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Abstract

In 2016, the Mine Safety and Health Administration required the use of continuous monitors 
to measure respirable dust in mines and better protect miner health. The Personal Dust Monitor, 
PDM3700, has met stringent performance criteria for this purpose. In a laboratory study, respirable 
mass concentrations measured with the PDM3700 and a photometer (personal DataRam, pDR-1500) 
were compared to those measured gravimetrically for five aerosols of varying refractive index and 
density (diesel exhaust fume, welding fume, coal dust, Arizona road dust (ARD), and salt [NaCl] aer-
osol) at target concentrations of 0.38, 0.75, and 1.5 mg m−3. For all aerosols except coal dust, strong, 
near-one-to-one, linear relationships were observed between mass concentrations measured with the 
PDM3700 and gravimetrically (diesel fume, slope = 0.99, R2 = 0.99; ARD, slope = 0.98, R2 = 0.99; and 
NaCl, slope = 0.95, R2 = 0.99). The slope deviated substantially from unity for coal dust (slope = 0.55; 
R2 = 0.99). Linear relationships were also observed between mass concentrations measured with the 
pDR-1500 and gravimetrically, but one-to-one behavior was not exhibited (diesel fume, slope = 0.23, 
R2 = 0.76; coal dust, slope = 0.54, R2 = 0.99; ARD, slope = 0.61, R2 = 0.99; NaCl, slope = 1.14, R2 = 0.98). 
Unlike the pDR-1500, mass concentrations measured with the PDM3700 appear independent of re-
fractive index and density, suggesting that it could have applications in a variety of occupational 
settings.

Keywords:   density; gravimetric methods; occupational aerosols; PDM3600; PDM3700; pDR-1500; personal DataRAM; 
Personal Dust Monitor; refractive index

Introduction

Respirable particles that can reach the alveolar region of 
the lung (ACGIH, 2017) represent an inhalation hazard 
for a wide array of occupations from welding to min-

ing. In underground mines, the respirable particles emit-
ted as byproducts of combustion from blasting, welding, 
and operating diesel engines (Cantrell and Rubow, 1990) 
are implicated in a variety of adverse health effects 
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(Donoghue, 2004). They are also emitted by mechani-
cal processes in mines, such as the operation of mining 
machine picks, drills, and crushers (Cantrell and Rubow, 
1990), which are associated with silicosis, coal worker’s 
pneumoconiosis, and other chronic respiratory illnesses 
(Donoghue, 2004). The Mine Safety and Health Admin-
istration (MSHA) mandates permissible exposure lim-
its for respirable dust to prevent adverse health effects 
among miners.

From 1980 until 2016, the permissible exposure 
limit for coal mines was 2.0 mg m−3 for an 8-hour, time-
weighted average as measured with a specific gravi-
metric sampler, the ‘coal mine dust personal sampler 
unit’ (CMDPSU) (MSHA, 2014). During CMDPSU op-
eration, a belt-mounted personal sampling pump draws 
air through a 10-mm nylon Dorr Oliver cyclone and 
pre-weighed filter positioned within the miner’s breath-
ing zone. Respirable mass concentration as defined by 
the Mining Research Establishment (MRE) is then cal-
culated as the mass collected on the filter divided by the 
volume of air sampled multiplied by a factor of 1.38. 
Although highly accurate and precise, gravimetric mea-
surements are often unavailable for days or weeks (Volk-
wein et al., 2004).

With the promulgation of 79 United States Federal 
Register 24813, MSHA enacted key changes to further 
protect miners from developing coal worker’s pneumo-
coniosis (MSHA, 2016). MSHA lowered the permissible 
exposure limit for respirable dust to 1.5 mg m−3 as meas-
ured over a full work shift. MSHA also required meas-
urement of respirable dust by an ‘approved’ continuous 
personal dust monitor (CPDM) for those underground 
coal miners at high potential of elevated exposure to res-
pirable particles. The Code of Federal Regulations, 30 
CFR Part 74, provides performance requirements for 
approval of CPDMs. Worn by a miner, a CPDM continu-

ously measures respirable dust concentrations, providing 
output on a 30-minute, rolling basis and at the end of the 
work shift. The mine operator is required to take imme-
diate corrective actions, if dust concentrations reported 
by the CPDM are above the permissible exposure limit 
(MSHA, 2016). Only one commercially available instru-
ment, the Personal Dust Monitor (PDM 3700, Thermo 
Fisher Scientific, Franklin, MA, USA) is approved for 
use as a CPDM (Thermo, 2016). The PDM3700 uses 
a tapered element oscillating microbalance (TEOM) to 
continuously measure the mass of collected particles 
(Table 1 provides specifications). Particle-laden air is 
drawn at 2.2 l min−1 into an inlet positioned in the min-
er’s breathing zone and through a transport tube to an 
instrument worn at the miner’s waist (Volkwein et al., 
2006). Within the PDM3700, the air is passed through 
a respirable cyclone (Higgens-Dewell), heated, and 
directed through a filter mounted on the top of a spe-
cially shaped, hollow tube, the tapered element. A series 
of magnets oscillate the tapered element. The frequency 
of oscillation decreases as particles deposit on the filter, 
thereby providing a way to infer mass concentration 
continuously. The design of the PDM3700 was based 
on Thermo Scientific’s TEOM 1400, a large, freestand-
ing monitor approved by the US Environmental Protec-
tion Agency as an alternative to measuring ambient mass 
concentrations gravimetrically (Volkwein et al., 2006).

We are unaware of literature on the performance of 
the PDM3700, although researchers have evaluated an 
earlier model, the PDM3600. The PDM3600 is identical 
to the PDM3700, except for changes in the display of 
data and the positioning of the air inlet on a lamp on a 
miner’s helmet. Mass concentrations measured with the 
PDM3600 compared favorably to those measured gravi-
metrically for coal dust, dust in mines (Volkwein et al., 
2004, 2006; Page et al., 2008), and diesel exhaust fume 

Table 1.  Specifications of direct-reading Instruments.

PDM3700a pDR-1500b

Cost $17 000 $6000

Size (L × W × H) 8.3 cm × 24.3 cm × 17.2 cm 8.4 cm × 14.3 cm × 18.1 cm

Weight 2.0 kg 1.2 kg

Sampling flow 2.2 Lpm 1.0–3.5 Lpm

Concentration range 0–200 mg m−3 0.001–400 mg m−3

Cut-point diameter 4.0 µm 1.0–10 µm

Cyclone Higgins-Dewellc SCC 1.062 or GK 2.05

Resolution 0.01 mg m−3 0.1% of reading or 0.001 mg m−3, whichever is larger

aThermo, 2016.
bThermo, 2014.

cVolkwein et al., 2006.
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(Noll et al., 2013). Thorpe and Walsh (2013) found that 
mass concentrations measured with a PDM3600 with 
the respirable cyclone removed compared well to those 
measured with an inhalable sampler for wood dust, alu-
minum oxide powder, flour dust, and grain dust. These 
data suggest that the PDM3700 may have application 
to industry in general, rather than in mining exclusively.

The ability of the PDM3700 to monitor respirable 
mass concentrations continuously makes it a competitor 
of other direct-reading instruments, including photom-
eters. Personal photometers, such as the personal Data-
RAM™ (Table 1, pDR-1500, Thermo Fisher Scientific), 
are commonly used in environmental or occupational 
settings. They rely on the principle that the light scat-
tered by an assembly of particles scales with the mass 
concentration of aerosol (Baron, 1998). Unlike the 
TEOM technology employed in the PDM3700, light 
scattering is sensitive to particle refractive index, size, 
and shape (Baron, 1998). Consequently, experimental 
calibration of the photometer response to a gravimetric 
measurement is recommended before deployment in a 
new environment. Moreover, the accuracy of mass con-
centrations measured with a photometer are affected 
by high relative humidity, which occurs in mines from 
the water spray used in dust control systems (Volkwein 
et al., 2004).

Our objective was to compare respirable mass con-
centrations measured with the PDM3700 and pDR-
1500 to gravimetric measurements for a variety of 
aerosols with differing size, refractive index, and shape. 
We conducted laboratory tests over a range of concen-
trations typical of occupational settings to evaluate these 
instruments for diesel exhaust fumes, welding fumes, 
coal dust, Arizona road dust (ARD), and sodium chlor-
ide (NaCl) aerosol. This work allowed us to contrast 

mass concentrations measured by instruments relying on 
two different direct-reading technologies.

Methods

Experimental set up
Experiments were conducted in a two-zone test chamber 
(Fig. 1). Aerosol was injected to the mixing/dilution zone 
(0.64 × 0.64 × 0.66 m) of the chamber along with air 
cleaned by passing through two consecutive HEPA fil-
ters. We used a small fan in the mixing/dilution zone to 
mix the aerosol with the clean air. The diluted aerosol 
was then passed through a perforated plate to promote 
uniformity in the sampling zone (0.53 × 0.64 × 0.66 m). 
The airflow rate through the chamber was maintained 
from 0.019 m3 min−1 to 0.62 m3 min−1 to achieve desired 
aerosol concentrations within the sampling zone. Sousan 
et al. (2016a) showed that the concentrations within the 
sampling zone of this chamber are homogeneous with a 
coefficient of variation of <10%.

We positioned the sampling inlet of a new PDM3700 
inside the sampling zone with the instrument portion, 
typically worn on a worker’s belt, placed outside the 
chamber. The PDM3700 was operated with default 
settings, which includes output of mass concentration 
as MRE equivalent concentration. A sampling line of  
the PDM3700 supplied by the manufacturer connected 
the inlet to the instrument portion. All components of the 
PDM3700 were oriented in the same position through-
out all tests. A factory-calibrated photometer (pDR-
1500, Thermo Fisher Scientific) was placed inside the 
sampling zone with the inlet positioned within 10 cm of 
the inlet of the PDM3700. The pDR-1500 was equipped 
with a GK 2.05 cyclone on the inlet and operated at a 
flow rate of 2.39 l min−1 to achieve a 50% cut-off diam-

Figure 1.  Experimental setup of test chamber.
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eter of 4.5 µm. This cut-off diameter was selected to 
match that of the cyclone within the PDM3700 as incor-
rectly reported to us by the manufacturer. This cut-off 
diameter is larger than that of the respirable criterion of 
4.0 µm used by the ISO and the American Conference 
of Governmental Industrial Hygienists. We operated the 
pDR-1500 with a 37-mm glass microfiber filter (934-
AH, GE Whatman, Pittsburgh, PA, USA) downstream of 
the optics to serve as a gravimetric sampler. A scanning 
mobility particle sizer (SMPS) and an aerodynamic parti-
cle sizer (APS) were used to measure the size distribution 
of the aerosol in the sampling zone. The SMPS (3082; 
TSI Inc, Shoreview, MN, USA) was used in conjunction 
with a condensation particle counter (3788; TSI Inc) to 
classify particles between 10 nm and 1000 nm. The APS 
(3321, TSI Inc) was used to classify particles between 0.5 
and 20 µm.

We selected five aerosols for testing: diesel exhaust 
fume, welding fume, coal dust, ARD, and sodium chlo-
ride (NaCl) aerosol. Diesel exhaust and welding fume 
were included as combustion aerosols due to their prev-
alence in occupational settings, especially mines. The re-
fractive indices of diesel exhaust fume and welding fume 
are 1.465 and 1.800, respectively (Glinsmann et al., 
1985; Arik et al., 2014). A portion of the diesel exhaust 
fume from a diesel electric generator (DG6LE, Red Hawk 
Equipment LLC, Akron, NY, USA) was diverted into 
the chamber. Welding fume was produced with a metal 
inert gas (MIG) welding system (0.76-mm Flux-Corded 
MIG Wire, Campbell Hausfeld, USA) operated inside a 
sandblast cabinet (Item 62454, Central Pneumatic, Cala-
basas, CA, USA). A variable-speed fan equipped with a 
HEPA filter was used to push the fume into the chamber. 
We selected coal dust and ARD to represent mechani-
cally generated dusts. Coal dust was selected because the 
primary intended use of the PDM3700 is in coal mines 
and because the refractive index of coal dust has a large 
absorptive component (1.540-0.5i) (Willeke and Liu, 
1976). ARD (refractive index = 1.510) was included to 
simulate irritant dust that workers may experience out-
doors or in occupational settings (Sousan et al., 2016b). 
Coal dust (Pittsburgh seam coal; <5% SiO2; Hosokawa 
Micron Powder Systems; Summit, NJ, USA) and ARD 
(Fine Grade, Part No.1543094, Powder Technology Inc, 
Arden Hills, MN, USA) aerosols were generated using a 
fluidized bed aerosol generator (3400A, TSI Inc).

NaCl aerosol was also included as a common lab-
oratory test aerosol and environmental aerosol with 
a refractive index similar to ARD (1.544). To generate 
solid NaCl aerosol, we used a vibrating mesh nebulizer 
(Aeroneb Solo System, Aerogen, Ireland) that was turned 
on and off at 1 Hz to produce a cloud of droplets con-

sisting of NaCl solution (0.9% w/v, #7210, Fisher Scien-
tific, Pittsburgh, PA, USA). These droplets were dried to 
form an aerosol composed of dry NaCl particles.

Testing procedure
For each aerosol, we targeted gravimetric mass concen-
trations in the chamber of 0.38, 0.75, and 1.5 mg m−3, 
or ¼, ½, and 1 times MSHA’s permissible exposure 
limit for respirable dust (1.5 mg m−3). The sampling 
time was set to collect at least 0.1 mg on the filter to 
be substantially above the limit of detection for fiber-
glass filters in our laboratory (3 × SD of 10 blank fil-
ters = 3 × 0.011 mg = 0.033 mg). For welding fume, we 
conducted tests only for the highest concentration due 
to difficulties in maintaining steady-state concentration 
over extended times.

For each aerosol and target concentration, the mass 
concentration was measured in triplicate with the 
PDM3700 and the pDR-1500 with the filter (n = 4 aero-
sols × 3 concentrations × 3 replications + 1 welding fume 
× 1 concentration × 3 replications = 39 tests), while the 
size distribution was measured once with the SMPS and 
APS. The pDR-1500 data was corrupted for a single test 
(high concentration of coal dust) so there were only 38 
tests for that instrument. A new gravimetric filter was 
used for each test. Filters were weighed before and after 
sampling on a microbalance (Mettler MT5 MT-5 ana-
lytical Microbalance, Mettler-Toledo, Columbus, OH, 
USA) after equilibrating in a cleanroom for at least 24 h.

Calculations
For each test, we calculated the mean mass concentra-
tion measured by the PDM3700 and the pDR-1500, and 
the ratios of these means to that measured gravimetri-
cally. A t-test was used to investigate the hypothesis that 
each ratio was statistically equal to one at a significance 
level of 0.05. For each aerosol type, except welding 
fume, we performed linear regression to investigate the 
relationships between the mass concentrations measured 
with the PDM3700 and pDR-1500, and those obtained 
gravimetrically. We tested the hypothesis that the slope 
was equal to one and the intercept was equal to zero at a 
significance level of 0.05. All statistical tests were carried 
out in Minitab (version 17, State College, PA, USA).

For each experiment, we calculated the ratio of 1-min 
mass concentrations from the PDM3700 to gravimetric 
estimates to investigate the progression of mass loading 
on the TEOM filter over time. For the PDM3700, 1-min 
mass concentrations were estimated by dividing the mass 
collected on the PDM3700 filter (output from PDM 
software) by the volume of air sampled. These mass 
concentrations were divided by corresponding, 1-min, 
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gravimetrically adjusted mass concentrations measured 
with the pDR-1500. Gravimetric adjustments were made 
by multiplying the 1-min pDR-1500 data by the ratio of 
the mass concentration measured gravimetrically to the 
mean concentration measured with the pDR-1500.

Results

Except for coal dust, all mass concentrations measured 
with the PDM3700 agreed well with those measured 
gravimetrically (Fig. 2A), having mass ratios statisti-
cally equal to or close to unity (Table 2). For all aero-
sols, a strong linear relationship was observed between 
mass concentrations measured with the PDM3700 and 
gravimetrically (Table 3; R2 ≥ 0.98). For diesel fume, 
ARD, and NaCl aerosols, slopes (range: 0.94 to 0.99) 
were statistically equal to one, and intercepts (range: 

−49 µg m−3 to 55 µg m−3) were statistically equal to 
zero. In contrast, medium and high concentrations for 
coal dust deviated substantially from the one-to-one 
line (Table 3; slope = 0.55, statistically not equal to 
one; intercept = 120 µg m−3, statistically not equal to 
zero) and yielded mass ratios statistically different than 
and substantially <1 (Table 2; medium concentration, 
ratio = 0.65; high concentration, ratio = 0.59).

In contrast, the pDR-1500 underestimated grav-
imetric mass concentrations for all aerosol types, 
except NaCl (Fig. 2B). The largest underestimation was 
observed for welding fume (Table 2; mean ratio = 0.14). 
Only three mass concentration ratios for the pDR-1500 
were statistically equal to one (Table 2; low concentra-
tion for NaCl and coal dust, and medium concentration 
for NaCl). The relationships between the pDR-1500 
and gravimetric measurements were highly linear for 

Figure 2.  Mass concentrations measured with the direct-reading instrument compared to those measured gravimetrically for: 
(A) the PDM3700; and (B) the pDR-1500. Each point represents the average of three independent trials. Error bars indicate one 
standard deviation.

Table 2.  Mean ratio of the mass concentrations measured by the PDM3700 or pDR-1500 to those measured gravimetri-
cally.

Aerosol PDM3700 pDR-1500

Concentration level Concentration level

Low Medium High Low Medium High

Diesel fume 0.91 (0.02) 1.03 (0.04) 0.98 (0.03) 0.26 (0.01) 0.40 (0.03) 0.25 (0.02)

Welding fume — — 0.89 (0.19) — — 0.14 (0.02)

Coal dust 0.93 (0.07) 0.65 (0.04) 0.59 (0.03) 1.00 (0.05) 0.66 (0.07) 0.59 (0.02)

Arizona road dust 0.79 (0.15) 0.92 (0.05) 0.95 (0.05) 0.54 (0.04) 0.58 (0.04) 0.61 (0.03)

NaCl 1.02 (0.02) 1.07 (0.16) 0.97 (0.03) 1.07 (0.03) 1.23 (0.15) 1.13 (0.02)

Standard deviation of the ratio shown in parentheses. Bold indicates that the mean ratio is statistically equal to 1 at a significance level of 0.05.
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coal dust, ARD, and NaCl (Table 3, R2 ≥ 0.98), but less 
so for diesel fume (R2 = 0.76). The slopes ranged from 
0.23 for diesel fume to 1.14 for NaCl, none of which 
was statistically equal to one. The intercepts for aerosols 
other than coal dust ranged from −22 µg m−3 for ARD 
to 52 µg m−3 for diesel fume and were statistically equal 
to zero. For coal dust, the intercept was substantially 
and significantly different than zero (intercept = 140 µg 
m−3).

The 1-min ratios of PDM3700 to gravimetric esti-
mates are shown in Fig. 3. Most ratios were above one 
at the beginning of the test, dropped rapidly, and then 
reached steady-state values near or slightly above one, 
except for a single ARD test at low concentration and 
for coal dust tests at medium and high concentrations. 
For ARD at low concentration, the ratio started near 
two and then declined to a fairly steady-state ratios of 
~0.65. For coal dust at medium and high concentrations, 
ratios declined slightly throughout the test rather than 
reaching steady state.

Discussion

Mass concentrations measured with the PDM3700 
appear independent of aerosol refractive index, size, 
and density. Except for coal dust, PDM3700 mass con-
centrations were similar to those measured gravimetri-
cally, PDM ratios were statistically equal to or close to 
one, and linear relationships were strong and near one-
to-one with slopes statistically equal to one and inter-
cepts statistically equal to zero. Excluding coal dust, 
mean concentrations measured with the PDM3700 
were within 21% of gravimetric results. We observed 
this favorable response for a wide range of aerosol sizes 
[ultrafine- and fine-dominated aerosols (diesel fume, 
welding fume, and NaCl) and coarse aerosol (ARD)] 
and refractive indices [those with (diesel and welding 
fume) and without absorptive components (NaCl and 
ARD)].

Our results are similar to those observed by other 
researchers who studied the PDM3600, a precur-
sor instrument to the PDM3700. Noll et al. (2013) 
reported that PDM3600 measurements fell within 16% 
of TEOM 1400 results (slope = 0.98 ± 0.16; inter-
cept = 1.79 ± 10.15 mg m−3; R2 = 0.97) for diesel fume, 
which is similar to our observations (slope = 0.99; inter-
cept = −5.0 mg m−3; R2 = 0.99). Additionally, Thorpe and 
Walsh (2013) compared the performance of a PDM3600 
(modified to remove the respirable cyclone) against an 
IOM gravimetric sampler for inhalable dust particles. 
For laboratory experiments conducted with barley grain 
dust, wood dust, flour dust, and aluminum oxide pow-
der, PDM results were similar to our own (slope = 0.73, 
R2 = 0.965, intercept = 1.41).

The deviation from the one-to-one line for coal dust 
was unexpected as the intended use of the PDM3700 
is to protect workers from developing pneumoconiosis 
specifically from inhalation of coal dust. In our work, 
the PDM substantially underestimated mass concentra-
tions of coal dust for medium (Table 2, ratio = 0.65) and 
high (0.59) concentrations. Although the linear relation-
ship for coal dust was strong (R2 = 0.99), the slope was 
substantially lower than one (0.55) and the intercept 
substantially greater than zero (120 µg m−3).

Our results conflict with observations made in under-
ground coal mines. Page et al. (2008) reported a strong 
one-to-one linear relationship between the mass concen-
trations measured with a PDM3600 and a respirable 
sampler (CMDPSU) in 129 underground coal mines scat-
tered around the USA featuring different coal districts and 
mining methods (slope = 0.95; 95% CI = 0.93 to 0.97). 
Volkwein et al. (2004) observed that mass concentra-
tions measured by PDM3600 were similar (slope = 0.92; 
intercept = 0.03; R2 = 0.86) to those from a respirable 
sampler (BGI-4CP, BGI, Inc., Waltham, MA, USA) in 
four coal mines with varying mining methods (including 
longwall and continuous), ventilation systems, and equip-
ment types (diesel-powered or electrical). Volkwein et al. 

Table 3.  Results of linear regression for the PDM3700 and the pDR-1500 by aerosol.

Aerosol PDM3700 pDR-1500

Slope Intercept µg m−3 R2 Slope Intercept µg m−3 R2

Diesel fume 0.99 (0.03) −5.0 (26) 0.99 0.23 (0.05) 52 (42) 0.76

Coal dust 0.55 (0.02) 120 (30) 0.99 0.54 (0.02) 140 (25) 0.99

Arizona road dust 0.97 (0.03) −49 (42) 0.99 0.61 (0.02) −22 (23) 0.99

NaCl 0.94 (0.06) 55 (62) 0.98 1.14 (0.05) 16 (59) 0.98

Standard error of the parameter estimate shown in parentheses. Bold indicates parameter estimate statistically equal to 1 for slope or 0 for intercept at a significance 

level of 0.05.
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Figure 3.  Rate of filter mass collection measured with the PDM3700 compared to rate measured gravimetrically for: (A) diesel 
exhaust fume; (B) welding fume; (C) coal dust; (D) Arizona road dust; and (E) NaCl aerosol. Each point represents one independent 
trial.
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(2006) found that the respirable concentrations from the 
PDM3600 were within ±25% of those measured gravi-
metrically in underground coal mines. The fact that mines 
contain mixtures of aerosols and the possibility that coal 
dust may be at concentrations where we observed ratios 
near unity may help explain the difference in slopes 
observed in field tests by Volkwein et al. and Paige et al.

Similar to our findings, Volkwein et al. (2004) 
observed a strong linear relationship between mass 
concentrations measured with the PDM3600 and gravi-
metrically (R2 = 0.93), a slope <1 (0.84) and an intercept 
greater than zero (0.13) in the laboratory for coal dust. 
They also observed underestimation of the PDM mea-
surements compared to the gravimetric measurements 
at higher mass loading on the TEOM filter. The authors 
attributed this underestimation in mass to particle losses 
in a transition and the heater before collection on the 
TEOM filter. This explanation, however, is inconsistent 
with our observation of near one-to-one correspondence 
for other aerosols, including ARD. ARD and coal dust 
are both coarse-mode dominated aerosols so they should 
experience similar particle losses. Particle losses should 
be independent of aerosol concentration, unless particle 
size distribution changes. The size distribution of coal 
dust in our experiments was similar for low and high 
concentrations (see Supplementary Figure 1, available at 
Annals of Work Exposures and Health online).

We considered transport losses and particle blow-off 
from the TEOM filter as possibilities to explain underes-
timation of coal dust concentrations by the PDM3700. 
Coal dust may have been lost to the interior walls of the 
transport tube or belt-mounted components more than 
other aerosols. Such loss was unlikely due to electrical 
forces as all tests were conducted at similar humidity 
conditions of 63% (±4% standard deviation) and the di-
electric constant of coal dust (εr = 2.0 to 4.0) is similar 
to ARD (2.5 to 3.5) (Clipper, 2017). The fact that the 
coal dust was visually flaky in nature may have contrib-
uted to more losses due to interception than for other 
aerosols. We also considered the possibility that the flaky 
coal dust could be re-entrained (i.e., blown off the filter) 
into the airflow after collection on the TEOM filter. The 
finding that the ratio of PDM3700 mass to gravimetric 
mass decreased instead of becoming steady state for coal 
dust only (Figure 3C) provides some evidence to support 
blow-off. For other aerosols, the ratio became steady 
state. Thorpe and Walsh (2013) also concluded that the 
PDM underestimation of mass compared to gravimetric 
measurements was due to particle losses from the filter 
surface. However, they studied inhalable particles, which 
may be more susceptible to loss from the filter surface 
than the respirable particles studied in the current work.

While the PDM3700 is capable of measuring diesel 
exhaust fumes with high accuracy, prolonged sampling 
at high concentrations may not be appropriate. During 
diesel exhaust tests, PDM3700 filter loads above 0.4 mg or 
0.5 mg (concentration × time = 95 mg m−3 × min) triggered 
‘high filter load’ warnings. According to the instrument 
manual, the PDM3700 should function correctly for filter 
loads below 4 mg and the ‘high filter load’ warning should 
only trigger for a high pressure drop across the PDM3700 
filter (Thermo, 2016). By visual inspection of PDM3700 
filters, diesel fume particulate collected in thick, irregular 
layers while other aerosols collected in fine, flat layers. The 
irregular morphology and ‘sticky’ nature of diesel fume 
may increase pressure differentials across the PDM3700 
filter more rapidly than other aerosols.

As expected, the relationship between pDR-1500 and 
gravimetric measurements was highly linear but exhibited 
substantially different slopes for each aerosol type. Few 
pDR-1500 to gravimetric ratios were statistically equal to 
one, as the pDR-1500 generally underestimated mass con-
centrations. Variation between slopes was expected, given 
that the pDR-1500 detects particles optically and each 
aerosol type had a different refractive index. Linear beha-
vior was observed between all pDR-1500 and gravimetric 
measurements, although it was strongest for aerosols with 
higher refractive indices (NaCl, ARD, and coal dust; re-
fractive index = 1.51 to 1.544; R2 = 0.99). It was surprising 
that the pDR-1500 measurements for ARD were not near 
the one-to-one line, as the pDR is factory calibrated with 
a SAE Fine Test Dust (Thermo, 2014), which is similar to 
the ARD we used. We hypothesize that the test dust used 
to calibrate the pDR-1500 may have a larger size distribu-
tion  than the ARD we were using. We were also surprised 
by the similarity between the pDR-1500 measurements 
for coal dust (slope = 0.54; intercept = 140 µg m−3; R2 = 
0.99) and the PDM3700 (slope = 0.55; intercept = 120 µg 
m−3; R2 = 0.99). The pDR-1500’s underestimation of diesel 
fume and welding fume, however, was anticipated be-
cause a large fraction of these are associated with particles 
smaller than the wavelength used in the photometer. The 
response of photometers progressively diminishes with 
decreasing particle size less than ~300 nm (Baron, 1998).

For many aerosols, the TEOM technology used in the 
PDM3700 provides superior performance in measuring 
mass concentrations compared to photometer tech-
nology used in the pDR-1500. Unlike the pDR-1500, the 
PDM3700 directly provided mass concentrations that 
compared favorably to gravimetric measurements for a 
wide range of aerosol types (diesel fume, welding fume, 
ARD, and NaCl). More robust estimates of gravimetric 
mass concentration are obtained with photometers like 
the pDR-1500 with the use of aerosols-specific correc-
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tion factors (Wang et al., 2016). However, the develop-
ment of a correction factor requires weighing of filters 
to obtain gravimetric results, and the calibration factor 
changes with aerosol type, which may be unknown to 
the user. Photometers do offer the advantage of more 
rapid response (~1 sec resolution) than the PDM3700 
(30-min resolution), which may be important when 
identifying specific tasks that increase aerosol concentra-
tions. Moreover, photometers are less costly (~$5000 to 
$9000) than the PDM3700 (~$17 000).There were lim-
itations to this study. Only one PDM3700 was tested 
due to budget constraints so we were unable to measure 
instrument precision. We only tested welding fume at 
a single concentration due to difficulties with genera-
tion, although the ratio near one is suggestive that the 
PDM3700 may be applicable for a welding environ-
ment. Finally, the PDM was only operated from a sta-
tionary position. Further tests are needed to confirm the 
PDM’s potential to measure exposure when on a mobile 
worker.

Conclusion

Respirable mass concentrations measured with a 
PDM3700 were similar to those measured gravimetri-
cally for a range of aerosols with varying size, com-
position, refractive index, and density. In contrast, as 
expected, the photometer (pDR-1500) was highly sen-
sitive to aerosol physical characteristics. Further stud-
ies with the PDM3700 are recommended to diagnose 
underestimates of mass concentrations of coal dust, to 
better understand causes of rapid loading for diesel ex-
haust, to measure the precision of multiple instruments, 
and to evaluate the instrument under field conditions. 
Our results suggest that the PDM3700 has broad appli-
cability to occupational settings beyond coal mines.

Supplementary Data

Supplementary data are available at Annals of Work 
Exposures and Health online.
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