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ABSTRACT To accurately measure Cl2 mixing ratio using stack emission monitors and 
leak monitoring sensors in a workplace, it is essential calibrating monitors and sensors 
periodically using a Cl2 standard gas mixture. Because there is no reliable analytical tech-
nique for Cl2, an international standard for high-pressure Cl2 gas mixtures has not been 
established. A novel approach for the quantification of Cl2 was developed using quadru-
pole mass spectrometry (QMS) with an expanded uncertainty of 0.7 μmol mol-1. A 100 
μmol mol-1 chlorine (Cl2)/N2 gas mixture was produced through a two-step procedure 
involving dilution of Cl2 with N2 in high-pressure aluminum cylinders. To check the con-
sistency between 100 μmol mol-1 Cl2 gas mixtures in different cylinders, Cl2 gas mixtures 
were quantified using the QMS based approach. It was found that four cylinders of 100 

μmol mol-1 Cl2 gas mixtures prepared in 2016 agreed within 0.7 μmol mol-1. The long-
term stability of 100 μmol mol-1 Cl2 gas mixtures was assessed through changes in the 
Cl2 mixing ratio over a one-year. It was found that the 100 μmol mol-1 Cl2 gas mixture 
was stable within ±0.7 μmol mol-1 over one year. Finally, 100 μmol mol-1 Cl2/N2 gas mix-
ture was successfully developed in a high pressure cylinder with an expanded uncertain-
ty of 2.0 μmol mol-1 (k = 2; 95% confidence level).

KEY WORDS   Cl2, Standard gas mixture, Quadrupole mass spectrometry, Stability, Uncer-
tainty

1. INTRODUCTION

Chlorine (Cl2) is an extremely reactive and strongly oxidizing agent widely used 
in the pharmaceutical, plastics, agrochemical, water-treatment, textile, cleaning, and 
semiconductor industries (Saroha, 2006). Cl2 gas forms HCl upon contact with 
atmospheric water vapor, attacking the human respiratory system, eyes, and skin. 
The US National Institute for Occupational Safety and Health recommends an 
exposure limit of 0.5 ppm in air for 15 minutes (NIOSH, 2007), requiring continu-
ous monitoring of atmospheric Cl2 concentrations in workplaces where the gas is 
used.

Cl2 concentrations can be determined by ion chromatography after dissolution in 
water (U.S. EPA, 1996) with continuous monitoring being possible with a gas/liq-
uid collector coupled to an ion-chromatography system ( Jung et al., 2019). Optical 
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techniques are not applicable because Cl2 lacks a strong 
absorption band in the infrared and visible spectral 
regions. Electrochemical methods can be employed but 
are prone to interference by other gases and moisture 

(Menne and Weppner, 1992), although they are widely 
used because the more accurate ion-chromatography 
technique does not lend itself to portability. Thus, peri-
odic calibration of electrochemical sensors with standard 
Cl2 gas mixtures is necessary for Cl2 monitoring to be 
reliable.

A 100 μmol mol-1 HCl/N2 primary-standard gas mix-
ture in a high-pressure cylinder was recently developed 
by KRISS with an expanded uncertainty of 1.65 μmol 
mol-1 (k = 2; 95% confidence) ( Jung et al., 2019). For 
the development of HCl/N2 primary-standard gas mix-
ture, the HCl gas mixtures in the different cylinders were 
verified using Fourier transform infrared spectroscopy 

(FTIR). The long-term stability of HCl/N2 primary-
standard gas mixture was evaluated using the FTIR. 
Because there is no reliable analytical technique for Cl2, 
an international standard for high-pressure Cl2 gas mix-
tures has not been established.

The objective of this study is development of Cl2 refer-
ence gas mixtures which can be used to calibrate various 
electrochemical sensors and stack emission monitors. To 
develop primary Cl2 reference gas mixtures, it is essential 
to verify prepared Cl2 gas mixtures with reliable analyti-
cal technique with very low analytical uncertainty. In this 
study, quantification of Cl2 concentrations using a quad-

rupole mass spectrometer (QMS) has been developed. 
This study also describes the development of 100 μmol 
mol-1 Cl2/N2 standard gas mixtures in high-pressure alu-
minum cylinders by checking the consistency of gas mix-
tures between cylinders and their long-term stability.

2. METHODS AND MATERIALS

2. 1  Preparation of Cl2/N2 Gas Mixtures
The Cl2/N2

 (source/balance) gas mixtures were pro-
duced by a previously reported gravimetric method 

(ISO 6142-1, 2015), with a custom-designed gas-filling 
system. A sulfinert-treated manifold and valves were 
used in the gas-filling system to minimize adsorption 
loss of Cl2 inside the system. Aluminum cylinders of 10 
L volume (Luxfer, Manchester, UK) were used for the 
preparation of Cl2/N2 gas mixtures. The cylinders were 
heated at 50-60°C under vacuum condition at 5 × 10-6 
Torr to remove impurities inside a cylinder. The weight 
of cylinders was measured before and after filling source 
and balance gases using an automated balance (XP26 
003L, Mettler-Toledo, Switzerland) having 26 kg capaci-
ty and 1 mg resolution (Kim et al., 2018). 

The purity of the Cl2 gas was reported as 99.9995%. 
Impurities were quantified by the manufacturer (Paik 
Kwang Industrial, RoK) by gas chromatography with a 
pulsed-discharge helium-ionization detector, and includ-
ed O2, N2, and H2O at concentrations of 0.1 μmol mol-1, 

Fig. 1. Schematic diagram describing the preparation of Cl2 gas mixtures. Cylinder number, mixing ratio, and relative expanded uncertain-
ty (U) are shown.
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0.04 μmol mol-1, and 0.41 μmol mol-1, respectively. 
High-purity N2

 (99.9999%±0.00005% purity; Deoky-
ang, RoK) balance gas was used, with any impurities 
being quantified by gas chromatography with flame-ion-
ization and thermal-conductivity detectors ( Jung et al., 
2019). The 100 μmol mol-1 Cl2/N2 gas mixtures were 
prepared by two-step dilution of Cl2 with N2, as shown 
schematically in Fig. 1. Four cylinders of ~1 cmol/mol 
and six of ~100 μmol mol-1 Cl2 gas mixtures were pre-
pared in 2016. A further two cylinders of ~1 cmol/mol 
and three of ~100 μmol mol-1 Cl2 gas mixtures were pre-
pared in 2017 (Fig. 1). Expanded relative uncertainties in 
the 100 μmol mol-1 mixtures ranged from 0.07% to 
0.11% with an arithmetic mean of 0.09% (Fig. 1).

2. 2  Cl2 Analysis
To check the consistency between gas cylinders, Cl2 

mixing ratios were determined by a QMS (Magic-300, 
Bongil, Korea), with specifications as summarized in 
Table 1 and the system as illustrated in Fig. 2 (compris-
ing systems for gas injection, flow control, and analy-
sis). A multi-position valve was used to inject gas into 
up to five cylinders sequentially, while preventing reac-
tions of Cl2 in the regulator and gas lines with air mois-
ture.

A gas regulator between the injection and flow-con-
trol systems controlled gas pressure. The gas line and 
regulator were flushed three times with new Cl2/N2 gas 
mixture between cylinder fillings. The gas-mixture 
flow rate was maintained at 300 mL min-1 using a mass-
flow controller. A small fraction of the gas mixture was 
injected into the QMS system, while the remainder was 
vented. Pure N2 gas was injected into the QMS system 
through a three-way valve while the next cylinder was 
injected through the multi-position valve as shown in 
Fig. 2.

3. RESULTS AND DISCUSSION

3. 1  The QMS Cl2 Measurement Technique
The QMS ionization chamber ionizes Cl2 to Cl2

+, 
some of which fragments to Cl + Cl+. Chlorine has two 
isotopes, 35Cl and 37Cl, with 35Cl making up 76% of nat-
ural chlorine and 37Cl 24% (Hoering et al., 1961). The 
mass spectrum of Cl+ should thus display peaks at m/
z = 35 and 37, whereas Cl2

+ displays peaks at m/z = 70, 
72, and 74. Signals should be relatively high for m/z = 37 
and 70.

QMS mass spectra of pure N2 and 100 μmol mol-1 
Cl2/N2 gas mixtures are shown in Fig. 3, with relatively 
high intensities being apparent at m/z = 35, 36, 37, 38, 
40, 70, 72, and 74 for the gas mixture compared with 
pure N2. The m/z = 35 and 37 peaks of the gas mixture 
are due to Cl+ fragmentation from Cl2

+, whereas the m/
z = 70, 72, and 74 peaks (Fig. 3a) are attributed to Cl2

+. 
The m/z = 35 and 70 peaks were therefore used in QMS 
analysis of gas mixtures.

Temporal variations in m/z = 35 and 70 intensities 

Fig. 2. Schematic diagram of the quadrupole mass spectrometer (QMS) Cl2 measurement system. MFC = mass flow controller.

Table 1. Specification of a quadrupole mass spectrometer (QMS).

   Parameters          Conditions

Model Magic-300
Range 2-300 AMU
Stability 0.25%
Data resolution 0.4 s
Vacuum pump 55 L/s Turbo pump
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during sequential injections of gas mixture and N2 are 
shown in Fig. 3b, with decreases in intensity at m/z = 35 
and 70 occurring after injection of N2. Even though dec-

rease in intensity at m/z = 35 was observed after injec-
tion of N2, the intensity at m/z = 35 decreased gradually 
and didn’t reach to zero value whereas significant dec-

Fig. 3. (a) QMS mass spectra of N2 and 100 μmol mol-1 Cl2/N2 gas mixture; (b) temporal variations in m/z = 35 and 70 intensities during 
sequential injections of N2 and Cl2 gas mixture.

(a)

(b)

Fig. 4. (a) Temporal variation in gas-mixing ratio; (b) variations during sequential injection of reference and sample gas mixtures. The ref-
erence Cl2 gas mixture (D58 1155) was used as samples S1 and S2.

(a)

(b)
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rease in intensity at m/z = 70 down to zero value was 
observed after injection of N2. These results (Fig. 3b) 
indicate that the m/z = 70 signal is more suitable for 
quantification of Cl2 gas mixtures.

The Cl2/N2 mixing ratio was determined after cali-
brating the QMS system with the 100 μmol mol-1 Cl2/
N2 gas mixture (Fig. 4). The QMS Cl2 response did not 
stabilize until >1 h after injection of the gas mixture 

(Fig. 4a), so a correction method was introduced to cor-
rect drifts in Cl2 response with time (Fig. 4b). Reference 
and sample cylinders were injected sequentially over the 
same time intervals (Fig. 4b), with N2 being injected 
between reference and sample cylinders to clean gas 
lines and the QMS system.

Measurement sensitivity was defined as the ratio of 
QMS Cl2 response to gravimetric Cl2 value:

                                      Cl2 response, i
Sensitivity, i = -------------------------------- (1)
                              Gravimetric Cl2 value, i

The percentage difference between sample and refer-
ence cylinders was calculated as follows:

                (Sensitivity, sample-Sensitivity, Ref)
%Diff = ----------------------------------------------- ·100   (2)
                                  Sensitivity, Ref

The validity of this comparison method was checked 
by injecting 100 μmol mol-1 Cl2/N2 gas mixture con-
tinuously for 7 min, followed by 1 min N2 injection, 
with reference cylinder D58 1155 being injected as 

Fig. 5. QMS consistency check between reference and sample gas 
mixtures. The reference Cl2 gas mixture (D58 1155) was used as 
samples S1 and S2.
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Fig. 6. Consistency check of Cl2 gas mixtures prepared in 2016.
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Fig. 8. Long-term stability of Cl2 gas mixtures in different gas cyl-
inders. Red and black circles represent mixtures prepared in 2016 
and 2017, respectively.
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Fig. 7. Consistency check of Cl2 gas mixtures prepared in 2017.
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“samples” 1 and 2 (Figs. 4 and 5). The three Cl2 values 
agreed within 0.7%, indicating that the Cl2 comparison 
method is valid for the 100 μmol mol-1 Cl2/N2 gas mix-
ture with an expanded uncertainty of 0.7 μmol mol-1.

3. 2  Verification and Stability of Gas Mixtures
The 100 μmol mol-1 Cl2/N2 gas mixtures prepared in 

2016 were analyzed using the analytical procedure 
illustrated in Fig. 4, with cylinder D41 7565 as a work-
ing reference cylinder. Results are summarized in Fig. 
6. Analytical results of the four cylinders agreed within 
0.7 μmol mol-1. This was repeated with gas mixtures 
prepared in 2017 (Fig. 7), with results again agreeing 
within 0.7 μmol mol-1.

The long-term stability of the high-pressure gas mix-
tures was assessed through changes in the Cl2 mixing 
ratio. Gas mixtures D41 7667 and 7692 (2016), and D58 
1235 and 1155 (2017), were analyzed by QMS with 
D58 1235 as a working reference cylinder. Results are 
shown in Fig. 8. No significant changes in gas composi-
tions were observed (Fig. 8), with the four cylinders 
being consistent within the analytical uncertainty of 0.7 

μmol mol-1. The gas mixtures can therefore be assumed 
to be stable within ±0.7 μmol mol-1over one year.

3. 3  Uncertainty Estimation
The main uncertainties of the gas mixture were gravi-

metric preparation of gas mixture in high-pressure cyl-
inder, verification within different cylinders, and long-
term stability. The preparation uncertainty of the 100 

μmol mol-1 Cl2/N2 gas mixture was determined to be 
0.09 μmol mol-1, whereas the verification uncertainty 
was 0.7 μmol mol-1 (Figs. 6 and 7), and the uncertainty 
related to stability was 0.7 μmol mol-1 (Fig. 8). The 
standard uncertainty (uCRM) of a certified reference 
material (CRM) was calculated as follows:

u2
CRM = u2

prep + u2
ver + u2

stb
 (3)

where uprep, uver, and ustb represent standard uncertainty 

related to gravimetric preparation, verification between 
different cylinders, and stability within cylinder, res-
pectively. The standard uncertainty for the 100 μmol 
mol-1 Cl2/N2 standard gas mixture was determined to 
be 1.0 μmol mol-1 (Table 2). Thus, the 100 μmol mol-1 
Cl2/N2 standard gas mixture was successfully devel-
oped in a high-pressure cylinder with an expanded 
uncertainty of 2.0 μmol mol-1 (k = 2; 95% confidence 
level).

4. CONCLUSION

The QMS can successfully be applied in determining 
the consistency and stability of high-pressure 100 μmol 
mol-1 Cl2/N2 standard gas mixtures. Gas cylinders pre-
pared in 2016 and 2017 were successfully verified with-
in an uncertainty of 0.7 μmol mol-1, with the mixtures 
being stable within ±0.7 μmol mol-1 over a one-year 
period. The expanded uncertainty of 100 μmol mol-1 
Cl2/N2 gas mixtures is 2.0 μmol mol-1 (k = 2; 95% con-
fidence level). This Cl2 standard gas mixture can con-
tribute to improve the accuracy of stack emission mon-
itors and leak monitoring sensors in a workplace.
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