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Abstract

Due to US regulations, concentrations of hygroscopic inorganic sulfate and nitrate have declined
in recent years, leading to an increased importance in the hygroscopic nature of organic matter
(OM). The hygroscopicity of OM is poorly characterized because only a fraction of the multitude
of organic compounds in the atmosphere are readily measured and there is limited information on
their hygroscopic behaviours. Hygroscopicity of aerosol is traditionally measured using
Humidified Tandem Differential Mobility Analyzer (HTDMA) or Electrodynamic Balance
(EDB). EDB measures water uptake by a single particle. For ambient and chamber studies,
HTDMA measurements provide water uptake and particle size information but not chemical
composition. To fill in this information gap, we have developed a novel methodology to assess the
water uptake by particles collected on Teflon filters. This method uses the same filter sample for
both hygroscopicity measurements and chemical characterization, thereby providing an
opportunity to link the measured hygroscopicity with ambient particle composition. To test the
method, hygroscopic measurements were conducted in the laboratory for ammonium sulfate,
sodium chloride, glucose, and malonic acid, which were collected on 25mm Teflon filters using
an aerosol generator and sampler. Constant humidity solutions (CHS), including potassium
chloride, barium chloride dihydrate, and potassium sulfate, were employed in the saturated form
to maintain the relative humidity (RH) at approximately 84%, 90%, and 97% in small chambers.
Our preliminary experiments revealed that, without the pouch, water uptake measurements were
not feasible due to rapid water loss during weighing. Additionally, we observed some absorption
by the aluminum pouch itself. To account for this, concurrent measurements were conducted for
both the loaded and blank filters at each RH level. Thus, the dry loaded and blank Teflon filters
were placed in aluminum pouches with one side open and placed in RH-controlled chambers for
more than 24 hours. The wet-loaded samples and wet blanks were then weighed using an
ultramicrobalance to determine the water uptake by the respective compound and the blank Teflon
filter. The net amount of water absorbed by each compound was calculated by subtracting the
water uptake of the blank filter from that of the wet-loaded filter. Hygroscopic parameters,
including the water-to-solute (W/S) ratio, molality, mass fraction solute (mfs), and growth factors
(GF), were calculated from the measurements. The results obtained are consistent with those
reported by the E-AIM model and previous studies utilizing HTDMA and EDB for these

compounds, highlighting the accuracy of this new methodology. This new approach enables the

2



57
58
59

60

61

62

63
64
65
66
67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

hygroscopicity and chemical composition of individual filter samples to be assessed so that in
complex mixtures such as chamber and ambient samples, the total water uptake can be parsed

between the inorganic and organic components of the aerosol.

Keywords: Hygroscopicity, Organic Aerosol, Teflon Filters, Constant Humidity Solutions

Highlights
e This is the first study to assess the hygroscopicity of particles collected on Teflon filters at
near-saturation levels using constant humidity solutions.
e This study’s methodology can evaluate water uptake at RH levels as high as ~97%.

e This methodology enables the investigation of composition-dependent hygroscopicity of

particles.
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1. Introduction

Atmospheric particles significantly degrade air quality by reducing visibility and posing health
risks to humans (Gupta et al., 2022; Kaur Kohli et al., 2023; Qu et al., 2020). Additionally, they
function as cloud condensation nuclei (CCN) or ice-nucleating particles (INPs), profoundly
influencing cloud properties and consequently exerting a significant effect on Earth's radiation
budget (Haseeb et al., 2024; Lee et al., 2008; Li et al., 2022; Mikhailov et al., 2021; Nadler et al.,
2019; Reich et al., 2023; Sjogren et al., 2007; Wang et al., 2021; Zieger et al., 2017). Atmospheric
aerosol consists of both organic and inorganic compounds with varying physicochemical
properties, which further determine the CCN activity, reactivity, deposition, and optical properties
(Padré et al., 2012; Wang et al.,, 2010). Historically, the hygroscopic (water-attracting)
characteristics of CCN were primarily influenced by inorganic compounds such as nitrates,
sulfates, and chlorides. However, with the implementation of emissions controls that have
successfully reduced nitrogen and sulfur oxide emissions, the organic fraction of aerosol is
assuming a more prominent role. Additionally, the organic fraction is considerably more complex
than its inorganic counterpart, comprising thousands of individual compounds originating from
diverse sources and reaction pathways, each possessing distinct physical and chemical properties
(Boris et al., 2019; Jathar et al., 2016). This complexity often poses challenges to establishing a

clear correlation between the organic fraction and hygroscopicity (Han et al., 2022).

The hygroscopicity of particles, which refers to their ability to absorb water, depends on both size
and chemical composition (Luo et al., 2020; Zieger et al., 2017). The water activity of atmospheric
particles, particularly the affinity of various solutes for water, plays a crucial role in governing
several important factors. These include the “total mass concentration of airborne particles, their
acidity, the extent of light scattering, their rates of aqueous phase chemical reactions, and their
ability to act as cloud condensation nuclei (CCN)” (Saxena et al., 1995). To characterize these
attributes of airborne particles, it is necessary to know the amount of water uptake as a function of

particle composition and relative humidity (RH) (Saxena et al., 1995).

Various thermodynamic models are available for estimating hygroscopicity, including,
ISORROPIA (Nenes et al., 1998), Aerosol Inorganic-Organic Mixtures Functional groups Activity
Coefficients (AIOMFAC) (Zuend et al., 2010), Extended Aerosol Inorganic Model (E-AIM)
(Clegg et al., 1998), Universal Quasi-Chemical Functional group Activity Coefficients (UNIFAC)

4
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model (Fredenslund et al., 1975), and the University of Manchester System Properties
(UManSysProp) (Topping et al., 2016). For the organics, they utilize group contribution methods
to estimate the water activity of ambient species relevant to the atmosphere (Han et al., 2022).
However, these models require further experimental data to validate them and refine their

predictions (Han et al., 2022).

Various techniques exist to measure the hygroscopic growth of aerosol particles. These include
methods such as the Humidifier Tandem Differential Mobility Analyzer (HTDMA),
Electrodynamic Balance (EDB), Differential Aerosol Sizing and Hygroscopicity Probe (DASH-
SP), and direct mass measurements of water uptake by particles collected on aerosol filters. These
techniques have been extensively reviewed in previous studies by Kreidenweis & Asa-Awuku
(2014) and Tang et al. (2019). Among these, the most employed methods are the HTDMA
(Boreddy et al., 2014; Laskina et al., 2015; Mikhailov et al., 2021) and EDB (Chan et al., 1992,
2000; Cohen et al., 1987; Kohli et al., 2023; Peng et al., 2001; Steimer et al., 2015; Tang &
Munkelwitz, 1991). EDB measures the change in mass of individual charged particles of known
composition, which are levitated in a gaseous atmosphere by means of an electric field created by
imposing voltages on the electrodes (Cohen et al., 1987; Kohli et al., 2023). When the mass of a
levitating particle undergoes evaporation or condensation due to a change in RH, it becomes
proportional to the DC voltage required to balance the particle in a stationary position. The
particle's mass fraction of the solute (mfs) can then be determined by measuring the particle's
balancing voltage with that of a reference state of known composition (Peng et al., 2001).
However, EDB is limited to analyzing single particles and is not suitable for studying the water
uptake of ambient samples. HTDMA measures the change in particle size distribution in response
to varying humidity levels and can be used to measure ambient aerosol. By exposing aerosol
particles to controlled humidity levels and measuring their sizes before and after exposure,
HTDMA assesses the extent of hygroscopic growth as a function of particle size. This method
measures the change in the diameter of the particles, from which parameters such as mfs and solute
molality are estimated. However, this method faces challenges in measuring RH conditions
exceeding 90% (Marsh et al., 2019), an RH regime that can lead to very high water uptake and is
not applicable for measuring the hygroscopicity of particles collected on aerosol filters. An
alternative to HTDMA is the DASH-SP, which can measure hygroscopic growth at RH levels as

high as 95% and perform rapid, size-resolved measurements of subsaturated particle
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hygroscopicity (Shingler et al., 2016; Sorooshian et al., 2008). However, DASH-SP is impractical

for measuring the hygroscopicity of particles collected on filters.

Quartz crystal microbalances (QCMs) offer a direct method for measuring water uptake by aerosol
particles collected on filters. These instruments utilize the Sauerbrey equation to quantify mass-
based hygroscopic behavior of particulate matter (Tang et al., 2019 and reference therein). Jose et
al. (2024) demonstrated the application of QCM technology to measure hygroscopic growth of
size-resolved aerosol particles on Teflon filters at RH levels up to 93%. The experimental protocol
involved transferring collected particles to the QCM sensor via direct contact by placing the filter
onto the sensor and gently pressing it with a cotton piece. However, the Sauerbrey equation's
accuracy may be compromised when the deposited film lacks rigidity or exhibits poor surface
coupling, potentially introducing systematic errors in hygroscopic property estimations (Tang et
al., 2019). Alternative methodologies, including physisorption and katharometer analyzers, have
been employed to quantify water vapor concentration changes resulting from particle-water
interactions on aerosol filters (Ma et al., 2010; Mikhailov et al., 2011). However, physisorption
analyzers typically necessitate substantial sample masses (=1 mg), which limits their applicability
in atmospheric aerosol studies (Gu et al., 2017). Moreover, both physisorption and katharometer
techniques are characterized by extended experimental durations, often spanning several days (Gu
et al., 2017; Mikhailov et al., 2020). The precision of katharometer methods in quantifying water
adsorption within nanoscale layers remains a subject of ongoing investigation (Tang et al., 2019),

highlighting the need for further refinement of these analytical techniques.

Analytical balances have been employed to measure the mass change of particles collected on
aerosol filters due to water uptake under controlled conditions. For instance, Mclnnes et al. (1996)
used a semi-dynamic method to measure the water uptake of particles collected on Millipore
Fluoropore filters, with the microbalance housed in a chamber controlled for humidity and
temperature. They maintained a 33% RH using a saturated solution of MgCl.:6H20, with the
lowest RH achieved via nitrogen cylinders. The aerosol water uptake at 33% RH was calculated
as the difference in mass between higher and lower RH conditions. However, most organic and
inorganic compounds do not take up significant water at 33% RH. Similarly, Hitzenberger et al.
(1997) employed a semi-dynamic method to measure aerosol particles collected on aluminum

foils, maintaining RH levels between 45% and 95% using varying concentrations of CaCl
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solutions in a housed chamber. Nevertheless, actual humidities inside the chamber were lower than
the water activities of the CaCl, solution, due to a narrow chamber opening, resulting in differing
growth patterns for two samples collected at the same location and time of the year (Hitzenberger
et al. 1997). Housing microbalances in chambers with high humidity (>80% RH) is also
problematic, as the high moisture can corrode electronic components, affecting measurement
accuracy and stability. However, many atmospheric aerosols, especially those with deliquescence
relative humidities (DRH) greater than 80%, undergo rapid water uptake at RH >95%
(Kreidenweis & Asa-Awuku, 2014). Therefore, there is a need to develop robust laboratory
techniques capable of measuring composition-dependent water uptake of aerosols collected on

Teflon filters under near-saturated conditions.

This study's objective is to devise a methodology for assessing the water uptake of organic and
inorganic aerosol in samples with known chemical composition. Samples collected on Teflon filter
are commonly used for gravimetric and chemical analysis, and we developed a method to measure
water uptake on the same filter enabling correlation chemical composition with hygroscopicity.
Our aim is to accurately estimate water adsorption by solute molecules that commonly act as cloud
condensation nuclei (CCN), which include atmospheric relevant inorganics such as ammonium
sulfate and sodium chloride, as well as organics such as glucose, a sugar, and malonic acid, a
dicarboxylic acid. We compare the results obtained to data from the literature to gain insights into
the accuracy of the methodology developed. The novelty of this research lies in the development
of method to determine the hygroscopicity of aerosol filter samples so that the chemical
composition can be measured and to measure at high relative humidity, exceeding 90%, which is
relevant to CCN and where most organic and inorganic compounds absorb considerable amounts
of water. In addition, unlike HTDMA measurements, there is no need to account for shape factor
of'a compound, as this method directly measures the mass of water uptake by the particles collected

on the Teflon filters.
2. Experimental observations

2.1. Relative Humidity Controlled Chamber
The initial step in developing this methodology involves maintaining RH throughout the
entire water uptake measurement process. Constant humidity solutions (CHS) (Lide, 2004) offer

a means to sustain specified RH levels within sealed chambers. In this study, our aim was to
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measure the water uptake of both organic and inorganic compounds across a range of high RH
levels above 80%. Potassium chloride, barium chloride dihydrate, and potassium sulfate were
selected for their capacity to maintain RH levels of approximately 84%, 90%, and 97%,
respectively, in their saturated form. Prior to conducting the actual water uptake measurements,
we placed these saturated solutions in 10-inch plastic and glass chambers for 24 hours to assess
their practical efficacy. In addition, a real-time RH and temperature sensor (Rotronic HL-1D, with
an accuracy of +3.0% RH and +0.3°C) was placed inside the chambers. In the glass chambers, the
RH reached the desired RH levels, but not so in the plastic chambers, likely due to the absorption
by the plastic itself (Fig. 1). Wexler and Hasegawa (1954) specifically noted that chambers should
be made of non-hygroscopic materials, preferably metal or glass, as otherwise, the time required
to achieve RH equilibrium could be substantial, sometimes spanning days or weeks. Similar
observations were made in our study.

Next, we used 4, 6, and 10-inch diameter glass chambers, to examine the consistency of
RH levels across different chamber sizes. As expected, all these chambers reached their optimal
RH depending on the saturated solutions used but there was a difference in time to equilibration.
For instance, the initial time taken to reach the desired RH of ~97% (saturated K2SO4) for a 10-
inch chamber was slightly longer compared to 4- and 6-inch chambers (Fig. 1). Based on these
observations, it is evident that RH equilibrium is influenced by the presence of hygroscopic
materials, and the ratio of the solution’s free surface area to the chamber volume. These findings
affirm the appropriateness of CHS for conducting water uptake measurements using glass

chambers of any size and that smaller sizes equilibrate more quickly.
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Figure 1. RH over 24-hours in the plastic (10-inch) and glass (4, 6, and 10-inch) chamber
with saturated K>SOy solution

2.1.1. Determining the RH (aw) for the CHS

In the CRC Handbook (volume 85), Lide (2004) provided integer RH values for CHS at
25°C. However, even a small variation in RH could substantially affect water uptake, particularly
at higher RH levels, where the water uptake change per change in RH is very steep. The average
temperature during these experiments ranged from 17.9°C to 21.6°C. To evaluate the effect of
temperature variation on RH, the water activity over this range was calculated for each compound
used to create CHS. The water activity is ~0.843 for saturated KCl and ~0.975 for saturated K»SOs4,
with no significant variation within the temperature range, according to Eq. (1) provided by
(Wexler and Seinfeld, 1991),

aw@ _ My . Lsl 1
lnaW(TO) 1000 ' R(T To) (1)

where a,, (T) is the water activity at temperature (T), a,, (T) is the water activity at temperature
(To, 298.15K), My, is the molecular weight of water (18.01528 g/mol), ms is the saturated molality
of the compound used as CHS, R is the universal gas constant (8.314 kJ/kmol-K) and L is the

latent heat of fusion for the salt from a saturated solution; it equals the difference between the
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standard heat of formation of the crystalline solid phase (AHy ) and (AHy 44), the standard heat of

formation of the species in the aqueous solution at saturation molality. For a,, (T,), the values are
0.8426 for KCl and 0.975097 for K»SO4 ((Kim and Seinfeld, 1995). The average saturated molality
(ms, in mol/kg) is 4.604 for KCI (Shearman & Menzis, 1937) and 0.636 for K>SO4 (Krumgalz,
2018). The latent heat of fusion (Ls, in kJ/mol) is -15.287 for KCl and -23.77 for K>SO ((Kim and
Seinfeld, 1995).

The water activity for saturated BaCl>.2H,O was determined by extrapolating the water activities
provided by (Wang et al., 2013) at temperatures of 5, 15, 25, and 35°C (See Fig. S1). The average
aw for saturated BaCl,.2H>0 during these experiments was ~0.908, ranging from 0.906 to 0.911
and for each experiment the variability in RH due to temperature fluctuations in the lab was

negligible (less than 0.25%).

2.2. Laboratory sample collection

The laboratory particulate samples were produced utilizing a home-built aerosol generator
and sampler, which consists of an atomizer (Aerosol generator 3076, TSI Inc., USA), a custom-
built diffusion dryer, and an Interagency Monitoring of Protected Visual Environments
(IMPROVE; https://vista.cira.colostate.edu/Improve/improve-program/) aerosol sampler operated
at 22.8 L/min (Ruthenburg et al., 2014; Solomon et al., 2014). The aerosol generator and sampler
was used to generate and collect the known mass of each target compound onto 25 mm Teflon
filters (MTL, USA). De-ionized water (~18.2 MQ purity) was used to make solutions of each
compound, for collecting blank filter samples in the aerosol generator and sampler system and to
flush the system. Pure filtered air and chemical solutions were delivered to the atomizer to generate
aerosol particles. Before collecting each compound, a 30-minute pre-flush with water was
conducted to eliminate any residual material from the previous sample collection run.
Subsequently, a water blank was collected onto the Teflon filter to identify any remaining
contamination from prior samples. If contamination was identified, further cleaning was
performed. Following this, each compound was collected on a Teflon filter using an IMPROVE
aerosol sampler with sufficient mass (more than 50 pg, based on observations of sodium chloride’s
water uptake, as discussed in section 3.3) to produce measurable water uptake in the sample above
its deliquescence RH (Table 1). After completing these steps, the aerosol generator and sampler

underwent a 30-minute water flush to remove any deposited compounds, ensuring they were
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contamination-free for subsequent runs. Following sample collection on the aerosol generator and
sampler and prior to post-weighing, the collected samples were placed in a dry desiccator for a
minimum of 24 hours to remove any residual water. Pre-weights and post-weights of filters were
recorded at least thrice on three separate days using a high-precision ultra-microbalance with a
readability of 0.1 pg (model XP2U, Mettler—Toledo, USA) before and after sample collection. The

difference in the post-weight and pre-weight gives the amount of compound collected on the filter.

Table 1. List of compounds collected using aerosol generator and sampler for water uptake

measurements
Chemical Molecular Densit Deliquescence
Compound Formula Weight (¢/mol) ( /cc)y Relative Humidity
Ammonium Sulfate ~ (NH4)2(SO4) 132.14 1.77 78 — 82
Sodium Chloride NacCl 58.44 2.16 73 =77
D-Glucose CsH12056 180.156 1.56 90°
Malonic Acid C3H404 104.0615 1.619 65—76

3Peng et al., 2022; "Mochida & Kawamura (2004)

2.3. Water Uptake Measurements

After post-weighing, the dry particle-loaded filters (DS, post weighed filters with dry
particles) were placed in sealed chambers at RHs of 84.3%, 90.8%, and 97.5%, and allowed to
equilibrate for more than 24 hours. Subsequently, they were weighed to measure the water uptake
by the solutes present on the filters. However, the weighing process did not proceed as expected;
the filter weights were unstable on the balance, gradually decreasing until they reached their initial
dry particle load weight (Fig. 2(a)). This indicated that the water taken up by compounds on the
filter was evaporating during the weighing process, making it impossible to measure the water
uptake at the chamber RH. Thus, there was a need for containment to prevent water loss during

weighing.

2.3.1. How can we minimize water loss?

11
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To limit water loss during the wet weighing of the filter, different types of pouches were
used to contain the filter and lock in the humidity, including plastic and antistatic zip lock bags.
However, these proved to be ineffective due to electrostatic interference during weighing and
hygroscopicity of the pouch material. Consequently, aluminum foil pouches were tested. Pouches
(approximately 5 cm % 3 cm % 1 cm) were fabricated from these foils, with three sides sealed. The

weights of these pouches were quite stable; therefore, they were tested further for possible use in

the water uptake measurements.

(a

~

97.40 200
= q o Weight of the filter without pouch
o
E, 97.20 o O Mass of water lost
< o
g 150
S 9700 | O B
g 00| 0% S
s :
T oss0 | ° 100 &
= ]
o 96.60 %o =
£ [e] ° 5 2
s o’y g
it o =
= 9640 oo
ol 800006000
2 Oop .9 00000000000000000000¢
96.20 90 00nnaanccnconocncona oo 0
0 5 10 15 20
Time (minutes)
(B 46385 10
— 0 Weight of the filter with pouch
E« ® 0 Mass of water lost
S 46380 Trg0g 8
5’ op )
= 002, Z
= ) -
T 46375 000 By, © © ° o o ol ¢ E
- o obD Pe) z
2 ooo o] (o] =
= %0 0 0 o o° z
oo =
% 463.70 bbb' o o OO o o 4 %
o O o 4
=) Obo &
= ¥ =-0.01x + 463.81 o =
B0 463.65 R2=10.9961 Og 2
Y o
= %o,
0
=7 )
463.60 0
0 5 10 15 20

Time (minutes)

Figure 2. Weight of the filter and mass of water lost while weighing glucose at 97.5% RH: (a)
without a pouch and (b) with a pouch. The dashed line represents the linear extrapolation of the
observed filter weights to determine the actual wet filter weight (solid black circle) at the time
the sample was taken from the chamber.
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A dry particle-loaded filter was placed in a pouch and then placed in the chambers at the
specified RH for more than 24 hours, with the fourth side open to allow water vapor in the air to
interact with the particles on the filter. After equilibration and upon opening the chamber lid, the
pouches were sealed immediately, and the time was recorded. Subsequently, the samples were
transferred to the balance, and gravimetric readings were taken. The weight of the wet loaded
sample (WSP, mass of the pouch with solute sample at measured RH) was recorded every 30
seconds for 20 minutes (Fig 2b) to investigate how the wet weight of the filter with the pouch
varied compared to that of the wet loaded filter without a pouch. The time taken for the sample

transfer from the chamber to the first weight was also recorded.

Using a pouch to contain water loss while weighing proved to be effective. We observed a
small, slow decrease that achieved steady-state (noisy due to being close to the uncertainty of the
balance) after about 10 minutes in the wet weight of particulate filter with the pouch (fig 2(b)),
compared to the large, rapid decrease without the pouch (fig. 2(a)). The initial increase in mass,
followed by a linear decline required that the data be extrapolated from the linear region back to
time zero to accurately determine the net water uptake by the solute on the filter (fig. 2(b), dotted
line). These observations clearly suggest that the water loss from the filter can be nearly contained
by using the pouch. Gold-coated aluminum foils were also tested and functioned similarly to
regular aluminum foil (Fig. S2). Gold-coated foils were used in subsequent experiments because

they come in separate sheets, making them easier to handle than rolled aluminum foil.
2.3.2. Why does the pouch weight initially increase and then decrease?

The initial weight gain of the pouch was perplexing, so we investigated by collecting wet
weight of a pouch with a filter and pouch without a filter (Figure 3) every 30 seconds for over 20
minutes. The same interval and duration of weighing were applied for all filters and tests unless
stated otherwise. This procedure was repeated for five days. The weight increase in the initial
minutes of weighing was calculated using the measured data shown in Figure 3 and compared it
to the calculated change in air mass between wet and dry air using the psychometric data to

determine if dry air intrusion into the pouch was the cause of the weight gain.
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Figure 3. Variation in the weight of the pouch with a Teflon filter over time starting when the
pouch is removed from the chamber (RH = 97.5%) and placed on the balance.
2.3.2.1. Measurements
The observed variation in the weight of the pouch (with a filter) over time during the
transition from measured RHs to the weighing balance, set at room RH, is depicted in Fig. 3.
Across all days and with or without a filter, the weight variation followed a similar pattern,

increasing for the first few minutes and then stabilizing.

The change in air mass for each day was determined by calculating the weight difference
between the initial time and the point at which the weighing reached a near-constant, as illustrated
in Eq. (2).

m; =m - mg 2

where, m, is the weight of pouch at time ‘z’ where it becomes constant, and m, is the weight of

pouch at zero time.

The average (£SD) increases in mass from zero time to the point where the pouch (with a
filter) weight became relatively constant for 84.3%, 90.8%, and 97.5% RHs was 95 (£9) ug, 98
(£56) ng, and 97 (£34) ng, respectively.
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2.3.2.2. Theoretical calculations using the Psychometric Chart
The measured mass change was then compared to the calculated change in the mass of air
from the chamber RHs to room RH from the specific volume (SV) using the psychometric chart

(PC) (source: https://daytonashrae.org/psychrometrics/psychrometrics_si.html#start) at the known

values of temperature and RHs. The assumption was made that the air inside the pouch was
exchanged for room air within a few minutes. During this time, an increase in weight would be
observed due to the displacement of less dense air (i.e. 97.5% RH) with denser air (~45% RH).
The obtained SV from the PC was then inverted to determine the density (p) of air at the respective

RHs, as shown in Eq. (3) & (4),

br =5 3)

bt =57 @

i

where, p; represents the air density at different RHs (i : 84.3%, 90.8%, and 97.5%), and SV; is the
specific volume at these RHs. p, and SV, represent the density and specific volume at room

conditions (r).

The net change in air density (Ap) from the measured relative humidities to room

conditions is calculated using the Eq. (5),

Ap = by - b; (%)
The variation in the mass of air (m;) is calculated using the Eq. (6),

m; = Ap x Vp (6)

where, m; is the change in the mass of air from the measured RHs (84.3%, 90.8%, and 97.5%) to

the room RH and Vp is the volume of the aluminum pouch.

The calculated air density and mass obtained at high and room RHs using PC are presented
in Table S1. At higher RHs, the density of air in the pouch was lower, due to the increased
concentration of water molecules at higher RHs, which have a lower molecular weight (18 g/mol)

compared to that of air (29 g/mol). The calculated average net mass gain (£SD) from high RHs of
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84.3%, 90.8%, and 97.5% to room RHs) was 197 (£58) ng, 200 (£52) png, and 255 (£54) pg,

respectively.

The theoretical increase in the mass of air was higher than the measured values. This is
attributed to the air in the pouch being at a lower RH than the chamber RH at the initial weight
due to the time it takes to move the pouch from the glass chambers to the balance and an incomplete

exchange of high RH to room RH air.

2.3.3. Increasing weights of filter with pouch during repeated measurements over multiple

days

While conducting water uptake measurements, we observed that the weight of the pouch
with sampled filter was increasing from measurement to measurement even though the RH was
not changing, leading to uncertainty in our water uptake measurements (Fig. 3). There was a
consistent increase in the wet weight of the pouch with a filter for each consecutive day across all
RHs (84.3%, 90.8%, and 97.5%), with average (+SD) increases of 13 (+10) pg, 17 (£9) pg, and
37 (£25) ug, respectively, as shown in Fig. 3 for 97.5% RH; results for 84.3% and 90.8% RH are
shown in Figure S3. Similarly, for the pouch without a filter, there was increases in weight of 14

(+4) pg, 25 (£11) pg, and 44 (£7) ug, respectively (see Fig. S4).

To determine the cause of the mass increase, the following experiment was performed.
After conducting water uptake measurements for five days, the pouches with blank filters were
subsequently placed in a dry desiccator for a minimum of 24 hours and then weighed. This process
was repeated for the next four days. The observed variations in the weights of the dried pouches
are presented in Fig. 4 for 97.5% RH, and in Fig S3 for 84.3% and 90.8% RH. The weights of
these pouches, measured across all RHs, remained fairly consistent, only varying by a few
micrograms throughout the four days of measurement and did not exhibit a consistent trend in
either increasing or decreasing weight. This suggests that after water adsorption onto the pouch,
aluminum oxides are formed and remain stable at low RH. Considering these observations, it is

prudent to account for water adsorption onto pouches when making water uptake measurements.
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Figure 4. Variation in the dry weight of the pouch (with a filter) over time compared to the 5
day wet measurement (97.5% RH)

By including a measurement blank, consisting of a pouch with a blank filter, alongside the
water uptake measurements using a pouch with a loaded filter, two issues are addressed: (i) water
absorption on the pouch itself and (ii) small day to day fluctuations in the balance due to changes
in meteorological and room conditions. The benefits of the measurement blank to account for water
absorption on the pouch are illustrated with a filter loaded with sodium chloride and exposed to
84.3% RH for five days. Figure 5 illustrates the water uptake of sodium chloride with the pouch,
the pouch with blank filter, and the net water uptake by sodium chloride, calculated as the
difference between the water uptake of the pouch with sodium chloride and the pouch with blank
filter. The water uptake of the pouch with sodium chloride filter increased day to day. However,
by subtracting the water uptake from the pouch with blank filter, the water uptake by sodium
chloride remained consistent day to day. Hence, to address pouch absorption, measurements were
conducted simultaneously on pouches with blank filters at the specified RHs and on pouches with
loaded filters; thus, for each compound, there were a total of six filters—three pouches with blanks,

one at 84.3%, 90.8%, and 97.5%, and similarly, three loaded filters in pouches at the same RH.
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2.4. Hygroscopic parameters estimation

Four parameters related to hygroscopicity are reported here: mass fraction of solute (mfs),
molality, growth factor (GF), and the water-to-solute ratio, which is the number of moles of water
absorbed per mole of solute (compound). The calculations for these parameters are explained in

the following sections.
2.4.1. Mass fraction of solute (mfs)

The solute mass fraction is the fraction of solute relative to the total mass of the solution.
The mass of solution in the case of hygroscopic particles is the sum of solute’s mass and the mass

of water absorbed by the solute at a given RH, as illustrated in Eq. (7):

mass of solute (pg)

mfs = mass of solute (jg)+ mass of water uptaken by the solute (ug) (7
2.4.2. Molality (m)

Molality is the moles of solute dissolved in a certain mass of water, as illustrated in Eq.
(8):

no.of moles of solute

Molality (m, mol/kg)) =

(8)

mass of solvent (water absorbd by the solute)
2.4.3. Growth Factor

The growth factor (GF) of the dry particles at the measured RHs is estimated from the ratio
of wet particle diameter to the dry particle diameter, as shown in Eq. (9):

GF,; = 2 )

D dry

where, Dy is the diameter of the wet particle at RH, j and Dary is the diameter of dry particle. The
detailed calculations of GF at the respective RH are explained in Eq. (10) to Eq. (14):

mass of solute

Volume of the dry solute, Vary = (10)

density of solute

mass of water
Volume of adsorbed water onto the solute, Vwater = ———————— (11)
density of water

Total volume of the wet particle, Vet = Vary + Vwater (12)
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Average diameter of the wet particle, Dyet = 2 X (%) @ (13)

1
Average diameter of the dry particle, Dary = 2 X (3‘;%) @ (14)

The measurement uncertainties associated with the estimated growth factor were calculated using

uncertainty propagation, as detailed in Section 2.1 of the supplementary material.
2.4.4. Water-to-solute ratio

Equation 15 gives the water/solute (W/S) of the sample on the filter in terms of the

measured quantities:

Water _ (wet sample with pouch —dry sample with pouch)—(wet blank with pouch—dry blank with pouch) « MWy

Solute dry sample —dry blank MWy,

(15)

where, wet sample with pouch (WSP) is the mass of the pouch and sampled filter at high RH, dry
sample with pouch (DSP) is the mass of the pouch with particles on the filter at dry conditions,
wet blank with pouch (WBP) is the mass of the pouch with blank filter at high RH, dry blank with
pouch (DBP) is the mass of the pouch with blank filter at dry conditions, dry sample (DS) is the
mass of the filter with particles on the filter at dry condition, and dry blank (DB) is the mass of the
blank filter. MWs and MW are the molecular weight of solute and water, respectively. All are in

the units of milligrams (mg), except MW, g/mol.
2.5. Uncertainty in the measured water-to-solute (W/S) ratio

The uncertainty of the measured water-to-solute ratio was determined using the partial

derivatives of the input parameters employed in calculating the W/S ratio.

From Eq. (15), the W/S ratio can be written as

(WSP—DSP)—(WBP—DBP) = MW;
DS -DB MWy,

(16)

w
S

The sensitivity of the W/S ratio to the input variables (X) were calculated using partial derivatives

(—ax/x/; )), as illustrated in Eq. (17) through (22):
ow/s), _ 1
l3wse | = 1555 17)

20



478

479

480

481

482

483
484

485

486

487

488

489
490

491

492

493

494
495
496
497
498
499

aw/s) 1

| a(DSP) | = DB —DSl (18)
| 5avany | 55 55 (19)
Foriir 20)
ol B = @y
i e @)

The uncertainty contribution 68X of each input variable (X) to the measured W/S ratio was

estimated using Eq. (23):

aw/s
8x = 2CL | x o(X) (23)

where, 0(X) is the standard deviation of each input parameter (X).

The overall uncertainty in the measured W/S was calculated using Eq. (24):

B(WIS)=Z(1 552 | % o(X)) (24)

The percentage uncertainty contribution by each input variable to total uncertainty in the W/S ratio

was calculated using Eq. (25):

8(X)
o7 X 100 (25)

3. Results and Discussion
3.1. Derived hygroscopic parameters

Table 2 shows the hygroscopic parameters derived from the measurements, including
water-to-solute (W/S) ratio, mfs, molality, and GF at the measured RHs for ammonium sulfate,
sodium chloride, glucose, and malonic acid. The observed water uptake increased from 84.3% to
97.5% RH for all compounds. For example, the observed W/S ratio of sodium chloride i.e. moles
of water absorbed per mole of sodium chloride was 14.62 at 84.3% RH, 19.8 at 90.8% RH and 86

at 97.5% RH. Similarly, for ammonium sulfate, glucose, and malonic acid, the W/S increased from
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an RH of 84.3% to 97.5% by factors of 5.0, 4.8, and 6.9, respectively. Conversely, the mfs and
molality decreased with increasing RH for all the measured compounds. For example, the mfs of
malonic acid was 0.47 at 84.3% RH, but only 0.11 at 97.5% RH. Similarly, the observed molality
for malonic acid was 8.63 at 84.3% RH, which reduced to 1.25 at 97.5% RH.

Table 2. Derived hygroscopic parameters from this study’s developed methodology (n = 5)

RH=84.3% RH=90.8% RH=97.5%
Mean SD Mean SD Mean SD
Ammonium sulfate

W/S 9.26 0.71 16.9 1.24 45.69 0.43
MFS 0.44 0.02 0.3 0.02 0.14 0.00
Molality 6.03 0.48 33 0.26 1.22 0.01
GF 1.47 0.03 1.7 0.04 2.29 0.01
Sodium chloride
W/S 14.62 0.40 19.80 0.32 85.98 2.53
MFS 0.18 0 0.14 0 0.04 0
Molality 3.80 0.11 2.80 0.05 0.65 0.02
GF 2.23 0.003 2.45 0.02 3.88 0.04
Glucose
W/S 6.82 0.17 9.62 0.94 33.09 1.40
MFS 0.59 0.01 0.51 0.02 0.23 0.01
Molality 8.14 0.21 5.81 0.57 1.68 0.07
GF 1.29 0.01 1.36 0.03 1.83 0.02
Malonic acid
W/S 6.45 0.27 10.93 0.55 44.69 3.39
MFS 0.47 0.01 0.35 0.01 0.11 0.01
Molality 8.63 0.35 5.09 0.26 1.25 0.09
GF 1.27 0.01 1.6 0.02 2.38 0.05

In this study, the water uptake measurements for each compound at each specific RH were
repeated over five different days to investigate the repeatability of the determined hygroscopic
parameters. The variability (standard deviation) in the observed hygroscopic parameters, as shown
in Table 2, is small. For instance, the relative standard deviation (RSD, SD + mean) of the growth
factor for malonic acid at all RHs was less than 0.5%. This observation clearly indicates that the
variability of measured hygroscopic parameters at the same RH for each compound between
different experiment days is minimal, highlighting the repeatability of this methodology. In
addition, to examine the reproducibility of this methodology, we repeated the water uptake

measurement for the malonic acid compound at 97.5% RH with different masses (48.8 png and
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130.4 pg) and estimated the hygroscopic parameters. We observed insignificant differences
(~0.4%) in the water uptake parameters of malonic acid at 97.5% RH between the two experiments.
These observations indicate that the developed methodology can reproducibly assess the

hygroscopicity of particles collected on Teflon filters.

In our study, we recorded the wet weight every 30 seconds over 20 minutes to estimate the
hygroscopic parameters. However, we evaluated if this length of time was necessary by calculating
the GFs for each compound at the measured RHs for 5, 10, and 15-minute intervals and compared
them with the GFs using the 20-minutes interval, shown in Figure S5. There was no significant
difference between the GFs estimated using the 5, 10, 15 and 20-minute intervals. For future
studies, it is unnecessary to take wet weighing for 20 minutes; and taking wet weights every 30

seconds over a 5-minute period is sufficient to determine hygroscopic parameters.
3.2. Comparison of estimated hygroscopic parameters with previous studies

Most of the prior studies reported the water uptake in terms of GFs with few reported in terms of
mfs and molality so we will focus our comparisons on GF measurements. The estimated average
GFs, along with the measurement uncertainties for each compound at the measured RHs were
compared with previous studies, depicted in Fig. 7. These studies used techniques such as HTDMA
and EDB to derive GF. These studies typically examined RH levels of 90% or lower, except for
(Mikhailov et al., 2024), who estimated GFs for ammonium sulfate and glucose at RH levels up to
99.9%. Additionally, the estimated GFs for compounds were compared with values provided by
the thermodynamic model, E-AIM (http://www.aim.env.uea.ac.uk/aim/aim.php), which has been
widely used to assess the water uptake of inorganic compounds for over three decades. The
estimated GF for sodium chloride of 2.23 at 84.3% RH was similar to values reported in previous
studies (Cheng and Kuwata, 2023; Hu et al., 2010; Peng et al., 2016), which ranged from 2-2.22.
Similarly, at 90.8% RH, the observed GF for sodium chloride of 2.45 was close to previous
findings (Cheng and Kuwata, 2023; Peng et al., 2016; Zieger et al., 2017), which ranged from
2.20-2.40. For ammonium sulfate, the observed GFs at 84.3%, 90.8, and 97.5% RH were 1.47,
1.7, 2.29, respectively, which are similar to those of previous studies (Bouzidi et al., 2020; Cheng
and Kuwata, 2023; Choi and Chan, 2002; Cruz and Pandis, 2000; Denjean et al., 2014; Hameri et
al., 2002; Hu et al., 2010; Koehler et al., 2006; Liu et al., 2016; Mikhailov et al., 2024; Prenni et
al., 2001; Sjogren et al., 2007), which were 1.49-1.60, 1.70—1.79, and 2.3, respectively. Likewise,
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for glucose, at 84.3%, 90.8%, and 97.5% RH, the observed GFs fell within the ranges reported in
earlier studies (Lei et al., 2023; Mikhailov et al., 2024; Mochida and Kawamura, 2004), which
were 1.2—1.5, 1.3-1.65, and 1.8 respectively. For malonic acid, the observed GFs at 84.3% and
90.8% RH were consistent with the ranges found in previous studies (Bouzidi et al., 2020; Peng et
al., 2001; Pope et al., 2010; Prenni et al., 2001). The measured GF for ammonium sulfate and
sodium chloride at all RH levels agreed well with the E-AIM model values, except at 97.5% RH.
The observed GF for ammonium sulfate at 97.5% in this study was slightly lower than the value
reported by E-AIM, differing by a factor of 1.11. For sodium chloride, it was higher by a factor of
1.12. Additionally, for all other compounds, the GFs fell within the measurement uncertainty
range, except for ammonium sulfate and sodium chloride at 97.5% RH. A plausible reason is that
changes in water uptake near saturation RH are steep, and even slight variations in RH can
significantly affect the GF. This likely explains the slight differences between this study and the
E-AIM at 97.5% RH.

This study’s observed average mfs of malonic acid for 84.3%, 90.8%, and 97.5% RH was
0.47,0.35, and 0.11, respectively, which are similar to those of previous studies (0.475, 0.37-0.38,
and 0.11, respectively) as reported by (Koehler et al., 2006) and (Maffia and Meirelles, 2001). In
the same way, for other compounds, the observed mfs are closely matched with those of previous
studies (ammonium sulfate: 0.37-0.42, 0.3—0.32, and 0.1-0.12 (Chan et al., 1992; Kim et al., 1994,
Kreidenweis et al., 2005; Mikhailov et al., 2024); glucose: 0.60, 0.44—0.46, 0.25 (Mikhailov et al.,
2024; Peng et al., 2001); sodium chloride: 0.175, 0.04 (Kreidenweis et al., 2005)). Few studies
have reported water uptake in terms of molality, and the observed molality for all the compounds
in this study were close to the range of those reported in previous studies (Ammonium sulfate: ~4—
6.5, 3-3.2, and 1 (Cheng et al., 2015; Mikhailov et al., 2024; Zamora and Jacobson, 2013),
Glucose: ~5.25-8,4.7,and 1 (Lei et al., 2023; Mikhailov et al., 2024; Zamora et al., 2011), Malonic
acid: ~8.5, 5.7, and 1.25 ((Lee and Hildemann, 2013)), and sodium chloride: ~4.25, 2.2, and 0.75
(Zamora and Jacobson, 2013)).
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Figure 7. Comparison of estimated growth factor for (a) Ammonium sulfate, (b) Sodium
chloride, (c¢) Glucose, and (d) Malonic acid with previous studies. Error bar represents the
measurement uncertainty in the growth factors from this study.

The above comparisons validates the accuracy and reliability of the methodology used in
this study. Therefore, the water uptake of particles collected on Teflon filters can be effectively

assessed using the developed methodology.
3.3. Estimated uncertainties in the W/S ratio

The estimated uncertainties in the W/S ratio using this study’s methodology are depicted
in Fig. 8. Overall, the uncertainty for almost all the measured compounds at measured RHs was
below 10%, except for sodium chloride at 84.3% and 90.8%, which had uncertainties of 12% and
15%, respectively. WSP and WBP contributed the most to the overall W/S uncertainty, followed
by DSP and DBP, with DS and DB contributing the least for all the measured compounds, except
sodium chloride. For sodium chloride, consistent water uptake was observed across all five

measured days, as exemplified by the net water uptake at 84% RH, shown in Fig. 5. However, for
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sodium chloride, the major uncertainty was associated with DS, unlike other compounds. A
plausible reason for this discrepancy is the smaller mass of sodium chloride (45, 39.5, and 27.8 ug
for 84.3, 90.8, and 97.5% RHs, respectively) compared to other compounds which averaged 122,
274 and 88 pg for ammonium sulfate, glucose, and malonic acid, respectively for all three RHs
For sodium chloride at 97.5%, water uptake was more than 3 times higher than at 84.3 and 90.8%
RH resulting in lower uncertainty at 97.5%. This discrepancy is inherent in the W/S ratio
calculation, as the mass of solute is in the denominator. Nevertheless, it is important to note that
this uncertainty is not inherent in the developed methodology but rather caused by the lower mass
used for sodium chloride in the water uptake measurements. To reduce this uncertainty, based on
our observations, we recommend using a larger mass: at least 50 ug for hygroscopic compounds
like sodium chloride, 100 pg for medium hygroscopic compounds like glucose, and more than 200

ng for less hygroscopic compounds.
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Figure 8. Estimated uncertainties in the measured water-to-solute ratio at different RHs.
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4. Conclusion

In this study, we developed a novel methodology to assess the water uptake of particulate
samples collected on Teflon filters. By using filter samples, the chemical composition of ambient
or chamber samples can be measured as well as water uptake, something neither HTDMA nor
EDB can do for complex mixtures. The advantage of this method is that it enables hygroscopicity
to be related to chemical composition. Additionally, this method can used to measure water uptake

above 90% RH, which is typically not done with HTDMA measurements.

Laboratory hygroscopic measurements were conducted for ammonium sulfate, sodium
chloride, glucose, and malonic acid. Constant humidity solutions were employed to maintain
specific RH and enable measurements as high as ~97%. While conducting water uptake
measurements, we encountered problems, including water loss from the filter when moving from
high RH to room RH for weighing, and absorption by the pouch used to contain the water loss
from the filter sample. These problems were successfully addressed by placing the sample filter in
an aluminum pouch and accounting for water absorption by the pouch itself. Hygroscopic
parameters, including the W/S ratio, GF, molality, and the mfs, were estimated from water uptake
measurements for ammonium sulfate, sodium chloride, glucose, and malonic acid at RH levels of
84.3%, 90.8%, and 97.5%. As expected, the water uptake increased with higher RH for all
compounds. The observed GFs in this study were consistent with those reported in previous studies
for all the measured compounds at the examined RH levels, and similar to modelled values for the
inorganics highlighting the accuracy of this method. The overall uncertainty in the observed W/S
ratio was less than 10% for most of the compound/RH combinations measured, further

highlighting robustness and precision of this new method.

The method developed in this study can be used to measure water uptake on the same
samples used to measure chemical composition for ambient, indoor and chamber studies. For
organic aerosol composition, Fourier-transform infrared spectroscopy (FT-IR), which is not
destructive to the filter sample, can be used to quantify the organic carbon and organic functional
groups present in the particles collected on Teflon filters (Anunciado et al., 2023; Boris et al.,
2019; Debus et al., 2022; Li et al., 2024; Yazdani et al., 2021). Other non-destructive methods
such as gravimetry for total mass, light absorption measurements to estimate elemental carbon

(White et al., 2016) and X-ray fluorescence (XRF) to measure elements (Gorham et al., 2021;
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Hyslop et al., 2015) provide additional composition information. After the water uptake
measurements are preformed, the filter sample can be extracted to measure inorganic ions, sulfate,
nitrate and ammonium to complete the compositional measurements on the filter. Alternatively,
simultaneous sampling of multiple filters including a Teflon filter, such as is done for the
IMPROVE and the Chemical Speciation Network (Solomon et al., 2014) provide high quality
speciation data. This integrated approach ensures that the chemical analysis corresponds to the air
sample from which water uptake data is obtained. Furthermore, using modeled estimates of
inorganic water uptake, the measured water uptake can be apportioned between organic and

inorganic components.
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