https://doi.org/10.5194/amt-2019-394

Atmospheric

Preprint. Discussion started: 16 October 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques
Discussions

Multifactor colorimetric analysis on pH-indicator papers: an
optimized approach for direct determination of ambient
aerosol pH

Guo Lit, Hang Su'", Nan Ma?, Guangjie Zheng'f, Uwe Kuhn!, Meng Li', Thomas Klimach?,
Ulrich Péschl®, Yafang Cheng'”

! Multiphase Chemistry Department, Max Planck Institute for Chemistry, Mainz, Germany
2 Institute for Environmental and Climate Research, Jinan University, Guangzhou, China

T Now at: Department of Energy, Environmental & Chemical Engineering, Center for Aerosol Science &
Engineering, Washington University, St. Louis, Missouri 63130, USA

* Correspondence to: Y. Cheng (yafang.cheng@mpic.de) or H. Su (h.su@mpic.de)

Abstract

Direct measurement of the acidity (pH) of ambient aerosol particles/droplets has long been a challenge for
atmospheric scientists. A novel and facile method was introduced recently by Craig et al. (2018), where the pH
of size-resolved aerosol droplets was directly measured by two types of pH-indicator papers (pH ranges: 0 — 2.5
and 2.5 — 4.5) combined with RGB-based colorimetric analyses using a model of G-B (G minus B) versus pH?.
Given the wide pH range of ambient aerosols, we optimize the RGB-based colorimetric analysis on pH papers
with a wider detection range (pH ~ 0 to 6). Here, we propose a new model to establish the linear relationship
between RGB values and pH: pHpredict = @XRnormal + bXGrormal + €XBnormai. This model shows a wider applicability
and higher accuracy than those in previous studies, and is thus recommended in future RGB-based colorimetric
analyses on pH papers. Moreover, we identify one type of pH paper (Hydrion® Brilliant pH dip stiks, Lot Nr.
3110, Sigma-Aldrich) that is more applicable for ambient aerosols in terms of its wide pH detection range (0 to 6)
and strong anti-interference capacity. The determined minimum sample mass (~ 180 pg) highlights its potential
to predict aerosol pH with a high time resolution (e.g., < 1 hour). We further show that the routinely adopted way
of using pH color charts to predict aerosol pH may be biased by the mismatch between the standard colors on the
color charts and the real colors of investigated samples. Thus, instead of using the producer-provided color chart,
we suggest an in-situ calibration of pH papers with standard pH buffers.
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1 Introduction

Aerosol particles have vital impacts on atmospheric chemistry, human health and global climate (Pdschl, 2005;
Baltensperger et al., 2008; Pdsfai and Buseck, 2010; von Schneidemesser et al., 2015; Shiraiwa et al., 2017).
Understanding the basic physicochemical properties of aerosols can provide insights into various aerosol
processes in the atmosphere and may further help to establish measures against air pollution. Aerosol acidity,
usually quantified by aerosol pH, is one of the most important basic properties of liquid-phase aerosols. Aerosol
pH has multiple effects on the other properties of aerosols, e.g., aerosol composition (Cheng et al., 2016),
reactivity (Gao et al., 2004; linuma et al., 2004; Northcross and Jang, 2007), toxicity (Fang et al., 2017;
Chowdhury et al., 2018), phase transition (Dallemagne et al., 2016; Losey et al., 2018) and their related climatic
effects (Dinar et al., 2008; Hinrichs et al., 2016; Cai et al., 2018). It also plays a critical role during secondary
organic aerosol (SOA) formation (e.g., Surratt et al., 2007; Gaston et al., 2014; Han et al., 2016) and in many
other chemical processes in the atmosphere (Hennigan et al., 2015; Cheng et al., 2016; Wang et al., 2016; Keene
etal., 2004; Ahrens et al., 2012).

Despite its essential importance, currently there is few aerosol pH measurement data set available. One main
reason is the small sizes (with an aerodynamic diameter range of 2 nm — 10 pm, see McNeill, 2017) of these
atmospheric particles, rendering measurements of aerosol pH not as easy as for bulk solutions. Moreover, the
non-conservative nature of H*, i.e., H* concentrations do not scale in proportion to the dilution levels due to
buffering effects and the partial dissociation of weak acids, further makes probe of aerosol pH a challenging topic
(Hennigan et al., 2015). For direct measurements of aerosol pH, two types of methods have been employed: filter-
based sample extraction (Koutrakis et al., 1988; Keene et al., 2002; Jang et al., 2008) and
spectroscopic/microscopic analysis (Li and Jang, 2012; Dallemagne et al., 2016; Rindelaub et al., 2016; Craig et
al., 2017; Wei et al., 2018). As the former method is offline, it suffers from both poor time resolution and intensive
labor work (Hennigan et al., 2015). Moreover, it cannot account for the water in the aerosol droplets, and involves
extraction with solvents that can shift the equilibria of present ions, leading to high uncertainties. The latter
method is normally used for laboratory-generated particles with simple compositions that cannot fully represent
ambient aerosols (Craig et al., 2018). Due to these limitations of direct measurements, thermodynamic
equilibrium models such as ISORROPIA-II (Fountoukis and Nenes, 2007) and E-AIM (Clegg and Seinfeld, 20064,
b) have been widely used to estimate the acidity of ambient aerosol droplets, although comprehensive evaluations
of the acidity are hampered by lack of observational data. Thus, developing new methods to directly measure

ambient aerosol pH is imminently needed to constrain the output of thermodynamic models.

In a recent study, Craig et al. (2018) reported an intriguing way to directly measure aerosol pH using pH-indicator
papers, which in the past are the most common and convenient tool to test the pH of bulk solutions. To measure
aerosol pH, the generated size-resolved aqueous aerosol samples ((NH4).SO4-H.SO4) were firstly collected on
pH-indicator papers. Then the color of the samples on pH papers was analyzed quantitatively through a
colorimetric image processing program (Matlab). In this way, the standard pH color chart of the indicator papers
was used as a reference to finally derive the aerosol pH. The use of pH-indicator papers and the related color
processing technique introduced by Craig et al. (2018) tactfully circumvents the challenges and difficulties in

aerosol pH measurements. However, Craig et al. (2018) only reported two types of pH papers with relatively high
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precision for pH measurements (one with pH range 0 - 2.5 and the other 2.5 — 4.5, see Craig et al., 2018), whereas
in the atmosphere the aerosol pH may vary in a wide range. Note that the authors indeed employed another type
of pH paper with a larger pH range from 0 to 6 for ambient aerosol sampling, unfortunately they found that this
paper was not compatible with their Matlab script for more quantitative analysis (Craig et al., 2018).

The colorimetric method used by Craig et al. (2018) was based on analyzing the red (R), green (G) and blue (B)
channels of the sample images, where a linear dependence of the difference between G and B (G-B) on pH? was
found. According to trichromatic theory, RGB are the three primary colors and their combination in varying
proportions can generate any other specific color (Su et al., 2008). The standard RGB scale is represented by the
values of R, G and B, and each has a range from 0 to 255. For example, the number [0, 0, 0], i.e., R=0,G =0,
B = 0, corresponds to absolute black and [255, 255, 255] to true white. RGB-based image analysis has been
applied in the fields of inorganic and analytical chemistry. For instance, Selva Kumar et al. (2018) found a good
linearity between concentrations of Thorium ions (Th**) and the ratio of R and G (R/G), and Wan et al. (2017)
reported a relation between bovine serum albumin (BSA) concentrations and the normalized values of R, G and
B, respectively. In these previous studies, different RGB models (i.e., ways to interpret the RGB values) were
adopted, however with few detailed explanations on the intrinsic reasons. To further enhance the reliability and
comparability of the data associated with RGB analysis, a unified model/method to deal with the RGB information
is needed, especially for the pH determination of aerosols where high uncertainty of measured pH values can have

a huge impact on the pH-dependent multiphase chemical processes.

Considering that the pH values of ambient aerosols can cover a wide range (up to ~ 6) (von Glasow and Sander,
2001; Pszenny et al., 2004; Song et al., 2018; Shi et al., 2019), the goal of the present study is to optimize the
RGB-based colorimetric analysis on pH-indicator papers for direct determination of ambient aerosol pH in a wider
detection range (pH ~ 0 to 6). We thus propose a new way to analyze the RGB values and establish the relationship
between RGB and pH. We further compare our proposed RGB model with the models used in previous studies
in terms of evaluating the established linear relationship between RGB and pH. Nine types of pH papers are tested
for their potential of probing pH of ambient aerosols. In addition, the routine way of using a pH color chart to
derive the pH of samples is inspected, and the results reveal some deficiencies of this method. Therefore, we

suggest an optimized way to use pH papers for aerosol pH prediction with higher precision and accuracy.

2 Materials and Methods
2.1 pH-indicator papers

Nine types of pH-indicator papers were adopted in this study. Each type has a pH color chart that is accompanied
with the pH papers and supposed to serve as a reference to quantify the pH of a sample through colorimetric
analysis. Details about the pH paper detection ranges and the corresponded type classification used in this work
can be found in Table S1. The first two types are the same as used by Craig et al. (2018), aiming to compare our
results with those from Craig et al. and validate our colorimetric image processing method. The others have larger
pH detection ranges covering the generally observed pH range of ambient aerosols. Note that in this study, we

mainly focused on the first five types of pH papers and the remaining four types were also evaluated and compared
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with the first five types in terms of their resistance to chemical interference and potential capability to measure
the pH of ambient aerosols.

2.2 pH buffers and aerosol sample solutions

To examine the correlation between RGB and pH, eight standard pH buffer solutions were used as purchased and
meanwhile several other buffers (with different pH values as the purchased ones) were obtained by mixing the
commercial buffers with solutions of sodium hydroxide or hydrochloric acid (prepared using de-ionized water,
18.2 MQ c¢m). pH values of all the buffers were further checked by a pH bench meter (model: HI 2020-02, Hanna
Instruments Inc., USA). Prior to the check, the pH meter was calibrated with a three-point calibration mode using
the standard buffer solutions provided by Hanna Instruments Inc., USA. The measured pH values and their
standard derivations are listed in Table S2, and the measured pH values show a small deviation from those
specified on the buffer solution bottles, within the displayed uncertainties concomitant with these specified values.
Considering that some inorganic/organic components of ambient aerosols might interfere with the dyes on pH
papers and cause biased estimation of pH, salt systems with varying inorganic and/or organic acids common in
aerosols and pH levels (as measured by the pH bench meter) were employed to test the applicability of different
types of pH papers combined with our RGB model. Details about the composition of the tested salt systems can
be found in Table S3. In general, the inorganic systems were similar to those used by Craig et al. (2018). Here,
we further tested the influence of organic acids on pH paper performance by adding organic acids into the
inorganic systems. As oxalic acid (C;H,0.) and malonic acid (C3HO.) were frequently detected in tropospheric
aerosols and found to be the dominant short dicarboxylic acids in aerosol composition (Abbatt et al., 2005;
Falkovich et al., 2005), they were adopted in this study. For the solution preparation of each system, varying
amounts of 1 M inorganic/organic acids were added into 30 mM inorganic salt solution to achieve different pH
levels (Surratt et al., 2008; Craig et al., 2018). To prepare the inorganic and organic mixtures, the amount of
added organic acids was generally two times larger than the inorganic acids and the final salt concentration could
be as low as 15 mM due to the dilution effect of added acids. To prepare the solutions, all chemicals were used
as purchased: NaOH (> 99.0%, Roth, Germany), Na2SO4 (> 99.0%, Merck, Germany), NaNOs (> 99.0%, Merck,
Germany), Na;COs (> 99.5%, Sigma-Aldrich, USA), (NH.)2SO4 (> 99%, Sigma-Aldrich, USA), NH4NO; (>
98.0%, Fisher Chemical, USA), MgSO4 (> 98%, neoFroxx GmbH, Germany), H.SO, (98%, Merck, Germany),
HNOj3 (65%, Merck, Germany), HCI (37%, Merck, Germany), C2H204-2H20 (= 99%, Sigma-Aldrich, USA) and
CsH404 (99%, Sigma-Aldrich, USA).

2.3 Correlation between RGB and pH

Figure 1 shows the procedure of how to use a colorimetric analysis to obtain the correlation between RGB and
pH. First, 2 uL of liquid samples was dripped onto each piece of pH paper held by a clean transparent glass plate
(with the other side coated by a piece of graph paper). This adopted small volume (2 pL) was based on calculation
of the available amounts of liquid aerosols for aerosol sampling under a typically polluted conditions (with PM; s
mass concentration around 100 pug m) with high relative humidity (> 80%), and assuming a sampling flow rate
of several hundred liter per minute (e.g., can be achieved by a Tisch Environmental PM2 s high volume air sampler,

see https://tisch-env.com/high-volume-air-sampler/pm2.5) and a sampling time of a few (2 - 4) hours. Note that,

to further reduce the sampling flow rate and time, we identified the minimum sample volume and mass needed to
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generate a measurable color change on the suggested pH paper. The related results are shown below. Then an
image of the sample was captured by a smartphone camera (Apple iPhone 5s in this study) immediately. Similar
to Craig et al. (2018), the corresponding color chart of the used pH paper was included into each image to correct
for potential influences of variations of light source and angle during photographing. The digital images were
processed by an Adobe Photoshop software to crop a square with 100 x 100 pixels at the center of the sample (as
well as each color chip on the color chart). The RGB information of the cropped square was then obtained and
further analyzed by Matlab (The MathWorks, Inc. version R2018b).

2.4 RGB model

Considering that a color is represented by combination of R, G and B values, a linear combination of these three
primary colors should be able to reflect the characteristics of the color and therefore represent the pH related to
the color. Su et al. (2008) reported a good correlation between the linearly combined RGB and the contents of
chlorophyll a and lipid, respectively in microalgae. To further account for the effect of changing light intensity
on the obtained RGB values, each color channel should be normalized at first (Yadav et al., 2010). The

normalization can be achieved through Egns. (1) — (3) shown below:

Rnormal = R/(R+ G + B) )
Grormal = G/(R+ G + B) e
Bhormal = B/(R+ G + B) ©)]

where R, G and B are the mean value of each primary color on the entire 100 x 100 pixels image, respectively.
Note that every pixel has an RGB value vector: [R, G, B]. Then a model describing the linear combination of
RGB can be given as follows:

pHpredict = aRnormal + bGnormal + CBnormal (4)

where the linear combination aRnormal + bGnormal + CBrormar €ssentially represents the color information and here
can be treated as equivalent to the predicted pH (pHpredict) based on RGB analysis; a, b and c are the coefficients,
which can be determined by linear regression analysis through Matlab. The linear regression function is expressed
as:

Y=aX; +bX, +cX; (5)

where Y is the dependent variable vector, X1, X, and Xz are independent variable vectors. These vectors can be
achieved from a standard color chart or a series of buffer samples (with known pH values) on pH papers: Y is the
series of pH values (i.e., reference pH, pHreference) Shown on the color chart or of buffer samples (as shown in Fig.
1, the pH papers with different pH buffer solutions are collected together to form a pH series); X1, X, and Xz are
the normalized average of R, G and B respectively, based on analysis on the detected colors. As a color chart is
normally used as a reference for pH measurements using pH papers, a linear regression analysis on the color chart

can provide the coefficient vector [a, b, c] as an answer. Then the same set of coefficient vector (i.e., [a, b, c]) are
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used to predict the pH (i.e., pHpredgict) O aerosol samples using Eqn (4). Thus, with this RGB model, a linear
relationship between RGB-predicted pH (pHpredict) and reference pH (pHreference) is expected for the calibration (as
shown in Fig. 1), in order to finally predict sample aerosol pH on a pH paper.

3 Results
3.1 Validation of the new RGB model

As the RGB model (i.e., G-B vs pH?) used by Craig et al. (2018) produced good linear correlations for the two
types of pH papers that the authors adopted, we first examined the validity of this RGB model against the first
five types of pH papers used in this work. Note that here the first two types of pH papers are the ones used and
recommended by Craig et al. (2018). Figure S1 shows the relationship between average G-B and pH? derived
from the color charts of these five types of pH papers, respectively. Relatively good linear correlations can be
found for the first three types, which is consistent with Craig et al. (2018). However, non-monotonic correlations
are encountered for the last two types of pH papers, which are the ones with wider pH detection ranges (0.5 - 5.5
and 0 — 6, respectively). These results indicate a limited feasibility of the RGB model proposed by Craig et al.
(2018).

Thus, the validity of our new RGB model was further checked through the five types of pH papers. The colors
on the color chart for each type of pH paper were firstly analyzed through our RGB model and then the calculated
PHopredict Were compared with the reference pH shown on the color chart. As shown in Fig. 2a-e (the ‘color chart’

column on the left-hand side), good linearity between pHpregict and pHreference €N be observed for all these pH paper
types.

As aforementioned, besides the RGB model used by Craig et al. (2018), other models have also been adopted to
create a linear correlation between RGB and concentrations of the chemicals of interest in previous colorimetric
analyses (Su et al., 2008; Yadav et al., 2010; Wan et al., 2017; Selva Kumar et al., 2018). However, few
comparisons have been made regarding the goodness of the established linearity using these RGB models. Here
we further compared our model with the other two models (i.e., R/G vs pH and G-B vs pH?) proposed by Selva
Kumar et al. (2018) and Craig et al. (2018) respectively, in terms of evaluating their correlation coefficient, R?.
Figure S2 (the “color chart’ panel on the left-hand side) displays the R? of the established linear correlation between
PHopredict and pHreference When the three models are used for the five types of pH papers, respectively. For the color-
chart-derived linear correlation, the model G-B vs pH? presents poor goodness-of-fit for type IV and V pH papers
(consistent with the results shown in Fig. S1). The model R/G vs pH shows relatively high R? for all the pH paper
types. Nevertheless, this RGB model still underperforms our model. Overall, our RGB model could provide a

high R? (> 0.95) for all the five types of pH papers, which demonstrates the universal validity of our RGB model.

3.2 Calibration with standard buffer solutions

A good linearity, however, may not always be obtained from the color chart of some types of pH papers in some
pH ranges. For example, in the ‘color chart’” column of Fig. 2, the pHpredict present small but discernable deviations
from pHreference for types I, 111 and 1V pH papers. And the type V pH paper shows even larger differences at both
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ends of the pH range. Similar phenomenon was also observed in the study of Craig et al. (2018) with their RGB
model, where they argued that the pH paper dye became less effective at the limits of the pH paper range, due to
the pKa values of the dye were normally at the middle of the pH range. But it may also originate from some color
bias due to the differences between the experiment conditions and the ones under which the color chart is made
by the producer.

Thus, following the same procedure as for the color chart (see Fig. 1), pH papers with samples of a series of 2 pL
standard buffer droplets were also measured. The pH values of the standard buffers were known beforehand and
further checked with a pH meter (also denoted as ‘pHreference’, S€€ Table S2). Figures 2f-j (the ‘2 pL buffer’ column
on the right-hand side) show the comparison between pHpregict and pHreference for the samples of 2 pL buffers. Much
better linearity between pHpredict and pHreference caN be observed for all the five types of pH papers. Especially, the
significant deviation of pHpredict from pHreference found in the left panel (the ‘color chart” column) disappear for the
type | and V pH papers. This means that the deviations at the edge of the pH range in the color-chart-derived
calibration curves are mainly due to the color bias of the color chart itself or caused during photographing.

Actually, even small deviations found in the color-chart-derived calibration curves (the ‘color chart’ column in
Fig. 2) may lead to significant or non-negligible errors in measuring aerosol pH. We conducted a case study using
the type 1V pH paper combined with our RGB model to predict the pH of buffer samples by using the color-chart-
derived coefficient vector [a, b, c], i.e., the color-chart-calibration method (Fig. 2d). The blue symbols in Fig. S3
represent PHpredict Versus pHreference OF the standard buffer samples. Systematical underestimation of pHpredict can
be found at the lower pHyeference Values (i.e., pHreference = 1, 1.68 and 2) but a slight overestimation is observed at
PHreference = 5. This significant discrepancy may be attributed to the mismatch between the reference colors on the
color chart and the real colors of the samples, due to the differences between our experiment conditions and the
ones under which the color chart is made by the producer. This gives us a hint that the coefficient vector derived
from the color chart is not suitable for predicting the pH of aerosol samples.

For the established linear relationship using 2 pL standard buffers, the performances of different RGB models
were further compared and the results are shown in Fig. S2 (the ‘2 pL buffer’ panel on the right-hand side). Our
RGB model still outperforms the other two models for all the five types of pH papers employed in this work.
Overall, the good agreement between pHpregict and pHreference for all these tested pH papers verifies the wide
applicability of our RGB model to the pH paper calibration using standard buffers. In the following section, we

will examine the quality of predicting samples pH with the standard-buffer-calibration method.

3.3 pH estimation for aerosol surrogates ((NH4)2SO4-H2SOa) with the type IV and V pH papers

In order to test the feasibility of pH papers with larger pH detection ranges for pH prediction of aerosols, we
further used the type 1V and V pH papers to estimate the pH of lab-prepared aerosol surrogates ((NH4)2SO4 -
H>S04). To minimize the effect of varying photographing conditions (e.g., angle, light variation) on the colors of
the captured image, experiments were carried out in a cupboard with a constant light source. In addition, the pH
paper samples as well as the smartphone were fixed on a small glass plate and a metal holder respectively, to keep

their position unchanged throughout the experiment. Note that applying the standard-buffer-derived coefficients
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(Fig. 2i and 2j) for pH prediction of samples required the same constant light source conditions for sample imaging
processes as for standard buffers.

PHpredict VErsus pHreference for the samples on the type 1V pH paper are shown in Fig. S4. Generally, the pHpredict by
the type IV pH paper are comparable with the pHreference at a lower pH range (i.e. pHreference = 0.46, 1.52 and 3.0).
However, an obvious outlier with 1.5 unit of overestimation in pHpredgict can be found at pHrererence around 4 (outlier
highlighted by the arrow in Fig. S4). This overestimation was proved to be reproducible by our six replicate
experiments and it was even found for samples of diluted H.SO4 solutions with reference pH around 4 on the type
IV pH paper. Such overestimation may be due to the chemical interferences caused by the samples or the low
buffering levels of the samples. Thus, the type IV pH paper is not recommended for future pH measurements of
aerosols. However, it may still work well for the other sample types, such as found for our self-prepared phosphate
buffers (Fig. S4). On the other hand, the type V pH paper shows decent agreements between pHpregict and pHreference
within the examined pH range, as shown in Fig. 3a. Moreover, the pHpredict are also compared with the results by
Craig et al. (2018). The orange and blue bars in Fig. 3a represent the measured pH ranges for the lab-generated
(NH4)2S04 - H2SO4 aerosols with particle sizes larger than 2.5 um using pH papers (the same as the type | and 11
pH papers used here) and Raman spectroscopy, respectively.

4 Discussion
4.1 Chemical interference

As aforementioned, aerosol samples with different compositions may have interferences on the indicating color
of a pH paper and thereby cause its poor performance for aerosol pH prediction, e.g., the overestimation of pH of
aerosol surrogates ((NH4)2S04-H2S04) with the Type IV pH paper. To test the capability of chemical resistance
of the Type V pH paper, we further tested its performance of predicting the pH of lab-prepared aerosol surrogates

with varying inorganic/organic compositions commonly exist in ambient aerosols.

Figure 4 displays pHopredict VErsus pHreterence fOr our lab-prepared samples under different pH levels using the Type
V pH paper. As shown in Fig. 4a, systematic divergences between pHpredict and pHreference (i.€., Overestimation of
PHopredict When pHieference iS in the range of 2.5 — 3.5 whereas underestimation of pHpredicc When pHreference > ~ 4.5)
can be found for these tested inorganic systems. Interestingly these mismatches disappear when the organic acids
are introduced into these inorganic systems (Fig. 4b), and also for the cases when the inorganic acids are replaced
by organic acids (Fig. S5). In Fig.4b, this good agreement for pHpredgict Versus pHreference is 0bserved not only for
systems containing oxalic acid (C2H20a4, solid markers) but also for those having malonic acid (CsH4Os, hollow
markers) with an average deviation (0f pHpregict from pHreference) < 0.5 unit. The fact that the existence of organic
acids significantly improves the quality of pHpresicc may be attributed to the enhanced buffering levels of the
samples (Fillion et al., 1999; Li et al., 2016). Actually, good agreement between pHpredict and pHreference is found
for both the inorganic and organic phosphate systems (Fig. S6) based on our further tests, which is probably due
to the high buffering levels of these systems maintained by the phosphate itself (Hourant, 2004). Nevertheless,
the solvent effect of the added organics on acid dissociation equilibria may also play a role (Padro et al., 2012).

The detailed mechanisms may need to be explored in future studies. Given the large contribution of organics
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(Jimenez et al., 2009) and the well-known dominance of both organic acids (i.e., oxalic acid and malonic acid) in
ambient aerosols (Abbatt et al., 2005; Falkovich et al., 2005), the potential interferences found for the inorganic
systems can be expected to become vanished when organics are concomitant under ambient conditions.
Additionally, the interference check was also performed for the other pH paper types (type Il and VI-IX) that
have larger pH detection ranges. Similar to the type 1V pH paper, significant deviations of pHpredict from pHreference

(> 1.5 unit) were observed for these types (see Sl text and Fig. S7).

4.2 ldentification of the needed minimum sample amount for the type V pH paper

The pH of ambient aerosols can be changing due to the varying atmospheric composition (e.g., some important
trace gases like SO2, NO;, NH3 and organic acids) and physical characteristics (e.g., ambient relative humidity
and temperature). Thus, reflecting the temporal evolution of aerosol pH requires a pH measurement method with
a high time resolution. As aforementioned, to collect 2 uL of liquid aerosol samples, a sampling time of 2 — 4
hours is needed even using a high-volume air sampler with a sampling flow rate of several hundred liter per minute.
Here, in order to have a higher time resolution and/or a lower sampling flow rate, we further identified the
minimum sample volume needed to generate a measurable color change on the type V pH paper. Figure 3b shows
the results for 0.1uL of lab-prepared aerosol samples. Similar to the RGB analysis procedure used for the 2 pL
samples (e.g., in Fig. 3a), the pHpredict in Fig. 3b are calculated with the averaged coefficient vector [a, b, c] derived
from three replicate calibration experiments with 0.1 pL standard buffers (Fig. S8). Generally, pHpredict agrees
well with pHreference, With biases (averaged pHpredict VErsus pHreference) Within 0.5 unit. Note that to avoid fast water
exchange between the lab air and our samples (aerosols/buffers) as well as potential interfering effects
(absorption/reaction) caused by the lab air, the 0.1 pL samples were transferred (through a pipette) directly onto
the pH paper surface and each sample was immediately photographed (< ~ 3 seconds) after it got contact with the
pH paper dye. Due to this extremely small sample volume, the influence of lab air on sample pH could become
prominent because a significant sample color change was frequently observed after the sample was exposed to

the lab air for > ~ 5 seconds.

These results confirm the feasibility of the type V pH paper as well as our RGB model for pH estimation of the
liquid aerosol samples with a volume even down to 0.1 pL. This tiny volume corresponds to a sample mass of ~
180 pg assuming an effective density of 1.8 g cm™ for ambient aerosols (Sarangi et al., 2016; Geller et al., 2006),
which is comparably low to the needed minimum particulate masses in Craig et al. (2018), i.e.,, ~65 pg to ~ 2.5
mg for PM_s or larger particles with pH from 0 — 2.5 to 2.5 - 4. According to our calculation, under typically
polluted conditions (with PM,s mass concentration around 100 pg m) with high relative humidity (> 80%) to
collect aerosol samples with this even smaller mass/volume can be achieved by an air sampler with a sampling
flow rate of ~ 22 liter per minute and with a sampling time of ~ 1 hour. Alternatively, the sample time can be
further reduced to less than 1 hour (e.g., 0.5 hour) by adopting an air sampler with a relatively higher sampling
flow rate (e.g., ~ 45 liter per minute). The needed low sampling mass and the large pH detection range of the type
V pH paper highlight its potential for future development of real-time aerosol pH measurements. Moreover,
instead of using a color chart to calibrate pH papers for each sample (Craig et al., 2018), our results demonstrate
that the in-situ calibration method of using standard buffers (independent of different samples) can derive an

averaged coefficient vector [a, b, c] which can be uniformly applied to pH prediction of different samples provided
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the photographing conditions are kept constant. This unique feature further facilitates the application of the type
V pH paper under ambient cases.

5 Conclusions

We proposed a new model to establish the correlation between the color of samples on pH-indicator papers and
their measured pH. The model was based on RGB analysis of the images of samples. Comparison of our model
and another two RGB models verified the high reliability of our model. Using our RGB model, good agreement
between the model-predicted pH (pHpredict) and reference pH (pHreference) for pH paper color charts as well as
standard buffers were observed for all the tested types of pH papers. Different types of pH papers with larger pH
detection ranges were further examined for their performance to predict the pH of lab-prepared aerosol samples
with varying inorganic/organic compositions common in ambient aerosols. The results suggest that only the type
V pH paper (with a pH range of ~ 0 - 6) deserves practical applications for pH measurements of ambient aerosols.
The minimum liquid sample mass/volume needed for the type V pH paper is identified as ~ 180 pg/0.1 L, which
means that this type of pH paper can be applied to collect ambient aerosols with a high time resolution (e.g., < 1
hour). Whereas the other types may suffer from some chemical interferences during pH measurements and
therefore can generate large biases for the measured pH of aerosols. The routine procedure of using pH papers to
estimate a sample pH was also examined in a case study using the type IV pH paper. The results show that
referring to the color chart for pH estimation (i.e. the color-chart-calibration method) may cause a bias of the
predicted pH. To use the pH papers in a more proper way, here we further demonstrated that the in-situ calibration
method of using standard buffers (independent of different samples) could derive an averaged coefficient vector
[a, b, c], which can be uniformly applied to pH prediction of different samples provided the photographing

conditions are kept constant.
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576
577 Figure 2: Predicted pH (pHpredict) using our RGB model versus the reference pH shown on the color chart and the pH-meter-
578 probed-pH of the buffer samples (all denoted as pHreference) respectively, for the five different pH papers: (a) and (f) Type I: 0
579 — 2.5, (b) and (g) Type Il: 2.5 - 4.5, (c) and (h) Type I11: 4.0 - 7.0, (d) and (i) Type IV:0.5-5.5and (e) and (j) Type V:0—
580 6.0. Blue symbols denote the established relationship based on color charts only. Red symbols represent the results for 2 uL
581 of buffer droplets on pH papers. The error bars represent the standard deviation of five to six replicate experiments. Note that
582 the error bars in most of the panels are smaller than the symbols.
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597 Figure 3: pH estimation using the type V pH paper for samples with different volumes: (a) 2 puL and (b) 0.1 pL. pHpredict are
598 calculated with the averaged coefficient vector [a, b, c] derived from three to six replicate experiments with the same amounts
599 of standard buffers as of the samples under constant photographing conditions. The error bars represent the standard deviation
600 of three to six replicate experiments. In (a), the heights of the orange and blue bars indicate the reported pH ranges measured
601 with pH papers and Raman spectroscopy respectively, for (NH4)2SO04 - H2SO4 aerosols with particle sizes larger than 2.5 um
602 in Craig et al. (2018). Each orange or blue bar has the same pHreference as of the red symbol close to it. In (b), for processing the
603 digital images of the 0.1 pL samples, a square with 20 x 20 pixels at the center of the samples is cropped for subsequent
604 colorimetric analyses.
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612 Figure 4: pH estimation using the type V pH paper for salt systems with only inorganic acids (a) and both inorganic and
613 organic acids (b). pHpredict are calculated with the averaged coefficient vector [a, b, c] derived from three replicate calibration
614 experiments with standard buffers and under constant photographing conditions. The error bars represent the standard
615 deviation of three to four replicate experiments. The dotted line in (a) is used to guide the eye.
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