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quantification of ethylene oxide contamination in
the presence of acetaldehyde
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In September 2020, traces of ethylene oxide (a toxic substance used as a pesticide in developing countries

but banned for use on food items within the European Union) were found in foodstuffs containing

ingredients derived from imported sesame seed products. Vast numbers of foodstuffs were recalled

across Europe due to this contamination, leading to expensive market losses and extensive trace

exposure of ethylene oxide to consumers. Therefore, a rapid analysis method is needed to ensure food

safety by high-throughput screening for ethylene oxide contamination. Selected ion flow tube mass

spectrometry (SIFT-MS) is a suitable method for rapid quantification of trace amounts of vapours in the

headspace of food samples. It turns out, however, that the presence of acetaldehyde complicates SIFT-

MS analyses of its isomer ethylene oxide. It was proposed that a combination of the H3O
+ and NO+

reagent ions can be used to analyse ethylene oxide in the presence of acetaldehyde. This method is,

however, not robust because of the product ion overlaps and potential interferences from other matrix

species. Thus, we studied the kinetics of the reactions of the H3O
+, NO+, OH− and O−c ions with these

two compounds and obtained their rate coefficients and product ion branching ratios. Interpretation of

these experimental data revealed that the OH− anions are the most suitable SIFT-MS reagents because

the product ions of their reactions with acetaldehyde (CH2CHO− at m/z 43) and ethylene oxide

(C2H3O2
− at m/z 59) do not overlap.
1. Introduction

A strained ring structure cyclic ether and the simplest epoxide,
ethylene oxide (C2H4O), is used in the chemical industry to
manufacture ethylene glycols.1,2 Recently, quantitation of
ethylene oxide in polysorbates has been demonstrated using
selected ion ow tube-mass spectrometry (SIFT-MS).3,4 Ethylene
oxide is also used for sterilisation purposes, having been used
in the medical industry to sterilise surgical equipment5,6 and
oen used as a fumigant7–9 on plants and foods against insects
and other organisms. This is due to its effectiveness as a toxic
agent against pests10 and its relatively low cost.11 Its use as
a fumigant is however banned across the EU2,12 due to its
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el@jh-inst.cas.cz

adt 64295, Germany

Christchurch Central City, Christchurch

ourt, Girton Rd, Girton, Cambridge CB3

aheim, CA 92801, USA

s University, Ke Karlovu 3, Prague 121 16,

f Chemistry 2023
toxicity,13 as well as its carcinogenic13,14 and mutagenic14,15

characteristics. Ethylene oxide is also classed by the United
States Environmental Protection Agency (US EPA) as a class 1
mutagen.16 In high amounts, ethylene oxide exposure17 is
known to cause acute symptoms including vomiting, nausea,
headaches, as well as other chronic symptoms.18 In much lower
doses, ethylene oxide has been reported to still be harmful to
health due to its high reactivity,13 genotoxicity,19 and alkylating
ability with DNA's nucleophilic sites20 through an SN

2 reaction
pathway21,22 (without the need for ethylene oxide to be meta-
bolically activated).23,24 The European maximum residue level of
ethylene oxide in seeds, nuts and herbs is currently 0.05 mg
kg−1,2 and in fruit and vegetables is even lower at 0.02 mg
kg−1.25

Despite the stringent regulations within the EU controlling
the use of ethylene oxide (and other contaminants) on food
produced within this economic area, much produce available to
purchase in the western world oen originates from countries
with less stringent regulations. An important example of when
ethylene oxide contamination may take place within foodstuffs
is in the case of sesame seeds. Recently it was reported that
30 mg kg−2 of ethylene oxide was present in sesame seeds
imported into Belgium from India.2 This caused wide-spread
Anal. Methods, 2023, 15, 6435–6443 | 6435
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alarm across Europe and caused the mass recall of food prod-
ucts that may have been contaminated with ethylene oxide,2,12,26

leading to massive economic consequences for the businesses
involved. Thus, there is an urgent need to monitor ethylene
oxide residue in foods.

The main technique used to date to analyse ethylene oxide
is based on dispersive solid phase extraction (dSPE) combined
with gas chromatography – tandem mass spectrometry (GC-
MS/MS). This process is labour intensive even though the
retention time for ethylene oxide is less than 3 minutes.27 The
use of the SIFT-MS approach would reduce both the sample
processing time and analysis time. Thus, we set out to inves-
tigate whether ethylene oxide could be quantied in food
products by selected ion ow tube mass spectrometry (SIFT-
MS), a so chemical ionisation technique based on the
kinetics of ion–molecule reactions between selected reagent
ions and analyte molecules present in sampled air with well-
dened reaction times.28 This task is complicated by the fact
that ethylene oxide is isomeric with acetaldehyde (commonly
found in food products and in the atmosphere)29,30 and thus
product ion overlaps are likely and should be avoided for
practical robust analyses.

Traditionally, the SIFT-MS has only been able to exploit three
positive reagent ions (H3O

+, NO+ and O2
+c) for analyses, but in

recent years ve new negative ions (OH−, O2
−c, O−c, NO2

− and
NO3

−) have become available, further enhancing its selectivity.
Thus, we have studied the reactions of ethylene oxide and
acetaldehyde with positive (H3O

+, NO+, O2
+c) and negative (O−c,

OH−, O2
−c, NO2

− and NO3
−) reagent ions to determine their rate

coefficients and product ion branching ratios. Using these
kinetics data, it will be possible to quantify ethylene oxide in the
presence of acetaldehyde. Note that whilst the ion–molecule
reactions of a range of reagent ions (Ar+c, N2

+c, NH+c, NH2
+,

NH3
+c and HCNH+) with ethylene oxide have been investigated

previously using the selected ion ow tube (SIFT) technique,31

the data for the SIFT-MS reagent ions have not yet been reported
in the scientic literature.

The quantication of ethylene oxide in the presence of
acetaldehyde may be possible in some matrices by combining
the use of H3O

+ and NO+ reagent ions in analyses,3 although this
method will be prone to interferences. Thus, in the present
study, we explore the use of the negative reagent ions. Much of
the earlier literature on ion–molecule reaction kinetics reports
results obtained using a Prole 3 instrument, whilst the recent
literature increasingly covers the Voice200 series.32 The rate
constants and branching ratios of the product ions are already
known for the reactions of the positive reagent ions H3O

+, NO+

and O2
+c with acetaldehyde.33 However, for ethylene oxide, these

values were used in the Sy Voice200 series kinetics library and
so far to the best of our knowledge have not yet been reported in
any academic publication. The main objective of the present
study was to carry out the detailed characterisation of the
reactions of the SIFT-MS negative reagent ions (OH−, O2

−c, O−c,
NO2

− and NO3
−) with ethylene oxide and acetaldehyde, with the

objective of proposing a robust and accurate quantication
method of ethylene oxide in the presence of acetaldehyde based
on the available SIFT-MS reagent anions.
6436 | Anal. Methods, 2023, 15, 6435–6443
2. Materials and methods
2.1 Voice200innity and materials

In this work we have used the latest model in the Voice200
series of instruments, the Voice200innity (Sy Technologies
Limited, Christchurch, New Zealand), to conduct this ion–
molecule reaction kinetics study. Reagent ions generated in the
ion source are injected into the ow tube individually in a fast
sequence, switching between the reagent ions within three
groups: H3O

+, NO+ and O2
+c are generated in the positive ion

source conditions; OH− and O2
−c are generated in the negative

mode frommoist air; and O−c, NO2
− and NO3

− are generated in
the negative mode from dry air.34 A nitrogen carrier gas (purity
4.6, Messer Technogas, Prague, Czechia) has been used in these
studies due to the demise of He as the carrier of choice for the
SIFT-MS technique (because of its cost and renewability). The
instrument keeps the sample gaseous by heating the inlet cone
and capillary to 323 K, which directs the sample ow rate of 26
sccm into a ow tube (at 393 K and 460 mTorr).

The analytes used for the ion–molecule reaction kinetics
study were acetaldehyde ($99.5%, Sigma-Aldrich, Steinheim,
Germany) and ethylene oxide (from a permeation tube provided
by Sy Technologies). Gaseous mixtures for this study were
prepared in Nalophan bags lled with dry clean air (from a zero-
air generator, UHP-10ZA-S, Parker, Gateshead, United
Kingdom) by injecting several millilitres of the analyte head-
space using plastic gas-tight syringes (Omnix®, B. Braun, Bad
Arolsen, Germany). During the measurements the samples were
at room temperature.

As the air from the zero-air generator contains an impurity of
CO2, which also has a molecular weight of 44 g mol−1, we
investigated its effect by using cylinder nitrogen (purity 4.6) to
ll Nalophan bags during sample preparation.
2.2 Branching ratios

Full scan (FS) mass spectra of air samples containing acetal-
dehyde and ethylene oxide at several concentrations were rst
separately collected in the m/z range 15 to 250 for all available
reagent ions and compared with the corresponding blank
spectra obtained using ∼2 L Nalophan bags containing zero-air
only. Full scans were collected with ameasurement time limit of
200 ms and an ion count limit of 10 000. This m/z range was
chosen as it allowed for the identication of any secondary
products, including dimers and adducts. The main product
ions were identied from the FS spectra and a set of m/z values
of interest were imported into a selected ion monitoring (SIM)
method.

A set of seven arbitrary concentrations of acetaldehyde and
ethylene oxide were analysed using the SIM method, which
acquired 80 data points for each cycle for each reagent ion
experiment, with measurement time limits of 100 ms and
a count limit of 10 000 (allowing for much higher precision in
measurements). The separate concentration levels were ach-
ieved by starting with a high concentration of acetaldehyde or
ethylene oxide and diluting the sample for each consecutive
measurement. The collected SIM data were exported to excel
This journal is © The Royal Society of Chemistry 2023
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les as raw signals per cycle. Average values for each of the
selected ion signals for each concentration were calculated from
75 points (avoiding the rst ve measurement cycles to avoid
any transition effects when switching the ion source mode from
dry to wet).

Correlation analysis was conducted between the separate
product ion counts and their total to identify which products
were primary or secondary. In cases where there were several
branches for the primary reaction, the branching ratios for the
primary products were obtained as intercepts of the plots of the
product ion count rate branching percentages, versus the total
product ion signal at the limit of zero concentration by the
commonly used extrapolation procedure.35,36

2.3 Reaction rate coefficients

The reaction rate coefficients were determined relatively to the
rate coefficients for the proton transfer reactions of H3O

+ with
acetaldehyde and ethylene oxide, which are assumed to be
collisional, kc.37 This is because the exothermicities of these
reactions are above 40 kJ mol−1.36,38 The rate coefficients for the
other reagent ions were determined from the relative values of
the ratios of the product ion and the reagent ion count rates
calculated at the different concentrations of the analyte
vapours. These ratios obtained for each reagent ion were plotted
against those obtained for H3O

+ for different vapour concen-
trations. This allowed for a comparison of the slopes, directly
proportional to the relative rate coefficients of the reactions.
The reaction rate coefficients were then obtained by multiplying
the relative rate values by the kc for H3O

+.37 The kc values for
H3O

+ were calculated for 393 K using the polarizabilities and
dipole moments of acetaldehyde and ethylene oxide given in
Table 2.39

2.4 Limits of detection and quantication

The limits of detection (LOD) were determined from multiple
blank measurements obtained by sampling from a clean glass
bottle with zero-air passing through it. A series of measure-
ments were conducted across the different reagent ions of
interest for ethylene oxide and acetaldehyde (separately). The
concentration values were reported by the Voice200innity
in ppb (according to the updated kinetics library using the
values from this work). The standard deviation was taken of the
concentrations reported by the Voice200innity for each reagent
ion. The standard deviation was thenmultiplied by 3.3 to obtain
the LOD; multiplied by 10 to obtain the limit of quantication
(LOQ).

2.5 Density functional theory (DFT) calculations of
enthalpies

DFT calculations were conducted to evaluate whether the ther-
modynamics of the investigated reactions would likely result in
formation of the hypothesised ionic structures, which would
conrm the presence of a specic branching pathway occurring.
All quantum chemistry calculations were performed using the
ORCA 5.0.1 soware.40 Molecular geometries of all the neutral
reactant molecules and of all the reagent and product ions were
This journal is © The Royal Society of Chemistry 2023
rst drawn using the AVOGADRO soware41 and were then
further optimised using ORCA40 with the B3LYP DFT method
and the basis set 6-311++G(d,p), with D4 correction.42 This level
of theory was also used to calculate the normal mode vibra-
tional frequencies and thermodynamic quantities of the neutral
molecules, polarizability of ethylene oxide and the ion struc-
tures. The total enthalpies of all neutral molecules and ions
(including several feasible structures of each of the product
ions) were thus calculated for, as the sum of the total electronic
energy (Eel); the zero-point vibrational energy (EZPV); the
temperature-dependent portion of the vibrational energy
(Evib(T)); and the thermal translational and rotational energies
(5/2RT) for standard temperature and pressure (298 K, 1 atm).

H = Eel + EZPV + Evib(T) + 5/2 RT (1)

The results are given as needed in the discussion of all the
reactions.
3. Results and discussion

The following results were obtained under the conditions in
which the Sy Voice200innity instrument would be used
routinely (i.e., using an N2 carrier gas at 393 K).
3.1 Products and branching ratios

Full scan spectra were obtained using all reagents for ethylene
oxide and acetaldehyde at several concentrations, to observe the
product ions emerging from the background. The spectra for
the H3O

+ and OH− reagent ions are shown as examples in Fig. 1.
It can be seen in this example that the reaction of H3O

+ with
ethylene oxide producesm/z 45 and its hydrate atm/z 63 (as well
as a small signal of the proton-bound dimer, at m/z 89) whilst
the OH− reaction leads to a major increase in m/z 59. Acetal-
dehyde, as expected, gives a very similar spectrum with H3O

+

but shows no signal of m/z 59 with OH−.
The inspection of these sets of spectra revealed that from all

available reagent ions, only H3O
+, NO+, OH− and O−c showed

the potential for practical SIFT-MS analyses of ethylene oxide in
the presence of acetaldehyde. This is because the O2

+c reaction
leads to 30% of m/z 43 and 70% of m/z 44 products, which are
known to overlap with the products of many other VOCs. O2

−c,
NO2

− and NO3
− do not react at any appreciable rate, thus the

further detailed discussion within this publication only focuses
on the H3O

+, NO+, OH− and O−c reactions.
The branching ratios determined for these eight reactions

are given in Table 1. Note that oen the same product ions are
observed for both acetaldehyde and ethylene oxide, albeit the
branching ratios are in some cases different. The outstanding
exception is the major product ion at m/z 59 resulting from the
OH− reaction with ethylene oxide. The assignment of the m/z
values reported in Table 1 will be discussed in Sections 3.3–3.6.
3.2 Reaction rate coefficients

The rate coefficients experimentally obtained in the present
study for the reactions of interest are shown in Table 2 together
Anal. Methods, 2023, 15, 6435–6443 | 6437
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Fig. 1 Full scan spectra obtained for ethylene oxide using H3O
+ (A) and OH− (B) and for acetaldehyde using H3O

+ (C) and OH− (D).

Table 1 Branching ratios of the H3O
+, NO+, OH− and O−c reactions

with acetaldehyde and ethylene oxide. Values in bold show the major
product ions

Acetaldehyde (MW 44) Ethylene oxide (MW 44)

H3O
+ CH3CHOH+ m/z 45 100% C2H4OH

+ m/z 45 100%
NO+ CH3CO

+ m/z 43 94%a C2H3O
+ m/z 43 3%

CH3CHO$NO+ m/z 74 6% C2H4O$NO
+ m/z 74 97%

OH− CH2CHO− m/z 43 100% C2HO− m/z 41 5%
C2H4OH

− m/z 45 5%
C2H3O2

− m/z 59 90%
O−c C2HO− m/z 41 8% C2HO− m/z 41 96%

C2H3O
− m/z 43 65% C2H3O

− m/z 43 4%
CO2H

− m/z 45 13%
C2H3O2

− m/z 59 14%

a In the present Sy library this is the only product.
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with the previous literature values, where available. Note that
H3O

+ reacts fast with both compounds, whilst the NO+ reaction
is about ve times lower than kc for acetaldehyde and twenty
times lower than kc for ethylene oxide. Also, note that acetal-
dehyde reacts relatively fast with OH− and only slowly with O−c.
Ethylene oxide reacts with both OH− and O−c at rate coeffi-
cients, which are around thirty times slower than kc. Rate
coefficients for the reactions of the other negative reagents with
ethylene oxide and acetaldehyde were immeasurably slow.
3.3 H3O
+ reactions

In the following sections, the reactions of the H3O
+ reagent ion

with acetaldehyde and ethylene oxide are discussed separately.
In both cases however, a single product was produced which
was the protonated molecule at m/z 45.

3.3.1 Acetaldehyde. The single product resulting from the
interaction of H3O

+ with acetaldehyde was the protonated
molecule CH3CHOH+ (m/z 45). This conrmed the previous
results by Španěl et al. (1997).33 The proton transfer reaction
6438 | Anal. Methods, 2023, 15, 6435–6443
H3O
+ + CH3CHO / CH3CHOH+ + H2O (2)

is (according to our DFT calculations) exothermic by
86 kJ mol−1, which is reasonably close to the proton affinity
difference (768.5–691 = 77.5) kJ mol−1 (according to the NIST
database).43

Note that a substantial signal of the single hydrate ion
CH3CHOH+H2O was also seen at m/z 63 and a much smaller
signal of the secondary hydrate, CH3CHOH+(H2O)2 was seen at
m/z 81. A proton-bound dimer ion CH3CHOH+CH3CHO at m/z
89 was also present.

3.3.2 Ethylene oxide. Again, only one product for the H3O
+

reaction with ethylene oxide was observed, being C2H4OH
+ atm/

z 45, produced by proton transfer:

H3O
+ + C2H4O / C2H4OH+ + H2O (3)

which is exothermic by 84 kJ mol−1 according to DFT; in good
agreement with the proton affinity difference (774.2–691 =

83.2) kJ mol−1 (according to the NIST database).43 Both the
primary and secondary hydrates are observed, but in compar-
ison with acetaldehyde the second hydrate signal is smaller. The
signal of the proton bound dimer is similar to that of acetal-
dehyde. As a result, the H3O

+ mass spectra are almost identical
for acetaldehyde and ethylene oxide (see Fig. 1).
3.4 NO+ reactions

3.4.1 Acetaldehyde. The reaction of NO+ with CH3CHO
proceeds chiey by hydride ion transfer with a small contribu-
tion of association:

NO+ + CH3CHO / CH3CO
+ + HNO (4a)

NO+ + CH3CHO / CH3CHO$NO+ (4b)

According to our DFT calculations both reaction channels
are exothermic, (4a) by 82 kJ mol−1 and (4b) by 176 kJ mol−1.
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Possible molecular structures of the OH− ethylene oxide
reaction product ions C2H3O2

− (A) lower enthalpy, (B) higher enthalpy.
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Note that the signal at m/z 44 corresponds entirely to the 13C
isotopologue of CH3CO

+.
A minor adduct product ion (4b), CH3CHO$NO+ at m/z 74

(branching ratio of 6%) was not reported previously in Španěl
et al. (1997).33 The reason for this difference is most likely down
to the different carrier gases used in these studies – N2 used in
this study is a more effective third body leading to observable
association.

3.4.2 Ethylene oxide. Two products were detected in the
NO+ reaction with C2H4O:

NO+ + C2H4O / C2H3O
+ + HNO (5a)

NO+ + C2H4O / C2H4O$NO+ (5b)

These were the hydride-transfer product at m/z 43 (C2H3O
+,

3%); and the adduct ion at m/z 74 (C2H4O$NO
+, 97%), (Table 1).

Note that charge transfer would be endothermic as the ionisation
energy of C2H4O is 10.56 eV. In the DFT calculations the
exothermicity of reaction (5a) was found to be 207 kJ mol−1 for
a particular structure [H2C–(C]O)–H]+. The net reaction rate is
only 4%of collisional and themain product is the adduct ion (5b).
This therefore indicated that there are some barriers to hydride
ion transfer, possibly related to the rearrangement needed.

3.5 OH− reactions

3.5.1 Acetaldehyde. The OH− reaction with acetaldehyde
proceeds via proton transfer producing m/z 43 only:

OH− + CH3CHO / CH2CHO− + H2O (6)

According to our DFT calculations this is exothermic by
106 kJ mol−1 when the proton is taken from the methyl group.
This reaction is relatively fast, k= 0.56 kc. It is important to note
that there is no product ion observed atm/z 59, in stark contrast
to ethylene oxide (see Fig. 1).

3.5.2 Ethylene oxide. As mentioned before, a surprising
observation was that the major product ion of the OH− reaction
with ethylene oxide appeared at m/z 59. This was conrmed
independently on two Voice200-series instruments (Voi-
ce200innity and Voice200ultra models) using separately
sourced ethylene oxide standards. This C2H3O2

− ion represents
90% of the branching pathway. In addition, there are product
ions at m/z 41 and m/z 45 at 5% each. It should be noted that
when much higher concentrations of ethylene oxide are intro-
duced, the secondary product ion at m/z 103 is detected, which
corresponds to the addition of an ethylene oxidemolecule to the
(m/z 59) product.

OH− + C2H4O / C2H3O2
− + H2 (7a)

OH− + C2H4O / C2HO− + H2O + H2 (7b)

OH− + C2H4O / C2H4OH− + O (7c)

The product ion C2H3O2
− has two different possible struc-

tures as shown in Fig. 2. These are the acetate anion (structure
A) or an isomeric aldehyde anion (structure B).
This journal is © The Royal Society of Chemistry 2023
The exothermicity of reaction (7a) producing the structure
shown in Fig. 2A is 337 kJ mol−1 and is 136 kJ mol−1 for the
structure in Fig. 2B. This is due to the greater stabilisation of the
singly bonded oxygen atom (Fig. 2A) to the carbon which also
hosts a double bond to the second oxygen atom. The structure
in Fig. 2B doesn't allow for this resonance stabilisation and
therefore this less stable product is associated with a lower
exothermicity of reaction, despite requiring less rearrangement
from the reaction intermediate ion. Reaction (7a) however is
certainly exothermic. The major product at m/z 59 is thus
a possible candidate for SIFT-MS ethylene oxide vapour
concentration quantication because the rate coefficient of this
reaction is k = 0.1 × 10−9 cm3 s−1.

3.6 O−c reactions

It can be seen in Table 1 that the major products of the O−c
reactions with ethylene oxide and acetaldehyde are different (m/
z 41 and m/z 43, respectively). This reagent ion thus could also
potentially be used to separately quantify ethylene oxide and
acetaldehyde. However, due to minor overlaps, the accurate
quantication of ethylene oxide and acetaldehyde with O−c only
is more complicated.

3.6.1 Acetaldehyde. The product ions listed by their m/z in
Table 1 may be identied as various fragments and the reaction
proceeds as:

O−c + H3CCOH / C2HO− + H3Oc (8a)

O−c + H3CCOH / C2H3O
− + HOc (8b)

O−c + H3CCOH / CO2H
− + CH3c (8c)

O−c + H3CCOH / C2H3O2
− + Hc (8d)

Our DFT calculations showed that reaction channel (8a) with
8% branching ratio is slightly exothermic by 0.2 kJ mol−1 to
produce H3Oc, but would be endothermic by 44 kJ mol−1 to
produce separate OHc and H2 neutral molecules. The product of
the main 65% channel (8b) results from proton transfer from
acetaldehyde to O−c which is exothermic by 70 kJ mol−1. Note
that the exothermicity of the 13% channel (8c) is 115 kJ mol−1

and of the 14% channel (8d) is 225 kJ mol−1. The experimentally
determined rate constant of the reaction of acetaldehyde with
O−c is relatively slow (Table 2), k = 0.2 × 10−9 cm3 s−1.

3.6.2 Ethylene oxide. O−c reacts with ethylene oxide as:
Anal. Methods, 2023, 15, 6435–6443 | 6439
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O−c + C2H4O / C2HO− + H3Oc (9a)

O−c + C2H4O / C2H3O
− + HOc (9b)

where the 96% channel (9a) corresponds to the formation of the
ethynyloxy radical anion (C2HO−), a process which is
exothermic by 125 kJ mol−1 when producing H3Oc as the neutral
product. The 4% channel (9b) is proton transfer which is
exothermic by 195 kJ mol−1. Despite the reaction exothermicity,
a rate constant (even slower than for acetaldehyde) of k= 0.07×
10−9 cm3 s−1 is observed which can be explained by the required
atomic rearrangement and related presence of energy barriers.
3.7 Possible methods to individually analyse ethylene oxide
and acetaldehyde in a mixture

3.7.1 Quantication using H3O
+ and NO+. A method has

previously been developed to quantify ethylene oxide in the
presence of acetaldehyde using the H3O

+ and NO+ ions by Silva
et al. (2022).3 This quantication relies on proton transfer, eqn
(2) and (3), and hydride ion transfer from acetaldehyde (4a). The
method of quantifying ethylene oxide and acetaldehyde is based
on the accurate measurement of m/z 45 with H3O

+ and m/z 43
with NO+. The product ion signal atm/z 45 is proportional to the
sum of concentrations of ethylene oxide and acetaldehyde, each
weighted by the corresponding rate coefficient (see Table 2). The
acetaldehyde contribution can be estimated from the m/z 43
signal obtained using the NO+ reagent ion. Linear combination
of the H3O

+ and NO+ data can then be used to calculate the
ethylene oxide concentration corrected for the presence of
acetaldehyde.
Fig. 3 Quantification of ethylene oxide and acetaldehyde using the OH−

is introduced in stepwise increased concentration. (B) Concentration
acetaldehyde.

6440 | Anal. Methods, 2023, 15, 6435–6443
This method may however be prone to inaccuracies due to
common overlaps at m/z 43, as many hydrocarbons frequently
found in ambient air also produce this on the reaction with NO+

and O2
+c. Issues using this method have however been reported

by Sy as most hydrocarbons produce the m/z 43 ion (also
produced by O2

+c impurity reagent ions in the ow tube in the
NO+ mode), which inevitably interfere with the accurate initial
quantication of acetaldehyde.

3.7.2 Quantication using OH− only. Based on the kinetic
data obtained in the present study, it is possible to propose
a method of quantication for ethylene oxide in the presence of
acetaldehyde using the OH− reagent ion and them/z 59 product
ion for ethylene oxide, and m/z 43 for acetaldehyde. This is
relatively straightforward as there are no direct product ion
overlaps. Thus, the values from Tables 1 and 2 were entered into
the Sy Voice200innity instrument library and a validation
experiment was performed to test for possible cross sensitivity
issues. In this experiment, ethylene oxide and acetaldehyde
were added separately to a Nalophan bag lled with dry zero-air
whilst the concentrations of both compounds were analysed
using the new library entries. As can be seen from Fig. 3A, the
measured ethylene oxide concentration remains below 50 ppbv
when acetaldehyde is added up to 500 ppbv. This is due to an
increase in ion signal atm/z 59 corresponding to less than 0.5%
of acetaldehyde product ions possibly due to an impurity. In
a complementary test when ethylene oxide is added up to 2000
ppbv, no noticeable increase of calculated acetaldehyde
concentration is observed (Fig. 3B).

It is important to consider that CO2 is present in breath and
ambient air and will undoubtedly be present in the samples
reagent ion only. (A) The calculated concentrations when acetaldehyde
s calculated when ethylene oxide is introduced in the absence of

This journal is © The Royal Society of Chemistry 2023
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Table 2 The rate coefficients for the ion–molecule reactions of interest for the SIFT-MS analyses of acetaldehyde and ethylene oxide. Also given
are the dipole moments and polarisability values39 used to calculate kc

Compound MW D Debye a 10−24 cm3 H3O
+ [kc]

a NO+ k, [kc]
a OH− k, [kc]

a O−c k, [kc]
a

Acetaldehyde 44 2.69 4.59 [3.4] 0.6 [2.9] 2.0 [3.5] 0.2 [3.6]
CH3CHO
Ethylene oxide 44 1.89 4.43 [2.6] 0.1 [2.2] 0.1 [2.7] 1.7 [2.8]
C2H4O

a k and kc are given in the units of 10−9 cm3 s−1, with kc in square brackets.

Table 3 The LOD and LOQ values for the reactions of acetaldehyde
and ethylene oxide with the OH− reagent ions when using the Voi-
ce200infinity instrument obtained for the average across 180 data
points recorded, with total method dwell time indicated

Compound Time limit (ms) LOD (ppbv) LOQ (ppbv)

Acetaldehyde 100 1.1 3.2
500 0.5 1.4
1000 0.3 1.0

Ethylene oxide 100 12.8 38.6
500 6.0 18.2
1000 4.0 12.1
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being analysed by SIFT-MS users (unless they work under an
inert atmosphere – a very uncommon use case). Tests were thus
completed to investigate whether CO2 would react with the OH−

reagent ion to produce any false positive results or extra prod-
ucts. Our results indicated that no signicant extra peaks are
present when ethylene oxide and CO2 are together in the pres-
ence of OH− (when compared to zero-air), at breath relevant
CO2 concentrations (ca. 6%). In zero-air, a signal was observed
at m/z 61, although according to the previous literature this was
most likely due to the rst hydrate of OH− (OH−H2O),
producing the HCO3

− artefact.44,45 This does not however
interfere with ethylene oxide.

Therefore, in summary, OH− is a potential reagent ion to use
for the accurate measurement of ethylene oxide in the presence
of high acetaldehyde, due to (i) the lack of any overlapping
peaks from different branching pathways of the ethylene oxide
and acetaldehyde reactions, and (ii) the signicant differences
in rate coefficients between these two reactions. Note, however,
that the use of the product ion m/z 59 is potentially subject to
overlap with the product ions from propanol isomers or other
compounds. Hence this method needs to be tested for each
matrix and propanol would potentially need to be monitored by
other reagent ions (followed by subtraction).
3.8 Limit of detection and quantication analysis

The LOD is required to be low enough for ethylene oxide and
acetaldehyde to be detected within sesame seed derived prod-
ucts as well as in ambient air. It is also required to be lower than
the recommended exposure limit of 1 ppm (8 hour time
weighted average) of ethylene oxide, as given by the Occupa-
tional Safety and Health Administration (OSHA). The LOD and
This journal is © The Royal Society of Chemistry 2023
LOQ values were calculated by incorporating the observed rate
constants and branching ratios from Tables 1 and 2 into the Sy
Voice200innity library for calculation of concentrations of
ethylene oxide and acetaldehyde.

The LOD for ethylene oxide and acetaldehyde were deter-
mined from repeated blank background analyses. The SIM
mode on the Voice200innity was utilised in which 180 data
points were recorded by the instrument using a blank glass
vessel with zero-air owing through it. These measurements
were repeated for the reagent ions of interest (OH− and O−c) for
ethylene oxide and acetaldehyde detection. The standard devi-
ation was taken for each measurement and the LOD was
calculated by multiplying this standard deviation by 3.3 for the
LOD and by 10 for the LOQ. The results for the LOD and LOQ
are shown in Table 3.
4 Conclusion

SIFT-MS has the potential to accurately quantify ethylene oxide
in the presence of acetaldehyde using three alternative
approaches. Firstly, by combining H3O

+ (product ions atm/z 45)
and NO+ (product ions at m/z 43) analyses; secondly, by using
a product ion from OH− at m/z 59; and lastly by O−c, by
combining m/z 41 and 43 product ions. It must, however, be
emphasised that a blank correction should also always be
conducted. We found that the most accurate SIFT-MS analyses
can be achieved using the OH− reagent ion, as this leads to
nonoverlapping product ions. SIFT-MS may thus be applied to
the high throughput rapid analyses of food samples to ensure
their safety concerning possible ethylene oxide contamination.
The other methods using H3O

+ and NO+, as well as O−c are
prone to greater uncertainty. The results of this study suggest
that other isobaric species may be quantied using SIFT-MS
(with negative ions and a nitrogen carrier gas), such as traces
of formic acid in the presence of large concentrations of
ethanol.
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Mutagenic activity of ethylene oxide and propylene oxide
under XPG procient and decient conditions in relation
to N-7-(2-hydroxyalkyl)guanine levels in Drosophila, Mutat.
Res., Fundam. Mol. Mech. Mutagen., 2003, 529, 95–107.

17 C. R. Kirman, A. A. Li, P. J. Sheehan, J. S. Bus, R. C. Lewis and
S. M. Hays, Ethylene oxide review: characterization of total
exposure via endogenous and exogenous pathways and
their implications to risk assessment and risk
management, J. Toxicol. Environ. Health, Part B, 2021, 24,
1–29.

18 E. Salinas, L. Sasich, D. H. Hall, R. M. Kennedy and
H. Morriss, Acute ethylene oxide intoxication, Drug Intell.
Clin. Pharm., 1981, 15, 384–386.

19 B. B. Gollapudi, S. Su, A. A. Li, G. E. Johnson, R. Reiss and
R. J. Albertini, Genotoxicity as a toxicologically relevant
endpoint to inform risk assessment: a case study with
ethylene oxide, Environ. Mol. Mutagen., 2020, 61, 852–871.

20 A. Kolman, M. Chovanec and S. Osterman-Golkar, Genotoxic
effects of ethylene oxide, propylene oxide and
epichlorohydrin in humans: update review (1990–2001),
Mutat. Res., Rev. Mutat. Res., 2002, 512, 173–194.

21 F. Li, A. Segal and J. J. Solomon, In vitro reaction of ethylene
oxide with DNA and characterization of DNA adducts, Chem.-
Biol. Interact., 1992, 83, 35–54.

22 J. J. Solomon, Cyclic Adducts and Intermediates Induced by
Simple Epoxides, IARC Sci. Publ., 1999, pp. 123–135.
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33 P. Španěl, Y. F. Ji and D. Smith, SIFT studies of the reactions
of H3O

+, NO+ and O2
+ with a series of aldehydes and ketones,

Int. J. Mass Spectrom., 1997, 165, 25–37.
34 D. Hera, V. S. Langford, M. J. McEwan, T. I. McKellar and

D. B. Milligan, Negative reagent ions for real time
detection using SIFT-MS, Environments, 2017, 4, 16.

35 D. Smith and N. G. Adams, The selected ion ow tube(SIFT):
studies of ion-neutral reactions, Adv. Atomic Mol. Phys., 1988,
24, 1–49.
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