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Abstract−An electrostatic PM10 mass monitor (EPMM) used for wireless continuous airborne particulate matter
monitoring was developed and evaluated in our previous work. However, differences in measured PM10 mass concen-
trations between the electrostatic charge and the beta ray attenuation methods due to the frequent occurrence of high
humidity and temperature in the ambient air in Thailand’s have not been extensively studied in our previous work; and
in the literature, it would be necessary to compare the output of the EPMM against the beta ray attenuation mass mon-
itor. In this study, we evaluated the performance of the EPMM simultaneously with a commercially available FH62C14
Beta gauge continuous ambient particulate monitor, Thermo Fisher Scientific Inc., for PM10 measurements at ambient
condition in the field. The measurements were made at Yupparaj Wittayalai School, Si Phum, Mueang, Chiang Mai,
Thailand from November 16-23, 2015. They showed that the averages of PM10 mass concentrations measured by the
EPMM linearly correlate very well with the PM10 mass concentrations measured by the FH62C14. The slopes were
0.9620 and 1.0649 for 1 and 24-hour, respectively, and R2 of 0.8634 and 0.9889 for 1 and 24-hour, respectively. Finally,
this comparison proved to be particularly useful in the refinement and design of the EPMM.
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INTRODUCTION

The U.S. Environmental Protection Agency (U.S. EPA) promul-
gated a regulation for the mass concentrations of PM10 that refers
to particles smaller than 10μm in aerodynamic diameters. PM10,
both outdoors and indoors, can be measured by a mass concen-
tration method in micrograms per cubic meter (μg/m3) [1]. Gen-
erally, for PM10 standards, the Federal Reference Method (FRM)
is based on gravimetric analysis of particles collected on filters over
a period of 24 hr [2]. The gravimetric analysis was selected because
most of the particulate data used for the epidemiological studies
investigating associations between mortality and morbidity out-
comes and ambient particle exposures are based on filter measure-
ments [3]. However, a 24 hr average measurement may not ad-
equately represent actual human exposure. Therefore, an auto-
matic and continuous particulate mass monitor is essential for expo-
sure assessment that can also provide accurate hourly measure-
ments.

A number of techniques have been incorporated into instru-
ments to achieve automatic and continuous (or at least near real
time) particulate monitoring, including beta ray attenuation, light
scattering, quartz microbalances, and electrostatic charge monitors
[4-11]. These instruments are widely used to monitor airborne par-

ticulate matter and are wide-ranging in type, cost, flexibility, accu-
racy and resolution. A continuing research and development problem
for manufacturers of such instruments and their users is the need
to accurately record the true mass of particulate matter in ambi-
ent air over a given time. In Thailand’s air quality monitoring net-
work of the Pollution Control Department (PCD), now the hourly
and daily PM10 mass concentrations are routinely measured by
the automatic beta ray attenuation or TEOM mass monitors for
75 stations. However, these systems tend to be relatively large units,
are not appropriate for integration within other compact devices,
and are also expensive with typical starting prices greater than ten
thousand U.S. dollars. Because of the large number of measuring
stations distributed throughout Thailand, an air quality monitor-
ing network of PM10 mass concentrations must have a low cost
and be able to continuously give fast response measurement of
ambient PM10 and the ease of moving a PM10 mass monitor
should also be considered. It should be compact and easy to use,
and its maintenance must be accomplished by relatively low skilled
laborers. Therefore, a low cost wireless PM10 mass monitor is de-
sirable to be placed in large numbers in the air quality monitoring
networks of Thailand’s PCD. Over the last decade, wireless moni-
tor systems have been designed and developed to monitor real
time particulate matter concentrations [12,13].

In our previous work [14], we developed and evaluated an elec-
trostatic PM10 mass monitor (EPMM) for wireless continuous
measuring of ambient particulate air pollution in the field at the air
quality monitoring station of the PCD, Chiang Mai City Hall, Chi-
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ang Mai, Thailand. This was an inexpensive, portable, and real-
time instrument. The performance of the EPMM was evaluated
simultaneously with a commercially available TEOM monitor for
measurements at ambient conditions. Good agreement and high
correlation were found between the EPMM and the TEOM in
measuring ambient PM10. In researching the ruggedness and ac-
curacy amongst all methodologies for real-time monitoring sys-
tems of the PM10 mass concentration unit, the time-tested meth-
odology of beta ray attenuation was selected. In this technique,
short-term samples are deposited on a relatively small collection
area. Analysis is accomplished by determining the attenuation of low
energy β-particles through the deposit and substrate, and compar-
ing it with that of through the substrate alone. However, differ-
ences in measured PM10 mass concentrations between the elec-
trostatic charge and the beta ray attenuation methods were not
studied extensively in our previous work and in the literature. Also,
due to the frequent high humidity and temperature of the ambi-
ent air in Thailand, it would be necessary to compare the output
of the EPMM against the beta ray attenuation mass monitor on a
site-by-site and season-by-season basis for environmental sam-
pling. This comparison would particularly be useful in the refine-
ment and design of the EPMM and help improve the regulatory
compliance of the measurements using these devices.

In this study, the developed electrostatic PM10 mass monitor
and a commercially available FH62C14 Beta Gauge Continuous
Ambient Particulate Monitor, Thermo Fisher Scientific Inc., were

installed in the same place, and the two monitors were compared
using linear regression analysis of the collected data. The detailed
description of the operating principle of the developed wireless PM2.5
mass monitor is also presented and discussed.

MATERIALS AND METHODS

1. Electrostatic PM Mass Monitor
The schematic diagram of the electrostatic PM10 mass moni-

tor (EPMM) developed in this study is shown in Fig. 1. The mon-
itor consisted of a PM10 impactor, particle charger, Faraday cup
electrometer, flow system, high voltage power supply, data acquisi-
tion and processing system, and wireless communication system.
The PM10 flow was regulated and controlled by thermal mass flow
meters and controllers with a vacuum pump. Sampled particulate
air was first passed through a PM10 impactor to remove particu-
lates outside the measurement range based on their aerodynamic
diameter, particulates with diameter larger than 2.5μm. The par-
ticulate cut-off diameter at 50% collection efficiency, d50, can be
calculated by a following equation as [15]

(1)

where ρ is the gas density, D is the acceleration nozzle diameter,
Stk50 is the Stokes number of a particle cut-off diameter at 50%
collection efficiency, in case of the round jet impactor, Stk50 is 0.24

d50  = 
9ρD2Stk50

ρpReCc
------------------------

⎝ ⎠
⎛ ⎞

1/2

Fig. 1. Schematic diagram of the EPMM.
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[15], ρp is the particle density, Re is the Reynolds number and Cc

is the Cunningham slip correction factor.
Sampled PM10 was then directly introduced into the particle

charger to electrostatically charge the particulates by attaching them
to ions produced by the corona discharge inside the charger [16].
Based on the diffusion and field charging, the mean charge per par-
ticle, np, in a time period, t, by a particle diameter is approximately
determined by the theory of White [17]

(2)

where dp is the particulate diameter, k is Boltzmann’s constant
(1.380658×10−23 J/K), T is the operating temperature, KE is the Cou-
lomb constant, ε0 is the vacuum permittivity (8.854×10−12 F/m), 
the mean thermal speed of the ions, e is the value of elementary
charge on an electron (1.61×10−19 C), ε is the particle dielectric
constant, E is the average electric field inside the charger, Zi is the
electrical mobility of ions, ni is the ion number concentration, and
t is the time of exposure of the particles to the ions.

The charged PM10 then entered into the Faraday cup electrome-
ter where they were measured electrically downstream of the charger
[18]. The readout of the data acquisition and processing system
showed a relationship between time and the mass concentration
of PM10. The mass concentration of PM10, mp, on the filter in the
Faraday cup as a function of the charged PM10 current, Ip, and PM10
diameter, dp, could be calculated by [14]

(3)

where mp is the total mass concentration of PM10 (μg/m3) and Qp

is the PM10 flow rate (m3/s). Eq. (3) can be rewritten in the power
law form [14]:

(4)

In this study, the mass concentration of PM10 was determined
empirically through regression analysis of the data gathered. Regres-
sion analysis is the method by which the U.S. EPA. determines
correlations between reference and candidate methods for PM10
sampling. The mass concentration of PM10 in μg/m3 is adjusted

upward using the formula:

mp=47.124×1012·Ip
0.7609 (5)

The EPMM could be controlled and data sampled by an exter-
nal personal computer through a USB/RS-232 port cable. Software
running on an external computer was developed based on Visual
Basic programming. The software was capable to display the vari-
ation of time and PM10 mass concentration and the average of
the 1-hour and 24-hour PM10 mass concentration. For wireless
continuous monitoring, the EPMM was also capable connect to
the GPRS/3G modem via TCP/IP through the internet and a
public cellular network.
2. Field Study Setup
2-1. Site Description

The field study was set up at the Air Quality Monitoring Station
of the Pollution Control Department (PCD) during November
16-23, 2015. This station is located in Yupparaj Wittayalai School,
Si Phum, Mueang, Chiang Mai, Thailand. The geographical coor-
dinate information of the EPMM at that location is 18o47'29.1''N
and 98o59'19.1''E. Both the EPMM and the FH62C14 were placed
inside a trailer with their sample inlets located approximately 1 m
above the trailer roof. The distance between the two inlets of both
continuous mass monitors was greater than 1 m to avoid poten-
tial interferences. Inside the trailer, the temperature was controlled
at about 20 oC to maintain suitable operation conditions for the
electronic units of the real-time monitors. During the monitoring
periods, the daily average temperature was from 27 to 35 oC and
the daily average relative humidity was 70-85%.
2-2. Instrument Description

The performance of the EPMM was evaluated side by side with
a Thermo Scientific Model FH62C14 Beta Gauge, Thermo Fisher
Scientific Inc., readily available. PM10 mass measurements were
done at ambient conditions [19]. To measure precise and accurate
ambient aerosol concentrations, the FH62C14 is based on the prin-
ciples of beta attenuation through a known sample area to contin-
uously collect and detect the deposited mass. The FH62C14 is one
of the few continuous monitors established as a U.S. EPA. equiva-
lent method for PM10 monitoring (No. EQPM-1102-150CARB).
The range of measurement of the PM10 mass concentration of
the model 5014i beta was about 0 to 10,000μg/m3 with a resolu-

np = 
dpkT
2KEe2
-------------- 1+ 

πKEdpcie
2nit

2kT
------------------------------

⎝ ⎠
⎛ ⎞  + 

3ε
ε + 2
----------

Edp
2
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⎝ ⎠
⎛ ⎞ln
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Ip

eQp
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3
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Table 1. Comparison between the EPMM and the FH62C14
Specifications EPMM FH62C14
Measurement technique
Particulate size range
Mass concentration range
Resolution
Measurement time
Data averaging
Particulate flow rate
Operating temperature range
Output
Dimensions (L×W×H)
Weight
Electrical Requirements

Electrostatic
<10 µm
0-500µg/m3

0.01µg/m3

0.1-3,600 sec
Every 0.1 sec
5 L/min
10-60 oC
RS232/RS485, USB, TCP/IP
50×35×20 cm
15 kg
100-240VAC 50 Hz

Beta ray attenuation
<10 µm
0 to 1,000µg/m3 and 0 to 10,000µg/m3 (auto-ranging)
4µg/m3

60-3,600 sec and 24 hr
Every 4 sec
16.67 L/min
−30-50 oC
RS232/RS485, TCP/IP
48.3×33.0×31.1 cm
18 kg
100-240VAC 50 Hz
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tion of about 4μg/m3 and a measurement time of about 60 to 3,600
seconds and 24-hour (updated concentration every 4 seconds)
[19]. Table 1 shows the comparison between the EPMM and the
FH62C14.
2-3. Statistical Analysis

Linear regression relationships were calculated using the reduced
major axis (RMA) method to investigate the comparability of mon-
itors. Ayers [20] has shown RMA regression to be the appropriate
method for comparing the air pollutant concentration data, since
it does not assume that accuracy of the independent variable is error
free. Standard linear regression using the least-squares method, which
does make this assumption, is not a suitable tool with which to
determine the equivalence of PM mass concentration monitors.
For each possible pairing of instruments at each site using unpro-
cessed data and on log-normally transformed (loge) values were
calculated by RMA regressions.

FIELD STUDY RESULTS

The data used in this study were 1-hour and 24-hour PM10 mass
concentration levels (in micrograms per cubic meter). The 1-hour

and 24-hour average PM10 mass concentrations were calculated
from data collected every 0.1 sec. The total observation time for
Yupparaj Wittayalai School was 164 hours during November 16-
23, 2015. The average of the 1-hour and 24 hour PM10 mass con-
centration was calculated to plot the time series to investigate the
trend of the PM10 mass concentration. Fig. 2 shows the compari-
son of 1-hour averages from EPMM and FH62C14 at Yupparaj
Wittayalai School during November 16-23, 2015. The trend of the
average of the 1-hour PM10 mass concentration measured by the
EPMM agreed to within small differences with the average of the
1-hour PM10 mass concentrations measured by the FH62C14. The
1-hour PM10 mass concentrations measured by the FH62C14
and EPMM were in the range of 4.4 to 82.44μg/m3. The maximum
and minimum 1-hour PM10 mass concentrations measured by
the FH62C14 were 82.44μg/m3 and 4.4μg/m3, respectively. The
maximum and minimum 1-hour PM10 mass concentrations meas-
ured by the EPMM were 81.96μg/m3 and 9.08μg/m3, respectively.
The 1-hour average EPMM mass concentration was about 31.36
μg/m3 and the 1-hour average FH62C14 mass concentration was
about 32.79μg/m3, with the EPMM to FH62C14 mean ratio of
about 0.958. A comparison of 1-hour averages from EPMM and

Fig. 2. Comparison of 1-hour averages from EPMM and FH62C14 at Yupparaj Wittayalai School during November 16-23, 2015.

Fig. 3. Comparison of 1-hour averages from EPMM and FH62C14 at Yupparaj Wittayalai School on November 17, 2015.
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FH62C14 on November 17, 2015 is shown in Fig. 3. The 1-hour
PM10 mass concentrations measured by the FH62C14 and EPMM
were in the range of 10.74 to 70.52μg/m3. The maximum and mini-
mum 1-hour PM10 mass concentrations measured by the FH62C14
were about 70.52μg/m3 and 10.74μg/m3, respectively, with the stan-
dard error of about 3.21μg/m3. The maximum and minimum 1-
hour PM10 mass concentrations measured by the EPMM were
about 61.44μg/m3 and 17.90μg/m3, respectively, with the standard
error of about 2.91μg/m3.

Fig. 4 shows the relationship between 1-hour average PM10 mass
concentrations measured by the EPMM and FH62C14 at Yuppa-
raj Wittayalai School during November 16-23, 2015. RMA regres-
sion analysis was used to determine the relationship of the slope of
the regression between the EPMM and FH62C14. It is well known
that RMA regression analysis is the method the U.S. EPA. uses to
determine correlations between reference and candidate methods
for particulate sampling and monitoring. Note that the correlation
and slope of the reference method and the candidate PM10 method

measurements must be ≥0.97, and 1.00±0.10, respectively [26]. Addi-
tionally, the maximum precision and accuracy for the candidate
PM10 method must be 15%, and 5%, respectively [21]. Table 2
shows the RMA regression analysis results of 1-hour PM10 mass
concentrations for EPMM and FH62C14. The 1-hour correlation
was observed between the EPMM and the FH62C14 with R2 of
about 0.8634, with an RMA regression slope of about 0.9620 and
the intercept of about −0.1136. The results showed that the aver-
age EPMM mass concentration was about 31.43μg/m3 and the
average FH62C14 mass concentration was about 32.79μg/m3 with
the EPMM to FH62C14 mean ratio of 0.959.

Fig. 5 shows the comparison of 24-hour averages between EPMM
and FH62C14 at Yupparaj Wittayalai School during November
16-23, 2015. The 24-hour PM10 mass concentrations measured by
the FH62C14 and EPMM were found in the range of about 20.98
to 44.51μg/m3. The maximum and minimum 24-hour PM10 mass
concentrations measured by the FH62C14 were about 44.51μg/
m3 and 23.58μg/m3, respectively. The maximum and minimum
24-hour PM10 mass concentrations measured by the EPMM were
about 44.42μg/m3 and 20.98μg/m3, respectively. The 24-hour aver-
age EPMM mass concentration was about 32.64μg/m3 and the
24-hour average FH62C14 mass concentration was about 34.15
μg/m3 with the EPMM to FH62C14 mean ratio of about 0.956.

Fig. 4. Relationship between 1-hour PM10 mass concentrations for
EPMM and FH62C14 at Yupparaj Wittayalai School during
November 16-23, 2015.

Fig. 5. Comparison of 24-hour averages from EPMM and FH62C14 at Yupparaj Wittayalai School during November 16-22, 2015.

Table 2. RMA regression analysis results of 1-hour PM10 mass con-
centrations for EPMM and FH62C14

FH62C14 EPMM
Mean 32.790 31.430
Standard error 01.267 01.219
Median 27.940 27.070
Standard deviation 16.230 15.610
Minimum 4.40 9.08
Maximum 82.440 81.990
Slope −0.9620
Intercept −0.1136
R2

−0.8634
n 164
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Fig. 6 shows the relationship of 24-hour averages between EPMM
and FH62C14 at Yupparaj Wittayalai School during November
16-22, 2015. The average of the 24-hour PM10 mass concentra-
tions measured by the EPMM correlated linearly very well with
the PM10 mass concentrations measured by the FH62C14. Table
3 shows the RMA regression analysis results of 24-hour PM10
mass concentrations for EPMM and FH62C14. The 1-hour cor-
relation was observed between the EPMM and the FH62C14 with
R2 of about 0.9889, with a RMA regression slope of about 1.0649
and the intercept of about −3.7294.

However, the differences between EPMM and FH62C14 include
(1) a different measurement method, the EPMM used the electro-
static charge technique and the FH62C14 used the radiometric
technique, (2) the measurement times, the measurement time of
the instrument and the sharpness (height to duration ratio) of the
concentration peak between both instruments. The EPMM was
set to record PM10 every 0.1 sec, averaged over 36,000 data points
in 1-hour, while the FH62C14 recorded PM10 every 4 sec, aver-
aged over 900 data points in 1-hour, (3) the cut-off aerodynamic

diameter and the penetration curve of the inlet, (4) the deliques-
cence of aerosols, (5) the evaporation loss of volatile species of
aerosol [22], and (6) deposited particles on the impaction surface
or inner surface and the tip of corona-needle electrode of the charger
may reduce particle penetration and charging efficiency. During
the monitoring periods, slight particulates could be observed on
the impaction plate of the PM10 impactor and the tip of corona-
needle electrode of the charger, and there no visible particle was
deposited on the ion trap electrode. The continuous operation of
the EPMM did not result in any measurable changes in the per-
formance of the EPMM. This indicated that the maintenance inter-
val (for calibration, cleaning etc.) may be greater than 500 hour of
operation at relatively high mass concentrations of PM10.

Additionally, Speer et al. [23] reported that the 1-hour average
PM10 mass concentrations from beta ray attenuation monitors were
found to be insignificant under relative humidity lower than 70%,
ambient PM10 mass concentration does not appear to be influ-
enced by the change in the relative humidity, compared to the con-
centrations by the gravimetric method. Studies related the real-time
mass measurement of liquid water content in particulates and the
effect of water vapor on PM10 mass monitors have been carried
out by numerous researchers [24-27]. In the beta ray attenuation
method, the mass concentration of suspended and refined partic-
ulates are continuously measured using the radiometric principle
of beta attenuation through a known area on a fibrous filter tape
to continuously detect the mass of deposited ambient particles. It
is possible that condensation of water vapor on the fibrous filter
can cause errors in measuring the mass of matter deposited on the
filter under high relative humidity conditions and also could result
in over-estimation of PM mass concentration due to acid gas ab-
sorption on the glass fiber filter. Yawootti et al. [27] reported that
the water vapor present in the air affected the corona onset field
strength, the mobility of charge carriers, and the plasma chemis-
try inside the particulate charger in the electrostatic charge method.
The corona discharge characteristics inside the charger was found
to be insignificant under relative humidity lower than 80%, the
corona onset field strength, the mobility of charge carriers, and the
plasma chemistry does not appear to be influenced by the change
in the relative humidity [27]. Therefore, a temperature and humid-
ity control device is usually installed below the size selective inlet
of the monitor to reduce these errors. However, heating of the air
sample to a temperature between 10 oC and 20 oC above ambient
(~50 oC) to remove particulate-bound water can further enhance
losses of the semi-volatile constituents and ammonium nitrate of
ambient particles. Therefore, an inlet heating tube heated above
the dew point of the ambient air should be used for particle mass
monitoring under high humidity conditions.

CONCLUSION

The performance of the EPMM was compared simultaneously
with a commercially available Thermo Scientific Model FH62C14
Beta Gauge for measurements at ambient conditions. The site for
the measurements was Yupparaj Wittayalai School, Si Phum, Mueang,
Chiang Mai, Thailand November 16-23, 2015. Good agreement and
small differences were found between the EPMM and FH62C14

Table 3. RMA regression analysis results of 24-hour PM10 mass
concentrations for EPMM and FH62C14

FH62C14 EPMM
Mean 34.15 32.64
Standard error 03.03 03.22
Median 31.42 30.33
Standard deviation 08.02 08.54
Minimum 23.58 20.99
Maximum 44.51 44.42
Slope −1.0649
Intercept −3.7294
R2

−0.9889
n −7.0000

Fig. 6. Relationship between 24-hour PM10 mass concentrations for
EPMM and FH62C14 at Yupparaj Wittayalai School during
November 16-22, 2015.
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in measuring ambient PM10. The average EPMM mass concen-
tration was about 31.43 and 32.64μg/m3 and the average FH62C14
mass concentration was about 32.79 and 34.15μg/m3 with the
EPMM to FH62C14 mean ratio of about 0.959 and 0.956 for 1-hour
and 24-hour, respectively. The correlation between the EPMM
and FH62C14 data resulted in a slope of 0.9620 and 1.0649 for 1
and 24-hour, respectively, and R2 of 0.8634 and 0.9889 for 1 and
24-hour, respectively. This showed that an inexpensive and porta-
ble device proved to be particularly useful as a wireless monitoring
system for the mass concentration of the PM10 under conditions
prevalent in Thailand. Additionally, this comparison also proved to
be particularly useful in the refinement and design of the EPMM
and to help improve the regulatory compliance of measurements
using these devices.
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