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Abstract

:

A quartz-enhanced photoacoustic spectroscopy (QEPAS) sensor for H2S detection operating in near-infrared spectral range is reported. The optical source is an erbium-doped fiber amplified laser with watt-level optical power. The QEPAS spectrophone is composed of a quartz tuning fork with a resonance frequency of 7.2 kHz, a quality factor of 8500, and a distance between prongs of 800 µm, and two tubes with a radius of 1.3 mm and a length of 23 mm acting as an organ pipe resonator. With this spectrophone geometry, the photothermal noise contribution of the spectrophone was removed and the theoretical thermal noise level was achieved. The position of both tubes with respect to custom quartz tuning fork has been investigated as a function of signal amplitude, Q-factor, and noise of the QEPAS sensor when a high-power laser was used. Benefit from the linearity of the QEPAS signal to the excitation laser power, a detection sensitivity of 330 ppb for H2S detection was achieved at atmospheric pressure and room temperature, when the laser power was 1.6 W and the signal integration time was set to 300 ms, corresponding to a normalized noise equivalent absorption of 3.15 × 10−9 W cm−1/(Hz)1/2. The QEPAS sensor was then validated by measuring H2S in a biogas sample.
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1. Introduction


Hydrogen sulfide (H2S), a colorless, extremely toxic, acidic gas, is an important chemical raw material [1]. The monitoring of H2S is widely spread in iron smelters, landfills, petrochemical companies, and agriculture. H2S can cause serious harm to human health, even in low concentration levels [2,3]. According to the National Institute of Occupational Safety and Health, long-term exposition to concentrations up to 10 part-per-million (ppm) can cause human health damage, and more than 100 ppm H2S can lead to death [4]. Hence, applications of the accurate H2S monitoring require reliable, efficient, and highly sensitive sensing systems.



Currently, methods most commonly used to detect hydrogen sulfide in environmental samples include gas chromatography with electron capture detection [5], iodometric methods [6], the methylene blue colorimetric method [7], and potentiometric titration with a sulfide ion-selective electrode [8]. All these methods suffer from slow time response and short lifespan. In addition, gas chromatography tends to be costly, invasive, and occupy a large spatial footprint, thus cannot be used for real-time and in-situ applications.



Optical gas sensors based on laser absorption spectroscopy (LAS) can represent a suitable solution for in-situ and fast trace gas detection, since they exploit the laser’s narrow spectral resolution, allowing high sensitivity and selectivity [9,10,11,12,13,14,15]. In LAS, the gas concentration information is obtained by detecting the optical intensity via a photodetector. Among all LAS-based techniques, the optical sensors for trace gas detection can be divided in three major groups: (i) Direct absorption-based sensors, in which the laser beam passes through a single- or multi-pass absorption cell [16], (ii) cavity-enhanced based sensors, in which the gas cell is composed of a Fabry–Perot optical resonator [17], (iii) photoacoustic spectroscopy (PAS) sensors, where an acoustic cell is used to amplify sound waves generated by the gas itself when it absorbs intensity-modulated light [18]. Both multi-pass cells and optical cavities must be combined with optical detectors. The main strength of PAS is that no optical detectors are needed, and wavelength-insensitive microphones are used to detect the weak sound waves within the absorbing gas.



Quartz-enhanced photoacoustic spectroscopy (QEPAS) is an excellent alternative to the conventional PAS, which eliminates constraints due to the acoustic cell size because the weak photoacoustic signal is detected via a quartz tuning fork (QTF) instead of a microphone [19,20,21]. A laser beam is focused between QTF prongs and sound waves produced by the modulated absorption of the gas put the QTF prongs in vibration. When the laser modulation frequency is resonant with one of the in-plane anti-symmetrical flexural modes of the QTF, the QTF converts the vibration energy into electrical energy through the piezoelectric effect occurring in the quartz crystal [22,23]. Because of the quartz piezoelectric property, the strain induced by the acoustic wave hitting the QTF prongs generates electrical charges. QTF prongs are provided with golden patterns for collecting the electric charges and generating, in turn, an electrical signal. The electrical signal s will be proportional to the intensity of the sound wave by the relation: s = C·P·cgas·σ, where cgas is the gas concentration, P is the optical power, N the number of the molecule per unit volume and σ the optical transition cross-section [19].



To probe and amplify the sound wave generated between QTF prongs, an acoustic resonator system is usually coupled with the QTF. The acoustic system composed of a QTF and an acoustic resonator is referred to as a QEPAS spectrophone [24]. The acoustic resonators consist of two metallic tubes aligned perpendicularly to the QTF plane (dual-tube spectrophone) and the laser beam is forced to pass through the tubes (on-beam QEPAS configuration). For commercial QTF (resonance frequency f0 ~ 32,768 Hz), the dual-tube spectrophone can improve the QEPAS signal up to a factor of ~30 with respect to the bare QTF [25]. By using custom-made QTFs, this factor has been enhanced up to ~60 [26]. Furthermore, custom QTFs with large prong spacing have extended the QEPAS technique with a laser having poor spatial beam quality, such as LEDs or THz QCLs [27,28]. Large prong spacings, as well as large tube diameters, allowed to significantly reduce the stray light touching the spectrophone, leading to a strong reduction of the photothermal noise contribution [29].



QEPAS technique has been already used for H2S detection. De Cumis et al. [30] reported an H2S QEPAS sensor with a detection limit of 450 ppb with 3 s averaging times by using a single-mode, fiber-coupled, QCL operating at 7.89 μm. Spagnolo et al. [31] reported an H2S QEPAS sensor exploiting a custom QTF with a prong spacing as large as 700 µm and a THz QCL emitting at 2.91 THz. Detection sensitivity of 13 ppm with 30 s integral time has been reached. Such low detection limits have been achieved mainly because the line-strengths of the H2S lines located in the mid- and far-infrared spectral range are two or three orders of magnitude higher than that of the near-infrared H2S lines [32]. Even if the THz QCLs suffer from low power, strong and interferent-free absorption lines can be detected. Conversely, mid-IR QCLs can reach optical powers of few tens of milliwatts that compensate H2S absorption lines weaker than those in the THz range. The near-infrared range is a challenge for H2S detection both because diode lasers’ optical power levels are lower than QCLs and absorption lines are weaker than those falling in the mid-infrared spectral range. As the performance of QEPAS sensors linearly increases with the excitation laser, Wu et al. [33] reached an H2S detection limit of 142 part-per-billion (ppb) by exploiting an erbium-doped fiber amplifier (EDFA) coupled with a near-infrared diode laser, allowing to reach a watt-level excitation laser power. In addition, to get such detection sensitivity, the electrical modulation cancellation method was used to eliminate the high noise resulting from the stray light touching the QTF, which makes the sensor bulky and hard to use [34].



In this work, a fiber-amplifier-enhanced QEPAS sensor for H2S detection employing an erbium-doped fiber amplified distributed-feedback diode laser and dual-tube spectrophone with a custom QTF with a prong spacing of 800 μm is employed. The impact of the resonator tube position with respect to the custom QTF on QEPAS signal and QTF quality factor Q was investigated at different laser powers. The sensor was calibrated starting from a 50 ppm H2S:N2 certified gas mixture.




2. Description of Experimental System


The main requirement for a QEPAS sensor is to avoid spectral interference effects arising from other gas species, typically present at high concentration levels in ambient air (mainly H2O in 1%–2% range and CO2 in 300–400 ppm range) which can negatively affect the sensitivity and reproducibility performance of a QEPAS sensor. According to HITRAN database, H2S gas absorption line located at 6320.6 cm−1 with a line strength of 1.06 × 10−22 cm/molecule can be selected as the target detection line because the strongest water and CO2 lines nearby are located at 6319.3 cm−1 and 6319.2 cm−1 with line-strengths three and two orders of magnitude lower, respectively [32].



A schematic of the QEPAS sensor based on a near-infrared distributed feedback (DFB) laser and an EDFA for H2S detection is depicted in Figure 1. A DFB laser (model FITEL Inc. FRL15DCWD-A82) with a wavelength emission at 1.58 µm was used as the excitation laser. The laser was driven by a control electronics unit (CEU) connected to a computer via an RS232 serial port. The wavelength of the laser can be finely adjusted by setting the temperature and the DC current via the CEU. To scan across the selected absorption line, a low-frequency (0.2 Hz) ramp was provided to the laser current. A 2f wavelength modulation spectroscopy (2f-WMS) approach was adopted by applying a sinusoidal dither at half of the QTF resonance frequency to the laser driver current and by demodulating the QTF signal at the QTF resonance frequency by a lock-in amplifier, after being converted in a voltage signal by means of a transimpedance amplifier. For all measurements reported in this work, the lock-in detection bandwidth was set to 0.833 Hz (corresponding to a time constant of 300 ms). The laser beam was transmitted to the EDFA via an optical fiber to obtain an adjustable output power. Then, the laser beam was focused in the acoustic detection module (ADM), where the QEPAS spectrophone is located. The gas flow was set to 150 sccm while the pressure was stabilized to 760 Torr within the ADM. The laser beam passes through the ADM via two CaF2 windows located on both sides of the gas enclosure.



A custom QTF with a prong spacing of 800 µm was used to assemble the QEPAS spectrophone, as shown in Figure 2a,b [35]. The geometrical parameters (prong length and width and the prong spacing), and electrical parameters (resonance frequency, quality factor, and resistance) of the QTF, are listed in Table 1. As a comparison, the same parameters of a standard 32.7 kHz-QTF are also reported.



The prong spacing of custom QTF is 2.6 times larger than the standard 32.7 kHz-QTF (300 µm). This can be very useful when high-power lasers are used because a large prong spacing can reduce the portion of light hitting the internal surface of QTF prongs. When light touches the prong surface, a photothermal noise contribution is generated that can overwhelm the ultimate noise level, namely the thermal noise of the QTF, limiting the ultimate detection limit of the QEPAS sensor [36].




3. Optimization and Performance of the H2S Sensor


The QTF was coupled with a pair of resonator tubes to realize a QEPAS spectrophone, as shown in Figure 2c. As discussed, in on-beam configuration, the QTF is located between the tubes to probe the acoustic wave excited in the absorbing gas within the tubes. The internal diameter and the length of the two tubes influence the ultimate spectrophone performance [24,25]. For the custom QTF, Wu et al. [34] optimized the geometrical parameters. The study pointed out that both tubes must be 23 mm long and the optimal diameter must be 2.6 mm. In this way, the signal-to-noise ratio (SNR) increases by a factor of 40, compared to the case of a bare custom QTF. The results mentioned above are extremely useful in the design and assembling of the H2S QEPAS spectrophone. Hence, the geometrical parameters mentioned above were adopted in this work. The position of both tubes along the QTF axis, namely the axis parallel to the prong and passing between them, has to be optimized in terms of the QEPAS peak signal and noise. Hereafter, the QEPAS peak signal reported in all graphs corresponds to the maximum absorption in a spectral scan of the selected H2S absorption line. The position of tubes has to be moved from the top to the bottom, along the QTF axis between the two prongs. The distance between the center position of the tube and the top of the tuning fork is defined as y. The investigation was performed while a certified concentration of 50 ppm of H2S in nitrogen was flowing within the ADM, at atmospheric pressure. The experimental QEPAS peak signals, normalized to the highest value, at different tubes positions along the QTF axis are shown in Figure 3a. The QTF signal reaches its maximum value at y = 1.0 mm, then the signal decreases slowly with the increase of y, retracing the lateral displacement of a vibrating cantilever.



For each position, the QTF quality factor has been measured as a function of y, as shown in Figure 3b. When tubes are located close to the top of prongs (y = 0), the quality factor is the same as the bare QTF. The quality factor drops down to ~6300 at y = 2.0 mm, 1.0 mm far from where the maximum QEPAS signal has been recorded. Figure 3c reports the signal-to-noise ratio (SNR) as a function of tube position. When 0 < y < 1.4, the SNR increases until it reaches the maximum at y = 1.4 mm. When 1.4 mm < y < 2.1 mm, SNR changes less than 1% with respect to the maximum value. At y > 2.1, SNR gradually reduces. Hence, the QEPAS signal and the SNR reaches maximum values at different y values. This behavior can be explained by analyzing the noise level of the spectrophone. It has been acquired while pure nitrogen was flowing within the ADM, at atmospheric pressure. The noise measured when both the laser power was boosted at 1.6 W and when the amplifier was off is reported in Figure 4. As a comparison, the noise acquired with the spectrophone composed of the standard QTF and tubes 4.0 mm-long with an internal diameter of 800 µm is also reported, with the same experimental conditions [25].



When the optical power of the erbium-doped fiber amplifier is 1.6 W, the noise floor is 44 µV when the 32.7 kHz QTF-based spectrophone is used, 12.6 times higher than that measured for custom QTF-based spectrophone (3.5 µV). Hence, the ultimate noise level of the 32.7 kHz QTF-based spectrophone is clearly dominated by the photothermal noise contribution. With the custom QTF-based spectrophone, the noise floor increases from 2.32 µV to 3.5 µV when the laser power passes from 21 mW to 1.6 W, allowing to affirm that the photothermal noise contribution is negligible. The 1σ noise level of the custom QTF-based spectrophone increases from 2.1 μV to 2.6 μV when the power of the exciting laser varies from milliwatt level (21 mW) to watt level (1.6 W). These values are comparable with the theoretical thermal noise of 2.3 μV, estimated by using [19]:


     V  r m  2    =  R g      4  K B  T  R      Δ f   ,  



(1)




where Rg is the feedback resistor of the QTF amplifier, KB is the Boltzmann constant, T is the temperature, Δf = 0.833 Hz, and R is the electrical resistance. By modeling the QTF as an RLC series circuit, the electrical resistance can be related to the quality factor by the following relation:


  R =  1 Q     L C    ,  



(2)




where L is the QTF inductance and C its capacitance. Thus, variations of the quality factor affect the electrical resistance that in turn causes changes in the thermal noise. Thus, SNR in Figure 2c is affected both by QEPAS signal and quality factor, which have different trends as a function of y. This explains why SNR and QEPAS signal reaches their maximum values at different y positions.



The variation of QEPAS signal with the optical power of the exciting laser in the range 5 mW–1.6 W has been recorded at three different positions of tubes, y = 250 µm, 1.2 mm, and 2.25 mm. The results are plotted in Figure 5.



For each position, the QEPAS signal scales linearly with the laser power, with different slopes. Thus, at high optical power levels, the choice of the optimized tube position is more critical. Hereafter, the tubes will be located at y = 1.4 mm, where the maximum SNR was recorded. In the 2f-WMS technique, the QEPAS signal intensity is related to the laser modulation depth and the linewidth of the gas absorption line. Hence, the laser modulation depth was optimized at atmospheric pressure. The laser modulation depth optimization was carried out by varying the amplitude modulation of the current dither while a certified concentration of 50 ppm H2S:N2 was flowing in the ADM. The QEPAS peak signals of the 2f-WMS scan were acquired at different laser current modulation depths. The results are depicted in Figure 6.



The QEPAS signal rapidly rose as the current modulation depth increased and reached its maximum at 20 mA, which corresponds to a wavelength modulation depth of 0.33 cm−1. Different H2S concentrations in the range 0.5–50 ppm were generated by using a gas mixer generator, starting from a certified 50 ppm H2S in N2 mixture and by using N2 as the diluting gas. The peak values of the 2f scans were recorded at different H2S concentrations. For each concentration, the low-frequency ramp for wavelength scanning was repeated 50 times, and the peak values were averaged and plotted in Figure 7 at different H2S concentrations.



The best linear fit returns an R-square value of ~0.998, assessing the linearity of the sensor system response to H2S concentration levels. The intercept of the linear fit is 2.65 µV, comparable with 1σ noise level measured previously. Thus, a minimum detection limit (1σ value) of 330 ppb was estimated, corresponding to a normalized noise equivalent absorption (NNEA) coefficient is 3.15 × 10−9 W·cm-1/(Hz)1/2, with a laser power of 1.6 W.



The high power QEPAS-based H2S sensor was employed for measuring H2S in a biogas sample. Biogas utilization has undergone great development in China as it is very important for resolving the country energy problem in rural areas. An anaerobic ferment digester is the key component of household biogas digester in which human waste, livestock manure, and organic waste can be converted into biogas. CH4 and CO2 are the main ingredients of the biogas. However, H2S is usually contained in biogas. The H2S concentration can reach 200 ppm for the biogas which is converted via livestock manure. As H2S is dangerous to human health, detecting the H2S concentration in biogas is very important. A sample bag was used to collect the biogas sample from a household biogas digester which is built in a livestock farm. The biogas was pumped into the detection unit by a pump. The gas flow and the pressure in the gas enclosure were set at 150 sccm and 760 Torr, respectively. A full 2f H2S QEPAS spectrum was obtained when the laser wavelength was scanned from 6320.2 cm−1 to 6321.1 cm−1, as shown in Figure 8, at the best operating conditions.



Based on the QEPAS sensor response curve in Figure 7, the estimated H2S concentration of the sample biogas is 78.2 ppm.




4. Conclusions


A sensitive H2S trace gas sensor based on the QEPAS technique was realized. With Watt-level high-power lasers used as photoacoustic exciting laser, a QEPAS spectrophone composed of a QTF with 800 µm-prong spacing and tubes with diameters of 2.6 mm prevents the generation of large noise contribution caused by the light touching tubes. In this condition, the ultimate noise level of the sensor is determined only by the QTF Johnson noise. The impact of tube position with respect to bare custom QTF on signal amplitude, background noise and SNR of the QEPAS sensor was investigated. The analysis allowed to determine the position of tubes maximizing the SNR, which is useful in the assembly of the QEPAS spectrophone. With a laser power of 1.6 W, the sensor achieved an H2S detection sensitivity of 330 ppb at atmospheric pressure and room temperature, corresponding to an NNEA of 3.15 × 10−9 W·cm−1/(Hz)1/2. To demonstrate the capability of the reported sensor system for in-situ measurements, the calibrated QEPAS sensor was used to measure H2S in a biogas sample from a household biogas digester.
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Figure 1. Schematic of the quartz-enhanced photoacoustic spectroscopy (QEPAS) sensor architecture. EDFA: Erbium-doped fiber amplifier. TA: Transimpedance amplifier. 
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Figure 2. (a) Sketch of the custom QTF. (b) The photograph of the custom QTF. (c) The photograph of the acoustic detection module which includes a custom QTF and a pair of resonance tubes. 
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Figure 3. (a) QEPAS peak signal, (b) quality factor and (c) signal-to-noise ratio as a function of the position of tubes y, measured starting from the top of the QTF. The data shown in the above figure were obtained while 50 ppm of H2S in N2 was flowing within the acoustic detection module, at high optical power (1.6 W), atmospheric pressure and room temperature. 
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Figure 4. Noise level acquired for custom QTF-based spectrophone when the laser power is 21 mW (blue line) and 1600 mW (black line). Noise level for standard 32.7-kHz QTF-based spectrophone when the laser power is 1600 mW (red line). The data shown in the above figure was obtained while 50 ppm of H2S in N2 was flowing within the acoustic detection module, at atmospheric pressure and room temperature. 
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Figure 5. QEPAS signal plotted as a function of the laser power acquired at three different tube positions, 0.25 mm (▲), 1.20 mm (•), and 2.25 mm (■). Solid lines are best fits to experimental data. The data shown in this figure were obtained while 50 ppm of H2S in N2 was flowing within the acoustic detection module, at atmospheric pressure and room temperature. 
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Figure 6. QEPAS signal plotted at different current modulation depth. Solid line is a guide for eyes. The data shown in this figure were obtained while 50 ppm of H2S in N2 was flowing within the acoustic detection module, at high optical power (1.6 W), atmospheric pressure and room temperature. 
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Figure 7. QEPAS signal as a function of H2S concentration (●). Red solid line is the best fit of the experimental data. The data shown in this Figure was obtained at high optical power (1.6 W), atmospheric pressure and room temperature while the tubes were equipped at y = 1.4 mm. 
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Figure 8. 2f QEPAS scan of H2S absorption line in a biogas sample. The modulation depth and the power of the photoacoustic exciting laser were set at 0.33 cm−1 and 1.6 W, respectively. The data shown in this figure was obtained at atmospheric pressure and room temperature. 
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Table 1. Geometrical (prong length, prong width, and prong spacing) and electrical parameters (resonance frequency, quality factor, and electrical resistance) of the custom quartz tuning fork (QTF) and a standard 32.7 kHz-QTF.
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Prong Parameters

	
Electrical Parameters




	

	
Spacing s

(mm)

	
Length l

(mm)

	
Width w

(mm)

	
Frequency

(Hz)

	
Q Factor

	
Resistance

(KΩ)






	
Standard QTF

	
0.3

	
3.8

	
0.6

	
32.768

	
12.000

	
120




	
Custom QTF

	
0.8

	
10

	
0.9

	
7205

	
8500

	
290
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