Defence Science Journal, Vol. 66, No. 2, March 2016, pp. 107-112, DOI : 10.14429/dsj.66.9358

© 2016, DESIDOC

Objective Evaluation Method for Chlorine Detector Tubes

Tomas Rozsypal® and Zbynek Kobliha

NBC Defence Institute, University of Defence, Kounicova 65, 66200 Brno, Czech Republic
“E-mail: tomas.rozsypal@unob.cz

ABSTRACT

A tristimulus colourimetric method for the evaluation of detection response of chlorine detector tubes has
been developed. The method is based on the suction of chlorine through the respective tube, followed by objective
evaluation of the colouration change by means of a reflectance spectrophotometer. This eliminates errors in evaluation
and allows identification of further positive attributes of detector tubes (e.g. response time, limit of detection). The
method is suitable for tubes produced by various manufacturers. Oritest, Drager and Gastec tubes were selected
and measured. The response time of tubes lasted up to 30 s. The limit of detection was lowered up to four times.
Reflectance curves of tubes before and after colouration change were recorded. The method also created the possibility
of quantitative measurement by non-quantitative detector tubes.
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1. INTRODUCTION

Inmilitary practice, chlorine is well-known as the chemical
warfare agent that initiated the beginning of modern chemical
warfare due to its unprecedented effects®. Nowadays it is an
important component in the production of chemicals, plastic
materials, polyurethane, polycarbonates, disinfectants or paper
products®’. There is a wide supply of chlorine in Europe and
the amount is continually rising®®. Chemically, chlorine is a
yellow-green gas with an irritant odour. Exposures must not
exceed 1.5 mg/mé3 for up to 6 h of work™.

Chlorine is a formidable agent because of military or
terrorist organisations’ interests'' and other possible threats
(e.g. industrial accidents'?), it can be detected using many
methods, e.g. spectroscopy?®, separation* or electrochemical®
analysis. In field conditions colourimetric detector tubes are
widely used. There are plenty of producers of chlorine detector
tubes. Frequently the reaction principle is based on oxidation
of o-tolidine by chlorine, where a yellow orange reaction
product is created®®. Drager (Germany)'” and Gastec (Japan)®
provide tubes that change their colouration, and according
to the length-of-stain of the layer the manipulator is able to
recognize the concentration of measured gas. Chlorine tubes
are also produced by Kitagawa (Japan), MSA, and RAE
Systems (both USA). The Czech producer Oritest provides the
DT-003 detector tube. The reaction mechanism is based on the
reaction of chlorine with potassium bromide, releasing bromine
that creates a red product with fluoresceine'®. Oritest tubes
are cheap but not designated for quantitative measurements.
Because of chemism types used in the tubes (o-tolidine or
fluoresceine oxidation) all manufacturers declare interferences
by other oxidizing chemicals (e.g. bromine, iodine, nitrogen
oxides) e,

Evaluation of the detection effect of all presented tubes
is performed visually on the basis of the operator’s subjective
perception. Although there are many drafts of devices for
colouration registration®%’, the detection is evaluated merely
visually, even at the quality control stage of the manufacturing
process.

The aim of the study is to describe a method for objective
evaluation of detection effect of detector tubes for chlorine
suitable for tubes produced by various manufacturers. Using
an objective evaluation method, important features of detector
tubes can be verified or determined and a comparison of tubes
can be performed. Declared features of studied detector tubes
are displayed in Table 1. We assumed that by objectification,
more preferable attributes of tubes could be reached.

Table 1. Declared characteristics of studied detector tubes- imit
of detection (LOD), response time and calibration

range!
Detector Producer LOD Response Calibration
tube (mg/m?®)  time (s) range (mg/md)
DT-003 Oritest 3 60 -
Chlor 0.2/a  Drager 0.6 20 10-95
8H Chlorine Gastec 16 45 79-3160

As an applicable method, tristimulus colourimetry based
on the CIE-L*a*b* space was chosen. This is an analytical
method used in the printing?®, textile® and automotive
industries®. Mainly, however, it has been used in connection
to detector tubes®2, This method matches each colour with
specific values by means of trichromatic system. Using this
method it is possible to measure colour differences in CIE-
L*a*b* colour space. This is a system of values that can be
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transformed into basic rectangular coordinates X, Y and Z. The
L* value describes lightness (100 for white, 0 for black), a* is
the axis for redness-greenness (+a* for red, -a* for green) and
b* denotes the axis for yellowness-blueness (+b* for yellow,
-b* for blue). For the total colour difference dE, the value is
defined:

dE =dL*? +da*? +db*? (1)

2. EXPERIMENTAL
2.1 Chemicals and Equipment

The following chemicals were used for chlorine
preparation: potassium permanganate and hydrochloric acid
35 per cent p.a. (both Lachner). For spectrophotometric
measurements of prepared chlorine, the following chemicals
were used: potassium cyanide, calcium hypochlorite (both
Lachema), barbituric acid, pyridine, methylorange (all Sigma-
Aldrich), hydrochloric acid 35 per cent p.a. and sodium
hydroxide p.a. (both Lachner).

For purity measurements and spectrophotometry standard
laboratory glassware (Simax), a potentiometer with accessories
(HANNA Instruments) and UV-VIS Helios a spectrometer
(Unicam) were used. For detector tubes response measurements,
the following equipment was used: DT-003 (batch 382,
Oritest), Chlor 0.2/a (batch EC-1251, Drédger) and 8H Chlorine
(batch 40618, Gastec) detector tubes, micropipettes (Brand),
glass tubes (Oritest), desiccator with stopcock DN 300 (Duran
Group), 617 dm?®-in-volume test chamber (Lamon), XDS-10C
pump (BOC Edwards) with attached flow meter, Ultra Scan
PRO spectrophotometer (Hunter Lab) with attached special
holder for tubes, Easy Match QC software (Hunter Lab) and
Microsoft Excel 2010 (Microsoft).

2.2 Procedures
2.2.1 Preparation of Chlorine

Chlorine used for measurements in the following steps
was prepared each time in a desiccator with stopcock DN 300
as the test chamber. The desiccator (18.5 dm?® vol) was placed
in a fume cupboard. For the purpose of creation of analyte,
reagents were placed into a Petri dish on the bottom of the
desiccator. This solution was the result of the miniaturization
of processes performed in 617 dm3-in-vol test chamber which
was then used as a control chamber. Chlorine was created using

the reaction of potassium permanganate with hydrochloric
acid. The temperature inside the desiccator chamber was 25°C
and was measured by a digital thermometer. Reagents were left
for spontaneous reaction for 30 mins. The reaction occurred
according to the reaction below:

2 KMnO, +16 HCl — 2 KCIl +2 MnCl,+5Cl,+8H,0

2

2.2.2 Determination of Concentration inside the Test
Chamber
Before the suction process was performed, the real
concentration of measured agent in the test chamber outlet
had been determined using UV/VIS spectrophotometry. A gas
washing bottle was connected to the test chamber outlet using
a silicon hose (Fig. 1). Another hose spliced the bottle with
the pump and flowmeter. Using the pump, the air inside the
chamber was sucked out through the gas washing bottle for
1 min with flow rate 1dm®min. In the bottle was a reagents
solution for spectrophotometric Kénig-Zincke determination
of cyanogen halides®. Chlorine acted as the oxidizing agent
and cyanogen chloride was formed from potassium cyanide3.
As an additive spectrophotometric method 1 mmol/dm=3
methylorange in pH 3 buffer solution was used as indicator of
chlorine presence.

2.2.3 Collection of Samples

Collection of samples was performed by pumping the
gas from the chamber through the outlet and selected detector
tube using a XDS-10C pump (Fig. 1). The suction speed was
regulated by an attached flowmeter at a speed of 1dm®min.
The time periods of the suction processes through the tubes
and manipulation were performed according to the manual for
each tube.

2.2.4 Evaluation by the Devised Method

For the evaluation of colouration changes, the Ultra Scan
PRO spectrophotometer was used. For specific measurements
a custom-made tube holder was applied. The aperture size
on the holder was rearranged to the size of the specific tube
layer. The spectrophotometer cooperated with Easy Match QC
software installed on a desktop PC.

All tubes used were marked on 4 sides with a pen and
on each side the colouration of each layer was measured

Figure 1. Sampling followed by spectrophotometric determination of chlorine concentration in the desiccator (left) and collection of

sample from the 617 dm?®-in-vol chamber
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before the suction process was performed. After termination
of the suction process the tube was immediately fitted into the
detector tube holder and the colouration change response was
measured continuously. The colouration of the layer in the 4
marked positions was also measured and compared with the
colouration measured before the suction process (standard).
Formerly, we had studied the impact of ambient air mixture on
the colouration change and no changes in CIE-L*a*b* values
were recorded.

3. RESULTS AND DISCUSSION
3.1 Response Time and Colouration Stability

Technical possibilities allowed the earliest response time
measurement of the tubes at about 20 s or 25 s after the suction
process termination being performed. Already at this time
measured layers had significantly changed their colouration.
Recognizable changes of CIE-L*a*b* values were registered
30 s after the suction process termination, even by low
concentrations that were not visually detectable. According to
the manual of the DT-003 tube the final positive colouration
has to be created within 1 min after the suction process
termination. That means that by tristimulus colourimetry the
entire detection procedure could be reduced by 0.5 min. By
Driger and Gastec tubes the measurement confirmed rapid
response time according to the respective manual.

Kinetics of colouration change was also studied (Fig. 2).
The stability of indication layer colouration came up in the
Oritest tube in 90 £ 20 s, in the Dréger tube in 420 £+ 20 s,
and in the Gastec tube in 120 + 15 s. The measurement was
performed 8 times for each tube. These results represent a 99.73
per cent confidence interval. In the Gastec tube the maximum
amplitude was detected immediately, whereas in other tubes
the maximum was reached at the end of measurement where a
plateau was formed. In the Chlor 0.2/a tube (Drager), the start-
up time seems to be protracted but in recorded intervals (11 s
-12 s) the difference between two dE values was less than 1 per
cent at 20 s (declared response time).
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Figure 2. The leading edges of total colour difference (dE)

of indication layers of Oritest (o), Driiger (m) and

Gastec (A) tubes for chlorine after suction process

termination.

For detection purposes, for indicating a threat of chlorine
presence the response time for Oritest, Drager and Gastec
tubes is 30 s, 20 s, and 45 s respectively, using tristimulus
colourimetry. For quantitative measurement of chlorine
concentration the required waiting period is 90 s, 420 s, and
120ss.

3.2 Limit of Detection
Declared limits of detection were also verified by the
devised method. A possible lowering of mentioned parameters
of tubes was expected. This was determined using the equation
below (S, is signal at LOD, S_, means signal of standard and
o, is standard deviation of standard; z is factor for selected
confidence limit, it was fixed to value of 3, that is valid for
significance level a = 0,00135). Ascertained results were
verified experimentally with chlorine sequentially.
Stop = Sqg + Oy @)
A comparison of measured outcomes and declared limits
is demonstrated in Table 2. In the Oritest tube it was confirmed
that using the devised objective evaluation method, a 4.3 times
lower concentration was reached than the limit of detection.
In other tubes, limits were verified while lower concentrations
were not caught.
Table 2. Comparison of declared limits of detection (LOD
(D)) and limits reached by tristimulus colourimetry
(LOD (TCQC))

Detector tube Producer LOD (D) (mg/m3) LOD (TC) (mg/md)

DT-003 Oritest 3 0.7
Chlor 0.2/a Drager 06 0.6
8H Chlorine  Gastec 16t 15

3.3 Reflectance Curves

Dependence of reflectance (R) on wavelength in the entire
visible spectrum — reflectance curve — was also monitored for
each tube. There were significant differences between standards
and samples curves but the results were not suitable for
quantitative measurements. Nevertheless, the reflectance curve
is unique for each particular colour and the results are suitable
for quality control of respective detector tubes. Reflectance
curves of layers before and after colouration changes were
different for selected tubes (base curves of Drager and Gastec
tube are merely similar). The reflectance curve depends not just
on layer colour but also on sorbent material and its reflective
properties, sorbent graininess, case tube material, reagents
and their concentration and presence of additive chemicals.
Comparison of standard and sample reflectance curves of each
tube are expressed in Figs 3-5.

In Table 3 wavelengths with the biggest differences
between standard and sample reflectance values are stated.
Drager tube measurement was characterized by the sharpest
colour change. From confrontation with kinetic stability data
(Fig. 2), an observation arose that layers with larger %R change
form colouration stability plateau more slowly.

3.4 Calibration Graphs

For the possibility of quantification of the detection
method in Oritest tubes, intervals were searched in which a
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Figure 3. Reflectance curves of Oritest DT-003 tube before (dashed
line) and after suction of 9 mg/m?® of chlorine.
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Figure 4. Reflectance curves of Driger Chlorine 0.2/a tube
before (dashed line) and after suction of 10 mg/m?®

of chlorine.
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Figure 5. Reflectance curves of Gastec 8H Chlorine tube
before (dashed line) and after suction of 10 mg/m?®
of chlorine.
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Table 3. Wavelengths (A) with most significant differences
between standard and sample reflectance (%R
%R, ) for compared detector tubes

std’

Detector tube Producer A (nm) %R, %R,
DT-003 Oritest 550 46.21 35.40
Chlor 0.2/a Dréager 440 32.07 13.83
8H Chlorine Gastec 435 30.04 19.05

correlation between the total colour difference in the tube and
analyte concentration could be mathematically proven. As
illustrated in Fig. 6, the linear dependence ranged between
0.7 mg/m® and 45 mg/m® with a correlation coefficient of
0.9746. Measurements were performed 8 times for each
concentration. Due to a lack of colour homogeneity the relative
standard deviation of the total colour difference was up to
30 per cent. Compared to the Dréager tube (15 per cent) and
Gastec tube (10 per cent), the outcome is worse, in spite of
using the objective evaluation method. The positive here is the
fact that although it is not a requirement of the tube, using the
devised method we are able to determine the concentration of
chlorine in the defined interval.
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Figure 6. Dependence of total colour difference of Oritest DT-
003 detector tube on concentration of chlorine.

4, CONCLUSION

A method for objective evaluation of detector tubes
colouration change was devised. An evaluation of an Oritest
tube for chlorine detection was performed and comparison with
relevant products from Dréger and Gastec manufacturers was
carried out. The declared limit of detection of DT-003 is 3 mg/
m?. Using tristimulus colourimetry this limit was significantly
lowered. For Drager and Gastec tubes the declared limits were
confirmed (0.6 mg/m3and 16 mg/m?® respectively).

The response time measurement of tubes showed that 25 s
after suction process termination, the Oritest tube layer had already
performed the relevant response, even in concentrations that
were not detected visually. This attribute allows an operator
to detect chlorine in 0.5 min using tristimulus colourimetric
evaluation. Dréager and Gastec tubes responded immediately.
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Stability of colouration study showed that practically all tubes
reached stability eventually (in comparison with declared time
values for unquestionable visual detection evaluation). The best
results were reached by the Oritest tube. Reflectance curves
for all tubes were monitored for creating an etalon useful for
colour quality control. The larger the reflectance change, the
slower the colouration kinetic.

A calibration graph was formed for DT-003. Gastec and
Drager tubes are normally designated for the measuring of
chlorine concentration. Using the objective evaluation method,
the Oritest tube could measure concentration in an interval
between 0.7 mg/m3and 45 mg/m?,

The outcomes of the research illustrated that, using a
tristimulus colourimetry based evaluation device, it is possible
to speed up and quantify the detector tubes-based detection
system. This method could be applied in military laboratories
for quality control of chlorine tubes, even in expired batches.
This discovery could also be an initiative for projecting a
handheld spectrophotometer that would evaluate a tube’s
response in field conditions. Reduced response time, a lowered
limit of detection and linear dependence between colouration
change and concentration could significantly improve field
chlorine detection.

REFERENCES

1. Pitschmann, V. Chemists in the laboratory and on the
battlefield: chapters from the history of chemical, toxin
and incendiary weapons: from 1914 to 1945 [in Czech].
Nase vojsko, Prague, Czech Republic, 2012. 615.

2. Fatah, A; BarrettJ.A.; Arcilesi, R.; Ewing, K.; Lattin Ch.H.
& Helinski M.S. Guide for the selection of chemical agent
and toxic industrial material detection equipment for
emergency first responders. National Institute of Justice,
Rockville, 2000. pp.494.

3. Dyke, P.H. & Amendola, G. Dioxin releases from US
chemical industry sites manufacturing or using chlorine.
Chemosphere, 2007, 67(9), 125-134.
doi:10.1016/j.chemosphere.2006.05.140.

4. Biron, M. The plastics industry: Economic overview.
In Thermoplastics and Thermoplastic Composites, edited
by M. Biron. Elsevier Science, Oxford, UK, 2007, pp.31-
131.

5. Ding, J.; Hua, W.; Zhang, H. & Lou, Y. The development
and application of two chlorine recycling technologies in
polyurethane industry. J. Cleaner Production, 2013, 41,
97-104.
doi:10.1016/j.jclepro.2012.09.020.

6. Loo, S.-L.; Fane, A.G.; Krantz, W.B. & Lim, T.-T.
Emergency water supply: A  review of potential
technologies and selection criteria. Water Res.,
2012, 46(10), 3125-3151.
d0i:10.1016/j.watres.2012.03.030.

7. Bajpai, P. Pulp and paper industry: Chemicals. Elsevier,
Waltham, 2015. 334.

8.  Gustin, J.-L. Safety of chlorine production and chlorination
processes. Chem. Health Safety, 2005, 12(1), 5-16.
doi:10.1016/j.chs.2004.08.002.

9. Rotrekl, M. Chlorine and alkali industry in 2011 [in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Czech]. Chemagazin, 2011, 11(3), 8-10.

White, C.W. & Martin, J.G. Chlorine gas inhalation;
Human clinical evidence of toxicity and experience in
animal models. In Proceedings of the American Thoracic
Society, 2010, 7(4), 257-263.
d0i:10.1513/pats.201001-008SM.

Tomassoni, AJ.; French, R.N.E. & Walter, F.G. Toxic
industrial chemicals and chemical weapons. Emergency
Medicine Clinics North America, 2015, 33(1), 13-36.
d0i:10.1016/j.emc.2014.09.004.

Van Sickle, D. Acute health effects after exposure to
chlorine gas released after a train derailment. Am. J.
Emergency Medicine, 2009, (27), 1-7.
d0i:10.1016/j.ajem.2007.12.006

Dehghani Mohammad Abadi, M.; Ashraf, N.; Chamsaz,
M. & Shemirani, F. An overview of liquid phase
microextraction approaches combined with UV-V is
spectrophotometry. Talanta, 2012, 99, 1-12.
doi:10.1016/j.talanta.2012.05.027.

Bjorkholm, E.; Hultman, A. & Rudling, J. Determination
of chlorine and chlorine dioxide in workplace air by
impinger collection and ion-chromatographic analysis. J.
Chromatography A, 1988, 457, 409-414.
d0i:10.1016/S0021-9673(01)82093-8. .

Jovic, M.; Cortés-Salazar, F.; Lesch, A.; Amstutz, V.; Bi, H.
& Girault, H.H. Electrochemical detection of free chlorine
at inkjet printed silver electrodes. J. Electroanalytical
Chem., 2015, 756, 171-178.
doi:10.1016/j.jelechem.2015.08.024.

Monfort, W. F. & Kinnicutt, L.P. Note on ortho-tolidin test
for free chlorine. J. (Am. Water Works Association), 1914,
1(4), 734-736.

Drager Safety. Drager-Tubes & CMS-Handbook: Soil,
water and air investigations as well as technical gas
analysis. Drager Safety AG & Co. KGaA, Libeck,
Germany, 2011, 459.

Gastec Corporation. Gastec gas detection system: Detector
tube list. Gastec Corporation, Fukayanaka, Ayase-City,
Japan, 2013, 40 p.

Pitschmann, V. Detector tube for measurement of chlorine
concentration in the air [in Czech]. CZ patent 18030,
2007.

King, C.A. & Dyche, G.E. Gas detector tube reader. US
patent 4063821, 1977.

Heim, U.; Leichnitz, K. & Wiesner, P. Method and
apparatus for evaluating changes in indicator tubes. US
patent 4123227, 1977.

Brustat, J. Appartus for determination of gas concentration
[in German]. DE patent 1598021, 1970.

May, W. Appartus for measuring the concentration of
gaseous and/or vaporous components of a gas mixture.
US patent 5089232, 1992.

Stark, H. & Dreyer, P. Appartus for optically evaluating
colourimetric  colouration zones on a carrier to
automatically detect gaseous and/or vaporous components
of a gas mixture. US patent 5397538, 1995.

Rieger, J.; Breithaupt, W. & Marcoll, J. Carrier for
colometrically detecting a gas. US patent 5415838, 1995.

111



26.

217.

28.

29.

30.

31.

32.

112

DEF. SCI. J., VOL. 66, NO. 2, MARCH 2016

Bather, W. & Bommer, R. Arrangement for
colourimetrically detecting a gaseous and/or vaporous
component in a gas mixture. US patent 5464588, 1995.
Truex, B.l. & Mihaylov, G. System for visual and
electronic reading of colourimetric tubes. US patent
8480957, 2013.

Bergman, L.; Verikas, A. & Bacauskiene, M. Unsupervised
colour image segmentation applied to printing quality
assessment. Image Vision Comput., 2005, 23(4), 417-
425.

d0i:10.1016/j.imavis.2004.11.003

Puiu, P.D. Colour Sensors and Their Applications. In
Optical Nano-and Microsystems for Bioanalytics, edited
by W. Fritzsche & J. Popp. Springer-Verlag Berlin
Heidelberg, 2012. pp. 3-45.
d0i:10.1007/978-3-642-25498-7

Kirchner, E. & Ravi, J. Predicting and measuring the
perceived texture of car paints. In Predicting Perceptions:
Proceedings of the 3™ International Conference on
Appearance, edited by S. Padilla, M.J. Chantler, J.M.
Harris & M.R. Pointer. Lulu, 2012. pp. 25-28.
Pitschmann, V.; Kobliha, Z.; Halamek, E. & TuSarova,
I. New detector tube for phosgene, hydrogen cyanide
and cyanogen chloride and its evaluation by tristimulus
colourimetry. Chem. Anal. 2008, 53(47), 47-57.
Rozsypal, T. & Kobliha, Z. Evaluation of detection
effect of selected gas detector tubes by remission
spectrophotometry [in Czech]. In CBRN Protect 2015.
Wyskov, 2015, 1-10.

33. Asmus, E. & Garschagen, H. Application of barbituric acid
for photometric determination of cyanide and rhodanide
[in German]. Z. Anal. Chem. 1953, 138(1), 412-422.

34. Pitschmann, V. & Halamek, E. Study of colour reactions
for detection and determination of chlorine [in Slovak].
Sbornik VVS PV. 1991, (1), 59-77.

CONTRIBUTORS

Mr Tomas Rozsypal received his Enggnering (Military chemistry)
from the University of Defence, Faculty of Military Technology,
Brno, Czech Republic, in 2015. Currently first lieutenant, he
is pursuing his PhD (Weapons of mass destruction, pollutants
and protection against them) from the NBC Defence Institute,
University of Defence. His research interests include analytical
chemistry of chemical warfare agents.

He has composed introduction, conducted experimental
work, contributed to data analysis and composed the final
submission.

Prof. Zbynek Kobliha received PhD (Weapons of mass
destruction and protection against them) at the Military Academy
of land forces in Vyskov, Czech Republic. Currently he is
working as Professor and Head of Chemical and radiation
protection department, NBC Defence Institute, University of
Defence. His research interests include analytical chemistry of
chemical warfare agents and development of technical means
of chemical reconnaissance and control.

He has drafted the measurement apparatus and used methods
and conducted data analysis.



