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Abstract

52 coal ash samples from individual households were analyzed to determine the pH and the concentrations of four toxic
elements: arsenic, cadmium, lead and thallium. The method used was atomic absorption spectrometry with graphite-furnace
atomization. The ash samples originated from various coal grades and statistical analysis showed existing correlations
between the concentrations of studied elements, pH and the coal grades. The maximum concentrations of arsenic, cadmium,
lead and thallium were 50,900, 43,500, 128,900, and 6660 ug/kg, respectively. The results were compared with the published

data for the ash of industrial origin.
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Introduction

Hard coal has been widely used as a heat source in Poland
as well as worldwide. Despite the fact that in recent years
more attention has been given to renewable energy sources,
demand for hard coal still remains remarkable, despite cer-
tain environment-related drawbacks [1]. The hard coal con-
sumption in 2018 in Poland was 74.2 million tons in total,
and 13.5% of this amount (which is 10.0 million tons) was
consumed by individual households [2]. In comparison, in
the European Union, the hard coal consumption in 2018
reached 226 million tons (and 370 million tons of brown
coal) [3]. There is a wide variety of coal present on the
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market in Poland. It comes mostly from domestic mining but
the imported one is also available. The calorific value, which
is considered the most important parameter for household
use, strongly depends on the coal composition (mainly on
the ash, sulphur and moisture content). The more expensive
coal types have higher calorific values and lower ash content.
Also, thicker coal grades are usually more favourable due
to the easier handling (especially, for furnaces with manual
loading), but they are also more expensive than the thinner
grades. As a result, a wide variety of coal is being used by
individual users.

The amount of residual ash in coal depends on many fac-
tors (e.g. type and quality of the coal, burning conditions,
etc.) and in high-ash coal can exceed 50% [4]. According
to recent regulations in Polish law, most of the coal grades
being sold in Poland must not exceed the ash content of 12%
(with few exceptions) [5].

For industrial purposes, usually large coal-burning boil-
ers equipped with pulverizers are being used and the coal
used as a fuel is finely ground to optimize the burning rate
and heat production efficiency [6]. The amount of coal
combustion products from the industry have been used as
an auxiliary material, e.g. in road construction or concrete
production [6, 7]. For heating purposes in individual house-
holds, however, a much thicker grade of coal is usually used
and the resulting ash has virtually no application due to a
lower amount being produced and potentially high costs of
its collection.
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According to Polish law, coal ash produced in individual
households is a municipal waste and no special procedure for
its disposal exists (hence, it should be disposed of together
with other municipal waste) [8]. However, it can be observed,
that coal ash is being disposed of illegally in the fields, on the
local countryside roads as well as in the roadside ditches. Due
to the very limited data, the range of toxic metals content in
this material is not well known, as opposed to the industrial-
origin coal ash, which is a well-recognized material and it is
stored in the dedicated landfills. Combined with inappropriate
storage, toxic metals contained in the ash could possibly have
a hazardous impact on the environment, although in this study
we focus on the ash only and no leaching behavior was studied.

There are no specific rules for toxic metals content in
the municipal waste and thus they are not controlled from
this point of view as it is assumed that under normal cir-
cumstances, no toxic metals should be found in this type
of material. In our research, we focused on the elements
generally considered toxic ones. Among them, several have
been extensively studied for the past decades as the elements
of the environmental concern, including arsenic, lead, mer-
cury and cadmium [9]. For our study, we chose the elements
for which we had proper analytical tools (graphite-furnace
atomic absorption spectrometry). Thus, the choice of arse-
nic, cadmium and lead. Thallium was also included as it
has not been studied as often as the other elements and thus
could make a valuable contribution.

In environment-related publishing, much more attention
has been given to the coal ash originating from the industry
rather than the one from individual households. Thus, the
goal of the present study was to evaluate the content of four
toxic elements (namely: arsenic, cadmium, lead and thal-
lium) in the coal ash from individual households and to com-
pare the results with the available literature data. Statistical
analysis was employed to evaluate the possible correlation
structure of the results which could help in further charac-
terization of the household-origin coal ash. By organizing
and testing the results statistically, we aimed at the further
characterization of the coal ash of the household origin
based on the obtained data, particularly to see if the factors
such as coal grade have any influence on the trace levels of
toxic metals. For complete coal characterization, also major
components (e.g. Al, Si) should have been studied, but we
decided to focus on the toxic elements as their environmental
impact is predominant.

Materials and methods
Samples collection and pretreatment

The samples were collected between January and April 2018
from individual households which were using coal-powered
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furnaces for heating purposes. The ash samples in this study
consisted of waste material resulting from coal burning and
they were collected from the furnace bottom. They contained
coarse and fine particles as well as some slag. As this is the
material which is considered the ash from the individual
household, it was not further refined or separated, despite
containing multiple fractions (as opposite to, e.g. fly ash
from the industry, which is usually sourced from electro-
static precipitators and is much more homogenous material).
Altogether 52 ash samples were collected, each one with the
information about the size grade of the coal corresponding
to the ash. Four grades of the coal were encountered at the
furnace owners: lump coal (grade 1, approx. 120-200 mm
in diameter); nut coal (grade 2, approx. 25—-80 mm in diam-
eter); pea coal (grade 3, approx. 8—30 mm in diameter) and
culm (grade 4, below 6 mm in diameter). Prior to the analy-
sis, the ash samples were ground and dried (105 °C, 3 h).

Chemicals and glassware

All chemicals were of ultrapure grade. Ultrapure water
(£0,055 pS/cm, purification system by Polwater, Poland)
was used for all the operations. For wet digestion, quartz
beakers with quartz watch glasses were used, while the dilu-
tions were made in PMP (polymethylpenthene) volumetric
flasks.

pH measurements

The pH of water-soluble fraction was measured as follows:
5 g of the ash sample was mixed with 25 g of water and
the mixture was shaken for 1 h. The suspension was left
for 15 min and the supernatant was separated and filtered
through the syringe filter (0.7 um). The pH of the obtained
solution was measured with a pH meter (Elmetron CP-551,
Poland).

Wet digestion

For the determination of the four selected elements, wet
digestion of the samples was performed. Approx. 3 g of
each of the ash sample was placed in the beaker and 25 mL
of nitric acid (1 + 1) was poured in. The mixture, covered
with a watch glass, was heated just below the boiling point
for approx. 15 min. Next, 5 mL of nitric acid (14 1) was
poured in and the heating continued for another 30 min. At
this point, the majority of the samples ceased to release red
fumes which indicated the end of the process. For several
samples, however, additional amounts of nitric acid and
more heating time were required to complete the process.
At this point, the watch glass was removed and the mixture
was evaporated to a small volume (< 10 mL), diluted with
water, filtered through filter papers (Whatman 54) directly
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to the volumetric flasks and filled to the mark. As we did not
encounter any problems during the process, there was one
digestion per sample (i.e. no replications).

Measurements

The concentrations of studied elements in the digested
samples were determined using Agilent 240Z AA atomic
absorption spectrometer with graphite-furnace atomizer and
Zeeman background correction. Each measurement was exe-
cuted in 4 replicates. High-purity argon was used as an inert
gas. Working standards for calibration were prepared from
stock solutions containing 1000 mg-L~! of each individual
element (by Agilent).

Quality assurance

Together with the ash samples, two samples of the Certified
Reference Material (CRM) were subjected to wet digestion
(and further analysis) to provide quality assurance. Due to
the lack of the coal-ash CRM, the material chosen was SS1
Contaminated Soil (SPC Science, Canada) since its matrix
is reasonably comparable to the ash samples (complex and
inorganic). Also, two blank samples were included in the
analysis, to calculate the limit of detection (LOD) and limit
of quantification (LOQ). Since the SS1 CRM does not pro-
vide certified value for thallium, another CRM was used
(ESH3 Contaminated Water) to confirm the accuracy of
thallium measurements. One of the risks during the process
was losing the volatile elements (in our case mainly arsenic,
which can be partly lost when the mixture is overheated).
Using CRM, even if it differs in composition to a certain
extent, gives us information, whether the applied procedure
did not cause any losses.
The quality assurance results are presented in Table 1.

Statistical approach

Descriptive statistics were calculated for all parameters. For
the means coming from non-Gaussian populations, data

Table 1 The quality assurance results

were transformed in logarithms and retransformed after
calculations. The normality of the distribution of param-
eters was checked by Kolmogorov—Smirnov and Lilliefors
tests. Between-group comparisons were performed using
Kruskal-Wallis test with Dunn post hoc test. Differences
with p <0.05 were considered to be statistically significant.

Principal component analysis (PCA) was applied to reveal
the correlation structure between the parameters investigated
and to find possible similarities between the samples. Before
the use of this method, the variables were standardized. PCA
model evaluation was performed with the criterion that the
percentage of original variation of the predictor parameters
explained by the model should exceed 50%, and the corre-
sponding eigenvalues should be higher than 1. The param-
eters with large weights (absolute values > 0.3) in the PCA
model were assumed to be correlated with one another. For
the pairs of correlated parameters, obtained through PCA
approach, the associations between them were quantified
by calculating the correlation weights; i.e. for the pairs of
considered parameters, the algebraic products of their coor-
dinates and the cosines of the corresponding angles were
calculated. The “corresponding angle” was determined by
using the two lines connecting the origin of the coordina-
tive system with the points representing both parameters on
the PCA plot. Statistical analyses were performed using the
following packages: Statistica v.12 (Statsoft, Tulsa, Okla-
homa, USA; descriptive statistics, Kolmogorov—Smirnov
and Lilliefors tests, PCA diagrams), GraphPad InStat v.3.05
(GraphPad Software Inc., San Diego, California, USA;
Kruskal-Wallis test, Dunn test) and SIMCA-P v.9 (Umet-
rics, Umed, Sweden; PCA analysis). The correlation weights
were calculated using software delivered by MP System Co.
(Chrzan6w, Poland).

Results and discussion

Based on the results presented in Table 1, it was confirmed,
that the method applied provided analytical data of high
accuracy. Very good recoveries were obtained for all the

Parameter As [pg/kg] Cd [ug/kg] Pb [ug/kg] Tl [ug/kg]
CRM Certified value 20700 3200 764 000 1965
(Ist sample) Experimental value 22700+ 650 3400+62 741 300+ 34 400 1959+92
Recovery [%] 109.7 106.3 97.0 99.7
CRM Certified value 20700 3200 764 000 1965
(2nd sample) Experimental value 20 500+ 800 32204120 831920+ 15 140 1927435
Recovery [%] 99.0 100.6 108.9 98.1
Based on blank samples Limit of detection 691 1.38 18 51
Limit of quantification 1021 2.05 48 138
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elements while limits of quantifications were much lower
than any of the results.

The experimental results for arsenic, cadmium, lead and
thallium concentrations in ash samples are presented in
Table 2 together with the grade of the coal and pH of the
ashes. Concentrations are stated with expanded uncertain-
ties (k=2).

As presented in Table 2, the pH of all samples was above
9 (what is rather typical for coal ash) and for 26 samples
(50% of the total number) it was in the range of 12—13. The
lowest pH (9.22) was found for sample 01 while the high-
est (13.24) for sample 27. Presented results are in line with
existing literature data [10—13], though ashes with pH below
7 also exist [14].

For all studied elements, there was a large scatter of
results except for arsenic, for which IQR/median ratio was
below 1. For other elements this factor was above 1, being
particularly high for Pb (1.43) and for Cd (1.86), and moder-
ate for T1 (1.09). Arsenic and lead were found in relatively
high concentrations (mean: 12 128 pg/kg and 27 912 pg/kg,
respectively) while cadmium and thallium were less abun-
dant (mean: 358.7 pg/kg and 592.1 pg/kg, respectively).
There was no correlation between IQR/median ratios and
mean values of the above-mentioned elements.

Table 3 presents a comparison of our results with the lit-
erature data, mostly focused on the ash of industrial origin.
Either range of concentrations (if available) or mean concen-
trations of the studied elements are presented.

The results found in available literature, related to the
ash of industrial origin (presented in Table 3), are scat-
tered within a broad range and thus our results lie within
respective ranges. However, some authors reported very
high concentrations of lead (close to, or exceeding 1 g/kg)
and arsenic (over 5 g/kg) and the results of our study are at
least one order of magnitude lower than those maximum
values. Levels of cadmium from our study are compara-
ble with those found in industrial ashes, while thallium in
household-produced ashes is clearly less abundant. Appar-
ently, in all types of industrial ashes, arsenic and lead are the
most abundant elements with cadmium and thallium being
present in much lower concentrations. The number of results
of other authors related to household-originating ashes is
very limited, but still our results are comparable with those
mentioned in Table 4 [15]. The study of the phase composi-
tion of the ash from individual domestic furnaces showed
its multi-phase composition and a high amount of amor-
phous phase, which is hazardous to the environment due
to its water-solubility [16]. In the present study, there was
no leaching/elution investigation so we cannot directly state
that the toxic elements can be eluted when in contact with
water. The before-mentioned literature data, however, give
a certain premise to that, which means that illegal disposal
of the ash can pose a certain challenge for the environment.
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We found certain statistically significant differences
between parameters of ashes originating from different
grades of coal and they are presented in Table 5. Namely,
grade 1 differed from grade 3 in respect to pH, which was
significantly higher for the latter group. Arsenic concentra-
tion discriminated between grade land two other grades—
grade 2 and grade 4, being significantly higher for the first
grade. Cadmium concentration was lower for grade 4 as
compared with grade 2. Similarly, lead concentration was
lower for the same grade as compared with grade 1. Low
number of samples of grade 4 presumably precluded to show
other significant differences between this grade and others
studied.

The reasons for the differences revealed above are not
clear, though. The burning conditions certainly can be
altered by the grade of coal, which may result in different
ash composition. Higher coal grades (smaller pieces) are
more likely to be burnt completely which can facilitate the
evaporation of the volatile elements compared to the lower
coal grade (thicker pieces). If it proved to be a true effect it
would allow predictions on the toxic elements levels/ratios
depending on the coal grade. Still, the composition of the
coal seems to be the predominant factor affecting the ash
composition. Ash samples analysed in this study originated
from coal mined from various geological locations; thus, the
coal composition could vary significantly and the coal-grade
dependence should be considered a careful hypothesis only.

The content of the studied metals in the ash depends
mostly on their initial concentration in the coal and the
incineration conditions. However, it might also be depend-
ent on the composition of the coal matrix, as its certain com-
ponents might enhance or suppress the formation of volatile
compounds during incineration, which alters the concentra-
tion of the toxic metals in the ash. On the other hand, as
pH reflects the ash composition only to some degree (being
not very sensitive parameter to composition changes in this
case), and the link to the coal composition is even weaker,
we are careful with drawing strong conclusions from these
results.

To study pH-dependent differences among metal con-
centrations, the set of samples was divided into quartiles,
according to the pH values. We found a statistically sig-
nificant difference between the first pH quartile (pH below
11.22) and the third pH quartile (pH above 12.91) for lead
concentration (median values of lead concentration for
these quartiles: 77 606 ug/kg vs 26 895 pg/kg, respec-
tively). Thus, the higher pH values were associated with
lower concentrations of lead in the ash which might indi-
cate, that at higher pH the formation of more volatile lead
compounds and/or formation of higher amounts of such
compounds, is preferable. The comparison of the pH of
the supernatants and the lead content in the digested sam-
ples is difficult, as there are many other factors to include
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Table 3 Comparison of the experimental data with results of other authors
References As [ug/kg] Cd [ug/kg] Pb [ug/kg] TI [ug/kg]
Coal ash of [14] Fly ash 11 500 1200 41 100 2100
industrial Bottom ash 1 800 300 19 200 400
orgm [18] Fly ash 110 000141 800 18 600-34 900 20 100-1 192 500 28 100-64 500
Bottom ash 239 100-572 200 2 500-5 500 70 500-165 900 6 700-13 200
[19] Fly ash 190-350 600-930 7 600-35 300 -
Bottom ash 100-300 490-790 8 800-28 280 -
[20] FLY and bottom 311 100-5 155 000 500-2 460 27 800-60 500 2 300-32 500
[21] Fly ash - <800-11 720 36 600~759 000 760-16 400
[22] Fly ash 2 000-34 000 - 41 000276 000 2 00011 000
Coal ash from [15] Household-furnace 10 200-28 000 900 30 000-97 000 500
individual This work residual ash 2 230-50 920 1043 480 900-128 900 150-6 650
households

Table 4 Correlation weights based on PCA model (only correlation
weights with absolute values higher than 0.095 were shown). NS—
not significant

Pairs of Correlation weights Spearman correlation coef-
correlated ficients and significance level
parameters »)

Pb Tl 0.255 0.624 (p<0.001)

As Tl 0.188 0.471 (p<0.001)

Pb As 0.098 0.367 (p<0,010)

pH Pb -0.130 -0.542 (p<0.001)

pH Cd -0.154 NS

pH As -0.159 NS

pH Tl -0.208 NS

Cd As -0.226 NS

Table 5 Comparison between ashes originating from different coal
grades (the concentrations within each column marked with the same
letter in upper index differ significantly, p <0.05)

Coal Parameter (median and IQR*)
grade

pH As [ugrkg] Cd [ug/kg] Pb [ug/kg]
1 11.7 2.1 17,929 365.1(892.4) 38,692
(13,040)® (21,942)
12.6 (1.4) 9335 (6943)*  489.9 (811.9)* 22,757 (33,752)
12.9 (1.3)* 13,572 (5164) 258.5(297.0) 32,322 (23,117)
11.4 5551° 34.5° 4854

“IQR was not calculated for coal grade 4, as there were only 3 sam-
ples of that grade

(e.g. amphoteric properties of lead). Thus, further study is
required to generalize the conclusions. According to study
from 2012, the alkalinity of fly ash attenuates the release
of a large number of elements, including lead [17].

A statistically significant PCA model was constructed
for the experimental data. First principal component of this
model explained 44.6% and the second one 23.6% of the
original variation. The eigenvalues for the first two princi-
pal components of the model were equal to 2.23 and 1.18,
respectively. The correlation weights based on the PCA
model are shown in Table 4 together with corresponding
Spearman correlation coefficients, and the other results of
the PCA analysis are shown in Figs. 1 and 2.

First principal component was mainly loaded by Pb, TI,
As (negatively) and pH (positively). Second principal com-
ponent was determined predominantly by Cd (positively)
and As and pH (negatively). Figure 1 and Table 4 show the
positive correlation between Pb, As, and TI, which formed
a cluster of mutually positively correlated parameters. All
of them were negatively correlated with pH, which is addi-
tionally negatively correlated with Cd. Moreover, Cd was
strongly negatively correlated with As. The distribution of
the examined samples in the space determined by the first
two principal components (Fig. 2) showed that samples of
grade 3 were all right to line “a”, which corresponded to
higher values of pH. On the other hand, all samples of grade
2 and 4 were above the line “b”, which corresponded to
higher concentrations of cadmium (in grade 2) and lower
concentration of lead, arsenic and thallium (in both grades).
As these differences were nonsignificant, none grade formed
any strict separate cluster, Table 5.

Conclusions

Statistical analysis showed certain correlations between the
results, including correlations between the concentrations of
studied metals and the grade of the source coal. The levels
of concentrations of these metals found in the ash samples
from individual households are comparable with those in
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Fig.2 The distribution of samples on the plane defined by first two
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the ashes of industrial origin. Thus, from this point of view,
household-origin ash does not seem to be more hazardous to
the environment than the industrial one. On the other hand,
the leaching characteristics, which can be an important fac-
tor, were not studied in this research. It is also worth not-
ing that handling the ash (e.g. when unloading the furnace)
poses the risk of ingestion, in which case also the phase
composition and the total composition, apart from the toxic
metal content, are of major importance.
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