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A B S T R A C T

The temporal evolution of aerosolized SiO2 nanoparticles (NPs) released into an environmental test chamber has
been investigated to interrogate the effect of relative humidity (RH) on the deposition and coagulation of the
nanoparticles. The size-resolved deposition rate and Brownian coagulation coefficient for the particles at RH of
~10%, 27%, 40%, 54%, and 64% are estimated. The results show that the effect of RH on the deposition rate is
size-dependent; for particle diameter (Dp) < 70 nm, the deposition rate reduces as the RH rises; while for
Dp > 70 nm, it grows as the RH rises. Generally, both low and high RH tends to enhance the deposition rate,
and the minimum rate appears at moderate RH (~54%). Electrostatic repulsion is probable for the inter-particles
interaction at the low RH while the surface roughness due to water molecular adsorption is a main reason for the
particle-wall interaction at higher RH. The increasing coagulation coefficient at high humidity correlates to the
strong inter-particle adhesion, which may be caused by the water molecular adsorption on the hydrophilic
surfaces of the SiO2 NPs due to the formation of nanometer-thick water film. This study suggests that air
humidity plays unignorable roles in particle deposition and coagulation.

1. Introduction

The indoor aerosol formed by engineered nanoparticles (ENPs)
causes great concerns about occupational health and environmental
safety and recently have attracted more and more attentions due to
their broad scope of existence and applications. (Martin et al., 2015;
Sotiriou et al., 2015; Friedlander and Pui, 2004). A number of
toxicological studies have indicated that nanoparticles may cause some
pulmonary and cardiovascular diseases due to their huge specific
surface area, which is easier to carry more toxic air pollutants compared
with the particles at microscale (Bräuner et al., 2007; Stölzel et al.,
2007).The risk for human exposure to the indoor airborne nanoparticles
is correlated to the size and number concentration of the particles, and
governed by the strength of its emission sources, air filtration
efficiency, air ventilation and particle dynamics etc. It is, therefore,
highly desired to have better understanding on the environmental
behavior of the nanoparticles and other factors.

Particle deposition and coagulation (D/C) are widely accepted as
two major mechanisms to describe the overall particle dynamics in an
enclosed aerosol system. Many groups have studied D/C as the function
of particle size distribution and concentration (Jamriska and Morawska,

2003; Maynard and Zimmer, 2003; Schnell et al., 2006).The key
information and parameters obtained from the particle D/C studies
are important and useful since the establishment of many indoor air
quality (IAQ) models (Allard et al., 1990; Guo, 2000) requires this kind
of information, e.g. deposition rate and coagulation coefficient. Pre-
vious studies have shown that the factors to affect the particle
deposition on the surfaces of an enclosed chamber are particle
characteristics (e.g. particle size, size distribution), airflow patterns,
the geometry and surface feature of the enclosed chamber (Zhao and
Wu, 2007; Lai, 2002; Liu, 2009). Brownian and turbulent diffusion are
considered as the major factors to influence the deposition process of
ultrafine particles (< 0.1 μm), and gravitational settling is more
significant for the particles larger than 1 μm, while the dominant
mechanism for those between 0.1–1 μm is not quite clear, where typical
V-shaped curve of the deposition rate vs size is observed (Nazaroff,
2004; Lai and Nazaroff, 2000). Particle coagulation more easily
happens for the ultrafine particles with higher concentration due to
higher probability for the particle-particle collisions compared with the
larger ones, where the particle size, Brownian motion, Van der Waals
force, viscosity, and aggregate state are the main factors to be
considered to affect the coagulation (Rim et al., 2012; Yu et al.,
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2013). The coagulation of polydisperse nanoparticles has been inves-
tigated in several pioneering studies through experimental measure-
ments and numerical simulations (Kim et al., 2003; Lee and Chen, 1984;
Buesser et al., 2009; Otto et al., 1999). The D/C mechanisms and their
correlation have been intensively investigated before (Yu et al., 2013;
Jamriska and Morawska, 2003).

Most D/C mechanism researches focus on the experimental condi-
tions such as ventilation system, air exchange rate, temperature, and/or
stirring speed (Zhao et al., 2015; Hussein et al., 2009a; Schnell et al.,
2006; Maynard and Zimmer, 2003; Lee et al., 2014). Few studies take
the impact of relative humidity (RH) on particle D/C under considera-
tion. The effect of RH on the D/C rate is elusive, due to the complex
interplay between surface condensation, adhesion and air viscosity.
Morawska et al. (1997) have observed the behavior of the environ-
mental tobacco smoke at varying RHs from 42% to 95% and found the
increase in particle size at higher RH, but further analysis on the D/C
rate is neglected. Ostraat et al. (2010) have investigated several
experimental variables including chamber RH on the aging of poly-
disperse SiO2 NPs. Because of small chamber volume (1.5 L and 15 L)
and short residence time, no remarkable difference for the size
distribution and efficiency loss has been observed for the SiO2 NPs at
RH of 0% and 30%, respectively. Atmospheric RH condition is well-
known to affect the transformation process of the NPs e.g. the gas-to-
particle conversions, aging and physico-chemical properties of the
particles (Jamriska et al., 2008; Wehner et al., 2002). Aerosol hygro-
scopicity referring to the uptake of water molecules by particles in
response to increasing RH is essential for the formation of cloud
condensation nuclei, and thus has drawn greater attentions in assessing
their impact on weather-climate effect and atmospheric visibility (Jiang
et al., 2016; Liu et al., 2011). Abundant experimental evidences have
shown that the RH plays a key role on changing the morphology and
dispersion state of fine particles due to aggregation and eventually
influencing the performance of the particle filters (Montgomery et al.,
2015a,b; Miguel, 2003). Therefore, more comprehensive researches are
required to investigate and assess the RH effect on the D/C rates.

Hence, this study aims to experimentally investigate the temporal
decay behavior for polydisperse aerosol under various RH conditions.
Two set of instruments work simultaneously to control the initial

concentration and measure the particle concentration decay during
the same time, where the aerosol is well-mixed and kept statically prior
to the measurement in a chamber. A semi-empirical model and a
regression method have been employed to derive the D/C rate and then
compared with those reported in literature. The effect of RH on D/C
rate provides a reference to further analyze the environmental behavior
of the airborne NPs and evaluate the potential risk of human exposure
to ENPs.

2. Experiment

2.1. Experimental set-up

The experimental chamber of volume ~0.42 m3 (S~ 3.3 m2) is
composed of stainless steel and poly (methyl methacrylate) (PMMA).
One inlet and two outlets used for injecting and sampling are mounted
on the upper and lower wall of the chamber respectively. To on-line
monitor the temperature and the RH in the chamber, a temperature and
a humidity sensor with an accuracy of± 0.5 °C for the temperature
and± 2.5% for the humidity are installed through a narrow hole on the
vertical surface of the chamber and connected to the humidity control
module. The humidity control module consists of a proportional-
integral-differential (PID) controller, a water tank, a buffer tank and a
humidity sensor. It is used to record and adjust the chamber humidity to
the targeting humidity by regulating and controlling the flow rate of the
moistened and dried air via the PID controller. The temperature of the
chamber is monitored but not controlled during the experiments.
Logging intervals were set at 1 s for the temperature and the RH
throughout the experiments. A steel fan with a diameter of 10 cm is
equipped in the middle for gentle mixing before the sampling begins.
No extra treatment is applied for the slightly rough inner surface and
the shell of the chamber to minimize the deposition of aerosol particles.
The scheme of the experimental set-up is shown in Fig. 1.

2.2. Aerosol generation

Polydisperse silica (SiO2, 2.2 g cm−3) aerosol are generated via a
six-jet collision atomizer (TSI model 9306) under an inlet pressure of

Fig. 1. Scheme for the experimental setup.
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25 psi, followed by passage through a diffusion dryer (a drying system
filled with 3A molecular sieves) and an electrical charge neutralizer
(TSI model 3087) before being introduced into the test chamber and
mixed with the air with a targeting RH. The SiO2 nanoparticles were
synthesized in acetone by a patented technology developed by us (Chen
et al., 2016) using tetraethyl orthosilicate (TEOS) as the precursor, and
tetramethylammonium hydroxide (TMAH) as the catalyst. The SiO2

colloidal suspensions were prepared by dispersing a given amount of
SiO2 powder into ultrapure water by ultrasonic probe. These processes
enable the production of stable polydisperse SiO2 aerosol particles with
ideal Log-normal size distribution, ranging from 10 to 400 nm, as
shown in Fig. 2.

SiO2 particles are one of the main workplace exposures in industrial
environment due to their easy production and wide applications, where
SiO2 is stable and almost non-hygroscopic in nature. The mechanisms
involved in the dynamics of the aerosolized nanoparticles are mainly
surface deposition and coagulation, other processes such as hygroscopic
growth, deliquesce, evaporation/condensation is not considered under
the experimental conditions. Due to the ease to modify their surface
properties, such as making hydrophilic surfaces by terminating with
–OH groups and hydrophobic ones by terminating with –H/CH3 groups,
the SiO2 NPs is an ideal model to study the deposition-only and
coagulation-only behaviors for the particles with the same size under
comparable conditions. For the hygroscopic particles, the results may
be quite different due to structural collapse or conglomeration of the
aerosol particles on exposure to elevated RH (Montgomery et al.,
2015b).

2.3. Measurement scenario

Five targeting RHs in the range of 5%–66% (RH = 10%, 27%, 40%,
55%, and 65%) are maintained in the chamber to determine the
relationship of the D/C with different sized ultrafine particles. Before
each measurement, the chamber is rinsed with ultrapure water, wiped
with dust-free paper, and flushed with filtered air at a targeting RH at a
feed rate of 20 L/min via the humidity control module in order to
obtain a particle-free environment (background particle concentra-
tion < 300 cm−3). Aerosol particles are then injected into the cham-
ber through the inlet at a well-controlled flow rate as long as the RH in
the chamber is maintained at the targeting value. When the aerosol
particles reached to the desired number concentration, the aerosol
generator is stopped and the consecutive particle sampling starts. In
prior to the sampling, the aerosol is kept gentle stirring to make the
particles well-mixed. The chamber is connected to the buffer tank at the
same RH to maintain a constant pressure inside the chamber.

In a closed system, coagulation is always accompanied by deposi-
tion, and the deposition-only experiments are conducted prior to the
coagulation experiments under the similar experimental conditions. It
has been reported that high particle number concentration would result
in coagulation. Rim et al. (2012) suggested that the coagulation effect
should be accounted for the ultrafine particles at the concentration high
than 2.0 × 104 cm−3. Therefore, particle concentrations below
2.0 × 104 cm−3 are used in this study to investigate the size-resolved
deposition-only behavior at different RHs, where the coagulation is
considered to be negligible. In addition, higher particle concentrations
of ~6.0 × 104 cm−3 are also applied to ensure the co-existence for
both the coagulation and deposition, where both of them have
significant effect on the total particle decay. To minimize the uncer-
tainty of the particle concentration fluctuation, each decay measure-
ment is repeated for three times at each targeting RH under both low-
and high-concentration conditions. Detailed information concerning
the low- and high-concentration experiments is shown in Tables S1 and
S2 in the Supporting information.

The particle size distributions (PSDs) are measured by a Scanning
Mobility Particle Sizer (SMPS, TSI model 3936, USA; sample flow rate:
0.6 L/min, sample to sheath flow ratio: 1:10), mounted with a water-
based Condensation Particle Counter (CPC, TSI model 3788, USA), an
Electrostatic Classifier (EC, TSI model 3080, USA), and a Differential
Mobility Analyzer (DMA, TSI model 3081, USA). The total particle
number concentration (TNC) is monitored on-line by a hand-held
Condensation Particle Counter (CPC, TSI model 3007, USA; sample
flow rate: 0.7 L/min). The results of the real-time monitored TNC are
shown in Figs. S1 and S2 (Supporting information). The size detection
range for SMPS and hand-held CPC in this study is 10 to 414 nm and 10
to 1000 nm plus, respectively and the upper concentration range is
1.0 × 107 and 1.0 × 105 particles cm−3, respectively. The particle
number concentration in this work is controlled below
1.0 × 105 particles cm−3 without coincidence correction. Zero calibra-
tion with high efficiency particulate air filter (HEPA) is conducted for
the two instruments before use. Both the SMPS and the CPC3007
sample through an external silicone conductive tubing (1 m long and 1/
4 in. inner diameter) and the counting interval is 3 min. The data
presented here is corrected by the penetration efficiency for the
particles according to the particle loss caused by sampling (Hinds,
1999). For each targeting RH, the particle decay test continues for
about 2 h to determine the size-resolved deposition rate and continues
for another 1 h to analyze the Brownian coagulation in the case of high-
concentration experiment. The total sampling volume during the
experiments is ~25% and ~13% of the chamber volume for both the
low- and high-concentration experiments, respectively. Previous studies
by Rim et al. (2012) and Schnell et al. (2006) have demonstrated that
the particles removed by the sampling, which are accounted as
ventilation losses, do not significantly affect the coagulation and
deposition process under still conditions (< 5%). Therefore, the
deviation caused by the sampling outflow on the particle decay
behavior is not considered in this study.

3. Results and discussion

3.1. Data analysis

Our analyses use semi-empirical estimation of the size-resolved
deposition rate, the mass balance approach to derive the separated
contribution of D/C, and the least-error-square algorithm regression to
obtain the time-averaged deposition rate and coagulation coefficient, as
the function of RH.

Particle data are divided into 10 size categories,< 30, 30–40,
40–50, 50–60, 60–70, 70–85, 85–100, 100–150, 150–200, and> 200
nm. In addition, the total particle concentration in low-concentration
experiment is used to analyze size-resolved deposition rate ki at various
RH conditions. We estimated ki based on Eq. (1) assuming the re-

Fig. 2. Particle size distributions (PSDs) of the aerosolized SiO2 nanoparticles in the
chamber measured by SMPS.
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suspension, condensation/evaporation and coagulation processes ignor-
able under the experimental conditions:

dC v t
dt
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where C(vi, t) is the particle concentration of a certain particle size
fraction in the ith size category at time t, (particles cm−3) and ki is the
deposition rate for the particles in the ith size category (s−1 or h−1).
Then Eq. (1) is used and the temporal variation of aerosol concentration
is regressed against time by the least square method. The obtained slope
from the best-fit line denotes the estimated deposition rate ki.

In the case of the coagulation and deposition occurred simulta-
neously in a closed chamber with high-concentration, the general form
of the mass balance can be expressed by the following equation (Zhao
et al., 2015):
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The term on the left-hand-side of Eq. (2) represents the size-resolved
particle number concentration decay; the first term on the right-hand-
side represents the particle loss of the ith size category due to surface
deposition, the second term gives the production rate of particle size vi
by the collision of particle size vi − vj and vj, and the third term
represents the reduction rate of particle size vi by the collision with the
particles of all sizes. Due to the complexity of the pair to pair
nanoparticle collision and coagulation theory, we adopt a simplified
equation according to Kim et al. (2003):

dC t
dt

k C t γ C t( ) = − ( ) − ( )2
(3)

Combining Eqs. (1), (2) and (3),

∑dC t
dt

k C v t γ C t( ) = − ( , ) − ( ( ))
i

i i t
2

(4)

Parameters C(t) and γt are the total particle number concentration
(particles cm−3) and the coagulation coefficient (cm3 s−1), respec-
tively at time t. The first item on the right-hand-side of Eq. (4) describes
the particle number concentration decay due to surface deposition
while the second one represents the particle loss due to coagulation.
The contribution of each process to the total concentration loss
changing with time is calculated using Eq. (4).

The size-dependent coagulation rate changes with time and its
temporal coagulation rate is difficult to obtain for an aerosol system
with varying size and concentration. Therefore, the time-averaged
deposition and coagulation rate is calculated using Eq. (5) assuming
that γ is a positive constant for the decay of a polydisperse aerosol
(Schnell et al., 2006).

C t
C

k
C γ k k t C γ

( ) =
( + ) exp( ) −0 0 0 (5)

where C0, k and γ are the initial particle number concentration
(particles cm−3), time-averaged overall deposition rate (s−1) and
coagulation coefficient (cm3 s−1), respectively. The values of k and γ
are obtained by the least-error-square algorithm and the fitted results
almost totally cover the experimental data with a regression coefficient
R2 > 96% as shown in Table 1. Thus, the parameter k and γ obtained
here can describe all the effects on the particle deposition and
coagulation, including that of the possible electrostatic charge on the
particles.

3.2. Size-resolved deposition rate

The size-resolved deposition rate for 5 target RHs is obtained

according to Eq. (1), assuming that the loss of the particles by the
sampling process is neglectable compared to those deposited on the
wall surfaces of the chamber. The averaged size-resolved deposition
rate, ki, and its standard deviation from the repeated experiments are
estimated and listed in Table S3 (see Supporting information). The
average deposition rate for each discrete size category at various RHs is
shown in Fig. 3. The results confirm a strong size-dependent deposition
rate for submicron aerosol particles, in accordance with previous
experimental and numerical modeling works (Lee et al., 2014; Zhao
et al., 2015; Liu, 2009). Generally, the deposition rate decreases with
the size increases for ultrafine particles (< 100 nm) due to Brownian
diffusion, and remains low and steady for the particles between 100 and
400 nm, where neither Brownian diffusion nor gravitational settling is
dominant. A partially V-shaped curve of deposition rate vs size is
observed. The deposition rate for the particles< 30 nm at RH = 27 ±
5%, 39 ± 1%, and 54 ± 3% slightly falls off from the highest point
according to the estimated deposition rate of the size-dependent
particles (Nazaroff, 2004). This might be attributed to the lower initial
concentration of the particles in this size, which causes a seemingly
random influence and increases the standard deviation of the analytical
method. The highest deposition rate is estimated as 0.403 ± 0.025,
0.322 ± 0.027, 0.295 ± 0.021, 0.292 ± 0.059, and
0.325 ± 0.047 h−1 for the RH of 10 ± 5%, 27 ± 5%, 39 ± 1%,
54 ± 3%, and 64 ± 2%, respectively.

In general, the steepness of the size-dependent deposition rate in the
decline stage shows a negative relationship with the RH increase.
Specifically, for the particles diameter (Dp) < 70 nm, their deposition
rate reduces as the RH rises; while for Dp > 70 nm, the deposition rate
grows as the RH rises. To the best of our knowledge, no similar
investigations have been systemically addressed on the effect of air
humidity upon size-resolved particle deposition. A few studies have
focused on the micron particle deposition onto ventilation ducts and
found that the aerosol deposition is enhanced with the increase of the
air humidity (Han et al., 2011; Miguel et al., 2004). However, it has also
been suggested that low RH appears to enhance particle deposition of
fine particles (Wolkoff and Kjærgaard, 2007). The results in Fig. 3
indicate that RH impacts differently on the particles with different size.
This may be attributed to the increase of the viscosity for the moistened
air as the air humidity rises, which thickens the viscosity boundary
layer near the wall surfaces. Since Brownian diffusion is an important
factor to transport ultrafine particles from a homogeneous air in the
center to the boundary layer, where the boundary layer thickness
controls the nanoparticle deposition onto surfaces directly. Thus, an
increasing RH may lead to a slight decrease in the deposition rate by
inhibiting the particles transporting to the boundary layer and thicken-

Table 1
Initial conditions, the time-averaged coagulation coefficient and deposition rate for D/C
experiments by least-error-square algorithm.

Chamber RH
(%)

GMD0

(nm)
GSD Coagulation

coefficient
(cm3 s−1)

Deposition rate
(s−1)

R2

8 ± 2 68.0 1.76 7.98 × 10−11 1.03 × 10−4 0.99265
9 ± 3 67.8 1.73 2.69 × 10−10 9.41 × 10−5 0.97129
8 ± 3 65.9 1.77 9.61 × 10−12 1.09 × 10−4 0.96718
28 ± 2 71.3 1.76 1.88 × 10−9 2.53 × 10−5 0.99580
27 ± 2 69.2 1.77 6.82 × 10−10 8.05 × 10−5 0.99101
27 ± 1 68.3 1.79 2.10 × 10−9 1.81 × 10−5 0.9856
41 ± 1 69.6 1.75 8.93 × 10−10 7.56 × 10−5 0.99658
40 ± 1 72.3 1.73 1.95 × 10−9 2.89 × 10−5 0.99514
41 ± 1 70.1 1.77 1.45 × 10−9 6.05 × 10−5 0.99573
54 ± 1 70.8 1.74 2.49 × 10−9 3.03 × 10−6 0.99319
54 ± 1 72.0 1.76 2.78 × 10−9 3.25 × 10−6 0.98164
54 ± 1 68.1 1.70 2.62 × 10−9 1.69 × 10−6 0.99093
63 ± 1 71.7 1.81 8.91 × 10−10 8.66 × 10−5 0.99575
62 ± 2 66.8 1.76 1.20 × 10−9 6.99 × 10−5 0.99431
64 ± 1 67.8 1.72 1.69 × 10−9 2.78 × 10−5 0.98905
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ing the boundary layer. The thickness of the particle concentration
boundary layer diminishes significantly with increasing particle dia-
meter (Lai and Nazaroff, 2000). As for the particles (Dp) > 70 nm, an
increase of the fluid viscosity with the RH increase and the decrease of
the thickness of the particle concentration boundary layer would make
the friction velocity larger, and cause the increase of the diffusion and
deposition rate (Zhao and Wu, 2007).An increase in the viscosity of the
moistened air as well as the rising surface roughness resulted from the
water molecules adhere on the wall surfaces may also enhance particle
deposition onto the wall (Han et al., 2011).

The comparison of the size-resolved particle deposition rates under
still conditions for the particles of 10–1000 nm is depicted in Fig. 4. The
experimental parameters such as chamber and particle type, surface-to-
volume ratio, chamber RH and the numeric value of k can be found in
Table 2. The significant variance of the estimated deposition rate could
be attributed to the difference in the chamber shape, surface roughness,
surface-to-volume ratio, chemical and physical properties of the
particles, and the analytical method used in the model. The chamber
RH in previous studies have not been provided, except that the one
performed by Zhao et al. (2015) has clearly described the chamber
temperature and RH for the gasoline vehicle particle decay tests.

Therefore, the estimated size-resolved deposition rates at RH = 54 ±
3% and T = 25 ± 2 °C from this study and those at
T = 25.22 ± 0.15 °C and RH= 54.14 ± 2.25% from Zhao et al.’s
(2015) results are used to compare with those reported by others
(Schnell et al., 2006; Hussein et al., 2009a; Jamriska and Morawska,
2003; Kim et al., 2003; Cheng, 1997). It is obviously seen that the
deposition rate of this study is higher than that of other works for the
particles larger than 40 nm. This might owe to a higher surface-to-
volume ratio and larger inner surface roughness of our chamber, since
the factors is considered to enhance the deposition rate as illustrated by
previous researchers (Hussein et al., 2009b). Additionally, the particle
deposition is a complicated process involved various behaviors (such as
Brownian/turbulent diffusion, gravitational sedimentation, thermo-
phoresis, inertial drift and electrostatic attraction) and can be influ-
enced by a variety of factors (such as the initial particle concentration,
the size characteristics, the age and reactivity of the aerosols, tempera-
ture, humidity, pressure, and the presence of other volatile gases).
These could be the reason for the different results between this study
and Zhao et al.’s (2015) one, though the temperature and RH for both
researches are quite close. Nevertheless, a general partial V-shaped
curve is observed for the submicron particles from the above-mentioned
studies, which would benefit to reduce the indoor airborne particle
concentration, and thereby the exposure by lowering the percentage of
the accumulation mode particles.

3.3. Contribution of the coagulation to total concentration loss

The contribution of the coagulation to the total particle decay is
obtained by Eq. (4), based on the size-resolved deposition rate. The
exponential regression without boundary conditions is applied to fit the
total particle decay over one hour period in high concentration
(R2 > 98%). The geometric mean diameter (GMD) of the particle size
distributions increases by 1.16, 1.16, 1.12, 1.14, and 1.14 times during
1 h of the particle decay at RH = 9 ± 4%, 27 ± 3%, 40 ± 1%,
54 ± 1%, and 62 ± 2%, respectively. No significant difference is
observed for the particle decay and the size increase under different RH
due to close initial concentration that is elaborately controlled by our
experiments. Both deposition and coagulation processes are equally
important under such circumstances. The calculated average ratio of
the coagulation to the total particle loss (CtTPL) at various RHs for the
above experiments is exhibited in Fig. 5.

It can be seen that the initial ratio of CtTPL does not exceed 60% at

Fig. 3. Estimated deposition rate at different chamber relative humidity (%).

Fig. 4. Comparison of the size-resolved particle deposition rate for various types of
nanoparticles under still conditions in the test chamber among this study
(RH = 54 ± 3% and T = 25 ± 2 °C) with previous works.
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RH 5%–64% and an initial concentration of
~6.0 × 104 particles cm−3. Under the circumstances, the contribution
of CtTPL at RH = 27 ± 3%, 40 ± 1%, 54 ± 1%, and 62 ± 2%
decreases with its concentration decay with time due to fewer collisions
and fewer particle coagulation. Especially for that at a RH of ~54%, a
faster decrease of the ratio of CtTPL could be attributed to a higher
coagulation rate resulting from the greatly enhanced viscosities of the
nanometer-thick water films at the interface (Matthew et al., 2007).
Since higher coagulation rate can result in higher particle concentration
loss, the CtTPL may vary significantly with time. These trendlines
indicating the ratio of CtTPL decreases with time are in agreement with
the previous researches (Zhao et al., 2015; Schnell et al., 2006). On the
contrary, the ratio of CtTPL at RH= 9 ± 4% slightly increases versus
time in the range of 40%–52% assuming the deposition rate does not
change with time. The discordance may be attributed to the relatively
significant increase in RH (see Fig. S3) from the evaporation of the
water molecules adsorbed on the chamber and the possible leakage of
the water molecules from the air outside the chamber, which could
decrease the surface deposition rate and increase the coagulation
coefficient at RH between ~5% and ~30% according to Fig. 6.

In comparison with the previous studies, there are several reasons
accounting for the disparities. First, the relative lower initial concen-
tration produces weaker coagulation and is probably the main reason as
the initial concentration in this study is about 6.0 × 104 particles cm−3

compared with those of 105–106 particles cm−3 in Zhao et al.’s (2015)
and Schnell et al.’s (2006) studies, therefore, the contribution of the
initial CtTPL is of 40%–60% in this work against those of 85%–90% in
their studies. Secondly, different analytical and computational methods
may be another reason. Schnell et al. (2006) have determined the ratio

of CtTPL by the derived time-averaged coagulation coefficient and
deposition rate according to the least-error-square regression method.
There must be some deviations between the calculated results and the
real values since the transient coagulation rate varies over time. Zhao
et al. (2015) have used the best fitting Hamaker constant and the fractal
dimension in the coagulation model and the derived friction velocity
from Lai and Nazaroff deposition model (2000) to calculate the
contribution of CtTPL. The calculation for the transient coagulation
rate and the ratio of CtTPL may be more accurate by this method, but is
not suitable for this study since it does not fit well with the case at lower
initial concentration of ~105 particles cm−3 at 12.24 °C. Jamriska and
Morawska (2003) have reported that the loss rate due to coagulation
and surface deposition decreases with time by estimating the deposition
rate and the total loss rate via the interpolation method. In this study,
we assume that the deposition rate in high-concentration experiments is
the same to that in low-concentration ones at similar RHs in order to
calculate the ratios of coagulation. Since our experiments are carried
out across different seasons, the fluctuating ambient temperature and
varying charge status for the aerosols (the aerosols might contact with
ambient ions) may also cause the deviations of the deposition rate
between differently batched experiments. Nevertheless, the experimen-
tal results reveal that the ratio of CtTPL depends on both the initial
particle concentration and air humidity. A higher RH incurs a higher
initial ratio of CtTPL.

3.4. Time-averaged deposition rate and coagulation coefficient

Fig. 6 shows the time-averaged deposition rate and coagulation
coefficient calculated by the least-error-square algorithm at the high-

Table 2
Experimental characteristics and deposition rate for the nanoparticles under still conditions in environmental chambers with the comparable results.

Study Chamber type Particle type S/Va (m−1) Chamber RH (%) Deposition rate (h−1)

This study Polyhedron, stainless steel and PMMA Spherical SiO2 8 5–66 0.01–0.40
Zhao et al. (2015) Cubic, PMMA Gasoline vehicle exhaust 6 10–54 0.01–0.50
Schnell et al. (2006) Rectangle, acrylic Diesel and paper ash 5.25 70 0.01–1.8
Hussein et al. (2009a) Cubic, aluminum NaCl salt 6 – 0.03–0.15
Jamriska and Morawska

(2003)
Cubic, the inner walls covered with
latex paint

Environmental tobacco smoke and
petrol

4.5 Under-saturated
conditions

0.05–0.10

Cheng (1997) Spherical, aluminum Silver and polystyrene latex 8.9 – 0.029–0.17
Kim et al. (2003) Cylindrical, acrylic box NaCl and oleic acid 10 – 0.03–0.25

Fig. 5. Contribution of CtTPL during the first 1 h after initial particle decay at diffident relative humidity (%) for D/C experiments.
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concentration. The experimental conditions for each kind of tests are
given in Table 1. It can be seen that the time-averaged deposition rate
spans over two orders of magnitude from 10−6–10−4 s−1 and the time-
averaged coagulation coefficient spans over three orders of magnitude
from 10−12–10−9 cm3 s−1. Comparisons of the deposition rate and
coagulation coefficient among this study and those found in the
literature (Schnell et al., 2006; Hussein et al., 2009a; Jamriska and
Morawska, 2003; Kim et al., 2003; Cheng, 1997; Chen et al., 1990;
Robinson and Yu, 1999) are illustrated in Tables 2 and 3, respectively.
The results show that the deposition rate is slightly higher and the
coagulation one is slightly lower than those by other researches. It
suggests that, due to the larger ratio of surface area-to-volume for the
chamber, electrostatic losses to the chamber wall, if any, might account
for a significant amount of the deposition loss at RH = 9 ± 4%. The
derived coagulation coefficient in this study is slightly lower than those
reported by other investigators and probably caused by the different
initial particle concentration, size distribution, residence time and
chamber RH, etc.

We compare the derived time-averaged deposition rate and coagu-
lation coefficient at different RHs as shown in Fig. 6. The horizontal
error bars represent the standard deviations for the actual RHs recorded
by the instrument and the vertical error bars implicate the spread width
of the coagulation coefficients calculated at each RH. It could roughly
concludes that the RH has an effect on the particle D/C, where the
highest deposition rate and the lowest coagulation coefficient occur at
RH = 9 ± 4%, while the lowest deposition rate and the highest
coagulation coefficient emerge at RH = 54 ± 1%. This is consistent
with the fact that the particles adhere to other particles more strongly
as the humidity increases (Miguel, 2003). Surface tension due to water
molecular adsorption on the –OH groups of SiO2 NPs is a potential
cause for the increasing coagulation coefficient at high RH, which
results in the formation of nanometer-thick water films and the great

increase of the viscosity (Matthew et al., 2007), like that of the
interaction of the H2O molecules with the salt surface (Wise et al.,
2008; Darr et al., 2014; Bruzewicz et al., 2011). The slightly higher
initial concentration at RH = 27 ± 3% and 54 ± 1% probably lead
to the coagulation rate higher than those at RH = 40 ± 1% and
62 ± 2%, respectively. Though the effect of the RH on the particle
deposition and coagulation is relatively weak when compared with that
of the particle size and the second order relationship between the
coagulation and the transient concentration, it cannot be ignored when
considering the environmental safety of the nanoparticles and the
potential risks for human exposure.

Electrostatic charge on the particles and walls may significantly
influence their deposition rate. In this study, a soft X-ray neutralizer is
used to balance the charges on the particles in each experiment.
However, considerable standard deviations of the deposition rate and
coagulation coefficient still exist despite of the use of the well-defined
nanoparticles. Another effect such as the acquired electrostatic charges
due to the contacts between the nanoparticles and the ambient ions
may cause a random influence. Especially at RH = 9 ± 4%, the
aerosolized nanoparticles might be charged to a great extent under
such a dry condition than those under humid condition such as
RH = 27 ± 3%, 40 ± 1%, 54 ± 1%, and 62 ± 2%. The highest
deposition rate occurred at RH = 9 ± 4% may owe to the mutual
repulsion among particles and attraction between the particles and the
metal wall due to the induced opposite charges by the approaching
particles (Foster, 1959). With no doubt, other factors, such as the
variation of temperature may also be a reason for the variation of
deposition rate and coagulation coefficient, but the effect of tempera-
ture needs to be considered separately and is beyond the scope of this
paper.

Fig. 6. Time-averaged deposition rate and coagulation coefficient for the D/C experiments calculated by least-error-square algorithm.

Table 3
Experimental characteristics and the coagulation rate for the particles under still conditions with comparable results.

Study Particle type Initial GMD0 (nm) Investigated time period (s) Chamber RH (%) Coagulation rate (cm3 s−1)

This study Spherical SiO2 66–72 3600 5–66 9.61 × 10−12–2.78 × 10−9

Schnell et al. (2006) Diesel and paper ash 52–227 > 6000 70 4.02 × 10−10–1.01 × 10−8

Kim et al. (2003) NaCl 24–115 178–193 – (1.01–2.29) × 10−9

Chen et al. (1990) Cigarette smoke 220 2.5 60–95 1.33 × 10−9

Robinson and Yu (1999) Cigarette smoke 230 1.4 – (1.34–1.70) × 10−9
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4. Conclusion

The main focus of this paper is on the assessment of the effect of the
RH on the surface deposition and coagulation with reducing number
concentration of the aerosolized nanoparticles under still conditions
without considering other interactions. Experiments are conducted in
an enclosed chamber to measure the size distributions and particle
concentration decay for the ultrafine particles with time. Initial number
concentrations below 2.0 × 104 particles cm−3 are used to evaluate
the deposition-only process, and ~6.0 × 104 particles cm−3 are used
to study that with simultaneous coagulation and deposition in the
chamber, respectively. Three evaluation methods are applied to obtain
the size-resolved deposition rate, the contribution of CtTPL, and the
time-averaged deposition rate and coagulation coefficient.

The experimental results reveal that the RH has an obvious effect on
the size-resolved deposition rate and coagulation coefficient for the
airborne nanoparticles, which cannot be neglected. First, the impact of
the RH on the size-resolved deposition rate depends on particle size; for
Dp < 70 nm, the deposition rate decreases as the RH rises; while for
Dp > 70 nm, the deposition rate grows as the RH rises. Secondly, the
change of the ratio of CtTPL varies with the initial particle concentra-
tion and air humidity; for the initial particle concentration of
~6.0 × 104 particles cm−3, the ratio of CtTPL does not exceed 60%;
and the high initial ratio of CtTPL tends to be associated with the high
RH conditions, which may lead to the formation of nanometer-thick
water films at the interface and enhance the viscosities greatly. Thirdly,
the minimum time-averaged deposition rate and the maximum coagu-
lation coefficient appear at RH ~54%; both the lower and higher RH
conditions tend to enhance the deposition rate of the nanoparticles; the
coagulation coefficient of the nanoparticles increases with the increased
humidity due to strong inter-particle adherence.

Due to the variation in each experiment, such as the temperature,
the charge state on the particles and walls of the chamber, the
deposition rate and coagulation coefficient obtained in this study may
not be directly applicable to real-world simulations. Except for the
experimental errors, systematic errors would also be caused by the
modeling. However, the statistic results from this article provides an
estimation for the RH influence on the surface deposition and coagula-
tion, which can be used to assess the indoors ENP behavior and their
potential risks to human exposure.
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