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ABSTRACT: chlorineisa highly toxic and hazardous gas, which poses severe risks to environmental safety and occupational
health even at low concentrations. Thus, highly sensitive and rapid detection of chlorine at trace levels is essential for air quality
monitoring in laboratories, factories, and emergency sites, etc. Herein, a miniaturized optical emission spectrometer was constructed
for ultra-sensitive detection of chlorine in air, with absorption-headspace injection. Chlorine gas was first absorbed in a potassium
hydroxide solution and subsequently released as molecular Clz by a redox reaction with acidic potassium permanganate. The liberated
chlorine was accumulated in the sealed headspace vial, and then rapidly transported to the discharge microplasma for subsequent
excitation, in which characteristic optical emission of Cl at 837.59 nm was observed and recorded for quantification. Under the
selected experimental conditions, a limit of detection of 0.01 ppm (0.03 mg/m?) was achieved, with a relative standard deviation of

3.8% (1 ppm, 2.95 mg/m’, n = 9), meeting the
requirements for chlorine gas detection specified in a
China’s national standard GB 11984-2024. It was
successfully applied for analysis of certified reference
materials and real air samples, confirming its accuracy
and applicability. Owing to the advantages of high
sensitivity, wide linear range, simple operation, and
compact design, the proposed method and instrument
would be promising for potential on-site detection and
monitoring of chlorine in various chlorine operation
related scenarios.

INTRODUCTION

Chlorine, a strong oxidant and powerful halogenating agent, plays
a critical role in many industrial processes, including steel
desulfurization, chemical chlorination, pharmaceutical synthesis,
and the production of polyvinyl chloride.'> However, the high
toxicity and reactivity of chlorine make it a major occupational
hazard and environmental pollutant. Even low concentration of
chlorine in air can cause acute respiratory, ocular, and dermal
irritation. Chronic exposure to chlorine may further lead to severe
health risks and environmental destruction.>* Accidental leaks and
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releases in chemical plants, laboratories, and storage facilities can
result in catastrophic consequences.” Regulatory agencies
worldwide have established strict exposure limits for chlorine. The
Occupational Safety and Health Administration (OSHA) and its
European counterpart have set a time-weighted average (TWA)
limit of 0.5 ppm (~1.48 mg/m?), and a short-term exposure limit
(STEL) of 1.0 ppm (~2.95 mg/m?).%7 In China, the new national
standard GB 11984-2024 (Technical Specification for Chlorine
Safety of Chemical Industrial Enterprises) has also specified
chlorine limit in workplace, as low as 1 mg/m? (~0.34 ppm).%°
These strict limits specified in the standards further underline the
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urgent need for sensitive and reliable methods and instruments for
rapid and on-site detection of chlorine at trace level.

Currently, several methods have been developed for detection
of gaseous chlorine, such as iodometric titration method (HJ 547-
2017)!°, methyl orange spectrophotometric method (HJ/T 30-
1999)!1, ion chromatography (IC)'2, and electrochemical sensors 1314,
The conventional methods usually suffer relatively low
sensitivities and poor repeatability. Instrumental strategies are
commonly limited to laboratory-based analysis, due to large size
and expensive cost. Various sensors are of portability, but limited
linear ranges and potential cross-interferences from HzS or SO2.151°
Therefore, development of new methods that can balance the
sensitivity, linear range, anti-interference capability, and on-site
applicability is crucial. In recent decades, miniaturized emission
spectrometer based on microplasma techniques have attracted
great attentions in field analysis, owing to their advantages of
compact size, low power consumption, and simple operation
under atmospheric pressure.?%?3 At present, various microplasma
configurations are developed to construct miniaturized emission
spectrometric instruments, such as microtorch inductively/
capacitively coupled plasma (WICP/CCP)**?, corona discharge
(CD)*, glow discharge (GD) %7, dielectric barrier discharge
(DBD)*'*, and point discharge (PD)***. Their applicable scope
has generally expanded to versatile detections of metallic elements,
non-metallic elements, and compounds in gas, water, and soil

samples, etc. 194042

However, even utilizing a well-developed microplasma
excitation source, direct excitation and detection of chlorine gas in
air remains challenging, due to its extremely low concentration
near the specified safety limits. Besides, complex matrix in
ambient air (other gases, moisture, and aerosols, etc.) would cause
severe background emission interferences and even quenching the
microplasma.  Therefore, pretreatment  including
separation and concentration procedures is usually needed.
Headspace (HS) sampling is a well-established pretreatment
method for analytes those possess volatile and semi-volatile

sample

species. Through actuating a vapor-liquid equilibrium under
controlled conditions, volatile species partition into the headspace
vial, which can subsequently be sampled into the excitation
source.* Corresponding, enrichment of analytes and separation of
sample matrix could be simply achieved. By coupling with various
detection techniques (e.g., chromatography, and spectrometry),
therefore, it can achieve excellent analytical performance for real
samples.#

Therefore, in this study, a miniaturized optical emission
spectrometer was developed by using an enhanced rotated array

point discharge microplasma for improved instrumental

performance. Besides, an absorption-headspace injection

procedure was coupled with the OES device, to further improve
the analytical sensitivity and reduce interferences. It was expected
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to fully utilize the benefits of absorption, headspace enrichment,
and high-efficiency microplasma excitation, thus achieving an
ultra-sensitive method and instrument for detection of trace level
chlorine in air. To fully validate the proposed method and
instrument, systematic and thorough evaluation and discussion
were implemented in this study, including spectral characteristics,
chlorine absorption-headspace sampling process, analytical
performance, interferences, and various sample analysis.

EXPERIMENTAL

Instrumentation. A schematic diagram of the headspace
injection-rotated  array point discharge-optical emission
spectrometer (HS-RAPD-OES) is illustrated in Fig. 1. The system
mainly includes three modules: a HS introduction unit, a RAPD
excitation unit, and a charge coupled device (CCD) spectrometer
detection unit.

The HS introduction unit comprises a glass headspace vial (20
mL, Nantong Tianxing Experimental Technology Co., China),
two solenoid valves (KVE33PL12F1Q161, Kamoer), and a
heating jacket (Beijing Zhongxing Weiye Instrument Co., China).
The two valves and the vial are used to construct a dual-channel
sample introduction system. The two “NO” ports are directly
connected by a polytetrafluoroethylene (PTFE) tube as the
working gas channel (CHI1); while the two “NC” ports are
connected through the vial as the sample channel (CH2). The two
common ports of valves are used as the input and output of the HS
introduction unit. The headspace vial is heated by a heating jacket
to facilitate the redox release of chlorine. When the solenoid valves
simultaneously switch to the “NC” ports, gaseous analytes
generated in the vial are transported by the carrier gas to the
subsequent column dryer prior to the discharge unit, which is filled
with CaClz to remove moisture from the gas stream.

The RAPD microplasma excitation source was modified from
our previous work.* Briefly, it was constructed on a cylindrical

Fig. 1 Schematic diagram of the instrumental arrangement. HS Vial,
headspace vial; SV, solenoid valve; and RAPD, rotated array point
discharge.
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polyether ether ketone (PEEK) base (8 mm diameter, 19 mm
length), hollowing out a discharge chamber (4 mm diameter, 19
mm length) and a sample channel (4 mm diameter, 10 mm length).
Three pairs of tungsten needle electrodes are symmetrically
mounted on the PEEK base, with 60° rotation between each other
and a distance of 5 mm for adjacent electrode pairs, forming an
axially staggered trap microplasma excitation source. Each
electrode pair forms a discharge gap of 4 mm in the center of the
chamber channel, and is connected to the output port of a high-
voltage boosting module (HB-C10, Foshan Nanhai Hongba
Electronic Co., Ltd., China), whose input voltage is adjusted with
an AC voltage regulator (TDGC2-1, Zhejiang Chint Electric Co.,
Ltd., China) to provide the final required high voltage applied on
the electrodes for generation of three independent discharge
microplasmas. Optical emission lights transmitted through an
isolation quartz window, and was collected with a collimating lens
(74-UV, 190—1100 nm, Ocean Insight, USA) to be focused into an
optical fiber (QP600-1-XSR, Ocean Insight), which was
connected to a handheld CCD spectrometer (Maya 2000 Pro, 200—
1100 nm, 25 pm slit. Ocean Insight) for spectral acquisition, with
an integration time of 250 ms throughout this work.

Aluminum foil gas bags (4 L, BKMAN Biotechnology Co.,
Ltd., Changde, China) and a negative-pressure pump (12 W,
Fudingdianshun Electronics, Fuding, China) were used for
chlorine sampling. For methodological validation, an ion
chromatograph (CIC-D160, Qingdao Shenghan Chromatography
Technology Co., China) was employed for determination of CI".

Reagents and samples. The reagents used in the experiments
were of analytical grade or higher. Deionized water (DIW, 18.2
MQ-cm) was produced by using an ultrapure water purification
system (Chengdu Pincheng Technology Co., Ltd., Chengdu,
China). Chlorine standard gas in air was purchased from Sichuan
Zhongce Reference Material Technology Co. (Chengdu, China).
The KMnO4, KOH, 3A grade molecular sieve, and color-changing
silica gel were purchased from Chron Chemicals (Chengdu,
China). Anhydrous CaClz was purchased from Aladdin
Biochemical Technology Co. (Shanghai, China). The 2 mL
syringe was purchased from Kindly Medical Devices Co.
(Zhejiang, China). High purity helium (99.999%,) was purchased
from Chengdu Qiaoyuan Gas Co., Ltd. (Chengdu, China). Real air
samples, including ambient air, laboratory air, laboratory exhaust
vent air, chlorine gas operation cabinet air, hydrochloric acid
digestion hood air, and chemical waste collection station air, were
collected at Sichuan University.

Analytical procedure. Chlorine gas together with ambient air was
firstly collected in an aluminum foil gas bag by a negative-pressure
pump, at a pump rate of 5.4 L/min for 44 s. Then chlorine gas in a
fixed amount of collected air was absorbed in a 5 mL KOH
absorbent solution using a porous glass plate absorption impinger
(Tianbo Glass Instrument Manufacturing Co., Ltd., Tianjin, China),
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Fig. 2 Characteristic optical emission spectrum of Cl obtained by the
proposed HS-RAPD-OES. KCl concentration, 1 mg/L.

in which chlorine gas was trapped and converted into ionic
chloride species, obtaining the chlorine-containing absorption
solution subjected to the subsequent analysis.

For each measurement, the solenoid valves were initially set to
the CH1 working gas channel. Then, 1 mL absorption solution was
added to the headspace vial, and the valves were switched to CH2
to purge the sample channel for 30 s, removing ambient air from
the bottle. Afterwards, switch the valves back to CH1, inject 2 mL
pre-mixed solution of KMnO4 and H2SOs into the vial using a
syringe, and turn on the heating jacket. After reaction in the vial
for 5 min to completely release ionic chlorine from the absorption
solution, as molecular Cl2 accumulated in the headspace vial. The
valves were finally switched to CH2 again, thereby the carrier gas
immediately transported all molecular Cl» from the vial through a
dryer into the subsequent RAPD microplasma for excitation of
OES signals. The peak area of temporal profile of the characteristic
optical emission line of chlorine (at 837.59 nm) was recorded and
integrated for its quantification.

RESULTS AND DISCUSSION

Spectral characteristics of chlorine. The feasibility of the
proposed HS-RAPD-OES system for chlorine detection was
initially verified. Since chlorine gas was first collected in the
absorbent solution, presenting as chlorine ions, which was
subsequently quantitatively converted into molecular Clz through
a redox reaction with acidified KMnQOs, a KCI solution and a
pre-mixed KMnOa4-H2SO4 solution were introduced for validation.
The optical emission spectra of blank and sample are presented in
Fig. 2. It could be seen that characteristic optical emission lines of
chlorine mainly concentrated in the spectral range of 825-925 nm.
Through comparing the emission spectra of background, blank
and sample with reference database,* several characteristic lines
at 837.59, 894.81, and 912.12 nm, could be clearly observed.
Other emission peaks or bands presented in both blank and sample
spectra, might be mainly attributed to trace impurities in the
working gas and air entering in the discharge region. For higher
sensitivity and less background interference, emission line at
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Fig. 3 Evaluation of absorption efficiency of chlorine gas.
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Fig. 4 (a) Selection of oxidant; and (b) monitoring of Cl” before and after
the release reaction by ion chromatography. KCl concentration, 10 mg/L.

837.59 nm was selected for quantitative analysis in this study.

Absorption of chlorine gas for collection and preconcentration.
Because direct excitation and detection of chlorine in ambient air
is difficult and challenging, the “KOH absorption-KMnO4
oxidation release-headspace injection” process was proposed in
this work. Under a strong alkaline condition, chlorine gas
undergoes a rapid disproportionation reaction to form chloride and
hypochlorite ions, thus, KOH solution was used as the absorbent
to collect chlorine gas OES detection.
Correspondingly, the absorption efficiency is essential to the

for subsequent
method accuracy and sensitivity.

To evaluate the absorption efficiency, a series of (five) porous
glass plate impingers, each containing 20 mL of KOH absorbent
solution, were used for chlorine gas collection, as shown in Fig. 3a.
Then the obtained absorption solutions were subjected to analysis
of chloride ion (CI") concentration by ion chromatography. When
the concentration of CI™ in the absorption solution of the last
impinger was negligible, the absorption efficiency (77) was briefly
calculated as follows:

_ iV
T CVy + CoVy 4 C3Vs + CuV, + CiVs

n X 100% (1)

https://www.at-spectrosc.com/as/article/pdf/2026030

298

where Ci, Ca, Cs, Cs, and Cs represent the chlorine concentrations
(as CI', in mg/L) in the solutions of the 1st, 2nd, 3rd, 4th, and 5th
impingers, respectively. Vi to Vs are the corresponding solution
volumes. During the absorption experiments, both gas flow rate
and absorption time are crucial for absorption efficiency, thus were
conducted carefully. Detailed investigation can be found in Fig. S1
(Supporting Information). Under the
conditions, the first absorber collected the majority of chlorine gas;
in fact, there was almost no detectable residual chlorine in the
subsequent four impingers, as shown in Fig. 3b. Therefore, an
overall absorption efficiency approaching approximately 97.8%
was achieved, validating the absorption effectiveness for reliable

selected absorption

detection of chlorine.

Ocxidation reaction for re-release molecular Clb. After chlorine
gas was trapped in the absorption solution as ionic chloride species,
molecular Cl> was released from the absorption solution to
gaseous chlorine, by an acidic permanganate-induced redox
reaction. Thereby, the analytical accuracy and sensitivity are
greatly affected by the oxidation efficiency. To obtain the most
effective oxidant for chlorine liberation, five commonly used
oxidants were tested by using a reference KCl solution (10 mg/L),
as shown in Fig. 4a. It could be seen that HxO> and NaNO:z
exhibited negligible reactivity with KCl under acidic conditions,
and K2Cr207 and K2S20s also showed limited reactivity, likely due
to their insufficient oxidation potentials to effectively convert
chloride ions into Clo. Whereas, acidified KMnO4 demonstrated
the highest oxidation efficiency, thus, it was selected as the oxidant
for release of chlorine from absorption solution in this study.
Besides, the effects of other key experimental conditions were
systematically evaluated, including KMnOj4 concentration, H2SO4
concentration, reaction temperature and time, which could be
found in Fig. S2.

Furthermore, under the selected reaction conditions, the
efficiency of chlorine liberation was quantitatively evaluated, by
monitoring the Cl™ in the chlorine-containing absorption solution
before and after its reaction with KMnOs in the headspace vial
using ion chromatography. The results, as shown in Fig. 4b, reveal
that there was almost no CI™ residual after the oxidation reaction,
which demonstrates almost complete conversion of ionic chlorine
to molecular Cl2, corresponding to a release efficiency

approaching 100%.

Headspace sampling for improved sensitivity. As mentioned
before, chlorine gas was almost completely trapped in absorption
solution and released again in form of molecular chlorine. Herein,
instead of directly introducing dispersed and low-concentration
chlorine, the headspace vial was used to accumulate the generated
gaseous chlorine. Subsequently, the enriched chlorine was
immediately and efficiently transported to the microplasma source,
to enhance the analytical sensitivity. Moreover, the separation-
concentration step for chlorine could also minimize potential spectral
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Table 1. Comparison of LODs and linear ranges for chlorine gas detection
between the proposed method and reported similar methods

Method LOD Linear Ref.
(mg/m® range
(mg/m?®)

Conductometric electrochemical  0.007 / 46
sensor?
Microfluidic chemiluminescence  0.67 1.67— 18
sensor? 1593.3
lon chromatography 0.03 0.12-/ 47
Methyl orange 0.03 0.086-3.3 11
spectrophotometry
lodometric titration 12 / 10
HS-RAPD-OES 0.03 0.30- this

590.44 work

20D and Linear range in mg/m?® were calculated from those in ppm;
/, not provided.

interferences from co-existing gaseous impurities in untreated
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ambient air, which would possibly destabilize the discharge
microplasma and attenuate the OES response. To validate the
effectiveness of the proposed headspace sampling strategy, its
OES responses were compared with those obtained from direct
injection of chlorine gas into the microplasma source at the same
concentration. As shown in Fig. 5, the OES response of the
proposed absorption-release-headspace method achieved great
improvement of 39 times in peak height mode and 71 times in
peak area mode, compared with direct injection, demonstrating the
utility of the proposed sample pretreatment strategy.

Selection of experimental conditions. To obtain the optimal
analytical performance of the proposed HS-RAPD-OES system
for ultra-sensitive detection of chlorine in air, experimental
conditions were investigated carefully, mainly including gas flow
rate, and discharge voltage. Detailed optimization and results are
presented in the SI (Fig. S3).

Analytical Performance. Under the selected experimental
conditions, analytical performance of the proposed CA-HS-
RAPD-OES method for detecting chlorine gas was evaluated. The
calibration curve was obtained by quantifying the temporal optical
emission signal of Cl with peak area integration, as shown in Fig.
6a. It exhibited a wide dynamic linear range of 0.1-200 ppm
(0.30-590.44 mg/m?), with a linear correlation coefficient (R?) of
0.998. The limit of detection (LOD), defined as the concentration
that can obtain a response equivalent to three times the standard
deviation of 11 blank measurements, was calculated to be 0.01
ppm (0.03 mg/m?). The stability was evaluated by consecutive
nine replicate measurements of 1 ppm (2.95 mg/m?) Cly, yielding
a good relative standard deviation (RSD) of 3.8% (peak area), as
shown in Fig. 6b. It is worth noting that the lifetime and
maintenance interval of the OES device have been greatly
prolonged owing to the separation of potential interfering
substances in this study.

The comparison of analytical performance of this method with
other reported techniques for chlorine gas detection is summarized
in Table 1. The proposed method demonstrates a wider dynamic
linear range and comparable sensitivity to conventional methods,
while offering significantly enhanced portability and operational
simplicity compared to the standard method of methyl orange
spectrophotometry.

Since the present method involves alkaline absorption followed
by chlorine release through oxidation reaction with acidified
KMnOs, potential interferences from co-existing acidic gases
commonly in ambient air were evaluated, mainly including CO-,
NOz, SOz, SO3, and H2S. For simplicity, their corresponding
anions after trapped in the absorbent solutions, were thereby
roughly tested to assess the selectivity of the method, including
CO3%, NO2, SOs%, SO+, and S*". As summarized in Fig. 6c,
when 500 mg/L of the above anions were separately added to the

Atom. Spectrosc. 2026, 47(2), 295-302.



Table 2. Analytical results of chlorine standard gas samples

CRMs Certified Found
(ppm, mol/mol) (ppm, mol/mol)
GBW(E)082659, #1 1.12x10°¢ 1.02x10°
GBW(E)082659, #2 5.00x10¢ 5.24x10¢
GBW(E)082659, #3 10.10x10¢ 10.24x10¢
GBW(E)082659, #4 50.30x10¢ 49.73x10°
GBW(E)082659, #5 102x10° 103x10¢

Table 3. Analytical results of chlorine gas in real air samples

Samples Added Found Recovery RSD
(mg) (mg) (%) (%0, n=3)

Ambient air / N.D. / /
20 20.95 105 5.60
100 100.04 100 243

Laboratory air / N.D. / /
20 20.82 104 2.39
100 98.71 98.7 3.08

Laboratory / N.D. / /
exhaust vent 20 20.64 103 4.17
100 101.79 102 2.85
Chlorine gas / 4.83 / 5.76
operation 20 25.32 102 1.77
cabinet 100 105.25 100 1.17
Hydrochloric / 5.43 / 2.78
acid digestion 20 26.08 103 1.09
hood 100 105.99 100 121
Chemical waste / 7.72 / 3.10
collection 20 27.66 99.7 2.72
station 100 107.95 100 3.35

N.D., not detected.

chlorine absorption solution after collection of 1 ppm (2.95 mg/m?)
chlorine gas, the obtained recoveries ranged from 91% to 110%,

demonstrating sufficient anti-interference capability of the

proposed method for reliable determination of chlorine in real air

samples.

Sample Analysis. To validate the accuracy and applicability of the
proposed HS-RAPD-OES method, five standard chlorine gases
were firstly analyzed. As summarized in Table 2, the determined
chlorine concentrations showed good agreement with their
certified values. According to the #-test, there were no significant
differences between the analytical results and the certified values
at the 95% confidence level, thus confirming the method’s
accuracy.

Furthermore, six types of real air samples were collected for real
sample analysis, as described in the experimental section. The
analytical results are presented in Table 3, which shows that there
is potential risk of chlorine gas leaking into environmental air in
the chlorine handling area. Some of the air samples exhibited
strong pungent and irritating odors, which meant they had
complex interfering gaseous substances (such as SOx, NOx, and
NH3). In addition, the spiked ones of these samples were also
analyzed, with satisfactory recoveries ranging in 98.7%—104%.
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These results further demonstrate the reliability and practicability
of the proposed method for chlorine determination in real air
samples.

CONCLUSION

A highly sensitive method for detection of trace-level chlorine gas
in air was developed by constructing a miniaturized optical
emission spectrometer with an enhanced rotated array point
discharge microplasma as the excitation source. Absorption and
headspace injection of chlorine was coupled with the miniaturized
OES device to further improve the analytical sensitivity and
reduce interferences from co-existing gas in ambient air. Through
the processes of absorbing chlorine in KOH solution, re-
converting ionic chlorine into molecular Clz, headspace injection,
and optical emission excitation, the analytical performance for
chlorine detection was greatly enhanced, with a low detection limit
and a wide linear range, well meeting the requirements for chlorine
gas detection specified in China’s national standard GB 11984—
2024. Its accuracy and practical utility were validated through
successful analysis of standard gases and real environmental air
samples. The proposed method and instrument feature high
sensitivity, wide dynamic linear range, easy operation, and
compact configuration, providing a reliable and robust strategy for
detection of chlorine gas, thus showing great potential for on-site
monitoring of chlorine in various related scenarios.

ASSOCIATED CONTENT

The supporting information (Figs. S1-S3) is available at
https://www.at-spectrosc.com

AUTHOR INFORMATION

dih

analysis and conservation of cultural relics. He serves as a member of the

Kai Li is currently an experimentalist at the Center for
Archaeological Sichuan University. He
received his BEng in 2014 from Chengdu University of
Technology, and PhD in 2021 from Sichuan University.

Science,

His major research interests include spectral analysis,
analytical instruments, and their applications in the

Analytical Chemistry Committee, Chemical and Chemical Engineering
Society of Sichuan Province.

Xiaoming Jiang is currently a professor of analytical
chemistry in Analytical & Testing Center, Sichuan
University. He received his BS degree (2006) in
communication engineering, MS degree (2009) in
signal and information processing, and PhD degree
(2012) in analytical

chemistry, from Sichuan

Atom. Spectrosc. 2026, 47(2), 295-302.



University. His current research focuses on analytical atomic spectrometry-

related method, instrumentation, and application development. He has been

working as editorial board of Atomic Spectroscopy.

Corresponding Author

*K.Li

Email address: cdlikai@scu.edu.cn

* X. M. Jiang

Email address: jiangxm@scu.edu.cn

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support for this
work from the National Natural Science Foundation of China
(22574112 and 22174095), Science & Technology Department of
Sichuan Province (2025ZNSFSC0942 and 2026NSFSCZY0104)
and the Fundamental Research Funds for the Central Universities.

REFERENCES

10.

R. J. Cicerone, Rev. Geophys., 1981, 19, 123-139.
https://doi.org/10.1029/RG019i001p00123

C. Winder, Environ. Res., 2001, 85, 105-114.
https://doi.org/10.1006/enrs.2000.4110

D. Shusterman, C. Solomon, J. Balmes, and P. Blanc, Eur: Resp. J.,
2002, 19, 381-381. https://doi.org/10.1183/09031936.02.00274702

M. A. Browe, A. Napolitano, J. B. DeCoste, and G. W. Peterson, J.
Hazard. Mater.,2017,332, 162-167.
https://doi.org/10.1016/j jhazmat.2017.02.026

B. Nemery, Eur. Resp. J., 1996, 9, 1973-1976.
https://doi.org/10.1183/09031936.96.09101973

J. Ku, Chlorine in workplace atmospheres — backup report (ID-101);
Occupational safety and health administration technical center: Salt
Lake City, Utah, 1991-05

EH40/2005 Workplace Exposure Limits, The Stationery Office:
London, 2025. https://www.hse.gov.uk/pubns/priced/eh40.pdf

State Administration for Market Regulation, Technical specification
for chlorine safety of chemical industrial enterprises: GB 11984—
2024,2024-11-28.
https://openstd.samr.gov.cn/bzgk/std/newGbInfo?hcno=748DAD0OB
F28CB6C1A50200789D457CF1

Ministry of Housing and Urban-Rural Development of the people's
Republic of China, Standard for design of combustible gas and toxic
gas detection and alarm for petrochemical industry: GBT50493-
2019, 2019-09-25. https://www.gov.cn/zhengce/zhengeeku/2019-
09/25/5454468/files/572126ee22ee4296a5067b3bf78098f7.pdf

Ministry of Ecology and Environment of the People's Republic of
China, Stationary source emission-Determination of chlorine-
Todometric method: HJ 547-2017,2017-12-29.

https://www.at-spectrosc.com/as/article/pdf/2026030

301

11.

12.

13.

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/jcftbz/201801/t201801
08_429308.shtml

Ministry of Ecology and Environment of the People's Republic of
China, Stationary source emission-Determination of chlorine-Methyl
Orange Spectrophotometric Method: HJ/T 30-1999, 1999-08-18.
https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/jcffbz/200001/t200001
01_72183.shtml

Japanese Industrial Standards Committee, Method for determining
chlorine in exhaust gases: JIS K 01062010, 2010-05-20.
https://kikakurui.com/k0/K0106-2010-01.html

Y. Niizeki and S. Shibata, J. Electrochem. Soc., 1998, 145, 2445-
2447. https://iopscience.iop.org/article/10.1149/1.1838656

N. Imanaka, K. Okamoto, and G. Adachi, Mater: Lett., 2003, 57,
1966-1969. https://doi.org/10.1016/S0167-577X(02)01114-X

J. Ma, H. Fan, X. Zheng, H. Wang, N. Zhao, M. Zhang, A. K. Yadav,
W. Wang, W. Dong, and S. Wang, J. Hazard. Mater., 2020, 387,
122017. https://doi.org/10.1016/j.jhazmat.2020.122017

N. S. Karellas, Q. F. Chen, G. B. De Brou, R. K. Milburn,
J. Hazard. Mater.,2003, 102, 105-120.
https://doi.org/10.1016/S0304-3894(03)00205-X

M. Zhou, T. Li, C. Xing, Y. Liu, and H. Zhao, Anal. Chem., 2021, 93,
769-776. https://doi.org/10.1021/acs.analchem.0c02997

Z.-X. Gao, H.-F. Li, J. Liu, and J.-M. Lin, Anal. Chim. Acta, 2008,
622, 143-149. https://doi.org/10.1016/j.aca.2008.05.067

D.-J. Zhang, Y. Cai, M.-L. Chen, Y.-L. Yu, and J.-H. Wang,
J. Anal. At. Spectrom., 2016, 31, 398-405.
https://doi.org/10.1039/C5JA00266D

W. Li, X. Jiang, K. Xu, X. Hou, and C. Zheng, Microchem. J., 2011,
99, 114-117. https://doi.org/10.1016/j.microc.2011.04.005

B. Qian, J. Zhao, Y. He, L. Peng, H. Ge, and B. Han, Food Chem.,
2020, 317, 126437. https://doi.org/10.1016/j.foodchem.2020.126437

R. Yang, L. Yang, J. Yang, Z.-a. Li, and C. Zheng, Talanta, 2025,
291, 127836. https://doi.org/10.1016/j.talanta.2025.127836

K. A. Vance, A. Makhmudov, G. Shakirova, H. Roenfanz,
R. L. Jones, and K. L. Caldwell, Atom. Spectrosc.,2018, 39, 95-99.
https://doi.org/10.46770/AS.2018.03.001

Y. Q. Wang, Y. N. Pu, R. X. Sun, Y. J. Tang, W. J. Chen, J. Z. Lou,
and W. Ma, Chin. Phys. Lett., 2008, 25, 202-204.
https://doi.org/10.1088/0256-307X/25/1/055

E. Covaci, M. Senila, M. Ponta, E. Darvasi, D. Petreus, M. Frentiu,
T. Frentiu, Talanta, 2017, 170, 464-472.
https://doi.org/10.1016/j.talanta.2017.04.036

X. Gong, L. Feng, S. Tan, S. Cheng, R. Zhai, T. Peng, Y. Jiang,
X. Dai, Y. Pan, and X. Fang, ACS Energy Lett.,2024,9,2153-2161.
https://doi.org/10.1021/acsenergylett.4c00427

P. Jamroz, K. Greda, A. Dzimitrowicz, K. Swiderski, and P. Pohl,
Anal. Chem.,2017, 89, 5730-5734.
https://doi.org/10.1021/acs.analchem.7b01198

X. X. Peng and Z. Wang, Anal. Chem., 2019, 91, 10073-10080.
https://doi.org/10.1021/acs.analchem.9b02006

C.Yang, G. C. Y. Chan, D. He, Z. F. Liu, Q. S. Deng, H. T. Zheng,
S.H. Hu, and Z. L. Zhu, Anal. Chem., 2019, 91, 1912-1919.
https://doi.org/10.1021/acs.analchem.8b03944

J. H. Dong, C. Yang, D. He, H. T. Zheng, S. H. Hu, and Z. L. Zhu,
Atom. Spectrosc., 2020, 41, 57-63.
https://doi.org/10.46770/AS.2020.02.001

Y. L. Yu, Z. Du, M. L. Chen, and J. H. Wang, Angew. Chem.-Int.
Edit., 2008, 47, 7909-7912. https://doi.org/10.1002/anie.200802681
Z.L.Zhu, G.C.Y. Chan, S. J. Ray, X. R. Zhang, and G. M. Hieftje,
Anal. Chem., 2008, 80, 8622-8627.

Atom. Spectrosc. 2026, 47(2), 295-302.


https://doi.org/10.1029/RG019i001p00123
https://doi.org/10.1006/enrs.2000.4110
https://doi.org/10.1183/09031936.02.00274702
https://doi.org/10.1016/j.jhazmat.2017.02.026
https://iopscience.iop.org/article/10.1149/1.1838656
https://doi.org/10.1016/S0167-577X(02)01114-X
https://doi.org/10.1016/j.jhazmat.2020.122017
https://doi.org/10.1016/S0304-3894(03)00205-X
https://doi.org/10.1021/acs.analchem.0c02997
https://doi.org/10.1016/j.aca.2008.05.067
https://doi.org/10.1039/C5JA00266D
https://doi.org/10.1016/j.microc.2011.04.005
https://doi.org/10.1016/j.foodchem.2020.126437
https://doi.org/10.1016/j.talanta.2025.127836
http://dx.doi.org/10.46770/AS.2018.03.001
https://doi.org/10.1088/0256-307X/25/1/055
https://doi.org/10.1016/j.talanta.2017.04.036
https://doi.org/10.1021/acsenergylett.4c00427
https://doi.org/10.1021/acs.analchem.7b01198
https://doi.org/10.1021/acs.analchem.9b02006
https://doi.org/10.1021/acs.analchem.8b03944
https://doi.org/10.46770/AS.2020.02.001
https://doi.org/10.1002/anie.200802681

33.

34.

35.

36.

37.

38.

39.

40.

https://doi.org/10.1021/ac801531j

A.-Q. Leng, Y.-F. Tian, M.-X. Wang, L. Wu, K.-L. Xu, X.-D. Hou,
and C.-B. Zheng, Chin. Chem. Lett.,2017, 28, 189-196.
https://doi.org/10.1016/j.cclet.2016.06.056

T. Lin, J. Hu, Y. Deng, W. Zeng, X. Jiang, and X. Hou, Anal. Chim.
Acta, 2022, 1229, 340324. https://doi.org/10.1016/j.aca.2022.340324

M. Zhang, Q. S. Tang, P. X. Li, L. He, X. D. Hou, and X. M. Jiang,
Anal. Chem.,2023,95,5151-5158.
https://doi.org/10.1021/acs.analchem.3c00306

P.Li, J. Hu, M. Zhang, L. He, K. Li, X. Hou, and X. Jiang, Anal.
Chem., 2022, 94, 7683-7691.
https://doi.org/10.1021/acs.analchem.2c01105

L. He, P. Li, K. Li, T. Lin, J. Luo, X. Hou, and X. Jiang,
J. Anal. At. Spectrom., 2021, 36, 1193-1200.
https://doi.org/10.1039/D1JA00039J

H. M. Yu, J. Hu, X. M. Jiang, X. D. Hou, and Y. F. Tian,
Anal. Chim. Acta, 2018, 1042, 79-85.
https://doi.org/10.1016/j.aca.2018.07.021

J.H. Yang, Y. Lin, L. B. He, Y. B. Su, X. D. Hou, Y. R. Deng,
and C. B. Zheng, Anal. Chem., 2021, 93, 14923-14928.
https://doi.org/10.1021/acs.analchem.1c02023

M. Zhang, Q. S. Tang, K. Li, C. H. Li, X. D. Hou, and X. M. Jiang,
Anal. Chem., 2026, 98, 1057-1066.

41.

42.

43.

44,

45.

46.

46.

https://doi.org/10.1021/acs.analchem.5c06636

K. Li, H. J. Chen, Z. M. Chen, L. He, X. D. Hou, and X. M. Jiang,
Anal. Chim. Acta, 2021, 1172, 338683.
https://doi.org/10.1016/j.aca.2021.338683

Y. R. Zhang, J. X. Liu, X. F. Mao, G. Y. Chen, and D. Tian,
TrAC-Trend. Anal. Chem., 2021, 144, 116437.
https://doi.org/10.1016/j.trac.2021.116437

Y. S. Hwang, J. S. Yang, H. W. Lee, and J. H. Ha, LWT-Food Sci.
Technol., 2020, 134, 110155.
https://doi.org/10.1016/j.1wt.2020.110155

Y.B.Su, Y. Lin, Y. Y. Li, T. Ren, Y. R. Deng, and C. B. Zheng,
Anal. Chim. Acta, 2023, 1261, 341184.
https://doi.org/10.1016/j.aca.2023.341184

NIST Atomic Spectra Database,
https://physics.nist.gov/PhysRefData/ASD/lines_form.html

W. M. Zhang, Q. Li, C. Wang, J. W. Ma, C. Wang, H. J. Peng,
Y. Wen, and H. Q. Fan, Ceram. Int., 2019, 45, 20566-20574.
https://doi.org/10.1016/j.ceramint.2019.07.036

Shanghai Administration for Market Regulation, Stationary source
emission-Determination of chlorine-Ion chromatography: DB31/T
310014-2023,2017-12-29.
https://std.samr.gov.cn/db/search/stdDBDetailed?id=016F658F2A7D
6B52E06397BEOAOAEDA7

https://www.at-spectrosc.com/as/article/pdf/2026030

302

Atom. Spectrosc. 2026, 47(2), 295-302.


https://doi.org/10.1021/ac801531j
https://doi.org/10.1016/j.cclet.2016.06.056
https://doi.org/10.1016/j.aca.2022.340324
https://doi.org/10.1021/acs.analchem.3c00306
https://doi.org/10.1021/acs.analchem.2c01105
https://doi.org/10.1039/D1JA00039J
https://doi.org/10.1016/j.aca.2018.07.021
https://doi.org/10.1021/acs.analchem.1c02023
https://doi.org/10.1021/acs.analchem.5c06636
https://doi.org/10.1016/j.aca.2021.338683
https://doi.org/10.1016/j.aca.2023.341184
https://physics.nist.gov/PhysRefData/ASD/lines_form.html
https://doi.org/10.1016/j.ceramint.2019.07.036



