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a b s t r a c t

A homemade proton transfer reaction mass spectrometer (PTR-MS) and a commercial ion molecule reac-
tion mass spectrometer (IMR-MS) have been applied to detect volatile organic compounds (VOCs) in the
packaging bags of infusion sets made of polyvinylchloride (PVC) plastic. The most abundant characteristic
ions in the PTR-MS and IMR-MS measurements are observed at m/z 99 and 98 respectively, which are the
results of soft ionizations that a residual chemical undergoes the proton transfer reaction in PTR-MS and
eywords:
roton transfer reaction mass spectrometry
on molecule reaction mass spectrometry
yclohexanone
edical devices

olyvinylchloride

the charge transfer reaction in IMR-MS. On the basis of ionic intensity dependence on the reduced-field
in the PTR-MS investigation, the residue can be unambiguously identified as cyclohexanone, a commonly
used adhesive agent in PVC medical device manufacture. Quantitative measurement by PTR-MS shows
that concentrations of cyclohexanone in the packages of two types of infusion sets are 11 and 20 ppm
respectively. Due to fast response, absolute concentration detection, and high sensitivity, the PTR-MS
and IMR-MS detection methods are proposed for the quality control of medical devices including the

essive
detection of illegal or exc

. Introduction

Cyclohexanone has been widely utilized as an adhesive sol-
ent in the manufacture of a variety of medical devices made of
olyvinylchloride (PVC) plastic [1]. Due to low volatilization, cyclo-
exanone may remain in the PVC products and can subsequently
elease into the stored solutions or the internal airspace of med-
cal devices [2–5]. Consequently, when patients receive medical
reatments such as intravenous therapy, blood transfusion, and
emodialysis, they will have the risk of taking in cyclohexanone.
lthough at present there have been no regulations or standards
bout the usage of cyclohexanone in PVC medical devices, it is
nown that cyclohexanone has negative effects on liver, kidneys,
entral nervous system, and respiratory system, and it is potentially
umorigenic and mutagenic upon exposure [4,6]. Because cyclohex-
none is harmful, some standards related to occupational exposure
ave been issued by various organizations, including the threshold

imit of 20 ppm (parts per million by volume) as the time weighted
verage over an 8-h workday (TWA) recommended by the American

onference of Governmental Industrial Hygienists [6] and the occu-
ational exposure limit of 10 ppm as TWA by the European Union
7].
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uses of chemical solvents like cyclohexanone.
© 2009 Elsevier B.V. All rights reserved.

In the past, the analyses of cyclohexanone in PVC materials
were performed mainly by means of chromatography and/or mass
spectrometry techniques. For instance, Snell [3] examined twenty
hemodialysis tubes using gas chromatography (GC) combined with
the water extraction method, determining the concentrations of
cyclohexanone to be in the range of 1.02–43.7 ppm. The author
also noted that it was nearly impossible to clean out the cyclohex-
anone even if the tubes were washed with a solution of sodium
chloride. Falk and Jacobsson [2] reported cyclohexanone concen-
trations of 0.55–9.24 mg L−1 in solutions stored in PVC bags based
on the determination by gas chromatography mass spectrometry
(GC–MS). In addition, high performance liquid chromatography
(HPLC) [4] has also been used to measure cyclohexanone in the
parenteral solutions migrated from the PVC bags through detecting
the derivatization of cyclohexanone, and cyclohexanone concen-
trations were found to be in the range of 2.05–44.96 mg L−1. These
measurements are based on analyses of liquid extractions and
require rather complicated sample pretreatments, quantitative cal-
ibrations, and rigorous analytical steps, thus analyzing a sample will
take a long time. With these methods, it will be very difficult to
make a rapid judgment of whether a solvent like cyclohexanone is
present in the medical devices.
Proton transfer reaction mass spectrometer (PTR-MS) and ion
molecule reaction mass spectrometer (IMR-MS) are two spe-
cial chemical ionization techniques with the advantages of rapid
response, high sensitivity, and so-called soft ionization. PTR-MS
[8–10] uses H3O+ as reagent ions, which do not react with the

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ychu@aiofm.ac.cn
dx.doi.org/10.1016/j.jpba.2009.04.020
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Fig. 1. Schematic diagram of PTR-MS apparatus. HC, hollow cathode; SD, so

ain components in air like N2, O2, and CO2. In contrast, it can
ndergo proton transfer reaction with volatile organic compounds
VOCs) that have proton affinities (PA) higher than that of water.
n PTR-MS, an electric field E is applied along the ion reaction drift
ube to induce the ionic collisions with well-defined kinetic energy
ust over the ion-molecular bond energies within the cluster ions.
hus the product ions, forming in the proton transfer reaction of
eagent ions H3O+ with most analytes M, are expected to appear
n the form of MH+. The ion collision energy in the drift tube is
losely related to the reduced-field E/N, where N is the number
ensity of gas in the drift tube. On a standard PTR-MS instrument,
/N is normally set to a regular value typically in the range of
20–160 Td (1 Td = 10−17 V cm2 molecule−1) to produce the proto-
ated product for each compound. PTR-MS is especially suitable

o real-time detection of trace VOCs in environmental monitoring,
ood inspection and medical diagnosis [8–10]. Different from the
TR-MS, IMR-MS [11] ionizes the analyte M through a charge trans-
er reaction using a selectable reagent ion Kr+, Xe+, or Hg+. The
onization potential of Kr, Xe, and Hg are 14.00, 12.13, and 10.44 eV

Fig. 2. Schematic diagram o
rift region; IC, intermediate chamber; SEM, secondary electron multiplier.

respectively, thus IMR-MS in principle can ionize and detect organic
and inorganic compounds by selecting the right reagent ions.

The objective of the present study is to demonstrate that the
usage of chemical solvent in PVC medical devices can be controlled
by the PTR-MS and IMR-MS techniques. An unknown compound
was detected within the packaging bags of infusion sets and it
was unambiguously discriminated as cyclohexanone by collision-
induced dissociation of product ions at different reduced-field E/N
using PTR-MS. The quantitative determination of residual cyclohex-
anone at ppm level can be rapidly achieved by PTR-MS based on a
newly derived equation without sample pretreatment and calibra-
tion. This shows that PTR-MS and IMR-MS are the promising tools
for the control of chemical solvent use in medical devices.
2. Experimental

The PTR-MS used in the present study is a homemade apparatus
as described in our previous work [12] and a more detailed intro-
duction about PTR-MS technique can be found elsewhere [8–10].

f the IMR-MS system.
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Fig. 3. Mass spectra measured by PTR-MS for the gas in the packaging bags of
infusion sets for Brands A and B.

with different reduced-field E/N. Fig. 5 is the mass spectra mea-
sured at the regular reduced-field E/N = 140 Td. The most abundant
product ions are the protonated cyclohexanone C6H10OH+ at m/z
99. One can note that there are weak ionic signals at m/z 81 and
117 that were also observed in the PTR-MS measurements of the
54 Y. Wang et al. / Journal of Pharmaceutica

riefly, PTR-MS consists of discharge ion source, drift tube, and ion
etection system (Fig. 1). The reagent ions H3O+ were produced
hrough the water vapor discharge in a hollow cathode ion source,
nd were injected to the ion reaction drift tube. When the analyte

was added to the ion reaction region, it underwent rapid proton
ransfer reactions with the primary ions H3O+ if its PA exceeds that
f H2O [8].

+ H3O+ → MH+ + H2O (1)

The ions in the drift tube, after passing through a small dif-
erentially pumping intermediate chamber, were leaked into the
acuum chamber and were detected by the quadrupole mass spec-
rometer equipped with an ion pulse count system. In our PTR-MS

easurement, the regular value of E/N was 140 Td. The E/N could be
hanged by adjusting the voltage across the whole drift tube while
he pressure in the drift tube is kept at 1.0 Torr. The standard gas of
oluene was used to check the accuracy of PTR-MS determination,
nd the results show that the concentrations measured by PTR-MS
re in agreement with the prepared concentrations in the range
.01–1.2 ppm [12].

Fig. 2 shows the IMR-MS used in the present experiments, which
s a commercial instrument Airsense.net (V&F Instruments, Aus-
ria). IMR-MS used electron impact ionization to create the reagent
ons, Hg+ in our experiments. The reagent ions Hg+ were transferred
y the octapole rods to the ionic reaction region where the charge
ransfer reaction happened if the added analyte M has ionization
otential lower than that of Hg.

+ Hg+ → M+ + Hg (2)

The IMR-MS instrument has a limit of detection at low ppb level
nd it may quantify analyte through the standard sample calibra-
ion.

Two kinds of disposable PVC infusion set with their original
ackages were obtained from pharmacies. They were made in two
ifferent factories and are labeled as Brands A and B in the exper-

ments. The packages containing the infusion sets, and the plastic
ags having cyclohexanone, were punctured via a syringe needle at
he inlet of PTR-MS or an inlet tube of IMR-MS, by which the sample
as within the packaging bag was introduced to the ionic reaction
egion of the PTR-MS or IMR-MS instrument. The flow rate of the
ampling gas is 8 mL min−1 in the PTR-MS measurement.

. Results and discussion

.1. Identification of cyclohexanone

Fig. 3 shows the mass spectra measured by PTR-MS for the gas in
he packaging bags of the infusion sets. One can find that the mass
pectra are basically same for the infusion set Brands A and B. The
ominant peak at m/z 19 is due to the reagent ions H3O+. The main
roduct ions appeared at m/z 99. This implies that in the packages
f the infusion sets, there is an unknown chemical with molecular
eight of 98 and a PA higher than that (691 kJ mol−1) [13] of water.

To recognize this chemical, the internal gases in the packages of
nfusion set Brands A and B were measured in the IMR-MS instru-

ent using Hg+ as reagent ions. The mass spectra recorded are
hown in Fig. 4. It can be noted that a very high ionic peak appeared
t m/z 98 for both infusion set packages. This demonstrates that
he unknown chemical in the bags indeed has a molecular weight
f 98; moreover, its ionization potential should be lower than that
10.44 eV) of Hg.
Through the above PTR-MS and IMR-MS measurements, we can
ow conclude that the chemical detected in the packages of these

nfusion sets must have a molecular weight 98 with a PA more than
91 kJ mol−1 and an ionization potential less than 10.44 eV. Con-
idering that cyclohexanone is often used as the welding agent
Fig. 4. Mass spectra measured by IMR-MS with reagent ions Hg+ for the gas in the
packaging bags of infusion sets for Brands A and B.

in PVC articles manufacture, and its molecular weight (98), PA
(841.0 kJ mol−1) and ionization potential (9.16 eV) [13] all meet the
above characteristics, therefore we speculate that cyclohexanone is
a most probable candidate for this chemical in the packaging bags.

In order to further verify the above conclusion, the vapor of
a cyclohexanone sample was measured in the PTR-MS apparatus
Fig. 5. Mass spectra of cyclohexanone sample vapor measured by PTR-MS.
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ig. 6. The relative intensity dependences of ions m/z 81, 99 and 117 on the reduced-
eld E/N measured by PTR-MS for the gas in the packaging bags for Brand A and
yclohexanone sample vapor.

ackaging bags (Fig. 3). Ions at m/z 81 may be the fragmental ions
6H9

+ arising from the collision-induced dissociation of the ions
6H10OH+. Such kind of fragmentation has already been noticed in
he earlier PTR-MS studies for other ketones [14]. The ions at m/z
17 are the cluster ions C6H10OH+(H2O), and it can form via the
igand switching reaction of cyclohexanone with H3O+(H2O) [15].

In general, a high reduced-field E/N in PTR-MS can lead to the for-
ation of fragmental ions due to the collision-induced dissociation

f a protonated compound, which can be used to identify a com-
ound [8]. The ion intensity dependences on the reduced-field E/N
ere measured for the ions at m/z 81, 99 and 117, and the results

re displayed in Fig. 6. It can be seen that the changes in the ion
ntensities for the cyclohexanone sample and for the residual gas
n the packages are identical. This unambiguously demonstrated
hat the chemical detected in the packages of these infusion sets is
yclohexanone, indicating that adhesive chemical solvent was used
n the manufacture of these PVC medical devices.

.2. Determination of cyclohexanone

A prominent advantage of PTR-MS technique is that it can
etermine the absolute concentration of trace VOCs according to
ell-established ion-molecular reaction kinetics. In the drift tube

f PTR-MS, the density of analyte M normally is much larger than
hat of reagent ions H3O+, thus the density of product ions [MH+]
t the end of the drift tube follows pseudo first order kinetics as
xpressed in Eq. (3)

MH+] = [H3O+]0(1 − e−k[M]t) (3)

here [H3O+]0 is the density of reagent ions in absence of analyte
, k is the reaction rate constant and t is the average reaction time

he ions spend in the drift tube. In a trace analysis by PTR-MS, the
ensity of the analyte M is low so that the decrease in the density of
eagent ions is negligible. In this case, k[M]t « 1, Eq. (3) can further
educe to the following form:
M] = [MH+]
[H3O+]0

1
kt

(4)

q. (4) is often used in a routine PTR-MS measurement [8,9]. How-
ver, in our experiments the concentrations of cyclohexanone in
Biomedical Analysis 50 (2009) 252–256 255

the packages were found to be rather high because the intensity
change of reagent ions H3O+ was not negligible when the gas in
the packages was measured. In this case, the relation k[M]t « 1 was
not tenable, therefore the regular Eq. (4) is no longer suitable to
the concentration determination. For a more reliable measurement,
the following Eq. (5), deduced from Eq. (3), was used in the present
experiment to determine the concentration of cyclohexanone.

[M] = ln
[H3O+]0

[H3O+]0 − [MH+]
1
kt

(5)

where the ionic density [H3O+]0 and [MH+] are proportional to the
ionic count rate I(H3O+)0 and I(MH+) respectively. The reaction rate
constant k is 4 × 10−9 cm3 s−1 molecule−1 [15]. The reaction time t
is 0.1 ms. After considering the ionic transmission (0.12 at m/z 99
relative to m/z 19), the gases in five packaging bags were measured
by PTR-MS for each type of infusion set according to Eq. (5). The
concentrations of cyclohexanone detected for Brands A and B were
on average 11 and 20 ppm respectively.

Although the IMR-MS measurement cannot give an absolute
quantification, one can find in Fig. 4 that the ion intensity for Brand
B is nearly two times of that for Brand A, this is in accordance with
the proportion of the concentrations determined by PTR-MS.

4. Conclusion

PTR-MS and IMR-MS have been successfully applied to detect
gas in the packaging bags of PVC infusion sets. Based on the soft
ionization characteristics and the ionic fragmentation patterns, the
volatile residue in the packages was unambiguously identified as
cyclohexanone, which is an adhesive solvent often used in the PVC
medical devices manufacture. Two types of infusion set were quan-
titatively investigated by PTR-MS, and the detected concentrations
of the gaseous cyclohexanone in the packaging bags were 11 and
20 ppm respectively.

Compared with the traditional GC–MS analysis of VOCs in pack-
aging materials [16], the PTR-MS and IMR-MS techniques have the
advantage of rapid on-line detection with high sensitivity. Thus they
are very promising to become the powerful tools for quality control
of packaged medical devices, including the inspection of illegal or
excessive use of chemical solvents like cyclohexanone.

Acknowledgements

The authors thank Ms. Liangliang CHU at Guyline (Asia) Ltd.,
Shanghai, China, for her help in the IMR-MS measurements. Finan-
cial support by the National Natural Science Foundation of China
(20577049, 20707025), the Scientific Research Equipment Devel-
opment Program of Chinese Academy of Science (Y2005015), the
National High Technology Research and Development Program of
China (2007AA06Z420), and the Excellent Youth Foundation of
Anhui Scientific Committee (06045098) are gratefully acknowl-
edged.

References

[1] J. Mraz, E. Galova, H. Nohova, D. Vitkova, Int. Arch. Occup. Environ. Health 66
(1994) 203–208.

[2] O. Falk, S. Jacobsson, J. Pharm. Biomed. Anal. 7 (1989) 1217–1220.
[3] R.P. Snell, J. AOAC Int. 76 (1993) 1127–1132.
[4] F. Khalfi, T. Dine, M. Luyckx, B. Gressier, C. Brunet, L. Ballester, M. Cazin, J.C. Cazin,

Biomed. Chromatogr. 12 (1998) 69–72.
[5] D.A. Story, J. Leeder, P. Cullis, R. Bellomo, Anaesth. Intensive Care 33 (2005)
78–81.
[6] http://www.osha.gov/dts/chemicalsampling/data/CH 230800.html.
[7] http://www.ilo.org/public/english/protection/safework/cis/products/icsc/

dtasht/ icsc04/icsc0425.htm.
[8] W. Lindinger, A. Hansel, A. Jordan, Int. J. Mass Spectrom. 173 (1998) 191–241.
[9] J. de Gouw, C. Warneke, Mass Spectrom. Rev. 26 (2007) 223–257.



2 l and

[

[
[

56 Y. Wang et al. / Journal of Pharmaceutica
10] S.P. Jin, J.Q. Li, H.Y. Han, H.M. Wang, Y.N. Chu, S.K. Zhou, Prog. Chem. 19 (2007)
996–1006.

11] M.A. Dearth, Ind. Eng. Chem. Res. 38 (1999) 2203–2209.
12] J.Q. Li, C.Y. Shen, H.M. Wang, H.Y. Han, P.C. Zheng, G.H. Xu, H.H. Jiang, Y.N. Chu,

Chin. J. Anal. Chem. 36 (2008) 132–136.

[

[
[
[

Biomedical Analysis 50 (2009) 252–256
13] NIST Standard Reference Database Number 69, NIST Chemistry webbook,
http://webbook.nist.gov/chemistry/.

14] K. Buhr, S. van Ruth, C. Delahunty, Int. J. Mass Spectrom. 221 (2002) 1–7.
15] T. Wang, P. Spanel, D. Smith, Int. J. Mass Spectrom. 239 (2004) 139–146.
16] O. Ezquerro, B. Pons, M.T. Tena, J. Chromatogr. A 1008 (2003) 123–128.

http://webbook.nist.gov/chemistry/

	Control of solvent use in medical devices by proton transfer reaction mass spectrometry and ion molecule reaction mass spectrometry
	Introduction
	Experimental
	Results and discussion
	Identification of cyclohexanone
	Determination of cyclohexanone

	Conclusion
	Acknowledgements
	References


