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Abstract: A differential pressure-based low-cost PM, 5 detection system was developed for partic-
ulate matter measurement in polluted environments. The PM; 5 monitor consists of a sampling
device, a pump, a pressure sensor, and a control circuit. Two sampling devices including a foam
penetration-filter tube and a cyclone-filter holder were applied. Tests were conducted in a haze
environment and laboratory particle chambers with varying PM; 5 concentration. The pressure
data were related to the PM; 5 concentration recorded by Dusttrak to show the calibration process
and the performance of this instrument. Results showed the concentration information given by
the instrument was consistent with the actual concentration in the experiment, and this instrument
was more suitable for seriously polluted environment detection. Concentration oscillation of the
pressure-based PM, 5 monitor caused by turbulent flow could be reduced by a longer calculation
interval and data averaging in the calculation process. As a low-cost sensor, the pressure-based PM; 5
monitor still has good performance and application value for detecting high-concentration PMj; 5 in
atmospheric environments or workplaces.
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1. Introduction

PM,; 5, particulate matter with aerodynamic equivalent diameters of less than 2.5 um,
has great impacts on air quality, human activities, and health [1-4]. PM, 5 affects cloud
formation and rainfall [5], which is an important part of climate change. At the same
time, PM; 5 is highly relevant to respiratory infections, asthma, and other diseases [6-8].
Detection of PM; 5 concentration in the atmosphere and specific workplaces is important for
providing control strategies for the government, enterprises, and individuals. At present,
there are many methods for particle matter (PM) monitoring based on different measure-
ment principles, such as the gravimetric method [9,10], light scattering method [11,12], 3-
absorption method [13], tapered element oscillating microbalance (TEOM) method [14,15],
quartz crystal microbalance (QCM) method [16,17], and so on.

The gravimetric method has the advantages of a simple measuring principle, reliable
data, and being free from the interference of particle characteristics (size, shape, color,
composition, etc.) [9]. However, it is difficult to provide real-time PM information due to
the long sampling time and cumbersome operations [10]. The light scattering method could
provide real-time measurement [11], but the accuracy will be compromised by measuring
PM with different size distributions, different compositions, and humidity of the ambient
air [12]. The 3-ray method [13] and tapered element oscillating microbalance method [14,15]
are internationally agreed on for the continuous monitoring of PM. The main disadvantages
of them are the high cost and frequent replacement of the filter membrane [18]. The quartz
crystal microbalance method can also realize the real-time monitoring of particles [16], but
the quartz resonator is sensitive to the mass change and has a limited measurement range,
which requires regular cleaning and frequent maintenance [17].
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In recent years, low-cost sensors (using the light scattering principle) have become in-
creasingly popular for PM concentration measurement [19,20]. These PM sensors can realize
the function of high-cost laboratory-level monitoring equipment at a much lower cost [21].
They are inexpensive (typically between $20 and $200), compact (some are matchbox-sized),
reliable, and able to capture real-time data (with a 1 s time resolution) [22,23]. These
advantages make the application of low-cost PM concentration sensors in indoor and
outdoor environments increasingly widespread [24-27]. However, these low-cost sensors
based on light scattering tend to have serious errors when detecting high particle concen-
trations due to optical path pollution. To form the detection network and achieve high
spatial-temporal resolution [28] for monitoring PM, 5 concentrations, new types of low-cost
sensors are still needed to measure the PM; 5 in the atmosphere and workplaces, especially
at high concentrations.

The differential pressure method is a potential way to measure PM; 5 at little cost.
In the research of Dobroski [29] and Volkwein [30,31], particles were collected on a filter
membrane (in a respirable dust dosimeter) drawn by a flow pump. The deposition of
particles caused a proportional increase in the pressure drop of the filter, and the differential
pressure data could be used to predict the accumulated particle mass loading on the filter.
Although the pressure response is affected by particle size, type, and humidity, this method
can still provide relatively accurate measurements when calibrated for specific particles or
atmosphere conditions. Previous research [29-31] offered a fundamental understanding of
the differential pressure-based method for detecting accumulated particle weight. However,
the measurement of particle concentration based on this method and the way to offer
continuous monitoring data have not been sufficiently investigated.

The objective of this study was to explore the applicability of the pressure-based
method for measurement of PM;5 and develop a new device. Hence, we designed a
pressure-based PM; 5 monitor that is suitable for polluted environment measurement. The
PMj; 5 sampling device has two structures, including a foam penetration-filter tube and
a cyclone-filter holder. The monitor was tested in a haze environment with a relatively
low PM concentration and laboratory chambers with high PM concentrations, respectively.
The pressure data were related to the PM; 5 concentration recorded by standard instru-
ment (Dusttrak 8530, TSI Inc., Shoreview, MN, USA) to establish the calibration formula.
The method to minimize the influence of pressure oscillation on monitoring results was
also discussed.

2. Experimental
2.1. Instrumentation

Figure 1 shows the design of the pressure-based PM; 5 monitor. Its key components
include a sampling device, a pump, a control circuit, and a pressure sensor.

2.1.1. Sampling Device

Two types of sampling devices were used, including a foam penetration-filter tube
and a cyclone-filter holder. The former was custom-made, with a small deposition area
on the filter. The latter is commercially available, which has a larger filter and is more
suitable for detecting particles at high concentrations. Both of them are cheap, and the tube
or cassette can be discarded or recycled after use. The design of the foam penetration filter
tube [31] is shown in Figure 2, and it was manufactured by 3D printing with nylon. The
foam penetration-filter tube can be divided into three parts. The front part is filled with a
polyurethane foam (8 mm in length, 6.3 mm in diameter, and 50 holes/inch), and the other,
polyurethane foam (25 mm in length, 4 mm in diameter, and 90 holes/inch). The former
foam is used to remove larger particles and prevent the tube from being blocked, and the
latter foam collects particles greater than 2.5 um in size and ensures only PMj 5 particles
pass through. A silver membrane filter (STERLITECH Inc., Auburn, WA, USA) with the
diameter of 8 mm is placed tightly between the middle part and the back part. With the
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drawing of flow pump, PM, 5 passes through the front and the middle parts (55 mm in
length and 6.3 mm in diameter), and then deposits uniformly on the filter membrane.
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Figure 1. Pressure-based PM; 5 monitor.
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Figure 2. Structure of the foam penetration-filter tube.

The cyclone-filter holder is shown in the right part of Figure 1. A silver filter with a
diameter of 25 mm is mounted in a three-section cassette, in which a larger space allows
particle deposition to be more uniform. The inlet of cassette is connected with a custom-
made Dorr-Oliver 2.5 pum cyclone, which is used to separate particles greater than 2.5 um.

2.1.2. Pump

The flow pump (Kamoer Inc., Shanghai, China) is used to draw the particles into the
detection system. The volumetric flow rate of it can be adjusted by a circuit board. The
inlet of the flow pump is connected with the flow controller, which was maintained at
650 mL/min when using a PM; 5 detection tube, and 2.7 L/min when the cyclone-filter
holder was adopted to meet the cut point of 2.5 um. Hence, the foam or cyclone could
separate particles greater than 2.5 um in size. The flow controller limits the high flow
rate of flow pump in order to minimize the gas turbulence and reduce the pressure signal
oscillation, which affects the detection accuracy.

2.1.3. Control Circuit and Pressure Sensor

Figure 3 shows the designed control circuit board. The pressure sensor installed on
the circuit board was connected to the outlet of PM; 5 sampling device (foam penetration-
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filter tube/cyclone-filter holder) through tubes and a “Y” connector to record the pressure
response in real time. In the preliminary experiment, the pressure drop generated by porous
foam or cyclone was minuscule. This phenomenon was also observed in the previous
study [30], where the differential pressure of porous foam was less than four percent of the
total pressure increase for mass loading. For this reason, the pressure at the outlet of foam
penetration-filter tube or cyclone-filter holder is regarded as the differential pressure of
filter, which allows simplifying the setup of the monitoring system.
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Figure 3. The control circuit board and part of the circuit schematic diagram.

The microcontroller on the control circuit board can convert the recorded pressure
data into PMj 5 concentration by calibration formula in real time. The operation interface,
concentration, and pressure data can be displayed on the LED screen connected to the
control board. The calibration formula can be manually modified according to the particle
types and environment. The buttons on the circuit board have functions of turning on/off
the system, setting working time, and uploading/deleting data. The system can be powered
with battery (such as two 18,650 lithium-iron-phosphate batteries in parallel, 1.8 Ah each),
making the system portable. The data transmission interface connected with circuit board
can transfer the recorded data to a computer.

2.2. Calibration

In order to build the relationship between pressure and concentration for the pressure-
based PM, 5 monitor, tests were conducted in the atmospheric environment of heavy
haze. The test location was near the window on the third floor of a building (Xuzhou,
Jiangsu Province, China), and there were no large buildings nearby and few vehicles. A
foam penetration-filter tube was chosen to be the sampling device. The experiment was
conducted on 18 October 2021, and the whole measurement time was about 3 h. The
pressure data recorded by the tested monitor and PM, 5 concentration recorded by Dusttrak
were related to derive the calibration formula.

Tests were also conducted in a laboratory environment with high PM; 5 concentration
produced by mosquito coil burning. The cyclone-filter holder was used as the sampling
device. A cylindrical chamber with a diameter of 0.4 m and height of 0.5 m was used. The
chamber was closed and had a small hole at the center of bottom. During the experiment,
the cyclone-filter holder and Dusttrak sampling head were arranged side by side in the
center of the chamber. A small section of mosquito coil was ignited in the bottom of the
chamber. After 10 min, the mosquito coil burned out. The PM; 5 concentration in the
chamber was about 150 mg/m?, and then begun to decrease. The pressure-based PM, 5
monitor and Dusttrak were turned on to record the pressure and PM; 5 concentration data.
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Application of the pressure-based PM; 5 monitor was validated in a cubic laboratory
chamber that was 2.2 m x 1.5 m x 2.2 m. Two particle generators (Model 8026, TSI Inc.)
were located in the chamber to aerosolize the salt solution in a constant flow. Small holes
were arranged on the side and top walls of the chamber. The PM; 5 concentration in the
chamber gradually rose to 2 mg/m3, and then decreased by adjusting the flow of the
particle generators and the holes. The pressure-based PM; 5 monitor and Dusttrak were
arranged side by side in the center of the chamber for recording the PM; 5 concentration.

3. Results and Discussions
3.1. Calibration in an Atmospheric Environment
3.1.1. Calibration Equation

Figure 4 shows the variation of the measured pressure drop with time during PM, 5
sampling in an atmospheric environment with haze. The pressure was recorded every
second for a period of 14,000 s. The pressure increased with time as PM; 5 was gradually
deposited on the filter membrane. It can be seen in Figure 4a that the pressure rise rate
was more consistent at 2200-6200 s, which indicates the atmospheric conditions were more
stable, and PMj; 5 concentration did not fluctuate a lot in this period. Therefore, the data in
the scale of 2200-6200 s were fitted with a linear regression model, as shown in Figure 4b.
Results of regression analysis for 2200-6200 s data are as follows.

P =3.748 x 107°t + 4.2 (1)
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Figure 4. Variation of the measured pressure drop with time during PM; 5 sampling in an atmospheric
environment with haze for (a) all data and (b) data between 2200 and 6200 s.

The fitting coefficient R? is 0.98. Pressure oscillation was observed, which might have
been due to the noise from the pressure sensor and the turbulent flow.

For the selected period of 2200-6200 s, the PM; 5 concentration measured by Dusttrak
was 0.24 mg/ m3. Therefore, under this stable environment, the accumulated PM, 5 mass
loading m on the filter can be expressed as:

m=024xtxQ=26x10"°t )

where t is the sampling time of the pressure-based PM, 5 monitor and Q is the sampling
flow rate of 650 mL/min.

Combining Equations (1) and (2), the relationship between the accumulated PM; 5
particle mass loading m on the filter membrane and the pressure drop P can be expressed as:

m = 0.06937P — 0.29136 3)
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The pressure at ¢ (s) is denoted as P; (kPa), and the pressure at ¢, is denoted as P;.
The cumulative PM; 5 mass at t; and ¢, can be expressed as follows.

my = 0.06937P; — 0.29136 (4)

my = 0.06937P, — 0.29136 ®)

Hence, the PM; 5 concentration C for the period of ¢; to t; can be given by the following
equation.

- P,—P.
C = o = 640325271 6)

3.1.2. Effects of Time Interval

Equation (6) provides the relationship of PM; 5 concentration, pressure, and time,
which can be simplified as:
Cpyat = 64032 nca=tn @)

where C, ¢ is the PM5 5 mass concentration for the time interval of At after second n; Py,
and Py, are the pressure at n and n + At seconds, respectively.

The PM, 5 concentration was calculated for different At of 60 s, 120 s, 10 min, and
20 min, and the results are shown in Figure 5. When At was equal to 60 or 120 s, the
calculated PM; 5 concentration oscillated seriously with time. This is because the noise of
pressure was high and covered the slight pressure rise during a short time interval, leading
to great errors in the calculation results. As the time interval increased, the oscillation of
the PM, 5 concentration was weakened. As shown in Figure 5, the PM; 5 concentration
was apparently stable for a time interval of 10 or 20 min. For measurement of PM; 5 in
an atmospheric environment, the time intervals of 10 and 20 min are acceptable. To get a
faster detection response for changes of PM, 5 concentration, the time interval should also
not be too long; hence, a time interval of 10 min was selected for the pressure-based PM; 5
monitor. The corresponding equation is shown below.

Cns600 = 6403.2 600 —Fn o

For measurements in similar environment, Equation (8) is input to the microcontroller,
and real-time PM; 5 concentration could be given by the monitor automatically based on
pressure data. Abnormal values in the beginning of detection were caused by the unstable
pressure in the filter when the pump started.

3.1.3. Effects of Average Times

In order to further eliminate the influence of pressure oscillation and prevent the
output of the monitor from being an abnormal value, the concentration calculation results
(At = 10 min) were also averaged every 20 s, 60 s, 120 s, and 300 s, as shown in Figure 6.
It can be seen that the averaged concentration (red line) is much more stable, and the
oscillation becomes weaker as the average time increases. However, the details of curves
lose a lot when the average time is too long. Therefore, the concentration data are sug-
gested to average every 120 s before output by the pressure-based PM; 5 monitor in a
similar environment.

3.2. Calibration in a Laboratory Environment with High PM, 5 Concentration

Calibration of the pressure-based PM; 5 monitor was also conducted in a cylindrical
chamber with a gradually decreasing PM, 5 concentration, which was generated from
mosquito coil burning. The results are shown in Figure 7.

Figure 7a shows variation of pressure with time recorded by the pressure-based PM, 5
monitor. After large particles were separated by a cyclone collector, PM; 5 was deposited
on the filter membrane, and the pressure increased steadily from 2214 to 2466 Pa with time.
Resulting from the high PM concentration in the chamber, the pressure curve is smoother,
with less oscillation. As time increases, the slope of pressure-time curve decreases due to
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the decline in environmental particle concentration. This phenomenon was proved by data
of Dusttrak, in which PM; 5 concentration decreased from 143 to 4 mg/ m?, as shown in

Figure 7c.
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Figure 5. PM; 5 concentration calculated with intervals of 60 s, 120 s, 10 min, and 20 min.

For the environment with changing PM; 5 concentration, the concentration calibration
method was different from that in Section 3.1.1 because the linear regression could not be
applied. From Equation (7), the calibration equation for concentration can be expressed
as follows.

C =kl = kil )

h—t

AP/At was calculated, and its variation with time is given in Figure 8b. The time
interval used was 60 s, which was much shorter than that in Section 3.1.2 due to the fast
mass loading on the filter in the high concentration environment. The coefficient k was
calculated as the ratio of the difference between the highest and lowest values of AP/At and
that of the Dusttrak data in a same period, which was equal to 318.87. The final equation is
shown below.

C = k4L =318.874% (10)

Figure 7c shows the comparison between PM, 5 concentrations calibrated by the
pressure data using Equation (10) and those recorded by Dusttrak. The calculated con-
centrations are in good agreement with the Dusttrak data. Both of them declined with
time, and the decreasing rate gradually slowed down, which is consistent with the environ-
mental conditions of this experiment. Figure 7d shows a linear regression for PM; 5 mass
concentration between the pressure-based PM monitor and Dusttrak, with an R? of 0.92
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and normalized RMSE of 25%. As a low-cost sensor, the pressure-based PM, 5 monitor still
has good performance on measurement of high-concentration PM.
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Figure 6. PM, 5 concentration (At = 10 min) averaged every 20 s, 60 s, 120 s, and 300 s. The black line
is the original concentration, and the red line is the averaged concentration.

3.3. Application of the Pressure-Based PM, 5 Measurement Method

The pressure-based PM; 5 monitor was applied to measure the NaCl aerosol concen-
tration in a cubic chamber of 22 m x 1.5 m X 2.2 m. Figure 8a shows variation of pressure
with time for varying PM; 5 concentration in the cubic chamber. The slope of pressure
curve increases gradually before 3000 s and decreases after 3000 s in the pressure rising
process, as the PM; 5 concentration first increased and then decreased in the environment.
The pressure data were calibrated by the method in Section 3.2. To calculate the coefficient
k of the calibration formula, pressure data before about 3000 s were used. After that, the
derived calibration formula was applied to all the data, and the results of correspond-
ing concentration information are shown in Figure 8b. The trend of concentration curve
measured by the PM; 5 real-time monitoring system is consistent with that of Dusttrak.
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Figure 7. (a) Variation of pressure with time in the cylindrical chamber with gradually decreasing
PMj; 5 concentration. (b) Variation of AP/At (At = 60 s) with time. (c¢) Comparison between PM; 5
concentration calibrated by the pressure data and recorded by Dusttrak. (d) Regression plots for
PM,; 5 mass concentration: pressure-based PM monitor vs. Dusttrak.
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Figure 8. (a) Variation of pressure with time in the cubic chamber with changing PM, 5 concentra-
tion. (b) Comparison between PM, 5 concentration calibrated by the pressure data and recorded
by Dusttrak.

4. Conclusions

To explore the applicability of the pressure method for measurement of PM; 5, a
pressure-based PM, 5 monitor was developed, which consisted of a sampling device, a
pump, a pressure sensor, and a control circuit. Experiments were conducted in a hazy



Atmosphere 2022, 13, 1237 10 of 11

environment with a relatively low PM concentration and laboratory chambers with high PM
concentrations. The calibration approach was proposed, where the the PM; 5 concentration
was related to the pressure and the time interval, which could be simplified as follows.
cok2=P AP
th—t At
The concentration calculation was achieved through the microcontroller. Users can
calculate coefficient k as the ratio of the difference between the highest and lowest value
of AP/ At and that of the standard instrument (such as Dusttrak) in a same period. Then,
various calibration formulae can be input to the microcontroller to adapt for different
particle types and environmental conditions. In the tests, concentration data given by
the monitor showed good resemblance to the experiment condition. Meanwhile, the
monitor showed better performance when detecting in a seriously polluted environment.
To minimize the pressure oscillations caused by turbulent flow and sensor noise, a longer
calculation interval and data averaging should be used in the calculation process. As a low-
cost sensor, the pressure-based PM; 5 monitor can be used in atmosphere or workplaces
environment, and has potential for further instrument development. Relevant study is
being conducted to improve this instrument for general use.
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