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A B S T R A C T

Formaldehyde (H2CO) is a colorless gas with a strong irritating odor, widely used in furniture manufacturing and 
house decoration. Already at concentration in the few ppm range, H2CO represents great harm to human health, 
therefore, accurate measurement of formaldehyde concentration is of great significance for human safety. In this 
review, the laser-based spectroscopic techniques for formaldehyde gas detection were investigated, such as 
cavity ring-down spectroscopy (CRDS), cavity-enhanced absorption spectroscopy (CEAS), integrated cavity 
output spectroscopy (ICOS), tunable diode laser absorption spectroscopy (TDLAS), multi-pass cell absorption 
spectroscopy (MC), differential optical absorption spectroscopy (DOAS), non-dispersive absorption spectroscopy 
(NDAS), and photoacoustic spectroscopy (PAS). Among these techniques, the lowest detection limit achieved 
with an infrared laser source resulted in 28 ppt with a signal integration time of 40 s, and 210 ppt with an 
integration time of 30 s when using an ultraviolet light source.

1. Introduction

Formaldehyde (H2CO) is a colorless gas with a strong pungent odor 
[1], mainly derived from the direct release and photochemical oxidation 
reaction of alkanes and nitrogen dioxide (NO2), resulting as one of the 
most abundant aldehydes in the air [2]. It is easily soluble in water, 
alcohol and ether. Besides, it is an explosive, flammable, toxic and 
corrosive chemical gas [3]. H2CO has been widely used in furniture 
manufacturing and house decoration, and a valid substitute for H2CO 
has not yet been found [4]. Therefore, H2CO is one of the most critical 
pollutants in new houses, and its accumulation in the indoor environ-
ment can exceed the limit imposed by the standard for human health 
[5]. H2CO has been identified as a human carcinogen and teratogen by 
the World Health Organization (WHO), as well as one of the potentially 
strong mutagens [6]. The WHO requires that the concentration of H2CO 

in residential areas must not exceed 80 part-per-billion (ppb) within 30 
min [7]. According to American Conference of Governmental Industrial 
Hygienists (ACGIH) formaldehyde concentration should not exceed 300 
ppb at any time. Therefore, the accurate measurement of the H2CO 
concentration in the indoor environment is of great significance for 
human health. In addition, H2CO has also been identified as a potential 
biomarker in human breath analysis. For example, in the breath exhaled 
by breast cancer patients, H2CO concentration levels were observed to 
be approximately 1 part-per-million (ppm), whereas normal levels are 
typical at the level of several tens of ppb [8]. A sensitive and reliable 
human respiratory H2CO analyzer can provide an effective method for 
non-invasive, real-time disease diagnosis and metabolic status 
monitoring.

At present, the main H2CO detection methods include spectropho-
tometer [9,10], colorimetric [11], gas chromatography analysis [12], 
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electrochemical analysis [13], and so on. Among these sensing tech-
niques, the spectrophotometer method needs to collect H2CO and then 
treats it with iodine solution and sodium thiosulfate standard solution 
[14], which is not suitable for online, real-time measurement in indus-
trial field. In 2022, C. Yuan et al. [15] achieved an ultimate H2CO 
detection limit of 0.03 ppm by ultraviolet and visible (UV–vis) spec-
trophotometry in liquid media, but this method is limit to deal with 
H2CO in liquid media, that is to say, H2CO must undergo pre-treatment. 
The colorimetric method also needs to collect H2CO and is not suitable 
for quantitative analysis. In 2024, F. Li et al. [16] realized a colorimetric 
sensor by using affordable and eco-friendly sodium alginate as a porous 
matrix, achieving a sensitivity of 0.02 ppb and a detection limit of 0.06 
ppb, but the optimal detection time has reached 30 min. The gas chro-
matography analysis has high requirements for equipment, long pro-
cessing time, cumbersome extraction and fussy operation steps and 
processes [17], thus not suitable for real-time detection. In 2019, H. Zhu 
et al. [18] achieved a H2CO detection limit of 0.5 ppb with a signal-to- 
noise ratio of 6 based on heart-cutting 2-dimensional gas chromatog-
raphy, but 11 min measurement duration makes it impossible to achieve 
real-time detection. The electrochemical analysis method cannot be 
applied to quantitative analysis, and suffers from interferences coming 
from other gas species. Besides, the poisoning phenomenon will occur 
with high H2CO concentrations, leading to a failure of the monitoring. 
Moreover, electrochemical analysis requires large gas flow to be purged 
each time the device is turned on, in order to ensure the stability of the 
signal baseline [19]. In 2023, J. Chen et al. [20] developed a electro-
chemical sensor with a detection limit of 11 ppb (S/N = 3), but the 
calculated relative standard deviation has reached 3.6 % when testing 
10 times in a 5 ppm H2CO concentration. In conclusion, none of the 
above measurement methods can be efficiently use for on-site real-time 
detection of H2CO.

With the rapid development of laser sources, several spectroscopic 
techniques based on the optical absorption started to growth, with the 
advantages of high sensitivity, good selectivity and fast response time 
[21–24], these optical techniques are currently used in several fields, 
such as atmospheric environment monitoring [25–27], industrial pro-
cess control [28,29], non-invasive medical diagnosis [30–34], and life 
science. The most performant laser-based spectroscopic techniques 
[35–39] include cavity ring-down spectroscopy (CRDS) [40], cavity- 
enhanced absorption spectroscopy (CEAS) [41], integrated cavity 
output spectroscopy (ICOS) [42], tunable diode laser absorption spec-
troscopy (TDLAS) [43], multi-pass cell absorption spectroscopy (MC) 
[44], differential optical absorption spectroscopy (DOAS) [45], non- 
dispersive absorption spectroscopy (NDAS) [46] and photoacoustic 
spectroscopy (PAS) [47–49].

In this review, the most effect optical absorption techniques for 
H2CO sensing will be classified and discussed in terms of the main fig-
ures of merit, namely the type of laser source, the ultimate detection 
limit and the signal integration time.

2. Formaldehyde absorption spectra

Laser-based absorption spectroscopic techniques are based on the 
Lambert-Beer law [50]: 

I(ν) = I0(ν)⋅ exp(− α(ν)⋅ L), (1) 

where ν is the wavenumber of the incident wave, L is the optical path 
length of the gas cell, I0(ν) is the incident laser light intensity, I(ν) is the 
light intensity transmitted by the absorption cell, α(ν) is the absorption 
coefficient of the gas species, which can be expressed as: 

α(ν) = N ⋅σ(ν), (2) 

where N is the target gas molecule density, σ(ν) is the absorption cross- 
section of the gas species. The absorption cross-section represents the 
strength of the optical transition: thereby the choice of one of the 

strongest absorption features, possibly spectrally free from other inter-
ferents, determines the laser source to be used in the spectroscopic 
apparatus. The H2CO molecule presents strong absorption lines from the 
ultraviolet to the infrared region. R. Meller et al. [51] measured the 
ultraviolet absorption cross sections of H2CO in the wavelength range of 
225–375 nm with a spectral resolution of 0.025 nm at a temperature of 
298 K using a diode array detector. The spectral dependence of the H2CO 
absorption cross section in the ultraviolet region is shown in Fig. 1, with 
a peak value of 7.23 × 10-20 cm2molecule-1 around 304 nm. Neverthe-
less, the NO2 molecule is the main interference source in the ultraviolet 
spectral region (as also reported in Fig. 1), with broad spectral features 
in the range 320–360 nm [52].

The absorption coefficient of H2CO in the infrared region are re-
ported in the HITRAN database [53]. The strongest absorption features 
of H2CO are in the wavelength range of 3200–4000 nm and 5250–6250 
nm, as reported in Fig. 2. The specific absorption cross-sections of 
formaldehyde at 3.57 μm and 0.304 μm are 31.64 × 10-20 cm2molecule-1 

and 7.23 × 10-20 cm2molecule-1, respectively.
The region centered at 3.55 μm apparently consists of different 

partially overlapping absorption features, giving rise to a broad, uneven 
band from 3.3 μm to 3.8 μm. Conversely, the spectral region at 5.7 μm 
shows the two well-defined P- and R-branch, separated by a somewhat 
intense central Q-branch with a peak value of 67.54 × 10-20 cm2mole-
cule-1 around 5.73 μm, 2.1 and 9.3 times more intense of the peak value 
at 3.57 μm and 0.304 μm, respectively.

3. Laser-spectroscopy-based formaldehyde gas sensing 
techniques

A variety of laser-based absorption spectroscopic techniques for 
high-precision, real-time detection of H2CO have been reported in 
literature, which are mainly divided into two categories, the direct ab-
sorption spectroscopy and the indirect absorption spectroscopy tech-
niques [54]. Direct absorption spectroscopy obtains information, such as 
the gas species composing a mixture and its concentration, by 
comparing the spectral dependence of the light transmitted through the 
gas medium, I(ν), and the light incident on the gas cell, I0(ν), according 
to the Lambert-Beer law (see Eq. (1). The most used spectroscopic 
techniques based on direct absorption are: CRDS, CEAS, ICOS, TDLAS, 
MC, DOAS and NDAS. Indirect absorption spectroscopy retrieves the 
same information on a gas sample by analyzing the energy released by 

Fig. 1. The red line indicates the absorption cross section of H2CO in the ul-
traviolet region of 225–375 nm. The blue line indicates the absorption cross 
section of NO2 in the ultraviolet region of 320–360 nm. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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gas molecules after the light absorption in the cell. The non-radiative 
relaxation of the excited molecules gives rise to the generation of both 
thermal waves, detected in photothermal spectroscopy, and acoustic 
waves, detected in conventional photoacoustic spectroscopy, and in its 
two variants, quartz-enhanced photoacoustic spectroscopy (QEPAS) and 
cantilever enhanced photoacoustic spectroscopy (CEPAS). As the dis-
cussion in the second section, formaldehyde has obvious absorption 
characteristics in both ultraviolet and infrared regions, and these ab-
sorption characteristics determine the choice of the light source band of 
laser-spectroscopy-based formaldehyde gas sensing techniques, which 
will be discussed below.

3.1. Use of infrared light for formaldehyde gas sensing

Fig. 2 shows the spectral dependence of the H2CO absorption cross 
section in the infrared region, with a peak value of 67.54 × 10-20 

cm2molecule-1 around 5.73 μm, 2.1 and 9.3 times more intense of the 
peak value at 3.57 μm and 0.304 μm, respectively. Due to the obvious 
absorption characteristics in the infrared region, infrared light has been 
more widely used in the analysis of formaldehyde gas spectral charac-
teristics than UV light. During our investigation, laser-spectroscopy- 
based formaldehyde gas sensing techniques using infrared light sour-
ces that have been reported are mainly divided into two categories, the 
indirect absorption spectroscopy and the direct absorption spectroscopy 
techniques, such as conventional PAS, QEPAS, CEPAS, CRDS, ICOS, 
DOAS, CEAS, TDLAS and MC.

3.1.1. Indirect absorption spectroscopy
Indirect absorption spectroscopy measures changes in a related 

property of the gas sample caused locally by the optical absorption, 
rather than directly measuring the absorption of light. The excited 
molecules relax the excess of energy in non-radiative pathways, gener-
ating a local thermal diffusion and a sound wave propagation. By 
correlating these changes with the concentration or characteristics of the 
analyte, indirect absorption spectroscopy can provide information about 
the sample composition, concentration, or other relevant properties 
[55].

Conventional PAS basically uses a resonant photoacoustic cell as gas 
cell, and a microphone placed at the antinode point of the sound wave 
pattern created within the cell at the resonant frequency. The laser beam 
passes though the PAS cell and the molecules of the analyte are excited 
and subsequently they relax. If the laser beam is intensity-modulated, 
the molecules will experience an alternation of excitation and no- 
radiative relaxation, generating a pressure wave propagating within 
the PAS cell. If the laser is intensity-modulated at the resonance fre-
quency of the PAS cell, the sound wave will be amplified [56]. The 

amplified PAS signal amplitude is proportional to the Q-factor value of 
the photoacoustic cell. In addition, a PAS cell has the structure of a gas 
buffer, which can effectively reduce the influence of both the environ-
ment noise within the bandwidth of the PAS cell, and the optical noise 
caused by the window absorption [57]. In 2006, M. Angelmahr et al. 
[58] realized a PAS sensor for H2CO detection by using a grazing- 
incidence optical parametric oscillator (GIOPO) pumped at a high 
repetition rate as the light source. The H2CO absorption line of 2805.0 
cm− 1 was selected. A differential PAS cell was employed to effectively 
reduce electronic and acoustic noise, whose resonator tubes had an in-
side diameter of 5.5 mm and a length of 40 mm. The longitudinal 
acoustic resonance of the resonator tube was near 3.8 kHz. The final 
experimental results show that the detection limit of H2CO is 3 ppb for a 
3 s lock-in time constant at 3 min acquisition time.

QEPAS is a variant of PAS that uses a quartz tuning fork (QTF) to 
detect sound wave within the gas cell, instead of a microphone [59–62]. 
Therefore, the laser modulation frequency needs to be set to one of the 
resonant frequencies of the QTF or its sub-harmonics [63,64]. With the 
laser beam focused between the two prongs of the QTF, the generated 
acoustic wave causes the two QTF prongs to undergo natural oscillation 
motion, and a strain field is generated along the prongs, which in turn 
creates local changes in the quartz on the surface of the QTF [65–67]. 
These charges can be collected along the electrical contact deposited on 
the QTF prongs. As a result, the photoacoustic signal demodulated at the 
resonance frequency of the QTF, or one of its harmonics, will be pro-
portional to the absorbing gas concentration. In 2004, M. Horstjann 
et al. [68] realized a QEPAS sensor with a continuous-wave mid-infrared 
DFB ICL as the light source for the detection and quantification of H2CO. 
The QEPAS sensor is shown in Fig. 3. The detection module is composed 
by a standard 32.7 kHz-QTF with a Q-factor of 16725. The ultimate 
detection limit was 0.6 ppm with a 10 s signal integration time and a 
light power of 3.4 mW. The performance of a QEPAS sensor can be 
further improved by acoustically coupling the QTF with a pair of micro- 
resonator tubes and by lowering the QTF resonance frequency, keeping 
high its quality factor [69,70].

CEPAS is another variant of PAS that uses a cantilever as microphone 
[71]. The sound waves generated within the gas due to the photo-
acoustic effect will put the cantilever into vibration. The displacement 
field of the cantilever can be measured by a miniature Michelson 
interferometer, whose phase signal will be proportional to the concen-
tration of the absorbing molecules. In 2013, C. B. Hirschmann et al. [72] 
introduced a sensitive H2CO CEPAS sensor, as shown in Fig. 4. The 
CEPAS sensor uses a mid-infrared QCL as the light source tuned to H2CO 
band at 1773.96 cm− 1. The PAS cell has a cylindrical shape with 4 mm 
diameter and 95 mm length. They reached an ultimate detection limit of 
1.3 ppb with 1 s integration time.

Fig. 2. Absorption coefficient of H2CO in the infrared region of 3200–4000 nm and 5250–6250 nm.
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3.1.2. Direct absorption spectroscopy
As already discussed, in direct absorption spectroscopy, the attenu-

ation of light is related to the properties of the gas species by means of 
the Beer-Lambert law (Eq. (1). For each spectral component of incident 
light, the intensity of the light passing through the gas absorption cell is 
measured. Then, the intensity of the light transmitted by the sample cell 
is also measured for the same spectral components. A direct comparison 
of both measurements allows the determination of the concentration of 
the absorbing gas species. Several direct absorption spectroscopy tech-
niques that have been applied to H2CO detection are described below.

CRDS is a highly sensitive gas sensing technique based on direct 
absorption first proposed in the late 1980 s [73]. The specific spectral 
component of the absorption coefficient of a gas species trapped in an 
optical cavity is calculated by measuring the ring-down rate (ring-down 
decay time) of the intensity of a light pulse which will decrease after 
every round trip in the cavity: the sum of the all contributions trans-
mitted by the output mirror after each round trip gives rise to an 
exponential envelope of the light intensity that can be detected by a fast 
photodetector. The ring-down rate depends on the reflectivity of the 
ring-down cavity mirrors and the absorption coefficient of the gas me-
dium in the cavity, but is independent to the incident light peak in-
tensity. Therefore, the measurement result of the CRDS is not affected by 
fluctuations of the incident laser intensity, guaranteeing high sensitivity 
and low noise level [74]. In 2002, H. Dahnke et al. [75] used CRDS for 

H2CO detection for the first time. The schematic diagram of the sensing 
system is depicted in Fig. 5. (a). This CRDS-based sensing system uses a 
tunable CO-overtone sideband laser at 3 μm as the light source. The 
reflectivity of both cavity mirrors is 99.954 % at 2850 cm− 1, which 
corresponds to the effective optical absorption intracavity path length of 
1.2 km. A minimum detectable absorption coefficient of 7 × 10-9 cm− 1 

was estimated at an integration time of 1 s, which corresponds to a 
detection limit of 2 ppb in ambient air. In 2007, W. Zhou et al. [76] used 
an optical parametric oscillation (OPO) source for generating wide- 
tuned, narrow linewidth mid-infrared radiation from 2.2 to 4.0 μm in 
a CRDS setup for H2CO detection near the absorption peak at 2914.46 
cm− 1, schematically reported in Fig. 5. (b), resulting in a minimum 
detection limit of 72 ppb.

CEAS uses an optical cavity to increase the absorption path between 
the laser and the gas medium, thereby enhancing the interaction be-
tween them [77]. As in CRDS, the absorbing gas species is placed in a 
high-finesse optical cavity bounded, in the linear configuration, by two 
high reflective mirrors. Contrary to the CRDS method, here the ab-
sorption is calculated from the mirror-transmitted intensity. CEAS can 
achieve ultra-long optical paths allowing the boosting of the detection 
sensitivity [78]. One of the main drawbacks of CEAS is the locking of the 
laser mode to the optical cavity mode. In 2018, Q. He et al. [79] applied 
a Pound-Drever-Hall (PDH) locking technique in CEAS, which can lock 
the laser mode to optical cavity mode based on dual-feedback control. 
The PDH system structure is shown in Fig. 6. (a). The PDH mixes the 
signal of the function generator with the photodetector signal, and uses a 
low-pass filter to generate an error signal, which is further processed by 
the PID controller and fed back to the laser current driver for the fre-
quency locking. On the other hand, the low-pass filter is also used to 
extract the amplitude of the error signal, to be sent to the PID controller, 
which drive the PZT controller for locking the cavity length to the laser 
mode. The optical cavity has an effective optical path length of 20 m 
with a cavity length of 2 cm, and a finesse of 1,572. By using the Allan- 
Werle variance analysis, a detection limit of 25 ppb with an averaging 
time of 1 s was obtained. It can be lowered down to 2.8 ppb when the 
averaging time increases to 200 s. In 2021, Q. He et al. [80] proposed a 
mid-infrared H2CO detection system based on the coaxial mode-locked 
CEAS, sketched in Fig. 6. (b). The system uses a dynamic PDH locking 
system to periodically modulate the cavity length in a small range 
through low-frequency saw-tooth wave signal; as a result, the cavity 
resonant frequency changes slowly back and forth nearby the H2CO 
absorption peak. A minimum detection limit of 52.8 ppb was achieved 
with an integration time of 1 s, reduced to 3.3 ppb with an integration 
time of 14 s.

ICOS involves trapping light within a high-finesse optical cavity, 
allowing for extended interaction between the light and the gas sample. 
As the gas absorbs specific wavelengths of light, the intensity of the 
transmitted light decreases, providing information about the gas con-
centration [81]. In 2006, J. H. Miller et al. [82] used the off-axis and 
integrated cavity output spectroscopy for H2CO detection. The laser 
beam is directed into the cavity at a certain angle with respect to the 
cavity axis, which can increase the spectral density of cavity mode, 
thereby minimizing the noise in the absorption spectrum. As shown in 
Fig. 7. (a), the interband cascade laser (ICL) beam is directed into the 
ICOS gas cell and detected by a InSb detector. The ICL source provides a 
single mode, output power of 12 mW at 2832.8 cm− 1; the wavenumber 
can be tuned from 2831.8 to 2833.7 cm− 1 by varying the ICL injection 
current at a fixed temperature. The H2CO absorption line at 2832.483 
cm− 1 was targeted, achieving a minimum detection limit of 50 ppb at 3 s 
integration time. In 2022, G. Li et al. [83] firstly developed a highly 
sensitive real-time sensor to detect H2CO in human exhaled breath based 
on wavelength modulation spectroscopy and off-axis integrated cavity 
output spectroscopy (WM-OA-ICOS). The system adopted a 5.85 μm 
quantum cascade laser (QCL) and an off-axis integrated cavity, as 
depicted in Fig. 7. (b), achieving a detection limit of 140 part-per-trillion 
(ppt) with an 88 s integration time. The experimental results of exhaled 

Fig. 3. The typical quartz-enhanced photoacoustic spectroscopy gas 
sensor system.

Fig. 4. The typical cantilever enhanced photoacoustic spectroscopy gas 
sensor system.
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gas showed relatively good differences, indicating the application 
prospect for early screening of lung cancer.

In DOAS, a light source with known spectral characteristics is 
directed through the gas sample. By comparing the spectrum of the 

incoming light with a reference spectrum measured when the optical 
pathlength is free of the gas of interest, DOAS can detect and quantify 
the concentration of trace gases based on the characteristic absorption 
features in the spectrum [84]. In 2007, C. Yang et al. [85] proposed a 

Fig. 5. The typical cavity ring-down spectroscopy gas sensor system.

Fig. 6. The typical cavity-enhanced absorption spectroscopy gas sensor system.

Fig. 7. The typical integrated cavity output spectroscopy gas sensor system.

Fig. 8. The typical differential optical absorption spectroscopy gas sensor system.
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DOAS sensor for indoor air quality detection, shown in Fig. 8. (a). They 
achieve highly sensitive monitoring of various indoor pollution gases 
such as H2CO, NO2, and SO2. In 2017, M. Qin et al. [86] used a DOAS 
sensor, shown in Fig. 8. (b), for the real-time monitoring of indoor H2CO 
concentration.

Our investigation shows that TDLAS is the most widely used among 
laser-spectroscopy-based formaldehyde gas sensing techniques, and 
almost all reported TDLAS technologies use infrared light sources. 
TDLAS operates by passing a laser beam through the sample gas, and the 
absorption of specific wavelengths of light by the gas molecules is 
measured. By tuning the laser’s wavelength across absorption lines of 
the target gas, TDLAS can selectively detect and quantify the concen-
tration of that gas in the sample. TDLAS technology can operate in 
amplitude modulation (AM), frequency modulation (FM) and wave-
length modulation (WM) [87]. In AM spectroscopy, the intensity of the 
light source is modulated at a specific frequency, typically by means of 
an optical chopper. In WM and FM spectroscopy, the laser source is 
modulated in wavelength, typically by applying a sinusoidal modulation 
to the laser current. As the laser wavelength changes, it interacts with 
the sample gas, causing variations in the intensity of the transmitted 
light. The main difference between WM and FM is in the modulation 
frequency: WM uses modulation frequency in the kHz range, while FM in 
the MHz or even GHz range. In WM- or FM-TDLAS, the absorption cell 
containing the gas sample is usually a multipass cell (MC). A MC en-
hances the interaction between light and a sample by increasing the path 
length of the light through the sample. It typically consists of two mir-
rors arranged in a linear configuration. The laser beam passes through 
the gas sample multiple times, bouncing back and forth between the 
mirrors, effectively extending the path length, and enhancing the 
sensitivity of the TDLAS. The most used MC configurations are the White 
and the Herriott cell. Dense pattern multi-pass cells based on aberration 
theory [88] have been also recently proposed.

The White MC typically consists of a cylindrical chamber with mul-
tiple highly reflective mirrors arranged in a specific configuration. It 
employs spherical mirrors positioned at angles that allow light to be 
reflected multiple times within the chamber. This design minimizes 

optical aberrations and improves the uniformity of light distribution 
within the cell, enhancing the performance and accuracy of spectro-
scopic measurements. In 1989, G. W. Harris et al. [89] realized a TDLAS 
sensor for H2CO detection with a White cell to improve the effective 
absorption optical path length up to 33.5 m optical path length. The 
scheme of the setup is reported in Fig. 9. (a). The experimental results 
showed a detection limit of 0.25 ppb with an integration time of 3 min. 
In 1999, P. Werle et al. [90] used the antimonide semiconductor laser 
with continuous-wave emission in the spectral range of 3–4 μm as the 
light source of the TDLAS system and a White cell to increase the ab-
sorption pathlength, as depicted in Fig. 9. (b). The Allan-Werle variance 
analysis reported a H2CO detection limit of 120 ppt with 40 s integration 
time. In 1997, Y. Mine et al. [91] realized highly sensitive detection of 
H2CO with a minimum detectable concentration of 30 ppb by using a 
multi-pass cell with an effective absorption path of 18.3 m and a mid- 
infrared light source with a central wavelength of 3.5 μm. The sche-
matic diagram of the setup is shown in Fig. 9. (c). In 2016, K. Tanaka 
et al. [92] realized a compact multi-pass cell with a pair of cylindrical 
mirrors with an effective absorption path length of 9.8 m, used in a WM- 
TDLAS setup depicted in Fig. 9. (d) to targets the absorption line of H2CO 
at 2979.663 cm− 1. They reached a detection limit of 73 ppb at 3 kPa. S. 
Li et al. [93] also designed a TDLAS sensing system using a White MC 
with an effective absorption path of 2.5 m in 2019. The system uses a 
tunable FP filter to simultaneously measure the absorption spectra of 
CH4, H2CO and CO2 in the range of 3.1–4.4 μm. The experimental results 
showed a detection limit of 900 ppm for H2CO concentration 
measurement.

The Herriott MC consists of two spherical mirrors positioned at each 
end of a cylindrical chamber. The mirrors are typically highly reflective, 
ensuring multiple reflections of the light within the chamber. The light 
enters the Herriott MC and undergoes multiple reflections between the 
two mirrors before exiting. The Herriott configuration effectively ex-
tends the path length of the light through the sample, enhancing the 
interaction between the light and the sample molecules. In 2000, D. G. 
Lancaster et al. [94] used a Herriott cell with an effective absorption 
optical path length of 100 m in a WM-TDLAS setup for H2CO detection at 

Fig. 9. The typical tunable diode laser absorption spectroscopy gas sensor system.
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2831.64 cm− 1. The schematic diagram of the system is shown in Fig. 10. 
(a). The minimum detectable absorbance of H2CO was in the 0.7–1.3 ×
10-5 range at 40 Torr. In 2001, D. Rehle et al. [95] used an Herriott cell 
with an effective pathlength of 100 m to achieve a H2CO detection limit 
of 0.32 ppb at an integration time of 20 s, with a setup sketched in 
Fig. 10. (b). In 2002, D. Richter et al. [96] also used a Herriott cell with 
an effective absorption optical path length of 100 m to detect H2CO. The 
sensing system uses a mid-infrared laser source with a central wave-
length of 3.5 μm as the excitation light source. A minimum detection 
limit of 74 ppt was achieved for a averaging time of 60 s. In 2014, J. Li 
et al. [97] realized a H2CO sensor based on WM-TDALS by using a 
Herriott cell with effective absorption optical path length of 36 m. The 
system structure is shown in Fig. 10. (c). They reached a detection limit 
of 2.5 ppb detection in less than a 1 s integration time. In 2020, M. 
Winkowski et al. [98] described a H2CO WM-TDLAS based sensor 
specially designed to detect cancer biomarkers in the air exhaled from 
human lungs. The schematic diagram of the system is shown in Fig. 10. 
(d). The system uses a Herriott cell with an effective absorption optical 
path length of 17.5 m to measure the H2CO in the spectral range of 
3595.77–3596.20 nm, with a minimum detection limit of 6.6 ppb.

A dense pattern MC employs an arrangement of mirrors to achieve a 
dense spot patterns and create a highly folded optical path within a 
relatively compact volume. As a result, a dense pattern MC allows to 
increase the mirror utilization rate and reduce the overall size of the 
multi-pass cell. In 2015, W. Ren et al. [99] designed a H2CO WM-TDLAS 
based sensor using a dense pattern multi-pass cell with an effective ab-
sorption path length of 3.75 m, shown in Fig. 11. (a). By targeting the 
H2CO absorption line at 2778.5 cm− 1, a minimum detection limit of the 
system of 6 ppb was obtained with a 1 s acquisition time, that can be 
lowered to 1.5 ppb by increasing the integration time up to 140 s. In the 
same year, L. Dong et al. [100] used a dense pattern multi-pass cell with 
an effective absorption path length of 54.6 m to detect H2CO with WM- 
TDLAS approach. The schematic diagram of the system device is shown 
in Fig. 11. (b). The H2CO detection limit was 2.5 ppb with the integra-
tion time of 1.5 s. In 2023, K. Duan et al. [101] proposed a battery- 
driven, portable optical gas sensor for ppb-level H2CO diagnostics. The 

schematic diagram of the sensor system is shown in Fig. 11. (c). The 
system uses a mid-infrared ICL with a central wavelength of 3.6 μm as 
the light source, and a dense pattern multi-pass cell with the effective 
absorption path length of 26.4 m. The minimum detection limit of the 
system for H2CO detection was 1.42 ppb with an integration time of 0.2 
s. T. Wu et al. [102] also reported a trace H2CO detection system using a 
dense pattern multi-pass cell as shown in Fig. 11. (d). The system used a 
quantum cascade laser (QCL) with a central excitation wavelength of 
5.68 μm, targeting the absorption line of H2CO at 1759.73 cm− 1. With 
an effective absorption optical path length of 67 m, a minimum detec-
tion limit of 28 ppt was reached with a 40 s integration time. The 
sensitivity can meet the requirements of the trace H2CO detection in the 
atmospheric environment. In the same year, B. Fang et al. [103] ach-
ieved a detection limit of 650 ppt using a compact improved spherical 
mirror multi-pass cell with an optical absorption path length of 50.6 m. 
Notably, the optical case dimension of this sensor is just 46 × 28 × 16 
cm3, making it highly conducive to portable use and expanding its po-
tential applications across diverse scenarios.

3.2. Use of UV light for formaldehyde gas sensing

Fig. 1 shows the spectral dependence of the H2CO absorption cross 
section in the ultraviolet region, with a peak value of 7.23 × 10-20 

cm2molecule-1 around 304 nm. In our investigation, laser-spectroscopy- 
based formaldehyde gas sensing techniques using UV light sources that 
have been reported are: conventional PAS, NDAS, CRDS, DOAS and 
CEAS. In 1988, M. Boutonnat et al. [104] first applied UV light to 
formaldehyde gas detection, who reported on an experimental scheme 
for quantitative measurement of H2CO gas in a mixture of NO2, CH3CHO 
and N2. The experimental setup is shown in Fig. 12. The system uses a 
tunable pulsed laser in the range of 300–310 nm as the light source, and 
the laser beam passes through the photoacoustic cell twice to increase 
the effective absorption optical pathlength. The photoacoustic signal is 
detected by a condenser microphone positioned radially. The experi-
ment demonstrates a detection limit of 20 ppb for H2CO at 303.59 nm.

J. J. Davenport et al. [105] also used UV light to detect H2CO based 

Fig. 10. The typical multi-pass cell absorption spectroscopy gas sensor system based on a Herriott cell.
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on non-dispersive UV absorption spectroscopy (NDAS) in 2014. NDAS is 
a technique used to measure the concentration of gases in a sample 
based on their absorption of specific wavelengths of light. Unlike 
dispersive spectroscopy methods, which use prisms or diffraction grat-
ings to separate light into different wavelengths, NDAS does not involve 
wavelength dispersion [106]. Transmission spectra of the absorbing gas 
species are obtained by optical filtering, i.e., by using an interference 
filter matched with the spectral region of the gas absorption feature. A 
reference channel is used to compensate for the influence of the intensity 
change of the light source, whose signal is obtained by using the inter-
ference filter matched with the spectral region with negligible optical 
absorption. The schematic of the setup designed by J. J. Davenport et al. 
[105] is shown in Fig. 13.

The system uses the H2CO strong absorption peak at 339 nm as the 
effective signal and the negligible absorption region at 336 nm as the 
reference signal. The light source is a modulated UV LED: the desired 
spectral band is selected by means of a narrowband filter. A minimum 
detection limit of 6.6 ppm was reached with an integration time of 20 s. 
In the same year, P. Nau et al. [107] combined UV absorption 

spectroscopy with CRDS to achieve highly sensitive detection of H2CO at 
370 nm, reaching a minimum detectable mole fraction of 2 × 10-4, at 
1000 K and 33.3 mbar. In 2016, S. Shen et al. [108] used a DOAS sensor, 
reported in Fig. 14. (a), operating in the spectral range 313–341 nm to 
analyze H2CO in an urban area of Shanghai in October 2013. In 2019, R. 
Sheng et al. [109] proposed an UV analyzer for H2CO concentration 
detection based on DOAS technology too, shown in Fig. 14. (b). The gas 
cell used in the system can achieve an effective optical path length of 2 
m, and data processing is combined with the least square method, which 
effectively improves the system performance in terms of signal-to-noise 
ratio analysis. The experimental results reported a detection limit for 
H2CO detection as low as 0.09 ppm.

For further improvement of system’s performance, R. A. Wash-
enfelder et al. [110] and J. Liu et al. [111] both proposed a method 
based on broadband cavity-enhanced absorption spectroscopy 
(BBCEAS) in the UV spectral region. In 2016, R. A. Washenfelder et al. 
[110] proposed a detection scheme for simultaneous measurement of 
H2CO and NO2 based on broadband cavity-enhanced absorption spec-
troscopy (BBCEAS) in the UV spectral region. A sketch of the setup is 

Fig. 11. The typical multi-pass cell absorption spectroscopy gas sensor system based on a dense pattern multi-pass cell.

Fig. 12. The typical conventional resonant photoacoustic spectroscopy gas 
sensor system.

Fig. 13. The typical non-dispersive absorption spectroscopy gas sensor system.
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shown in Fig. 15. (a). The output spectral range of the broadband light 
source was 170–2100 nm, and the optical cavity used reached an 
effective path length of 1.43 km. A grating monochromator and charge- 
coupled device array detector was used to measure the output signal of 
the cavity in the 315–350 nm spectral region. The experimental results 
demonstrated a linear response of the cavity output signal as a function 
of the analyte concentration, with detection limit for NO2 and H2CO of 
140 and 210 ppt at 30 sec integration time, respectively. The use of a 
broadband light source opens up the possibility to detect a large variety 
of gas species exploiting also the build-up optical power of the cavity. On 
the same track, in 2020 J. Liu et al. [111] introduced the incoherent 
broadband cavity-enhanced absorption spectroscopy (IBBCEAS) tech-
nique based on UV light-emitting diode (LED) to measure H2CO in 
ambient air. The layout of the optical cavity module is shown in Fig. 15. 
(b). The optical source consisted of two LEDs (325 and 340 nm) and a Y- 
type fiber bundle coupling output. The optical cavity had a length is 
0.84 m, with an effective path length of 2.15 km at 350 nm. They 
reached a minimum detection limit of 380 ppt at an integration time of 
30 s. The sensor was tested on-site in the Szechwan Basin, and the 
measurement results were compared with those obtained simulta-
neously by using a Hantzsch instrument (Mode, AL4021, Aerolaser 
GmbH, Garmisch-Partenkirchen, Germany), resulting in a good corre-
lation (R2 = 0.769).

4. Discussion

Table 1 summarizes the performance achieved for formaldehyde 
detection, such as detection limit, time resolution and normalized noise 
equivalent absorption coefficient (NNEA), by each spectroscopic tech-
nique previously discussed, where NNEA is measured in cm-1W/Hz− 1/2 

by normalizing the noise equivalent absorption to a 1 Hz measurement 
bandwidth [112].

Apart from excellent results obtained with CEAS and WM TDLAS, 
results clearly show that the optical techniques can easily reach sub-ppm 

detection of formaldehyde with signal integration times of a few sec-
onds. Moreover, the selection of the H2CO absorption line plays a crucial 
for the H2CO ultimate performance. The H2CO absorption lines selected 
by all sensors described in previous sections are listed in Table 2 and 
grouped in two classes, UV and infrared region, which is more intuitive 
in Fig. 16.

Fig. 16. shows detection limit achieved by different laser- 
spectroscopy-based formaldehyde gas sensing techniques, where 
different colors represent different technologies, and on the right side of 
the figure we further plot technologies with detection limit lower than 3 
ppb.

It can be found that most of the optical sensors for H2CO sensing 
measurement used absorption lines in the mid-infrared band. The main 
reason is that the technological development of infrared light sources is 
relatively mature, and the tunable mid-infrared light sources have 
shown better performance in terms of output power, long-term stability, 
and wavelength tunability. However, the use of a mid-infrared light 
source significantly impacts on the cost of the overall sensing system. 
The use of low-cost ultraviolet light source to realize H2CO sensing 
measurement is also a valid option. Currently, the best detection limit 
reached with a low-cost, UV source was 210 ppt, obtained by R. A. 
Washenfelder et al. [110] by using the BBCEAS with a broad UV source 
emitting in the range 315–350 nm. In this spectral region, NO2 is the 
only main absorption interferent species. If the balance between system 
cost and system performance can be achieved, laser-based absorption 
spectroscopic techniques will be more advantageous among formalde-
hyde gas sensing techniques.

The development trend of H2CO optical absorption techniques is not 
only related to its cost, but more importantly, depends on the needs of its 
application scenarios and portability. For residential indoor H2CO 
measurement, users prioritize affordability and compactness due to 
limited budgets and minimal technical expertise. In contrast, profes-
sional testing laboratories and industrial applications emphasize sensor 
performance. If the sensors are also portable, this will significantly 

Fig. 14. The typical differential optical absorption spectroscopy gas sensor system.

Fig. 15. The typical cavity-enhanced absorption spectroscopy gas sensor system.
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enhance their operational efficiency. In 2023, B. Fang et al. [103] 
developed a H2CO sensor with a dimension of only 46 × 28 × 16 cm3 

base on multi-pass cell absorption spectroscopy, achieving a remarkable 
detection limit of 650 ppt. Such a portable and high-performance H2CO 
sensor is not only suitable for indoor and outdoor scenarios, but also can 

play a good role in the fields of professional testing laboratories and 
industrial applications. Regarding sensor portability, PAS offers distinct 
advantages. QEPAS, for instance, employs a quartz tuning fork as its 
sensing core, having a commercial standard dimension of just 6 mm ×
1.4 mm × 0.2 mm with a resonance frequency of f = 32760 Hz and a Q- 
factor of 16725. This component enables compact sensor designs while 
maintaining high performance, a critical balance for portable instru-
mentation. Beyond these aforementioned applications, H2CO sensor 
hold significant potential in the medical field, where exhaled formal-
dehyde levels serve as a biomarker for lung health. In 2022, G. Li et al. 
[83] developed an ICOS-based sensor capable of effectively detecting 
H2CO in exhaled breath, demonstrating promising prospects for early 
screening of lung cancer. For medical applications, sensor performance 
and portability are pivotal benchmarks. By integrating high-sensitivity 
detection with compact design, laser-based H2CO absorption spectro-
scopic techniques will demonstrate significant competitive advantages.

5. Conclusions

This work presents a critical review on the optical sensing techniques 
applied to H2CO detection, including cavity ring-down spectroscopy 
(CRDS), cavity-enhanced absorption spectroscopy (CEAS), integrated 
cavity output spectroscopy (ICOS), tunable diode laser absorption 
spectroscopy (TDLAS), multi-pass cell absorption spectroscopy (MC), 
differential optical absorption spectroscopy (DOAS), non-dispersive 
absorption spectroscopy (NDAS), conventional resonant photoacoustic 
spectroscopy, quartz-enhanced photoacoustic spectroscopy (QEPAS) 
and cantilever enhanced photoacoustic spectroscopy (CEPAS). Among 
them, the best ultimate detection limits were achieved by using an 
infrared excitation light source, resulting in 28 ppt with a signal inte-
gration time of 40 s. Although the use of UV sources does not guarantee 

Table 1 
Comparison of performance achieved by different H2CO measurement techniques.

Technique Frequency 
cm¡1

Detection limit 
ppb

Time resolution 
s

NNEA 
cm-1W/Hz¡1/2

Ref.

CRDS 2853.44 2 1 / [75]
2914.46 72 / / [76]

CEAS 28571.43–31746.03 0.21 30 / [110]
28011.2–30864.2 0.38 30 / [111]
2778.5 25 1 / [79]
2778.49 52.8 1 / [80]

ICOS 2832.483 100 / / [82]
 1710.52 0.14 88 / [83]

TDLAS/MC 1740 0.25 180 / [89]
2800.2 0.12 40 1.57 • 10-7 [90]
2861.72 30 / / [91]
2979.663 73 40 2.32 • 10-10 [92]
2273–3226 900,000 40 / [93]
2831.64 0.2 1 / [94]
2832 0.32 20 / [95]
2857.14 0.074 60 / [96]
1759.73 2.5 1 / [97]
2780.71–2781.05 6.6 / / [98]
2778.5 6 1 / [99]
2871 2.5 1.5 3.29 • 10-8 [100]
2778.5 1.42 0.2 / [101]
1759.73 0.028 40 / [102]

 2831.64 0.65 1 / [103]

DOAS 20000–55555.56 90 120 / [109]
NDAS 29498.53 6600 20 / [105]
Conventional PAS 32939.16 20 / / [104]

2805 3 3 6.2 • 10-9 [58]
QEPAS 2832.5 600 10 2.2 • 10-8 [68]
CEPAS 1773.959 1.3 1 6.04 • 10-10 [72]

Table 2 
Classification of H2CO absorption lines selected by different technologies.

Wavelength 
region

Technique Selected absorption line

Infrared region CRDS 3504.54 nm [75], 3431.17 nm [76]
CEAS 3599.06 nm [79], 3599.08 nm [80]
ICOS 3530.47 nm [82], 5846.17 nm [83]
TDLAS/MC 5747.13 nm [89], 3571.17 nm [90], 3494.40 

nm [91], 3356.08 nm [92], 
3099.81–4399.47 nm [93], 3531.52 nm 
[94103], 3531.07 nm [95], 3500.00 nm [96], 
5682.69 nm [97], 3595.77–3596.20 nm [98], 
3599.06 nm [99101], 3483.11 nm [100], 
5682.69 nm [102]

DOAS 3607.00 nm [86]
Conventional 
PAS

3565.06 nm [58]

QEPAS 3530.45 nm [68]
CEPAS 5637.11 nm [72]

Ultraviolet 
region

CRDS 370 nm [107]
CEAS 315–350 nm [110], 324–357 nm [111]
DOAS 313–341 nm [108], 180–500 nm [109]
NDAS 339 nm [105]
conventional 
PAS

303.59 nm [104]
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comparable performance with those obtained with infrared sources, 
H2CO sensors based on UV source can still meet the requirement of 
sensitive measurement in the atmosphere. The main advantage of UV 
light sources is in the reduction both of the overall cost of the sensing 
system costs and of the system complexity, compared to the use of 
infrared light sources. Taking into account the performance, cost, and 
portability of the sensor comprehensively, laser-based absorption spec-
troscopic techniques will be suitable for use in various scenarios, making 
them more advantageous among formaldehyde gas sensing techniques.
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