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In situ aerosol acidity measurements using a UV-Visible micro-spectrometer

and its application to the ambient air

Myoseon Jang, Shigi Sun, Ryan Winslow, Sanghee Han, and Zechen Yu

Department of Environmental Engineering Science, University of Florida, Gainesville, Florida, USA

ABSTRACT

An in situ analytical method was demonstrated to measure the proton concentration ([H¥]c.
ruv) Of an aerosol particle by using colorimetry integrated with a Reflectance UV-Visible
spectrometer (C-RUV). Acidic particles comprising ammonium, sulfate, and water were gen-
erated in a flow tube under varying humidity and employed to calibrate the method using
the inorganic thermodynamic models (i.e, E-AIM and ISORROPIA). The predictive [H]c.ruv
equation derived using strongly acidic compositions was then extended to ammonia-rich
aerosols, which were lacking in the database of the thermodynamic models. The predictive
[H*]c.ruv equation was also expanded to aerosols composed of sodium, ammonium, and
sulfate. [H*]c.ruv generally agrees with both E-AIM predicted [H™] and ISORROPIA predicted
[H'] for highly acidic aerosols, or aerosols at high humidity. For ammonia-rich aerosols
under low humidity, [H]c.ruy disagrees with that predicted from inorganic thermodynamic
models. C-RUV was feasible for ambient aerosols because colorimetry is specific to aerosol
acidity. Most aerosols collected at the University of Florida between 2018 and 2019 were
acidic. Sodium ions appeared during the spring and summer, as coastal sea breezes traveled
inland. The concentrations of ammonium and nitrate were high in the winter due to the
phase partitioning of nitric acid and ammonia gases. The fraction of non-electrolytic dialkyl-
organosulfate (diOS) to total sulfate is estimated by comparing the actual particle [H*]
measured by C-RUV to the [H'] predicted using the inorganic composition and the inor-
ganic thermodynamic models. The diOS fraction varied from 0% to 60% and was higher in
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the summer months when [H] is high.

1. Introduction

Sulfuric acid (H,SO,) forms from the atmospheric
oxidation of sulfur dioxide (SO,) via reaction with
OH radicals in the gas phase and heterogeneous reac-
tions on the surface of preexisting aqueous aerosols
(Liang and Jacobson 1999; Tanner, Leaderer, and
Spengler 1981). H,SO, is partially or fully neutralized
with ammonia (NH;) gas in ambient air, forming sul-
fate aerosol (Huntzicker, Cary, and Ling 1980;
Mcclenny et al. 1994). This sulfate contributes signifi-
cantly to fine particulate matter and aerosol acidity
(Jimenez et al. 2009; Lawal et al. 2018).

The aerosol acidity ([H"], mol/L) associated with
sulfuric acid and its salts influences atmospheric
chemistry, health effects, climate, ecosystems, and
human assets. Numerous studies report that sulfuric
acid catalyzes oligomerization of reactive organic spe-
cies such as aldehydes and epoxides, increasing the

yields of secondary organic aerosol (SOA) (Hallquist
et al. 2009; Jang et al. 2002; Jang and Kamens 2001).
Sulfuric acid can also react with organic species such
as epoxy and alcohols to form organosulfates (Li,
Jang, and Beardsley 2015; Liggio, Li, and McLaren
2005; Loeffler et al. 2006; Surratt et al. 2007). In par-
ticular, the transformation of sulfuric acid to dialkyl-
organosulfate (di-OS) can reduce the aerosol’s hygro-
scopicity (Beardsley and Jang 2016; Im, Jang, and
Beardsley 2014; Li, Jang, and Beardsley 2015; Zhou,
Jang, and Yu 2019). The high mass fraction of acidic
sulfate in aerosol decreases the relative humidity (RH)
for the phase separation between organic and inor-
ganic species (Bertram et al. 2011). Studies have also
reported on the negative impact of aerosol acidity on
human health (Lippmann 1985; Raizenne et al. 1996;
Song et al. 2018; Spengler, Brauer, and Koutrakis
1990). Thurston et al. (1994) reported that among
particulate components collected from Toronto,
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Canada, the association between respiratory illnesses
and H', ozone, and sulfate (SO,*) is significant.
Moreover, aerosol acidity appeared to have the stron-
gest correlation to the adverse health effects of par-
ticulate matter. Acidic aerosols affect metal solubility
in particulate matter by forming toxic transition metal
ions, which are detrimental to respiratory health
(Grahame and Schlesinger 2005). Additionally, acid
aerosols increase the acidity of rainwater, which can
cause damage to soil, plants, and buildings (Reis
et al. 2012).

Despite the importance of aerosol acidity, its meas-
urement remains inaccurate due to the lack of a com-
plete database and in situ analytical methods. The
traditional method was to dissolve aerosols in water
and measure the hydrogen-ion activity of the solution
using a pH meter. However, the non-ideality of [H"]
for the highly salted atmospheric aerosol is very dif-
ferent from that in the diluted aqueous solution.
Thus, the [H'] determined from the ion balance
method or molar ratio method using the extracted
aqueous solution is an inaccurate representation of
the acidity of the aerosol (Hennigan et al. 2015).

Typically, [H"] in aerosols have been determined
by applying the measured ion compositions, humidity,
and temperature to inorganic thermodynamic models
such as E-AIM (Clegg, Brimblecombe and Wexler
1998b) and ISORROPIA (Nenes, Pandis and Pilinis
1998b). E-AIM predicts proton concentration ([H"]g.
amv) (Clegg and Wexler 2011; Clegg, Brimblecombe
and Wexler 1998b; Wexler and Clegg 2002) based on
several experimental databases and parameterizes the
activity coefficient of the proton. In the ISORROPIA
model, the activity coefficient of H" is a set constant
(one) according to an internal database (Guo et al.
2015; Hennigan et al. 2015; Nenes, Pandis and Pilinis
1998a). When aerosol acidity is low, aerosol pH
decreases as RH increases due to the addition of aero-
sol water content. However, the strong acidity calcu-
lated from the measured particle composition may be
insufficient for providing meaningful estimates of
aerosol acidity (Murphy et al. 2017). In general, both
E-AIM and ISORROPIA support highly acidic aerosol
or aerosol in high RH conditions due to the presence
of a precise database. When RH decreases, however,
the ionic strength increases, reducing the accuracy of
the activity coefficient calculation for both E-AIM and
ISOPORRIA. Song et al. (2018) employed these two
models to estimate the aerosol acidity of northern
China winter haze. They found a large discrepancy
between the two models, with high sensitivity in the
aerosol phase assumption and inorganic compositions.
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Limitations in the thermodynamic models include
sensitivity to input values and uncertainty associated
with the experimental database (Guo et al. 2015;
Hennigan et al. 2015; Rindelaub et al. 2016).
Rindelaub et al. (2016) recently utilized Raman micro-
spectroscopy to determine the pH of laboratory-gener-
ated magnesium sulfate (MgSO,)—H,SO, particles.
Craig et al. (2017) also applied the Raman technique
to directly determine the acidity of various particles
(1 —15um diameter), including nitric acid (HNOs;)/
nitrate (NO3 ), oxalic acid, carbonic acid, and acetic
acid. Though the data from the Raman spectrometer
can improve the prediction of [H'], this technique is
limited to the study of the pure compound. The spec-
trum of the complex particle mixture requires decou-
pling of each band, which is associated with a specific
ionic species. Some spectral bands overlap each other.
Additionally, the spectral peak shape, position, and
intensity are affected by the hydrogen-bonding ability
between chemical species, including water molecules.

In this study, we aim to demonstrate the capability
of an online, in situ method to measure aerosol acid-
ity by using Colorimetry integrated with a Reflectance
Ultraviolet-Visible spectrometer (C-RUV) and apply
the resulting technology to ambient aerosol. We com-
piled a more complete and accurate record of aerosol
acidity for various aerosol compositions and RH com-
pared to our previous study (Li and Jang 2012). This
study utilizes a flow tube to perform experiments with
an online system which includes aerosol generation,
filter sampling, controlling the humidity of particle
sample environments, and detection of aerosol acidity.
The flow tube can lower the potential air contamin-
ation (Jungnikl et al. 2011) on a filter sample.
Meanwhile, the aerosol acidity ([H"]c_ryy) in C-RUV
is measured by the color change of the filter dyed
with an indicator (i.e., metanil yellow), using the in
situ UV absorption micro-spectrometer. By taking
advantage of online measurement of the chemicals on
the filter, the C-RUV method detects [H']cruv
under varying humidity without solvent extraction,
circumventing the acidity changes that occur when
dissolved in liquid solution. The C-RUV technique
developed during this study was also applied to ambi-
ent aerosol collected on campus at the University of
Florida, Gainesville, Florida between 2018 and 2019.
Additionally, the fraction of non-acidic organosulfate
(di-OS) to total sulfate was estimated by comparing
the actual particle [H"] measured by C-RUV to the
[H*] predicted using the inorganic composition (ion
chromatography data and RH) through an inorganic
thermodynamic model.
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Figure 1. Experimental setup of the flow tube used to calibrate aerosol acidity, using the C-RUV method under varying humidity

and aerosol compositions (NH, -503-H,0 or Na*™-NH, -S0;~-H,0).

2. Method

2.1. Calibration of the C-RUV method in a flow
tube under varying humidity

Gaseous chemical species such as ammonia, formalde-
hyde, and HNOj can potentially interfere with the off-
line detection of aerosol acidity when sampling
aerosol to a filter and transferring it to the spectrom-
eter. In order to calibrate the C-RUV method without
artifacts caused by the interaction of aerosol with gas-
eous contaminants, the experiments were performed
in a clean flow tube under varying RH (20-80%) for
the electrolytic aerosols comprised of inorganic species
such as sodium (Nat), ammonium (NH,"), and sul-
fate (SO,27). Figure 1 shows the flow tube experimen-
tal setup. Prior to each experiment, the flow tube wall
and the sampling holder were clean with water and
ethanol to remove condensable chemical species (i.e.,
nitric acid, ammonia, and organics) on them, and
flushed with the clean air.

The aerosols were dispersed using an atomizer
(Pari LC star, Starnberg, Germany) with clean air and
introduced into the 3L mixing chamber upstream
from the flow tube. The aerosol was mixed with the
humidified air in this mixing chamber to equilibrate
aerosols at a certain RH. The humidified air was pro-
duced by passing the clean air through a small impin-
ger with deionized water. The humidity-controlled air
with electrolytic aerosols was then introduced into the
flow tube. Table 1 summarizes the experimental con-
ditions of C-RUV calibration using the flow tube.
Temperature and RH of the flow tube were monitored
by an electronic hygrometer (Hanna Instruments,
Italy). Aerosol compositions were measured by a
Particle-Into-Liquid Sampler (Applikon, ADI 2081)
coupled with ion chromatography (Metrohm,

761Compact IC) (PILS-IC). For calibration, the sam-
pling flow rate of the filter sample for the C-RUV
measurement ranges from 1-2L per minute. The par-
ticle size distributions and their concentrations were
measured by a scanning mobility particle sizer (TSI,
SMPS Model 3080). The aerosol density was predicted
by the E-AIM model (Clegg, Brimblecombe and
Wexler 1998b; Wexler and Clegg 2002) at a given
aerosol composition and RH. The water mass fraction
of total aerosol was also predicted using E-AIM. The
sampling mass was calculated using the sampling
time, flow rate, aerosol density, and aerosol volume
concentration (SMPS data).

For the colorimetric method, a 13 mm diameter fil-
ter (Gelman Science Palflex, TX40H120-WW) dyed
with an indicator [0.02% aqueous solution of metanil
yellow (Sigma Aldrich)] was used. A detailed descrip-
tion for the preparation of the dyed filter has been
reported previously (Jang 2013; Jang, Cao, and Paul
2008; Li and Jang 2012). The maximum light absorp-
tion of metanil yellow appears at 420 nm (yellow), and
that of protonated metanil yellow at 545nm (pink).
To monitor the color change of the dyed filter, a
micro-UV-Visible spectrometer was used (JAZ, Ocean
Optics). The optical probe transfers the source beam
from the spectrometer to the filter surface as well as
the reflected beam from the filter to the detector in
the micro-spectrometer.

2.2. Acidity measurement of ambient aerosol

The ambient aerosol was collected at the sampling site
located in Black Hall on campus at the University of
Florida, Gainesville, Florida (29.64°N, 82.35°W). The
air of the sampling site is influenced by traffic air pol-
lutants (HNOsj, ozone, and NO,) from busy local
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Table 1. Inorganic aerosols produced in the flow tube for the calibration of aerosol acidity using the C-RUV method.

Sampling Flowrate Aerosol Volume Sampling Dry
Composition® duration (min) (L/min) densityb (g/cm3) concentration® (nL/m?) massd(,ug) mass® (ug)
H,S0,4 3.0 1.85 1.34 446 3.32 1.48
H,S0, 4.2 1.70 1.35 474 4.59 2.07
(NH4)0.31H0.60504 33 1.40 1.34 635 3.93 1.82
(NHa)o.s3H1 47504 20 1.99 141 552 3.10 175
(NH4)0.79H1.21504 4.0 1.42 143 525 4.26 2.63
(NHa)o.08H1 02504 90 1.40 152 126 24.12 18.99
(NH4)153H0.47504 10.0 2.06 1.49 422 12.99 9.54
(NH.); 88Ho.12504 20.5 1.00 1.54 531 16.77 12.63
Na(NH4)H4(S04)3 75 1.80 1.52 201 4.3 2.58
Na(NH4)Hs(S04)5 5 8.0 1.80 157 237 535 3.59
Na(NH4)H,(50,), 7.0 1.80 1.54 216 4.21 2.72
Na(NH4)H(SO04)1 5 10.0 1.80 1.63 206 4.40 6.04
(Na),H4(S504)3 3.0 2.20 1.34 296 2.61 1.10
(Na),H3(504), 5 7.0 1.80 1.66 247 5.18 337
(Na),H,(504), 8.0 1.80 1.77 246 6.24 448
(Na),H(S04)1 5 10.0 2.10 1.70 90.9 3.29 2.08

*The aerosol composition was determined using PILS-IC. The humidity of the flow tube reactor was higher than the efflorescence RH of inorganic aerosol

during the generation of aerosol using an atomizer.

PThe aerosol density was estimated from the E-AIM model at a given aerosol composition, temperature, and RH.

“The concentration of aerosol volume was measured using SMPS data.

4The sampling mass was estimated as the product of sampling duration, flowrate, density, and aerosol volume concentration.
The aerosol dry mass was estimated by subtracting the water content (calculated using E-AIM model) from the total sampled aerosol mass.

roads, coal-fired power plants in northern Gainesville
(GRU, 12km from the site), sea breezes (from the
Gulf of Mexico and the Atlantic Ocean), and plants
(biogenic hydrocarbon sources). The size distribution
and concentrations of particles were measured by
SMPS (<1pum) and an Optical Particle Sizer (OPS,
TSI 330, 1-10 um). Tonic concentrations (SO4>, NH, ™,
NO;, and Na*) were measured using PILS-IC every
hour. In the presence of sea salt aerosol, the sulfate
associated with sea salt was estimated using [Na't].
The sulfate to Na* molar ratio in sea salt aerosols is
0.06 (Bertram et al. 2018). Organic carbon (OC) and
elementary carbon (EC) concentrations were moni-
tored by a semi-continuous OC/EC analyzer (Sunset
Laboratory, Model 4) every hour. Meteorological vari-
ables, including temperature, RH, and sunlight inten-
sity were monitored using a hygrometer (CR10000
Measurement and Control System, Campbell
Scientific) and an ultraviolet radiometer (Eppley
Laboratory, model TUVR, wavelength range 290 to
385 nm), respectively. The acidity of the ambient aero-
sol was measured using the C-RUV method. A new
filter sample was collected for 45 min every hour from
6AM to 6PM (EST). Ion concentration data using
PILS-IC was collected at the mid-point of C-RUV
sampling. The experimental set-up for the ambient
aerosol data is shown in Figure S1 of Section SI in
the supporting information (SI). For ambient aerosols,
Black Carbon (BC) can absorb UV-Visible light and
interfere with C-RUV data. The light absorption spec-
trum of BC was measured using the aerosol sample
collected on the undyed white filter and applied to the
collection of the C-RUV spectrum. An example UV

spectrum for the colorimetric filter sample and BC fil-
ter is shown in Figure S2(a) (SI). The correlation
between EC mass and its light absorption is shown in
Figure S2(b) (SI).

3. Result and discussion
3.1. Prediction of aerosol acidity using C-RUV

3.1.1. Derivation of predictive equation for [H" ]c.ruy
in highly salted inorganic aerosol

The equilibrium reaction between an indicator (In)

and H" can be described as (Jang, Cao, and Paul

2008),

In+H" « InHT (1)
where InH™ is the protonated indicator (i.e., metanil
yellow). The concentration of unprotonated metanil
yellow ([In]) is detected at 420 nm and that of proto-
nated metanil yellow ([[nH"]) at 545nm. The absorb-
ance of [In] is different from that of [InH*]. Thus, the
relationship between [InH"] and [In] is written as:

[InH']  kAZ,;
[In] Ao

(2)

where A* is the absorbance at a given wavelength for
the dyed filter affected by the acidic aerosol and k
(0.443) is the ratio of molar absorptivity of [In] at
420nm to [InH'] at 545nm. The sum of [In] and
[InH*], which is affected by the acidic aerosol, is pro-
portional to the aerosol mass on the filter, and its
relation is expressed as:

AZZO + kA;45 = OfMinorg (3)
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Figure 2. Measured proton concentration ([H"]c.ruv,e-am) in @ (NHg)xH,SO, aerosol system using the C-RUV calibration curve (esti-
mated with E-AIM). [Hlcguveam is compared to the proton concentration predicted by E-AIM ([H'lz.am) and ISORROPIA

(IH " lisorropia) models.

where o is a proportionality constant and Mjy,rg is the
mass of inorganic aerosol. M., (1g) can be calcu-
lated based on the experimental data as follows:

Minorg = dinorg CyQt (4)

where djor, is the density (ug/nL) of inorganic aerosol

(E-AIM II (Clegg, Brimblecombe and Wexler 1998a)),
Cy is the volume concentration of aerosol (nL/m?), Q
is the flow rate (m?®/s), and ¢ is the sampling time (s).

The equilibrium constant (Kj,y+) of a weak base
(pH indicator) is expressed as (Bunnett and Olsen
1966; Hammett and Deyrup 1932):



+ I HTt
Kiypu+ = Bt [ nlfh{ ]fH+ (5)
A+ [InH*|fipp

where a is the activity and f is the molarity activity
coefficient. Equation (5) is rewritten as:

log[Hﬂ = —log<[1r[11;}+]> — pKpyy+ — log (J}Ir{—::)
(6)

where pKj,y+ is a basicity as a form of -log (Ki,y+).
The activity coefficient term is defined as excess acid-
ity (X) (Bunnett and Olsen 1966; Perrin 1964),

ouliE) o

When applying excess acidity (X* =

fHSOIfH‘F)
fuys04
sulfuric acid to other systems in strong acidic media,
X is proportional to X*. Then, Equation (6) is
expressed as (Cox and Yates 1978):

log[H'] = _10g<[h{111r—11]+]

) — pKipy+ — mX* (8)

where m is a proportionality constant. Applying
Equations (2) and (3) to Equation (8), [H*] is
expressed as:

Minor
log[H*] = —log (u -

1) —pKyypr — mX*
kA;45 > p InH m (9)

where o, m, k, and pKj,;+ are empirically determined
using experimental data.

3.1.2 Predictive equation for [H" ]c.pyy using E-AIM
and ISORROPIA

To produce the deterministic equation [H']c.ruvs
aerosol acidity from various electrolytic aerosols com-
prised of major atmospheric inorganic species, such as
Na®, NH,", and SO42’, was measured using C-RUV in
a flow tube under varying humidity. We assume
that [H']cruy is reasonably predicted using the
conventional inorganic thermodynamic models (i.e.,
E-AIM and ISORROPIA) for ammonia-poor aerosol.
[H"]c.ruy is first calibrated with the highly acidic
composition (y > 1.5 for (NH4)H,SO,4), which has a
relatively accurate database and its acidity can be rea-
sonably predicted using the conventional inorganic
thermodynamic models (i.e., E-AIM and ISORROPIA).
The predictive [H]c guy is then extended to ammo-
nia-rich aerosol, which is lacking in the database.

In general, the aerosol water content prediction
between the two inorganic thermodynamic models is
similar. The prediction of [H"]¢ ruy is performed by

AEROSOL SCIENCE AND TECHNOLOGY @ 451

fitting coefficients, o, m, and pK,;+ in Equation (9)
to the [H']gany estimated using E-AIM or
[H" l1sorroOPIA using ISORROPIA at highly acidic
aerosol (higher acidity than ammonium bisulfate).
The predictive [H"]c.ryv equation is then extended
to ammonia-rich aerosol, which is lacking in the data-
base. X* can be proportional to RH as —3.72%xRH +
3.72 (Cox and Yates 1979; Li and Jang 2012; Perry 1984)
for RH ranging from 0.15-0.93. The [H]cruv, gamm
equation calibrated using [H" ]Jg.apv can be expressed as:

log[H"|c_ruv, E_amM
0.443A:
= log 24> +2.1 (10)
0.348 Mg — 0.443A%,,

+(—0.0329) % (—3.72RH + 3.72)

Equation (10) is feasible for aerosol composed of sul-
fate. and ammonium ions [(NH4)H,SO, (x+y=2)],
and  aerosol of the form  Na,(NH4),H,SO4
(x+y+z=2). The estimation of [H"]c.ruv, 1sorRrROPIA
calibrated using ISORROPIA is expressed as:

log[H]c_ruv, 1s0rROPIA
— log 0.443A%,,
0.348M;porg — 0.443A5,5

) +2.1 (11)

Coefficient m (Equation (9)) is nearly zero for the
[H"]c.ruv, 1sorropia- Interestingly, this result agrees
with the assumption of the unit activity coefficient of
H" in ISORROPIA.

3.1.3. Comparison of [H" ]c.ruy With [H Je.am

and [H Jisorroria
[H"]c.ruv, e-amv that is predicted as a function of RH
and aerosol composition was compared with [H" ] anv
and [H "]isorropia. The FS is a numeric value used to
represent an inorganic composition:

[s0i"]

kS = [s02 ] + [NH{] + [Na*]

(12)

FS ranges between 1 (sulfuric acid) and 0.334 (ie,
(NH4),SO, as neutral aerosol). In Figure 2, [H+]C_RUV,
E-amv is plotted vs. RH. The predictive [H"]c ruv, B-amm
equation, which was obtained for the highly acidic aero-
sol, was applied to the entire (NH,),H,SO, (x+y=2)
system. For the highly acidic aerosol (FS: 0.65 to 1),
[H"Jc.ruve-am agrees well with [H ]z apy. However,
when x>0.8 (FS < 0.56), [H]c.ruv, B-AM agrees
at the high RH levels (RH = 0.7 and 0.8) but it devi-
ates from [H']g amv at low RH levels. In Figure 3,
[H"]c.ruv, 1sorropia is plotted against RH. A similar
tendency appeared in [H"]c.ruv, 1sorropia. Overall, the
deviation of [H']c.ruv, pam from [H' g am (Figure



452 M. JANG ET AL.

—— [H+]g amm
¢ [Ht]c ruv. 1sorrOPIA
______ [H+]ISORR0PIA
16
}; T« (b) (NHy);3,H; 4SO,
~12 + s\
s F e
E 8 r 3
—6 | ¥
Tog L
2 -
O 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
RH
16
14
(d) (NH4)0.79H1.21S04
~12
=0 b
o
Est
— - \N
L N
2+ Ty
0 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
RH
16 ¥
14 \
—~ 12 - \ (fo (NH4)1.53H0.47SO4
=RT :
g \
N~ 2 B \
6 \
o4 L \\
(2) i T * T ? \... “-__—H
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
RH

16
14
glz
<10 r
E 8 |
6 r
T4 |
2 -
O 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
RH
16
14
~12 F N (¢) (NHy)y 53H, 4780,
= }\
'5 10 B }
ER TR N
6 F }\i
T s
= 4 } 4
2 | -
0 1 1 1 1 1 1 1
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
RH
16
14 r
=13 | (e) (NH,)g 9sH; 0,50,
=
< 10 |
E 8t
6 r
o4 | .
2 3 . e
O 1 1 T 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
RH
16
14 r
~12 + (g) (NHy),gsH, 1,80,
é 10 -
o)
s
6 r
\
T4 |
2 L AN
0 T M ?\ = = s |

0.1 0.20.30.40.50.60.70.809
RH

Figure 3. [Hlc.ruv, 1sorropia in the (NH,),H,S0, aerosol system using the C-RUV calibration curve (estimated with ISORROPIA). H"e.

ruv is compared with both [H*]e.am and [H lisorropia-

2) is less than the deviation of [H']c.ruv. 1sorrOPIA
from [H+]ISORROPIA (Figure 3).

Figure 4 shows [H']cruv, g-amv @s a function of
FS at a given RH. When FS is larger than 0.5
(NH4HSO,), the difference between [H"]c ruv, 5-amm
and [H' g A is small. When FES is lower than 0.5, the
difference is larger. A similar trend appeared in the FS

vs. [H"]c.ruv, 1sorRrROPIA PlOt (Figure 5). Figure S3 illus-
trates both [H ]cruv, g-amv and [H lcruv, 1sorropra
as a function of RH for the Na(NH,)Hy(SO4),
(1+x+y=2s) system. In Figure S4 (SI), both
[H]c.ruv.e-amm and [H ]c ruv, 1sorropia are plot-
ted vs. FS at a given RH for the Na(NH,)H,(SO4,),
(14+x+y=2s) system. When the FS value is larger
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Figure 4. Comparison of [H"]cruveam in the (NH,4),H,S0, aerosol system with the predicted [H™le.am and [Hlisorropia Under

varying FS at a given RH.

than 0.5 (Figures S3 and S4, SI), [Hlc.ruv, E-AIM
generally agrees with [H']g sy Similar to the
(NH4)H,SO4 (x+y=2) system, the deviation of
[H"]c.ruv from the thermodynamic predicted [H*]
([H"Jg-amv or [H lisorropia) was larger with the
lower FS value (<0.5) and the lower RH levels (<0.5).

The deviation between the [H']cruv, sorropia and
[H" lisorropia 18 somewhat greater than that between
the [H'lcruv, pam and [H']gapy. Figure S5 (SI)
summarizes [H™]cruy as a function of FS for the
Na,H,SO, (y+z=2) system, which has no ammonium
ion. A large gap appears among [H"]c.ruv, Eam (OF



454 M. JANG ET AL.

16
14

—_—
o O N

[H'] (mol/L)

03 04 05 06 0.7 0.8 09 1
FS

(¢)RH=0.3

[H*] (mol/L)

03 04 05 06 0.7 0.8 09 1
FS

() RH=0.5

[H'] (mol/L)

03 04 05 0.6 0.7 0.8 09 1
FS

(¢) RH=0.7

[H'] (mol/L)

03 04 05 06 0.7 0.8 09 1
FS

03 0.4 05 0.6 0.7 0.8 09 1
FS

(d) RH = 0.4
12 t

[H*] (mol/L)

0.3 04 05 0.6 0.7 0.8 09 1
FS

14 L ®ORH=0.6

12 f=——[H+]E-AIM

10 | & [H+]C-RUV,ISORROPIA
(= — [H+]ISORROPIA

[H*] (mol/L)

6
4
2 L
0 1
03 0.4 05 06 0.7 0.8 09 1
FS
16
14 - (hHRH=0.8
312 -
=10
E 8 ¢
E6
= 4 ——
5 L =
0 =1 1 I I I

03 04 05 0.6 07 0.8 09 1
FS

Figure 5. Comparison of [H+]C-RUV,ISORROPIA in the (NH4)XHySO4 aerosol system with the predicted [H+]E—AIM and [H+]ISORROPIA under

varying FS at a given RH.

[H"] cruv, sorropia)s [H e ams and [H' Jisorropia-
This indicates that the prediction of [H'] in

Na,H,SO, is even more uncertain than which was
predicted for both the (NH4)H,SO, and
Na(NH,4)H(SO4)s systems.

In ISORROPIA, the activity coefficients of all inor-
ganic species are treated as 1, while E-AIM calculates
the activity coefficient of H". The activity coefficient

of ionic species, which is related to ionic strength
based on the Debye-Hiickel relationship (Christ 1965;
Rindelaub et al. 2016), will deviate from 1 and may
largely affect the prediction of [H"] in ammonia-rich
aerosol at low humidity levels. The original
Debye-Hiickel limiting law was derived to determine
the activity coefficient of an ion in a dilute solution of
known ionic strength and thus, deviations in the



actual [H'] from the theoretically calculated [H"]
occur at high concentrations, particularly with highly
charged ion electrolytes. In recent studies, the data
obtained using the Raman technique was incorporated
with Debye-Hiickel theory to estimate the H activity
coefficient, y(H™). Given the ionic strength of the inor-
ganic solutions, y(H") ranged from 0.684-0.737 in the
study by Rindelaub et al. (2016) and from 0.68 — 0.75 in
the study by Craig et al. (2017). Both studies showed a
relatively narrow range of y(H"). The C-RUV technique
in this study cannot provide y(H"), but deals with the
non-ideal response of indicator in the acidic media

(Equation (10)). The non-ideality of H" that is related

to the excess acidity term (ie., e 00329+(=372RH+3.72) jpy

Eq. 10) ranges from 0.77 (RH = 0.1) to 0.95 (RH =
0.8) with our C-RUV method.

3.2. Application of C-RUV to measurements of
aerosol acidity in the ambient air

3.2.1. Correction of BC artifact

Black Carbon (BC) is commonly found in the ambient
aerosol due to emissions from vehicle exhaust and bio-
mass burning (Habib et al. 2008; Jeong, Kim, and
Chang 2003; Wang et al. 2012) and this BC can inter-
fere with the interpretation of C-RUV data. To correct
for BC interference in the detection of [H']cruy, the
C-RUV spectrum of acidic aerosol is obtained by sub-
tracting the BC spectrum from the spectrum of the total
aerosol on the C-RUV filter (Figure S2(a) in Section S1
of SI). The light absorption spectrum of BC between
300nm and 800 nm was measured using the BC sample
on the Teflon coated glass fiber filter without dye. Then,
the light absorption of BC at 420 nm (Abspc(420)) and
545nm (Abspc(545)) is correlated to the absorption of
BC at 380 nm ((Abspc(380))) with the following equa-
tion (Zhong and Jang 2014):

AbSBc(380) _AAE

where AAE is the absorption Angstrom exponent,
defined as:

—In (AI;SBC(/}I)>
AAE = —\ach)] (15)
(%)
AAE is determined wusing the BC spectrum:

AAE=0.67 (+0.02). For Egs. (13) and (14), Abspc(380)
was chosen because the intensity of Abspc(380) is
relatively larger than at longer wavelengths. BC
absorption is correlated to EC mass (Mgc, 1g) using
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OC/EC data via separate experiments (Figure S2(b),
SI): Abspc(380) = 0.291 X Mgc (R* = 0.95). Then
Abspc(420) and Abspc(545) are obtained with Mg
and AAE (Equations (13) and (14), respectively) and
applied to the C-RUV spectrum for the correction of
BC interference on the measurement of ambient aero-
sol acidity. The spectrum in Figure S2 (SI) would be
mostly from EC but it can partially originate from
brown carbon (Chow et al. 2018).

3.2.2. Measurements of dialkyl organosulfate (diOS)
Among sulfates, diOS is neither acidic nor hygro-
scopic. The study by Li, Jang, and Beardsley (2015)
suggested that organosulfate (OS) in aerosol is
unstable during PILS-sampling, which involves the
condensation of high-temperature vapor
(100 °C), and decomposes an OS to sulfate and organ-
ics. PILS-IC tends to measure total sulfate ([SO?{}T),
while C-RUV directly measures aerosol acidity origi-
nating from acidic sulfates. The amount of diOS
([50% Juios
which is initially determined using IC measurements,

water

) can be determined by reducing [SO?{]T,

until the predicted Ht g amm equals the measured
[HJF]C,RUv. Then, [Soii]dios
difference between the initial [SOi*}T and the
adjusted [SO; | based on [Ht]c_ruv.

is estimated using the

3.2.3. Correlation of aerosol acidity to the aerosol
composition and humidity

The actual acidity of ambient aerosol is estimated

based on the composition of electrolytic sulfate

([s0i]

diOS). For the convenience of predicting aerosol acid-

ity, we also derive a polynomial regression equation to

predict [H"] (mol/L) based on inorganic composition
and RH as follows:

electrol yﬁc), which includes inorganic sulfate (no

log[H"]c_ruv, reg = —0.015RH + 0.798FS + 0.010FS

x RH + 0.373
(16)

The fraction of diOS to total sulfate was determined
using C-RUV and PILS-IC data based on the known
method (Li and Jang 2012; Li, Jang, and Beardsley
2015). [H*]C_RUV,reg is estimated based on the FS

value after removing [SO3 "] ,.,¢ from [SO37],.

dios
3.2.1.1. Classification of ambient aerosol

The sampling site (University of Florida, Gainesville,
Florida) in this study is suburban, which is affected by
SO,, NHj;, and NO,, and it can be occasionally
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Class 1: externally mixed aerosol:
nitrated SSA and internally mixed
SSA with partially neutralized
sulfuric acid aerosol

Nat
NH; S02-

Class 2: SSA with
ammonium and
sulfate (no nitrate)

Class 3: aerosol
with sulfate,

ammonium and
nitrate (no SSA)

Na* SO0Z" NH

NH} S0;~ NOj3

Figure 6. Classification of the ambient aerosol collected at the sampling site located on campus at the University of Florida,
Gainesville, Florida. Detailed information on ambient sampling is provided in Table 2.

influenced by SSA from the Oceans. Thus, ambient
aerosol in this study includes inorganic species con-
taining NH,", SO,*, NO;’, and Na" [sea spray aero-
sol (SSA)]; OC originating both from primary OC
and secondary organic aerosol (SOA); and BC. The
aerosol samples in this study were classified into three
categories according to the season and wind direction
(Figure 6).

a. Class 1 is the sulfate aerosol (ammonium and sul-
fate) with influence from SSA and HNO;. We
assume that two types of aerosols are externally
mixed: the acidic aerosol comprising Na*-NH,"-
SO,> and the aged SSA (Na'-SO,*-NOj’). The
aerosol acidity in Class 1 was estimated for Na™-
NH,"-SO,* and was further adjusted via dilution
with the aged SSA aerosol.

b. Class 2 is the aerosol internally mixed with SSA
comprising Nat-NH,"-SO,* (no nitrate).

c. Class 3 is the aerosol containing NH,"-S0,*-
NO;™ with no SSA.

Table 2 summarizes ambient data collected through
this study (temperature, RH, wind direction, aerosol
compositions, and gaseous data). Figures S6-Figure S8
(SI) summarize the time profile of chemical species
for the ambient data classified into Class 1, 2, and 3,
respectively. The rationale for aerosol classification of
this study will be discussed in the following section.

3.2.1.2. Interpretation of seasonal data for acidity
of ambient aerosol

OC data was decoupled into primary OC and second-
ary OC (OCg) (Section S3). In general, a significant
amount of OC was attributed to secondary OC
(OCyec) at our sampling site (Figure S6-S8, SI). OC
concentrations were high in the summer due to the
impact of increased biogenic hydrocarbons on OCi.
and sunlight intensity. No clear seasonal trend in

sulfate appeared at this sampling site. Overall, [H]
rises each afternoon as seen in a-series in Figures
S6-S8 (SI). Unlike the unit in ug/m3, [H"] that is in
pmol/L of an aerosol volume will not be impacted by
the expansion of the boundary layer at a given humid-
ity and aerosol composition. [H*] can change by two
factors: RH and aerosol compositions. In general, RH
drops with increasing temperature during daytime. As
seen in c-series in Figures S6-S8 (SI), ammonium
concentrations (ug/m3) decreased due to expansion of
the boundary layer and phase partitioning of ammo-
nia to aerosols at high temperature. However, nonvo-
latile sulfate was insensitive to temperature and
humidity, suggesting that sulfuric acid forms via pho-
tooxidation of SO, during daytime.

Both ammonium and nitrate concentrations were
relatively high during wintertime due to the condensa-
tion of nitric acid and ammonia onto particulate mat-
ter. During the colder months, no Na™ was present in
the ambient aerosol. SSA originates from the ocean
and can be transported across the state depending
upon meteorological conditions. On cold days, wind
directions are typically from land to sea while wind
directions are from sea to land on hot days, causing
intrusion of SSA into the region of the sampling site.
Regardless of seasons, no chloride ions were found in
any aerosols, suggesting that the chloride ion in SSA
was depleted by acids such as sulfuric acid, nitric acid,
and/or organic acids.

The aerosol acidity is dynamically influenced by
the gas-particle partitioning of semivolatile com-
pounds, such as HNO3/NO; and NH3/NH," (Clegg,
Brimblecombe and Wexler 1998b; Lawal et al. 2018).
Although the phase partitioning method implemented
in the inorganic thermodynamic model is uncertain
for highly concentrated aerosols (high ionic strength),
the phase partitioning method allows one to deter-
mine the accuracy of inorganic aerosol compositions.
In order to theoretically determine the possible nitrate
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Table 2. Ambient sampling information and meteorological conditions.
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was set at 0.03[NO.

1 (Na*-NO;~-50,%7) -
2 (Nat-NH,"=50,%7)
f The upper and low

Class
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concentration in the particle phase ([NO5 |, umol/m3 ),
the concentration of gaseous nitric acid ([HNOs], ppb)
is needed. [HNO;] was not monitored in this study, but
the possible range of [HNO;] was estimated using gas-
eous NO, concentration (0.03]NO,] = [HNO;], >
3[NO,| = [HNO3] ). (Day et al. 2009; Hanke et al.
2003; Peng et al. 2006; Spicer 1983). Particulate [NO;]
was predicted using the E-AIM model integrated with
the phase partitioning method based on [HNOj;] for the
upper and lower boundary levels. The predicted [NO3]
was then compared to the measured [NO;J] using PILS-
IC in this study (Table 2).

[H"]c.ruv values in Class 1 and 2 (warm seasons)
were generally acidic and higher than those in Class 3
(cold season). For the aerosols in Class 1 (spring data),
we hypothesize an external mix of Na"-NH,"-S0,*
and nitrated SSA aerosols. Under such an acidic environ-
ment in the moderately warm spring climate, the phase
partitioning of HNO; is very low. Evidently, the theoret-
ically estimated [NOj Jypper Values which are estimated
using E-AIM with corresponding [HNOj3]ypper> are trivial
as seen in Table 2. However, the observed [NO; ] values
are much higher than the [NOJ ]ypper, Suggesting that
nitrate binds to particulate matter by atmospheric proc-
esses other than the phase partitioning of nitric acid
onto preexisting sulfated particulates. This fact supports
our hypothesis for Class 1. The chloride in SSA is signifi-
cantly depleted by nitrate in the urban environment.
Additionally, this aged SSA might be nearly neutral in
order to contain a substantial amount of particulate
nitrate. In the summertime, nitrate was not observed in
particulate matter (Class 2) supporting the insignificant
phase partitioning of gaseous HNOj; at high temperature.

Due to the low acidity of the aerosol in Class 3, the
uncertainty in C-RUV data is high. For the aerosol in
Class 3, aerosol acidity was estimated using [H']c
rRUV,reg (Equation (16)) and PILS-IC data at a given
ambient RH. In the winter months (Class 3), the
phase partitioning of NH; and HNOj; increases both
nitrate and ammonium concentrations in particulate
matter. No SSA was observed due to the presence of
seaward winds. The fraction of diOS to total sulfate in
Class 1 and 2 varies, while diOS is not detectable.

4. Uncertainties and atmospheric implication

The online, in situ C-RUV method was developed to
measure aerosol acidity collected on a dyed filter. The
measurement of [H']cruv using the flow tube
improves the quality of the C-RUV calibration by pre-
venting acidic species from reacting with base gases
(i.e., ammonia), formaldehyde, and other organic
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vapors. For example, the previous study showed that
[H"] was reduced by 11.8% + 2.9% by exposing filter
samples to reactive gases in the room air (Jang, Cao,
and Paul 2008). Overall, both E-AIM and
ISORROPIA agree with the C-RUV-driven prediction
of aerosol acidity of ammonia-poor aerosols under
high RH levels (Figures 2 and 3). However, the pre-
diction driven by C-RUV measurements deviates from
both E-AIM and ISORROPIA for the ammonia-rich
aerosols at low RH and the aerosols containing a high
fraction of Na™ (Figure S5, SI).

The C-RUV device and the predictive equation
resulting from this study were also applied to measur-
ing the acidity of aerosol collected in Gainesville,
Florida. This study showed how ambient acidity
dynamically changes with the seasons, sea breeze dir-
ection, and variation in emission scenarios. Like other
areas in the Southeast United States (Lawal et al.
2018; Peng et al. 2019), the aerosol collected in this
study was generally acidic due to the impact of SO,
and NOy. The ambient aerosol during the summer
months in Gainesville was generally more acidic than
the aerosol collected during the winter months, due to
the photochemical activities of SO, oxidation in the
summertime and the temperature-dependent parti-
tioning of ammonia. SSA appeared in the summer
months due to sea breezes from both the Gulf Coast
(~80km distance) and the Atlantic Coast (~100km
distance). No chloride ions appeared in SSA, owing to
the significant depletion by sulfate and nitrate. In the
summer months, no nitrate appeared in the particle
samples, but was observed in the winter samples due
to the phase partitioning of nitric acid onto preexist-
ing particulate matter (Class 3). In addition, ammo-
nium concentrations are high in the wintertime.

Under our calibration range and C-RUV method,
the detection limit of H" is 0.2ng per filter sample.
Thus, the suitability of the C-RUV method is depend-
ent of the sampling duration, the sampling flow rate,
aerosol compositions, and aerosol mass concentra-
tions. Additionally, the aerosol should be in the aque-
ous salted phase. Thus, the C-RUV method may not
be appropriate for use in the dry season where RH is
below efflorescence RH (ERH). The acidic inorganic
aerosol in ambient air is likely aqueous because of its
low ERH (Colberg et al. 2003). The aerosol acidity of
most samples collected in the warm seasons was
higher than the detection limit of the C-RUV method.
The ambient aerosols collected for 45min on cold days
were weakly acidic and some H' mass was lower than
the detection limit of C-RUV method. Thus, the acidity
of the weakly acidic aerosol was estimated using H']c

RUV.reg (Equation (16)) which employed the measured
ion compositions (IC data) and RH. The limit of C-
RUV detection can be improved by modifying the sam-
pling method in the future: i.e., collection of particles on
a smaller area of dyed filter than the current method
(1cm diameter) and/or longer sampling duration. The
C-RUV method also needs to be tested for different
indicators, which have different basicity (pKpu+ in
Equations (5) and (6)). Increasing the concentration of
indicator is not recommended because the dissociation
equilibrium of inorganic acid should not be changed by
the protonation of the indicator.

The estimation of accurate [H'] in an aerosol can
empower model predictability for SOA formation via
acid-catalyzed aqueous reactions of organic species
(Hallquist et al. 2009). In traditional analytical methods,
non-electrical diOS is not separable from the total sul-
fate. The C-RUV method also enables quantifying non-
electrolytic diOS in ambient particles (Figures S6-S8,
SI). In addition to the uncertainty in [H'] estimation
using inorganic thermodynamic models, the determin-
ation of aerosol acidity is also disputable because of the
ambiguity in the definition of an inorganic medium for
H*. In this study, [H] was determined for hygroscopic
inorganic species, excluding OC and diOS from total
aerosol mass. Owing to the efforts from government
agencies on air pollutant emissions, the levels of SO,
and NO, have continuously declined (Lawal et al. 2018).
The current disparity in the reduction rates of pollutants
(high OC/sulfate ratios) would potentially increase the
diOS fraction of total sulfate. The C-RUV method will
improve our understanding of aerosol climate forcing
via improved prediction of aerosol hygroscopicity associ-
ated with the estimation of electrolytic sulfate.
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