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Abstract

The article presents research on the possibility of using troublesome waste such as: sewage sludge,
mineral fraction of municipal waste <10 mm, stabilizer after mechanical-biological processing (MBP),
carbon waste, glass - as a flux in the production of new light ceramic materials. Clay was used as the
basis of the material. In order to determine the possibility of using individual materials to produce
a ceramic material, the oxide composition of individual components was examined using the XRF
method. XRF analysis showed the presence of quartz and aluminosilicates in the materials, which
makes it possible to use these wastes to produce new materials. Then the waste was ground in a ball
mill and mixed in different proportions by adding water and three different materials were obtained.
Material A: clay, sewage sludge, waste water, glass. Material B: clay, mineral fraction of waste <10 mm,
flotation waste, glass. Material C: clay, stabilizer after mechanical-biological processing, post-mining
waste, glass. The materials were subjected to strength and absorbability tests. The most stable was
Material B. The highest variability of properties was observed in Material A. On the other hand, a high
heterogeneity was observed in Material C. The bulk density for all materials was 658kg/m? on average.

Keywords: circular economy, waste, sewage sludge, mineral fraction of municipal waste <10 mm,

stabilizer after mechanical-biological processing (MBP)

Introduction

Circular economy is a concept aimed at rational use
of resources and reduction of negative environmental
impact of manufactured products. These, in turn,

*e-mail: amgronba@kul.pl

should remain in the economy as long as possible, so
that the production of waste is minimized. Reduction of
waste generation, reuse and new products from waste
materials are priorities of a circular economy. The EU
legal tool supporting the transition to a circular economy
is to be the so-called waste package, i.e. the amendment
of 6 directives on waste management [1]. According to
the European Commission, some sectors face particular
challenges in the context of the circular economy, due
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to the characteristics of their products and value chains,
their environmental footprint and often dependence on
materials from outside Europe. According to official EU
statistics, in 2014 the total amount of waste generated
in EU countries by all economic sectors and households
was 2.5 billion tonnes. This was the highest amount
recorded between 2004 and 2014. Almost 35% of this
was waste from the construction sector. The mining
and quarrying sector is responsible for another 28%,
industrial production for 10% and wastewater treatment
for 9%. Houschold waste is only the fifth largest
waste stream in Europe, accounting for 8.3% of the
total waste generated in Europe. The management
of municipal waste will be particularly important as
it is for this waste that the European Commission is
proposing 65% recycling by 2035. According to figures
for 2014, as much as 54% of municipal waste in the EU
goes to landfill or thermal treatment. Only about 28% is
recycled and another 16% composted. In the light of the
above considerations, closing the circuits and reducing
waste from the construction, mining and municipal
sectors together with waste from sewage treatment
plants will be a priority for the coming years [2-4].

Sewage sludge is a product of urban or industrial
wastewater treatment plants. They are waste from
group 19 [5] or others depending on the type of
industry in which they are produced [6]. Until now,
they have been successfully used in agriculture as a
fertilizer [7], currently more and more restrictive legal
regulations prohibit the use of this waste in this way [8].
It is also impossible to store them. This encourages the
search for new ways to use it, taking into account its
possible qualitative composition [9]. One of them is the
incineration of sludge with energy recovery or pyrolysis
[10,11] but this is an expensive solution. Use of sewage
sludge in cement production as a co-fuel [12].

Also, other waste streams, e.g. coal, representing
50% of the generated waste [13] and flotation need new
solutions and applications. Most of them are used in
accordance with the law only as fillers for unfavorably
transformed areas [14, 15].

As a result of the processing of municipal waste
subjected to mechanical-biological treatment, there
remains a stabilization for which there is currently no
idea of further development [16]. The mineral fraction
<10 mm from municipal waste is rarely considered
a potential raw material [17], it is rather treated as
burdensome, difficult to manage waste. For these wastes
mixing with other materials in appropriate proportions
and producing new products seems to be the best
solution.

The above mentioned wastes have numerous
applications and possibilities of use in such a way as
to reduce their stream or harmful character. Merino
[18] has studied the ceramic properties of sludge ashes,
alone or mixed with additives (kaolin, montmorillonite,
ilolithic clay, powdered flat glass). Prepared samples
with different proportions of components were mixed
dry and wet and subjected to thermal treatment at

1200°C. Then they were checked for compressive
strength, density and water adsorption. Ravindra [19]
noted that the addition of ground glass can act as a
flux to lower the firing temperature during the ceramic
manufacturing process and reduce the leaching of
hazardous components by inerting. The paper [20]
presents a methodology in which dry sewage sludge
(DSS) was mixed as the main material with carbon
ash (CA) to produce lightweight aggregates. The use
of DSS improved the pyrolysis-stacking reaction due
to the high content of organic matter and reduced the
bulk density and sintering temperature. Sinter products
of unmodified DSS were porous and loose due to
the formation of large pores during sintering. The
addition of CA improved the sintering temperature,
while effectively reducing the size of the pores and
increasing the product’s compressive strength. Mazela
[21] investigated that it is possible to vitrify sewage
sludge, silica waste and waste glass together at 1100°C.
The thermal synthesis resulted in a material that meets
the standards for artificial aggregates. These studies
indicate the results of replacing clay with sewage sludge
in various proportions in the ceramic body [22]. Bricks
were produced with the addition of sewage sludge in
the amount of 10 to 40% of dry matter. The texture
and surface finish of clay bricks with the addition of
sewage sludge were rather weak. In terms of physical
and chemical properties, bricks with sewage sludge
content up to 40% of mass were able to meet the
relevant technical standards. However, bricks with a
sludge content of more than 30 % by weight are not
recommended [23]. The use of sludge, furnace slag
and fly ash in the production of clay bricks. Waste
materials were added to bird clay at a rate of 5%, 10%,
15%. 10 different mixtures with different proportions
of waste materials were produced. The sewage sludge
has a negative impact on the strength of the bricks. [24].
Latosinska [25] demonstrated that sewage sludge in a
5-20 % share can be used as bulking material. Their
presence allows to lower the firing temperature and the
share of clay in the mixture reduces the emission of
pollutants. Alternative lightweight aggregates were also
obtained by mixing waste components: hydrated sludge
containing certain amounts of combustible components,
waste silica dust from the production of aggregates
with a significant content of silica, crushed glass
waste [26]. There are also known patents: synthetic
aluminosilicate aggregates [26, 27] - combinations of
aluminosilicates with low and high calcium content
are used, construction elements are produced [26,
28] - sewage sludge is combined with natural clay,
foamed aggregate is produced [26, 29]- firing of a
mixture of raw clay or conifer shale with dehydrated
sewage sludge at 2000°C in a rotary kiln, production of
lightweight aggregates [26, 30] - creation of so-called
“pellets” from sewage sludge and volatile dust from the
combustion and sintering processes in a rotary kiln.
Wojcik [31] in laboratory tests, unconventional material
derived from sewage sludge, glass powder and quartz
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sand were achieved. Haiying [32] used fly ash from the
incineration of municipal solid waste (MSWI) as a mix
to produce ceramic bricks based on its characteristics. In
addition, the fired bricks made according to the optimal
mix ratio were characterized in terms of efficiency,
phase transformation, microstructure, heavy metal
leaching toxicity according to standards, XRD and
SEM analysis methods and leaching toxicity. Li Zanga
et al. discussed the effect of asbestos waste content
and sintering temperature on the phase composition,
microstructure and properties of porous glass ceramics
and explained the mechanism of pore formation [33].
Two waste materials from brick production, brick
rubble and brick microparticles, initially in terms of
chemical and mineralogical composition, together
with the characteristics of the brick body itself, were
examined. In the next stage, they were used in various
doses as bulk fillers for modified brick blocks [34].
Mahieux [35] compared two methods of testing the
mineral composition of ash from sewage sludge and fly
ash from solid waste incineration: based on calculations
using qualitative mineralogical composition of waste
in combination with physicochemical analyses and the
Rietveld method. The latter method uses only X-ray
diffractograms. The results obtained are consistent,
showing that it is possible to quantify the mineral
composition of complex mineral wastes using such
methods. Gronba [36] indicate, in the XRD analysis
of municipal sewage sludge, three main phases:
calcite, quartz, dolomite. This leads to the conclusion
that sludge can be wused to produce lightweight
aggregates.

The aim of this article is to present the use of clay as
a base material and waste: sewage sludge, stabilization
after mechanical-biological processing, mineral fraction
<10 mm from municipal waste, post-flotation waste
from coal and glass from municipal waste to produce
new material. This will allow for the reduction of the
quantitative stream, reduction of storage and related
environmental loads and production of new material.
This will reduce the amount of waste to be landfilled,
thus saving space on the final waste dump and
producing new material, while saving natural resources.
This is consistent with the concept of circular economy.
The article will present the possibilities of mixing these
types of waste, thus creating a new product, whose
properties must guarantee the possibility of its use.

Methods and Material

Proposals for the Use of Waste
- the Purpose of Research

The following methodology has been proposed to
achieve the objective:
— selection and examination of the properties of the
selected waste groups in terms of their potential use
for the production of new material - analyses XRF,

— choosing the right mixes for the production of new
material - based on the collected literature.

— creating a new product and testing its properties for
use as lightweight construction ceramics.

The following were selected for the study: till clay,
sewage sludge, mineral fraction <10 mm coming from
processing in municipal waste installations, stabilizer
after mechanical-biological processing, post-flotation
waste from coal mines, glass from selective collection
from inhabitants. With respect to the collected
literature, attempts were made to manage clay sewage
sludge in new ceramic materials. However, there is no
literature on attempts to utilise the mineral fraction of
waste <10 mm or stabiliser (MBP).

Methods and Materials - Research Methodology

Sampling of Waste and Additives - Identification
of Qualitative and Quantitative Composition

The research used wastes and additives, commonly
available for a selected region - Stalowa Wola (till clay,
cullet) and those that cause problems in disposal and
recycling (sewage sludge, mineral fraction, stabilizer
after mechanical-biological processing, flotation waste
from the processing of charcoal). All components were
analysed with XRF WDX spectrometer to determine
the composition of individual materials. XRF analyses
showed the presence of quartz and aluminosilicates
in the waste to give the possibility to use the waste in
building ceramics. The results are presented below in
tables.

Dumping clay - used as a base material for the
created material. This clay originates from the
Quaternary and is found on Miocene clays [37] and is
commonly used for brick making. From the analysis one
can read the dominance of mainly four oxides: silicon,
aluminium, iron and calcium. The results are presented
in Table 1.

Sewage sludge — hygienized, taken from the sewage
treatment plant in Stalowa Wola. Containing on
average 84% of water [38]. XRF WDX analyses show
the highest content of calcium oxide, phosphorus and
silicon, iron, sulphur, manganese and aluminium oxide
are found in smaller amounts. The results are presented
in Table 2.

Mineral fraction of municipal waste <10 mm -
originated from mixed municipal waste and obtained
from the winter season [39, 40]. According to the
analyses carried out, it contains the greatest amount of
oxides of silicon, calcium, sodium, aluminium and iron.
The results are presented in Table 3.

Stabilizer (MBP) — received after mechanical-
biological treatment of waste (MBP) obtained from
the Regional Municipal Waste Treatment Plant. The
composition is dominated by oxides of silicon, calcium
and aluminium. The results are presented in Table 4.

Post-flotation waste - containing on average about
50% of coal, taken from the “Murcki-Staszic” charcoal
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Table 1. XRF WDX analysis for clay.

Composition SiO, | ALO, | FeO, CaO K,0 MgO | Na,O Ti SO, P,O, Mn Ba
Content in % 60,6 17,8 6,63 6,57 3,62 2,8 0,65 | 0,54 | 0,32 | 0,264 | 0,12 | 0,04
Table 2. XRF WDX analysis for sewage sludge.
Composition CaO Pa,O SiO, FeO, SO, MgO | ALO, | K,O | Na,0 | TiO2 | ZnO Cl
Content in % 38,81 | 20,36 14,1 6,52 5,85 5,73 4,51 1,96 | 0,72 | 0,64 | 0,22 | 0,17
Table 3. XRF WDX analysis for mineral fraction of municipal waste <10 mm of the winter. season.
Composition Si0, | CaO | Na,O AL, Fe,O, MgO | KO | SO, Cl PO, | TiO, | ZnO
Content in % 70,3 | 11,8 | 4,25 4 3,42 1,41 1,35 | 1,28 0,85 0,44 | 0,34 | 0,27
Table 4. XRF WDX analysis for stabilizer after mechanical and biological processing of waste.
Composition Si0, | CaO | ALO, SO, Na,O MgO | Fe,O, | KO Cl TiO, | CuO
Content in % 73,7 9,3 5,4 3.4 2,01 1,68 1,2 1 0,9 0,8 0,5
Table 5. XRF WDX analysis for post-flotation waste.
Composition SiO, ALO, Fe O, K0 SO, | MgO CaO Na,O Ti P,0, Cl
Content in % 22 11,8 1,82 1,37 | 0,83 0,8 0,76 027 | 025 | 0,15 | 0,13
Table 6. XRF WDX analysis for glass from mixed municipal waste.
Composition Sio, CaO | NaO | ALO, | KO MgO | Fe,0, | CuO SO, BaO TiO, Cl
Content in % 69,9 15,6 9,44 1,77 1,33 0,94 0,31 0,19 0,15 0,07 0,05 0,05

mine. The XRF analysis (after deduction of coal) shows
the highest content of silicon, aluminium oxides. The
results are presented in Table 5.

Glass - unwashed, from segregated waste from the
installations/from the residents. XRF WDX analysis
shows the highest content of silicon, calcium and
sodium oxides. The results are presented in Table 6.

Preparation of Samples of Different Mixtures
for Preparing Waste Aggregates

In order to unify the morphological structure of
the mixture: clay, sewage sludge, mineral fraction,
stabilizer, post-flotation waste and glass were made:
drying of all taken materials in appropriate
proportions due to different water content in their
structures. The materials were placed in a laboratory
dryer and dried at 105.5°C for 12 hours,
in order to unify and shredding the materials and
make it easier to weigh and select the proportions,
the individual materials were milled successively in

the following mills: disc Pulverisette 13 then mono-
planetary Pulverisette 6,

the previously described mixture components were
mixed in the Pulverisette 6 mono-planetary mill in
appropriate proportions dividing it into three groups:
Material A, Material B, Material C, each of six tests.
The grouping for the creation of a new product was
based on the amount of predominant and variable waste
in the composition in each sample: The predominant
components in all materials were: clay, post-flotation
waste, glass. Variables: sewage sludge, mineral fraction
of municipal waste <10 mm, stabilizer after mechanical-
biological processing (MBP)

— Material A — base: clay, waste: mostly sewage sludge,
others are post-flotation waste and glass,

Material B — base: clay, waste: mostly, mineral
fraction of municipal waste <10 mm, others are post-
flotation waste and glass,

Material C — base: clay, waste: mostly stabilizer after
mechanical-biological processing (MBP), others are
post-flotation waste and glass.
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The proportions of individual samples are presented

in Figs 1,2,3.

After dry mixing of the components in the tests, a
sufficient amount of water was added to each test and
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stirred to produce a uniform cylindrical test material.
Eight 20 mm long and 10 mm diameter cylindrical
shaped specimens were formed for each test. The
samples were dried in a laboratory dryer for 12 hours at

Material A - proportions of the mixtures with sewage
sludge as a predominant waste (sample no. 1-6)
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Fig. 1. Material A - proportions of the mixture with predominant waste: sewage sludge.
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Material B - proportions of mixtures with mineral
fraction of municipal waste (<10 mm) as a predominant
waste (sample no. 1-6)
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Fig. 2. Material B - proportions of mixtures with predominant waste: mineral fraction of municipal waste <10 mm.
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Material C - proportions of mixtures with stabilizer after
mechanical-biological processing as a predominant
waste (sample no. 1-6)
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H clay [%]

M stabilizer after (MBP) [%]

M flotation waste [%] M glass [%]

Fig. 3. Material C - proportions of mixtures with predominant waste: stabilizer after mechanical-biological processing.
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Fig. 4, 5. Samples after firing and cooling down.

105.5°C. After drying the samples were fired in a muffle
furnace at 1100°C for 2 hours. This treatment was
performed in order to bind structurally and molecularly
clay particles with the remaining components. After
firing the samples were cooled. Fig 4, 5, shows an
example of a sample after firing and cooling down.

A new material has been obtained. It has the
character of a building material - aggregates which can
be used provided that the requirements for aggregates
are met. The average bulk density loose for all materials
was 658-728 kg/m3. Use of them will allow the
implementation of recycling and reduction of waste.

Then 5 samples from each test were subjected to
strength testing on an Instrom testing machine. The
specimen was crushed until the maximum load on
the specimen’s surface with a diameter of 10 mm was
reached and the load force was measured (in Newton
degrees). Fig. 6 below shows the strength test for one
specimen.

The remaining 3 samples were subjected to a
soaking test by soaking the samples daily in water then
calculating the difference in the weight of the samples

(cylinders). Below in Figs 7, 9, 11, was shown the
average results of analyses for individual groups.

Results and Discussion

The aim of the research was to produce a new
building material modelled on light ceramics from
clay with the addition of waste from the following
groups: sewage sludge, stabilizer after mechanical
and biological processing, mineral fraction from
municipal waste <10 mm, post-flotation waste from
charcoal mines and glass. The new material must meet
the quality requirements for it to be used and be in
demand.

On the basis of XRF WDX and XRD analyses basic
information was obtained concerning the particular
composition of waste groups: sewage sludge, mineral
fraction from municipal mixed waste and stabilizer
after mechanical and biological treatment. Additionally,
data characterizing these wastes were obtained in
combination with other materials such as till clay, post-

Fig. 6. Sample subjected to strength test [41].
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Material A - compressive strength [MPa]
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Fig. 7. Summary of average results for strength tests for Material A with predominant waste: sewage sludge.

Material A - water absorption [%]
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Fig. 8. Summary of average results for absorbability tests for Material A with predominant waste: sewage sludge.

flotation wastes and waste glass. The mechanism of
operation during thermal processing was also known.

The new material obtained in the recycling process
was subjected to tests of strength and absorbability
checking whether it is suitable for use as a building
aggregate. The results of the tests of waste aggregates
are presented in Figs 7, 8, 9, 10, 11, 12.

The data on Material A (with sewage sludge)
concerning compressive strength and absorbability,
presented in figures 7, 8, prove that the additives
that burn as a result of heating in the furnace cause
the formation of pores in the sinter to decrease
their compressive strength and specific gravity and
increase their porosity. These additives also reduce the
compressive strength more than three times with a 50%
content. For the same samples, however, absorbability
increased almost eight times. In the course of further
research, the aim should be to reduce the compression
strength less and at the same time increase the porosity
of the sinter which would make it possible to obtain
a material with the characteristics of lightweight
aggregate used for the production of lightweight

concretes with good compression strength. The analysis
of the obtained results leads to the conclusion that the
conducted research proves that it is possible to obtain
lightweight ceramic aggregate based on clay and
additives increasing porosity containing carbon in the
elemental and organic form.

The data on Material B (with a mineral fraction)
concerning compressive strength and absorbability,
presented in Figs 9, 10, prove that the additives that
burn as a result of heating in the furnace cause
the formation of pores in the sinter, lowering their
compressive  strength and specific gravity and
increasing their porosity, too. These additives have also
more than doubled their compressive strength at 50%
content. However, it is very interesting that for the same
samples the absorbability has also doubled. This shows
that there is little organic matter in the waste mineral
fraction. The lowest absorbability value was obtained
for sample 6 containing the most post-flotation waste,
which was the main supplier of coal as a captivating
factor. This leads to the important conclusion that
a mineral fraction can be added to clay if it contains
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Material B - compressive strength [MPa]

550 =
500
450 T
400
350
300
250
200
150
100

50

B w— [E— (S

Test | Test I Test 11l

[ =] b | Se—————
Test IV TestV Test VI

Fig. 9. Summary of average results for strength tests for Material B with predominant waste: mineral fraction.
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Fig. 10. Summary of average results for absorbability tests for Material B with predominant waste: mineral fraction.

enough organic matter. In the course of further research
the aim should be to reduce the compression strength
less and at the same time increase the porosity of the
sinter which would make it possible to obtain a material
with the characteristics of lightweight aggregate used
for the production of lightweight concretes with good
compression strength. The analysis of the obtained
results leads to the conclusion that the conducted
research proves that it is possible to obtain lightweight
ceramic aggregate based on clay and additives
increasing porosity containing carbon in the elemental
and organic form.

The results of tests for Material C (with stabilizer
after mechanical and biological processing), presented
in Figs 11, 12, showed problems encountered during
stabilizer management -such as heterogeneity and lack
of homogeneity. The conducted research revealed the
stabilizer’s ability to change during thermal treatment
(separately and with other admixtures). This gives
a new opportunity to adapt the product for its

subsequent use as a building material using the
stabilizer. Using research data, economic and
environmental benefits can be achieved through the
appropriate management of the product. This will
indicate a certain way of handling the stabilizer from
mechanical and biological treatment of waste, both
from an environmental point of view and will also
contribute to saving money that was spent on sewage
sludge disposal.

Summarizing the preliminary studies of the
obtained Materials (A, B, C) had an average bulk
density in the loose state of 658-728 kg/m?, such a low
bulk density not exceeding 1200 kg/m3 is characterized
by leucocyte [42]. The materials obtained in accordance
with the standard [43] fall within the compression
strength classes 0d 5 to 30. From the strength and
absorbability tests of Material A with sewage sludge
and Material C with stabilizer (MBP), that the addition
of these wastes above 20 % significantly deteriorates
the material properties and causes an increase in



Using Selected Types of Waste to Produce...

2081

Material C - compressive strength [MPa]
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Fig. 11. Summary of mean results of strength tests for Material C with predominant waste: stabilizer after mechanical-biological

processing (MBP).

Material C - water absorption [%]
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Fig. 12. Summary of mean results of absorbability tests for Material C with predominant waste: stabilizer after mechanical-biological

processing (MBP).

absorbability, the results obtained for these materials
are consistent with the results of research on this type
of materials from the literature review [22-26, 44-46].
According to the study, Material 2 with the mineral
fraction of municipal waste <10 mm turns out to be
the most stable and resistant to crushing with low
absorbency.

Conclusions

1. The implemented closed-loop economy poses
new challenges in the management of waste streams,
the possibility to use them as much as possible and to
reduce storage. Among the waste groups, where the EU
indicates the directions of management, the greatest
potential is observed for the groups of mining waste,
municipal waste and sewage sludge.

2. Sewage sludge, stabilizer after mechanical and
biological treatment and mineral fraction can be used

for production of light building materials. The presented
results of research and analysis indicate the possibility
of creating new products. The presented studies indicate
a good direction of use; however, the studies require
further research to find appropriate proportions of
mixtures.

3. It is proposed to increase the scope of further
research on the obtained material in terms of thermal
conductivity and leachability.

4. Preliminary research on “new” recycling -
creation of new building materials from problematic
waste: sewage sludge, mineral fraction <l0 mm of
municipal waste, stabilizer (MBP), post-flotation waste
are in accordance with the current concepts of “zero
waste” and maximum recycling.
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