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ABSTRACT: Deposition and surface-mediated reactions of adsorbed species can play a
role in the level of exposure of occupants to indoor pollutants, which include gases and
particles. Detailed molecular-level descriptions of these processes occurring on indoor
surfaces are difficult to obtain because of the ever-increasing types of surfaces and their
proximity to a variety of different indoor emission sources. The results of an investigation
of interactions of glass surfaces in unique indoor environments are described here.
Window glass, a ubiquitous indoor surface, was placed vertically in six different locations
to assess differences in particle and coating depositions. Atomic force microscopy−
photothermal infrared (AFM−PTIR) spectroscopic analysis of these glass surfaces reveals
differences in morphology and chemical composition, which reflects the diversity of
surface processes found in local environments indoors. Overall, this detailed micro-
spectroscopic imaging method shows deposition of particles and the formation of organic
thin films that increase the surface area and surface roughness of the glass surface. PTIR
spectroscopy demonstrates that depositions can be linked to primary emitters intrinsic to each of the different local
environments.

■ INTRODUCTION

A large number of studies focused on understanding
atmospheric chemistry and its impact on human health have
been undertaken in the past decade. High-impact discoveries in
this field maintain a strong focus on atmospheric aerosols,
heterogeneous and multiphase chemistry, greenhouse gas
emissions, and overall air quality.1−3 Although atmospheric
chemistry and outdoor air quality remain important, the
average person reportedly spends a large majority of their lives
(∼87%) indoors. Oxidative gases and airborne particulate
matter exist indoors at concentrations comparable to, if not
higher, than those outdoors.4−9 In addition, because of
differences in lighting conditions, air circulation, and unique
chemical sources and sinks, the impact of indoor air quality on
human health is poorly understood.10−12 Because a high
surface to volume ratio is in indoor environments,10 indoor
surfaces play an important role in defining levels of exposure of
occupants to a wide range of indoor pollutants.13,14 In
particular, complex multiphase and heterogeneous processes
have been proposed to occur on indoor surfaces;15 however,
analyzing these complex surfaces to better understand these
processes remains a challenge, and there is a current lack of
knowledge of various indoor materials.11,13,14 Furthermore, the
local indoor environments within which materials exist can

alter the types of primary emitters and transformative
processes that are most likely to occur on material
surfaces.16−19

Building on this need to understand more details of surfaces
in indoor environments, we placed window glass, a surface
ubiquitous to the indoor environment, in different indoor
locations, including a copier room, office, kitchen, and garage.
Each of these offers unique local environments with their
distinct characteristic primary emitters that can interact with
glass surfaces.6,16,17,20−23 Herein, microspectroscopic imaging
and chemical analysis of these glass surfaces demonstrate that
the chemical and morphological evolution of the surface
reflects emissions characteristic to a specific indoor environ-
ment.

■ MATERIALS AND METHODS

Glass specimens were placed in the field for 6 months at four
field locations: a photocopy room on the campus of The
University of Texas at Austin (UT Austin) (copier room), on
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the desk of a graduate student office at UT Austin (office), on
a refrigerator in a residential kitchen (kitchen), and in a
residential garage (garage) (see Table S1 for details).
Laboratory (control) blanks were left unexposed and used as
a reference control.
Samples were analyzed using a commercial nanoIR2

microscopy system (Bruker Nano Instruments/Anasys, Santa
Barbara, CA). Atomic force microscopy (AFM) imaging of
authentic indoor surfaces was conducted at 298 K and a
relative humidity (RH) of ∼40% at ambient pressure. For
AFM studies, 50 μm × 50 μm images were collected per
surface at a scan rate of 0.25 Hz, using silicon nitride probes
(tip radius of <30 nm) with a 33−77 N m−1 spring constant
and a 200−400 kHz resonant frequency in tapping mode.
Images were collected with a 1−2 mm separation between
scanned regions. Image processing and measurements were
conducted using Gwyddion software.
For AFM−PTIR spectroscopy studies, images were

collected at a scan rate of 0.5 Hz using gold-coated silicon
nitride probes (tip radius of <30 nm), a 1−7 N m−1 spring

constant, and a 75 ± 15 kHz resonant frequency in tapping
mode. Spectra were collected by averaging 256 laser pulses at
each wavenumber with a spectral resolution of 4 cm−1 and a
spatial resolution of <30 nm. All spectra shown were recorded
on a single point within a particle or film without additional
averaging between spectra or smoothing filters applied.
Inductively coupled plasma mass spectrometry (iCAP RQ-

ICP-MS, ThermoFisher), operated in standard mode, was used
to quantify the elemental content of these surfaces. Samples
from UT Austin used in this analysis include blank
nonexposed, kitchen, office, copier room, garage, and an
additional blank containing only the adhesive backing present
on all samples.

■ RESULTS AND DISCUSSION
AFM amplitude images of glass surfaces placed in four different
indoor environments are shown in Figure 1A along with a
control sample. It is clear from these images that glass surfaces,
after being placed in these different environments, show
unique features and characteristics. The images shown in

Figure 1. (A) AFM amplitude images of the glass surfaces placed in different indoor environments with scale bars set to 10 μm. Box-and-whisker
plots (close-up) of AFM-measured changes in (B) surface area and (C) Rq roughness following exposure in each location for 6 months using 10
images (50 μm × 50 μm). Lines show 20 and 80th percentiles. A full view of the plot is available in Figure S1.

Figure 2. (A) Organic film (thickness > 10 nm) coverage on glass surfaces after exposure in each local environment for 6 months taken from the 10
AFM images (50 μm × 50 μm). (B) AFM amplitude image of the organic film coating on kitchen glass after exposure for 6 months. (C) Height
profiles taken at lines marked in panel B for a particle (top) and film (bottom). Note the difference in the scale of the height axis.
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Figure 1A are representative of the images obtained for the
different environments. To quantify the differences in these
surface features, panels B and C of Figure 1 show an analysis of
surface properties readily quantifiable from AFM images that
include the change in surface area and surface roughness,
represented by the root-mean-square roughness (Rq). An
increase is observed in both surface properties because of
deposition. Deposition of particulate matter is expected to
cause increases in surface area and roughness, especially on
window glass, a relatively flat indoor surface. The large spread
in surface properties within a single piece of glass indicates that
these indoor surfaces are far from exhibiting homogeneous
depositions. The surface area increases across all exposed glass,
most exemplified in the garage and kitchen glass, with increases
of up to 50 and 770 μm2, respectively, indicating indoor
surface to volume ratios naturally will increase with time as
deposition of particulate matter continues. The surface
roughness increased upon exposure to various environments.
The roughest surfaces were the garage and kitchen glass, with
Rq values reaching 220 and 500 nm, respectively. Changes in
surface roughness are of interest to the indoor environment as
the surface structure of the indoor materials will govern the
mechanical interaction of the surface with airborne gaseous
compounds and particulate matter, where rougher surfaces
alter particle adhesion or change rates of surface-mediated
reactions.24

In addition to particle deposition, thin organic films were
observed on the glass surfaces placed in the various locations.
Film surface coverages were calculated by taking the fraction of
the coating surface area over the total surface area. This
analysis is summarized in Figure 2A. In the control, office,
copier, and garage samples, the surfaces experienced film
coatings ranging from 0 to 11%. In contrast, glass exposed to
kitchen conditions was heavily coated, ranging from 70 to 99%
coverage. Film formation on impervious indoor surfaces has
been observed in past studies and has been demonstrated to be
largely comprised of organic matter.25−27 These films are
expected to form in indoor locations with elevated levels of
organic compound emissions, exemplified in the kitchen where
large quantities of oils and fats are regularly emitted during
cooking and cleaning. Shown in Figure 2B is an AFM

amplitude image of a typical film on kitchen glass. Height
profiles are shown at the corresponding line colors in Figure
2C. These films are not homogeneous, nor do they completely
engulf the surface, where regions of bare silica are visible in the
AFM image shown. With films reaching thicknesses in the tens
of nanometers, relative to the other locations, in an organic
emission-rich indoor environment such as a kitchen, the
presence of these coatings confirms that surfaces, when left
unattended, act as sizable reservoirs for organic and inorganic
compounds. Organic film formation on indoor surfaces is of
great interest as coatings will affect surface properties and
subsequent interactions with the local environment. Film
coatings can be expected to alter the electrostatic, hydro-
phobic, and other properties of the surface, altering the
adsorption efficiency of the surface toward other molecular
species.28 Films consisting of unsaturated organic compounds
can also lead to increases in the levels of surface reactions with
ozone.29−31 For indoor environments with higher humidity
levels such as faucets, baths, and toilets, surface coatings alter
the water content of indoor surfaces because of differences
between the hygroscopicity of the organic film and underlying
building material. Formation of water films on these
hygroscopic coatings enables aqueous phase reactions, which
are suggested production pathways of very important indoor
gases, including the OH radical and HONO.32

The data plotted in Figure 3 show the particle depositions
across all images on the window glass held in various locations,
grouped by diameter into three size bins: <500 nm, between
500 and 1000 nm, and >1000 nm. Relative to the control glass,
there is an increase in the number of particles deposited across
all particle sizes for each location. In all locations, particle
depositions were predominantly in the submicrometer size
range with many particles being <500 nm in diameter, the
largest being that of copier glass (avg. 0.449 particle/μm2). In
contrast, kitchen glass was covered in significantly fewer sub-
500 nm sized particles (avg. 0.108 particle/μm2). The absence
of smaller particles on kitchen glass can be attributed to the
heavy coating of organic films, which mask or engulf smaller
particles. Exposure of the glass to all indoor locations resulted
in a higher level of deposition of the larger-sized particles, the
most significant being kitchen and garage glass. The deposition

Figure 3. Box-and-whisker plot of the number of particles (thickness > 30 nm) deposited per square micrometer on glass surfaces from 10 AFM
images (50 μm × 50 μm) for each indoor location. Lines show 20 and 80th percentiles. Particles are categorized by volume equivalent diameter
into three size bins: <500 nm, between 500 and 1000 nm, and >1000 nm (with total particle counts shown at the far left). Insets show close-ups of
the particle counts for the larger-sized particle bins.

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.8b00355
Environ. Sci. Technol. Lett. 2018, 5, 514−519

516

http://dx.doi.org/10.1021/acs.estlett.8b00355


of the smallest particles had a weaker impact on the surface
area and roughness. The glass specimens in the photocopy
room had the largest fraction of sub-500 nm sized particles but
experienced smaller changes in surface area and roughness. In
contrast, kitchen and garage surfaces had the largest deposition
of particles in the size range of 500−1000 nm, 0.0096 and
0.0124 particle/μm2, respectively, and >1000 nm and
subsequently produced the roughest surfaces. The kitchen
glass experienced near double the deposition of super-
micrometer-sized particles, 0.0044 particle/μm2, in comparison
to garage glass, 0.0024 particle/μm2, but produced surfaces
with comparatively lower surface areas and roughness, which
can be attributed to the morphology of the depositions.
Kitchen emissions tended to form smoother mounds of
coatings, potentially pools of organic compounds arising from
aggregation of smaller organic matter over the sampling period,
while garage emissions formed coarser particles with
significantly lower levels of organic coatings (see Figure S2).
AFM−PTIR enables acquisition of spectra from depositions

with spatial resolution in the tens of nanometers, allowing for
microspectroscopic imaging and characterization of deposi-
tions.33,34 Shown in Figure 4 are the PTIR spectra from 1200
to 3600 cm−1 taken from the corresponding images of organic
depositions found on the kitchen and copier room glass
surfaces. Spectra of pure glass are dominated by peaks
corresponding to the SiO2 matrix at ν(Si−O) (942, 1018,
and 1092 cm−1) and ν(OH) (3390 cm−1) (see Figure S3A). In
comparison, spectral features from deposited particles can be
correlated to primary emissions characteristic of a particular
indoor location. Most notably, the kitchen particle shown in
Figure 4B contains a carbonyl stretching frequency associated
with an aldehyde compound, identified by ν(CO) (1734
cm−1). Carbon−hydrogen stretching motions were identified

as CH2 and CH3 groups with peaks at 2874 and 2944 cm−1,
respectively. We propose these films formed from deposition of
aldehydes and long chain fatty acids, the two abundant classes
of organic emissions found during cooking.17,28,35 PTIR
spectra of palmitic acid and nonyl aldehyde are shown as
representatives for these compounds commonly emitted
during cooking. Shown in Figure 4A is a particle deposited
from the copier room with organic content, as indicated by
ν(CH2,CH3) (2870, 2940 cm−1). Spectral features suggest a
mixture of CaCO3 from ν(CO3

2−) (1466 cm−1), a major
component of paper, and carbon black from ν(CC) (1540,
1580 cm−1), the primary coloring component of black toners.16

To complement the microspectroscopic imaging and
physicochemical characterization of AFM−PTIR spectroscopy,
analysis of elements present in the different samples was also
performed. Shown in Figure 5 are the ICP-MS concentrations
measured for selected ions. All components detected in the
blank sample were measured as the lowest concentration in
this study. The relatively high background signal of calcium
and potassium in the blank is due to interfering species, 40Ar
and 38Ar1H respectively, present in the sample matrix. Copier
room, garage, and kitchen samples show relatively similar metal
concentrations for most elements analyzed. Copier room
samples exhibit higher levels of copper, barium, and zinc.
Barium and zinc are among the number of metals that can be
used as a ferromagnetic composite carrier (for example, barium
ferrite), whereas copper is found in many dye compositions.14

Other commonly found elements in printing toners such as
potassium, magnesium, lead, nickel, and others are found at
similar concentrations compared to those of the other samples,
possibly suggesting selective particulate formation or deposi-
tion pathways. A stark difference is seen in the office sample
where elevated levels of iron, chromium, nickel, cobalt,

Figure 4. (A) Three-dimensional (3D) AFM height image (left) and PTIR spectrum (right) for a deposited particle on the copier glass. The inset
shows a comparison with carbon black (black) and CaCO3 (gray) PTIR spectra. (B) 3D AFM height image (left) and PTIR spectrum (right) for a
particle and film on the kitchen glass. The inset shows a comparison with nonyl aldehyde (black) and palmitic acid (gray) PTIR spectra. The region
from 800 to 1200 cm−1 has been omitted because of the presence of a large Si−O vibrational mode from the underlying glass.
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vanadium, and manganese are observed. This can be attributed
to the office sample being in the proximity of a stainless steel
heating vent, whose composition includes iron, chromium,
nickel, molybdenum, and manganese, with trace amounts of
vanadium, cobalt, copper, and other elements.36

Overall, these data taken together provide a unique look at
the impact of local environments on glass surface phys-
icochemical properties. A comprehensive understanding of the
chemistry occurring on indoor surfaces and its subsequent
impact on the quality of indoor air requires knowledge of the
nature of these surfaces. Unsurprisingly, the different environ-
ments to which indoor surfaces are exposed play a large role in
the composition of particles deposited on the surface and the
nature and amount of organic coatings. Understanding changes
in indoor surfaces over time will enhance our understanding of
how these surfaces interact with other gases that are present,
including water vapor. Hydrocarbon depositions are expected
to increase surface hydrophobicity, whereas water-soluble
organic films and salts would enhance surface hygroscopicity.
The variance in the distinct indoor emitters will be reflected by
differences in the surface properties and chemical composition
of the exposed surface. Examination of indoor surfaces under
realistic conditions is essential for obtaining a crystal clear
understanding of “authentic” indoor surfaces, and this will be
only further enhanced with the emergence of new methods to
better understand indoor surfaces, which provides insights into
their physicochemical characteristics.
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(20) Vukovic,́ G.; Anicǐc ́ Urosěvic, M.; Razumenic,́ I.; Kuzmanoski,
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