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Abstract
The use of a cellulose detection film as a carrier for a colorimetric sensor to detect phosgene and allied compounds to be 
evaluated primarily visually is studied. For the case study, a benzimidazole-rhodamine dye and an acetyl cellulose film 
were selected. The detection complex was modified using cyclic ether 18-crown-6 to achieve more desirable analytic 
properties. The chromatic properties of detection film was verified using reflectance colorimetry in the visible light spec-
trum. The employed detection agent demonstrated high sensibility to phosgene vapours, but acid gases, acyl chlorides, 
base organic solvents, and in higher concentrations, even some organophosphorus substances interfered. The detection 
film application was adjusted to the in-situ preparation of simple detection devices (a spray or a marker) as well as to 
manufacture detection strips with beforehand excluded polymer film. 
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1. Introduction
The highly toxic colourless gas phosgene, mostly 

in mixtures with other toxic gases, was firstly utilised for 
military purposes during World War I. From the chem-
ical point of view, it is a derivate of carbonic acid with 
two allied compounds: diphosgene (trichloromethyl 
carbonochloridate) and triphosgene (bis(trichlorome-
thyl) carbonate). This highly reactive gas demonstrates 
distinct toxic properties due to a significant hydrolytic 
reaction on tissues and is classified as a pulmonary agent. 
The allied compound diphosgene has risen to military 
significance. Concerning diphosgene, it is a colourless 
liquid ensuring easier manipulation.1 The toxic proper-
ties of diphosgene correspond with phosgene, the LC50 
dose represents 2,000–3,200 mg m-3 (500–800 ppm) at 1 
min exposure.1,2 The permissible value of work exposure 
due to the NIOSH regulations is 0.4 mg m-3 (0,1 ppm) at 
8 h shift.1,3 Phosgene is currently utilised when produc-
ing agrochemicals, polycarbonates, and pharmaceutical 
substances; in 2015, the world production amounted to 
8.526 million tonnes.4

The colorimetric detection of phosgene/diphosgene 
is currently conducted using the well-known reaction with 
benzylpyridine derivates, for example 4-(4-Nitrobenzyl) 
pyridine: distinct red colouring. The method has been pre-
dominantly applied in the form of detection tubes or paper 
strips also known as continuous detectors in the form of 
cards.5–10 Furthermore, the reaction of phosgene with Har-
rison’s reagent (4-(dimethylamine) benzaldehyde/diphe-
nylamine) produces a yellow condensation product.11–13 
Newer detection methods use more complex chromoge-
nic agents with organic chemosensor structures, or other 
heterocyclic compounds, which, after the reaction with an 
analyte, change colours distinctly. To illustrate the case, the 
reaction between phosgene and substituted BODIPY ox-
ime forming orange colouring or with phenylenediamine/
BODIPY unit as fluorophore can be utilised.14,15 Out of 
other detection agents, the compounds with coumarin, 
benzothiazole, imidazole, benzimidazole-rhodamine, 
o-phenylenediamine/pyronine, o-hydroxyaniline, carbox-
yimide,  and quinazolinone skeletons were employed for 
colorimetric and fluorometric detection.16–30
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The authors, purposefully and on a long-term basis, 
concentrate on the issues of phosgene and its allied com-
pounds detection. The aim of the work was to propose a 
different carrier of detection agents in the form of a thin 
polymer film. It is going to be carry several advantages of 
the solution, such as the abilities to prepare a detector in 
the place of detection (in situ), to minimise the usage of 
chemicals and supporting materials, and to allow the con-
tinuous monitoring of the environment to check the pres-
ence of toxic substances. 

 

2. Experimental
2. 1. Chemicals and Materials

To prepare polymer films, acetyl cellulose (Carl 
Roth GmBH, Germany), cyclic ether 18-crown-6 (Sig-
ma-Aldrich, USA), and acetone as a dissolving agent 
(Merck, Darmstadt, Germany) were employed. Benzim-
idazole/rhodamine B dye was employed as a detection 
agent (The University of Chemistry and Technology, 
Prague, CZE; the spectral data correspond with the liter-
ature). To verify the method, trichloromethyl chlorofor-
mate (diphosgene), ammonia, benzoyl chloride, diethyl 
ether, hydrochloric acid, nitromethane, pyridine, carbon 
disulphide, (all Sigma-Aldrich, USA), isopropyl meth-
ylphosphonofluoridate (sarin, The University of Defence, 
CZE), and petrol (Cepro, CZE) were employed. 

To apply polymer films, a refillable marker with a 
dosing valve and 4 mm tip 211EM (Molotow, Lahr, Ger-
many) was utilised. The objective colorimetric measure-
ments were conducted using the reflectance spectropho-
tometer Ultrascan XE (HunterLab, Reston, USA) with 9.5 
mm entrance slit. The micrographs were taken using a 
scanning electron microscope (SEM).

2. 2. �Preparation of Polymer Solution with 
Detection Agent
The base solution supply of the polymer was pre-

pared by dissolving 4 g of acetyl cellulose in 100 ml of 
anhydrous acetone in a heated ultrasonic bath. 8 mg of 
rhodamine-benzimidazole dye was dissolved in 5 ml of 
the base solution to form a pink solution. The transition of 
the colouring dye to the colourless form was conducted by 
adding 750 mg of ether 18-crown-6. The solution turned 
light pink, colourless after the application on the carrier.

2. 3. Phosgene Detection
The concentration of diphosgene in the range from 

0.1 to 5 mg/m3 in a toluene solution was prepared in the 
test chamber with the volume of 0.712 m3 using the forced 
air circulation. The colouring of the detection film depend-
ing on the diphosgene vapour concentration and the expo-
sure time ranging from 1 to 10 min were observed. Apart 

from the intended, primary visual evaluation, the instru-
mental reflectance measurement was conducted to objec-
tively evaluate the changes in film colouring. After each 
exposure in the test chamber, the new concentration of the 
analyte was prepared for the following measurement.

The chemosensors were prepared by excluding the 
thin detection film from 50 µl detection polymer solution. 
The film was subsequently distributed on a PE pad with 
the diameter of 16 mm. After the distribution, the film was 
left for drying at the laboratory temperature for the peri-
od of 3 min. To evaluate the changes in the colouring of 
the detection film, the method of reflectance colorimetry 
in the colour space CIELAB 10°/D65 was employed. The 
records were interpreted as the dependence of the reflec-
tance on the wavelength of the visible spectrum in the in-
terval of λ = 380–750 nm. 

3. Results and Discussion
3. 1. Method Characteristics 

To detect phosgene and its allied compounds, the 
benzimidazole-rhodamine dye was selected. Historically, 
the phosgene detection was based on its reaction with the 
nitrogen of the benzimidazole unit releasing the pink form 
of the dye (Figure 1) that can be evaluated in the UV spec-
trum of electromagnetic radiation.19

Figure 1: Benzimidazole-rhodamine dye and the end product after 
the reaction with phosgene are presented.19

The previous research already applied the agent into 
the polymer matrix formed by polyethylene oxide, formed 
using the technology of electrostatic fibre formation, 
whose fibrous structure was the functional base for the 
chemosensor to detect phosgene using colorimetric and 
fluorescent evaluation.19 The simple release of the polymer 
film from the solution by evaporating the dissolving agent 
was employed. This simple method can be easily utilised 
for the in-situ preparation of simple detection means to 
monitor toxic substances in the atmosphere, to simplify 
the whole testing procedure, and at the same time, to min-
imise financing costs. 

Three ways were utilised to employ the detection 
film. Firstly, it was utilised in the form of the solution ap-
plicated by the refillable marker.  Secondly, the preparation 
of simple detection strips made from supporting materials 
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(PE strip) and the released detection film on its surface 
was utilised. Thirdly, the application of the polymer solu-
tion using a mechanical spray for larger areas was utilised.

3. 2. Detection Film Characteristics 
The naturally released films from acetone were 

unstable and mostly unable to preserve the transparent 

Figure 2: The non-modified (the upper row) and the modified 15% ether 18-crown-6 acetyl cellulose film (the lower row) are compared. The natural 
appearance of the polymer film after the evaporation of the dissolving agent [A], the excluded polymer film with the benzimidazole-rhodamine 
agent [B], and after being exposed to diphosgene vapours [C] are presented. 

Figure 3: The micrographs of the acetyl cellulose film (the upper row) and the film with the addition of 15% ether 18-crown-6 (the lower row) are 
compared at various magnifications. 
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appearance. Besides, the colouring agent was also una-
ble to preserve the transparent appearance and after the 
evaporation of the dissolving agent, it coloured heavily 
(Figure 2). 

The further study of the issue aimed at removing these 
drawbacks by modifying the film using ether 18-crown-6. 
The cyclic ether improved the structure of the released film 
and preserved the detection agent in the transparent form 
(Figure 2). The homogeneity of the distribution of the 
detection agent inside the polymer film was significantly 
improved. The growing percentage of ether 18-crown-6 in 
the polymer decreases its rigidity; with over 20% percent-
age of ether 18-crown-6, it formed a gel-like mixture. The 
15% value of ether 18-crown-6 mass in the acetone solu-
tion of the polymer was selected to reach the compromise 
between the sufficient film rigidity and the positive impact 
on the detection.

The stabilisation of the colouring agent can be prob-
ably assigned to the ability of the cyclic ether to bind a 
hydrogen cation inside the cyclic molecule in the form of 
hydronium cation.31–33.

After evaluating the impact of the addition of ether 
18-crown-6 to the structure of the released acetyl cel-
lulose films, the scanning electron microscopy of the 
samples without the detection agent was conducted. The 
micrographs demonstrated much higher heterogeneity 
of the modified films (Figure 3) in comparison with the 
naturally released ones and this probably contributed to 
the better accessibility of the analytic agent on their sur-
faces.

3. 3. �Verifying Methods of Using Detection 
Films

Detection marker 
Filling the cartridge of the refillable marker by the 

solution of the detection film allows to produce simple 
detection devices in the place of detection (in situ) (Fig-
ure 4). The advantage of the solution is the sufficient ca-
pacity of the cartridge that ensures conducting the tens 
of tests using a single cartridge; this means an extremely 
low cost per use. The application is possible on all ma-
terials with the good potential of the easy evaluation of 
the colour change, for example white cotton fibre, paper, 
plastic material, or ceramics. The 5 ml filling of the de-
tection polymer solution suffices for approximately 500 
tests.

Strip detector
The PE strips with the 12 × 80 mm dimensions were 

marked with the glued label with 5 mm circular openings. 
10 µl of the solution of the detection film was applied to 
the openings using a micropipette. After the evaporation 
of the dissolving agent, the simple detection device with 
5 mm active surface that can be packed into the hermetic 
packaging (Figure 4) was produced.

Detection spray
The simple hand spray was the last laboratory-veri-

fied application of the detection film. The volatile dissolv-
ing agent helps to the quick drying of the film on the base 
which lasted only a few tens of seconds. The commercially 
easily accessible hand spray suitable for the application on 
larger surfaces was utilised (Figure 4).

3. 4. Sensibility, Stability, and Interference
Measuring the dependence of diphosgene concen-

tration on the colouring intensity of the detection film is 
depicted in the Figure 5. The absorption maximum of the 
detection film is in 570 nm wavelength range. The detec-
tion limit when visually evaluated is in the case of 10 min 
exposure on the border of 0.125 mg/m3. LOD was deter-
mined on the set of 5 samples tested at the given concen-
tration and the exposure time which produced colour 
perception in an observer. The sensibility of the solution 
when exposed to phosgene satisfies the requirements of 
workplace hygiene according to NIOSH. 

The work verified the stability of the detection films 
during long-term diphosgene measurement in the atmos-
phere. The long-term measurements manifested them-
selves in the measurable decrease of the film colouring; 
nevertheless, the effect was infinitesimal when evaluated 
visually (Figure 6). The solution is feasible when consid-
ering the visual evaluation and/or continuous atmosphere 
monitoring. 

Figure 4: The proposed application utilises either the polymer solu-
tion for the in-situ release of the detection films (1 – the detection 
marker, 3 – the detection spray) or the beforehand released film on 
the suitable carrier (2 – the test strip). The pink colouring was 
reached by the exposure of the detection devices to diphosgene va-
pours.
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3.4 �Interference Substance Influence on 
Detection Film

The detection agent is sensitive to acidic gases, or 
the substances which produce acidic products when in 
the presence of atmospheric humidity; the acidic products 
protonate the imidazole nitrogen in the molecule.34 The 
reaction of colouring films on the selected most significant 
interfering substances was instrumentally measured (Fig-
ure 7). Based on the measured data, it is evident that the 
most significant interfering substance is hydrogen chlo-
ride which leads to the highly sensitive reaction with the 
detection film, as in the case of diphosgene. Benzoyl chlo-
ride is a less significant interferent; in the concentration of 
2.8 mg/m3 and 2 min exposure time, it does not produce 
any colour change of the film.

Due to the possible need of toxic substance analysis 
in the military, the nerve agent sarin (GB) was tested as 
an analyte; however, at the selected 0.5 mg/m3 sarin con-
centration and 10 min exposure time, no colouring of the 
detection film was observed. The colour reaction was ob-

Figure 5: The colouring of the detection film at the diphosgene concentration of 2.2 mg/m3 (A) and 4.4 mg/m3 (B) depending on the exposure time 
is measured. The low concentrations (C) were measured at 10 min exposure time. The colouring examples of the detection film (D) (diphosgene 
concentration/exposure time) were given at 1) 0.25 mg/m3/5 min; 2) 0.5 mg/m3/5 min; 3) 2.2 mg/m3/2 min; 4) 4.4 mg/m3/2 min. 

Figure 6: The colouring of the detection film after the diphosgene 
vapour exposure at the concentration of 1 mg/m3 and 5, 10 min ex-
posure is presented. The sample set was placed in uncontaminated 
environment for 6 h and subsequently exposed to the correspond-
ing analyte concentration.
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servable at the high concentrations of sarin, over 10 mg/
m3. Contrarily, the colour reaction of the detection system 
was not observed in aliphatic and aromatic hydrocarbons, 
chlorinated dissolving agents, base substances, and oth-
er dissolving agents (the Table 1). The colour reaction of 
the diphosgene after the exposure to common dissolving 
agents and chemicals was examined. The detection film 
demonstrated high affinity to pyridine when its vapours 
significantly inhibited the colour reaction even after longer 
period after the interrupting the exposure. Nitromethane 
achieved the same, even though a bit weaker result.  Am-
monia, on the other hand, inhibited the reaction only 
slightly as it was quickly released from the film. 

4. Conclusions
The tested solution provides a cheap and simple car-

rier of the detection chemicals which represents a possible 
alternative to the currently commonly used carriers (paper 
or silica gel) The proposed cellulose carrier, modified with 
ether 18-crown-6, represents the possibility to prepare 
simple detection devices in the place of detection (in situ) 
owing to the thin polymer film with evenly distributed de-
tection chemicals on its surface. To verify the abilities of 
the carrier, the rhodamine-imidazole dye integrated into 
the polymer matrix was utilised. This simple detection de-
vice in the form of a PE card with the applied detection 
film was exposed to diphosgene vapours. The ascertained 
LOD when evaluated visually and 10 min exposure time 
amounted to 0.125 mg/m3 (0.03 ppm). All the considered 
detection solutions (a marker, a strip sensor, and/or a 
spray) were functional. 

The proposed polymer carrier is suitable also for the 
integration of analytical agents sensitive to other toxic va-

Figure 7: The colour reaction of the detection film depending on 
the exposure time concerning the most significant interfering sub-
stances, for example (A) benzoyl chloride at the concentration of 2.8 
mg/m3 and (B) hydrogen chloride at the concentration of 5.8 mg/
m3, were measured.

Table 1: The overview of the interferences of the proposed detection film, the substances were tested in the form of concentrated gases.

Chemicals	 The reaction of the film to chemicals	 The reaction of the film to diphosgene after 
		  the exposure to chemicals

ammonia	 No reaction	 Slight decrease in sensibility
benzoyl chloride	 Pink-purple colouring, weaker than	 –
	 gaseous hydrogen chloride

diethyl ether	 No reaction	 Detection potential preserved
hydrogen chloride	 Pink-purple colouring, significant	 –
	 interference

car petrol	 No reaction	 Detection potential preserved

nitromethane	 No reaction	 Decrease in sensibility

pyridine	 No reaction	 Significant decrease in sensibility

sarin (GB)	 0.5 mg/m3, 10-min exposure – no reaction,  	 Detection potential preserved
	 the reaction noticed over concentrated vapours

carbon disulphide	 No reaction	 Detection potential preserved
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pours and gases which will be the topic of the subsequent 
development of the research. 
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Povzetek
Proučevali smo uporabo celuloznega detekcijskega filma kot nosilca za kolorimetrični senzor za detekcijo fosgena in 
sorodnih spojin na podlagi vizualne evalvacije. Za demonstracijo koncepta smo izbrali benzimidazol-rodaminsko bar-
vilo in acetilcelulozni film. Detekcijski kompleks smo modificirali z uporabo cikličnega etra 18-krona-6, da smo dosegli 
bolj ugodne analitične lastnosti. Kromatske lastnosti detekcijskega filma smo preverili z odbojno kolorimetrijo v spektru 
vidne svetlobe. Uporabljen detekcijski agent je pokazal visoko občutljivost na hlape fosgena, vendar pa so interferirali 
plini kislin, acil kloridi, bazična organska topila in v višjih koncentracijah celo nekatere organofosforne snovi. Aplikacija 
detekcijskega filma je bila prilagojena in situ pripravi enostavnih detekcijskih naprav (razpršilo ali marker) ter izdelavi 
detekcijskih trakov s predhodno izločeno polimerno folijo.


	_GoBack
	bau1
	bau2
	bau3
	bau4
	bau5
	bau0005
	bau0010
	bau0015
	bau0020
	bau0025
	bau0030
	bau0035
	bau0040
	bau0045
	bau0050

