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Abstract : According to the World Health Organization (WHO), air pollution is a typical health hazard, resulting in about 7
million premature deaths each year. Sulfur dioxide (SO>) is one of the major air pollutants, and the combustion process with
sulfur-containing fuels generates it. Measuring SO, generation in large combustion environments in real time and optimizing
reduction facilities based on measured values are necessary to reduce the compound’s presence. This paper describes the
concentration measurement for SO», a particulate matter precursor, using a wavelength modulation spectroscopy (WMS) of
tunable diode laser absorption spectroscopy (TDLAS). This study employed a quantum cascade laser operating at 7.6 um as a
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light source. It demonstrated concentration measurement possibility using 64 multi-absorption lines between 7623.7 and 7626.0
nm. The experiments were conducted in a multi-pass cell with a total path length of 28 and 76 m at 1 atm, 296 K. The SO,
concentration was tested in two types: high concentration (1000 to 5000 ppm) and low concentration (10 ppm or less).
Additionally, the effect of H,O interference in the atmosphere on the measurement of SO, was confirmed by N, purging the

laser’s path. The detection limit for SO, was 3 ppm, and results were compared with the electronic chemical sensor and

nondispersive infrared (NDIR) sensor.
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Figure 1. Contents of Beer-Lambert law and wavelength modulation
spectroscopy.
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Table 1. Conditions of quantum cascade laser, function generator and lock-in amplifier.

Conditions

1000-5000 ppm

Under 10 ppm

Laser wavelength

7623.7 - 7626.0 nm

Function senerator Ramp 15.5 Hz Ramp 20.6 Hz
unction generato Sine 61.5 kHz Sine 58 kHz
AC gain 0 dB AC gain 0 dB
. . Sensitivity 5 mV Sensitivity 10 mV
Lock in amplifier Time constant 1 ms Time constant 1 ms
Ref Phase +0.000° Ref Phase +0.000°
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Table 2. Fundamental vibrations, frequencies and description and assignments of the IR vibrational absorption spectrum of SO,.

Vibration Frequency (cm™) Wavelength (um) Description
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o S ol W7gst & ol A48 u+ yo E4, A8 . Temperatue 206K

4.1.1.50, =L 54 AHEH

SO= A (symmetrical)2] ¥] 4% (nonlinear) AF YA} EALZ2
1719] BH(S) YA 279 AHA(0) RS 2 Sk A
A= 3N-6709] A5 A3 (vibrational degrees of freedom)
£ ZF3l Table 29} Zo] 3719 7|& A% ljVJ(normal modes)
2 2t} 712 NE P P Fups 7w Fuis
(fundamental frequency)2} S} IR & —,4 ZQ Axs T4 A
HEHL 4, 74, 87 umS FA 02 HAYTH2324].

2t AHEGOE S0, JolE A4 THNA WAL T
% 720 g4 AMETo] EAYL. 24 71291 S0:9 A4
BAoIAS] 2l T5Ao] Qi The Fhaste] 1 RS o
QI57] s 1~9 um FHANAY] F T =296 K, 1 atm)
£ HITRAN databaseS 53| ¥-2 & A5 Figure 39 =
ARk 24 ARl SO= 4,74, 87 pm JAojq Z+z 1
x 107, 4% 107, 6x10* (cmv/mol)e] T T4 AZE 13
(peak)E Ho|x Qloh. 1Y 4 um JHY F F5¢ A==
NH;9] 33 &< AT 7Hdo] qlo] &7 B 2o g wd
ST 4 um & IS 7HAAL Hi7], 400 ColA SO E &
AYE A7 o, NH:oF 7Hdo] 7] "o 15kl
S0:t 27o0] FRsSATi[I]. Eat wiise] nalsle] ZS of
1400TE 1l 1204 24 77t WRsITh 8.6 pm A%
o F o ABEL 4 um o] F T ARG EAT
NH, §4A17F 24d0] QIck 74 um Fohe B Fo A
VT o AAske) el Ao 44 B4 2
43 SO, T 7] et A7 tiFER 7.1~7.5 pm Y
o4 AW THT-12]. SHAIT 7.1 ~7.4 pm FAE $0,9] 7F
Aol AL 7.4~75 um FFL2 296 KA 523 Ko.&2 L7}
210 109] B §4 AL 3~49 ZF5ed] SO,
F g AgwE 2] ol ASRE B0l Uk

¢

l‘

412.7.6um SO, E4 AHEH EM
‘H‘E A7 oAb ALEA SO, BE FHE ¢
do] £9 SO, T4 I % 74 pm 291 7.6 um 0|
Ai 7623.7~ 7626 nm QAL MAFA T o] Jolo] ZH
A},
1) AF2Hr} i
2) da IES

2219 1L S0, F B4 At ol ek
T W) 2 sh2e] 4ol Ak

=

| . co
I Co.
—
I O
o,
..

I so,
. so,
-

4.0x10%°

2.0x10%° 4

Linestrength, S(T) (cm/mol)

0.0
1000 2000 3000 4000 5000__6060~ 7000 8&00 9000
] Waverength (nm) \
2.4x 102 o= - Temperature : 296K
4x ® i so,
©
E 18x107
E
o
E
D4 2x10% -
£
£
c
5
& 6.0x10%
£
-
00 LU .
7623 7624 7625 7626 7627

Wavelength (nm)

Figure 3. Absorption line strength for (a) CO, CO,, H,O, NO, NO,,
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Table 3. Measured concentration and difference for WMS, electronic chemical sensor and NDIR.

Conc. (ppm) WMS E/C sensor NDIR Conc. (ppm) WMS E/C sensor NDIR
1003.2 1016.8 951 994 3.2 35 3 3.8
1504.8 1506.1 1400 1509 53 5.5 5 5.7
2508 2475.7 2320 2510 7.4 7.6 7 7.9
5016 5019.3 4678 5035 10.6 10.3 9 11

D‘ffﬁ/roe)me 0.70 6.60 0.41 leiﬁ/z‘)’me 1.17 8.10 9.21
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Nomenclature
TDLAS : tunable diode laser absorption spectroscopy
WMS : wavelength modulation spectroscopy
DAS . direct absorption spectroscopy
NDIR : non-dispersive infrared
E/C sensor : electronic chemical sensor

HITRAN database : high-resolution transmission molecular
absorption database

2f signal

1(0) : initial intensity

: second harmonic signal
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