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Abstract. Infrared absorption spectroscopy for quantitative analysis of alkane gases
has been widely used in the fields of energy exploration, geological survey, coal-
bed methane analysis, and atmospheric environment monitoring. With the rapid
development of science and technology, various research fields have put forward
higher requirements on the detection accuracy and detection limits of gas
quantitative analysis. Spectral pretreatment is very important in the gas quantitative
analysis of infrared absorption spectroscopy, which can effectively improve the
detection accuracy, but there were few studies on the spectral pretreatment
technology at this stage. In this paper, a comprehensive spectral pretreatment
method based on spectral smoothing and noise reduction, spectral deconvolution
and spectral baseline drift correction was proposed for the infrared absorption
spectra of alkane gases. The optimal pretreatment parameters for alkane gases were
investigated and the infrared absorption spectroscopy of typical alkane gases was
pre-processed. The comprehensive pretreatment method of absorption spectroscopy
can increase the probability of selecting variables with significant features in
absorption spectral data, which can improve the accuracy of quantitative analysis. It
also can improve the quality of some weak absorption signals and extend the lower
detection limit downward in order to expand the detection range.

Keywords. Infrared absorption spectroscopy, comprehensive pretreatment, alkane
gases, absorption spectroscopy characteristics

1. Introduction

Infrared absorption spectroscopy has been widely used for quantitative analysis of multi-
component gases with its advantages of rapid and non-destructive analysis. In particular,
infrared absorption spectroscopy of alkane gases has been a hot research topic in energy
exploration, geological investigation, coal-bed methane analysis and atmospheric
environment monitoring, etc. Tang’s research team studied the quantitative analysis
method of infrared absorption spectroscopy of alkane gases and applied it to oil and gas
exploration and coal-bed methane analysis in 2011 [1]. Liu also analyzed the application
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of infrared absorption spectroscopy gas quantification methods in oil and gas exploration
in 2012 [2]. Song and Liang et al. analyzed the recent research progress of infrared
spectroscopy analysis in oil and gas exploration [3, 4]. Tawalbeh and Voelz designed a
tunable spectrometer for geological investigation and analyzed the superiority of infrared
spectral analysis in geological investigation [5]. Zhang’s research team investigated the
application of quantitative infrared absorption spectroscopy gases analysis methods in
the field of coal bed methane analysis [6]. Some other researchers have studied the
application of infrared spectral analysis in the field of atmospheric environmental
monitoring [7]. With the development of science and technology, new requirements for
detection accuracy have been put forward in various research fields, especially in the
field of energy exploration and address survey, where the lower detection limit for alkane
gas has been expanded to 1 ppm or even lower. Spectral pretreatment is very important
in the quantitative analysis of infrared absorption gases, and improving the spectral
pretreatment technique is one of the important ways to improve the detection accuracy
and extend the lower detection limit downward. In recent years, many researchers have
studied spectral pretreatment methods. Zhou et al. proposed a wavelet transform-based
spectral pretreatment method, which can effectively remove spectral noise [8]. Peng et
al. investigated the standard normal variate transformation and first derivative (PNV-FD)
pretreatment methods and proposed the idea of segmental pretreatment [9]. Meng et al.
analyzed the spectral pretreatment effect of second-order derivative, standard normal
transform and multivariate scattering correction pretreatment algorithm [10]. Chen et al.
studied a spectral pretreatment method based on first-order derivative and partial least
squares algorithm and selected the optimal pretreatment parameters [11]. Mas et al.
optimized the partial least squares algorithm pretreatment method and used the
coincidence function for the optimal pretreatment parameters [12]. Hong combined the
optimal pretreatment parameters with the first-order derivative and partial least squares
algorithm pretreatment method [13]. Zhang et al. proposed the idea of combined
pretreatment of absorption spectra [ 14]. Although there were more spectral pretreatment
methods, none of them preprocess according to the independent characteristics of each
component gas. In this paper, by analyzing the absorption spectral characteristics of each
component alkane gases, a combined pretreatment method of multi-component alkane
gases absorption spectra was proposed, and the superiority of this method was analyzed
by the combined pretreatment results of multi-component alkane gases absorption
spectra, which will improve the accuracy of the quantitative analysis model of multi-
component alkane gases.

2. Methodology

The analytical flow of the comprehensive pretreatment method of absorption
spectroscopy proposed in this paper is shown in Figure 1. Firstly, the characteristics such
as frequency and distribution of infrared absorption spectra of typical alkane gases
including methane, ethane, propane, butane and pentane were analyzed. Secondly, the
optimal parameters of each component alkane gas including smoothing and noise
reduction processing, deconvolution processing, and baseline drift correction processing
were selected. And thirdly, the absorption spectra of multi-component alkane gases were
segmented by composition and corresponding absorption spectra. Finally, the absorption
spectra within each band were preprocessed with corresponding parameters to form a
complete set of comprehensive pretreatment methods for infrared absorption spectra of
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alkane gases.
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Figure 1. Integrated pretreatment method flow.
2.1. Smoothing Noise Reduction

In this paper, Savitzky-Golay smoothing was used. The idea of the algorithm is to
intercept a number of points in the spectral data using a Hamming window and then fit
the original absorbance curve using the least squares method. The parameters that need
to be determined for spectral pretreatment using Savitzky-Golay smoothing are the width
of the window (i.e., the number of smoothing points) and the number of times to fit the
equation, and the number of fits must be less than the number of smoothing points.

2.2. Fourier Deconvolution

The infrared absorption spectra of some alkane gases have the phenomenon of band
overlap. The Fourier deconvolution process can be used to separate the spectra with more
serious overlap, so as to improve the spectral resolution and the detection accuracy of
low concentration gases.

The infrared absorption spectrum is obtained by Fourier transform of the
interferogram with finite long optical range difference. Fourier deconvolution is the
process of deconvolution of the scanned spectrum, i.e., the actual spectrum is reconverted
into an interferogram, then multiplied with the tangent function, and finally Fourier
transformed to obtain the deconvolved spectrogram. The parameter to be determined in
the Fourier deconvolution process is the deconvolution enhancement factor.

2.3. Spectral Baseline Drift Correction

The spectral baseline drift correction method is well established. In this paper, the
adaptive smoothing parameter penalized least squares baseline correction method is used
to correct the spectral baseline drift. The method is based on the original spectral signal
you and a new spectral signal, so as to eliminate the spectral baseline drift, using adaptive
smoothing parameter penalized least squares baseline correction method need to
determine the parameters are the iteration threshold of the fitted polynomial and the
penalty factor.
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3. Integrated Pretreatment Results
3.1. Analysis of Alkane Absorption Spectral Characteristics

The mid-infrared absorption spectra of typical alkane gases are shown in Figure 2. The
absorption spectra of each component gas overlap more seriously, and the frequencies of
the absorbance signals and the degree of spectral overlap vary. Therefore, the absorption
spectra of each component gas need to be segmented and preprocessed according to their
characteristics and wave number positions, i.c., the spectra are reconstructed. The
absorption spectra of typical alkane gases are mainly concentrated in the wave number
ranges of 3200cm™! to 2600cm™! and 1500cm™ to 700 cm!. Therefore, in this paper, the
parameters of absorption spectra of alkane gases in this range are selected for
pretreatment.
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Figure 2. Mid-infrared absorption spectra of typical alkane gases.
3.2. Selection of High Frequency Alkane Gases Pretreatment Parameters

The frequencies of the mid-infrared absorption spectra of methane are relatively high
compared to those of other alkane gases. The optimal pretreatment results of the
absorption spectroscopy of methane are shown in Figure 3. The 7-point smoothing
selected in the smoothing process can not only effectively reduce the high frequency
noise, but also the distortion of the original signal is smaller. The deconvolution
processing with a deconvolution enhancement factor of 1.5 can separate the absorption
peaks with overlapping spectra, and the distortion of the absorption signal is small. The
baseline drift correction is best when the adaptive smoothing parameter penalized least
squares method is used for baseline correction, with the iteration threshold set to 10 and
the penalty factor set to 108, Not only the baseline drift is successfully eliminated, but
also the absorption spectral signal obtained by fitting has the smallest error with the
original signal.

A part of the absorption spectroscopy signal of ethane has a relatively high frequency,
and the best pretreatment parameters are selected for this part of the absorption
spectroscopy. The best pretreatment results were obtained when the number of
smoothing points was set to 5, the deconvolution enhancement factor was set to 1.2, and
the baseline drift correction parameters were the same as those for methane. The best
pretreatment results for the high-frequency part of the ethane absorbance signal are
shown in Figure 4.
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Figure 3. Pretreatment results of methane absorption spectroscopy by optimal pretreatment parameters.
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Figure 4. Pretreatment effect of ethane absorption spectra with optimal pretreatment parameters.

3.3. Selection of Low Frequency Alkane Gases Pretreatment Parameters

The frequencies of infrared absorption spectra of alkane gases other than methane and
ethane are relatively low. Taking propane as an example, the optimal pretreatment
parameters were selected for the alkane gases with relatively high IR absorption spectral
frequencies. The best pretreatment results were obtained when the number of smoothing
points was set to 3, the deconvolution factor was set to 0.8, and the baseline drift
correction parameters were the same as those for methane. The integrated pretreatment

results for propane are shown in Figure 5.
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Figure 5. Pretreatment effect of propane absorption spectra with optimal pretreatment parameters.
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3.4. Multi-component Alkane Gas Infrared Absorption Spectroscopy Segmentation
Pretreatment

Although the infrared absorption spectra of alkane gases overlap more severely, the high-
frequency components and low-frequency components are distributed in different bands.
Therefore, the IR absorption spectra of multi-component alkane gases can be segmented
and preprocessed according to the frequencies of the absorption spectral signals of each
component gas and their absorption bands. The segmentation of the mixed-component

alkane gases and the optimal pretreatment parameters within each segment are listed in
Table 1.

Table 1. Selection of comprehensive pretreatment parameters for multi-component alkane gases IR absorption
spectra.

Absorption spectroscopy segmentation (cm™)

3200- 3020- 2960- 1600- 1380- 1140-
3020 2960 2600 1380 1140 700

A B C D E F
Number of smoothing points 7 5 3 3 5 7
Deconvolution factor 1.5 1.2 0.8 1.2 1.5 1.6
Baseline drift correction iteration threshold 10+ 10* 10* 10* 10* 10*

Baseline drift correction penalty factor 108 108 108 108 108 108
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(b) Integrated pretreatment results

Figure 6. Integrated pretreatment results for different parameters of the main absorption section of a multi-
component typical alkane gases.
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The absorption spectra of multi-component typical alkane gases containing methane,
ethane, propane, n-butane, iso-butane, n-pentane and iso-pentane were pre-treated
according to the optimal integrated pretreatment parameters, and the results are shown
in Figure 6, where Figure 6a shows the infrared spectra of the main absorption bands of
the multi-component alkane gases, and Figure 6b shows the graphs of the pretreatment
results with different parameters according to the frequencies of the absorption spectra
of each component alkane gases.

In the range A, the main component of the absorption spectroscopy is methane,
which has a relatively high frequency. In the range B, the absorption spectroscopy has
more alkane gases components, among which there is a high-frequency part of ethane
absorption spectroscopy and it accounts for a relatively high percentage. In the range C,
the components of the absorption spectroscopy include the low-frequency part of ethane
and propane, butane and pentane. In the range D, the components of the absorption
spectroscopy are mainly propane, butane and pentane, and the frequency is low. In the
range E, the components of the absorption spectrum are mainly methane with relatively
high frequencies. the components of the absorption spectrum in the F range contain
propane, butane and pentane, and although the absorbance in this region is small, it has
a good linear relationship with the concentration and is of significant analytical value.

The spectral overlap is also a little more serious in the higher frequency bands, so
the deconvolution factor chosen is also relatively large. This enables the spectral overlap
to be separated effectively. Of course, the deconvolution factor should not be too large,
generally not greater than 2, to prevent distortion of the absorption spectroscopy signal
affects the detection accuracy.

The infrared absorption spectroscopy is mainly obtained by scanning the
spectrometer. The absorption spectroscopy noise of the spectrometer scan is gradually
increasing from the center band to both sides. In the selection of smoothing noise
reduction parameters is also from the center of the band gradually increase to both sides,
so as to reduce the noise at the same time to minimize the distortion of the absorption
spectroscopy signal.

The baseline drift of the absorption spectroscopy is mainly caused by the operating
hours of the detection system and the changes in the environment, and the degree of drift
or the trend of drift is the same for the whole band. Therefore, the baseline drift correction
parameters are the same for the entire band.

For the absorption spectral characteristics of alkane gas, comprehensive
pretreatment of the absorption spectral signal can effectively eliminate high-frequency
noise, and also separate the part of the absorption spectroscopy with serious overlap,
while reducing the drift of the spectral baseline. The focus of the integrated pretreatment
technique is to improve the absorption spectral signal while minimizing the distortion of
the absorption spectral signal. This will increase the probability of representative
characteristic variables being selected in the quantitative analysis process. It facilitates
the quantitative analysis of low concentration gases and improves the detection accuracy.
The integrated absorption spectroscopy pretreatment method improves the quality of the
weak absorption signal, which extends the lower detection limit downward, thus
expanding the detection range.

4. Conclusion

In this paper, a comprehensive pretreatment method for alkane gases absorption spectra
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was proposed. Firstly, the infrared absorption spectral characteristics of alkane gases are
analyzed. Then, the optimal pretreatment parameters of each component gas are selected.
Finally, the multicomponent alkane gas is pretreated in regions. This method can improve
the accuracy of quantitative analysis of infrared absorption spectra of alkane gases and
extend the lower detection limit downward, which is important for improving the
quantitative analysis of alkane gases by infrared absorption spectroscopy. In addition, the
integrated absorption spectroscopy pretreatment method can be applied to the
quantitative analysis of other kinds of gases, and also to the quantitative analysis of
ultraviolet absorption spectroscopy gases.
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