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ABSTRACT

Cyanogen chloride, as a systemic toxic agent, can cause death rapidly. In this paper, a non-dispersive infrared sensor was designed for the
infrared absorption detection of cyanogen chloride at 800 cm™'. The roughness of the internal coating material was analyzed by experiments,
and the gold-plated gas chamber was selected. The light path propagation of different cross-section gas chambers was simulated, and
the circular section gas chamber was selected to increase the infrared detector signal. The effect of flow rate on voltage was studied. The
standard curve between voltage and concentration was obtained under the optimal condition of 0.4 L min-!. The maximum response time
was 19 s, and RSD was less than 2%. The interference experiment results showed that common gases entering the gas chamber do not cause
interference. The non-dispersive infrared sensor for cyanogen chloride has good stability and detects cyanogen chloride in real-time.
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INTRODUCTION

Cyanogen chloride (CNCI) is an important chemical intermediate,
widely used in pesticides, medicine, and chemical additives and was
used as a systemic toxic agent in World War II. For example, CNCl
is used to produce cyanuric chloride and the synthesis of tetramethyl
guanidine."” CNCI has the characteristics of low boiling point and
volatility and usually exists as a gas.>* Cyanogen in CNCI has strong
coordination ability. It can combine with the trivalent iron ion in cells,
affecting normal respiration and causing asphyxia. After poisoning,
people will have dizziness, nausea and vomiting; in severe cases, the
body muscles will be paralyzed, and the reflex will be lost, resulting in
death within a few minutes.>” With the increase of storage capacity and
types of hazardous chemicals year by year, safety issues should not be
underestimated. The rapid and accurate detection of CNCl has become
an indispensable requirement. Generally, gas detection methods
mainly include ion chromatography,®'° catalytic combustion,'"!?
electrochemical methods,'>!* and gas chromatography.’>-'” However,
most detection devices on which these methods are based are
expensive, inconvenient to carry and cannot detect CNCl in real-time.

Non-dispersiveinfrared (NDIR), asareal-time gas detection method,
selects the specific infrared absorption as the basis of qualitative
recognition and quantitative analysis. At present, NDIR sensors play
an important role in coal mine safety, air detection, environmental
management, and other fields,18-20 since they can detect CO,, CO,
NO, NO,, SO,, CH, C,H;0H, C,H, and other inorganic and organic
gases.?!"> Barritault et al. report the fabrication and characterization
of an NDIR sensor based on a micro-bolometer detector and a Micro-
Electro-Mechanical System (MEMS) IR-source, which has a very low
power consumption.?* Gibson and Macgregor developed a new type
of carbon dioxide NDIR sensor combined with a mid-infrared light-
emitting diode light source and a photodiode detector.® The sensor
has the advantages of fast stabilization time, low power consumption
and low cost.” Tan et al. designed an NDIR device with a parabolic gas
chamber where environmental temperature, humidity, and pressure
changes are reduced through linear compensation.? Therefore, NDIR
sensor detection methods have good poison detection and analysis
prospects.

*To whom correspondence should be addressed
Email: liugh01@163.com

The purpose of this paper is to develop an NDIR sensor that
qualitatively and quantitatively detects CNCI in real-time. In this
work, the detection wavelength was selected according to the infrared
spectrum. The appropriate components of the NDIR sensor are
selected, and the roughness of the gas chamber with different coating
materials is compared. The cross-section shape of the gas chamber
is simulated and optimized. The effect of flow rate on the voltage
response value of CNCI was studied. Under the optimal conditions,
we obtained the standard curve and detection limit of CNCI gas.
We tested the response time, precision and selectivity of the sensor
through a series of experiments.

MATERIALS AND METHODS
Chemicals and reagents

The Institute of NBC Defense provided CNCI. Different concentrations
of CNCI were prepared by the static gas distribution method. Firstly,
the air in the gas bag was evacuated, and the quantitative gas tube
absorbed a certain amount of CNCI gas and injected it into the gas
bag. Then, nitrogen is slowly injected into the gas bag. Then the
gas bag was squeezed several times, and the gas mixed evenly. The
real concentration of CNCI in the gas bag was detected using a
photoacoustic spectrometer.

Nitrogen (N,), CO,, CO, NO, NO,, N,0, CH,, SO,, H,, H,S, O,,
NH;, CH,, C,H;OH and propane (C;Hg) were provided by Beijing
Zhaoge Gas Technology Co., Ltd.

Instruments

In this investigation, a multimeter (Unitech (China) Co., Ltd),
photoacoustic spectrometer (Institute of NBC Defense), optical
profilometer (Shanghai Microspectrum company), and a self-made
NDIR sensor (Institute of NBC Defense) were used. The length of the
gas chamber was 130 mm, the filter was a narrow-band pass filter, and
the infrared detector was a pyroelectric detector. Lithium tantalate was
chosen as the pyroelectric crystal, which has a fast response speed and
can work at both high and low frequencies.

A schematic diagram of the sensor is shown in Fig. 1. The principle
of the NDIR sensor is that the infrared light source is not divided at
first. When the infrared light passes through the gas to be measured,
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Figure 1: Schematic diagram A and physical picture B of CNCI NDIR sensor

a filter is used to let the infrared light of a specific wavelength pass
through. The transmission wavelength of the filter is the selected
detection wavelength. The infrared detector converts the optical
signal into an electrical signal, and an amplification circuit amplifies
the signal. The unknown gas concentration can be obtained according
to the collected voltage value.

METHODS

Different concentrations of CNCl were introduced into the gas
chamber of the sensor. The positive and negative electrodes of the
sensor were connected with a multimeter, and a computer collected
the voltage response value.

For the quantitative detection in NDIR sensor, according to Lambert
Beer’s law:27-3

[=Ie™ 1)

I, represents the incident light intensity of the detection wavelength,
I represents the outgoing light intensity of the detection wavelength,
k is the gas absorption coefficient, c is the gas concentration, and 1 is
the optical path. In the formula: I « (1/c), the detector converts the
optical signal into an electrical signal, and there are reference gas and
detection gas in the gas chamber. Therefore:

[Jacto< Iact' [Jrefo< [ref (2)

U, Up represents voltage signals of the CNCI channel and nitrogen
channel, respectively. I,., and I, represent the incident light intensity
of the CNCI channel and nitrogen channel, respectively. After
introducing the parameters a, B, the following relation is obtained:

Uact = Iact eikda' Uref= Iref b (3)

a represents the joint influence of the transmittance of the detection
filter and the response constant of the poison detector, respectively. B
is the joint effect of the reference filter’s transmittance and the nitrogen
detector’s response constant. U, ;—U,:

AU = Uref - Uact xc (4)

It can be seen from the above formula that the difference between the
reference voltage minus the measured voltage (AU) is proportional to
the concentration c.

RESULTS AND DISCUSSION
Selection of wavelength

The molecular composition of CNCI is composed of three atoms.
The CN- group has a strong electron absorption effect, which leads
to the mismatch of positive and negative charge centres, so the dipole
moment is not zero. When a molecule vibrates or rotates, the dipole
moment changes. At this time, CNCI can absorb specific infrared
radiation.

The infrared spectrum of CNCIl was obtained by experiment, as
shown in Figure 2. According to the results, the infrared peaks of high
absorption intensity of CNCI are 320 cm™!, 800 cm™' and 2300 cm™™.
As 320 cm™! does not belong to the mid-infrared region, it cannot be
used as the detection wavelength. It was concluded that 2300 cm™
(4.3 um) was the absorption peak of C=N, but it is close to the beam
of carbon dioxide in the air at 2300 cm™'. Especially in the explosion
environment, there will be a high concentration of CO,, so the detection
at this position will produce interference. 800 cm™! is the bending
vibration of CI=C, and the absorption of the peak is high. The infrared
absorption position of water vapour is around 1200-1900 cm™! and
3400-4000 cm™, so it will not result in interference. Other common
gases in the air will not produce interference at 800 cm'. Therefore,
800 cm™! was selected as the infrared detection beam of CNCI.

Optimization of the gas chamber
Optimization of coating

CNCI absorbs infrared light through the gas chamber. When the
parallel beam propagates in the gas chamber, some infrared light will
be reflected and refracted in the gas chamber. The rougher the gas
chamber is, the more diffuse the reflection will be, which will lead to
an increase in light loss. At present, there are two types of gas chamber
coating: aluminium and gold coating.

The inner surface roughness of two kinds of gas chambers with
different materials was measured using a 3D optical profilometer.
As shown in Figure 3 and Figure 4, the roughness of the gold plating
chamber (0.269 um) is better than that of the aluminium chamber
(0.277 um). In addition, the chemical properties of aluminium are
very unstable, and the surface of the aluminium film will react with
oxygen in the atmosphere to form alumina film, which will reduce the
smoothness of the inner wall of the gas chamber. However, the gold
plating chamber has better chemical stability, and exposure to CNCI
gas will not be contaminated. Therefore, the gold plating chamber was
selected as the best coating material.

Section shape optimization

The light intensity received by the infrared detector is affected by the
cross-sectional shape of the gas chamber. The greater the light intensity
received by the infrared detector, the higher the detection accuracy of
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Figure 2: Experimental infrared spectrum of CNCIl
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Figure 3: Internal roughness test diagram of the aluminium chamber
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Figure 4: Internal roughness test diagram of the gold plating chamber

the instrument. The effect of circular and square configurations on the
detection effect of the detector was simulated (Figs 5 and 6). The maximum
irradiance of the square section gas chamber is 21 624 W m2, and that of
the circular section gas chamber is 38 744 W m~2. While for the average
irradiance, the square section gas chamber is 11798 W m™ and the
circular section gas chamber is 12 445 W m~2. Therefore, under the same
light source intensity, the light loss of the square section gas chamber was
greater than that of the circular section gas chamber. In addition, because
the detector detection channel is located in the central position and the
light spot in the circular gas chamber is more concentrated, resulting in
stronger optical signals and stronger output signals, the circular cross-
section gas chamber should be selected for assembly.
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Effect of flow rate

In order to explore the effect of flow rate on voltage response,
3040 ppm CNCI was injected into the gas chamber at different flow
rates, ranging between 0.4 and 0.65 L min~'. The results of voltage
acquisition are shown in Fig. 7. When the flow rate was less than
0.4 L min~}, the voltage response value increased, but the curve slope
gradually decreased. The voltage response value showed little change
when the flow rate was greater than 0.4 L min!. Considering the
power consumption of the sensor, the flow rate should not be too high.
Therefore, a flow rate of 0.4 L min~! was selected as the optimal flow
rate in the later experiments.

X

Horizontal

Figure 5: Simulation results of square section gas chamber. A is the structure diagram of the square cross-section gas chamber. The three-dimensional coordinate
system is established with the centre of the infrared detector as the origin. The X and Y axes represent the position on the detector plane, and the Z-axis represents
the irradiance. B represents the three-dimensional light intensity diagram of the detector after the infrared light passed through the gas chamber, C represents
the vertical view light intensity distribution of the detector after the infrared light passed through the gas chamber. D represents the two-dimensional coordinate
diagram of the light intensity distribution of the detector centre axis after the infrared light passes through the gas chamber.
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Figure 6: Simulation results of circular section gas chamber. A is the structure diagram of the circular cross-section gas chamber. The three-dimensional coordinate
system is established with the centre of the infrared detector as the origin. The X and Y axes represent the position on the detector plane, and the Z-axis represents
the irradiance. B represents the three-dimensional light intensity diagram of the detector after the infrared light passed through the gas chamber, C represents
the vertical view light intensity distribution of the detector after the infrared light passed through the gas chamber. D represents the two-dimensional coordinate
diagram of the light intensity distribution of the detector centre axis after the infrared light passes through the gas chamber.
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Figure 7: The effect of flow rate on the voltage at room temperature.

Analytical characteristics
Standard curve and precision experiment

CNCI was prepared in a 1-L gas bag at room temperature and then
introduced into the gas chamber. The gas concentration range for
detection was 14-3040 ppm. The standard curve obtained between
voltage and concentration was y = 0.329x + 742.76 with a linear range
of 64 - 2730 ppm and a detection limit of 25 ppm (S/N = 3) (Fig. 8).
The CNCI standard gases of 330 ppm, 948 ppm, 1864 ppm and
2478 ppm were prepared in four 1-L gas bags by static gas distribution
method, then the different concentrations of CNCI were introduced
into the gas chamber. The experimental results are shown in
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Figure 8: Voltage and concentration standard curve

Table 1. The relative standard deviations (RSD) of cyanide chloride
concentrations measured were less than 0.5%.

Response time

The response time of the instrument refers to the time required for
a certain concentration of gas to reach 90% of the stable value from
zero. Several gas bags were used to prepare CNCI with a concentration
of 3040 ppm, 2400 ppm, 1864 ppm, 948 ppm, 625 ppm and 350 ppm.
After each group of CNCI of different concentrations was passed into
the gas chamber, the time required to reach 90% of the stable value was
recorded. The maximum response time of the sensor is 19 s, which can
achieve the real-time detection of CNCI (Fig. 9).
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Table 1: The standard deviation and relative standard deviation of cyanogen
chloride concentrations measured

Actual conc. Measured conc.

SD RSD (%
(ppm) (ppm) (ppm) (%)
330 366 1.413 0.386
948 949 2.270 0.239
1864 1832 6.050 0.330
2478 2412 2.564 0.106
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Figure 9: Response time of different concentrations. a, b, ¢, d, e and f denotes
3040 ppm, 2400 ppm, 1864 ppm, 948 ppm, 625 ppm and 350 ppm, respectively.

Selectivity

At room temperature, we tested the interference performance of the
sensor when different gases (NH;, CO, CO,, NO, NO,, N,0, H,S, H,,
0,, SO,, He, CH,, C;Hg and C,H;OH) pass through the CNCl sensor.
After the sensor was preheated, gases of concentration 300 ppm were
introduced into the chamber using a gas proportional pump, and
the CNCI was continuously introduced into the gas chamber for 30
seconds. In the process of gas introduction, the results show that the
concentration indication of the sensor is always 0 ppm. Hence, the
CNCI NDIR sensor has good anti-interference performance for most
common gases.

CONCLUSIONS

In this project, the infrared absorption of CNCI at 800 cm™ was
selected for detection wavelength. The circular gold plating chamber
was selected to increase the light intensity received by the detector and
the service life of the gas chamber. The standard curve between voltage
and concentration is y = 0.329x+742.76 with the linear range of 64 -
2730 ppm and the detection limit of 25 ppm (S/N = 3). The maximum
response time of the sensor was 19 s, which can realize the real-time
detection of CNCI. Most common gases do not interfere with the
CNCI NDIR sensor.

The NDIR sensor only needs to use the air pump to pump the
external samples into the instrument and then detect them by non-
dispersive infrared spectroscopy. No other consumables are needed.
It has the characteristics of being easy to carry, offers real-time
detection, long-life, good stability, and strong anti-interference ability.
It has opened up a new field of non-dispersive infrared detection in
toxic agents.
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