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Measuring Ambient Acidic Ultrafine Particles Using Iron
Nanofilm Detectors: Method Development
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University, Hong Kong, China

Division of Environment and Department of Chemical and Biomolecular Engineering, The Hong Kong

University of Science and Technology, Hong Kong, China

The number concentration and size-resolved properties of
acidic ultrafine particles have been observed to more closely asso-
ciate with adverse health effects than do indices of total particulate
mass. However, no reliable measurement techniques are currently
available to quantify the number concentration and the size distri-
bution of ambient acidic ultrafine particles. In this study, a method
with the use of iron nanofilm detectors for enumeration and size
measurement of acid aerosols is developed and refined. Standard
sulfuric acid (H,SO4) or ammonium hydrogen sulfate (NH;HSO,)
droplets and sulfuric acid-coated particles were generated and de-
posited on the detectors causing reaction spots. The dimensions of
the reaction spots were examined with Atomic Force Microscopy
(AFM) to establish the correlations between the diameter of the
particle and the size of the reaction spot. To validate this method,
field measurements were conducted from September 06 to Novem-
ber 30, 2010, at Tai Mo Shan in Hong Kong. The results indicated
that the particle number concentrations obtained from the AFM
scanning of the exposed detectors via scanning mobility particle
sizer (SMPS) and electrostatic precipitator (ESP) collection were
comparable to those derived from the SMPS + CPC (condensation
particle counter) measurements (p > 0.05). The average geometric
mean diameter of particles at peak measured by the SMPS + CPC
and the detectors scanned by the AFM was 52.3 £+ 6.9 nm and 51.9
+ 3.1 nm, respectively, showing good agreement. It is suggested
that the iron nanofilm detectors could be a reliable tool for the
measurement and analysis of acidic particles in the atmosphere.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]
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1. INTRODUCTION

It is well documented that more than 90% of airborne par-
ticles in terms of number concentration are ultrafine particles
(UFPs, particles with diameter less than 0.1 wm) in both out-
door (USEPA 1996; Wichmann et al. 2000; Sioutas et al. 2005;
Guo et al. 2008; Solomon et al. 2008; Zhu et al. 2008; Buonanno
et al. 2009; Hagler et al. 2009) and indoor air (Abt et al. 2000;
Wallace and Howard-Reed 2002; Wallace et al. 2008; Guo et al.
2010; Zhang and Zhu 2010; Wallace and Ott 2011). Due to
their high diffusion coefficients and great accumulation ability
in the regional lymph nodes and the lung, ultrafine particles can
enter deep into the ciliated and alveolar sections of the lung
(Morawska et al. 2004; Oberdorster et al. 2005; Briuner et al.
2007; Stolzel et al. 2007) and even bloodstream (Schwartz 2001;
Oberdorster et al. 2004), and contribute to negative health ef-
fects (Pope et al. 2002; Li et al. 2003; Diapouli et al. 2007;
Andersen et al. 2010). As such, ambient UFPs may be more
important than PM; 5 (particles with diameter less than 2.5 um)
and PM,q (particles with diameter less than 10 xm) in terms
of their number-associated (Diapouli et al. 2007; Hoek et al.
2008, 2010; Berghmans et al. 2009) and size-associated effects
on human health (Ramgolam et al. 2008; Napierska et al. 2009;
Sohaebuddin et al. 2010; Ulrich et al. 2011).

Although substantial toxicological evidence of the harm-
ful effects of exposure to ultrafine particles exists, it is un-
likely that all components of ultrafine particles are equally toxic
(Utell et al. 1982; Schlesinger 1989; McGranahan and Mur-
ray 2003). Among all the chemical components, sulfuric acid
(H,SO4) and ammonium bisulfate (NH4HSO,) are important
chemicals in ultrafine particles in the atmosphere. In the last
decade, a number of studies indicated the close association be-
tween the acidity of ultrafine particles and adverse health effects
such as the prevalence of bronchitis symptoms and lung func-
tion decrements (Cohen et al. 2000, 2004b; Lippmann 2000;
Thurston 2000; Wichmann et al. 2000b; Gwynn and Thurston
2001; Donaldson et al. 2002). Hence, understanding the lev-
els of acidic ultrafine particles in the atmosphere is crucial for
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epidemiologists to study the impact of ultrafine particles on
human health.

Nevertheless, no reliable measurement techniques are avail-
able so far to obtain the number concentrations of acidic ultrafine
particles due to the fact that determination of number concen-
tration and size distribution of acidic ultrafine particles is an
extremely difficult task. Thus, there is an urgent need to develop
a method that can be used to quantify the number concentration
of acidic ultrafine particles in the air.

As a matter of fact, some pilot studies were carried out to
quantify the number of acidic particles. For instance, at the ear-
liest study, Gerhard and Johnstone (1955) and Waller (1963)
successfully obtained reaction spots of acidic particles in gelati-
nous films. However, it was impossible to individually detect
droplets with diameter less than 1.0 um at that time. By mea-
suring changes of light transmission and resistance of thin metal
films, Lodge and Havlik (1960) used the changes as indicators
of atmosphere pollution. Electronic micrographs of the exposed
films showed extensive surface mottling and pitting of the metal
films. Hayashi et al. (1961) used metal-coated glass slides to
detect and size acid aerosols which were nebulized to form
holes as reaction spots on the film surface, and also related the
sizes of observed reaction pits to aerosol droplet diameters. Un-
fortunately, the smallest size of the acidic droplets that were
characterized was several micrometers in diameter. Horstman
et al. (1967) used thin iron-coated detectors, on which reaction
pits were formed when the film was exposed to acidic particles,
to size acidic particles with diameter much larger than 0.1 um
by electron microscope. For submicrometer size particles, Bigg
et al. (1974) developed a method of spot reaction by applying a
thin film of reagent on the surface of the sample; later Mamane
(1977) modified and improved this method specifically for sol-
uble sulfates based on the reaction of the sulfate ion on barium
chloride film. Huang and Turpin (1996) had also noted the ring
formation as a characteristic of HySO, particles by scanning
electron microscopy (SEM) on carbon film substrates. Most re-
cently, Cohen et al. (2004a) developed iron nanofilm detectors
by vapor deposition for the measurements of acidic particles in
New York. The nanofilm detectors were examined with scan-
ning probe microscopy (SPM) for the enumeration of reaction
sites formed by acidic particles. In principle, this method could
measure the size distribution and number concentration of ambi-
ent acidic ultrafine particles. However, no acidic particles were
detected in their study, suggesting that the method might not be
suitable for an atmosphere with low levels of air pollutants, or
should be improved.

In Hong Kong, there have been few studies of the acidity
of aerosols (Pathak et al. 2004; Yao et al. 2007). However,
the aerosol acidity was characterized in terms of mass concen-
tration, rather than number concentration. To the best of our
knowledge, no study was conducted in Hong Kong to quantify
the number concentrations of acidic ultrafine particles. Previous
studies indicate that air pollution caused by particulate matter
and ozone in the atmosphere of Hong Kong is serious (Pathak
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et al. 2003, 2004; Wang et al. 2005; So et al. 2007; Yao et al.
2007; Guo et al. 2009). Hence, we chose Hong Kong as a proper
location to test and improve the method of iron-film detectors
so that reliable quantification of number concentration of acidic
ultrafine particles can be obtained.

In order to obtain accurate number concentration of acidic
ultrafine particles in the atmosphere of Hong Kong, this paper
will mainly focus on the method development. The iron nanofilm
coated on a silicon chip (i.e., the detector) used in previous study
(Cohen et al. 2004b) was found to be easy to detach from the sup-
port under high humidity and high temperature. Hence, a variety
of iron nanofilm detectors with more efficient and stable perfor-
mance than those used in Cohen et al. (2004b) was developed
in terms of substrate of the detectors and the coating methods.
Standard acidic particles were generated and collected on the
detectors. The sizes and shapes of reaction spots of generated
acidic particles and the surface structure of the detectors were
scanned by an Atomic Force Microscope (AFM), which was
calibrated with known size polystyrene latex (PSL) particles,
acidic droplets, and acid-coated carbon nanoparticles. Finally,
the influence of temperature, relative humidity, and gaseous pol-
lutants on the surface structure of the detectors was explored. A
reliable method for the quantification of acidic ultrafine particles
was established.

2. MATERIALS AND METHODS

2.1. Iron Nanofilm Detectors

Thermal Vacuum Evaporation (VE) and Magnetron Sputter-
ing (MS) deposition are two methods commonly used for the
coating of thin layer of ironfilm on the silicon wafer. In this
study, about 25-nm-thick ironfilm was coated onto the silicon
substrate by VE (Cooke Vacuum Products, USA) and by Direct
Current (DC)-MS deposition of Fe (with purity of 99.99%) tar-
get (0.5 cm thick) in Ar (99.999%). The base pressure of the
chamber was lower than 1 x 10~ Pa before MS deposition and
the total pressure for sputtering was kept at 1.0 Pa. Two types
of substrates were used to support the ironfilms. The first sub-
strate was silicon chips (5 mm x 5 mm x 0.4 mm), which were
ultrasonically cleaned in sulfuric acid solvent before coating.
The second substrate was silicon chips (5 mm x 5 mm x 0.4
mm) coated with a 5 nm titanium (Ti) layer by DC-MS sys-
tem (ARC-12M, Plasma Science Inc., USA), for enhancing the
adherence of the ironfilm on the substrates. Four batches of de-
tectors, namely Fe-MS, Fe-VE, Fe-Ti-VE, and Fe-Ti-MS, were
obtained and stored in a nitrogen atmosphere to avoid oxidation
of the ironfilm surface except during exposure.

A control experiment was conducted to investigate the sta-
bility of the iron nanofilm surface of these four types of detec-
tors under extreme weather conditions of high relative humidity
(RH) and high temperature, and to study the adhesive strength
of the iron nanofilm on the substrate with and without coating Ti
layer. Blank detectors and a set of detectors that were previously
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exposed to HySO,4 standard aerosols were placed in a container
(desiccator) wrapped with a rubber belt heater to control tem-
perature and RH for 3 months. The valve of the desiccator was
open to ambient air. The RH and temperature were set to: i) 90%
and 20°C; and ii) 85% and 35°C. These two weather conditions
are often observed in subtropical Hong Kong.

To test whether gas-phase pollutants in the atmosphere af-
fect the surface of the iron nanofilm detectors, a set of blank
detectors were placed in a sealed plastic canister (height:
5 cm; diameter: 8 cm) with an inlet installed with a high-
efficiency particle filter (HEPA) (Whatman, 0.3-um pore size)
to remove ambient particles. The diameter of the inlet and
outlet was 0.5 cm. Particle-free air was pumped through
the canister with a flow rate of 30 cm®min for the du-
ration of the sampling period at a mountain site, i.e., Tai
Mo Shan (TMS) (Section 2.4). The exposed detectors were
scanned by AFM each week to check the impact of gaseous
pollutants.

2.2. Standard Particle Generation and Collection

In order to obtain morphological information of acidic and
nonacidic ultrafine particles on the designed iron nanofilm de-
tectors and to calibrate the equipment such as SMPS + CPC,
electrostatic precipitator (ESP) and AFM, both standard acidic
and nonacidic particles were generated and collected onto the
detectors in this study. Due to different physical and chemical
properties of the standard acidic and nonacidic particles, the
generation procedures of each were different while the collec-
tion procedures were the same. In this study, three different
standard particles were separately generated and collected onto
the designed iron nanofilm detectors. They were acidic droplet
standards, acid-coated standard particles, and nonacidic stan-
dard particles. In principle, the three generated particles were
charge-neutralized, size-selected by differential mobility ana-
lyzer (DMA), and deposited onto the nanofilm detectors using
an ESP. Due to significant diffusion loss of particles with size
below 10 nm and diffusion broadening effect in the transfer
function, it is important to understand the efficiency (or pen-
etration rate) of the DMA for the accurate measurement of
airborne particles. In this study, an experimental system de-
termining the aerosol losses in the DMA was established. In
addition, the collection efficiency (or sampling performance) of
the ESP was evaluated using PSL standards. The ESP used in
this study was a point-to-plane electrostatic precipitator. The
singly charged aerosol, leaving a DMA, was guided by a duct
into the ESP, where perpendicular to the aerosol flow, an elec-
trode with a flat round plate (20 mm in diameter) was fixed
downstream a distance of 150 mm to the inlet. The detector,
i.e., silicon chip (5§ mm x 5 mm x 0.4 mm) coated with iron
nanofilm was mounted on the plate by double-size tapes to col-
lect the particles. It is noteworthy that a DMA was used prior to
the ESP. This is due to the fact that DMA can charge particles
using a bipolar charger (neutralizer) with radioactive sources,
i.e., Am241, and the charged particles are easier than uncharged
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particles to migrate to and are collected on a plate with the op-
posite charge in the electrical field. Detailed description on the
calibration of the SMPS + CPC and ESP was given in Supple-
mental Information (S.I.). Here, we provided the detailed gener-
ation and collection procedures of the three acidic and nonacidic
particles.

In principle, ambient acidic sulfates mainly exist in two
forms: acid dissolved in aqueous droplets and as a surface layer
on solid particles, such as typical carbonaceous or fly ash parti-
cles (Ronald et al. 1983; Lippmann 1989; Radojevi¢ and Harri-
son 1992). The second type of aerosol is formed by adsorption
of sulfuric acid onto particles with large surface to volume ratio
(Zhang et al. 2008). Hence, these two forms of H,SO4 standard
particles were generated in this study.

To generate the acidic droplet standards, an aerosol gener-
ator (Model 7.811, GRIMM, Germany) was used to produce
submicrometer-sized acidic droplets. The aerosol production
rate can be adjusted by the flows of the atomizer and the dryer
(dilution air). In this study, purified air with a flow rate of 4.8
L/min was introduced into the atomizer to generate polydisperse
aerosols. Dilution air was added into the system at the exit of
the generator with a flow rate of 10 L/min. Six sulfuric acid so-
lutions with different concentrations (in H;SO4 (w)/ H,O(v)),
i.e., 0.09, 0.045, 0.009, 0.0018, 0.00036, and 0.000072 g/cm®
were prepared to condition the droplets. The H,SO, droplets
were generated from each solution using the aerosol genera-
tor. For each solution, three different sizes, i.e., 32.5, 75.4, and
124.5 nm of H,SO, droplets were selected by an SMPS (Model
5.400, GRIMM, Germany) separately, and each size of HySOy4
droplets was collected onto three detectors using an ESP (Model
5.561, GRIMM, Germany) with a steady voltage of 5000 V, re-
spectively. The sampling flow rate of the ESP (0.3 L/min) was
controlled by a CPC (Model 5.400, GRIMM, Germany). In this
study, the sizes of the generated acidic droplets represented the
electrical mobility diameter (Dy,) measured by the SMPS, which
meant the diameter of a sphere with the same migration veloc-
ity in a constant electric field as the particle of interest (Flagan
2001).

For the generation and collection of the submicrometer sul-
furic acid-coated standard particles, a schematic diagram of the
experimental system is shown in Figure 1. The system con-
sisted of a nanocarbon particles generator, an H,SO,4 aerosol
evaporation and condensation system, an SMPS, an ESP, and a
CPC. First, a large quantity of glucose aerosols was generated
from D(+) Glucose monohydrate (Farco chemical) solution (5
g/100 mL H,O) by an ultrasonic nebulizer (Model No. 402A1,
China), and were introduced into a quartz tube furnace which
was heated to 700°C (Model No. F21130-33, Barnstead Ther-
molyne, U.S.A). At high temperature, without sufficient oxygen
supply for combustion, the glucose aerosols underwent thermal
decomposition, and produced ultrafine carbon particles. These
generated carbon particles were diluted by air immediately in
two conical flasks and then at a flow rate of 0.5 L/min passed over
the surface of highly pure H,SO4 (98% w/w) heated on a wire
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FIG. 1.

The schematic of acid-coated nanoparticles generation and collection system. Note: A is the ultrasonic nebulizer; B is the quartz tube furnace; C are two

conical flasks with purified water for cooling gas and removing large-size particles preliminarily; D is the silicone gel dryer to absorb the water mist; E is the filter
to remove the particles with a size larger than 1 um; F is a pump (0.5 L/min flow rate) to draw the carbon nanoparticles to G; G is the conical flask with highly
pure H>SO4 for the generation of sulfuric acid vapor on a heater; H is the water-cooled condenser; J is SMPS + ESP; and K is CPC.

coil heater. The mixture of carbon particles and sulfuric acid
vapor then passed through a thermostated water-cooled con-
denser to form nearly monodisperse sulfuric acid-coated
aerosol. Ultimately, the generated acid-coated aerosol was clas-
sified by the SMPS and deposited onto the detectors mounted
in the ESP with a flow rate of 0.3 L/min. Excess acid-coated
aerosols (0.2 L/min) were absorbed by a H,O solution through
the bypass between the condenser and the SMPS. In this study,
we used this HySO4 coated aerosol generation system to pro-
duce six different sizes of acid-coated nanoparticles, namely
20.7, 32.5,51.5,75.4, 101.4, and 153.9 nm. The coated H,SO,
amount on particles was proportional to the exposure time, vapor
concentration of HySOy, and particle surface area (or particle
size) (Zhang et al. 2008). According to H,SO4 condensation re-
sults in this study and the results of Zhang et al. (2008), HSO4
acid accounted for a fraction of 64.7%, 44.5%, 27.8%, 19.2%,
14.3%, and 9.5% of the mass of the six size particles, respec-
tively. These different size acidic standards were collected on
six detectors, respectively.

For the nonacidic particles, PSL microsphere standards
(Duke Scientific Corp., USA) with physical diameters of 32,
46, and 102 nm were used for the generation and collection.
One-two drops of PSL standard of each size were added into
Milli-Q water to dilute the suspension and to minimize the
concentration of impurities that may be present in tap wa-
ter. The PSL aerosols, generated by an atomizer and diluted
using filtered room air in a 1.5 liter bottle, were dried by
a silica gel dryer (40 cm long x 5 cm diameter), and then
were introduced into the SMPS + CPC system. The singly
charged aerosol, leaving from the bottom of the SMPS, was

then guided directly onto the nanofilm detectors mounted in the
ESP.

2.3. Aerosol Analysis

In this study, the tapping mode of an AFM (NanoScope,
Version 5.31R1, Veeco Instrument Inc., USA) was used to scan
the acidic ultrafine particles or droplets collected on the iron
nanofilm detectors. In the initial stage of this study, the AFM
and a field emission scanning electron microscopy (FESEM)
(JEOL-JSM 6335F, JEOL Ltd., Japan) were compared to verify
that the AFM is more suitable and effective for the detection
of acidic ultrafine aerosols. For detailed information about the
methods and results, please refer to S.I.

The PSL microsphere standards, acidic droplet standards,
and acid-coated standard particles generated in Section 2.2. were
used to calibrate the AFM. In this study, the tapping mode of
the AFM was used with a 5778E scanner. The oscillating probe
tip in sharp pyramidal shape (ACT Series Probe) was used with
a height of 14-16 um and the nominal radius of curvature less
than 10 nm. Scan parameters were established based on scan
area and the imaging resolution of particles on the detectors.
The 5 um x 5 um areas on a detector at 512 sample line
were selected for scanning with the parameters set as follows:
scan rate: 0.6-0.8 Hz; amplitude setpoint: 0.65-0.80 V; inte-
gral gain: 0.2; and proportional gain: 0.5. With the use of these
scan parameters, AFM was calibrated with known size PSL
particles to define the AFM x, y, z-axis measurement accuracy
which was mainly influenced by convolution of the pyramidal
tip or the scanner sensitivity (see S.I. 3. Scanning of PSL micro-
sphere standards), while laboratory-generated acidic droplets
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and acid-coated carbon nanoparticles were used to confirm the
correlation between measured dimensions of reaction sites and
originally generated particle mobility diameter (Dy,) sized by the
SMPS.

2.4. Field Measurement

To assess the reliability and efficiency of the detectors, and
to quantify the number concentrations of acidic ultrafine par-
ticles in the atmosphere of Hong Kong, a field measurement
was conducted at Tai Mo Shan (TMS) from September 06 to
November 30, 2010. TMS is the highest mountain (957 m a.s.1.)
in Hong Kong urban area, dominating the central New Terri-
tories, north of Kowloon. Our sampling site was located near
the mountain summit (22°24'38"” N, 114°07'28"E, about 700 m
a.s.l.). In this field measurement, two sampling systems were
utilized to characterize the ambient particles in the atmosphere.
One was the SMPS + CPC used to measure the time-integrated
size-resolved number concentration of ambient particles with
a range of 5.5-350 nm at 4-min scan intervals. Another one
was the SMPS + ESP used to collect particles smaller than
350 nm on iron nanofilm detectors. Due to high diffusion losses
of particles with diameter less than 10 nm, 1 m flexible and
conductive tubing was used in these two sampling systems. In
the SMPS + ESP system, ambient particles were classified by
SMPS and collected on a set of four detectors by ESP for 7 h
each time with a flow rate of 0.3 L/min at the sampling site. The
detector surface was then topographically analyzed by AFM to
enumerate the acidic particles and size the acidic reaction spots.
Consequently, by considering the penetration rate of the SMPS,
the collection efficiency of the ESP, and the counting and sizing
bias of the AFM, the number concentration and size distribution
of acidic ultrafine particles in the ambient air at the sampling
site were determined. Moreover, the total number concentration
of particles calculated by the SMPS + ESP + AFM method
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was compared with continuous data obtained from the SMPS +
CPC system to further validate this method.

3. RESULTS AND DISCUSSION

3.1.  Nanofilm Reaction Spots from Deposited Acidic
Droplet and Acid-Coated Standards

Figure 2 shows the two-dimensional (2D) and three-
dimensional (3D) images of a reaction spot caused by a 75.4
nm sulfuric acid droplet deposited on the 25-nm-thick iron
nanofilm. This droplet was generated from the sulfuric acid
solution of 0.009 g/cm?. The reaction site had a large bump
due to the deformation of the iron film caused by the acidic
droplet. The width of the reaction spot (horizontal distance 1-1,
2D image) on the detector was 310 4+ 27 nm, about 4 times
the diameter of the generated acidic droplet; and the vertical
distance (0-1, 3D image) of the bump was 30.7 &= 5.3 nm, about
two-fifths of the generated acidic droplet size.

Figure 3 presents the correlation between horizontal distance
(width) of reaction spot scanned by AFM and the diameter of
generated acidic droplets. The results showed that the width of
the reaction spot of acidic droplets on the detectors was 2—4
times the diameter of generated particles (Figure 3, Ratio line).
The width of the reaction spot was mainly dependent on the
size of originally generated droplets and, to a lesser extent,
the acidity. With the same acidity, the bigger the generated
droplet, the larger the width of the reaction spot on the detector.
It also clearly showed that the width of the reaction spot for
large droplets (i.e., 75.4 and 124.5 nm) generated from H,SO4
solutions increased with the decrease in pH values of H,SO4
solutions, whereas the width for small droplet (i.e., 32.5 nm)
remained constant.

The vertical distance (height) of the reaction spots also had
an obvious increase with the increase in droplet size (Figure 4).
In addition, with the increase of the acidity of H,SO4 solution,

FIG.2. Two-dimensional (2D) and three-dimensional (3D) images of a reaction spot caused by a 75.4 nm sulfuric acid droplet generated from the H,SO4 solution

with a concentration of 0.009 g/cm?. (Color figure available online).
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the height of the reaction spot increased for each of the three size
droplets, ranging from one-tenth to two-fifths, one-twentieth to
two-fifths, and one-twenty-fifth to two-fifths of the size of the
generated droplets, respectively. Moreover, the average ratio of
the height of the reaction spot to the diameter of the corre-
sponding droplet for the three size droplets obviously increased
with the increase in acidity of H,SOy solutions used to generate
acidic droplets. It is noteworthy that at the same acidity, the
ratio of the measured height to the diameter of corresponding
droplet for the three size droplets was close with a low devia-
tion, suggesting that the height of the reaction spot had a close
correlation with the size of the generated droplets.
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FIG.4. Correlation between vertical distance (height) of reaction spot scanned
by AFM and the diameter of generated acidic droplets. The primary vertical axis
represents the height of reaction spots; the secondary vertical axis represents
the ratio of the height of reaction spots to the diameter of generated acidic
droplets. The vertical error bars represent the deviation of the measurements.
(Color figure available online).
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Figures 5a and b shows the 3D images of the reaction spots
of a 32.5 nm and a 51.5 nm sulfuric acid-coated carbon par-
ticle on the iron nanofilm, respectively. The reaction site of
the 32.5 nm sulfuric acid-coated particle had a large bump in
the center surrounded by many extrusions (Figure 5a), whereas
the reaction site of the 51.5 nm sulfuric acid-coated particle
presented one large bump in the center surrounded by a circu-
lar ring (Figure 5b). The AFM-measured height and the width
of the reaction spot for the 32.5 nm acidic particle were 11.8
nm and 108.2 nm, respectively, while for the 51.5 nm acid-
coated particle, the height and width were 21.4 nm and 172.8
nm, respectively. The mechanism for such two different reac-
tion spots was likely due to the fact that different surface to
volume ratio of carbon particles caused different sulfuric acid
adsorption onto particles, and subsequently different mass con-
centration of sulfuric acid on the surface of particles formed
different morphology of reaction pits. To validate this assump-
tion, we compared the differences of mass concentration be-
tween freshly generated carbon particles (before being exposed
to H,SO4 vapor) and H, SOy coated carbon particles in mobility
size of 32.5 nm and 51.5 nm (after being exposed to Hy,SO4
vapor). The average mass ratio of 32.5 nm and 51.5 nm H,SOy4
coated carbon particles to original carbon particles was 1.81 and
1.28, respectively, suggesting that a smaller size particle had a
higher H,SO,4 acid mass fraction, leading to a distinguished
deformation on the surface of the iron nanofilm as shown in
Figures 5a and b.

Good correlations were found between the dimension of the
reaction spots and the mobility diameter of the generated acid-
coated particles (Figure 6). That is, the width of the reaction
spots formed on the 25-nm iron film detectors was approxi-
mately three times (3.2) the diameter of the corresponding acid-
coated particles (R> = 0.865), and the height of the reaction spots
was about one-third (0.32) the diameter of the corresponding
acid-coated particles (R* = 0.897).

In previous studies, Horstman et al. (1967) found that mea-
surements of the spot and acidic particle diameters by SEM
yielded an average spot-to-particle diameter ratio of about 1.5
to 2. Cohen et al. (2000) illustrated that acid-coated carbon par-
ticles with a diameter of 100 nm produced clearly detectable
reaction sites with the average height of 35 + 16 nm (average
=+ standard deviation) and the average width of 704 4 230 nm,
implying that the spot-to-particle diameter ratio was 5 to 9. In
our study, the average height of the reaction spots for 100 nm
acid-coated carbon particles was 28.3 + 12 nm (about one-third
of the particle diameter) and the average width was 316.4 + 56
nm (approximately 3 times the particle diameter). The different
spot-to-particle diameter ratios reported from different studies
suggest that the dimension (width and height) of the reaction
spot depends on the fraction of acid mass in the acid-coated par-
ticles, which could be different with the use of different acidic
particle generation system, and on the characteristics of the iron
nanofilm.
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Three-dimensional images of sulfuric acid-coated particle reaction spot on the 25-nm iron film; (a) A 32.5 nm acid-coated particle reaction spot; (b) A

51.5 nm sulfuric acid coated particle reaction spot. Note: The height of the reaction site above the iron-film surface was expressed as 0-2 vertical distance, and the
width of the reaction site was taken as 2-2 horizontal distance i.e. maximum width of the reaction site. The central bump of the reaction site was taken as the width
at half maximum value, shown as 1-1 horizontal distance. (Color figure available online).

3.2. Detector Response to Humidity, Temperature, and
Gaseous Pollutants

During the 3-month exposure, the detectors were periodi-
cally examined visually and scanned with AFM. Visual obser-
vation of the exposed iron nanofilm detectors under the con-
dition of 85% RH and 35°C showed that the surface of the
Fe—VE and Fe-Ti—VE detectors with high number concentra-
tions of standard acidic particles started to corrode after 2 weeks
and was completely destroyed in 3 months. Compared to the
AFM scan image before the exposure to high RH and temper-
ature, the 32.5 nm sulfuric acid-coated carbon particles on the
detectors under 85% RH and 35°C increased 2-3 times in di-
ameter and 1.4-1.6 times in height. In contrast, the surfaces
of the Fe-MS and Fe-Ti-MS detectors remained unchanged
under the same weather condition for up to 3 months. After-
ward, they were partly corroded. The results indicate that the
Fe—-MS and Fe-Ti-MS detectors had better stability than the
Fe-VE and Fe-Ti—VE detectors, and the adhesive strength of
iron film on the substrate with and without coating Ti layer
had no obvious difference during the 3 months exposure in this
study.

Under the condition of 90% RH and 20°C, the surface struc-
ture of the four types of detectors did not have significant
changes after 3-month exposure, only the sizes of the reac-
tion spots slightly increased during the exposure period. For
instance, the Fe-Ti-MS detectors with acidic droplets exposed
to 90% RH and 20°C for 3 months showed some enlargement
of the reaction spots (Figures 7a and b). Figure 7a showed that
the size of the reaction spots of 32.5 nm standard acid-coated
particles on the detector was 112 &£ 27 nm, 3—4 times the diam-
eter of the standard particle. The height of the spot was 16 £+ 8
nm, about one-half the diameter of the standard particle. After
exposure to 90% RH and 20°C for 3 months, the dimension of
the reaction site was enlarged horizontally and vertically to 162

4 43 nm and 20 £ 12 nm, respectively (Figure 7b). The re-
sults demonstrated that both RH and temperature influenced the
surface feature of the detectors. High temperature with a high
RH can significantly destroy the iron nanofilm. Furthermore,
the results suggested that the Fe-MS and Fe-Ti-MS detectors
were more resistant against extremely ambient conditions than
the Fe—VE and Fe-Ti—VE detectors.

During the field measurement at TMS, Fe—VE nanofilm and
Fe—MS nanofilm detectors were exposed to particle-free air to
check if the ambient gases affected the surface of the detectors.
The mean surface roughness of unexposed Fe—VE and Fe-MS
nanofilm was 0.31 £ 0.17 nm and 0.28 + 0.15 nm, respec-
tively. The results of weekly quality control measurements on
surface roughness showed that the average roughness in ten of
1m? area on the blank Fe—VE and Fe-MS nanofilm detectors
were 0.81 £ 0.44 nm and 0.64 £ 0.27 nm, respectively. Small
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FIG. 6. Correlation between the dimension (width and height) of the reaction
spots of acid-coated particles scanned by the AFM and the mobility diameter
(D) of the acid-coated particles. The vertical error bars represent the deviation
of the replicate measurements. (Color figure available online).
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FIG. 7. AFM image of 32.5 nm acid-coated particles on Fe-Ti-MS detector; (a) AFM image before exposure to 90% RH and 20°C; (b) AFM image after

3-month exposure to 90% RH and 20°C. (Color figure available online).

standard deviation values demonstrated that the detector surface
was very stable for both Fe—VE and Fe-MS nanofilm detectors,
especially for Fe-MS detectors. Based on the variations of the
surface roughness, the surface roughness of these blank detec-
tors was about 3 times that of unexposed detectors for the sam-
pling period, particularly in September and November, perhaps
due to the interference of occasionally high humidity (range:
74.3%-99.8%) in September and/or high SO, (5.22 ppbv) and
O3 (67.41ppbv) in November. Nevertheless, the increase in sur-
face roughness had negligible effect on the quantification of
acidic particles by AFM.

3.3. Validation in a Field Measurement

In the field measurement conducted at TMS, twenty-three
groups of detectors (4 detectors per group, totally ninety-two
detectors) were exposed to ambient air for 7 h and ultrafine
particles were collected onto these detectors by an ESP on dif-
ferent sampling days at different time slots. According to the
meteorological conditions and chemical composition of PM; s,
i.e., high RH and high SO,>~, 16 detectors exposed on 22-25
November were preliminarily chosen for AFM scanning.

Figure 8a and b shows the AFM image of the exposed detec-
tors collected during the sampling period. The acidic particles
in the atmosphere deposited on the iron nanofilm detectors were
easily distinguished from nonacidic particles (particles with-
out surrounded rings and/or halos were assumed to represent
nonacidic particles) in the atmosphere. Among a set of four
detectors collected simultaneously, five of 100 um? areas of
each detector were randomly selected to measure the sizes and
to count the total number of nonacidic and acidic particles on
these detectors by AFM, respectively. Thus, in total, twenty 100
wm? scanning areas were obtained for each group of detector
samples. Table 1 presents the sampling time slots and average

counts on each group of the detectors exposed in the sampling
period (22-25 November 2010).

The AFM scanning results showed that the total number of
nonacidic and acidic particles collected on the detectors was
more than 200 counts per 100 um? scanning area. The size
range of the nonacidic and acidic particles collected in field
measurement was 7.5-386 nm and 7.4-312 nm, respectively.
The diameter of nonacidic particles with peak value was larger
than that of acidic particles, and both diameters with peak val-
ues changed on different sampling days. It is noteworthy that
a remarkable number of acidic particles were below 20 nm,
requiring high resolution scanning of 1 um x 1 pum areas to
distinguish the acidic particles from nonacidic particles. Based
on the number of nonacidic and acidic particles found on the
detectors, the average number concentration of acidic particles
in the atmosphere was estimated as follows.

In the field measurement conducted at TMS, the size range
of nonacidic and acidic particles collected on the detectors
on November 22, for example, was 8.5-375 nm and 7.5-248
nm, respectively. According to the setting of 44 channels in
the SMPS, these measured nonacidic and acidic particles were
categorized into 40 and 36 groups, respectively. The particle
number concentration of each group was calibrated by the cor-
responding penetration rate of SMPS (PRgymps; Figure S1) of
these 44 channels, followed by the collection efficiency of
ESP (Egsp), of which, the size range was classified into four
groups, i.e., <30 nm, 30-50 nm, 50-100 nm, and >100 nm.
According to the known Eggp values of the three size parti-
cles, i.e., 30, 50, and 100 nm, the Egsp of particles with a size
larger than 100 nm can be extrapolated from the correlation
between the Egsp and particle size. Thus, the Eggp values for
these four groups of particles were 74%, 80%, 86%, and 92%,
respectively.
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FIG. 8. Ambient acidic particles collected on the iron nanofilm detectors at TMS:(a) an AFM image with a 2.9 um x 2.9 um scanning area on an Fe-MS
nanofilm detector; (b) a 2.8 um x 2.8 um scanning area on an Fe—VE nanofilm detector. (Color figure available online).

Since the collection plate of the ESP was a circle with a di-
ameter of 20 mm, it had 3.14 x 10° 100 wm? areas for AFM
evaluation of the deposited particles. Hence, the ambient par-
ticles concentration, C,, in particles per cm?, derived from the
number of deposited particles, is given by C, = ¥3.14 x 108
Ni/(PRsmpsi X Egsp; x Flow rate x Time), where N; is the
total number of particles in i-size channel counted per 100 um?;
PRgmps ; is the penetration rate of the i-size channel particles;
and Eggp; is the ESP collection efficiency of the i-size channel
particles. The sampling flow rate was 300 cm®/min. Since the

scanning time for each spectrum was 4 min and 5 s for each
channel, the sampling time for each size channel was 7 h x 60
min/h x 5 s/4 min) = 525 s. By summing up the calculated
number concentration of each size channel, the number concen-
tration of the nonacidic and acidic particles on November 22
was (4.60 & 0.86) x 10%cm? (peaked at 56.7 & 11.9 nm) and
(2.10 £ 0.45) x 10°/cm® (peaked at 47.7 & 8.4 nm), respec-
tively. The total number concentration of ambient particles on
November 22 was (6.70 & 0.41) x 10%cm? (peaked at 51.6 +
10.8 nm). Similarly, the number concentrations of nonacidic and

TABLE 1
Acidic and nonacidic particles collected during the field measurement at TMS

Number of particles (mean + SD)

Size of particles (GMD + SD)

Nonacidic particles

Acidic particles

Nonacidic particles size
range and the diameter at

Acidic particles size range
and the diameter at peak

Dates Sampling time per 100 um? per 100 um? peak per 100 xm? (nm) per 100 um? (nm)
22-Nov 15:00-22:00 236.7 +85.3 64.3+28.4 8.5-375 7.5-248
56.7+11.9 47.7+8.4
23-Nov 15:00-22:00 147.2+64.4 62.2+32.5 9.4-386 10.9-298
62.8+14.7 43.6+18.4
24-Nov 15:00-22:00 157.8 = 68.5 58.24+29.6 8.7-358 7.4-312
65.4+21.8 50.44+16.7
25-Nov 15:00-22:00 194.6 +=93.5 5694324 7.5-316 9.5-307
49.6 +18.7 40.5+11.2

“The size of nonacidic particles was verified using the results of AFM x and z calibrations; the diameter of acidic particle or acidic droplet
was verified according to the ratios between the size of reaction spot and the acidic droplet or acidic particle (see Section 3.1).
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TABLE 2
Comparison of the number concentration of ambient particles calculated by AFM with the values derived from the SMPS + CPC
in the field measurement

Number concentration of particles (mean = SD 103/cm?)

Date Sampling time Nonacidic particles Acidic particles Total particles SMPS + CPC data’
22-Nov 15:00-22:00 4.60£0.86 2.10£0.45 6.70£0.41 7.74+1.56
23-Nov 2.86 +0.65 1.61+0.42 4.48+£0.23 5.66+1.10
24-Nov 3.07£0.68 1.51£0.35 4.584+0.33 5.10£1.03
25-Nov 3.78+0.71 1.48+0.36 5.26+0.35 6.29+1.39

* For SMPS + CPC, the average hourly particle number concentration for the sampling period was calculated according to the trend of diurnal
variation and the hourly averages for the nonsampling period. Two-tail 7-tests between the ambient particle number concentration measured by
the AFM and the SMPS + CPC at 15:00-22:00 on these four days indicated that the p value was larger than 0.05.

acidic particles and the total number concentration of ambient
particles on the other three days (i.e. 23-25 November) were
obtained (Table 2).

The total number concentration of particles calculated by the
SMPS + ESP + AFM method was compared with continuous
data obtained from the SMPS + CPC system. Due to the fact
that only one SMPS was available for our study, the number
concentration and size distribution of ambient particles mea-
sured by SMPS + CPC were not obtained at the same time as
the sampling time of SMPS + ESP. According to the stable
metrological conditions from November 20 to 29 and integrated
SMPS + CPC data on November 20-21 and 26-29, the diurnal
pattern of number concentration and size distribution was found
to be similar on these days (data not shown here). Hence, it is
reasonable to assume that the diurnal pattern of number con-
centration and size distribution on the sampling days of 22-25
November was the same as that on other days. Consequently,
the mean number concentration and size distribution of particles
between 15:00 and 22:00 of a day were derived from the data
measured by the SMPS + CPC at other hours on the same day.
The comparison of the total number concentrations counted on
detectors with the values derived from the SMPS + CPC is
shown in Table 2.

It was found that the total number concentrations of ambient
particles measured by the ESP collection and AFM analysis of
the detectors were well in line with the levels measured by the
SMPS + CPC on these four days (two-tail t-test, p > 0.05).
Moreover, the geometric mean diameter (GMD) of the parti-
cles at peak measured by these two methods showed remark-
able agreement, namely, the average GMD at peak measured
by the SMPS + CPC was 52.3 £ 6.9 nm (45.8-60.3 nm) and
the AFM measured average GMD at peak was 51.9 £ 3.1 nm
(49.1-56.3 nm). The results suggested that the iron nanofilm de-
tectors could be a reliable tool for the measurement and analysis
of acidic particles in the atmosphere, if more areas of the detec-
tors were scanned and better resolution of the AFM images was
achieved.

4. SUMMARY AND CONCLUSIONS

In this study, an iron nanofilm detector method was devel-
oped for the estimation of number concentration and size distri-
bution of acidic particles in ambient air. Two new types of iron
nanofilm detectors (i.e., Fe-Ti—-MS and Fe-MS) were made and
their surfaces and adhesion to silicon substrate remained stable
when the surfaces of Fe—Ti—ED and Fe-ED detectors started to
corrode after 2-week exposure under severe weather condition
(85% RH and 35°C). However, under the condition of 90% RH
and 20°C, the surface structure of the four types of detectors
did not have significant changes at the end of the 3-month ex-
posure period. Only some enlargement of the reaction sites was
observed during the exposure period. In addition, ambient gases
were found to have negligible effect on the surface roughness
of the iron nanofilm detectors.

It is crucial to establish the relationship between reaction
spots on the detector and the size of generated acidic droplets and
acid-coated particles. To achieve the purposes, acidic droplets
and acid-coated standard particles were generated. The re-
sults showed that for acidic droplets, larger droplet with the
same acidity as smaller droplet had a larger horizontal dis-
tance (width) and vertical distance (height) of the reaction spot.
The width of the reaction spot on the detectors was 2—4 times
the mobility-based diameter of generated droplets. With the
increase of the acidity of H,SOy solution, the height of the reac-
tion spot increased, ranging from one-twenty-fifth to two-fifths
the mobility-based diameter of the generated droplets. For acid-
coated particles, the width of reaction spots on the detectors was
more than three times the mobility-based diameter of originally
generated particle, while the height of reaction spots was about
one-third of the original particle mobility diameter.

The developed iron nanofilm detectors were used in field
measurement in order to prove that the method developed in
this study was suitable for measuring the number concentra-
tion of acidic particles in the atmosphere. The number con-
centrations of ambient acidic particles, nonacidic particles, and
total particles were measured using the detectors. The results
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indicated that the total number concentrations of ultrafine parti-
cles measured on the iron nanofilm detectors were close to the
number concentrations measured by the SMPS + CPC system
(p >0.05), and the average GMD of the particles at peak mea-
sured by AFM (51.9 + 3.1 nm) had a good agreement with that
measured by SMPS + CPC (52.3 £ 6.9 nm). Although the iron
nanofilm detector method is time-consuming for AFM scan-
ning, the field measurement results indicate that this method is
promising and feasible for the detection and evaluation of the
number concentration and size distribution of ambient acidic
aerosols. To achieve a better performance of this method, it is
important to possess an AFM with higher resolution.
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