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ABSTRACT: Atmospheric aerosol acidity impacts key multiphase
processes, such as acid-catalyzed reactions leading to secondary
organic aerosol formation, which impact climate and human health.
However, traditional indirect methods of estimating aerosol pH
often disagree with thermodynamic model predictions, resulting in
aerosol acidity still being poorly understood in the atmosphere.
Herein, a recently developed method coupling Raman micro-
spectroscopy with extended Debye—Hiickel activity calculations to
directly determine the acidity of individual particles (1—15 pm
projected area diameter, average 6 yum) was applied to a range of
atmospherically relevant inorganic and organic acid—base equilibria
systems (HNO,/NO,~, HC,0,/C,0,*”, CH;COOH/CH,COO0",
and HCO; /CO5>") covering a broad pH range (—1 to 10), as well
as an inorganic—organic mixture (sulfate-oxalate). Given the ionic
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strength of the inorganic solutions, the H activity, y(H"), yielded lower values (0.68—0.75) than the organic and mixed systems
(0.72—0.80). A consistent relationship between increasing peak broadness with decreasing pH was observed for acidic species,
but not their conjugate bases. Greater insight into spectroscopic responses to acid—base equilibria for more complicated mixtures
is still needed to understand the behavior of atmospheric aerosols.

B INTRODUCTION

Atmospheric aerosols impact both climate and human health,
yet many of the chemical mechanisms occurring within aerosols
remain poorly understood." Many key multiphase chemical
processes in aerosol particles are pH-dependent, such as
secondary organic aerosol (SOA) formation,”™"" which makes
understanding aerosol acidity important for assessing the
impact of aerosols on climate.'” Specific pH-dependent
processes include acid-catalyzed ring-opening reactions of
epoxides (e.g, isoprene epoxydiol),”””'* formation and
hydrolysis of organosulfates and organic nitrates,">” “water
uptake,”””" liquid—liquid phase separations,””*’ and gas-
particle partitioning.”* One of the challenges for predicting
the kinetics and overall importance of these processes is that
methods to experimentally determine aerosol acidity are
limited, but the available data suggest considerable variation
between regions globally.zs_29 As an example, sulfate, which is
formed from oxidation of SO,y is a large contributor to the
acidity of aerosols, yet, despite decreasing atmospheric gaseous
SO, emissions and subsequent condensed-phase sulfate
concentrations in the southeast United States, aerosol pH has
remained low (pH 0—2) over the past 15 years.”” Considering
the complex mixture of emissions and atmospheric reactions
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that ultimately determine aerosol pH, more refined techniques
for measuring aerosol pH are necessary to evaluate the overall
impact on atmospheric multiphase chemical processes.

Until recently, evaluation of aerosol pH has been primarily
through indirect filter-based measurements or proxy methods,
such as ion balance, molar ratio, phase partitioning, or
thermodynamic equilibrium models.”> Upon examination of
these methods, Hennigan et al.*® concluded that thermody-
namic models and the phase partitioning method provide the
most accurate estimations of aerosol pH. Thermodynamic
equilibrium models, such as ISORROPIA-II*! and E-AIM,*>*
use temperature, relative humidity (RH), and measured
concentrations of aerosol species and gas-phase precursors to
predict concentrations of chemical species in both gas and
aerosol phases, aerosol water, and aerosol pH. These models
have been increasingly applied to evaluate aerosol acidity during
several field campaigns, including MILAGRO,” SOAS,*®
WINTER,” and CALNEX,”® as well as recent haze events in
China.” The phase partitioning method uses measurements of
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Figure 1. Schematic showing dominant species present as a function of pH for each acid—base system studied, as well as a comparison to the aerosol
pH predicted by thermodynamic models for several field campaigns. H,C,0, and H,COj are included but cannot be quantified with this method.

gas- and aerosol-phase components to estimate aerosol pH
from the phase partitioning of semivolatile compounds, such as
HNO,/NO;~ and NH,/NH,">*** Limitations for both the
thermodynamic models and phase partitioning method include
sensitivity to input values and the uncertainty associated with
those measurements.””**** Additionally, the phase partitioning
method follows the assumption that the gas-particle phase
system is at equilibrium, which is not necessarily accurate,
particularly in conditions of high ionic strength or low liquid
water content common in the atmosphere.34’36_39 In
comparison to the phase partitioning method, estimations of
aerosol pH using filter-based measurements®”***" and the ion
balance” ™ and molar ratio*”*® proxy methods are all
associated with higher degrees of uncertainty and disagreement
with model predictions. These disagreements are mainly due to
challenges associated with predicting [H*], since it is not
conserved relative to other chemical species that are more easily
measured.”® For filter-based measurements, uncertainty can
also be attributed to sampling artifacts.”” Additional limitations
of the ion balance and molar ratio methods include lack of
consideration for aerosol liquid water content and ion activity
coeflicients, exclusion of organic acids, and inability to
differentiate types of H (e.g., whether or not H" is a dissociated
ion), though all of these factors are important for determining
acrosol pH 253434448

In contrast to these indirect and proxy methods, Rindelaub et
al* recently developed a novel method utilizing Raman
microspectroscopy, a technique that has been increasingly
applied for analysis of individual laboratory and ambient
particles in recent years.”’ >® Wren and Donaldson®”** have
also used a spectroscopic technique to study the pH of air—ice
interfaces, but it involves indirect measurement through
glancing-angle laser-induced fluorescence in conjunction with
pH-sensitive fluorescent dyes. Rindelaub et al. directly
measured the pH of laboratory-generated MgSO,—H,SO,
aerosol particles, a common seed aerosol used in SOA chamber
studies.'” Measured peak areas of the r,(SO,>”) and
v,(HSO,") vibrational modes were used to determine SO,>~
and HSO,” ion concentrations, respectively."” The acid
(HSO,™) and conjugate base (SO,””) concentrations were
then used, along with activity coefficients determined via the
extended Debye—Hiickel relationship and the acid dissociation
constant (K,), to calculate [H'] and pH.49 This method
overcomes limitations of the previously discussed proxy
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methods, such as differentiating types of H" and accounting
for aerosol liquid water ccontent. This method has potential to
provide insight into chamber and ambient aerosol particle pH,
which would be a valuable comparison to current predictions of
aerosol pH, but has only been applied to one relatively simple
acid—base equilibrium system over a limited pH range."’

In this work, the spectroscopic method described above for
determining aerosol particle pH"” has been applied to inorganic
and organic acids with a range of pK, values in individual
aerosol particles (Figure 1). These systems include nitric acid/
nitrate (HNO;/NO;~, pK, —1.3), bioxalate/oxalate (HC,0,~/
C,0,7, pK, 3.81), acetic acid/acetate (CH;COOH/
CH,COO7, pK, 4.76), and bicarbonate/carbonate (HCO;™/
CO,™, pK, 10.30).””%° These systems cover a wide pH range,
includin§ the typical range for atmospheric aerosols (pH —0.5
to +5).”~* The aerosol acidity predicted by thermodynamic
models for several field campaigns are also indicated in Figure 1
and fall well within the range of several of the acid—base
systems.”*>” A large fraction of aerosols are a mixture of
inorganic and organic species; thus, in addition to these single
acid—conjugate base systems, a two-component mixture of
bisulfate/sulfate (HSO,”/SO,*~, pK, 2.0)*’ and HC,0,”/
C,0,*” was characterized to study the impact of increasing
chemical complexity of the particles on the spectroscopic pH
measurements. Observations of ion behavior in terms of ionic
strength, H" activity, and solvent interactions were also made
for each acid—base system. This work responds to a recent call
for more physical chemistry approaches to single particle
measurements’’ and will enable future studies to improve
understanding of pH of more chemically complex aerosol
particles.

B METHODS

Standard solutions were prepared using 18.3 MQ Milli-Q water
and the following chemicals: ammonium oxalate
((NH,),C,0,), sodium acetate (NaCH,COOQ), sodium bicar-
bonate (NaHCO;), sodium nitrate (NaNOj), hydrochloric acid
(HCI), nitric acid (HNOs;), and sulfuric acid (H,SO,) (Sigma-
Aldrich); oxalic acid (H,C,0,) (Acros Organics); ammonium
sulfate ((NH,),SO,) (Alfa Aesar); acetic acid (HCH,COO)
(Fisher Scientific); and sodium carbonate (Na,CO;) (JT Baker
Chemical Co.). All chemicals were greater than 98.0% purity
and used without further purification. To create a solution for
each acid—base system, a salt containing the base was dissolved
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Table 1. Composition and pH of Solutions Used to Generate Aerosol Particles, along with Vibrational Modes Corresponding to

the Acid and Conjugate Base, for Each Acid—Base System

solution composition acid base
bulk solution freq” freq”
acid—base system pH salt acid mode (em™) mode (em™)
HNO,/NO;~ <0” NaNO; HNO; v,(HNO,) 1306 v(NO;") 1047
HC,0,7/C,0,>” 3.63 (NH,),C,0, HCl  »(C-C) HC,0,” 873 ¥(C—C) C,0,2" 907
3.97
HCH,COO/CH,CO0™ 392 NaCH,COO HCl  »(C-C) CH,COO 890 v(C—C) 927
CH,CO0~
HCO;7/CO* 10.47 Na,CO, HCl v,(HCO;") 1019 1,(CO5>) 1067
HSO,7/S0,*~ & HC,0,7/ 0.39 (NH,),S0,, H,S0, v,(HSO,") 1053 v(S0,*) 983
C,0,” (NH,),C,0,
0.83
3.58 v(C—C) HC,0,~ 873 v(C-C) C,0,” 907
3.99

“Frequencies identified from calibration of standard compounds. “pH below measurement range of pH probe.

in solution and then mixed with a strong acid to control the
pH. Bulk solution pH was measured by a pH probe (AP110,
accumet Portable). Table 1 lists the pH, salt, and acid
comprising each solution used to generate aerosol particles.
Concentration values for each solution are provided in Table
S1. Aerosols were generated from solutions using a Collison
nebulizer (atomizer) operated with HEPA-filtered air and then
impacted onto quartz substrates (Ted Pella, Inc.) using a
Microanalysis Particle Sampler (MPS-3, California Measure-
ments, Inc.). For the HCO, /CO,>” system, generated
aerosols were passed through two diffusion dryers prior to
impaction to remove liquid-phase water and increase the
concentration of analytes in individual particles (concentration
increased by a factor of ~100 on average). Particles from Stage
1 of the MPS (>2.8 um equivalent aerodynamic diameter cut-
point) were analyzed to ensure particles were larger than the
Rayleigh diffraction limit (0.36 ym) and spot size (0.72 ym) for
the Raman spectrometer (0.9 N.A. objective with a 532 nm
laser). The projected area diameter (d,,) size range for particles
studied is determined by optical imaging and refers to the
diameter of a circle with the same projected area as the particle.
For the particles in this study, d,, ranged from 1—1S um, with
an average of 6.3 um. These d,, values are larger than
aerodynamic or geometric diameters of the particles prior to
impaction due to spreading upon impaction.

Raman spectra for individual impacted particles were
collected using a LabRAM HR Evolution Raman micro-
spectrometer (Horiba, Ltd.) equipped with a Nd:YAG laser
source (50 mW, 532 nm) and CCD detector and coupled with
a confocal optical microscope (100X 0.9 N.A. SLMPlan N
Olympus objective). The instrument was calibrated against the
Stokes Raman signal of pure Si at 520 cm™' using a silicon
wafer standard. Spectra from S00 to 1400 cm™" were acquired
for 5 s with three accumulations for the inorganic acid systems
and 15 s with three accumulations for the organic acid systems
and the mixture. A 600 groove/mm diffraction grating yielded
spectral resolution of ~1.7 cm™. Spectra were collected at
ambient temperature and relative humidity (RH), monitored
with an RH sensor (EK-HS, Sensiron). A 2 uL droplet of each
solution was also analyzed to compare bulk solution spectra
with those of the particles.

The pH of individual aerosol particles was determined using
the method described by Rindelaub et al.*’ Briefly, integrated
peak areas of the vibrational modes corresponding to an acid

(HA) and conjugate base (A™) for each acid—base system were
related to concentration using calibration curves (Figures S1—
SS). The vibrational modes analyzed for each acid—base system
are included in Table 1. The concentration of other ions
present in the particle (those not directly involved in the acid—
base equilibrium) were determined from the ratio of [ion]/
[acid + conjugate base] (Table S1). Once the concentration of
all ions present was determined, ionic strength (I) was
calculated via eq 1, where C; and z; represent the concentration
of each ion and its corresponding charge, respectively.

1 )
I =— Cz.
2 2 Ca (1)

Molality units were used for concentration of each species,
determined by converting molarity to molality using the density
of the solution mixture. The solution densities were found by
using the Laliberté model,*” and were iteratively solved during
molality conversions. Since the density calculations required
concentrations of each solute in the solution mixture, the
equivalent concentrations of each cation and anion were found
by Clegg’s equivalent fraction method,”® which assumes that all
possible combinations of cation and anion are present as solute
components.

Then the extended Debye—Hiickel relationship (eq 2) was
applied to calculate the activity coefficient for each species in
the acid—base equilibrium. In the extended Debye—Hiickel
relationship, A and B are constants characteristic of the solvent
(water), and & is the effective diameter of the ion in
solution.”*** Values for the constants used in the extended
Debye—Hiickel relationship can be found in Table S2.

1 Azizﬁ
—logy = —~—_
BT Ty =W: N0 )

The concentrations of acid and conjugate base, their
respective activity coeflicients, and the acid dissociation
constant K, were then used to calculate [H*] (eq 3) and
finally pH (eq 4).

K = aH+*aA_ — ([H+]*}/H+)(|:A_:| *yA_)
! aya [HA] *yHA (3)
pH = —log(ay+) = —log(r,+*[H"]) )
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Note that an iterative method is needed to solve eqs 1-3,
since the value of [H'] is not known and is needed in the
calculation of ionic strength and activity coeflicients. As with
the density calculations (discussed after eq 1), Clegg’s
equivalent fraction method®® was used to find the first initial
value for [H*]. This value is then used to solve for ionic
strength (eq 1) and subsequently the activity coefficients (eq
2). Using the activity coefficients, eq 3 is applied to calculate a
new value for [H*]. The initial value for [H*] is then iteratively
changed until it equals that from the eq 3 calculations.

B RESULTS AND DISCUSSION

Aerosol particle pH was evaluated for each acid and conjugate
base system and is discussed in terms of inorganic acid systems
(HNO,/NO;~ and HCO;7/CO,*"), organic acid systems
(HC,0,7/C,0,* and CH;COOH/CH;COO™), and a mixed
inorganic—organic system (HC,0, /C,0,>~ with HSO, /
SO,*"). Figure 2 shows the relative fraction of each inorganic

A [—mno, —no;|  B[——hco, —nco, —co?]
Bulk Solution pH Bulk Solution pH
c 1.0 . c 1.0
Ke] S
g 08 g
L 0.6 i
2 04 <
S 02 kS
O Q
o o
0.0 I 1 I 1 1
3 2 1 0 1
c i
. . 2
v.(NO Particle Particle v (CO,")
= 1500 (02 pH-049 32007 pH101
g VN0 3 4500
§ 1000 «(HNO;) 8
z 21000 vHCOy)
(7] c
E 500 g 500
f= _

0

T T T T 1 e i e =
1000 1100 1200 1300 1400 1000 1040 1080
Wavenumber (cm'1 ) Wavenumber (cm'1)

Figure 2. Relative fraction as a function of pH for (A) nitric acid
equilibrium and (B) carbonic acid and bicarbonate equilibrium, with
the pH of the bulk solutions used to generate aerosol particles
indicated by the dashed line. Raman spectra for a (C) HNO;/NO;~
aerosol particle pH —0.49 and a (D) HCO;™/CO;*™ aerosol particle
pH 10.1. Red lines indicate Gaussian peak fits.

species as a function of pH for the nitric acid and carbonic acid
equilibriums, respectively. Since the pH was too low to be
measured accurately with the pH probe, the pH of the bulk
solution used to generate aerosol particles for the HNO3;/NO;~
system was calculated to be between —1.1 and —1.4, based on
the concentration of ions in solution. The pH of HNO;/NO;~
aerosol particles when calculated using the extended Debye—
Hiickel model varied from —1.2 to 0.090, with an average of
—0.48. A histogram showing the pH for all particles measured
(for the HNO,/NO,~ system and all systems discussed later) is
included in the Supporting Information. The Raman spectrum
of a representative HNO,;/NO;™ particle (pH = —0.49, d,, =
9.9 um) is shown in Figure 2C, with the vibrational modes that
were used to determine [NO;”] and [HNO;] identified as
v,(NO;)%* at 1057 em™ and 1, (HNO,)***” at 1313 em™,
respectively. In the inset, the shoulder of the v,(HNO;) mode
at 1344 cm™! was attributed to the ,(NO,~) mode.®*®” As can
be seen by the low intensity of the 1 ,(HNO;) mode relative to
the v,(NO;”) mode, nitric acid was not conserved in the
particle phase, a phenomenon that will be discussed further
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later. For comparison with an alternative prediction of pH, the
multilayer adsorption isotherm-based model from Dutcher et
al.”® was also used to determine the molalities and activities of
the solutes present, and subsequently the activity of H* and pH.
With the Dutcher model, particle pH values were closer than
the values from extended Debye—Hiickel model to the
calculated pH values of the HNO;/NO;~ bulk solution,
ranging from —1.4 to —0.88, with an average pH of —1.2.
The pH of the particle corresponding to the Raman spectrum
shown in Figure 2C was calculated with the Dutcher model to
be —1.17.

The measured pH of the bulk solution used to generate
aerosol particles for the HCO; /CO;>" system was 10.47.
HCO;7/CO,>" aerosol particles varied in pH from 9.9 to 10.4,
with an average of 10.1. The v,(HCO,") vibrational mode”" at
1023 ecm™! and v,(CO,>") vibrational mode”" at 1052 cm™
that were used to determine [HCO,; ] and [CO;*7],
respectively, are shown in the Raman spectrum of a
representative HCO, /CO;>™ particle (pH = 10.1, dy, = 4.1
um) in Figure 2D. The H,CO5;/HCO;~ equilibrium could not
be studied, due to the equilibrium between aqueous phase
H,CO; with CO, and H,0.”

For the organic acids, the relative fractions of each species as
a function of pH in the oxalic acid and acetic acid equilibriums
are shown in Figure 3A,B, respectively. HC,0,/C,0,*”

A | H,C,0, HC,0, == C,0,” | B |— CH3COOH === CH,COO" |
Bulk Solution pHs Bulk Solution pH
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Figure 3. Relative fraction as a function of pH for (A) oxalic acid and
bioxalate equilibrium and (B) acetic acid equilibrium, with the pH of
the bulk solutions used to generate aerosol particles highlighted by the
dashed line. Raman spectra for (C) HC,0,7/C,0,* aerosol particles
pH 2.9 and 3.6 and (D) a CH;COOH/CH;COO" aerosol particle pH
4.1. Red lines indicate Gaussian peak fits.

aerosol particles were atomized from two bulk solutions, with
measured pH values of 3.63 and 3.97, respectively. Aerosol
particle pH varied from 2.4 to 3.8 with an average of 3.0 and
from 2.8 to 3.9 with an average of 3.3 for HC,0, /C,0,*"
particles generated from the respective low- and high-pH bulk
solutions. Raman spectra for two representative HC,0,”/
C,0,” particles (pH = 2.9, d,,, = 15.0 ym and pH = 3.6, d,,, =
8.0 ym) are shown in Figure 3C. [HC,0,] was determined
from the HC,0,” (C—C) mode” at 876 cm™!, and [C,0,>7]
was determined from the C,0,>” v(C—C) mode’*” at 899

DOI: 10.1021/acs.jpca.7b05261
J. Phys. Chem. A 2017, 121, 5690—5699


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b05261/suppl_file/jp7b05261_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b05261

The Journal of Physical Chemistry A

cm™", Under appropriately acidic conditions, H,C,0, can be
identified by its 2(C—C) mode’® at 850 cm™ (Figure S7).
However, close proximity to the (C—C) mode of HC,0,~
makes it difficult to fit the two modes accurately enough to
determine their respective ion concentrations, thus limiting the
use of the H,C,0,/HC,0,” equilibrium system with this
method for determining aerosol particle pH.

For the CH;COOH/CH;COO™ equilibrium system, par-
ticles were generated from a bulk solution with a measured pH
of 3.92, yielding aerosol particle pH values of 3.8 to 4.2, with an
average of 4.0. The Raman spectrum of a representative
CH;COOH/CH;COO™ particle (pH = 4.1, d,, = 4.4 um) is
shown in Figure 3D, with the CH;COOH v(C—C) mode’”"®
used to calculate [CH;COOH] identified at 892 cm™ and the
CH,COO~ v(C—C) mode” used to calculate [CH,COO™]
identified at 931 cm™. Note that CH;COOH measurements
are most likely of acetic acid clusters, as CH;COOH molecules
can form dimers through hydrogen-bonding interactions in
aqueous environments.”” Similar to nitric acid, low intensity of
the v(C—C) mode for CH;COOH relative to CH,COO~
indicates less acetic acid is present in the particle phase due to
gas-particle partitioning, and will be discussed in detail later.

The final set of particles was composed of both the HC,0,7/
C,0,” and HSO, /SO,*” equilibrium systems. Figure 4A

A
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. 2 : .
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Figure 4. (A) Relative fraction as a function of pH for oxalic acid and
bioxalate equilibrium and bisulfate equilibrium, with the pH of the
bulk solutions used to generate oxalate—sulfate mixed aerosol particles
highlighted by the dashed lines. (B) Full Raman spectra for HC,0,”/
C,0,* and HSO, /SO,*" mixed aerosol particles pH 1.5 and 3.2. (C)
Raman spectra for HC,0,7/C,0,”~ and HSO,”/SO,*” aerosol
particles pH 1.2, 1.5, 3.6, and 3.9 focused on spectral regions where
¥(C—C) HC,0,~, 1(C—C) C,0,>, 1,(HSO,"), and 1,(SO,>") are
present. Red lines indicate Gaussian peak fits.

shows the relative fraction of all species for both equilibrium
systems as a function of pH. Particles were atomized from four
bulk solutions of different pH values, namely, —0.39, 0.83, 3.58,
and 3.99. For particles generated from the two lower pH
solutions, the HSO,/SO,*” equilibrium was used to determine
pH. Particle pH ranged from 0.91 to 1.3 with an average of 1.2
for the lowest pH set (bulk solution pH 0.39) and 1.5 to 1.8
with an average of 1.6 for the higher pH set (bulk solution pH
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0.83). For particles generated from the two higher pH
solutions, the HC,0,7/C,0,*” equilibrium was used to
determine pH. Particle pH ranged from 3.6 to 4.7 with an
average of 4.1 for the lower pH set (bulk solution pH 3.58) and
3.3 to 4.9 with an average of 3.7 for the higher pH set (bulk
solution pH 3.99). Figure 4B shows spectra of a representative
particle for which the HSO,/SO,>” equilibrium was used to
determine the pH (pH = 1.5, d,, = 88 um) and a
representative particle for which the HC,0,7/C,0,>” equili-
brium was used to determine the pH (pH = 3.6, dy, =83 um).
Figure 4C shows the same spectra, focused closer on the
spectral regions where the vibrational modes corresponding to
the HC,0,7/C,0,>” system and HSO, /SO,>” system are
located. Raman spectra of a representative particle (pH = 1.2,
dy, = 8.1 um) generated from the pH 0.38 solution and a
representative particle (pH = 3.9, d,,, = 4.4 yum) generated from
the pH 3.58 solution are also shown in Figure 4C. For the
HSO, /SO,* system, the v,(SO,*") and v, (HSO,”) modes
were identified at 983 and 1050 cm ™), respectively, and used to
determine [SO,*~] and [HSO,~].*”%® At the low pH values, all
oxalate species were _/present in the form of oxalic acid, and thus
the 1(C—C) mode’® of H,C,0, at 850 cm™' was used to
determine [H,C,0,], which was included in calculations of
ionic strength. For the HC,0,7/C,0,*” system, the same
v(C—C) modes for HC,0,” and C,0,>" discussed previously
for particles composed of only the HC,0,7/C,0,” equili-
brium were used to determine pH. At the high pH values, all
sulfate species present were in the form of sulfate, and thus the
v,(SO,*”) mode was used to determine [SO,*”] and
incorporated into the calculations of ionic strength. Aerosol
particle pH for particles composed of only HC,0,/C,0,>~
was, on average, lower in comparison to particles of HC,0,™/
C,0,* and HSO, /SO,*” mixed composition, despite similar
pH bulk solutions used to generate particles and using the
HC,0,7/C,0,*” equilibrium to calculate pH for both systems.
This phenomenon can be explained by differences in particle
ionic strength and H' activity and will be discussed later.
Successful determination of pH for these mixed system particles
shows the potential for this method to be applied to aerosol
particles of more complex chemical compositions, potentially
even ambient aerosol particles if distinguishable modes for an
acid and its conjugate base are present and measurable.

As mentioned previously in the discussions of the HNO;/
NO;~ and CH;COOH/CH;COO~ equilibrium systems,
HNO; and CH;COOH are not conserved in the generated
aerosol particles relative to their respective conjugate bases due
to gas-particle partitioning. To further explore this phenomen-
on, Figure 5 shows a comparison of spectra of the HNO;/
NO;™ and CH;COOH/CH;COOQO™ particles to spectra of the
bulk solutions from which the particles were generated. The
intensity of the vibrational modes corresponding to the acid for
both systems is significantly larger in the bulk solution than in
the particle; thus, the [acid]/[base] ratio in the bulk solution is
larger than that of the particle. This indicates nitric acid and
acetic acid are partitioning from the particle to gas phase during
the atomization process, most likely due to quicker loss of
vapor because of increased surface-to-volume ratio for the
aerosol particles versus the droplets and/or heating from the
laser. Nitric acid and acetic acid exhibit this behavior more than
oxalic acid and the other ion compounds because of their
higher volatility. The value for the Henry’s Law constant (k;°)
for nitric acid and acetic acid is ~2 X 10®> and ~4 X 10' mol
m™ Pa’, respectively, in contrast to the larger ky;° of ~6 X 10°
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Figure S. Raman spectra of a representative particle and the bulk
solution for the (A) HNO;/NO;™ and (B) CH,COOH/CH,COO~
equilibrium systems. The spectra for the HNO3;/NO;™ system were
normalized to the v((NO;”) mode, and the spectra for the
CH;COOH/CH,COO"~ system were normalized to the v(C—C)
mode of CH;COO™.

mol m™ Pa™! of oxalic acid.*’ A limited number of particles was
analyzed for the CH;COOH/CH;COO™ system, due to
challenges associated with partitioning of CH;COOH to the
gas phase. For comparison, Raman spectra of bulk solutions
and particles for the HC,0,7/C,0,*” system and the HC,0,”/
C,0,*” and HSO, /SO,*” mixed system that did not exhibit
this partitioning behavior are shown in Figure S8. The
observation of decreased [acid]/[base] for aerosol particles
for the HNO;/NO;™ and CH;COOH/CH;COO™ equilibrium
systems could have implications for size-dependent particle
acidity and particle phase reactions, such as acid-displacement
in mixed sea salt and weak organic acid particles.”’

In addition to measuring the pH of aerosol particles for each
of these systems, trends were observed for H' activity
coefficient y(H*) in relation to ionic strength and aerosol
particle pH relative to the broadness of the vibrational modes
analyzed. Across all of the acid—base systems, there is a
negative relationship for y(H") as a function of ionic strength
(Figure 6), with more y(H") sensitivity at lower ionic strength.

A Organic B Mixture C Inorganic
0.80 - o HCOs-/CO:- — 0.80
A 0 HNO,NO,
= 0.78 - o HSOA-/SOAZ- — 0.78
:g % (Rindelaub et al.)
5 0.76 - - 0.76
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2 (o]
S 074 - 0.74
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Figure 6. H" activity coefficient (y(H")) as a function of ionic strength
for each organic (A), mixture (B), and inorganic (C) acid—base
system. Data for the HSO,”/SO,*~ equilibrium from Rindelaub et al.*’
is also included for comparison. Note the differing scales for ionic
strength.
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However, the inorganic systems tend to have larger, more
varied ionic strength with lower, less variable y(H*). The
inverse holds for the organic systems, which show larger, more
varied y(H"*) with smaller and less variability in ionic strength.
As mentioned earlier, even though particles were generated
from bulk solutions of similar pH and the HC,0, /C,0,*~
system was used to determine pH, particles composed of only
HC,0,7/C,0,” had lower average pH than particles of
HC,0,7/C,0,”~ and HSO, /SO,*” mixed composition
(average aerosol particle pH 3.2 and 4.0, respectively). Because
of the inorganic component in the HC,0, /C,0,>” and
HSO,7/SO,*” mixed particles, their y(H*) was lower, thus
decreasing the activity of H*, making the particles less acidic.
This observation supports that ion behavior in mixed organic
and inorganic particles is dictated by contributions from all
chemical species present.

In addition to the relationship between y(H') and ionic
strength, aerosol particle pH as a function of peak broadness
(full width at half-maximum—fwhm) was explored (Figure 7).
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Figure 7. Aerosol particle pH as a function of the fwhm for (A)
inorganic acids and bases and (B) organic acids and bases.

For vibrational modes corresponding to both the inorganic and
organic acids, fwhm increased as particles became more acidic.
The broadening of these modes may be attributed to different
solvent binding conformations that occur as pH decreases and
hydrogen bonding increases.*” In the presence of more H;O*
ions and increased hydrogen bonding, there may be multiple
solvent conformations, each with slightly different energies that
form, leading to a broader peak that encompasses all of these
variations in structure. The correlation (r) values for this trend
are v,(HCO,"), —0.927; v (HSO, ), —0.532; v,(HNO,),
—0.729; v(C-C) CH;COOH, -0.683; and v(C-C)
HC,0,7, —0.513. Although there is a relatively strong
correlation between aerosol particle pH and fwhm for v(C—
C) CH;COOH, it is difficult to confidently identify a
relationship due to the limited number of data points. A
second aspect of pH versus peak width worth commenting on
is the greater magnitude of broadening for the nitric acid peak
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versus the bicarbonate peak, which is attributed to significantly
higher H;O" concentration at pH —1 versus 10.

Additionally, note that the correlation between aerosol
particle pH and fwhm of the vibrational mode corresponding
to the acid species is not quite as strong for v,(HSO,~), —0.532
and v(C—C) HC,0,~, —0.513. For HSO,~, this could be due
to the extra oxygen atom (four oxygen compared to two or
three of the other acid species), which creates more resonance
and increases the electron density, thus reducing the impact of
hydrogen bonding on the symmetric S—O stretch and limiting
broadening of its peak in the Raman spectra. Comparison with
results from Rindelaub et al.*’ (Figure S9) shows a slightly
stronger correlation between aerosol particle pH and
v(HSO,™) peak broadness (r = —0.659). For HC,0,”, the
impact of hydrogen bonding on peak fwhm is much less
pronounced, since the analyzed vibrational mode corresponds
to the C—C stretch of the backbone of the dicarboxylic acid,
rather than a stretch containing an oxygen atom. However,
according to density functional theory calculations (see
Supporting Information for details on calculations), the 2(C—
C) stretch is weakly coupled to the 5(O—C—0) bend, which is
influenced by protonation and subsequent hydrogen bonding
with decreasing pH.

In contrast to the acid species, for the inorganic base species,
there was no correlation between aerosol particle pH and peak
broadness. This observation is tentatively attributed to fewer
solvent bonding conformations being possible for the more
symmetric molecules, resulting in a consistently sharper peak.
For the organic bases, the peak became narrower with
decreasing pH, which could be due to increased concentration
of the base species (oxalate or acetate) with decreasing pH,
resulting in a more intense, and thus broader, peak. Because the
v(C—C) stretch for the organic base species is inherently
broader than the symmetric stretch of the inorganic base
species, this trend of increasing pH and ion concentration
leading to increased peak broadness is only observed for the
organic base species, though this is speculative, and further
work is needed to explain this phenomenon. While there may
appear to be a relationship between aerosol particle pH and
peak fwhm for v(SO,>"), this is an artifact of analyzing two
samples with two distinctly different pH values and thus two
different populations of sulfate. When compared with results
from Rindelaub et al.*’ with aerosol particle pH varied over a
broader range (Figure S9), it is clear that there is not a strong
correlation (r = —0.471). Correlation (r) values for all acid and
base species are provided in Table S3. Further work expanding
the number of species studied and range of pH is needed to
fully understand the relationship between aerosol particle pH
and the ion interactions that dictate broadness of the vibrational
modes corresponding to the species of the acid—base
equilibrium systems.

B CONCLUSIONS

In this study, pH was determined for individual laboratory
generated aerosol particles of varying composition at ambient
conditions using Raman microspectroscopic measurements of
acid and conjugate base species and the extended Debye—
Hiickel relationship. The acid—base equilibrium systems tested
included two inorganic (nitric acid/nitrate and bicarbonate/
carbonate), two organic (bioxalate/oxalate and acetic acid/
acetate), as well as a mixture of both inorganic and organic
(bisulfate/sulfate and bioxalate/oxalate). In addition to aerosol
particle pH measurements, this study explored gas-particle
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partitioning of volatile acid species and a few aspects of ion
behavior in relation to particle pH. Nitric acid and acetic acid
were found to partition from the particle to the gas phase due
to increased surface to volume ratios and did so more than the
other acid species because of their higher volatility. In terms of
the impact of organic and inorganic components on ionic
strength and H' activity, the inorganic particles had larger,
more variable ionic strength with smaller, less change in the H*
activity coefficient, while the organic particles had larger, more
variable H" activity coefficient values with smaller, less change
in ionic strength. Finally, the relationship between particle pH
and peak broadness was explored and revealed unique trends in
peak broadness with changing pH for both inorganic and
organic acid and base species. These results show the potential
for direct measurement of pH and ion behavior in individual
aerosol particles and will enable future studies of more
chemically complex particles, including ambient aerosol,
which will improve understanding of their pH-dependent
chemical processes and climate-relevant properties.
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