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Environmental Significance Statement

Chemical reactions on indoor surfaces play an important role in air quality in indoor environments, 
where humans spend 90% of their time.  Direct measurements of the physical and chemical state 
of these surfaces provide insights into the underlying physical and chemical processes involving 
surface adsorption, surface partitioning and particle deposition. Window glass, a ubiquitous indoor 
surface, placed vertically during indoor cooking activities in the House Observations of Microbial 
and Environmental Chemistry (HOMEChem) campaign was analyzed using microspectropic 
probes. These surfaces are shown to be important sinks for organic rich particles and particle 
deposition contributes enough organic matter from a single day of exposure equivalent to a 
uniform film two nanometers thick. Chemically distinct changes are observed for different cooking 
activities.   

Page 1 of 26 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1 
 

Glass Surface Evolution Following Gas Adsorption and Particle 1 

Deposition from Indoor Cooking Events as Probed by 2 

Microspectroscopic Analysis 3 

  4 

Authors :Victor W. Or1, Michael Wade2, Sameer Patel3, Michael R. Alves1, Deborah Kim1, Sarah Schwab1, Hannah 5 

Przelomski4, Rachel O’Brien4, Donghyun Rim5, Richard L. Corsi6, Marina E. Vance3, Delphine K. Farmer7, and 6 

Vicki H. Grassian1,8  7 

Affiliations: 8 

1 Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, California 92093, USA 9 

2 Department of Civil, Architectural and Environmental Engineering, Cockrell School of Engineering, The 10 

University of Texas at Austin, Austin, Texas 78712, USA 11 

3 Mechanical Engineering Department, University of Colorado Boulder, Boulder, Colorado 80309, USA 12 

4 Department of Chemistry, William & Mary, Williamsburg, Virginia 23185, USA 13 

5 Department of Architectural Engineering, Pennsylvania State University, University Park, Pennsylvania 16802, 14 

USA 15 

6 Maseeh College of Engineering & Computer Science, Portland State University, Portland, Oregon 97021, USA 16 

7 Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523, USA 17 

8 Scripps Institution of Oceanography and Department of Nanoengineering, University of California, San Diego, La 18 

Jolla, California 92093, USA 19 

 20 

 21 

 22 

Page 2 of 26Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 
 

Abstract 1 

Indoor surfaces are extremely diverse and their interactions with airborne compounds and aerosols influence the 2 

lifetime and reactivity of indoor emissions. Direct measurements of the physical and chemical state of these surfaces 3 

provide insights into the underlying physical and chemical processes involving surface adsorption, surface 4 

partitioning and particle deposition. Window glass, a ubiquitous indoor surface, was placed vertically during indoor 5 

activities throughout the House Observations of Microbial and Environmental Chemistry (HOMEChem) campaign 6 

and then analyzed to measure changes in surface morphology and surface composition. Atomic force microscopy-7 

infrared (AFM-IR) spectroscopic analyses reveal that deposition of submicron particles from cooking events is a 8 

contributor to modifying the chemical and physical state of glass surfaces.  These results demonstrate that the 9 

deposition of glass surfaces can be an important sink for organic rich particles material indoors. These findings also 10 

show that particle deposition contributes enough organic matter from a single day of exposure equivalent to a 11 

uniform film up to two nanometers in thickness, and that the chemical distinctness of different indoor activities is 12 

reflective of the chemical and morphological changes seen in these indoor surfaces.  Comparison of the 13 

experimental results to physical deposition models shows variable agreement, suggesting that processes not captured 14 

in physical deposition models may play a role in the sticking of particles on indoor surfaces.  15 

  16 
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Introduction 1 

Humans spend a majority of their time indoors1 and there has been an emerging interest in studying the fundamental 2 

chemistry influencing the quality of indoor air to which occupants are exposed.2,3 Increased effort in indoor 3 

chemistry research has been directed towards the characterization and chemistry of gases and aerosols in  indoor 4 

air.2,4–8 Surfaces and their influence on indoor air quality have begun to receive more attention, as surfaces are 5 

important not only for gas-phase adsorption and absorption9–12, the dry depositional loss of particles13–16, and organic 6 

film formation9,17 but also serve as reaction sites that facilitate new reaction pathways and mechanisms.18–20 There 7 

are many challenges that complicate the development of a comprehensive molecular level understanding of indoor 8 

surface processes and their impacts on indoor air quality.6 For example, the composition of indoor surface materials 9 

are extremely complex and diverse both structurally and chemically.
2,21

 These surfaces range from permeable micro- 10 

and macroscopically rough, such as painted walls, to smoother impermeable materials such as window glass. On an 11 

impermeable surface contaminant accumulation is expected to occur immediately at the air-surface interface, 12 

whereas permeable surfaces can facilitate prolonged uptake via diffusion into the underlying material matrix.  13 

 Adding on to this complexity, the exact location of the surface will determine the environmental reaction 14 

conditions (light, humidity, and temperature) and the proximity of the indoor surface.17,22,23 For example, windows 15 

are more prone to exposure to direct and attenuated sunlight,24 thus photochemistry may be important for these 16 

surfaces. Photochemical processes play a role in the production and regulation of oxidative gases in the indoor 17 

environment,11,24,25 as well as SOA formation.26 Surfaces in the presence of high levels of elevated humidity, 18 

whether periodic or maintained, can take up water vapor depending on the surface physical and chemical properties. 19 

This can lead to the formation of aqueous thin films, which are a potentially important source for gases, including 20 

nitrous acid formation, in the indoor space.27
 21 

As surfaces age, material accumulates through adsorption, absorption, and deposition of gases and 22 

particles, respectively. The degree of deposition to a surface obviously depends not only on the exposure time and 23 

concentrations of relevant species in air, but also the physical and chemical properties of the surface, which will also 24 

evolve with time and move away from the native surface material’s original properties. For example, organic film 25 

coatings on window glass are predicted to be substantial in theoretical indoor models9 and have been observed in 26 

high-organic loading locations such as kitchens.17 These organic films are different from the underlying glass from 27 

Page 4 of 26Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 
 

both physical and chemical perspectives. Thus, there is a need to not only study the physiochemical properties and 1 

reactivity of the bare indoor surfaces, but also how these properties transform as these surfaces age. 2 

Window glass is a ubiquitous indoor surface, and its interaction with airborne constituents of indoor air 3 

have begun to receive more attention. Glass surfaces evolve as material accumulation14,15,28 and film growth9 occur 4 

at the air-surface interface, and substantial material modification is present on glass surfaces aged for weeks or even 5 

months17. However, these long accumulation time scales restrict the ability to understanding faster processes and 6 

interactions at the air-surface interface. Higher time resolution analyses of surfaces have been conducted but are 7 

typically carried out in laboratory environments, often coupled with theoretical simulations, targeting the 8 

mechanistic and kinetic behavior of interactions between glass surfaces or proxies with both aerosols29 and indoor 9 

relevant organic compounds30–32, and subsequent reactivity to common gaseous constituents of indoor air such as 10 

ozone.18,33–35 The highly specified nature of these experiments often requires use of window glass proxies and use a 11 

smaller number of species representative of a broad family of common indoor compounds. By measuring loss 12 

behaviors of species in the airborne fraction, higher time resolution field measurements demonstrated that gas-13 

surface partitioning play a major role in the behavior of indoor constituents.12 However, direct surface measurements 14 

capturing the faster timescale evolution of authentic indoor surfaces has yet to be demonstrated. 15 

To probe the progression of authentic indoor surfaces in the presence of common indoor emissions, 16 

window glass was exposed to single day cooking activities throughout the month-long HOMEChem experiments. 17 

Cooking and cleaning events during the campaign resulted in elevated levels of submicron aerosols and gaseous 18 

compounds.36–38 Analyses of these glass surfaces reveal substantial particle deposition, dominated in number and 19 

volume by the presence of ultrafine and accumulation mode particles respectively. Spectroscopic analysis of 20 

particles shows signals associated with organic matter that is interacting with the glass surface, which may facilitate 21 

longer-term deposition of more particles onto the glass surface and subsequent increased reactions of the surface 22 

with ozone. Interpretation of spectra are supported by chamber studies demonstrating that depositions are 23 

spectroscopically mimicked by a mixture of oleic acid, a representative for fatty acids, and its byproducts following 24 

reactions with ozone. While the majority of glass surface areas examined were mostly uncoated, the overall volume 25 

of the deposited particles over a single day of exposure is equivalent to that of a film on the order of nanometers of 26 

thickness. 27 
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Methods 1 

HOMEChem  2 

The House Observations of Microbial and Environmental Chemistry (HOMEChem) study took place in June 2018 3 

at the UTest house in Austin, TX. The study is described in detail by Farmer and Vance et al.36
 and included a series 4 

of scripted perturbations, including cooking and occupancy events.  Of particular relevance to this surface study 5 

were two event based days that largely revolved around cooking: a simulated Thanksgiving day, in which a 6 

traditional US holiday meal was cooked for, and consumed by, 10 - 15 guests in the test house and a sequential 7 

cooking day, in which a vegetable stir-fry and rice were cooked four times throughout a day, separated by periods in 8 

which windows and doors were opened to ventilate the house. While there are differences in the overall occupancy 9 

and appliances used between the two events, time resolved size distributions show that events such as cleaning, 10 

cooking, and post-cooking decay phases dominated the degree of aerosol concentration.37  11 

Online SMPS Particle Measurements 12 

Real-time airborne particle size distributions in the size range of 10 nm – 533 nm were measured using a 13 

Scanning Mobility Particle Sizer (SMPS, TSI Inc., Shoreview, MN). The SMPS recorded one particle size 14 

distribution every five minutes. Cumulative size distributions (dN/dDp) were generated by summing the particle 15 

counts across the entire exposure duration of each window glass sample collected for AFM and AFM-IR analyses. It 16 

is worth noting that number concentrations from the cumulative airborne size distribution cannot be exactly 17 

compared to the surface deposited number concentrations without making accurate measurements of surface 18 

deposition rates.  19 

Window Glass Sampling 20 

For AFM and AFM-IR analyses, window glass was cleaned using sequential methanol and water rinses, and dried in 21 

an oven. The glass was cut into 1.3 × 1.3 cm2 pieces and exposed to several high-emission indoor activities across 22 

the HOMEChem campaign. All samples were placed vertically within the shared kitchen and living room area of the 23 

UT Test House. Individual glass slides were exposed for approximately 24 hours to one of the following emission 24 

activities: Thanksgiving (June 18, 2018), and sequential stir-fry cooking (June 6, 2018). A control was taken by 25 

exposing the sample for approximately 40 hours during the unoccupied house (June 1 – June 3, 2018) scenario. 26 
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Exact sampling dates and times are provided in Table S1. Samples were placed directly on top of the SMPS to 1 

minimize spatial differences in emission concentrations and any subsequent transformation or loss processes. Due to 2 

the limited time resolution of sample collection, these surface analyses probe the surfaces evolution following the 3 

cooking event as well as all other indoor events (ventilation, occupancy, etc.) throughout the exposure period. 4 

Samples were stored in sealed stainless-steel containers and shipped to UC San Diego immediately after collection 5 

for analyses. Laboratory blanks were prepared at UT Austin, stored for one month in stainless steel shipping 6 

containers, and shipped at the end of the of the campaign. Samples were stored in the dark at ambient conditions to 7 

minimize changes in surface composition and structure from condensation or photodegradation.39 8 

We note that during the shipping process, higher volatility products may be lost from the surface. Thus, 9 

these offline surface analyses are limited to species that do not readily desorb from the surface passively or during 10 

the transportation process. The following results should be interpreted as a characterization of the surface evolution 11 

primarily due to lower volatility organic compounds and deposited particles. Additionally, for the smaller sized 12 

particles, these microscopy analyses cannot differentiate between either SOA formation and subsequent deposition 13 

or preferential adsorption and aggregation of SVOCs on the surface as island domains.40,41 14 

For ATR-FTIR analysis, a cumulative sample collected over the last three weeks of the campaign was used. 15 

Two glass plates (25.5 cm × 30 cm) were cleaned and placed on top of the shelving unit directly above the stove. 16 

The glass plates were placed near vertically, with an approximate tilt of 5°, leaning against the wall. After the end of 17 

the campaign, the plates were collected, placed with dirty sides facing each other, wrapped in aluminum foil, sealed 18 

in a plastic bag and transported back to William & Mary for analysis.  Except for time on a commercial aircraft, 19 

samples were stored frozen and were thawed before sample extraction/removal. From a slight tilt of these samples, 20 

gravitational settling is expected to enhance material accumulation relative to the fully vertical window glass 21 

samples used for microscopy analyses, and inter-sample assessments with these plates and the smaller slides for 22 

AFM-IR are strictly limited to spectroscopic comparisons. 23 

AFM-IR Method 24 

Samples were analyzed using a nanoIR2 (Bruker, Santa Barbara, CA) microscopy system equipped with a 25 

tunable mid-IR optical parametric oscillator laser (OPO). AFM imaging was conducted under ambient conditions at 26 

298 K and a relative humidity (RH) of ~40% at ambient pressure to minimize particle deformation or loss. For AFM 27 
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studies, N = 8 images (30 × 30 μm2) were collected per surface at a scan rate of 0.5 Hz and resolution of 1024 × 1 

1024 px, using silicon nitride probes (tip radius ≤ 10 nm) with 33-77 N m-1 spring constant and 200-400 kHz 2 

resonant frequency in tapping mode.  3 

For AFM-IR studies, images were collected at a scan rate of 0.5 Hz using gold-coated silicon nitride probes 4 

(tip radius ≤ 30 nm) 1-7 N m-1 spring constant and 75 ± 15 kHz resonant frequency in tapping mode. Photothermal 5 

infrared (PTIR) spectra were collected at tip-localized locations across the surface with a nominal spatial resolution 6 

of < 30 nm, a spectral resolution of 8 cm-1, co-averaging 128 laser pulses per wavenumber. All spectra shown were 7 

taken on a single point without smoothing filters applied. 8 

ATR-FTIR Method 9 

Sample material was removed from the glass plate by scrapping an area of ~8 × 8 cm worth of deposited 10 

material off with a cleaned razor blade, piling it onto the ATR-FTIR crystal, and pressing it down onto the crystal 11 

with the back side of the cleaned razor blade. The bulk ATR-FTIR spectra were collected with a Shimadzu 12 

IRTracer-100 MIRacle 10 with a diamond crystal ATR probe. Spectra were acquired from 600-4,000 cm-1; 13 

averaging 100 scans per spectrum; Happ-Genzel apodization was applied; and the spectra were recorded as % 14 

Absorbance. Background spectra were collected using room air. 15 

Teflon Chamber and Laboratory Sample Preparation 16 

A 240 L chamber made from fluorinate ethylene propylene (FEP) Teflon film (American Durafilm, MA) 17 

was used to replicate an indoor environment. Window glass substrates were cut into 2.0 × 2.0 cm2 pieces and 18 

cleaned by sonicating for 20 minutes in both milli-Q and methanol and then subsequently dried in an oven (120°C) 19 

to remove any remaining solvent at the surface. Substrates were placed inside of the chamber and mounted vertically 20 

by a Teflon holder. 1 L/min of zero air (RH < 5%) was passed through a glass bubbler (frit size A, Ace Glass) 21 

containing 300 mL of DI water and 5 mL of oleic acid, to create oleic acid particles. The RH in the chamber was 36 22 

± 3% throughout the exposure. The particles then passed through a desiccator that mixed with 3 L/min of zero air 23 

and entered the chamber. A vacuum pump was set to 4 L/min at the outlet of the chamber. The glass substrates were 24 

exposed to oleic acid aerosols for about 8 hours. Clean unexposed substrates were covered and set to the side as 25 

experimental blanks. For ozone exposure, remaining oleic acid in the suspended particle or vapor phase was first 26 
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removed by letting the chamber go through 4 air exchanges. An ozone generator (Model 2000, Jelight) was used to 1 

produce 500 ppb of ozone within the chamber for 4 hours to ensure sufficient oxidation of the deposited oleic acid 2 

particles. Ozone was continuously monitored using a Model 202 Ozone Monitor (2B Technologies).   3 

Particle and Surface Characterization 4 

Image processing and measurements were conducted using Gwyddion™ software. In AFM/AFM-IR 5 

analyses, deposited particles were identified by setting a 4-pixel area threshold with a lower height threshold of 2.00 6 

nm relative to the underlying glass. To account for differences in deposition morphologies, particle were sized by 7 

converting their volume (V) into their spherical equivalent volume diameter (deq,V) : 8 

 
𝑑𝑒𝑞,𝑉 =  (

6𝑉

𝜋
)

1
3⁄

 
(1) 

 

The particle aerodynamic diameter (da) is related to the volume-equivalent diameter by the formula  9 

d = deq,V(ρa/ρχ) ½ 10 

 
𝑑𝑎 = 𝑑𝑒𝑞,𝑉 (

𝜌𝐶(𝑑𝑒𝑞,𝑉)

𝜌0𝐶(𝑑𝑎)
)

1/2

 

(2) 

 

 11 

 12 

where ρ is the particle density, ρ0 is the unit density and C is the slip factor.42,43 13 

To assess particle morphologies, aspect ratios (AR) were determined for each identified particle by taking 14 

the ratio of maximum particle height (zmax) to the diameter of a circle with an equivalent projected area (Ap): 15 

 
𝐴𝑅 =  

1

2
𝑧𝑚𝑎𝑥 (

𝜋

𝐴𝑝

)

1
2⁄

 

(3) 

 

A film equivalent thickness (zeq,f) was calculated by taking the ratio of the cumulative volume of particles over the 16 

projected surface area for each AFM image: 17 

 
zeq,f =  

∑ V𝑖
n
i=1

Aproj

 
(4) 
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Deposition densities (ρN,surf) were calculated by dividing the total number of particles measured by the overall 1 

surface area (900 µm2 / image). Values are expressed as per cm2 for more convenient macroscopic comparisons. 2 

Changes in surface area are calculated by taking the difference between the measured and projected surface 3 

area per AFM image:  4 

 ∆𝑆𝐴 = 𝑆𝐴 − 𝑆𝐴0 (5) 

 
 5 

The measured surface area (SA) includes the additional surface area provided by the additional dimension of 6 

topography, while the projected surface area (SA0) is the two-dimensional area imaged. A perfectly flat surface 7 

should have equal measured and projected surface areas, and subsequently a null change in surface area. Surface 8 

roughness values were calculated using root mean square roughness (Rq) per height image, which is readily 9 

calculated from an n pixel height images using the height per pixel (zp) and mean height (𝑧̅): 10 

 

𝑅𝑞 = √
1

𝑛
∑(𝑧𝑝 − 𝑧̅)

2
𝑛

𝑝=1

  

(6) 

 

 11 

Surface coverage by particles was calculated by taking the ratio of the summed particle surface area (SAi) to the 12 

total surface area per AFM image: 13 

 14 

 
𝜃 =  

∑ 𝑆𝐴𝑖
𝑛
𝑖=1

𝑆𝐴 

 
(7) 

 15 

 16 

Modeling Methods and Parameters 17 

Size-resolved particle deposition rates were analyzed using the Lai-Nazaroff model (2000)29 that estimated 18 

particle deposition onto a smooth surface considering size-dependent Brownian and turbulent diffusion and 19 

gravitational settling. These modeled results were compared to the glass samples from AFM analyses, which were 20 
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placed vertically. Thus, gravitational settling was considered negligible. The local airflow condition near the glass 1 

surface was approximated by using friction velocity (u*). The typical range of friction velocity for the indoor 2 

environment is 0.3 to 3.0 cm/s, based on experimental and modeling studies.
44

 During the experiments, the central 3 

mixing fan circulated indoor air in the house every 7.5 min (eight house volume of air per hour); therefore, to 4 

calculate particle deposition onto the vertical glass surface with the sample area of 7200 µm2, we used two relatively 5 

high values of friction velocity: 1) 1 cm/s which represents the typical indoor friction velocity and 2) 3 cm/s as an 6 

upper boundary limit with a relatively high indoor air mixing condition.  Particle sizes were restricted to diameters 7 

between 10 – 532 nm, which were the size ranges that overlapped between the AFM and SMPS measurements. 8 

Using the size-dependent deposition velocities with airborne concentrations, the time- and size-resolved particle 9 

concentrations on the glass surface were calculated for the Thanksgiving cooking and stir-fry events. Comparisons 10 

were also made between the measured and modeled 24-h integrated particle concentrations (size-resolved) for those 11 

two measurement events.   12 

 13 

Results and Discussion 14 

AFM Surface Measurements 15 

Representative AFM images of particle depositions on window glass are shown in Figure 1, where 16 

enhanced particle loading is observed in both cooking events. Two controls were employed to look at the relative 17 

enhancement of particle deposition. A material blank was exposed to zero emissions, while the unoccupied 18 

Figure 1. 3D AFM height images (upper) and corresponding AFM amplitude images (below) of the glass surfaces exposed to 
different activities with scale bars set to 5 μm. Note height scales increase from 120 to 260 nm across the images of the 
different activities. 
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background served as an event control wherein the glass samples were left to interact with the ambient room air in 1 

the absence of any indoor activities. Relative to the material blank, the unoccupied-glass was far from clean, with 2 

approximately four-fold more particles (Figure S1). These deposited particles can be attributed to infiltration and 3 

ventilation of outdoor air which will introduce ambient aerosols to the indoor environment, in combination with 4 

emissions of semi-volatile gaseous compounds from building materials and furnishings.45 The airborne size 5 

distribution from the unoccupied background is shown in Figure S2. Prior to collection, the oven was running to 6 

remove residual material, resulting in an enhancement of PM levels during the collection period. However, even 7 

with the elevated PM levels in the unoccupied background, both cooking conditions produced an enhancement in 8 

particle deposition across all sizes (Figure 1).   9 

As measured by AFM images, the Thanksgiving and stir-fry events resulted in an overall density of 6.7 10 

×108 and 4.3 ×108 particles/cm2 respectively. Size-segregated particle deposition densities as a function of airborne 11 

particle number concentrations for each event are shown in Figure 2.  As expected, the ρN,surf  increases with the 12 

airborne concentration in both cases, and the majority of deposited particles are observed in the smaller size bins. 13 

However,  the densities of surface deposited particles were comparable, if not elevated, from the stir fry event in all 14 

size bins. Even in smallest size bin of 10 -50 nm particles, there are comparable deposition densities on the surface – 15 

3.9 ×108 and 3.2 ×108 particles/cm2 in the Thanksgiving and stir fry event respectively, but over an order of 16 

magnitude higher particles were measured in the airborne fraction during the Thanksgiving event.  17 

Figure 2. Surface deposition densities as a function of cumulative airborne PM number concentrations for A) Thanksgiving 
(blue)  and B) stir fry (red) events for four particle size bins: 10 – 50 nm, 50 – 100 nm, 100 – 300 nm, and 300 – 500 nm 
diameters (Dp  and dequiv,V for airborne and surface measured diameters respectively) .  
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 Cooking events size distributions of the airborne PM from the Thanksgiving and stir fry cooking events 1 

are shown in Figure 3A, with corresponding surface deposited size and cumulative volume distributions in Figure 2 

3B and 3C.  The Thanksgiving event produced higher levels of particles in terms of both mass and number, 3 

especially for the particles under 200 nm. However only a slight increase in the deposition of ultrafine sized particles 4 

is observed, with a decrease in both accumulation-mode and supermicron sized deposited particles relative to the stir 5 

fry event.  6 

In all samples, the predominant fraction of deposited particles by number is within the ultrafine size regime 7 

(dequiv,V < 100 nm). These results are expected as the ultrafine particles dominated the airborne concentration. While 8 

we cannot distinguish any preferential surface adsorption of SVOCs in aggregate structures, these results suggest 9 

that impermeable flat indoor surfaces like window glass can actively partake in removing ultrafine particles via 10 

deposition. Ultrafine particles emitted from these common household events are difficult to regulate and monitor, 11 

and a comprehensive understanding of their surface interaction processes are important for gauging the capability of 12 

indoor surfaces to remove these particles from the air.  13 

While the majority of deposited particles by number occur in the ultrafine size range, these smaller particles 14 

are not necessarily responsible for most of the material modification of indoor surfaces. Relative to the unoccupied 15 

background, deposition of the larger particles (100 nm < dequiv,V < 1000 nm) are heightened during the Thanksgiving, 16 

and stir fry events by 208 and 265% respectively. As expected, the overall volume (and subsequent mass) loading of 17 

these surfaces due to deposition is dominated by the particles with dequiv,V greater than 100 nm. These larger particles 18 

comprised 89% and 71% of the depositional material in the stir fry and Thanksgiving events respectively. Thus, 19 

events with emissions of larger particles (such as cooking) are expected to produce the most organic material 20 

loading on surfaces.  21 

Figure 3. A) Cumulative airborne size distributions from stir fry (red) and Thanksgiving (blue) events. B) Surface deposited number 
and cumulative volume size distributions from stir fry and Thanksgiving events, with a zoom in of the larger submicron sized 
particles in panel C). 
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Comparison with Deposition Models 1 

Particle deposition requires transport from air to a surface and then adhesion (stick) to the surface upon 2 

collision.  Transport to a surface depends on mixing conditions above the surface and the size of the boundary layer 3 

adjacent to the surface.  Under otherwise similar air velocities above a surface, a surface with a smaller 4 

characteristic length, e.g., small glass specimens versus an entire wall, will have a much smaller average boundary 5 

layer thickness and hence a smaller transport resistance for particle interactions with a surface.46  As such, it is 6 

expected that for the small glass specimens used in this study the friction velocity should have been relatively large 7 

and transport resistance relatively small.  If this was the case, the effects of adhesion resistance were magnified. 8 

A comparison of the field measurements with the Lai-Nazaroff deposition model for particles onto smooth 9 

surfaces is shown in Figure 4A and 4B for the Thanksgiving and stir fry events, respectively. The model itself 10 

accounts for turbulent diffusion and Brownian motion on a smooth vertical surface. Size-resolved particle deposition 11 

was modeled for the size range of 10-532 nm that overlaps between the SMPS and AFM measurements. We see 12 

good agreement between the model and measured values for particle deposition in the Thanksgiving cooking event 13 

wherein particles under 75 nm are predicted well with a surface friction velocity of 3 cm/s. The calculated ranges for 14 

deposition velocity were 6.98 ×10-5 to 5.24 ×10-3 cm/s (u*= 3 cm/s) and 2.0 ×10-5 to 1.75 ×10-3 cm/s (u*= 1 cm/s). 15 

These deposition velocities are slightly lower but comparable to previously reported deposition velocities of fine-16 

mode particles onto vertical surfaces, where reported deposition velocities ranged from 5 ×10-3 to 2 ×10-5 cm/s.29,47–17 

52
 The detailed simulated time- and size-resolved particle depositions for the Thanksgiving event are shown in 18 

Figure 4. Comparison between the size dependent deposition (square markers) measured by AFM and predicted by the 
Lai-Nazaroff model with surface friction velocity of 1 (dashed line) and 3 (solid line) cm/s for the A) Thanksgiving and B) 
stir fry events. Insets show a zoom in of the larger sized particles. Panel C shows the model predicted surface 
concentrations using the time resolved airborne size distributions from the SMPS. 
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Figure 4C, wherein the elevated levels of deposition are predicted to be around the 13:00 – 15:00 (t = 5 – 6.5hr)  1 

and 15:30 – 16:00 (t = 7 – 7.5 hr), which corresponded to the Thanksgiving preparation and cooking events, large 2 

sources for primary and secondary aerosols. Interestingly, even with a surface friction velocity of 3 cm/s, the model 3 

vastly under predicts the deposition observed in the stir fry scenario, in which we observe roughly an order of 4 

magnitude more deposited particles than predicted. 5 

Several factors may have contributed to discrepancies between modeled and measured levels of particle 6 

deposition.  It is possible, for example, that the stir-fry event produced lower volatility particles or compounds that 7 

had a higher affinity to adhere to window glass, thereby resulting in lower adhesion resistance and enhanced particle 8 

deposition.  Specific surface chemical interactions are not considered in the current deposition models nor are issues 9 

related to surface adhesion forces, which dictate whether particles “stick” or “bounce” after contact.  It is also 10 

possible that transport resistance was lower for stir-fry events than for the Thanksgiving event due to greater air 11 

speeds adjacent to glass surfaces.  Measurements of air speed above surfaces were not completed during 12 

experiments and so it is not possible to confirm whether lower transport resistance occurred during experiments.  13 

These discrepancies and findings highlight the importance of probing in more detail the physiochemical interactions 14 

between indoor surface and particle emissions.  Cooking events release considerable amounts of organics, highly 15 

diverse in composition,53 from both any oil splash and cooking processes. Emissions of primary particles from 16 

cooking and formation of secondary particles from condensation of semi- and low-volatility gases on new or 17 

existing particles enhances particle mass in to the indoor air space.54,55 Primary emissions from the cooking 18 

processes are likely the main driving factor causing enhanced levels of organic aerosols in the indoor air and thus 19 

deposited on window glass surfaces. 36,56  20 

Particle Viscosity  21 
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 Shown in Figure 5 are plots of the particle height-to-base aspect ratio (AR) as a function of their spherical 1 

volume equivalent diameter. Briefly, a higher aspect ratio is indicative of little to no deformation upon deposition 2 

and tends towards more viscous solid particles, whereas low aspect ratios are found in flat, highly spread particles, 3 

suggestive of liquid or semi-solid particles.57 While the final morphology of the deposited particles will depend on 4 

complex interactions arising from surface-particle interactions and other physiochemical properties of the particle 5 

and surface, the size-specific provide qualitative insight into the viscosity of different particle types. 6 

  Due to changes in environmental conditions, some evaporation of water vapor and higher volatility organic 7 

compounds is to be expected during shipping and storage, which can alter the phase state, viscosity, and morphology 8 

of the particles.58–62 These discrepancies can be addressed by future investigations into different environmental 9 

conditions focused on the reversibility of different VOCs and water vapor uptake. Nearly all deposited particles 10 

were flat - 99.9% and 99.6% of particles under an AR of 0.165 in the stir fry and Thanksgiving events respectively. 11 

This large degree of spreading is typically indicative of less viscous liquid-like organic particles.58 It is conceivable 12 

that the large predominance of highly spread particles could have arisen due to higher viscosity particles bouncing 13 

off of the surface. Even in higher pressure impactor systems, aerosols that collide with substrates and collection 14 

surfaces can either collide and remain on the surface or bounce back off into the headspace.63 The depositions 15 

observed in this study are more representative of the deposition and adsorption part of the overall particle-surface 16 

interactions. While AR analyses provide some insight into the phase state of deposited particles, these measurements 17 

do not provide any metric directly translatable into actual values of the particle viscosity or relevant forces such as 18 

adhesion or surface tension. These parameters can be accessed with techniques such force spectroscopy58,64,65 and 19 

Figure 5. Box plots of particle aspect ratio as a function spherical equivalent diameter for all deposited particles taken 

from the N=8 AFM images (30 × 30 μm2) per event (Thanksgiving – blue and stir fry- red). Boxes show the 25th and 
75th percentiles, and lines show 10 and 90th percentile respectively. 
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tensiometry66,67, and such measurements are needed to properly address the impact of viscosity on deposition model 1 

accuracy. 2 

 3 

Spectroscopic Characterization of Deposited Particles 4 

 A comparison of spectra taken from different deposited material on window glass is shown in Figure 6. 5 

Tip-localized PTIR spectra shown were taken on deposited particles from a day of stir-frying events in 6 

HOMEChem. A reference PTIR spectra was also taken on a film that developed on window glass exposed to a 7 

residential kitchen environment for one month, separate from the HOMEChem campaign. The ATR-FTIR spectra 8 

shown in black are taken from material extracted from window glass samples exposed to the last three weeks of 9 

HOMEChem activity. Spectrally, there is strong overlap between spectra taken from the two long-term exposed 10 

glass surfaces. The glass from HOMEChem (ATR-FTIR) exposed for three weeks and 1-month glass exposed to the 11 

kitchen, with a strong v(C=O) peak around 1742 cm-1. It is important to note that the ATR-FTIR spectra show the 12 

spectral signatures of species that have been scraped off the window glass. However, there is still strong spectral 13 

overlap with the PTIR spectra from the 1-month exposed kitchen glass, wherein analyses of deposited particles can 14 

be conducted without disturbing them from their interactions with the underlying glass. In comparison, in the glass 15 

Figure 6. Comparison of PTIR spectra taken from a film coating on kitchen glass from 1 month old kitchen glass outside of the 
HOMEChem campaign (blue), ATR-FTIR spectrum of acetonitrile-extracted material from 3-week exposed glass during 
HOMEChem (black), and PTIR spectra of deposited particles on window glass from a single day of exposure to stir fry cooking 
(red). 
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exposed to just a single day of sequential stir fry events, there is a noticeable peak around 3414 cm-1 from OH 1 

stretching motions. In addition,  there is no obvious peak present in the spectral range associated with a carbonyl 2 

stretch, v(C=O) around 1700 cm
-1

, but instead a predominant peak at 1578 cm
-1

, which we are attributing to the 3 

asymmetric stretch of carboxylate and potentially some unreacted alkenyl functional groups. The absence of this 4 

mode in the longer-term exposed window glass may be indicative of longer time-scale processes displacing surface-5 

bound compounds or changing the speciation of deposited materials via acid-base reactions. 6 

 7 

 To confirm the organic nature of the deposited materials from both cooking events, tip-localized IR spectra 8 

were collected on deposited particles from the corresponding events, with representative particles shown in Figure 9 

7. The high spatial resolution68,69 of the AFM-IR enables spectroscopic analyses of these submicron particles on a 10 

single particle basis.70 Spectra from deposited particles reveal that these particles contain carboxylate moieties, as 11 

indicated by the strong vas(COO-) and vs(COO-) modes around 1570 and 1430 cm-1 respectively, with slight 12 

variations in the overall curve shape and peak positions. Additional spectroscopically characterized particles are 13 

shown in Figure S4 and S5 wherein the most common spectra in analyzed particles are carboxylate-rich species.  14 

Low exposure time and lack of ambient oxidants would allow some alkenyl groups to persist within depositions, and 15 

if so, v(C=C) modes can be expected to contribute to the peak observed around 1610 cm-1. The presence of these 16 

species may be caused by non-acidic environments at the aqueous silica interface.71,72 Alternatively, they may arise 17 

due to bonding with the silica surfaces in window glass73. In the spectra shown, particles also show bands around 18 

Figure 7. AFM-IR spectra and the corresponding AFM images (with color marked locations) of deposited particles from A) 
Thanksgiving, and B) stir fry events. Spectral features of these particles show deprotonated organics, as indicated by the 
νas(COO-) and νs(COO-) modes around 1580 and 1450 cm-1 respectively. 
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1400 cm-1 that can be associated with δ(CH3)/ δ(CH2) modes. A spectral comparison of the stir fry deposited 1 

particles with some laboratory generated surfaces is shown in Figure 8, wherein oleic acid particles, representing 2 

fatty acids which are commonly emitted during cooking53, are used as a laboratory proxy for cooking organic 3 

aerosols. 4 

We observe that there is fairly good overlap of the vibrational modes associated with the functional groups 5 

from a mixture of oxidized and unoxidized fatty acids. Some of the major products of oleic acid oxidation through 6 

ozone are nonyl aldehyde (nonanal), nonanoic acid, among many other carbonyl containing compounds. Previous 7 

studies reported sharp increases in nonanal emissions over time from material placed in a kitchen environment17 and 8 

sequentially exposed to ozone.74 Unreacted oleic acid particles deposited on window glass gives rise to a single 9 

detected mode at 1610 cm-1. Surprisingly, even with the oxidation of oleic acid we do not observe the vibrational 10 

modes associated with protonated carboxylic acids or other carbonyl groups that we expect around 1700 cm-1. 11 

Rather, we observe the formation of a pair of doublets corresponding to the asymmetric and symmetric carboxylate 12 

stretches around 1566, 1534 cm-1 and 1469, 1442 cm-1 respectively. The presence of a carboxylic acid group could 13 

potentially be important for enabling long term binding of the particle onto the surface, allowing them to remain 14 

adsorbed for longer durations of time. These results suggest the potential importance of surface-particle chemical 15 

interactions, the influence surface acidity on deposition speciation, and the availability of binding moieties on the 16 

surface to facilitate particle deposition. The deposited particle from the Thanksgiving event shows similar 17 

carboxylate modes present around 1610, 1562 and 1424 cm-1.  However, an additional more intense mode is 18 

observed around 1640 cm-1.  Narrowing down the exact family of molecules responsible for this absorbance feature 19 

is beyond the capabilities of these analyses. However, potential contributors are unreacted alkenyl moieties from of  20 

Figure 8. Spectral comparison between PTIR spectra taken on depositions from the stir fry event and laboratory mimetics 
generated in a Teflon chamber – oleic acid particles in green and oleic acid particles oxidized with ozone in purple. 
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unsaturated organics, amides which have been detected from meat cooking,53 or from the O-H bends of 1 

hydroxyl containing species like absorbed water.75 Nebulized water-soluble extracts from the larger glass plate have 2 

reported elemental ratios O/C and H/C of 0.21 and 1.8 respectively
36

, consistent within the reported range of typical 3 

O/C ratios for cooking organic aerosols measured in both residential kitchens and produced and aged in chambers. 4 

The collection period of the extract is on the order of weeks, and thus are susceptible to reactions with light or 5 

reactive gases. Chamber and laboratory studies looking at elemental ratios of cooking organic aerosols found that 6 

unreacted emissions were typically found with an O/C around 0.1. Upon aging in the presence of ozone or UV light, 7 

O/C ratios increased to around 0.2 to 0.3.76,77 These results further suggest the surface deposited particles samples 8 

have been aged, however, narrowing down the exact source, location (surface deposited or aerosol phase), and 9 

mechanism for this aging (oxidant, photochemical, or even degradation from high cooking temperatures) is beyond 10 

the current capabilities of these analyses. Future investigations are needed to investigate the influence of particle 11 

composition on deposition, and subsequent physiochemical properties of indoor surfaces such as photochemical 12 

reactivity, water uptake, and gas-species partitioning. In addition to how these properties change upon surface aging 13 

under realistic indoor conditions. 14 

Impact of Deposition on Surface Properties 15 

 A few surface properties of interest calculated using the same AFM images (N = 8) as above are 16 

summarized in Table 1. These properties include surface roughness, change in surface area, equivalent film 17 

thickness, and surface coverage.  Properties such as film equivalent thickness and roughness can be heavily skewed 18 

by the presence of supermicron particles, which could have originated from deposition of dust or glass shards during 19 

the substrate cleaving. Because these offline analyses cannot discriminate the origin of these large particles, 20 

calculated values shown in Table 1 do not include corrections for the presence of these large particles. These larger 21 

particles were present in only one image from both the unoccupied background (Figure S3) and laboratory blank, 22 

resulting in relatively large errors. However, a comparison of the surface properties is summarized in Table S2 with 23 

and without the corresponding images. 24 

 25 

 26 
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For all properties measured, the stir fry event saw the larger departure from the control. For comparisons 1 

with current models and studies on indoor film formation, the total volume of the particles is projected as a film of 2 

uniform thickness onto the surface area of each image. In the unoccupied control, due to the high levels of adsorbed 3 

particles there is a 0.8 ± 1.2 nm thick film. However, this value is noticeably enhanced following the stir fry (2.1 ± 4 

1.1 nm) event and slightly elevated for the Thanksgiving (0.9 ± 0.5 nm) event. Under the assumption that the 5 

deposited particles are 50% organic, this would still correlate to a 1.2 nm equivalent film of organics in the stir fry 6 

event, suggesting that in high emission events like cooking, particle mass loading onto indoor surfaces will play a 7 

major role in altering the organic coating of the indoor emissions.  8 

Surface coverage values (Table 1) provide further insight into deposition heterogeneity across the surfaces, 9 

where regions of bare glass and particle-coated glass are present. Coverage in the background sample was 10 

approximately 6 ± 4%. Expectedly, the largest deviation from the blank occurred in the stir fry event (8 ± 6 %) and 11 

Thanksgiving produced moderate coverage (11 ± 2%), but overall much of the surface was left uncovered. Low 12 

surface coating is unsurprising as the samples were only exposed for a single day event. Surface roughness increased 13 

marginally relative to the unoccupied scenario (7.8 ± 13.2 nm) in the stir fry (11.2 ± 5.3 nm) but decreased in the 14 

Thanksgiving event (4.9 ± 2.1 nm). Similarly, changes in surface area for the stir fry and Thanksgiving scenarios 15 

Event Rq, nm ΔSA, µm2 zeq,film, nm θ , % 

Laboratory Blank 6.0 (8.5) 1.0(1.2) 0.4(0.7) 1.8(1.2) 

Unoccupied Background 7.8(13.2) 1.4(1.2) 0.8(1.2) 6.0(3.9) 

Thanksgiving 4.9(2.1) 2.7(0.7) 0.9(0.5) 10.9(1.9) 

Stir Fry 11.2(5.3) 3.3(2.0) 2.1(1.1) 18.5(5.6) 

     Rq: root mean square roughness (Eq. 6) 

ΔSA: change in surface area (Eq. 4) 

zeq,film: film equivalent thickness (Eq. 5) 

θ : surface coverage by deposited material taller than 2 nm in height (Eq. 7) 

 

Table 1. Surface properties of window glass exposed to various indoor events throughout HOMEChem measured by AFM, with 
standard deviations shown in parentheses. 
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were small, 3.3 ± 2.0 μm2 and 2.7 ± 0.7 μm2 respectively. These findings are consistent with a recent study which 1 

found that increases in surface area and roughness were most drastically impacted by larger sized particles.17 In all 2 

emission cases, particle deposition was predominantly ultrafine in terms of number, and subsequently, changes to 3 

surface area and roughness are relatively low.  4 

Conclusion 5 

Common indoor activities like cooking contribute high levels of particle emissions that subsequently 6 

deposit onto indoor surfaces. These particles are largely organic as suggested by their deposited morphologies and 7 

spectral signatures. Studying the evolution of these surfaces due to single events provides a more complete picture 8 

of how a specific set of activities contributes towards the evolution of indoor surfaces. Coexistence of coated and 9 

bare surface creates a more complex picture that must be considered when accurately modeling these indoor 10 

surfaces. Depending on the coverage, aged surfaces can behave like a mixture of the native surface and surface-11 

bound particulate matter, and this ratio between bare and coated regions can vary over time. These surface-based 12 

analyses provide a more comprehensive picture, which can be used to guide modelers on which properties contribute 13 

towards more long-term evolution of surfaces. Additional studies are needed to expand the existing knowledge base 14 

indoor surface chemistry towards different types of surfaces, such as painted walls and carpet, where nanoscale 15 

imaging techniques may be challenged by the roughness, softness, and porous nature of these surfaces. Moreover, 16 

characterizing these surfaces is only part of the picture, and future studies are required to understand how these 17 

surfaces and the constituents that deposit on them undergo reaction chemistry in indoor environments. What we 18 

observe from this study is that even just considering a single event indoors such as cooking with window glass, there 19 

remains complexities and challenges with some suggestions of interesting underlying chemical interactions not 20 

captured in current deposition models. A single day of simulated exposure produces large amounts of material 21 

loading onto these surfaces, the nature of which will depend on the type surface in addition to the type and duration 22 

of the details of the different activities, leaving many challenges as well as opportunities in unraveling the 23 

complexities associated with the chemistry and composition of indoor surfaces.  24 
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