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ABSTRACT 

 
We conducted laboratory experiments to investigate the evaporation of water from airborne 

model respiratory droplets containing sodium chloride (NaCl) as an inorganic salt, mucin as a 
glycoprotein, and dipalmitoylphosphatidylcholine (DPPC) as a surfactant. The model respiratory 
droplets were introduced into a flow tube, in which the relative humidity (RH) was controlled at 
30%, 50%, and 70%. The residence time of the model droplets under the RH-controlled conditions 
was altered by varying the length of the flow tube. Size-segregated particle number concentrations 
were measured using an optical particle counter placed at the end of the flow tube vented to the 
atmosphere. The particle number size distributions for NaCl exhibited systematic changes with 
an increasing RH. The particle number size distributions for (NaCl + mucin) and (NaCl + mucin + 
DPPC) exhibited very weak RH dependency. These results suggest that the presence of mucin and 
DPPC had a significant effect on the RH dependency of the evaporation of water from the model 
droplets. 
 
Keywords: Respiratory droplets, Relative humidity, Glycoprotein, Surfactant 
 

1 INTRODUCTION 
 

The coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has seriously affected society since its global outbreak in early 2020 
(WHO, 2020). Many attempts have been made to investigate the modes of transmission of 
SARS-CoV-2 (e.g., Leung, 2021; Meister et al., 2022; Piana et al., 2021; Zhou et al., 2021). The dynamics 
of respiratory droplets in air have drawn considerable attention since airborne transmission was 
recognized as an important route (e.g., Morawska and Milton, 2020; Rezaei and Netz, 2021), and 
evidence has emerged that airborne transmission is the major route of the spread of COVID-19 
(Wang et al., 2021, and references therein). 

The lifetime of respiratory droplets in ambient air is controlled by the initial size of the droplets 
upon emission, the airflow dynamics, and the evaporation of water from the droplets. A large 
fraction of respiratory droplets can originate from saliva, which contains various substances, 
including inorganic ions, glycoproteins, surfactants, and enzymes (Yang and Marr, 2012; Vejerano 
and Marr, 2018). The evaporation rate of water from respiratory droplets depends on the size 
and chemical composition of the droplets and the ambient relative humidity (RH). The evaporation 
of water from droplets containing inorganic salts for a given RH condition can be theoretically 
predicted, whereas that from droplets containing organic compounds is not fully understood. In 
a mixed solution of inorganic salts and organic matter, liquid-liquid phase separation might result 
in the formation of an organic-rich shell on an inorganic-rich core (Liu et al., 2018; Freedman, 
2020; Mikhailov et al., 2021). Ambient RH is also important in considering the fate of viral infectivity, 
although the mechanisms that affect the RH dependency of viral infectivity are poorly understood 
(e.g., Yang and Marr, 2011; Kormuth et al., 2018; Prussin et al., 2018; Robey and Fierce, 2022; Lin 
et al., 2020; Božič and Kanduč, 2021; Morris et al., 2021). 

The physicochemical properties of respiratory droplets have been investigated in the laboratory. 
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Several studies have used model respiratory droplets (~10–100 µm) containing sodium chloride 
(NaCl) as an inorganic salt, mucin or albumin as a protein, and dipalmitoylphosphatidylcholine (DPPC) 
or sodium dodecyl sulfate as a surfactant (Vejerano and Marr 2018; Lin et al., 2020; Davies et al., 
2021; Seyfert et al., 2022). Vejerano and Marr (2018) used solutions containing NaCl, (NaCl + 
mucin), and (NaCl + mucin + DPPC) as model droplets. They investigated changes in the size and 
structure of the model droplets deposited on super hydrophobic substrates under RH-controlled 
conditions and found that loss of water induced phase separation of the components. 

Levitation techniques have been used for investigating the evaporation processes of water 
from airborne droplets (e.g., Lieber et al., 2021; Davies et al., 2021; Huynh et al., 2022). Lieber et 
al. (2021) used human saliva droplets and showed that the time required for the loss of the 
majority of water from saliva droplets agreed well with that from pure water droplets and was 
approximately proportional to the square of the initial diameter (known as the classical D2-law). 
Davies et al. (2021) used simulated lung fluid droplets, the major components of which included 
NaCl, sodium bicarbonate (NaHCO3), mucin, and DPPC, and showed that RH history is important 
in controlling the state of respiratory droplets. Huynh et al. (2022) investigated the structural 
changes in evaporating droplets containing NaCl and protein and found that a protein-enriched 
shell with aqueous inorganic core could be formed in a droplet during the evaporation of water. 

The above-mentioned laboratory studies have provided useful insights into the dynamics of 
respiratory droplets in the atmosphere. The key findings obtained from those studies include that 
(1) airborne droplets (pure water, NaCl solution, saliva proxy, and real human saliva) tend to lose 
a significant amount of water within short time (< 1 s for 10-µm droplets) at ambient RH levels 
(~50%); (2) the amount of residual water under equilibrium RH conditions depends on the 
chemical compositions; and (3) the phase of saliva or saliva proxy droplets can change from liquid 
to semi-solid (amorphous) or solid states, depending on the chemical compositions and equilibrium 
RH. However, the effects of glycoproteins and surfactants on the evaporation of water from 
airborne droplets under various RH conditions are highly complex and are not well understood. 

The purpose of the present study was to investigate the variability in the particle number size 
distributions of model respiratory droplets containing NaCl, mucin, and DPPC by varying the 
residence time and RH. We tested airborne NaCl, (NaCl + mucin), and (NaCl + mucin + DPPC) 
droplets to investigate the effects of glycoproteins and surfactants on the water evaporation in 
relation with the residence time and RH. To our knowledge, such experimental approach has not 
been previously reported. We focus on the particle diameter of the order of microns and the 
residence time of the order of seconds, which could be important in short-distance airborne 
transmission under real-world conditions. 
 

2 METHODS 
 
2.1 Preparation of Solutions 

The chemical composition of the test solutions used in the present study was similar to that 
reported by Vejerano and Marr (2018). We used mucin derived from porcine stomach (Fujifilm 
Wako Pure Chemical Corporation, Japan) and DPPC (Echelon Biosciences, Inc., USA). Table 1 lists 
the combinations of chemicals, which include Solution A (NaCl 1 g L–1), Solution B (NaCl 1 g L–1 + 
mucin 3 g L–1), and Solution C (NaCl 1 g L–1 + mucin 3 g L–1 + DPPC 0.5 g L–1). We also tested 
Solution C′ (NaCl 1 g L–1 + mucin 3 g L–1 + DPPC 1 g L–1) to further investigate the role of DPPC. 
However, we visually observed bubbles on the liquid surface during the nebulization of Solution C′, 
which was probably due to stronger surfactant effects of DPPC for Solution C′ than those for 
Solution C. The particle number concentrations for Solution C′ were not stable, and thus we did 

 
Table 1. Chemical compositions of each solution. 

 Solution A Solution B Solution C 
NaCl (g L–1) 1 1 1 
Mucin (g L–1) None 3 3 
DPPC (g L–1) None None 0.5 
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not use the Solution C′ data in the present study. The NaCl concentration of 1 g L–1 was lower than 
that presented by Vejerano and Marr (2018) (9 g L–1) and closer to the NaCl and KCl concentrations 
of artificial saliva presented by Walker et al. (2021) (0.88 and 1.04 g L–1, respectively). Solutions B 
and C were stirred at room temperature for ~7 h using a magnetic stirrer to form a colloidal 
solution containing gel-like substances and were stored in a refrigerator to avoid degradation. 
Solutions B and C were further stirred just before the experiments, and a small volume of each 
solution was taken for the generation of droplets. The concentrations seemed to be rather 
inhomogeneous because of the presence of the gel-like substances originating from the mucin. 
Therefore, the absolute concentrations of mucin in the generated droplets may not have been 
precisely defined. 
 
2.2 Flow Tube System 

Fig. 1 shows the experimental apparatus for measuring the particle number concentrations with 
varying RH and residence time. The setup consists of a horizontally oriented stainless steel flow 
tube (inner diameter (ID): 55 mm), a conditioning flow for RH control, a glass nebulizer, a hygrometer 
(HMT337, Vaisala, Finland), and an optical particle counter (OPC) (HHPC6+, Beckman Coulter, 
Inc., USA). The flow tube is a combination of NW50 nipples, which enables adjustment of the 
length of the flow tube (L) from 10 to 100 cm. Polydisperse aerosol particles were generated from 
the test solution using a glass nebulizer at a flow rate of 1.6–3.0 L min–1. The conditioning flow 
rate was adjusted to ~11.8 L min–1 by mixing particle-free dry air with particle-free humidified 
air. Humidification was achieved by bubbling a water flask using particle-free air. The RH in the 
flow tube was controlled by varying the mixing ratio of the dry and humidified air. The flow rates 
of the dry and humidified air were regulated using mass flow controllers (MFCs) upstream from 
the flask. The conditioning flow was injected from the outer side of the flow tube. The injection 
port of the aerosol flow was set at a slightly off-center position. 

The exit port of the flow tube was vented to the atmosphere and enclosed by a hood. The inlet 
of the OPC was inserted from the exit port of the flow tube to measure the particle number 
concentrations at the radial center position. The hygrometer was placed at ~17 mm from the center 
of the flow tube to measure the RH. The OPC can quantify the particle number concentrations with 
six channels classified by the particle diameter (Dp) (ch1: Dp ≥ 0.3 µm; ch2: Dp ≥ 0.5 µm; ch3: Dp 
≥ 1.0 µm; ch4: Dp ≥ 2.0 µm; ch5: ≥ 5.0 µm; and ch6: Dp ≥ 10 µm). The data were recorded every 
10 s with a sample flow rate of ~2.8 L min–1. 

The total particle number concentrations measured by the OPC (ch1; Dp ≥ 0.3 µm) should not 
exceed 1.5 × 105 L–1 to avoid particle coincidence in the optical sensing volume. We used an 
additional flow controller (rotameter + valve) to regulate excess flow (1.4 L min–1) for reducing 
the number of particles introduced into the flow tube. We set the total flow rate through the 
flow tube (sum of the aerosol and conditioning flow rates) to 12–14 L min–1, and thus the 
residence time of air in the flow tube was primarily controlled by the length of the flow tube. 

 

 
Fig. 1. Schematic diagram of the experimental apparatus. MFC: mass flow controller; MFM: mass flow meter; OPC: 
optical particle counter. 
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A flow rate of 12 L min–1 and tube inner diameter of 55 mm yield an average Reynolds number 
in the flow tube of ~3 × 102, indicating a laminar flow regime. Therefore, the air velocity along 
the centerline axis was twice the average air velocity estimated from the flow rate and the cross-
section area of the flow tube. The residence time of air along the centerline axis, t, was estimated 
to be 0.5–0.6 s for a flow tube length of 10 cm. We set the L values at 20, 40, and 60 cm, 
corresponding to the t values of 1, 2, and 3 s. We set the RH values at 30%, 50%, and 70% at a 
given t value (i.e., for a given flow tube length). The temperature of the flow tube ranged from 
16°C to 22°C during the experiment. The size distributions of the original droplets generated by 
the nebulizer were not measured, which limited the interpretation of early-stage evaporation of 
water. 
 
2.3 Data Analysis 
2.3.1 RH dependency 

The RH-dependent datasets were obtained for a given length of the flow tube and a solution 
type. The RH modulation cycle of each dataset consisted of 5 min data for each RH set point at 
70%, 50%, 30%, and 70% (RH 70% data were duplicated for checking reproducibility), resulting in 
a total measurement time of ≤ 30 min per dataset. We selected a 3 min time period from the 5 min 
data for the size distribution analysis presented in Section 3.2. The particle number concentrations 
from neighboring channels of the OPC were differentiated to obtain “approximate” dN/dlogDp 
values. The size resolution of the OPC is relatively coarse, and no inversion analysis was performed 
for retrieval of the approximate dN/dlogDp values. We did not use the size bin derived from ch5 
and ch6 (5–10 µm) because of the low particle number concentrations and potential sampling 
biases for larger particles in the horizontal direction (gravitational settling velocity for 10-µm 
particles is ~3 mm s–1). 

Preliminary experiments showed that the RH was nearly homogeneous in the cross section of 
the flow tube. On the other hand, the particle number concentrations were not homogeneous in 
the cross section of the flow tube. The difference in the homogeneity was likely due to the 
difference in the diffusion time scale between the water vapor and the particles. Therefore, the 
approximate dN/dlogDp values obtained at different RH values may not be simply comparable. 

Let n(Dp, RH, s) be the “true” dN/dlogDp values that are expected at a given RH value and a 
sampling point s in the cross section of the flow tube. Assuming that the particle loss in the flow 
tube was negligible, the integral of n(Dp, RH, s) over the full size range averaged over the cross 
section of the flow tube (area S), N0, is constant: 
 

( )0
1

,RH, log .p pN ds n D s d D
S

= ∫ ∫  (1) 

 
The spatial homogeneity of the particle number concentrations over the cross section may 

depend on Dp for smaller (< 0.01 µm) and larger (> 10 µm) particles due to Brownian diffusion 
and gravitational settling, respectively. Here, we consider the range of Dp where the homogeneity 
does not significantly depend on Dp (0.3–5 µm). Let r(RH, s) be the fraction of particles sampled 
at a given RH and a point s, which is an indicator of homogeneity. Even for a fixed sampling point, 
the r(RH, s) values may vary depending on the RH. Here, we define the normalized particle number 
concentration, ñ(Dp, RH), as: 
 

( ) ( )
( )0

,RH,
,RH .

RH,
p

p

n D s
n D

N r s
=  (2) 

 
The ñ(Dp, RH) values obtained at different RH values can be directly compared because the 

inhomogeneity of the particle number concentrations is taken into account. Let f(Dp, RH) be the 
ratio of ñ(Dp, RH) to ñ(Dp, 30) values, where RH is either 50% or 70%: 
 

https://doi.org/10.4209/aaqr.240025
https://aaqr.org/
about:blank


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.240025 

Aerosol and Air Quality Research | https://aaqr.org 5 of 15 Volume 24 | Issue 7 | 240025 

( ) ( )
( )

( )
( )

0 0

00

,RH, 30,
,RH ,

RH,,30,
p

p
p

n D s r s
f D

r sn D s
=  (3) 

 
where s0 is the center position at which the OPC inlet was placed. The n(Dp, RH, s0)/n(Dp, 30, s0) 
ratio on the right-hand side of Eq. (3) can be estimated using the approximate dN/dlogDp values 
at selected Dp and RH values. 
 
2.3.2 Hygroscopic growth 

The OPC can detect particles with diameters larger than 0.3 µm. A shift in the particle size 
distributions to smaller sizes without any changes in the total particle number concentrations 
may lead to an apparent decrease in the particle number concentrations detected by the OPC. 
We measured the particle number size distributions with diameters ranging from 0.015 to 0.66 µm 
using a Scanning Mobility Particle Sizer (SMPS; Model 3936, TSI) consisting of a differential mobility 
analyzer (DMA; Model 3081, TSI) and a Condensation Particle Counter (CPC; Model 3022, TSI). 
The RH in the sheath flow of the SMPS was not controlled. Only data obtained at RH = 30% for 
Solution A were used for the analysis considering that a RH of 30% was below the efflorescence 
RH of NaCl particles (37–50%; Mikhailov et al., 2004, and references therein). The inlet of the 
SMPS was placed ~17 mm from the center of the flow tube (similar to the hygrometer). 

The SMPS data obtained at RH = 30% for Solution A were fitted by a lognormal function to 
estimate the geometric mean diameter (Dm) and geometric standard deviation (σ): 
 

( )2

2

log log
exp ,

log 2log2 log
p mt

p

D DNdN
d D σπ σ

 − = −
 
 

 (4) 

 
where Nt is the total particle number concentration. The curve fitting algorithm with incorporation 
of the standard deviations of the experimental data (Igor Pro 8, WaveMetrics, Inc.) was used for 
the lognormal fitting. The Dm values derived from the lognormal fitting of the SMPS data (smaller 
than the detectable size range of the OPC) were used as a constraining factor for the lognormal 
fitting of the OPC data. 

The particle size distributions at RH = 50% and 70% under equilibrium conditions were estimated 
from that at RH = 30% assuming a hygroscopic growth factor, which is defined as the ratio of wet 
(humidified) to dry diameters. Following Mikhailov et al. (2004), the hygroscopic growth factor 
for NaCl particles was assumed to be 1.5 and 1.7 at RH = 50% and 70%, respectively, during the 
efflorescence of NaCl particles with a dry diameter of ~0.1 µm. 
 

3 RESULTS 
 
3.1 Time Series 

Figs. 2–4 show example time series of the particle number concentrations for Solution A (NaCl 
only), B (NaCl + mucin), and C (NaCl + mucin + DPPC) measured by the OPC at L = 60 cm (t = 3 s). 
The data obtained at L = 20 cm (t = 1 s) and 40 cm (t = 2 s) were similar to that at 60 cm (not 
shown). Only data with stable RH conditions (i.e., the RH values in the flow tube were reasonably 
well controlled near the set points) were used. The systematic bias (absolute value) of RH was 
smaller than ~1%, ~2%, and ~3% for a set point of RH = 30%, 50%, and 70%, respectively. The 
random error (relative value) of RH was smaller than ~1% of the set point. The variability in the 
RH values due to differences in the radial position of the flow tube, which can be caused by 
incomplete mixing of the nebulizer and conditioning flows, was found to be comparable to or 
smaller than the random error. The blank levels were measured without supplying particles from 
the nebulizer. They were less than 1% of the number concentrations of particles generated from 
the nebulizer for ch1–4 and nearly zero for ch5 and ch6, which had a minor effect on the 
interpretation of the particle measurement data. The data for RH = 70% obtained at the end of  
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Fig. 2. Example time series of RH, temperature, and particle number concentrations for Solution A (NaCl) at a tube length (L) of 
60 cm. 

 
each cycle showed good agreement with that at the beginning for all the solutions, indicating the 
reproducibility of the measurements during each cycle. 

The Solution A data (Fig. 2) showed systematic decreases in the particle number concentrations 
with a decreasing RH. The Solution B and C data showed decreasing trends in the particle number 
concentrations with a decreasing RH, but the RH dependency was weaker than that for Solution A 
(Fig. 3 and Fig. 4). The data for Solutions A and C showed spiked changes in the particle number 
concentrations for ch1–4 at an elapsed time of ~350 and ~1250 s, respectively, when RH was 
modulated. Spiked changes in the particle number concentrations were also observed upon 
changes in RH in other cases including Solution B. We consider that these features were due to 
the transient movement of spatially inhomogeneous particle number concentrations during the 
changes in RH. 
 
3.2 Particle Number Size Distributions 

Fig. 5 shows the particle number size distributions (approximate dN/dlogDp values) for 
Solutions A, B, and C measured by the OPC at L = 60 cm (t = 3 s). The data used in Fig. 5 are subsets 
of those used in Figs. 2–4; therefore, the RH dependency for the aerosol particles for Solutions 
A, B, and C inferred from Fig. 5 is basically the same as that from Figs. 2–4. As described in  
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Fig. 3. Example time series of RH, temperature, and particle number concentrations for Solution B (NaCl + mucin) at L = 60 cm. 

 
Section 2.3.1, the approximate dN/dlogDp values obtained at different RH values cannot be 
simply compared because of the inhomogeneity of the particle number concentrations in the 
cross section of the flow tube as a function of RH. 

Fig. 6(a) shows the particle number size distributions for Solution A measured by the SMPS and 
OPC at RH = 30% and L = 60 cm. The concentration of Solution A and the density of NaCl indicate 
that the diameter ratio of an original droplet to the completely dried particle is ~13. The original 
droplet diameters of 10 and 50 µm correspond to the dry diameters of ~0.77 and ~3.8 µm, 
respectively. These dry diameters are close to the upper end of the size range of the SMPS and 
OPC used in the current analysis, respectively. Using the simple mass transfer equations (Hinds, 
1999), the time required for complete evaporation of pure water droplets, which is comparable 
to the time for water equilibrium for NaCl-containing droplets, is estimated to be ~0.1 and ~3 s 
for a droplet diameter of 10 and 50 µm, respectively, at RH = 30%. We can safely assume that 
the residence time of 3 s in the flow tube was sufficient for achieving water equilibrium for NaCl 
particles measured by the SMPS at RH = 30%. Because the RH of 30% was below the efflorescence 
RH of NaCl, the particles measured in the size range of the SMPS in Fig. 6(a) can be regarded as 
dry NaCl particles. There was a systematic difference in the absolute values between the SMPS 
and OPC data. Considering the difference in the sampling point between the SMPS and OPC, the 
difference may be due to the inhomogeneity of the particle number concentrations or the  
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Fig. 4. Example time series of RH, temperature, and particle number concentrations for Solution C (NaCl + mucin + DPPC) at L = 
60 cm. 

 
difference between the mobility and the optical diameters (Chien et al., 2016). The lognormal 
fitting for the SMPS data yielded Dm = 0.055 ± 0.004 µm and σ = 2.7 ± 0.1. 

Fig. 6(b) shows the particle number size distributions (approximate dN/dlogDp values) for 
Solution A measured by the OPC at L = 60 cm. Based on the simple theoretical calculation described 
above, the particles measured in the size range of the OPC at RH = 30% in Fig. 6(b) can also be 
regarded as dry NaCl particles, except for those near the upper end of the size range. We investigate 
whether the RH dependency of the particle number size distributions could be explained by the 
hygroscopic properties of NaCl particles. The hygroscopic growth factors for NaCl particles are 
nearly constant for the diameter range discussed here (Zieger et al., 2017). Therefore, the σ 
values for RH = 50% and 70% should be the same as that for RH = 30% under equilibrium conditions. 
We used the Dm value of 0.055 µm obtained from the SMPS and the hygroscopic growth factors 
described in Section 2.3.2 for constraining the lognormal fitting of the OPC data. Namely, we 
assumed Dm = 0.055, 0.083, and 0.094 µm for the lognormal fitting of the OPC data for RH = 30%, 
50%, and 70%, respectively. The σ values determined from the fitting were 2.77 ± 0.05, 2.89 ± 
0.04, and 3.13 ± 0.05 for RH = 30%, 50%, and 70%, respectively. The σ value for RH = 30% derived 
from the OPC was consistent with that derived from the SMPS. The σ values for RH = 50% and 
70% were slightly larger (by a factor of ~1.04 and ~1.13, respectively) than that for RH = 30%. 
This point will be discussed later. 
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Fig. 5. Approximate particle number size distributions derived by differentiating size-segregated 
particle number concentrations measured by the OPC for Solutions A, B, and C (L = 60 cm). 
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Fig. 6. (a) Particle number size distributions for Solution A (RH = 30%, L = 60 cm) obtained by the 
SMPS (shaded lines) and OPC (open circles). The thick shaded line represents the average of 
repeated SMPS measurements, and the thin shaded lines represent the range of one standard 
deviation. The lognormal fitting curve for the SMPS data is shown by the solid line. (b) Particle 
number size distributions at each RH for Solution A obtained by the OPC (L = 60 cm) and the 
lognormal fitting curves as constrained by the geometric mean diameter derived from the SMPS 
fitting. (c) f(Dp, RH)/f(0.39, RH) ratios for RH = 50% and 70% as a function of Dp derived from the 
results in (b). The solid circles represent the ratios derived from the experimental data. The 
dashed lines represent the ratios calculated from the fitting curves. 
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Fig. 6(c) shows the f(Dp, RH)/f(0.39, RH) ratios for RH = 50% and 70% as a function of Dp derived 
from the experimental data and calculated from the fitting curves in Fig. 6(b), where Dp = 0.39 µm 
corresponds to the center diameter of the lowest size bin of the differentiated OPC data. The 
r(RH, s) term has been cancelled out by calculating the ratios. The increase in the f(Dp, RH)/f(0.39, RH) 
ratios with increasing Dp and RH reflects the shift in the particle number size distributions due to 
the hygroscopic growth of the NaCl particles. Similarly to NaCl, highly hygroscopic particles 
(strong RH dependency) are expected to show systematic increases in the f(Dp, RH)/f(0.39, RH) 
ratios with increasing Dp and RH. Conversely, less hygroscopic particles (weak RH dependency) 
are expected to show only slight increases in the f(Dp, RH)/f(0.39, RH) ratios with increasing Dp 
and RH. Therefore, changes in the f(Dp, RH)/f(0.39, RH) ratios as a function of Dp and RH within a RH 
modulation cycle (RH = 70, 50, 30, and 70%) could be used as a diagnostic for the hygroscopicity 
of the particles. 
 
3.3 Dependency on Particle Diameter and Relative Humidity 

Fig. 7 shows the f(Dp, RH)/f(0.39, RH) ratios for RH = 50% and 70% as a function of Dp for 
Solutions A, B, and C. All of the datasets, each of which corresponds to a RH modulation cycle, 
are plotted. The f(Dp, RH)/f(0.39, RH) ratios for Solution A showed systematic increases with 
increasing Dp and RH for each dataset. The f(Dp, RH)/f(0.39, RH) ratios did not show significant 
dependency on the L values, suggesting that the residence time of 1 s (L = 20 cm) was sufficient 
for achieving water equilibrium. Therefore, the small difference in the σ values for RH = 30%, 50%, 
and 70% derived from the data in Fig. 6(b) (see Section 3.2) was unlikely due to non-equilibrium 

 

 
Fig. 7. f(Dp, RH)/f(0.39, RH) ratios for RH = 50% and 70% as a function of Dp for Solutions A, B, and C. The difference in the symbols 
(solid circles, open squares, and crosses) represents the difference in the datasets, each of which corresponds to a RH modulation 
cycle (RH = 70%, 50%, 30%, and 70%). The data points for RH = 50% were shifted for clarity. 
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states of water. We speculate that the difference in the optical diameter between dry (RH = 30%) 
and wet (RH = 50% and 70%) particles was a possible source of uncertainties in the σ values. It 
should be noted that the f(Dp, RH)/f(0.39, RH) ratios for Solution A in Fig. 7 were much smaller 
than those in Fig. 6(c). The absolute values of the f(Dp, RH)/f(0.39, RH) ratios can vary depending 
on Dm and σ (not available for the datasets shown in Fig. 7), which is another limitation for the 
interpretation of the data. Nevertheless, the distinct increases in the f(Dp, RH)/f(0.39, RH) ratios 
qualitatively indicate the high hygroscopicity of NaCl particles. 

The f(Dp, RH)/f(0.39, RH) ratios for Solutions B and C showed only small changes with increasing 
Dp and RH for each dataset and did not show systematic dependency on the L values. These 
results suggest that the RH dependency of the particle number size distributions was very weak 
at least over a time scale of a few seconds. Furthermore, some datasets for Solutions B and C 
showed almost no RH dependency (i.e., the f(Dp, RH)/f(0.39, RH) ratios of ~1 in Fig. 7). The scatter 
in the data points for Solutions B and C suggests that the reproducibility (or stability) of the results 
for Solution C was higher than that for Solution B. 

 
4 DISCUSSION 
 

The hygroscopic growth factor for porcine stomach mucin particles has not been previously 
reported. Groth et al. (2023) investigated the hygroscopicity of porcine respiratory aerosols containing 
mucin and showed a hygroscopic growth factor of ~1.1 at RH = 70% (relative to RH = 30%). Johnson 
et al. (1996) investigated the hygroscopicity of DPPC particles and found no significant hygroscopic 
growth even at RH = 70%. The mixing of NaCl with mucin and DPPC in Solutions B and C may have 
weakened the RH dependency compared to pure NaCl particles because of the less hygroscopic 
properties of mucin and DPPC particles. However, the datasets exhibiting almost no RH dependency 
(the f(Dp, RH)/f(0.39, RH) ratios of ~1 in Fig. 7) may not be explained by the above mechanism. 

Huynh et al. (2022) found that a protein-enriched shell with aqueous inorganic core could be 
formed in a droplet during the evaporation of water. If mucin shells were formed in the droplets 
generated from Solutions B and C, they might have suppressed further evaporation of water from 
the droplets after a large fraction of water was evaporated within ~1 s. This mechanism can 
potentially explain the very weak RH dependency of the particle number size distributions at least 
over a time scale of a few seconds. The addition of DPPC, which tends to concentrate at the gas-
liquid interface, may have interfered with the formation of the mucin shells. Bartkowiak et al. 
(2019) investigated the interaction of mucin and DPPC at the gas-liquid interface of bulk solutions 
and found that the formation of a mucin layer beneath a DPPC layer stiffens and stabilizes the 
structure of the system. Seyfert et al. (2022) observed the morphology of droplet nuclei for NaCl, 
(NaCl + mucin), and (NaCl + mucin + DPPC) particles and found complex structural changes in the 
particles containing DPPC. However, it is uncertain how such structural changes of particles affected 
the hygroscopic measurements for Solution C. Further investigation is needed to quantify the 
role of mucin and DPPC in affecting the mass transfer of water molecules and the structures of 
particles during the drying processes. 
 

5 CONCLUSIONS 
 

We investigated the evaporation of water from airborne model respiratory droplets containing 
NaCl, mucin, and DPPC on the time scale of the order of seconds by conducting flow tube experiments. 
Size-segregated particle number concentrations were measured at flow tube RH of 30%, 50%, 
and 70%. The particle number size distributions for NaCl exhibited systematic changes with an 
increasing RH. The particle number size distributions for (NaCl + mucin) and (NaCl + mucin + DPPC) 
exhibited very weak RH dependency. These results suggest that the presence of mucin and DPPC 
had a significant effect on the RH dependency for the evaporation of water from the model 
droplets. 

Considering the microscopic observations of evaporating droplets reported by previous studies, 
the RH dependency of the particle number size distributions suggests that mucin might have 
formed shells at the gas-liquid interface of the droplets. The addition of DPPC may have caused 
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structural changes inside the droplet or at the gas-liquid interface. Further investigation is 
needed to quantify the role of mucin and DPPC in affecting the mass transfer of water molecules 
and the structures of particles during the drying processes. 
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