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Abstract: The subject of the article was the chemical analysis of gasoline and exhaust gas samples
taken from an urban two-wheeled vehicle. The main aim of the work was to identify chemical
compounds emitted by a group of urban two-wheeled vehicles depending on the engine’s operating
parameters. First, engine operating parameters and driving parameters of three urban two-wheeled
vehicles were measured in real operating conditions. Based on the averaged results, engine operating
points were determined for exhaust gas samples that were collected into Tedlar bags. The exhaust gas
composition of individual chemical substances obtained in the chromatographic separation process
were subjected to a detailed analysis relating the engine operating point with their emission rate,
with each individual component being assessed in terms of its impact on human health. The obtained
qualitative analysis results indicated the presence of alkenes, alkanes, aliphatic aldehydes, and
aromatic and cyclic hydrocarbons (cycloalkanes) in the tested samples. The experiments provided
a variety of conclusions relating to the operating parameters of a two-wheeler engine. Qualitative
assessment of exhaust samples showed that a two-wheeled vehicle was characterized by the most
varying composition of BTX aromatic hydrocarbons derivatives, which are particularly dangerous
to human health and life. Therefore, the authors suggest that in the future, approval procedures
regarding toxic emissions should be extended to include chromatographic tests. The presented results
are an extension of previous studies on toxic emissions from urban two-wheeled vehicles in real
operating conditions that were published in other journals.

Keywords: two-wheeled vehicles; emission; real driving conditions; chromatographic analysis

1. Introduction

Combustion engines emit complex mixtures of volatile organic compounds (VOCs)
and polycyclic aromatic hydrocarbons (PAHs). The European Commission Directive [1]
states that a volatile organic compound is any organic compound with an initial boiling
point less than or equal to 250 °C measured at a standard pressure of 1010.3 kPa. The
most numerous groups of VOCs include aliphatic hydrocarbons, cyclic hydrocarbons,
aromatic hydrocarbons, halogenated hydrocarbons, nitro hydrocarbons, alcohols, and
phenols. It is estimated that VOCs constitute 60% of all substances polluting the atmosphere,
while as many as 73% of them are on the list of carcinogenic compounds. They can
therefore cause a number of short- and long-term effects, ranging from the irritation of the
mucous membranes of the nose, eyes, and throat, headache, nausea, and dizziness to the
development of cancer and damage to the nervous system. Emissions of these compounds
in the range of 200-300 ng/m? are considered potentially harmful, while the range of
300-500 pg/m? is deemed harmful to human health. According to reports [2,3] by the
National (Poland) Center for Emission Balancing and Management, the main anthropogenic
source of VOCs with the second largest share (after the use of solvents and other products
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of this type) includes the transport sector. Polycyclic aromatic hydrocarbons, on the other
hand, are compounds consisting of two or more aromatic rings. They are characterized by
various structural forms with different relative positions of benzene rings in the molecule.
These compounds have strong genotoxic, mutagenic, and carcinogenic properties [4] and
are always present in a mixture, never individually. It is estimated that in India, 37% of
CO (carbon oxide) emissions and 17.5% of volatile organic compound (VOC) emissions
from transport are generated by two-wheelers. The cited data demonstrate the scale of the
problem of emissions from two-wheeled vehicles, although the scale varies depending on
the location.

Currently, the interdisciplinarity of scientific research is important, which enables a
multi-aspect approach to a selected issue. Therefore, the identification of toxic compounds
from motor vehicles in real operating conditions, in addition to tests using PEMS (Portable
Emission Measurement System) equipment, can be additionally undertaken with a quali-
tative chemical analysis [5]. Due to the fact that some semi-volatile organic compounds
emitted from motor vehicles (i.e., PAHs—polycyclic aromatic hydrocarbons) play a signifi-
cant role in the formation of photochemical smog and secondary organic aerosol, there is a
need to understand the sources and fate of these compounds in the atmosphere. Analyses
of this type require researchers to optimize sample collection and determine an appropriate
analytical method. A literature review showed that scientists use a number of available
methods of collecting research material and chromatographic methods, i.e., GC-MS [6-14],
LC-MS [15], TD-GC-MS [16] with sampling into sorbent tubes [14], feeding whole air or
raw exhaust gases into Tedlar bags [9,17-23], microextraction into the solid phase [24], or
the flame ionization method [25-27]. In the work of other research centers [22,23], volatile
organic compounds were collected from two-wheeled vehicles into a set of Tedlar bags.
Taking into account the current state of knowledge presented in the following chapters,
theoretical and laboratory work should be developed in the field to generate a more de-
tailed assessment of exhaust emissions. Therefore, the article presents a test procedure for
a two-wheeled vehicle, based on GC-MS analysis, in traffic conditions representative of
the tested vehicle. The methodology used, including the selection of specific operating
conditions, was a novelty in the field of this type of work.

2. Materials and Methods
2.1. Collection and Preparation of Measurement Samples

Research carried out in real operating conditions of three urban two-wheeled vehicles
using equipment from the PEMS group made it possible to determine the most frequently
used (in terms of overall duration) engine operating points [28-31] (Figure 1).
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Figure 1. Characteristics of the operating time density of three urban two-wheeled vehicles in real
operating conditions.
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Exhaust gas samples were collected at these operating points for further chromato-
graphic analysis. Based on the characteristics of the averaged results for all test vehicles,
it could be seen that the vehicles most often operated around idle speed. The share of
operating time in this parameter range amounted to 15% on average. The next two engine
operating points most frequently used by vehicles during research tests were the speed
ranges of 4250-4500 rpm and 65006750 rpm. Vehicle engines worked at these points for
an average of 6 and 8% of the entire test duration respectively.

Tests performed on a chassis dynamometer constitute simplified operating parameters
of the facility in real operating conditions. Exhaust gas samples were collected at a constant
vehicle speed—the area of variability in the object’s parameters (acceleration, deceleration,
and change of the road slope angle) was not taken into account. During the study, the
vehicle was simulated driving at a constant speed on flat terrain, taking into account the
driver’s load and vehicle resistance. Based on current readings from the dynamometer
and operational parameters from actual operation, it was assumed that the following
loads occurred at the measurement points: idle speed—(load 0%); 4250-4500 rpm—(load
45-55%); 65006750 rpm—(load 85-95%).

Significant ranges obtained during vehicle tests in real operating conditions made it
possible to determine the operating points of the test vehicle engine, which were recreated
under laboratory conditions in order to collect a sample of exhaust gases. Samples of
volatile organic compounds were taken from an urban two-wheeled vehicle belonging to
the L3e category. The moped was equipped with a four-stroke engine with a displacement
of 49 cm3 and a power of 2.5 kW. The vehicle was manufactured in 2013, so it complied
with the Euro 3 standard [32] (Table 1).

Table 1. Technical data of the tested vehicle.

Engine Type SI
Number and arrangement of cylinders, number of valves single cylinder, 2 valves
Displacement 49 cm3
Bore/stroke 37.8 mm/44 mm
Maximum power 2.5 kW /7000 rpm
Maximum torque 3.5 Nm/6750 rpm
Cooling liquid
Camshaft system ohc

During the research process, samples of exhaust gases were collected into Tedlar
testing bags. The moped tests were carried out on a chassis test bench designed for two-
wheeled vehicles testing. The DYNOmite motorcycle test stand was manufactured by
LAND&Sea (Concord, MA, USA). The device can record vehicle operating parameters
(instantaneous power, torque, speed, acceleration) and the distance traveled. The technical
data of the chassis dynamometer are presented in Table 2.

Table 2. Technical specifications of the dynamometer test bench.

Technical Parameter Data
Dynamometer Inertial
Maximum received power [kW] 59
Maximum received velocity [km/h] 180
Dimensions: length/width/height [mm] 1900/800/4200
Own weight [kg] 450
Software INERTIAL 3.0

Samples of volatile organic compounds were collected into special sampling bags,
two for each engine operating point, in order to average the results of subsequent chro-
matographic analysis. First, samples were taken from an urban two-wheeled vehicle while
running at idle speed for different engine thermal states: cold (Sample 1) and hot (Sample 2).
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Another sample was obtained at a crankshaft speed of 4250 rpm-4500 rpm (Sample 3), and
the last one was taken at an engine speed in the range of 6500 rpm—6750 rpm (Sample 4).
The measurement station also included a probe and a pump (Figure 2).

Pump
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Gas Sampling
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Dynamometer
station Tedlar bag

Figure 2. Measurement station for collecting exhaust gas samples.

The next stage was the preparation of the collected gas samples for chemical analysis
and recovery of research material, which involved collecting exhaust gases from test bags
onto a sorbent in the form of Tenax. An aspirator was used for this purpose, and the
exhaust gas flow was set at 20 mL/min. The aspirator technical data are provided (Table 3).
Due to the fact that volatile organic compounds contained in exhaust gases are photosen-
sitive, the samples were stored in brown bottles to minimize photolytic decomposition.
The sorbent fill—Tenax—was therefore contained in a copper sorbent tube. Tenax porous
polymers, based on 2,6 diphenyl-p-phenylene oxide, are widely used as an adsorbent in
both air collection and gas release applications. Its unique structure provides alternative
and desirable adsorption/desorption properties compared to other porous polymers [33].
Poly(2,6-diphenylphenylene oxide) is characterized by low leakage, low level of contami-
nation, and high thermal stability up to 350 °C. Figure 3 shows a diagram of the exhaust
gas collection process on the Tenax surface.

Table 3. Aspirator technical data.

Technical Parameter Data
Flow range [mL/min] 20-500
Flow stabilization [%] +5
Continuous operation time [h] minimum 8
Mass [g] 580
Operating temperature [°C] 045
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Figure 3. Scheme of sample collection on the Tenax surface.
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2.2. Measuring Equipment

The qualitative analysis of the components isolated using a capillary column with
a diameter of 0.25 mm was carried out and identified by gas chromatography (GC—gas
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chromatography) with thermal desorption (TD—thermal desorption) and mass spectrom-
etry (MS—mass spectrometry) from Perkin Elmer (Krakéw, Poland). The TD-GC-MS
technique makes it possible to determine the composition of mixtures containing up to
several hundred chemical compounds. Due to its universality, it is widely used, among oth-
ers, in agriculture and pharmaceuticals. The measurement process using the TD-GC-MS
technique is shown step by step in Figure 4.

injector

ATD
sample
inlet

control detector
electronics aplifier

— - | ]

mass
analyzer
detector " ion source

oven

pump vacuum system

! Pneumatic
MS controls GC

Figure 4. Schematic of the ATD-GC-MS measurement technique.

The Clarus 690 gas chromatograph (Perkin Elmer, Krakéw, Poland) used in this
research allows for a relatively quick and accurate analysis of complex substances in the
form of gases or vapors. The method of chromatographic analysis of a multi-component
gas involves separating the mixture into individual chemical components by migrating
them between the mobile phase and the stationary phase in the separation column and then
measuring the content of each of these components in the carrier gas at the column outlet.
The separation process in the chromatographic system was divided into two phases—the
mobile phase (carrier gas) and the stationary phase (column packed with a liquid coating
or appropriate material). The components were separated in a thermal process based
on each component’s differences in affinity for either phase. The gas chromatography
technique identifies individual components based on the location of chromatographic
peaks corresponding to specific substances and by determining their retention times. The
device used had a heating rate of 160 °C/min, while cooling from 450 °C to 50 °C took less
than 2 min. The temperature range of the chromatograph oven was 0—450 °C. All time and
temperature functions were controlled by a microprocessor.

The final qualitative analysis of the exhaust gas samples was performed by unambigu-
ous identification of individual components using mass spectra of the analyzed sample.
For this purpose, a Clarus SQ8 mass spectrometer (Perkin Elmer, Krakéw, Poland) was
used as a detector. The main advantage of this detector is that it allows the identification of
compounds based on mass-to-charge ratios (11/z) and the relative amounts of molecular
and fragment ions resulting from electronic ionization. Therefore, the identification of
a compound can be concluded by analyzing the MS spectrum and comparing it with a
commercial MS library. The device uses advanced technologies, thanks to which it is
characterized by high sensitivity and stability both in the case of analyses requiring only
identification, as well as in quantitative assessment. The speed of data collection enables the
registration of a large number of spectra in the mass range of 1-1200 amu, which allowed
for unambiguous identification and determination of the content of components based on
very narrow chromatographic peaks. Samples were dosed using a TurboMatrix 350 ATD
thermal desorber (Perkin Elmer, Krakéw, Poland) with automatic pneumatics and a feeder
for 50 sorption tubes (Figure 5). In the method used, the high frequency of measurements
was extremely important.
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Figure 5. View of the research equipment.

2.3. Conditions of Chromatographic Analysis

Qualitative analysis of samples taken from an urban two-wheeled vehicle was per-
formed at a gas flow of 30 mL/min and a dispenser temperature of 270 °C. The experiment
time for each sample was set at 34 min, and the temperature program of the oven and
column was defined as follows:

initial temperature: 50 °C, maintained for 2 min;

temperature level 1: 7 °C/min to reach a temperature of 160 °C;

temperature level 2: 10 °C/min to reach a temperature of 280 °C, maintained for
4.29 min (Figure 6).

300 ‘
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Figure 6. Temperature program of the oven and column.

3. Chromatographic Analysis of the Chemical Composition of Exhaust Gas Samples

The use of the gas chromatography—thermal desorption-mass spectrometry method
provides valuable information, primarily about volatile substances produced at particular
operating points of a gasoline-powered engine. The identification of exhaust compounds
(qualitative analysis) was carried out by locating chromatographic peaks of individual
substances and determining their retention time (Rt). A chromatogram was obtained for
each analyzed sample (Figure 7). Additional confirmation was provided by the analysis of
mass spectra (MS), which were compared with the commercial library of NIST (National
Institute of Standards and Technology). This enabled the final identification of compounds
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based on mass-to-charge ratios (1m/z) and the relative amounts of molecular and fragment
ions resulting from electronic ionization. Mass spectrometry is a method that allows the
determination of the molecular weight of a tested compound and the mass of fragments
resulting from its decay during ionization in a mass spectrometer. Thus, mass spectra
were compiled for the detected compounds with approximate retention times of Rt = 1.66
and 1.67.
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Figure 7. Chromatograms of exhaust gas samples from an urban two-wheeled vehicle at various
operating points of the combustion engine.

In the mass spectrum of 3,3-dimethyl-1,2-epoxybutane, the most visible molecular ion
had a mass-to-charge ratio m/z = 83, while for 4-methyl-1-heptene, the ion was measured
to have a ratio m/z = 42 (Figure 8a,b). The relative intensity was calculated in relation
to the ion with the highest measured intensity, which was taken as the main ion and
assigned an intensity of 100%. The intensities of the remaining peaks were then presented
as percentages relative to the main peak.

Table 4 shows the chemicals identified for all samples that were detected using the
measurement method described in Section 2. The tabular list of chemical components
contained in the gas samples obtained from an urban two-wheeled vehicle was additionally
supplemented with a literature review. Studies and scientific articles that discussed each
specific substance were analyzed. Their presence was recorded in chemical tests of samples
of pollutants from motor vehicles, which were described in the cited works.



Energies 2024, 17, 709

8of 17

(a)

Intensivity[%)]

(b)

Intensivity[%]

100

50

100

50

30

R, = 1.66

3,3-dimetthyl-1,2-epoxybutane

83
98
85
99
82 91 7
,,,,,,, 8o | 03 95 ||
85 90 95 100 105
m/z [-]
42
41
70
39
67 71
55
40 68
38 44 53 | 57 &1 U
...... ® 66 | [|1[73
40 50 60 70
m/z [-]

112 11
LTI i A
110 15 120
R,=1.67

4-methyl-1-heptene

8486

80 90 100

Figure 8. Mass spectra of eluted substances for retention times (a) 1.66 min (b) 1.67 min.

Table 4. Results of chromatographic analysis of exhaust gas samples.

Compound Summary Formula Structural Formula Molecular Weight [g/mol] [Ref.]

Alkenes

2-butene CaHg N Y 56.1 [16,21,34-36]

2-hexene Ce¢Hio N ) ’ 84.16 [17,34,35,37,38]

™ ,/
Alkanes
Octane CgHig I N N 114.23 [17,20,21,35,37-40]

Heptane C7Hig PN 100.21 [17,35,37]

Alkynes
1,5-Hexadiene CeHg 82.14 [41]
1,5-Heptadiene-3-in CyHg 92.14

[42]
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Table 4. Cont.
Compound Summary Formula Structural Formula Molecular Weight [g/mol] [Ref.]
Branched Alkanes
2,3-dimethylhexane CgHig T~ ‘\[ 114.23 [34,35,38,39,43]
2,4-dimethylpentane CyHqg 100.62 [35,39,44]
Branched Alkenes
4-methyl-1-heptene CgHie 112.2126 [21,35,38]
ST TS T T .
Aliphatic aldehydes
4-heptanal CyH,O 112.1696 [35]
X o —~_ 0
Ethers and cycloethers
Heptylhexyl ether Cq13Hps0 0 200.36 [45]
3,3-dimethyl-1,2-
epoxybutane Ce¢H120 P 100.161 [35,38,43]
: N
1,4-epoxycyclohexane CgH19O © 98.14 [35,39]
Aromatic hydrocarbons
Toluene C7Hg [ / ::' h 92.14 [16?4107 f ((,) 4271]’34_
Ethylbenzene CgHip 106.167 [16,%167 ’325? f&]’%_
m-Xylene CgHjp l/ \ 106.16 [16'?390 f 31’35_
N 16,17,20,21,34—
p-Xylene CgHyo \ () 106.16 L16,17.20. 4%
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Table 4. Cont.
Compound Summary Formula Structural Formula Molecular Weight [g/mol] [Ref.]
Kumen CoHyy 120.1916 [16,17,35,38,40]
benzoic acid CigH140, ‘ 240.30 [35]
o]
Butyl cyanoacetate CyH11NO;, Nl‘f{s\ 141.17 no data

The obtained results indicated the presence of volatile organic compounds in the
tested samples, including many aromatic and cyclic hydrocarbons (cycloalkanes). Qualita-
tive analysis did not reveal significant differences in the four samples obtained (Table 5).
Gasoline is a fuel that does not occur in the natural environment but is produced in primary
or destructive refining processes, which means that it consists of up to several hundred
substances with various physical and chemical properties. However, the main components
of gasoline include aliphatic hydrocarbons with carbon atoms ranging from 5 to 12 and
trace amounts of unsaturated and aromatic hydrocarbons. Therefore, alkenes and alkanes
were observed in all samples, regardless of the engine operating point, as they are the main
components of petroleum gases, i.e., butene, octane, heptane, hexene, and 3,3-dimethyl-1,2-
epoxybutane, formed as a result of the oxidation of 4-heptanal and 2,3-dimethylhexane.
These are primarily branched alkanes with long carbon chains and retention times of
1.66-1.95.

Table 5. Results of chromatographic analysis depending on the operating point of the engine of an
urban two-wheeler.

C d R Sample Number
m .
ompoun [min] 1 ) 3 1
2-butene 1.56 X X X X
3,3-dimethyl-1,2-epoxybutane 1.66 X X X X
2-hexene 1.67 X X X X
4-methyl-1-heptene 1.80 X X X X
2,3-dimethylhexane 1.82 X X X X
2,4-dimethylpentane 1.93 X X X X
4-heptanal 1.95 X X X X
Butyl cyanoacetate 2.07 X X X X
1,5-Hexadiene 2.28 X X X X
Sulfinylbutylamine 2.32 X X X X
Heptane 2.54 X X X X
1,4-epoxycyclohexane 2.80 X X X X
Heptylhexyl ether 2.83 X
Toluene 3.26 X X X X
1,5-heptadiene-3-in 3.36 X
Octane 3.70 X X X X
Ethylbenzene 4.77 X X X
m-Xylene 4.98 X X
p-Xylene 5.37 X X X X
Cumene 6.78 X X

Benzoic acid (2-methylphenyl)methyl ester 7.51 X X
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Gasoline components that were a product of crude oil distillation—4-methyl-1-heptene,
2,4-dimethylpentane, and 1,4-epoxycyclohexane—were also found in each of the analyzed
samples. Moreover, toxicologically important compounds in the composition of gasoline
were noted, defined as aromatic hydrocarbons from the BTX group (benzene, toluene, and
xylenes),their derivatives (cumene, phenylethane, and dimethylbenzene), and benzoic acid,
resulting from the oxidation of toluene.

The presence of these components in the exhaust gases may indicate incomplete
combustion and complex reactions in the engine combustion chamber. The qualitative
assessment of exhaust gas samples showed that the two-wheeled vehicle was characterized
by greater qualitative diversity depending on the engine operating point in the case of
aromatic hydrocarbon derivatives of the BTX group.

Ethylbenzene (phenylethane) with a retention time of 4.77 was not recorded in sample
no. 4 (crankshaft rotational speed in the range of 6500-6750 rpm). The high temperature
reached at this operating point resulted in a complete combustion of this compound.
Increasing the speed and, consequently, a more effective combustion process also resulted
in the lack of the presence of cumene (belonging to the group of aromatic hydrocarbons)
in the last two analyzed samples. A more efficient combustion process resulted in the
oxidation of aromatic hydrocarbons or their complete combustion, thus removing them
from the emissions. The compound 1,5-Heptadien-3-in also appeared only in sample no. 1.
Too low a temperature in the combustion chamber and cold walls and piston head were
the causes of the formation of this compound. This is referred to as the wall effect—where
the flame is dimmed near the cold walls of the combustion chamber.

In order to confirm the validity of the above considerations regarding the chemical
composition of a gaseous sample from an urban two-wheeled vehicle, a gasoline sample
was also analyzed to determine its detailed composition. The gas chromatography—mass
spectrometry method was also used in this case. The technique utilizes three primary
components: the separation power of high-resolution capillary gas chromatography, a mass
spectrometer with controlled ion source and ion fragmentation coefficients, and unique
data processing and reporting software. The method covers the range of hydrocarbons
from C4 to Cy; in gasoline.

There are a number of items in the literature regarding the gas chromatographic
analysis of gasoline and related petroleum products. Retention index databases and
computer software for detailed gasoline analysis are available from references [48-54]. Gas
chromatographic classification of liquid petroleum products is a well-established technique.
The primary parameters used to distinguish different classes of products include boiling
point range, aliphatic and aromatic hydrocarbon content, and the relative concentration of
major and minor components.

The analysis showed that the composition of gasoline is mainly light aliphatic hy-
drocarbons (butane, pentane, methylpentane, hexane, methylhexane, and heptane) and
aromatic compounds (toluene, xylenes, and trimethylbenzenes), with smaller amounts
of olefinic hydrocarbons (pentanes, hexenes, heptenes, octenes, and nonenes; Table 6). It
is worth noting that conventional combustion engine solutions use gasoline and diesel
oil, which are derivatives of crude oil. The approximate elemental structure of an average
crude oil sample is assumed to be 84% carbon, 14% hydrogen, 1-3% sulfur, and less than
1% nitrogen, oxygen atoms, metals, and salts. There is a wide range of hydrocarbon com-
pounds in crude oil consisting of alkanes, alkenes, naphthenes, and aromatics. These are
very small molecular structures, such as propane (C3Hg) and butane (C4Hj), but can also
consist of mixtures of different structures with very large molecules, such as heavy oils and
asphalt. Therefore, crude oil must be distilled to be used for automotive applications.

As a result of the thermal distillation of crude oil, petroleum products are obtained,
such as petroleum gases, aviation fuel, kerosene, gasoline, diesel 0il, heavy fuels, machine
oils, and asphalt. Generally, crude oil distillation produces on average 30% gasoline, 20-40%
diesel oil, 20% heavy fuel oil, and heavy oils from 10 to 20% [55]. The lack of derivatives
of many compounds in the tested samples from the urban two-wheeler was due to the
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combustion reaction taking place in the engine and the detection limit of the concentration
of some emitted substances. Additionally, the analysis time, which differed between the
analysis of a liquid substance (gasoline) and a gaseous substance, could also have played a
significant role.

Table 6. Results of chromatographic analysis of a liquid gasoline sample.

No. R¢ [min] Compound Name No. R¢ [min] Compound Name
1 3.24 isobutane 36 11.50 1,2-dimethylcyclopentane
2 3.35 2-butene 37 11.56 methylcyclohexane
3 3.41 n-butane 38 12.19 2,5-dimethylhexane
4 3.834 3-methyl-1-butene 39 13.39 3-ethylcyclopentene
5 4.02 isopentane 40 13.56 toluene
6 4.18 1-pentene 41 13.94 2,3-dimethylhexane
7 4.27 2-methyl-1-butene 42 14.04 2-ethyl-3-methyl-1-pentene
8 4.33 n-pentane 43 14.21 1-methylcyclohexane
9 4,63 2-methyl-2-butene 44 14.29 2-methylheptane
10 491 2,2-dimethylbutane 45 14.39 4-methylheptane
11 5.26 Cyclopentene 46 14.78 3-methylheptane
12 5.30 4-methyl-1-pentene 47 15.68 1-ethyl-3-methylcyclopentane
13 5.35 3-methyl-1-pentene 48 15.84 1-ethyl-3-methylcyclopentane
14 5.50 cyclopentane 49 16.43 4-octene
15 5.52 2,3-dimethylbutane 50 16.56 n-octane
16 5.59 2-methylpentane 51 19.24 2,5-dimethylheptane
17 5.95 3-methylpentane 52 20.08 Ethylbenzene
18 6.07 2-methyl-1-pentene 53 21.38 4-methyloctane
19 6.10 1-hexene 54 21.45 2-methyloctane
20 6.41 n-hexane 55 21.97 3-methyloctane
21 6.60 2-methyl-2-pentene 56 22.49 xylene
22 7.19 2,2-dimethylpentane 57 24.13 n-nonan
23 7.30 Methylcyclopentane 58 27.39 n-propylbenzene
24 7.39 2 4-dimethylpentane 59 28.64 1,3,5-trimethylbenzene
25 7.62 2,2,3-methylbutane 60 29.89 3-methylnonane
26 7.99 2,4-dimethyl-1-pentene 61 30.62 1,2 4-trimethylbenzene
27 8.11 1-methylcyclopentane 62 32.17 n-decane
28 8.16 benzene 63 32.77 1,2,3-trimethylbenzene
29 8.56 Cyclohexane 64 33.64 indan
30 8.86 2-methylhexane 65 35.02 1,3-diethylbenzene
31 9.13 cyclohexene 66 35.24 1-methyl-3-propylbenzene
32 9.26 3-methylhexane 67 37.03 Methyldecane
33 10.41 n-heptane 68 37.38 1,2-dimethyl-4-ethylbenzene
34 10.53 2-methyl-2-hexene 69 44.79 Naphthalene
35 10.75 3-ethyl-2-pentene

Of the identified volatile toxic compounds found in a sample from an urban two-
wheeler, almost half were aromatic compounds that are hazardous to health, including
benzene, toluene, xylenes, and ethylbenzene. Moreover, most of them take part in the
process of creating photochemical smog. VOCs can cause serious health effects such as
drowsiness, headaches and dizziness, irritation of mucous membranes, and permanent
damage to the liver or nervous system. Some of them are characterized by highly toxic,
carcinogenic, neurotoxic, or mutagenic properties. They enter the body through the skin,
respiratory, and digestive systems. Benzene and its derivatives are considered to be the
most toxic compounds detected in exhaust gas samples from urban two-wheeled vehicles.
Benzene is a simple aromatic hydrocarbon that causes both acute and chronic poisoning.
It usually occurs through the inhalation of vapors through the respiratory system, but
absorption through the skin and food intake are also possible. It may also lead to genetic
defects [55].
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Toluene, although much less toxic than benzene, is considered a compound harmful
to the respiratory, circulatory, reproductive, nervous, and immune systems, as well as the
kidneys and the liver. In the case of toluene, the nervous system is particularly vulnerable,
as toluene has a high affinity for tissues rich in lipids, in which it is soluble. Xylenes are
compounds from the BTX group, which, due to the lowest volatility and higher boiling
point, are considered safer than benzene and toluene. However, its unpleasant-smelling
vapors are extremely easily absorbed by the respiratory tract, mucous membranes, and
skin. Table 7 presents the types of hazards and the chemical compounds assigned to them
that were recorded in exhaust gas samples from two-wheeled vehicles [56].

Table 7. Types of threats to compounds detected in exhaust gases [33,56].

Chemical Compounds Type of Threat

3,3-dimethyl-1,2-epoxybutane
2-hexene
4-heptanal
Butyl cyanoacetate
1,5-Hexadiene
Heptane
Toluene It may cause less serious health effects
Octane
Ethylbenzene
m-Xylene
Cumene
4-methyl-1-heptene
2,4-dimethylpentane

2,3-dimethylhexane
1,5-Hexadiene
Heptane
Toluene
Octane
Ethylbenzene
Cumene
p-Xylene
m-Xylene
2,4-dimethylpentane
benzoic acid

May cause or are suspected of causing serious
health effects

2,3-dimethylhexane
1,5-Hexadiene
Ethylbenzene
Heptane
Octane
p-Xylene
Cumene
2,4-dimethylpentane

May cause environmental damage

Ethylbenzene
p-Xylene May cause death or toxicity with short
m-Xylene exposure to small amounts

1,4-epoxycyclohexane

Most of the substances detected in the tested exhaust gases, depending on the method
of exposure, may cause more or less serious health effects. For example, contact with
liquid heptane causes redness, rash, and dry skin and is irritating to the eyes, but short-
term exposure to heptane vapors may cause dizziness, headache, vomiting, a feeling of
intoxication, problems with motor coordination, and loss of consciousness. Moreover, after
entering water, heptane settles on solids in the water, including animals. For this reason,
it is defined as a compound that is highly toxic to aquatic organisms and causes negative
and long-lasting effects in the aquatic environment. Hexene, heptanal, 1,5-Hexadiene, and
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octane found in exhaust gases also have similar properties. The main way octane enters
organisms is through the inhalation of its vapors [56]. This aliphatic hydrocarbon mainly
affects the central nervous system; however, in case of aspiration, there are also symptoms
related to the respiratory system, i.e., cough, irritation of the upper respiratory tract, and in
extreme cases it may lead to hemorrhagic pneumonia and pleurisy [57,58].

4. Conclusions

e  The results of the qualitative analysis of chemical components indicate the presence of
alkenes, alkanes, aliphatic aldehydes, aromatic and cyclic hydrocarbons (cycloalkanes)
in the tested samples. Most of them have a negative impact on the environment as
well as on human health. However, it is not known whether the samples contained
significant or trace amounts. Therefore, further research is necessary, i.e., quantitative
analysis of exhaust gases from the discussed group of vehicles, taking into account
the specificity of the operation of urban two-wheeled vehicles. The literature review
showed a lack of this type of research for vehicles in this category.

e The qualitative assessment of exhaust gas samples showed that the two-wheeled
vehicle had a greater qualitative diversity depending on the engine operating point
(crankshaft rotation speed) in the case of derivatives of aromatic hydrocarbons from
the BTX group, which are particularly important in terms of toxicology.

o  The presented research and the obtained results showed that there is a need to extend
the approval tests of two-wheeled vehicles to include chromatographic analysis. The
authors suggest collecting exhaust gas samples while the engine is idling in cold and
hot thermal states for further chromatographic analysis.

e  The need to perform chromatographic analyzes in this type of approval process would
force manufacturers of two-wheeled vehicles to use design solutions aimed at meeting
specific permissible values of chemical compounds. As a consequence, the air quality
in many crowded urban centers would improve.

e  Due to the quality of their results, chromatographic tests should be used in other
scientific works. This may be particularly useful in assessing the use of solutions
aimed at reducing emissions, e.g., through the use of fuel mixtures or dual-fuel
systems [59-61].
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