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Abstract
Online quantitative analysis of reaction gases or exhaust in industrial production is of great significance to
improve the production capacity and process. A novel method is developed for the online quantitative analysis
of reaction gases or exhaust using quantitative mathematical models combined with the linear regression
algorithm of machine learning. After accurately estimating the component gases and their contents in the
reaction gases or exhaust, a ratio matrix is constructed to separate the relevant overlapping peaks. The ratio
and calibration standard gases are detected, filtered, normalized, and linearly regressed with an online process
mass spectrometer to correct the ratio matrices and obtain the relative sensitivity matrices. A quantitative
mathematical model can be established to obtain the content of each component of the reaction gases or
exhaust in real time. The maximum quantification error and relative standard deviation of the method are
within 0.3% and 1%, after online quantification of the representative yeast fermenter tail gas.
Keywords: online quantitative analysis, mass spectrometers, mathematical models, monitoring.
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1. Introduction

Process analytical technologies play an important role in efficient, intelligent, and green
industrial production [1,2]. Excellent online quantitative analysis technologies monitor the content
of each component of reaction gas or exhaust in real time, and adjust the production process in
time for efficient use of energy and optimization and upgrading of products.

The gas chromatograph (GC) [3–5] and mass spectrometer (MS) [6–8] are common instru-
ments for online quantitative analysis of gases. The analysis speed of gas chromatography is slow
and different chromatographic columns are required to detect different substances. Therefore, the
gas chromatograph cannot perform simultaneous detection in multiple pipelines. Compared to the
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gas chromatograph, the mass spectrometer is faster, and more widely applicable in simultaneous
detection of multiple lines containing multiple component gases.

In an actual industrial production process, component gases and approximate contents of
reaction gases or exhaust can be deduced. An online mass spectrometer is used to monitor vari-
ations in the content of component gases for timely manual intervention or intelligent regulation
of the production system to achieve stable production. Most online quantitative analysis methods
with mass spectrometers are based on the formulation of the standard gas associated with the
reaction gas or exhaust to detect ion abundances and pressures. These calibration parameters are
then linearly fitted to establish a mathematical model for the software system to achieve online
quantitative analysis of the reaction gas or exhaust [9–15].

Ferreira et al. [9] proposed a method to calculate sensitivity for online quantitative analysis.
The sensitivity, also known as scale or calibration factor, is the ratio of relevant ion abundance
of each standard gas to the corresponding partial pressure. When quantifying the reaction gas
or exhaust online, the relevant sensitivity should be used to obtain the partial pressure of each
component gas at the corresponding ion abundance. The content of each component gas can then
be determined according to the linear relationship between partial pressures. However, this method
has a limitation, that is, the bombardment of mixed-composition gases with strong electrons
produces not only ions corresponding to various composition gases but also many fragment
ions [16]. After mass spectrometer detection, the mass-to-charge ratio (m/z) of corresponding
ions may produce the base peak, and that of the corresponding fragment can produce the fragment
peak. The simultaneous ionization of the molecules of each component gas produces ions, and
it is possible that the ion abundances of several component gases may be linearly superimposed
at the same mass-to-charge ratio to produce overlapping peaks [17]. This method will not yield
accurate results once the selected quantitative ions are related to overlapping peaks.

Kaiser R. et al. [10] and Cheng Z. et al. [11,12] proposed an improved method for separating
overlapping peaks. In this method, the ratio and sensitivity of the fragment peak to the base
peak of each component gas are used to construct a system of linear equations for stripping the
overlapping peaks. Therefore, the partial pressure of each component gas can be used to calculate
its content. However, the changes in the gas pressure can cause the changes in the injection
amount, and the obtained sensitivity cannot be adapted to the actual ion abundance, resulting in
a large error in the quantification of each component gas.

Velasco-Rozo E.A. et al. [13] proposed a method using the sensitivity obtained from the ion
abundance normalization value and the partial pressure normalization value of each component
gas for online quantitative analysis. Compared to the methods of Kaiser R.I. et al. and Cheng Z.
et al., this method is only related to the content and ion abundance ratio of each component
gas. The sensitivity obtained is more applicable because the content and ion abundance ratio are
less affected by pressure fluctuations [18]. However, the mathematical model established is more
complex, and the ion abundance and partial pressure normalization are not excluded from the
outliers, so the quantitative accuracy is low.

When these three methods are used to quantify any of reaction gases or exhaust, the standard
gases corresponding to all their component gases need to be formulated for parameter calibration
to complete the quantification, which leads to high quantification costs and workloads. In addition,
the partial pressure of each component gas used to calculate the content is excessively dependent
on the accuracy and stability of the pressure instruments, and the relevant ion abundance data
processing is not fully considered. As a result, the quantification error can only be controlled
within 3%, and the relative standard deviation of quantification can only be controlled within 10%.

This research proposes a method to develop quantitative mathematical models with the ratio
matrices and relative sensitivity matrices, combined with the linear regression algorithm of
machine learning for online quantitative analysis of reaction gases or exhaust. This method
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aims to ensure the accurate separation of overlapping peaks. The component gases and their
corresponding contents are accurately estimated for the corresponding reaction gas or exhaust,
and their relevant overlapping peaks and the ratio matrix are obtained from a library of standard
mass spectrums. In addition, the corresponding ratio standard gases and calibration standard gases
are formulated and detected with an online process mass spectrometer to obtain the relevant ion
abundance curves. These curves are filtered, normalized, and linearly regressed with machine
learning to correct the ratio matrix and obtain the relative sensitivity matrix in order to establish a
mathematical model for quantitative analysis and monitoring of the reaction gases or exhaust. The
proposed method showed high accuracy and applicability when applied to the yeast fermenter
tail gas, and the maximum quantitative error is controlled within 0.3% and the maximum relative
standard deviation is controlled within 1%.

2. Experimental section

2.1. Instrument structure

The overall structure of the self-developed online process mass spectrometer (Fig. 1) includes
two parts: the gas injection system and the detection system. The injection system consists of
a reduction valve, an EMT2CSC16MWE multiple directional control valve from Valco Instru-

a)

b)

Fig. 1. (a) Workflow of the self-developed online process mass spectrometer. (b) Overall structure of the self-developed
online process mass spectrometer.
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ments Co. Inc. (Houston, TX, USA), an N84.3ANDC Diaphragm Pump 1 from KNF Neuberger
GmbH (Freiburg, Germany), an S48-32 flowmeter from HORIBA (Kyoto, Japan), an MVP015-2
Diaphragm Pump 2 from Pfeiffer Vacuum GmbH (Asslar, Germany), an isolation valve, and
self-developed diverter modified from a three-channel connector with the exhaust end connected
to the Diaphragm Pump 2 through a pipeline and the inlet end through a capillary (15 mm in
length and 0.15 mm in internal diameter) to complete the injection. The detection system consists
of a self-developed quadrupole mass spectrometer, an IGM401 vacuum gauge from InstruTech
(Longmont, CO, USA), a SplitFlow 80 hybrid turbo pump from Pfeiffer Vacuum GmbH (Asslar,
Germany), and an N84.4ANDCB Diaphragm Pump 3 from KNF Neuberger GmbH (Freiburg,
Germany).

2.2. Standard gas

The tail gas of a yeast fermenter is used for analysis. Three standard gases are used as
background gas, calibration standard gas, and ratio standard gas, all of which are formulated by
the Shanghai Material Special Gases Co. Ltd. (Shanghai, China). As water vapor can greatly
affect the results of the mass spectrometer detection process, the water vapor is removed from
all gases. The background gas is pure He (mol/mol, > 99.999%). The calibration standard gas is
formulated as the yeast fermenter tail gas and consists of N2 (mol/mol, 78%), O2 (mol/mol, 19%),
Ar (mol/mol, 1%), and CO2 (mol/mol, 2%). The ratio standard gas is formulated according to
the overlapping peak of each component gas in the calibration standard gas and consists of CO2
(mol/mol, 2%) and He (mol/mol, 98%). The upper and lower deviation of the content of each
component gas in the calibration standard gas and the ratio standard gas should not exceed 0.05%.

2.3. Experimental condition

Before the gas detection, the vacuum gauge is checked to ensure that the chamber of the
mass spectrometer is in a stable high vacuum environment. When the isolation valve is closed,
the vacuum value is above 1 × 10−6 Pa. When the isolation valve is opened, the vacuum value
slowly decreases to above 1 × 10−4 Pa. When the detection is carried out, the flow rate of the
flowmeter and the rotational speed of Diaphragm Pump 2, Diaphragm Pump 3, and hybrid turbo
pump are monitored and adjusted by a computer in real time. The injection volume of the gas
and the displayed value of the vacuum gauge are maintained at the set value. The final flow rate
of the flowmeter is 5 mL/min, and the final value of the vacuum gauge is about 4 × 10−4 Pa. The
electron impact ion source with a grid structure is used to ionize the gas molecules at the electron
energy of 70 eV. Free hot electrons are generated by the circular filament and accelerated into
the anode grid, most of which collide with the gas molecules to produce ions. A small fraction
passes through the anode grid and is decelerated and then accelerated into the anode grid again
to ionize gas molecules under the electric field of the anode grid and the repeller.

2.4. Effective ion abundance detection

Residual gases may be present in the chambers and pipelines of each online process mass
spectrometer, and their generated ion abundances may be linearly superimposed on the ion
abundances of the relevant standard gases, which affects the accuracy of the detection results [19,
20]. Therefore, before each detection, the background standard gas should be introduced and the
full scan of the mass spectrometer should be turned on to obtain the interfering ion abundances of
the relevant mass-to-charge ratio. The mass spectrometer should be switched to the selected ion
monitoring (SIM) to monitor the changes in the interfering ion abundances. When the interfering
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ion abundances remain constant or change within the allowed error range, the average values
of the interfering ion abundances of the corresponding end smoothing time periods should be
obtained and used to determine the undisturbed effective ion abundances of the relevant standard
gas (Eq. (1)).

𝐼𝑐𝑖 𝑗 = 𝐼𝑖 𝑗 𝐼𝑏𝑖 𝑗 , (1)
where 𝐼𝑐𝑖 𝑗 is the effective ion abundance of the 𝑗-th component gas at the 𝑖-th mass-to-charge
ratio in the relevant standard gas; 𝐼𝑖 𝑗 is the ion abundance of the 𝑗-th component gas at the 𝑖-th
mass-to-charge ratio in the relevant standard gas; and 𝐼𝑏𝑖 𝑗 is the average value of the interfering ion
abundance of the 𝑗-th component gas at the 𝑖-th mass-to-charge ratio in the relevant standard gas.

Before turning on the standard gases, they should be connected to the channels of the multiple
directional control valve to further prevent the interfering gases from entering the pipeline and
producing the interfering ion abundances. The Diaphragm Pump 1 should be activated to remove
all interfering gases from the pipeline. When the multiplexed directional control valve is switched
between the standard gases, it is necessary to ensure that the standard gas for the present phase
of detection is turned off and with no ion abundance before switching on the next phase of the
opened standard gas to be detected.

2.5. Overlapping peak separation

Most of the reaction gases or exhaust for the online quantitative analysis are mixtures of
multiple component gases. The detected ion abundances at the relevant mass-to-charge ratios
may be overlapping peaks consisting of the corresponding ion abundances of multiple component
gases. However, each ion abundance is generated from each corresponding component gas, and
the ion species of each component gas is relatively fixed after ionization. Therefore, the ion
abundances in the overlapping peaks can be separated by preparing the ratio standard gases with
the same content as the corresponding component gases for the detection at the full scan, and
obtaining their established ratio of each ion abundance to the base peak (Eq. (2)).

𝛽𝑖 𝑗 =
𝐼𝑐𝑖 𝑗

𝐼𝑐 𝑗
× 100, (2)

where 𝛽𝑖 𝑗 is the established ratio of the 𝑗-th component gas at the 𝑖-th mass-to-charge ratio in
the ratio standard gas; 𝐼𝑐𝑖 𝑗 is the effective ion abundance of the 𝑗-th component gas at the 𝑖-th
mass-to-charge ratio in the ratio standard gas; and 𝐼𝑐 𝑗 is the effective highest peak of the 𝑗-th
component gas in the ratio standard gas, 𝑖.𝑒., the base peak.

2.6. Calibrated mathematical model

Once the standard gas enters the mass spectrometer chamber, the original vacuum environ-
ment is immediately destroyed. The vacuum gauge returns to the set vacuum value only after a
period of automated control. During the fluctuation of the standard gas injection and real-time
automated modulation, the ion abundances obtained by the mass spectrometer for the full scan
or selected ion monitoring of the standard gases at the relevant mass-to-charge ratios can only be
normalized to eliminate the simultaneous fluctuation of each ion abundance during the detection
process (Eq. (3)).

𝑟𝑡𝑖 𝑗 =
𝐼𝑐𝑡𝑖 𝑗∑︁ (
𝐼𝑐𝑡𝑖 𝑗

) , (3)

where 𝑟𝑡𝑖 𝑗 is the ratio of the effective ion abundance of the 𝑗-th component gas at the 𝑖-th mass-
to-charge ratio to the sum of the effective ion abundances at the 𝑡-th moment, 𝑖.𝑒., the normalized
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value; and 𝐼𝑐𝑡𝑖 𝑗 is the effective ion abundance of the 𝑗-th component gas at the 𝑖-th mass-to-charge
ratio of the detected gas at the 𝑡-th moment.

After detecting the calibration standard gas and obtaining the normalized values of the effective
ion abundances at the corresponding mass-to-charge ratios, the calibrated mathematical model
can be established from the linear relationship of the overlapping peaks to calculate the required
relative sensitivity matrix. In order to make the relative sensitivity matrix close to the true value,
when establishing the calibrated mathematical model, the effective ion abundances with the
smoothest normalized value and the sum of its effective ion abundances at each moment should
be selected for linear regression to eliminate the outliers and get the linear regression function.
The slope of linear regression function should be used as the correction value of the calibrated
mathematical model (Eq. (4)).

𝛽11𝜑1𝛼1 + 𝛽12𝜑2𝛼2 + . . . + 𝛽1 𝑗𝜑 𝑗𝛼 𝑗 = 𝛾1

𝛽21𝜑1𝛼1 + 𝛽22𝜑2𝛼2 + . . . + 𝛽2 𝑗𝜑 𝑗𝛼 𝑗 = 𝛾2
...

𝛽𝑖1𝜑1𝛼1 + 𝛽𝑖2𝜑2𝛼2 + . . . + 𝛽𝑖 𝑗𝜑 𝑗𝛼 𝑗 = 𝛾𝑖

(𝑖 = 𝑗)


𝛽11 𝛽12 · · · 𝛽1 𝑗
𝛽21 𝛽22 · · · 𝛽2 𝑗
...

...
...

...

𝛽𝑖1 𝛽𝑖2 · · · 𝛽𝑖 𝑗

 𝑖= 𝑗

𝜑1 0 · · · 0

0 𝜑2
. . .

...
...

. . .
. . . 0

0 · · · 0 𝜑 𝑗



𝛼1
𝛼2
...

𝛼 𝑗


=


𝛾1
𝛾2
...

𝛾𝑖


𝜷 · 𝝋 · 𝜶 = 𝜸,

(4)

where 𝛽𝑖 𝑗 is the established ratio of the 𝑗-th component gas in the calibration standard gas at
the 𝑖-th mass-to-charge ratio, and 𝜷 is the ratio matrix composed of 𝛽𝑖 𝑗 ; 𝜑 𝑗 is the content of
the 𝑗-th component gas in the calibration standard gas, and 𝝋 is the prediction matrix composed
of 𝜑 𝑗 ; 𝛼 𝑗 is the relative sensitivity of the 𝑗-th component gas, and 𝜶 is the relative sensitivity
matrix composed of 𝛼 𝑗 ; 𝛾𝑖 is the correction value of the effective ion abundance of the calibration
standard gas at the 𝑖-th mass-to-charge ratio, and 𝜸 is the correction matrix composed of 𝛾𝑖 .

2.7. Quantitative mathematical model

Based on the ratio matrix 𝜷 and the relative sensitivity matrix 𝜶, the quantitative mathematical
model for online quantitative analysis of the reaction gas or exhaust can be established (Eq. (5)).

𝛽11𝛼1𝑥1 + 𝛽12𝛼2𝑥2 + . . . + 𝛽1 𝑗𝛼 𝑗𝑥 𝑗 = 𝑦1

𝛽21𝛼1𝑥1 + 𝛽22𝛼2𝑥2 + . . . + 𝛽2 𝑗𝛼 𝑗𝑥 𝑗 = 𝑦2
...

𝛽𝑖1𝛼1𝑥1 + 𝛽𝑖2𝛼2𝑥2 + . . . + 𝛽𝑖 𝑗𝛼 𝑗𝑥 𝑗 = 𝑦𝑖

(𝑖 = 𝑗)


𝛽11 𝛽12 · · · 𝛽1 𝑗
𝛽21 𝛽22 · · · 𝛽2 𝑗
...

...
...

...

𝛽𝑖1 𝛽𝑖2 · · · 𝛽𝑖 𝑗

 𝑖= 𝑗

𝛼1 0 · · · 0

0 𝛼2
. . .

...
...

. . .
. . . 0

0 · · · 0 𝛼 𝑗



𝑥1
𝑥2
...

𝑥 𝑗


=


𝑦1
𝑦2
...

𝑦𝑖


,

𝜷 · 𝜶 · x = y,

(5)
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where 𝑥 𝑗 is the content of the 𝑗-th component gas in the actual reaction gas or exhaust, and x is
the content matrix composed of 𝑥 𝑗 ; and 𝑦𝑖 is the normalized value of the effective ion abundance
at the 𝑖-th mass-to-charge ratio of the actual reaction gas or exhaust, and y is the detection matrix
composed of 𝑦𝑖 .

3. Results and discussion

3.1. Obtaining the ratio matrix

Before online quantification of the reaction gas or exhaust, the component gases and their
corresponding contents need to be accurately estimated and the calibration gas needs to be
formulated. The yeast fermenter tail gas consists of 78% N2, 19% O2, 1% Ar and 2% CO2. The
mass spectrums of each component gas can be obtained from the NIST standard mass spectrum
library, and the relative ion abundances of the standard mass spectrums and the estimated contents
can be used to extrapolate the relative ion abundances of the corresponding calibration standard
gas (Eq. (6)), and plot the mass spectrum of the calibration standard gas with overlapping peaks
(Fig. 2a), so that the ratio standard gas can be formulated accurately.

𝑅𝑖 𝑗 =
𝜏𝑖 𝑗 · 𝜑 𝑗

max

[∑︁
𝑗

(𝜏𝑖 𝑗 · 𝜑 𝑗 )
] × 100, (6)

where 𝑅𝑖 𝑗 is the extrapolated relative ion abundance of the 𝑗-th component gas in the calibration
standard gas at the 𝑖-th mass-to-charge; 𝜑 𝑗 is the content of the 𝑗-th component gas in the
calibration standard gas; and 𝜏𝑖 𝑗 is the relative ion abundance in the standard mass spectrum of
the 𝑗-th component gas in the calibration standard gas at the 𝑖-th mass-to-charge ratio.

Fig. 2. (a) Extrapolated mass spectrum of calibration standard gas. (b) Actual full scan mass spectrum of the calibration
standard gas.

Each bar of the same colour is produced from the component gas with the corresponding
content. The base peaks of N2, O2, Ar, and CO2, are respectively at mass-to-charge ratios of 28,
32, 40, and 44. The other smaller bars are the fragment peaks of the four component gases.

The fragment peaks are generally lower, and the base peaks should be preferred when con-
structing the ratio matrix. If the base peaks of different component gases overlap, then multiple
fragment peaks with higher effective ion abundance and less overlap besides the base peaks
should be added until the number of component gases is the same as the number of effective ion
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abundances corresponding to the selected mass-to-charge ratio, 𝑖.𝑒., the equation of “𝑖 = 𝑗” in
Eqs. (4) and (5). Given the differences in the online process mass spectrometer and the experi-
mental environment, the actual detected mass spectrum of the calibration standard gas may differ
from the extrapolated mass spectrum obtained from the standard mass spectrum library (Fig. 2).

Therefore, after examining the actual full-scan mass spectrum of the calibration standard gas
and the extrapolated mass spectrum, with the assistance of Eq. (2), an accurate ratio matrix 𝜷𝑠

can be constructed (Eq. (7)).

𝜷𝑠 =


100 0 0 9.8
0 100 0 0
0 0 100 0
0 0 0 100

 , (7)

where each row of the ratio matrix 𝜷𝑠 represents the established ratio of each component gas
in the calibration standard gas at mass-to-charge ratios 28, 32, 40, and 44; and each column
represents the established ratio of N2, O2, Ar, and CO2 in the calibration standard gas at each
mass-to-charge ratio.

3.2. Correcting the ratio matrix

The ratio in the ratio matrix 𝜷𝑠 is only the established ratio calculated from the NIST standard
mass spectrum library, which may be inaccurate compared to the actual ratio. As such, the ratio
standard gas should be formulated with the same content as the corresponding component gas
in the calibration standard gas to correct the ratio matrix 𝜷𝑠 . From Eq. (6), the ratio matrix 𝜷𝑠

shows that the base peak of N2 and the fragment peak of CO2 overlap only at a mass-to-charge
ratio of 28. Therefore, the base peak of N2 can be separated more accurately when only the ratio
standard gas consisting of 2% CO2 and 98% He is formulated to correct the established ratio of
CO2 at the mass-to-charge ratio of 28.

When the online process mass spectrometer performs high speed detection of the ratio standard
gas for a limited long time, it is subject to various types of noise interference. Many burrs may
appear on the effective ion abundance curves, making the true effective ion abundance drown in
the burrs. Generally, the true effective ion abundance for a limited long time is mostly distributed
in the low frequency band, and the burrs are mostly distributed in the high frequency band.
Therefore, the low-pass filter is considered to smoothen the detected effective ion abundance
curves.

In order to obtain better filtration and to facilitate the application, it is considered to use the
Savitzky–Golay filter [21], which is the least-squares fitting of the selected data region through the
active window to remove the outliers in the time domain, with different filtering effects obtained
from the adjustment of the size of the active window and the order of the fitting polynomial.
Since the least squares method for fitting the data requires solving the inverse matrix of the
corresponding data, but there is the possibility that the inverse matrix is not available in the actual
data, the gradient descent algorithm of machine learning is used to improve the least-squares
fitting in the Savitzky–Golay filter. The differences and distortions of the effective ion abundance
curves before and after the filtering are evaluated with the mean square error ratio and the relative
standard deviation ratio to ensure the true effective ion abundances without large distortions for
more accurate quantitative results.

After multiple adjustments, it is demonstrated that for the effective ion abundance curves at
mass-to-charge ratios of 28 and 44 for the ratio standard gas, the mean square error ratio before

344



Metrol. Meas. Syst.,Vol. 30 (2023), No. 2, pp. 337–351
DOI: 10.24425/mms.2023.144874

and after the filter should be below 0.3 and the relative standard deviation ratio should be above
0.4. Therefore, a Savitzky–Golay filter with a window size of 65 and a fitting order of 1 can be
chosen for smoothing (Figs. 3a and 3b).

Fig. 3. Detection and treatment of the ratio standard gas.

The variations in the environment and the automatic adjustment of the gas injection system
may change the content of each component gas, resulting in the changes in the ratio between the
effective ion abundances, which can be normalized with Eq. (3) to monitor the changes in the
content of each component gas in real time. The whole normalized curves at mass-to-charge ratios
of 28 and 44 are relatively flat (Figs. 3c and 3d). Hence, the established ratios between the effective
ion abundances never change significantly. The fluctuations of the effective ion abundances are
mostly related to the injection volume (Figs. 3a and 3b), and neither does the content of each
component gas change clearly. However, the linear regression algorithm of machine learning can
be performed on all smoothed effective ion abundances at mass-to-charge ratios of 28 and 44
(Fig. 4) to remove the outliers and accurately correct the established ratio of CO2 at mass-to-
charge ratio of 28. The slope of the linear regression function is used to correct the established
ratio of CO2 at the mass-to-charge ratio of 28 to obtain the ratio matrix 𝜷𝑠𝑢 (Eq. (8)).

𝜷𝑠𝑢 =


100 0 0 6.63
0 100 0 0
0 0 100 0
0 0 0 100

 . (8)

Fig. 4. Linear regression of smoothed effective ion abundances of the ratio standard gas.
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3.3. Calculating the relative sensitivity matrix

The calibration mathematical model of Eq. (4) and the quantitative mathematical model of
Eq. (5) show that once the ratio matrix 𝜷𝑠 is constructed, the effective ion abundances to be
detected for the calibration standard gas and the yeast fermenter tail gas are determined; that is,
the effective ion abundances at mass-to-charge ratios of 28, 32, 40, and 44.

When the online process mass spectrometer is used to detect the calibration standard gas at
high speed for a limited long time, the corresponding effective ion abundance curves are subject to
different levels of noise interference because of the differences in the content of each component
gas, and different Savitzky–Golay filters need to be selected for smoothing separately. After the
repeated adjustment, for the effective ion abundance curves at the mass-to-charge ratios of 28,
32, 40 and 44, the mean square error ratio should be below 0.6 and the relative standard deviation
ratio should be above 0.6 before and after the filtering. Therefore, different Savitzky–Golay filters
with window sizes of 71, 15, 61 and 31, respectively, and all fitting orders of 1 are selected
correspondingly for smoothing (Figs. 5a to 5d).

Fig. 5. Detection and treatment of the calibration standard gas.

As shown in the normalized curves (Figs. 5e to 5h), the content of each component gas of the
calibration standard gas never changes obviously, so the whole smoothed effective ion abundances
can be further processed to reject the outliers. Each effective ion abundance and the sum of its
effective ion abundances can then be processed with the linear regression algorithm of machine
learning (Figs. 6a to 6d). The correction matrix 𝜸𝑠𝑢 can be constructed with the slopes of each

Fig. 6. Linear regression of smoothed effective ion abundance of the calibration standard gas.
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linear regression function (Eq. (9)).

𝜸𝑠𝑢 =


0.79543782
0.16569273
0.01424893
0.02462052

 . (9)

The relative sensitivity matrix 𝜶𝑠𝑢 can be obtained according to the correction mathematical
model (Eq. (10)). [

𝜷𝑠𝑢 · 𝝋
]−1 · 𝜸𝑠𝑢 = 𝜶𝑠𝑢 =


1.0177 × 10−4

8.7207 × 10−5

1.4249 × 10−4

1.2310 × 10−4

 . (10)

3.4. Online quantitative analysis

This work then verifies the accuracy and applicability of the quantitative mathematical model
established with the calculated ratio matrix 𝜷𝑠𝑢 and relative sensitivity matrix𝜶𝑠𝑢 . The calibration
standard gas with the known content of each component gas is used for gas analysis in the validation
experiment. For the real reflection of the change content of each component gas, the effective
ion abundance curves (Figs. 7a to 7d) are no longer smoothed and linearly regressed but are
only normalized (Figs. 7e to 7h). Based on the detection matrix y𝑡𝑠𝑢 , which is composed of the
normalized values of the effective ion abundances at each moment, the quantitative mathematical
model of Eq. (5) is solved to obtain the content matrix x𝑡𝑠𝑢 of each component gas (Eq. (11)).[

𝜷𝑠𝑢 ·
(
e · 𝜶T

𝑠𝑢 · E4

)]−1
· y𝑡𝑠𝑢 = x𝑡𝑠𝑢 , (11)

where e is the 4 × 1 all-ones matrix; E4 is the fourth order identity matrix.

Fig. 7. Detection and normalization of the validation gas.

The content curve is plotted in real time to monitor changes in the content of each component
gas (Figs. 8a to 8d). Compared to the real content of each component gas of the calibration standard
gas, the actual calculated content of component gas fluctuates within an acceptably small range.
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This finding demonstrates the feasibility of the ratio matrix and the relative sensitivity matrix for
online quantitative analysis of reaction gases or exhaust.

Fig. 8. Online quantitative analysis of the validation gas.

3.5. Method evaluation

Validation experiments were conducted for multiple batches at different times with the calibra-
tion standard gas for the more objective evaluation of the accuracy and applicability of the online
quantitative analysis method. The accuracy of the method can thus be verified by calculating the
average value of each content curve for each batch for the whole time period and comparing it to
the real content (Figs. 9a to 9d).

Fig. 9. Variations in the average content of each component gas in multiple batches of validation experiments.

The applicability of the method can be verified through the calculation of the relative standard
deviation of the content curves of each batch for the whole time period to reflect the fluctuation
of the curves (Figs. 10a to 10d).

Fig. 10. Variations in the relative standard deviation of each component gas for multiple batches of validation experiments.

Compared to the actual content of each component gas of the calibration standard gas, the
average content of O2 in the validation experiment of Batch 4 differs the most from the actual value,
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with the maximum error of 0.2505% (Fig. 9b). Comparison of the relative standard deviations of
the component gases in each batch showed that the largest relative standard deviation is 0.9367%
for Ar in the validation experiment of Batch 1 (Fig. 10c).

4. Conclusions

This research has developed a method to separate overlapping peaks of the reaction gas or
exhaust and quantify their component gases using a quantitative mathematical model based on a
ratio matrix and a relative sensitivity matrix, combined with the linear regression algorithm of
machine learning. This method is not only accurate, but also applicable. For online quantitative
analysis of the representative yeast fermenter tail gas, the maximum quantification error is within
0.3% and the maximum quantification relative standard deviation is within 1%. When the sce-
narios for online quantitative analysis are changed, this method is still applicable. Whenever the
component gases and their contents of the relevant reaction gases or exhaust can be accurately
estimated on the basis of the principles of this method, and the corresponding standard gas can
be formulated. The applicable calibration mathematical model and quantitative mathematical
model can be constructed for the online quantitative analysis of the corresponding reaction gas
or exhaust. The application of this method to the online quantification and real-time monitoring
of the reaction gases or exhaust in the industrial production process can improve the production
capacity and optimize the products through timely adjustment of the industrial production when
the contents of each component gas change abnormally.
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