obtained in these experiments (see Table 1 in
Supplementary Materials for figures of merit corresponding to PT-NTD). LOD’s were
calculated by measuring a standard at 0.1-0.3 ug-L” (n=3), taking the SD obtained as
the SD of the blank (SDpjank) and applying the 3SDyjnk criteria. Moreover, positive
detection was confirmed by preparing a standard at the calculated value and measuring
it with the HS-NTD method (n=2). A signal-to-noise ratio >3 was obtained for all the
compounds at the LOD’s proposed. Limit of quantification (LOQ) values correspond to
the first standard following a linear trend in the calibration curves and giving a peak
>10SDplank- The higher limits obtained without mixing the solutions were mainly due to
the greater RSD’s obtained at the longer thermostating times required in this sampling
mode. Linearity was confirmed for both methods in the range of LOQ to 50 ;,tg-L'1 by
evaluating residual distribution. Good fits were achieved for all compounds (R*>0.96).
Mixing the solution during the thermostating was selected for the evaluation of the
water samples as it resulted in reduced sampling time, improved precision and lower

LOD’s.

Recoveries, repeatability and reproducibility were evaluated with the mixing HS-NTD
method (Table 5). Samples obtained at the effluent of the tertiary treatment from one of
the WWTP’s and fortified at the levels indicated in Table 5 were used for these

measurements. Recoveries were obtained after the analysis of a WWTP sample before

12
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and after fortification using the same NTD (n=3). Repeatability was determined after
consecutive analyses of three fortified samples. Reproducibility values were obtained
after the analysis of the same fortified sample with five different NTD’s. All
compounds gave repeatability and reproducibility values within the precision limits
suggested by the AOAC for single laboratory validation (maximum recommended RSD
of 15% and 32% respectively) [32]. Recoveries obtained were also adequate
(recommended limits 70-125% at 10 ppb range) for all compounds except for

n-butylbenzene, which gave a 50% recovery.

The analytical “life” of an NTD was evaluated. It was found that it strongly depends on
the conditioning time used at the hot injector. When the needle trap was maintained in
the injector (300°C) for 20 minutes for cleaning, an average life time of 70 consecutive
analyses were obtained for repeatable figure of merits (n=5). If the conditioning time
was decreased to 10 minutes, the life time of the needle trap was increased to around
100 analyses (n=4). This value represents a limitation when compared with the most
recent SPME fibers, which allow about 200 samples in headspace. A careful evaluation
of the conditioning and maintenance conditions can significantly increase the life of the
needle traps. Sanchez and Sacks evaluated a capillary trap that performed efficiently for

more than 500 consecutive samples [31].

3.6. Analysis of water samples

Table 6 shows the minimum and maximum concentrations found in each WWTP at the
different sampling points. Those VOC’s that were not detected in any sample (1,2-
dichloropropane, chlorobenzene, 2-chlorotoluene, and 4-chlorotoluene) have been left

out of Table 6.

Although these are preliminary analyses to confirm the applicability of the needle-trap
methodology, some trends can be observed from the results obtained. Firstly, all
WWTP’s gave similar VOC levels. This agrees with the information obtained from the
plants, which only receive domestic wastewaters, with no industrial inputs, and have
similar equivalent populations for each plant (175,000 habitants for Castell-Platja
d’Aro, 165,450 for Palamds and 109,985 for Blanes). Secondly, the compound present

at the highest levels in all samples was toluene, which was also the VOC present at the
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highest concentrations in atmospheric air in the surrounding areas of the plants (data not
shown). Thirdly, the levels detected for VOC'’s at the effluent of the plants represent a
significant reduction of these compounds except for the most volatile compound

(benzene), which showed similar levels at all sampling points within any one WWTP.

Other water samples analyzed correspond to a natural stream, tap water and commercial
mineral waters. After evaluating three samples for each type of water, the only
compound found to reach quantifiable levels in all samples was toluene (mean
concentrations were 0.05, 0.04 and 0.12 ug-L'1 for tap, mineral and natural stream
waters respectively). Ethylbenzene was detected in the three types of waters, p-xylene
was detected in tap water and the natural stream, and n-butylbenzene and naphtalene

were only detected in the natural stream.

The results obtained confirm the applicability of the needle-trap methodology and show
that all samples presented levels of VOC’s that were below regulated levels and in
accordance with environmental quality standards [22]. In the case of wastewaters,
toluene, the compound found at the highest level (11.13 ug'L'l) did not reach the
recommended maximum concentration set by Spanish regulations (50 ug-L™) at the
effluent of the plants . The results obtained are broadly similar to levels detected in
other studies evaluating VOC’s in WWTP’s [33-37], where only a few industrial plants
occasionally showed higher values, especially for toluene, at influent sampling points

[33,35,37].

For surface and drinking waters, the levels of toluene detected agree with those found in
the literature (usually <0.5 pg-L™' for drinking waters) and are well below tolerable
daily intakes set for drinking waters by the World Health Organization (70 ug~L'1) [38].
The fact that benzene was not detected confirms that this compound is also below

regulated levels [29,30].

4. Conclusions

The combination of needle-trap devices and headspace sampling has given improved
method sensitivity, allowing LOD’s in the range of ng-L™ to be reached. It should be
noted that these limits are slightly below the LOD’s reported with conventional PT
[3,33,34] and the SPME [35] method.
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The simplicity of the needle-trap technique allows for the fast analysis of VOC’s in
aqueous samples. Of the different sampling methodologies compared, static HS-NTD
and PT-NTD were found to give the best results. HS-NTD results in simpler sampling
as it does not require the use of any extra instrumentation. PT-NTD requires a more
exhaustive control of the thermostating process due to the adsorption/desorption
mechanism that takes place simultaneously on the sorbent surface. Using this sampling
methodology, purging at temperatures above 40°C increases the possibility of
breakthrough for those VOC’s with boiling points <100°C. However, the larger
concentration factor that can be achieved with PT-NTD leads us to conclude that
detection limits in the range of pg-L'1 can be expected once an efficient automatic

sampling procedure has been developed.
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Figure Captions

Figure 1. Scheme of an NTD (left) and the system used for HS-NTD sampling (right).
A: spiral plug; C: Carboxen 1000; T: Tenax TA.

Figure 2. Sampling heating time profiles for VOC analysis by static pHS-NTD
sampling. Experimental conditions: standards at 2-3 ug~L'1 range, thermostating at

50°C. Y-axes values normalized to the peak areas obtained after 30 min thermostating.

Figure 3. Extracted chromatograms (XIC) from a standard analyzed by pHS-NTD. (a)
XIC at m/z=78 (benzene), (b) XIC at m/z=91 (toluene). Experimental conditions:
standard at 2-3 ug'L'l, thermostating for 60 min at 50°C.

Figure 4. Sampling heating time profiles for VOC analysis by PT-NTD sampling. (a) 2-
ethylbenzene, (b) 0-xylene, (c) 1,2,3-trichlorobenzene, and (d) 1,2-dichloropropane.
Experimental conditions: standards at 2-3 pg-L™' range, N, purging at 6 mL-min™" at

50°C, 3 replicates at each sampling time.

Table 2. Experimental lowest concentrations detected (LOC’s) with the four sampling methods

evaluated.
LOC (ug-L™)
Compound
HS HS-NTD @ pHS-NTD" PT-NTD®
benzene 5.0 0.04 1.0 0.002
toluene 0.6 0.01 0.1 0.002
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527
528
529

530

ethylbenzene 0.5

p-xylene 15
o-xylene 0.7
2-ethyltoluene 1.0

0.01

0.01

0.01

0.02

0.1

0.1

0.1

0.2

0.002

0.002

0.002

0.002

250 min equilibration at 50°C, then sucking 4 mL headspace through the NTD at 2 mL-min™*

® passive diffusion during 50 min at 50°C

® 45 min equilibration at 50°C with a N, purge at 6 mL-min™
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*Highlights

Highlights
1. Headspace sampling with an NTD to determine priority VOC’s in water is

studied.

2. Needle-trap extraction gives better sensitivity and efficiency compared
with HS.

3. LOD’s at ng/L are easily achieved by concentration of a HS sample with an
NTD.
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Table 1

Table 1. Volatile compounds evaluated.

Compound name Retention time Characteristic b.p.
(min) masses * (°C)
1 dichloromethane 3.90 49, 84, 86 39.8
2 chloroform 5.58 83, 85 61
3 benzene 6.67 77,78 80.1
4 1,2-dichloropropane 7.52 63, 112 95
5 toluene 8.99 91,92 110.6
6 chlorobenzene 10.94 77,112,114 131
7 ethylbenzene 11.01 91, 106 136
8 p-xylene 11.10 91, 106 138.3
9 0-xylene 11.75 91, 106 144
10 propylbenzene 12.83 91, 120 159
11 2-chlorotoluene 13.11 91, 126 159.2
12 4-chlorotoluene 13.17 91, 126 161.9
13 2-ethyltoluene 13.47 105, 120 165.2
14 n-butylbenzene 14.74 91,134 183
15 1,2-dichlorobenzene 15.00 111, 146, 148  180.5
16 1,2,4-thrichlorobenzene  17.53 180, 182 214.4
17 naphthalene 17.98 128 218
18 1,2,3-trichlorobenzene 18.34 180, 182 218.5

# primary quantitation ion is given in bold
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Table 3

Table 3. Repeatability values (RSD, n=3) obtained with the PT-NTD method at two
thermostating temperatures and purging times. N, purging at 6 mL-min™.

Thermostating temperature

Concentration 50°C 33°C
Compound 1 _ _

(ug-L™) Purging time Purging time

15 min 60 min 15 min 60 min

benzene 1.1 23 % >40 % 14 % 10 %
toluene 0.6 25% 35% 14 % 12 %
ethylbenzene 0.7 21 % 17 % 11 % 8 %
p-Xylene 0.6 23 % 22 % 8 % 15%
0-xylene 0.6 19 % 14 % 14 % 14 %
2-ethyltoluene 0.6 17 % 21 % 15 % 14 %
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Table 4

Table 4. Linearity parameters, determination coefficients (R?) and limits of detection (LOD) and quantification (LOQ) for the 16 target VOC’s

with the two proposed sampling methodologies. LOD and LOQ are in ug-L™

Static HS-NTD (no stirring)

Static HS-NTD (stirring)

Compound 6 ) 6 )

slope (SD) (-10°) R LOD LOQ | slope (SD) (-10°) R LOD LOQ
benzene 4.3 (0.3) 0.991 0.22 084 |10(1) 0.981 0.01 0.07
1,2-dichloropropane 2.13 (0.07) 0.985 0.24 1.10 |3.6(0.5) 0.973 0.05 0.09
toluene 6.6 (0.2) 0.975 0.22 0.83 |16(1) 0.987 0.01 0.07
chlorobenzene 4.0 (0.2) 0.967 0.24 1.06 |9.0(0.8) 0.987 0.02 0.09
ethylbenzene 6.9 (0.2) 0.975 0.24 0.83 |18(2) 0.989 0.01 0.07
p-xylene 5.1(0.1) 0.969 0.25 082 |13(1) 0.990 0.01 0.07
o-xylene 6.2 (0.3) 0.986 0.19 082 |15(1) 0.990 0.01 0.07
propylbenzene 7.4 (0.2) 0.975 0.23 082 |23(3) 0.982 0.01 0.07
2-chlorotoluene 4.8 (0.1) 0.983 0.30 1.03 | 12(1) 0.987 0.04 0.09
4-chlorotoluene 4.6 (0.2) 0.969 0.24 1.01 | 11(1) 0.986 0.04 0.08
2-ethyltoluene 8.2 (0.4) 0.989 0.19 0.77 [19(2) 0.989 0.03 0.08
n-butylbenzene 5.2(0.2) 0.969 0.25 082 |17(1) 0.990 0.03 0.07
1,2-dichlorobenzene 3.6 (0.1) 0.964 0.18 1.24 |6.7(0.5) 0.991 0.05 0.10
1,2,4-trichlorobenzene 2.04 (0.05) 0.977 0.19 1.39 |5.4(0.3) 0.996 0.06 0.12
naphthalene 4.2 (0.3) 0.984 0.10 0.77 |5.9(0.4) 0.992 0.03 0.07
1,2,3-trichlorobenzene 1.85 (0.05) 0.985 0.16 081 |3.2(0.2) 0.992 0.04 0.09
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Table 5

Table 5. Recoveries (%, n=3), repeatability (n=3) and reproducibility (n=5) obtained
with the HS-NTD sampling method proposed.

Compound Fortified Recovery® Repeatability® Reproducibility

level

(hoL™) (%) (RSD) (RSD)
benzene 6.98 89 9 25
1,2-dichloropropane 9.16 78 7 23
toluene 6.91 87 5 23
chlorobenzene 8.80 75 12 18
ethylbenzene 6.92 68 9 21
p-Xylene 6.82 83 13 20
0-xylene 6.83 99 10 19
propylbenzene 6.83 63 11 21
2-chlorotoluene 8.58 70 11 22
4-chlorotoluene 8.39 65 11 16
2-ethyltoluene 6.39 70 4 25
n-butylbenzene 6.81 50 8 22
1,2-dichlorobenzene 10.34 71 7 18
1,2,4-trichlorobenzene  11.56 65 4 18
naphthalene 6.47 93 3 18
1,2,3-trichlorobenzene  6.38 98 2 15

#Mean of three consecutive analysis with the same needle-trap.

® Relative standard deviations determined after three consecutive analysis of the fortified

sample with the same needle-trap.

° Relative standard deviations obtained in the analysis of the same fortified sample with

five different needle-traps.
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Table 6

Table 6. Minimum and maximum concentrations found for the target VOC’s (ug-L™) at different sites of the WWTP’s evaluated. Eighteen
samples analyzed for Castell-Platja d’Aro WWTP and three samples for Palamés and Blanes WWTP’s. Those target VOC’s that were not
detected in any sample have not been added to the Table.

Compound WWTP Sampling point
Primary Effluent Secondary Effluent Tertiary Effluent  Chlorination
benzene Castell-Platja d’Aro 0.03-2.16 0.03-2.14 0.03-2.25 d-0.03
Palamos 0.21-0.24 0.37-0.52 0.21-0.53 NA
Blanes d-0.03 d-1.32 NA NA
toluene Castell-Platja d’Aro 2.85-20.01 3.10-32.12 0.72-7.90 0.56-4.19
Palamos 17.72-38.23 6.26-20.91 d-0.07 NA
Blanes 25.43-47.23 0.57-11.13 NA NA
ethylbenzene Castell-Platja d’Aro d-2.61 0.07-2.56 0.08-2.58 0.08-0.11
Palamos d-0.50 nd-d d-0.17 NA
Blanes 0.32-0.53 0.12-0.32 NA NA
p-xylene Castell-Platja d’Aro 0.06-4.31 0.10-4.16 0.13-4.12 d-0.19
Palamos 0.97-2.36 nd-d d-1.22 NA
Blanes 0.91-1.61 0.31-4.26 NA NA
0-xylene Castell-Platja d’Aro 0.31-3.17 0.15-3.10 d-3.09 nd-0.25
Palamds 0.25-0.65 nd-d d-0.31 NA
Blanes 0.26-0.44 0.19-2.00 NA NA
propylbenzene Castell-Platja d’Aro 0.04-2.54 0.31-2.52 0.33-2.52 nd-d
Palamos nd-d nd-d nd-d NA
Blanes 0.32-0.37 d-0.27 NA NA
2-ethyltoluene Castell-Platja d’Aro 0.34-2.07 0.16-2.04 0.06-2.04 nd-0.17
Palamds 0.21-1.51 nd-0.03 0.10-0.29 NA
Blanes 0.30-0.48 0.15-0.20 NA NA
n-butylbenzene Castell-Platja d’Aro d-3.03 d-3.04 0.31-3.03 nd-0.05
Palamos nd-d nd-d nd-d NA
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Blanes 0.25-0.29 0.19-0.20 NA NA
1,2-dichlorobenzene Castell-Platja d’Aro 0.25-1.11 d-0.77 nd-0.76 nd-d
Palamos nd-0.05 nd nd NA
Blanes 0.05-0.40 0.31-0.38 NA NA
1,2,4-trichlorobenzene Castell-Platja d’Aro nd-0.06 nd-d nd-d nd-d
Palamos nd nd nd NA
Blanes nd nd NA NA
naphtalene Castell-Platja d’Aro 0.44-1.53 d-1.51 d-1.51 nd-d
Palamos nd-d nd-d nd-d NA
Blanes 0.05-0.11 d-0.07 NA NA
1,2,3-trichlorobenzene Castell-Platja d’Aro nd-0.41 nd-0.40 nd-0.41 nd
Palamos nd nd nd NA
Blanes nd nd NA NA

d — detected but below LOQ

nd — below LCD
NA - not analyzed
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