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ABSTRACT
A novel air sampling monitor was developed for near-continuous (i.e., 2-h time resolution)
measurement of iron (Fe), manganese (Mn), and chromium (Cr) concentrations in ambient coarse
particulate matter (PM) (i.e., PM10–2.5). The developed monitor consists of two modules: (1) the
coarse PM collection module, utilizing two virtual impactors (VIs) connected to a modified
BioSampler to collect ambient coarse PM into aqueous slurry samples; (2) the metal concentration
measurement module, which quantifies the light absorption of colored complexes formed through
the reactions between the soluble and solubilized target metals and pertinent analytical reagents in
the collected slurries using a micro volume flow cell (MVFC) coupled with UV/VIS
spectrophotometry. The developed monitor was deployed in the field for continuous ambient PM
collection and measurements from January to April 2016 to evaluate its performance and reliability.
Overall, the developed monitor could achieve accurate and reliable measurements of the trace
metals Fe, Mn, and Cr over long sampling periods, based on the agreement between the metal
concentrations measured via this online monitor and off-line parallel measurements obtained using
filter samplers. Based on our results, it can be concluded that the developed monitor is a promising
technology for near-continuous measurements of metal concentrations in ambient coarse PM.
Moreover, this monitor can be readily configured to measure the speciation (i.e., water-soluble
portion as well as specific oxidation states) of these metal species. These unique abilities are
essential tools in investigations of sources and atmospheric processes influencing the
concentrations of these redox-active metals in coarse PM.

EDITOR
Paul Ziemann

1. Introduction

The current body of epidemiological studies provides
unequivocal evidence for the association between expo-
sure to particulate matter (PM) and increased risk of car-
diovascular, neurological as well as respiratory diseases,
hospitalization, and premature death (Pope et al. 2002,
2004; Brunekreef and Forsberg 2005; Delfino et al. 2005;
Dockery and Stone 2007; Perez et al. 2008; Delfino et al.
2010; Davis et al. 2013; Gauderman et al. 2015). It should
be noted that most of these studies have linked the health
end-points with PM mass concentrations of airborne
PM; however, there is growing evidence highlighting the
important role of the chemical composition of ambient
PM, rather than simply the mass in driving the health
outcomes (Claiborn et al. 2002; Verma et al. 2009).

Redox-active transition metals, including iron (Fe),
manganese (Mn), and chromium (Cr), are among the

few chemical components of ambient PM that studies
have documented an association with human health
impacts, likely due to their ability to induce oxidative
stress (e.g., via the generation of reactive oxygen species
[ROS]), which usually occurs as a cascade of events that
significantly increases the ROS concentration in the tar-
get cells and causes inflammatory responses in cells and
tissues (Donaldson et al. 2003; Tao et al. 2003; Delfino
et al. 2005; Peters et al. 2006; Li et al. 2009). Therefore,
a focus of many recent studies has been on the evalua-
tion of sources, transport, and chemical speciation of
these redox-active trace metals (Putaud et al. 2004;
Moreno et al. 2006; P�erez et al. 2008; Viana et al. 2008;
Putaud et al. 2010; Harrison et al. 2012; Sowlat et al.
2012, 2013; Fang et al. 2015; Hassanvand et al. 2015;
Argyropoulos et al. 2016). Several studies have also
examined the particle-size dependency of oxidative
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potential and relationship to chemical composition (Tao
et al. 2003; Valavanidis et al. 2005; Ntziachristos et al.
2007; Ayres et al. 2008; Miljevic et al. 2010; Shafer et al.
2010; Charrier and Anastasio 2012).

Nonetheless, the impact of individual chemical com-
ponents of PM on the health end-points is still relatively
poorly understood; therefore, the development of inno-
vative PM measurement techniques capable of providing
high-resolution of chemically speciated data and their
use in concurrent toxicological studies can drastically
improve our current understanding of the main PM spe-
cies driving these health effects (Karlsson et al. 1997;
Weber et al. 2001; Wang et al. 2015). These novel techni-
ques will also help improve our understanding of the
dynamics of atmospheric PM emission, dispersion, and
fate through the provision of data with higher time reso-
lution. In particular, the development of techniques/
methods capable of measuring different forms of redox-
active metals (i.e., different oxidation states as well as
solubility characteristics) would be very important in
studying aerosol toxicity. This is because the toxicity of
PM-bound metals is significantly impacted by their solu-
bility, with the water-soluble fraction of the redox-active
metals better reflecting in many cases the bioavailable
pool (Shi et al. 2003; Heal et al. 2005). In addition, in
most cases, the toxicity of these metals, per se, is depen-
dent upon their oxidation state (Khlystov and Ma 2006;
Majestic et al. 2006, 2007).

Recently, a novel online monitor was developed and suc-
cessfully applied for the near-continuous measurement of
PM2.5-associated Fe, Mn, and Cr (Wang et al. 2016). The
system comprised of two modules: (1) the PM collection
module employing an aerosol-into-liquid collector; and (2)
the chemical analysis module employing micro volume
flow cell (MVFC) coupled with spectrophotometry. One of
the critical advantages of the developed system over
previously available technologies (e.g., aerosol time-of-flight
mass spectrometry (ATOFMS) or X-ray-fluorescence
(XRF) based technologies) is that it can measure these
metals in both total or water-soluble forms, as well as in
different oxidation states with a relatively high time
resolution (i.e., 2 h), which can provide crucial information
on the biological pathways underlying the adverse health
effects, which are mostly speciation-driven (Wang et al.
2016).

There has been a variety of novel technologies devel-
oped to measure the on-line concentrations metals in the
fine PM size fraction, including the particle-into-liquid
sampler (PILS) (Weber et al. 2001); the Cooper XactTM

625 Monitoring System; the AMMS-100 Focused Pho-
tonics, Inc. (Hangzhou, China); and the semi-continuous
elements in aerosol system (SEAS) (Kidwell and Ondov
2001, 2004). Despite the recent development of these

high time-resolution measurement methods for PM2.5-
bound elements, to the best of our knowledge, similar
systems have not yet been developed for the measure-
ment of redox-active metals in the coarse PM fraction
(PM10–2.5, i.e., particles with an aerodynamic diameter of
between 2.5 mm and 10 mm) and, therefore, are highly
needed. One of the factors hindering the development of
such systems for coarse PM is the low solubility of these
species in the coarse size range (Birmili et al. 2006; Wang
et al. 2013), which limits the ability to accurately measure
the total PM-bound concentration of the target metals. A
large fraction of many of these metals and trace elements
is partitioned in the coarse PM fraction (Allen et al.
2001), which further highlights the need for developing
techniques capable of measuring coarse PM-bound
redox-active metals with a high time-resolution. Such
tools will be crucial in investigations of the health
impacts induced by the coarse fraction of PM, as recent
studies have indicated significant association between
these metals and the redox activity of coarse PM (Becker
and Soukup 2003; Becker et al. 2005; Shafer et al. 2010;
Cheung et al. 2011, 2012; Wang et al. 2015). To address
these needs, in the present study, we developed a new
technique for near-continuous (i.e., a time resolution of
2 h) measurement of three coarse PM-bound redox-
active metals, namely Fe, Mn, and Cr. Following labora-
tory characterization, the system was operated in the
field from January to April 2016 to assess its perfor-
mance and reliability with minimum supervision over a
relatively long period of time. In addition, in order to
check the validity of the results, the online-measured
data were compared with those obtained by means of
inductively coupled plasma mass spectrometry (ICP-
MS) analysis conducted on filter samples collecting con-
currently coarse PM through a parallel sampling system.
Finally, in this article, we present the results of four
months of system deployment in the field, enabling us to
explore the diurnal concentration profiles of these redox-
active metals in ambient coarse PM.

2. Materials and methods

2.1. Reagents and standards

The water used for the collection of ambient coarse PM
and system rinsing was produced by a Millipore A-10
water purification system (EMD Millipore, Billerica,
MA, USA). All the acids were trace metal grade
(VWR). All the chemicals and reagents were prepared
in polypropylene laboratory equipment, which were
acid-washed (with either 4 M hydrochloric acid (HCl)
or 4 M nitric acid (HNO3) and water-rinsed before use.
For Fe, a 1000 ppm stock solution was first prepared
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gravimetrically from (NH4)2Fe(SO4)2 (ACS) salt, and
then diluted to obtained standard solutions in the range
of 0–200 ppm. The Fe analytical reagent (i.e., Ferrozine)
was prepared by addition of 133 mg of ferrozine
(Sigma) to 50 mL of water that contained 65 mL of 4 M
HCl (Rastogi et al. 2009). The Fe reducing agent (HA)
was prepared by dissolving 19.3 mg of hydroxylamine
hydrochloride (HA) solid (Sigma), with a purity of
99.9999%, in 50 mL of water (Majestic et al. 2006). One
molar sodium hydroxide (NaOH) solution was prepared
from reagent grade NaOH solid (AMRESCO) and was
used for pH adjustment.

For Mn, a 100 ppm stock solution was first pre-
pared gravimetrically from MnCl2 (ACS) salt, and
then diluted to obtained standard solutions in the
range of 0–100 ppm. The manganese analytical reagent
(formaldoxime; FAD) was prepared by dissolving 20 g
of HA in 450 ml of water, followed by the addition of
10 ml of 37% formaldehyde solution, and the solution
was then made up to 500 ml with water. As with Fe,
1 M NaOH solution was used for pH adjustment.
Both the Fe and Mn stock solutions were acidified to
pHs below 1 using a 4 M HCl solution.

For Cr, a 100 ppm stock solution was first prepared
gravimetrically from K2CrO7 (ACS) salt, and then
diluted to obtained standard solutions in the range of 0–
100 ppb. In the case of Cr, the stock solution was acidi-
fied using 4 M HNO3. In addition, in order to prepare
the chromium analytical reagent (i.e., diphenylcarbazide,
DPC), 167 mg of the reagent was dissolved into 100 ml
of acetone. Afterwards, it was mixed with 1.67% H2SO4

solution at 1:1 volume ratio (Khlystov and Ma 2006).
Finally, 0.143 ml of H2O2 was diluted to 100 mL of
0.1 M NaOH solution to prepare the 0.1% H2O2 solution.

2.2. System configuration

The system configuration is presented in Figure 1. The
developed system comprises two modules: (1) the coarse
PM collection module, and (2) the metal concentration
measurement module. The coarse PM collection module
utilizes two virtual impactors (VIs) connected in parallel,
coupled with a modified BioSampler (i.e., liquid
impinger) (BioSampler, SKC West, Inc., Fullerton, CA,
USA) technology, for which extensive details can be
found elsewhere (Wang et al. 2015). Briefly, the air is
drawn into two round nozzle VIs, each having a major
flow rate of 100 L/min and a minor flow rate of 5 L/min.
This total flow rate corresponds to a theoretical 50% cut-
point of 1.5 mm in aerodynamic diameter, concentrating
airborne coarse PM into the VI’s minor flow. As dis-
cussed in our earlier studies (Wang et al. 2015), although
the theoretical cut point of the VIs is slightly lower than

the traditional definition of the coarse PM size range
(i.e., 2.5 mm), this cut point was selected to ensure that
the entire size range of ambient coarse PM is concen-
trated by the maximum enrichment factor of about 20.
The two minor flows are combined into a total flow rate
of 10 L/min entering the modified BioSampler, in which
particles are captured in 20 mL of ultrapure water to
form a particle-liquid suspension. The collection effi-
ciency of the BioSampler at that flow rate is near 100%
for particles above 1.5 mm (Kim et al. 2001).

The second module, for which in-depth details can be
found in (Wang et al. 2016), starts with the transferring
of the aqueous sample into a capped bottle for chemical
reactions. In this step, concentrated acids (i.e., 4 M HCl
for Fe and Mn, and 4 M HNO3 combined with 1% H2O2

for Cr) are added to the sample at a volume ratio of 1:20
(acid:sample). The addition of acids results in very low
pH levels (i.e., around 0.5) to ensure that nearly all metal
species are solubilized during the 10 min residence time
of this step. The pH is then adjusted to 5–7 for Fe-ferro-
zine and 7–8.5 for Mn-FAD reactions by adding suffi-
cient amounts of 1 M NaOH. It should be noted that no
NaOH is added for Cr measurements, since the Cr-DPC
reaction is optimal at pH D 1. In the next step, oxida-
tion/reduction agents (i.e., HA) are added to the sample
solution to convert all different oxidation states of the
target metals to a uniform state. In addition, for Mn
measurements, the ethylenediaminetetraacetic acid
(EDTA, 0.08 N) solution was added to the sample at a
volume ratio of 1% to eliminate any possible interference
from Fe existing in the ambient coarse PM sample
(Majestic et al. 2007). For Cr, however, no oxidation
agent was added to the sample solution, mainly because
all the Cr(III) was already converted to Cr(VI) due to the
addition of H2O2. After a total residence time of 10 min
in the serpentine reactor and then in the reaction coil,
the sample is transferred to a 10-cm path-length, optical
flow cell (60 mL internal volume) MVFC (FIA-ZSMA-
ML-100-TEF, Ocean Optics, Inc., Dunedin, FL, USA) for
the spectrophotometry detection of the metals. The con-
centration of each metal was determined at the wave-
length with the highest level of absorption for the
corresponding analytical reagent (i.e., ferrozine at
562 nm for Fe, FAD at 450 nm for Mn, and DPC at
540 nm for Cr), while a wavelength of 700 nm, at which
there is effectively zero absorptivity for the analytical
reagents, was selected to determine the background sam-
ple absorption. It should be noted that the three target
metals were not simultaneously measured, due mainly to
limitations in the available equipment. Nonetheless, con-
current measurements can be easily implemented by
splitting the concentrated slurry flow and using multiple
spectrophotometry units in parallel. In addition, in this
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study we focused on measuring the total concentrations
of the three metals, however, as indicated in our previous
work by Wang et al. (2016), the system configuration
can be easily modified to measure water-soluble and dif-
ferent oxidation states of the target metals. The former
can be achieved by removing the acid digestion step and
using inserting an in-line liquid filtration unit (e.g., a
0.20 mm polypropylene syringe filter) to remove the
water-insoluble fraction before the spectrophotometric
measurement. The latter can be achieved by performing
measurements with and without the addition of the oxi-
dation and reduction reagents. For instance, the water-
soluble Fe can be measured by omitting the HCl addition
in the measurement sequence and filtration before the
sample passes through the MVFC. In addition, in order
to measure Fe(II), the addition of the HA solution would
be omitted from the procedure to prevent reducing Fe
(III) to Fe(II). Furthermore, Fe(II) and total Fe can be
measured using two distinct measurement lines, and
the Fe(III) concentration can be easily calculated by

subtracting Fe(II) concentration from that of total Fe. As
illustrated by Wang et al. (2016), the same procedure can
also be applied to Mn and Cr to measure water-soluble
fraction and/or different oxidation states.

2.3. Field evaluation tests and continuous
long-term operation

The developed system for the near-continuous measure-
ment of Fe, Mn, and Cr in coarse PM was deployed at
the Particle Instrumentation Unit (PIU), located on the
University of Southern California’s (USC) park campus,
for field evaluation tests and continuous long-term run
(i.e., approximately four months, from January to April
2016). As shown by previous studies performed at this
location, this is a mixed urban site where ambient PM is
largely impacted by vehicular emissions (Hasheminassab
et al. 2014; Sowlat et al. 2016), as it is located 150 m
downwind of a major freeway, i.e., I-110. It is also located
approximately 3 km directly to the south of downtown

Figure 1. System schematic of the coarse PM metal monitor.
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Los Angeles, CA, and less than 2 km to the southwest of
another major freeway, i.e., the I-10.

Ambient coarse PM was collected in 2-h time inter-
vals, resulting in 12 data points per day, and the concen-
trations of the target metals (i.e., Fe, Mn, and Cr) were
subsequently measured using the system described
above. After each day of sampling, the system was manu-
ally switched to measure the next metal species, therefore
each metal was sampled every third day. Coarse PM
sampling was done 6 days a week, starting on Tuesday
and ending on the next Monday to incorporate weekend
measurements as well. Every week, calibration and sys-
tem maintenance was also performed on the day the sys-
tem was stopped. Each metal was measured in 2 days per
week. In addition, the sequence of measuring these met-
als was changed every week to make sure that we capture
the variations of metals concentrations during the week
as well as during the weekends.

In addition, 5 time-integrated 24-h filter samples were
collected for each metal in parallel to the online measure-
ments in order to compare the online concentrations to
off-line measurements conducted on filters. For this pur-
pose, another virtual impactor, with the same major and
minor flow rates (i.e., 100 and 5 L/m, respectively) sam-
pled in parallel with the on-line sampler. The air drawn
by the minor flow of this virtual impactor was passed
through 37-mm Teflon filters (Teflo, Pall Corp., Life Sci-
ences, 1-mm pore, Ann Arbor, MI, USA), which were
held in a 37 mm air sampling cassette (Zefon Interna-
tional Inc., Ocala, FL, USA). The filter samples were col-
lected over a 24-h interval to ensure that sufficient coarse
PM mass was collected for the subsequent elemental
analysis using an magnetic sector inductively coupled
plasma mass spectrometry (SF-ICPMS) instrument. To
directly compare the 2-h online-measured data with
those obtained from 24-h filter samples, the online data
were averaged over 24 h.

Concurrent to the measurements of the target metals
using the developed technique, ambient coarse PM mass
concentrations were continuously measured using a
coarse particle mass monitor previously developed, for
which extensive details can be found in (Misra et al.
2001). Briefly, the continuous coarse particle mass moni-
tor (CCPM) consists of three major components, includ-
ing a PM10 inlet, a round nozzle VI with a 2.5-mm cut
point, and a standard tapered element oscillating micro-
balance (TEOM 1400A, Thermo Fisher Scientific, MA,
USA) instrument. In this system, particles are drawn
through the VI with a total flow rate of 50 L/min. Coarse
particles are then concentrated into the minor flow of
2 L/min and drawn through the TEOM for continuous
measurement of PM mass concentrations, while PM2.5

were drawn into the major flow (48 L/min).

2.4. SF-ICPMS analysis of filter samples

Following acid digestion of the PM, the total elemental
composition of the particulate matter (PM) collected on
the 37 mm Teflon filters was determined using magnetic
sector inductively coupled plasma mass spectrometry
(SF-ICPMS; Thermo–Finnigan Element 2) (Okuda et al.
2014). Filter membranes were placed in micro Teflon
PFA digestion vessels and PM solubilized using a mix-
ture of ultra-high-purity acids (1.0 mL of 16 M nitric
acid, 0.25 mL of 12 M hydrochloric acid and 0.10 mL of
hydrofluoric acid) in an automated microwave-aided
digestion system (Milestone ETHOSC). This protocol
effects a complete solubilization of all particle phases and
element species. Digestates were diluted to 15 mL with
high purity water (18 MV/cm¡1) in pre-cleaned low-
density polyethylene (LDPE) bottles and then analyzed
by SF-ICPMS. Forty-nine elements were quantified.
Propagated analytical uncertainties were estimated from
the uncertainties (square root of the sum of squares
method) of the SF-ICPMS instrumental analysis, method
blanks, and digestion recoveries. The latter correspond
to the standard deviation of replicate analyses of
National Institute of Standards and Technology (NIST)
Standard Reference Materials (SRM). Six solid samples
of three SRMs were digested and analyzed with every
analytical batch of samples. Further details of these pro-
tocols can be found in previous publications (Zhang
et al. 2008; Saffari et al. 2013; Okuda et al. 2014).

3. Results and discussion

3.1. Calibration

For each metal, the measurement module (i.e., the spec-
trophotometry unit) of the developed system was cali-
brated using the dilution series prepared from the stock
solution. Table 1 presents the results of the system cali-
bration for each of the metals. As presented in the table,
the calibration results indicated robust linear associa-
tions between metal concentrations and absorbance level
at the respective analytical wavelength - the R-square of
the calibration curve was above 0.99 for all of the metals.
Regression line slopes of 0.0042 (§0.0002) (Abosorbance
Unit (AU)/ppb), 0.0016 (§0.0001) (AU/ppb), and
0.0056 (§0.0004) (AU/ppb) for Fe, Mn, and Cr, respec-
tively, confirm the high sensitivity of the long optical
path spectrophotometric methods. It should be noted
that system calibration was repeated multiple times dur-
ing the sampling campaign as an additional quality
assurance step to corroborate the validity of the on-line
measurements. The limit of detection (LOD) for each
metal was determined using the field method blanks
prepared according to the following procedure: ultrapure
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water was first injected into the system and the relevant
chemicals and reagents were added to the water as if this
was an actual aerosol sample. Then, the blank sample
was passed through the MVFC and the absorbance was
measured. The LOD was estimated as three times the
standard deviation of the field method blanks (Khlystov
and Ma 2006; Majestic et al. 2007; Rastogi et al. 2009;
Wang et al. 2016). According to the measurements and
calculations mentioned above, the LODs were estimated
to be 0.3 ppb (i.e., 0.25 ng/m3), 0.2 ppb (i.e., 0.16 ng/m3),
and 0.2 ppb (i.e., 0.16 ng/m3) for Fe, Mn, and Cr
measurements (based on a flow rate of 200 L/min and a
collection time of 2-h), respectively. Our system has also
high measurement sensitivity, demonstrated by the
signal-to-noise (S/N) ratios of 231, 83, and 38 for Fe,
Mn, and Cr, respectively, based on the average metal
concentration levels observed in the current study.

3.2. Comparison between online-measured data
with filter samples data

As noted earlier, time-integrated 24-h filter samples
were collected for each metal in parallel to the online
measurements to verify the integrity of the readings
by the developed sampler. Figure 2 presents the linear
regression and correlation between the total (i.e., sol-
uble plus insoluble) concentrations of the metallic
species measured by the developed monitor and those
obtained from ICP-MS analysis of the off-line filter
samples collected in parallel. For these samples, the
ranges of total concentrations were 30–180 ng/m3 for
Fe, 5–27 ng/m3 for Mn, and 2–14 ng/m3 for Cr. As
shown in the figure, very good agreement was
observed between the total concentrations of the
metallic species measured by the developed monitor
and those obtained from the ICP-MS analysis per-
formed on the collected filters, based on the slope of

regression line (i.e., 0.86 § 0.05) and the
R-square value (i.e., 0.96). This agreement based on
total concentrations indicates that the ambient coarse
PM has been effectively digested. In addition, the
average (§SD) online/filter concentration ratios were
0.83(§0.18), 0.93(§0.20), and 0.85(§0.11), respec-
tively, for Fe, Mn, and Cr. The approximately 10%
lower on-line versus off-line filter-based concentra-
tions could be attributed to the loss of particles
(mostly the insoluble fraction) on the walls and bot-
tom of the Biosampler, particle loss in the tubing and
in the reaction vessel, and the likely resistance of a
small fraction of the insoluble part of PM-bound met-
als to the acid digestion/solubilization procedure.

Previous studies have indicated that these metal
species in the coarse PM fraction are largely (between
60% and >90%) insoluble (Allen et al. 2001; Birmili
et al. 2006; Wang et al. 2013; Shirmohammadi et al.
2015). Therefore, even though we did not directly
measure the insoluble fraction of these metals, the very
good agreement between the online-measured data and
offline filter samples corroborates the method’s capabil-
ity to efficiently digest/solubilize the insoluble fraction
and accurately measure the total concentration of Fe,
Mn, and Cr.

3.3. Diurnal trends of Fe, Mn, and Cr in coarse PM
concentrations and relationship to
meteorological parameters in central Los
Angeles

The developed monitor for online measurement of Fe,
Mn, and Cr concentrations was deployed at the PIU site

Table 1. Results of the system calibration for each of the individual
metals measured.

Element Range

Calibration
curve (units
of slope:
AUa/ppb) R2

Limit of
Detectionb

(LOD) (ppb)

Limit of
Detectionc

(LOD) (ng/m3)

Fe 0–200 ppb Y D 0.0042x
¡0.0166

0.99 0.3 0.25

Mn 0–100 ppb Y D 0.0016x
C0.0075

0.99 0.2 0.17

Cr 0–100 ppb Y D 0.0056x
¡0.0008

0.99 0.2 0.17

aAU is absorbance unit.
bThe LOD was calculated as three times the standard deviation of the field
method blanks (i.e., ultrapure water as a blank sample plus the pertinent
reagents).

cEstimated on the basis of a sampling flow rate of 200 L/min over a 2-h
collection time.

Figure 2. Linear regression and correlation between the metal
concentrations measured online with off-line concurrent meas-
urements obtained using filter samplers. Error bars represent one
standard deviation of multiple online (n D 12) and offline (n D 3)
measurements for each data point.
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for an approximate four month period, from January to
April 2016, to assess the long-term performance of the
system. Table 2 presents the summary statistics of the
online-measured concentrations of coarse PM-bound Fe,
Mn, and Cr during the study period. This table also pro-
vides the mass concentration of coarse PM measured
using the CCPM running concurrently with the metal
monitor at the PIU. As shown in the table, the average
coarse PM mass concentration was 11.6 (§9.0) mg/m3

over the study period. The coarse PM Fe concentrations
averaged 57.8 (§43.0) ng/m3 (ranging from 14.4–
180.0 ng/m3) and were higher than those of Mn (i.e.,
15.0 (§10.3) ng/m3, ranging from 2.2 to 37.2 ng/m3) and
Cr (i.e., 6.9(§4.1) ng/m3, ranging from 1.5 to 17.2 ng/
m3). In addition, the levels observed in the present study
are in concert with those previously reported in central
LA at the same sampling site (i.e., the PIU), both for par-
ticle mass concentrations and coarse PM-bound metals
(Cheung et al. 2011, 2012).

Data for meteorological parameters, including wind
speed and direction, temperature, and relative humidity
(RH) (Table 2) were acquired from the California Air
Resources Board’s (CARB) online database for the sam-
pling site that is located in North Main St., downtown
Los Angeles, which is located approximately 3 km north-
east of our sampling site (i.e., the PIU). Figures 3a–c
illustrates the average diurnal variation of meteorological
parameters (i.e., temperature, wind speed, and RH) in
the study area during our sampling campaign. As shown
in the figure, maximum temperatures (around 20�C)
were observed in the middle of the day, whereas RH
(Figure 3b) peaked at night, reaching values up to 60%.
The diurnal variations for wind speed (Figure 3c) exhib-
ited a sharp peak (around 3 m/s) in the afternoon. These
results are consistent with those reported previously in
central Los Angeles (Cheung et al. 2011; Cheung et al.
2012).

Figure 4a presents the wind rose in the sampling site,
indicating the direction and speed of the prevailing wind

in the study area during our campaign. As shown in the
figure, the wind was most commonly blowing from
the northeast (approximately 27% of the time), with the
highest speeds ranging from 4 to 5 m/s. The second
major wind direction during the sampling period was
westerly and southwesterly winds, exhibiting even higher
wind speeds (above 5 m/s).

Figures 4b–d present the concentrations of the
metals in association with wind direction during the
entire study period, presented separately for daytime

Table 2. Summary statistics of the parameters collected over the
entire study period.

Variables
Geometric
Mean

Standard
deviation Minimum Maximum

Fe (ng/m3) 57.8 42.9 14.4 180.0
Mn (ng/m3) 14.9 10.3 2.3 37.2
Cr (ng/m3) 6.9 4.1 1.5 17.1
Wind speed

(m/s)
1.9 1.2 0.9 8.5

Temperature
(�C)

15.2 4.8 6.1 32.8

RH (%) 47.9 23.9 6.0 99.0
Coarse PM

(mg/m3)
11.6 8.9 1.20 55.1

Figure 3. The diurnal variation of meteorological parameters in
the study location averaged over the study period; (a) wind
speed; (b) temperature; (c) relative humidity. Error bars represent
one standard error (SE) of the mean.
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and nighttime. As can be seen from the plots, for Fe
and Mn, the highest concentrations (i.e., 150–200 ng/
m3 for Fe and 30–40 ng/m3 for Mn) were observed
during two distinct periods, i.e., westerly/southwest-
erly winds during the daytime, and northeasterly
winds during the nighttime. Our sampling site is
located approximately 150 m to the east of the I-110
freeway; it is also in close proximity (less than 2 km
to the southwest) to the I-10 freeway. Therefore, the
observed high Fe and Mn concentrations during day-
time westerly winds and nighttime northeasterly
winds can be associated with traffic emissions (i.e.,
road dust/resuspension soil) brought to the site by

prevailing winds from these two major freeways. It is
also noteworthy that, for both Fe and Mn, although
high concentrations were observed during nighttime
northeasterly winds, the average daytime concentra-
tions during westerly and southwesterly winds (i.e.,
89.5 (§30.0) ng/m3 and 19.4 (§11.6) ng/m3 for Fe
and Mn, respectively) were higher than those during
nighttime (i.e., 64.5 (§39.9) ng/m3 and 13.6 (§8.7)
ng/m3 for Fe and Mn, respectively). In contrast to the
Fe and Mn trends, as can be observed in Figure 4d,
the coarse PM Cr concentrations follow distinctly dif-
ferent trends that are suggestive of contributions of
other potential local sources, including metal plating

Figure 4. Prevailing wind direction and speed (a) during the study period and its relationship with concentrations of Fe (b), Mn (c), and
Cr (d).
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facilities using Cr-containing paints (Ospital et al.
2008; Propper et al. 2015), in addition to the road
dust/resuspension soil noted earlier.

Figure 5a illustrates the diurnal variations of the coarse
PM mass concentrations in the sampling location during
the study period. As can be seen in the figure, the PM
mass concentration starts to sharply increase at 8 am and
reaches a maximum at 11-am-noon, decreasing to slightly
lower ranges until 6 pm, and then sharply decreases down
to the lowest values of 8–10 mg/m3 at nighttime. This
trend clearly indicates the impact of meteorological condi-
tions and traffic volume on CPM mass variations. As
shown in Figures 3a–c, during the midday period, we
have the lowest RH and highest wind speed, both of
which favor the resuspension of soil and road dust. This
is also in agreement with the results from previous studies
conducted in central LA at the same sampling site
(Pakbin et al. 2010, 2011).

The average diurnal variations of Fe concentrations are
shown in Figure 5b. The box represents the interquartile
range (the bottom and top lines of the box representing
the first and the third quartiles, respectively). The line

inside the box represents the median, while the whiskers
above and below the box represent 95th and 5th percen-
tiles. As can be seen from the figure, two peaks were
observed, one major peak during morning rush hours (8–
10 AM) and one minor peak during late afternoon/early
evening hours (4–8 PM), bringing the average Fe concen-
tration up to around 90 ng/m3, compared to the lower
values of around 40 ng/m3 during other hours of the day.
These two peaks illustrate the impact of traffic-related
emissions (most likely resuspended dust, given the size
range of the PM being measured in this study) on CPM
levels at the sampling site. This trend was also observed
in Figure 4b, indicating high Fe concentrations during
westerly and southwesterly winds, bringing atmospheric
particles from the major freeway (i.e., I-110) located
approximately 150 m to the west of our sampling site.
There is also a smaller third peak in concentration
observed in the middle of the day (1–3 PM), which corre-
sponds to maximum temperatures and wind speeds and
minimum RHs, as shown in Figures 3a–c. This peak can
be attributed to southeasterly winds, which are most fre-
quent in the middle of the day (Wang et al. 2015),

Figure 5. Diurnal variations of the coarse PM mass concentrations and the online-measured metal concentrations averaged over the
study period; (a) coarse PM; (b) Fe; (c) Mn; (d) Cr. For panel a, the error bars represent one standard error (SE) of the mean. The box plots
represent the interquartile range (the bottom and top lines of the box representing the first and the third quartiles, respectively). The
line inside the box represents the median, while the whiskers above and below the box represent the 95th and 5th percentiles.
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particularly in the cold season (Dec–March, as in this
sampling campaign). This finding is also consistent with
those reported by Sowlat et al. (2016), observing very high
contributions from the soil/road dust during high temper-
atures and wind speeds and very low RHs.

Figure 5c shows the diurnal variations of Mn con-
centrations at the sampling location during the study
period. As can be seen from the figure, the Mn con-
centrations peaked in the early morning (around 8–
10 am), with an average concentration of 25 ng/m3.
As in the case of Fe concentrations, this peak can be
attributed to the impact of traffic-related emissions
(most likely resuspended dust) on CPM levels at the
sampling site, which was also observed in Figure 3c,
indicating the highest Mn concentrations during west-
erly and southwesterly winds, which carried road dust
particles from the major freeway (i.e., I-110) to our
sampling site. In contrast to the Fe diurnal variations,
we did not observe a second peak in late afternoon/
early evening hours; however, the Mn concentrations
remained relatively high during the daytime hours
(slightly less than 20 ng/m3), which is the time period
corresponding to maximum temperatures and wind
speeds and minimum RHs, as shown in Figures 3a–c,
indicating the probable influence of the soil dust fac-
tor. This finding is in concert with previous studies
performed in central Los Angeles, showing the major
influence of soil dust on coarse PM-bound Mn con-
centrations (Pakbin et al. 2010, 2011; Cheung et al.
2012; Shirmohammadi et al. 2015). Mn is therefore
not dominated by mobile sources like Fe, and at least
a major fraction of it in this size range probably orig-
inates from resuspension of soil dust. This is also
confirmed by the results of the weekday/weekend
analysis (Figure 7), which did not reveal any signifi-
cant differences between Mn concentrations on week-
days compared to weekends.

Figure 5d indicates the diurnal variations of measured
concentrations of Cr during the study period. Two dis-
tinct peaks were observed, one during morning rush
hours (around 9 AM) and one during afternoon hours
(3–5 PM), bringing the average Cr concentration up to
around 12 ng/m3, compared to the lower values of
around 4–6 ng/m3 during other hours of the day.
Although these two peaks can be partly attributed to the
impact of re-suspended road dust from 110 freeway,
coarse PM-bound Cr may also be affected by other
smaller local sources supported also by the association
between Cr concentrations and wind direction data
(Figure 4d). Figures 6a–c illustrate the diurnal variations
of Fe, Mn, and Cr mass fractions averaged over the entire
study period. As shown in the figures, the diurnal trends
for the mass fractions were almost similar to those of

airborne concentrations for all three of the metals, exhib-
iting major peaks in early morning for all the metals and
a second peak in late afternoon/early evening hours for
Fe. However, it is apparent from the diurnal trends of
the mass fractions of these metals that the first peak
occurs earlier in the morning (4–6 AM versus 8–
10 AM), which is anti-correlated with coarse PM mass
concentrations, implying the dilution of these metals by
a less metal-enriched phase during morning rush hours.

Figure 6. Diurnal variations of the mass fractions of the online-
measured metal concentrations averaged over the study period;
(a) Fe; (b) Mn; (c) Cr. Error bars represent one standard error (SE)
of the mean.
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Figure 7 presents a weekday/weekend analysis for Fe,
Mn, and Cr concentrations at the sampling site over the
entire study period. As can be seen from the figure, the
concentration of Fe was significantly higher during the
weekdays (about 75 ng/m3) compared to the weekends
(around 33 ng/m3) (p < 0.001), suggesting the major
role of traffic in elevating Fe concentrations, which is
consistent with the interpretation of the data in the metal
rose plots as well as in the diurnal variation plots (Fig-
ures 5 and 6). However, the Mn and Cr concentrations
were not statistically different (p > 0.05) between the
weekdays and weekends (averaging about 15 ng/m3 for
Mn and about 7 ng/m3 for Cr).

4. Summary and conclusions

In this study, a novel monitor was developed for near-
continuous measurement of Fe, Mn, and Cr concentra-
tions in ambient coarse PM (i.e., PM10–2.5) with a time
resolution of 2 hr. This monitor consisted of two mod-
ules, the first one utilizing two VIs connected to a modi-
fied BioSampler (i.e., liquid impinger) to draw and
concentrate coarse PM into slurry samples, and the sec-
ond one utilizing a Micro Volume Flow Cell (MVFC)
coupled with spectrophotometry to measure metal con-
centrations. Our results indicate that all major species of
the target metals can be efficiently digested by directly
collecting ambient coarse PM into aqueous slurries. The
validity of the online measurements was investigated
using parallel time integrated filter-collected data
obtained from ICP-MS analysis, which indicated very
good agreement between the online measurements and
parallel filters. The average concentrations of the three
metals during the study period were 57.8 ng/m3, 15.0 ng/
m3, and 6.9 ng/m3 for Fe, Mn, and Cr, respectively, con-
sistent with published data from the study site. Diurnal
variations of these metals generally followed that of

coarse PM mass concentrations, suggesting the influence
of meteorological conditions and traffic sources on these
metals in coarse PM. Results from the present study indi-
cate that the developed monitor is capable of achieving
measurements with high accuracy and reliability over
long sampling periods with minimum supervision. These
features, combined with the unique abilities of the sys-
tem to measure water-soluble and different oxidation
states of these metals make it a promising technology to
achieve near-continuous measurements of metal concen-
trations in ambient coarse PM, enabling a better under-
standing of the atmospheric processes and sources
involved in formation and transport of these redox-
active metals in the coarse PM size range.
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