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ABSTRACT: A sensitive photoacoustic sensor system for the detection of
ppb-level sulfur dioxide (SO,) was developed by the use of a continuous-
wave room-temperature, high-power quantum cascade laser (QCL) with an
external diffraction grating cavity geometry. The excitation wavelength of the
QCL was set to 7.41 pum for the strongest SO, absorption line strength. A
custom-made differential photoacoustic cell (PAC) with two identical
resonators was designed to allow a gas flow rate up to 1200 sccm. A
qualitative theoretical model was employed in order to understand the
dynamic adsorption and desorption processes of SO, in the PAC walls. A 1o
detection limit of 2.45 ppb, corresponding to a normalized noise equivalent
absorption value of 3.32 X 107 cm™' W/Hz!/?, was achieved after measures
for suppressing the absorption—desorption effect were taken.

SO, molecules

Photoacoustic cell
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Sulfur dioxide (SO,) is an invisible and transparent air gas sensor for human health protection and ecological air
pollutant with a nasty and pungent odor, which reacts quality monitoring.

easily with other substances to form harmful compounds, such Up to now, various trace SO, gas sensors based on different
as sulfate particles, sulfuric, and sulfurous acid. About 99% of detection techniques have been reported, such as ampero-
ambient SO, sources originate from anthropogenic activities metric sensors,7 carbon nanotubes,8 mass spectrometry,9
such as the burning of fossil fuels, industrial manufacturing, chemiluminescence,"”"! and electrochemical sensors.'> How-
and motor vehicle emissions." According to the United States ever, most of these chemical-based sensors have a long

National Ambient Air Quality Standards (NAAQS), the
acceptable safety SO, standard is 0.5 ppm for 3 h of exposure
in atmospheric air.” Trace amounts of SO, can cause health
and environmental effects. For example, SO, can irritate the
nose, throat, and respiratory tract to cause symptoms such as
coughing, breathlessness, asthma, or a tight feeling around the
chest upon inhalation. It was further demonstrated that when
an asthma patient inhaled SO, concentrations as low as 200—
300 ppb for 5—10 min would result in moderate and even
greater lung function reduction. Furthermore, SO, and sulfur
oxides (SO,) can react with other atmospheric compounds to
form fine particles, which may penetrate deeply into the lungs
and cause serious health problems when these particles are
accumulated to a certain quantity. In terms of environmental
pollution, the deposition of these sulfate particles contributes

response time, a short service life, a low detection sensitivity,
and selectivity. For example, the fluorescence analysis is a
commonly used method to detect SO,, in which the
fluorescent aldehyde or levulinate-based probes were used to
specifically react with SO, or its derivatives. Therefore, the
detection sensitivity may suffer from interference from sulfur-
containing molecules and induce a high background signal.
Moreover, there are some unavoidable active gas molecules
such as H,S, NO, NO, and NH; in air during the detection of
SO,, which may react with the sensor materials and thus
influence the SO, detection limit. Therefore, it is a big
challenge to detect trace levels of SO, by using these chemical-
based sensors.

to particulate matter, haze and acid rain pollution, which can Received: December 10, 2019

stain and damage stone, bronze, and other materials, including Accepted: January 15, 2020

culturally imaportant heritages such as statues, sculptures, and Published: January 1S, 2020
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monuments.” ~ Therefore, there is a requirement to develop a
reliable, cost-effective, highly sensitive, and selective SO, trace
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Because different gas chemical species have their unique
absorption lines, the laser-based photoacoustic spectroscopy
(PAS) detection technology was developed rapidly, which
offers a large gas specificity capable of higher detection
selectivity as well as real-time in situ measurements. One of the
distinct features of the PAS technology is that photoacoustic
sensors detect the light-induced sound wave and hence do not
depend on the excitation optical wavelength. As a result,
numerous PAS-based sensors were developed by employing
different excitation sources in electronic (UV—Vis),'»'*
vibrational overtone (1—2.5 um),"*~"” fundamental transitions
(3—12 pum),"* > and in the rotational (THz range) spectral
region.”*"*® Somesfalean et al. in 2005 used an UV
spectrometer with a 6.9 nW diode laser emitting at 302 nm,
achieving a detection limit of 20 ppmv at atmospheric
pressure.”” However, there are some other molecules with
absorption bands at around 302 nm (O;, H,CO, NO,). The
laser power fluctuations associated with the sum-frequency UV
laser generation limit the sensor sensitivity in the practical
applications.”>*” Therefore, it is optimal for PAS-based sensors
to detect SO, in the fundamental transition region because of
the strong absorption features and the high output power from
commercially available quantum cascade lasers (QCLs) or
interband cascade lasers (ICLs). In 2014, Waclawek et al.*
developed a quartz-enhanced PAS (QEPAS)-based sensor
system for SO, detection by using a mid-infrared distributed
feedback quantum cascade (DFB-QCL) operating at 7.24 ym,
and a minimum detection limit of 63 ppbv was achieved.
Several SO; and H,O absorption lines exist around the 7.24
um and can cause detection interference. Furthermore, a
degraded beam from the DFB-QCL laser resulted in a ~8.2
times higher background noise compared to the calculated
thermal noise because the narrow gap between the quartz
tuning fork prongs is 300 ym.’’

In this manuscript, a continuous-wave (CW) external cavity
QCL emitting at 7.41 um combining with a custom-made
differential photoacoustic cell (PAC) was employed for the
first time, to the best of our knowledge, to detect trace SO, in
the mid-IR. The large inner diameter of the two resonators and
the differential PAC configuration could reduce the back-
ground noise, response time, and thus obtain an optimal
detection limit at the ppb level. The dynamic adsorption—
desorption interaction processes of SO, with the PAC walls
were also investigated by means of a qualitative theoretical
model and experiments because the adsorption or desorption
effects result in a change of the gas-phase concentration.

B SELECTION OF OPTICAL EXCITATION SOURCE

HITRAN database provides six spectral absorption regions of
the SO, molecule, that is, 2.5 ym (3r3), 3.7 um (213), 4.0 um
(vy +v3and vy + vy + U3 — 1), 7.3 um (v;), 8.6 um (v,), and
19.3 um (v, bands) spectral regions.”> As shown in Figure Ia,
the v; fundamental vibrational absorption band is of great
importance to the atmospheric detection of SO, in the infrared
absorption spectra because of the strongest line strengths
compared with the other absorption bands. However, there are
some other common gas molecules in the air (SO;, H,0, CH,,
and N,0) having strong absorption features in the spectral
range between 7.2 and 7.6 pm spectral regions as
demonstrated in Figure 1b. Particularly, the SO; molecule
shows dense and strong absorption lines between the 7.2 and
7.35 um. Therefore, a better excitation wavelength selection
would be between 7.35 and 7.55 pm for SO, detection in order
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Figure 1. (a) SO, absorbance spectra in the infrared region provided
by the HITRAN database. (b) Absorption line parameters of SO,
H,0, CH,, N,0, and SO, molecules in the spectral range of 7.2 and
7.6 pum.

to avoid a serious signal interference by SO;. The more
detailed SO,, H,O, and CH, molecule absorption line
positions and the corresponding line strengths were shown
in the Supporting Information between the wavelength of 7380
and 7430 nm. As depicted in Figure S1, the strongest
absorption line of H,O located at 7380.91 nm with the line
strength of 3.74 X 107! cm/molecule, and the two strong CH,
absorption lines located at 7402.38 and 7418.17 nm with the
absorption line strengths of 2.58 X 107>° cm/molecule and
3.50 X 107 cm/molecule, respectively. Finally, an SO,
absorption line located at 7413.17 nm (1348.95 cm™') with
the absorption line strength of 4.84 X 1072° cm/molecule is
chosen because it has the strongest line strength and is
interference-free with the spectral lines of other common gases.
With the development of advanced material growth
technique, the QCL source has established its presence as
the most versatile semiconductor excitation source in the mid-
infrared spectral region for trace gas analysis and pollution
monitoring instead of a broadband light source, which usually
requires an additional light path calibration system and has a
poor excitation power.”* > In this manuscript, a compact and
room-temperature external cavity QCL (DRS Daylight
Solutions, USA, Model: 41074-MHF) was chosen as the
excitation source for our sensor system, as shown in Figure 2a,
which can be tuned from 7.12 to 7.65 ym by simply rotating
the diffraction grating. When the laser current and temperature
were set at 700 mA and 18 °C, respectively, the laser power
performance with the full tuning range is shown in Figure S2.
The QCL with an external cavity design can be operated in the
mode-hop-free (MHF) mode with a very narrow linewidth
(<10 MHz measured over ~1 s), which provides a specified
MHEF tuning range of 7.2 to 7.52 um. The two- and three-
dimensional intensity distributions of the laser beam were
captured by using a pyroelectric array camera (Ophir
Optronics Solutions, Ltd, Israel, model: Pyrocam-III-HR)
and depicted in Figure 2b,c, which demonstrates a minimum
spot size of <2.5 mm (1/e*field radius). The nominal TEMy,
profile has a pointing stability <1 mrad at a 100 cm distance,
and the maximum average output power is ~70 mW.
Because the laser output power of the external cavity QCL
was not constant at different output wavelengths,”® a power
meter (Ophir Optronics Solutions, Ltd, Israel, model 3A-
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Model Numbor:  TLS-41000-MHF Laser head
Serial Number: 011
Mfg. Date:

Wl Power Output: <80 mw
Wavelength Range: 7.12-7.65 ym
14

04-1308 cm*

Figure 2. (a) QCL CW-MHEF laser head. (b) Two-dimensional intensity distribution of the QCL laser beam. (c) Three-dimensional laser beam

profile.

ROHS) was employed to monitor the QCL output power.
Moreover, the laser head was maintained at a constant
temperature of 18 °C. When the QCL current was set to 700
mA and operated in the MHF mode, the laser output power
was recorded with the increase of the excitation wavelengths as
depicted in Figure 3a. A relatively flat and maximum power
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Figure 3. (a) QCL output power and SO, line strengths as a function
of the wavelength between 7.2 and 7.52 pm. The laser current and
temperature were set to 700 mA and 18 °C, respectively, and the laser
was operated in the MHF mode. (b) QCL output power for different
laser currents.

level of ~60 mW was observed between 7.35 and 7.45 um,
which exactly meets the requirement of the excitation
wavelength mentioned above. The SO, line strength is also
depicted in Figure 3a in order to compare the relationship
between the QCL power and the line strength at the same
wavelength. As shown in Figure 3b, the QCL started to emit
light when the input current was larger than 600 mA.
Subsequently, the QCL output power increased linearly with
the increase of the laser current. A maximum power point of
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61.2 mW was obtained when the QCL excitation wavenumber
reached 1348.95 cm™'. Therefore, for the following experi-
ments, the temperature, current, and wavelength of the QCL
were controlled at 18 °C, 700 mA and 7.41 pum, respectively.

B PHOTOACOUSTIC SENSOR SYSTEM

A schematic of the laser-based PAS sensor system for SO,
detection is depicted in Figure 4. In order to maintain a

= pump |

O

- “ — -

Figure 4. Schematic of the developed SO, trace gas sensor system.

constant QCL temperature of 18 °C, a small closed-loop water
chiller (Beijing Changliu Instruments, China, Mode: LX150)
was employed. An optical chopper system (Thorlabs Inc.,
USA, model MC2000B) with a MC1F30 chopper blade was
used to modulate the intensity of the CW QCL beam. The
excitation laser power of 29.6 mW (nearly half of maximum
power) was achieved after the intensity modulation. A function
generator board was used to generate a square-wave
modulation signal for the chopper, and the reference signal
of the function generator was introduced into a lock-in
amplifier (Stanford Research Systems, USA, model SR830).
The filter slope and time constant of the lock-in amplifier were
set to 12 dB/oct and 1 s, respectively, which corresponds to a
0.25 Hz detection bandwidth. A custom-made differential PAC
with two identical resonators was designed, and the anatomical
diagram of PAC is shown in Figure S3. The two parallel
resonators were used for photoacoustic signal amplification,
both have a 90 mm length and an 8 mm inner diameter. Two
electret microphones (Primo Microphones Inc., Japan, model
EM258) with the same frequency responses at ~1.5 kHz were
placed in the middle of each resonator and embedded into the
walls. Moreover, two 254 mm X S5 mm transparent CaF,
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windows and four rubber O-type rings were employed to seal
the PAC as an open—open photoacoustic detector. The CaF,
windows have a transmissivity of up to 91% at ~7.41 um. The
microphone current signals were directed to a custom
transimpedance differential preamplifier and then transferred
to the lock-in amplifier to demodulate the photoacoustic signal
and retrieve the SO, concentration. The square-wave
modulation frequency was equal to the fundamental
longitudinal vibration frequency of the PAC. Moreover, the
PAC was wrapped in an electrothermal polyimide (PI) film
(Zhuhai Jiayi Electronic Technology Co., Ltd, China, model
PI-100) to adjust and maintain the environment temperature
between 20 and 50 °C for the following experiments. The laser
power after the PAC and the SO, concentrations were
recorded by a LabVIEW computer routine.

A 50 ppm SO,/N, gas mixture cylinder and a pure N, gas
cylinder were used to generate different SO, concentration
levels by a gas dilution system (Environics Inc.,, USA, model
EN 4000). A needle valve, a diaphragm pump (KNF
Technology, Germany, model N816.3), and a pressure
controller (MKS Instruments, USA, model 649B) were
employed in order to control and maintain the gas flow and
pressure in the sensor system. The gas flow rate of the sensor
was measured by a mass flow meter (Alicat Scientific, USA,
model M2SLPM). All the following experiments were carried
out at atmospheric pressure.

B QUALITATIVE STUDY OF
ADSORPTION—-DESORPTION EFFECT

During the transportation of SO,/N, gas mixtures through the
PAC, an adsorption and desorption effect may appear because
of the polarized molecular SO, structure. There are some
similar polar molecules like ammonia and water that may have
the same effect in practical concentration measurements.”” The
interaction processes of the target gas with the PAC walls can
result in gas-phase concentration fluctuations, which affects the
sensor detection sensitivity. The PAC walls serve as a
“reservoir” where the gas molecules dynamically adsorb and
desorb with the change of the gas molecule numbers.
Equilibrium is achieved between the PAC walls and the SO,
gas molecules under certain conditions.” Once the gas
molecule number is higher than the equilibrium number, the
reservoir will hold more SO, molecules. In general, some
preventive steps are taken to eliminate effects such as polishing
and heating of the cell inner-walls and increasing the gas flow
rate. Assuming that the gas mixture contains the target
molecules, the SO, molecule concentration ¢, [cm™] is in the
gas phase, and the SO, molecule surface coverage ¢, [cm™] is
in a quasi-steady state. A qualitative theoretical model was
leveraged to study the adsorption—desorption processes in
PAC’

O Je,
A(x) ox

Jc,
ot

45 de,
dv ot

(1)

where @ is the gas flow rate [cm?/s], A(x) is the PAC cross-
section area [cm?*], dS and dV are the cell infinitesimal surface
area [cm’] and infinitesimal volume [cm?], respectively, and
dc,/0t represents the effective adsorption rate [cm™%/s].
Therefore, eq 1 indicates that the gas concentration fluctuation
is because of the combined influence of the gas flow rate and
the wall adsorption rate.
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When a dynamic equilibrium of SO, concentration is
achieved (i.e., dc;/0t and dc,/0t are constant) in the reservoir,
the concentration of SO, at the measurement point (c™) can
be achieved by a partial integration from x = 0 to x = &™

m
Vai+c1md>=c1in —&S
ot ot )

where V is the cell volume [cm?], ¢! is the “fresh” SO,
concentration [cm™] at the entrance of the PAC (x = 0), and
S is the partial integration surface from entrance to the
measurement point (cm?). The absorption-desorption effect
Oc,
ot
gas concentration ¢ and a higher gas flow rate @ can
effectively minimize the interaction processes of the target gas
with the PAC walls. Moreover, the effective adsorption rate
0c,/0t and PAC surface area S should be small, which can be
realized by using a PAC with a small size and a smooth inner
surface. In addition, because the SO, molecules move faster at
a higher environmental temperature, it makes the SO,
molecules easier to move out the reservoir and hence can
also reduce the absorption—desorption effect. The influences
of the gas flow rate and the environmental temperature on the
adsorption—desorption effect was studied experimentally in the
following section.

can be negligible if: ¢,"® >> 2. Therefore, a higher target

B EXPERIMENTAL RESULTS AND DISCUSSION

Influence of the Gas Flow Rate on Adsorption—Desorption
Effect. According to the conclusions of the theoretical model, a
higher gas flow rate is chosen to retard the adsorption—desorption
effect. As shown in Figure Sa, a continuous flow of pure N, and 25
ppm SO,/N, gas mixture was alternately fed into the PAC at three
different gas flow rates at 20 °C. First, the PAC was cleaned by pure
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Figure 5. (a) Investigation of the sensor response speed at 80, 250,
and 450 sccm gas flow rates. (b) Dependence of differential double-
resonator and single-resonator PAC noise on different gas flow rates.
The single-resonator PAC was designed with identical geometrical
parameters of the differential double-resonator PAC.
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N, for 1 h prior before the experiments, and then the signal was
recorded for 200 s. Afterward, three 25 ppm SO,/N, gas mixtures
were fed into the PAC at gas flow rates of 80, 250, and 450 sccm. For
the gas flow rate of 80 sccm, the gas mixture lasted for S0 min and was
then switched to pure N, for 17 min. For the gas flow rates of 250
sccm and 450 scem, the gas mixtures and pure N, were alternately fed
into the PAC and lasted for 10 min. It was observed that the time
needed for stable photoacoustic signal values were different for the
three different gas flow rates. A longer stabilization time was needed
for a relatively slow gas flow rate. The 25 ppm SO,/N, gas mixture
was continuously supplied into the PAC, and the photoacoustic
signals for the three different gas flow rates reached almost the same
values after ~2 h. Therefore, a higher flow rate is very helpful for the
detection of polar molecules by the photoacoustic trace gas sensor.
Furthermore, a high gas flow rate results in a short gas-exchange time
and thus improves the sensor response time.

In practice, the maximum gas flow rate was limited by the flow
noise, especially for the single-resonator PAC. A perfectly symmetrical
PAC can offer the possibility to significantly increase the signal-to-
noise ratio (SNR) by adopting a differential circuit.’” When the laser
modulation frequency is consistent with the fundamental vibration
frequency of the PAC, the maximum pressure oscillations are located
in the middle of each resonator, whereas the minimum oscillations are
located in both ends of the resonators. The pressure oscillations
produced by coherent noise such as gas flow noise, external noise, and
vibration are in-phase in two channels, while the pressure oscillations
generated by the targeted gas molecule exist only in the resonator
passed by the laser beam. As a result, the coherent noise is effectively
suppressed and thus improves the SNR. As shown in Figure Sb, the
gas flow noise of the developed PAC remained minimal at low flow
rates but increased rapidly when the gas rate was >1200 sccm. In
order to compare the flow noise, a single-resonator PAC with
identical geometrical parameters of the developed differential PAC
was designed. The gas flow rate noise is also shown in Figure Sb. An
obvious noise increase was observed when the gas flow rate >350
sccm, which may result in a serious adsorption—desorption
interaction of SO, with the PAC walls. The differential structural
PAC with a 3.4 times larger continuous gas flow rate indicated that
the differential design can effectively reduce the gas flow noise.

Influence of Temperature on Adsorption—Desorption
Effect. By increasing the environmental temperature of the PAC, a
thermodynamic effect occurred in which the gas molecule desorption
increases from the equilibrium state. For the PAS-based gas sensor,
the modulation frequency of laser must be tuned to the resonance
frequency. Because the PAC resonance frequency f is proportional to
the ratio of the sound velocity v and the resonator length L ( f=v/
2L), the resonator frequency is sensitive to temperature changes. A
fixed modulation frequency of QCL laser beam results in a decreasing
signal. Therefore, two PAC response curves were obtained at 20 and
50 °C and are depicted in Figure 6a. A frequency shift from f; = 1780
Hz to f, = 1827 Hz (Af = 47 Hz) was observed as a result of a change
of the PAC environment temperature. Moreover, the Q-factor of the
PAC remained at an almost unchanged level of 45 from 20 to 50 °C.
The same results were observed when the 50 ppm SO,/air was fed
into the PAC, which indicated that the developed sensor system can
also be used in air buffer gas. When the 50 ppm SO,/N, gas mixture
was fed into the PAC, and the gas flow rate was set as 80 sccm, a
higher environment temperature resulted in a faster signal increase as
shown in Figure 6b. Similarly, in the opposite direction, a rapid
decrease was observed when pure N, was fed into the PAC at 50 °C.

Sensor Performance Assessment. Different concentrations of
SO,/N, gas mixtures were fed into the differential PAC ranging from
0 to 20 ppm. The PAC environmental temperature was heated to 50
°C, and a gas flow rate of 600 sccm was chosen for the purpose of
reducing the response time and the adsorption—desorption effect. As
shown in Figure 7, the photoacoustic signal was continuously
recorded when the SO, concentrations were changed. A sensor
noise level of 1.15 4V (16) was obtained when pure N, was fed into
the PAC. The signal fluctuations at the high concentration levels
resulted from the gas dilution system because the dilution system

553

w4717 PAC signal at 20 °C
: ~——PAC signal at 50 C|

Signal (a.u.)
=
<

fo=1827Hz

-

0.4+ =44

0.2

(@)
0.0 L T T 2 T
1700 1800 1900 2000
Frenquency (Hz)
®=80 scem ——Signal at 20 °C

254 ¢=50 ppm SO/N, —— Signal at 50 °C
~ 204
S 0
E
= 151
=
20
£ 10

54
0- (b)
0 1000 2000 3000 4000
Time (s)

Figure 6. (a) Frequency response curves of the differential PAC at 20
and 50 °C. A 47 Hz resonant frequency shift was observed because of
an increase of environmental temperature. (b) Continuous photo-
acoustic signal recorded at 20 and 50 °C, when 50 ppm SO,/N, gas
mixture and pure N, were alternately fed into the PAC. The gas flow
rate was set at 80 sccm.
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Figure 7. Continuous SO, photoacoustic signals for different SO,
concentration levels ranging from 0 to 20 ppm recorded as a function
of time. The differential PAC was heated to 50 °C, and the gas flow
rate was set to 600 sccm.

requires some time to reach the setting value. A detection SNR of
2269 was achieved with a S ppm SO,/N, gas mixture, which resulted
in a mean signal amplitude of 2.61 mV. Accordingly, a minimum
detection sensitivity of 2.45 ppb was obtained with a 29.6 mW
excitation power, which corresponds to a normalized noise equivalent
absorption (NNEA) coefficient of 3.32 X 10~ cm™' W/Hz"? for SO,
detection at 50 °C.

In order to verify the developed SO, sensor linearity, different SO,
concentrations were fed into the PAC ranging from 0 to 40 ppm. The
SO, signals were recorded continuously for >600 s after the signal
amplitudes were stable and averaged for each concentration. As
plotted in Figure S4, a linear fitting R* value of 0.999 was achieved
with a slope of 0.584 mV/ppm and an intercept of 0.069 mV/ppm,
which confirmed that the sensor system responds linearly to SO,
concentrations.

Subsequently, a few experiments were performed to verify that the
SO, sensor has no cross-talk problem with other gases present in the
atmosphere. Because the water vapor concentration in ambient air is

https://dx.doi.org/10.1021/acssensors.9b02448
ACS Sens. 2020, 5, 549—-556


http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02448/suppl_file/se9b02448_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02448?fig=fig7&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b02448?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

0.5—4% with the variation of the geography, climate, and wet-season,
a humidifier was introduced to generate different H,O concentrations
in the 25 ppm SO,/N, sample. It turned out that the SO, signal
remained constant in the different humidity samples.** To check CH,
spectral interference, pure N, was first fed into the sensor system.
Then, 25 ppm SO,/N, gas mixture was introduced into the sensor
system. At last, the gas inlet of the PAC was switched to 30 ppm
CH,/N, gas mixture, as shown in Figure SS. The photoacoustic signal
was reduced to the 4V level and was the same as the signal in pure N,,
which indicated that there is no interference between the SO, and
CH, absorption lines. The signal interference from SO; and N,O
molecules can be ignored because their absorption lines are >500 nm
far away from the target SO, absorption line. In order to investigate
the long-term stability and precision of the developed SO, sensor
system, an Allan—Werle deviation analysis was performed when pure
N, was fed into the PAC. As shown in Figure S6, the SO, optimal
detection limit can reach the ppt level when the integration time is
>100 s.

A continuous monitoring of atmospheric SO, concentration levels
was carried out to validate the sensor performance in practical
application. The SO, sensor system was placed on the third floor of
Shaw Amenities Building of the Shanxi University, Taiyuan, China.
The gas sampling system of the PAC was connected to the outdoors
of building using a Teflon tube. A 3 um hydrophobic poly-
(tetrafluoroethylene) filter membrane was mounted at the upstream
of the PAC to remove the dust and soot particles. The continuous
measured SO, concentration curve (red line) with a 1 s acquisition
time and the reported SO, concentration levels by the China National
Environmental Monitoring Center are depicted in Figure 8. The
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Figure 8. Continuous SO, concentration monitoring measured by the
developed sensor system on the Shanxi University campus, Taiyuan,
China and the reported SO, concentration by two nearby China
National Environmental Monitoring Center.

measurement period was from November 26, 2019 to November 28,
2019. The two environmental monitoring stations A (Wucheng) and
B (Xiaodian) are ~3 and 7 km away from our developed sensor
system, where the station B is closer to the factory area. The
measurements of the SO, concentration levels at the monitoring
centers are based on a pulsed fluorescence method with ~1 min
response time, while their data updating rate was one data point per
hour, which implies that the data during every hour was averaged. As
shown in Figure 8, the variation trend of the SO, concentrations
measured by our sensor was in good agreement with that released by
the station A and B. Some details of the concentration fluctuations

from the local meteorological or traffic conditions were captured by
our developed sensor system because of the faster response time.
However, their counterparts cannot be observed on the data curves
from the monitoring centers because their data updating rate was
slow.

The SO, gas sensor performance developed in this paper is
compared with the previously demonstrated sensor system and shown
in Table 1. An optimum SO, detection limit of 2.45 ppb is at least 1
order of magnitude better than the other reported techniques.
Moreover, a fast data acquisition time of 1 s can further expand its
application prospect in practice.

B CONCLUSIONS

A ppb-level PAS-based sulfur dioxide (SO,) sensor system was
demonstrated by using a custom-made PAC and a mid-infrared
external cavity QCL. An excitation wavelength of SO, was
chosen at 7.41 um for the strongest line strength and without
signal inferences from SO;, H,0, CH,, and N,O. By using a
differential structural PAC, a high gas flow rate of up to 1200
sccm was achieved without the flow noise increasing, which is
~3.4 times higher than that of a single-resonator PAC. Two
comparative experiments were performed in order to study the
adsorption—desorption interaction processes of SO, with the
PAC walls because of the polarized molecular structure of SO,.
By using a higher gas flow rate and temperature, a reduced
adsorption—desorption effect was achieved. When the gas flow
rate was set to 600 sccm and the PAC was heated at 50 °C, a
minimum detection limit of 2.45 ppb was obtained (~30 times
lower than the QEPAS based SO, sensor with same absorption
line intensity’’) for a 1 s integration time, which corresponds
to a NNEA coefficient of 3.32 X 107 cm™ W/Hz!/%. Further
precaution of adsorption—desorption effect can be realized by
a design of a miniature polypropylene-made PAC instead of
stainless steel, which can be produced by a 3D printing
technique.**
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