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Insights into interactions of chlorine-based cleaning products
with indoor relevant surfaces
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received increased attention in the scientific community. Here we have investigated the chemistry of chlorine-based cleaning
products and their interactions with indoor relevant surfaces and find that these surfaces react with these cleaning products to
yield surface adsorbed chlorine oxides and other surface-bound species.

The chemistry that occurs in indoor environments and the role that indoor surfaces play have recently
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ABSTRACT

Rationale. Indoor chemistry has recently received increased attention in the scientific commu-
nity due to the fact that there is relatively little known given its unique environment including
point combustion sources (candles, gas stoves, etc.) resulting in high aerosol concentrations, high
surface to volume ratios and the impact of humans on indoor air quality. Recently, surface-
initiated reactions during chlorine cleaning events have been proposed. Methodology. In this
study, we probe the interaction of bleach headspace gas with high surface area silica as a proxy
for window glass — an ‘inert’ and impervious surface — using attenuated total reflectance Fourier
Transform infrared (ATR-FTIR) spectroscopy, atomic force microscopy photothermal infrared
(AFM-PTIR) spectroscopy and transmission electron microscopy (TEM) to observe surface
chemical and physical changes. Results. The results suggest chemical transformations occur at
the silica surface forming surface adsorbed chlorine oxides (ClIO,). Conductivity and ion chro-
matography methods support the presence of adsorbed chloride after surfaces have been
exposed to bleach and HOCI. Discussion. Interactions between HOCI and indoor surfaces
have not been previously studied with molecular based techniques. The possibility of surface-
mediated reactions has been relatively unexplored on indoor surfaces and this study shows the
chemistry of chlorine-containing cleaning products on indoor relevant surfaces.

Keywords: bleach cleaning, chlorine oxides, hypochlorous acid, indoor chemistry, indoor air

quality, indoor surfaces, surface chemistry.

Introduction

While people spend the large majority of their lives in indoor spaces containing a
chemical ‘cocktail’ comprising a myriad of different surfaces, gases and combustion
and light sources, our understanding of how these unique components interact with
each other is greatly lacking (Weschler and Shields 1999; Nazaroff and Weschler 2004;
Gligorovski and Abbatt 2018). The possible implications for human health concerns
necessitate the study of indoor environments to constrain the many variables that control
indoor chemistry. The use of strong household cleaners indoors is a significant topic of
interest due to their powerful oxidising or reducing capabilities — likely producing a
variety of byproducts with unknown properties (Wong et al. 2017). Overall, strong
oxidisers such as quaternary ammonia compounds, hypochlorite (OCl™) and other
oxychlorides, peroxygens (H,O, or peracetic acid), phenolic compounds and alcohols
make up the vast majority of household disinfection products in the United States
(Fu et al. 2007). These disinfection products can be incredibly effective in their purpose,
are widely used and yet they are one of the least understood aspects of indoor air
chemistry and health (Weschler et al. 2006). A few studies have significantly correlated
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usage of caustic cleaners in the home to adverse health effects
such as asthma and wheezing in children (Quirce and
Barranco 2010; Parks et al. 2020). Conversely, some studies
showed no significant connection between cleaners and respi-
ratory issues with the possible differences in conclusions being
due to the age of subjects, location or other unknown factors
(Bukalasa et al. 2019). Whether these negative health effects
are because of the primary ejection of the cleaner sprays as
aerosols, the active disinfection chemical products them-
selves, the gas-phase form of the cleaners and the secondary
organic aerosol they can form, or the oxidised/reacted prod-
ucts of the initial active component, is widely unknown.
Studying the mechanism by which these strong and caustic
chemical components interact with the indoor environment
could facilitate a more accurate and holistic understanding of
how these chemicals impact human health.

Hypochlorous acid (HOCI) is produced in the gas phase
during and after cleaning events with bleach products. This
oxidative compound is formed from the natural acidification
of the main active ingredient, OCl~, present in the bleach
solution. As the aqueous solution takes up CO,, the pH of the
solution decreases leading to HOCI emission as shown in
Eqn 1.

H;0* + CIO~ = HOCI + H,O (D

How HOCI interacts in indoor spaces, via gas-phase reactions,
condensed- and surface-phase interactions, is poorly under-
stood. Other important gas phase compounds can also be
produced from bleach products, from the reaction between
HOCI/OCl™ and ammonia (NH3) or dinitrogen pentoxide
(N2Os), including chloramines (NH,Cl,) and nitryl chloride
(CINO,) (Jafvert and Valentine 1992; Wong et al. 2017; Wang
et al. 2019). In addition, secondary organic aerosol formation
increases in the gas-phase when volatile organic compounds
and bleach are present at the same time (Mattila et al. 2020a;
Patel et al. 2020). Most interesting for this current study is the
work of Mattila et al. (2020b) which shows the presence of a
large unidentified reservoir for hypochlorous acid indoors
during the 2018 HOMEChem campaign (Farmer et al. 2019)
— larger than what could be attributed to gases and aerosols.
Tentatively, this reservoir was hypothesised to be due to
surfaces. Whether or not these surface interactions are revers-
ible, reactive or produce other unique products is currently
not known.

Silica, or SiO,, has been studied extensively over the past
century and continues to be an area of interest for material
and surface scientists. Although window glass (amorphous
SiO,) can be commonly considered as a relatively inert
substrate which is an insulator and not a semiconductor
such as titanium dioxide (TiO,), surface hydroxy groups
formed in the presence of water (relative humidity > 5%)
gives the surface adsorptive properties (Suh et al. 2000;
Fang et al. 2019). Despite SiO, being a ubiquitous surface
indoors, its interaction with HOCl, a common oxidative gas
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molecule, under room temperature conditions is not well
studied. In this study, we look at the interaction between
SiO, and HOCL.

Experimental methods

To probe the chemistry of HOCI on an indoor relevant
substrate, high surface area silica (SiO,, OX50 Aerosil) was
used as a proxy for window glass. The sample was baked at
500°C for 12h to remove trace organics prior to exposure.
Thin films of the silica were created by suspending the silica
in water and were allowed to dry on an AMTIR crystal
(Amorphous Material Transmitting IR radiation, Pike
Technologies) overnight. The appearance of the 1140 and
1235 cm ™! peaks and lack of contamination peaks confirmed
the presence of clean deposited silica nanoparticles on the
crystal surface. Hypochlorous acid was generated by either
buffering a 10-15% sodium hypochlorite solution (Sigma
Aldrich) or commercial bleach, with monosodium phosphate
to achieve a slightly acidic pH of 6.4. The method was
adapted from Schwartz-Narbonne and coworkers (Schwartz-
Narbonne et al. 2019).

A flow of 10sccm of HOCI gas was transferred into a
dilution line containing 0.1slpm of zero air, achieving a
concentration of 61 +/— 1 ppm. The concentration of HOCI
and Cl, was measured using a 53.5 cm gas-phase UV-vis cell,
using wavelengths of 242 and 330 nm respectively to calcu-
late concentration. The absorption cross-sections used to cal-
culate the concentration of HOCI and Cl, were 2.03 x 10~ 1°
and 2.55 x 10~ '? cm®molecule ~* respectively (Burkholder
et al. 2015). A pulsed Xe lamp (Excelitas Technologies Corp.)
was used as a source and a diode array detector (Ocean
Optics USB 3000) was used to measure the change in absorb-
ance respective to the background. ATR-FTIR spectra were
obtained using a Nicolet iS10 FTIR spectrometer (Thermo
Fisher) equipped with an MCT/A detector and the AMTIR
crystal base at 4cm™! resolution using an average of 256
scans over a spectroscopic range of 600-4000cm'.
Measurements of chlorine oxyanions were carried out using
ion chromatography (IC) (ICS-2000 ThermoFisher) and
TraceCERT™ IC standards including chlorite, chlorate and
perchlorate (Sigma Aldrich).

To measure nanoparticle size, 15ulL of a sonicated
0.01g L™ silica suspension was dropped on a formvar/
carbon-coated 100 mesh copper grid and dried. The copper
grid was analysed using a JEM-1400 Plus transmission
electron microscope at 80kV. The silica was exposed to
HOCI using conditions as described above for 1 h.

Atomic force microscopy photothermal infrared (AFM-
PTIR) spectroscopic measurements were performed using a
commercial AFM-IR microscope (nanoIR2, Bruker) with a
tunable mid-IR quantum cascade laser (QCL MIRcat-QT,
Daylight solutions). Images and spectra were collected at
~5-10% relative humidity (RH) and ambient temperature
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(20-25°C). Analysis was conducted using silicon nitride
probes with a chromium-gold coating (HQ: NSC19/CR-AU,
MikroMasch) with a typical tip radius of 30 nm and a nomi-
nal spring constant range of 0.05-2.3 N m™. AFM imaging
was conducted in tapping mode at a scan rate of 0.5Hz.
AFM-PTIR spectra were collected with a nominal spatial
resolution below 35nm and a spectroscopic resolution of
5cm ', co-averaging over 128 laser pulses per wavenum-
ber. The silica solution was dried onto the quartz substrates
under similar conditions to the sample preparation for
ATR-FTIR.

Results and discussion

Due to the complex nature of the indoor environment,
studying surface-level and mechanistic chemistry can be
challenging. To find which surface (or surfaces) can act as
a sink for gas-phase HOC], silica, a model for window glass,
was used as a simple starting point. Similar to adsorbed
H>0, (Goodman et al. 2001; Rubasinghege and Grassian
2013) it was initially hypothesised that HOCI would interact
with surface hydroxy groups via hydrogen-bonding and then
upon removal of HOCI from the gas phase the relatively
weakly adsorbed HOCl would desorb upon evacuation.
Instead, ATR-FTIR spectroscopy shows that products are
formed at the surface, with infrared absorption peaks appear-
ing mostly in the low frequency region below 1000 cm %, as
shown in Fig. 1. In this region, it is seen that peaks in the
spectra grow in intensity as a function of time as the silica
surface is exposed to HOCI.

In particular, these infrared data show that multiple
peaks are present at 963, 859 and 730 cm ~ ! upon adsorption.
These peaks suggest there are multiple species being produced
and that HOCI, a volatile compound, reacts with the surface to
yield chlorine oxyanions or functionalised silica (e.g. Si—Cl,
Si—ClO,, etc.). For reference, the spectrum of gas-phase HOCI
shows the 1O—Cl stretch is measured to be around 725 cm ™!,
suggesting that ClO, species are being formed. Thus, this was
an unexpected result due to the volatility of HOCI and pro-
vides evidence that a different chemical process is occurring,
namely the formation of new surface bound chlorine oxides.

The appearance of these chlorine oxide products is well-
correlated with the decrease of Si-O-Si bands around
1200 cm ™!, a site for surface reaction. It should be noted
that this experiment occurred at a concentration of HOCI
around 64 ppm during exposure, higher than typical HOCI
concentrations in indoor spaces reported at levels between
0.1 and 5ppm during cleaning events (Wong et al. 2017;
Wang et al. 2019; Mattila et al. 2020a, 2020b). In addition,
the gas stream also contains Cl, thus deriving kinetic param-
eters from these data is not possible.

Following these adsorption measurements, the HOCl was
removed from the gas flow and clean dry air was introduced
into the ATR-FTIR cell for 60 min. It is seen in the spectra

——— 60 min
—— 50 min ‘
40 min
——— 30 min
20 min
—— 12 min
9 min
6 min
3 min
—— 0 min
= = =« Desorption
after 60 min

0.2

1450

1600 1400 1200 1000 800
Wavenumber (cm™)

Fig. I. ATR-FTIR difference spectra of SiO, following exposure to
gas-phase HOCI and ClI, for 60 min under relatively dry conditions
(RH < 15%) as a function of time. A spectrum was collected following
60 min of dry clean air flowing over the chlorine-exposed silica thin
film (shown by the black dashed line). The spectrum used for back-
ground subtraction was a clean silica thin film in dry air. The scale bar
refers to absorbance units.

shown in Fig. 1 that upon this desorption step, the peaks
remain, showing that these products remain on the surface.

The presence of surface-bound products was further
proven through the use of conductivity measurements and
ion chromatography. Silica was exposed to HOCI under
similar conditions for the ATR-FTIR measurements for 2h.
After a 1 h period of desorption using dry zero air, the
exposed silica nanoparticles were immersed in Milli-Q
water and sonicated for 2 h. Blanks containing just Milli-Q
water as well as clean silica nanoparticles were also soni-
cated as a solvent blank and method blank. Conductivity of
the HOCI exposed samples increased above twice the back-
ground and the ion concentration of chloride was enhanced
by a factor of two in comparison to the blank concentration
of non-exposed silica.

Though AMTIR crystals are normally used for somewhat
caustic and/or acidic systems, it was evident throughout this
experiment that the crystal itself was slowly reacting with
the HOCI/Cl, gas. Not only does a singular peak increase
over time around 850 cm ~*, eventually after many uses and
long term exposures, an oxidised layer will form on the
crystal. Diamond powder (Pike Technologies) at various
grit sizes was used to clean this oxide layer and regenerate
the flat AMTIR crystal surface. The crystal is made up of a
brittle alloy of selenium, arsenic and germanium. The simi-
larity between germanium and silicon possibly led to a
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similar interaction with the oxidant. A ZnSe crystal (Pike
Technologies) exposed to the same conditions did not show
any unwanted byproducts, however due to its limitations in
pH range and weak signal below 1000cm*, it was not
further used for this study.

To show that the product peaks could be formed inde-
pendent of the AMTIR crystal surface, a silica substrate with
a thin film of silica nanoparticles was exposed to similar
conditions of HOCI and Cl, gas for about 2h. After the
period of desorption, the infrared spectra of the surface
were measured using AFM-PTIR spectroscopy. In the
absence of the AMTIR crystal, the interaction between the
gas and silica surface shows similar results as shown in
Fig. 2 — namely the 963 and 853cm™! peaks. The third
peak at 730 cm ™! could not be seen due to the spectroscopic
limitations of the AFM-PTIR below 800 cm '. The height
comparisons between the two peaks shown in Fig. 2 are
clearly different due to differences in operating principles
between these two different infrared methods. Or and cow-
orkers highlight how the sample thickness and non-linearity
of the PTIR technique can lead to deviations in spectroscopic
intensities (Or et al. 2018). The broadness of these peaks
indicate the presence of multiple binding modes and confor-
mations at the surface, which is explored a bit further in
more detail below.

To further understand these data, an amorphous SiO,
pseudo structure was formed using a total of 62 atoms
using Spartan Software (Wavefunction Inc.). The geometries
of the energy minimised cluster were calculated at the
B3LYP/6-311+G** level of theory. Molecular vibrational
frequency calculations were performed at the EDF2 DFT
level of theory (Lin et al. 2004). Scaling factors to account
for anharmonicity in the calculated frequencies were not
used in this study. Similar to the B3LYP model, the EDF2
functional provides slightly more accurate results for vibra-
tional spectra while also decreasing computation time as
discussed in Lin et al. (2004).
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Fig. 2. Comparison of infrared spectra of
HOCI with (a) SiO, collected using ATR-FTIR
250 nm spectroscopy, via online analysis, using an AMTIR
200 crystal (solid orange) and (b) offline analysis,
AFM-PTIR spectroscopy (solid light blue). The
dashed lines give the vibrational frequencies for
100 the PTIR spectrum which for these broad bands
are close to that observed in ATR-FTIR spec-

150

50 trum. Controls of unreacted bare silica are

0 shown in the dashed lines for both methods.
(c) AFM height image of the exposed silica
thin film.

Fig. 3. Images of a ClIO, moiety bonded to an SiO, surface in two
different hypothetical conformations: protonated bridging bidentate
(with the proton on the chlorine atom) is shown on the left and
monodentate, interacting with nearby surface hydroxy groups, is
shown on the right. The colour code is as follows: chlorine atoms —
green; silicon atoms — blue, oxygen — red and hydrogen atoms — white.

Of the different possible binding modes, the monodentate
form and the bridging bidentate forms (in this case of bridging
ClO, with protonation) as shown in Fig. 3, were found to have
the most similar vibrational modes to the experimental data
(see Table 1). The monodentate form had intense major vibra-
tional modes calculated at 988 and 827 cm ™. The bridging
bidentate configuration shows major vibrational modes at
726, 743 and 844cm™?!, where 726 and 743cm™! were
defined as a Cl-H wagging mode with contributions from
the mode at 844 cm ™. As scaling factors which account for
anharmonicity were not used, it should be noted that the
agreement between the theoretical and experimental frequen-
cies for the v(SiO-H) mode is a result of these lower frequency
broad peaks. While it would be expected that the difference in
these frequencies at the higher energies should be larger,
on the order of 100-300 cm ™!, the variance in frequencies
below 1000 cm ™! should be quite close to accurate (around
20-80 cm ™ 1) (Baltrusaitis et al. 2006). Thus, for the purposes
of this study, product vibrational frequencies between
700 and 1000cm ™' for the calculated model systems are
consistent with the experimental data (Table 1).
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Table I.
of silica.

Theoretical and experimental vibrational mode assignments for adsorbed HOCI as surface adsorbed chlorine oxides on the surface

Experimental IR Theoretical IR

Calculated normalised Vibrational mode

frequency (cm™') frequency (cm™") intensity

3751 3740, 3713 0.23, 1.00 v(SiO-H)

1200, 1112, 963 1252, 1099, 1095, 785 0.6, 0.59, 0.53, 0.18 v(SiOSi, vibrations)

963 988 0.31 6(OCIO-Si-O-H) (monodentate)
827 0.22 v(Si-OCIO) (monodentate)

859 844 0.2 v(Si,—-O,CIH) (bridging bidentate)

730 726, 743 0.14, 0.26 w(CI-H) (bridging bidentate)

Fig. 4. TEM images of a silica nanoparticle that is (a) clean and
(b) exposed to HOCI/CI,. These images were collected from two
different samples.

An AFM image of the exposed silica thin film is seen in
Fig. 2c. Transmission electron microscopy (TEM) images of
individual particles are shown in Fig. 4. The unexposed
silica particles in Fig. 4a show smooth edges whereas the
images of the particles taken after exposure to the HOCI gas
show an increase in surface roughness. These data suggest
the possibility of surface roughening due to surface segrega-
tion of the chlorine oxides that form or even etching due to
the presence of the strong oxidant.

Most interesting is that analysis of these exposed silica
surfaces several weeks after exposure to HOCl show X-ray
photoelectron spectra (XPS) with no ClI signal in the CI 2p
region indicating that these products desorb from the sur-
face over time (see Supplementary Fig. S1). A comparison of
the XPS data for HOCI exposed SiO, particles compared to
TiO, particles shows that weeks after HOCI exposure there is
chloride present on the TiO, particle surfaces but not the
SiO, particle surfaces, showing there is different bleach
chemistry on these two different particle surfaces with sur-
face products more strongly adsorbing to the TiO, surface
(see Supplementary Fig. S1).

Commercial bleach products contain a multitude of other
ingredients besides hypochlorite, including (but not limited
to): anionic and non-ionic organic surfactants, carbonates,
dye transfer inhibitors using polyamine N-oxide polymers
or various other imidazole/pyrrolidone based polymers,

3202 —— 0min
| 10 min
20 min

30 min
~— 40 min
—— 50 min
—— 60 min
70 min
—— 80 min
—— 90 min

=== Desorption
after 60 min
INA
—— .
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Fig. 5. ATR-FTIR spectra of SiO, following exposure to the head-

space gases collected from an acidified commercial bleach solution
under relatively dry conditions (RH < 15%) as a function of time. The
black dashed line shows the infrared spectrum recorded after 60 min
of dry clean air flowing over the bleach-exposed silica thin film. The
spectrum used for background subtraction was a clean silica thin film
in dry air.

organic acids and more. To measure the impact this realistic
model of chlorine cleaning would have on the silica, a com-
mercial bleach solution was acidified and its headspace (mea-
sured RH < 20%) was allowed to interact with a silica thin
film. As shown in Fig. 5, similar partially and irreversibly
bound chlorine oxide peaks appear, albeit in different relative
intensities compared to the model HOCI plus silica experi-
ment. However, unlike the model experiment, many other
additional peaks are observed to reversibly adsorb onto the
silica thin film and possibly compete for active sites with the
produced HOCI gas. The largest peak at 3202cm ™! clearly
indicates the presence of a secondary, and likely aliphatic,
amine perhaps derived from one of the nitrogen-containing
polymers and compounds commonly found in bleach patents.
Additional new peaks between 1700 and 1200 cm ™' show
some absorbed water at 1640cm™!, methylene groups
(surfactants/polymers) at 1445 cm~ ! and other modes at
1200 and 1096 cm ™' or other various organic species such
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as the N-H bending mode, that all eventually desorb upon the
use of dry zero air an hour after the experiment. The change in
relative intensities of the chlorine oxyanion peaks between
1000 and 700 cm ! in the bleach experiment compared to the
silica samples exposed to HOCI in the silica experiment could
be due to many reasons, including the presence of additional
adsorbed water and the presence of a large amount of
heteroatom-containing organic molecules. Nevertheless, it
seems that even with water and a significant number of
organic species nearby on the surface, HOCI interacts with
the silica surface to form chlorine oxides as seen by the low
frequency (below 1000 cm™ Y region.

Thus, these bleach cleaning experiments show that sev-
eral different chemical species partition onto the surface.
Several of these species are similar to when HOCI absorbs
onto SiO, to form the suspected ClO, surface bound prod-
ucts that remain on the surface after the bleach headspace
gas is no longer in the flow system. In contrast, all other
chemical species, including secondary amines, desorb from
the surface after a flow of bleach-free dry air is directed over
the sample and thus are more weakly adsorbed to the
surface.

Conclusions

SiO, surfaces exposed to gas-phase HOCI form surface
bound chlorine oxides as identified by vibrational spectros-
copy. In addition, the enrichment of chloride signal in IC
analysis along with the decrease in the Si-O-Si bonds as
indicated from infrared spectroscopy, highlight that there
are unique surface sites for reaction and possibly multiple
mechanisms involved in these interactions. Calculations
using a model of a SiO, cluster shows that ClO, species
associated with the silica surface have absorptions in the
low frequency region between 725 and 1000 cm ™' due to
several vibrations consistent with the ATR-FTIR and AFM-
PTIR spectra. TEM images of the silica particles show evi-
dence that the surface is being roughened as the silica is
exposed to HOCIL The studies of bleach with SiO, show
similar interactions with HOCI and other components
including buffers, secondary amines, polymers, aromatics
and more - showing the complexity of indoor surface chem-
istry. While the data shown here was done purely between
gas and solid phases, liquid bleach is commonly applied
directly onto surfaces. Other common surfaces are expected
to also have unique interactions with HOCI and the different
organics and nitrogen-containing species present. Overall,
these results show that the use of chlorine cleaning products
leads to complex surface chemistry. Future work should aim
to qualitatively determine the compositions of such systems
so that a quantitative understanding of the sources and sinks
of indoor relevant oxidants may be further developed along
with information on rates of reactions as a funciton of
relative humidity and temperature.
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Supplementary material

Supplemental material contains one figure with XPS data.
Supplementary material is available online.
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