Available online at www.sciencedirect.com

science (@horneer

ﬁ‘f G Mass Spectrometry
LSEVIER International Journal of Mass Spectrometry 239 (2004) 171-177

www.elsevier.com/locate/ijms

Membrane inlet proton transfer reaction mass spectrometry
(MI-PTRMS) for direct measurements of VOCs in water

Elena Boscaiffi Michael L. Alexandet, Peter Prazell&r Tilmann D. Mark®*

a|nstitut fiir lonenphysik, Universit Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria
b pacific NW Laboratory, P.O. Box 999, Richland, WA K8-93, USA

Received 25 October 2003; accepted 9 September 2004
Available online 21 November 2004

Abstract

The use ofamembrane inlet proton transfer reaction mass spectrometry (MI-PTRMS) system was investigated for the quantitative analysis of
VOCs directly from water. Compounds playing an important role in environmental, biological and health issues such as methanol, acetonitrile,
acetone, dimethylsulfide (DMS), isoprene, benzene, and toluene have been analyzed both in fresh and salty water. The system shows very
good sensitivity, reproducibility, and a linear response of up to five orders of magnitude. The detection limit for DMS is about 100 ppt and for
methanol is about 10 ppb both in fresh and salty water. The response time of the various compounds across the membrane is on the order of ¢
few minutes. This fast response and the fact that the PTRMS can perform absolute measurements without the necessity of calibration make
the system suitable for on-line and -site measurements of VOCs directly from water.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction isoprene, acetonitrile, acetone, and methanol are other VOCs
that play a central role in the chemistry of the atmosphere,
The analyses of trace contents of volatile organic com- and they may be present in seawater (oceanic uptake) or as
pounds (VOCs) in water, from anthropogenic or biogenic contaminantin ground water. These compounds are produced
sources, are important environmental, biological, and health from car exhaust (benzene, tolueifig) from biomass burn-
issues. Monitoring of such compounds gives a measure ofing (acetonitrile, acetone, and metharjd]) or via vegetation
marine, lake, and river water qualif§] of drinking water emission (isoprengp]. Methanol either exists naturally in
quality or of contamination of ground water. volcanic gases, from vegetation, microbes, and insects, or is
Of all the VOCs present in seawater, dimethylsulfide produced by industrial or biological processes such as de-
(DMS) is the most abundant form of volatile sulfur and it composition of waste, sewage, and slufigjeSince all these
is present in the oceans at concentrations up to 300 nM cor-compounds can lead to potentially harmful human health ef-
responding to 25 ppb in water (with average concentration of fects, and influence the chemistry of the atmosphere, itis quite
1-10nM) as a product of the enzymatic cleavage of dimethyl- important to monitor them not only in the air but also in water.
sulfoniopropionate. Due to its emission into the atmosphere, These VOCs are usually present at low concentration
DMS is well recognized as the main natural source of re- (pphy levels)in natural reservoirs of fresh water and seawater,
duced sulfur in the global troposphd23. Benzene, toluene, and may thus require a preconcentration step before identi-
fication and quantification by conventional techniques, such
as gas chromatography/mass spectrometry. Common meth-
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it requires extended analysis time and carries the risk of con-membrane characterizati¢h?] can be used for measuring
tamination or artifacts. An alternative technique, which does VOCs directly from water. It is demonstrated that this sys-
not require preconcentration, is membrane introduction masstem can perform quantitative measurements with good repro-
spectrometry (MIMS). This is a technique by which sample ducibility and sensitivity, detecting multiple species of VOCs
components are introduced directly into the mass spectrom-at the same time over a large linear dynamic range. Solutions
eter by means of a membrafig8]. In the late 1970s the  of methanol, acetonitrile, acetone, dimethylsulfide, isoprene,
work of Westover et al. indicated that silicone—rubber mem- benzene, and toluene prepared using both fresh and salty wa-
branes are very attractive for monitoring organic compounds ter are used to investigate the properties of the MI-PTRMS
in water because the membrane is impermeable to J@ter system employed here.
but permeable to VOCs. Compared with other sampling and
concentration techniques, MIMS shows great potential for
on-line, on-site, and continuous monitoring of drinking wa- 2. Experimental
ter resources, wastewater outlets, analysis of dissolved gases
in rivers, lakes, oceans (ocean uptake of chemical species) PTRMS instrument (prototype from lonenphysik Instit
[1]. MIMS has already been widely and successfully em- Innsbruck and a commercial one, lonicon, Innsbruck) oper-
ployed for trace gas analysis in water, coupled with different ated at standard conditions (drift tube voltage 600 V; drift
mass analyzer such as quadrupole, ion trap and time-of-flighttube pressure: 2.0 mbar). A schematic diagram of the setup
(TOF) mass spectrometers, and recent reviews of the tech4s shown inFig. 1 Silastic™ (Dow Corning) tubing with
niqgue summarize most of the corresponding reqfis11] dimensions of i.d. 0.30mm, o.d. 0.64 mm, and a length of
Recently MIMS has been combined with a proton transfer 8.2cm was used as interface between the aqueous sample
reaction-mass spectrometer (PTRMS8)] and the resulting  and the drift tube of the PTRMS with a similar setup as used
MI-PTRMS system turned out to be a useful tool for the in a previous study12]. During operation of the system a
characterization of membrane materifil§] and for mea-  water stream is continuously supplied to the membrane in-
surements of high moisturized gases/vapbgg. let via a peristaltic pump (Gilson, Minipul¥ 3) resulting
PTR-MS is a sensitive method for on-line measurements in a continuous flow around the membrane at atmospheric
of trace gases, and has so far been applied to various fieldpressure with a flow rate of 10 ml/min. Sample injection was
ranging from atmospheric chemistry, to food flavor and medi- performed manually and consisted of moving the sampling
cal diagnosticfl4]. The details of the PTRMS instrumentare tube (connected to the peristaltic pump) from a flask contain-
described elsewhef&5-17] Briefly, the method is based on  ing the mobile phase (distilled water) to a flask containing
the reactions of BO* ions, which perform non-dissociative  the solution to be introduced. The analytes will start to per-
proton transfer to most of the common volatile organic com- meate through the membrane and their concentration in the
pounds (VOCs), but do not react with any of the major com- carrier gas will increase until equilibrium is reached. This
ponents present in clean air (i.e.2,N2). The generation  method (continuous flow method) was shown to give better
of the primary HO" ion and the chemical ionization of the quantification performances than the flow injection analysis
VOCs are individually controlled and temporally separated (FIA) [19]. The sample transfer line consisted of Teflon tub-
processes. Thus, online measurements with detection limitsing (1/16in.) connected to short segments of Viton tubing
as low as 10 pptare possible. Another important advantage (ANACHEM, Luton, UK; Tube Isoversic Collard) used for
is that absolute concentrations can be calculated without cal-the peristaltic pump. The inner side of the membrane is di-
ibration or use of standards. This characteristic could makerectly connected to the drift tube of the PTRMS and held
the PTRMS attractive for analysis of trace compounds in wa- at a pressure of approximately 2 mbar. A carrier gas (zero
ter. The PTRMS is an instrument designed for gas analysis
and with the existing set-up it is not suitable for direct lig-

uid sample analysis. Measurements of VOCs in water can be . ﬂ ‘U. Viton tube
made only indirectly by measuring the headspace over the

sample solution with a dynamic method and then calculating 10ml/min

the concentration in the liquid using the air/water partition co- 5 s

efficients[18]. This method was used to measure methanol,
acetone, and acetonitrile beneath the sea suff#cbut it
necessitated sample collection and preconcentration thus not ~ S2mP'e Waste

allowing online and onsite measurements. An alternative way

to take advantage of the capability of the PTRMS to perform d I——I b

sensitive quantitative measurements for online analysis of Carfier—5 —
VOCs dissolved in water is to combine the PTRMS with a gas _m_ PTRMS
membrane inlef12]. Ceepiliey: hello

. . . . fiber membrane
We will show how a combination of a membrane inlet and
PTRMS, recently developed in our labs for gas analysis and Fig. 1. Scheme of MI-PTRMS and sampling setup.

pump
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air) sweeps the inner walls of the membrane at 10 ml/min, = [ ——methanol  ——isoprene

transporting the analytes permeating through the membrane ‘g acetonitrile benzene

to the mass spectrometer. The membrane assembly and the, °°7 vt toluene

sample are kept at room temperature, only the transfer line & 1 FEer—r—
connecting the inner side of the membrane to the drift region ]

is heated up to 60C.

In the work presented here, methanol, acetonitrile, ace-
tone, dimethylsulfide (DMS), isoprene, benzene, and toluene
(Sigma—Aldrich) were detected simultaneously both in fresh
and salty water at various concentrations ranging from
100 ppiy (part per trillion in water) to 1 pp (part per mil-
lion in water). Water solutions were prepared by serial di-
lution of an initial 100 ppry stock solution diluted in water ! |
(distilled water) and seawater. The seawater was prepared 0 10 20 30 40
using a sea salt (Instant Ocean, 10ml in 11 distilled water) Time (min)
commercially available.

All the experiments were performed using selected-ion-
mode (SIM) operation of the PTR-MS.

o
iaal

Concentration inside the membr

Fig. 3. Multiple species, including both polar and non-polar compounds are
detected at the same time. Repeated measurements of a 1068zmpiple
shows good reproducibility.

3. Results and discussion pounds analyzed (see the experimental part) with the same
concentration showed a good reproducibility of the system

The operating conditions for the membrane inlet PTRMS (se€Fig. 3.
system (MI-PTRMS) were initially optimized in order to ob- The seawater matrix contains dissolved electrolytes of
tain reproducible and sensitive measurements. ParticularlyVery high ionic strength§l] and an important step in de-
care had to be taken in assembling the line connecting theVeloping a methodology for analyzing VOCs both in fresh
sample and the membrane inlet in order to avoid air bubbles@nd salty water samples by MI-PTRMS is to determine ma-
in the sample. In fact when air bubbles are present in the trix effects. In a membrane inlet system, the salt and ionic
sample the signal may show discontinuities of momentarily cOmpounds do not pass through the membrane; nevertheless
higher concentrations (seig. 2) instead of a continuous deterioration of the membrane might be expected after pro-
trend as expected. This effect is more pronounced for thoselonged operation. However, the same membrane and setup
compounds having lower solubility in water, i.e. hydrocar- Was used through all the experiments with both fresh and
bons, because of a higher air/water partition coefficient thus Salty water samples for 7-8h of continuous operation for
showing higher concentration in air (bubbles of air) than in Several days, without encountering clogging problems due

water. Repeated measurements of solutions of the seven comt© the salt or memory effects due to the VOCs analyzed or
deterioration of the membrane. This proves that a membrane

inlet can operate for several days without problems in a saline

methanol 400 environment.
acetonitril L
isoprene 3 P
methano
be'mzene ! ! ‘ ! ‘ 200 san | FRESH water | SALTY water| | - acetonitril
}—{O uene | E 1000 ppb,, 1000 ppb,, aceione
| | 1 DMS

Isoprene
benzene
toluene

100+

Concentration inside the membrane(ppb,)

0 10 20 30 40 50 60
Time (min)

Concentration inside the membrane (ppb,)

Time (min)

Fig. 2. When bubbles of air is present in the water samples, discontinuities

may appear. This effectis bigger for hydrophobic compounds as toluene (no. Fig. 4. Comparison of two 1 ppgrsolution in fresh and seawater shows no
2), benzene (no. 3), and isoprene (no. 6). matrix effect due to the salt.
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Table 1
Measured concentrations of seven VOCs in the MI-PTRMS (in ppérsus concentration in fresh and salty water (@pdt room temperature

Concentration in the MI-PTRMS [ppb

pphy 1000 100 10 1 0.125 0.1
Compounds
Fresh water Salty water Fresh water Salty water Fresh water Salty water Fresh water Salty water Fresh water Salty water

Methanol 330 366 039 040 - Q16 - - - -

Acetonitrile 880 941 9.43 956 073 094 009 011 - -

Acetone 470 534 5.00 521 045 056 - - - -

DMS 488 499 513 480 4.77 483 047 050 007 006

Isoprene 62 607 5.80 465 053 052 - Q07 - -

Benzene 204 203 22 189 215 183 019 023 - -

Toluene 303 314 30 287 261 299 028 030 - -

Fig. 4shows as an example the response of various com- Due to the hydrophobic nature of the PDMS membrane
pounds for a concentration of 1000 ppboth in fresh and  employed, polar compounds showed longer rise time and
salty water using a silicone membrane. This experiment did smaller permeation through the membrane than non-polar
not show any matrix effect due to the salt in the seawater. compounds mostly due to polar-polar interactions. Rise time,
The experiment was then repeated with the same mixture ofcalculated between the 10 and 90% of the steady state, ranged
compounds with different concentrations ranging from 0.1 from 2.5to 3 min for DMS, benzene, toluene, and acetonitrile
to 1000 ppky, the results are shown fable 1 and in all the to 4.5-5min for methanol, acetone, isoprene (Ealgle 9.
cases no matrix effect was observed. Since water and seawakl is noteworthy that the rise time of acetonitrile is smaller
ter have different solubility for organic compounds, it would than for isoprene although the former is a polar compound
not be surprising for the nature of the mobile phase to have and the latter is a hydrocarbon not having polar groups. The
an effect. Previous studies have shown no effect due to seaimost probable explanation is that in this case the interaction
water when using a FIA injection mode and very small effect between the alkyl groups of isoprene with the methyl groups
on benzene response when using a continuous flow methof the membrane is stronger than the polar-polar interaction
[1,19]. Our results are thus in agreement with those reported between acetonitrile and the membrgh8]. These consid-
in the literature. erations are true for both fresh and salty water samples, and

As shown already ifrigs. 3 and 4methanol, acetonitrile,  as shown ifTable 2 no seawater matrix effect was observed
acetone, DMS, isoprene, benzene, and toluene could be deen the rise time. From the values of the rise time we can eval-
tected simultaneously both in fresh and in salty wdag. 5 uate that a steady state can be reached quite fast for all the
demonstrates the simultaneous detection of these compoundsompounds of the mixture, allowing eventual use of the MI-
in salty water at concentrations ranging from 10Qpp PTRMS system for online and onsite measurements. Faster
1000 pphy. steady state conditions can be achieved either by increasing
the operating temperature of the membrane (the diffusion
through the membrane becomes faster) or employing a thin-
ner membrane as deducible from the expressions for the flow
rate of a substance through the membridr2e13,20,21]

methanol
1000—5 acetonitrile 1000pph 27LDKC.
}——acetone Fog= —— ¥ (1)
1 pwms In(ro/r1)
1004—— isoprene , e - " '
3 benzene whereD is the diffusion coefficientK the partition coeffi-
] toluene cient,L the length of the membrang) andr; the inner and
10

Table 2
Rise times in water and seawater (i.e. between the 10 and 90% of the steady
state) for a 1000 pgpsolution at room temperature

Ll

gl

Concentration inside the membrane (ppb,)

\ Compound Rise time (min)
0,15 .\ 4 \\' Fresh water Salty water
] \\J Methanol 4.6 4.7
L S L S R [, SR L Acetonitrile 2.4 2.5
0 20 40 60 80 100 120 Acetone 48 4.9
Time (mln) DMS 2.4 2.7
Isoprene 5.4 4.6
. . L . Benzene 2.8 2.3
Fig. 5. Multiple species in salty water are detected simultaneously over a Toluene 33 3.0

large concentration range, from 0.1 to 1000ppb
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the outer membrane diameters, agis the concentration  limit for each of the compounds analyzed was determined
of the analytes in the matrix. in this work, the upper concentration limit before the satura-

As shown inFigs. 3-5 not all the compounds, although tion of the system occurs has not been investigated. PTRMS
having the same concentration in water, permeate through thecan typically operate linearly up to concentrations in air of
membrane to the same extent. Permeability depends on thebout 1 ppm. Depletion of the primary 5O* may occur at
interactions between membrane and specific compounds asigher concentrations of the analytes leading to unwanted
doestherise time. The highest permeability is found for DMS secondary or switching reactiofitis upper range can be
which shows a response 1.6 times higher than toluene, 2.5extended by operating at higher flow rates through the mem-
times higher than benzene, five times higher than acetonitrile, brane as demonstrated previoufl2]. In this work, the water
eight times higher than isoprene, 10 times higher than ace-solutions were prepared always using the same concentration
tone, and about 140 times higher than methanol. The permefor each compound and the highest concentration analyzed
ability through the membrane, beside the background/noisewas 1 ppny, in order to avoid the depletion of the primary
of the PTRMS, is the major limiting factor of the sensitiv- ion signal. However, compounds as methanol, acetone, ace-
ity of MI-PTRMS system toward specific compounds. Those tonitrile due to their volatility could be easily analyzed even
compounds showing the highest permeability are detected atat higher concentration in water, probably up to 100 gpm
the lowest concentrations. This is the case of DMS whose for methanol and 10 ppgnfor the latter ones. Further inves-
detection limit (assuming a signal-to-noise ratio 3:1) is in the tigation on the upper limit of the system should be performed
range of 100 ppf. This concentration is equal to approxi- in future studies.
mately 1.2 nM, which is in the range of the lowest concentra-  Due to the capability of the PTRMS to perform abso-
tion of DMS found in natural seawati®]. Isoprene, benzene, lute measurements, no calibration of the system is necessary;
toluene, and acetonitrile, which permeate through the mem-therefore, once the response of the compounds of interest to-
brane at a lower extent than DMS, were detected down to ward the membrane has been determined the system can be
about 1 pply. Finally the most polar compounds, between used without further calibration to quantify VOCs dissolved
those analyzed in this work, showed the highest detectionin water.
limits: 10 pphyy for acetone and 10-100 pplior methanol.

Detection limits of MIMS systems reported in the liter-
ature, when employing the same kind of silicon membrane 4. Conclusions
seem to be very much influenced by operating conditions,
geometry and dimension of the membrane and by a jet sepa- 1he MI-PTRMS has been proven to be a quite sensitive
rator between the membrane and the ion source of the mas$ystem for the direct and quantitative analysis of VOCs in
spectrometef11,21] Detection limits ranging from 0.04 to ~ Water and seawater without necessitating of pre-sampling or
3 pphy have been reported for benzene in w§2ej and from pre-concentration procedures and calibration. Indeeq DMS
0.4 to 5 pply for toluene in watef1,7,11,19,20]Higher de- can be detected down to 100 gft~1.2 nM) corresponding
tection limits than those observed with the MI-PTRMS sys- 0 the lowest concentration of DMS reported for seawater
tem are reported in literature for DMS and methanol. The [2]- Due to these characteristics and the long stable operating
former have been detected in water at concentrations as lowfime, this system is suitable for online and onsite measure-
as 1 pply [19] and the latter only down to 5 pp{22] in- ments. Better perform_a_nf:e may be achievgd employing thin-
deed one order and two orders of magnitude higher than with"er membranes or utilizing higher operating temperatures,
the MI-PTRMS. Better performances, higher permeability than used in the present investigation.
values thus lower detection limits, could be achieved with a
longer membrane. In fact the flow rate of analyte molecules
through the membrane is proportional to the surface area of
the membrane exposed to the saniit2,20] Temperature
also influences the permeability, and referring to the work
of La Pack et al[20] at higher temperature organic perme-
abilities from water increases. Thus, the employment of a
thinner membrane with a longer length and higher operating
temperature could improve the performance of the system
both increasing the speed of diffusion and the efficiency of
transmission of the analytes through the membi{ahg

Besides good sensitivity toward VOCs directly from wa-
ter, the MI-PTRMS also has a wide linear dynamic range for
all the compounds analyzed in this wofkig. 6a—g shows
a linear response of up to five orders of magnitude for the
present system, which will allow analysis of unknown sam- (1) N. Kasthurikrishnan, R.G. Cooks, Talanta 42 (1995) 1325.
ples with varying concentrations. Although the detection [2] R. Simb, Trends Ecol. Evol. 16 (2001) 287.
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