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ABSTRACT:

The article describes a semi quantitative determination of volatile organic compounds in the air by the
gas chromatography with mass detection (GC/MS) method. In particular, we studied a procedure for
air sampling using the Tenax sorbent tube followed by GC/MS analysis of the sample. Concentration
of the given substance can be estimated based on its chromatographic peak area, sampled air volume,
and the boiling point of the substance.
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1. Introduction

Chemical reconnaissance and subsequent laboratory investigation are the first measures taken by the
Fire Rescue System (FRS) regional units when facing incidents associated with the spills of dangerous
substances or chemical warfare agents, in order to protect the population, integrated rescue systems
personnel, and material and cultural assets.

The dangerous chemical substances potentially contaminating the environment encountered during
such incidents may exhibit varying properties and require appropriate approach for the sample
preparation and analytical handling. Inhalation poisoning poses the greatest risk both for the
population as well as for the rescue personnel, and the dangerous substance may be encountered in
the form of gas, aerosol and dust. Air analysis therefore represents an important chemical
countermeasure, including detection of dangerous substances in the air, air sampling and eventual
analysis of the samples in a stationary laboratory.

2. Use of Tenax sorbent tubes for the analysis of air contaminants

All regional FRS units associated with dangerous substance incidents are equipped with Tenax sorbent
tubes. Tenax is a synthetic, widely used sorbent used to trap substances from the air. The trapped
substances are then thermally desorbed in a thermal desorption unit and analysed. Using the GC/MS
method, the tubes are used both for the analysis of external air [1-15], internal air including workplace
environment [2,6,16-20], and owing to their high sensitivity, they are also applied for the analysis of
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dangerous substances emitted from various products and materials [21-25], food and beverage
[26,27] or air exhaled by people [28,29]. However, the GC/MS is not the only analytical coupling, and
alternatives include the analysis of desorbed substances by the ICP/MS method [30].

Active sampling usually traps Analytes from the air, i.e., by passing a flow of air through the sorbent
tube. A sampling pump or a suction cup can achieve this. However, passive (diffusion) sampling based
spontaneous diffusion of the substances into the sorbent without using air flow through the tube may
also be used [6,10,14,16,18].

Analysis of various substances may require optimisation to achieve high overall adsorption and
desorption yield and hence best sensitivity for various analytes. Many pieces of work have been
dedicated to the optimisation of sorption and desorption parameters including flow time and rate, air
humidity, and GC/MS measurement conditions [6,23,29,31,32]. Attention was also given to the
comparison of Tenax to other sorbents. These conclusion are always specific for the analysed
substances in question, though: While some describe the best yield with Tenax [7,15,26,33], other
describe better results with Carbopack or molecular sieve-based sorbent [11,34], and some authors
conclude the yields are comparable with the sorbents studied [14]. Yet, these studies show that Tenax
is a very suitable sorbent for the most important volatile organic substances including alkanes,
aromatic hydrocarbons, and chlorinated hydrocarbons, both in terms of sorption from the air as well
as subsequent thermal desorption.

The Tenax sorbent tubes are primarily intended for the identification of substances present in the air.
For substance monitoring in the air, the procedure can be also quantitatively, assuming calibration of
the tubes. Absolute calibration based on dosing (spiking) a known amount of the analyte directly into
the tube is usually used for such analytes [7,9,10,14,17-20,29,33,35]. In some cases, mixtures of the
substances with clean air or nitrogen are prepared in special gas generators [11,14,29,32,35] or gas
sampling vessels by dilution with air [4,7,12].

The internal standard method is also applied for the determination of substances in the air. For the
determination of benzene, toluene, xylene and ethylbenzene, deuterated toluene-ds [3,16] or
ethylbenzene-dio [10] could be used. Similarly, DDT in the air could be determined using a *C-labelled
analogue [9]. Even compounds structurally different from the analyte could be used as the internal
standard. For example, deuterated trifluarin-dis, trans-permethrin-dg¢ and nitrophenol-ds could be
used for the determination of 28 pesticides [6], tetrabromodiphenyl ether (PDBE-77) for the
determination of 18 fire retardants [36], benzyl benzoate for the determination of dialkyl phthalates
[25] or anisole for the determination of various volatile substances in the air [35].

As shown by the literature overview, substances monitored in the air or otherwise studied require a
calibration of the sorbent tubes. Nevertheless, each FRS incident is unique and may be associated with
the spill of a different substance, which the chemical laboratory is not likely to have the calibration
data for. This makes the procedure impractical or even unrealistic in real FRS life. Despite that, the field
investigators are often requested by the incident commander or other body to make an estimate of
the identified substance concentration, and the literature provides no general procedure for the
concentration estimate of unknown substances in the air.

3. Air sampling performed by the regional FRS units

Air sampling procedures used by the regional FRS units are defined the Czech FRS Chemical Service
Regulation [37]: air is sampled using sampling bags, trapping onto a dust filter, or adsorption on



sorbent tubes. Both passive sampling (based on diffusion of the substance into the Tenax tube) and
active sampling (air flow through the tubes using a gas sampling pump) may be used [37,38].

The dependence of adsorbed amounts on air flow rate and time was studied in the past by the Czech
FRS for various volatile organic substances with different properties [32]. Flow optimisation [32]
yielded a unified procedure for the air sampling by the Tenax tube using a flow rate of 0.5 L/min for 20
min, i.e., with a total air sample volume of 10 L. This procedure was practically implemented by the
Czech FRS units [37,38].

4. Experiments performed

Our study included representatives of various organic substances with different properties shown in
Table 1.

Table 1

Overview of analysed substances

Substance Specification Boiling point, °C
Dichloromethane Uvasol, spectroscopy grade, Merck 40.7
Acetone p.a., Penta 56.2
1,2-Dichloroethylene pur., Merck 60.0
Chloroform p.a., Lachema 61.3
Ethyl acetate p.a., Penta 77.1
Benzene p.a., Merck 80.5
Trichloroethylene pur., Lachema 87.0
n-Propyl acetate pur., Merck 101.6
Toluene p.a., Merck 110.8
n-Butyl acetate p.s., Merck 126.5
Ethylbenzene pur., Merck 135.5
1,2-Dichlorobenzene p.s., Merck 180.5

Exact concentrations of these substances were prepared by dosing a solution of the compound in
methanol (SupraSolve, for GC/MS, Merck) into a flow of filtered air using a dynamic calibration unit
SYCOS K-DPG (Ansyco, Germany) with regulated airflow and regulated mixing chamber temperature
up to 180°C (Figure 1). The calibration unit was able to prepare aerial mixtures of the substances in the
concentration range of ca. 0.001-0.050 ppm (1-50 ppb). The desired airflow rate was set. The
calibration unit output was passed through the Tenax TA adsorption unit (Markes Inc., USA) for the
selected time. Total air volume sample was calculated from the airflow rate and time.



Figure 1. Dynamic calibration unit SYCOS K-DPG

Substances trapped in the adsorption tube were analysed by the GC/MS method on a 7890A gas
chromatograph with 5975C mass spectrometer (Agilent) with the HP-5MS column (length 30 m,
diameter 250 um, phase 0.25 um). Trapped substances were desorbed from the tube using a TD 100
(Markes Inc., USA) thermal desorption unit using following parameters: purification: time 1 min, flow
rate 20 mL/min; desorption: time 5 min, temperature 280°C, flow rate 20 mL/min, trap module setting:
purification 1 min, temperature —10 to 250°C, flow rate 20 mL/min.

GC/MS analysis was performed using the following chromatographic programme and measurement
conditions: carrier gas 5.6 helium 1.0 mL/min, inlet temperature 230°C, GC/MSD interface
temperature 230°C, scan range 35-800 amu, splitless, GC programme: 40°C for 2 min, from 40°C to
130°C dT/dt 5°C/min, from 130°C to 220°C dT/dt 20°C/min, 220°C for 1 min.

Two parallel measurements were performed for each substance and concentration. Area of the
individual peaks was then evaluated in the resulting chromatograms which were integrated by the
DataAnalysis software.

5. Measurement results

5.1. Sorbent tube calibration

The relationship of peak area as a function of the substance concentration in aerial mixture was
constructed and evaluated using the statistical software [39] for the individual substances listed in
Table 1. For simplification, the substance chromatographic peak area is given in million abundance
units in the following results, equations and tables.

We observed that this relationship is linear within the concentration range described in Table 2 which
also summarises parameters of the linear relationship between the substance concentration in the
aerial mixture and the corresponding peak area, as described by the equation

A=kxc+gqg /1/



where A is the chromatographic peak area in million abundance units, c is the substance concentration
in the aerial mixture in ppb units, k is the gradient and g is the intercept on the peak area axis.

The calibration results show that the peak area axis intercept g is negligible as compared to real peak
areas and hence that the calibration curves approximately pass through the origin.

Table 2

Parameters of the linear relationship between the chromatographic peak area and the substance
concentration in the aerial mixture sampled by the Tenax TA sorbent at following conditions: flow
rate 0.5 L/min, sampling time 20 min, sampled air volume 10 L

Substance Concen- Gradient k Intercept q SD k SDq
tration TIC.10°
[TIC x 107%/ppb] [ I [TIC.10/ppb] | [TIC.10°%]
range,
ppb
Dichloromethane 1-40 11.2 -0.52 0.090 0.49
Acetone 1-40 12.6 -0.37 0.11 0.28
1,2- 1-40 13.8 0.54 0.14 0.56

Dichloroethylene

Chloroform 1-40 14.6 0.70 0.14 0.73
Ethyl acetate 1-30 19.1 -0.89 0.093 0.41
Benzene 1-30 20.5 1.00 0.10 0.59
Trichloroethylene 1-30 22.3 0.96 0.17 1.07
n-Propyl acetate 1-20 23.7 1.07 0.19 0.66
Toluene 1-20 24.2 1.02 0.087 0.79
n-Butyl acetate 1-20 29.0 1.36 0.12 0.94
Ethylbenzene 1-15 34.9 1.63 0.21 1.23
1,2-Dichlorobenzene 1-10 48.8 2.21 0.43 1.14

These linear relationships were studied in detail using the statistical software [39] based on selected
statistical parameters, which allowed for following conclusions [40]:

e Based on the values of the correlation and QC coefficients, the hypothesis of linear calibration
relationship between the substance chromatographic peak area and its concentration in the
air sampled by the Tenax sorbent tube could be confirmed,

e Relative standard deviation (SD) of the determination is in the range 5-15%,

e Limit of detection of the method reaches 0.1-0.3 ppb for the substances, the limit of
quantification 0.3—0.5 ppb,

e Determination of the substance concentration using its chromatographic peak area yields
statistically accurate results



Based on the measurement results and their statistical evaluation, one can conclude that based on the
calibration performed it is possible to estimate the concentration of the given compounds in the air
based on the corresponding chromatographic peak area.

5.2. Calculation of the substance concentration in the air

From the linear relationship between the chromatographic peak area and the substance concentration
in the air (equation /1/), concentration c can be expressed (in ppb units) as:

c=(A-q)/k /2/

where A is the chromatographic peak area in million abundance units, g is the intercept on the peak
area axis, and k is the gradient of the relationship.

Taking into account that the intercept g is negligible compared to the real peak areas as concluded in
section 5.1, it is possible to accept the hypothesis that the calibration curves pass through the origin.
The concentration can be then expressed as a product of the peak area A and concentration factor Fc
that is the inverted value of the gradient. In our case, the gradient k was obtained using 10 L air sample
volume, and the concentration therefore needs to be corrected to account for this:

c=AxF./V /3/

where ¢ the substance concentration in the air [ppb], A is the chromatographic peak area [TIC x 1079],
Vis the sampled air volume [L], and Fc is the concentration factor [ppb x L / TICx10®] which is equal
to 10 / k. Values of the concentration factor Fc are listed in Table 3 for the studied substances.

In practice, the air is sampled by the Tenax tube at the conditions defined, i.e., at flow rate of 0.5 mL
for 20 min to sample 10 L of air. The GC/MS analysis, integration of the peak corresponding to the
analysed substance (A), and calculation of its concentration according to equation /3/ ensue.

Although the procedure is very simple, it can be used only for those substances the sorbent tube had
been calibrated for. This would practically require calibration for every substance potentially
encountered. This is a major limitation for the FRS chemical laboratories, which may face different
dangerous substances at each incident, and standard of the substance may not be available.

Table 3

Values of the concentration factor for the determination of substance concentration in the air
sampled by the Tenax TA sorbent tube

Substance Concentration factor Fc
[ppb x L /(TIC x 107°)]

Dichloromethane 0.89




Acetone 0.79
1,2-Dichloroethylene 0.72
Chloroform 0.68
Ethyl acetate 0.52
Benzene 0.49
Trichloroethylene 0.45
n-Propyl acetate 0.42
Toluene 0.41
n-Butyl acetate 0.34
Ethylbenzene 0.29
1,2-Dichlorobenzene 0.20

5.3.  Effect of substance boiling point on the concentration factor

We have compared the results of measurements which yielded the concentration factors enabling the
recalculation of peak area into substance concentration (Table 3) to the boiling points of the
substances studied (Table 1). This comparison shows that with increasing boiling point of the
substance, the concentration factor decreases, or in other words, gradient of the relationship between
chromatographic peak area as function of the substance concentration grows.

Other studies on trapping highly volatile substances reached the same conclusion, and found out that
substances with very low boiling point are not trapped on Tenax at all or with very low yield only. This
is also a reason why Tenax is combined in the tubes with other sorbents, for example of the Carbopack
[41], Carboxen, or Carbograph [42] type.

This conclusion also aligns with facts presented by the HPST company, in particular, that the sorption—
desorption process yield increases with decreasing volatility. Corresponding lecture [41] indicates that
for 5 L air sample volume the yield reach less than 20% for gaseous and volatile compounds such as
butadiene or chloroalkenes, 20 to 80% for medium volatile compounds (benzene, di- and
trichloroethane, trichloroethylene etc.), and more than 80% for low volatile aromatic and chlorinated
hydrocarbons.

Obtained results were plotted graphically, and the best linear fit of the relationship was achieved when
a logarithm of the concentration was plotted against the substance boiling point [40], as shown in
Figure 2. Relationship between the concentration factor logarithm and substance boiling point fulfils
the linearity requirements if the correlation coefficient reaches 0.9910 (critical value 0.99) and QC
coefficient 4.68 (critical value 5.00) [39].

Taking into consideration that these linear functions have been constructed for substances of highly
varying properties, it may be said concentration factor (or the gradient of chromatographic peak area
as function of the substance concentration) is influenced by the boiling point rather than by other
properties of the compound, such as structure or polarity.



Relationship shown in Figure 2 can be described by the linear function [39]:

log Fc =—0.0047 x bp + 0.11 /4]

where Fc is the concentration factor (Table 3) and bp is the substance boiling point in °C.

Logarithm of the concentration factor can also be expressed from equation /3/:

log Fc=logc+logV—log A
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Figure 2. Logarithm of the concentration factor Fc as function of the substance boiling point

Combination of equations /4/ and /5/ allows expression of the logarithm of the determined substance
concentration in air and eliminate calculation via the concentration factor:

log c = log (A/V)—0.0047 x bp + 0.11 /6/

where c is the substance concentration in the air in ppb units, A is the chromatographic peak area in
million abundance units, V is the air sample volume in litres, and bp is the substance boiling point in
°C.



6. Estimating the substance concentration in the air

The equation for the concentration estimate for any compound in the air sampled using the Tenax
tube has the general formula:

log c = log (A/V) + Kx bp + Q 17/

The aforementioned procedure can be easily applied to other GC/MC systems with a thermal
desorption unit and different measurement and thermal desorption parameters, as it circumvents the
concentration factor calculation and the construction of a linear relationship between the peak area
and concentration. Following procedure is used for the estimate:

e Two substances are selected, one with boiling point around 40°C and the other one around
180°C,
e Aerial mixtures of concentration below 10 ppb are prepared,
® The aerial mixtures are sampled by the Tenax tubes, using a total volume of 10 litres or lower
at a flow rate of 0.5 L/min,
e Alternatively, the tube can be spiked with an amount corresponding to the aforementioned
concentration in 10 L of air,
® GC/MS analysis using given system with a thermal desorption unit at selected measurement
parameters is performed,
e Known concentration of the substance, chromatographic peak area and boiling are plugged
into the equation /7/ for each substance
e This results into two equations with the unknown parameters, K and Q
e Parameters K and Q are calculated, and plugged into equation /7/ which can then be used for
the estimate of concentration of other substances in the air.
An example of such application to estimate the concentration of substances analysed by other GC/MS
systems from the chromatographic peak area are the authors’ own result from 2008 [32]. Similar to
this work, we studied the relationship between the peak area and concentration for nine substances
with different properties, sampled from aerial mixtures by flow through the Tenax tubes. However,
the air was sampled by flow through Tenax glass adsorption tubes (SKC Inc., USA), and the analysis was
performed using a mobile gas chromatograph with mass detector EM 640 (Bruker Daltonik, Bremen,
Germany). Desorption was performed using the thermal desorption unit of the EM 640 system for 1.5
minutes at 220°C. Filtered air at a pressure of 300 hPa was used as the carrier gas. The column,
measurement parameters, and temperature gradient of the GC analysis were identical to those in this
study (see section 4).

Following compounds were studied in [32]: carbon disulfide, hexane, butan-2-one, trichloroethylene,
toluene, propan-2-ol, octane, heptan-1-ol, and 1,2-dichlorobenzene. The air sample volume was 10 L
in all cases.

Data from publication [32] were assessed as in this work, and the logarithm of concentration factor
was plotted against the boiling point (Figure 3).
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Figure 3. Logarithm of concentration factor FC as function of boiling point for substances studied in
2008 using Tenax glass adsorption tubes (SKC) analysed by mobile GC/MS system EM 640 (Bruker).
Data are taken from [32]

Using statistical software [39], we found out the function shown in Figure 3 can be described by the
equation:

log Fc =—0.015 x bp + 3.2 /8/

Hence, with the experimental setup described in [32], concentration of the substances in the sampled
air could be estimated using the equation:

log ¢ = (log A/V) —0.015 x bp + 3.2 /9/

7. Verification of the developed procedure

The procedure for the estimation of substance concentration in the air sampled by the Tenax sorbent
tube was verified using other organic substances for which the tube calibration had not been
performed previously [40]. To verify the estimate, a mixture of the substance and air of exact
concentration was prepared using the Dynamic Calibration Unit SYCOS K-DPG (see section 4). Flow
rate through the Tenax tube was 0.5 L/min for a certain time shorter than 20 min (i.e., the sampled air
volume reached 5 to 10 L). The tube was analysed using a GC/MS system and the area of the peak
corresponding to the given substance in the chromatogram was integrated. Two parallel
measurements were performed for each substance and concentration. Based on the substance boiling
point, mean peak area and sampled air volume, the concentration in the air was estimated using
equation /6/. The estimated concentration was then compared to the known concentration,
expressing the relative difference of the estimated and known concentration [40].
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The substances included, e.g.,, methyl acetate, cyclohexane, butanal, pentan-3-one,
tetrachloroethylene, n-octane, o-xylene, cumene, sarin, soman, heptan-1-ol, and sulfur mustard.

The results showed that equation /6/ could be successfully applied to estimate the concentration of
substances trapped on the Tenax TA sorbent tube. Concentrations of randomly selected organic
compounds analysed in the air from the calibration unit were estimated very closely to the real
concentration. Maximum relative difference of the estimate and known concentration reached 33%
[40]. The only exception from this conclusion was the estimate of sulfur mustard concentration;
however, its boiling point lies outside of the range till 180°C. Also, it needs to be noted that study [7]
state abnormal behaviour of sulfur mustard on Tenax.

8. Conclusion

The relationship between the substance concentration in an aerial mixture sampled by the Tenax TA
tube and their chromatographics peak area was studied for twelve substances of varying properties.
We observed that in a certain concentration range depending on the substance properties, these
relationships are linear. Hence, for substances calibrated in this manner, the concentration of the given
substance can be determined based on the chromatographic peak area.

The linear relationship between the chromatographic peak area and the substance concentration in
an aerial mixture was then correlated with the substance boiling point. We found out that with
increasing boiling point, the gradient of chromatographic peak area as a function of the substance
concentration also increases. Based on this observation, we have derived an equation expressing the
relationship between the logarithm of the substance concentration and the logarithm of its
chromatographic peak area and the substance boiling point. Use of the equation for the estimate of
substance concentration in air sampled by the Tenax sorbent tube was successfully verified for various
organic substances. Concentration of randomly selected organic compounds in the air was estimated
very closely to real values.

These results were achieved using analysis by the gas chromatography system with mass detector
Agilent 7890A/5975C using a thermal desorption unit TD-100. However, we have shown that the
procedure is generally applicable for other GC/MS systems with a thermal desorption unit, and for
substances for which the relationship between the peak area and concentration is unknown.

This article was elaborated within the framework of the V120152020009 project (Targeted applied
research of new technologies, methods and procedures to foster the capabilities of the Fire Rescue
System of the Czech Republic).
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ABSTRACT:

Emergency vehicles, whether fire-fighting or military ones, require installed filters to protect the
personnel during their operations in contaminated areas. Those filters, in contrast to the conventional
filters for the protection of individuals, differ not only in construction, but also in their higher sorbent
content and sorption at higher airflow rates. The aim of this work was to test a novel filter on selected
hazardous substances, which include cyclohexane, ammonia, sulfur dioxide and hydrogen sulfide.
Measurements were performed at a test substance concentration of 500 ppm and at an airflow rate
of 200 m?® h'l. Results obtained clearly demonstrate that such filters are able to absorb the given
substances for times complying with the CSN EN 12941 norm requirements.

KEYWORDS:
specialized filter, measurement method, sorption, properties, cyclohexane
1. Introduction

Dust or chemical filters or combinations thereof are used for the protection against hazardous
substances. Those filters vary in shape (cylindric, beveled drop), size (from small ones used for personal
protection to large ones intended for collective protection in shelters), intended use (industrial, NBC),
amount of sorbent used (from tens of grams up to kilograms) and its composition (determining the
use of the filter), and they can exhibit other features based on the requirements (filter housing
materials, screw and its location, possibility to connect in series, etc.).

Protective equipment may be combined with a single filter. For example in combination with
protective masks or hoods [1, 2, 3], or with multiple filters, such as in protection bags, filtration—
ventilation units (typically 2—3 filters or up to 5-7 in special applications) [4], or in air mixing devices
[5] (intended for use in improvised collective protection, with up to 8 filters).

The filters are typically used for individual or collective protection in a stationary installation. Special
filters containing greater amounts of the sorbent, allowing higher flow rates and requiring a special
connection and location in the vehicle are used for mobile equipment such as armoured fighting
vehicles and special rescue and fire-fighting vehicles. Development, testing, and production of such
filters is not straightforward, and it requires more complex equipment and considerable financial
investment.
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We have tested ABEK filters, developed in co-operation with the MOLPIR GROUP CZ Company, based
in Olomouc, Czech Republic, and produced by the DELBAG company, based in Liberec, Czech Republic,
for such use. Sorption capacity of the filters was tested according to the CSN EN 12941 norm
requirements [6] for use with cyclohexane, ammonia, sulfur dioxide, and hydrogen sulfide.

2. Experimental tests

a) Apparatus, equipment and auxiliary materials used
Following apparatus, equipment and auxiliary materials were used:

- Special chamber constructed for the testing on non-standard filters,
- SYCOS K-DPG mixing chamber,

- MFLEX peristaltic pump,

- AZURA P2 high pressure pump,

- Gasmet FTIR DDX-4000 IR spectrometer,
- MultiRAE detector,

- SKF-240 ventilator,

- TESTO 435-2 flowmeter,

- Hanhart laboratory stopclock,

- TESTO 0609 thermometer,

- 25 L sampling bags.

b) Filters tested

Combined filter KFM 200 (Figure 1) was used for the measurement. The filter consisted of a steel
housing equipped with steel lids removed before the measurements. Filtration cartridge was prepared
from Lydall AX 6650 paper, the ABEK type sorbent (8 kg) came from the Pleisch Company. Overall
weight of the filters reached ca. 18 kg.
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Figure 1. KFM 200 filter

c) Chemicals used
Following chemicals were used for the testing of the newly developed ABEK-type filter:

- Cyclohexane, C¢Hi, (colourless, highly flammable liquid, harmful, toxic in the environment,
MW 84.16 g mol™, bp 80.75°C, p 778.5 kg m™3),

- Ammonia, NHs (colourless, pungent gas lighter than air, very well soluble in water, dangerous
for the environment, MW 17.03 g mol™, bp —33.34°C),

- Sulfur dioxide, SO, (colourless, pungent gas, well soluble in water, 2.26x higher density than
air, toxic, MW 64.07 g mol™, bp —10.02°C)

- Hydrogen sulfide, H,S (colourless gas heavier than air, very well soluble in water, extremely
flammable, highly toxic, dangerous for the environment, MW 34.08 g mol™?, bp —60.28°C)

d) Measurement method and conditions

As indicated above, four test substances were used, one of them in the liquid and three in the gaseous
state. The measurement setup had to account for these differences to comply with the required
conditions.

Cyclohexane measurements

The measuring installation for the cyclohexane sorption testing consisted of a SYCOS K-DPG mixing
chamber (including a heated block), AZURA P2 high pressure pump to deliver the required amounts of
the substance tested (Figure 2), moisturising equipment to adjust the temperature and humidity of
the gas—air mixtures, special chamber for the filter testing, the SKF-240 ventilator fitted with the TESTO
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435-2 flowmeter and TESTO 0609 thermometer to regulate the desired air flow (Figure 3) and two
Gasmet FTIR DX-4000 IR spectrometers to test the input and output concentration.

The measurement was performed at the gas—air flow of 200 m® h™? (3,330 L min™?), analyte
concentration of 500 ppm, temperature 24 + 2°C, relative humidity 50 + 10% and pressure 985 +
10 hPa.

For cyclohexane, the CSN EN 12941 norm requires the minimum penetration time of
70 minutes.

Figure 2. Left view of the measurement setup Figure 3. Right view of the measurement setup

The measurements involved preparation of the gas—air mixture at the given flow rate, concentration,
temperature and humidity, and its retention at the filter tested. Flowmeter and then ventilator were
connected through the filter side opening. The penetration concentration (10 ppm) was measured on
the entry to the ventilator. The input concentration was measured before entry to the filter using
silicone tubing. Gasmet FTIR DX-4000 were used in both cases (Figure 4).
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Figure 4. IR spectrometer setup

3. Gaseous substances measurement

The gaseous substance measuring installation (ammonia, sulfur dioxide, hydrogen sulfide) consisted
of a sampling bag (containing the corresponding gaseous substance), MFLEX peristaltic pump to
displace the gas from the bag and to prepare the gas—air mixture of desired concentration, moisturising
equipment to adjust the temperature and humidity of the gas—air mixture, special chamber for the
filter testing (Figure 1), SKF-240 fitted with the TESTO 435-2 flowmeter and TESTO 0609 thermometer
to regulate the desired air flow, and either two Gasmet FTIR DX-4000 IR spectrometers to measure the
input and output concentration of ammonia and sulfur dioxide, or the MultiRAE detector to measure
the penetration concentration of hydrogen sulfide.

Measurement of the gaseous substances was performed at conditions identical to the cyclohexane
measurement. The CSN EN 12941 norm requires minimum penetration of 50 minutes for ammonia, 20
minutes for sulfur dioxide, and 40 minutes for hydrogen sulfide. However, unlike the cyclohexane
measurement, the gas—air mixture was prepared by removal of the gas from the sampling bag using a
peristaltic pump to yield the gas—air mixture of desired flow rate, concentration, temperature and
humidity. The gas-air mixture was then introduced to the filter tested by means of the ventilator.

Again, the penetration concentration was measured at the entry to the ventilator. For ammonia (25
ppm) and sulfur dioxide (5 ppm) the Gasmet FTIR DX-4000 IR spectrometer was used, while the
MultiRAE detector was used for hydrogen sulfide (10 ppm). The input concentration was measured as
for cyclohexane.
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e) Calculation of dynamic sorption capacity

Dynamic sorption capacity (DSC) was calculated according to the following equation:

DSC (g) =

MW  molecular weight [g mol™]

MW X ¢ X Q X RT
2447000

c concentration [ppm]

Q flow rate [I min™]

RT residence time [min]
f) Results

(1)

Table 1 shows the sorption values for small protective filters for each substance tested at the required
flow rate of 3,330 L min™* (200 m3 h™1). Taking into account that no national norm exists for the filters
we have studied, the sorption requirements are taken as per the €SN EN 12941 [6] norm for class 1
small protective filters, i.e., for concentration of 500 ppm and required minimum retention period (so-
called residence time, RT). The DSC values corresponding to these requirements are also listed.

Table 1. Filter sorption according to €SN EN 12941 for class 1 small protective filters (SPF)

Filter Substance ¢ [ppm] Q[ min RT [min] DSC [g]
tested

SPF cyclohexane 500 3,330 70 401.3

SPF ammonia 50 58.0

SPF sulfur dioxide 20 87.3

SPF hydrogen 20 46.4
sulfide

Table 2 then shows the resulting RT values tested and DSC values calculated for each measurement
condition and substance tested, including mean values (DSCy), standard deviations (DSC;) and variation

coefficients (DSC,).
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Table 2. Special TITAN filter sorption

Filter Manufa | Substa | c[ppm] | QL RT DSC | DSCy DSC, DSC,
cturing | nce min™] [min:sec] | [g]
numbe | tested [e] [e] [e]
r

TITAN 1 | 001081 | Cyclohe | 500 3,330 92:45 531.7 | 512.8 26.8 5.2
9 Xane

TITAN 2 | 003081 86:15 493.8
9

TITAN 3 | 005081 | Ammo 66:15 76.8 |99.3 31.8 32.0
9 nia

TITAN 4 | 001072 105:00 121.8
0

TITAN 5 | 004081 | Sulfur 51:40 225.4 | 200.0 35.9 18.0
9 dioxide

TITAN 6 | 002072 40:00 174.6
0

TITAN 7 | 002081 | Hydrog 103:35 240.4 | 242.1 2.3 1.0
9 en

sulfide

TITAN 8 | 003072 105:00 243.7

0

The results shown in Table 2 clearly indicated that the required RT (or DSC) values could not only be
complied with but even highly exceeded. When comparing the average values to the theoretical ones
(Table 1), the requirements have been exceeded by 27.8% for cyclohexane, by 71.2% for ammonia, by
129.1% for sulfur dioxide, and by 421.8% for hydrogen sulfide. Moreover, both measurements have
reached very similar results for hydrogen sulfide, and the standard deviation DSCs (2.3 g) and variation
coefficient DSC, (1.0%) were very low. There was a very good match of both measurements for
cyclohexane, too (DSCs 26.8 g and DSC, 5.2%). The other gases exhibited greater differences — DSC;s
reached 31.8 g and DSC, 18.0% for sulfur dioxide, and 31.8 g and 32.0% for ammonia. However, even
the lower values obtained still significantly exceeded the requirements listed in Table 1. For sulfur
dioxide, the theoretical values have been exceeded by 100.0% for the DSC of 174.6 g, and for ammonia,
by 32.4% for the DSC of 76.8 g.
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4.

Conclusion

The results obtained have clearly shown that the filters tested are able to protect the rescue truck
occupants from the tested hazardous substances for the times required by the CSN EN 12941 norm.
The hazardous substances include cyclohexane (representing organic compounds, especially
organophosphates), ammonia (representing also other amines), sulfur dioxide (representing acidic
gases) and hydrogen sulfide (representing inorganic compounds).

Sorption capacity of the filter produced (containing ca. 8 kg of the sorbent) not only fulfils the minimum
required penetration times or dynamic sorption capacity, but significantly exceeds them.

It can be concluded that these filters are useful both in military as well as fire-fighting emergency
trucks.
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ABSTRACT:

Cannabis farms are difficult to detect and their number has been steadily growing. Yet, cannabis
growing is associated with the release of terpenes into the air, giving rise to the plant’s characteristic
odour. Sampling the air at an adequate distance is one of the possibilities to identify the farm. The
thermal desorption technique is a useful method for such work, passing the air sample through a
sorption tube, and then subsequently analysing the sample in the laboratory using gas
chromatography with mass detection. This method allowed the identification of characteristic
monoterpenes proving Cannabis farming on the premises.

KEYWORDS:

Thermal desorption, terpenes, Cannabis.

1. Introduction

The number of in- and outdoor Cannabis farms has been steadily growing according to the Czech
National Drug Headquarters 2019 annual report. The overall number of grow houses secured has
remained almost constant in the past seven years [1]. Most grow houses are detected due to illicit
electricity consumption [2]. However, such proof is insufficient for small-scale farms. Confirmation of
the cannabinoid presence by obtaining chemical samples, usually swabs, is most useful. However, this
practically means entering a private property or its imminent vicinity, which leads to a number of
complications. This article describes a method for the collection of air samples from the surrounding,
and subsequent identification of characteristic terpenes, which allows for a reliable confirmation of
Cannabis farming.

Table 1. Development of the seized amounts between 2010 and 2020 [1]

2010 | 2011 | 2012 | 2013 (2014 | 2015 | 2016 | 2017 | 2018 (2019 | 2020

Cannabis 278 | 441 |563 | 735 [570 |655 [722 |1,094 |948 (546 |655
kel

Cannabis 64.9 62.7 90.1 73.6 77.7 30.8 57.7 54.4 28.3 26.9 16.0
plants [ths]
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Farms 145 165 199 276 301 220 299 305 202 258 167

Hashish [kg] | 9.4 2.4 20.5 1.3 14.9 7.6 6.6 9.1 2.9 1.7 1.2
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Figure 1. Number of Cannabis farms seized between 2011 and 2020 by size (in %) [1]
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Figure 2: Overall number of Cannabis farms seized in the Czech Republic in 2002-2020 [1]

2. Terpenes

Cannabis farming is associated with the release of volatiles into the air. The volatile compounds are
terpenes, giving rise to the intensive and characteristic odour of these plants. Some authors describe
up to 200 compounds are released into the air, most including monoterpenes or sesquiterpenes [4, 5,
6]. Together, these compounds create a fingerprint proving the presence of Cannabis plants at the
given location. However, more sophisticated object security measures and dwelling inviolability make
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it impossible to collect samples from the interior or immediate vicinity of the farms. Collection of air
samples at an adequate distance (meters to tens of meters) may be the only option. Terpenes released
into the air may be detected sensorically in very low concentrations around 0.1 ppm [7, 8].

Five-carbon isoprenoid building blocks isopentenyl diphosphate (IPP) and dimethyl allyl diphosphate
(DMAPP) represent the basic building blocks for the biosynthesis of terpenes and cannabinoids in
Cannabis. The building blocks condense to yield geranyl diphosphate (GPP) (Ci) or farnesyl
diphosphate (Cis). Terpene synthases (TPS) convert GPP or FPP to terpenes. Aromatic prenyl
transferases (aPT) condense GPP with olivetolic acid to produce cannabigerolic acid (CBGA) which is
cyclised by cannabinoid synthases to give cannabinoids [5].

Terpene composition depends on the phenotype, and there are certain differences between the
Cannabis subtypes. Most terpenes found in Cannabis are hydrocarbons directly produced by the
terpene synthases (TPS) unlike more complex terpenes, which require modification by other enzymes
such as cytochrome P450. The chemical diversity of Cannabis terpenes reflects the diversity of the TPS
enzymes coded in the Cannabis TPS family [5]. Composition of terpenes in the Cannabis resin can
significantly vary depending on the genetic, environmental and development factors [4, 9].

In our case, we were interested in monoterpenes. Booth and Bohlmann list twelve basic monoterpenes
[5], including: B-pinene, a-pinene, B-thujone, 3-carene, terpinolene, p-limonene, terpineol, 1,8-cineol,
a-terpinene, linalool, myrcene and (Z)-B-ocimene. When extracting the terpenes, Booth, Page, and
Bohlmann found that regardless of the inflorescence state, the most abundant monoterpenes include
a-pinene, p-limonene, B-pinene, terpinolene and (E)-B-ocimene [6]. Other source lists five prominent
terpenes from a group of thirteen monoterpenes and fourteen sesquiterpenes, including myrcene,
terpinolene, a-pinene, B-pinene, and limonene as monoterpenes, and caryophyllene as a
sesquiterpene. The concentration of monoterpenes drops in dried plants [9]. It was shown that hashish
from fresh and dried plants can be distinguished through the presence of 5,5-dimethyl-1-
vinylbicyclo[2.1.1]hexane. This compound is formed from B-myrcene by UV irradiation [4].

Recent studies show that C. indica contains 60—80% more myrcene than C. sativa. This makes myrcene
the dominant terpene present in the Cannabis genus plants [10].

a-Pinene and B-pinene are important for identification as they represent 10-20% of the overall
amount of terpenes in Cannabis, and moreover, their high volatility contributes to their dominant
peaks in the chromatograms. However, pinenes are a predominant constituent in coniferous trees,
and sufficient distance from such trees must be maintained when sampling, or additional samples
needed to be included into the analysis for comparison purposes [10]. b-Limonene is the second most
abundant terpene in Cannabis. However, it is also frequently used as an aromatic principle in various
cosmetic and cleaning products. It occurs naturally in citrus fruits. This needs to be taken into account
when sampling [10, 11].

Linalool is a terpene, which contributes the most to the characteristic odour of Cannabis [11].
Eucalyptol (1,8-cineol), carene, phellandrene and terpinolene are important terpenes shown by
scientific studies to occur only in the C. sativa species [10].

Caryophyllene belongs to the sesquiterpenes; however, it can be detected under suitable conditions
in the air due to its highest volatility within the group. Its advantage is lack of decarboxylation, making
it the easiest component to detect in Cannabis extracts [10].
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Figure 3: Chemical structure of selected monoterpenes

3. Methodology for the analysis of terpenes in the air

Current analyses show that amounts detectable sensorically represent a borderline concentration for
air sampling and subsequent analysis. Yet, the odour is so characteristic the sensoric identification is
an important trigger for more sophisticated analysis. Analysis of such low concentration by PID
detectors is impractical due to interferences from other volatile compounds in the environment. Using
the canine sense of smell can be problematic as the dogs are trained for dried plant material or hashish
which contain lower monoterpene concentrations. Moreover, the dogs are trained to locate the
particular location of the given substance (explosives, drugs, accelerants, etc.). Persistent odour in the
air disorients the dogs and makes the source location more difficult.

The thermal desorption method has been the most convenient for the air analysis. Air is sampled using
a sorption tube, which is subsequently analysed, in a laboratory equipped with a gas chromatograph
unit with mass detection. Both passive and active sampling can be used; however, passive sampling
has been impractical in the field, and active sampling (using a flow of 500 mL/min and 30-60 min
sampling time) has been preferred. Short sampling times could be insufficient for the identification of
the analysed terpenes; longer sampling times may decrease efficiency due to sorption of other volatile
compounds from the environment. Sorption tubes with combined sorbents (strong and weak) have
proven most convenient; we have used the combination of Tenax TA 35/60 (100 mg) and Carbograph
5TD 40/60 (100 mg). Solid particles (pollen, dust) adsorbed on the sorption tube may significantly
interfere with the analysis due to thermodegradation during the thermal desorption in the absence of
oxygen, and make identification of the analysed terpenes difficult. Suitable prefilters are therefore
recommended for the sampling.

3.1. Sample collection

Sampling low concentrations in the exterior requires thorough and precise work to avoid the risk of
sorption tube (and resulting sample) contamination. Sample collection by the professional who

27



eventually performs the analysis worked best. The sorption tubes should be prepared and conditioned
just shortly before the analyses, and they should be tightly wrapped in the protective tube double
cover. They must be sufficiently protected from contact with other volatile compounds during the
transport to and from the site of interest, especially from the fuel in vehicles. They should only be
manipulated in gloves.

The meteorological situation has to be known before the sampling. It is advantageous to collect the
sample at high ambient temperature when the terpenes evaporate more easily. An important
contributing factor is the wind direction. The samples should be collected at the downwind side, often
in the narrow band of spread. Locations with possible presence of naturally occurring terpenes should
be avoided (flowers, shrubs and trees in flower, coniferous trees, etc.). The sorption should be
performed neither at elevated location nor on the ground due to higher exposure to pollen, dust, etc.

A control sample may be collected in a similar manner on the upwind side or where appropriate while
ensuring sufficient distance from other terpene sources.

It may be necessary to dampen the air pump noise and cover light sources to minimise the risk of
discovery. It is recommended to collect at minimum two samples. Both may be collected at the same
time to minimise the on-site presence.

After the sampling, it is necessary to tightly enclose the sorption tubes in a clean protective tube
double cover, and rapidly transport them to the laboratory for subsequent analysis.

3.2. Sample analysis

The terpenes were analysed using the contributions of other authors dealing with similar topics [12,
13, 14, 15, 16, 17].

Own chromatograms of the terpene standard should be available before the analysis. In our case, we
used RESTEK standards [18]. We do not recommend testing the standard immediately before the
analysis itself to avoid false positives from the terpene residues. The thermal desorption unit should
be ready before the air sample collection, i.e., before conditioning the sorption tubes. All elements
including the Cold Trap should be preheated to remove potential impurities. EQuipment sensitivity may
be verified using a standard before the analysis; however, the standard should differ from the terpenes
analysed. Subsequently, the system purity check may be performed.

Table 2

Cannabis terpene standard #1 & #2, Rxi-624Sil MS column [18]

Name RT (min) Group
1 |a-Pinene 5.399 monoterpene
2 |Camphene 5.768 monoterpene
3  |B-Myrcene 6.203 monoterpene
4 |(-)-B-Pinene 6.290 monoterpene
5 |6-3-Carene 6.816 monoterpene
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6 |a-Terpinene 7.026 monoterpene

7 |Ocimenel 7.158 monoterpene

8 |p-Limonene 7.281 monoterpene

9 |p-Cymene 7.362 aromate

10 |Ocimene 2 7.539 monoterpene

11 |Eucalyptol 7.629 monoterpenoid (ether)

12 |Gamma terpinene 7.990 monoterpene

13 ([Terpinolene 8.887 monoterpene

14 |Linalool 9.845 monoterpenoid (alcohol)

15 |(-)-Isopulegol 10.874 monoterpenoid (alcohol)

16 |Geraniol 11.991 monoterpenoid (alcohol)

17 |B-Caryophyllene 13.303 sesquiterpene

18 |a-Humulene 13.531 sesquiterpene

19 |Nerolidol 1 13.855 sesquiterpenoid
(alcohol)

20 |Nerolidol 2 14.012 sesquiterpenoid
(alcohol)

21 |(-)-Guaiol 14.393 sesquiterpenoid
(alcohol)

22 |Caryophyllene oxide 14.483 sesquiterpenoid
(epoxide)

23 |(-)-a-Bisabolol 14.747 sesquiterpenoid

(alcohol)
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Column Rxi-624Sil MS, 30 m, 0.25 mm ID, 1.40 um (cat.# 13868)
Standard/Sample  Cannabis terpenes standard #1 (cat.# 34095)

Cannabis terpenes standard #2 (cat.# 34096)

Diluent: Isopropanol
Conc.: 25 pg/mL (5 pg/mL on-column after 5:1 split)
Injection
Inj. Vol.: 1 pL split (split ratio 5:1)
Liner: Topaz 4.0 mm ID Precision inlet liner w/wool (cat.# 23305)
Inj. Temp.: 250 °C

Split Vent Flow Rate: 6 mL/min

Oven
Oven Temp.: 55 °Cto 130 °C at 25 °C/min (hold 6 min) to 280 °C at 30
°C/min (hold 2 min)
Carrier Gas He, constant flow
Flow Rate: 1.2 mL/min

Figure 4. Cannabis Terpenes Standard #1 & #2, Rxi-624Sil MS column, injection, FID [18]

Sample analysis should be performed as soon as possible to avoid contamination. The split ratio for
primary and secondary desorption and in the injection module should be set to lower values. In our
case, the overall split was 1:50.

The control samples should be analysed first to disprove any contamination during sampling, transport
or analysis.



Clean split tube should be prepared before the analysis in case the analysis fails and needs to be
repeated.

3.3. Interpretation

The sample may exhibit high background despite the most thorough analysis due to the contents of
other volatile compounds at the sampling site, thermal degradation of adsorbed solid particles, or
sorption tube contamination. Therefore, the chromatograms should be extracted using the
characteristic m/z 93 typical for these terpenes while fine-tuning the processing parameters. Use of
deconvolution is important. In our experience, mass spectrometers with Time of Flight analysers have
been convenient for this. Examples of chromatograms extracted at m/z 93 are shown in Figures 5 and
6.

Terpenes found are identified using their mass spectrum and compared to the NIST library, and
comparison of the retention times to the standard. Smaller peaks corresponding to less volatile
terpenes may prove difficult to evaluate. Presence of the m/z 93 peak and matching retention times
may indicate possible presence of other terpenes.

Reliability of the proof that Cannabis plants are present grows with the number of terpenes identified
in the air sample. We have established that confirmation of at least five main terpenes — which is
straightforward — confirms the presence of Cannabis plants with very high probability. The presence
of specific terpenes (eucalyptol, carene, phellandrene, terpinolene) highly increases the confidence of
the result.

Following chromatogram (Figure 5) illustrates main volatile terpenes a-pinene, camphene, B-pinene,
B-myrcene, 3-carene, b-limonene, eucalyptol, B-ocimene, y-terpinene, terpinolene, linalool,
isopulegol, and two sesquiterpenes B-caryophyllene, and a-humulene.
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Figure 5. Chromatogram of the RESTEK standard, SPME

The next chromatogram (Figure 6) shows a real sample taken 20 m from the premises. The sorption
time reached 60 minutes. Monoterpenes a-pinene, camphene, B-pinene, 3-carene, pb-limonene, and
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eucalyptol could be identified by their mass spectra. Monotorpenes ocimene, terpinene, terpinolene,
linalool, and isopulegol could be identified by the retention times.
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Figure 6. Real sample chromatogram

4. Conclusion

The presence of Cannabis plants can be identified by the analysis of air samples taken in the
surroundings by the thermal desorption and gas chromatography with mass detection method. The
precise methodology for the sampling and analysis has been developed. Main terpenes selected for
the identification are a-pinene, camphene, B-pinene, B-myrcene, 3-carene, p-limonene, ocimene,
terpinolene, linalool, eucalyptol, and the sesquiterpene B-caryophyllene. Successful identification of
these terpenes in the air proves the presence of Cannabis plants or products thereof at the given
location with high probability without the need to enter the plots and objects and ingress private
property.

This methodology has been developed for the Police of the Czech Republic to make the collection of
operative information related to the illicit production and handling of narcotics and psychotropic
compounds faster, easier and more reliable.
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ABSTRACT:

Protective helmets, which are substantially more comfortable than protective masks are often
preferred by users of respiratory protective equipment.

Higher comfort of those protective devices, in addition to their design, is also attained by an integrated
filtration—ventilation unit. The question is: What are the protective parameters of the currently offered
protective hoods? According to the measured penetration values with 25 test users and 9 protective
hoods selected on the Czech market, the hoods not only meet the requirements of the current
standard CSN EN 12 941, but in many cases reach the values required according to CSN EN 136 for
protective masks.

KEYWORDS:
Impenetrability, protective hood, filtration—ventilation unit, overpressure, test user, European norm
1. Introduction

The combination of a protective mask (PM) and a protective filter represents the basic method of
respiratory system protection from dangerous chemicals in the form of gases, vapours and aerosols.
Current trend is to increase the comfort for the personal protective equipment (PPE) users. In the
area of respiratory system protection, this endeavour translates into the possibility of using
protective helmets (PHs) with powered ventilation in situations where PMs have once been required.
Protective properties of the PMs need to fulfil significantly higher normative requirements than PHs.
However, PHs whose protective properties are comparable to PMs yet are much more comfortable
for their wearers have become available on the market.

Similar to the investigation performed several years ago at the Population Protection Institute (PPI),
in which eighteen types of protective masks were assessed in terms of penetration tightness,! we
have performed the assessment of nine types of PHs in this work.?

The results obtained are useful in connection to the current covid-19 pandemics and may assist the
selection of appropriate PPEs for the Integrated Rescue System (IRS) personnel in the first line of the
pandemic battle.
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2. Objective evaluation of penetration into PHs available on the Czech market

From the wide range of PHs available on Czech market, we have selected nine helmets from five
suppliers. All of those are offered as professional protective equipment.

Most helmets (five) were selected from a Czech PPE manufacturer, the CLEAN-AIR S.R.O. Company
based in Jablonec nad Nisou. Three are offered commercially both in the Czech Republic and abroad
(PHs CA—1, CA—2, and CA - 10), two had been developed for the protection of the Czech integrated
rescue system personnel (PH DOCTOR) and Czech population (PH SENIOR). Four PHs were
manufactured abroad — by German companies DRAGER and MSA AUER, US company SCOTT, and
Swedish company SUNDSTROM. All these companies have a high reputation in the PPE field, and are
involved in the long-term research and development of such devices, and their products fulfil the most
stringent requirements. Our reason for choosing CLEAN-AIR S.R.O. was the fact they are the Czech
leader in the field of powered filtration—ventilation units, competing with the abovementioned leading
manufacturers from abroad.

Figure 4: Protective helmet DOCTOR Figure 5: Protective helmet SENIOR
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Figure 6: Protective helmet 8 000 Hoods Figure 7: Protective helmet 3000 Hoods

Figure 8: Protective helmet FH-51 Figure 9: Protective helmet SR 562
3. Proband selection

First, we had to select a suitable group of probands, which would undergo the measurement of SFe
penetration into the PHs. Two criteria were decisive for the selection: First, to select a balanced co-
educated group of people with previous experience in protective mask testing. At the same time, the
group should exhibit a wider range of facial parameters to challenge the PH tightness. The facial
parameters are not as important for the PHs as for the PMs, but they may contribute to their correct
function. Second, a more subjective one was linked to the willingness of the given individual to undergo
the physically and psychologically demanding measurements of the PH tightness.

Eventually, we have been able to select 25 probands (13 males and 12 females) during 2018 and 2019.
These were employees of the PPl from Lazné Bohdanec and of the Malina Safety Company, based in
Jablonec nad Nisou, which co-operates with the PPl in PPE research in the long term.

4. Measurement of SFs penetration into PHs

Measurement of SFs penetration into the cheek side of the PHs were performed in a KOMPIO testing
chamber belonging to our Institute. This is a mobile chamber based on a modification of the Biobox
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EBXT 06 manufactured by the EGO Company from Zlin. This chamber may be set up both in the building
interior as well as in the exterior.

Measurement of SFs penetration into the PHs was performed according to the methodology
elaborated by our Institute “Method for the tightness measurement of PHs”. The results were
evaluated according to two norms. The penetration into the PHs was performed according to CSN EN
12 941 “Respiratory protective devices — Powered filtering devices incorporating a helmet or a hood -
Requirements, testing, marking”3, which divides the PHs into three classes based on their properties:

e TH 1: penetration of the testing substance into the PH may not exceed mean value of 10%
during inhalation
e TH 2: penetration of the testing substance into the PH may not exceed mean value of 2% during
inhalation
e TH 3: penetration of the testing substance into the PH may not exceed mean value of 2 x 107!
% during inhalation
Comparison of protective properties of the PHs with PMs was also performed according to CSN EN 136
“Respiratory protective devices — Full face masks — Requirements, testing, marking”,* according to
which penetration of the testing substances into the protective masks may not exceed mean value of
5 x 1072 % during inhalation in ten probands. Based on these criteria, the PMs (or PHs in our case) are
evaluated as “Compliant” or “Noncompliant”.

Each proband put the PH on and entered the testing chamber containing the testing atmosphere of
1000 ppm of SFs. The proband then underwent a series of exercises listed by the CSN EN 136 and CSN
EN 12 941 on a treadmill:

Walking for 2 min without head movement or speech;
Turning the head from side to side (15x) for 2 min as if checking the tunnel walls;
Raising and lowering the head (15x) for 2 min as if checking the tunnel ceiling and floor;

Loud alphabet spelling or speech to a colleague for 2 min,

e Walking for 2 min without head movement or speech.
The series of exercises was performed twice for each proband and PH at two different air supply rates
(140 Lxmin™ and 180 Lxmin™) with the second series immediately following after the first one.

Penetration of SFe into the protective hood (P) was calculated from the measurements performed
during the last 100 seconds of each exercise to avoid overlapping results from each exercise. The
Innova 1412 Photoacoustic Field Gas-Monitor used usually records three values. Their mean was used
for each partial calculation.

Penetration P can then be calculated according to the formula

P (%) = Cz/Cl x 100

where C; is the testing concentration and C, the mean concentration measured in the PH corrected for
background.
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5. Evaluation of the penetration into PHs according to €SN EN 136

Results obtained from the measurement of penetration into the PHs for 25 probands are quite
extensive, and are therefore presented as quantitative evaluation of each helmet’s success rate in
Tables 1-3 and Figure 10. Table 1 summarises the results across both genders, Tables 2 and 3
summarise each gender.

The results of penetration for each exercise and PH (Table 1) show that seven out of nine PHs evaluated
fulfil the requirements of CSN EN 136 for penetration, i.e., observed penetration is below 5 x 1072 %.
Penetration exceeding the allowed limit was mostly observed during the speaking test.

The best results were observed for the DOCTOR PH, which failed in only one proband for both air
supply rates tested. For other probands, this helmet was compliant with CSN EN 136 for both air supply
rates. Immediately following were two PHs: FH 51 from SCOTT (now 3M) and CA-10 from CLEAN-AIR.
The FH 51 helmet failed in one proband at both air supply rates, and in another proband at 140 Lxmin~
!, The CA-10 failed in one proband at both air supply rates, and in additional three probands at one air
supply rate. The X-PLORE 8000 Hoods (DRAGER, Germany) ranked fourth. It failed in two probands at
both air supply rates, and in additional two probands at 140 Lxmin™. The PHs CA-1 and SENIOR from
the CLEAN-AIR company both failed in two probands for both air supply rates, and in additional three
probands at one air supply rate. Least protective were the SR 562 (SUNDSTROM, Sweden) and
OPTIMAIR 3000 Hoods (MSA, Germany) helmet. They could not comply with CSN EN 136 in any
proband, not even at an air supply rate of 200 Lxmin™,

Table 1: Overall quantitative evaluation of PH impenetrability according to CSN EN 136 — [males (J) +
females (?) ]

Protective helmet type Complying Complying Rank for Overall
probands [1] | probands [%] individual rank
air supply
rate (sum at
both air
supply
rates)
CA-1 21 84 5-6 5-6
(140 Lxmin™)
CA-1 22 88 4-5
(180 Lxmin™)
CA-2 16 64 7 7
(140 Lxmin™)
CA-2 18 72 7
(180 Lxmin™)
CA-10 23 92 2-4
(140 Lxmin™)
CA-10 22 88 4-5




PH — 2015 (SENIOR) 23 92 2-4 5-6
(140 Lxmin™)

PH — 2015 (SENIOR) 20 80 6

(180 Lxmin™)

CLEAN-AIR DOCTOR 24 96 1 1

(140 Lxmin™)

CLEAN-AIR DOCTOR 24 96 1

(180 Lxmin™)

SCOTT FH 51 23 92 2-4 2
(140 Lxmin™)

SCOTT FH 51 23 92 2-3

(180 Lxmin™)

DRAGER X-PLORE 8000 21 84 5-6 4
Hoods

(140 Lxmin™)

DRAGER X-PLORE 8000 23 92 2-3
Hoods

(180 Lxmin™)

MSA OPTIMAIR 3000 Hoods 0 0 8-9 8—9

(140 Lxmin™)

MSA OPTIMAIR 3000 Hoods 0 0 8-9

(180 Lxmin™)

SUNDSTROM SR 562 0 0 8-9 8-9

(140 Lxmin™)

SUNDSTROM SR 562 0 0 8-9

(180 Lxmin™?)

Table 2 (males only) shows that the best ranking PHs according to CSN EN 136 are again the DOCTOR
and FH 51, as in the overall comparison across both genders. The DOCTOR PH complied in 100% male
probands, the FH 51 in 92% cases, i.e., it failed in one proband for both air supply rates. Protective
hoods CA-1 and X-PLORE 8000 Hoods ranked third to fourth place. The remaining helmets ranked
identical as in Figure 1, i.e., across both genders.

39



Table 2: Overall quantitative evaluation of PH impenetrability according to CSN EN 136 — [ males (3) ]

Hoods

(140 Lxmin™)

Protective helmet type Complying Complying Rank for Overall
probands [1] | probands [%] individual rank
air:;(r;ply (sum at
both air
supply
rates)
CA-1 10 80 5-6 6
(140 Lxmin™)
CA-1 10 80 5-6
(180 Lxmin™)
CA-2 6 46 7 7
(140 Lxmin™)
CA-2 9 69 7
(180 Lxmin™)
CA-10 11 85 3-4
(140 Lxmin™)
CA-10 11 85 4
(180 Lxmin™)
PH — 2015 (SENIOR) 11 85 3-4
(140 Lxmin™)
PH — 2015 (SENIOR) 10 80 5-6
(180 Lxmin™)
CLEAN-AIR DOCTOR 13 100 1 1
(140 Lxmin™)
CLEAN-AIR DOCTOR 13 100 1
(180 Lxmin™)
SCOTT FH 51 12 92 2 2
(140 Lxmin™)
SCOTT FH 51 12 92 2-3
(180 Lxmin™)
DRAGER X-PLORE 8000 10 80 5-6




DRAGER X-PLORE 8000 12 92 2-3
Hoods

(180 Lxmin™)

MSA OPTIMAIR 3000 Hoods 0 0 7-8
(140 Lxmin™)

MSA OPTIMAIR 3000 Hoods 0 0 7-8
(180 Lxmin™)

SUNDSTROM SR 562 0 0 7-8 7-8

(140 Lxmin™)

SUNDSTROM SR 562 0 0 7-8
(180 Lxmin™)

Table 3 (females only) shows that the best ranking PHs according to CSN EN 136 are the CA — 10 and
CA — 1 from the CLEAN-AIR company. These failed in one and two probands, respectively. Results
obtained for the DOCTOR (CLEAN-AIR), FH 51, X-PLORE 8000 Hoods (DRAGER) and PH-2015 (SENIOR —
CLEAN-AIR) were comparable. Remaining helmets ranked similar to the previous tables, i.e., OK CA —
2 ranked seventh, and OPTIMAIR 3000 Hoods (MSA) and SR 562 (SUNDSTROM ) ranked eighth to ninth.

Table 3: Overall quantitative evaluation of PH impenetrability according to CSN EN 136 —
[females (?) ]

Protective helmet type Complying Complying Rank for Overall
probands [1] | probands [%] individual rank
air suppl
ratzp E (sum at
both air
supply
rates)
CA-1 11 92 3-6 1-2
(140 Lxmin™)
CA-1 12 100 1

(180 Lxmin™?)

CA-2 10 83 7 7
(140 Lxmin™)

CA-2 9 75 7
(180 Lxmin™)

CA-10 12 100 1-2
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(140 Lxmin™) 1-2

CA-10 11 92 2-5
(180 Lxmin™)

PH — 2015 (SENIOR) 12 100 1-2

(140 Lxmin™)

PH — 2015 (SENIOR) 10 83 6

(180 Lxmin™)

CLEAN-AIR DOCTOR 11 92 3-6

(140 Lxmin™)

CLEAN-AIR DOCTOR 11 92 2-5

(180 Lxmin™)

SCOTT FH 51 11 92 3-6

(140 Lxmin™)

SCOTT FH 51 11 92 2-5

(180 Lxmin™)

DRAGER X-PLORE 8000 11 92 3-6
Hoods

(140 Lxmin™)

DRAGER X-PLORE 8000 11 92 2-5
Hoods

(180 Lxmin™?)

MSA OPTIMAIR 3000 Hoods 0 0 89

(140 Lxmin™)

MSA OPTIMAIR 3000 Hoods 0 0 8-9

(180 Lxmin™?)

SUNDSTROM SR 562 0 0 8-9 8—9

(140 Lxmin™)

SUNDSTROM SR 562 0 0 8-9

(180 Lxmin™)

When considering the CSN EN 12 941 norm for the evaluation of penetration into the PHs, i.e., maximal
penetration 10% for TH 1, 2% for TH 2, and 2 x 1071 % for TH 3, it is clear that all PHs except MSA
OPTIMAIR 3000 Hoods and SUNDSTROM SR 562 fulfil the TH 3 requirements. The latter two did not
fulfil the CSN EN 12 941 requirements in any proband, neither at air supply rate of 140 L x min~! nor at
180 L x min~. This may be attributed to the fact the air supply must exceed 200 L x min™* for the
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SUNDSTROM SR 562 PH. The Swedish manufacturer declares a requirement of 175-225 and 240 L x
min~., respectively. For the SR 562 PH, the TH 2 class requirements were met in 15 probands, only TH
1 (< 10% penetration) in the remaining 10 probands. For the German PH MSA OPTIMAIR 3000 Hoods,
the TH 2 protection class is declared for air supply rates of 130-160 L x min~?. This requirement was
met in 24 probands (the requirements of TH 1 class were met in the last proband).

There was no significant difference in terms of (non-)compliance with the TH 3 class requirements
between the two rates of air supply into the PH tested (140 and 180 L x min™?).

The TH 2 class requirements were not met in any proband and measurement at 140 L x min~! by the
SR 562 helmet. For the OPTIMAIR 3000 Hoods, this requirement was not met in one proband. At 180
L x min™, the TH 2 class requirements were not met in 5 probands with the SR 562 helmet, and in 1
proband with the PH 2015 (SENIOR) and OPTIMAIR 3000 Hoods PHs.

Figure 10: Overall quantitative evaluation of PH impenetrability according to CSN EN 136
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(1] [%]
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20 —
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10 —+
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Probands in which complying results were obtained

140 180 140 180
Protective helmet CA-1 CA-2 CA-10 SENIOR DOCTOR FH51

140 180 140 180 140 180 140 180
X-PLORE 8000 OPTIMAIR 3000 SR562

Air flow rate [Lxmin!] 140 180 140 180 140 180

Table 4: Overall quantitative evaluation of PH impenetrability according to CSN EN 12 941 (TH 3) — [
male (&) + female (?) ]

Protective helmet type Probands Probands Probands % complying
complying complying complying the TH class
with TH 3 with TH 2 with TH 1
CA-1 25 25 25 100% TH
(140 Lxmin™) 3
CA-1 25 25 25
(180 Lxmin™)
CA-2 24 25 25 96 % TH 3
(140 Lxmin™)
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CA-2

24

25

25

100 % TH 2
(180 Lxmin™)
CA-10 25 25 25 100 % TH
(140 Lxmin™) 3
CA-10 25 25 25
(180 Lxmin™)
PH — 2015 (SENIOR) 24 25 25 96 % TH 3
(140 Lxmin™) 98 % TH 2
PH — 2015 (SENIOR) 24 24 25 100 % TH1
(180 Lxmin™)
CLEAN-AIR DOCTOR 25 25 25 100 % TH
(140 Lxmin™) 3
CLEAN-AIR DOCTOR 25 25 25
(180 Lxmin™?)
SCOTT FH 51 25 25 25 100 % TH
(140 Lxmin™) 3
SCOTT FH 51 25 25 25
(180 Lxmin™)
DRAGER X-PLORE 8000 25 25 25 100 % TH
Hoods 3
(140 Lxmin™?)
DRAGER X-PLORE 8000 25 25 25
Hoods
(180 Lxmin™)
MSA OPTIMAIR 3000 Hoods 0 24 25 0%TH3
(140 Lxmin™) 96 % TH 2
MSA OPTIMAIR 3000 Hoods 0 24 25 100 % TH1
(180 Lxmin™?)
SUNDSTROM SR 562 0 0 25 0%TH3
(140 Lxmin™) 30% TH 2
SUNDSTROM SR 562 0 15 25 100 % TH 1

(180 Lxmin™)
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6. Overpressure impact on tightness

For each air supply rate, the resulting overpressure under each proband’s PH was measured during
the SFs penetration into the helmet. The overpressure values are listed in Tables 5a and 5b.
Overpressures at which the helmet did not comply with the 5 x 102 % penetration requirement are
highlighted. Logically speaking, the higher the overpressure, the lower the penetration should be and
the PH should be tighter. However, the results obtained do not really prove this relationship, except
the OPTIMAIR 3000 Hoods (MSA) and SR 562 (SUNDSTROM). It is clear that greater air supply air rate
and hence greater overpressure under the PH do not positively influence the penetration (and
tightness). Better results in terms of tightness were obtained at the higher air supply rate (i.e., 180 L x
min~!) for three types of PHs. For two helmets, better results were obtained at the lower air supply
rate (i.e., 140 L x min™), and for two helmets, there was no significant difference in tightness between
the air supply rates. Worse results in case of higher air supply rates can be explained by turbulence in
the air flow forced into the helmet. The turbulence is influenced by the air supply rate and obstructions
the flow encounters. This turbulence may cause ingress of outside air into the helmet, which explains
the individual differences observed in the 25 probands — each having a differently sized face, and also
differently sized skull, its protrusions, such as supraorbital ridge, nose, cheekbones, chin, and
depressions, such as fossa temporalis and infratemporalis.

Surprisingly, we observed lower overpressure at the high air supply than at the low supply air rate in
16 cases. This anomaly may be explained by the PH changing position on the proband’s head during
the exercise prescribed by the CSN EN 12 941 norm and by loosening of the head straps.

Table 5a: Overpressure in the PH at the air supply rate listed

Protective Proband ID — Protective helmet overperssure (Pa)
helmet
1]12]|3|]4]|5]|]6]|7 8 9 |10| 11| 12 | 13 | Average
Air supply e
rate || ?|?|?]2|a]| ¢ |22 @ Q
overpres
(L x min?) sure (1-
25)
CA-1 6 | 64 43 | 46 | 70 63 | 58 |41 |48 | 51 59
140
CA-1 7074|170 |59 |51|75|72| 76 | 68 |53 |61]| 61 66
180
CA-2 49 42 | 48 43 | 51 |39 (31| 42 47
140
CA-2 45 47 | 52 52 | 61 | 45|38 | 46 53
180
CA-10 78 |69 |71|170|50|64 83| 77 | 72 |74]|163]| 49 | 66 73
140
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CA-10 86 |76 | 70|77 | 62 96 | 89 | 93 |84 | 65| 55 | 78 81
180

OK-2015 |59 |72 (41|72 |56 |44 |78 | 72 | 83 | 42|32 | 81 |100 71
140

OK-2015 | 84 | 82 | 82 58 | 58 | 96 - |71 - | 8 | — 83
180

DOCTOR |82 | — | 75| 84 75| 85 | 82 | 58|38 | 47 | 62 76

140

DOCTOR |87 | — (93|86 77 | 103|101 |74 |77 | 73 | 57 85
180

SCOTTFH | 62 3045|2923 48| 33 | 53 |28 |35| 30 42
51

140

SCOTTFH |69 (62 39 |72|58|90 |61 | 36 | 72 |41 | 15| 43 60
51

180

X-PLORE 58 | 57|54 |59 |55
8000 Hoods

48 | 57| 46 | 58 54

140

X-PLORE 6363|5962 60
8000 Hoods

49 | 62 | 48 | 67 59

180

OPTIMAIR
3000 Hoods

140

OPTIMAIR
3000 Hoods

180

SR 562

140

Fields with “—” — overpressure not measured
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Table 5b: Overpressure in the PH at the air supply rate listed

Protective Proband ID — Protective helmet overperssure (Pa)
helmet
. 14| 15|16 | 17 |18 | 19| 20 | 21 | 22 | 23 | 24 | 25 | Averagee
Air supply overpress
rate Q Q (o} (o} g | d Q (o) g | d P
ure (1-25)
(L x min™)
CA-1 60| 62 | 57 | 70 | 53 66 | 67 | 60 60 | 67 59
140
CA-1 75 | 72 | 64 63| 74 66
180
CA-2 39 | 57 | 51 45 47
140
CA-2 47 | 65 | 65 54 | 57 53
180
CA-10 78 | 72 | 63 | 87 |56 |88 | 86 | 102 | 80 74 73
140
CA-10 84|92 | 66 | 96 | 81 |89 | 99 | 85 68 88 81
180
OK-2015 | 72 | 70 | 95 | 95 |47 |84 | 91 | 91 72 | 93 71
140
OK-2015 |98 | 99 | 11 | 11 63 | - - 81| 93 83
180 2 | 2
DOCTOR 68 | 87 | 87 | 94 | 72|87 | 85 | 84 | 63 |87 |77 | 87 76
140
DOCTOR | 85| 10 | 11 | 10 |47 |83 | 10 | 95 | 60 | 87 | 82| 94 85
180 0 0 6 6
SCOTTFH |34 | 52 | 33 | 67 |47 29| 40 | 59 | 58 |40 |43 | 67 42
51
140
SCOTTFH | 31| 62 | 53 | 12 |31 |46 | 85 | 68 66 | 70 | 83 60
51 8
180
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X-PLORE 26 | 43 55 61 | 52 | 56 | 54 63 61 59 | 58 54
8000 Hoods

140

X-PLORE 33 | 46 59 68 | 62 | 58 | 62 69 66 62 | 58 59
8000 Hoods

180

OPTIMAIR 29
3000 Hoods

140

OPTIMAIR 34
3000 Hoods

180

SR 562 59

140

SR 562 67

180

7. Subjective evaluation of the PHs by the probands

Once the penetration measurements were finished, 24 probands (all except proband #1) performed a
subjective evaluation of the given PH. The evaluation was performed according to CSN EN 13 274
(Respiratory protective devices — Methods of test — Part 2: Practical performance tests).® In compliance
with the norm, we elaborated a questionnaire listing twelve parameters, which the probands
evaluated (1 as best result, 5 was worst results).

Following parameters as per the norm were evaluated:

Ease of application and removal of the PH

Harness (application, removal, adjustability, safety, and comfort)
Comfort of the chek part

Skin tolerance

Ease of wear and mass balance of the equipment

Clear vision through the visor

Field of vision

Communication by speech, noise of the filtration-ventilation unit
Safety of the attachment and connections

Ease of breathing (e.g., temperature, pressure, quantity)

® Any stress or discomfort experienced due to air flow or turbulence
A total was calculated to rank the PHs (lowest number being the best ranking PH, the highest number
being the worst ranking PH).
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Table 6a: Subjective evaluation of PHs

Overall Proband Evaluatio
rank of n total
protectiv 2 3 4 5 6 7 8 9 10 11
e
helemts
CA-1 3 1 8 4 1 1 7 1 1 1 28
CA-2 2 2 7 5 9 1 1 5 4 5 41
CA-10 1 6 2 1 4 1 1 8 3 2 29
SENIOR 5 2 3 8 3 7 4 1 4 4 41
DOCTOR 5 2 4 1 8 1 1 5 1 2 30
FH-51 4 8 5 3 4 8 6 7 8 8 61
X-PLORE 7 7 1 5 2 1 7 1 7 7 47
OPTIMAI 9 9 9 9 4 9 9 9 9 9 85
R
SR-562 8 5 6 5 4 1 4 1 4 5 43
Table 6b: Subjective evaluation of PHs
Overall Proband Evaluatio
rank of n total
12 13 14 15 16 17 18 19 20 21
PHs
CA-1 2 1 1 2 1 1 4 1 4 2 19
CA-2 1 - 3 2 5 1 8 3 2 2 27
CA-10 6 2 2 4 2 1 6 3 1 1 28
SENIOR 8 5 4 6 4 1 4 5 5 5 47
DOCTOR 3 4 6 1 2 6 1 2 2 6 33
FH-51 5 8 9 8 6 6 8 7 8 8 73
X-PLORE 7 6 6 4 7 1 2 6 6 7 52
OPTIMAI 8 7 8 9 9 9 2 8 8 9 77
R
SR-562 3 2 4 7 8 6 6 9 7 2 54
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Table 6c¢: Subjective evaluation of PHs

Overall Proband
rank of
22 23 24 25 Evaluation total Rank
PHs
CA-1 1 1 2 1 28+19+5=52 1
ca-2 [ 5 [ 2 | 3 | 4 | 41+27+14=82 Bl
ca-10 | 7 2 5 3 29+28+17=74 2.
SENIOR 9 7 8 8 41+47+32=120 7.
DOCTOR 3 4 8 6 30+33+21=84 4,
FH-51 5 6 3 7 61+73+21=155 8.
X-PLORE 3 9 5 1 47 +52 + 18 =117 6.
OPTIMAI 7 7 5 9 85+77+28 =190 9.
R
SR-562 1 5 1 4 43 +54 +11 =108 5.

The Tables 6a—6¢ show that the probands ranked the CA — 1 helmet as the best one in the subjective
evaluation (smallest score). On the contrary, the OPTIMAIR PH ranked worst in the evaluation (highest
score). In general, we can conclude the subjective evaluation of the PHs corresponds to the penetration
measurements. The FH 51 helmet (SCOTT, USA) is an exception: although it ranked 8th in the subjective
evaluation, it ranked 3rd in the penetration measurements. This may be due to its construction as it
protects not only the head, face and respiratory system, but also the shoulders and part of the torso.
This makes it less convenient and its setup is a bit more complicated.

8. Conclusion

The Czech market offers a wide selection of PHs, which compare well to the protective masks as shown
for nine representatives by penetration measurements and subjective evaluation by probands. This
was confirmed by the penetration measurement which showed that 5 out of 9 PHs complied both with
the CSN EN 12 941 requirement of the TH 3 class (2 x 107'%) and the CSN EN 136 requirement for
protective masks (5 x 1072%).

The best PH as evaluated by the penetration measurements was the DOCTOR PH (CLEAN-AIR). This
helmet was non-compliant in only one proband (at both air supply rates tested.). It ranked 4% in the
subjective evaluation, which is a very good result considering it is of the oldest design (2008). Under
the covid pandemic conditions, it would represent a very good protective device for the first line
healthcare professionals, offering the best possible protection of the respiratory system and eyes.

Protective helmets CA-10 (CLEAN-AIR) and FH 51 (SCOTT, now 3M) would represent no worse PPEs for
the first-line healthcare professionals.
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Additional four PHs, CA-1, CA-2 and PH-2015 SENIOR (CLEAN-AIR) and X-PLORE 800 Hoods (DRAGER,
Germany) were evaluated above the standard, and would in many cases comply with the penetration
requirements of the CSN EN 136 norm.

The measurement results show that the relationship between the penetration and rate of air supplied
by the filtration—ventilation unit is somewhat illogical: The penetration may be higher at the higher air
supply rate than at the lower. Based on two years’ experience and findings from the measurements,
we can conclude that this is due to subjective differences between the probands influencing the
results. These include the placing the helmet on the proband’s head, adjustment of the straps, and
physiological parameters of the proband due to the age, gender, height, physical conditions etc.

Overall, we can say the construction of current PHs is very good. In terms of penetration into the
helmet as the most important parameter for respiratory system protection, the helmets surpass the
requirements of the CSN EN 12941 and CSN EN 12942 norms, and are at the level of the CSN EN 136
norm for protective masks, which is 5 x 1072%.
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ABSTRACT:

Article presents some possibilities of analysis of unknown samples directly on crime scene using
sophisticated mobile spectrometers with a focus on operators who do not have
chemical education. There are a large number of such devices on the market and they are based on
many different principles, in this article we focused on only two of them: Infrared and Raman
spectroscopy.

KEYWORDS:
infrared spectroscopy, FTIR, Raman spectroscopy, fluorescence spectroscopy.

1. Introduction

There is a growing interest in fast, simple and cost-effective analysis of hazardous substances
nowadays. The ideal solution is that analysis takes place in the field, for example at accident site, with
staff who may not always have any chemical education. These requirements therefore place high
demands on the simple control of these analytical systems, as well as on the accuracy and repeatability
of the analysis of often very complicated unknown samples.
These analytical methods are usually molecular spectroscopy techniques like visible, ultraviolet and
infrared spectroscopy, as well as Raman spectroscopy. Each of the above methods has its advantages,
but also limitations. It is ideal to combine these analytical techniques.

2. Raman radiation versus fluorescence

Fluorescence is an important phenomenon that often interferes with the measurement of the
Raman spectrum. In most cases, this interference is critical factor in the success of our field analysis.
Fluorescence arises in a very similar way to Raman scattering, but is based on a photoluminescent
mechanism. Fluorescence is also several orders of magnitude stronger than Raman radiation, which
means that the fluorescence spectrum can in many cases completely overlap the Raman spectrum and
thus destroy the analysis of the investigated material. Strong fluorescence can be seen, for example,
when measuring darker and colored samples or organic substances with a chemical bond containing
elemental nitrogen. In order to minimize the effect of fluorescence on Raman spectra, laser excitation
with a longer wavelength (1064 nm) or, conversely, with a shorter - so-called deep "UV excitation (248
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nm) - outside the so-called fluorescence excitation range (approx. 275 — 950 nm) is preferred, see
figure 1.

However, each of these solutions has its advantages and disadvantages. In the case of using an
excitation laser with a wavelength of 1064 nm, it is necessary to significantly extend the measurement
time or increase the excitation laser power (at least a few hundred to thousands of mW), because the
Raman spectrum is much weaker than when using an excitation laser with a wavelength in the visible
range. When using deep UV excitation, the main problems are higher acquisition cost (special UV optics
and monochrome UV radiation source) and worse spectral resolution.

DPSSX4 SR s 3 —
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Figure 1 — Fluorescence area versus excitation wavelengths of lasers common for Raman
spectroscopy + energetic diagram of fluorescence !

3. Raman spectroscopy with excitation 1064 nm

American company BWTek offers in its portfolio (among other things), mobile Raman
spectrometers TacticlD10642, TacticlD Mobile® and TacticID1064 ST* with a robust construction, which
use an excitation laser with a wavelength 1064 nm. Their advantage is the possibility of direct
measurement of darker and colored samples such as cannabinoids, cathinones or psychoactive
substances. Comparison of the MDMA Raman spectra using an excitation laser with a wavelength of
785 nm and 1064 nm: Figure 2
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Figure 2 — Comparison of Raman spectra of MDME measured with different excitation lasers:
785 nm (blue) and 1064 nm (red)

Specialty of the TacticlD1064 ST4 spectrometer is the possibility of measuring samples through
non-transparent packaging, e.g. plastic containers, paper envelopes, etc. For this purpose a patented
attachment connected with a special mathematical algorithm is used, see Figure 3.

Figure 3 — Raman spectrometer TacticlD1064 ST with the accessory for measurements
through non transparent packaging

4. Raman spectroscopy with deep UV excitation (lower than 250 nm)

American company Photon Systems offers, for example, the combined spectrometer Standoff
200°% which even allows simultaneous measurement of Raman and fluorescence spectra. This
combined device allows the identification of a wide range of unknown chemical as well as biological
samples, where Raman spectroscopy is used for chemical identification and fluorescence spectrum is
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used for biological identification (e.g. biomaterials, proteins, pollens, microbiological materials,...), see
Figure 4.
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Figure 4 — Raman and fluorescence spectra of glycine and leucine measured with excitation
wavelength 248 nm

5. Infrared spectroscopy (FTIR) — analysis of solids, liquids and gaseous substances

The use of mobile infrared spectrometers for the identification of solid and liquid samples is
nowadays almost common for many groups of the integrated rescue systems or police. However, this
is not so common to combine with the identification of gases and vapors. The new ThreatID-GLS®’ case
FTIR spectrometer (see Figure 5) from Red Wave Technology solves this problem by identifying
samples in different states, via possibility of replacing measurement accessories in the field within
minutes.

e
THREATID

Figure 5 — case spectrometer ThreatID-GLS from RedWave Technology®”
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First responder teams often already have a number of tools at their disposal to detect and
guantify gases. E.g., Photoionization detectors (PIDs) that can quickly detect a wide range of gases and,
when properly calibrated, accurately quantify them, but these do not actually identify gas. If
identifiable gas is also present in the mixed sample, you still do not know which specific gas mixture it
is, and what concentration of this mixture is dangerous. However, the addition of the classic PID
technology with the ThreatID-GLS infrared spectrometer provides the ability to quickly detect and
locate the monitored gas (using PID) but also to accurately identify it using the long-path gas cell of the
infrared spectrometer®.

lon Mobile Spectroscopy (IMS) and High Pressure Mass Spectrometry (HPMS) provide sensitive
detection of specific targeted threats. Both of these techniques are important tools for the detection
and identification of chemical warfare agents (CWA). However, it is not always suitable for general use
because the number of materials identifiable by these systems is relatively low. IMS is a very sensitive
technique, also focused on chemical warfare agents (CWA) and several selected toxic industrial
chemicals (TIC). Currently, this technique provides the identification or classification of approximately
50 compounds. HPMS is more versatile and includes not only chemical warfare agents (CWAs), toxic
industrial chemicals (TICs) but also a number of narcotics. Each of the substances can be detected with
great sensitivity, but the number of identified compounds is currently in the order of only a few
hundred. By comparison, ThreatID-GLS currently has more than 5,500 compounds in the library
covering a wide range of toxic industrial substances (TICs) and volatile organic compounds (VOCs). This
allows easy and quick identification of many substances found in typical "HazMat" accident sites.

High-sensitivity devices, such as IMS or HPMS, can accurately identify even small amounts of
material. This fact is a very desirable parameter in the case of chemical accident analysis. However, it
can also be a disadvantage because the measuring system is more easily contaminated via samples
with higher concentrations. The ThreatID-GLS infrared spectrometer can identify most compounds at
concentrations in the order of ppm. In addition, with a partial filling of the gas cell, it can identify
compounds even in much higher concentrations. An example is ammonia, which can be accurately
identified/quantified in a concentration range from 25 ppm to more than 0.5 %°8.

6. Conclusion

In the previous text, we wanted to present the current trends in instrumentation for the
analysis of hazardous substances in the field. We focused on the advantages of Raman spectroscopy,
which use excitation lasers with wavelengths outside the fluorescence region (1064 nm or 248 nm).
The second part of the text concerns a mobile infrared spectrometer (FTIR) for the analysis of samples
in all states. Special emphasis was placed on the analysis of gases and vapors in concentrations from
ppm to several percent.
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ABSTRACT:

In recent years, a number of epidemiological studies have been published indicating that firefighters
as an occupational group have an increased risk of certain diseases compared to the general
population. An important etiologic factor that distinguishes firefighters from other occupational
groups and the general population is fire suppression. A number of stress factors are associated with
this activity, including exposure to combustion products. Therefore, the efforts of research institutions
are currently focused on biomonitoring the working environment of firefighters and the associated
characterisation and assessment of health risks in this occupational group. The aim of this paper is to
present basic information on the potential health risks of the firefighting profession, including the
evaluation of some biomarkers. The paper also presents a project aimed at evaluating the body burden
of firefighters in simulated firefighting conditions.

KEYWORDS:
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1. Introduction

It is widely acknowledged that the 'firefighting' profession is one of high-risk activities and this can put
a lot of pressure on individuals. Exposure of firefighters to high temperatures, combustion products or
intervention in a complicated and stressful environment can cause trauma, death or pathological
changes in the body. In recent years, a number of research institutions, in collaboration with fire
departments around the world, have attempted to quantify the potential health risks in the firefighter
work environment. What distinguishes firefighters from other occupational groups and the general
population is exposure to hazardous chemicals (HCH) during firefighting. Firefighters from around the
world tackle fires in a variety of environments, i.e. from outdoor and natural fires, confined space fires
to process plant fires. Firefighting involves a range of high-risk activities combined with exposure to
high temperatures and the complex mixture of HCHs released during a fire. The burning of modern
polymeric materials, textiles, furniture, electrical or electronic equipment releases a range of
compounds that are classified as known, probable or possible carcinogens, as well as mutagens or
endocrine disruptors [1].
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Firefighters are exposed to many stressors during their working lives including exposure to HCH,
extreme physical, mental, or cardiovascular stress (responding to external stimuli), disruption of
circadian rhythms (shift work), increased heat stress associated with exposure to heat while fighting
fires, or use of emergency personal protective equipment (PPE) [2-6]. Persistent exposure to
occupational stressors can contribute to the development of short — and long-term health
consequences. In general, firefighters are expected to have lower mortality (morbidity) and morbidity
(mortality) than the general population. This is referred to in occupational risk epidemiology as the
healthy worker effect. Given the nature of the 'firefighting' profession, the physical and mental
demands of the work and the associated need to undergo regular physical fitness checks, including
regular medical examinations, must be taken into account. Nevertheless, a number of foreign studies
have been published in recent years which indicate that firefighters, as an occupational group, have a
higher incidence of certain diseases compared to the general population. The etiology of some diseases
and health problems may therefore be related to the firefighting profession and firefighting.

2. Exposure and potential health risks

To date, a large number of epidemiological studies have been published examining fire departments
in different countries. The first major epidemiological studies looking at the health effects of the
firefighting profession were published in 1959, by Ernest Mastromatteo, in Toronto. However, the
history of health research concerning firefighters is much older. Today, firefighters are one of the most
thoroughly studied occupations in terms of epidemiology or occupational medicine, along with
asbestos workers. Despite extensive research, epidemiological or toxicological data are not complete
[7]. Perhaps the most important source of data on the long-term health effects of the firefighting
profession are epidemiological studies covering long time periods (several decades) and examining risk
in a large group of tens of thousands of firefighters. These are mainly referred to as cohort studies. The
largest epidemiological studies examining morbidity or mortality of various diseases have evaluated
groups of up to 30 000 firefighters over a period of more than 40 years. A large proportion of
epidemiological studies have come from North America, but research has also been conducted in
Australia, New Zealand, South Korea, Germany, France, the UK, Northern European countries, etc.

In 2010, the International Agency for Research on Cancer (IARC) classified firefighter "occupational
exposure" as potentially (possibly) carcinogenic to humans (Group 2 B), based on limited evidence in
humans and insufficient evidence in experimental animals. According to the IARC, the main etiological
factor for cancer among firefighters is repeated exposure to combustion products [8]. All types of fires
release some highly hazardous substances in terms of chronic effects on the organism, such as
polycyclic aromatic hydrocarbons, (PAHs), benzene, 1,3-butadiene, trichloroethylene, dioxins, furans,
vinyl chloride or formaldehyde. The IARC published monograph lists at least 13 substances identified
in combustion products with proven carcinogenic effects on humans. Many of the identified
carcinogens are volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs).
These compounds are common in the combustion of most materials. Complex VOC/SVOC mixtures are
formed in fires as products of incomplete combustion and many are known to cause significant harm
to human health and the environment. Some compounds such as benzene, styrene and phenol are
formed in most fires. They occur in combustion products of synthetic (polymer) materials, but also in
traditional building materials or wood products [9]. The increased incidence of certain cancers usually
associated with exposures leads to the conclusion that a causal link between cancer and firefighting
activities cannot be excluded. It can be said that for cancers, according to the result of research over
the last 50 years or so, firefighters show lower or comparable overall incidence and mortality rates
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compared to controls (non-exposed group), although there is a statistically significant finding of some
specific types of cancers.

Heat stress, heat exhaustion, and heat stroke due to prolonged and frequent exposure to high
temperatures, especially in response personal protective clothing (response PPE), can lead not only to
hyperthermia, but also to dehydration, which can damage the heart, kidneys, liver, or gastrointestinal
tract [10]. The physical demands associated with firefighting and the high temperatures in which
firefighters operate lead to heavy sweating. Emergency PPE reduces cooling, makes sweating less
effective, and disrupts the body's thermoregulatory processes and water balance. Recent research
examining U.S. firefighters in training showed that more than half of the probands included in the study
were dehydrated prior to training [11]. During training, most probands lost more than 1% of their body
weight due to fluid loss, which can affect mental function, strength, and coordination. In addition,
increased blood flow, sweating, and body temperature along with decreased body water content may
also increase the risk of dermal absorption of some burn products [11-12].

The kidneys are known to be particularly susceptible to damage from some toxic substances, so the
combination of dehydration associated with repeated exposure to toxic substances over a number of
years may go part of the way in explaining the increased risk of kidney disease [13-14]. There are a
number of factors that can affect the gastrointestinal system of firefighters. Long-term exposure to
some specific components of combustion products (e.g., acrolein) is known to cause irritation of
epithelial cells in the gastrointestinal tract, whereas other components of combustion products (e.g.,
polychlorinated biphenyls) are associated with histological changes in the liver [15-16].

In the USA, 45% of in-service deaths among US firefighters were found to be due to ischemic heart
disease (IHD) [17]. Studies have shown that exposure to certain HCHs such as hydrogen cyanide,
carbon monoxide or particulate matter can accelerate cardiovascular disease. Increased risk of
myocardial infarction leading to death may also be due to heat stress, extreme physical exertion
associated with firefighting, dehydration, shift work, or stress related to fire alarm response [7].

Reduced reproductive health in firefighters is evident in both men and women according to some
studies [18,19]. In a 2019 Danish study, it was found that there is an increased likelihood that couples
in which the male is in the firefighting profession will seek in vitro fertilization (IVF) treatment [18]. The
likely mechanism behind the decline in male fertility is genital heat stress caused by occupational stress
[20]. Heat stress can occur, for example, with regular use of intervention PPE. These garments are
composed of several layers of functional materials and are primarily designed to protect the firefighter
during firefighting operations. However, they are widely used for all types of intervention, including
training as part of their regular use. Firefighters are also exposed to a range of HCHs that can adversely
affect their reproductive health, whether they are endocrine disruptors or substances with teratogenic
effects [18].

A large number of studies show that frequent, prolonged and direct exposure to smoke increases
respiratory rate and frequency, resulting in deposition of smoke particles in the respiratory tract.
Studies suggest that exposure of lung epithelial cells to particulate matter promotes inflammation due
to alveolar macrophage responses [20]. This may contribute to an increased incidence of chronic
respiratory disease in firefighters. Exposure of firefighters to combustion products during wildland
firefighting has been found to have a significant effect on respiratory immunity and at high doses can
cause long-term or permanent lesions in lung tissues. This is mainly the case when firefighters do not
consistently use an isolation breathing apparatus during firefighting. Thus, activities during
'firefighting' or immediately after a fire intervention appear to be problematic. The effects on the
respiratory system appear to be most strongly associated with the size and composition of the inhaled
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particulate matter, which is thought to be extremely harmful to human health [21]. The lungs have an
extensive contact surface for gas exchange. Lung injury occurs when an external noxa causes a
hypersensitivity reaction or damage to the respiratory system. Chemicals associated with lung cancer
according to the IARC include arsenic and inorganic arsenic compounds, beryllium and beryllium
compounds, cadmium and cadmium compounds, chromium compounds, nickel compounds,
particulate matter, benzo(a)pyrene, phthalates, etc. [23-25]. Several studies have demonstrated the
exposure of firefighters to these HCHs during firefighting. [26-28]. After inhalation, NCHLs can enter
the respiratory tract leading to local or systemic inflammation [29]. Disorders of lipid metabolism,
oxidative stress, DNA damage, epigenetic modifications, and inflammation can develop into
respiratory disease or cancer under certain circumstances. Pathophysiological changes due to
exposure of firefighters to stress factors such as extreme physical exertion or exposure to HCH all likely
contribute to the development of respiratory disease in firefighters.

The profession of firefighting and fire suppression has also been associated with oxidative stress,
protein and DNA damage, early inflammation, and the development/worsening of cardiorespiratory,
metabolic disorders and cancer [30-32]. The concentration of HCH released during fires is often
extreme, but alone cannot explain the overall health burden found in this occupational group.
Prolonged exposure to HCH released from fires promotes the continuous production of reactive
oxygen species, disrupts the oxidation/antioxidation balance, and may subsequently cause protein and
DNA damage [33-35]. Epidemiological studies have also found that heat exposure and physically
demanding activities performed by firefighters in response PPE disrupt homeostasis in firefighters [36-
39]. Oxidative stress occurs when oxidative activity is not adequately suppressed by intracellular
antioxidant systems. Biomarkers of oxidative stress are molecules that participate in biological
processes or are its end products (e.g., antioxidant enzymes, lipid radicals, malondialdehyde, and
isoprostanes). An imbalance between oxidative and antioxidant activity causes oxidative stress and
can lead to severe damage to proteins and DNA. Protein damage has a response within the cell by
disrupting enzymatic regulation and related biological functions [40-41].

3. Research project "threat assessment of firefighter exposure to combustion
products"

The potential health risks associated with fire suppression are largely determined by the duration and
frequency of exposure, the overall toxicity of the HCH (depending on the combustible assemblage and
combustion products produced), the route of entry of the HCH into the body, health and physical
condition, or genetic predispositions. Exposure to combustion products is probably not the only
etiological factor explaining the overall health burden. Rather, it is a complex set of factors that
contribute to some health problems of firefighters. In order to understand the results of
epidemiological studies and the etiological factors associated with the development of certain
diseases, various measurable indicators of biological or pathological processes in the body
(biomarkers) are used to assess the burden of disease in firefighters. Biomarkers are valuable tools to
elucidate the mechanism of action of certain stressor factors that may lead to the occurrence of
disease. Biomarkers of effect (also known as biomarkers of biological response) are observable and
quantifiable physiological/biochemical changes that are directly associated with biological responses
to pathological processes in the body [42]. These changes may be specific clinical symptoms or markers
of clinical disease. Their quantification is of utmost importance for early intervention in disease
development. Research on biomonitoring of firefighters has increased significantly in recent years.
There is now evidence suggesting a link between firefighting, exposure to combustion products and
adverse health effects in firefighters.
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Despite the efforts of a number of research organizations and fire departments, there is currently
insufficient information on how firefighters' bodies respond to stressors that affect them during real
fires. At the same time, the results of biomonitoring are crucial for optimizing the physical load,
minimizing firefighter exposure and contamination, or developing PPE.

This issue led to the development of the research project "Assessment of the threat of firefighter
exposure to combustion products” at the Czech Technical University in Prague, Faculty of Biomedical
Engineering. The project also involves the National Institute of Public Health, Population Protection
Institute of the Fire Rescue Service of the Czech Republic, the Technical Institute of Fire Protection of
the Fire Rescue Service of the Czech Republic, Department of Occupational Medicine, 1st Faculty of
Medicine, Charles University in Prague and Institute of Forensic Medicine and Toxicology of the 1st
Faculty of Medicine and General University Hospital in Prague, the Institute of Experimental Medicine,
CAS, CASRI - Scientific and Service Institute of Physical Education and Sport and some other institutions.
The aim of the project is to evaluate the behavior of the firefighters' organism in conditions of
combustion products, extreme heat and intense physical exertion. Special attention was paid to the
exposure of the organism to some of the HCHs commonly found in combustion products such as
benzene or PAHs. Two field experiments simulating real fire conditions in confined spaces were carried
out within the project. The research in both cases took place in Vysoké Myto, in a facility simulating
real fire phenomena (the so-called flashover container), operated by the Fire Rescue Service of the
Pardubice Region. The first - pilot experiment took place in 2019 and was attended by 10 probands
from the ranks of members of the Fire Rescue Service of the Czech Republic. The aim of the experiment
was to verify some methods such as sampling from the inner part of the "flashover" container to
determine the concentration of benzene, hydrogen cyanide or carbon monoxide. In addition, probands
were subjected to biological material sampling to assess benzene exposure or exhaled air sampling.
Based on the experience of the pilot experiment, some methods were modified and supplemented.
The methodology was significantly modified to not only assess the effects of exposure of the organism
to some of the HCHs, but also to assess the response and adaptation of the probands to the extreme
load.

The second field experiment took place in 2021 and involved 24 probands, again from the ranks of
members of the Fire Rescue Service of the Czech Republic. They performed a simulation of a
firefighting operation in confined spaces associated with the search and rescue of a person. During the
experiment, extreme conditions associated with the development of large amounts of combustion
products, zero visibility and high temperatures were simulated inside the training facility. The aim of
the simulation was to create in probands an intense load and stress response corresponding to the
realistic load in a fire response in confined spaces. Thus, conditions inside the facility were simulated
similar to those of a fire inside a residential room. That is, the materials used in the combustion
ensemble and placed in the incinerator were equivalent to the equipment in the living room. By
simulating the fire intervention, the probands were evaluated:

- internal body exposure to some highly toxic substances commonly found in combustion products,
- damage to the genetic material of the cell,

- exposure and extent of damage to the organism from particulate matter,

- physical and stress loads on the body under extreme conditions,

- acute and chronic changes in the respiratory tract,
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As part of the field experiment, a number of the following examinations and biological material
collections were performed:

- Biological Exposure Tests (BET) - performed when assessing exposure to chemicals in the work
environment (occupational exposure) and allows quantification of the total amount of a selected
harmful substance absorbed into the body. Benzene metabolites and PAHs were evaluated in the
experiment.

- Cytogenetic analysis of peripheral lymphocytes (CAPL), micronucleus examination and the so-called
comet assay - this is a very accurate test used to monitor the population exposed to carcinogens and
mutagens (genotoxic substances). These NCHL are commonly found in combustion products.

- Nuclear DNA methylation carries the genetic information that encodes in its structure and gives cells
their program, thus predetermining the development and characteristics of the whole organism.
Simply put, DNA methylation indirectly predetermines the resistance of this nuclear acid to damage.
The methylation settings of individual genes can change gradually over the course of a lifetime,
depending on living conditions, including exposure to genotoxic substances. It is these changes that
will be analyzed in blood DNA samples.

- Determination of carbonylhemoglobin levels in blood was determined both invasively, i.e. by blood
sampling, and by CO oximetry, i.e. non-invasively.

- The evaluation of some physiological parameters was performed by a personal biotelemetry system
FlexiGuard developed by the Czech Technical University in Prague, Faculty of Biomedical Engineering.
Heart rate, temperature under clothing, skin temperature and humidity under clothing were
evaluated.

- Examination of biomarkers of oxidative stress - Oxidative stress is a process in which free radicals are
formed that can cause acute and chronic diseases. The examination included both blood and urine
sampling and exhaled air condensate.

- Determination of the levels of selected hormones (cortisol, testosterone) provide information on the
level of load and stress during extreme physical exertion.

- Determination of lactate and glucose indicate the degree of load and the involvement of
aerobic/anaerobic metabolism during exercise.

- The acid-base balance test (ASTRUP) provides information on the current state of the internal
environment. It determines blood pH, 02 and CO2 partial pressures and the status of the blood
buffering systems.

- The body composition analysis was performed by the bioimpedance method, where the body
composition was determined, especially the proportion of fat and muscle, bone weight, amount of
water in the body or body mass index (BMI).

- Exhaled NO to detect possible allergic inflammation in the airways (asthma, etc.) was assessed using
a specialized device.

- Spirometry - non-invasive examination of lung volumes and resistance to breathing.

During the experiment, a number of air samples were taken from inside the flashover container. In the
samples taken, the concentration of benzene, some polycyclic aromatic hydrocarbons and hydrogen
cyanide were quantitatively evaluated. At the same time, a continuous measurement of carbon
monoxide concentration was performed during the fire simulation. Along with the HCH sampling,
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temperature measurements were made at the reference site inside the container using
thermocouples.

The results of the exposed group will be compared with the results of the control so-called
occupationally unexposed group. The intent of the investigation is to compare the body response of
the exposed group (firefighters) and the body response of the non-exposed group (control group). The
control group will perform the same activity and undergo approximately the same workload as the
exposed group with the exception of exposure to combustion products and extreme heat. The control
group will be examined at the end of this year.

The findings will be used primarily to optimize the physical and stress loads of firefighters during
firefighting operations. Furthermore, they will be used for the development of preventive, regimen
measures in the field of firefighters' working environment. These measures will provide practical
recommendations for reducing firefighters' exposure to HCH and optimizing the physical load during
fire intervention.

4. Conclusion

Firefighters may be exposed to a range of carcinogens and mutagens, including those with acute
effects on the body, when conducting fire response. In recent years, the results of a number of studies
evaluating the working environment of firefighters, including the level of exposure to toxic combustion
products, have been published. The concentration of combustion products emitted during fires is
extreme, but this alone cannot explain the overall health burdens found in this occupational group.
The exposure of firefighters to a range of stress factors of a physical, biological, chemical or
psychological nature significantly complicates the assessment of the health impacts of the firefighting
profession in the long term. Along with occupational stresses, firefighters are subject to other
environmental or social factors to which the general population is exposed. Studies published in recent
years assessing the body burden of firefighters, including biomonitoring, provide valuable preliminary
information. Most studies assessing the workload of firefighters during firefighting are case-control or
cross-sectional studies, but cannot be used to draw conclusions about the causes and consequences
of exposure. Thus, there are still significant gaps regarding the underlying biological mechanisms that
lead to some pathologies. In addition, evaluated firefighters may have different genetic predispositions
and different susceptibilities to the development of certain diseases that may manifest themselves as
a result of the often extreme conditions of response activities. These factors can further complicate
the quantification of health risks. When evaluating and comparing the results of some studies, we must
take into account the different working, environmental and social conditions in which firefighters from
various countries of the world live and work. Differences in working conditions, equipment, response
activities, professional culture, work organization or different requirements for health and physical
fitness may be significant. Psychosocial risks and stress in the workplace may also be related to working
conditions. Therefore, for further research it is necessary to find methods and procedures to
comprehensively assess stress factors not only in firefighting conditions, but also in other activities
related to the firefighters' workload. As a result, well-designed large-scale longitudinal studies (using
different types of biomarkers and biological material sampling) are urgently needed to further
characterize and understand the effects of the profession on firefighters' health.
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Taxus Poisoning
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ABSTRACT:

3,5-Dimethoxynaphthol is an important market in yew (taxus) poisoning, and its presence is considered
to be a proof thereof. This article describes a simple method to increase 3,5-dimethoxynaphthol
concentration in native plant material or its extract based on acidic hydrolysis at higher temperature.
The GC-MSD method was used for the analysis of samples prepared in this manner. Use of the method
was documented on two case studies, both suicide cases of young people. Not only is this suicide
method quite rare, but moreover, the first person recorded his self-harming behaviour through video
sequences caught on a tablet, and besides, both suicide victims knew each other.

KEYWORDS:

European yew (Taxus baccata), 3,5-dimethoxyphenol, hydrolysis, GC-MSD, poisoning, suicide

1. Introduction

Plant species Taxus baccata (L.) of the Taxacea genus is a coniferous tree, abundant in the Czech
Republic in the form of a shrub or short tree, especially in parks. It is generally known this tree is
poisonous, with all parts being highly poisonous except the red arils (epimatium) formed around the
seeds during Autumn. The poisonous substances (pseudoalkaloids of the taxin class, especially
dominant taxin B, isotaxin B, and then taxin A, whose concentration can significantly vary throughout
the year in an individual plant) are quickly absorbed in the gastrointestinal tract (within 30—60 min)
and cause heart failure due to their pronounced effect on the cardiovascular system. The amount of
50-100 g or decoction of this amount is considered to be lethal [1], leading to death usually within 2
hours after consumption. Taxus poisonings exhibit high mortality due to the pronounced cardiotoxic
effect of the toxins contained and also due to the fact there are no efficient antidotes which could be
administered after the poisoning. The presence of plant residues (needles) in the gastrointestinal tract
may point to a poisoning case during an autopsy. However, when the taxus decoction is used for the
poisoning, the plant residues may be missing. In such cases, the toxicologist may search for 3,5-
dimethylphenol (further as 3,5-DMP), a marker of growing importance in the past years, to confirm his
suspicion. [2,3] Why is 3,5-DMP rather than principal toxins (taxin A, B and isotaxin B) analysed? The
answer is simple: these toxins are not easily available as standards (none of the established companies
offering certified standards of narcotics or psychotropic substances, drugs and toxic substances have
these in their product portfolio). Additionally, the analytic procedures for their identification are not
straightforward — usually, liquid chromatography coupled with mass detection is used, e.g., as HPLC—
ESI-MS—-MS system after sample preparation using thin-layer chromatography (TLC) or solid phase
extraction (SPE). The 3,5-DMP marker forms in body organs by the cleavage of taxicatin, another taxin
typical for taxus, by enzymatic hydrolysis catalysed by B-glucuronidase:
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Figure 1: The arrow indicates the cleavage of taxicatin to yield the 3,5-dimethoxyphenol structure (up
left)

2. Sample preparation and analysis

As 3,5-DMP is only formed biochemically in the human body, its concentration may be very low both
in the native material samples (needles, seeds, decoction etc.) handled by the expert laboratories of
the Czech Police (containing high concentration of undecomposed taxicatin) and bodily samples
encountered by court toxicologists (as 3,5-DMP may be widely distributed across the body organs and
fluids). Hence, it is important to cleave taxicatin present in the evidence before the analysis itself. As
the laboratories are not equipped to perform enzymatic decomposition, acidic hydrolysis may be used.
Human stomach contains hydrochloric acid produced by the parietal cells at a concentration of 140-
160 mmol/L which corresponds to 0.5-0.6%. Hence, the first step was to identify a suitable amount of
hydrochloric acid to be added to the analysed material sample. We decided to use a much higher
concentration of hydrochloric acid than present in the gastric juice as there are no enzymes to assist
the cleavage, namely 7% (ca. 2 N HCIl). The sample was then “incubated” at a higher temperature (to
80°C, in a concentrator, drier, or similar) to accelerate the non-enzymatic hydrolysis giving rise to 3,5-
DMP. After the incubation period and cooling to ambient temperature, organic solvent immiscible with
water (ethyl acetate) is added to extract the marker. After the separation and centrifugation, the
sample may be injected without any derivatization directly into a gas chromatograph coupled with a
mass detector (GC—MSD). The following analytical conditions were used: Agilent 7890B/Agilent 5977B
HESS as the GC—MSD system, column: HP-5MS (30 m x 250 um x 0.25 um), inlet: 250°C, Split, flow
(He): 1 mL/min, temperature gradient: 60°C (1 min) - 30°C/min = 180°C (0 min) - 10°C/min - 280°C
(15 min), i.e., 30 minutes total time per analysis, MS Source: 230°C, MS Quad: 150°C, Acquisition type:
Scan.

3. Analytical results

Most commonly, relatively fresh samples of the plant material (up to a few months old) are submitted
to the analysis. Incubation of these sample can significantly increase the 3,5-DMP concentration, as
shown in Figure 2, comparing samples without incubation (mere extract by ethyl acetate) and with
incubation of a taxus sample two days after harvest:
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Figure 2: Comparison of identical taxus material (needles) without incubation (black) and with
incubation (red), 2 days after harvest (concentration of 3,5-DMP is 2.75x higher based on
corresponding peak area)

On the contrary, the difference between incubated and non-incubated taxus samples gets smaller as
the sample ages. This is due to fermentation (dry matter “maturing”) which leads to the release of 3,5-
DMP from taxicatin, as shown in Figure 3 comparing the results of samples from an identical tree
(different one than in the previous example) ca. 1 year after harvest without incubation (mere
extraction by ethyl acetate) and with incubation. The difference is significantly less pronounced:
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Figure 3: Comparison of identical taxus material (needles) without incubation (black) and with
incubated (red), 1 year after harvest (concentration of 3,5-DMP is 1.35x higher based on the
corresponding peak area)

On long standing of the taxus extracts, the toxicologically active substances may completely
decompose. Hence, if a long time passes between the incident and the analysis, the 3,5-DMP marker
may not be identified at all. This has been already described in the literature, [4,5] and many
researchers notice taxus extracts are unstable in neutral or alkaline environments, leading to a drop in
their toxicity. In these, other accompanying substances of simpler structure, e.g., myrtenol or 1-octen-
3-ol may be identified. [6]

4. Case study

The aforementioned procedure could be successful used in our laboratory for the elucidation of two
recent cases of suicide by lethal intoxication by taxus. These happened shortly after each other in
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March and July 2018. Surprisingly, although the two victims were seemingly unrelated, they, in fact,
knew about each other.

The first case was a young man (28 years old), and the probable motive of his behaviour was total lack
of hope for a better future and disappointment with his previous life. After investigation at the crime
scene, an iPod tablet was secured. The tablet was active when discovered, and its investigation yielded
26 video recordings taken during the young man’s self-harmful behaviour. The video sequences
describing the preparation and ingestion of the toxic taxus material as well as the gradual effect on his
organism were very important for the evaluation of the case. The victim started and stopped the
recording himself. We found out that the package of video records was shared; however, the physical
storage of recordings nor their sharing could be identified, and we were not able to ascertain whether
they were shared with more recipients.

The second case was a young woman (24 years old) whose main motive was her serious diagnosis
(paranoid schizophrenia). As in the previous case, autopsy followed by a toxicological analysis revealed
the the imminent cause of the young woman’s death was poisoning by a mixture of taxus toxins. The
victim was not under the influence of alcohol or other toxicologically active substances (drugs,
narcotics, psychotropic compounds). Investigation at the crime scene revealed the existence of two
notebooks apart from the plant material. The victim’s mother informed us her daughter used one of
the notebooks to write short stories and her book, but that her daughter had deleted the entire hard
drive some time ago, and deleted her Facebook account ca. one month before the incident. We were
not able to prove direct communication between both victims despite repeated investigation of the
electronic devices. However, it was obvious that the young woman knew which toxic plant material
was used a family friend for his suicide, and may have been inspired by that. Among others, her mother
stated: “She was very struck when my acquaintance’s son consumed taxus decoction and died. This
happened some time in March this year”. Both cases sadly connected when the young man’s father,
receiving the young man’s possessions detained by the police during the course of the investigation,
produced the young woman's obituary, stating she died in the same way as his son.

5. Conclusion

The concentration of 3,5-DMP which is an important marker in taxus poisonings could be increased
(“multiplication”) by acidic hydrolysis of samples containing taxus material, catalysed by hydrochloric
acid at a higher temperature of 80°C. This procedure is especially useful for relatively fresh material
after harvest. Two case studies, both suicides by consumption of taxus material, confirm high mortality
in this type of poisoning.
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ABSTRACT:

We have developed and optimised a pre-concentration technique, using agar as the pre-concentration
medium. We have found out that pre-concentration factors of up to 400, depending on the analyte
can be achieved using this procedure. Theoretically, this should enable the chemical laboratories of
the Fire Rescue System of the Czech Republic to determine the concentration of some hazardous
metals at the level of 30 pg/L. We have experimentally confirmed the limit of detection reaches the
values of 100 pg/L using the optimised pre-concentration procedure and optimised method for the
Olympus Delta Professional device.

KEYWORDS:

Hazardous metals, XRF, concentration

1. Introduction

The chemical laboratories of the Fire Rescue Service of the Czech Republic face requests to determine
hazardous metals in wastewater or in surface water multiple times per year. Not all the laboratories
are equipped with ICP-OES or ICP-MS techniques, which makes the determination of hazardous metals
such as arsene, copper, lead, zinc, chromium, nickel, or cadmium difficult. Yet, all these laboratories
are equipped with energy dispersive X-ray fluorescence analyser Optimus Delta Professional X (further
as ED-XRF) whose limit of detection for these metals reaches the concentration of 10 mg/L. To meet
the limits for selected elements present in the surface water and wastewater as defined by the Czech
Government Regulation 401/2015, Coll., as amended (tenths mg/L to several mg/L) using the ED-XRF,
an efficient pre-concentration technique is therefore required.
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2. Experimental part

Analyser

The handheld Delta Professional X analyser was equipped with rhodium X-ray anode (power 4 W). Due
to optimal geometry, analyser evacuation was not required. The analyser was fitted with a Silicon Drift
Detector equipped with an integrated full VGA camera and with the possibility to narrow the X-ray
beam from 9 mm to 3 mm [1, 2].

Chemicals

Agar (Dorapis, Prague, Czech Republic), nitric acid (Penta, Chrudim, Czech Republic), distilled water,
Multielement standard solution 4 for ICP (Supelco, Darmstadt, Germany), concentration 1,000 mg/mL,
Multielement standard solution 8 for ICP (Supelco, Darmstadt, Germany), concentration 100 mg/mL,
certified reference material (Astasol®, Prague, Czech Republic), concentration 1,000 mg/mL for these
metals: cadmium, arsene, zinc, copper, nickel, chromium, and lead.

Optimised procedure

The development of our procedure was inspired by Kazuki Nakano and his team who used a laboratory-
scale wavelength dispersive X-ray fluorescence analyser Rigaku to analyse pre-concentrated heavy
metals in agar. Unlike their method, which uses basic pH, our method, provides very good results using
acidic pH of the sample analysed. The pH is adjusted before the measurement (Graph 1). The sample
is mixed with 70 mg of agar in a both ends open XRF cuvette, prepared upfront. The cuvette is heated
to 90°C for 30 min on a hot plate, followed by a free cooling to the ambient temperature, and then by
drying at 90°C for ca. 2.5 hours in a drier. The gel was then dispersed to achieve better homogeneity
of the sample. The measurement was performed directly in the both ends open XRF cuvette using the
Delta X ED-XRF analyser [3].
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Graph 1. Influence of the pH on the pre-concentration factor for nickel

Analyser setting

The developed method was used for the optimisation of the Delta X ED-XRF setting to allow for the
most accurate identification of the analytes possible. The limits of detection and data reproducibility
have been improved by the adjustment of the measurement times and by user calibration of the
analyser.
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Graph 2. Calibration curve for lead
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Determination of pre-concentration factors

Working solutions containing 50 mg/L or 100 mg/L of chromium, nickel,copper, zinc, arsene, cadmium,
and lead have been prepared. These solutions have been analysed by the aforementioned optimised
procedure using the Delta X analyser. Five samples were prepared for each concentration and each
element, and each sample was analysed in triplicate. Pre-concentration factors obtained from these
measurements are summarised in Table 1.

Table 1. Pre-concentration factors obtained

Cr Ni Cu Zn As Cd Pb
50 mg/L 317+5 444+7 397+6 3267 243+8 1105 905

100 mg/L 315+4 4456 395+5 330+4 2497 10515 94+4

Limits of quantification of the metals

Based on the limit of detection obtained on the Delta X analyser and based on the pre-concentration
factors, the limit of quantification can be also calculated. To verify these calculations, we have
prepared solutions containing 10 pg/L, 50 pg/L, 100 pg/L, 200 pg/L, 500 pg/L of the metals. Again,
these solutions were analysed using the aforementioned procedure. We found that chromium, nickel,
copper, zinc and arsene can be reliably determined starting from the concentration of 100 pg/L, while
lead and cadmium could be reliably determined from 200 pg/L. The comparison of the theoretical limit
of quantification and its experimental verification is summarised in Table 2.

Table 2. The limit of quantification (LoQ) obtained theoretically and confirmed experimentally

Cr Ni Cu Zn As Cd Pb
Theoretical LoQ [ug/L] 31.6 22.5 25.3 30.5 40.7 93.0 108.7

Confirmed LoQ [pg/L] 100 100 100 100 100 200 200

3. Results and discussion

The pre-concentration results illustrated in Graph 1 indicate that while the method is useful across the
wide pH range, the pre-concentration factors differ with pH. Highest pre-concentration factors could
be obtained for all metals determined in acidic pH. The pre-concentration factors obtained allowed
the calculation of the theoretical limit of quantification. These limits were verified experimentally and
the results are summarised in Table 2. The pre-concentration method has two advantages: There is no
transfer of liquids from a vessel to a vessel as the pre-concentration is performed in an open two-
ended XRF cuvette, and no loss of the analytes therefore occurs. Second, the analysis is very cost-
efficient.

77



4. Conclusion

Our results indicate that the optimised procedure meets the requirement of the chemical laboratories
of the Fire Rescue Service of the Czech Republic. Without the pre-concentration technique, the
laboratories would not be able to detect the low concentration of metals such as chromium, nickel,
copper, zinc, arsene, cadmium, and lead using the Delta X analyser. Employing the pre-concentration
procedure using agar, the limits of detection obtained easily meet the requirements of the Czech
Government Regulation 401/2015, Coll., as amended, for the acceptable impurity levels in the surface
waters and wastewater.
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ABSTRACT:

This article describes the risks of secondary air contamination by sarin desorption from clothing of
personnel exposed in a contaminated area. Sorption of amyl acetate as a sarin imitant into various
textile materials and its subsequent desorption was tested in laboratory experiments to evaluate this
risk. Additionally, we have tested the desorption of amyl acetate from the clothes of a test mannequin
to resemble real conditions more closely. This gave us evidence about the rate of sorption of amyl
acetate into clothing, the rate of its desorption, and their dependence on ambient concentration and
temperature. Tests under real conditions in closed and open space resulted in the evaluation of the
risk of secondary air contamination by desorption of sarin from the clothes of contaminated personnel.

KEYWORDS:

chemical warfare agents, sorption, desorption, sarin, amyl acetate, photoionization detector,
secondary contamination

1. Introduction

Terrorist and criminal group activities have been increasing in frequency, aggressivity, forms, methods
and success rates. Although the ban on development, production, storage and use of chemical warfare
agents has entered into force already in 1997, it is obvious that terrorists do not consider themselves
bound by any ethical, moral or legal norms. This may lead to the use of chemical warfare agents, or to
their abuse to threaten and blackmail. Chemical warfare agents may therefore become a very efficient
coercion tool against state officials, institutions, various corporation or civic groups due to their fairly
easy methods of production, application if strongly impure, the ability to strike many people, and
strong psychological effect not only on the people impacted, but also on the rescue teams.

History has proven multiple times that objects and areas with a high concentration of people are the
most efficient for the misuse of chemical warfare agents. Therefore, mass transit connection points,
railway stations, airports, subway stations, entertainment facilities (theatres, movies, stadiums,
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concert halls, music clubs), public buildings, administrative offices, tourist centres, shopping malls etc.
may be considered the most endangered places.

2.  Conclusions from previous studies on contaminant distribution in space

Large studies on the distribution of a sarin imitate were conducted in the Prague subway system [1-
6], in a shopping mall [7], in an ice stadium [8], and in the lecture hall of the VSB — Technical University
in Ostrava, Czech Republic [12]. The most detailed study was performed within the contamination
distribution study in the Prague subway [1-6] resulting in the elaboration of a typical activities sheet
[9]. Based on these studies, following conclusions regarding secondary contamination were made:

® The rescue system as well law enforcement have to be ready for various scenarios of a
chemical terrorist attack while considering the risk of an attack aiming at mass murder must
be considered as the worst case scenario,

e Sarin as nerve-paralysing agent is the most dangerous real chemical contaminant in an area
with large concentration of people,

® An aerosol represents the most efficient form to use sarin,

Most probable method of distribution is free evaporation. Explosive distribution is also realistic

to be considered.
In the experiments focusing on sarin spread in space, the agent had to be replaced by a suitable
imitating compound which would at least partially comply with the following requirements [10]: the
imitant should have similar physical-chemical properties, it should be easy to detect, it has acceptable
toxicity, it is safe to work with, and it is easily available from the supplier and price point of view. n-
Amyl acetate (n-pentyl acetate) has been selected comparing its basic physical properties with sarin
[10,11].

3. Theoretical considerations

The previous study on the spread of amyl acetate in the Prague subway system concluded that any
plan to minimise the impact of a chemical terrorist attack needs to consider the contribution of
secondary contamination by the chemical warfare agent borne on the passengers’ clothes [5,6], i.e.,
the process of sorption of the chemical warfare agent into the passengers’ clothes, their transportation
into non-contaminated areas, and subsequent desorption and secondary decontamination.

A test of amyl acetate sorption into a 1 mm thick cotton textile at varying ambient concentration was
performed in the laboratories of the Czech National Institute for Nuclear, Chemical and Biological
Protection. The results have shown that the amount absorbed into the textile is linearly proportional
to the concentration of amyl acetate in the surrounding air.

Additionally, one of the sources [13] describes that each person transports up to 50 L of contaminated
air in their clothes, including underwear, outside garments and a coat.

To assess the risk resulting from volume, we have considered the secondary contamination of the
subway station entrance lobby whose average volume reaches 4,000 m3. Assuming complete
desorption from passengers’ clothes, the contribution of secondary contamination within the entire
volume of the lobby corresponds to ca. 0.33 mg/m?3 [6]. This calculation assumes complete evaporation
of the contamination without ventilating the station, maximum sorption into the passengers’ clothes,
complete desorption in the given space, and full rush hour. Hence, it is safe to assume that the real
contribution of the secondary contamination would be significantly lower.
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Real experiments with the sorption of a chemical warfare agent imitant into textile materials and
subsequent desorption should consider rational imitant concentration in the contaminated spaces and
sorption times.

We have taken the data measured within previous studies as the basis for our own experiments. The
maximum concentration of amyl acetate in the Prague subway system at various setups and
arrangements was found to be 35 ppm [5,6], the concentration in a shopping mall reached 22 ppm [7],
18 ppm in an ice stadium [8], and 30 ppm in the lecture hall of the VSB — Technical University Ostrava
[12]. Based on these results, we have taken the amyl acetate concentration of 40 ppm as the initial
one for our experiments.

The sorption time was set to 10 minutes, considering both the operating times as well as the course of
intoxication. The operating times assume that the presence of sarin would be detected within 5
minutes from achieving an efficient concentration, and the evacuation would take 5 additional
minutes.

A person present in a space contaminated by sarin at a concentration of 40 ppm for 10 minutes would
exhibit the signs of severe toxication, most probably leading to death unless adequate aid is provided.
First signs of intoxication would occur within 5 minutes, the person would then leave the contaminated
area. The intoxication would fully develop within 15-20 minutes. The characteristic signs of
intoxication would include salivation, perspiration, difficult breathing, impaired vision, quickly
occurring skeletal muscle cramps, nausea, vomiting, colic-like stomach ache, and possibly diarrhoea
and spontaneous urination and defecation. Within 30 minutes, generalised tonic—clonic seizure can be
expected, potentially including opisthotonus, unconsciousness and apnea. Untreated intoxication
would at these expositions end lethally within 30—60 minutes [14].

4. Experimental setup
4.1. Laboratory experiments with amyl acetate vapour sorption into textile materials

The amount of amyl acetate absorbed into the textile material was obtained gravimetrically. All
experiments were performed at 21°C. The following items were placed inside a 100x60x80 cm test
chamber made from transparent plastic: analytical balances, weighed sample of the textile (diameter
11.5 cm, area 0.0104 m?), photoionisation detector AreaRAE Steel Z2 (RAE Systems Inc., San Jose, USA)
calibrated to amyl acetate, battery-powered fan, and a Petri disk with a varying amount of amyl acetate
(p.a., >98.5%, Fluka, b.n. 1252898 10807295).

The detector and fan were switched on, and once the amyl acetate reached a steady concentration,
the textile sample was weighed. The textile weight increments as function of sorption time, textile type
and amyl acetate concentration in the chamber were studied.

4.2. Laboratory experiments with amyl acetate desorption from textile materials

The textile sample containing amyl acetate prepared above (at an initial concentration of amyl acetate
in the testing chamber of 150 ppm) was placed at the bottom of a gas bubbler. The bubbler was
immediately closed, and the inner tube was connected to the inlet of the AreaRAE Steel Z2
photoionisation detector by a silicon tube (Figure 1).

Concentration of desorbing amyl acetate was measured using the photoionisation detector, and its
dependence on time and temperature (having placed the gas bubbler in a thermostat) was studied.
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Figure 1. Laboratory arrangement for the amyl acetate desorption from textile materials

4.3. Real-size experiments with amyl acetate desorption from clothes
The experiments were performed using a 170 cm tall test mannequin clad in the following fashion:

underwear on the torso and legs: polyester—lycra—elastane

trousers: jeans (cotton)

jumper: wool—polyester

e scarf: polyester.

Amyl acetate was dispersed in a hermetic testing chamber (5.1 m? volume) and its concentration was
set to 40 ppm. The AreaRAE Steel Z2 photoionisation detector, calibrated for amyl acetate, was used
to measure the concentration. The mannequin was placed into the chamber and exposed to the amyl
acetate vapours for 10 minutes.

After the exposure, the mannequin was transported within 1 minute to the testing area. A network of
AreaRAE Steel Z2 photoionisation detectors was located around the mannequin. Five detectors were
located evenly around the figurine at a constant distance from the figurine (Figure 2). Amyl acetate
concentration was measured at the height of 165 cm.

Figure 2. Arrangement of the testing area for the measurements of amyl acetate desorbing from
clothes in an open environment
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The amyl acetate concentrations were recorded continuously using the ProRAE Guardian software [15]
which also evaluates the maximum concentration values in the real time and records the concentration
as a function of time. The concentration values recorded by the detectors were downloaded (as
numbers or as the graphical representation of concentration as function of time) using the ProRAE
Suite software [16].

5. Discussion of results
5.1. Amyl acetate vapour sorption on textile materials

We observed that the sorption of amyl acetate on textile material is a fast process: the textile sample
weight increment measurements at given amyl acetate concentration have shown that weight grows
within the first 0.5—1 min and then remains constant.

We have also studied the dependence of the amyl acetate amount absorbed on its ambient
concentration. Examples for some textile types are shown Figure 3, which depicts the weight
increment expressed as the weight ratio, i.e., the ratio of weight increment (Am) and the sample initial
weight (M). As seen in Figure 3, the amount of amyl acetate absorbed by the textile sample grows with
increasing amyl acetate ambient concentration. The amount absorbed rapidly grows up to 100 ppm of
amyl acetate in the ambient air; however, the increase is not as pronounced at higher concentrations.
At the initial concentration of amyl acetate 40 ppm (see section 3.2), the weight increment reached
0.33% m/m for the wool sample, 0.17% m/m for corduroy, 0.13% m/m for cotton (denim), 0.11% m/m
for cotton (T-shirt), 0.10% for canvas, 0.08% m/m for a polyester—cotton mixture, and 0.06% m/m for
pure polyester.
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Figure 3. Relationship between the mass increment of textiles samples due to amyl acetate sorption
and amyl acetate ambient concentration
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The most important conclusions from these measurements are:

e Contaminant sorption from the environment is a fast process in which common textiles reach
the equilibrium within one minute;

e The amount absorbed by the textile increases with increasing ambient concentration. It is
therefore important to maintain constant concentration during the sorption phase before
studying the contaminant desorption from the samples.

5.2. Amyl acetate desorption from textile samples at laboratory scale

The dependence of amyl acetate concentration in immediate proximity to the contaminated textile
surface on time at the aforementioned experimental conditions at varying temperatures is shown in
Figure 4, using corduroy as an example. This indicates that the desorption rate is significantly smaller
than the sorption rate. The concentration above the textile has not dropped zero within 40 minutes at

any temperature tested. The experiments also show that the temperature has major impacts on the
desorption process as it influences:

e The maximum amyl acetate concentration reached above the textile material
e Time within which the maximum concentration is reached

At these experimental conditions, the desorption curves exhibit similar behaviour beyond 10 minutes
regardless of the temperature.

The influence of temperature on the maximum amyl acetate concentration is also illustrated in Figure
5 which only shows the curves in the first 12 minutes.
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Figure 4. Dependence of amyl acetate concentration above the contaminated corduroy sample on
time at varying temperatures

84



[
o

9
3]
—_7 +T0°C
E ¢ . WT5°C
= T10°C
~ 5+ =T 15°C
4 L T 20°C
T25°C
3 7 ==T 30 °C
2
0 2 4 6 8 10 12
t [min]

Figure 5. Dependence of amyl acetate concentration above the contaminated corduroy sample on
time at varying temperatures. Only first 12 minutes of the experiments are depicted

5.3. Amyl acetate desorption from clothes at real-life conditions
5.3.1. Desorption in an open space

The measurements were performed on a calm day at 24°C (Figure 2). The detectors, located 20 cm and
more from the test mannequin in our setup, showed no measurable concentration of amyl acetate
during the experiment (from the end of sorption till 30 minutes of desorption). This means that the
secondary contamination of the air is lower than the detection limit of the detector, i.e., 0.1 ppm,
although in light of the experiments above, we can say that the meteorological conditions (high
temperature and no wind which would further dilute the concentration) were ideal for the amyl
acetate desorption.

We need to add that inhaling air containing 0.1 ppm sarin can be under normal circumstances (average
volume of air inhaled 8 L/min) inhaled for 8 hours without exhibiting any sign of even the lightest, i.e.,
latent intoxication [14].

Contaminant desorbed from the clothes may therefore represent a certain risk for the contaminated
person itself; however, this risk is quite negligible compared to the presence in the contaminated area.
Under some circumstances, a person in close contact with the contaminated person could be
contaminated, e.g., upon embrace. However, even this risk is significant taking into account the
duration of such a close contact.

5.3.2. Desorption in a closed space

Two sets of experiments in a closed space were conducted, both at the temperature of 19°C. The first
set was performed in a 4.6x2.3 m room with a ceiling height of 2.4 m (total volume 25.4 m3),
resembling a small bus the contaminated person may ride, or an emergency vehicle, emergency room
or other enclosed area. The room was unventilated, with a door in the shorter wall and a double-paned
window on the facing wall. The test mannequin whose clothes were contaminated at an ambient amyl
acetate concentration of 40 ppm was within one minute after the contamination located in the centre
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of the room, and the detectors were placed in all four corners in the height of 165 cm. The dependence
of amyl acetate concentration on time is shown in Figure 6.
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Figure 6. Dependence of amyl acetate concentration desorbed from clothes in the corners of a
4.6x2.3 m room on time

These relationships show that the distribution of amyl acetate vapours was uneven. Detectors PID 1
and 4, located in the corners close to the door, were able to detect amyl acetate within 7 minutes.
Detectors PID 2 a 3, located in the corners closer to the window, could only detect amyl acetate after
15 min; however, the concentrations detected were higher than for the detectors closer to the door.
This phenomenon cannot be fully explained based on the data available; however, we assume this is
due to the fact that neither the door nor the window was tight, and there was a draft from the window
to the door in the first half of the experiments, and in the opposite direction in the second half.

The amyl acetate concentration has reached a plateau of 0.2 ppm after ca. 27 min in the corners closer
to the door, and 0.5 ppm in the corners closer to the window. These concentrations were constant
until reaching 40 minutes, and then started falling.

Similar to the results of the laboratory experiments (see section 5.2), these results confirm the low
rate of desorption. This contradicts and disproves previous calculation and conclusions [5,6] based on
the assumption that all sarin absorbed into the passengers’ clothes would desorb in the Prague subway
entrance lobby.

The average value of amyl acetate in the room from the four detectors did not exceed 0.5 ppm during
the experiment with the exception of the PID 2 detector which recorded the average concentration of
1.0 ppm for 10 min (17:00-26:00 in the experiment).

For sarin, the 10 min exposure at a concentration of 1 ppm would correspond to a 500 pg dose. This
would lead to latent intoxication only which is basically symptom-free. Some unspecific central
symptoms could occur, e.g., headache or lack of concentration; however, impaired vision (miosis),
accommodation, convulsions or breathing difficulties would not be likely to occur. Persons exposed to
such doses do not require medical treatment, only medical observation for 24 hours is recommended
[14].
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However, this poses a question whether a larger number of contaminated people in the enclosed space
would represent a more significant risk of secondary air contamination. The presence of two people
with contaminated clothes could after 10 min exposure translate into light intoxication and the
presence of three or four people a medium intoxication [14], etc. However, even this risk should not
be overestimated due to following differences between an experiment and a real setting:

e |t is unlikely the exposed person would immediately assume a position in the enclosed space
after leaving the contaminated area. Typically, the person has to overcome certain distance
while the contaminant is already desorbing during this period

e Itis unlikely a larger number of people would be all located in the enclosed space.

e [tis unlikely the people with contaminated clothes would gather in an unventilated space.

Therefore, the air contamination by a toxic compound desorbing from the clothes would be lower in a
real situation than in the experimental setting.

The second set of experiments was performed in a five times smaller area, in a 2.5x0.9 m room with a
ceiling height of 2.4 m (total volume 5.4 m3). This resembles the cabin of a larger car. The room was
unventilated, had no windows, and there were closed doors on both longer sides. The test mannequin
was placed in the centre of the room. The detectors were located in all four corners at a height of 165
cm. The dependence of amyl acetate concentration on time is shown in Figure 7.
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Figure 7. Dependence of amyl acetate concentration desorbed from clothes in a 2.5x0.9 m room on
time

The results show that after 3 minutes, the concentration values oscillated around 1.5 ppm. The amyl
acetate vapours only reached one of the corners (PID 3) after 10 minutes. The concentration in the
entire space has equilibrated within ca. 28 minutes to reach the value of 1.5 ppm. This concentration
remained practically constant until 60:00. Somewhat higher concentration was detected for a short
period of time in two corners (PID 1 and 2) — this was in the period 15:00—18:00 in the experiment
when the concentration on both detectors reached 2.7 ppm.

In case of sarin, 4 minutes’ inhalation of air containing 2.7 ppm of the toxin would correspond to a 540
ug dose. As in the previous experiment, this would lead to a latent intoxication which is practically
symptom-free.
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In principle, four people could squeeze into the area. The short-term concentration could therefore
reach 10.8 ppm, and the dose could reach 2,160 ug. Even when accepting all the reservations above,
this could lead to a medium intoxication, characterised by central, muscarinic and nicotinic symptoms
(with convulsions). First symptoms would occur within 10-15 min. The intoxication would be expected
to fully develop within 30—40 min. The intoxicated people would be expected to salivate, perspire,
experience breathing difficulties, impaired vision, nausea and vomiting, and colic-like stomach aches.
Muscle convulsion and tonic-clonic constrictions of the skeletal muscles could occur. If untreated, the
intoxication could lead to impaired breathing, and in the long-term impact on higher nerve functions
(memory, concentration, learning) [14].

6. Conclusion

To evaluate the risks of secondary air contamination by sarin desorption from clothes of people
residing in contaminated space, we have studied the sorption processes of amyl acetate as a sarin
imitator on different textile materials, and its subsequent desorption. The experiments were
performed in a laboratory as well as real-life settings. The results show the sorption of amyl acetate
vapours from the ambient air into clothes is a rapid process, reaching equilibrium within a minute. The
amount of contaminant absorbed increases with increasing ambient concentration. On the contrary,
amyl acetate desorption from the textile is a slow process, and the desorption takes tens of minutes.
The desorption rate depends on temperature which influences both the maximum concentration
above the textile sample as well as the time required to reach the maximum concentration.

In a real-life setting in an open space, the secondary air contamination by desorption from
contaminated clothes poses no risk. Even in a closed space, the risk of a secondary contamination is
negligible. Dangerous concentration of sarin could only develop by desorption from clothes in case
more people wearing contaminated clothes would gather in a very constrained and unventilated
space, e.g., in a car with closed windows and ventilation off.

This article was prepared within the framework of project V120152020009 Targeted applied research
of new technologies, methods and procedures to increase the competencies of the Fire Rescue Service
of the Czech Republic.
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ABSTRACT:

This work deals with the separation of polluting gaseous substances and solid particles from
the air, which arise in the combustion of fossil fuels from various industrial sources, but also in the
combustion of common fuels in households, or emissions from car exhaust. In all these cases, it is
mainly the greenhouse gas problem where CO; has the largest share. Furthermore, this work also
includes other harmful gases that need to be kept at low levels of concentration in the air. Separation
is done using devices called "scrubbers". These devices can deprive the air of both harmful solid
particles and harmful gaseous substances. In these devices, a process called chemisorption occurs
during which the liquid comes into contact with the gas and, based on appropriately selected
chemically reactive substances, solid particles or gaseous substances are trapped in the liquid.

KEYWORDS:

wet scrubber, liquid, gas, carbon dioxide, sodium hydroxide, efficiency, absorption, chemisorption,

1. Introduction

Today, all types of industries must meet strict emission standards for the release of
various gaseous substances into the atmosphere. Basic procedures for the removal of gaseous
pollutants can be ensured in various ways, such as disposal and their reduction. We must not forget
the small solid particles, hereinafter referred to as PM, which are dispersed in the air. These particles
are so small that they can be carried by the air. Elevated concentrations of these particles can cause
serious health problems. In some cases, it is possible to reduce emissions by adapting the production
process by using the right raw material or fuel with a low content of these harmful substances. In
practice, the separation of harmful gaseous components from the tail gases is often used by means of
a chemical catalytic process or by means of thermal decomposition of the resulting harmless
substances. [1,2,3,]

Separation, adsorption, condensation, oxidation, reduction, combustion (thermal
oxidation), and catalytic oxidation are most commonly used for the separation or reduction of gaseous
industrial pollutants. The choice of the separation process generally depends on the chemical and
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physical properties of the separated substance and on the technological conditions. An important
aspect is the concentration of pollutants in the carrier gas, its total volume, and temperature, as well
as the content of particles. The choice of the method is also influenced by whether the separation
device will be operated continuously, discontinuously, with the possibility of using trapped substances,
etc. The technology of purification of gaseous exhaust gases is still under development. However, it
provides many possibilities for the separation and disposal of gaseous pollutants.[1,4,5]

One of the very effective methods is absorption. Absorption is a diffusion process in
which the components of a gaseous mixture are separated due to their different solubilities in a
suitable absorption liquid. The absorbent must be sufficiently selective for such a substance which is
easily removed and is inert to the other components of the gaseous mixture. The absorbed gas is
released by increasing or decreasing the temperature of the absorbent solution, decreasing the
pressure above the liquid, or, for example, by decomposition. [1,2,4]

The devices used for absorption must provide the greatest possible interface between the phases.
These devices have the most common form. The simplest are full-value cleaning towers. The washing
liquid is sprayed against the gas flow and falls to the bottom of the absorber in these cylindrical or
prismatic containers. Their advantages are low resistance to gas flow, simple construction, and less
sensitivity to particulate matter in the gas during the cleaning process. The disadvantage of these
devices is that higher flow rates cause significant abrasion of the washing liquid.[2,6,7]

More complex devices are absorbers containing cartridges, which have a higher
efficiency, for example, due to Raschig rings, plastic, or other elements. The absorbent solution flows
in a countercurrent or cocurrent arrangement to the gaseous component. The advantage of these
absorbers is their high absorption efficiency. The disadvantage is the tendency to clog the filling and
consequently strenuous cleaning. [2,6,8,9]

Other types of efficient absorption devices are tray absorbers. They consist of a cylindrical or prismatic
shell in which the flowing gas passes from top to bottom through a sieve, a perforated baffle, or a grid
located in a multistorey absorption unit. An absorption solution is supplied to these absorption
devices, which thus comes into contact with the purified gas. With a suitably selected number of
absorption trays, operating parameters and with well-soluble gases, quality results can be achieved.
These quality results can be achieved even if the absorption is accompanied by a rapid chemical
reaction at a low initial concentration of pollutants. In the case of a gas containing one gaseous
component, an efficiency of 92 to 98% can be achieved.

The latest approach to the separation of gaseous substances from air are the so-called
gaseous or even liquid "scrubbers", known worldwide as scrubbers. There are many types of scrubbers.
The simplest type of scrubber is a shower scrubber, in which the flue gases are brought into contact
with a liquid which is sprayed by nozzles in the opposite, direct, or vertical direction. Shower scrubbers
have lower acquisition costs than other types of scrubbers. These scrubbers capture particles primarily
by impact. A typical solids removal efficiency can be 90% for particles larger than 5 um, while below 3
pum the efficiency drops to less than 50%. The efficiency of the separation of gaseous substances from
air is around 80 — 90%. [2,6,5,10]

Another type of wet scrubber is a scrubber based on the Venturi tube principle. In this case, water is
injected under high pressure and sprayed to improve the contact between the gas and liquid phases.
The collection efficiency ranges from 70% to 99% for particles larger than 1 um and is higher than 50%
for submicron particles. Increasing the pressure drop increases the collection efficiency, but also
increases energy consumption. Venturi scrubbers are therefore more expensive than washing towers
in terms of operating costs, but the efficiency of removing fine solids is generally greater. [5,6,7,11]
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Multistage scrubbers contain several perforated plates with different geometric
shapes to achieve greater mixing of the gas and liquid phases. These washers are highly efficient
(greater than 97%) for particles larger than 5 um in diameter, but inefficiently remove particles smaller
than 1 um. Operating costs are slightly higher than for simple shower washers, but maintenance costs
are higher due to clogging by large solid particles.[5,6,12,13]

Fill washers contain material that is structured or randomly arranged and provides a
large wetted surface for gas-liquid contact. Filler materials are available in a variety of shapes, each
with specific properties, such as surface area, pressure drop, weight, and corrosion resistance. The
most interesting are bubble wet scrubber machines in combination with a Venturi scrubber machine,
where this connection represents a promising and interesting alternative for collecting
nanoparticles.[2,3,4]

2. Absorption and chemisorption

From a physicochemical point of view, absorption can be divided into the following main groups, based
on the nature of the interaction between the absorbent and the absorbed substance. [12]

Simple physical process - the most soluble gaseous component is absorbed in the liquid phase, no
chemical reaction occurs. The equilibrium concentration of the absorbed component is directly
proportional to the partial pressure of the component in the gas phase. An example is the absorption
of HyS and CO; into a mixture of dimethyl ether and polyethylene glycol. [14]

Reversible process - there is a reversible (degradable bond) chemical reaction between the sorbed
component and the absorbent. The resulting compound, increasing again with increasing temperature,
reduces the saturated vapor pressure of the absorbed component. An example is the absorption of
CO2 into a monoethanolamine solution. [14]

Irreversible process - there is an irreversible chemical reaction (chemisorption) between the sorbed
component and the absorbent, new compounds are formed that prevent rerelease. An example is the
sorption of H,S into a solution of iron chelate, where sulfur is precipitated. [14]

Rate of physical absorption

For an explanation of the absorption rate by using the diffusion film theory, we
consider a simple system with a continuous contact phase, wherein the component A is absorbed,
which is located in the gas mixture with inert ingredient | assuming an interfacial phase towards the
interface, the transmittance through the interphase interfaces, and the subsequent transport into the
core of the liquid phase, absorbent L. [15]

Partial permeation coefficient

The partial permeation coefficients of the substance are a factor proportional to the
magnitude of the diffusion driving force applicable to the general velocity equations of the substance
in phase. They are defined as the quantities of matter in a phase transported by a unit area per unit
time by a unit driving force. The unit area is oriented perpendicular to the direction of fabric
permeation. [15]
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The integral velocity equation of the permeability of a substance in a flowing gas phase

with the unidirectional permeability of substance A in the environment of the inert component | can
be written in the form [15]:

where: 114

phase core

Ny

5 = ke (Pag — Par) (1)

is the mass flow of substance A
S is the diffusion area

kgp is the partial transmittance coefficient of substance A in the environment of
inert component |

Ppg is the partial pressure of the transported component A in the gas
Pas is the partial pressure of the transported component A at the

interfacial interface

According to the film diffusion theory, at the liquid-gas phase interface, the two media

are in equilibrium in each period. Thus, the interfacial interface presents no or only slight resistance to
the permeation of the substance. A thin laminar film called a diffusion layer is formed at the interfacial
interface, the width of which depends on the turbulence intensity of the respective phase. [15]

Based on this theory, it is possible for the passage of a substance in a laminar film of a

flowing gas phase in a unidirectional exchange component A in the environment of an inert component
, to state the relation [15]:

where: zgq

component |

S - R'T'ng

¢ = () (Pag = Pa) (2)

is the width of the diffusion film flowing in the gas phase
P is the total pressure of the gas phase (P = Pa+ P))

Pi1s is the logarithmic mean of the partial pressure of the inert
Dga is the diffusion coefficient of component A in the gas phase

R is the universal gas constant
T is the thermodynamic temperature

A comparison of relations (2.1) and (2.2) shows [15]:

k _Dga | (L) (3)

8P T RTzgq \Ppys
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The partial permeation coefficient of the substance kgp, expressed by the difference

of the transported component A in the gas phase, can also be expressed, for example, by the difference
in the concentrations of the transported component. [15]

Ny

< = kec (Cag — Car) (4)

where: Cag is the molar concentration of transported component A in the gas phase core

Car is the molar concentration of the transported component at the interfacial
interface

The partial gas permeation coefficient of substance A in kg is equal to [15]:

kec = Dea | (M) (5)

Zgd Cus

where: }; C; is the sum of the substance concentrations of component A and component | in the
gas phase

Cus is the logarithmic mean of the substance concentration of the inert
component |

The integral velocity equation of the flowing liquid phase at the unidirectional
permeation of substance A in the environment of the inert component | can be written in the form
using the partial coefficient of permeation of the substance [15]:

n
< =kic* (Car = CaD) (6)
where: Cyp; is the molar concentration of transported component A in the mainstream liquid
phase
Car is the molar concentration of the transported component A at the interfacial
interface, the partial permeation coefficient of substance A in the liquid phase k¢ is equal to
[15]:
_ Dia (EiGi
fic = Z1d (Cns) )
where: Djp is the diffusion coefficient of component A in the liquid phase
Z1d is the width of the diffusion film in the flowing liquid phase
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Aggregate permeation coefficients

In technical practice, in the description of integral rate equations, the aggregate
coefficients of permeation of a substance in a phase are mainly used, because the determination of
the values of the partial permeation coefficients of a substance is not easily feasible. [15]

If we express the driving force of diffusion in the liquid phase by the difference of the
molar fractions of component A at the interfacial interface and in the core of the liquid phase. If we
apply Henry's law, we can have an equation (1) write in the shape of [15]:

na _ 1 _
RN (Pag = Pa1) (8)
(i)
where: Py is the partial pressure of the transported component A in the gas phase, to which the

concentration of the component corresponds in the liquid phase Cy;

kix is the partial permeation coefficient of substance A in the liquid
phase kgp is the partial gas permeation coefficient of substance A
Hy, is Henry's constant

After introducing the aggregate coefficient of permeation of a substance in a phase,
we obtain an integral equation in the form [15]:

5 =Ko (Pag = Pal) (©)

where: Kp is the cumulative coefficient of permeation of substance A between phases belonging
to the integral velocity equation of the steady transition of the substance, with the
cumulative driving force expressed by the difference of the partial pressures of the diffusing
component

By comparing equations (8 and 9), it is clear that the overall gas phase permeability
coefficient of the component A has the form [15]:

1

YEETAY (10)
(i)

kgP Feyx

Kp:

Aggregate permeation coefficients of a substance can be expressed by various stable
aggregate driving forces. Expressed by the molar concentrations of component A, we can give the
equation (2.9) rewrite into shape [8]:

n?A:KC.(CAg_CAl) (11)
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where: K¢ is the cumulative coefficient of permeation of the substance between the phases
belonging to the integral rate equation of the steady transition of the substance, with the
cumulative driving force expressed by the difference of the molar concentrations of the
diffusing component. [15]

Passage of the substance through the interfacial interface

In accordance with diffusion film theory, where the interfacial interface does not resist
the passage of component A gaseous into the liquid phase, the rate of diffusion of component A from
the core in the gas phase toward the interfacial interface can be considered the same as the rate at
which component A will diffuse into the nucleus. liquid phase after the transition of the interfacial
interface. [15]

Itis thus possible to lay equations (1 a 6) as equal and obtain integral integral equations
of unidirectional steady transmission of component A, in the environment of inert component [15]:

n?A = kgp . (PAg - PAf) = le ' (CAf - CAI) (12)

By adjusting the velocity equation, we get the expression:

k
(PAg — Pyp) = —ﬁ' (Car — Cap) (13)

More used aggregate mass transfer coefficients for gaseous equations 9 and the liquid
phase of the equation 11 can be extended by the so-called specific interfacial surface, which is defined
as the ratio of the area of the interfacial interface and the effective volume of the production
equipment [15]:

ﬁ7A= (KP'a)'(PAg_PAl) = (K%'S).(PAI:_PA]) (14)
ﬂVA = (KC ' a) ' (CAg - CA]) = (KCTS) * (CAg - CAI) (15)

Since the area of the interfacial interface may vary depending on the operating
conditions, the mass transfer coefficients are given directly, numerically, or as an equation for
calculating the volumetric aggregate coefficients of the substance between the phases.(Kp * a; K -
a).[15]

In general, it can be said that the passage of the substance between the gas and liquid
phases will be faster, the greater the difference in the concentration of the substance in the individual
phases and at the interfacial interface, which is the farther the system is from the equilibrium state.
The rate of absorption of a substance from the gaseous to the liquid phase will decrease with increasing
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temperature, since a small increase in the value of the permeation coefficients of the substance in the
system will never offset the current decrease in the driving forces of absorption. On the contrary, the
increase in pressure has a favorable effect on the rate of absorption of the substance between the
phases, since the small decrease in the value of the partial coefficient of permeation of the substance
in the gas phase will almost always be exceeded by the current increase of the driving forces of
absorption. [15]

Absorption accompanied by a chemical reaction

In a system in which the absorbed component enters into a chemical reaction with one
or more components of the liquid absorbent, the highest possible driving force of the diffusion process
can be observed. The absorbed component changes its chemical nature in the absorbent and is thus
removed from the solution. In general, the concomitant chemical reaction has a beneficial effect on
the rate of the reaction. In most cases, the type of absorption solution is chosen which can be easily
regenerated if the purpose of the absorption is not to form the final product. [15]

The rate of absorption in a chemical reaction is affected simultaneously by the rate of
physical diffusion and the rate of the chemical reaction. The acceleration of absorption due to a
chemical reaction is characterized by a reaction factor. It expresses how many times the value of the
mass permeation coefficient increases as a result of the concomitant chemical reaction to its value
without accompanying reaction, under otherwise the same conditions. [15]

The reaction factor can be defined using the Hatt criterion [16]:

Ha = K—C (16)
where: H, is Hatt's criterion
r is the rate of the reaction relative to the unit volume of the reaction
mixture
Dja is the diffusion coefficient of component A in the liquid phase

At low values of Hatt's criterion (of the order <107?), the rate of chemical reaction is
significantly less than the rate of physical diffusion. The residence time of the absorbed component in
the absorbent solution is not sufficient for its significant proportion to react. [16]

At medium chemical reaction rate and sufficient physical diffusion rate (values of
Hatt's order criterion 10! to 10°) again, the component penetrates into the entire volume of the liquid,
while at the same time reacting for the most part. The rate of absorption is then proportional to the
time for which the liquid remains in the space of the absorption device. [16]

At Hatt criteria values of the order of magnitude greater than 100, the rate of the
chemical reaction is so high that all the absorbed component is converted to the product of the
chemical reaction already near the phase interface. The absorption rate is then proportional to the
size of the phase interface area. [16]
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3. Materials and methods

Wet scrubber primarily created for CO, capture

The basic requirements for the development of experimental equipment were high
efficiency of carbon dioxide removal during biogas combustion, low hydraulic resistance, low
susceptibility to system clogging, and low operating and acquisition costs. Regarding these
requirements, an experimental scrubber was designed, the construction of which is directly based on
the previous prototype scrubber developed at the Faculty of Chemistry of the Brno University of
Technology.

Outlet air
ki3

Liquid phase

Inlet air

Screaming head

Container of
liquid phase

Figure 1 - Wet scrubber scheme and original photo of the scrubber with heat exchanger

The wet scrubber (Figure 1) is designed as a one-stage cleaning system for removing
gaseous pollutants. The main part of the device consists of an absorption chamber, into which a spiral
nozzle leads, and it is through this nozzle that the liquid phase enters the system through a cone-
shaped orifice. The liquid then falls to the bottom of the absorption chamber and flows freely through
a pipe into the storage tank. The purified gas enters the absorption chamber tangentially through a
deflector, where it is in countercurrent contact with the liquid, and then exits through a set of control
orifices to the droplet separator. The gas is pumped into the system by a vacuum fan to reduce the
leakage of contaminated air into the laboratory. The liquid is pumped from the storage tank by a
centrifugal pump, the liquid is tempered by a spiral tube exchanger in the storage tank, the cooling
medium of which is supplied from an external thermostat.

Chemicals:

Water - The source of water was the city's drinking water regulation. The water used to prepare the
solution was not analyzed in this work, as the necessary equipment was not available.

Sodium hydroxide - 50% wt. sodium hydroxide with a minimum guaranteed sodium hydroxide
concentration of 47.5%, see Chapter E.
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Citric acid - citric acid was used for food purposes to clean the circulation circuit of the liquid phase.
Carbon dioxide - food grade CO; was used to contaminate the air.
Air - air in the laboratory.

Ethylene glycol - ethylene glycol was used as a cooling medium to stabilize the temperature of the
scrubbing liquid.

A set of calibration buffers - for properly calibrated pH probes was used scrubber fluid pH calibration
buffer from the company Endress + Hauser pH 4.0; 7.0; 10.03.

Chemical absorption of CO,

The simplest case of chemical absorption of CO, is the uptake of NaOH solution
according to the following equations. The reaction rate is controlled by the slowest process in the
formation of NaHCO3, which reacts almost immediately with Na,COs.

€O, + NaOH < NaHCO, (17)
€0, + 2NaOH < Na,C05 + 2H,0 (18)

The product of chemisorption is thus C032_or hydrates of Na,COs in the solid phase. It
is therefore necessary to take into account the clogging of the system with carbonate deposits. For
simple implementation and low cost of chemisorption of carbon dioxide into sodium hydroxide
solution, this reaction was used in the experimental part.

4. Results and discussions

Overview of the calculated input and output parameters of carbon dioxide at the
inlet and outlet of the sprinkler head and the efficiency of the scrubber:

The drawn Figure 2 is divided into three graphs. Each graph applies to one
concentration of carbon dioxide in the gas phase, and in each graph there are three series of
experimental data related to three different pressures of the sodium hydroxide spray solution in the
sprinkler head. The graphs have the x-axis drawn in inverse form, ie. The relative pressure, which is
plotted on the x-axis, decreases to the right, which means that the vacuum increases as the flow of the
gas phase is ensured by the connection to the suction line of the fan. This method of representation
was chosen for better readability of experimental data. It can be read from the figure that the
differences between the individual repetitions of the experiments are not more than 3 percent.
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Figure 2 - Dependence of the washing efficiency on the relative air pressure at the inlet to the sprinkler head

The dependence of the washing efficiency on the pressure of the sprayed NaOH is
graphically shown in Figure 3, the picture is again divided into three graphs. Each graph plots one
concentration of carbon dioxide in the gas phase, and in each graph there are three series of
experimental data related to three different relative pressures of contaminated air at the inlet to the

sprinkler head.
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Figure 3 - Dependence of the washing efficiency on the calculated NaOH pressure at the nozzle

The obtained experimental data show that the average efficiency of carbon dioxide
removal efficiency in the range of working conditions is in the range of 50.5-69.2%.

The pressure of the contaminated air at the entrance to the sprinkler head, or the air pressure inside
the sprinkler head, affects the efficiency of carbon dioxide removal. At a relative pressure of 20.2 mbar
(vacuum), the highest carbon dioxide removal efficiency was always achieved, depending on the
pressure of the sprayed absorption solution and the carbon dioxide concentration.

Specific values of carbon dioxide removal efficiency range from 52.7-69.2% at a relative
pressure of 20.2 mbar (vacuum) of air at the inlet to the sprinkler head. The lowest efficiency values
were achieved at a relative pressure of 41.4 mbar (vacuum), where the absorption efficiency ranged
from 53.4 to 60.4%, again depending on the pressure of the sprayed absorption solution at the nozzle
and the concentration of carbon dioxide. Graphically, the dependence of the efficiency of carbon
dioxide absorption on the relative pressure of the air at the entrance to the sprinkler head is shown in
Figure 2. This figure shows more clearly how the absorption efficiency shows a decreasing trend with
a change in the relative pressure of the contaminated air at the entrance to the sprinkler head. The
pressure of the contaminated air is plotted in relative units, a negative sign indicates a lower pressure
than atmospheric pressure.

As the vacuum of the inlet air increases, the absorption efficiency decreases, or as the
vacuum decreases, the absorption efficiency increases. The most marked increase in absorption
efficiency due to the decreasing vacuum from -1.4 mbar to —-0.2 mbar is recorded at a pressure of 2.0
bar of sodium hydroxide absorption solution at the nozzle. In this case, the increase in absorption
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efficiency averages 8.8%. At a pressure of 0.3 bar of sodium hydroxide absorption solution at the
nozzle, the increase in absorption efficiency due to the decreasing vacuum is 3.3%.

The efficiency of carbon dioxide absorption into the sodium hydroxide solution in the
scrubber varies with the inlet pressure of the contaminated air and the pressure of the sprayed sodium
hydroxide absorption solution at the nozzle. As the pressure decreases (vacuum increases), the
solubility of the gas in the liquid decreases, which is in accordance with Henry's law. If the fan could
operate at a higher vacuum of contaminated air, which would achieve a higher air volume flow and
higher steam load, it can be assumed that the efficiency of carbon dioxide absorption on the scrubber
would be even lower than that achieved under experimental conditions in this work.

At a pressure of 2.0 bar of sodium hydroxide solution sprayed at the nozzle, the highest
carbon dioxide removal efficiency was achieved, see Figure 3, depending on the inlet pressure of the
contaminated air and the carbon dioxide concentration. In particular, the efficiency is in the range of
55.7-69.2% with 2.0 bars of sodium hydroxide solution sprayed on the nozzle. On the contrary, the
lowest efficiency was achieved at a pressure of 0.3 bar of the spray solution at the nozzle, namely,
50.5-63.8%, depending on the inlet pressure of the contaminated air and the concentration of carbon
dioxide. The most significant increase in absorption efficiency due to the increase in the pressure of
the spray liquid at the nozzle from 0.3 bar to 2.0 bar is recorded at a relative inlet pressure 0f20.2 mbar
(vacuum) of contaminated air at the inlet to the spray head. In this case, the increase in absorption
efficiency averages 9.9%. At a relative inlet pressure of —1.4 mbar (vacuum) of contaminated air at the
inlet to the sprinkler head, the increase in absorption efficiency is 4.0%. At higher spray pressure,
within the nozzle, there is a better dispersion of the liquid into the stream of contaminated air in the
sprinkler head. The sprayed absorbent solution fills the sprinkler head space more efficiently, creating
a larger interface between the phases. With a larger contact area between the phases, the mass
transport between the phases is more efficient and a higher efficiency of CO2 absorption into the
sodium hydroxide solution in the pilot plant is achieved. The optimal experimental conditions for the
absorption of carbon dioxide into the sodium hydroxide solution at the pilot plant are at a pressure of
2.0 bar of NaOH solution at the nozzle and a relative pressure of 20.2 mbar of contaminated air at the
inlet to the sprinkler head.

Under these conditions, 69.2% efficiency of carbon dioxide removal from contaminated air at the plant
is achieved.

The relatively low efficiency of the device can be explained by the insufficient coverage
of the interior of the spray head with the sprayed absorbent solution. The space between individual
drops can be considered as a form of gas pocket or channels through which contaminated air flows
between the drops of the sprayed absorbent solution. The geometric shape of these channels or
pockets is constantly changing depending on the flow of flying drops through the interior of the
sprinkler head. The dimensions of these channels are many times larger than the dimensions of the
sprayed drops, which leads to a reduction in the intensity of contact between the two phases. Another
type of nozzle, or the addition of other nozzles of the type already used, will lead to a more efficient
filling of the interior of the spray head with a stream of flying drops of absorbent. More efficient filling
of the internal space of the sprinkler head will reduce the dimensions of these gas channels or pockets,
which will guarantee more intensive contact between the two phases and the efficiency of the pilot
scrubber will probably increase.
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5. Conclusions

It has been shown that the design of the pilot scrubber is suitable for processes with
higher vapor and liquid loads in absorption processes in which a rapid chemical reaction occurs
between the absorbed component and the absorption solution. The design of the scrubber allows use
in cases where contaminated air contains solid impurities or solid particles are formed as a result of a
chemical reaction. The device is capable of operating with a final volume of absorbent solution that is
circulated in the scrubber. In the case of circulating absorbent solution in a scrubber, it is necessary to
prepare the concentration of the reagent in the liquid phase to guarantee a sufficient absorption
capacity of the solution and thus to ensure the required efficiency of the device. In our measurements,
the scrubber achieved a CO; capture efficiency of up to 70% in some places.

Scrubber enhancements are currently being finalized. The main emphasis is on better
quality placement of various measuring devices. A heat exchanger with carbide tubes has been added
to improve the cooling of both the effluent gas and the trapping liquid.
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ABSTRACT:

General conditions and requirements for an internal standard useful in the determination of chemical
warfare agents (CWAs) by the method of gas chromatography coupled with mass detection (GC/MS)
were defined. The determination is based on a GC/MS analysis of a mixture of a CWA with an internal
standard, conversion of the TIC chromatogram to a chromatogram extracted at a particular m/z ratio,
and calculation of the CWA concentration from the internal standard concentration, response factor
and chromatographic peak areas. Available internal standards were identified, and they were verified
for seventeen highly toxic and irritating substances. Corresponding response factors were determined
as a ratio of slopes of the linear functions of peak area and compound concentration. Linearity,
repeatability, and accuracy of the measurements were evaluated. The determination can be
performed in the laboratories of the Fire Rescue Service of the Czech Republic (FRS), where no CWA
standards are available.

KEYWORDS:

gas chromatograph with mass detector, chemical warfare agent, internal standard, response factor

1. Introduction

Chemical countermeasures of the FRS of the Czech Republic include chemical reconnaissance,
detection, identification and determination of CWAs. These activities are performed by special
chemical laboratories of the Fire Rescue Service (FRS). The laboratories are most commonly equipped
by following gas chromatographs with mass detector (GC/MS): GC/MS 7890A/5975C (Agilent), GC/MS
Intuvo 9000/5977B (same make) a EM 640 (Bruker Daltonik). Quantitative analysis is performed using
the absolute calibration methods on these chromatographs, but only for analytes where a standard of
appropriate purity is available.

The fundamental issue is that pure and certified CWA standards are not available in the Czech Republic.
Hence, we had to turn our attention to a procedure based on an internal standard, where a known
amount of a substance different than the analyte is added directly to the analysed sample.
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The work has focused on the identification of an available standard, which would fulfil the requirement
of equal ratio of responses to the CWA, and the internal standard on all GC/MS systems across the FRS
laboratories. The goal was to develop a procedure for the FRS chemical laboratories which would not
only allow for the determination of the CWAs in solution, but more importantly could be used in the
laboratories for rapid and easy determination of the active ingredient in our own samples. These
samples are then further used for the calibration of own implemented procedures for the
determination of CWAs based on photometric and biochemical methods.

2. Requirements for the application of the internal standard technique

The internal standard method is based on the fact that within a certain concentration range, the ratio
of chromatographic peak areas and concentrations is constant. This ratio is called the response or
calibration factor [1]:

FR = Acwa / Ccwa _ ACWA.cISTD
Aisto / cisto AISTD.cCWA

11/

where Fris the response factor, Acwa the CWA chromatographic peak area, Aisto internal standard
chromatographic peak area, ccwa the CWA concentration in the solution, and cstp internal standard
concentration in the solution.

The internal standard method has several significant advantages. Unlike the absolute calibration and
standard addition methods, pure analyte standard is not required. The absolute calibration and
standard addition methods include analysis of two separate samples which often introduces significant
errors into the results [1,2]. The same applies to the external standard method.

When using the internal standard method, the response factor value needs to be known in order to
arrive at reliable analytical results. Additionally, the concentration range where the analyte and
internal standard chromatographic peak area is a linear function must be known, as only then the
constant value of the response factor is ensured [1,3]. This explains why many articles focusing on
internal standard applications begin by detailed validation, especially testing linearity of the function
and the limit of quantification and repeatability of the determination [4-17].

In case the sample is modified before the analysis (extraction, distillation, solvent evaporation, etc.),
maximum similarity of chemical and physical characteristics of the analyte and of the internal standard
should be ensured [1,3]. Close retention times of the analyte and the internal standard are also
required in order to eliminate peak area discrimination at varying temperatures under temperature
programmed conditions [1,3]. Additionally, the internal standard must not react or otherwise interact
with the analyte, nor may the internal standard be a product of decomposition product or another
admixture of the analysed substance.

For use in quantitative GC/MS analysis, the most efficient and reliable solution is the use of such
internal standard which is identical or analogous to the analyte and labelled by a stable isotope [1].
Examples include the determination of acrylamide in wheat samples, using [**Cs]-acrylamide [18],
determination of chrysene in a foil using [*H12]-chrysene [19], determination of rotundone in grapes
and wine by the SPME method using [*Hs]-rotundone [2], determination of ethyl carbamate using [*Hs]-
ethyl carbamate, also in wine [9]. Additional examples include the use of [*Hs]-dibenzothiophene for
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the determination of dibenzothiophene in crude oil, coal and sediment extracts [20], [2H]-
meprobamate for the determination of meprobamate in blood [13], [*3Ci;)-triclosane for the
determination of triclosane in water [21], or ['*C]-dichlorodiphenyltrichloroethane for the
determination of dichlorodiphenyltrichloroethane (DDT) in the air [16]. However, internal standards
labelled by a stable isotope are also used for samples where compounds other than analogues of the
standard are analysed. For the determination of a number of hydrocarbons and other volatile
compounds in internal or external air, [*Hs]-benzene [11], [?Hs]-toluene [22,23] or [2H1o]-ethylbenzene
[24] are used as internal standards. Similarly, some deuterised components of gasoline were used for
the determination of aliphatic and aromatic hydrocarbons in water by the SPME method [7]. Additional
examples of the internal standard use are [*Hi]-1,2-dichloroethane for the determination of 26
halogenated compounds in water [25], [?Hs]-3,4-methylenedioxyamphetamine and [*He]-
hydromorphone for the determination of narcotics and their metabolites in biological samples [4],
[2H14)-trifluarine, [*He]-transpermethrine and [?H4]-nitrophenol for the determination of 28 pesticides
in the air [26]. This makes labelled analyte analogues ideal as internal standards for the determination
of compounds by the GC/MS methods; however, their disadvantage is poor availability and high price.

When the internal standard differs from the analyte, compound losses during various phases of sample
preparation unavoidably differ [1]. These differences can be efficiently minimised by the use of double
internal standards, when two neighbouring representatives from the homologous series are used as
internal standards for determination of a specific agent [1,19]. Further examples include determination
of tocopherol in plasma, where pentamethylchromanol was used as the internal standard [6],
determination of 2,5-di-tert-butyl-3-methylphenol in chewing gums using 3,5-di-tert-butylphenol [27],
determination of furaneol in tomatoes using maltol [28], or determination of carisoprodole in blood
using benzyl carbamate [13]. Anisole was used for the determination of various air contaminants [29].
In the analysis of food industry raw materials and products, nonan-5-one was used for the
determination of 34 different chemical compounds in honey by the dynamic headspace method [5,28],
dinonyl phthalate for the determination of policosanol components extracted from rice bran wax [31],
octyl acetate for the determination of 35 volatile compounds in essential oils obtained by steam
distillation of lemon tree leaves and bark [32], and crotonic acid for the determination of volatile fatty
acids in cheeses after steam distillation [33]. In water analysis, fluorobenzene was used as the internal
standard for the determination of trihalomethanes by the GC/MS method using SPME [34], and benzyl
benzoate for the determination of phthalates using the same method [35]. In the analysis of industrial
products, diphenyl ether was used for the determination of lactide monomer in polylactic materials
[36], 1,2-dichlorobenzene was used for the determination volatiles in water—oil emulsion by the SPME
method [37], tetrabromodiphenyl ether was used for the analysis of fire retarders on the basis of
polybrominated diphenyl ethers, organophosphates and brominated aromatic hydrocarbons [15].

This work focuses on the determination of CWAs by the GC/MS method. Only a few sources discussing
internal standards for this purpose could be identified. Dipinacolyl methyl phosphonate was described
as an internal standard for the determination of tabun, cyclosarin, VX agent and nitrogen mustard [8].
The TNO laboratory in Rijswijk, the Netherlands, focusing especially on the CWA analysis, uses
deuterised sulfur mustard, [2Hs]-bis-(2-chloroethyl)sulfide, as internal standard for the determination
of sulfur mustard [38].

Extracts of CWAs with aqueous decontamination agents are performed in the Czech FRS laboratories
are analysed using the GC/MS method in order to study their decomposition kinetics using following
internal standards: tributyl phosphate for the determination of soman, tri-n-propylamine for the
determination of the VX agent, and di-n-propyldisulfide for the determination of sulfur mustard. The
use of some non-toxic substances as internal standards for the determination of seven nerve-
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paralysing agents using the GC/MS method has been described; the determination were verified on 3
different GC/MS systems [17].

3. Experimental part

3.1 Chemicals

The quantitative analyses procedures by the GC/MS method were developed for the following CWAs:
O-ethyl-N,N-dimethylphosphoramidocyanidate (tabun, GA, Military Research Institute, Brno), (RS)-
propan-2-yl methylphosphonofluoridate (sarin, GB, VOZ Zemianské Kostolany, Slovakia), 3,3-
dimethylbutan-2-yl methylphosphonofluoridate (soman, GD, Military Research Institute, Brno),
cyclohexyl methylphosphonofluoridate (cyclosarin, GF, Military Research Institute, Brno), ethyl ({2-
[bis(propan-2-yl)amino]ethyl}sulfanyl)(methyl)phosphinate (VX agent, VOZ Zemianské Kostolany,
Slovakia), S-[2-(diethylamino)ethyl] O-ethyl methylphosphonothioate (Edemo, VM agent, VOZ
Zemianské Kostolany, Slovakia), S-[2-(dimethylamino)ethyl] O-ethyl methylphosphonothioate
(Medemo, VOZ Zemianské Kostolany, Slovakia), trichloronitromethane (chloropicrin, Military Research
Institute, Brno), bis(2-chloroethyl)sulfide (sulfur mustard, HD, VOZ Zemianské Kostofany, Slovakia),
tris-2-chloroethyl)amine hydrochloride (nitrogen mustard hydrochloride, HN3, VOZ Zemianské
Kostolany, Slovakia), 2-chlorovinyldichloroarsine (alpha-lewisite, lewisite 1) and bis(2-
chlorovinyl)chloroarsine (beta-lewisite, lewisit Il), technical lewisite preparation (VOZ Zemianské
Kostolany, Slovakia), diphenylchloriarsine, (Clark 1, VOZ Zemianské Kostolany, Slovakia),
diphenylcyanoarsine  (Clark Il, VOZ Zemianské Kostol'any, Slovakia), 10-chloro-5,10-
dihydrophenarsazine (adamsite, VOZ Zemianské Kostofany, Slovakia), N-[(4-Hydroxy-3-
methoxyphenyl)methyllnonanamide (pseudocapsaicine, PAVA, > 97%, Sigma-Aldrich), -
chloroacetophenone (CN agent, p. s., Merck), 2-(2-chlorobenzylidene)malononitrile (CS agent, min.
97%, Synthchem, Slovakia), dibenz[b,f]-1,4-oxazepine (CR agent, Chemical Institute of the Comenius
University Bratislava, Slovakia).

Purity of the CWAs was determined using following procedures:

e tabun: potentiometric argentometric titration of cyanides by silver nitrate indicated by a silver
electrode,

e sarin, soman and cyclosarin: potentiometric lanthanometric titration of fluorides by
lanthanum(iii) chloride indicated by fluoride ion selective electrode,

e VX agent, Edemo and Medemo: potentiometric thiomercurimetric titration of thiols by silver
nitrate indicated by a sulfide ion selective electrode,

e sulfur mustard, nitrogen mustard, a-lewisit, B-lewisit, chloropicrin, Clark I, Clark I, adamsite,
CN agent: potentiometric argentometric titration of chlorides by silver nitrate indicated by
silver electrode,

e (CSagent:indirect potentiometric argentometric titration of cyanides by silver nitrate indicated
by silver electode.

Triethyl phosphate (99.8+%, Sigma-Aldrich), tri-n-butyl phosphate (p.s., Merck), heptan-1-ol (>99%,
Fluka), di-n-hexylamine (p.s., Merck), di-n-amyl ether (p.s., Merck), chlorocyclohexane, (p.s., Merck),
1,2-dichlorobenzene (ex.pur., 98%, Acros Organics), acenaphthene (p.s., Merck), 2-naphthyl acetate
(BIOSYNTH, Riedel-de Haén), fluorene (p.s, Merck), benzonitrile (p.a., Fluka), ethyl 2,5-
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dichlorobenzoate (Tokyo Chemical Industry), and 2,4,5-trichloroaniline (p.s., Merck) were the internal

standards used.

Solutions of CWAs and internal standards were prepared in acetone or n-hexane (SupraSolv, for GC,

Merck).

3.2

Measurement conditions and parameters

The measurements were performed on the following systems at conditions and parameters listed in
Table 1: System A — GC/MS 7890A/5975C (Agilent Technologies, Inc., Wilmington, USA); System B —
GC/MS Intuvo 9000/5977B same manufacturer; System C — mobile GC/MS EM 640 (Bruker Daltonik
GmbH, Bremen, Germany).

Table 1: Measurement conditions and parameters

GC/MS 7890A/5975C Intuvo 9000/5977B EM 640

Column HP-5MS 30 m x 0.25 mm, | HP-5MS 30 m x 0.25 mm, | HP-5MS 25 m x 0.35 mm,
0.25 um 0.25 um 1um

Carrier Gas Helium, 147 kPa constant | Helium, 1.2 mL/min Nitrogen, 500 hPa
pressure constant flow constant pressure

Sampler Agilent GC 80 Agilent 7693A -

Injection 1l 1l 1ul

Volume

Inlet 290 °C, splitless mode, 290 °C, splitless mode, 230 °C, splitless mode,
purge flow 100 mL/min at | purge flow 100 mL/min at | purge flow 30 mL/min at
2 min 2 min 1 min

Oven 40 °C (2 min), 10 °C/min 40 °C (2 min), 10 °C/min 40 °C (2 min), 10 °C/min
to 280 °C (10 min) to 280 °C (10 min) to 280 °C (10 min)

Detector Quadrupole MS, El, scan Quadrupole MS, El, scan Quadrupole MS, El, scan
mode, transfer line 290 mode, transfer line 290 mode, transfer line 280
°C, scan range 35— 600 °C, scan range 35— 600 °C, scan range 50-550
amu, solvent delay 6 min | amu, solvent delay 6 min | amu, solvent delay 6 min

Evaluation of Agilent ChemStation MassHunter Workstation | Bruker Data Analysis,

chromatogram | GC/MSD — Data Analysis, | Software, version version 1.1., Bruker

S version E.02.02., Agilent B.07.00, Agilent Daltonik GmbH, 2003
Technologies, Inc., 2011 Technologies, Inc., 2014

Solutions of CWAs and internal standard were mixed in a 1:1 (v/v) ratio, and the mixture was
introduced into the injection inlet of the GC/MS system. The linearity range of the chromatographic
peak area as a function of the compound concentration was studied in parallel both for the CWA and
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the corresponding internal standard. Hence, mixtures of CWAs and standards of same concentration
were injected. Triplicate measurements were performed for each concentration of the compound and
the standard.

3.3 Chromatogram evaluation

Peaks corresponding to the CWA and the internal standard were identified in the TIC chromatogram
recorded in the scan mode. Peak area was obtained by integration using the evaluation software listed
in Table 1. Generally, automatic integration was used, only tailing peaks were integrated manually. For
further study, EIC chromatograms at particular m/z ratio were extracted from the TIC chromatograms;
peak areas corresponding to the CWAs and the internal standards were obtained by an identical
procedure.

In order to assess the dependency of the chromatographic peak area on concentration of the given
compound in the solution, calibration curves were constructed. The linearity range was determined
using a statistical software [40] based on the correlation coefficient R and coefficient QC values.
Coefficient values of Rcrir0.99 and QCcrit 5.00 were considered as critical for the testing. The gradient,
y-range, and standard deviation of the gradient and range were evaluated by software [39] in the
identified linearity range.

In order to assess the accuracy of CWA determination, a series of results from parallel determinations
was compared to the known concentration. The t-test was used for statistical evaluation [40],
comparing the value of t criteria to the critical value. Based on the results from parallel measurement,
the precision of the determination was tested. The method of concentration levels from parallel
measurements and calculation of relative standard deviation was selected for the statistical evaluation
[401].

34 Results and discussion

The primary aim of this work was to find a suitable internal standard, applicable on all GC/MS systems
across the FRS chemical laboratories in a universal procedure. The procedure would be used especially
for a quick and simple determination of the active ingredient of own CWA preparations which are then
used for the calibration of existing determination procedures. This means a binary mixture of the CWA
and the internal standard is analysed, and hence neither similarity of chemical properties of the analyte
and the internal standard nor close physical characteristics are an issue here as these matter mostly in
case of sample preparation before the analysis itself. On the other hand, this requires highly reliable
determination which is closely related to the linearity of the chromatographic peak area as a function
of the compound concentration.

Assuming a linear function of chromatographic peak area and concentration, the relation can be
described by the following equation:

A=kxc+q, 12/

where A is the chromatographic peak area, k is the gradient, c is concentration and q is the intercept
on the peak area axis. This equation can be combined with the response factor equation /1/:
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_ (KCWA.cCWA+qCWA).cISTD
"~ (KISTD.cISTD+qISTD).cCW A

FR /3/

Assuming the intercept on the peak area axis is negligible compared to the product of gradient and
concentration, i.e. the linear function of CWA and internal standard peak area and concentration
passes through the origin, the response factor equals the ratio of gradients of the two linear functions
of CWA and internal standard peak area and concentration:

_ kCWA

FR = kISTD

/4/

Use of equation /4/ for the determination of the response factor has two fundamental prerequisites.
First, the intercepts on the peak area axis must be negligible compared to the product of gradient and
lower limit of the linearity range both for the CWA and for the internal standard. We have set in this
work that the intercept must be lower than 10% of the product of gradient and the lowest useful
concentration. Second, the response factor can only be applied in the concentration range where the
function of CWA and internal standard peak area is linear. Linearity of the functions is therefore a
major requirement influencing the reliability of the determination. The determination method was
developed for three different GC/MS systems whose linearity ranges significantly differ. Moreover, the
linearity range also depends on the analyte. A typical example is illustrated in Figure 1 showing the
chromatographic peak area of cyclosarin as function of its concentration in the solution.

c, mg/L

Figure 1: TIC chromatographic peak area of cyclosarin as function of its concentration in the solution,
measured at the following GC/MS systems: 7890A/5975C (A), Intuvo 9000/59778B (B), EM 640 (C)

A number of potential compounds were tested during the search for suitable internal standards. Both
TIC chromatograms as well as EIC chromatograms extracted for a characteristic ion m/z were
evaluated. However, the TIC peak area is usually considered in practice [1].

Yet, more precise results can be obtained when reading the peak area of a particular ion [2,4], even
though evaluation of the TIC peak area range may be more useful [5]. This is discussed in detail in the
publication [4].

It was found out for particular CWAs that determination of the response factors from the TIC
chromatograms recorded in the scan mode is not suitable. Only few standards with an identical
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response factor across the tested systems could be found; most standards exhibited high differences
between the systems. Moreover, a reproducible linear calibration curve could not be constructed at
all for some of the compounds even in a narrow concentration range. In some cases, the requirement
of negligible intercept on peak area axis versus the product of gradient and concentration was not met.

The use of EIC chromatogram, extracted both for the CWA and the internal standard at a particular
m/z value, is the optimal procedure for CWAs determination using the internal standard method. This
implies identification of an internal standard which exhibits an intense peak corresponding to the same
ion as for the CWA mass spectrum. In turn, this allows for:

e Wider linearity range with the EIC chromatograms than with the TIC chromatograms,

e Linear functions of EIC chromatogram peak area and concentration fulfill the requirement of
negligible intercept on the y axis against the product of gradient and concentration both for
the CWA and selected standard,

e Reproducibility of the peak area readings is much higher for the EIC chromatograms than for
the TIC chromatograms,

e The EIC chromatogram peak area reading is more robust with respect to compounds with
similar retention times than with the use of TIC chromatograms

3.5 Useful internal standards

A large number of internal standard candidates could be identified based on the study of mass spectra
during the CWA determination method development [41], and their compliance with requirements
listed in section 2 was verified. Out of those, substances, which exhibited identical response factors on
all GC/MS systems used in this work, were selected further. Such standard, which exhibits an intense
peak corresponding to the same ion present in the CWA mass spectrum, was then selected and
verified, along with the concentration range applicable for the analysis. Useful internal standards and
corresponding linearity ranges are summarised in Table 2.

A simple determination procedure was developed [41]: solutions of the CWA and the internal standard
whose concentration is within the linear range of chromatographic peak area as function of the
concentration were prepared, mixed in a 1:1 v/v ratio, and injected into the GC/MS system.
Constituents of the mixture were identified as usual, a chromatogram extracted at a particular m/z
value was generated, integrated and peak areas of the analyte and of the internal standard were
recorded.

Table 2

Internal standards, response factors, and linearity ranges for the CWA determination

CWA Internal m/z | Response GC/MS system Linearity
standard factor Fg range,
mg/L
Tabun Heptan-1ol 70 0.50 Agilent 7890A/5975C 5-80
Agilent Intuvo 9000/5977B 1-20
Bruker EM 640 20-100
Sarin Triethyl 99 1.99 Agilent 7890A/5975C 5-80
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phosphate

Agilent Intuvo 9000/5977B 1-20
Bruker EM 640 10-80
Soman Triethyl 99 1.14 Agilent 7890A/5975C 5-40
phosphate
Agilent Intuvo 9000/5977B 2-30
Bruker EM 640 10-80
Cyklosarin Triethyl 99 2.14 Agilent 7890A/5975C 10-60
phosphate
Agilent Intuvo 9000/5977B 2-25
Bruker EM 640 10-100
VX Agent Dihexylamine 114 0.55 Agilent 7890A/5975C 15-40
Agilent Intuvo 9000/5977B 15-40
Bruker EM 640 20-100
Edemo Tributyl 99 0.26 Agilent 7890A/5975C 10-60
phosphate
Agilent Intuvo 9000/5977B 5-25
Bruker EM 640 20-100
Medemo Diamyl ether 71 0.21 Agilent 7890A/5975C 20-80
Agilent Intuvo 9000/59778B 5-25
Bruker EM 640 30-100
Sulfur mustard o-Dichloroben 111 0.42 Agilent 7890A/5975C 5-80
zene Agilent Intuvo 9000/5977B 5-30
Bruker EM 640 10-140
Nitrogen mustard | Acenaphthene 154 0.56 Agilent 7890A/5975C 10-80
HN3 Agilent Intuvo 9000/5977B 5-20
Bruker EM 640 10-80
o-lewisit 2-Naphthyl 145 2.15 Agilent 7890A/5975C 40-100
acetate
Agilent Intuvo 9000/5977B 10-30
Bruker EM 640 50-120
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B-lewisit 2-Naphthyl 145 2.51 Agilent 7890A/5975C 40-100
acetate
Agilent Intuvo 9000/5977B 10-30
Bruker EM 640 50-120
Chloropicrin Chlorocyclo- 82 0.52 Agilent 7890A/5975C 2-60
hexane Agilent Intuvo 9000/5977B 1-40
Bruker EM 640 10-100
Clark | Acenaphthene 154 0.44 Agilent 7890A/5975C 5-80
Agilent Intuvo 9000/5977B 10-30
Bruker EM 640 20-80
Clark Il Acenaphthene 154 0.51 Agilent 7890A/5975C 5-80
Agilent Intuvo 9000/5977B 5-30
Bruker EM 640 20-80
Adamsite Fluorene 166 0.64 Agilent 7890A/5975C 10-50
Agilent Intuvo 9000/5977B 5-30
Bruker EM 640 20-80
PAVA Acenaphthene 151 0.23 Agilent 7890A/5975C 40-100
Agilent Intuvo 9000/5977B 20-40
Bruker EM 640 50-120
CN Agent Benzonitrile 50 0.37 Agilent 7890A/5975C 5-50
Agilent Intuvo 9000/5977B 2-20
Bruker EM 640 10-80
CS Agent Ethyl 2,5- 190 0.43 Agilent 7890A/5975C 10-30
dichlorobenzoa Agilent Intuvo 9000/5977B 1-15
te
Bruker EM 640 10-60
CR Agent 2,4,5-Tri- 195 1.25 Agilent 7890A/5975C 20-80
chloroaniline Agilent Intuvo 9000/5977B 2-20
Bruker EM 640 10-80
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3.6 Determination procedure verification

Accuracy and repeatability of the determination procedure was verified. For the verification of
accuracy, solutions to be analysed were prepared from different CWA batches than those used for the
determination of response factors. Five parallel determinations were performed for each solution. The
obtained set of concentration determinations was then evaluated by the statistical software [40] to
assess the t parameter which was compared to the critical value.

Repeatability was statistically assessed by the method of concentration levels from parallel
measurements and calculation of relative standard deviations [40]. Repeatability was evaluated for
the abovementioned sets of five results.

The accuracy and repeatability testing was evaluated in the research report [41]. The evaluations
showed that the methods yields accurate results and that the relative standard deviation does not
exceed 15% which corresponds to the accuracy of GC/MS-based determination methods. Highest
relative repeatability values could be achieved with the Bruker EM 640 system. On the Agilent
7890A/8975C and Agilent Intuvo 900/5977B, relative repeatability for the determination of the CWAs
reached the maximum of 7%.

Overall, it can be concluded based on the relative standard deviation obtained that the expanded
uncertainty U95, i.e., the range defined by the expansion coefficient k = 2 in which the actual results
lies with 95% probability, reaches:

o 14% for the Agilent 7890/5975C and Agilent Intuvo 9000/5977B GC/MS systems,
® 30% for the Bruker EM 640 GC/MS system.

3.7 Reproducibility

The studied determination method could also be verified in a multilaboratory comparison performed
as part of the FRS chemical laboratories proficiency testing. The investigation was performed in 2017—-
2019 with five chemical laboratories equipped with three Agilent 7890A/5975C GC/MS system:s, five
Agilent Intuvo 9000/5977B systems, and two mobile Bruker EM 640 GC/MS systems.

Accuracy of the results was evaluated using the z-score in accordance with CSN EN ISO/IEC 17043.
Results with absolute value of z-score below or equal to 2.0 were considered as accurate. Overall
expanded determination uncertainty of 25%, corresponding to relative standard deviation of 12.5%
was chosen for the calculation of the z value.

Evaluation of the multilaboratory comparison is summarised in Table 3. In total, 4.4% of inaccurate
results were obtained during the analysis of seven CWAs, and the relative difference of known and
determined concentration between the laboratories did not exceed 8%.

Table 3

Evaluation of results from multilaboratory comparison of some CWAs using internal standard GC/MC
method

Substance Sarin | Soman | VX Sulfur Nitrogen | CN Cr

agent | mustard mustard | agent | agent

Known concentration, mg/L 24.9 30.0 28.7 535 10.2 28.1 10.7
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Number of results 24 19 22 18 27 28 20

Accurate/ 7890A/5975C 9/0 8/1 6/0 10/2 9/0 9/0 6/0

inaccurate | Intuvo 8/1 6/0 10/2 0/0 11/1 15/0 10/0
9000/5977B

results

obtained Bruker EM 640 | 6/0 4/0 4/0 6/0 6/0 4/0 4/0

on the

system

Total number of accurate 23 18 20 16 26 28 20

results

Mean concentration 23.7 28.7 295 54.8 11.0 27.4 11.3

determined by the
laboratories, mg/L

Relative difference of known | —4.8 -4.3 +2.8 +2.4 +7.8 -2.5 +5.6
and determined
concentration, %

Relative standard deviation 14.1 9.7 13.3 14.4 11.4 10.9 9.3
between laboratories, %

4. Conclusion

A gas chromatography with mass dectector (GC/MS) based procedure was studied for the
determination of CWAs. Aim of the study was to select suitable internal standard which would fulfill
the requirement of identical response ratios to the CWA and internal standard across GC/MS systems
used by the chemical laboratories of the FRS in the Czech Republic. We found that determination of
response factors from TIC chromatograms recorded in scan mode is not suitable. A standard which
would have identical response factor across the systems tested could only be identified in exceptional
cases; in fact, the response factor values highly differed in most cases. Optimal procedure was to use
EIC chromatogram extracted for a particular ion, extracting both CWA and internal standard peaks at
the same m/z ratio.

We were able to identify and verify a standard which exhibits a pronounced peak corresponding to the
same ion present in the CWA mass spectrum, and verified the useful concentration range for all studied
analytes. A simple determination procedure was developed: solutions of the CWA and the internal
standard whose concentration is within the linear range of chromatographic peak area as function of
the concentration were prepared, mixed in a 1:1 v/v ratio, and injected into the GC/MS system.
Constituents of the mixture were identified as usual, a chromatogram extracted at a particular m/z
value was generated, integrated and peak areas of the analyte and of the internal standard were
recorded.

This procedure can be performed on the GC/MS systems used by the FRS chemical laboratories,
namely on the Agilent 7890A/5975C, Agilent Intuvo 9000/5977B, and on the Bruker EM 640 GC/MS
system. The response factors are identical across these systems.
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The determination procedure was verified by accuracy and repeatability testing, and also by
reproducibility testing in a multilaboratory comparison. This testing indicated the determination
method yields accurate results and that the relative standard deviation does not exceed 15% which
corresponds to the precision of GC/MS-based determinations.

During the multilaboratory comparison in which seven CWAs were determined, only 4.4% out of 158
results overall were found inaccurate. Relative difference of known and determined concentration did
not exceed 8%.
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