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Variability of aerosol mass and number concentrations during
taconite mining operations

Nima Afshar-Mohajera , Rebecca Foosb, John Volckensb , and Gurumurthy Ramachandrana

aDepartment of Environmental Health and Engineering, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland, USA;
bDepartment of Mechanical Engineering, Colorado State University, Fort Collins, Colorado, USA

ABSTRACT
This study characterized concentration metrics of airborne nanoparticles and their time ser-
ies across major operations of a taconite mine through monitoring respirable and ultrafine
particle concentrations at four major processing departments of the mine: crushing, dry mill-
ing, wet milling, and pelletizing (United Taconite Mine, Iron Junction, MN, USA). We used
three area stations of direct-reading instruments to estimate concentration metrics including
PM1 (particles with an aerodynamic diameter <1 mm), respirable dust (particles sampled
according to the respirable convention with a 50% sampling efficiency at an aerodynamic
diameter of 4 mm), PN (total number concentration of particles), and lung-deposited surface
area concentrations (LDSA) of particles smaller than 300nm, on two different days. Results
for each station were compared using bivariate correlation analysis to obtain insight into
the spatial distribution, and intra-class correlation coefficients (ICCs) to evaluate the
between-day repeatability between the measurements. Comparability of the LDSA concen-
trations measured by two different devices was also investigated using linear regression.
Results revealed that the pelletizing operation produced the highest average LDSA concen-
tration on both days (with a maximum concentration of 199±48 mm2/cm3 in pelletizing,
141±52 mm2/cm3 in crushing, 91±9 mm2/cm3 in dry milling, and 85±7 mm2/cm3 in wet
milling). Concentrations in all operations showed a fair to excellent between-day repeatabil-
ity but they were significantly different within stations of each operation. Measured LDSA
concentrations did not show a linear correlation between different instruments, except
for crushing.
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Aerosol; crushing; DiSCmini;
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Introduction

Since late 1950s, the taconite mining industry in
Minnesota has been the largest supplier of iron ore to
the US steel industry. The dust generated during vari-
ous processes in taconite mining is a well-recognized
health hazard for taconite industry workers as it con-
tains crystalline silica (Sheehy and McJilton 1987). In
addition to cardiovascular and respiratory health
issues resulting from occupational exposure to high
concentrations of respirable particulate matter, crystal-
line silica found in taconite dust has been associated
with silicosis and other fibrotic diseases (Nelson and
Murray 2013). The Occupational Safety and Health
Administration (OSHA) is currently in the midst of
new proposed rule for controlling silica where work-
ers’ exposures would be limited to a new PEL of 50
micrograms of respirable crystalline silica per cubic

meter of air (mg/m3), averaged over an 8-hr day
(Hwang et al. 2017).

The health impacts of exposure to airborne particu-
late matter (PM) generated in taconite mining proc-
esses have been investigated previously (Axten and
Foster 2008; Clark et al. 1980; Higgins et al. 1983;
Nolan et al. 1999). Most health studies on taconite
mining and processing have focused on respirable
dust (RD) concentration and elongate mineral par-
ticles (Nolan et al. 1999). However, many ore process-
ing steps also generate large numbers of airborne
ultrafine particles (UFP). These particles (<100 nm)
contribute very little to the overall mass but dominate
particle number concentrations and contribute sub-
stantially to total particle surface area. There is some
evidence that particle number and surface area con-
centrations may be relevant metrics for health impact
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assessment of exposure to UFP (Delfino et al. 2005;
Park et al. 2010; Ramachandran et al. 2005). For
instance, Lin et al. (2006) showed dose-dependent
cytotoxicity of silica nanoparticles in human broncho-
alveolar carcinoma-driven cells and their correlation
to increased oxidative stress (Lin et al. 2006). Yu et al.
(2009) demonstrated an increase in toxicity of the sil-
ica nanoparticles with a decrease in the particle size
during in vivo exposure to mice.

Lung deposited surface area (LDSA) of nanopar-
ticles has been hypothesized as a relevant dose metric
of inhaled PM that explains 80% of the variability in
acute lung inflammation (Schmid and Stoeger 2016).
Use of LDSA concentration for dosimetry of the
inhaled PM allows identification of material-based
toxicity classes independent of particle size (Schmid
et al. 2009). Measurements of the particle number
concentration (PN) and its equivalent LDSA of the
particles can be used to calculate the delivered dose of
nanoparticles to the lungs of mine workers. In the
case of PN, this is calculated as a product of the PN
concentration and the volume of air breathed over a
work-shift and the size-dependent lung deposition
fractions in different regions of the respiratory tract.
Since the LDSA already includes information about
lung deposition patterns, the product of the LDSA
concentration and the volume of air breathed over a
work shift provides insight into occupational dose of
PM smaller than 300 nm (Schmid et al. 2009;
Kuhlbusch et al. 2011). Huynh et al. (2018) performed
4-hr sampling of submicron aerosol at area stations in
taconite mines using direct-reading instruments to
measure PM2.5, PN, and LDSA in 91 locations across
six mines located across the Mesabi Iron Range in
northeastern Minnesota, USA. Their results indicated
that concentrations of particles vary significantly at
different times and locations.

Electrically charging nanoparticles with a unipolar
diffusion charger has been the preferred technique for
real-time detection of the LDSA concentration, espe-
cially for personal monitoring (Fissan et al. 2006).
There are only a handful of these monitors commer-
cially available including the Miniature Diffusion
Size Classifier DiSCmini (Testo, Titisee-Neustadt,
Germany) and the Partector (Naneos, Windisch,
Switzerland) (Fierz et al. 2014). With a manufacturer
recommended bias of ±30% for LDSA concentration
estimation of nanoparticles between 20 and 400 nm,
the DiSCmini and Partector have been recognized as
convenient and relatively robust instruments for real-
time detection of nanoparticles (Asbach et al. 2009;
Todea et al. 2015). However, these monitors are

subject to additional error when sampling hygroscopic
particles or operate in high temperature/relative
humidity environments. They also present different
accuracies under low or high LDSA concentration and
for small or large particle mode sizes. They also suffer
from reduced counting efficiency for particle sizes
below 20 nm. Moreover, their performance evaluation
has been limited to controlled laboratory setup with
no information when utilized in “real” indus-
trial operations.

In this study, results of monitoring of several UFP
concentration metrics at multiple area stations posi-
tioned in main operations of a taconite mine are pre-
sented. Recorded concentrations will help estimating
the exposure of airborne fine and ultrafine PM
inhaled by mine workers using mass-, number-, and
surface-based PM exposure metrics in several opera-
tions during their work shift using real-time monitors.
Between-day variability and inter-station comparisons
of the concentration metrics within each process area
along with comparability of the LDSA concentration
measurements by DiSCmini monitors vs. Partector
monitors are also investigated. For the first time, side-
by-side comparison of the mentioned nano-aerosol
monitors at a highly dusty site in an occupational set-
ting is conducted.

Methods

Mining processes

All measurements reported in this study were
obtained from a taconite mine in Northern
Minnesota: United Taconite Mine, Iron Junction, MN,
USA. After surface mining, the taconite ore undergoes
four major processes in the following order: crushing,
dry milling, wet milling, and pelletizing. Large ore-
bearing rocks are delivered to the crushing depart-
ment by trucks, then dumped into coarse primary
crushers where they are reduced to sizes �10 cm in
diameter, and then to fine crushers where their sizes
become as small as 1–2 cm. Ore dumping, and coarse
and fine crushing, are all significant dust generating
sources in the crushing operation. The crushed ore
then undergoes a concentration process, where it is
first dry milled, then mixed with water into a slurry
and passed through a series of rod mills where it is
converted into a sand-like consistency (wet milling).
Magnetic separators then segregate the iron from the
waste portion (so-called tailing) and concentrate the
iron-bearing taconite grains. The water content is
removed from slurry using disc filters. The filter cake
is then mixed with a binding agent (bentonite) and
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the mixture is then fed into large rotating drums,
which tumble and roll the mixture into marble-size
pellets approximately 1 cm in diameter (pelletizing).
Finally, the pellets are kiln dried at 1300 �C for ship-
ment to steel mills (McDonald et al. 2013).

Stations and aerosol monitoring procedure

Measurements were made at three stations in each of
the four departments (crushing, dry milling, wet mill-
ing, and pelletizing) on two randomly selected days.
The reason for selecting random times for sampling
was that each operation consisted of a series of activ-
ities performed continuously 24 hr a day and 7 days a
week. The sampling period on Day 1 was in the after-
noon and the sampling period on Day 2 was in the
morning. The layout and distances between the sam-
pling stations in each department are displayed in
Figure 1. At each sampling station, multiple direct-
reading instruments were located to measure the
number, mass, and surface-area concentration of the
particles. Particle mass concentrations for different
size ranges (i.e., PM1 and RD) were estimated by
DustTrak aerosol monitors (Handheld DRX II Model
8532, TSI Inc., Shoreview, MN, USA), PNs and the
particle mode sizes (dp) were estimated by a
DiSCmini nano-aerosol monitor (Testo, Titisee-
Neustadt, Germany), and LDSAs were estimated by
both a DiSCmini and a Partector nano-aerosol moni-
tor (Naneos, Windisch, Switzerland). DustTrak aerosol
monitors measure real-time mass concentrations using

the relationship between scattered light intensity col-
lected by a mirror from different angles in a detection
chamber using a laser diode with a wavelength of
780 nm. These instruments utilize a sheath air system
to protect the instrument optics and a laser photom-
eter to estimate particle mass concentration. DustTrak
monitors are ideal for estimating aerosol mass concen-
tration in occupational settings as they cover a wide
concentration range of 0.001–150mg/m3. However,
recorded mass concentrations by the photometers
depends on the size distribution of the aerosol and
the optical properties (e.g., refractive index) of the
particles that can lead to measured concentrations
that are considerably different than the true concen-
trations (O’Shaughnessy et al. 2002). Therefore, inte-
grated mass concentration of RD was estimated
following method 0600 of the Manual of Analytical
Methods by the National Institute of Occupational
Safety and Health (NIOSH-NMAM 0600). Each
DustTrak in a station was paired with an aluminum
cyclone (Respirable Dust Aluminum Cyclone, SKC
Inc., Eighty Four, PA, USA) running at a calibrated
flow rate of 2.5 L/min and positioned vertically with a
37-mm PVC filter cassette to collect RD over the sam-
pling period and gravimetric analysis was used to
determine the average RD concentration. Then, all
recorded concentrations for RD by DustTrak monitors
were corrected by multiplying a correction factor
(estimated to be 0.69) defined as the ratio of the aver-
age concentration from gravimetric analysis to the
average concentration from DustTrak. This is in

Figure 1. Approximate positioning of the sampling stations across each operation unit.
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addition to the internal correction done by the instru-
ment itself. We assumed the same gravimetric correc-
tion factor obtained for RD for correcting recorded
PM1 concentrations by the DustTrak. Partector nano-
aerosol monitors induce an electrical charge on surfa-
ces of the sampled particles and subsequently detect
the charged particles and determine their LDSA con-
centrations (Todea et al. 2015). The particle size range
and the LDSA concentration range of Partector moni-
tors are 10–400 nm and 0–20,000 mm2/cm3 respect-
ively. Similar to Partector monitors, DiSCmini
monitors apply corona charging to charge the particles
and then estimate their LDSA concentrations. The
DiSCmini nano-aerosol monitors measure the electric
current resulting from the impact of charged particles
onto stainless steel grids, followed by a high efficiency
final filter to estimate PN and dp assuming a lognor-
mal size distribution for airborne particles (Todea
et al. 2015). The range of LDSA concentration by
DiSCmini monitors is not reported, but the
particle size range and PN concentration range of
DiSCmini monitors are 10–700 nm and 103–106

#/cm3, respectively.
The DustTrak, DiSCmini, and Partector logged data

every second; all recorded concentration data were then
averaged over 1-min intervals. The sampling time was
at least 2.5 hr on each day of sampling. Data recorded
by the DiSCmini and Partector were further corrected
for temperature and relative humidity (RH) using cor-
relations provided by the manufacturer. There was a
slight difference between the monitoring instruments
used in Station #3 compared to the other two stations.
At Station #1 and #2, particle mass concentrations
(PM1 and RD) were estimated by a DustTrak aerosol
detector, PNs and particle mode sizes were estimated
by a DiSCmini nano-aerosol monitor, and LDSAs were
estimated by both a DiSCmini and a Partector nano-
aerosol. Station #3 included only one DiSCmini and
one Partector nano-aerosol monitor (no DustTrak) and
therefore only obtained particle mode sizes, PN, and
LDSA concentrations.

Statistical analysis of the data

Inter-comparison of the stations within
a department
Inter-comparison of the readings across different sta-
tions within a department recorded by the same type
of monitoring instrument provides insight into uni-
formity of the concentration metrics at a certain time
in an operation. For this purpose, bivariate correlation
analysis similar to Garcia et al. (2013) was conducted

by calculating the Spearman correlation factor for
each concentration metric. While autocorrelation
between measurements at consecutive time points is
commonly seen when analyzing time-series data and
needs to be adjusted for when estimating or compar-
ing exposure estimates, autocorrelation between meas-
urements of the same concentration metric at
different stations is not expected. Therefore, we did
not adjust analyses for autocorrelation. Each run com-
pared two stations at a time (Station #1 vs. Station #2,
Station #2 vs. Station #3, and Station #3 vs. Station
#1) to investigate the degree of correlation. All con-
centration values obtained over 2.5 hr of sampling
were included in the model (sample size N¼ 150
for 150min).

Between-day correlation
Correlation between concentration values from one
day to the next for routine operations was investigated
following intra-class correlation (ICC) (Todea et al.
2015). The ICC is derived from the analysis of vari-
ance and estimates the percentage of the data points
that reliably remain unchanged across different meas-
urement times (Bartko 1966). Measurements of PM1,
RD, LDSA, PN, and dp during the sampling period of
Day 1 were compared to the measured values by the
same monitor in the same station during the sampling
period of Day 2. Since taconite mining operations
include multiple periodic activities occurring continu-
ously, the same range of values (repeated periodically)
is expected for each concentration metric recorded by
a monitor. Therefore, ICC calculation of each concen-
tration metric in a station required sorting the con-
centration values from the lowest to the highest
before inputting into the model (a sample size of
N¼ 150 for 150min of the sampling period). The ICC
of each concentration metric ranged from 0–1 and
indicated the probability of having the same value for
that concentration metric (no change in concentration
at ICC¼ 1). For all ICCs, a confidence interval of
95% was considered. Since each set of compared data
were recorded by the same data-logging device, a two-
way mixed-effect model type of the ICC (so-called
ICC(3,1)), as described by Shrout and Fleiss (1979),
was used for the analysis. The ICCs estimated in this
study are frequently used when the focus is on the
repeatability of the measurements by the same moni-
tor over different times. The formulation for estima-
tion of the ICCs obtained in this study is given by
Equation (1):

ICC 3, 1ð Þ ¼ MSB �MSE
MSB þ ðk� 1ÞMSE

, (1)
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where MSB is the between-day mean squares of values
of a concentration metric and MSE is the within-day
mean squares of values of a concentration metric and
k is the number of concentration metric entries per
day of sampling. Statistical analysis for calculation of
the ICC values then was performed using SPSSVR ver.
21 (IBM Analytics Inc., Armonk, NY, USA).

Comparability of the LDSA measured by Partector
and DiSCmini

Neither the Partector nor the DiSCmini is considered
a reference instrument. Since both instruments are
subject to measurement errors, an orthogonal regres-
sion analysis was used to compare the LDSA concen-
trations measured by Partectors vs. those by
DiSCminis (Zellweger et al. 2009). This analysis was
performed separately for each operation. All recorded
LDSA concentrations by the three stations were
included in the analysis. The slope and intercept esti-
mates, associated r2, and p-values of the relationship
between the LDSA concentrations were calculated.
This relationship should ideally be linear.

Results

Average concentrations

The time series of the concentration metrics measured
by each monitor during crushing are displayed in
Figure 2. The average baseline concentration of PM1

in crushing operation was 157 ± 24 mg/m3 on Day 1
and 130 ± 9 mg/m3 on Day 2. On Day 1 of the crush-
ing operation, PM1 generally varied between 130 and
250 mg/m3 with a spike at the 63rd min (�3:23 pm).
However, fluctuations in the PM1 time series on Day
2 showed a pronounced peak. On both days, concen-
trations measured by the monitors at all three stations
followed the same rise and fall pattern, although the
peaks in the PN and LDSA plots on Day 2 for Station
#2 and Station #3 appeared with about a 25-min delay
with respect to Day 1. On both days of sampling in
crushing operation, the LDSA concentrations meas-
ured by the DiSCmini monitors were notably higher
than those by the Partector monitors. In the crushing
processes, the particle mode sizes varied considerably
across days and stations. For instance, on Day 1, the
average particle mode size was 36 ± 15 nm at Station
#1 and increased to a maximum of 74 nm but on Day
2 at the same station, the average particle mode size
was 29 ± 28 nm and increased to a maximum of
139 nm. The increase in both the total number con-
centration of particles and the particle mode size from

11:35 am to 12:15 pm on Day 2 might lead to the
observed peak in the time series of PM1 and RD
concentrations.

The time series of the dry milling operation pre-
sented the least temporal variability across all the
operations (see Figure 3). On Day 1, the average con-
centrations of PM1 in dry milling operation was 96 ± 8
mg/m3 at Station #1 and 90 ± 7 mg/m3 at Station #2.
Although PM1 and RD concentrations in both stations
were similar on Day 1, the averaged LDSA concentra-
tion and particle mode size at Station #2 were consid-
erably lower than the other two stations (the average
LDSA measured by Partector was 87 mm2/cm3 at
Station #1, 58 mm2/cm3 at Station #2, and 93 mm2/
cm3 at Station #3). The average particle mode size in
all three stations of the dry milling operation was the
lowest across all operations. On Day 2, the average
concentration of PM1 at Station #1 increased from
96 ± 8 to 106 ± 9 mg/m3. In contrast to Day 1, the
LDSA concentrations measured by both Partector and
DiSCmini in all stations were comparable. An average
increase in the total PN and decrease in the particle
mode size on Day 2 compared to Day 1 in all stations
implied occasional generation of particles smaller than
20 nm during dry milling.

On Day 1 of the wet milling operation, PM1 and
RD concentrations were significantly greater at Station
#2 (Figure 4). Similar to the dry milling operation,
there were minor fluctuations in the concentration
metrics with no notable spikes and the particle mode
size did not exceed 20 nm. Likewise, the average
LDSA concentrations during wet milling operation
was similar to those during dry milling operation. On
Day 2, there were no significant differences between
PM1 and RD concentrations measured at Station #1
and #2.

The highest values of the concentration metrics
were seen in the pelletizing operation. As seen in
Figure 5, the time-series concentration plots of the
pelletizing operation showed multiple peaks during
sampling periods of both days. The average PM1 con-
centrations measured by the DustTrak monitors of
Station #1 and Station #2 were 168 ± 4 mg/m3 and
169 ± 4 mg/m3 on Day 1 and 195 ± 4 mg/m3 and
192 ± 3 mg/m3 on Day 2. The concentrations across
different stations did not vary substantially. The aver-
age particle mode sizes across all stations in pelletizing
operation were 19 ± 2 nm on Day 1 and 18 ± 2 nm on
Day 2, which were larger than those of dry milling
(16 ± 1, 16 ± 1, and 17 ± 1 nm on Day 1 and 13 ± 2,
13 ± 1, and 12 ± 1 nm on Day 2) and wet milling oper-
ations (16 ± 1, 16 ± 1, and 17 ± 1 nm on Day 1 and

JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE 5



13 ± 2, 12 ± 1, and 13 ± 1 nm on Day 2), but much
smaller than those observed in crushing operation
(36 ± 15, 36 ± 17, and 36 ± 16 nm on Day 1 and
29 ± 28, 29 ± 28, and 30 ± 29 nm on Day 2).

Inter-comparison of the stations

The Spearman correlation coefficient of each concen-
tration metric of a mining operation is displayed in

Figure 6. When comparing pairs of stations on each
day, crushing operation was the only operation
wherein all Spearman correlation coefficients
(N¼ 150) of the concentration metrics were positive
indicating that the directional change (increase or
decrease in concentration of each metric) between
each pair of stations was the same. Since Station #3
did not include a DustTrak monitor, concentration
metrics of PM1 and RD could only be compared

Figure 2. Time series of the aerosol concentrations (PM1, RD, PN, LDSA) and particle mode sizes during crushing operation.
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between station #1 and #2. As seen in Figure 6, except
for PM1, all concentration metrics of the crushing
operation had a correlation coefficient greater than
0.5. Also, crushing was the only operation wherein a
PN correlation above 0.4 was observed. Except across
stations of the pelletizing operation, the correlation
coefficient of particle mode size was also greater than
0.5 on both days and all operations. Based on the
results, the greatest correlation among the concentra-
tion metrics was seen in the crushing operation. No

significant difference in Spearman correlation coeffi-
cient of Day 1 vs. Day 2 was observed.

Between-day repeatability correlations

ICCs averaged across all stations of each operation
(N¼ 150) are summarized in Table 1. Except for PM1

and RD in crushing operation, all ICCs were greater
than 0.75. Also, crushing was the only operation
where the ICC value of LDSA measured by Partector

Figure 3. Time series of the aerosol concentrations (PM1, RD, PN, LDSA) and particle mode sizes during dry milling operation.
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was greater than that of measured by DiSCmini.
Concentrations of PN showed a higher repeatability in
crushing and pelletizing operations (average ICC of
0.97 and 0.99) compared to dry and wet milling (aver-
age ICC of 0.78 and 0.75). Particle mode size was the
only metric with an ICC> 0.94 in all operations. One
should note that the ICC values were averaged over
all stations for each concentration metric. As seen in
Table 1, no considerable change in ICC values of dif-
ferent stations within an operation was observed.

Comparability of the DiSCmini and Partector
measurements

The results of the linear regression analysis are sum-
marized in Table 2. Estimated r2s indicated that
crushing operation was the only operation in which
the linear relationship between the LDSA concentra-
tions of DiSCmini and Partector monitors were highly
correlated on both days (r2¼ 0.97, 0.84, 0.80 on Day 1
and r2¼ 0.80, 0.89, 0.77 on Day 2).

Figure 4. Time series of the aerosol concentrations (PM1, RD, PN, LDSA) and particle mode sizes during wet milling operation.
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Discussion

The time-series trends of the concentration metrics in
crushing and pelletizing operations were similar. The
times-series trends of the concentration metrics in dry
milling and wet milling were comparable In crushing
and pelletizing, the time series demonstrated one or
two spikes considerably higher than the baseline con-
centration in all plots (on both days) but in milling
operations (dry and wet), the concentration metrics
were relatively steady throughout the course of

sampling. Based on the particle mode diameter plots
displayed in Figures 2–5, the majority of aerosolized
nanoparticles were smaller than 75 nm (<25 nm if
excluding crusher). This size range refers to UFP and
corresponds to nucleation modes of aerosol formation.
In the absence of chemical reactions, nucleation,
coagulation, and condensation processes likely are
forming the nano-sized particles. Specifically, the high
temperature due to kiln operation in pelletizing oper-
ation (causing nucleation/condensation), inefficient

Figure 5. Time series of the aerosol concentrations (PM1, RD, PN, LDSA) and particle mode sizes during pelletizing operation.
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ventilation in all operations, and transport of nano-
particles from other processes into a target operation
could be reasons for the relatively high LDSA concentra-
tions. On average (over both days), the LDSA concen-
trations observed in crushing and pelletizing operations
using Partector monitors were 142±52 mm2/cm3 and
200±48 mm2/cm3, which are comparable to the LDSA

levels in a tungsten arc welding workshop: 137 mm2/cm3

as estimated by Geiss et al. (2016) using Partectors 2-m
away from the welding electrodes.(26) The average LDSA
concentrations in dry milling and wet milling were
about half of those in crushing and pelletizing opera-
tions. The LDSA concentration range in milling opera-
tions is comparable to those generated by a fused

Figure 6. Spearman correlation factors for the inter-station comparisons of the aerosol concentration metrics: a) Station #1 vs.
Station #2 on Day 1; b) Station #1 vs. Station #2 on Day 2; c) Station #2 vs. Station #3 on Day 1; d) Station #2 vs. Station #3 on
Day 2; e) Station #3 vs. Station #1 on Day 1; and f) Station #3 vs. Station #1 on Day 2.

Table 1. Average between-day ICCs for different operations.
Operation PM1

� Respirable Dust� PN�� dp�� LDSA by Partector�� LDSA by DiSCmini��
Crushing 0.63 0.62 0.97 0.94 0.94 0.85
Dry Milling 0.99 0.99 0.78 0.99 0.83 0.93
Wet Milling 0.92 0.92 0.74 0.99 0.94 0.99
Pelletizing 0.99 0.99 0.99 0.99 0.80 0.92
�Between-day repeatability of the average values from Station #1 and #2��Between-day repeatability of the average values from Station #1, #2, and #3
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deposition modeling 3D printer that is heating up
acrylonitrile butadiene styrene and operates in a 30-m3

chamber: 67 mm2/cm3 (Geiss et al. 2016). This is par-
ticularly important as the same amount of RD may pro-
vide 10-fold increase in harmful health effects
presuming the LDSA concentration to be a more rele-
vant metric (Kuuluvainen et al. 2016).

A previous study by Huynh et al. (2018) showed
that the average concentrations of RD for all similar
exposure groups within crushing, dry milling, wet
milling, and pelletizing were lower than the respirable
dust (RD) threshold limit value (TLVVR -TWA) regu-
lated by the American Conference of Governmental
Industrial Hygienists (ACGIHVR ) of 3mg/m3. According
to their findings, there were an average RD of 70–185
mg/m3 related to miners working in the crushing, an
average RD of 108–256 mg/m3 related to miners work-
ing in the concentrating (dry and wet milling
altogether), and an average RD of 167–380 mg/m3

related to miners working in the pelletizing depart-
ment. The average RD concentrations measured in the
present study across all stations and over two days
were 179 mg/m3 in crushing, 125 mg/m3 in dry milling,
126 mg/m3 in wet milling, and 251 mg/m3 in pelletizing,
which are all within the range reported by Huynh et al.
(2018) during area monitoring. The sampling stations
of crushing and wet milling were positioned as a hori-
zontal line on the mine site layout. In the crushing
operation, concentration metrics of the particles from
one side to the other side of the sampled line showed a
high correlation (Spearman coefficient >0.6 (except for
PM1) on both days, as seen in Figure 6a–f). On Day 1,
only particle mode size showed a correlation greater
than 0.6 in the wet and dry milling operations. On

Day 2, particle mode size had a correlation greater
than 0.6 only in the wet milling operation. PN concen-
trations of all operations except crushing indicated a
high inter-station variability (Spearman correlation
coefficient <0.2). Opposite to crushing and wet milling
operation, the sampling stations for dry milling and
pelletizing formed a triangle on the site layout that
may have contributed in observing lower correlation
factors in these operations compared to crushing and
wet milling operations.

All ICCs listed in Table 1 were >0.62 indicating
repeatability percentages greater than those Garcia
et al. (2013) observed in personal monitoring of PM2.5

and inhalable PM in the dairy industry. However, the
between-day repeatability percentages of the concen-
tration metrics were lower than those for concentra-
tions of airborne spores and pollen with median
diameters >2 mm, which are above 0.94 (Mitakakis
et al. 2000). One should note that the excellent tem-
poral repeatability of the concentration metrics dis-
cussed in the present study refers to the measured
range of the concentrations as a whole—not repeat-
ability of the data at a certain time or for a certain
concentration.

Both Partector and DiSCmini are among the most
common newer devices used for measurement of the
airborne nanoparticles and both operate based on dif-
fusion charging mechanism (Asbach et al. 2017). Also,
both the DiSCmini and Partector provided compar-
able measurements for UFP monitoring. However, the
relationship between the recorded concentrations were
not linearly correlated in most cases. Except in crush-
ing operation, the LDSA concentrations measured by
the Partector monitors at a given time were slightly

Table 2. Results of the orthogonal regression analysis on the LDSA concentrations (y¼ axþ b) between measurements by
Partector and DiSCmini on each day of different operations (where x refers to Partector measurements and y refers to DiSCmini
measurements).

Day 1 Day 2

Operation Slope Intercept (mm2/cm3) r2 Slope Intercept (mm2/cm3) r2

Crushing
Station #1 1.36 ± 0.02 �33.94 ± 3.13 0.97 0.94 ± 0.04 50.47 ± 5.72 0.80
Station #2 0.93 ± 0.03 8.52 ± 4.11 0.84 1.27 ± 0.04 �14.71 ± 6.99 0.89
Station #3 1.24 ± 0.05 �13.60 ± 6.61 0.80 1.05 ± 0.05 �10.47 ± 7.18 0.77

Dry Milling
Station #1 0.79 ± 0.07 22.89 ± 5.79 0.48 �0.16 ± 0.05 109.28 ± 5.559 0.05
Station #2 0.03 ± 0.05 66.80 ± 3.15 0.03 0.14 ± 0.03 88.90 ± 3.91 0.10
Station #3 0.626 ± 0.08 39.69 ± 6.53 0.31 �0.18 ± 0.04 117.93 ± 3.92 0.13

Wet Milling
Station #1 �0.02 ± 0.09 70.25 ± 6.47 0.01 �0.20 ± 0.16 82.59 ± 12.30 0.04
Station #2 0.93 ± 0.07 11.86 ± 5.86 0.55 �0.45 ± 0.15 138.73 ± 13.87 0.05
Station #3 0.02 ± 0.07 90.94 ± 7.26 �0.01 0.23 ± 0.12 74.87 ± 12.12 0.02

Pelletizing
Station #1 0.49 ± 0.01 70.51 ± 3.32 0.92 1.02 ± 0.06 27.14 ± 11.13 0.65
Station #2 1.05 ± 0.03 �1.14 ± 5.06 0.89 0.44 ± 0.08 119.51 ± 14.03 0.18
Station #3 0.67 ± 0.03 61.14 ± 6.18 0.74 0.37 ± 0.06 121.37 ± 14.22 0.20
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greater than those measured by the DiSCmini moni-
tors and the relationships had low r2 (<0.65) to
be linear.

Accuracy of the LDSA concentrations when meas-
ured by a DiSCmini has been investigated by Mills
et al. (2013). They showed that the LDSA concentra-
tion of polydisperse aerosols of sodium chloride and
metals estimated by the DiSCmini were 96–155% of
those measured by a scanning mobility particle sizer
(SMPS, TSI Inc., Shoreview, MN, USA), which indi-
cated a tendency for overestimation. The weak linear
correlation between Partector and DiSCmini concen-
trations resulted in the operations (except in crushing
operation) in the current study may be due to sensi-
tivity of these devices to low temperatures (<–15 �C
on both days of sampling and high humidity (snowy
days with relative humidity above 75% in wet milling).
In the crushing operation with relatively larger nano-
particles (particle mode size larger than 20 nm at all
times) compared to the other operations the strongest
linearity between the LDSA concentrations was
observed. However, a series of mechanical processes
occurring in a taconite mine led to high concentra-
tions of >400 nm particles, which are known respon-
sible for significant biases in Partectors and
DiSCminis (Todea et al. 2017). The linear relationship
between these two instruments in crushing operation
resulted in biases ranging from �7% to þ36%. This
range is in an agreement with findings of a study by
Todea et al. (2015) wherein the researchers performed
an inter-comparison chamber study with 29 different
polydisperse test aerosols to a Partector and a
DiSCmini and observed ±30% bias respect to the ref-
erence value obtained from a scanning mobility par-
ticle sizer (Todea et al. 2015). Accuracy determination
of the monitors in their study was based on compari-
sons with a reference instrument—a scanning mobility
particle sizer (SMPS Model 3936, TSI Inc., Shoreview,
MN, USA). Comparative laboratory measurements by
Todea et al. (2017) showed both DiSCmini and
Partector monitors present similar underestimation or
overestimation trends with respect to the true LDSA
concentrations during co-located sampling. They also
showed that for all tested cases concentrations varied
from 1 to 24� 104 #/cm3 and 10< dp< 400 nm, and
the measured LDSA concentrations recorded by both
monitors were within the manufacturer recommended
bias of ±30%. Todea et al. (2017) reported an under-
estimated LDSA concentration in all cases by both
monitors though the underestimating bias is below
-30%. However, they concluded that both monitors
present a greater accuracy (lower bias) with a decrease

in true concentration as well as a greater accuracy
with a decrease in dp (Todea et al. 2017). In the pre-
sent study, the average values of LDSA and PN con-
centrations and dp were the lowest in milling
operations. In absence of a reference instrument to
measure LDSA or PN concentrations in the present
work, findings by Todea et al. implied that DiSCmini
and Partectors implemented in dry and wet milling
operations might have a greater accuracy than those
in crushing and pelletizing operations. One should
note that the LDSA values applied into the orthogonal
regression analysis might be autocorrelated and there-
fore the r2 values may be affected by autocorrelation.

Conclusions

Concentration metrics of airborne fine and ultrafine
particles in a taconite mine site (PM1, PN, LDSA, par-
ticle mode size) reported the highest average levels of
PM1¼ 200 ± 48 mg/m3, LDSA¼ 181 ± 37 mm2/cm3,
and PN¼ 1.57� 105 #/cm3 all in the pelletizing
department. The wet milling operation presented the
lowest LDSA and PN concentrations among the oper-
ations. The concentration metrics did not show a con-
clusive spatial trend but showed a temporal
repeatability >62%, which is greater than the corre-
sponding temporal repeatability percentages found in
other occupational settings. The particle mode size of
generated nanoparticles was finer than 25 nm in mill-
ing and pelletizing operations but were consistently
larger than 30 nm in crushing operation. Partector
and DiSCmini nanoparticle monitors were only lin-
early correlated in crushing operation (r2> 0.8) and
one day pelletizing operation (r2> 0.74). The air mon-
itoring results identified taconite operations with
higher levels of exposure to UFP (pelletizing and
crushing) and showed the variability of the concentra-
tions and their increasing/decreasing trends which
could help with development of non-engineering
administrative controls to mitigate exposure of
the workers.
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