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ABSTRACT: The chemical composition of indoor air is strongly driven
by the composition and properties of indoor surfaces. At the Chemical
Assessments of Surfaces and Air (CASA) campaign, we performed
controlled additions of ammonia (reaching up to 297 ppb to 662 ppb) to
investigate the impacts of changing surface basicity on the fate of gaseous
and particulate acids and bases in an unoccupied house. In response to
ammonia injections, nitrogen-containing compounds (C2−7H3−11N1O0−3)
were emitted from surfaces to the gas phase with signals increasing 101%
to 104% compared to their signals prior to ammonia addition. At the same
time, oxygen-containing compounds (C1−7H2−6O2−3) were removed from
the gas phase by indoor surface partitioning. Indoor surface pH and
aerosol pH likely increased during these controlled ammonia injections
relative to their baseline conditions. We estimate indoor surface pH to be
nearly 5 and indoor aerosol pH to range from 2 to 4 during this experiment. At each ammonia injection, we observed ammonium
and nitrate concentrations in the aerosol phase to increase due to gas-particle partitioning of ammonia and nitric acid. This gas-
particle-surface exchange showed strong dependence on relative humidity; evaporation of gaseous bases was more pronounced at
lower relative humidity when surface-associated water volume was reduced, while gas-to-particle partitioning of inorganic species was
greater in the presence of more aerosol liquid water at higher relative humidity. From cooking experiments, which represent realistic
sources of acids and bases to the indoor environment but which emit 10 times less ammonia than was introduced to the house via
pure ammonia injection experiments, we predict that surfaces may still be important sources of these basic gases to indoor air.
KEYWORDS: CASA, ammonia, surface-associated water, acids, bases

■ INTRODUCTION
The chemical and physical drivers of indoor air quality are
distinct from outdoors. A different light spectrum indoors
creates a unique oxidative environment and low indoor
ventilation rates can lead to pollutant accumulation. Critically,
building material and furniture surfaces are major drivers of
indoor air quality due to the large surface area-to-volume ratio
indoors (≈ 3 m−1) relative to outdoors (≈ 10−3 m−1 for a
planetary boundary layer height of ≈1000 m).1 These surfaces
can be important chemical sources,2 sinks,3 temporary
reservoirs,4 and media for multiphase reactions between
surface-sorbed and gas-phase species.5 Here, the term “surface”
will be used to describe both indoor building material or
furniture surfaces and the chemically complex films that
develop on top of them.6

Semivolatile organic compounds (SVOCs, defined with air
saturation mass concentrations of ≈100 μg/m3 to ≈102 μg/m3)
actively partition between the gas and particle phase both
indoors and outdoors.3,7 These SVOCs can also readily
partition to indoor surfaces, form surface films that grow up

to several tens of nanometers thick over the course of days to
weeks, and diffuse more deeply into other surface reservoirs.8,9

Even volatile organic compounds (VOCs, defined with air
saturation mass concentrations >106 μg/m3)7 have been
observed to participate in gas-surface partitioning indoors,
while in outdoor environments they persist predominantly in
the gas phase.10 For example, Wang et al. modeled the fate of
indoor VOCs including isoprene, monoterpenes, ethanol,
furfural, and monocarboxylic acids, and demonstrated that
with typical indoor surface reservoir volumes, many of these
species would undergo gas-surface partitioning to weakly polar
(i.e., organic compound-rich) films and to polar (i.e., surface-
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associated water) films. In contrast, even in outdoor air with
high aerosol mass loadings, these species would all remain
gaseous rather than partition to ambient particles.4

Octanol-air (Koa) and water-air (Kwa) partitioning coef-
ficients are used to describe the equilibrium partitioning of
airborne chemicals to these surface films.3 Weakly polar or
organic-rich films are chemically complex and may reflect the
organic composition of air;11 for example, surface films near
the kitchen area from the HOMEChem campaign (a previous
unoccupied home study of the same style) became composi-
tionally similar to cooking organic aerosol over the course of
the measurement period.12 In contrast, surface-associated
water contains higher fractions of inorganic ions. Monolayers
of water can sorb to surfaces as a function of relative humidity
(RH). Surface-associated water on mineral surfaces can be 1
monolayer to 3 monolayers thick at 30 % RH, increasing to 3
monolayers to 6 or 7 monolayers thick at 70 % RH.13

Here, we focus on indoor surfaces (and their films) acting as
temporary chemical reservoirs, building upon past observations
of surface-sorbed volatile, intermediate volatility, and semi-
volatile organic compounds evaporating from surfaces and
contributing to the composition of gas and particle phase
mixtures in indoor residences.14−17 Understanding the role of
indoor surfaces as temporary chemical reservoirs is important
for understanding indoor chemical exposure routes. For
example, surface-sorbed species could pose increased risk to
children who crawl on flooring or engage in more frequent
hand-to-mouth behavior and thus may experience greater
ingestion or dermal uptake exposure. Surface-sorbed species
could also re-volatilize or chemically transform and then re-
volatilize, yielding inhalable products that present an exposure
risk to children and adults alike.
Upon partitioning to surface-associated water from the gas

phase, acidic and basic compounds may undergo surface pH-
dependent dissociation.13 pH-dependent deprotonation on
surfaces can impact compound volatility and thus the identity
and concentration of airborne chemicals indoors. For example,
a recent study on environmental tobacco smoke showed that
nicotine (and other reduced nitrogen compounds) exists in its
protonated form in acidic aerosols or surfaces and thus is non-
volatile, but is susceptible to deprotonation and evaporation
back to the gas-phase.18 One important factor in determining
whether an acid will deprotonate within the surface-associated
water layer is the value of its dissociation constant (Ka) relative
to the medium’s pH; acids exist in their deprotonated form
while their pKa is lower than the surface pH. Basic species exist
in their protonated form while the surface pH is less than the
pKa of the protonated ion. For example, ammonium (NH4

+)
has a pKa value of 9.25; below pH 9.25 it exists on surfaces in
its protonated form, while above pH 9.25 it deprotonates to
yield ammonia (NH3) which can subsequently evaporate.
Direct measurements of surface pH are challenging, so

surface pH and its effects on gas-/aerosol-phase composition
are poorly understood indoors. Tools like Raman spectroscopy
can be applied to study surface acidity/basicity.5,19,20 However,
surface pH is dynamic and heterogeneous, thus difficult to
broadly characterize in typical indoor settings with diverse
surface types and building operation parameters.
Nazaroff and Weschler summarize a large body of past

indoor acid and base observations,13 whose concentrations are
often dominated by carbon dioxide (CO2) and NH3,
respectively. Both CO2 and NH3 are emitted among complex
mixtures of species from many sources, including humans,21,22

cooking,23,24 smoking,25 or cleaning (for NH3).
23 Beyond CO2

and NH3, acids and bases from these same sources include,
e.g., a suite of cooking oil and food-derived carboxylic acids,
amino acids, and amines;26,27 isocyanic acid, nicotine, and
many other reduced nitrogen species from cigarette
smoke;18,28 and hypochlorous acid, various amines, and other
nitrogenous species from cleaning products.29−31

The pH-dependent exchange of indoor acids and bases
between gas-, particle-, and surface-phases remains underex-
plored. A few past studies have investigated the role of surface-
sorbed NH3 in affecting these partitioning processes in the
laboratory. Ongwandee and Morrison studied painted gypsum
board and carpet and found that NH3 generally decreased the
surface sorption capacity for trimethylamine by 83 % to 100 %,
when relative humidity was 50 % to 90 %, in a pH-independent
manner.32 This change in sorption capacity was attributed to
competitive adsorption. Ongwandee and Sawanyapanich
investigated nicotine sorption to carpet and found that NH3
similarly decreased surface capacity for nicotine at high
humidity.33 This change in sorption capacity was attributed
to increased competition between nicotine and NH3 for
surface adsorptive sites, with the sorbed base ultimately
protonating on the surface. During the HOMEChem
campaign,34 NH3 or vinegar (acetic acid)-based cleaners
were sprayed in the unoccupied test house to investigate the
effects of surface pH changes on airborne acids and bases.4

Surface pH likely decreased in response to vinegar-based
cleaning, which allowed surface-dissociated nitrous acid,
isocyanic acid, and formic acid to protonate and evaporate
from surfaces back to the gas phase. NH3-based cleaners
slightly reduced the concentration of these acids in the gas-
phase.
Building upon HOMEChem, this investigation of indoor

acids and bases was performed at the Chemical Assessment of
Surfaces and Air (CASA) study at the National Institute of
Standards and Technology (NIST) Net-Zero Energy Resi-
dential Test Facility (NZERTF). Here, controlled additions of
gaseous NH3 and CO2 were performed in the house to
simulate realistic emissions from indoor activities or outdoor
infiltration.
The specific objectives of this work were: (1) to investigate

the gas-surface partitioning of acidic and basic organic gases in
response to surface pH changes and use these gas-phase
observations to estimate surface pH, (2) investigate the gas-
particle partitioning of inorganic species and its role in
changing aerosol pH, and (3) evaluate the surface fluxes of
acids and bases during realistic cooking experiments. Through
these objectives, we explore the indoor fates of acids and bases,
which are critical for understanding the extent, routes
(inhalation, dermal uptake, ingestion), and impacts of our
indoor chemical exposures.
In this manuscript, we focus on the overall surface acidity/

basicity within the test house due to the complexity of the
combination of materials in the test house, as well as the
complexity of the surface films on top of them. Within the
house, different materials/films have different acidic or basic
properties, as well as heterogeneous acidity or basicity across
the vast material surfaces even for the same material type. For
example, concrete and brick have basic properties, and silicon
dioxide, in glass, acts as a Lewis acid.13 Hydrophilic building
materials’ acidity or basicity may be more significantly driven
by the acidity or basicity of the aqueous film and its constituent
dissolved chemicals. On the other hand, hydrophobic building
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materials’ acidity or basicity may be more controlled by the
chemical/physical properties of the material.
This whole-house approach is also necessary based on our

approach of using measurements of gaseous and particulate
species to infer surface behavior.
We acknowledge that additional factors may control whether

a particular compound protonates/deprotonates as it interacts
with indoor surfaces, such as the presence of stabilizing species
within the surface film or on the surface material itself (e.g.,
similar to how nitric acid (HNO3) and nitrous acid (HONO)
deprotonate on surfaces and may be stabilized in their nitrate
and nitrite forms by cationic sites on a surface35). These
additional factors are not the focus here.

■ MATERIALS AND METHODS
The CASA campaign took place at the NZERTF on NIST’s
Gaithersburg, Maryland campus from March 2, 2022 through
April 11, 2022. The house consisted of a basement, a first floor
(living room, dining room, and kitchen, all sharing the same air
with no doors separating them), a second floor (with four
bedrooms), and an attic. The home is designed as a typical
single-family residence with windows in each room providing
natural light.
All experiments and measurements described here were

performed centrally on the first floor. House temperature was
recorded with 24 thermocouples located in the center of
various rooms (distributed across the kitchen, dining room,
living room, and hallway on the first floor, in the second floor
bedrooms, basement, and attic). Relative humidity (RH) was
recorded in 8 different locations (kitchen, living room, second

Figure 1. (A) NH3 mixing ratios, CO2 mixing ratios, temperature, and RH from the March 17 and 18. (B) Specific examples of basic gases that
were emitted from surfaces in response to NH3 injections (full set shown in Figure S3 and Table S2). (C) Specific examples of acidic species that
were removed from the gas phase (full set shown in Figure S3 and Table S2). C3H6O2 is magnified by a factor of 10 and CH2O2 is magnified by a
factor of 100 for readability. For panels A, B, and C, black shading shows NH3 injection start (left) and stop (right) times. Red shading shows the
same for CO2. (D) All species that exhibited an increasing signal with NH3 addition, showing their percent increases during injection 1 at higher
RH (blue lines) and during injection 1 at lower RH (black lines). The grey box between markers shows the range. Compounds in (D) are ordered
from lowest to highest signal response at higher RH.
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floor bedrooms, attic, and basement). Additional details about
the house used in the CASA experiments can be found in prior
publications36,37 and CASA specific details are published in an
overview paper.69

Here we focus on acid−base injection experiments on
March 17 and March 18. On March 17, we performed a higher
RH experiment where the first floor average RH was 70 %
(here forward, called “higher RH”), and on March 18 we
performed a lower RH experiment where the first floor average
RH was 41 % (here forward, called “lower RH”). RH was
increased by a whole-house humidifier. The heat recovery
ventilation system outdoor air supply flow remained constant
during March 17 and March 18 (≈ 250 m3 h−1 ± 17 m3 h−1)
resulting in an air change rate of 0.22 h−1 (volume estimated at
1100 m3 across basement, first floor, second floor, and attic). A
high internal mixing rate was established in the house by the
air conditioning system, maintaining a flow rate of 818 m3 h−1

± 18 m3 h−1 when cooling and 1149 m3 h−1 ± 27 m3 h−1 when
heating. Here, all quantities are represented as average ±
standard deviation.
All windows and doors were shut during the duration of

these experiments. The infiltration rate was low (0.05 h−1) due
to the tightness of the building.38

NH3 (and CO2) was injected through the heat recovery
system supply air duct. The heat recovery system ran from the
basement and distributed air to both the first and second
floors. This manuscript focuses on NH3. NH3 was added to the
house from a cylinder containing 10 % NH3 (in nitrogen). It
was added at 40 mg/min for 30 min, and then 2.5 h to 5.5 h
were allowed to pass between each repeat injection (Figure 1).
NH3 was added three times at higher RH and two times at
lower RH. NH3 diluted in nitrogen was used to complement
but simplify the HOMEChem experiments; here, injecting
known quantities of NH3 on its own allowed us to isolate the
injected species from the complex mixture of basic and acidic
species dynamically partitioning between gas, aerosol particle,
and surface media in response to NH3 additions.
In this work we also briefly discuss cooking experiments

performed at CASA (March 13 to March 15, 2022) to
investigate a realistic NH3 source and emission levels. Bell
peppers, tater tots, and bacon were pan-fried sequentially over
an electric cooktop or inside an air fryer. Food quantity, cook
times, and temperatures were all recorded (see Section S1 and
Table S1).
Measurements of NH3 and CO2 Mixing Ratios. NH3

mixing ratios were measured by a broadband infrared Cavity
Ring Down Spectroscopy (CRDS)-based VOC analyzer
configured to measure NH3 (Picarro, Model SI9110). The
instrument was housed in the middle of the living/dining area
on the first floor of the NZERTF, 1 m above the ground and 2
m from the Vocus PTR-MS inlet. We report mixing ratios of
gases in units of parts-per-billion (ppb) and parts-per-million
(ppm). We define ppm as μmol of a gas divided by a mol of air
and ppb as nmol of a gas divided by a mol of air.
Measurements of Volatile Organic Gases. Gas phase

organic compounds were measured with a Vocus 2R proton
transfer reaction mass spectrometer (PTR-MS, Aerodyne
Research39) housed in the garage. The PTR-MS was
connected to the living/dining area of the main house via
30.5 m of 1.27 cm OD, 0.95 cm ID (1/2″ OD, 3/8″ ID) PFA
tubing at 50 °C. The inlet was held 1.6 m above the floor and 2
m from the nearest house wall. Species measured by the PTR-
MS are reported here as neutral molecules, assuming the

dominant ionization mechanism within the PTR-MS was
proton addition (thus species were detected as [M + H]+). We
acknowledge that fragmentation and water cluster addition
could affect analyte identification, but a rigorous analysis of
these different pathways is outside the scope of this work.
Additional details are presented in Section S2.
Measurements of Semivolatile Organic Gases. A semi-

volatile thermal desorption aerosol gas chromatograph (SV-
TAG)40 was deployed in the first floor porch area and
connected to the living/dining area via a piece of 1 m stainless
steel tubing. Additional details are presented in Section S3.
Measurements of Inorganic and Organic Aerosol

Components. The chemical composition of submicron non-
refractory aerosols, focusing here on ammonium, sulfate,
nitrate, and chloride, was determined with an aerosol mass
spectrometer (AMS, Aerodyne Research). The AMS was
located in the garage near the PTR-MS. Additional details are
presented in Section S3. The specific AMS used in this analysis
and the associated analysis approach is described in detail in
Garofalo et al.41

E-AIM Aerosol pH Estimates. The Extended AIM
Aerosol Thermodynamics Model (E-AIM) was used to
estimate aerosol pH with measurements of dissolved
particulate ammonium, sodium, sulfate, nitrate, and chloride
in PM1 particles, ambient temperature, relative humidity, and
gas-phase NH3 (as an important thermodynamic constraint on
the aerosol ammonium and proton (H+) levels, and thus
pH).42−44 Model IV was used for the higher RH day and
Model II was used for the lower RH day as Model IV could
only be applied for RH > 60 % with this combination of
aerosol composition. We estimated the H+ activity coefficient
and molar fraction to calculate pH according to eq 1:

= × ×+ +f xpH log ( 55.509)10 H H (1)

In eq 1, f H+ is the activity coefficient of H+, xH+ is the mole
fraction of H+ in pure water, and the value 55.509 is the
molality (mol kg−1) of pure water (the solvent). For E-AIM
inputs, ion concentrations were measured by the AMS except
for sodium, which was assumed to be 0 mol/kg. We note that
E-AIM’s use of activity coefficients accounts for solution non-
ideality. When running the model, gas-particle partitioning was
allowed for all semi-volatile inorganic species.
Key Assumptions. Here, the terms “nitrate” and “sulfate”

are used to refer to both inorganic and organic contributors to
the nitrate and sulfate AMS signals. The organic contributions
were not specifically quantified in this study due to the
chemical complexity and dynamically changing particle-phase
mixture in indoor air. The assumption that these species were
entirely inorganic for the purpose of E-AIM analysis was
therefore necessary. However, this could mean that these ion
contributions are slightly overestimated, which is important to
consider in interpreting the aerosol pH estimates.
It is also important to emphasize that the aerosol measured

here via AMS for inclusion in these pH estimates is PM1, and
the composition of coarse particles is not included. Thus, all
aerosol pH estimates here refer to PM1 particles only.
The pH of coarse mode particles is likely different than that

of PM1 particles. Past studies of outdoor particles have found
that submicron particles tend to be more acidic than
supermicron particles;45,46 we would expect similar trends to
exist in this environment, especially during the acid−base
perturbation experiments where there was no significant
indoor particle source and measured particles likely infiltrated
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the home from outdoors. In addition, infiltration factors of
coarse mode particles are expected to be minor relative to
infiltration factors of fine mode particles.47 Thus, in this
particular house environment and under these particular
experimental conditions, our focus remains on PM1.
Other soluble ions were not included in pH estimates as

they were not measured during the campaign, but the inclusion
of the AMS-measured ions listed above is consistent with past
recent studies investigating aerosol pH from real-time
composition measurements in a range of different environ-
ments (for example: sea spray aerosol,48 the remote
atmosphere,49 and a series of studies encompassing urban
regions, rural regions, and remote regions of the atmos-
phere50). We also do not include the role of organics in these
pH estimates as comprehensive structural identification and
specific calibrations for all important species was not possible
in this study.
For this analysis, we assumed that PM1 particles were

internally mixed because current analytical techniques are not
able to provide quantitative, real-time information on aerosol
particle composition for externally mixed particles.
Finally, we note that the implementation of E-AIM assumes

thermodynamic equilibrium between partitioning gases and
particles. For surfaces, equilibrium likely only applies to the
uppermost region of the thin water films.
Surface pH Estimates. In this study, surface pH was not

measured directly. However, we estimated surface pH based on
the pKa of organic acids observed to undergo pH-dependent
gas-surface partitioning. These acids were identified within the
PTR-MS time series and their pKa values were determined.
Surface pH was estimated by considering the acid with the
highest pKa value that still underwent pH-dependent
partitioning. This is described further in Results and
Discussion. Surface film composition and surface pH were
not directly measured in this study due to the very large surface
area covered in a thin film of water that would have been
impossible to comprehensively sample, due to heterogeneity in
the properties and pH of the different surface types in the
house, and due to the presence of inaccessible surfaces also
contributing to gas-surface partitioning.

■ RESULTS AND DISCUSSION
Figure 1 summarizes trends in gas- and aerosol-phase chemical
composition in response to NH3 (and CO2) injections. While
the average first floor temperature on both days was 26 °C,
temperature during the higher RH experiment on March 17
started at 25 °C at the time of the first NH3 injection and rose
to 27 °C at the time of the last CO2 injection (Figure 1A).
During the lower RH experiment on March 18, the
temperatures for the first and last gas injections were also 25
°C and 27 °C respectively. While slight, these temperature
changes increased the evaporation of surface-sorbed organic
compounds to the gas phase; this is evident in the increasing
baseline signal for the organic gases in Figure 1B and 1C.
However, despite the sensitivity of these surface emissions to
air and surface temperature, the trends discussed here are
distinct from the increasing signal baseline. For comparison,
data from a temperature ramp performed later during CASA,
without acid/base injections, are shown in Figure S1. Data
from a background period before these cooking and NH3
experiments are in Figure S2.
Even though similar quantities of gaseous NH3 were added

across all injections, NH3 mixing ratios were higher in lower

RH conditions (502 ppb to 662 ppb, determined as the peak
maximum value minus the baseline value prior to injection;
background levels in the house prior to any cooking or acid−
base experiments were approximately 4 ppb) than at higher
RH (297 ppb to 373 ppb) (Figure 1A). This RH-dependent
behavior is likely because the volume of surface-associated
water in the house increased at higher RH,51 increasing the
partitioning of NH3 to the surface reservoir. Conversely, at
lower RH with less surface-associated water, more NH3
persisted in the gas phase. CO2 mixing ratios were similar
across the 2 days, indicating less sensitivity of CO2 to surface-
associated water. This is consistent with the physical Henry’s
law constant of CO2 (≈ 3.4 × 10−4 mol/m3Pa) which is
approximately 3 orders of magnitude smaller than that of NH3
(≈ 5.2 × 10−1 mol/m3Pa).52

These perturbations with NH3 had mixing ratios 1 order of
magnitude higher than maximum NH3 mixing ratios from
realistic emission sources in the house (for example, during
cooking, where NH3 reached a maximum of 36 ppb). While
these mixing ratios were higher than often expected in the
indoor environment, the experiments were performed at these
levels to explore gas-aerosol-surface exchange processes and to
develop a fundamental understanding of these exchange
processes in a realistic indoor residence. However, the size of
the perturbation is an important lens through which to
consider subsequently presented results.
A subset of volatile gas-phase compounds measured by PTR-

MS exhibited notable signal changes in response to NH3
additions. Examples are shown in Figure 1B and 1C. All gas-
phase signals that increased with NH3 addition were nitrogen-
containing, and likely basic in character with detected neutral
formulae of C2‑7H3‑11N1‑3O0‑3. All the decreasing signals,
though with more subtle responses, were oxygen-containing
and likely acidic in character with neutral formulae of
C1‑7H2‑6O2‑3. No signal changes were observed in response
to CO2 additions so the focus of this manuscript is solely on
NH3.
Gas-Phase Response to Additions of NH3: Basic

Species Emitted from Surfaces. As gaseous NH3 was
injected to the test house, it partitioned to surface-associated
water and was protonated to yield ammonium ions. This
partitioning increased the pH of surface-associated water, likely
prompting weaker bases to deprotonate and evaporate back to
the gas phase in their neutral form. Because this emission of
basic species to indoor air depended on the surface-sorbed
ammonium concentration and thus the surface pH, we suggest
that these bases participated in deprotonation reactions on the
surface driven by aqueous chemistry, rather than being driven
only by neutral molecule sorption-desorption processes (as we
only observe this behavior for basic and acidic compounds,
which are expected to undergo pH-dependent processes).
Once again, we emphasize that here we are monitoring a
whole-house average behavior in response to surface pH
changes, as it is not possible to monitor individual surface
types and surface locations. A discussion of alternative
interpretations of these signals (for instance, exploring the
possibility that these signals could be ammonium adducts on
non-nitrogen-containing precursors, and that these species
could have formed chemically in the house) is in Section S4.
Figure 1B shows select time series of basic species emitted

from surfaces in response to NH3 injections. Many of these
species were also observed by Arata et al. at the HOMEChem
campaign,53 including: C3H7NO (e.g., propionamide and
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isomers of reduced-nitrogen-containing species paired with an
oxygen-containing functional group), C6H11NO, C2H3N (e.g.,
acetonitrile), C2H5NO (e.g., acetamide and isomers), C4H5N
(e.g., pyrrole and isomers), and C4H9NO (e.g., butyramide and
isomers).39 Other species of note observed here include
C2H7N (e.g., dimethylamine and isomers), C6H7N (e.g.,
aniline and isomers), C3H5NO (e.g., acrylamide and isomers),
C4H7N (e.g., butane nitriles and isomers), and C4H11N (e.g.,
butylamine and isomers). Amides are weak bases and thus
while they could participate in protonation reactions on
surfaces, isomers containing reduced nitrogen functional
groups (e.g., amines) paired with other oxygenated groups
might be driving the observed pH-dependent emission
behavior. Section S5 discusses compound identity further
from GC observations.
When their Koa and Kwa values are mapped onto gas-surface

partitioning plots from Wang et al.,4 these basic species are
expected to fall in the polar reservoir (e.g., in surface associated
water) or between the polar and weakly polar reservoirs, and
thus may undergo surface pH-dependent dissociation.
Gas-Phase Response to Additions of NH3: Acidic

Species Removed from the Gas Phase. At the same time
as nitrogen-containing species were emitted from surfaces to
the gas phase, several acidic species were removed from the gas
phase including: CH2O2 (e.g., formic acid), C2H4O2 (e.g.,
acetic acid and isomers), C2H4O3 (e.g., glycolic acid and
isomers), C3H6O3 (e.g., lactic acid and isomers), C5H6O2, and
C7H6O2 (e.g., benzoic acid and isomers). All of these species,
except for C7H6O2, were observed at HOMEChem by Arata et
al.53

From Wang et al.’s modeling based on Koa and Kwa, we
expect C1 and C2 monocarboxylic acids to reside in the polar
surface reservoir, C≥5 species to reside in the weakly polar
surface reservoir, and C3 to C4 species to fall between the two.4

Formic acid (CH2O2) and acetic acid (C2H4O2) would
therefore be expected to respond most strongly to changes
in the pH of surface-associated water, which was observed here

(Figure 1C, S3A and and S5). As surface pH became more
basic with the addition of NH3, these acidic species were
removed from the gas phase once again as a function of surface
pH.
This surface partitioning and subsequent deprotonation of

volatile acids can be interpreted in two ways. First, from a
surface acidity perspective, we can suggest that only acids with
pKa values lower than the surface pH will deprotonate upon
partitioning to surface-associated water. Each of the respond-
ing acids listed above has a pKa value in the 3.8 to 4.8 range. In
contrast, C3H6O2 (e.g., propionic acid), plotted in Figure 1C,
shows no response to increasing surface basicity. Propionic
acid has a pKa of 4.9. This could mean that the surface pH fell
in the range of 4.8 (the highest pKa of the acids that did show
pH-sensitive response, corresponding to acetic acid) to 4.9
(the pKa of propionic acid, which did not show pH-sensitive
response). This is summarized in Figure S8. Given this inferred
approach to estimating surface pH and its uncertainties, the
precision with which we can determine pH is limited. Thus, for
subsequent discussion, we describe surface pH as equaling
approximately pH 5. However, we note that this surface pH
prediction is highly simplified and based on pKa alone. These
concentrated surface reservoirs may be highly non-ideal
mixtures, such that bulk thermodynamic parameters may not
be fully accurate descriptors. We note that in high ionic
strength solutions−which could exist in the aerosol particles or
on the surfaces themselves−acid pKa may shift. While we
cannot estimate the ionic strength of the surface films due to
their unknown chemical composition, we expect that their
concentrations could be similar to those of outdoor aerosol
particles, thus possibly creating a fairly high ionic strength
environment as is often seen in ambient particles.54 Acetic acid,
for example, has a pKa that decreases upon increasing ionic
strength.55,56 For acetic acid to exist in a deprotonated state on
an acidic surface, their pKa must be lower than surface pH.
This means that constraining surface pH based on acetic acid’s
pKa under ideal conditions might overestimate the surface pH

Figure 2. (A) Particulate matter composition from AMS, showing sulfate, ammonium, nitrate, and chloride contributions (left y-axis) and organic
contribution (right y-axis). (B) NH3 time series (black trace, left y-axis) and aerosol pH estimates from E-AIM (black markers, right y-axis). For
(A) and (B), black shading shows NH3 injection start (left) and stop (right) times. Red shading shows the same for CO2. Ambient CO2
measurements were used to correct for gas-phase contributions to the AMS CO2

+ signal (contributing to the organics trace in (A)), but the role of
particulate organics is not further explored in this study. Figure S10 shows E-AIM model evaluation.
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slightly. This is an important uncertainty to consider in this
inference of surface pH. Nevertheless, this analysis suggests
that changes in gaseous signals can be used to infer changes in
a surface’s acidic or basic properties.
Second, from a partitioning coefficient perspective, the acids

that respond to surface-associated water pH changes could
simply be those that predominantly partitioned to the surface-
associated water (rather than the organic film) due to their Koa
and Kwa (e.g., formic and acetic acid).4 In contrast, acids that
do not respond could simply predominantly reside in the
organic-rich film, experiencing less sensitivity to NH3-driven
pH increases (e.g., propionic acid).
Gas-Phase Response to Additions of NH3: Impact of

Relative Humidity on Emission of Bases. Figure 1D shows
the percent signal increase during the first NH3 injection on
the higher vs. lower RH day for each of the nitrogen-containing
species emitted from surfaces. Here, the percent change was
calculated by comparing the signal 30 min prior to the NH3
injection (when the house was free from any activity) to the
signal at the compound signal’s peak around 30 min after
injection. Except for C2H3N (acetonitrile, the most volatile
compound responding to NH3 additions, which had nearly
identical response on both days), signal increases were all
greater on the lower RH day, likely because the surface-
associated water reservoir volume on the lower RH day was
smaller and thus more sensitive to pH changes upon NH3
partitioning. Signal changes across subsequent NH3 injections
are shown in Figure S4; signal changes became smaller with
each subsequent experiment potentially due to a gradual
depletion of basic species in the temporary reservoir.
Changes to Aerosol pH in Response to Gas-Particle

Partitioning of Inorganic Species. During NH3 additions,
we observed concurrent increases in ammonium particle mass
loading (from gas-particle partitioning of gaseous NH3) and
nitrate particle mass loading (from gas-particle partitioning of
nitric acid). Only minor changes were observed to the already
low particulate chloride mass loading. Particulate sulfate did
not respond to the first NH3 injection but remained elevated
during the second and third injections at higher RH and
similarly across the two injections at lower RH (Figure 2A).
No predictable changes were observed to organic mass
loadings during NH3 injections. We focus on the roles of
ammonium and nitrate here, as sulfate concentrations changed
indoors as a function of their outdoor concentration (Figure
S9) but did not show the same relationships with ammonia
mixing ratios as ammonium or nitrate, and chloride
concentrations were very low.
The basic gases in Figure 1D generally had greater percent

change values in their signal at lower RH than at higher RH,
likely related to smaller surface-associated water reservoir
volume at lower RH that therefore responded more strongly to
any pH perturbations due to less water present to dilute the
effects of NH3. In contrast, particulate inorganic ion
concentrations (Figure 2A) showed greater concentration
increases on the higher RH day likely due to higher aerosol
liquid water concentrations in the house which promoted gas-
particle partitioning.
These particulate inorganic data were used with E-AIM to

estimate aerosol pH (Figure 2B), neglecting the role of
organics to these particular ion signals. E-AIM pH estimates
are sensitive to uncertainty in both the inorganic ion
concentrations from AMS (≈ 35 %) and the NH3 mixing
ratios from CRDS (±5 % of reading +0.5 ppb) thus resulting

in pH approximations that are uncertain by <0.1 pH units
(determined through sensitivity testing with the model, which
was performed by varying AMS ion concentrations and NH3
mixing ratios within their stated uncertainties and re-running
the model with these different values of AMS and NH3
concentrations to assess the resulting variability in the model’s
pH estimates).
Still, there are several important trends we can identify. First,

the indoor aerosol pH was acidic (pH ≈ 2 to 4) and fell within
a similar range to typical estimates of outdoor aerosols (pH ≈
−1 to 5).57−59 These indoor pH estimates are also similar to
past predictions using ISORROPIA-II from a collection of
several studies, which fell between pH 1 to 5 indoors (mean of
pH 3 ± 1).60

Second, estimated pH values were slightly higher at higher
RH due to the presence of higher aerosol liquid water
concentrations that diluted the effect of the acids (i.e., H2SO4,
HNO3) and bases (i.e., NH3) in solution, but that also could
have increased the uptake of gaseous NH3. This dilution effect
would have affected both acids and bases in solution if they
were all involatile, but we expect dynamic partitioning of
HNO3 and NH3 to and from the particle phase, with H2SO4
therefore being most significantly impacted by dilution
specifically.
Third, at higher RH, we observed concurrently increasing

ammonium and nitrate ions in response to NH3 injections,
along with generally elevated sulfate during this period. These
processes had net opposite effects on pH; NH3 partitioning to
particles likely increased pH and the presence of nitrate and
sulfate decreased it. We note that of these ions entered the
house via infiltration during this period, and that sulfate
remained elevated indoors during this period because it was
elevated outdoors at that time (Figure S9).
Thus, overall, the aerosol pH response to gaseous NH3

injections was limited to on average a ≈ 1 pH unit increase.
Like surface pH, changes in aerosol pH are important to
understand in indoor environments because surface pH-
dependent deprotonation reactions can similarly lead to
increased propensity for evaporation from or condensation to
particles.
The surface-associated water pH inferred from gas-phase

sorption and deprotonation behavior (i.e., the analysis
dependent on pKa-based estimate of pH less than approx-
imately 5) is 1 pH to 3 pH units higher than the E-AIM
estimated aerosol pH (where we estimated pH ranging 2 to 4).
While we expect some deposition of aerosols to indoor surfaces
and thus some relationship between aerosol pH and surface
pH, the compositions of these two indoor reservoirs will likely
be different. For example, surface composition, including the
presence of involatile species, may be different than in the
particles, and surface films may have been accumulating semi-
volatile gases and particles over the course of many months or
even years, whereas indoor aerosol has indoor residence times
of minutes to a few hours. Also, it is unlikely that acidic
aerosols will uniformly acidify all indoor surface-associated
water due to the sheer quantity of surface area and surface
associated water available. For instance, as described by
Duncan et al., even a 1 nm thick aqueous layer on surfaces
would yield 1000 times more water volume than the water
content equilibrated with indoor air from typical outdoor-
derived aerosol (approximately 3 μg/m3).61 Thus, the surface-
associated water existing at a pH closer to neutral water
(relative to aerosol pH) is reasonable.
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We also note that we focus on the role of surface water here
specifically because of its large abundance relative to aerosol
liquid water. Corroborating Duncan et al.’s work, Nazaroff and
Weschler estimated that 3 μg/m3 aerosol liquid water, when
equilibrated with indoor air, contributes 3 × 10−9 L/m3 of
water to the environment.13 They also estimated the
contribution of other sources of indoor water which are
significantly more important; for example, a surface monolayer
of water (0.25 nm thick) on all surfaces of a room with a
surface area to volume ratio of 3.5 m−1 is estimated to
contribute 0.9 × 10−6 L/m3 of water to the environment, while
a surface layer of water (10 nm thick) would contribute 3.5 ×
10−5 L/m3. Thus, there is a strong argument for considering
the role of surface sorbed water over the role of only aerosol
liquid water indoors.
Fate of Semivolatile Acids: Removal to Surfaces.

While we expect and infer that small organic acids and bases
partition to and from surface associated water, the behavior of
higher molecular weight SVOC acids may be more complex
given their higher affinity for non-polar (organic) reservoirs,
which are likely less affected by the addition of NH3 to the
house. Semivolatile acids (C8 to C27 species) from SV-TAG
measurements indeed showed a more complicated response to
NH3 additions. Hourly measurements of combined gaseous
and particulate species at higher RH showed similar decreasing
trends in carboxylic acid concentration upon the first NH3

injection and initial surface pH increase (Figure S6). These
acids were removed from the gas phase but did not appear to
enter the particle phase (from SV-TAG particle-only measure-
ments) suggesting that they too were lost to indoor surfaces
rather than significantly to particles. During the second NH3
injection, SVOC acids showed minimal response. The second
injection was preceded by a CO2 injection, which could have
potentially created surfaces with fewer open sorption sites or
slightly acidified the surfaces. During the third NH3 injection,
SVOC acids appeared to increase in concentration in the gas
phase but not in the particle phase. Their increases upon the
third NH3 injection could be the result of surface site
competition between surface-sorbed semivolatile acids and
NH3, CO2, and other species being brought down to surfaces
(i.e., the volatile acids which continued to decrease from the
gas phase even at the third NH3 injection, all with lower pKa
than the semivolatile species). This could also be caused by
increasing temperature in the house (Figure 1A) driving the
equilibrium of these SVOCs towards the gas-phase. All
together, given the variability in observed SVOC concen-
trations (combined gas and particle phase; Figure S6), the
lower time resolution of the SV-TAG instrument compared to
the rapidly changing chemical concentrations in this experi-
ment, and the uncertainty of the SV-TAG measurements
(estimated to be 30 %, Section S3), the exact behavior of the

Figure 3. (A) NH3 mixing ratios during cooking experiments, from March 13 to March 15. (B) Minimum NH3 mixing ratio required to produce a
detectable surface emission of each compound at higher RH. (C) Minimum NH3 mixing ratio required to produce a discernible surface emission of
each compound at lower RH. In panels (B) and (C), the dotted line shows mean NH3 mixing ratio during this period (8 ppb). Compounds on the
x-axis are shown in decreasing order and are ordered differently for (B) and (C). For example, C2H3NO2 has blue and grey bars that surpass the
typical NH3 mixing ratio during cooking, suggesting that if protonated on the surface, it may not readily deprotonate and evaporate under these
lower NH3 conditions. In contrast, C2H7N has blue and grey bars one to two orders of magnitude lower than the average NH3 signal, suggesting
that it could readily deprotonate on the surface and evaporate to the gas phase under these lower NH3 conditions.
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semivolatile acids during these experiments is challenging to
fully explain.
Surface Emissions of Bases from Realistic Gaseous

NH3 Emissions during Cooking. The injections of pure
NH3 enable a fundamental investigation into acid−base
equilibria in a realistic indoor environment. These findings
can then be used to think about more complex systems
indoors. Cooking is one important source of NH3.

23 However,
it is typically emitted within a mixture of other organic
compounds including many other bases27,62,63 and acids.26,27 It
is therefore difficult to isolate the effect of realistic NH3 mixing
ratios from cooking on the gas-surface exchange of other acids
and bases, since these acids and bases are also important
primary cooking emissions (Table S2, Figure S7). Here, we
estimate whether NH3 emissions from cooking, reaching a
maximum of 36 ppb (relative to 297 ppb to 662 ppb from pure
injections), could still prompt emissions of basic species from
surfaces towards the gas phase. Background NH3 levels in the
house were 4 ppb immediately prior to the cooking period
before any major NH3 introduction to the house, so during
cooking, surface exposures were roughly one order of
magnitude above background levels, instead of the roughly
two orders of magnitude associated with NH3 injection
experiments.
Figure 3 shows the NH3 mixing ratio in the house during

cooking experiments. Mixing ratio spikes indicate cooking
times (Figure S7). The blue (higher RH) and grey (lower RH)
bars in Figure 3B and 3C represent the minimum theoretical
gas-phase NH3 mixing ratio needed to yield a discernible basic
VOC signal increase (i.e., a signal change greater than 3 times
the standard deviation of the compound’s background signal).
This was computed based on each basic VOC’s signal response
to pure NH3 injections, assuming no other VOC sources, and
scaling each VOC’s expected response linearly to predict their
surface emission response to smaller NH3 perturbations. We
emphasize that this is only a first order estimate that assumes a
linear relationship between the gas-phase NH3 mixing ratio
and the amount of surface-sorbed NH3 required to
deprotonate weak surface-sorbed bases and allow their
evaporation. While this linear assumption is a simplification
of a much more complex system, we note that the pH of many
systems do respond linearly to ammonia partial pressures when
the levels of ammonia are high (for example, when cooking is
occurring or when humans and their breath are present) and
when the levels of soluble acids such as H2SO4 and HNO3 are
low.64 Such low concentrations of acids may be found on
indoor surfaces in aqueous films given the very high levels of
condensed phase water that constitutes these films, but the
exact identity and concentration of acids in surface water films
remains unknown.
However, as a first order approximation, this analysis reveals

that indoor surfaces may be sufficiently sensitive to these more
realistic gaseous NH3 exposures (i.e., tens of ppb) to undergo
pH change and thus enable the deprotonation and evaporation
of basic gases. For instance, species with predicted NH3 mixing
ratios needed for deprotonation that are lower than the typical
NH3 mixing ratio observed during cooking (e.g., the mean
mixing ratio of 8 ppb, indicated by the dotted line in Figure 3B
and 3C) could possibly deprotonate and evaporate from
surfaces under these more realistic conditions.

■ ENVIRONMENTAL IMPLICATIONS
Taken together, these pure NH3 injection experiments
triggered dynamic gas-particle-surface partitioning of acids
and bases under both higher and lower RH conditions. The
sensitivity of the house surfaces to these NH3 injections
suggests the persisting importance of surface emissions of bases
under more realistic NH3 emission conditions from typical
meat and vegetable cooking (or from other indoor sources of
NH3 such as humans, cleaning, or infiltration from outdoors).
These findings illustrate the importance of considering surface
acidity/basicity as a key driver of chemical fate indoors.
Increasing surface basicity due to enhanced gas-surface
partitioning of NH3 may result in increased inhalation
exposure risk for the complex mixture of basic VOCs-
SVOCs, while dermal uptake and non-dietary ingestion risk
may increase for acidic species residing on surfaces. The
reverse is true for increasing surface acidity. While exact
structural identifications of the observed acidic and basic
species that could pose a health risk is not possible here, the
time series trends discussed here represent valuable observa-
tions that illustrate their dynamic behavior and highlight the
need for future research on their chemical identity.
When there are changes in surface acidity/basicity and in the

concentrations of acids/bases in the gas phase, particulate
matter composition may also change via gas-particle
partitioning. It is well known that outdoor aerosol composition
changes upon infiltration to the indoor environment due to
large differences in outdoor vs. indoor temperature and relative
humidity; for example, ammonium nitrate aerosols volatilize
when entering a warm home (e.g., as observed in an
unoccupied California home65,66). Specifically, the indoor-
outdoor ratio of aerosol nitrate decreases significantly with
increasing temperature difference between the two environ-
ments if indoors is warmer than outdoors, relative to other
commonly measured aerosol components such as sulfate.67

Ammonium nitrate evaporates to NH3 and HNO3. While NH3
partitions to surfaces and can also build up in the gas phase,
HNO3’s lower volatility drives it towards surfaces.

65 As a result,
HNO3 mixing ratios indoors tend to be <0.5 ppb.13 Along with
temperature-driven volatilization, the gas-surface partitioning
of HNO3 and NH3 may contribute to pushing the
NH4NO3(s/aq) ⇌ HNO3(g) + NH3(g) equilibria towards the
evaporated gas phase products.65 In contrast, an NH3 emission
or infiltration event could yield particulate ammonium, as
observed in this study, which could promote gas-particle
partitioning of HNO3 yielding increased particulate nitrate.
These changes to inorganic gas-particle partitioning may
impact aerosol pH, as shown here, and also lead to pH-
dependent gas-particle partitioning of organic species.
In addition to our exposure to indoor-derived particles,

much of our exposure to outdoor-derived particles occurs
indoors, so understanding the processes that drive aerosol
volatilization or formation is important to robustly characterize
indoor particle composition and exposure health effects. This is
especially true in regions with nitrate-rich aerosol (e.g., the
Western United States)68 or aerosol rich in other semivolatile
components. Future studies that investigate the role of surface-
associated water and surface-residing ammonium in contribu-
ting to the volatilization of infiltrated ammonium nitrate
aerosols, and the subsequent implications of this evaporation,
would be beneficial. In addition, further study of the role of
indoor surface pH in shaping the exchange of indoor acids and
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bases across gas, aerosol, and surface media is critical for
evaluating the extent and mode of human exposure to these
compounds in the indoor environment.
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