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AbstrAct
The model DC2000CE diffusion charger from EcoChem Analytics (League City, TX, USA) has the 
potential to be of considerable use to measure airborne surface area concentrations of nanoparticles in 
the workplace. The detection efficiency of the DC2000CE to reference instruments was determined 
with monodispersed spherical particles from 54 to 565.7 nm. Surface area concentrations measured 
by a DC2000CE were then compared to measured and detection efficiency adjusted reference surface 
area concentrations for polydispersed aerosols (propylene torch exhaust, incense, diesel exhaust, and 
Arizona road dust) over a range of particle sizes that may be encountered in a workplace. The ratio of 
surface area concentrations measured by the DC2000CE to that measured with the reference instru-
ments for unimodal and multimodal aerosols ranged from 0.02 to 0.52. The ratios for detection effi-
ciency adjusted unimodal and multimodal surface area concentrations were closer to unity (0.93–1.19) 
for aerosols where the majority of the surface area was within the size range of particles used to create 
the correction. A detection efficiency that includes the entire size range of the DC2000CE is needed 
before a calibration correction for the DC2000CE can be created. For diesel exhaust, the DC2000CE 
retained a linear response compared to reference instruments up to 2500 mm2 m−3, which was greater 
than the maximum range stated by the manufacturer (1000 mm2 m−3). Physical limitations with regard 
to DC2000CE orientation, movement, and vibration were identified. Vibrating the DC2000CE 
while measuring aerosol concentrations may cause an increase of ~35 mm2 m−3, whereas moving the 
DC2000CE may cause concentrations to be inflated by as much as 400 mm2 m−3. Depending on the 
concentration of the aerosol of interest being measured, moving or vibrating a DC2000CE while meas-
uring the aerosol should be avoided. 

K e y w o r d s :  diffusion charger; nanoparticles; surface area monitor

IntroductIon
Nanoparticles are defined as particles with one or more 
dimensions <100 nm (ASTM International, 2006), 
and they occur in many workplaces. Regardless of age 

or breathing pattern, diffusion causes nanoparticles 
to have high rates of deposition throughout the res-
piratory system (Daigle et al., 2003; Kim and Jaques, 
2005). Toxicological studies have found that some 
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nanoparticles have increased toxicity compared to 
larger particles of the same composition (Oberdorster 
et  al., 1995; Johnston et  al., 2000; Karlsson et  al., 
2009). Surface area concentration may be the most 
relevant physical measurement of nanoparticle expo-
sure (Maynard and Maynard, 2002; Moshammer 
and Neuberger, 2003). Direct-reading instruments 
that measure number or surface area concentration 
are more sensitive to nanoparticles than gravimetric 
methods (Mohr et  al., 2005). Direct-reading instru-
ments can be used to identify tasks and sources related 
to nanoparticle exposure because they address the 
issues of high temporal and spatial variability caused 
by the tendency of nanoparticles to coagulate rapidly 
and create concentration gradients (Imhof et al., 2005; 
Peters et al., 2009).

Diffusion chargers (DCs) are direct-reading instru-
ments that measure the active surface area concentra-
tion of an aerosol. In a DC, corona discharge creates 
unipolar ions that can diffuse to particles in the air-
stream. An electrometer is used to measure the amount 
of charge that transfers from the ions to the particles. 
This charge is dependent on the active surface area 
of the particles (Baltensperger et al., 2001), which is 
a fraction of the physical or geometric surface area of 
the particles. The design of the DC (e.g. the size of the 
charging zone, airflow through charging zone) may 
also result in discrepancies between DC-measured 
active surface area and geometric surface area concen-
tration (Asbach et al., 2009).

The model DC2000CE DC from EcoChem 
Analytics (League City, TX, USA) has the potential 
to be of considerable use to measure airborne con-
centrations of nanoparticles in the workplace. The 
DC2000CE provides direct-reading output with a 
rapid (10 s) response time that allows peak concen-
trations to be related to specific sources (Imhof et al., 
2005; Ramachandran et  al., 2005). DC2000CE has 
been used in conjunction with other equipment in 
studies monitoring nanoparticle exposures (Imhof 
et al., 2005; Ramachandran et al., 2005; Heitbrink et al., 
2009; Evans et  al., 2010). Further, the DC2000CE 
has potential for use as a personal monitor because it 
is small (17.1 cm by 6.3 cm by 12.7 cm), lightweight 
(1.6 kg), logs data, and is battery powered.

Numerous practical issues may impact the ability 
of the DC2000CE to measure nanoparticle exposures 
in the workplace. Those issues include the following: 

how the DC2000CE measured surface area compares 
to the surface area measured by other instruments, 
what the maximum surface area concentration the 
DC2000CE can accurately measure is, and are there 
physical limitations for using the DC2000CE that 
would influence measurement results. EcoChem 
Analytics (2005) recommends creating a calibration 
factor for the DC2000CE response by comparing it 
to other particle measuring instruments but does not 
provide guidance on how to accomplish the compari-
son. The DC2000CE response has been evaluated 
using agglomerates and spherical particles with con-
tradicting results. Ku and Maynard (2005) used equiv-
alent projected surface area to compare results from a 
DC2000CE, which provided surface area concentra-
tions, to a scanning mobility particle sizer (SMPS), 
which provided number concentrations. They found 
the results from the DC2000CE to be equivalent to 
that measured with the SMPS for nanosized, mono-
dispersed, spherical, and agglomerated silver parti-
cles. In contrast, for particles >100 nm in diameter Ku 
(2010) found substantial differences between surface 
area measured with a DC2000CE and calculated geo-
metric surface area concentrations from an SMPS and 
aerodynamic particle sizer (APS) for polystyrene latex 
spheres and diethylhexyl sebacate droplets. A correc-
tion for particles was created by Ku (2010) to address 
the differences for unimodal particle distributions 
with modal diameters from 100 to 900 nm. There is 
currently not a correction available for multimodal 
distributions.

The DC2000CE manual states that the instru-
ment measures aerosol active surface area concentra-
tions from 10 to 1000 mm2 m−3 (EcoChem Analytics, 
2005), although this range has not been verified. The 
minimum active surface area concentration a DC can 
measure is dependent on the sensitivity of the elec-
trometer in the DC (Asbach et al., 2009). The sensi-
tivity of a DC may be an issue if the concentration of 
the nanoparticles from a process is not substantially 
greater than the background concentration of nano-
particles in the area. This may be more of an issue for 
exposure assessments involving engineered nanoparti-
cles instead of those involving combustion-generated 
nanoparticle concentrations. The maximum surface 
area concentration the DC2000CE can measure has 
not been evaluated in the literature and is an impor-
tant concern because of over-ranging. Over-ranging of 
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nanoparticle monitors when measuring nanoparticle 
concentrations is a common problem due to the large 
concentrations of combustion-generated nanoparti-
cle produced by many processes (Peters et  al., 2006; 
Heitbrink et al., 2009; Vosburgh et al., 2011). The min-
imum concentration detectable by the instrument may 
also be affected by increased noise in the electrometer 
induced by movement, change in orientation, and 
vibration of the DC2000CE. Physical limitations 
for use of the DC2000CE have not been addressed. 
Physical limitations with respect to orientation are 
known to be concerns for other nanoparticle concen-
tration measuring instruments such as condensation 
particle counters (CPCs) (TSI Incorporated, 2004).

This study addressed issues of using a DC2000CE 
in a workplace to measure aerosol surface area concen-
trations. To address how the DC2000CE measured 
surface area compares to the surface area measured 
by other instruments, the detection efficiency of the 
DC2000CE with respect to a reference instrument was 
determined using monodispersed, spherical particles. 
Aerosol concentrations measured by a DC2000CE 
were also compared to reference surface areas for non-
spherical particles over a range of particle sizes that 
may be encountered in a workplace. The maximum 
surface area concentration stated by the manufacturer 
was evaluated. Finally, physical limitations for using a 
DC2000CE in a workplace were identified.

Methods

Monodispersed aerosols
Monodispersed ammonium fluorescein particles 
were used to determine the detection efficiency of the 
DC2000CE with respect to a SMPS (SMPS+C model 
5.4, Grimm, Ainring, Germany; Fig.  1). A  nebulizer 
(model AirLife, Cardinal Health, McGaw Park, IL, 
USA) nebulized the ammonium fluorescein solution 
of 2.5 g fluorescein in 1 l of 0.01 N NH4OH. Particles 
were then sent into a mixing chamber and a desiccant 
dryer before entering an electrostatic classifier (EC; 
model 3071, TSI Inc., Shoreview, MN, USA), which 
was operated in overpressure mode. The monodis-
persed particles were then sent into a dilution cham-
ber, where they were simultaneously measured with 
a DC2000CE (EcoChem Analytics), CPC (model 
3007, TSI Inc.), and the SMPS. Aerosol airflow into 
the EC was set to 1 LPM, and sheath air flow was set to 

10 LPM for particle sizes of 54, 79.6, 97, 118.9, 146.7, 
204.5, and 331 nm. Aerosol airflow into the EC was 
set to 0.3 LPM, and sheath air flow was set to 3 LPM 
for particle sizes of 292.1, 429.8, 492.2, and 565.7 nm. 
Waste and dilution airflows into and out of the sam-
pling chamber were adjusted accordingly.

Three samples of each particle size (54, 79.6, 97, 
118.9, 146.7, 204.5, 292.1, 331.1, 429.8, 492.2, and 
565.7 nm) were measured. Each sample was 6 min in 
length, the time needed to complete one size distribu-
tion measurement with the SMPS. The DC2000CE 
was set to log measurements every 10 s.  The CPC 
was set to log measurements every second. The 
DC2000CE results were averaged over the 6-min 
period of the SMPS measurement. The CPC was used 
to verify consistency of the aerosol.

The detection efficiency is the difference from 
unity when comparing the response function of one 
real-time instrument to another real-time instru-
ment (Cheng and Yeh, 1984). The detection effi-
ciency of the DC2000CE was determined using an 
iterative approach (Vosburgh et al., 2013). An iterative 
approach that accounted for the entire monodisperse 
distribution measured by the SMPS was necessary to 
adjust for the presence of multiple charged particles 
in the monodisperse aerosol. For each monodisperse 
particle measurement, the three SMPS surface area 

1 Experimental set up to determine monodispersed 
detection efficiency. 
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concentration measurements were input into a spread-
sheet (Excel 2007, Microsoft, Redmond, WA, USA) 
by particle size bin for all bins from 9.5 to 1000 nm. 
The mean of the three monodisperse SMPS surface 
area measurements were calculated for each bin. 
Potential detection efficiency values for each particle 
size bin, starting with all raw adjusted values equal to 
1, were multiplied by the mean surface area concentra-
tion of each bin. The product of the bin-specific detec-
tion efficiency values and the calculated mean surface 
area concentration of each bin were summed to cal-
culate the raw adjusted SMPS surface area concen-
tration for each monodisperse particle size. The ratio 
of DC2000CE surface area concentration to the raw 
corrected SMPS surface area concentration was calcu-
lated for each monodisperse particle size. The detec-
tion efficiency values were adjusted from their initial 
values of 1 to a value from 0 to 1 for all bins from 9.5 to 
1000 nm until all the ratios of DC2000CE surface area 
concentrations to adjusted SMPS surface area concen-
trations were between 0.8 and 1.2, the equivalent of 
±20%.

The shape of the iterated detection efficiency values 
resembled equation (1), where DEi was the detection 
efficiency of the ith bin, di was the midpoint diameter 
of the ith bin, and a and b were constants. 

 DEi =

−
−







a

e
di
b

0 5

1

.
 (1)

The ‘Solver’ function was used to fit an equation to the 
iterated correction values by solving for the constants of 
a and b. Solver adjusted the initial values for the constants 
a and b until the sum of square differences between the 
iterated detection efficiency values and the equation 
detection efficiency values for all bins was minimized.

Polydispersed aerosols
The response of the DC2000CE compared to refer-
ence instruments was tested using the set up shown 
in Fig.  2. Polydispersed aerosols were generated and 
then injected into the 450-l mixing chamber. The poly-
dispersed aerosol concentrations were measured by a 
DC2000CE, SMPS, and an APS (model 3321, TSI 
Inc.) from an 8-l sampling chamber. The number con-
centration by size was measured with the SMPS from 
2 to 865 nm and with the APS from 866 to 20.5 µm. 

Data from these instruments served as the reference. 
The main purpose of the APS was to measure the num-
ber concentration for runs that had number median 
diameters (NMDs) for coarse aerosols and to verify 
that additional particles greater than the upper size 
limit of the SMPS were not leaking into the set up. No 
correction was made to address differences between 
the electrical mobility diameter reported by the SMPS 
and the aerodynamic particle diameter reported by 
the APS. A  pump (model Omni, BGI Inc., Walthan, 
MA, USA) was attached to the sampling chamber to 
provide extra airflow into the sampling chamber.

Single-mode and multimodal polydispersed aero-
sols were generated to cover a wide range of aerosols 
typical of workplace settings (Table  1). A  nanosized 
aerosol was exhaust from a propylene torch (model 
MAP-Pro, Worthington Cylinders, Columbus, OH, 
USA). Fine-mode aerosols were generated from 
the exhaust from a burning incense stick and a die-
sel electric generator (model DG6LE, RedHawk 
Equipment, Columbus, OH, USA). The diesel gen-
erator was operated with ultra-low-sulfur highway 
diesel (15 p.p.m. sulfur maximum). The coarse-mode 
aerosol was Arizona road dust (ARD; ISO Medium, 
Powder Technology Inc., Burnsville, MN, USA) aero-
solized with a fluidized bed aerosol generator (model 
3400, TSI Inc.). Tests were conducted with one source 
(unimodal, polydispersed aerosols) as well as multiple 
sources (multimodal, polydispersed aerosols.)

Three runs of each aerosol were measured. Each 
run was 6 min in length, the time needed for one 

2 Experimental set up for measuring polydispersed 
aerosols. HEPA, high-efficiency particulate filter.
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SMPS run. The APS was set to average particle con-
centration over the 6 min. The DC2000CE was set to 
log measurements every 10 s. The DC2000CE results 
were averaged over the 6-min time period of the SMPS 
and APS runs.

For all generated polydispersed aerosols, the ratio 
RDC/ref was calculated by equation (2).

 R
SA
SADC/ref

DC

ref

=  (2)

where SADC was the surface area concentration meas-
ured by the DC2000CE and SAref was surface area 
concentration calculated by the reference instruments 
assuming the particles were spherical. SAref was calcu-
lated by equation (3), where Ni was the number con-
centration in each

 SA N dref =
=
∑ i i
i

p 2

9 8

19810

.
 (3)

of the i bins of the reference instruments, and di was 
the midpoint diameter of the bin.

Detection efficiency
For all generated polydispersed aerosols, the ratios of 
the DC2000CE results to the results adjusted with the 
detection efficiency (RDC/ref_DE) were calculated using 
equation (4), where

 R
SA

SADC/ref DE
DC

ref DE
_

_

=  (4)

SAref_DE was the surface area concentration calculated 
by the reference instruments using the detection 
efficiency to adjust the SAref assuming the particles 
were spherical. Thus, SAref_DE was calculated using 
equation (5)

 SA N d DEref DE_
.

=
=
∑ i i i
i

p 2

9 8

19810

 (5)

where DEi was the detection efficiency value 
obtained from the monodisperse results for the ith 
bin. The trend of the detection efficiency values was 
continued to obtain the detection efficiency values 
for the particle sizes outside the monodisperse result 
size range.

Assessment of maximum measurable DC2000CE 
surface area concentration

The maximum surface area a DC2000CE could meas-
ure while maintaining a linear output with respect to 
the reference instruments was evaluated. Using the set 
up shown in Fig. 2, diesel exhaust was injected into the 
mixing chamber to produce aerosols with similar size 
distributions but varying concentrations that ranged 
from 2 to 1, 340 000 particles cm−3. Ten concentra-
tions were measured using DC2000CE. Three runs 
were measured for each concentration and each run 
was 6 min in length (the time needed for one SMPS 
run) with the APS set to average particle concentra-
tion over 6 min. The logged 10-s measurements of the 
DC2000CE were averaged over the 6-min time period 
of the SMPS and APS runs.

Assessment of physical limitations
The influence of motion on DC2000CE response 
was evaluated by placing the DC2000CE in five dif-
ferent orientations with a zero filter (8016245, TSI 
Inc.) placed on the inlet. A zero filter is a small high-
efficiency particulate filter that attaches to an instru-
ment’s inlet using tight fitting tubing to filter out all 
particulate matter. Thus with the zero filter in place, 
the DC2000CE response should be below the mini-
mum response of 10 mm2 m−3. The DC2000CE was 
set to log every 10 s and placed in its normal operation 
position (on feet) for 1 min to allow the response to 
zero. Then, every 2 min, the DC2000CE was moved 
to a different orientation. The order for the orienta-
tions was randomly chosen: the instrument on its (i) 
feet; (ii) back (where the mode switches are located); 
(iii) top (unit upside down); (iv) feet; (v) right (inlet) 
side; and (vi) left (window) side. The orientation was 
changed with two movements: a gentle rolling motion 
without the DC2000CE losing contact with the table 
surface; and an abrupt motion with the DC2000CE 
picked up ~5 cm off the table and then quickly placed 
back on the table in a new orientation. All tests were 
conducted in triplicate.

The influence of vibration on instrument response 
was tested by placing the DC2000CE on a vibrating 
surface; again with the zero filter on the inlet. The 
vibrating surface used for these tests was a blower 
(model 4C129, Dayton, Chicago, IL, USA) that was 
set to 20% of motor RPM. The DC2000CE was set 
to log every 10 s throughout the following sequence: 
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1 min for zeroing period; blower on for 2 min; and 
blower off for 1 min. This sequence was repeated in 
triplicate. The vibration in the x, y, and z plane were 
measured using a human vibration monitor (model 
HVM100, Larson Davis, Depew, NY, USA) placed on 
the blower.

Statistical analysis
Spearman rank order correlation coefficients were 
computed and tested for the unimodal polydispersed 
combustion results and for the multimodal polydis-
persed results that included ARD to determine if there 
was a significant relationship between SADC and SAref. 
The coefficients were computed using the three runs 
of each aerosol type and the three runs without aero-
sol (n  =  12 for unimodal aerosols, n  =  12 for multi-
modal aerosols.)

results

Monodispersed aerosols
The constants a and b in equation (1) were found by 
Solver. The values of 0.22 for a and 73 for b were found 
to minimize the difference between the sum of squares 
(Fig. 3).

Polydispersed aerosols and detection efficiency
The NMD, geometric standard deviation (GSD), num-
ber concentrations, and surface areas of the unimodal 

aerosols and the number concentration and surface 
areas of the multimodal aerosols are shown in Table 1. 
For propylene torch, diesel, and incense aerosols, the 
number concentration decreased as the NMD, SADC, 
and SAref increased. The surface area concentrations of 
the unimodal polydispersed aerosols (Table  1) were 
a function of the NMD and number concentration of 
the aerosols. For the multimodal polydispersed aero-
sols shown in Fig.  4, the surface area concentrations 
were influenced by the aerosol mixture component 
that provided the greatest surface area concentration 
to the mixture.

Spearman rank order correlation coefficient 
computed for the unimodal polydispersed aerosols 
of propylene torch, diesel, and incense was 0.95, 
and there was a statistically significant relationship 
between SADC and SAref (P < 0.0001). Spearman 
rank order correlation coefficient computed for 
the multimodal polydispersed aerosols that con-
tained ARD was 0.88, and there was a statistically 
significant relationship between the SADC and SAref 
(P = 0.0002).

The comparison of the response of the DC2000CE 
to the reference instruments for polydispersed uni-
modal and multimodal aerosols are provided in 
Table  1. The ratios of RDC/ref were less than unity for 
all aerosols and ranged from 0.02 to 0.52 for unimodal 
aerosols and from 0.04 to 0.16 for multimodal aero-
sols. Except for propylene torch, ARD and the com-
bination of propylene torch and ARD, which were 
outside the size range of monodispersed aerosols used 
to determine the detection efficiency, RDC/ref_DE was 
within ±0.2 of 1 ranging from 0.93 to 1.19.

Assessment of maximum measurable active surface 
area concentration

The DC2000CE was able to measure concentrations 
with similar RDC/ref to ~2500 mm2 m−3 (Fig.  5) or 
2.5 times the maximum surface area concentration 
stated by the manufacturer (1000 mm2 m−3).  The 
relationship between the DC2000CE response and 
the reference surface area concentration was linear 
(SADC  =  0.15SAref_g + 1.74; R2  =  0.99) for concen-
trations <2500 mm2 m−3. The particle size distribu-
tion of the aerosol for different concentrations was 
relatively constant with the NMD varying from 95 
to 127 nm and the GSD varying from 1.48 to 1.53 
(Table 2). 

3 Iterated detection efficiency values and the 
detection efficiency found by Solver. The iterated 
detection efficiency values were those that adjusted the 
SMPS results such that the ratio of DC2000CE results 
to adjusted SMPS surface area concentrations for 
monodispersed aerosols were between 0.8 and 1.2. 
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Assessment of physical limitations
The influence of instrument movement on DC2000CE 
response is shown in Figs 6 and 7. Surface area concen-
trations were observed above the manufacturer-stated 
minimum surface area concentrations (10 mm2 m−3) 
30 s after a movement occurred and then return to 
near zero values (Fig. 6). The greatest values occurred 
for the rolling movement window side, which was 
over four times the value for the other orientations 
and over 40 times the minimum surface area concen-
tration stated by the manufacturer. The greatest sur-
face area concentrations for the abrupt movements 
were observed when the instrument was moved to the 
window and feet orientations. Those values were ~20 

times the concentrations of the other orientations and 
the minimum surface area concentration stated by the 
manufacturer.

The influence of vibration on the DC2000CE 
response is shown in Fig.  7. The average root mean 
square vibration was 2.82 m s−2 in the x-direction, 3.25 
m s−2 in the y-direction, and 1.87 m s−2 in the z-direction. 
When the DC2000CE was vibrating, the results were 
greater than two times the minimum surface area con-
centration stated by the manufacturer (10 mm2 m−3).

dIscussIon
There were statistically significant correlations 
between the SADC and SAref for the unimodal 

4 Particle number (A) and surface area concentrations (B) by size measured by 
reference instruments for multimodal polydispersed aerosols. 
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polydispersed combustion aerosols and the mul-
timodal polydispersed aerosols containing ARD. 
Although the Spearman correlation coefficients were 
great for the unimodal and multimodal aerosols, the 
coefficient for unimodal aerosols was greater than 
that for multimodal aerosols. The results of the coef-
ficient for aerosols containing particles <400 nm being 
greater than the coefficient for aerosols containing 

particles >1 µm agreed with a study conducted in an 
automotive manufacturing plant (Heitbrink et  al., 
2009). Heitbrink et al. (2009) found the DC2000CE 
response to be more closely related to particle num-
ber concentration of particles between 10 and 300 nm 
than to respirable mass concentrations, which would 
have included particles with diameters >1 µm.

The surface area concentrations measured with 
the DC2000CE were less than that measured by the 
reference instruments. Although there was a statisti-
cally significant relationship between SADC and SAref, 
the unadjusted ratios, RDC/ref, were substantially lower 
than unity. For example, the ratio closest to unity was 
0.52 for the propylene torch aerosol (Table 1). When 
comparing these discrepancies to discrepancies found 
in the evaluations of other instruments, the discrepan-
cies of the DC2000CE are less than for other instru-
ments such as the DiSCmini (DM; V1.1, Matter) 
(Mills et al., 2013) or the TSI 3007 portable CPC, an 
instrument used in exposure assessments (Pui et  al., 
2008; Methner et  al., 2010), which has a reported 
concentration accuracy of 0.8–1.2 (TSI Incorporated, 
2004). However, the TSI 3007 instrument and the 
reference instruments used in this study all meas-
ured number concentrations while the DC2000CE 
measured surface area concentrations. Differences in 
accuracy will be magnified with an instrument that 
measures surface area concentration when compared 
to an instrument that measures number concentration 
because of the diameter-squared relationship of sur-
face area (Asbach et al., 2009).

The extent of agglomeration for combustion nano-
particles may have also influenced the DC2000CE 
polydispersed results. The aerosol generated with the 
propylene torch consisted entirely of nanoparticles 
and it had an RDC/ref of only 0.52. Ku and Maynard 
(2005) found the DC2000CE surface area of mono-
dispersed, silver nanoparticles to be equivalent to the 
SMPS surface area. Jung and Kittelson (2005) found 
differences in responses between NaCl particles and 
diesel agglomerate particles for a different DC, a 
LQ1-DC (model LQ1-DC, Matter Engineering AG, 
Wohlen, Switzerland). The extent of the agglomera-
tion of the propylene torch, diesel exhaust, incense, 
and polydisperse aerosols was unknown and may par-
tially account for the small RDC/ref values.

Particle size had the greatest influence on 
DC2000CE response. RDC/ref values for the unimodal 

5 Influence of concentration on DC2000CE 
response measuring diesel exhaust when 
concentrations were less and greater than the 
maximum surface area concentration stated by the 
manufacturer. 

Table 2.  Response of the DC2000CE with 
increasing diesel exhaust concentrations

Mean  
surface area  
concentration  
(mm2 m−3)

Mean number  
concentration  
(particles cm−3)

Mean  
NMD 
(nm)

Mean  
GSD

1.0 0 — —

162 14 600 127 1.49

560 62 500 122 1.48

766 80 600 123 1.50

1056 131 000 108 1.53

1516 186 000 110 1.51

2360 283 000 112 1.49

2532 401 000 100 1.51

3028 729 000 98 1.50

3530 1 344 000 95 1.51
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polydispersed aerosols showed a relationship of 
decreasing RDC/ref as distribution NMD increased. Ku 
(2010) also found that the ratio of DC2000CE to ref-
erence instruments decreased as particle size increased 
for spherical particles between 100 and 900 nm. 
Although the number concentration decreased with 
the mixtures, a similar relationship also appeared 
in the RDC/ref of the multimodal polydispersed aero-
sols (Table  1). The reduced number concentration 
was possibly due to the agglomeration of the torch 

particles with the larger particles. The agglomeration 
of the smaller particles to the larger particles may have 
caused the larger particles to have a greater influence 
on the mixture RDC/ref (Table 1). Only the mixture of 
propylene torch and ARD shows a substantial reduc-
tion of RDC/ref. The other mixtures that included ARD 
had values close to 0.15, which was the RDC/ref value 
for incense. The mixture RDC/ref was closest to the RDC/

ref of the mixture component that provided the main 
surface area concentration (Fig. 4).

6 The influence of orientation and movement on DC2000CE 
measurements for rolling (A) and abrupt (B) motions. The dotted 
line is the minimum surface area concentration stated by the 
DC2000CE manufacturer (10 mm2 m−3).
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The detection efficiency found substantial dif-
ferences in the surface area results measured by the 
DC2000CE and the reference instruments. To correct 
for discrepancies between surface area concentrations 
measured by a DC2000CE and reference instruments, 
a correction created from measurement results should 
be used. The eventual goal in using the detection effi-
ciency would be to calibrate the DC2000CE so the 
results would equal the surface area results of refer-
ence instruments. Because the calibration will need 
to be particle size dependent, the first step would be 
to determine the detection efficiency compared to the 
reference instrument of choice for the entire size range 
of the DC2000CE. Then, the detection efficiency 
could be used as long as the user has knowledge of the 
particle size being measured. The DC2000CE surface 
areas of the polydispersed aerosols were within 20% of 
the adjusted reference surface area for all polydispersed 
aerosols except the propylene torch, ARD and mixture 
of propylene torch and ARD (RDC/ref_DE; Table 1). The 
NMD for the propylene torch and ARD were outside 
the particle size ranges of the monodispersed aerosols 
used to create the detection efficiency (54–565.7 nm). 
That may have led to a reduced accuracy of the detec-
tion efficiency in those size ranges. In this study, the 
number concentration of ARD aerosol was a lot less 
than that of the other aerosols but the surface area was 
substantial. The size range that the ARD fell in was in 
a range that the DC2000CE does not measure well 
(Ku, 2010), which was also shown in our detection 
efficiency. Increasing the size range of the detection 

efficiency is needed to include particle sizes <54 nm 
and >565.7 nm. The maximum particle size that gen-
erates a response from the DC2000CE must be part 
of the detection efficiency. The DC2000CE ARD 
response (4 mm2 m−3) was less than the lower mini-
mum surface area concentration, thus the maximum 
particle size that generates a response is somewhere 
<978 nm.

Another possible reason for the discrepancy in 
the detection efficiency may be due to the choice of 
reference instruments used. The APS was used for 
measuring particle concentration above the size range 
covered by the SMPS, yet the detection efficiency was 
determined using the SMPS alone. The APS measures 
aerodynamic diameter, while the SMPS measures 
electrical mobility diameter. Once an accurate detec-
tion efficiency has been determined for the entire size 
range of the DC2000CE, the DC2000CE could be 
used in future aerosol work, such as combining it with 
a diffusion battery (Vosburgh et al., 2013).

Over-ranging a DC2000CE while monitoring 
nanoparticles in a workplace would be less of a con-
cern compared to other direct-reading instruments. 
Other types of direct-reading instruments have over-
ranged in the field while measuring nanoparticle con-
centrations requiring nanoparticle concentrations 
to be diluted by various means, such as using a high-
efficiency particulate filter with a hole (Peters et  al., 
2006; Heitbrink et  al., 2009; Vosburgh et  al., 2011). 
The DC2000CE maximum measureable surface area 
concentration (2500 mm2 m−3) was greater than the 

7 The influence of placing a DC2000CE on a vibrating surface. 
The dotted line is the minimum surface area concentration stated by 
the manufacturer (10 mm2 m−3).
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maximum surface area concentration stated by the 
manufacturer (1000 mm2 m−3; Fig. 5). The maximum 
surface area concentration may be due to the fact that 
the unipolar ions in the DC2000CE are depleted. If 
the ion concentration is not greater than the particle 
concentration, the DC2000CE may give a lower read-
ing than expected. Taking into account the RDC/ref of 
incense (0.15), 2500 mm2 m−3 equates to ~323 000 
particle cm−3 of 128-nm diameter particles in terms 
of reference instrument number concentration. The 
number concentration is over three times the reported 
maximum number concentration of a TSI 3007 CPC 
(TSI Incorporated, 2004) for a 128-nm particle. The 
number concentration equivalent to the surface area 
that the DC2000CE can measure without over-rang-
ing the instrument may be even greater for smaller 
particles because of the diameter-squared relationship 
with surface area (Asbach et al., 2009). Some instru-
ments such as the 3007 model of CPC (model 3007, 
TSI Inc.) alert users when the maximum concentra-
tion has been reached (TSI Incorporated, 2004). 
However, the DC2000CE does not have a way to alert 
users when its manufacturer-stated maximum concen-
tration (1000 mm2 m−3) has been reached or exceeded.

Moving the DC2000CE while it is running may 
cause substantial discrepancies in the surface area con-
centrations measured (Fig. 6) with the amount of dis-
crepancy varying depending on how the DC2000CE 
was moved. Placing the DC2000CE on a vibrating 
surface would also cause discrepancies (Fig.  7), but 
the discrepancy variation associated with vibrating was 
less than with moving the DC2000CE (Fig. 6). If the 
concentration of the aerosols being measured is great, 
the discrepancies may not influence the results substan-
tially. However, if the concentrations being measured 
are small, then the discrepancies could cause differ-
ences that may adversely influence decisions made with 
regard to worker health. Care should be taken to either 
not move the DC2000CE while it is sampling or to 
determine ahead of time if the movement would cause 
a discrepancy. Until it is known where the issue stems 
from, care should be taken with all instruments that 
use diffusion charging to determine if there are similar 
physical considerations associated with their use.

conclusIon
This study evaluated a DC2000CE to independently 
measure aerosol surface area concentrations for 

workplace conditions. The DC2000CE surface area 
concentrations did not equal the reference surface 
area concentrations and the ratio of the two decreased 
as particle size increased. The detection efficiency was 
created from monodispersed aerosols. The detection 
efficiency was within stated acceptability levels for the 
polydispersed aerosols that had NMDs within the size 
range of the monodispersed aerosols used. However, 
the detection efficiency was not sufficient for aero-
sols smaller or larger than the size range. For those 
aerosols with NMDs outside the size range, ratios of 
DC2000CE surface areas to adjusted reference surface 
areas were substantially different from unity. The max-
imum measurable active surface area of a DC2000CE 
was substantially greater than the maximum active 
surface area concentration stated by the manufac-
turer. There are physical considerations that may need 
to be taken into account when using the DC2000CE 
in a workplace. Care should be taken not to move or 
vibrate a DC2000CE while it is measuring aerosols, as 
discrepancies occur and persist for as long as 30 s after 
motion has stopped.
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