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Abstract

Domestic waste combustion in central heating furnaces is illegal in many countries, including Poland, but unfortunately still
occurs. These activities have a negative influence on the environment and human health. The local nature of this process
makes it difficult to effectively counteract this phenomenon. Information campaigns about the impact of domestic waste
combustion in central heating furnaces, especially the impact on human health, are necessary, but undertaking parallel
control activities is much more important. To control activity, support is necessary to develop a suitable method to confirm
domestic waste combustion in central heating furnaces. In the present preliminary study, we have investigated two methods.
The first method is indirect, it is based on the analytical pyrolysis of organic residues in ash and provides direct information
on the type of plastic subjected to combustion. The second method is based on the principal component analysis (PCA)
of polycyclic aromatic hydrocarbon (PAH) concentrations in ash samples. Special attention was paid to sixteen PAHs:
naphthalene, acenaphthene, acenaphthylene, fluorene, anthracene, phenanthrene, fluoranthene, pyrene, chrysene, benzo(a)
anthracene, benzo(a)pyrene, benzo(e)pyrene, benzo(b+k)fluoranthene, dibenzo(a,h)anthracene+ indeno(1,2,3-cd)pyrene,
benzo(g,h,i)perylene, and perylene.

Keywords PAHs - Illegal domestic waste combustion - Pyrolytic gas chromatography

Introduction The total atmospheric emission of PAHs and PCDDs/
PCDFs coming exclusively from combustion processes

The combustion and co-combustion of domestic waste with  excluding industrial processes in Poland was estimated at

solid fossil fuels in individual central heating furnaces leads
to large quantities of atmospheric pollutants. This problem
has a local and intermittent nature and, for this reason, is dif-
ficult to detect and properly locate. Incomplete combustion
in central heating furnaces leads to the formation of soot and
fine dust particles (particulate matter, PM); carbon monox-
ide; volatile organic compounds (VOCs), such as benzene,
toluene and polycyclic aromatic hydrocarbons (PAHs), e.g.,
benzo(a)pyrene [1]; and polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDDs/PCDFs).
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86.8% and 49.9%, respectively, in 2012 [2]. Surveys con-
ducted in 2009-2012 [2] showed that on average, over 45%
of respondents in the study area admitted to waste com-
bustion in central heating furnaces. The most frequently
mentioned types of waste were furnace waste—bottom ash
(FW), multilayer barrier packaging, plastic bags, polyeth-
ylene terephthalate (PET) and other plastic packaging. In
addition to the mentioned wastes, in one individual heating
device, worn-out shoes, used tires, polyurethane foam and
even poly(vinyl) chloride (PVC) waste were also burned.
The average percentages of individual types of waste (in
the studied area) relative to the total waste used by polluters
who burn waste in individual heating devices are presented
in Fig. 1.

More than 95% of respondents admitted to burning waste
in the form of newspapers. On average, 50% of respondents
admitted to, at least once, burning waste containing plas-
tics, including PET and low-density polyethylene (LDPE).
Respectively, 39, 24 and 23% of respondents burned fabrics,
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Fig.1 The average percentages of combustion cases for individual types of waste [3]

varnished wood (lacquered wood) and diapers. Less than
10% of respondents burned polystyrene (PS), polyurethane
foam (PU), rubber waste (including waste tires) and PVC.

As mentioned above, waste combustion and co-combus-
tion in individual heating devices have a negative impact
on environmental and human health, and most importantly,
such behaviour is illegal. The only direct and completely
certain way to confirm the illicit combustion of waste in an
individual heating device would be to catch a person com-
mitting an offence “hot-handed”. This solution is impossible,
which is why indirect methods consisting of analysing the
status quo via citizens’ reports and routine/follow-up inspec-
tions by services authorized to do so are used to confirm
illicit combustion.

These indirect methods need to prove (with a greater or
lesser probability, depending on the method) that the phys-
icochemical properties of collected samples of, e.g., exhaust,
soot or ash, deviate from those of samples derived from the
combustion of pure fuel (biomass, hard coal or lignite).
These methods include the following:

visual exhaust assessment,
exhaust gas analysis,

soot analysis, and

ash analysis.

The first mentioned method, visual exhaust assessment, is
characterized by high technical feasibility and low cost but
unfortunately is also highly subjective.

@ Springer

For this reason, visual exhaust assessment is far from
unambiguous and cannot be used alone, for example, in
court proceedings. Visual and organoleptic assessment, i.e.,
the determination of a specific chemical odour of exhaust
gasses, which are often astringent, is the basis for the under-
taking of authorized actions by approved services (municipal
or other police) to control the furnace. The second method—
the chemical analysis of exhaust gas—is highly objective
and unequivocal and could be used to confirm waste com-
bustion in an individual heater. Unfortunately, this method
has some disadvantages, including low technical feasibility
in the case of a gas sample collected directly from a chimney
during combustion or co-combustion of waste. The second
problem is collective chimney flues; no evidence would be
able to indicate that a certain heating device connected to the
chimney draft is the emitter. Moreover, there are no appro-
priate standards or limit values for this type of exhaust, and
standards for waste combustion cannot be applied for this
purpose.

The same situation applies in the potential use of the
analysis of the chemical composition of soot. Soot, due to
its physicochemical properties, can absorb pollutants in
exhaust. Unfortunately, the composition of soot from col-
lective chimney ducts does not allow a specific emitter to be
identified. Additionally, there is no well-established knowl-
edge that would enable determining the time of formation
of individual soot layers that arise during the combustion of
fuels. In this case, every analysis of collected soot samples
would require an expert opinion.



Py-GC-MS and PCA Analysis Approach for the Detection of lllegal Waste Combustion Processes In... 1103

Another factor in the detection of the illegal waste com-
bustion process in central heating furnaces arises when
applying the results of chemical analysis of ash collected
from central heating furnaces. This method is the best, char-
acterized by technical feasibility (there are no problems with
the collection of FW from heating devices), the low cost
required to perform physicochemical analysis, unambiguous
results and the lack of legal contraindications.

A methodology to detect illegal combustion or co-com-
bustion of waste in individual heating devices should be
characterized by the following:

unequivocality,

technical feasibility,

low running costs, and.

compliance with applicable legal regulations.

A previous study conducted between 2012 and 2016 con-
firmed that it is possible to develop a classifier based on the
physicochemical properties of fuel to determine the type and
origin of the studied sample [4, 5].

Analysis of the chemical composition of FW (ash) by
inductively coupled plasma-optical emission spectrometry
(ICP-OES) can classify such waste and indicate whether the
waste was obtained from the combustion of household and
domestic wastes in an individual heating device. A meth-
odology for detecting the illegal combustion and co-com-
bustion of waste in personal heating devices was developed
and has been implemented in territorial units of the Silesian
district [6-9].

Classification analysis was carried out using the devel-
oped classification algorithm, consisting of a set of logical
rules, to qualify the examined FW into one of three classes:

e waste combustion in the individual furnace was excluded,

e no waste combustion was identified in the individual fur-
nace, or

e waste combustion in the individual furnace was identi-
fied.

This classification algorithm is characterized by an accu-
racy of FW classification of not less than 97% for conditions
where more than 10% m/m waste was burned as fuel [7].

We also attempted to improve our tool by utilizing two
analytical methods. The first method is based on extrac-
tion with organic solvents and subsequent analysis by gas
chromatography-mass spectrometry (GC-MS). The second
method is based on pyrolytic gas chromatography-time-
of-flight mass spectrometry (Pyro-GC-TOFMS). In both
cases, mass spectrometers were utilized as detectors. Special
attention was paid to sixteen PAHs: naphthene, acenaph-
thene, acenaphthylene, fluorene, anthracene, phenanthrene,
fluoranthene, pyrene, chrysene, benzo(a)anthracene,

benzo(a)pyrene, benzo(e)pyrene, benzo(b + k)fluoran-
thene, dibenzo(a,h)anthracene + indeno(1,2,3-cd)pyrene,
benzo(g,h,i)perylene, and perylene.

Materials and Method

For our study, a series of ash samples from pure hard coal
and municipal waste, such as textiles, waste furniture wood
and waste plastics, were prepared. Next, we prepared sam-
ples of ashes by combusting several types of municipal
waste, such as textiles, waste furniture wood and waste plas-
tics, with hard coal, coke and two different types of biomass
(oak wood and straw), in individual heating devices with
powers of up to 25 kW. All samples were obtained during
co-combustion at a mass ratio of 90% solid fuel and 10%
waste. Next, the ash was homogenized by grinding and siev-
ing (0.02 mm) to prepare analytical samples.
Two analytical approaches were then utilized:

e qualitative and quantitative analysis of PAH concentra-
tion by extraction with organic solvents and subsequent
GC analysis of the extract, and

e qualitative analysis of the organic residues in ash by
Pyro-GC-TOFMS.

PAH Analysis

1 g of ash sample was extracted with acetone (10 ml) and
dichloromethane (10 ml). Extractions were conducted by
using an ASE350 accelerated solvent extractor (Dionex).
The extract was concentrated to 1 ml by evaporation of the
solvent under reduced pressure. Prior to chromatographic
analysis, an internal standard was added: triphenylmethane
and 9,10-diphenyl anthracene in toluene. PAH concentra-
tions were determined with a FOCUS gas chromatograph
(Thermo-Scientific) coupled with a DSQ II quadrupole mass
spectrometer (Thermo-Scientific). Mass spectrometer: range
45-354 m/z, data collection rate 4 Hz, emission current
70 eV. Carrier: helium at 1 ml/min. Split-splitless injector:
split ratio 1:10, liner: glass liner packed with quartz wool.
Column: Rxi-5 ms, 30 m X 0.25 mm X 0.25 pm. Temperature
program: 0-5 min, 50 °C; 5-28 min, 10 °C/min to 280 °C;
28-60 min, 280 °C. Injector temperature: 280 °C.

Organic Residue Analysis
Analyses were conducted by using a Pegasus 4D (LECO)
equipped with a thermo desorption unit (TDU, Gerstel),

pyrolysis module (Pyro, Gerstel) and cooled injection
system (CIS-4, Gerstel). Pegasus 4D is a comprehensive
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two-dimensional GC-TOFMS system. For the purpose of
this study, the instrument was switched to one-dimensional
mode.

A 5 mg sample of ash was placed in a quartz tube reac-
tor, which was then inserted into the pyrolysis module.
The sample was heated to 700 °C at a rate of 5 °C/s and
kept at that temperature for 10 min. All vapours were
transferred to the CIS-4 (Gerstel) and kept at — 150 °C
(cooled with liquid nitrogen).

After the pyrolysis step, GC analysis started. The CIS
was heated to 280 °C at a rate of 110 °C/min and kept at
that temperature for 15 min. Mass spectrometer: range
45-650 m/z, data collection rate 10 Hz, emission current
70 eV. Carrier: helium at 1 ml/min. Injector: split ratio
1:15, liner: glass liner packed with quartz wool. Column:
Rxi-5 ms, 27 m X 0.25 mm X 0.25 pm. Temperature pro-
gram: 0-2 min, 50 °C; 2-25 min, 10 °C/min to 280 °C;
25-40 min, 280 °C. The quartz reactor with the ash sam-
ple remained in the pyrolysis module during the whole
GC run.

Principal Component Analysis

In the present study, we applied principal component
analysis (PCA) to analyse the data set of PAH concen-
trations in the selected solid FW. All calculations were
conducted using MATLAB [10] software. PCA is a very
efficient tool for analysing multidimensional data. This
method can be used to reduce the data dimensions and
create new transformed variables (principal components,
PCs). In PCA, the eigenvalues and eigenvectors are cal-
culated based on the covariance matrix of the original

Fig.2 Combustion of PET with
coal: analytical pyrolysis of an
ash sample
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variables [11, 12]. The new variables (PCs) are linear
combinations of the original variables, and in many
cases, a specific physical or chemical interpretation can
be described by the PCs [13, 14].

Results and Discussion

The first method for determining whether an ash sample
originated from the combustion of domestic wastes was
based on a direct search for organic residues in ash samples
that would indicate the combustion of plastic wastes. For
this study, we prepared three samples of ash by combustion
of 10% plastic and 90% coal in individual heating devices
with powers of up to 25 kW. The first two experiments were
conducted with PET bottles and PS chips. The third experi-
ment used mixed domestic wastes (mainly LDPE). Prior to
further analysis, the ash samples were milled and homog-
enized. Then, the ash samples were subjected to analytical
pyrolysis. GC analysis revealed that products of the thermal
decomposition of non-combusted plastic were still present in
the ash (Figs. 2, 3 and 4). These products provide informa-
tion not only about the combustion of illegal substances but
also about the type of burned material.

The total ion chromatograms of the coal and PET ash
samples obtained from pyrolysis are presented in Fig. 2,
and the molecular structures of the pyrolysis fragments are
listed in Table 1; these structures were confirmed by run-
ning a search program in a mass spectrometry database. In
the pyrolysis fragments of the studied sample, characteris-
tic peaks attributed mainly to benzoic acid and monoeth-
ylene phthalate appeared at 12.20 and 17.46 min, respec-
tively, implying that the test sample contains unburned PET

6)
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residues; this result has been confirmed by similar studies  is presented in Fig. 3, and the molecular structures of the
in this area [15, 16]. pyrolysis fragments are listed in Table 2. In this case, the

The total ion chromatogram for the second studied ash ~ most intensive peak, attributed mainly to styrene, appears at
sample, obtained by co-combustion of coal and PS waste,
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Table 1 Structures of pyrolysis fragments from an ash sample
obtained by co-combustion of coal and PET waste

Peak number in Retention time [min] Compound

Fig. 3

1 12.20 Benzoic acid

2 13.14 Methyl benzoic acid

3 14.32 Ethyl benzoic acid

4 14.68 Vinyl benzoic acid

5 14.71 (Chloroethyl) benzoate
6 17.46 Mono-vinyl phthalate

Table2 Structures of pyrolysis fragments from an ash sample
obtained by co-combustion of coal and PS waste

Peak number in Fig. 4 Retention time (min) Compound
3.86 Benzene
5.14 Toluene

3 7.10 Styrene

Table 3 Structures of pyrolysis fragments from an ash sample
obtained by co-combustion of coal and domestic wastes

Peak number in Retention time (min) Compound
Fig. 5
5.13 Toluene
2 6.3-7.6 Ethylbenzene
and dimethyl
benzenes
3 8.54 Phenol
9.3-10.5 Methylphenols
5 10.8-11.6 Dimethylphenols

7.10 min. This contaminant concentration in the ash implies
that the test sample contains unburned PS residue [17].

The last studied ash sample was obtained by co-combus-
tion of coal and mixed domestic wastes (mainly LDPE). The
total ion chromatogram is presented in Fig. 4a, b, and the
molecular structures of the pyrolysis fragments are listed in
Table 3. In this case, the most intensive peak corresponds
to n-alkanes and n-alk-1-enes, which do not occur in such
amounts and varieties in ash samples from coal combustion.
This contaminant concentration in the ash implies that the
test sample contains unburned polyolefin residues [17]. The
remaining peaks, attributed to benzene and phenol deriva-
tives, are due to thermal decomposition of phenolic resins.

The first method for determining whether an ash sam-
ple originates from the combustion of domestic wastes was
based on the analysis of PAH content.

Selected samples of ashes obtained from individual
heating devices with powers of up to 25 kW and by
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incineration in a laboratory muffle furnace were subjected
to PAH analysis by GC after extraction. The results of
this analysis are presented in Table 4. Samples marked
as coal ash, textile ash, textile ash #2 and furniture ash
were obtained by incineration in a laboratory muffle fur-
nace. Samples marked as FW from coal, FW from coal and
textile, FW from coal and textile #2, and FW from coal
and furniture waste were obtained from individual heating
devices with powers of up to 25 kW. There are significant
differences between the concentrations of PAHs in samples
obtained by the two different means. Primary compara-
tive data analysis does not resolve whether it is possible
to determine (based on PAH analysis) whether a tested
FW comes from combustion of clean fuel (hard coal or
biomass) or from the co-combustion of fuel and municipal
waste. Here, analytical data were used for PCA analysis,
and the results are presented graphically in Fig. 5.

PCA analysis correctly divided the tested group into two
classes depending on the preparation method: ash samples
obtained by waste and fuel co-combustion in an individual
heating device with a power of up to 25 kW (marked in
orange) and ash samples obtained by waste and fuel incin-
eration under laboratory conditions (marked in red). These
differences depended on the time, temperature and stability
conditions. In the case of ash sample incineration under lab-
oratory conditions, the temperature was uniform and stable,
and the residual time was always the same. For ash samples
obtained from individual heating devices with a power of
up to 25 kW, the conditions were more varied. The residual
time of ash in the heating zone strongly depended on the air
stream supplied to the furnace, and the temperature situa-
tion was similar. Therefore, these two types of ash sample
were very different from a chemical point of view, and thus
PCA was used.

The test samples were divided into two groups with
respect to the main component (PC 1). The concentrations
of all tested analytes yielded positive values of PC 1 (propor-
tionally), which means that the FW samples contain lower
amounts of PAHs than the samples obtained by incineration
under laboratory conditions.

To clarify, PCA analysis was conducted only for sam-
ples belonging to the first class—ash samples obtained in
individual heating devices with powers of up to 25 kW. The
results of the second analysis are presented in Fig. 6.

In addition, we performed a second PCA analysis, but
only for the set of ash samples selected by the previous
analysis. This analysis clearly shows that PAH analysis can
be used to indicate that an ash sample collected during the
inspection of individual heating devices with powers of up
to 25 kW resulted from the co-combustion of solid fuels
and household waste. Positive values of PC1, PC2 and PC3
strongly corelated with acenaphthene, acenaphthylene, flu-
orene and benzo(a)anthracene concentrations higher than
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Table 4 Concentrations of PAHs in the studied samples
Analyte (ug)/sample name Coal ash FW of coal Textile ash FW of coal Furniture FW of coal and Textile ash#2 FW of coal
and textile  ash furniture waste and textile #2
Naphthene 0.775 0.735 4.593 0.617 28.317 0.715 4.302 0.498
Acenaphthene 0.876 0.020 1.005 0.011 0.507 0.080 1.083 0.060
Acenaphthylene 1.019 0.090 1.302 0.154 1.182  0.172 1.343 0.164
Fluorene 1.479 0.005 1.356 <LOD 0.773 0.110 1.236 0.071
Phenanthrene 3.801 0.121 3.495 <LOD 2.846  0.159 2.820 0.141
Anthracene 1.356 0.042 15.993 0.050 0.279 0.357 8.660 <LOD
Fluoranthene 1.370 0.317 0.492 0.089 7.487 0.252 2.605 0.333
Pyrene 1.045 0.248 15.335 <LOD 16.769 0.851 15.372 0.251
Benzo(a)anthracene 2.063 0.066 6.767 0.035 10.955 0.885 <LOD 0.698
Chrysene 1.368 0.231 1.099 0.007 18.506  0.308 <LOD <LOD
Benzo(b + k)fluoranthene 2.287 8.036 23.140 6.702 28.517 <LOD 21.134 9.698
Benzo(e)pyrene 4.569 4.526 48.548 2.843 7.601 1.092 60.254 2.438
Benzo(a)pyrene 0.521 0.528 17.024 0.429 1.444  0.001 15.008 0.354
Perylene 0.285 0.283 6.584 <LOD 8.323 0.745 6.568 <LOD
Dibenzo(a,.h)anthra- 4.183 0.756 89.014 0.741 20.248 <LOD 93.149 1.722
cene +indeno(1,2,3-cd)
pyrene
Benzo(g,h,i)perylene 1.007 0.178 8.926 0.628 5.440 <LOD 0.898 0.000
Sum of PAH 28.006 16.181 244.673 12.307 159.192 5.727 234.431 16.429
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Fig.5 Projection of the objects (test samples) to the plane defined by the first three new PCs (red—ash samples incinerated in a laboratory muf-
fle furnace, orange—ash samples obtained in individual heating devices with powers of up to 25 kW)
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Fig.6 Projection of the objects (test samples) to the plane defined by the first three new PCs

those in the ash of pure hard coal. The first three molecules
are PAHs composed of three rings, including two aromatic
rings. Positive values of PC1 with simultaneous negative
values of PC2 and PC3 correspond to PAHs consisting of
only aromatic rings, which were found in higher concentra-
tions than in the ash from pure hard coal.

As shown in Fig. 6 the negative values of all three PCs
strongly corresponded to ash samples from pure hard coal
due to the significantly lower concentrations of the stud-
ied PAHs. For benzo(b + k)fluoranthene, benzo(e)pyrene,
benzo(e)pyrene and the total PAH concentrations, the values
were very similar in the studied ash samples.

Conclusions

In this preliminary study, we presented two analytical
approaches for determining illegal waste combustion in heat-
ing devices. The first method is based on analytical pyrolysis
and requires a GC coupled with an analytical pyrolyser. This

@ Springer

method was superior to the second method because it can
not only detect the combustion of plastic wastes, but also
provides some information about the type of plastic that was
burned.

The second method was based on ash sample extraction
and subsequent analysis of PAHs with GC-MS.

This method could be more widely applied than the first
method because it utilizes standard analytical equipment.
However, our research showed that this method is not suffi-
ciently accurate. This method appeared to be highly sensitive
to the combustion conditions. Incineration in a laboratory
muffle furnace resulted in ash that contained significantly
higher concentrations of PAHs than ash obtained from indi-
vidual heating devices with powers of up to 25 kW. There-
fore, future studies are needed to improve this method.
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