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compound (VOC) emissions from
the usage of benzalkonium chloride and other
disinfectants based on quaternary ammonium
compounds†

Leif G. Jahn, *a Mengjia Tang,b Daniel Blomdahl, b Nirvan Bhattacharyya, a

Pearl Abue,b Atila Novoselac,b Lea Hildebrandt Ruiz a and Pawel K. Misztal b

Quaternary ammonium compounds (QACs) are a class of molecules commonly used as residential and

industrial disinfectants whose prevalence has increased in recent years and during the COVID pandemic.

QACs are typically considered relatively inert and nonvolatile; however, little is known about the

propensity of QAC commercial products (CPs) to emit volatile organic compounds (VOCs) during usage.

We performed a series of environmental chamber and solution headspace measurements using a Vocus

proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS) to examine VOC emissions

during simulated spraying of a dilute solution of pure benzalkonium chloride (BAC), several CPs whose

primary active ingredients include BAC and didecyl dimethyl ammonium chloride (DDAC), and a CP

containing a novel silyl-based QAC. A number of VOCs were observed during spraying of pure BAC

solution, including functionalized benzyl compounds, chlorotoluenes, and small functionalized

hydrocarbons; these VOCs may be derived from the BAC synthesis process. Similar emission signatures

were also detected from CPs, though specific source attribution was challenging due to the chemical

complexity of commercial formulations, which include molecules to aid in solubilizing and stabilizing

QACs (among other roles). Headspace measurements of the silyl-QAC suggest a functionalized propyl-

silyl molecule is volatilized whose exact origin and structure could not be determined. Functionalized

benzyl compounds are detected at the C7H7
+ ion as well as at the protonated [M]H+ species or other

ions, providing insight into the structures that can give rise to the C7H7
+ ion signature that has

commonly been detected during PTR-ToF measurements of indoor and urban environments. Within the

pure BAC solution, the identified benzyl molecules may not account for the entirety of the measured

C7H7
+ signal, leaving open the possibility that unidentified VOCs are also present. Overall, the present

measurements show that QAC solutions are not inherently inert or nonvolatile and will emit a variety of

VOCs depending on the identity and purity of the contained QACs and product formulation.
Environmental signicance

Indoor chemistry and air quality have substantial human health impacts due to the large amount of time typically spent within indoor spaces. Episodic events,
such as disinfection or other cleaning, are signicant potential contributors to indoor particle and VOC concentrations. Disinfectants based on quaternary
ammonium compounds (QACs) are among the most common commercial disinfectants in use today; however, little is known about the potential for QAC
disinfectants to emit VOCs during usage. This work examines VOC emissions from pure QAC solutions as well as commercial formulations and observes
a variety of VOCs that relate to the active QAC ingredients as well as the inactive functional ingredients that stabilize and solubilize QACs, showing that QAC
disinfectants can affect indoor air quality.
ing, University of Texas at Austin, USA.

nvironmental Engineering, University of
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the Royal Society of Chemistry
Introduction

Quaternary ammonium compounds (QACs), commonly
referred to as quats, are a class of molecule that possess biocidal
properties and are the primary active ingredient in many
commercial disinfectant formulations.1–6 The usage of
commercial disinfectants including QAC-containing products
has increased substantially in recent years, particularly during
Environ. Sci.: Atmos., 2023, 3, 363–373 | 363
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the COVID-19 pandemic,1,6–8 increasing the potential for human
exposure to these molecules, associated additives, and their
byproducts, especially within indoor environments.8 The QACs
present in commercial disinfectants consist of a four-
coordinate nitrogen atom that is typically bound to hydro-
carbon ligands of differing lengths and structures and stabi-
lized as a salt (Fig. 1), although ligands incorporating a variety
of heteroatom- or silicon-based groups and functionalities are
sometimes used.5 The hydrocarbon ligands typically consist of
twomethyl groups, an alkyl chain of variable length (–C8H17 to –

C18H39), and then either a second alkyl chain, a benzyl group (–
C7H7), or an alkyl group that is functionalized in a different
manner.5,9 Many QACs that are common disinfectant ingredi-
ents incorporate the benzyl group functionality and are termed
benzalkonium chloride (BAC) while another common QAC
incorporates two C12 chains (didecyldimethylammonium chlo-
ride, DDAC); together, these two types of structures comprise
the most common QACs in commercial products.2,3,5,9

QAC disinfectants have traditionally been considered rela-
tively safe and inert2,10 compared to other common disinfec-
tants (such as hydrogen peroxide or chlorine-based solutions)
as they tend to be large ionic salts. Research has suggested that
QAC usage and exposure are linked to a variety of adverse health
effects in humans,2,8,9,11,12 including increased asthma inci-
dence, suggesting potential inhalation exposure.12,13 The
stability of QACs has been highlighted in recent research
demonstrating the potential for accumulation in terrestrial
systems or indoor spaces.6–9 Additional concern has also arisen
due to increased usage of QACs during the COVID-19 pandemic
leading to QAC proliferation in natural systems6,7 and indoor
spaces.8 QACs can degrade to tertiary amines or other
compounds in solution through an alkyl-displacement reaction
initiated by nucleophilic species.5 Such reactions do not appear
to be sufficiently favorable to compete with biotic or
disinfection-associated loss processes in natural systems and
wastewater processing.6,9 These scenarios represent a bulk
aqueous environment for the dissolved QAC; however, QAC
application sometimes occurs through the generation and
dispersal of microdroplets (such as with electrospray or misting
devices).14 The reactivity of a variety of compounds within
microdroplets has been observed to differ from that within bulk
Fig. 1 Structure of benzalkonium chloride (BAC) with a C10 alkyl ligand
ligands correspond to the three main QAC structures investigated in this
dodecyldimethyl ammonium chloride; R3: 3-trihydroxysilylpropyl group

364 | Environ. Sci.: Atmos., 2023, 3, 363–373
solutions due to a combination of potential factors including
Laplace pressure, different solvation environments, and pH
gradients,15–17 suggesting that different reaction pathways may
be available for QACs during droplet-based application tech-
niques compared to typical bulk environments.

In the present work, we conduct comprehensive measure-
ments of the VOCs generated following injection of QAC solu-
tion droplets into a room-sized environmental chamber to
simulate application in buildings as well as of the VOCs present
in the headspace of commercial products. We compare
laboratory-made pure QAC solutions with commercial products
through these measurements.

Experimental
VOC measurements

VOC measurements were performed with a Vocus 2R proton
transfer reaction time-of-ight mass spectrometer (Vocus 2R
PTR-ToF-MS, hereaer abbreviated as Vocus; Tofwerk AG/
Aerodyne Research, Inc.). The Vocus detects gas-phase analy-
tes primarily as protonated adducts following reaction with
H3O

+ and has been described in detail in prior work.18 The
Vocus was operated with an ion molecular reactor pressure of
2.3 mbar, 15 sccm ow rate from the water reservoir (H3O

+

source), and IMR front and back voltages of 650 V and 25 V,
respectively. The E/N ratio was calculated to be 150 Td. The
Vocus draws sample ow at 2.5 Lpm through an approximately
2 m PTFE tube (1/8′′ ID, 1/4′′ OD) and overows much of this
while sub-sampling from this ow at a rate of 0.1 Lpm. Vocus
data was analyzed in Igor Pro (version 8.0.4.2, Wavemetrics)
using TofWare (version 3.2.2.1, Tofwerk AG/Aerodyne Research,
Inc.). Data was acquired at a rate of 1 Hz and was averaged over
10 second intervals. Explicit calibrations were performed with
a stepwise increasing ow from amixed calibration gas cylinder
(Apel Riemer Environmental) that was diluted with clean air
from the internal generator on the Vocus. Calibrations were
used to construct a correlation plot between calibrant sensitiv-
ities (cps ppb−1) and proton-transfer reaction rate coefficients
(kPTR) which was used to estimate measured analyte concen-
trations for species that were not included in the calibration gas
cylinder (Section S2 and Fig. S1†). Analyte sensitivities were
estimated based on previously measured kPTR values19 or
. The base structure shown here is shared among QACs. Different R
work. R1: benzyl group in benzalkonium chloride; R2: decyl group in
in 3-trihydroxysilylpropyl octadecyl dimethyl ammonium chloride.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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previously described methods based on analyte molecular
formula, polarizability, and dipole moment when measure-
ments are unavailable.19,20 These methods generally yielded
sensitivities that agreed within 20–50% during prior work (with
a small number of exceptions).20 The uncertainty in concen-
tration measurements of analytes without an explicit calibra-
tion is expected to be∼30%. Relative humidity was measured in
the chamber using an LI-840 monitor (LI-COR Environmental).
Chamber and headspace measurements

Environmental chamber experiments will be described in more
detail in a future publication21 and characterization of the
chamber and sampling system will be described only briey
here. Chamber experiments were conducted in a 67 m3 (5.5 ×

4.5 × 2.7) stainless steel chamber operating with an air change
rate of approximately 2.3 h−1. For each experiment 500 mL of
QAC solution was placed in a commercial ultrasonic misting
device (Holmes HM827TG-FCA) that was placed on a laminate
table and turned on to inject QAC solution as small droplets at
a rate of approximately 0.25 L h−1 until the reservoir was low
(approximately 2 hours). Injection through the commercial
misting device is intended to distribute a large volume of QAC
solution droplets throughout the chamber during the
measurement period. This method is similar in principle to the
injections achieved through commercial disinfectant fogging
devices. Electrostatic, fogging, and manual disinfectant spray-
ing will generate droplets of a range of sizes with the size
distribution dependent on the technique.22 It is not known how
the droplet size distribution generated in this work compares to
size distributions generated via other techniques and
a measurement of the droplet size distribution generated
during this work was not feasible. A thermal manikin breathing
system23 was placed in the chamber on a wooden chair and
“inhaled” at a rate of 0.50 L per inhalation with 12 inhalations
occurring each minute. A new KN95 mask (BYD Electronics,
Cueva) was placed over the manikin mouth and secured with
a plastic zip tie during each experiment. The manikin is
intended to represent the potential exposure a person (wearing
a mask) may experience while in the chamber during disinfec-
tant application. Mask usage is common in many healthcare
and disinfection settings, increasingly so due to the COVID-19
pandemic. The Vocus sampled from four separate locations
during each chamber experiment with the sample location
controlled by a valve switching system (Valco Instruments Co.,
Inc.) at a ow rate of 2.5 Lpm, while lines from the location not
being actively sampled pulled at 1 Lpm. The four sampling
locations were the chamber inow, the chamber outow,
a location within the chamber approximately 20 cm in front of
the manikin, and subsampling the manikin breathing line
located approximately 15 cm behind the manikin mask.
Measurement at each chamber location lasted 5 minutes while
chamber inow was sampled for a total of 15 minutes.
Measurements at each location are reported as an average taken
without the rst minute of sampling to allow VOC concentra-
tions to stabilize. Headspace measurements were performed by
opening the commercial product bottle and placing a capillary
© 2023 The Author(s). Published by the Royal Society of Chemistry
sampling line directly attached to the Vocus near the headspace
above the product liquid and sampling for 5–15 minutes.
QAC solutions and products

QAC solutions were either a laboratory-made benzalkonium
chloride solution or a QAC-containing commercial product.
BAC was purchased at >95% purity from Millipore-Sigma
(#12060). The BAC content is listed as ∼70% dodecyl (–
C12H25) dimethyl benzyl ammonium chloride and ∼30% tetra-
decyl (–C14H29) dimethyl benzyl ammonium chloride and
potential impurities are stated to be water (<10%). BAC was
weighed, added to a 500 mL volumetric ask, and then dis-
solved while diluting to 500 mL with deionized water. This led
to solutions which ranged from 0.40–0.45 wt% (assuming 100%
of weighed mass is BAC), comparable to the concentrations
typically present in commercial over-the counter formulations.
The laboratory-made BAC solutions do not contain compounds
such as pH buffering agents or other additives that are typically
present in commercial products and may act to stabilize QACs
in solution. Four readily available over-the-counter commercial
products marketed as “ready to use” (i.e., no dilution or mixing
is necessary) disinfectant cleaners were purchased for this work.
Commercial products tested are referred to as CP #1–4 through
the rest of the manuscript and have the following total QAC
contents: CP #1 0.11%, CP #2 0.073%, CP #3 0.50%, and CP #4
1.44%; a detailed description of each QAC ingredient is listed in
the ESI Section S1.† Environmental chamber experiments were
performed with the laboratory-made BAC solutions (two times)
and CP #1–3 (once each). Headspace measurements were per-
formed with each commercial product (CP #1–4). Chamber
injection of CP #3 resulted in bubbling of the solution within
the misting device rather than injection of droplets, apparently
due to viscosity differences between CP #3 and the other
aqueous solutions used. For this reason, measurements made
with CP #3 are treated in a purely qualitative manner. Blank
experiments were also performed in the same manner as the
QAC experiments where 500 mL of deionized water was injected
to the chamber via the misting device.
Results and discussion
BAC solution: gas-phase composition and signal attribution

A number of VOCs are detected during the injection of the
laboratory-made BAC solution into the environmental chamber
that are not detected during the blank experiments. An increase
in water vapor was observed during blank experiments, as ex-
pected because water droplets were injected into the chamber
and no signicant changes were observed in VOC concentra-
tions (ESI Section S2 and Fig. S2†). The VOCs detected during
BAC solution injection are summarized in Table 1 along with
maximum concentrations reached within the chamber. A
representative timeseries showing the concentration proles of
several of these VOCs during and following injection at the
inside-chamber and behind-mask valve sampling positions is
shown in Fig. 2. Background concentrations are higher for
many VOCs in the behind-mask position due to VOC off-gassing
Environ. Sci.: Atmos., 2023, 3, 363–373 | 365
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Table 1 Prominent compounds observed to increase during injection of BAC solution

Analyte Compound
Approx. steady
state conc. mganalyte gBAC

−1 Proposed origin

C2H7O
+ Ethanol n/aa n/aa Solvent

C3H8N
+ Allylamine 10 pptv 0.003

C3H6Cl
+ Chloropropene 66 pptv 0.16

C6H7
+ Benzene ionb,c 980 pptv 2.1 Fragmentation product

C3H6ClO
+ Epichlorohydrin/chloroacetone 31 pptv 0.081

C6H7O
+ Phenol 430 pptv 0.39

C7H7
+ Benzyl ionc 4200 pptv 14 Fragmentation product

C7H7O
+ Benzaldehydeb 390 pptv 2.0 Synthesis byproduct27

C7H10N
+ Benzylamine/undetermined 70 pptv 0.076

C7H9O
+ Undetermined/benzyl alcohol 58 pptv N/Ad Synthesis byproduct27

C7H8Cl
+ Chlorotoluene/benzyl chloridec 16 pptv 0.069 Synthetic reagent27 or byproduct28

C7H7Cl2
+ Dichlorotoluene/benzal chloride 7 pptv 0.035 Synthesis byproduct28,29

a Ethanol is not effectively quantied due to a low-m/z mass lter applied during Vocus operation.18 b Some amount of signal at C6H7
+ and C7H7O

+

likely originates from benzyl alcohol. c The benzyl and benzene cations originate from several functionalized benzyl molecules, as discussed in the
main text. d Calculation not feasible due to high background concentration.
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from the manikin apparatus.21 VOC concentrations rise in the
chamber air during injection; however, concentrations rise
more slowly at the behind-mask position and reach a lower
maximum concentration before decreasing. Stable concentra-
tions of a majority of VOCs appear to be reached within the
chamber approximately 60–80 minutes aer injection and then
begin to decrease as the liquid level drops and aer injection
stops, approximately 100–120 minutes. Periods of stable
concentrations are used to calculate analyte concentrations
(reported per g of BAC in Table 1) in solution using a mass-
balance approach that is described in more detail in the ESI
Section S3† and is based on prior work.24 The ion signals
C7H8Cl

+ and C7H7Cl2
+ decrease more quickly, suggesting
Fig. 2 Representative timeseries of several compounds observed during
sampling position and open symbols correspond to the behind-mask pos
5 minute sampling interval, as described in the Methods section.

366 | Environ. Sci.: Atmos., 2023, 3, 363–373
potentially unique loss mechanisms besides ventilation or wall
losses (such as hydrolysis25,26). VOC concentrations inside the
chamber then slowly return to background levels or drop below
detection limits, with concentrations at the behind-mask posi-
tion decaying at a slower rate and returning to pre-injection
levels over longer timescales. This suggests that a mask may
serve as a temporary sink for some VOCs that can deposit
during exposure and then acts as a lower-level exposure source
over longer timescales. In the hours following injection, we do
not observe any further increases in any VOC signals, indicating
that BAC deposited to surfaces within the chamber does not
readily degrade to produce detectable VOCs over this timescale.
Potential VOC production from BAC degradation may be
BAC injection. Filled symbols correspond to the inside-chamber valve
ition. Each symbol represents the 4minute averagemeasured over that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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detectable under other conditions, for example in a smaller
chamber with lower air change rate or under different relative
humidity, oxidant, and lighting conditions.

The proposed most likely origin for several of the
compounds detected during BAC injection is also listed in Table
1. Several of the VOCs that increase in concentration during
injection (benzaldehyde, benzyl alcohol, and chlorotoluenes)
have previously been observed in BAC solutions and were
identied as unintended impurities originating as byproducts
of common industrial synthetic routes.27,28 If an alkyl replace-
ment reaction producing a tertiary amine were to occur,5 a likely
co-product would be a functionalized benzyl molecule (such as
benzyl alcohol). However, as benzyl alcohol may also be present
as a synthesis byproduct, it is not clear whether BAC degrada-
tion might be occurring within droplets. We use chlorotoluenes
to refer broadly to molecules with the molecular formula C7H6–

7Cl1–2, whose isomers we cannot readily distinguish through
PTR-MS. These structures comprise a-chlorotoluene (where Cl
is located on the methyl group; also referred to as benzyl chlo-
ride), a-dichlorotoluene (benzal chloride) and (2–6)-chlor-
otoluenes (where at least one Cl is located on the benzyl ring).
Benzyl chloride is the typical alkylating agent for attaching the
benzyl group to the amine during BAC synthesis, so residual
benzyl chloride could be present due to incomplete
synthesis.3,27 Benzyl alcohol, benzaldehyde, benzal chloride,
and chlorotoluene can be produced during the synthesis of
benzyl chloride27–29 and may persist through the remainder of
the BAC synthesis process to be present in the nal product. The
molecules C3H5Cl and C3H5ClO have multiple possible struc-
tures, 1- or 3-chloropropene for the former and epichlorohydrin
or chloroacetone for the latter. 3-Chloropropene (allyl chloride)
and epichlorohydrin appear to be the more likely structures, as
these molecules are used in a variety of industrial synthetic
processes. The molecules C7H10N

+ and C3H8N
+ are consistent

with benzyl and propyl amine; however, analysis of pure benzyl
amine solution (discussed in the following paragraph) suggests
the C7H10N

+ ion may instead correspond to a compound of
undetermined structure (given the several possible structures)
and origin. If benzyl, benzal, and allyl chloride are present in
solution, they may be short-lived, as hydrolysis reactions can
occur for benzyl (t1/2 ∼ 15 h), benzal (t1/2 ∼ 0.1 h), and allyl
chloride (t1/2 ∼ 69 days), resulting in the formation of benzyl
alcohol, benzaldehyde, and allyl alcohol.25 The hydrolysis rate
measurements for these three halocarbons suggest that, if
present, then some degree of hydrolytic degradation would have
occurred over the ∼24 h that BAC solutions rested before
chamber injection. Ethanol, benzene, and phenol were also
detected during injection and may be residual solvents or side
reaction products from the synthetic process.

A relatively substantial signal increase is observed for the
C7H7

+ ion during BAC injection. C7H7
+ may conceivably corre-

spond to a protonated C7H6 molecule. Such structures (e.g.,
cycloheptatetraene or norcaratriene) would not reasonably be
present, however, and we do not consider this a plausible
explanation. Rather, we believe the most probable origin for the
C7H7

+ ion is production through the fragmentation of a larger
molecule containing the benzyl functionality (i.e., C6H6–CH2–R,
© 2023 The Author(s). Published by the Royal Society of Chemistry
where the CH2–R bond is to an electronegative atom such as
X, N, O), as outlined in the reaction scheme below (R1).

C7H7–R +H3O
+/ [C7H7–R]H+ +H2O/C7H7

+ + RH, R=X,

NR2, OR (R1)

Prior PTR work has observed a variety of functionalized
benzyl molecules to undergo fragmentation to C7H7

+, as
compiled in recent work.19 Some of these prior studies were
performed using SIFT-MS,30,31 a related PTR technique whose
reactor conditions and therefore molecular fragmentation
patterns differ from the Vocus PTR-ToF used in the present
work. Nevertheless, these studies provide insight into potential
molecular structures that may fragment to C7H7

+. We con-
ducted headspace analysis of benzyl alcohol, benzyl amine, and
benzyl chloride solutions to assess whether these analytes could
contribute to the observed C7H7

+ ion signal. This analysis is
discussed in greater detail in the ESI Section S3 and Fig. S3† and
shows that the C7H7

+ ion is produced from each molecule, with
>99% of benzyl chloride, ∼85% of benzyl alcohol, and ∼74% of
benzyl amine detected as the C7H7

+ ion (at the relatively high E/
N ratio of 150 Td used in the present experiments). Benzyl
amine signal is also detected as C7H8N

+ (12%) and C7H10N
+

(14%), consistent with other amines,19 while benzyl alcohol is
also detected as the ions C6H7

+ (10%) and C7H7O
+ (5%),

consistent with other alcohols.19 An ion signal corresponding to
C7H8N

+ does not increase during BAC solution injection, sug-
gesting observed C7H10N

+ may not originate from benzyl amine.
Ion signal corresponding to the protonated [M + H]+ species is
<0.5% for both benzyl chloride and benzyl alcohol. Given the
stated purity of the analytical standards (>99%), the extent to
which observed [M + H]+ signal is due to primary analyte or
solution impurities cannot be reliably determined. For benzyl
alcohol, an assumption that the C6H7

+ and C7H7O
+ ion signals

observed during BAC injection arise solely from benzyl alcohol
leads to an expected C7H7

+ ion signal higher than observed,
presumably due to the presence of both benzaldehyde and other
compounds that may contribute to the C6H7

+ ion signal.
Therefore, it is possible that benzyl alcohol, amine, and chlo-
ride account for the entirety of the C7H7

+ signal, but it also
remains possible that unknown VOCs or BAC reaction products
are present and undergo fragmentation to the C7H7

+ ion during
analysis.

Benzyl alcohol is likely not the only species in the present
measurements that undergoes fragmentation to produce the
C6H7

+ ion. This ion is consistent with protonated benzene;
however, a variety of functionalized benzyl compounds and
single-ring aromatics have been observed to undergo fragmen-
tation to C6H7

+.19 This includes pure hydrocarbons such as
ethylbenzene32 as well as functionalized oxygenates such as
benzyl alcohol (Fig. S3†). Based on these fragmentation
processes, we suspect the majority of the signal appearing at the
C6H7

+ ion (Table 1) is due to fragmentation of larger molecules,
either functionalized benzylic or other single-ring aromatic
molecules.

We do not observe a peak corresponding to protonated
chlorotoluene (i.e., [C7H7Cl]H

+ at m/z 127.0314), likely because
Environ. Sci.: Atmos., 2023, 3, 363–373 | 367
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it is obscured in the mass spectrum by a nearby overlapping
peak from C6H7O3

+ (exact mass 127.0395). However, we observe
a new peak to develop during injection with a best-t exact mass
of 129.0282 that we attribute to the 37Cl isotope of C7H8Cl

+

(exact mass 129.0285). Given the intensity of the proposed 37Cl
peak, we would not expect the 35Cl peak to be clearly discernible
from the C6H7O3

+ peak. C7H8Cl
+ signal may be due to either

protonated chlorotoluene or benzyl chloride. Chlorotoluene is
the more likely origin due to the signicant fragmentation of
benzyl chloride observed during headspace measurements.
Another new peak we observe during injection is consistent
with the C7H7Cl

+ ion, originating from O2
+ charge-transfer to

C7H7Cl, which can again be due to benzyl chloride or chlor-
otoluene. This peak is only used as a qualitative identier, as
detection via O2

+ charge-transfer is not quantied in this work.
Commercial products

The CPs we examine are composed of a mixture of QACs and
a variety of other compounds as inactive ingredients rather than
just BAC. We take the VOCs observed during injection of
laboratory-made BAC solution (summarized in Table 1) as those
potentially originating from BAC (as opposed to other ingredi-
ents) and summarize the presence of these compounds in the
commercial products in Table 2, as measured during chamber
injection and headspace sampling. Analyte mass concentra-
tions were calculated using a mass-balance approach that is
described in more detail in the ESI Section S4† and is based on
prior work24 and are displayed as mganalyte gBAC

−1 (and as ganalyte
kgproduct

−1 in the ESI Table S1†). Concentration differences
within the chamber may arise due to formulation differences
between solutions (including differing BAC concentrations:
laboratory solution 0.41%, CP #1 0.11%, and CP #2 0.034%) as
well as physical differences (such as viscosity) that may affect
droplet size or VOC volatilization behavior. Headspace
measurements directly analyze the VOCs in a small volume
above the product and represent a more concentrated VOC
Table 2 Summary of compounds observed in Sigma BAC solution and
Detection during headspace measurements are noted in each entry with
that a measurement (chamber injection or headspace sampling) was no

Sigma BAC (mg gBAC
−1) CP #1 (mg gBAC

−

C3H8N
+ 0.003 (n/a) 2.4 (Y)

C3H6Cl
+ 0.16 (n/a) N (N)

C3H6ClO
+ 0.081 (n/a) 0.068 (N)

C6H7
+ 2.1 (n/a) 175d (Y)

C6H7O
+ 0.39 (n/a) 1320d (Y)

C7H7
+ 14 (n/a) 208 (Y)

C7H7O
+ 2.0 (n/a) 1340d (Y)

C7H10N
+ 0.076 (n/a) 0.087 (Y)

C7H9O
+ Yc (n/a) Y (Y)

C7H8Cl
+ 0.069 (n/a) 0.19 (Y)

C7H7Cl2
+ 0.035 (n/a) N (Y)

a Injection of CP #3 did not produce droplets and measurements are only
experiments with CP #4 were not feasible due to instrument and sche
concentrations could not be accurately determined. d Partial attribution t
see discussion in text.

368 | Environ. Sci.: Atmos., 2023, 3, 363–373
measurement, while during chamber measurements VOCs may
volatilize differently aer solution is dispersed in small droplets
that slowly evaporate. CPs may also contain the molecules
summarized in Table 1 for reasons not related to QAC content.
Ethanol is excluded from Table 2 because it is not reliably
quantied.

Most of the molecular ions that are observed during BAC
injection are also detected during measurements of the
commercial products. The ion C3H6Cl

+ is not observed in any of
the products and C3H6ClO

+ is detected during only a few
measurements. These molecules may never have been present
in the other commercial products or may have undergone
reaction in the aqueous solution following initial formulation.
The several previously identied benzyl derivative are detected
during headspace and/or chamber measurements of each
product, with dichlorotoluene absent in several measurements.
VOCs are diluted during chamber measurements relative to
headspace measurements, meaning that some VOCs present at
low concentrations may be detected within the product head-
space but not during chamber injection.

Several ions are observed during chamber injection of CP #1
that may relate to the BAC present in this product, with the
caveat that apportioning signal to a specic origin within the
commercial products is complex. These ions appear to be large
amines with the formulae C14H32N

+ and C16H36N
+, representing

fully saturated molecules (Fig. S4†). There are multiple possible
structures for these ions but two potential candidates are N,N-
dimethyl dodecylamine and N,N-dimethyl tetradecylamine, the
likely starting materials for the synthesis of the two most
abundant BAC compounds within CP #1 (Methods and Section
S1†). These ions are not clearly detected during CP #1 head-
space measurements or measurements of the pure BAC solu-
tion, suggesting different volatilization behavior between the
bulk solution within the bottle and suspended droplets. The
large amines are expected to have low volatilities and may
condense to the bottle during headspace analysis but are also
expected to have low Henry's law solubility constants, which
commercial products measured at the inside chamber valve position.
a yes/no designation shown in parentheses. An entry of N/A indicates
t performed

1) CP #2 (mg gBAC
−1) CP #3a CP #4b

0.12 (Y) Y (n/a) n/a (Y)
N (N) N (n/a) n/a (N)
N (N) N (n/a) n/a (Y)
1.8 (Y) Y (n/a) n/a (Y)
Yc (Y) Y (n/a) n/a (Y)
15 (Y) Y (n/a) n/a (Y)
0.74 (Y) Y (n/a) n/a (Y)
0.41 (Y) Y (n/a) n/a (Y)
Y (Y) Y (n/a) n/a (Y)
0.62 (Y) Y (n/a) n/a (Y)
N (Y) N (n/a) n/a (Y)

presented qualitatively; see also discussion in the main text. b Chamber
duling constraints. c Calculation not feasible because background air
o the inactive ingredient phenoxyisopropanol or other species is likely;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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would drive volatilization from a suspended droplet as it evap-
orates. The low volatility of these compounds also leads to
condensation within the unheated sampling lines and compli-
cates any attempts at quantication, so we only discuss the
qualitative detection of these compounds.

Unique ion signatures are observed during headspace
measurements of the silyl-QAC containing CP #3, characterized
by a gradual increase in concentration over the duration of the
measurement. This is in contrast to most compounds observed
during headspace measurements where the concentration
initially spikes and then remains steady. Eight such ions are
clearly observed and appear to relate to one another, with all
ions consisting of a C3N1 group and then differing by the
number of H (6, 8, or 12), O (2–5) and Si (0–1) atoms. We
attribute one of the most intense signals to an ion with the
formula C3H6NO2Si

+, with several similar ions also observed
(Fig. 3). We also observe two C3HyNiOz ions that display similar
behavior, with C3H12NO2

+ the most intense. We base these
formulae attributions on excellent ts to the masses of the
unknown peaks (<5 ppm for each peak), consistency with the
natural isotopic distribution of Si (92.2% 28Si, 4.7% 29Si, 3.1%
30Si), and similarity to the functionality of the silyl QAC ligand
(that consists of an –Si(OH)3 head group connected by a propyl
(–C3H6–) chain to the four-coordinate N atom). A variety of
fragmentation, water clustering, and/or ligand switching
processes appear to be possible for molecules with the C–Si–O
functionality during PTR-ToF analysis, based on analysis of Si3–
Si5 cyclic methylsiloxane molecules present in the calibration
gas used (see Fig. S6†). Given these possibilities and the range of
molecular formulae observed, we are unsure which molecule(s)
constitute a primary analyte and which are fragmentation or
reaction products or clusters. The unique timeseries proles of
these molecules suggest that they either volatilize slowly from
solution (e.g., due to a low vapor pressure) or are produced from
the degradation of another solution component aer the
product is unsealed and exposed to air. A variety of heavy
molecules (e.g.,m/z > 150) that are presumably less volatile than
the majority of solution components are observed and do not
exhibit similar time-dependent behavior, so we suspect this
behavior does not depend solely upon volatility.

The inactive ingredients in a disinfectant product can have
non-functional roles such as providing fragrance or functional
roles that affect product efficacy such as solvating or stabilizing
Fig. 3 Unique ion signatures observed during headspace measureme
measurement began at approximately 1:21 PM local time and finished at
inlet line.

© 2023 The Author(s). Published by the Royal Society of Chemistry
active ingredients, controlling pH, or acting as a surfactant.
Ingredient lists are available from the manufacturers of CP #1
and CP #3 and are provided in the ESI Section S1.† VOC emis-
sion proles during injection of CP #1 and CP #3 are broadly
consistent with the provided ingredient lists. Inactive ingredi-
ents will possess a range of structures and properties and may
volatilize during or following application. Any VOCs may then
be inhaled, undergo reaction to produce more oxygenated
compounds and potentially secondary aerosols, or be ultimately
lost to outdoor transport. The potential emission of inactive
ingredients is an unavoidable part of the usage of any product,
and we therefore choose to also discuss these VOCs that do not
directly relate to BAC or QACs. We observe a large number of
VOCs during chamber injection and headspace measurements,
which is unsurprising given the ingredients lists (ESI Section
S1†) and the variety of small oxygenated VOCs (such as acetone)
that are present in many products.33 Many of these small
oxygenated VOCs are present in a wide array of volatile chemical
products33,34 and are not expected to contribute substantially to
indoor air quality under most circumstances. Therefore, we do
not focus on providing a complete accounting of these VOCs
and limit our discussion to a select few compounds for each
commercial product that either appear relevant to product
efficacy (based on the labelled function) or are relatively novel
among VOC sources.33 We estimate a total VOC emission factor
of approximately 9.6 gTVOC kgproduct

−1 (1.4 ppbvTVOC mL−1) for
CP #1 and 0.16 gTVOC kgproduct

−1 (0.03 ppbvTVOC mL−1) for CP
#2. These emission factors are in a similar range or lower than
those measured for a variety of cleaning agents examined in
prior work.33,35 This may reect the low concentrations of QAC
active ingredients required for commercial disinfectants as well
as the application method used in this work where droplets may
be lost due to air change prior to complete evaporation of water-
soluble VOCs or S/IVOCs. VOC emissions are driven mostly by
non-BAC ingredients that comprise the majority (>90%) of
detected signals. The large difference in TVOC emissions
between CP #1 and CP #2 results from relatively high emissions
of ethanolamine and phenoxyisopropanol (emission factors 2.6
and 4.6 gVOC kgproduct

−1, respectively) from CP #1, which are
shown below in Fig. 4 and discussed further in the following
paragraphs. CP #3 could not be injected in the same manner as
other solutions as injection resulted in bubbling without
nts of CP #4, which contained a silyl-QAC compound. Headspace
approximately 1:34 PM when the solution was removed from near the
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Fig. 4 Concentration profiles of select VOCs observed during injection of CP #1 (left) and CP #2 (right). Filled symbols are plotted on the right
axes and open symbols are plotted on the left axes. The timeseries of phenoxyisopropanol and ethanolamine for CP #1 are the sum of the ion
signals C9H13O2

+ and C9H11O
+ (corresponding to [M]H+ and [M− H2O]H+) and C2H6NO+ and C2H8NO+ (corresponding to [M]H+ and [M − H]+),

respectively.
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droplet formation, so VOC observations are only discussed
qualitatively and not shown in Fig. 4.

Substantial concentration increases to levels of ∼250 ppb
within the chamber are observed for the ions C9H11O

+ and
C2H8NO

+ during injection of CP #1 (Fig. 4), which likely corre-
spond to phenoxyisopropanol (derived from C9H12O2 following
loss of water during analysis;19 a solubilizing agent) and etha-
nolamine (C2H7NO; to control pH as a buffering agent) from the
ingredients list. Both of these compounds are present in the
ingredients list (ESI Section S1†) and their observation during
injection is unsurprising. Fragmentation of phenox-
yisopropanol during analysis may contribute to other ion
signals as well, potentially C6H7O

+ (alternatively phenol),
C7H7O

+ (alternatively benzaldehyde or benzyl alcohol), and
C6H7

+ (alternatively due to the fragmentation of other aromatic
compounds or benzene).19 Aromatic molecules (as a general
class, not specically phenoxyisopropanol) have been observed
to form SOA efficiently through atmospheric oxidation,36 so
phenoxyisopropanol could ultimately contribute to SOA
formation. Ethanolamine has been shown to be an efficient
base in the formation and growth of new particles37,38 and is also
a respiratory irritant,39 and may therefore be relevant to indoor
air quality.

VOC concentrations rise less substantially during injection
of CP #2 (Fig. 4): apart from small oxygenated hydrocarbons and
ion signals consistent with monoterpenes (a common fragrance
component of VCPs33), few substantial concentration increases
are observed. The concentrations of these VOCs are still
substantially greater than those of the VOCs likely attributed to
QACs. Monoterpene oxidation can lead to particle formation
and growth within indoor environments,40,41 though mono-
terpene concentrations peak at <1 ppb during measurements.
VOCs also appear to peak over different timescales, in contrast
to the BAC solution and CP #1, for reasons that are not clear.
Lower VOC concentrations potentially indicate that the inactive
ingredients of CP #2 are present at lower concentrations or are
less volatile relative to those in the other products. Qualitatively,
emissions from CP #3 mainly consist of small oxygenated VOCs,
similar to CP #2, as well as some larger compounds that are
likely solvents or fragrance compounds, including C10H23O3

+

(likely dipropylene glycol butyl ether, listed as a solvent) and
370 | Environ. Sci.: Atmos., 2023, 3, 363–373
C10H17
+ (monoterpenes, fragrance). Also detected are a pair of

ion signals consistent with highly saturated hydrocarbons,
C10H11

+ and C11H11O
+. Whether these last two ions represent

protonated molecules or mass spectral fragments of larger
structures, these ions with high double bond equivalents (DBE;
6 and 7, respectively) suggest molecules with a C6 aromatic ring
and then 2–3 additional C]C double bonds or rings, potentially
consistent with functionalized polycyclic aromatic hydrocar-
bons (PAHs). These molecules do not have a clear origin in the
ingredients list for CP #3. Aromatic molecules, and PAHs in
particular, can lead to negative health effects following inhala-
tion42 and can efficiently forming SOA through oxidation.36 CP
#3 also contains a pH-adjusting buffer, triethanolamine, that is
observed during injection at lower levels than ethanolamine in
CP #1; this may be due to the fact that CP #3 could not be
injected as droplets into the chamber, the lower KH of trietha-
nolamine compared to ethanolamine, or that a smaller
concentration of pH buffering agent was present in CP #3 than
CP #1.
Signicance and implications

A number of VOCs are generated during chamber injections of
solutions made with pure BAC. Some VOCs appear to relate to
different aspects of the BAC synthesis process, being either
synthetic reagents, synthesis byproducts, or residual solvents,
while the precise origin of other VOCs remains undetermined.
We are also unable to determine whether any BAC degradation
may occur within droplets prior to deposition or removal and
contribute to the observed VOCs. The strongest signal detected
during chamber measurements is from the C7H7

+ ion, which
appears to originate predominately from benzyl alcohol but
may also originate from benzyl chloride, benzyl amine, and/or
unidentied molecules. The C7H7

+ ion has been detected
during a variety of indoor VOC measurements without specic
source attribution, and the present measurements suggest that
these or similarly structured molecules may contribute to these
prior observations.43,44 We do not observe any additional
compounds to volatilize in the chamber aer injection
concludes, indicating that under these experimental conditions
and timescales BAC remains relatively stable aer depositing to
surfaces within the chamber.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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We observe VOCs with the same molecular formulae during
commercial product measurements as during BAC solution
measurements; however, we cannot determine whether these
compounds relate to BAC/QACs or other ingredients or whether
isomeric compounds are observed as well (though this would be
unlikely for some of the ions detected). Substantially higher
concentrations of some ions in commercial products compared
to the BAC solution suggest multiple origins. A variety of other
VOCs are also observed during commercial product injection
with large differences in concentrations between some products
(9.6 vs. 0.16 gTVOC kgproduct

−1 for CP #1 vs. CP #2), likely due to
differences in formulation and/or ingredient volatilities. VOCs
observed include aromatic molecules and small amines, which
are potentially relevant for indoor particle growth and SOA
formation.37,38 Some of these compounds are inactive ingredi-
ents (not conferring disinfecting action) that fulll important
roles such as stabilizing or solubilizing QAC compounds within
solution and are therefore an integral part of product func-
tionality. Signals related to non-QAC ingredients appear to
comprise the bulk (>90%) of commercial product VOC emis-
sions, illustrating that disinfectant contributions to indoor air
quality depend strongly on the product formulation and the
specic active and inactive ingredients. The potential effects of
these compounds on indoor health and air quality should
therefore also be considered when evaluating the effects of
using QACs as well as other disinfectants and VCPs. During
analysis of the commercial products containing traditional
alkyl-based QACs we did not consistently observe any additional
VOCs that could be denitively attributed to BAC or the other
QACs. Ions consistent with the amines C14H31N and C16H35N
were observed during chamber injection of CP #1 and may be
residual N,N-dimethylamine synthetic reagents but were unable
to be quantied due to their low volatility. During analysis of
a product containing a QAC incorporating a silyl functionality,
we observe the volatilization of a compound that appears to be
a derivative of the propyl-silyl ligand of the QAC and may be
a degradation product of the QAC or other solution
components.

The VOCs we observe are expected to be reactive towards
common oxidants and in low-ventilated spaces may contribute
to indoor secondary organic aerosol formation or growth.45 The
benzyl and other aromatic VOCs are semivolatile and may
partition to indoor surfaces, including particles, where theymay
accumulate or undergo further reaction.45,46 VOC concentra-
tions during chamber measurements are well below acute
exposure limits for an indoor environment representing a well-
ventilated space; however, the chronic effects of low-level
inhalation exposure to a number of these VOCs (primarily the
halocarbons) during QAC disinfectant usage or solution dilu-
tion12 are not currently well quantied and may contribute to
previously observed negative health effects.2,12,13 Personal
exposure would be expected to increase with decreasing venti-
lation volume and air exchange rates. Some VOCs we observe
appear to relate to the BAC synthesis process, suggesting that
the nature of the synthesis (i.e., the synthetic route, overall
efficiency, and purication) will have a signicant effect on the
QAC-related VOCs that may be emitted during disinfectant
© 2023 The Author(s). Published by the Royal Society of Chemistry
usage and that different compounds may be present in different
products containing the same or similar active ingredients.
Halocarbons are common reagents for QAC synthesis,5 so the
potential for halocarbon exposure will likely exist for many QAC-
containing commercial products. While BAC is one of the most
common QACs currently used in household cleaners,2,3,5,6,9

a variety of other QAC structures have been developed and may
see increasing usage if antibiotic resistance to BAC (or the other
most commonly used QAC, didecyl dimethyl ammonium chlo-
ride) become of concern.5–7,9 QACs of varying structures will
necessarily require a variety of synthetic reagents, leading to
potential exposure to a wider array of VOCs. These observations
suggest that measures to reduce or separate impurities and
byproducts generated during QAC synthesis could be a means
toward reducing QAC-associated VOC emissions. Overall, the
present work challenges the traditional assumption that QAC
solutions are composed of non-volatile and inert molecules and
shows that further work is needed to evaluate potential expo-
sure risks related to usage of QAC disinfectant solutions. Future
experiments utilizing a combination of gas chromatography
and/or online mass spectrometry with other reagent ion
chemistries would be useful in further speciating QAC-related
VOC emissions and calculating emission factors under
different application scenarios.
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