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ABSTRACT

The measurement of aerosol acidity is important to have a comprehensive understanding of
aerosol chemistry, the adverse health effects of particulate matter, and climate. The
Colorimetry Integrated with CAMera (CICAM) method is demonstrated to detect the color
change of a filter (impregnated with an acid indicator), after the application of an acidic
aerosol, using digital images. The CICAM images were analyzed by a computer program
that employs the Matplotlib Library in python to decouple the camera image to the Red-
Green-Blue (RGB) scale. The calibration of the CICAM method for the detection of proton
concentration ([H], mol L™") in aerosol was performed with regard to the change of the G
color component. The Colorimetry integrated with Reflective UV spectrometry (C-RUV)
method that has recently been developed to detect [H'] in aerosol collected on a dyed fil-
ter using a micro-UV spectrometer can provide a lower uncertainty and a limit of detection
that is an order of magnitude lower than the CICAM method, but is significantly more
expensive. The CICAM method allows for the online detection of aerosol acidity utilizing a
commercialized camera and LED light. The relationship between CICAM and C-RUV was also
demonstrated by translating C-RUV spectral data into RGB values. Remarkably, the Green
values measured by CICAM were statistically similar to the Green values obtained from
C-RUV data. Therefore, we conclude that the CICAM and C-RUV method are comparable in
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their use for the prediction of proton concentration.

1. Introduction

Aerosol acidity has a wide-reaching set of impacts on
aerosol chemistry, human health, and climate
(Hallquist et al. 2009; Pye et al. 2020). The ability of
increasing aerosol acidity to catalyze the formation of
nonvolatile oligomeric products which increase second-
ary organic aerosols (SOA) has been well studied both
in laboratory settings (Gao et al. 2004; Iinuma et al.
2009; Jang et al. 2002; Offenberg et al. 2009; Surratt
et al. 2010; Surratt et al. 2007) and in the field
(Rengarajan, Sudheer, and Sarin 2011). Aerosol acidity
also has a significant impact on the physical state and
phase in which aerosols exist in the atmosphere. When
trace nutrients such as phosphorous, and trace metals
such as iron and copper encounter acidic aerosols, their
solubility has been shown to increase, which, in turn,
increases the bioavailability of these materials
(Meskhidze et al. 2003; Nenes et al. 2011). The increase
in the bioavailability of these nutrients can have signifi-
cant impacts on areas that would otherwise be nutrient
poor, such as certain regions of the ocean (Ito and Shi

2016). The increased solubilization by acid aerosol also
extends to some trace metals that are associated with
negative impacts on human health (Chen and
Lippmann 2009; Rohr and Wyzga 2012). Fang et al.
(2017) notes the specific connection that sulfate may
have to adverse health effects, demonstrating “sulfate-
driven metals dissolution” as a key factor for aerosol
oxidative potential. In addition, the concentration of
sulfuric acid is correlated to the formation of new par-
ticles (Weber et al. 1997; Weber et al. 1998) and influ-
ences climate by controlling cloud condensation nuclei
activities of particulate matter. New particle formation
by sulfuric acid is estimated to account for half of the
cloud-forming particles present in the atmosphere
(Gordon et al. 2017). Further understanding of atmos-
pheric acidity is an important step that would inform
strategies addressing the environmental and health
effects of air pollution.

Traditionally, aerosol acidity has been measured
using a pH meter (USEPA 1999) or ion chromatog-
raphy (IC) coupled with an inorganic thermodynamic
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model. In these methods, aqueous extraction of an
aerosol sample is required. For aerosol acidity measure-
ments using a pH meter, inorganic species are dis-
solved in water and approaches an ideal solution. The
acidity measured by the pH meter detects the total
amount of H 4 associated with inorganic acids in the
dilute solution. However, the actual bulk aerosol is a
nonideal system because of a limited amount of water
within the aerosol. In this highly concentrated aerosol
system, not all the acid in the aerosol phase is dissoci-
ated, and thus the acidity of an aerosol is lower than
that of an ideal solution (Li and Jang 2012). The
impact of neutralization of acidic aerosol by ammonia
during transportation can be mitigated by an online,
in-situ method of aerosol acidity measurement. When
acidic aerosol is titrated during the workup procedure
and transportation, the inorganic aerosol mass (M;,ore)
can be slightly overestimated and slightly decrease the
measured [H-+] value; this reduction is trivial com-
pared to the reduction of the measured [H+] value by
using Ion Chromatography. Thus, the ability for the
online detection of bulk aerosol acidity in the field is
paramount in the continued expansion of cur-
rent knowledge.

Though some methods for the online data collec-
tion of aerosol acidity are currently available, each
have their own flaws. For example, a recent study
implemented a method for in situ aerosol acidity
measurements using “Colorimetry Integrated with a
Reflectance UV-Visible spectrometer (C-RUV)” (Jang,
Cao, and Paul 2008; Jang et al. 2020; Li and Jang
2012). The C-RUV method can deliver accurate
results in a wide range of relative humidity (RH) val-
ues with high sensitivity. However, the use of an
expensive Reflectance UV-Visible spectrometer can
limit access to this technology which may hamper the
expansion of knowledge. Cohen, Quant, and
Donaldson (2020) demonstrate a method in which
they calculate the pH of a levitated droplet by inject-
ing a pH indicator. This method also faces the same
problem as the C-RUV method as it takes advantage
of spectroscopy. The article by Craig et al. (2018)
implemented the use of a cellular phone camera,
instead of a spectrometer, to take photos of pH indi-
cator article on which acidic aerosol has been col-
lected. Their method took advantage of a MATLAB
script to interpret the red and green components of
the photo to relay an associated acidity. They achieved
promising results but were limited as laboratory test-
ing was only performed at RH values of 90%. The art-
icle also includes ambient data at varying pH and RH
values but their method was relatively insensitive

compared to the C-RUV method, which meant that
relatively large amounts aerosol (65 g to 2.5 mg) had
to be collected onto pH indicator article before mean-
ingful data could be obtained. Li et al. (2020) exam-
ined several pH-indicator papers for their effectiveness
in a similar method using RGB values. The “Type V”
article was found to accurately predict pH with an
uncertainty of 0.5 units. However, this method also
had the shortcomings of the previous one as 180 g of
ambient aerosol are required (estimated to take 1 to
4h to collect).

This study addresses the problems present in cur-
rent methods by integrating a commercialized camera
into the C-RUV method while maintaining sensitivity
and allowing for application in a wide RH range. The
Colorimetry Integrated with CAMera (CICAM)
method demonstrated in this study uses a python-
based code to produce Red-Green-Blue (RGB) values
of images of a filter impregnated with an acid indica-
tor (metanil yellow) to calculate the acidity of the
aerosols that were passed through the filter. To take
advantage of the previously developed C-RUV meth-
odology and calibration, a correlation is demonstrated
between C-RUV data and the data collected with the
CICAM method. This relation allows the equations
used for the C-RUV method to be applied to the
CICAM method with newly derived coefficients linked
to the estimation of the concentration of proton
([H"], mol L™! of inorganic aerosol).

2. Materials and method
2.1. CICAM Method

The CICAM method allows for the in-situ measure-
ment of aerosol acidity using a camera with a given
LED. A 7.0mm diameter filter (Gelman Science
Palflex, TX40H120-WW), impregnated with an aque-
ous solution of 0.02% metanil yellow (70% dye con-
tent, Sigma Aldrich) is used to collect acidic aerosol
on the colorimetric filter. The details of the prepar-
ation of the filter impregnated with metanil yellow
can be found in previous studies (Jang 2013; Jang,
Cao, and Paul 2008; Li and Jang 2012). The CICAM
device, as seen in Figure 1, is located upstream of a
sampling pump to collect acidic aerosol on the dyed
filter. A camera (SEP32-S chip integrated with
OV2640 camera) was used to take digital images of
the filter to monitor the color change under a com-
mercialized LED light (Jang and Yu 2019). These
images are then analyzed by a computer program that
employs the Matplotlib Library in python to deter-
mine differences in the RGB values of the images of
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Figure 1. Experimental setup for the flow tube used for the generation of acidic aerosols for the calibration of the CICAM method.
Note that both the LED light and camera are found internally within CICAM device.

the filter before and after the application of acidic
aerosols (Hunter 2007).

2.2. Calibration of CICAM method

Methodology used in this study for sample prepar-
ation for CICAM data closely resembles methodology
detailed previously to produce the C-RUV method
(Jang et al. 2020). C-RUV data that was previously
reported by Jang et al. (2020) were employed in this
study to demonstrate the compatibility of C-RUV
measurements with CICAM.

The accurate offline measurement of aerosol acidity
can be hindered by the presence of gaseous chemicals
when sampling and transferring aerosols (Jang et al.
2020). For example, acidic gas (i.e., nitric acid) and base
gas (i.e., ammonia) can modulate aerosol acidity via neu-
tralization. Some organic gases such as formaldehyde
and acetaldehyde can react with sulfuric acid to reduce
aerosol acidity. To maintain the integrity of results and
prevent contamination, a flow tube under the clean air
was used for the experiments using aerosols comprised
of ammonium (NH,") and sulfate (SO,*). The flow
tube wall and sampling holder were cleaned with the
deionized water (ASTM Type II, LapChem) and ethanol
(spectral grade) before each experiment.

An atomizer (TSI 3076, MN, USA) was used to gener-
ate the aerosols and constantly release them into a 3L
mixing chamber. The clean air was passed through an
impinger, containing deionized water, to produce
humidified air. The humidified air was mixed with the
aerosols inside the mixing chamber until desired RH val-
ues were reached. The air from the mixing chamber,
containing the aerosols, was then released into the flow
tube. A Particle-Into-Liquid Sampler (Applikon, ADI
2081), alongside ion chromatography (Metrohm,
761Compact IC) (PILS-IC), was used to determine

aerosol inorganic compositions. An electronic hygrom-
eter (Hanna Instruments, Italy) was used to measure the
RH and Temperature of the flow tube. Non-refractory
species (sulfate, nitrate, ammonium, chloride and organ-
ics) in submicron aerosol were measured in situ by using
an Aerosol Chemical Speciation Monitor (ACSM,
Aerodyne, MA, USA). ACSM spectra analysis was per-
formed by using the standard ACSM analysis software
(version: ACSM_local_1.6.0.0) provided by Aerodyne
which was written within Wavemetrics Igor Pro. ACSM
was utilized to estimate dry inorganic aerosol mass con-
centration (sulfate + ammonium ions, ug/m3) for
CICAM. Aerosol density at specific RH values, and com-
positions, along with the water mass fraction of the total
aerosol was predicted by the E-AIM inorganic thermo-
dynamic model (Clegg, Brimblecombe, and Wexler
1998; Wexler and Clegg 2002). The aerosol was collected
on the indicator-dyed filter using the pump downstream
from the sampling holder. A sampling flow rate between
1-2L min~' was maintained to collect 0.5-5ug of par-
ticles. The flow rate, aerosol density, ACSM aerosol mass
concentration, sampling time, and the predicted water
mass fraction were used to calculate the particle dry
mass on the filter.

3. Result and discussion
3.1. RGB scale from CICAM image

The RGB color model is one of the most well-known
and widely used color systems. The RGB scale allows
the color of the CICAM image to be mathematically
quantified as three values representing red (R), green
(G), and blue (B) colors. The intensity of the
decoupled colors is related to [H'] in aerosol. The
CICAM images of the dyed filters were converted to
the RGB scale by using a computer program that
employs features from the Matplotlib library in
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python to digitalize the filter color change (Hunter
2007). A certain number of pixels, which are homoge-
neous in color and has a certain level of brightness
(not at edge of filter), were selected from the CICAM
images prior to applying the python program (Figures
S1A and S1B in the online supplemtnary information
[SI]). In the RGB components, the green color showed
the most drastic change as acidity increased because
the color pink, associated with the chromophore color
of the protonated indicator, on the filter is relayed in
the RGB components primarily by a decrease in the G
component. Therefore, the G component of the RGB
scale was chosen to calibrate the CICAM method.

The difference in G values between the dyed filter
before and after sampling acidic aerosol was taken to
measure the quantity of protonated indicator (repre-
sented as AGr). These AGr values were plotted against
the total aerosol mass of each set of aerosols at a given
aerosol composition to test linearity of the CICAM
method to the acidic aerosol mass. The composition of
acidic inorganic aerosol was defined by the sulfate frac-
tion (FS), the molar fraction of sulfate in the total con-
centration of water-soluble ions (i.e., sulfate,
ammonium, and sodium). Figure 2 shows a strong lin-
earity (R* = 0.99) between AGr values and total aerosol
mass ranging from 0 to 3.12 pg at FS = 0.84 and RH =
26%. The collection of a high aerosol mass of highly
acidic aerosol is not recommended because it will cause
the saturation of the dye impregnated in the filter.

3.2. Calculation of proton concentration using
RGB values

The equilibrium reaction between an indicator (In), in
this case metanil yellow, and H" can be expressed as
follows (Jang, Cao, and Paul 2008):

60
e CICAM DATA
50 ----Trendline
40 Jf
Q L
3
£ 30 } y=14.89x
g R2=0.99
2 }
10 }
5 1
0 1 2 3 4

Aerosol Mass (pLg)

Figure 2. CICAM generated AGr value versus total aerosol
mass collected on the filter. The errors associated with AGr
using CICAM was estimated by standard deviation and the T
distribution value (90% confidence).

In +H' < InHT (1)

where InH" is the indicator in protonated form. In
the C-RUV technique that employed a micro-UV
spectrometer, the concentration of unprotonated indi-
cator ([In]) was detected at 420 nm for metanil yellow
and that of protonated metanil yellow ([InH*]) was at
545nm. As discussed in the C-RUV method, the light
absorption of [In] is different from that of [InH*].
Thus, the relationship between [InH'] and [In] is
written as:

T = 2

where Asys™ is the absorbance at a given wavelength
(545nm) for the dyed filter affected by the acidic
aerosol and k is the ratio of molar absorptivity of
[(In] at 420nm to [InH']at 545nm. In this method,
the aerosol only partially covers the dyed filter. The
sum of [In] and [InH'], which is affected by
the quantity of acidic aerosol, is proportional to the
aerosol mass on the filter, and its relation is
expressed as:

AIZO + kA;45 = OCMinorg (3)

where My, is the inorganic aerosol mass and « is a
proportionality constant. M;,., (ug) can be calculated
using measured experimental values:

Minorg = dinorgCVQts (4)

where Q (m®/s) is the flow rate, t, is the sampling
time, Cy (nL/m’) is the aerosol volume concentration,
and dinorg (pg/nL) is the inorganic aerosol density
(predicted using E-AIM II (Clegg, Brimblecombe, and
Wexler 1998)).

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

Ky — Anam- _ [Inlf, [H Iy )
A+ [InH*|fy
where a and f are the activity and the molarity activ-
ity coefficient, respectively. For the estimation of
[H*], Equation (5) is rewritten as (Jang, Cao, and
Paul 2008; Jang et al. 2020):

log[H'] = —log<[lr[11;1}+]> — pKp — log (%f:)

(6)

pKpg+ is a basicity of indicator as a form of -log
(Kpm+)- Excess acidity (X) can be used to define the
non-ideality term in a media (Bunnett and Olsen
1966; Perrin 1964):




X =log (ﬁ”fm) 7)

fInH+

X is proportional to X* when applying the excess
sto;fH+
frys0,
tems in a strong acidic media. Equation (6) can be
expressed as (Cox and Yates 1978):

acidity of sulfuric acid (X* = ) to other sys-

[In]
[InH*]

loglH"] = —log< ) — pKpy+ — mX* (8)
where m is a proportionality constant. Applying
Equations (2) and (3) to Equation (8), retrieves the
equation used in the C-RUV method (Jang et al.
2020):

log[H'] = —log (aMi"”’g - 1) — pKpyr —mX* (9)
kAZys

The calibration equation in the C-RUV method was
previously obtained by correlating the predicted proton
concentration from the inorganic thermodynamic model
(E-AIM II) to the experimentally measured C-RUV data
at a variety of RH values and aerosol compositions. The
PKp+ of Metanil Yellow is 2.1, and m is —0.0329. X*
is described as a function of RH. The resulting C-RUV
equation was as follows (Jang et al. 2020):

0.443A%,
+2.1
0.348Miporg — 0.443A%,

+ (—0.0329)(—3.72RH + 3.72)

log[HﬂchUv = 10g<

(10)

The inorganic composition and humidity are com-
monly measured in laboratory and fields. For conveni-
ence, a polynomial regression equation was derived
using C-RUV data to predict [H'] as discussed in the
previous study (Jang et al. 2020):

log[H'] ¢_ruv, g = — 0.015RH + 0.798FS$
+0.010FS x RH +0.373
(11)

where RH ranges from 0.1 to 0.8.

In order to determine the proton concentration
([H"]cicam) using CICAM, the RGB scale is inte-
grated into Equation (10) as follows:

K AGrim, cicam )

l H+ = 1
og[H " lcicam 0g< & Minorg — kAGriapy, crcam

+2.1 + (—0.0329)(—3.72RH + 3.72)
(12)

where k’ is the ratio of light absorptivity between [In]
and [InH"] in RGB scale, and o’ is a linear coefficient
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for the aerosol mass. AGrp, cicanm is the difference
between the G value of the [In] and that of [[nH"], in
a similar manner to the change of A*s5;5 in the C-
RUV method. Terms, pKj,;" and mX*, are associated
with properties of the specific indicator used and they
do not change at a given indicator system. The coefti-
cient associated with aerosol sample mass (M;,,,) and
the response (A*5;5 in C-RUV or AGr in CICAM)
can be changed with the detection method (C-RUV or
CICAM) and light source (UV or LED). In this study,
k’ was calculated to be 0.0191 and o’ was calculated to
be 3.199.

3.3. Correlation between CICAM and C-RUV

In order to discover a relationship between the
C-RUV data, collected as absorbance values at spe-
cific wavelengths, and CICAM data, the C-RUV data
was converted into RGB values. Figure 3a illustrates
the procedure to convert the C-RUV data to the
RGB Scale. The conversion was performed through
the use of CIE color spaces, which serves as a quanti-
tative link between “spectrophotometric
urements” and a standard trichromatic system (the
XYZ color space) (Smith and Guild 1931). The XYZ
color values are derived from the summation of illu-
minant, reflectance estimated from each wavelength,
and observer data (Harris and Weatherall 1990). The
observer data, representative of human color vision,
was produced through a combination of Gaussian
functions that represent a reference standard spec-
trum of three color components that encompass all
colors visible to the typical human eye (Wyman,
Sloan, and Shirley 2013) (Section S2A in the SI and
Figure S2). Absorbance data were then converted to
reflectance (Equation (S5) in the SI) for use in the
CIE standard color function to convert a reflectance
spectrum to the XYZ scale (Equations (S6)-(S9) in
the SI).

In this study, CICAM images were taken under
LED light with the color temperature about 6000 K
(Day white). RGB data, collected from the CICAM
images of the filter, is also affected by the light source
used to take the images. The C-RUV data was col-
lected under UV light associated with the UV spec-
trometer, while the CICAM data from this study was
collected under an LED light. Therefore, the LED light
spectrum was applied to the conversion of C-RUV
absorbance values to XYZ values, which were then
converted to RGB values. Thus, LED light was used as
the reference illuminant in the CIE standard color
function. The conversion from XYZ values to RGB

meas-
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Figure 4. Relationship between the measured absorbance at 545nm using C-RUV method and the calculated AGr values

converted from the XYZ scale of C-RUV spectral data.

values was accomplished through the use of a conver-
sion matrix (Section S3 in the SI).

The procedure illustrated in Figure 3 was applied
to convert UV spectral data (ranging from 190 nm™'
to 895nm '), of dyed filters both with and without
acidic aerosol applied under different RH values, to
RGB values. AGr values were calculated as the differ-
ence of G values of each filter with acidic aerosol
applied and that without acidic aerosol applied under
the same specific RH. Whereas each AGr value here
is sourced from the entirety of a set of UV spectral
data, Equation (10), used for the C-RUV method,
uses only the spectral data absorbance values at
545 nm(A*s45) to predict [H']. To establish a rela-
tionship between AGr and A*sys, the resulting AGr
values were graphed against A*s,s values for the
given data set. Figure 4 shows a strong linear

relationship between the measured absorbance values
and converted AGr values (R? = 0.98).

To access the validity of the CICAM method to
detect aerosol acidity, the AGr values (Figure 2), proc-
essed from CICAM data images (Nos. 1-10 in Table
1) using the python code, were compared to AG val-
ues derived from C-RUV data by the conversion to
the XYZ scale and then the RGB scale. During the
measurement of CICAM data (Nos. 1-10 in Table 1),
C-RUV data was not measured. However, the RH, FS,
and Mo Of aerosol samples were available. At the
given RH and FS value, the proton concentration
[H+]C7RUV,reg can be predicted using Equation (11).
This [H"]c.ruv, reg can then be used, alongside the
FS, and Mj,org to predict A*s5,5 using Equation (10).
The correlation coefficient established in Figure 4 was
applied to convert the predicted A*54s values to
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Table 1. Aerosols generated using tube flow reactor to develop CICAM method.

Aerosol [H+]
Sampling volume Aerosol (mol L of
Sulfate duration Flowrate Conc.* Mass Conc.? inorganic
No. Fraction (FS)? RH® (min) (L/min) (nL/m3) (ug/m3) Dry Mass (ug) aerosol) Comments
[H+] measured by using CICAM as a function of aerosol mass at a given humidity
1 0.86 0.26 0.5 5.0 N.A. 58.25 0.52 11.0 CICAM
2 0.86 0.26 0.5 5.0 N.A. 61.53 1.04 11.0 Figures 2
3 0.86 0.26 0.5 5.0 N.A. 67.43 1.56 11.0 and 5
4 0.86 0.26 0.5 5.0 N.A. 60.59 2.08 11.0
5 0.86 0.26 0.5 5.0 N.A. 63.41 2.60 11.0
6 0.86 0.26 0.5 5.0 N.A. 70.07 3.12 11.0
7 0.86 0.26 0.5 5.0 N.A. 65.28 3.65 11.0
8 0.86 0.26 0.5 5.0 N.A. 60.17 417 11.0
9 0.86 0.26 0.5 5.0 N.A. 61.12 4.69 11.0
10 0.86 0.26 0.5 5.0 N.A. 68.52 5.21 11.0
[H+] measured by using C-RUV at varying aerosol compositions and humidity values
11 1 0.2-0.8 3.0 1.7 474 N.A. 2.07 43-11.3 C-RUV
12 0.71 0.2-0.5 2.0 2.0 552 N.A. 1.75 4.6-7.95 Figures 4
13 0.56 0.2-0.8 4.0 1.4 525 N.A. 2.63 1.3-6.2 and 5
14 0.51 0.2-0.8 9.0 1.4 126 N.A. 18.99 0.32-1.0
15 0.45 0.2-0.8 55 1.2 856 N.A. 5.78 0.6-3.3
16 0.40 0.4-0.8 10.0 2.1 422 N.A. 9.54 0.8-1.7
[H-+] measured by using CICAM and C-RUV as a function of humidity at two different FS values
17 0.70 0.1-0.8 5 2.0 371 N.A. 2.1 2.0-7.0 CICAM and
18 0.59 0.1-0.8 5 2.0 438 N.A. 275 1.4-5.9 C-RUV
Figure 6

2The sulfate fraction is the molar fraction of sulfate in the total ion (sulfate +ammonium).
bThe humidity range for all experiments was above the ERH for all aerosol compositions used. The ERH at the given aerosol composition can be calcu-

lated by the equation reported by Colberg et al. (2003).

“The aerosol concentration for C-RUV was measured using SMPS data at a given humidity. The aerosol mass collected on the filter was estimated using
the density of aerosol, flowrate, sampling duration, and aerosol volume concentration. The dry mass was corrected for water content in the aerosol.
The density of aerosol was estimated using an inorganic thermodynamic model (E-AIM II) at the sampling humidity.

9The aerosol concentration for CICAM data was measured using ACSM data (Sulfate + Ammonium). The dry mass was calculated as the product of sam-

pling duration, flowrate and aerosol concentration at a given humidity.
N.A.: not applicable.

predicted AGr values as shown in Figure 2. The pre-
dicted AG values were then plotted alongside the AGr
values taken using the CICAM method (Figure 5).

Notably, AGr values measured by the CICAM
method were not statistically different from AG that
calculated from C-RUV data. Therefore, we conclude
that the CICAM and C-RUV method are interchange-
able in their use for the prediction of proton concen-
tration. As shown in the calculated error associated
with CICAM in Figure 5, the uncertainty in the meas-
ured [H'] for the CICAM method will be relatively
high compared to that of C-RUV.

Figure 6 illustrates the values of Log[H"] that were
measured by both the C-RUV and CICAM methods
at two given FS values (FS = 0.7, 0.59) as a function
of humidity. Values of Log[H"] predicted by the poly-
nomial equation (Equation (11)) using FS and RH val-
ues are also included in Figure 6. All three methods
reasonably accord with each other.

4. Atmospheric implication and uncertainty

This study demonstrates the efficacy of the CICAM
method to measure [H'] in aerosol. The CICAM

method allows for the in-situ measurement of aerosol
acidity using a camera instead of a spectrometer
found in the C-RUV method. The application of the
CICAM method is currently limited to laboratory set-
tings and further development will be required before
the CICAM method could possibly be deployed in the
field. The field deployment of the CICAM method
would require the CICAM device, a small sampling
pump (<5L/min depending on the aerosol concentra-
tion), 3 denuders to remove acidic, basic, and organic
gases, and measurements of particulate matter concen-
tration, and RH.

For field application, the CICAM method, based on
colorimetry, can be affected by black carbon as previ-
ously discussed in the C-RUV method (Jang et al.
2020). CICAM data need to be corrected by decou-
pling the RGB values into the one for the acidity
measurement of the aerosol and another for black car-
bon found in ambient air. Collecting aerosol on a fil-
ter that is not dyed with a colorimetric chromophore
(a white filter) allows for the measurement of the
impact of black carbon on the RGB values. Then,
these RGB values for the black carbon can be sub-
tracted from those measured for the acidic aerosol on
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Figure 5. Comparison of the AGr values predicted from C-RUV data and the AGr values from CICAM measurements. The errors
associated with AGr using CICAM method was estimated by standard deviation and the T distribution value (90% confidence). The
errors associated with AGr using C-RUV data was calculated using error associated with A*s,s values and the correlation coefficient

between AGr and A*s45 (Figure 3a).
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Figure 6. Log[H™] readings from the C-RUV and CICAM methods for two different aerosol compositions (FS = 0.7, 0.59) as a func-
tion of RH. The values for Log[H™] predicted using Equation (11) are also included. The error for the C-RUV data was calculated
using error associated with A*s4s values and the correlation coefficient between AGr and A*s45 (8%). The error for the CICAM
method was estimated standard deviation and the T distribution (90% confidence) value for 4 different data sets.

the dyed filter. Additionally, ambient aerosols can
contrain organosulfates which can reduce the amount
of acidic sulfate and aerosol hygroscopicity. The meas-
urement of dialkyl organosulfate has been discussed
by Li and Jang (2012). Compared to the preexisting
C-RUV method, the CICAM method demonstrated in
this study has larger uncertainty in the measured
[H"] as seen in Figure 6 and Figure S3 in the SI. The
uncertainty associated with the measured [H] using
the CICAM method decreases as the total sampled
aerosol mass increases. Thus, a certain amount of
aerosol mass is needed to get reliable proton concen-
tration using the CICAM method. The sampling area
of this study was about 2 times smaller than the

sampling area used in the previous C-RUV method,
which increase the mass concentration per filter area.
Under our calibration range and CICAM method, the
detection limit of H™ is about 2.5ng per filter sample
which is significantly higher than that of the C-RUV
method (0.2ng per filter sample). Additionally, the
indicator has the limitation for the measurement of
aerosol acidity. As shown in Figure S3 in the SI, a
large amount of highly acidic aerosol can lead to the
saturation of indicator, leading to even the upper
bound of the [H"] measurements to be lower than
the actual value. However, the aerosol acidity of ambi-
ent aerosol is generally weaker than the aerosol acidity
used for calibration curve. Thus, our calibration for



CICAM can be suitable for most strongly acidic aero-
sol in ambient air.

The data obtained using CICAM is impacted by
the light source. The CICAM method of this study
employs a commercialized LED light (color tempera-
ture = 6000 K). This light from the LED bulb is some-
what inhomogeneous; it was brighter in the center
than that at the edges. If the homogeneity of the light
from the LED bulb is improved in the future, the
uncertainty associated with the CICAM method will
be decreased. The stability of the LED and the oper-
ation lifetime need to be estimated when applied to
ambient measurements. Since the CICAM method uti-
lizes a camera to obtain the data, the color of the
images may vary slightly with different cameras and
the setup of shutter to control exposure. The CICAM
method should be calibrated for each individual
model of camera used at the fixed control of exposure.
However, as seen in Figure 4, the AGr values obtained
using the CICAM images well accord with the AGr
values from C-RUV data. In the future, the CICAM
method should be tested with different cameras to
ensure the feasibility of CICAM. The indicator used,
metanil yellow, is appropriate for the detection of
[H] of strongly acidic aerosols. For the proton con-
centration of more moderate or weakly acidic aero-
sols, a different indicator can be considered for use in
the CICAM method.
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