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orne particulates and associated
metals originating from steel slag applied to rural
unpaved roads†

James Kacer, *a Ralph Altmaier,a Drew Latta,b Patrick T. O'Shaughnessya

and David M. Cwiertny bc

Variousmetals have toxic effects by the inhalation route, and electric arc furnace (EAF) steel slag is known to

contain metals with a potential for toxicity to humans. In some states, EAF slag is applied to unpaved (gravel)

roads as a low-cost supplement to limestone and other crushed stone, where it may be a public health

concern for the local population. This study compared the mass of selected metals in the PM10 size

fraction of fugitive dust from roads where slag was applied to metals in fugitive dust where slag was not

applied. Manganese, designated by the EPA as a hazardous air pollutant (HAP) and one of the primary

metals of concern in the slag, was 1.3 times more concentrated in the PM10 fraction from the slag-

covered roads as compared to the PM10 fraction from the non-slag-covered roads, but that increase was

not significant (p = 0.26). Other metals detected in the airborne dust from both slag-covered and non-

slag-covered roads that are also designated as HAPs are antimony, arsenic, chromium, cobalt, lead,

nickel, and selenium. In addition, hourly sampling of PM10 and metals in the PM10 fraction was

conducted at one of the sample locations where slag had been applied to the road. Manganese mass in

the PM10 was positively correlated (Spearman r = 0.86) with the particulate mass in the PM10. Wind

direction and the interaction of traffic and wind direction were found to be statistically significant factors

affecting manganese concentrations in the fugitive emissions from the road to which EAF slag had been

applied. This research demonstrated that application of steel slag can result in elevated levels of

manganese in the airborne dust generated by vehicular traffic on the unpaved roadway.
Environmental signicance

Unpaved roads are a signicant source of ambient particulate matter (PM) in rural areas and, therefore constitute a potential health hazard. To address this
concern, we assessed airborne concentrations of PM and airborne metals near roads to which electric arc furnace slag had been applied as a supplement to
crushed stone. We also evaluated environmental factors, such as wind direction, wind velocity, and traffic volume on the resulting concentration of PM10. This
novel research is the rst to fully evaluate slag-covered gravel roads as sources of PM and airborne metals. An innovative use of an ambient continuous metal
monitor, which analyzed metal concentrations in PM10 on an hourly basis, allowed comparisons to hourly measurements of PM10 and traffic levels. Study
results determined that airborne manganese was elevated despite PM10 concentrations being similar between slag-covered and typical gravel roads, which
indicates an enrichment of metals in slag-induced PM.
Introduction

A number of metals are known toxicants by the inhalation
route,1,2 with some specically addressed as hazardous air
pollutants (HAPs) in the United States (US) Clean Air Act.3
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tion (ESI) available. See DOI:

238–246
Airborne metals can be emitted from natural sources (e.g., soil)
or other sources such as motor vehicles and various industries.
One such industrial source that may result in the emission of
airborne metals is slag from steel processing, including both
blast furnaces and electric arc furnaces (EAF). Slag is produced
as a by-product when impurities are removed from the molten
steel, having a dark gray to black coloration due to the presence
of iron oxides.4 EAFs use direct application of an electric arc to
melt charged steel and is used in the secondary steel-making
process (scrap steel is the primary raw material in secondary
steelmaking, as opposed to the iron ore and raw pig iron used in
primary steelmaking).5 Slag from both types of furnaces has
been sold for use as asphalt aggregate, septic elds, road base,
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ea00040g&domain=pdf&date_stamp=2023-01-14
http://orcid.org/0000-0003-3137-6505
http://orcid.org/0000-0001-6161-731X
https://doi.org/10.1039/d2ea00040g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2EA00040G
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA003001


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 9

/1
7/

20
24

 5
:1

2:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and embankment ll, among many other uses.6,7 An estimated
16.3 million metric tons of iron and steel slag were generated in
2019, the most recent year for which data are available, with
52.4% of the 8 million metric tons of blast furnace slag and
44.4% of the 8.3 million metric tons of EAF slag being used for
road bases and surfaces (concrete and asphalt aggregate).8

Steel slag can contain manganese, iron, silicon, and a variety
of other metals,9,10 including metals that have been designated
by the EPA as hazardous air pollutants: antimony, arsenic,
cadmium, chromium, cobalt, lead, mercury, nickel, and sele-
nium, in addition to manganese.3 The chemical composition of
the slag can be highly variable based on the composition of the
feed material of the secondary steelmaking process, the type of
steel made, and the furnace operating conditions.9 EAF slag has
been found to have similar or better physical and mechanical
characteristics than crushed stone.11

The US Department of Transportation states that slag is used
on unpaved roads in some regions, but provides few details
about where it is used and the quantities used.12 For example,
slag can be used on gravel roads in Idaho, but no information
about the amount used or the locations where it has been
applied was found.13 In Iowa, steel slag was exempted by the
state as a designated solid waste,10 which allows the use of EAF
slag to supplement the gravel and crushed rock applied to
unpaved roads.

Aer an extensive literature review, only a few studies were
found that addressed rural unpaved roads;14–20 the focus of most
of the identied road dust emission research was on urban
roads.21–35 No peer-reviewed research was identied for either
rural or urban unpaved roads that evaluated steel slag as
a source of fugitive emissions. Therefore, research on this
inhalation exposure scenario is needed.

The primary aims of this study were to compare particulate
matter (PM10 and PM2.5) concentrations and airborne metals
concentrations in the vicinity of roads to which EAF slag had
been applied relative to near roads to which the slag had not
been applied. A secondary aim was to evaluate several potential
factors affecting the metal content in the airborne particulates,
such as traffic, relative humidity, wind direction, and wind
velocity. To achieve these aims, we designed a eld sampling
program in rural Muscatine and Scott Counties in Iowa for
collection of 24-hour PM10 and PM2.5 samples at a background
site and several sites alongside slag-covered roads; collection of
meteorological and traffic data; collection of hourly PM10 data;
and collection of metals data from hourly PM10 samples. A
general linear model was used to assess the meteorological and
hourly data to identify signicant factors in the determination
of ambient particulate concentrations and metal concentra-
tions associated with those particulates.

A specic priority in this study was to evaluate manganese
content in PM given its importance as a potential ingestion and
inhalation hazard (designated by EPA as a hazardous air
pollutant [HAP]). Manganese concentration is anticipated to be
elevated in the slag because manganese is necessary for con-
verting iron to steel with the steel industry consuming over 90%
of manganese production, both in the U.S. and world-wide.36 In
fact, a preliminary health analysis conducted by the Iowa
© 2023 The Author(s). Published by the Royal Society of Chemistry
Department of Public Health suggested an ingestion risk,
particularly for young children, based upon available, albeit
limited, characterization of the slag applied to the roadways
investigated in this study.37–39 Characterization of manganese in
PM is a necessary step in determining whether the slag also
presents inhalation risks to surrounding communities.

Methods
Study design

A total of 3 sample sites were chosen for assessment during this
study (Table S1 in the ESI†). They were located along unpaved
roads surrounded by crop land, with two sites (sites A and B)
located in Muscatine County, Iowa. Muscatine County is one of
the Iowa counties that has applied EAF slag to its unpaved roads
and has applied it to approximately 350 miles of its roads, with
the greatest amount being applied during 2016 and 2017.38 Site
B was selected because slag had been applied to the road and
could therefore be compared to site A. A background site,
located in Scott County and 3.2 km north of the boundary with
Muscatine County, was selected because no slag had been
applied to the unpaved roads in Scott County. To provide
consistency when comparing PM and metal measurements
between the sites that may be affected by atmospheric condi-
tions, all sample sites were selected because they were on the
north side of an unpaved road that was oriented approximately
east-west. Winds were expected to be generally from the west or
southwest during the sampling period, which would carry PM
disturbed by road traffic to the sampler intakes. Site A was
selected because the road alongside where it is located had one
of the heaviest apparent slag applications. Tables S2A and S2B
in the ESI† list the analytical results for road dust sample
locations where PM samples were collected and for sites where
PM samples were not collected, respectively.

Field work was conducted from late July until mid-
September 2020, a time of year in which rainfall was expected
to be low and the meteorological conditions were conducive to
fugitive dust generation from the unpaved roads. Because of the
proximity of the sites to one another, meteorological conditions
recorded at site A (described below) were assumed to be the
same for the other sample sites for purposes of comparing PM
levels.

Air samples were collected from the background site and
from site A from July 30, 2020 through August 9, 2020 and from
August 14, 2020 through August 25, 2020. Electrical power to the
sample trailer was not available from August 10th through
August 13th due to widespread damage from a wind storm, so
samples were not collected from the background site or site A
during this time. To compare PM10, PM2.5, and metals between
sites, Graseby Andersen Model 241 dichotomous samplers were
placed at the background and slag sites to collect coarse and
ne fractions of ambient particulates on lters for gravimetric
PM and metals analyses. Two dichotomous samplers were used
for the project, with one sampler remaining at site A for the
duration of the project, while the other was placed at the
background site and the other slag site for varying lengths of
time. The intakes were approximately 4 m above ground level,
Environ. Sci.: Atmos., 2023, 3, 238–246 | 239
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within the 2–15 m EPA guideline.40 The intake heights were
dictated by the sample trailer dimensions. The ow rate for the
coarse samples was approximately 1.67 liters per minute (lpm),
while the ow rate for the ne samples was approximately 15.0
lpm. Each sample represented an approximately 24-hour
period. Before placement in the dichotomous samplers, PTFE
37 mm lters (No. 225-1709, SKC Inc., Eighty-Four, PA) were
placed in a humidity- and temperature-controlled room for
a minimum of 24 hours before weighing with a six-decimal-
place balance (repeatability: 0.0008 mg) (MT5, Mettler-Toledo,
Columbus, OH). Aer retrieving the lters from the dichoto-
mous samplers, they were placed in the same room for
a minimum of 24 hours before weighing with the same balance.
Laboratory blanks (in triplicate) were also weighed in order to
adjust the mass results of the sample lters. Field blanks were
also weighed before and aer transport to the sampling site
aer being placed in the balance room for a minimum of 24
hours before weighing. Dichotomous sampler ow measure-
ments taken with a tetraCal® Air Flow Calibrator (Mesa Labo-
ratories, Inc., Lakewood, CO) were recorded manually at the
beginning and end of each sampling period and averaged for
calculation of total sample volumes. Sampler ows were cali-
brated each day before the new sampling cycle was initiated.
Flow rates for the other instruments were checked periodically
with the same calibrator.
Filter analysis for metals

Filter samples of PM from each site were selected for analysis of
metals by inductively-coupled plasma (ICP) using equipment
and procedures as detailed in the supplement. Sample site A (n
= 11) and background site (n = 11) results were compared for
samples collected on the same days. Results from site B (n = 8)
were compared to site A results collected on the same days. No
background site sampling was conducted while sampling at site
B because of the limited availability of sampling devices.
Road dust analysis

Muscatine County applied crushed limestone meeting Iowa
Department of Transportation specications for Class A road
rock,41 which species a range of 6–16% nes, which are
particles that pass the #200 sieve (75 mm mesh size). Crushed
limestone supplied to Muscatine County was generally close to
the 16% maximum limit for nes (pre-application), while the
slag (pre-application) generally had nes close to the minimum
amount of 6% (Table S3†).42 Slag was applied to the roads at the
same loading rate as the crushed limestone, and sometimes at
a lower rate, according to the County Engineer. Slag was applied
separately from the crushed limestone. Given the difference in
percentage of nes between the two materials, more PM was
expected to be generated from limestone applied roads relative
to slag applied roads. The crushed limestone may also produce
more nes aer application to the roads as slag has been re-
ported to be more resistant to abrasion than crushed lime-
stone.43 Slag was applied to Muscatine County roads until mid-
2018.38
240 | Environ. Sci.: Atmos., 2023, 3, 238–246
To characterize the undisturbed road dust, samples were
collected from the road surface at two locations in Scott County,
where slag had not been applied to the unpaved roads, and
eight locations in Muscatine County, where slag had been
applied to the unpaved roads. Some samples had been collected
by a community group prior to the selection of the air sampling
sites. Aer the three air sampling sites were selected, surface
samples were collected from the roads adjacent to these loca-
tions. The samples were sieved using a #200 sieve (openings of
75 mm). The samples were then digested and analyzed for
metals following EPA methodologies: 6010B,44 6020A,45 and
7471A.46

To determine the mineralogical characteristics of the road
rock, semi-quantitative powder X-ray diffraction (pXRD) analysis
of the sieved, bulk road samples was conducted. Quantitative
phase analysis with Rietveld renement was done with the so-
ware program MAUD.47 Calcite, dolomite, and quartz were t as
constituent phases. Several other electric arc furnace slag
constituent minerals48 were included in analysis, but always
rened to <2% and did not meaningfully improve the t statis-
tics. These includemagnetite (Fe3O4), wustite (FeO), graphite (C),
alpha-iron (Fe), merwinite (Ca3MgSi2O8), larnite (b-Ca2SiO4),
srebrodolskite/brownmillerite (Ca2(Al,Fe)O5), akermanite (Ca2-
MgSi2O7), gehlenite (Ca2Al2SiO7), olivine ((Mg,Fe)2SiO4), mon-
ticellite (CaMgSiO4) and portlandite (Ca(OH)2).
Field instrumentation

Real-time monitoring of the particulate concentrations in the
ambient air was conducted using a beta attenuation monitor
(BAM 1020 Continuous Particulate Monitor, Met One Instru-
ments, Inc., Grants Pass, OR) placed in the sample trailer at site
A to determine uctuations in PM10 concentrations and mass
during the sampling period. The BAM is an EPA reference
method49 for PM10 that collected and stored PM10 concentra-
tions every hour. An ambient continuous metals monitor
(ACMM, Xact 625i, Cooper Environmental, Tigard, OR) was
placed alongside the other sampling devices in the trailer at the
high-application site (site A). This instrument can simulta-
neously measure up to 67 elements per hour, with 44 elements
measured in the standard conguration, including all of the
metals of interest for this project. The air samples are collected
on a reel-to-reel lter tape which passes through an X-ray
detector as the tape moves from one reel to the other. The
inlet is particle size-selective; the PM10 inlet was used for this
project in order to allow comparability with the sample results
from the BAM. This instrument was not capable of simulta-
neously analyzing both the PM10 and PM2.5 fractions of the
ambient air. As a mechanically-generated particle, road dust is
expected to consist primarily of coarse particles,50 so both
devices were set to sample PM10 instead of PM2.5. The intake
ow rate for the ACMM was approximately 16.7 lpm. Meteoro-
logical data was collected at site A during each sampling
episode with a Davis Vantage Vue meteorological station (Davis
Instruments, Hayward, California) to determine wind direction
and velocity, temperature, and relative humidity. As part of the
exposure assessment process, meteorological data was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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compared to PM data for each sample collection date to allow
for prediction of exposures to PM and metals under varying
meteorological conditions.

The gravel road near site A was oriented NNW to ESE (120°)
based on the Muscatine County Assessor's website.51 Wind
directions from 120° through 300° (from SE to WNW) were
judged to be from the road toward the sample trailer, while
wind directions from 300° through 120° (from NW to ESE) were
judged to be from the sample trailer toward the road. Traffic
levels at each site during the sampling periods were measured
using a trail camera (Apeman H45, Shenzhen, China). The
camera detects motion, which triggers the shutter to take
a photograph. The camera date- and time-stamped the photo-
graphs, allowing them to be grouped by date and hour for
comparison with data from the other instruments.
Data analysis

Hourly data from site A was analyzed using a general linear
model (GLM) to determine the signicance of certain factors
affecting metals concentrations in the PM, with the signicance
level set at 0.05. The factors of interest included hourly averages
of meteorological conditions (wind direction, wind velocity,
temperature, relative humidity) and hourly traffic counts. The
model was run in R, version R 4.0.4.52 The dependent variable
was the natural logarithm of the metal (e.g., manganese)
concentration as measured by the ACMM (continuous), while
the independent variables were traffic level (ordinal), wind
speed (continuous), wind direction (continuous), and relative
humidity (continuous). Aer conducting a distribution analysis,
the metal concentrations were transformed to their natural
logarithms. Signicance was tested relative to a = 0.05. Because
of the low number of samples analyzed for metals by ICP, these
results were not subjected to statistical analysis and only qual-
itative assessments were performed (refer to the ESI† for
details).
Results and discussion
Analyses of bulk road surface materials

Analysis of the sieved samples from the background road and
EAF-slag amended roads in Scott and Muscatine Counties by
pXRD revealed that the primary mineral constituents of the ne
materials were calcite (CaCO3, the primary component of
limestone), dolomite (CaMg(CO3)2), and quartz (SiO2) (Table
S4†). The Scott County (background) samples were predomi-
nantly dolomite, whereas all Muscatine County samples were
Table 1 Comparison of mean (std. dev.) PM10 concentrations between

Background

PM10 (mg m−3)
Traffic counts
(vehicles per hour) PM10/traffic cou

Average 67.3 (51.3) 3.2 (3.7) 20.8
n 23 days 250 hours

© 2023 The Author(s). Published by the Royal Society of Chemistry
mixtures of calcite and dolomite, likely reecting varying quarry
sources for the original road rock. In all cases, no minerals
previously found to be associated with EAF slag48 were observed
in the measurements. The lack of slag-related minerals suggests
that either slag-related minerals were below the detection limits
of the XRD (detection limits near 2–5%), lack crystalline struc-
ture (i.e., are amorphous), or that the slag-related minerals were
altered to other secondary minerals (such as calcite) upon
exposure to environmental conditions. An analysis of the data
shown in Tables S2A and S2B† was conducted in which the two
non-slag sites were averaged together and all slag sites were
averaged by metal. Fig. S1† shows that the metals concentra-
tions at the background sites were consistently lower than at the
slag sites.
Site A PM and PM metals

Ambient PM10 concentrations were measured alongside an
unpaved (gravel) road to which EAF slag had not been applied
(the background site) and were also measured alongside several
similar roads to which the slag had been applied. Average
coarse PM concentrations were 67.3 mg m−3 for the background
site (average 3.2 vehicles per hour) and 121.5 mg m−3 for
samples collected from slag site A (average 7.4 vehicles per
hour) during the same period (Table 1). For reference, EPA's
National Ambient Air Quality Standard (NAAQS, primary and
secondary) for PM10 is 150 mg m−3 for a 24 hours period, not to
be exceeded more than once per year, averaged over three
years.53 However, the average background coarse PM concen-
tration was not statistically different from the average site A
coarse PM concentration when normalized by the respective
average per hour traffic volume (p = 0.27), demonstrating that
there was little, if any, difference in PM emissions between
a road to which slag had been applied and one that had not had
slag applied.

The mass of manganese on the dichot sample lter from
each of the two sites, measured by ICP-MS, was compared to the
mass of total particulate matter on the same lter in order to
provide a basis of comparison between the two sites. Fractions
of HAP metals in the coarse (2.5–10 mm) fraction of the PM were
calculated (Table 2). The ratio of HAP metals mass to total PM
mass (mg manganese/mg PM) was rst calculated for the back-
ground site. The ratio was then compared to the ratio for site A,
resulting in a ratio of a ratio. Average coarse PM manganese
concentrations were 1279 ngMn/mg PM for the background site
and 1662 ng Mn/mg PM for samples collected from slag site A
during the same period. A comparison of the manganese
the background site and site A during the same 23 days period

Site A

nt PM10 (mg m−3)
Traffic counts
(vehicles per hour) PM10/traffic count

121.5 (68.8) 7.4 (6.5) 16.4
23 days 386 hours

Environ. Sci.: Atmos., 2023, 3, 238–246 | 241
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Table 2 Mean (std. dev.) fractions of HAPmetal coarsemass (ng) analyzed using ICP-MS to PM coarsemass (mg) at the background (BG) site and
site A (n = 11 each), and ratios of site A mean fraction to BG mean fraction

BG ng mg−1 (n = 11) Site A ng mg−1 (n = 11) t-test p value LOD ng/lter Site A/BG

Mn 1279 (1013) 1662 (336) 0.26 6.8 1.30
Cr 412 (711) 184 (61) 0.32 6.6 0.45
Ni 37 (61) 12 (14) 0.21 8.8 0.32
Pb 25 (51) 8.3 (7.0) 0.31 3.9 0.33
Co 9.7 (11) 4.9 (1.1) 0.19 0.94 0.51
As 4.1 (2.0) 2.0 (1.24) 0.012 10 0.49
Sba 2.7 (4.0) 1.31 (1.01) 0.28 2.0 0.48
Cdb — — — —

a One large outlier excluded. b No Cd was detected in the majority of the samples. The remaining HAP metals (beryllium, mercury, and selenium)
were not analyzed.
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fraction in the background site PM to themanganese fraction in
the site A PM indicates that the proportion of manganese in the
coarse fraction was 1.30 times higher at site A than at the
background site (Table 2), but this was not a signicant increase
(p = 0.26). All other HAP metals were higher in the background
samples, but the differences from site A were not statistically
signicant except for arsenic (p = 0.006). Similar research could
not be identied for comparison or corroboration of these
ndings. This result conicts with the results shown in Fig. S1†
for road dust metals content. This may be a result of a different
metals concentration in the PM that is less than 10 mm as
compared to the metals concentration for the larger particles
(up to 75 mm) in the sieved samples.

Table S5† provides a comparison between metals concen-
trations detected by the ACMM relative to concentrations
detected by ICP-MS from lter samples at site A. The ICP-MS
results were obtained from twelve 24-hour coarse and ne
lter dichotomous sampler results, while the ACMM metals
averages represent 709 hourly samples collected over several
months. During that time, there were twelve days when both
ACMM and ICP-MS results were available for manganese at site
A. The hourly ACMM measurements corresponding to the 24 h
time period in which a lter was sampled were averaged and
compared using a paired t-test with the corresponding lter
Fig. 1 Hourly PM10 and manganese concentrations at site A, showing
the cyclical nature of the PM10 and manganese data over a three-day
period, midnight of August 22 through midnight of August 24, 2020.

242 | Environ. Sci.: Atmos., 2023, 3, 238–246
measurements. For those 12 days, the ACMM results were
consistently lower for all days and signicantly different than
the values measured by ICP-MS (p < 0.001) (Table S6†).

Hourly averages for ACMM metals concentrations and BAM
PM10 concentrations were calculated for a typical three-day
period at site A (Table S7†), the same period represented in
Fig. 1. The standard deviations are relatively large, presumably
because of the large variations in both metal and particulate
concentrations over a 24 hours period. As expected, the
manganese concentrations were highly correlated with the
coincidental PM10 concentrations (Spearman r = 0.86) over the
entire sampling period. The lowest PM and manganese
concentrations occurred in the early morning when traffic levels
were very low. Chromium and nickel concentrations were also
highly correlated with particulate concentrations, while arsenic
and selenium were not (Table S8†).

The median concentrations of all HAP metals measured by
the ACMM over the entire sampling period were calculated,
along with limits of detection and EPA reference concentra-
tions, as available (Table S9†). The relative abundances of
metals in the PM10 fraction of the PM from site A as measured
by the ACMM and averaged over the entire sampling period
were also calculated (Fig. S2†). Calcium was excluded from this
gure since it represented approximately 67% of the total mass
of metals in the PM, presumably because of the crushed lime-
stone and dolomite applied to the road surface.
PM and manganese comparison between sites

To calculate the fractions of manganese in the coarse fractions
of the PM, the ratios of manganese mass to total PM mass (mg
manganese/mg PM) were rst calculated for each site. The ratio
for site B was then compared to the ratio for site A (Table S10†)
to evaluate variations in manganese concentrations between
these sites. There were non-signicant (p = 0.62) differences in
Mn concentrations between the two sites, with the site B Mn
concentrations generally higher than those for site A. The
marginal differences between the sites were likely due to
different rates of slag application and variation in metals
concentrations in the slag over time associated with differences
in process feed material.9 However, this result suggests that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Results of the statistical run (n = 185), summarizing residuals,
coefficients, and levels of significance

Coefficients: Estimate Std. error Pr(>jtj)

(Intercept) 6.84 0.82 < 0.001
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primary sampling site, site A, was representative of other loca-
tions in eastern Iowa with slag-covered rural roads. The
comparison between site A and site B was limited by the small
number of dichotomous sampler lters (8) analyzed for PM and
PM metals for site B.
Wind speed 0.105 0.053 0.050
RH 0.0167 0.0086 0.055
Traffic count −0.0452 0.084 0.59
Wind direction −3.43 0.83 < 0.001
Traffic: wind dir. 0.300 0.095 0.002
Distribution of metals in the road dust compared to the
airborne PM

Correlations between proportions of metals in the road dust
and metals in the airborne dust (PM10) were calculated (Table
S11†). The correlations were limited to the metals analyzed by
all three methods (ACMM, ICP-MS PM, and ICP-MS road dust):
Al, Cr, Mn, Fe, Co, Ni, Cu, As, Pb, V, Zn, and excluded metals
with results less than the detection limit (Cd and Sb). Due to the
difference in dust particle sizes between the road dust and the
air samples, average concentrations of each metal analyzed by
all three methods were compared to the total concentrations of
these metals to determine whether the proportions of each
metal were consistent between the three methodologies. There
was a signicant correlation between metals proportions by
ICP-MS analysis when comparing PM10 samples to the road
dust samples (p= 0.007), and signicant correlations (a < 0.001)
were also observed when comparing the ACMM results to the
road dust ICP-MS results and to the PM10 ICP-MS results, that
is, the proportions of metals in the road dust were similar to the
proportions of metals in the PM10.
Analysis of factors potentially affecting manganese
concentrations

Multiple linear regression analysis to obtain potential factors
affecting manganese concentrations was conducted. The anal-
ysis was limited to data representing times when the wind was
blowing from the roadway toward the monitoring devices. The
model was run with three different values for wind direction
(Table 3). These three values represent the cosine of the angle
resulting from the adjustment of wind direction to road angle,
which was necessary because the road, while straight in the
study area, is orientated approximately from the west-northwest
to the east-southeast. Aer this adjustment, wind blowing
parallel to the road would be represented by a cosine of 0. The
overall model adjusted R-squared was 0.65 and the overall
model p-value was < 0.001. The wind speed was signicant at
a = 0.05, while the wind direction and the interaction of traffic
count and wind direction were signicant at a = 0.001 and a =

0.01, respectively (Table 4). However, wind direction was not
individually considered a determinant of manganese
Table 3 Values in the model representing wind direction in relation to
the road

Value Wind direction

0.2 Near parallel to the road, blowing from the road to the monitors
0.5 An intermediate value, blowing from the road to the monitors
1.0 Perpendicular to the road, blowing from the road to the monitors

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration because its signicant interaction with traffic
count violates the assumption of heterogeneity of regression
slopes.

Manganese concentrations are more sensitive to traffic count
as the wind shis from parallel to perpendicular to the road
(Fig. 2), illustrating the signicant interaction between traffic
counts and wind direction. The highest modeled concentra-
tions for the perpendicular wind are lower than the concen-
trations for the smaller angles, presumably because the
particulate plume from a passing vehicle clears the area faster,
while the plume from a shallower angle would take longer to
clear the area around the monitors. The plume from a car
continues to be contributed to the PM sample at a xed location
by a car long aer the car leaves the site (assuming “parallel”
means parallel and opposite the direction of travel). Therefore,
additional cars add to a built-up plume that does not diminish
or increase appreciably with changes in traffic count. However,
the plume concentrations during perpendicular winds increase
and decrease quickly because of the cross wind, so that it takes
more and more cars to create higher concentrations. The model
also indicated that a one-unit increase in wind speed would
result in a 10% decrease in the log of the manganese concen-
tration, that is, changing the wind speed in the model would
incrementally shi the plot up or down.

The data from this study reinforces that of Tian who found
that particulate concentrations decrease as wind velocity
increases,41 but the additional strength of this research is that it
simultaneously evaluated the effects of wind direction and level
Fig. 2 Interaction plot for manganese at site A with varying wind
directions relative to the road direction (perpendicular [perp], parallel,
and intermediate between parallel and perpendicular) and varying
traffic levels.
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of vehicular traffic. According to the general linear model
resulting from an analysis of manganese concentrations, a wind
direction parallel to the road allowed more of the dust plume to
pass the instrument intakes (as the dust from upwind would
follow the road) than when the wind was blowing perpendicular
to the road, where only a small portion of the plume would pass
the intakes and would disappear in a short time. Additionally,
the closer the wind direction was to being parallel to the road, the
less of an effect of traffic levels was observed, presumably
because the dust plume would not clear the area around the
monitor intakes as quickly as when the wind is perpendicular to
the road, resulting in an effect that would approximate the
concentrations observed with higher traffic levels. Since the BAM
integrates the concentration over an hour, the results cannot
indicate whether the ambient PM was at a low concentration for
a long period or a high concentration for a short period.

This analysis was limited by lack of data on traffic speed and
vehicle size. In addition, hourly PM and metal analyses were
only conducted at one sample location.

Conclusions

When normalized by traffic counts, roadside particulate matter
(PM10 and PM2.5) concentrations did not signicantly differ
between a road to which EAF slag had been applied and a road
to which the slag had not been applied. However, the propor-
tion of manganese in the PM was found to be 1.30 times higher
in the coarse fraction (PM2.5–PM10) of fugitive dust from roads
to which the slag had been applied as compared to samples
collected near roads to which the slag had not been applied,
although this difference was not statistically signicant. These
results suggest that the addition of slag to rural gravel roads
does not inuence the PM concentration from dust emitted
from these roads but may elevate the proportion of manganese
in the PM. The lack of effect of application of the slag on PM
concentrations may partially be a result of the lower level of
nes in the EAF slag (around 6%) as compared to the crushed
limestone (generally near 16% nes), that is, there was enough
slag dust to affect the metals proportions in the PM, but not
enough to noticeably increase the PM level.

Hourly measurements of Mn in the PM using the ACMM
were highly correlated with hourly measurements of the total
PM. However, daily Mn air sample results from the ACMM were
consistently lower than and signicantly different from the ICP-
MS results from the lter samples. Likewise, results of ICP-MS
analyses of metals in the dust collected from the road surface
correlated well with ICP-MS results of lter samples, suggesting
that analysis of road dust samples will aid in estimating the
potential for detecting slag-related metals in the airborne dust.

When several potential factors affecting the manganese
content in the airborne particulates emanating from slag-
applied roads were evaluated in a statistical model, wind
speed and the interaction of traffic and wind direction were
found to be statistically signicant. This result is important
because of the effects this interaction could have on particulate
and metal exposures to nearby humans. Not considering the
effects of wind speed and the interaction of traffic volume and
244 | Environ. Sci.: Atmos., 2023, 3, 238–246
wind direction could underestimate the human exposures and
the estimate of human health risk. No previous studies were
identied that described this interaction as presented here;
future studies of particulate emission from unpaved roads
should consider and further evaluate this interaction.

Additional studies of the use of EAF slag should be con-
ducted to address variables beyond the scope of this study that
could affect concentrations of manganese and other HAP
metals in the PM10, such as slag application rate, variability of
the concentrations of HAP metals in the slag, and vehicle size
and speed. Companion papers on this exposure scenario will
address PM emissions and concentration dispersion as well as
inhalation and ingestion risk from PM and manganese and
other metal exposures to residents near slag-covered rural
roads.
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