HU ISSN 2063-6792

MATERIALS SCIENCE AND ENGINEERING

A Publication of the University of Miskolc

Volume 44, Number 2

Miskolc University Press
2019



Editor Board:
Chair: Prof. dr. Arpad Bence Palotis

Secretary: Dr. Agnes Wopera

Members:

Prof. dr. Eric G. Eddings
Dr. Gyorgy Fegyverneki
Dr. Laszl6 Gomze

Prof. dr. C. Hakan Glr
Prof. dr. Tamas Kékesi
Dr. Janos Lakatos

Dr. Valéria Mertinger
Prof. dr. Zoltin Géacsi
Prof. dr. Andras Roosz
Dr. Judit Sévago

Dr. Tamas Szabo

Dr. Katalin Szemmelveisz

Editors: Dr. Agnes Wopera
Dr. Gabor Nagy



CONTENTS

Tamas Bubonyi-Zsuzsanna Banéczy—Péter Barkéczy:
Comparison of the Recrystallized Microstructure of 8006 and Al1.4Si Alloy

after Local Laser TreatmeNnt ..o 5
Rébert Géber—Roland Szabé—Istvan Kocserha:

Preparation of Geopolymer Foams Using Autoclave CUring.........ccoccvereeieiecneienenienn 13
Szilvia Gyongyosi—Laura Juhasz—Péter Barkoczy—Julianna Cseh:

Surface Phenomena and the Results of Chemical Analysis of Bronze Artefacts............. 23
Alexandra Hamza—-Andrea Simon:

Effect of Treated Aluminum Dross on the Properties of Foamed Concretes ................. 32
Nora Kucska—Zsolt Gulacsi:

Effect of Spin-Orbit Interaction on Surfaces and Interfaces ..........ccoooovvvenviiiinincnnns 43
Doéra Mentes—Helga Kovacs—Gabor Nagy—Csaba Péliska:

Investigation of Air Pollutants from Residential Heating .............ccocoooiviviiiiiiincicinne, 54
Dora Mentes—Emese Sebe—Andras A. Kallay—Csaba Péliska:

The Firing Properties of the Biofraction and RDF Pellets ..........cccocvviiiiiicncience, 67
Ferenc Mogyorédy:

Study of Electrodialytic Material Transport at the Electrolysis of Aqueous NaCl
Solutions Contaminated DY EPTC.......cooiiiiiiiiiieetes s 79






Materials Science and Engineering, Volume 44, No. 2 (2019), pp. 5-12.
DOI: 10.32974.mse.2019.001

COMPARISON OF THE RECRYSTALLIZED MICROSTRUTURE
OF 8006 AND AL1.4SI ALLOY AFTER LOCAL LASER TREATMENT

TAMAS BUBONYI:-ZSUZSANNA BANOCZY-PETER BARKOCZY!

LASER treatment is a widely used surface treatment method. An interesting application
where LASER treatment controls the recrystallization volume in cold rolled metals. In this
article, an EN AW 8006 and Al1.4Si cold rolled aluminum sheets were annealed by LASER
treatment, then the microstructures were compared. The scope is the possibilities of the ap-
plication of this method in case of the mentioned alloys. The study concentrates the compar-
ison of heat affected zones.

Keywords: Aluminum, LASER treatment, Recrystallization

INTRODUCTION

The LASER induced recrystallization was introduced earlier [1]. The processed vol-
ume become smaller and smaller with the fast industrial development. The scale of
the examinations became smaller and smaller, and the local treatments became in-
dustrial standards, and widely used technique. One surface modifying local treatment
is the LASER treatment. In this technology the treated area is illuminated by LASER
beam, which projects high energy into the material [2].

In case of metals, the introduced energy is so high, the metal can’t dissipate that
much, thus great heating rates are achievable. The treatment takes very short time,
and after it’s done, because the good the heat conduction and the small treated area,
the cooling rates are also large. It’s clearly visible why this method is so popular
nowadays, and why it’s good for local treatments. It’s used for cutting, welding sur-
face tempering [3], surface alloying [4] and for local annealing which will be intro-
duced in this study.

The dislocation density increment of cold rolled sheet metals shows relationship
with the extent of deformation. This extent can be counted as the height reduction of
the sheets. This means as thinner the sheet, the dislocation density is greater [5].
Atoms in the deformed metals are not in the lowest energy lattice position; therefore,
they have an excess energy which called stored energy [6]. In case of high extent of
deformation of aluminum alloy sheet, a little excess heat is enough for start the re-
covery (in case of low alloyed aluminums) and the recrystallization, the two main
phase transformation process of annealing [7]. The recovery means, the dislocations
are ordered into dislocation walls [8]. During the recovery the hardness of the sheets
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drops and subgrains formed inside the deformed grains. While this process cannot
observe in the microstructure by optical microscopy, the recrystallization can [9].
During recrystallization, new nuclei forms mainly at the grain boundaries of de-
formed grains, and it became growing. The greater the extent of deformation, the
amount of the new nuclei rises, resulting fine equiaxial microstructure. The other
parameter that affects the process is the temperature. Higher temperature means the
process can start earlier at the same reduction level, and at higher the temperature,
the microstructure is finer [10]. With LASER treatment, the applied heat can be con-
centrated into a local area, which means not the whole sheet will be recrystallized,
resulting a dual phase material. The temperature of the material is could not adjust
finely because of the mentioned fast heating and cooling. The parameters of the treat-
ment which can be adjustable is the power of the LASE beam, the velocity of the
movement of the beam, and the dislocation density — the thickness of the rolled alu-
minum sheet. Earlier published, that the border between the cutting and heat treat-
ment by LASER beam is narrow. There is a small technological window where the
behavior of the different sheet can be examined.

One problem in the case of aluminum treatment is its surface: it’s acts like a perfect
mirror and reflects more than 90% of the LASER beam’s energy [11]. To solve this
problem, it’s necessary to use some sort of graphite layer, which changes the surface
properties, and the aluminum became treatable with LASER. An earlier study intro-
duced that the surface of the unalloyed aluminum sheets partially melts at all level of
LASER beam energy [12]. This study will introduce the behavior and the microstruc-
ture of different kind of aluminum alloy sheets and compare the effect of alloying.

EN AW 8006 alloy is widely used in different kind of applications. The high Fe
content makes a high ductility of the material, so it is possible to roll thin foils from
this material. This contains small amount of manganese to achieve better microstruc-
tural properties. Due to the heterogeneous microstructure these foils can be used as
functional or structural material instead of packaging. Al1.4Si contains eutectic Si
particles, so the hardness of this alloy is higher, the ductility is not so good as the
previously introduced 8006 alloy. But the melting point is lower than the wrought
alloys, so it is good material for brazing thin sheets. The automotive industry uses
the rolled state of this alloy [13].

1. MATERIALS AND METHODS

Two different kind of aluminum alloys are treated by LASER beam. The iron content
of the EN AW 8006 is so high that certain amount of Al-AlFe eutectics form during
the DC slab casting. Al1.4Si is the same but Al-Si eutectic forms during the crystal-
lization. The nominal compositions are showed by Table 1.

Table 1
The compared aluminum alloys composition
Al Si Mn Fe Cu Mg Zn Ti
AlL.4Si 97.05 14 | 077 | 044 |o018] 0.8 0.036 0.02

EN AW 8006 97.8-946 | 04 01 | 1220 | 01 | 0.3-1.0 | 0.1-18 -
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The DC slabs hot rolled between 510-300 °C to 6mm in case of EN AW 8006 and
to 7. mm in case of Al1.4Si. Then the hot rolled sheets rolled to different thickness
by cold rolling. Samples were taken at 3.55 mm, 2.33 mm, 1.57 mm in case of EN
AW 8006 and at 3.8 mm, 2.55 mm and 1.8 mm in case of Al1.4Si.

The set-up of LASER treatment was introduced earlier. The surface of the alumi-
num sheets was sprayed by carbon-black than fixed between copper slabs, to increase
the heat capacity of the system to minimize the local melting of the treated surface.
The surface then irradiated by laser beam at a given power. Nd:YAG 2.7 kW LASER
was used. The LASER beam moved with a fixed 500 mm/min velocity (Figure 1).
The diameter of the LASER beam was 2 mm. The preliminary studies show a narrow
technological window therefore the LASER power adjusted with the thickness of the
sheets. Larger than 3 mm 1000 W, between 2 and 3 mm 900 W, between 1,5 and 2
mm 600 W, under 1,5 mm 450 W LASER power was applied.

The treatment was made in two direction related to the rolling. The movement of
the LASER beam in one case was parallel to the rolling direction, and perpendicular
to it in the other case.

Lézensugar
Al

Figure 1
The set-up of the LASER annealing. The alumina sheet fixed between copper slabs
the decrease the risk the heat accumulation in the sheet

Samples were taken from the irradiated sheets perpendicular and parallel to the
movement of the LASER beam. Metallographic samples prepared for optical micro-
scopic investigation. The samples grinded and polished mechanically. The grinding
made by SiC, diamond used as a polishing agent. The polished surface etched by
Struers LectroPol electrolytic device with Barker’s reagent. The microstructure ob-
served under polarized illumination. The examined area was so large that mosaic
image was necessary to make by a Zeiss Axiolmager M1m computer controlled op-
tical microscope. The images were evaluated and compared to reveal the effect of
the alloying to the microstructure.

2. RESULTS AND DISCUSSION

The microstructures of Figure 2 show the results of the LASER treatment in case of
EN AW 8006 while Figure 3 shows the same in the case of Al1.4Si. It can be seen
of the micrographs, that in all cases a partial melting can be observed. In case of
Al1.4Si the size of the molten pool is larger due to the lower melting point. In thin
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sheets the pool is as large as the thickness of the sheet. The molten pool is as deep
as nearly the half of the sheet thickness at EN AW 8006 alloy sheets, but the extent
of the columnar zone is higher. This difference originated that the Al1.4Si is really
an alloy for casting, not a real wrought alloy. The constitutional undercooling at alu-
minum iron alloy is larger. Another general observation that recrystallization occurs
at the heat affected zone. The grain size is nearly the same and extra fine compared
to the deformed or crystallized grains.

100 pm
Lo}

parallel 1.57 mm perpendicular

Figure 2
The microstructures of LASER treated EN AW 8006 sheets
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The extent of the heat affected zones is not visible on these images, so mosaic images
also were made, where the whole cross section of the examined sample was visible.
Figure 4 shows the mosaic images taken from the thinnest sheets. The heat affected
zone so large that whole cross section was recrystallized in one and a half distance
as the molten pool. But the applied LASER power in this case was the smallest.

paralell 1.2 mm perpendicular

Figure 3
The microstructures of LASER treated Al1.4Si sheets



10 Tamas Bubonyi—Zsuzsanna Banoczy—Péter Barkoczy

The heat affected zone at the smallest extent of deformation is quite small (Figure 5)
but the applied LASER power in these cases was the largest. At his samples the sand-
wich like structures is observable. This means that the microstructure is differs at the
surface area and the middle of the cross section. This structure is originated to the
hot-rolling. In that cases where the extent and rate of hot rolling was not proper in
the whole rolling this structure forms in the hot rolled sheets. After cold reductions
this difference in cross section remains. Probably this is not only a difference in the
microstructure but in the stored energy too.

Figure 4
The mosaic images of the microstructure of Al1.4Si 1.2 mm (up) and
EN AW 8006 1.57 mm (down) sheets

Figure 5
The mosaic image of the microstructure of Al1.4Si 3.8 mm sheet

Figure 6
The mosaic image of the EN AW 8006 2.3 mm sheet
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In the heat affected zone this difference does not cause any changes because of the
extreme large heating rate and temperature. But this sandwich like structure cannot
visible on the single micrographs.

The best result was achieved at the middle thickness where the applied LASER
power was 900 W. The depth of the molten pool is nearly the quarter of the sheet
thickness, but the extent of heat affected zone covers the whole cross section at the
three times distance as the size of the pool. This is true at both alloys. There is a
visible difference between the treatments parallel and perpendicular to the rolling
direction. The molten pool is larger in case of perpendicular treatment. This differ-
ence become smaller with the increasing thickness due to the larger conducted heat.

CONCLUSION

EN AW 8006 and Al1.4Si cold rolled sheets annealed by LASER beam. The treat-
ment performed parallel and perpendicular to the rolling direction of the sheets.
Sheets with different extent of deformation were treated. The LASER power was
adjusted to the sheet thickness. Thinner sheets were treated smaller power. The mi-
crostructure of the cross section of the sheets were compared. In all cases the sheets
are partially molten. The molten volume was the largest at the thinnest sheets due to
the small amount of conducted heat. In this case there are the largest difference be-
tween the parallel and perpendicular treatment. The size of the pool was larger in the
case of perpendicular treatment. At wide sheets, where the LASER power was the
largest the pool and the heat affected zone was the smallest. This was so small, that
do not cover the whole cross section. The best results were achieved with the medium
size sheets, where the pool was enough small, but the heat affected zone was enough
large to modify the local properties of the sheet in advance. The grain size in the heat
affected zone was extreme fine due to the large heating rate and temperature. Inho-
mogeneous Sandwich structure was observed in both alloys. This structure is origi-
nating to the not proper hot-rolling process. The inhomogeneous microstructure of
the cold rolled sheets hasn’t got a significant effect to the heat affected zone due to
the mentioned large heating rate and temperature.
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PREPARATION OF GEOPOLYMER FOAMS USING
AUTOCLAVE CURING

ROBERT GEBERL-ROLAND SZABO>-ISTVAN KOCSERHA?

Geopolymers are potential substitute materials of traditional building materials. Geopolymer
foams are also perspective materials for different foamed construction materials, like auto-
clave aerated concretes. In this research geopolymer foams (GPF) were prepared using fly
ash, sodium-hydroxide alkaline activator and aluminum paste as foaming agent. Different
curing conditions (curing in furnace and curing in autoclave) were applied on the samples.
Density and compressive strength were determined, SEM and FTIR tests were done on GPFs,
as well. The results show that compressive strength is highly affected by the pore forming
mechanisms, which influencing the porosity of GPF, however the autoclave curing has less
impact on the strength.
Keywords: autoclave, compressive strength, foam, FTIR, geopolymer

INTRODUCTION

Geopolymers are artificial materials, which can be an alternative for substituting
conventional concrete [1]. These materials are inorganic polymer-structured binders.
As source materials different aluminosilicate materials are used. For the geopoly-
merization reaction alkali activator is required, which is mixed together with raw
materials. During the mixing process exothermic reaction is occur, then a so-called
“artificial stone” is formed [2], [3]. As solid source different waste materials, by-
products (e.g. cuttings, brick powder, fly ash, red mud, concrete powder, blast fur-
nace slag) and natural sources (e.g. metakaolin) can be used, as well [4], [5], [6].
There are beneficial properties of these materials: fire and heat resistance, excellent
mechanical strength, low shrinkage, excellent immobilising capability of heavy met-
als [1].

Like concrete, geopolymers can be foamed, as well. In order to prepare low den-
sity, high porosity foamed materials, aluminum powder (or paste), or hydrogen-per-
oxide are generally used [7], [8], [9], [10], [11], [12], [13], [14], [15].

1 Institute of Ceramics and Polymer Engineering, University of Miskolc
H-3515 Miskolc-Egyetemvaros, Hungary
robert.geber@uni-miskolc.hu
2 Institute of Raw Material Preparation and Environmental Processing, University of Miskolc
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3 Institute of Ceramics and Polymer Engineering, University of Miskolc
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Researches are mainly focusing on the usability of different secondary raw materials
and industrial wastes (for example incinerator bottom ash, ground granulated blast
furnace slag, recycled aluminum foil) as geopolymer raw materials [16], [17], [18],
[19], [20] and curing conditions. However, there are only a few researches dealt with
autoclave cured foamed geopolymers. Table 1 summarizes the main results of these
researches.

Table 1
Curing method, conditions and some results of autoclaved geopolymers
Ref. Curing method Curing conditions Result of curing
bulk density decreased,;
Day 1: T=80°C, p =0.2 MPa water absorption
[21] Dry autoclave curing Day 2: T=80°C, p =0.2 MPa increased,;
Day 3: drying at 80 °C compressive strength
decreased
T=150°G compressive strength
[22] Autoclave curing p =2 MPag; Pr g
oo increased
curing time: 3 hours
T =80-120 °C; density of geopolymer
[23] Autoclave curing p =0.1 MPg; can be achieve:
curing time: 4-48 hours 1,000-1,700 kg/m?
. T=150°C; increase in compressive
[24] Autoclave curing curing time: 2 hours strength
Climatic chamber or
furnace or autoclave can curing time
[25] be used for harden the Tmin =40 °C gtn
. of geopolymer is shorter
geopolymer at higher
temperatures.
. . T=2380°C; increase in compressive
[26] Heating chamber or hot air p = 2.05 MPg; strength; decrease in
oven or autoclave AT o
curing time: 1-24 hours thermal conductivity

This study focuses on the autoclave curing in order to improve the properties of ge-
opolymer foams.

1. MATERIALS AND METHODS
1.1. Sample preparation

Geopolymer foams (GPF) were prepared using Class F type fly ash and sodium-
hydroxide (NaOH) alkaline activator. Fly ash was first dried before mixing after that
it was mixed with alkaline activator. Finally, aluminum paste (as a foaming agent)
was added to the mix. Standard mixing time was used until homogenous mortar was
obtained. After mixing, samples were poured into cylindrical plastic moulds with a
diameter of 55 mm and 100 mm of height. The samples were demoulded in the next
day, then were placed 1) into furnace for 6 hours at 60 °C (reference samples) and
2) into autoclave for 6 hours at different temperatures and pressures.
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1.2. Curing conditions

Geopolymer foam samples were cured using the following conditions according to
Table 2.

Table 2
Curing conditions of geopolymer foams
Curing method Curing conditions
Curing in furnace 60 °C
2 bar/60 °C 2 bar/75 °C 2 bar/90 °C
Curing in autoclave 4 bar/60 °C 4 bar/75 °C 4 bar/90 °C
7 bar/60 °C 7 bar/75 °C 7 bar/90 °C

In order to compare the influence of curing in furnace with autoclave, curing time in
furnace and in autoclave was set to 6 hours. The required temperature was reached
in the autoclave in 2 hours after that 4 hours of dwell time was applied. At the end
of curing passive cooling was used to reach room temperature.

1.3. Testing methods

Fourier-transformation infrared spectroscopy (FTIR) was applied to determine organic
components within the samples. FTIR analysis is an appropriate method to study the
structural evolution of amorphous alumino-silicates. Infrared absorption bands enable
the identification of structures and specific molecular components, as well. Bruker
Tensor 27 equipped with ATR cell was used to measure the absorbance of powdered
GPF samples. Background spectrum was measured at every single run. The resolution
was 4 cmL, sample scan time was set to 64 in the measuring range of 4000 cm~ —500
cm . To observe the microstructure and cell structure of GPF samples scanning elec-
tronmicroscopy was used (Hitachi TM-1000). Electronmicrographs were taken in dif-
ferent magnifications. Uniaxial compressive strength tests were done on GPF samples.
Instron 5566 type universal testing machine were used for mechanical tests. Cylindri-
cal samples were tested using 5 mm/min rate compression.

2. RESULTS AND DISCUSSION
2.1. Microstructure of geopolymer foams

Figure 1 shows the microstructure of geopolymer foams cured at different methods.
The SEM micrographs show the surface characteristics of extremas (reference sam-
ples cured in furnace; other samples cured in autoclave at 7 bars, 90 °C). In both
cases large cavities/cells can be shown, which were generated by the evolved H» gas
from the reaction of Al paste and water. The sizes of cells are varied from 50 um to
1 mm and the distribution of cells are inhomogeneous. Observing the microstructure
at higher magnification, a matrix can be seen, which attributes to the geopolymer
matrix. As it is shown, the structure of this matrix was changed by applying high
pressure and temperature. This matrix is more coherent, in which not dissolved fly
ash particles are taken place. It refers to a strengthened geopolymer structure.
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TM-1000_9969 X200 500 um TM-1000_9980 x250 300 um

Cured in furnace at 60 °C (M = 200X) Cured in autoclave at 90 °C, 7 bar
(M = 250X)

o e bl NINTRE A

TM-1000_9971 x500 200 um
Cured in furnace at 60 °C (M = 500X) Cured in autoclave at 90 °C, 7 bar
(M =1000X)

TM-1000_9976 x1.0k 100 um

TM-1000_9977 x5.0k 20 um

TM-1000_9973 x1.0k 100 um
Cured in furnace at 60 °C Cured in autoclave at 90 °C, 7 bar
(M =1000X) (M =5000X)

Figure 1
SEM micrographs of GPF samples cured at different conditions
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2.2. Fourier transformation infrared spectroscopy

As an example Figure 2 shows the FTIR spectras of geopolymer foams cured in
furnace and in autoclave at 7 bars. Table 3 contains the characteristic FTIR bands of
the prepared geopolymer foams.

o)

P
B
=

RUKER ¢

2323.40

(<D

furnace curing 0
Tbar 60.0

Tbar 75.0
Jbar 90.0

— 1645.03
— 1447.29
— 1002.21
— 55758

Absorbance Units
000 001 002 003 004 005 008 007

T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 2
FTIR spectras of GPF samples cured at different temperatures and 7 bar pressure

Table 3
Characteristic FTIR bands of geopolymer foams
Peak position [cm] Assighment
3,050-3,240 Stretching vibration (-OH, H-OH)
1,640-1,645 Asymmetric bending vibration (H-OH)
1,445-1,460 Stretching vibration (O-C-0)
995-1,005 Asymmetric stretching vibration (T-O-Si, T=Si or Al)
850 Si-0 stretching, OH bending (Si—OH)
775-790 Symmetric stretching vibration (Si—O-Si)
664-677 Symmetric stretching vibration (Si—O-Si and Al-0O-Al)
557-566 Symmetric stretching vibration (Si—O-Si and Al-O-Al)

According to Table 3 the following conclusion can be made. The peaks in the region
of 3,050-3,240 cm* belong to the stretching vibrations of -OH and H-OH of bound
water molecules, which are absorbed on the surface or entrapped in the large cells of
the foam structure. The peaks in the region of 995-1,005 cm™ are also confirm the
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formation of geopolymer material. The main peak on the spectras are attributed to
the Si—O stretching and OH bending vibrations and the asymmetric stretching vibra-
tions of T-O-Si (whereas T means tetrahedrally bonded Si or Al). In the lowest re-
gion (557-790 cm?) the symmetric stretching vibrations of Si—-O-Si and Al-O-Al
are represented. In the range of 1,445-1,460 cm™ the peaks attributed to the stretch-
ing vibrations of O—C-0. These peaks pointed out the presence of NaHCOs3, which
can be formed during the carbonation of NaOH solution in air.

The effect of curing temperature and pressure on the structure of geopolymer
foams can also observable. 2 bars and 4 bars of autoclaving pressure have not
changed the structure of geopolymer foams. In these cases, the same peaks were
detected with a little peak shifts, however, 7 bars of autoclaving pressure effected on
the structure. In the range of 557-1,002 cm no peaks were detected, which shows,
that there were no symmetric stretching vibrations of Si—-O-Si and AI-O-Al. Si-O
stretching and OH bending vibrations were not detected, as well. Generally speaking,
the higher the curing temperature the higher the intensity of peaks.

2.3. Density changes of geopolymers foams

As a foamed structure, density of geopolymer foams is an important property. As foamed
materials are mainly used as a thermal insulator, it is important to reach a low density
during production.

During the sample preparation the density of geopolymer foams were set to an
average density of 0.5 g/cm3. After curing in autoclave the dimensions and weight
were measured on the samples in order to determine their density. The average val-
ues are shown in Figure 3.

0.60
#— GPF cured in autoclave - 2 bar
o— GPF cured in autoclave - 4 bar
—4— GPF cured in autoclave - 7 bar A
0.55
iz
o
2
=
‘©
3 050
2o
0.45 r . .

Temperature (°C)

Figure 3
Density changes of geopolymer foams cured in autoclave
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It can be concluded, that curing pressure and temperature have an effect on the den-
sity of GPFs. Using 2 bars of pressure the density curve has a local maximum point
at T =75 °C. Inversely, with the increase of pressure up to 4 bars a local minimum
value can be shown at T = 75 °C, as well. 7 bars of autoclaving pressure unambigu-
ously increasing the density. According to this, there was some kind of change within
the GPF structure.

2.4. Compressive strength tests of geopolymer foams

As density, compressive strength is also an important material property of GPFs.
Figure 4 shows the results of uniaxial compressive strength tests.
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Figure 4
Compressive strength of geopolymer foams cured in autoclave

As it is shown in Figure 4 increasing the curing temperature up to 75 °C only the
samples cured at 4 bar were slightly increased. The highest curing temperature re-
sulted more decrease in the compressive strength, however at 7 bars of pressure com-
pressive strength was increased (Rm, 7 bar, 90 °c = 1.09 MPa).

It can be concluded, that there is no clear correlation between compressive
strength and density of samples cured in autoclave. Only at 90 °C and 7 bars of
pressure in the autoclave shows some correlation. The reason of this could be the
coherent geopolymer matrix, which were above mentioned.

CONCLUSION

The aim of this research was to study the effect of autoclaving curing on the proper-
ties of geopolymer foams. According to the results the following conclusion can be
made:
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The structure of the geopolymer matrix was changed by applying high pres-
sure (7 bars) and temperature (90 °C). These curing conditions resulted a
strengthened geopolymer structure. These changes cannot be observed at
lower temperatures and pressures.

7 bars of autoclaving pressure effected on the structure of geopolymer foams.
FTIR test results confirm, that in the range of 557-1,002 cm there were no
peaks detected, therefore structural changes occurred.

The highest compressive strength was reached at 7 bar at 90 °C, however au-
toclaving effects less on the compressive strength.

Overall it can be said, that using autoclave for curing geopolymer foams,
structural changes can be reach only at high pressure and high temperature.
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SURFACE PHENOMENA AND THE RESULTS
OF CHEMICAL ANALYSIS OF BRONZE ARTEFACTS
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The preferred method in natural scientific examination of Bronze-Age metallic artefacts is
non-destructive surface analysis. One of the scopes of this type of investigations is the chem-
ical analysis of the alloys. But the chemical composition of the surface is modified by surface
phenomena such as micro- and macro-segregations or corrosion. The chemical analysis alone
can show a different picture about the metal. This study collects and introduces some exam-
ples from a detailed research where the metallography of the objects shows different results
and reveals the origin of the differences in bulk and surface analysis.
Keywords: metallography, artefacts, chemical analysis, surface, bronze

INTRODUCTION

Segregation phenomena take place in metals during the processing, mainly at crys-
tallization and corrosion processes [1], [2]. Both processes have a great effect on the
microstructure and chemical composition of artefacts from Bronze Age [3]. This
early stage of metallurgy and processing technology could produce inhomogeneous
materials [4]. The long-term corrosion processes have a great effect on the surface
of the artefacts [5]. Therefore, every time the method of examination is a great ques-
tion. The metallographic observations and descriptions provide the detailed infor-
mation about the objects related to the microstructure and chemical composition [6].
Based on this data it is possible to describe the most probable production method.
Some information could be uncovered on the smelting of ores and alloying by the
analysis of inclusions and composition. Through the detailed testing of the corrosion
layer, additional information appears from the utilization of the objects or the burial
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customs [7]. The metallography of Bronze Age objects gives detailed data and a lot
of estimation could be made to excess the archeologic research based on them [8].
The only problem with metallography is that it is a destructive material testing
method, so the sampling of the objects is necessary. Additionally, to obtain the larg-
est amount of data the position of the sample is determined by the assumed pro-
cessing technique. The function, the shape and sometimes the surface defects show
the possible sequence of production steps [9]. Generally, the position of the samples
needs a large area to be destructed [10]. When the principles of heritage protection
are required to be taken into consideration, taking these kinds of samples is not al-
lowed. Sampling can also be prohibited in cases of special or unigue objects.

Modern analytical methods give the possibility to analyze the surface region
without sampling or without destructing the objects. Therefore, this method is cur-
rently preferred by the archaeometric studies. Based on these studies average com-
position is defined, and using this as the raw material composition, hierarchical data
clustering and analysis is performed. Another way to research the origin of the ma-
terial is the Sn or Pb isotope analysis and clustering [11]. The data from these studies
are sometimes confusing. Szabé [12] made a collection of analyzed data and shows
that the tin content of the Bronze Age artefacts is dramatically increasing when the
analyzed volume is decreased. These tests are made at the surface or close to the
surface and Szab¢ clearly shows that the cause of this phenomena is tin segregation
at the surface. Szabo estimates there are some technological specialties where this
can be reached artificially, however as presented in this study, the corrosion pro-
cesses are enough to cause it.

Another problem with these techniques and methods is that generally only the
chemical composition is revealed without any information on the microstructure.
The smelting, alloying and processing has a strong effect to the microstructure of the
forming phases. Without analyzing the phases, estimating the chemical composition
of the raw material, in this case the copper, is impossible. The local chemical analysis
is just a part of the necessary information. Due to heritage protection usually this is
the only possibility, but in this case, it is necessary to take this into consideration
during the interpretation of the data.

This study introduces this problem through the analysis of three objects from the
cemetery of Vértessz6l0s, excavated and studied by Julianna Cseh — Museum of
Tatabanya.

Metallographic sample was prepared from one object. This object is unique, but
it has great importance from an archeologic point of view. Therefore, the interest
overwrites the heritage protection. The samples were taken from a part of the objects
in a way that allows the full restoration of the objects. Sampling of other samples
was prohibited. In case of one sample it was possible to remove enough material to
study the composition of the bulk material and the surface together. The third sample
was examined with minimal preparation. The chemical composition of the samples
is compared in this article.
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1. MATERIALS AND METHODS

Three different artefacts from Vértessz6l6s cemetery were chosen: an anthropo-
morphic pendant, a wheel-like pendant and a disc headed pin. All of them are bronze
artefacts. A sample was taken from the anthropomorphic pendant for metallographic
examination. The cut surface of the sample was grinded and polished mechanically,
than immersion etching was made using a K.CrO4 and water solution. The sample
was examined by OM and SEM-EDS technique. Sampling of the wheel and the pin
was not allowed. A small surface area was grinded on both artefacts. The grinding
was made deep enough to reach the metallic material. This area was examined by
SEM-EDS. The local chemical composition was measured and compared after the
different sample preparation. A Zeiss Axiolmager optical- and a Hitachi S4300 CFE
electron microscope was used for the observation and analysis.

2. RESULTS AND DISCUSSION

Figure 1 shows the position of the sample taken from the anthropomorphic pendant
and it’s a low magnification optical micrograph. The estimated production technique
is casting and free hammering. Therefore, the largest area of the shape was chosen
for sampling where the effect of the hammering can be observed clearly. At first
sight a large corrosion layer can be observed. The thickness of the layer is ~0.5 mm.
A smooth transition zone was found between the corrosion layer and the bulk metal.
At larger magnification (Figure 2) a recrystallized microstructure appears with small
grains. This suggests a heating after cold hammering, which is a typical technologi-
cal method in this period. At higher magnification the composition difference caused
by the microsegregation during crystallization shows the original dendritic structure,
and within this structure the small recrystallized grains can be seen. Only a small
extent of cold hammering is assumed based on this. Additionally, this explain the
nature of the transition zone. The corrosion process was faster in the segregated
zones between the dendrite arms. The hammering makes the direction of the den-
drites perpendicular to the direction of hammering, so an elongated nature of the
transition zone also can be seen.

When visual examination shows metallic a surface, the measured composition is
the combination of the original composition of the metal and the corrosion layer. For
the accurate measurement the corrosion layer must be removed at 0.5 mm depth.
This destruction is comparable to sampling.

The chemical composition of the metal is measured in ACS1 area. The tin content
is 9.1 w/w%, which is normal in that case when the casting plays a significant role
in the production. This composition is near to the limit where the tin bronze can
plastically deform. Next to the tin a small amount of Sulphur (0.31 w/w%) and phos-
phorus (0.24 w/w%) content was measured which is originated to the smelting pro-
cess. 0.81 w/w% silver content can also be detected. Recently the assumed source of
silver is the copper ore.
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Figure 1
The position and the prepared surface of the metallographic sample are taken
from the anthropomorphic pendant

BSE1 13-Nov-17

Figure 2
Optical and SEM micrographs from the microstructure of antropomorhic pendant.
The areas of the local chemical analysis are signed of the SEM micrograph
by ACS1 and ACS2

Figure 3
The microstructure of the anthropomorphic pendant in lower and higher
magnification. The high magnification reveals the primary dendritic
structure driven corrosion process
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The chemical composition of the corrosion layer is measured at ACS2 area. The tin
content here is nearly double (15.6 w/w%). The phosphorus disappeared from the
layer; the Sulphur level is nearly the same (0.23 w/w%). The silver content increased
also dramatically to 2.35 w/w%. Several elements were detected and measured which
are not contained in the raw metal, these originate from to the soil: Mg, Al, Ti, Cr, Mn,
Co. The main problem is that such elements are also measured in the corrosion layer
which are used as an indicator of certain ore source. These are the Ni, Fe, Sb and As.
All these elements are treated as trace, and within a small range classify the metals.
But these metals are not detected in the raw metal. The surface and the bulk analysis
can classify the origin to two totally different source, if the extremely high tin and
silver content are not taken into consideration, because the microstructure cannot be
revealed by a surface analytical method. So, the fact of hammering in this case is un-
known, and the high tin content can suggest a casting process only.

In higher magnification due to the originally segregated metal, tin and silver par-
ticles can be seen in the corrosion layer. These metals segregate during the corrosion
reactions in this nearly pure form. These particles are quite small ones (1-3 um). But
as Szabo showed, the examined volume with the development of the equipment is
decreasing, therefore it is possible to measure extreme high tin and silver content in
this case.

This comparison of the surface region and the bulk metal shows a lot of questions.
Therefore, as a case study two other object were examined, but only at the surface of
the artefacts. Figure 4 show the wheel shaped pendant and the measurement set-up.
More corrosion layer was removed by grinding while the bronze metal appears to see
the previous study. Nearly a similar tin content was measured (8.3 w/w%). High As
(2.2 wiw%) an Ni (1.1 w/w%) content was also detected. It is hard to decide if this is
the real concentration, or the segregation increases the amount of these element.

Figu’re 4
The wheel-like pendant, and the measurement set-up at SEM chamber
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The advantage of the SEM-EDS technique is that visual information also available.
A map and a line analysis were made to study the distribution of the elements. The
bright area shows the metal, the dark area is the corrosion product on the surface of
the object. there is a grey transition zone where the thickness of the corrosion product
is smaller due to the curved surface. The map clearly shows the segregated region of
tin. The line scan proves that this area is the light grey band between the metal and
the corrosion product. The average copper concentration is the same as it was meas-
ured in the first analysis. Considering the copper distribution, when the copper con-
tent drops, the tin and oxygen content increase combined, so tin-oxide is assumed to
be present in the metallic surface. This indicates that deeper grinding would reveal
the real bulk metallic material a composition.

szf_szar
SE MAG: 35x HV: 20,0 kV WD: 20,1 mm

Figure 5
Local chemical analysis of wheel-like pendant by SEM-EDS, the right image shows
the element map of the signed rectangle

Figure 6
The element distribution along a line scan at the analysed area of wheel-like pendant
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A disc headed pin was measured. These kinds of objects are rare, therefore the pro-
tection is the main issue in this case. Sampling was not allowed, so the surface was
grinded cautiously, and just the necessary amount of material was removed until the
bronze colour became visible. Then the composition of the object was measured by
SEM-EDS (Figure 7). Extremely high tin content was measured (27.1 w/w%). The
colour of the alloy with such high tin content is white instead of the typical colour
of bronze. Additionally, the alloy containing so much tin would be brittle, and it is
impossible to deform plastically. Also, high arsenic (2.45 w/w%) and phosphorus
(0.77 wiw%) content was measured. Iron (0.46 w/w9%) and nickel (0.94 w/w%) were
also detected. The origin of these metals cannot be identified in this case. These ei-
ther can be contained from the metal or comes from the soil. The large aluminium
(1.57 w/w%) and silicon (2.92 w/w%) content surely originates from the soil and the
presence of these metals is due to the corrosion reactions. In this case the measured
concentration is far from the original concentrations and does not show an acceptable
picture about the object.

Figure 7
The position of the local chemical analysis of the disc headed pin and
the set-up of the measurement

The current study uses EDS analysis, but the results are independent from the meas-
uring technique, because the samples carry these composition differences them-
selves. This introduced problem with the concentration, and the question about the
accuracy exists in all testing method where the sample was analysed from the surface
region.

CONCLUSIONS

It is well known that the corrosion processes modify the concentration of the surface
region in metallic materials. It is frequently true in the case of Bronze Age objects
which went through a long-term corrosion and covered by a thick corrosion layer.
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The segregation processes which takes place during the manufacturing processes
also can modify the status, the structure and the thickness of the corrosion layers.
Therefore, without measuring the real thickness of the corrosion layer, there is no
chance to avoid the modification effects of the corrosion reactions, where some ele-
ments segregate and others disappear from the corrosion layer. If the measurement
of the real metallic concentration is the aim, it is necessary to remove the whole
corrosion layer when sampling is prohibited. In other cases, the metallographic anal-
ysis is the best way, where microstructural information also can be seen next to the
local concentrations. In current researches the concentration of the metals is used in
statistical analysis and comparisons to determine groups. In these cases, same ele-
ments are used as trace, which has small concentration. This study presented exam-
ples where the measurement in the surface layer can give a totally different picture
about the metal. In that cases where the heritage protection allowed the metallog-
raphy is the best way to analyze the metals and collect that information which helps
the statistical analysis and the work of archeologists.
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EFFECT OF TREATED ALUMINUM DROSS
ON THE PROPERTIES OF FOAMED CONCRETES

ALEXANDRA HAMZA'-ANDREA SIMON?

In this study, the effect of aluminum dross on the properties of concrete foams was investigated.
Concrete was foamed by adding diluted (30 wt%) H.O- solution. Before adding to the concrete,
aluminum dross was water leached to remove fluxing salt residues. Ordinary Portland Cement
(OPC) with a water/cement (wi/c) ratio of 0.45 and 5 wt% dross was mixed to form slurry.
Samples were cured in a humidity chamber for 28 days before the compressive strength tests.
Bulk density, porosity and thermal conductivity of the foams were also investigated.
Keywords: dross, foam concrete, microstructure, strength, thermal conductivity

INTRODUCTION

Nowadays great attention is paid to improve the thermal insulation of building materials
to meet the requirements of the increasingly strict energetic standards. One of the most
widespread building material is concrete whose thermal conductivity can be reduced by
the addition of various additives. Bulk density of load-bearing lightweight aggregate
concretes ranges from 800 to 2,000 kg/m® (MSZ EN 4798:2016) [1]. The lightweight
concrete of standard classification is shown in Table 1. In the production of lightweight
aggregate concretes, low density additives (such as expanded clay, polystyrene, ex-
panded perlite, etc.) are added to the slurry instead of the normal density additives [2].

Table 1
The range of body density tested according to MSZ EN 12390-7 [1]

The

range of D1.0 D1.2 D14 D16 D1.8 D2.0
body

density

kg/m® | 800 1,000 | 1,000 1200 | 1,200 1,400 | 1,400 1,600 | 1,600 1800 | 1,800 2,000

Lightweight concretes can be also made by increasing the porosity in the structure.
Closed pores with a diameter of up to 2 mm can be produced by the addition of gas
releasing or foaming additives. The latter is called foamed concrete, for which alumi-
num powder or HO; is used to produce [3]. Bulk density of foamed concretes used in
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the building and construction industry generally ranges from 500-1,200 kg/m?, with a
thermal conductivity from 0.15-0.45 W/m-K and a compressive strength varying be-
tween 1.5-6.5 MPa [4]. When aluminum powder is used as a foaming agent, hydrogen
gas is released by a chemical reaction in the alkaline medium of the slurry [5], [6]:

2 Al +2 OH + 4 H,0>2 AIO(OH)? + 3 H, )

The pH of the alkaline medium should be about 12.5 [7,8]. The mechanism of action of
the hydrogen peroxide is different, as H,O- is known to be a strong oxidizing agent in
which oxygen atoms are bonded to each other with a weak peroxo bond. Consequently,
hydrogen peroxide is thermodynamically unstable and decomposes as follows:

2H,0,=2H,0 + 0, @

This decomposition process is used to foam cement and concrete. It is important to mention
that cement foam is mostly produced without adding coarse grained sand. Hydrogen per-
oxide solution is stable at low pH, but decomposes at increasing alkalinity. Catalysts, such
as Fe?*, Cu?*, Mn?" and Co?", homolytically catalyze the decomposition [9]. As these met-
als are presented in every cement in different amounts, the foaming mechanism alternates
with the type of commercial cements.

In this study, the effect of treated aluminum dross on the properties of foamed concrete
was investigated. After that valuable metals have been extracted from the untreated dross,
the residue can be reusable by applying a proper treatment [10], [11], [12]. As salts have a
detrimental effect on construction and building materials, they have to be extracted from
the dross [13]. Physical salt attack is a deterioration process caused by the crystallization
of salts accumulated in the pores near to the evaporation surface of the concrete. The mech-
anism is called physical salt attack, because there is no chemical reaction between the con-
crete and the salt. Sodium sulfate, sodium carbonate and sodium chloride (in descending
order of aggression) are among those salts which are responsible for the physical damage
of concrete [14], [15], [16].

1. MATERIALS AND METHODS
1.1. Materials

For the research, Ordinary Portland Cement (OPC, CEM | 52.5 N) was used. This ce-
ment contains only clinker minerals and a small amount of gypsum that regulates the
hardening rate. Mineral composition of the cement and drosses was measured by X-Ray
Powder Diffraction with a Rigaku Miniflex Il instrument applying Cu Ko radiation in
the 20 range from 3° to 90°. The main phases of the cement (Figure 1) are hatrurite
[Cas(Si04)0], larnite [CaySiO4], portlandite [Ca(OH),], grossular [CasAlx(SiOs)s],
brownmillerite [Cax(Al,Fe).0s] and merwinite [CasMg(SiOs)2]. Drosses were treated
with a hydrometallurgical process to remove metallic aluminum and fluxing salt resi-
dues. Drosses were water leached one (1), two (I1) or three (1) times then ground to a
particle size below 250 um [17]. The composition of drosses did not change signifi-
cantly by increasing the number of leachings. The main components (Table 2) are spinel
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[MgO Al>04], corundum [Al>Os] and wurtzit [AIN]. The total amount of salt residues var-
ies between 1.6-2.6 wt%, which is not a significant amount.

SEM micrograph of the cement and treated drosses are shown in Figure 2. The ce-
ment powder shows a wide range of particle sizes having polyhedron shape. Dross
particles have rough, irregular surface which becomes smoother with the number of
leachings.

Table 2

Composition of drosses in wt% based on X-ray diffraction

Dross | Al20s | MgAL204 | AIN | CaF2 | NaCl | KCI | AI(OH)s | CaCOs | MgO | Other TS‘:I";"
| |2220| 5346 |19.25|0.83|1.41 |0.18| - 2.08 | 0.59 21‘*6';, 2.43
Il |2154| 5371 [17.66|0.70 | 1.50 |0.39| 1.40 | 2.40 | 0.09 21‘*;;, 2.56
Il |20.38| 52.82 |17.35/0.81|0.66 |0.10| 3.88 | 2.92 | 0.61 ;'nac'; 1.57
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1.2. Methods

5 wt% dross — relative to the weight of the cement — was added to the cement.
70 -70 -70 mm molds were used to prepare samples for the compressive strength
test. Prior to mixing, treated drosses were dried to constant weight in a laboratory
chamber dryer. After drying, it was found that dross particles were agglomerated
therefore it was necessary to crush them again using a porcelain mortar.

Dross and cement were manually dry mixed to homogeneous state. W/c (wa-
ter/cement) ratio was 0.45 for each mixture. The composition of the mixtures is sum-
marized in Table 3. After adding the appropriate amount of water, stirring was con-
tinued with an electric mixer until a homogeneous cement slurry was obtained. In
the next step, diluted (30 wt%) H.O as foaming agent was added to the cement
slurry at 4 wt% in relation to the weight of the cement. Incorporation of hydrogen
peroxide was carried out by intense mechanical stirring. Foamed slurry was poured
into molds coated previously with mold-releasing agent and then vibrated.

Table 3
The composition of the mixtures (I, 11 and 111 means the number of water leachings)
Materials Reference Dross | Dross 11 Dross 111
Cement [g] 1,200 1,200 1,200 1,200
w/c ratio 0.45 0.45 0.45 0.45
Foaming agent [wt%] 4 4 4 4
Dross [wt%] — 5 5 5

Figure 3
a) Foaming of the slurry b) Disassembly of molds

After that the foaming (Figure 3a) and hardening of the cement slurry had been fin-
ished, top of the samples were removed using a wire. After being kept in the mold
for one more day, samples were removed (Figure 3b) and placed into a vapour cham-
ber. The container was covered and samples had been cured for 28 days at 22 °C and
90% humidity.

Bulk density was calculated for three samples per mixtures. Samples were placed
into the drying chamber after curing and dried to constant weight. After drying, lengths
and weight of the cubes were measured and bulk density (kg/m®) was calculated as
mass per unit volume. Macrographs of the foamed samples were taken with a Canon
EOS 700D camera. Pore size analysis was performed on macrographs of the foamed
concretes using ImageJ free software. 10 measurements were averaged per sample.
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Thermal conductivity was characterized by C-Therm TCi Thermal Conductivity Ana-
lyzer using Modified Transient Plane Source (MTPS) technique. During measurement, a
known current is applied to the sensor that rises the temperature at the interface between
the sensor and the sample resulting a change in the voltage drop of the sensor. The thermal
conductivity is inversely proportional to the increment of the temperature. Six measure-
ments were averaged for every mixture.

Compressive strength tests were performed on cured cube specimens at 28 days. 3
samples were tested and averaged per mixture. Fractured surfaces were observed with a
Hitachi TM 1000 scanning electron microscope. In addition, the mineral composition of
the 28-day samples was examined by X-Ray diffraction, as illustrated in Figure 4. The
figure clearly shows that the formation of hydrate products is not influenced by the pres-
ence of the dross. The main components of the concrete foams are the phases originated
from the hydration of the cement. Besides, the main phases of the dross (spinel, corun-
dum and wurzite) are also found in small amount in samples containing dross.
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Figure 4
XRD patterns of 28 days concrete foams

2. RESULTS AND DISCUSSION
2.1. Bulk density and porosity

Bulk density results (Figure 5) show that adding the treated dross decreases the density
of the samples. Dross-free (reference) foamed concrete had the highest bulk density
(1,084 kg/m3). The greatest decrease (13.4%) was seen in foam containing three-washed
dross, which was reduced to 939 kg/m?. Samples containing dross — having a bulk den-
sity between 939.5-1,029 kg/m® — are in the range of combined lightweight concrete
considering that lightweight concretes have the following types: thermal insulating, load
bearing and combined (having both thermal insulating and load bearing functions) with
bulk density ranges between <200-600 kg/m?, 600-2,000 kg/m? and 600-1,600 kg/m?,
respectively [18].
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The AIN in the dross can react with the water as follows [12]:

AIN + 3H,0 = AI(OH)s + NHs 3)
AIN + 4H,0 = AI(OH)s + NH,OH (4)
AIN + NaOH +H,0 = NaAIO, + NHs (5)

During foaming, a strong pungent odour was smelled that may be caused by the releasing
of ammonia. The intense gas releasing reaction could enhance the foaming process.

1100 1084
1050 1029 1024
;:1000
2
g 950 939
o
x
= 900 I
850
Reference I Samples I n

Figure 5
Bulk density of the foamed concretes

Macrographs of the sample are shown on Figure 6. Reference, Dross | and 11 samples have
similar structures having pore sizes close to each other. From the pore size measurements
(Table 4), it can be concluded that these samples have quite similar mean pore size (0.78,
0.81 and 0.93 mm, respectively). Dross Il presented the narrowest pore size distribution.
The mean pore size of Dross 111 was nearly twice as that of any other sample. The mini-
mum and maximum pore size also increased with the number of water leachings.

Figure 6
Macrograph of a) Reference (dross-free) b) Dross I ¢) Dross Il d) Dross I11 sample
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Based on the pore size measurements and the macrographs, it can be seen that Dross | and
reference sample had dense, homogenous structure. Apart from some big sized pores,
Dross Il sample also has quite homogenous structure.

Table 4
Average pore size of the foamed concretes
Sample coding Pore size
Mean [mm] Min [mm] Max [mm]
Reference 0.78 0.23 2.74
| 0.81 0.17 2.33
I 0.93 0.19 3.11
Il 1.72 0.23 3.39

2.2. Thermal conductivity

Thermal conductivity plays an important role in the properties of thermal insulating
materials. Results are illustrated on Figure 7. Just as the bulk density, reference sample
has the highest thermal conductivity (0.07 W/m-K) which means it is the worst insu-
lator among the samples. Dross | and Il samples have the same result (0.06 W/m-K),
while dross 111 sample has the lowest value (0.05 W/m-K) meaning it has the best
thermal insulating properties. Thermal conductivity and bulk density are directly pro-
portional to each other. Based on our results, these samples meet the requirements of
the best thermal insulating concrete.
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Thermal conductivity and compressive strength of the foamed concretes

2.3. Compressive strength

In case of lightweight concrete, the compressive strength is lower than that of normal
concrete, due to the higher porosity and the lower density. Compressive strength of the
lightweight concrete ranges from <2.5 to 5.0 MPa and from 5.0 to >15 MPa for thermal
insulating and load bearing lightweight concretes, respectively [18]. Strength of the
samples (Figure 7) varied between 7.1-2.2. MPa. Reference sample had the highest
strength (7.1 MPa) which may be due to the denser structure indicated by the higher
bulk density. Unlike the density and thermal conductivity results, Dross | and 1l sam-
ples has quite different strength (5.4 and 3.1 MPa, respectively). Lowest strength (2.2



Effect of treated aluminum dross on the properties of foamed concretes 39

MPa) belongs to dross 111 sample that corresponds well with the low density. The sur-
face roughness and the specific surface area of the dross particles, which is decreasing
with the number of water leaching, may affect the bonding between the cement-dross
particles thus the compressive strength of the foam decreases.

Addition of dross unambiguously decreases the strength of the foams, which may be
caused by the uncontrolled process of additional gas releasement caused by the reactions
of AIN. Reference and Dross | samples meet the aforementioned requirements of load
bearing lightweight concretes, while Dross 11 and 111 can be qualified to thermal insulators.

2.4. Fractograps
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Figure 8
SEM fractographs of concrete foams at 200x, 500x and 2000x magnification
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Microstructure of the concrete foams has changed with the number of water
leachings (Figure 8).

Both fiber and sheet shaped hydrate products which are typically ettringite and
calcium silicate hydrate compounds can be seen. During the hardening of the cement,
gypsum was also formed.

CONCLUSION

In this study, the effect of treated aluminum dross on the properties of foamed con-
crete was investigated. Drosses have been treated with one (1), two (1) or three (I11)
water leachings before adding to the concrete. Due to the leaching, the initial rough,
irregular surface becomes smoother. The main components of the treated drosses
were spinel [MgO-Al;Oz], corundum [Al.Os] and wurtzit [AIN]. 5 wt% dross as ad-
ditive and 4 wt% diluted (30 wt%) H,0- as foaming agent were added to the cement
slurry. Bulk density, pore size distribution, thermal conductivity and compressive
strength tests were performed. Samples containing dross had a bulk density between
939-1,029 kg/m? which is lower than that of the reference sample. Reference, Dross
I and Il samples had similar microstructures with pore sizes close to each other
whereas the mean pore size of dross 111 was nearly twice. Dross | and Il samples had
the same thermal conductivity (0.06 W/m-K), while dross 111 sample had the lowest
value (0.05 W/m-K). Addition of dross decreases the compressive strength of the
foams which may be caused by the decreasing surface roughness and specific surface
area of the dross particles affecting disadvantageously the bonding between the ce-
ment and dross particles. The additional gas forming caused by the reactions of AIN
affected advantageously the bulk density and thermal conductivity of the foams.
These results and the requirements of lightweight concretes are summarized in Table
5. Addition of dross can result a concrete foam which meets the requirements of load
bearing lightweight concrete associated even with better thermal conductivity than
that of thermal insulating concrete can present.

Table 5
Requirements of lightweight concretes and their compliance by the foamed con-
cretes (TIC = Thermal insulating concrete, LBC = Load Bearing Concrete)

Roquired | Bulkcerity k) Thermay sonductivity | e,
sample TIC LBC TIC LBC TIC LBC
coding | <200-800 | 800-2,000 | <0.06-0.18 | 0.18-0.8 | <2.5-5.0 | 5.0->15
Reference x v'1,084 v0.07 x x v7.1
| x v'1,029 v0.06 x x v'5.4
I x v'1,024 v0.06 x v3i1 x
Il x v'939 v0.05 x V2.2 x
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EFFECTS OF SPIN-ORBIT INTERACTION
ON SURFACES AND INTERFACES

NORA KUCSKA-ZSOLT GULACSI?

Itinerant 2D two-band systems as surfaces or interfaces are analysed in exact terms in the
presence of on-site Coulomb repulsion in the correlated band, and many-body spin-orbit in-
teractions present in both bands. The results show a strong dependence of the particle mobil-
ity on the spin-orbit interaction strengths, and also underline that in the high concentration
limit, accentuated spin-projection dependence appears in the carrier mobility, which empha-
size real application possibilities in spintronics. The spin-projection dependence of the mo-
bility is motivated by the emergence of spontaneous magnetization on the surface, in the
presence of spin-orbit interaction, which provide an explication why magnetic properties can
appear at the interface of two non-magnetic materials.
Keywords: exact solutions, spin-orbit coupling, strongly correlated systems

INTRODUCTION

Surfaces and interfaces are basic components of main electronic devices controlling
and processing the electronic and digital equipment present on a broad spectrum of
modern technologies. Indeed, the functionality of semiconducting components, semi-
conducting and metallic multilayers and interlayers is governed by specially con-
structed, treated, deposited, configured or formed surfaces and interfaces. On these two
dimensional entities, especially in a direction perpendicular to them, potential gradi-
ents always appear, which via the Dirac equation introduce the many-body spin-orbit
interactions [1] in all processes in which conducting or itinerant carriers play a main
role even at non-relativistic level [2]. Often used specific components of this interac-
tion are known as Rashba [3], or Dresselhaus [4] couplings. Written at second quan-
tized level, these provide specific spin-flip type of hopping terms in the one-particle
part of the Hamiltonian [5].

Often it happens that many-body processes that take place on surfaces are strongly
correlated because usually, given especially by the logarithmic shape of the Coulomb
potential in 2D [6], the inter-electronic interactions are strong on surfaces, as in the
case of e.g. GaAs heterostructures [7], iridium based heterostructures or iridates [8],
perovskites [9], heterostructures with organic materials [10], etc. Contrary to this, the
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spin-orbit many-body coupling strength is small, often 4 order of magnitudes smaller
than the highest representative of the Coulomb coupling, namely the on-site repul-
sion.

But even in this case, the spin-orbit interaction produces essential effects, since
being arbitrary small, breaks the spin-projection double degeneracy of each band. As
a consequence in this case perturbative treatment, being inconclusive, cannot be ap-
plied [11], and consequently the interplay of inter-electronic interactions and spin-
orbit coupling is less explored [12], hence is not understood in details [8].

The aim of this paper is to partially fill up this gap. In order to deduce valuable
results in conditions in which perturbative treatment cannot be applied, we use exact
methods. Since the studied 2D systems are non-integrable, the applied technique is
special, and will be presented below.

1. THE USED TECHNIQUE

The used method transforms in the first step in exact terms the system Hamiltonian
in positive semidefinite form
A=0+c, (1)

where O is a positive semidefinite operator, while C is a constant.
Usually, 0 = ¥,, 0,, is obtained as a sum over positive semidefinite operators 0,,.

For a fixed n = nq, the Onlexpression can be given e.g. by a construction based on

" ~ At . .
block operators Aim asOp, = Ain1 Ain1 , Or by special expressions ase.g. atn = n,,

On, =Py, = Ay, 14, L — (R, 1F74, 1) +1.The  block  operators A =
YioDjsCjo are linear combinations of Fermi annihilation operators ¢; , acting on
the sites j € B; of a finite block B;, connected to the site i. The numerical refactors
pjs are block operator parameters.

In order to transform the Hamiltonian in the positive semidefinite form (1), the
connected Matching system of equations must be solved. This is obtained because
the left side of (1) depends on the Hamiltonian parameters (hopping matrix elements,
on-site one-particle potentials, hybridization strengths, etc.), while the right side of
(1) is dependent on the block operator parameters and the constant C. Consequently,
in order to have the exact identity (1) satisfied, relationships must be present in be-
tween the Hamiltonian parameters, the block operator parameters and C.

These equalities build up the Matching system of equations. These equations are
usually coupled, non-linear and complex-algebraic equations. Solving them one ob-
tains the explicit expression of the block operator parameters and the constant C.

Once the transformation in positive semidefinite form (1) has been performed, in
the second step of the method one deduces the exact multielectronic ground state
|[Y¢). Since the minimum possible eigenvalue of a positive semidefinite operator is
zero, the exact ground state is provided by the most general solution |y), of the
equation Oy ) = 0. If necessary, the uniqueness of the solution can also be proved
on the line of [13]. The parameter space region in which the deduced ground state is
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valid is provided by the parameter domain in which the obtained solution of the
Matching system of equations is valid. The ground state energy corresponding to
[ ) is provided by the relation E; = C.

In the third step of the method, using the obtained |y ), one calculates the phys-
ical properties of the deduced phase by calculating ground state expectation values
of different physical quantities of interest.

Also exact results relating the low laying part of the excitation spectrum are pos-
sible to be obtained, see [13].

The here presented procedure can be applied always independently on dimen-
sionality and integrability. The technical steps necessary to be used in the presented
first two steps have been worked out in extreme details [13—-16], and the procedure
has been successfully applied before in several many-body cases of large interest,
including three dimensions [17], two dimensional disordered systems [18], or
stripes, checkerboards and droplets in 2D [19]. The novelty in using the method in
the present case is that in transforming the Hamiltonian in positive semidefinite form,
two block operators are used containing the components of both spin projections of
fermionic carriers.

The remaining part of the paper is structured as follows: Sect. Il presents the
studied system, Sect. I11 describes the obtained results, Sect. IV. concludes the paper,
and the Appendix containing the mathematical details closes the presentation.

2. THE STUDIED SYSTEM

One analyses a realistic itinerant surface or interface which is always of multiband
type. For multiband materials the theoretical description is given usually by project-
ing the multiband structure in a few-band picture present around the Fermi surface
[20], projection which is stopped here for its workability, at two-band level. One of
these bands (denoted conventionally by f) is considered correlated, while the second
band (denoted formally by d) is taken into account in a non-correlated form. In be-
tween these bands, as in real materials, hybridization is present whose strength is
denoted by V.

Also for its simplicity, one considers here a 2D orthorhombic Bravais lattice pre-
sent on the surface. Concerning the inter-electronic interaction, given by the strong
screening present in itinerant many-body systems, one takes into account the main
component of the Coulomb interaction in such cases, namely the on-site Coulomb
repulsion Uy present in the correlated band. The hopping matrix elements are denoted
by t, while the on-site one-particle potentials by . The Hamiltonian of the system is
given by H = Hy;p, + Hipe + Hgp, where

q A ta 7 dfs Tz
Heo =Z Z & Ci.aTCi,a. Vo =Z [(2 A fdi,a fi,a> + H.c.

i a=T1 i a=T,1

’
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I:I\C'p = Z [( Z t56i+p,aT6i,a> + H.c.

i a=T1

)

)

af; Tz d 2 T
( Vp fdi+p,0c fi,a + fo fi+p,a di,a) + H.c.
a=T1

Hyin =V + H.o+ Z v, + Z H.p|, Hpe = Z Ur ﬁi,Tfﬁi,lfr
c=d,f p=x,y c=d,f i

Hso = Z Z (7 Crepr 6+t Cpré0) + Hec. |,
c=d,f 1 |p=xy
)
where p = x,y are the Bravais vectors of the system, 7;,” = ﬁ-_aT fiar - Note that
the spin-orbit coupling enters in Hsy ., where c =d,f, p=x,y and one has
ty=tg — ith, tiy=—th —ith, t7)=th — it§, tY=—tf — itf, where represents
tg, (t5) the Rashba (Dresselhaus) interaction strength.

3. THE OBTAINED RESULTS

For the transformation into positive semidefinite form two block operators have been
used defined on the unit cell connected to the lattice site i.

Ai = (ac,l,a Ci,a + ac,z,aci+x,a + ac,3,aci+x+y,a + ac,4,aci+y,a) ’
c=d,f a=T{

Bi - (bc,l,a Ci,a + bc,Z,aCi+x,a + bc,3,aci+x+y,a + bc,4,aci+y,a )
c=d,f a=T!

©)

The Hamiltonian transformed into a positive semidefinite form as mentioned above
has the expression H = 0 + C, where 0 = 0; + 0,.

(4)
where N represents the number of electrons, Ng;; gives the number of lattice sites.
After solving the connected Matching system of equations one obtains the explicit
expression of the block operator parameters and n presented in the Appendix.
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The exact ground state corresponding to the positive semidefinite form of the Ham-
iltonian has the expression

e =) =] 148 " + £iuH10)
l
(5)
where |0) represents the bare vacuum with no fermions present, and the product over
i extends over all lattice sites. The presented ground state corresponds to the electron
number N = N*, where N* is three times the number of lattice sites in the system
(N* = 3Ng;). For N = N; + N* the right side of (1) has to extend with a new op-

erator, and a similar expression exists also for the case N <X
Based on the obtained ground state wave function we deduced the long-range
hopping ground state expectation value of lqr,m = NLZJ-(CA]-,(,TCAHT,G + H.c.). This
sit

guantity was calculated for ¢ = d and in x direction, as can be seen in Figure 1. It
shows a strong spin projection and spin-orbit coupling strength dependence. This re-
mains true for arbitrary direction, and is motivated by the nonzero value of the ground
state expectation value of the total spin S, operator, signaling the emergence of spon-
taneous magnetization on the surface in the presence of spin-orbit coupling in the stud-
ied case. Since the long-range hopping determines the mobility of particles, the enu-
merated properties remain true also for the carrier mobility.

0275t

01751

0073

Figure 1
The r dependent hopping ground state expectation value I;. in function of the ef-

fective spin-orbit interaction A = 52c=d,f (t5)? + (tf)? exempllfled for d elec-
trons in x direction. The distance r is given in lattice constant units. In the plot
one has in t}: units 1 = 0.0603, and A" = 0.0307 respectively. Note that if A in-
creases, I, increases as well and one has a strong spin projection dependence.

The presented cases: a) negative spin projection to the Z axis, b) positive spin
projection to the Z axis.
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CONCLUSION

Realistic itinerant surfaces with inter-electronic on-site Coulomb repulsion and
many-body spin-orbit interactions have been described in exact terms using a tech-
nigue based on positive semidefinite operator properties. The method can always
be applied for many-body systems independent on dimensionality and integrabil-
ity. The Hamiltonian containing only local and nearest-neighbour terms has been
transformed in positive semidefinite form, the exact ground state has been de-
duced, and ground state properties analysed. In the high concentration limit a
strong dependence of the carrier mobility on spin projection and the strength of the
spin-orbit interaction has been observed together with the emergence of ferromag-
netism on the surface.
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APPENDIX

This appendix presents the explicitly deduced block operator parameters.
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INVESTIGATION OF AIR POLLUTANTS
FROM RESIDENTIAL HEATING

DORA MENTES!-HELGA KOVACS2-
GABOR NAGY3-CSABA POLISKA*

Beside of industry, agriculture, and transport, primarily the solid combustion plants used by
households are responsible for the emission of gaseous and solid pollutants in ambient air.
Thus, the actual reduction of air pollutant concentration also can be achieved by regulating
of residential heating. New, solid-fired, individual room heating systems will have to meet
stricter emission requirements from 1 January 2022. People in poorer regions are not able to
buy new equipment, so in most households old equipments in poor condition remain in use.
In addition, the population — albeit illegal — in most cases also burn the combustible waste
generated in the households in their stove or boiler, which further increases the amount of air
pollutant emissions. So far the authorities cannot be to clearly demonstrate the combustion
of waste from the flue gas and residual ash, because these methods are expensive and hardly
unworkable, as the authorities find it difficult to get into private homes.

Keywords: the limit value of air pollutants, emissions factors of combustion equipment,
residential heating

INTRODUCTION

The harmful effects of air pollution on health and the environment are well known.
In Europe, greenhouse gas emissions have declined significantly over the past dec-
ades, resulting in improved air quality in the region, but still the concentrations of
air pollutants are high [1]. According to World Health Organization (WHO) and Eu-
ropean Economic Area (EEA), this reduction in total emissions of air pollutants does
not automatically lead to a similar reduction in air pollutant concentrations [2].
Most of European population live in a place — mainly in cities — where the air
pollution exceeds the air quality limits at certain regular intervals: the NO; and par-
ticulate matter pollution pose a serious health risk [1]. The laws do not place any
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emphasis on reducing emissions where people are most affected by air pollution and
where the highest concentrations are [2].

The European Union has initiated infringement proceedings against Hungary for
persistent exceedances of particulate matter levels and NO; levels. NO; is mainly
presented in emissions from industry, transport, domestic heating, and agriculture.
Limit exceedances occur predominantly during the heating season and are mainly
resulted of the solid firing by the public [3].

The effect of air pollutant from household solid combustion plants is influenced
by three circumstances:

« condition of the combustion plant and chimney,

 quality of fuel used,

« firing method applicable to the equipment.

In the past decade, especially in the poorer sections of society, many households
have returned for the use of solid fuel equipment instead of their gas-fired heating
systems because of economic reasons [4]. The population has no acceptable infor-
mation and knowledge of how and what way operate their boilers correctly. Regard-
less of the age and type of the boilers, in the absence of proper knowledge, combus-
tion is imperfect, which further increases pollution.

In poor households, as they are unable to buy the right quality fuel, besides solid
fuels the household wastes are also thrown into the boiler. In the case of incomplete
combustion, along with the increase in the amount of harmful flue gas components
and flue dust, also the growth the amount of polycyclic aromatic hydrocarbons
(PAH) content have to be taken into account.

1. QUANTITY AND LIMITS OF AIR POLLUTANTS IN HUNGARY

Free atmospheric tests are called immission measurements, or air quality tests too,
and investigation of air pollutants from point sources are called emission measure-
ments. [5].

Limit values for air pollutants affecting ambient air quality are given in “4/2011.
(I. 14.) Decree of the Ministry of Rural Development on limit values for air load
level and emission limit values for stationary air pollution point sources” (Table 1).

The concentration of benzo[a]pyrene should be determined as the annual average
of the total quantity in the PM10 fraction [6]. In 1984, the United States Environ-
mental Protection Agency (EPA) appraised the risks posed by PAH mixtures with
the assumption that all carcinogenic PAHs have the same environmental effects as
benzo[a]pyrene. [7]. Several studies disagree with the fact that benzo[a]pyrene is
used as an indicator of the carcinogenic risk of atmospheric polycyclic aromatic
compounds, as benzo[a]pyrene amount is highly more dependent on the sunlight,
temperature, and the amount of NOx, SO, O3 than the amount of other polycyclic
aromatic hydrocarbons [8], [9].

The CO and NO; concentration in the atmosphere showed a slight decrease be-
tween 2013 and 2016 (Figure 1). PM2.5 and PM10 have remained almost constant
since 2013, while CO, emissions have increased since 2014.
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Table 1

Limit values for pollutants emitted to ambient air in Hungary [6]
Limit values [pg/m’]

Pollutant 24 h PM10 Annual PM10 = Annual PM2.5
50
PM10/PM2.5 up to 35 times 40 24
a calendar year
1lh 24 h Annual
100
NO; up to 18 times 85 40
a calendar year
1lh 24 h Annual
CcoO 10,000 5,000 3,000
24 h Annual
Benzo[a]pyrene 0.001 0.0012
100 79 79 130
75 73
= 80 61 - § 125 123 499 124
2 60 52 53 =
] = 120 117
g 40 S
S 2% S 115
0 110
2013 2014 2015 2016 2013 2014 2015 2016
mPM10 ®mPM2.5 Nitrogen-dioxide
700 66000
— 558 =
s 600 - S 64000 63568 63607
% 200 +i0--456 % 62000
S 400 S 60421
o o 59899
— 300 — 60000
200 58000
2013 2014 2015 2016 2013 2014 2015 2016
Carbon-monoxide Carbon-dioxide
Figure 1

Quantity of pollutants emitted into the air in Hungary [thousand tons/year]
[10], [11]
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In 2016, households released the largest share of CO; (37% of total emissions), fol-
lowed by the energy sector (23%). Nearly two-thirds of PM10 is emitted into the
atmosphere from residential heating (Table 2). More than 85% of the total emissions
of CO and PM2.5 come from the households. Households, agriculture, and transport
are equally responsible for emissions of NO,.
Table 2
Percentage distribution of air pollutant emissions from Sectors in 2016 in Hungary
[10], [12], [13], [14], [15]

CO2 (6{0) PM10 PM2.5 NO2
Sectors

[Mm/m%o]
Households 36.58 86.99 65.73 87.62 20.91
Energy sector 23.27 1.72 0.35 0.41 8.75
Manufacturing industry 17.56 5.12 2.86 2.92 11.28
Transport 6.94 214 1.98 211 19.09
Agriculture 3.82 1.07 14.06 2.54 22.38
Building Industry 1.67 0.43 10.02 1.79 3.33

According to the website of the National Air Pollution Network, in Hungary 51 mon-
itoring and 3 background stations operate within the framework of the National Air
Pollution Measurement Network. Most environmental authorities have mobile sta-
tions, including the B.-A.-Z. County Environmental Authority, which has two mo-
bile stations. Taking into consideration all air pollutants, the number of stations with
qualification “appropriate” and “contaminated” ratings increased in 2017 compared
to 2016, and the number of “good” qualificated stations decreased. Since 2015, the
“heavily polluted” rating has not been given to a monitoring station [16].

The exceedance of average annual limit of PM10 concentration was measured at
one station in 2015, while in 2017 at three stations, of which two stations are in the
Saj6 Valley (Miskolc and Sajoszentpéter). In the case of NO, concentration, starting
from 2013, two stations continuously exceed the annual limits (Pécs, Szabadsag
Road; Budapest, Széna Square) [16]. Figure 2 shows the annual average values of
air pollutants in Miskolc.

In addition to the annual limits, many daily and hourly limits are determined.
As stated in the regulation, the PM10 concentration in a calendar year should not
exceed the daily limit more than 35 occasions. Between 2014 and 2018, air pollu-
tion values measured at Miskolc stations exceeded the daily concentration limit
more than 35 occasions (Table 3). In the most cases there are limit exceedances
during the heating season in winter, which can be explained by the emission of
solid-fired equipment [20].
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Figure 2
The annual average values of air pollutants in Miskolc /ug/m®] [17], [18], [19]

Table 3
Number of daily limit exceedances in Miskolc 2014-2018 [21]

Number of daily limit exceedances [db]

Pollutant Location
2014 2015 2016 2017 2018
Miskolc,
Alfoldi Street 10 19 25 68 63
PM10 Miskolc, 61 55 40 68 84
Buza Square
Miskolc, 59 40 40 42 32

Lavotta Street

2. THE RELATIONSHIP BETWEEN RESIDENTIAL SOLID COMBUSTION AND THE
REGIONS

In Hungary in 2011, slightly more than 45% of households used boilers, while 37%
of households have been heated by convectors or stoves (Figure 3). Heating types
can be further grouped according to their fuel.

In the case of boiler and convector/stove heating type, if we rank the fuels ac-
cording to the frequency of their use, the gas heating is in the first place, a second
most common type of heating is mixed with gas and wood, and the only wood-firing
is in the third place [22].

There is a strong correlation between residential solid fuel heating and regional
development levels. Out of 174 districts, more than three-quarters of households in
one of the district and more than half of households in 19 districts are exclusively
heated with wood and in 22 districts more than three-quarters of households are
heated (at least partially) with wood (Figure 4) [23].
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The complex indicator measuring the level of development of districts takes into
consideration both socioeconomic and infrastructure development. Comparing the
map showing the concentration of households which are heating with wood, with a
map of complex indicators measuring the level of infrastructure development, it can
be seen that among the 19 districts where more than 50 percent of the households
are heated with wood, it is among the 11 most disadvantaged districts. Thus, the
proportion of households heating with wood in disadvantaged districts is higher [23].

3. EMISSIONS FROM RESIDENTIAL HEATING, THE NEW RESTRICTION

While emissions from industry can be measured and limited, the control of citizens
mixed-fired equipment is difficult. Authorities are not able to act against illegal burn-
ing, arguing that there is no device in their hands to deal with the situation. As a result,
the European Commission has issued the implementation of Commission Regulation
(EU) 2015/1188 implementing Directive 2009/125/EC of the European Parliament
and of the Council with regard to ecodesign requirements for local space heaters. Ac-
cording to the expectations with this limitation, the number of emissions from house-
holds will be decreased and it will become much more controllable. However, house-
holds that have old types of firing equipment are typically financially incapable of
being buying a new one. Separate room heating systems operating with solid fuel from
1 January 2022 must meet the requirements of the following table (Table 4), which
include limit values for seasonal room heating efficiency and pollutant emissions.

Table 4

Limit values for the environmentally conscious design of solid fuel installations

[24]

Emission of pollutants (max)
Efficiency Gaseous
(Ti“) PM organic CcO NOx
[“o] [mg/m3] compounds [mg/m’) [mg/m’)

[mg/m’]

open combustion solid
fired individual room 30 50 120 2,000 200
heating equipment
working with solid fuel
(which different from
pellet) individual room
heating equipment with
a closed combustion
chamber

working with pellet
individual room heating
equipment with a 79 20 60 300 200
closed combustion
chamber

65 40 120 1,500 200
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The European Environment Agency’s 2016 guidebook summarized the emission
values in case of different fuel (Table 5) and the amount of pollutants emitted by
different combustion plants in case of wood firing (Table 6). The values in the table
are converted from GJ/g to mg/m?. The air pollutants in the tables are emitted into
the atmosphere during optimum operation of the combustion plants.

Table 5
The emission factor of stove [16]
Pollutant
Fuel
PM NOx Benzo[a]pyrene CO SOx
[mg/m’]  [mg/m’] [pg/m’] [mg/m®] [mg/m?]
Firewood 73.87 2.46 5.96 196.99 0.54
Lignite 37.51 4.17 10.42 208.39 | 3751
Coal 18.52 6.04 6.04 80.53 18.12

One of the biggest advantage of wood against coal is that it contains just a little
amount of sulfur or not at all. Therefore, the resulting SOx emissions will also be
significantly lower. In terms of unit energy, the emission of the particulate matters
is the highest during wood burning.

Table 6
Emission factors of different combustion plants in case of wood firing [16]
Pollutant
Equipment PM NOx Benzo[a]pyrene CO SO«
[mg/m’]  [mg/m’] [pg/m’] [mg/m’]  [mg/m’|

Open fireplace 81.75 2.46 5.96 196.99 0.54
Traditional stove 73.87 2.46 5.96 196.99 0.54
Traditional boiler 46.79 3.94 5.96 196.99 0.54
Energy saving stove 36.94 3.94 5.96 196.99 0.54
Modern/Eco-labeled boiler 9.26 4.68 0.49 98.50 0.54
Pellet boiler 5.91 3.94 0.49 14.77 0.54

In Table 6, the fuel is the same in every case and the types of combustion equipments
are varied. Table 6 shows that the use of more modern technologies can significantly
reduce emissions of both particulate matter and benzo[a]pyrene.

In the literature there are a lot of information about which parameters in the firing
process can cause to the formation of air pollutants (Table 7). Increased emissions
of CO were found at high excess air ratios. This is probably a result of the cooling
of the combustion process. The enhanced emissions of CO were accompanied by
emissions of other unoxidized components: total organic carbon, and polycyclic ar-
omatic hydrocarbons [25], [27]. To maximize combustion efficiency and minimize
PAH emissions, the fuel moisture content should be low [29].
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The mass concentration of particles was larger in the worst old-type case. From
the number and mass size distributions, it can be concluded that the emission of sub-
micron particles is enhanced by poorer combustion conditions [25]. The high ash
content of the fuel leads to the formation of more particulate matter [30].

It was also observed, that during the firing phase and after fuel adding PM size
distribution changed slightly to bigger size fraction. This is probably caused by an
insufficient supply of air and insufficient mixing of air and fuel [26].

CO and particulate emissions composition are mainly influenced by fuel such as
the households waste and the wood type, i.e. structure, elemental composition, water
or ash content[26], [28].

Table 7
Effect of firing parameters on emission factors
Characteristics Fuel l\c{‘)’l‘lst::lrte PM NOx | PAH co
of the equipment (m/m %] [mg/m’] | [mg/m’] [mg/m’] | [mg/m?
0
Old type boiler firewood 15 17.24 3.55 n/a 256.09
[25] firewood 15 108.35 1.38 3.15 807.67
firewood 15 1.33 6.16 0.01 34.82
Modern type firewood 26 121 5.37 001 2453
boiler [25]
firewood 38 4.18 4.75 0.14 177.77
Old type Alder and 0.87
tile stove [26] MSW 14-18 160.34 386.20 *ug/m? 4,640
firewood 7.9 n/a 6.83 0.02 1,288.80
firewood-
household 8.5 n/a 14.73 0.08 1,098.26
11 kW waste
Pe"et stove demolition
[27] and construc-
tion wood 4.6 n/a 90.36 0.02 339.85
waste-house-
hold waste
briquette 7.7 150.9 176 na 1,331
Deech 6.5 111.4 155 n/a 2,779
oak
Logwood stove standard test 9.7 107.3 166 n/a 2,948
6 kw spruce
(primary and stafda,d tost 8.5 156.6 96 n/a 2,240
secondary air) spruce
[28] opiuce 8.5 124.2 87 nla 2,161
spruce 8.5 312 86 nfa 2,841
spruce

high fuel 8.5 118 80 n/a 1,989
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CONCLUSION

Most of European population live in a place — mainly in cities — where the air pollu-
tion exceeds the air quality limits at certain regular intervals: the NO and particulate
matter pollution pose a serious health risk.

The biggest emitters of air pollutants are the industry, the agriculture, the
transport and the households. Regardless of the quality of the combustion process,
solid powder and polycyclic aromatic compounds are formed during solid firing in
the household. The quality of combustion is strongly influenced by the quality of the
fuel used, the type and age of the equipment, and the user’s knowledge of the use of
the equipment. As soon as the quality of the firing deteriorates due to any parameter,
the number of air pollutants emitted into the atmosphere also increases.

This is exacerbated by the fact that in most cases, households with solid combus-
tion plants (albeit illegal, though) are also burning household waste. There is not a
proper way for authorities to clearly demonstrate the combustion of waste from flue
gas and residual ash yet, therefore authorities are not able to act effectively against
it. As a result, the European Commission has issued the implementation of Commis-
sion Regulation (EU) 2015/1188 implementing Directive 2009/125/EC of the Euro-
pean Parliament and of the Council with regard to ecodesign requirements for local
space heaters.

Emissions would be reduced not only by modernizing the equipment but also by
calling for the correct use of combustion equipment and by developing the flue gas
cleaning equipment for residential use.

A further direction of the research is to find a connection between the amount of
gas and solid air pollutants in the flue gas, the components remaining in the ash and
the fuel used. Hopefully, with the help of the connection found, it would be easier to
detect illegal waste combustion.
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THE FIRING PROPERTIES OF THE BIOFRACTION AND
RDF PELLETS
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Many cities in developing countries are facing serious problems in dealing with huge munic-
ipal solid waste (MSW) generated. The energy recovery of accumulated municipal waste can
provide an alternative to replacing a small part of fossil fuels. Refuse Derived Fuel (RDF) is
a secondary fuel that contains higher-calorific components of communal waste. The quality
of pellets made from RDF and their combustion properties can be influenced by a number of
factors. The combustion properties must be known in the interest of forecast the behavior of
the fuel during the combustion.
Keywords: combustion parameters of RDF, physical composition of RDF

INTRODUCTION

Increased demand for renewable energy sources, high organic matter content of mu-
nicipal solid waste, and a limited number of landfill sites make the use of municipal
solid waste as a source of energy, biochemical and thermochemical more and more
popular [1], [2], [3]. Municipal solid waste (MSW) is a poor-quality fuel and its pre-
processing is necessary to prepare fuel pellets to improve its consistency, storage and
handling characteristics, combustion behavior and calorific value [4].

Generally speaking, sewage sludge, waste wood, high calorific fractions from
mechanical-physical (MPT) and/or mechanical-biological treatment (MBT) plants,
calorific fractions of household and commercial waste, shredder lightweight frac-
tions (e.g., electrical and electronic equipment), scrap tyres, food by-products (fats,
animal meal, etc.) waste oil, used solvents and viscose plant off gas, etc. may be
considered as “Refuse Derived Fuel” (RDF). In the narrow sense of the definition,
solid fuels which are prepared from sorted or mixed solid wastes (municipal waste
fractions, commercial wastes, production wastes, lightweight fractions from
MBT/MPT-plants, etc.) are described as “Solid Recovered Fuel” (SRF) [5]. This fuel
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is a special type of solid municipal waste that contains only a small percentage of
non-combustible materials such as metal and glass [6].

Refuse-derived fuels (RDF) are used in power plants, material industry, mono
combustion facilities and co-firing plants. It is known from operating experience —
concerning the energy conversion density, the ignition and burnout behavior, the slag
formation and corrosion potential — and from comparing the combustion behavior
with fossil fuels, that biomass fuels and RDF can be seen as difficult fuels [7].

The production of RDF (or SRF) pellets, which is the subject of our investigation,
consists of several single operations to separate unwanted as well as combustible
components to achieve optimal combustion parameters. The main operations are fil-
tering; crushing; size reduction; classification: separation of metal, glass or wet or-
ganic matter; drying; compression [4].

For higher qualities of RDF and/or SRF, a multi-stage separation process is nec-
essary for manufacturing, including the unit operations of classifying and sorting of
waste material fractions, as well as the separation of ferrous and non-ferrous metals
and also unwanted heavyweight inert materials (e.g. stones, glass, ceramics, etc.)
followed by confectioning of the fuel according to specifications given. The final
quality of RDF (or SRF) will ultimately depend on the composition of the input
(feeding) materials, as well as on the extent and the intensity of the applied recovery
process (Figure 1) [5].

Input Household & Commercial wastes

Crushlng (Size Reduction Step |)
l Rejects (inerts) Separation
cubic (3D)

>80 mm
plain (2D)
>80 mm Shredding (Size
-30 30-80 Reduction Step Il)
ﬁ !e O lo N
***“ _ Finishing

. &
< 30 Conditioning

Mechanical Biological SRF Classic SRF Premium
Treatment (MBT) for Landfill
Fraction

Figure 1
Simplified processing scheme for different RDF/SRF specifications [5]
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The physical composition of the RDF pellets found in the literature is shown in Table
1, while Table 2 includes the combustion properties.

Table 1
The physical composition of RDF pellets
. 8 g 8
% Eé é % é g 2 § g HHV*
Ref. oy a8 g2 c% § _§ o O
L i
% m/m MJ/kg
[ 173 571 @ * 4 - | 186 @ - 3.2 | 1949y
[5(] 16 6 5 6 3 - 55 9 n/a
71 4 21 * 41 4 - 20 10 ) T
[8] 23 | 351 14 2.1 - - | 203 | 55 1659
[8] 20 25 0 15 - - - 40 | 17.29y
[8] 9 55 5 0 - - - 31 1749y
[0] 415 34 | 213 167 - - | 104 | 68 156V
[09] 549 30 | 142 185 - - 08 87 | 165"
[09] 645 06 | 114 99 - - 10 | 126 193w
[10] 245 279 @ 87 | 59 - - 232 93 234
[11] 144 143 | 594 21 | 47 - - 51 | 2179y
[12] 421 421 412 70 @ 96 - - —  EENE
[12] 240 240 | 235 40 | 485 - - - 13,2, 075
[12] 240 240 235 40 @ 25 - ~ | 235 | 17.6V

* HHV - higher heating value
highlighted area — LHV lower heating value
n/a. —no available

The visual inspection of the fine fraction showed that it is a heterogeneous material
dominated by soil-like materials and minerals and also contain different quantities
of landfilled materials [13]. Fine fractions can be considered as a relevant source of
metals and calorific fractions, as well as a fraction suitable for inert and soil-like
material recovery [14].

Other types of waste include glass, metal, hazardous household waste, inert
waste, health-care waste, various combustible and non-combustible.

In contrast, the carbon content and calorific value were increased by increasing
organic waste content up to 40% of the total weight of RDF. The similar trend has
been seen for hydrogen content, but it was in lower magnitude. The oxygen content
was shown on the opposite response to the carbon content and calorific value, while
the nitrogen content tends to increase by putting more organic waste [15].

As shown in Table 1 the heating value of RDF pellets may differ depending on their
composition. The composition of municipal solid waste varies from day to day, so
the properties of RDF pellets will also be different [7].
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Table 2
Combustion properties of RDF pellets (dry-basis)
e Moisture Ash N C H S o HHV
er.
% m/m MJ/kg

[9] 17.60 40.00 0.95 35.95 4.50 0.45 n/a 15.60
[9] 19.55 32.30 1.25 44.80 7.15 0.45 n/a 16.50
[9] 19.35 36.05 1.25 43.45 5.90 0.39 n/a 19.25
[16] 1.20 13.34 0.66 51.66 8.82 0.08 2542 n/a

[17] 22.07 17.11 0.94 45.09 5.78 0.15 30.94 23.44

[18] n/a 14.70 0.77 43.92 6.36 0.29 33.48 19.54
[18] n/a 23.75 1.20 47.40 6.15 0.22 19.78 22.55
[15] 6.40 9.20 10.77 | 49.75 9.04 1.89 28.55 24.96

n/a — no available

According to the literature, the moisture content of RDF pellets can vary ranges from
1.2% m/m to 22.07% m/m, ash content from 9.2% m/m to 40% m/m, and heating
value from 15.6 MJ/kg to 24.96 MJ/kg (Table 2).

The RDF pellets studied in this article are utilized by pyrolysis. Pyrolysis is noth-
ing more than thermal decomposition in an oxygen-free medium. During the thermal
decomposition, gas, liquid and solid end products are formed. The number of end
products can vary over a wide range depending on the parameters of the experiment;
from pyrolysis temperature, heating rate, pyrolysis time, etc. [19].

It is important to know the combustion parameters of all materials used for energy
purposes. In the course of the research, the combustion properties of the RDF pellets
and the ash content of the char left behind from pyrolysis were examined.

1. MATERIALS AND METHODS

The investigated RDF pellets were manufactured from solid municipal solid waste,
so there is no information on the actual composition of the pellets. The two types of
RDF pellets were produced with a difference of about 20 days. Biofraction pellets
are manufactured from the bottom product (containing a large amount of organic
matter) by selecting municipal solid waste with trommel. The blend pellet contains
34% m/m of RDF pellet and 66% m/m of biofraction.

Organic substances are mostly found in the particle size fraction below 50 mm so
that biofraction containing mostly organic matter can be produced from the residual
waste with grading and other separation processes. This fraction is very different
from the selectively collected green waste, its composition is much more heteroge-
neous. In addition at the side of biodegradable many other types of waste are pre-
sented, such as hazardous waste, because the people cannot be motivated to collect
waste responsibly.

The pellets were subjected to the following combustion tests:
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» Determination of the moisture content of pellets happens in a drying oven at
105 + 5 °C by mass content, according to MSZ EN 14774:2010 standard.

» Determination of ash content of pellets and char from pyrolysis by heating to
550 + 15 °C to constant mass according to MSZ EN 14775: 2010.

» Carlo Erba EA1108 type ultimate analyzer was used for the measurement of
the C-, H-, N-, S-, O-content in the pellets according to MSZ EN 15104:2011
standard.

» The calorific test was performed using a Parr 6200 type isoperibol oxygen
bomb calorimeter according to MSZ EN 14918:2010 standard. The lower
heating value is calculated from the higher heating value, the hydrogen con-
tent and the moisture content.

» Determination of the softening and sintering temperature of ash from combus-
tion using a SYLAB 1F2000G type heating microscope.

» Thermoanalytical analysis with MOM Q1500D type derivatograph.

The pyrolysis of RDF pellets occurred at 600 °C with a heating rate of 60 °C/h. After
the experiments, the solid product (char) was also tested.
2. COMBUSTION PROPERTIES OF PELLETS

Table 3 shows the combustion properties of the samples. The table also contains the
parameters of a good quality wood pellet as a reference value.

Table 3
Combustion properties of pellets tested (dry-basis)
Moisture | Ash N C H S (0] HHV*
Sample
% m/m MJ/kg

1. RDF pellet 4.20 17.02 | 1.33 | 4944 | 644 | 042 | 2535 22.42
2. RDP pellet 4.74 1998 | 137 | 4422 | 557 | 0.18 | 28.67 20.93

Biofraction 4.04 56.68 | 1.59 | 2409 | 284 | 0.51 | 14.28 9.07
Blend pellet 4.32 4116 @ 133 | 3816 488 | 017 | 1431 14.83
Wood pellet 7.70 079 | 022 | 4459 | 6.11 | 0.05 | 4859 18.24

*HHV- higher calorific value

Although the composition of the pellets tested differs, the hygroscopic moisture con-
tent is almost the same. The ash content of RDF pellets is relatively high. This is partly
due to the fact that the municipal solid waste, despite the selection, still contains non-
combustible materials that go through the system and have not decomposed during
keeping the heat at 550 °C. Another possible reason is that during the manufacture of
some plastics (like gum), fillers were used that are also non-combustible.

Based on the information in the literature, RDF pellet samples may contain high
carbon content material due to the heating value around 20 MJ/Kkg.
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As regards the comparison of RDF pellet 1 and wood pellet, the much higher heat
value of the RDF pellet is due to the higher carbon content and lower moisture con-
tent. At the same time, the ash content and nitrogen content are higher, which can be

considered unfavorable in the case of combustion.

Table 4 shows the proximate analysis of the pellets. As we can see, there is a
strong relationship between the fix carbon content of the samples and the heating
value. The RDF pellet 1 sample has the highest fix carbon content and the highest

calorific value.

Table 4
Proximate analysis of pellets tested
Moisture Volatile Fix carbon Ash
Sample
% m/m
1. RDF pellet 11.02 41.07 30.40 17.51
2. RDF pellet 8.51 45.09 24.25 22.15
Biofraction 22.08 23.73 12.19 42.00
Blend pellet 13.94 39.41 28.12 18.50
-
-
PVC
- PET
straw T
municipal fraction
kitchen scraps waste (example) (ma.-%)
= garden waste paper and cardboards 18.0
e composite material 5.0
composite malerial synthetic material 6.1
metal 86
wood
- glass 4.7
festnes i sieved fraction (<40 mm) 424
non Fe-metal = vegetables 29
Fe-metal I - remainder 1.6
packaging (synthetic) CiH -ratio 7.69
= calorific value [MJ/kg] 8.93

paper composites

-

paper and cardboards

9 10

1 12

C/H - ratio (kg/kg)

Figure 2

Illustration of the C/H ratio of different material groups in comparison
to municipal waste set as an example [7]




Factors influencing the firing properties of the Biofraction and RDF pellets 73

Figure 2 shows for the single material groups, that the C/H ratio lies within a range
between 7 and 8. A relative enrichment with synthetic material (exceptional for PET)
in comparison to biogenic material groups, for e.g. household waste, paper/card-
board, there is no significant change in the C/H ratio. However, an increase in the
C/O ratio with rising C-content is a resultant noticed (Figure 3) [7].
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Figure 3

C/H and C/O ratios plotted against the higher calorific value and the carbon con-
tent for different waste fractions and different refuse-derived fuels

1. Biofraction 7. Textil 12. PS (e.g., sourcream
2. Glossy paper 8. 2.RDF box)

3. Recycled newsprint 9. 1.RDF 13. 90 C/PP (e.g., bag of
4. RDF/Bio mix 10. 84C/PAP (e.g., juice chips)

5. Carton box) 14. HDPE 1.

6. Paper napkin 11. PET 15. HDPE 2.

According to Figure 3, the RDF/Bio mixture is located near the group of paper and
textiles, while the group of plastics is severely separated. From this consideration it
can be derived, that refuse-derived fuels with increasing calorific value the C/H ratio
approximately remains constant and the C/O ratio, however, increases (Figure 3)
[7]. If the physical composition of the RDF sample is not known, we can get a good
approximation from the investigation of the C/O ratio, the C/H ratio, the calorific
value, and the carbon content. Figure 3 illustrates well that which materials can be
in the RDF.
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3. INVESTIGATION OF SOLID BY-PRODUCTS AFTER COMBUSTION AND PYROLY-
SIS OF RDF PELLETS

RDF pellets can be utilized on a large scale in many ways. One possibility is to op-
erate a heat generating device with RDF fuel and the other to use it as a pyrolysis
feedstock. In the latter case, the ultimate goal is to maximize the amount of gaseous
product. In either case, there are solid by-products of RDF pellets remaining after
combustion and pyrolysis, called ash and char. The investigation results of these
solid residues are shown below.

3.1. Determination of softening parameters of RDF ash

Attention should be paid to solving the problem of slag formation and corrosion caused
by it when the RDF pellets are used in high-temperature operation. The degree of dam-
age to the combustion plant is influenced by the chemical and mineral composition of
the ash resulting from the combustion, the sintering, softening and melting properties
[20]. In-laboratory softening studies indicate with acceptable accuracy the behavior of
ash in industrial boilers (amount of ash deposited in the combustion chamber and heat
exchanger surfaces, ash aggregation, and corrosion caused by it) [21].

Sample

1. RDF pellet !

Biofraction pellet

Temperature °C

1134°C

E
1125°C 1216 °C 1486 °C

Figure 4
Images of ash from 1. RDF pellets and biofraction made during ash softening testing

Based on previous experiences [22], the biofraction could have contain several sub-
stances that increase the melting point temperature (Si, Ca, Mg, Al) of the resulting
ash, while the 1. RDF pellet may contain alkali metal (Na, K) and phosphorus oxides
because of its lower melting point. In both cases, the sphericalization of the ash sam-
ples starts at around 1,160 °C. This temperature is well above the temperature of the
pyrolysis, so it cannot cause any problems.
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Degree of deformation of ash samples from 1. RDF pellets and biofraction

3.2. Determination of ash content of RDF char
The ash content of the char samples remaining after pyrolysis was also analyzed, the
results of which are shown in Table 5 below.

Table 5
Ash content of chars

Ash content

Sample % m/m
Char of RDF pellet pyrolyzed at 700 °C 53.25+1.64
Char of biofraction pellet pyrolyzed at 700 °C 84.14 £ 0.17
Char of blend pellet pyrolyzed at 700 °C 7724 £2.13

The ash content of pyrolyzed pellets under the same conditions may be different due
to their composition. The higher the ash content of the pyrolyzed sample the less
content of combustible in it. It can be stated that the settings for pyrolysis should be
adapted to the composition of the RDF pellet. Thus, the organic composition of the
waste not only influences the moisture and ash content of the fuel as well as the heat
of combustion but also the setting of the parameters of pyrolysis.

Although, there is no effect on pyrolysis, the softening properties of ash of the char
will be tested in the future.

CONCLUSION

The article examines the combustion properties important for the usability of RDF
pellets: physical composition, moisture content, ash content, element composition,
lower and higher heating value, ash softening and sintering properties. Refuse-de-
rived fuels are used in power plants, material industry, mono combustion facilities
and co-firing plants. RDF pellets can be utilized on a large scale in many ways. One
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possibility is to operate a heat generating device with RDF fuel and the other to use
it as a pyrolysis feedstock.

Several factors influence the combustion parameters of RDF pellets:

1. The great difference in combustion properties is due to the different composi-
tion of heterogeneous components of RDF pellets (such as wood, fabric, plas-
tic), which is caused by the ever-changing composition of municipal solid
waste due to different consuming habits of people. This is a relatively poor-
quality fuel and its pre-processing is necessary to prepare fuel pellets to im-
prove its consistency, storage and handling characteristics, combustion behav-
ior and calorific value. However, recycling of this waste is necessary, and py-
rolysis could represent a solution.

2. In manufacturing technology, as there are no standards for the production of
RDF (unlike for the production of SRF), there may be significant differences
between the quality of RDF from different producers.

The different ash content of chars is also due to the different proportions of the
components found in RDF pellets. It can be stated that the settings for pyrolysis
should be adapted to the composition of the RDF pellet. Thus, the organic composi-
tion of the waste not only influences the moisture and ash content of the fuel as well
as the heat of combustion but also the setting of the parameters of pyrolysis.
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STUDY OF ELECTRODIALYTIC MATERIAL TRANSPORT
AT THE ELECTROLYSIS OF AQUEOUS NaCl SOLUTIONS
CONTAMINATED BY EPTC

FERENC MOGYORODY"

The electrolytic degradation of inorganic pollutants in pesticide wastewaters was studied in
different electrodialysis systems. The experiments show us that nearby organic pollutant
(EPTC) inorganic contamination (NaCl) is also degradable. The endproducts including SOs*
and NOs™ are produced from the EPTC, and NaOH is produced from NaCl, in the known
manner.

Keywords: electrodialysis, wastewater, degradation, thiocarbamate, inorganic pollutants

INTRODUCTION

Earlier it was reported on attempts to decompose thiolcarbamate type pesticides, in-
cluding EPTC (1) in electrolysis of wastewater [1],
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CH_-CH_CH 2 3
372 72

)

in a single undivided electrolysis cell (Figure 1) and partly in a two-cell electrolysis
cell (Figure 2) where electrodialysis processes can also play a role.
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Figure 1 Figure 2
Single-cell electrolysis equipment Two-cell electrolysis equipment
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1. MATERIALS AND METHODS

Different structure electrodialysators were used in the laboratory experiments: the
anode was DSA®, the cathode was a perforated sheet made of acid-resistant iron
alloy, Ag/AgCl electrode was used as reference electrode. The constant potential was
maintained by an EF 427 type potentiostate and a TR-9158 direct current source.
The potentiostate was used in potentiometric mode in all our experiments and the
current was registered.

The organic endproducts produced were analyzed by a Hewlett-Packard 1084B
HPLC or a Chrompack Gas Chromatograph. Chlorine concentration and UV absorb-
ance were measured with a Hewlett-Packard 8452A diode-array spectrophotometer.
During the electrodialysis experiments pH was not measured, the produced NaOH
was measured titrimetrically with HCI solution. The CI~ concentration was deter-
mined titrimetrically with AgNO; solution. The SOs* was determined gravimetri-
cally by BaCl; precipitation and NO5~ concentrations were determined photometri-
cally by Na-salycilate method. COD measurements were made by standard bichro-
mate measuring method.

Industrial filter fabric was used as diaphragm and also membranes (ion selective and
bipolar membranes) i.e. NAFION (Du Pont products) with different codes were used.

Reagents

The initial concentration of the EPTC made by Sagrochem Ltd. was 100 ppm. The
conducting electrolyte was 0.5 kmol.m~3 NaCl (Reanal). The pH was set by HCI in
the acid or by NaOH in the basic range. Distilled water was used as the solvent.

2. RESULTS AND DISCUSSION

Electrodialysis of NaCl and NaOH-containing EPTC solutions was first studied in a
classical three-cell electrodialysis device known in the art (Figure 3).

Fe DSA
§| |
| | | |
l iy, o2 ) I
I 1
b b e
Figure 3

The classic three-cell electrodialysator

The device is made of polypropylene. The semi-permeable wall (diaphragm) was an
industrial filter fabric through which clean water could not flow (without overpres-
sure). Of the electrodes, the anode was DSA®, the cathode was stainless steel. In the
cells, strong mixing was provided by magnetic stirrers. Each cells volume were about
15-20 ml. The surface of the electrodes was not determined exactly, the aim was the
constant potential electrolysis. It worked visible. Due to the distance between the
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electrodes and the diaphragms, the potential of 6.14 V, which is provided by the type
of TR-9158 direct current source, the current was 0.6-0.7 A, and the change (de-
crease) shown in the figure 4 could be achieved by the initial solution (2) (Na*) at
the concentration of CI- and NaOH, while the anolyte concentration of the anion in
the anode space increased, the catholyte concentration of catholyte increased in the
cathode space.
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Figure 4

The electrolysis of 100 x4 EPTC 10% NaCl, 10% NaOH
in classic three-cell electrodialysator

According to our UV spectrophotometric measurements, the EPTC concentration of
the starting mixture, and more specifically the magnitude of the UV absorbance, did
not change significantly. 100 ml of the starting mixture was extracted with 4 ml of
CCl,4 and the UV absorbance was measured at 262 nm with a diode array spectro-
photometer. Not in the catholyte, a barely detectable UV absorbance at 262 nm ap-
peared in the anolyte, which means that EPTC transport in such an electrical dialysis
is negligible but occurs as well as NaCl transport to the negligible cathode space and
NaOH transport to the anode space.

Thus, in addition to electrodialysis, signs (effects) of diffusion in the traditional
sense can be seen in the Figure 4.

In a two-cell device constructed from the same elements, but with a different de-
sign, at smaller cell voltages (Figure 2) we were able to achieve much greater changes
in the composition of the starting NaCl and NaOH-containing EPTC solutions by the
combination of electrodialysis and electrolysis. The electrolysis cell was the same vol-
ume as the three-cell electrodialysator but without the middle part. (Anode was DSA®,
cathode Fe, membrane: NAFION 324.) In these experiments, the EPTC concentration
was measured by gas chromatography (Chrompack), NaOH, CI-, SO,2-, and NOs~ con-
centrations were determined as discribed earlier, chlorine concentration and UV ab-
sorbance were measured with a diode-array spectrophotometer.

Figure 5 shows that the rate of increase in NaOH concentration in the catholyte
is significantly higher than in the 3-cell classical electrodialysis, so the transport of
the Na*-ion through the diaphragm is significant and the rate of increase in chlorine
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UV absorbance is very fast in the anolyte until the saturation concentration is
reached, chlorine is released from the system in gas form.
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Figure 5
Diaphragm electrolysis — electrodialysis (200 gl EPTC/L 10% NacCl solution)
Pot.: 1.7V, 1 =4 A. Cl, — UV absorbance, the change of concentration of NaOH,
S04*, C, and NOs™ in time
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The strong Na*-ion transport can also be deduced from the fact that the fluid level
in the cathode space is always higher than in the anode space (due to the solvation
of Na*-ion, water also passes through the membrane and thus a significant osmotic
pressure is generated). In the anolyte, the increase in Cl~-ion concentration — up to
saturation concentration — provides the Cl—-ion supply for Cl, generation.

Thus, Cl-ion transport from the cathode space continuously provides equilibrium
CI- concentration around the anode. The change in the concentration of organic pol-
lutant (EPTC) and the rate of decrease are not shown in the figure, this has already
reported in detail [4].

Now it was only checked by the fact of rapid, complete decomposition by gas chro-
matography. EPTC, the organic pollution, disappeared completely from the anolyte.

From the EPTC in the anode space, as a result of degradation, nitrate and sulphate
are also produced (this also indicates that not only the EPTC but also its degradation
intermediates are degraded) and nitrate and sulphate are likely to be involved in fur-
ther reactions — based on the nature of the curves (maximum curve).

Thus, our experiments with electrodialysis and electrolysis (diaphragm electrol-
ysis), in addition to organic contamination, also highlighted the degradation of inor-
ganic contaminants.

In the following experiments, it was investigated how to accelerate the degrada-
tion of inorganic contaminants, especially NaCl, with a similar arrangement.

Without changing the dimensions of the diaphragm and the electrode, we changed
the geometry of the cells.

The volume of the cells was reduced by half, then further, or the surface of the
electrodes was increased at a given volume.

Thus, the EPTC and NaCl content of the starting solutions (EPTC and NaCl)
could be broken down faster.

This was reflected in the decrease in COD of the treated solutions in the reduction
of the anolyte concentration of the anolyte and in the increase of the catholyte NaOH
concentration.

According to the data in Table 1, this is also true for real industrial wastewater.
In such a device, we investigated the degradation of the organic and inorganic impu-
rities of the diluted end lye produced by neutralizing a phosgene operating end gas,
and of the effluent discharged through a centralized wastewater treatment plant.

Table 1
Real industrial wastewater electrodialysis and electrolysis
Wastewater COD (mg/l) Na* (g/)
initial after electrolysis initial after electrolysis
P;?j%ige anolyte | catholyte | anolyte | catholyte | anolyte | catholyte | anolyte | catholyte
5.55 5.55 2.3 8.8
Wastewater
treatment 123 123 88 46

plant effluent
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In addition to the undiluted 8.6% NaOH, concentrated diaphragm (NAFION 324
perfluoro-sulphonic acid/carboxylic acid cation selective membrane) was used to
convert NaCl and Na,COsz impurities in NaOH and Na,COsz containing concentrated
phosgene which exhibits more advantageous properties for more concentrated
NaOH solutions than the NAFION 417 membrane tested. But it is also very suscep-
tible to contamination like most membranes and diaphragms.

CONCLUSION

By the electrodialysis of aqueous solutions containing NaCl and thiolcarbamate
(EPTC) contaminates both organic contamination (EPTC) and inorganic contamina-
tion (NaCl) are degradable, where end products, including SO,?~ and NOs", are pro-
duced from the EPTC and NaOH is produced from NaCl in the known manner.

Electrodialysis plays a role in transport processes depending on cell geometry,
diaphragm and membrane and reaction parameters and affects the transport and con-
centration of ClI-, Cl; and (Na*OH") in the anolyte and catholyte.
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