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Abstract

The adverse effects of acidic ultrafine particles (AUFPs) have been widely recognized in scientific
communities. Two methods have previously been developed to measure AUFPs, but there are certain
drawbacks. Thus, the aim of the study was to develop an easier, more rapid and more accurate
measurement system for semi-automatic measurement of AUFPs in the atmosphere. The new
measurement system was developed by integrating a diffusion sampler (DS) with three quartz crystal
microbalances (QCM), namely QCM+DS system. The QCM detectors were coated with a nano-film
of metal (metal-QCM detectors) and then placed inside the DS at three sampling spots for collection
and detection of ultrafine particles (UFPs). The frequency changes obtained from the metal-QCM
detectors were converted into the weights of deposited particles and used to determine the proportions
of AUFPs in UFPs through the removal process of non-AUFP particles. Prior to sampling, the sensitive
response of the QCM system and collection efficiencies of the QCM+DS system were calibrated using
standard acidic and non-acidic particles. Reactions between the AUFPs and nano-film of metal were
guaranteed by confirming much lower than one-layer deposition of particles on the detectors based on
theoretical calculation and experimental results. Finally, the QCM+DS system was validated in a field
measurement by comparing the results with those obtained from the previously developed method and
a commercial measurement system (i.e. SMPS). All the three methods showed good agreements in
measuring AUFPs and UFPs concentrations, indicating the reliability of the QCM+DS system for the

quantification of ambient UFPs and AUFPs.
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1. Introduction

Accumulated evidence strongly suggests that the number of acidic ultrafine particles (AUFPs) is more
closely correlated with total mortality, morbidity and hospital admissions for respiratory diseases
(Thurston et al., 1989, 1992, 1994; Lippmann and Thurston, 1996; Peters et al., 1997; Wichmann et
al., 2000; Cohen et al., 2000). In addition to health issues, AUFPs have impacts on climate, visibility
and secondary organic aerosol (SOA) production (Kim et al., 1994; Li et al., 2010). Hence, it is critical
to be able to distinguish AUFPs from the total number of ultrafine particles (UFPs), and to quantify
the number concentrations of AUFPs in the atmosphere. Only with this information can effective
control measures be formulated and implemented. However, no reliable measurement techniques were
available to obtain the number concentrations of AUFPs until 2012, as earlier methods can only
identify the AUFPs in the atmosphere, but cannot quantify them (Wang et al., 2012; Cohen et al.,
2004). Two methods were developed by our group in 2012 and 2014, respectively, to measure the
AUFPs in the atmosphere with the nano-film detectors (i.e. ESP+AFM and DS+AFM, respectively)
(Wang et al., 2012, 2014). In the previous methods, nano-film detector was generated by using the
magnetron sputtering system to coat a 25 nm metallic film on a silicon wafer. Afterwards, the detectors
were deployed in the electrostatic precipitator (ESP) and/or diffusion sampler (DS) for the collection
of UFPs in the atmosphere. Unlike non-acidic UFPs, AUFPs deposited on the detectors caused reaction
spots, which were examined by an Atomic Force Microscopy (AFM) to distinguish AUFPs from non-
acidic UFPs and measure their sizes. Thus, enumeration and size measurement of AUFPs were
achieved according to the number and diameter of particles deposited on the detectors after considering
the scanning area, collection efficiency and sampling duration. Both methods proved that nano-film

detector was a reliable method to differentiate AUFPs from UFPs and to quantify AUFPs.

Although the above methods can be used to quantify the concentration of AUFPs, the fact is that these
methods are offline and require enormous resources to support AFM analysis. The AFM is a widely
used technique in aerosol studies due to its high imaging resolution (1 nm in lateral and 0.1 nm in
vertical) and few limitations (Heath et al., 2018). The AFM operation does not require special
environment (e.g. vacuum and high/low temperature) and sample pre-treatments. However, the AFM

instrument is neither inexpensive nor compact, nor easy to operate, which hinders its wide application
2



56
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
82

in field measurements. Moreover, as a manual instrument, AFM analysis is highly time-consuming.
Numerous AFM scans are required to reduce the uncertainty caused by incomplete scanning of the
entire detector. Thus, it is impractical to obtain vast amounts of AUFPs data using the previous methods.
It is necessary to improve/revise the previous methods so that AUFPs can be enumerated and sized

online after collection on a nano-film detector without using AFM.

This study developed a novel method for semi-automatic measurement of AUFPs in the atmosphere,
named QCM+DS. Here, the semi-automatic means “partly operated by machinery, not human”. The
QCM+DS system was developed by integrating the previous DS with quartz crystal microbalances
(QCM). The QCM is an extremely sensitive online mass sensor with a detection capacity in the sub-
nanogram range (Ward and Buttry, 1990; McCallum, 1989, Chen et al., 2016). Noteworthily, the linear
relationship of QCM response with mass is only applicable to uniform, rigid and/or thin-film
deposition (Buttry, 1991). In the case of depositing soft polymers or biomolecules, the relationship
between mass and frequency may be destroyed. Owing to its high sensitivity, fast response and real-
time detection capabilities, QCM offers the opportunity to improve the previous DS and nano-film
detectors. By functionalizing the surface of the QCM detector with a nano-film of metal, QCM could
use its real-time measurement capabilities to monitor the temporal variations of ambient AUFPs. That
is, deployment of the coated QCM detectors inside the DS would enable us to conduct long-term online
measurements. Prior to sampling, the sensitive response of the QCM system and the collection
efficiencies of the QCM+DS system were calibrated using standard acidic and non-acidic particles.
Reactions between the AUFPs and nano-film detectors were guaranteed by confirming much lower
than one-layer deposition of particles on the detectors. After calibration, the QCM+DS system was
deployed in an outdoor measurement together with the previous DS+AFM method and a commercial

instrument (i.e. Scanning Mobility Particle Sizer (SMPS)) for method validation.
2. Materials and Methods
2.1 Quartz Crystal Microbalance (QCM)

A quartz crystal microbalance (QCM) measures a mass variation per unit area by detecting the change

in frequency of a detector. The resonance is disturbed by the addition or removal of a slight mass.
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High-precision (0.01 Hz) and high-resolution frequency (1 second) measurements are readily made.
As a gravimetric instrument, the QCM measures mass ranging from micrograms to fractions of a
nanogram. Its detection limits correspond to sub-monolayers of atoms. The changes in resonant
frequency are used as a direct measurement of mass changes on the surface of the QCM according to

the Sauerbrey’s equation (Eq. 1), which is shown below,
Af = -K-Am Eq. 1

where Af is the measured frequency change in Hz, K is the sensitivity factor for the detector in
Hz-cm?/pg, and Am is the change in mass per unit area in png/cm?. Hence, if the QCM is used for the
collection of particulate matters (PM), the mass change can be readily detected. In this study, three
QCM systems (QCM200, Stanford Research Systems) were adopted and integrated with the previous
DS to develop a new sampler, i.e. QCM+DS. The purpose of using three QCM systems was to
understand the collection efficiency at different distances from the inlet. The QCM200 system includes

a controller, crystal oscillator electronics, a crystal holder and detectors.
2.2 Metal-QCM detectors

Magnetron sputtering system (MSS) was proved to be a proper method for coating a nano-film of
metal on the surface of substrate (Wang et al., 2012). The surface of the MSS coating and the adhesion
to the substrate remains stable under severe weather condition. Thus, the MSS was adopted in this
study to coat the nano-film of metal on the surface of the QCM detector, forming metal-QCM detectors.
Using the MSS, a nanostructure interface of the metal was fabricated by ejecting the metal atoms onto
the surface of the detector under high-voltage bombardment. It was proved that the nano-film of metal
reacted with the deposited AUFPs. Pure QCM detector was firstly ultrasonically cleaned in sulfuric
acid solvent (2 mol/L), ethanol and purified water, respectively, to remove all the fine particles and
impurities on its surface. A plate was used to place the detector before and after sputtering to prevent
contamination. The base pressure of the chamber was lower than 4x10~° Torr before MS deposition
and the total pressure for sputtering was kept at 1.3x1072 Torr. In an ultrahigh vacuum environment,
metal target was activated at a high voltage of ~400 volts to produce plasma and then sputtered metallic

atom on the surface of the QCM detectors. To obtain ~25 nm thickness of metallic film, sputtering
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duration of 2.5 min was adopted. After sputtering, the metal-QCM detectors were stored in a nitrogen

atmosphere to avoid oxidation of the nano-film surface.
2.3 Fabrication of the QCM+DS system

The developed QCM+DS system was fabricated by integrating the previous DS with three QCMs.
Introduction of the previous DS was described in previous study (Wang et al., 2014). To integrate the
QCMs with the DS, modification was made, including the inlet and the sampling spots. Details of the

modification are narrated in the supplement (Text S1).

The schematic diagram of the QCM+DS system is shown in Fig. 1. Specifically, 1 is the inlet unit (Fig.
S1 for detail). 2 is the rubber used to seal the sampler. 3 is the metal-QCM detector which is put inside
the system. 4 is the channel for collecting air sampler. 5 is the outlet of the sampler. 6 is the inlet tube
for connecting with a dryer outside. 7 is the upper panel of the diffusion sampler. 8 is the installation
groove which can suitably place the detector. 9 are the two QCM pins which enable the connection
between the detector and digital controller. 10 is the QCM digital controller. A is the sampling spot
inside the QCM+DS system. Sectional view of A is also displayed in Fig. 1. In particular, the locations
of the three sampling spots (i.€. spot A, spot B and spot C) were at 85.0,201.5, and 472.5 mm (midpoint
of the rectangular recess) from the inlet along the length of the channel, respectively (Fig. S2 for detail).
The L1, L2, L3, L4, and L5, L6 were the distances of left and right sides of metal-QCM detectors from
the inlet at the three locations, respectively. Details of the particle collection procedure in the QCM+DS

system were narrated in Text S2.
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Fig. 1 Schematic diagram of the QCM+DS system

2.4 Calibration of the QCM+DS system
2.4.1 Calibration of sensitivity factor of the QCM

The Sauerbrey’s equation relies on a linear sensitivity factor, K, which is a fundamental property of
the QCM. Sauerbrey’s equation is only strictly applicable to uniform, rigid, thin-film deposits (Buttry,
1991). As the QCM detector was modified (section 2.2) and different sizes of particles would be

measured in this study, calibration of the sensitivity factor of the QCM after modification was needed.

Both standard acidic and non-acidic particles were used to calibrate the sensitivity factor to avoid the
influence of reactions between the acidic particles and the nano-film of metal. A calibration system
was set up using standard non-acidic particles (Fig. S3). The system comprised a particle generation
unit, a particle collection unit and a condensation particle counter (CPC; Model 5.400, Grimm,
Germany). In the particle generation unit, a particle generator (Model 7.811, Grimm, Germany) was
used to generate standard non-acidic particles of polystyrene latex spheres (PSL) (Thermo Scientific,
USA) and sodium chloride. After generation, particles passed through a dilution bottle and a silicone
gel dryer to buffer and remove water vapor, respectively. The particle collection unit included an ESP
with metal-QCM detectors inside. In our system, the ESP was used to collect the generated particles

and the collection efficiency of the ESP was 100% for particles smaller than 200 nm (Wang et al.,

6
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2012). A differential mobility analyzer (DMA) was used to select monodisperse particles for follow-
up collection. After size selection, particles were collected on a metal-QCM detector mounted in the
ESP at a flow rate of 0.3 I/min. Frequency change of the metal-QCM detector was obtained after a
certain sampling time. A CPC measured particle number concentration simultaneously during the
calibration process at the same flow rate as ESP (i.e. 0.3 1/min). As for the calibration system using
standard acidic particles, the particle collection unit and the CPC were the same, while the particle
generation unit was altered to a standard acidic particle generation (SAPG) system (Fig. S4). Details

of the SAPG system were described in our previous study (Wang et al., 2014).

The mass of deposited particles measured by the QCM system was compared with the particle number
concentrations derived from the CPC. By considering densities and sizes of particles and sample
volume, number concentrations derived from CPC were used to calculate the mass of deposited
particles and the K value was then calibrated (Sarangi et al., 2016; Franken et al., 2019). Details are
shown in Eq. 2 and Eq. 3.

AM = Coum - QT+ Grr® - p) Eq. 2

—Af-A
K=———"F—— Eq. 3
Cnum'Q'T'(gT’:T&P) 4

where Cnum is the number concentration of particles derived from CPC (count/cm?), Q is the flow rate
(cm’/min), T is the sampling time (min), p and r are the density (g/cm®) and radium (cm) of particles,

and A is the area of the metal-QCM detector (cm?), respectively.
2.4.2 Calibration of collection efficiency of the QCM+DS system

As a modified diffusion sampler, the collection efficiency is dependent upon the theory of diffusion
presented by Hinds (1999), which is related to the deposition parameter (). The deposition parameter

() is determined by Eq. 4 and Eq. 5.

DXLXW

= oxh Eq. 4
_ kxXTxCx10%0 Eq. §
- 3mxyxdp a4

where W is the deposition parameter, L is channel length (cm), W is channel width (cm), Q is flow
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rate (cm?/sec), and h is channel height (cm), D is the diffusion coefficient of the particle (cm?/sec) and
determined by the Stokes-Einstein equation (Eq. 5), where k is Boltzmann’s constant (1.38x1023 J/K),
T is the absolute temperature, Cc is the slip correction factor, y is the air viscosity (1.79%10°Pa-sec),

and dp is the particle diameter (mm).

Collection efficiencies of particles in the QCM+DS system were calibrated using three sizes of PSL
particles (53 nm, 102 nm and 200 nm) at four different sampling flow rates (0.05, 0.1, 0.2 and 0.5
1/min). In total, 12 experimental scenarios were conducted at each sampling spot. The schematic of
calibration experiment setup is illustrated in Fig. S5. Two to three drops of PSL standards in each size
were added into 8§ mL Milli-Q water to generate PSL-particle aqueous solutions. The PSL particles,
generated by the particle generator and diluted with filtered air using a 1.5 L bottle, were dried by a
silica gel dryer (70 cm lengthx15 cm diameter), and then introduced into an environmental chamber.
Every 2h, 5 mL PSL-particle aqueous solution was added into the particle generator to keep the
generated aerosol at a stable level of about 10°-10%cm?, i.e. ~1.0x 10%cm? for 50 nm, 4.0x103%/cm’
for 102 nm, and 2.0x103%/cm? for 200 nm PSL particles. The chamber size was 70 (H)*x60 (W)*90 (L)
cm. The QCM+DS system was placed in the centre of chamber (Fig. S5). During the experiments, the
frequency change of the system was recorded. To obtain sufficient frequency change for statistical
analysis, totally 8~12 hours were required for sampling PSL aerosols. Simultaneously, a SMPS
(DMA+CPC; Model 5.400, Grimm, Germany) measured the concentrations of monodisperse PSL
aerosols inside the chamber every 4 mins throughout the entire experimental period. Eventually, the
overall frequency change (Af) was converted into the mass of deposited particles, which was compared
with the total mass of particles passing through the QCM+DS system, measured by the SMPS. Thus,
the collection efficiencies of the system on the three sizes of particles at four different sampling flow
rates were obtained. The relationship of collection efficiencies of the QCM-DS system with sizes of
particles and sampling flow rates was then quantified using the above experimental data (Origin Pro

2017, USA).
2.5 Particles removal process

To measure AUFPs, the key step is to differentiate acidic particles from non-acidic particles on the

surface of the metal-QCM detector. In this study, ultrasonic method was adopted to remove non-acidic
8
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particles on the nano-film detector without reactions (Wang et al., 2019). Specifically, non-acidic
particles (e.g. NaCl particles) and acidic particles were generated and collected on the metal-QCM
detectors, which were then treated by the ultrasonic. The acidic particles would react with the metal
nano-film and form unique reaction spots, while non-acidic particles simply adhered to the surface
without any reaction (Wang et al., 2012). Thus, non-acidic particles were removed from the surface
based on the principle that the attractive forces between acidic particles and metal nano-film were
different from those between non-acidic particles and metal nano-film. The non-acidic particles, i.e.
NaCl aerosols, were generated using the particle generator, while the acidic particles were generated
using the SAPG system. After collection of both non-acidic and acidic particles, metal-QCM detectors
were transported to a beaker and then immersed in ethanol and sonicated/agitated at a high frequency
(about 40 kHz) for 30 mins. The tapping mode of an AFM (NanoScope, Version 5.31R1, Veeco
Instrument Inc., USA) was used to examine the workability of the ultrasonic method and determine

the removal efficiency of particles before and after the treatment.
2.6 Validation via a field measurement
2.6.1 Sampling site

To validate the QCM+DS system, a field measurement was conducted from 11% April to 25" April
2019 at an urban site (Fig. S6). The site was on the rooftop of a building in the Hong Kong Polytechnic
University. This site was significantly affected by anthropogenic emissions as it was located near busy

roads and surrounded by residential areas.
2.6.2 Sampling technique and setup

Several instruments were employed in the field measurement, including the QCM+DS system, the
previous DS and a SMPS (Model 5.400, Grimm, Germany). Results obtained from the previous
DS+AFM method and SMPS were compared with those of the QCM+DS system. Schematic of the
setup of sampling system is shown in Fig. S7. Ultrafine particles (UFPs) passing through the PMi
cyclone were divided into two streams. The first stream went into the previous DS directly and particles
were collected on the nano-film detectors. The other stream was further divided into two sub-streams.
One sub-stream went through a DMA firstly for size selection to obtain monodisperse particles.

9
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Afterwards, the monodisperse particles were collected by the QCM+DS system. The other sub-stream
after the DM A was delivered to a CPC to monitor the number concentrations of UFPs. During sampling,
both QCM+DS system and CPC measured the time-integrated size-resolved concentrations of ambient
particles with a range of 5.5-150 nm at a 120-min scan interval. The QCM+DS system with three
metal-QCM detectors inside continuously measured the mass of deposited particles (via frequency
changes) at a flow of 0.1 L/min for 2 days for each sample, while the SMPS monitored size-classified
particle number concentrations at a fixed flow rate of 0.3 L/min. At the end of each sampling, a HEPA
filter was connected to the inlet of the QCM+DS to conduct blank experiment for at least 3 hours. On
one hand, the blank experiment measured the frequency change when particle-free air was collected,
which was considered in the data analyses. On the other hand, the system was cleaned by the particle-
free air before the next sampling. For the previous DS, nine nano-film detectors were placed inside it
for exposure. Ambient air was drawn through the sampler by a low-flow pump with a fixed flow rate
of 0.05 L/min. Sampling duration of each sample was 2-4 days, dependent on the level of particle
number in the air. Noteworthily, although the sampling was non-isokinetic, the measurement of

ultrafine particles in the study was not affected (Arouca et al., 2010; https://www.ldxsolutions.com

/particulate-matter-isokinetic-sampling/).

2.6.3 Data processing

After the field measurement, results obtained from the QCM+DS system were compared with those
measured by the DS+AFM method and SMPS. The DS+AFM method was described in previous
studies (Wang et al., 2012, 2014). The SMPS is a commercial instrument, which is able to measure
number concentrations of UFPs online (maximum time resolution of 4 mins). As for the new QCM+DS
system, real-time frequency of metal-QCM detector was obtained during sampling. To determine
concentrations of UFPs in the atmopshere, frequency changes were converted into the masses of the
deposited particles. By taking into account the collection efficiency, sampling flow rate and sampling
duration, the concentrations of AUFPs and UFPs were determined. Specifically, in the QCM+DS
system, particles ranged from 5.5 nm to 150 nm were categorized into 8 size bins (124~150 nm, 75~112
nm, 47~69 nm, 30~43 nm, 19~27 nm, 17~12 nm, 11~8 nm, and 7~5 nm) in one scanning interval (i.e.

2 hours) for calculation and comparison with the results of SMPS and DS+AFM method. Frequency
10
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change of one size bin corresponded to the sampling duration (15 mins) in one scanning interval.
However, due to the tiny frequncy change in the smaller size bins (i.e. 17~12 nm, 11~8 nm and 7~5
nm), the three size bins were merged into one category for calculation (i.e. 17~5 nm). In collecting one
sample, sampling duration of the QCM+DS system was 2 days. Thus, sum of frequency changes for
each size bin in one sample was used to calculate the particle concentraions in the 2 days. Eq. 6 explains
the details of quantifying the concentrations of UFPs (Cm) using the QCM+DS system.

Cun=.mi/mi)/(QxT) Eq. 6

where Cm is the mass concentration of UFPs in the atmosphere; m; is the mass of particles in i size

bin, calculated using the Sauerbrey’s equation (Eq. 1); ni is the corresponding collection efficiency of
particles in it size bin; Q is the sampling flow rate; T is the sampling time. Moreover, to convert mass
concentration into number concentration, the density of ambient particles was assumed to be 2.5 g/cm?
(Ferro et al., 2004; Cha and Olofsson, 2018). The conversion equation is as follows (Eq. 7).

ni= mi/(4/3xmx1ixp) Eq. 7
where ni is the total number of particles in i size bin; mi is the mass of particles in i size bin; p is the
ith

particle density and riis the average radius of particles in the i size bin. Therefore, the total number

concentration of UFPs (Ch) is further determined (Eq. 8).

Cr=(2 niMmi)/(QxT) Eq. 8
Furthermore, to determine the concentrations of AUFPs, sampled metal-QCM detectors were
immersed in the ethanol solution for ultrasonic treatment for 30 min after a certain storage time (longer
than one day) in the inert gas. The storage time was to ensure a sufficient reaction between acidic
particles and metal nano-film (Wang et al., 2012). Frequency changes before and after ultrasonic
treatment were obtained. Frequency change after ultrasonic treatment was corresponded to the mass
of non-acidic particles collected, while the frequency change in the field measurement referred to the
mass of total UFPs. Thus, the mass of AUFPs was determined by the difference between the frequency

changes in the field measurement and those after the ultrasonic treatment.
3. Results and Discussion

3.1 Sensitivity factor of QCM
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3.1.1 Calibration of sensitivity factor using non-acidic particles

Fig. 2 shows the calibrations of sensitivity factor of the QCM system using non-acidic particles with
sizes of 32 nm, 53 nm and 102 nm. The mass of deposited particles per unit area of each sample
acquired from the CPC was plotted against the frequency changes measured by the QCM system. The
slope for each size of particles was the sensitivity factor according to Eq. 3. The surface area of the
quartz crystal (A) was equal to 0.4 cm?. Particles of 102 nm and 53 nm were PSL particles while 32
nm particles were sodium chloride as the particle generator was unable to generate high enough
concentrations of 32 nm PSL particles for collection. The densities of PSL and sodium chloride were
1.05 and 2.08 g/cm’, respectively. Hence, the calibrated K value was 52.23 +4.90 Hz-cm?/pg (R?>=0.99)
for 102 nm particles, 59.83 + 6.64 Hz-cm?/ug (R>=0.99) for 52 nm particles and 52.80 + 8.49
Hz-cm?/pg (R?=0.99) for 32 nm particles. It can be seen that the calibrated K values were similar to

the initial value of 56.6 Hz:cm?/ug with a deviation of 3.0% set by the manufactory.

Am (pg/em?)
Am (pg/cm?)

0.04 0.06 0.08 0.1 (U
L 3

Af (Hz)

Am (pg/em?)

v (Hz)

Fig. 2 Calibrations of sensitivity factors of the QCM system using different sizes of non-acidic particles
(upper left panel: 32 nm; upper right panel: 53 nm; and lower panel: 102 nm)

3.1.2 Calibration of sensitivity factor using acidic particles

12
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The calibration of sensitivity factor using acidic particles was similar to that using non-acidic particles.
The same three sizes of acidic particles were generated and collected by both QCM-+DS system and
CPC. The density of acidic particles was determined as follows. Because the density of ultrafine carbon
black particles was 0.55 g/cm? (Gilmour et al., 2004), and sulfuric acid accounted for 44.5%, 27.8%
and 14.3% of the mass of 32 nm, 53 nm and 102 nm acidic particles, respectively (Zhang et al., 2008),
the density of 102 nm acidic particle was estimated to be 0.73 g/em’® (i.e. p=0.55%(1-
14.3%)+1.8x14.3%=0.73 g/cm?). Likewise, the density of 32 nm and 53 nm acidic particles was 1.11
g/cm’ and 0.90 g/cm’, respectively. The calibration results are shown in Fig. 3. The calibrated
sensitivity factors were 53.97 + 6.07 Hz-cm?/ug (R?>=0.96), 57.84 + 17.98 Hz-cm?/ug (R*=0.95) and
59.13 + 14.17 Hz-cm?/ug (R?>=0.96) for 32 nm, 53 nm and 102 nm acidic particles, respectively. It can
be seen that the results were similar to those of non-acidic particles and the initial value set by the
manufactory. The R? were not as high (0.95-0.96) as those for non-acidic particles due to the fluctuation
of the SAPG system. Overall, the acidic and non-acidic particles produced the same responses on the
QCM system, and the initial value of sensitivity factor did not change after modification. Thus, the
initial K value set by the manufactory was still adopted (i.e. 56.6 Hz-cm?/ug) in the QCM+DS system

in this study.
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Fig. 3 Calibrations of sensitivity factors of the QCM system using different sizes of acidic particles
(upper left panel: 32 nm: upper right panel: 53 nm; lower panel: 102 nm)

3.2 Confirmation of less than one-layer deposition

There were two issues about the feasibility of the QCM application into the DS for the measurement
of acidic ultrafine particles. One was the recognizability of acidic particles by the QCM system and
the other was the mass sensitivity of the QCM system. To distinguish the acidic particles, the deposition
of particles was required to strictly fulfil single-layer coverage on the surface of the metal-QCM
detectors in order to cause reactions between a single acidic particle and the coated detector. The
maximum frequency change of the QCM system (i.e. Afmax) during sampling was reached after a
single-layer of closely-spaced particles was deposited on the surface. However, in practice, it was
impossible to fully obtain/fulfil single-layer coverage of particles on the surface, not to mention the
detection of a single-layer deposition. As such, the deposition of particles needed to be far less than
single-layer coverage during sampling to avoid particles stacking. Meanwhile, it was essential to
ensure that enough frequency change (i.e. Afenough, > 10 times the detection limit) could be detected in
the case of a far less than single-layer deposition based on theoretical calculation (Shrivastava et al.,
2011). There were some assumptions in theoretical calculation for Afenough: 1) the coverage rate of
particles was twentieth (i.e. 0.05); ii) the particles deposited on the surface had the same diameter; and
iii) the average density of particle was p = 2.5 g/cm?® (Ferro et al., 2004; Cha and Olofsson, 2018). The
surface area of the quartz crystal A = 0.4 cm?. For close-space arrangement of the particles, the surface
usage rate A = 0.9 according to geometry (Binks et al., 2017). Therefore, the particle number (N) for

twentieth coverage rate of single-layer deposition N = 0.05-AA/s = 0.05-AA/ar?. The s is the cross-
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sectional area of the particle and r is the geometrical radius of the particle. The mass of a single particle
m = Vp = 4npr’/3. Thus, the total mass M = Nm = 0.05-4prAA/3. As the relationship of frequency
change with the mass of particles deposited on the surface followed the Sauerbrey’s equation (Eq. 1),
the theoretical Afenough for different sizes of particles (i.e. 5-350 nm) were calculated. The frequency
changes of 5% coverage for single-layer deposition of particles ranged from 2.1 Hz to 148.6 Hz for 5
nm and 350 nm particles, respectively (Fig. S8). In theory, the highest resolution of the QCM system
to detect frequency change is able to reach 0.01 Hz, which is significantly lower than the frequency
change presented in Fig. S8, regardless of particle sizes. In conclusion, sufficient frequency change
could be obtained even in the case of a far less than single-layer deposition of particles. Even so, it
was still necessary to confirm that particles stacking would not occur under the circumstance of much
lower than 100% coverage for single-layer deposition of particles. Otherwise, some acidic particles

might stack upon others and could not react with the coated detector.

To confirm the hypothesis, polydisperse sodium chloride particles (~10%cm™) were generated by a
particle generator and then collected on the nano-film detectors for a certain time period (€.g. 30 min,
45 min and 60 min) using an electrostatic precipitator (ESP) with a flow rate of 0.3 L/min. In theoretical
calculation, the coverage percentage was around 5 - 20%. Detectors with different collection times
were scanned by an AFM. The specific coverage percentages for each detector were determined
through a function in the software of the AFM called bearing analysis. In the analysis, all the bumps
(particles) above the surface of the nano-film were included to determine the coverage percentages.
Fig. 4 presents deposited ultrafine particles on the coated QCM detectors under different coverage
percentages. All the particles above the surface were marked in blue. From upper left to lower right
panels, the coverage percentages were 3%, 5%, 10% and 13%, respectively. It was found that particles
were well separated at low coverage percentages (i.e. 3%, 5% and 10%), while particles stacking
appeared (inside the circle in green) at high coverage percentage of 13% (Fig. 4). Therefore, to
definitely avoid particles stacking, the coverage percentage should not be higher than 10% during field
measurements. Based on the concentrations of UFPs we measured at the same site in previous study
(Wang et al., 2014) and preliminary calculations, it would need more than 30 days for a 10%
coverage percentage of particles on the surface of a detector. Hence, 2-3 days sampling duration for
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369 each sample collected by the QCM+DS system in ambient air would be workable. Under such
370  conditions, sufficient frequency change was able to be obtained while particles stacking would not

371  occur.

NP -] N 81 -]
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373

374  Fig. 4 Deposition of ultrafine particles under different coverage percentages. Upper left panel: 3%;
375  upper right panel: 5%; lower left panel: 10%; and lower right panel: 13%

376

377 3.3 Removal of non-acidic particles

378  To remove non-acidic particles on the surface, coated detectors were put into ethanol solution for the
379  ultrasonic for 30 mins after collection of non-acidic particles (i.e. NaCl particles) and acidic particles.
380 The workability of ultrasonic method and its removal efficiency were examined through AFM
381  scanning. In the scans of AFM, acidic particles were distinguished by unique reaction spots that had a

382  central elevation with a surrounding yellow halo on the surface of the detectors, while non-acidic
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383  particles did not have such characteristics (Wang et al., 2012). Detectors having non-acidic and acidic
384  particles before and after the ultrasonic treatment are shown in Fig. 5 and Fig. 6, respectively. Clearly,
385  non-acidic particles were all removed from the surface while acidic particles remained on the surface.
386  Noteworthily, similar number of acidic particles was counted before and after the ultrasonic process in

387  the same scanning area of AFM images.
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390 Fig. 5 AFM images of NaCl particles before (upper two panels) and after (lower two panels) ultrasonic
391 treatment by ethanol
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Fig. 6 AFM images of standard acidic particles before (upper two panels) and after (lower two panels)
ultrasonic treatment by ethanol

Moreover, verification was conducted using the modified QCM+DS system. Both standard acidic and
non-acidic particles were generated and collected on the metal-QCM detectors. After a certain reaction
time (more than one day), the detectors having non-acidic and acidic particles on the surface were
ultrasonically cleaned with ethanol for 30 min., respectively. The frequencies of the metal-QCM
detector before and after ultrasonic treatment were obtained. It was found that the frequency of the
metal-QCM detector with acidic particles remained almost unchanged after 30 min. of ultrasonic
cleaning (i.e. frequency change < 0.1 Hz), revealing that acidic particles were unable to be removed

by ultrasonic cleaning. Instead, ultrasonic treatment of the detector with non-acidic particles caused
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frequency enhancement, opposite to the frequency reduction caused by the mass of deposited particles,
suggesting that non-acidic particles were removed during the ultrasonic process. In summary,
ultrasonic treatment with ethanol effectively removed non-acidic particles on the surface of the metal-

QCM detectors while retaining acidic particles.
3.4 Collection efficiencies of the QCM+DS system

Fig. 7 illustrates the collection efficiencies of the QCM+DS system at different flow rates for different
sizes of particles. Obviously, all the stepwise collection efficiencies in the QCM+DS system deceased
with the increase of flow rate, regardless of particle size, probably owing to the fact that the deposition
positions of the particles were beyond the sampling spots inside the system after the increase of flow
rate. It also implied that there was a significant dependence of diffusion deposition on the flow rate. In
addition, the collection efficiencies on small particles were higher than those on large particles when
the flow rate was the same, consistent with the theory of diffusion deposition, suggesting that the
deposition of particles in the QCM+DS system obeyed the principle of diffusion deposition (Hinds,
1999; Wang et al.,, 2014). The relationships between the experimentally-determined collection
efficiencies and deposition parameters were determined by multivariate nonlinear regression analysis

(Origin Pro 2017, USA).

Specifically, at the sampling spot A (Fig. 1), the values of deposition parameter (u) for most
experimental scenarios were smaller than 0.003. According to our previous study, the collection
efficiency (na) had a power—law relationship with p (Wang et al., 2014). Thus, the collection efficiency
as a function of p was estimated from the 12 experimental scenarios by a model: Na = a1 %(p2* — p1?)
using the Quasi-Newton method. The i and p2 are the independent variables. The two parameters o
and o2 are constants. After model simulations, the semi-empirical equation for the diffusive collection

efficiency at the sampling spot A was obtained as follows (Eq. 9):
Na = 20.532 x (2267 — 10671y Eq. 9

where 1 and po represent the deposition parameters at the starting and ending points of sampling spot
A (i.e. 8.14 cm and 8.86 cm, respectively), and are calculated using Eq. 4 and Eq. 5; the constant a1 is
a modified factor and o2 is a power-law exponent obtained from experimental data, which are 20.532
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and 0.671 (regression coefficient r = 0.914) in Eq. 9, respectively.

However, at the sampling spots B and C, the relationships between collection efficiencies (v and 1c)
and p were different. On one hand, most values of p at the two sampling spots were larger than 0.003,
except for large particles (e.g. > 200 nm) at high sampling flow rate (e.g. > 0.5 1/min) at sampling spot
B, indicating that there was an exponential relationship of p with np and ne according to the theory of
diffusion deposition (Hinds, 1999). On the other hand, the calibrated collection efficiency did not show
a power-law function with the sampling flow rate for every size of particles at these two sampling
spots in the previous DS (Wang et al., 2014). Therefore, different exponential models (i.e. np =
Bix[exp(B2xp3) - exp(P2xp4)] and ne = yix[exp(y2xps) - exp(y2xpe)]) were adopted to determine the np
and nc as a function of p by multivariate nonlinear regression method. The constant Bi and y1 were the
modified factors for the semi-empirical equations; 2 and y2 were the determined constants for the
independent variables at the sampling spots B and C, respectively. By fitting the 12 experimental
scenarios at each sampling spot into the two models, the semi-empirical equations for the diffusive
collection efficiency at the sampling spots B and C (i.e. npand n¢) were obtained (Eq. 10 and Eq. 11),

respectively:

Mo = 7.435 % [exp (-20.132%u3) — exp (-20.132xp4)] Eq. 10

Ne = —11.253 X [exp (7.520xus) — exp (7.520%ps)] Eq. 11

where 3, P4, ps and pe represent the deposition parameters at the starting and ending points of sampling
spots B (19.79 cm and 20.51 cm) and C (46.89 cm and 47.61 cm), respectively; constants f1 and [z
are 7.435 and -20.132 (r = 0.959) for the collection efficiency of sampling spot B, respectively (Eq.
10); and y1 and y2 are -11.253 and 7.520 (r = 0.971) for the collection efficiency of the sampling spot

C, respectively (Eq. 11).
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Fig. 7 Collection efficiencies of the QCM+DS system at the sampling spot A (upper left), spot B (upper
right) and spot C (lower) at four different flow rates for three different sizes of particles

3.5 Validation via a field measurement

Table 1 lists the concentrations of AUFPs and total UFPs measured by the QCM+DS system on 11-13
April 2019 as an example. The mass concentrations of UFPs in spots A, B and C were 5.03, 2.85 and
6.49 pg/m’, respectively. By considering the proportion of AUFPs in UFPs through the removal
process of non-AUFPs, the mass concentrations of AUFPs were further determined to be 1.07, 0.74
and 0.97 pug/m? at spots A, B and C, respectively. Number concentrations of UFPs and AUFPs were
estimated by converting mass concentrations using the assumed density of particles (i.e. 2.5 g/cm?)
(Ferro et al., 2004; Cha and Olofsson, 2018). Noteworthily, although the mass concentrations of UFPs
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and AUFPs measured at spot B were the lowest among the three sampling spots, the number
concentrations were the highest. These were mainly caused by the higher mass concentrations of
smaller sizes of particles (i.e. 5.5 nm -17 nm) measured at spot B than those at spots A and C, which
significantly enhanced the calculated total particle number and thus led to high number concentrations.
Eventually, the values at sampling spots A, B and C were averaged and regarded as the average

concentrations of UFPs and AUFPs on these days.
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473 Table 1 Concentrations of AUFPs and total UFPs measured by the QCM+DS system on 11-13 April, 2019

Data & Sampling Spot  Particle Frequency Total mass of Estimated total Proportion of Mass Number Mass Number
Time size bin change (Hz) particles in the number of particles in AUFPs in concentration of  concentration concentration concentration of
(nm) sample air (ug) the sample air UFPs (%) UFPs (ug/m’) of UFPs (cm™) of AUFPs AUFPs (cm?)
(ng/m’)
124~150 1.72 0.79 2.24x108
75~112 1.09 0.37 4.35x108
47~69 0.53 0.11 5.04x10%
Spot A 212 5.03 1.16x10* 1.07 2.44x10°
30~43 0.31 0.03 5.11x108
19~27 0.22 0.02 8.61x108
5.5~17 0.12 0.003 5.38x108
124~150 1.10 0.39 1.09x108
75~112 0.72 0.23 2.76x103
11-13 April 47~69 0.57 0.08 3.54x10%
Spot B 26.3 2.85 2.10x10* 0.74 5.47x10°
2019 30~43 0.22 0.02 2.94x103
19~27 0.17 0.01 6.65x10%
5.5~17 0.16 0.02 3.86x10°
124~150 0.98 1.13 3.20x108
75~112 0.77 0.41 4.92x10%
47~69 0.42 0.10 4.34x10%
Spot C 15.7 6.49 1.59x10* 0.97 2.39x10°
30~43 0.40 0.04 6.69x108
19~27 0.49 0.02 1.04x10°
5.5~17 0.36 0.01 1.25%x10°
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474 Table 2 Comparisons of concentrations of AUFPs and total UFPs measured by the QCM+DS system, the SMPS and the previous DS+AFM

475 system
SMPS Previous DS+AFM OCM+DS
Number Number Number Mass Mass
Estimated mass Estimated mass Estimated mass Estimated number Estimated number
Date concentration concentration concentration of concentration concentration
concentration of concentration of concentration of concentration of concentration of
of UFPs of UFPs x10* AUFPsx10? of UFPs of AUFPs
UFPs (ug/m?) UFPs (ug/m?) AUFPs (ug/m?) UFPs x10* (cm™) AUFPs x10° (cm™)
x10* (cm?) (cm?) (cm?) (ng/m?®) (ng/m?)
11-13 April 2019 0.86+0.39 3.14+1.16 4.79+1.68 1.62+0.43 0.93+0.15 3.43+1.62
1.69+0.38 2.224+0.50 0.96+0.53 0.13+0.07
13-15 April 2019 0.91+0.38 4.84+2.34 4.65+3.00 1.4240.51 0.84+0.35 2.79+0.71
15-17 April 2019 1.27+0.57 4.28+1.92 2.00+0.31 2.61+0.40 3.01+1.23 0.39+0.16 4.82+3.41 1.32+0.56 0.88+0.54 2.52+0.53
23-25 April 2019 0.67+0.32 2.86+1.27 1.71+0.81 2.24+1.06 1.16+0.78 0.15+0.10 2.88+1.26 0.92+0.11 0.56+0.21 1.94+0.74
476
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Fig. 8 Temporal variations of number concentrations of UFPs measured by QCM+DS system and SMPS on 11-25 April 2019
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Table 2 compares the results of SMPS, previous DS+AFM and the QCM+DS system from the field
measurement. Note, only one set of detectors was collected on 11-15 April using the previous DS given
the levels of particles on these days and the sensitivity of the previous DS detectors. The average UFP
number concentrations and mass concentrations measured by the QCM+DS system were in line with
those measured by previous DS+AFM method (p > 0.05) and SMPS (p > 0.05), implying the
consistency of the QCM+DS system. To further evaluate the performance of the QCM+DS system, the
temporal variations of UFP number concentrations measured by the QCM+DS system and the SMPS
on 11-25 April 2019 are shown in Fig. 8. Concentrations of UFPs measured by the QCM+DS system
and the SMPS were both acquired and compared at a 4-hours interval. Overall, the temporal variation
trends of the UFP concentrations measured by both methods were similar with a good index of
agreement (IOA = 0.77), which again indicated the consistency of results from both methods. Low
levels of UFPs were usually found at night, while high UFP concentrations were observed at daytime
hours, in agreement with the pattern of human activities. The discrepancy of results was mainly
attributed to two factors. On one hand, the QCM+DS system estimated the UFP number concentrations
based on the density of UFPs reported in previous study, which might cause uncertainties. On the other
hand, the QCM+DS system was not as sensitive as the SMPS, not only in time-resolution but also in
size-resolution, which likewise led to a certain degree of uncertainty in determining UFP
concentrations. Specifically, SMPS measured the particle concentration every 10s for a specific size,
while the QCM+DS system acquired the particle concentration in a size bin every 15 mins. To achieve
a higher time-resolution and/or size-resolution, improvements could be made by replacing the 5 MHz
QCM detector in the study to a more sensitive QCM detector (e.g. 10 MHz, 20 MHz and 50 MHz

QCM detectors) (Pohanka, 2017).

As for the concentrations of AUFPs, only the data obtained from the previous DS+AFM method and
the QCM+DS system were compared since the SMPS was unable to measure the AUFP concentrations
(Table 2). Generally, the AUFP concentrations measured by the QCM+DS system were higher than
those measured by the previous DS+AFM method. Difference was significant in mass concentration
(p < 0.05) but not obvious in number concentration (p > 0.05). In addition to the impact of assumed
particle density, the difference may be caused by the random selection of the AFM scanning areas in
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the DS+AFM method and the measurement deviation of the QCM system. The proportions of AUFPs
in UFPs (DS+AFM: 10.1% + 5.2% and QCM+DS: 20.3% + 7.0%) were significantly decreased
compared to those measured in 2010 (DS+AFM: 44.9%+8.6%) at the same site regardless of methods
(both p < 0.05), while the number concentrations of UFPs were comparable to those observed in 2010
(p = 0.05) (Wang et al., 2014). The decreased levels of AUFPs in this study against those in 2010
implied effective control of SO2 which is the precursor of acidic particles (i.e. sulfuric and hydrogen
sulfate). Indeed, SOz levels in Hong Kong and adjacent inland Pearl River Delta region from 2010 to
2019 have been significantly reduced by 55.4% and 63.0%, respectively, reported by the Hong Kong

Environmental Protection Department (https://www.epd.gov.hk/epd/tc_chi/resources_pub/publications/

m_report.html). Compared with the proportion measured by the QCM+DS, the lower proportion of
AUFPs in UFPs obtained by the DS+AFM method might be underestimated due to the uncertainties
in the selection of the AFM scanning areas, especially when the concentrations of AUFPs in the

atmosphere were low.

Overall, based on comparison with the results of SMPS and previous DS + AFM methods, the
QCM+DS system was satisfactory for the measurements of UFPs and AUFPs. Compared to the
previous method (DS+AFM), the QCM+DS system abandoned a time-consuming and complicated
instrument (i.e. AFM) and developed from an offline method to a semi-online method. The DS + AFM
method required about one day to scan one set of samples (Wang et al., 2014), while the QCM+DS
system used to measure UFPs had a time resolution of two hours. Moreover, the large size
(60cm*x60cm*80cm) and heavy weight (~ 100 kg) made the AFM difficult to be widely used in the
field measurements. Without an AFM, the QCM+DS system was miniature (50cm*20cmx30cm;
15kg). Overall, the QCM+DS method was portable, compact and user-friendly. Nevertheless, time-
resolution and/or size-resolution of the QCM+DS system could be further improved. At this stage, it
takes two days of sampling time to gain the concentration of AUFPs. Furthermore, the QCM + DS
system cannot be used to obtain the size distribution of AUFPs. Both are challenges for the

development of methods for measuring AUFPs in the atmosphere in future study.
4. Summary and Conclusions

In this study, a QCM+DS method was developed to semi-automatically determine the concentrations
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of ambient AUFPs and UFPs, based on the diffusion deposition of ultrafine particles in a diffusion
sampler and the online detection of the mass of UFPs using a metal-QCM detector. The QCM+DS
method was accomplished by combining the previous DS and three QCM systems. Modifications were
made to the inlet of the sampler and the sampling spots inside the sampler to collect size-resolved
particles and place detectors inside the sampler, respectively. Furthermore, the QCM detector was
altered by coating a nano-metal film on its surface using a magnetron sputtering system to generate a
metal-QCM detector for collecting and identifying AUFPs. According to the different attraction of
AUFPs and non-acidic UFPs to metal film, ultrasonic treatment by ethanol removed the non-acidic
particles on the surface of the detector, while retaining the acidic particles. AUFPs were identified and
quantified based on the frequency change of the metal-QCM detectors during ultrasonic processing
and sampling. Prior to field measurements for method validation, calibration experiments were
conducted to determine the sensitivity factor of the modified QCM detector and the relationship of

collection efficiency with particle size and sampling flow rate in the QCM+DS system.

In the field sampling campaigns, the total UFPs number and mass concentrations measured by the
QCM+DS system showed fairly good agreements with the results of the other two methods (i.e. SMPS
and DS+AFM). In addition, the concentrations of AUFPs measured by the DS+AFM system were
lower than those obtained by the QCM+DS method, which might be caused by underestimation of the
DS+AFM method due to the uncertainties in the selection of the AFM scanning areas. The difference
between these two methods was significant in mass concentration but insignificant in number
concentration. In short, the QCM+DS system is satisfactory and reliable for the measurements of
ambient UFPs and AUFPs. Improvements can be further made by increasing the time-resolution and/or

size-resolution of the method and obtaining the size distribution of AUFPs.
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