HU ISSN 2063-6997

GEOSCIENCES AND ENGINEERING

A Publication of the University of Miskolc

Volume 8, Number 12

g
LN
ll aﬂ-q’ [S

Miskolc, University Press
2020



GEOSCIENCES AND ENGINEERING
A Publication of the University of Miskolc
Volume 8, Number 12 (2020)
Miskolc, University Press
UNIVERSITY OF MISKOLC
FACULTY OF EARTH SCIENCE & ENGINEERING
HU ISSN 2063-6997

EDITORIAL BOARD

Chairman of the the Editorial Board: Dr. h.c. mult. Dr. Ferenc Kovacs, member of HAS
Editor-in-chief: Dr. Ljudmilla Bokanyi CSc, Associate Professor
Secretary: Dr. Zoltan Virag PhD, Associate Professor

Members:

Prof. Emeritus Dr. Barnabas Cséke CSc
Dr. Akos Debreczeni CSc, Associate Professor
Dr. Endre Dobos PhD, Associate Professor
Prof. Emeritus Dr. Mihaly Dobroka DSc
Prof. Emeritus Dr. Janos Foldessy CSc
Prof. Dr. Gyorgy Less DSc
Dr. Ferenc Madai PhD, Associate Professor
Dr. Jozsef Molnar CSc, Associate Professor
Prof. Dr. habil. Norbert Péter Szabo PhD
Prof. Dr. Péter Sziics, DSc
Prof. Emeritus Dr. Laszl6 Tihanyi CSc
Dr. Zoltan Turzé PhD, Associate Professor

INTERNATIONAL ADVISORY BOARD

Prof. Dr. Wieslaw Blaschke Polish Academy of Sciences, Cracow, Poland
Prof. Dr. Gheorghe Damian Universitate Du Nord Baia Mare, Romania
Prof. Em. Dr. h.c. Dr. Helmut Wolff TU Berlin, Germany
Prof. Dr. h.c. Dr. Istvan Lakatos member of HAS, Hungarian Academy of Sciences, Hungary
Prof. Em. Dr. Gabor Takacs University of Miskolc, Hungary
Dr. Stefano Ubaldini Instituto di Geologia Ambientale e Geoingegneria, CNR, Rome, Italy

GUEST EDITOR
Dr. habil. Jozsef Faitli



Special Issue of the EFOP-3.6.2-16-2017-00010 Sustainable Raw Material
Management Thematic Network — RING 2017 Project






TABLE OF CONTENTS

(0] =111V (o OO 7

Mucsi, G. — Szabd, R. — Halyag, N. — Ambrus, M. — Kocserha, I. — Géber, R. —
Madai, F. — Kristaly, F. — Moricz, F. — Rdcz, A. — Bohdcs, K. — Gregus, E. —
Csdk, Cs. — Marinkds, Gy. — Debreczeni, A. — Molndr, J.: s
Summarizing recent achievements of the silicate waste research group,
University of Miskolc, within the ring 2017 Project.......ccccceveveviereviesiesieerese e se e 15

Moricz, F. — Mddai, F. — Féldessy, J. — Mucsi, G. — Gombkdtd, |:
Evaluation of CRM potential in fly ash of hungarian coal power plants............c.c.c....... 33

Ambrus, M. — Papné Halyag, N. — Czupy, |. — Szalay, D. — Mucsi, G.:
Mechanical and structural properties of biomass-geopolymer composites .................... 47

Géber, R. — Kocserha, |. — Ferenczi, T. — Kristdly, F. — Moricz, F. — Rdcz, A.
Construction and demolition wastes as potential asphalt fillers ............ccccooeveiiinnnen. 61

Madainé-Uveges, V. — Bokanyi, Lj. — Papp, R. Z. — Szamosi, Z. —
Romenda, R. R. — Nagy, S.:
Valuable elements in waste electrical & electronic equipment (weee) and

their possible recovery Methods ........cccveivice i 71
Madai, V. — Madainé- Uveges, V. - Kurusta, T.:

LCD screens as potential sources of elements..........ccocvvvveieiiie s 84
Varga, B. — Fodor, K.:

Analysis of critical raw materials through the eyes of ecONOMIStS..........cccocevvvireiiienn. 94
Péter, Zs. — Orosz, D.:

Lithium and lithium batteries from the economist’s point of View............c.cccccevevnennee. 105
Salem, A. M. — Héjjas, A. — Kolldr, P. — Dolgosné, A. K. — Orbdn, Z.:

Effect of industrial by-products used as additives on the properties of concrete.......... 113
Balogh. L. — Kdrpati. K. — Havasi. Z. — Vér. Cs. — Orban. Z.:

Sustainable concrete from recycled crushed aggregates.........ccovevvvevievievienieenesiecnens 124

Faitli, J. — Cséke, B. — Romenda, R. R. — Nagy, Z. — Rdcz, 4.:
Industrial tests with a residual municipal solid wastes processing plant
with the newly developed kime combined separator...........cccocvevvivieeiienerenene e 133

Papp, V. — Szalay, D. — Vagvolgyi, A. — Horvath, A. — Major, T. —
Szakalosné Matyas, K. — Vityi, A. — Szigeti, N. — Kovdcs, K. — Czupy, I.:
Sustainable dendromass management research to meet the growing energy
demand IN NUNGAIY ....cc.oiieee ettt e st e e e beebe e 151

Szalay, D. — Vagvalgyi, A. — Czupy, |. — Kertész, Sz. — Beszédes, S. —
Hodur, C. — Papp, V.:
Sensitivity test for sustainable raw materials supply of lignocellulosic biofuels.......... 184



Pdsztory, Z. — Novotni, A.:
The utilization of tree bark as thermal insulation panels and
formaldehyde @DSOTDET .........cviiiiiiiie e

Almasi, E. E. — Pap, Zs. — Racz, A. — Bohacs, K. — Mucsi, G. — Rakhely, G.:
Morpho-structural properties of nanogrinded rutile as potential photocatalysts
TOr WALer trRAIMENT ......veieiiieeee bbb

Almasi, E. E. — Pap, Zs. — Saszet, K. — Récz, A. — Mucsi, G. —
Papné Halyag, N. — Rakhely, G:
Structure stability and properties of nano milled cuprite and its applicability
IN WaSLEWALET TrEALMENT .......c.viveiiiieeeeirie e

Almasi, E. E. — Pap, Zs. — Saszet, K. — Gyulavari, T. — Réicz, A. —
Mucsi, G. — Papné Halyag, N. — Rdkhely, G.:
Fine structural features of ilmenite achieved by wet milling and its potential
in the degradation of pollutants in WasteWater ...........ccccceveieiereiiieneice e

Laczi, K. — Shume, J. M. — Bodor, A. — Bounedjoum, N. — Kovdcs, T. —
Perei, K. — Rakhely, G.:
Soil bioremediation: a methanogenic hydrocarbon biodegrader consortium
in soil contaminated with diesel oil at groundwater level...........cccccceovveieiie i iceesnenee.

Bodor, A. — Mészdros, S. — Petrovszki, P. — Vincze, Gy. E. —
Bounedjoum, N. — Laczi, K. — Rdkhely, G. — Perei, K.:
Isolation of hydrocarbonoclastic bacteria from oily wastes and
their pilot application for water and soil decontamination ............ccccevvvverenienennnnnne.

Kiss, M. — Barta, K. — Gulyds, A — Krajcsi, E. — Farsang, A.:
The effects of sewage sludge deposition on ecosystem carbon exchange processes:
possibilities of model-based aSSESSMENTS .........c.cccvevieiierieiese e

Kovdcs, F. — Ladanyi, Zs. — Hegediis, M.
Observation of consequences of sewage sludge disposal by vegetation monitoring
of cultivated arable 1and ..o

Toth, M. — Fekete, |. — Barta, K. — Farsang, A.:
Measurement of soil co2 respiration on arable land treated
by sewage SIUAge COMPOSE .......ccooiieiieiece e

Moghazi, A. H. — Zobaa, M. K. — Mddai, F. — Hamor-Vido, M.:
Palynofacies and organic thermal maturity of the upper mancos formation
in the San Juan basin, NeW MeXiCO, USA ........ccoiiieeeee et

Haranghy, L. — Kertész, Sz. — Veréb, G. — LaszIo, Zs. — Vagvolgyi, A. —
Jakoi, Z. — Czupy, |. — Hodur, C. — Rakhely, G. — Beszédes, S.:
Intensification of the biodegradation of wastewater sludge by microwave
IFPATIALION L..eivicciec et be et e et e et eebe e et e e beesbeetbesraesbeesbeesbeennas

LaszI6, Zs. — Fazekas, A. — Hoduir, C. — Arthanareeswaran, G. — Veréb, G.:
Cost estimation of combined membrane separation and different advanced
oxidation processes pre-treatment of 0ily WaSteWater ............ccocoevvieiiiiininc i



Geosciences and Engineering, Vol. 8, No. 12 (2020), pp. 7-14.

FOREWORD

When someone has a look at the map of Hungary, a ring formed by the cities of Mis-
kolc, Pécs, Sopron, and Szeged is clearly visible. This idea, namely “the alliance of the
ring” was the initial spark behind the project, which now is approaching its completion.
The EFOP-3.6.2-16-2017-00010 Sustainable Raw Material Management Thematic
Network — RING 2017 Project — in numbers — in brief: 4 cities, 4 partner universities,
5 research cells, more than 160 university lecturers—researchers, 200 students and
young researchers and 140 other contributors did research and built this network to-
gether. In the 38 months so far more than 500 publications have been issued, of which
more than 340 were in a language other than Hungarian (mainly in English), more than
330 people took part in research management and research skills improvement train-
ings, almost 100 potential Horizon 2020 partners contacted, almost 60 guest research-
ers—lecturers invited from EU/EGT or Carpathian Basin countries and more than 100
conference presentations held by our students during the 4 Sustainable Raw Materials
International Project Weeks (IPWs) organized within the project.

The four networking universities — the University of Miskolc, the University of Sopron,
the University of Pécs and the University of Szeged — joined their human and physical
resources and carried out common scientific work in the following research cells:
¢ Innovative utilization of large-scale industrial and mining waste and by-pro-
ducts (SILICATE)
¢ Recovery of valuable materials from waste electronic and electrical equipment
(WEEE)
¢ Municipal solid waste as a secondary source of raw materials (MSW)
o Ultilization of lignocelluloses (LIGNOCELLULOSE)
e Utilization of wastewater and sewage sludge, low CO? emission technologies
(CO2)

SILICATE Research Cell. The population of our earth is growing significantly,
which means a continuous, drastic increase in both the demand for raw materials and
the demand for energy for the future. This results in the formation of large amounts
of solid by-products, the utilization of which is one of the most important tasks today.
This amounts to nearly 800 million tonnes per year. Also, a significant amount of
by-products are metallurgical slags, which represent around 500 million tonnes per
year worldwide. Furthermore, approximately 120 million tonnes of red mud are gen-
erated annually during alumina production. These by-products and wastes, predom-
inantly containing silicates, are joined by other mineral-derived materials, such as
natural pozzolanic materials (pumicite, trass) or glass waste, the recovery of which
has not been resolved. Recognizing the need for raw materials, the European Union’s
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raw materials strategy was developed, the importance of which is reflected in the
Horizon 2020 calls for ‘industrial leadership’ and ‘societal challenges’ pillars.

Based on the above problems, the following thematic research directions were
created in the project related to the Innovative Silicate Bearing Waste Recycling Re-
search Group: nano grinding and the development of fine grinding for mechanical
activation; geopolymer raw materials; geopolymer foam; mineralogical investiga-
tion of silicate bearing wastes and recycled products; utilization of construction and
demolition waste and industrial by-products; and legal issues of the recycling of sil-
icate bearing waste and of selective mining.

The basic goal of the research cell is to develop the preparation processes of pri-
mary and secondary raw materials of mineral origin in order for them to appear on
the market as higher value-added products. One of the utilization possibilities is the
production of geopolymers suitable for various applications (thermal insulation sys-
tems, micro-cement, concrete, heat-resistant materials). The subject of the present
research is the development of technologies and products whose properties can be
controlled by mechanical process engineering operations (mainly by grinding or
classification); thus, the characteristics suitable for the purpose can be planned in
advance.

As a result of our research we found that grinding had a key role in order to pre-
pare a more reactive raw material for geopolymers by mechanical activation, as well
as for nano-grinding of ilmenite, vivianite, hematite and cuprite. Geopolymer com-
posites with appropriate mechanical stability could be obtained with various raw ma-
terials such as fly ash, red mud, and biomass. It was found that the cell structure of
geopolymer foam, and thereby its compressive strength and density, can be con-
trolled by grinding of the raw material. Utilization of construction and demolition
waste and industrial by-products (fly ash and alumina dross) is possible in building
materials and as potential raw material for road construction, while concrete and
brick waste may hold potential for preparing geopolymers. Regarding the legal is-
sues of recycling silicate bearing waste, researchers examined the rules on utilization
of fly ash in Hungarian and EU law and introduced the dilemmas that lawmakers
have to face when it comes to its utilization. Furthermore, selective mining sites were
investigated in the Borsod coal basin in north-eastern Hungary, with the Dubicsany
deposit found to be the most promising.

WEEE Research Cell. The European Commission has adopted a new Circular
Economy Action Plan — one of the main blocks of the European Green Deal, Eu-
rope’s new agenda for sustainable growth. The new Action Plan announces initia-
tives along the entire life cycle of products, targeting for example their design, pro-
moting circular economy processes, fostering sustainable consumption, and aiming
to ensure that the resources used are kept in the EU economy for as long as possible.
Waste electrical and electronic equipment (WEEE) or e-waste is electrical and elec-
tronic equipment (EEE) that becomes waste. High added value products usually re-
quire special materials, and without them production is not possible (e.g.: indium in
LCDs). Nowadays some important raw materials mainly come from non-European
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countries, for example Rare Earth Elements (REE) from China. The E-waste gener-
ation was 44.7 million metric tons globally (in 2016), and only 20% of this amount
is collected and recycled. The amount of WEEE is increasing because of the inten-
sification of technological developments, increasing population, rapid societal and
economic development (developing countries’ access to modern technologies),
changes in consumer habits (mobile phones, decreasing product lifetimes). On the
one hand, untreated WEEE is hazardous to the environment and human health; on
the other hand WEEE is a resource which should be used. WEEE processing faces
many challenges, e.g. extreme small concentrations of valuable elements, composite
materials, thin layers, covering materials, rapid changes in EEE technologies, sub-
stitution of elements, and market price variation of elements.

Various types of lithium-ion batteries were investigated, such as mobile phone bat-
teries, notebook batteries and hybrid vehicle batteries. Structural and material compo-
sitions were determined (mobile, laptop, and car) and processing possibilities were
investigated to avoid explosion during recycling. Mechanical and chemical treatment
processes were developed in the case of the first two battery types. The most valuable
materials recycled from the anode and cathode were cobalt and lithium.

In the case of LCD and LED, mechanical treatment processes were investigated.
In addition to that, chemical and biological solubilisation experiments were carried
out in order to solubilize the indium from waste LCD panels, and in a preliminary
experiment, the potential of bioleaching of LEDs (light emitting diode) was exam-
ined as well. The newest types of displays (OLED) were also procured and analysed.
These are used nowadays in mobile phones as well as in TVs, and shipment of them
is increasing.

The solid-state drive (SSD) was introduced in the late 2000s as a new technology
for storing data. Fundamental data for searching for appropriate treatment options of
SSDs were analysed, such as the mass balance of the components of SSDs, material
composition of the parts in SSDs, and size reduction of SSDs. The increasing de-
mand for SSDs worldwide also fosters the research regarding SSDs recycling to en-
sure high effectivity and efficiency in handling “end of life” SSDs in the future.

To understand the structure of WEEEs and WEEE parts, CT measurements were
performed in the 3D Lab of the University of Miskolc with a XYLON FF35 dual
tube computer tomography equipment. For the measurements additional sample
preparation was not necessary, because whole sample pieces could be placed inside
the instrument. The sorting of WEEE parts was investigated by a camera with shape
recognition software with one- and two dimensional code on the examined image.
Market price tendencies were also examined from the economist’s point of view,
especially for EU critical raw materials.

MSW Research Cell. On the one hand quality and quantity enhancement of residue
derived fuel (RDF) was one of the main topics of this research cell. The factors that
affect fuel quality during the mechanical treatment process and the enhancement op-
tions after treatment were identified. Fuel particle size distribution, as well as heat
value, moisture, ash, heavy metal and chlorine content of each size fraction were
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measured for an entire year. The results showed close correlation between particle
size and both physical and chemical characteristics of the fuel. Components that
make the combustion challenging, e.g. chlorine, heavy metal, ash and moisture, are
concentrated in the <10 and 10—-20 mm size fractions of the RDF, while their low
heat values were only half of those measured in case of the >30 mm fractions. An-
other working group of the MSW research cell carried out intensive research work
on the development of mechanical processing technologies for residual municipal
solid wastes (RMSW). The KLME (combined air flow, electric and magnetic) sepa-
rator was patented and built into the new RMSW processing plant in Zalaegerszeg-
Buslakpuszta. Industrial scale processing tests were performed.

Our research ambitions also covered the enhancement of secondary raw material
production during manual sorting processes (in material recovery facilities), by
means of near infrared (NIR) optical separators that required preliminary data col-
lection and assessment. Time series analyses were performed within one year to
show the variation of the composition of the waste issuing from separate collection,
the changes in particle size distribution of those fractions that promise optimum op-
eration for near infrared (NIR) optical separators, as well as the correlation between
the sorting position, the waste type and the picking number. Based on these analyses,
only 61 wt% of the incoming material can go through the optical separators, after
diversion of the oversize (>350 mm; 18 wt%) and the small (<70 mm; 21 wt%) frac-
tions. The measurements showed that the >350 mm fraction contains 60 wt% card-
board and 9.4 wt% LDPE film, while the 70-350 mm fraction contains 34.5 wt%
paper, 18.5 wt% PET bottle and 9.5% cardboard.

The third main axis addresses non-destructive measurement methods, aiming at
characterizing heterogeneous waste deposits, potentially suitable for secondary raw
material extraction. Our research cell developed models with a completely new ap-
proach to electrical impedance spectroscopy and tomography measurement evalua-
tions. In the case of spectroscopy, besides producing high-quality data, it is important
to use appropriate models, since the models used in today's practice grant primarily
mathematical interpretations of the measurement data. In our case (mainly by mod-
ifying existing models), we have produced models that, in addition to being mathe-
matically aligned with the data, produce information (material characteristics) that
can be used physically, taking into account the dielectric properties of the investi-
gated material. With regard to tomography, we have developed a new image recon-
struction process based on a completely new numerical process, also developed by
the University of Pécs. During modelling, the test substance, as a continuum, is con-
verted into a concentrated parameter linear network. The matrix of the resulting lin-
ear equation system contains the concentrated parameter equivalents of the material
characteristics. With this method, we were able to achieve a higher resolution and
sensitivity than that documented in the literature at simulation level. As a conse-
quence of the proprietary numerical process, a universal analytical solution scheme
was found for second-order ordinary differentials in the one-dimensional case. We
are currently working on its two-dimensional extension.
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LIGNOCELLULOSE Research Cell. There are three research groups established
within the research cell: BIOMASS, BARK, and MUSHROOM. The aim of the
work of the BIOMASS research group was to investigate the new directions of den-
dromass production, harvesting mechanisation and utilization. The task was very
complex, because the increased demand for woody raw material puts a lot of pressure
on forests, and in order to achieve a sustainable raw material supply other additional
options need to be considered. Thus, the potential of base materials with high ligno-
cellulose content was analysed going beyond forested areas, also on agricultural
land, such as in agroforestry or short rotation woody energy plantation systems. In
the future, these may play an increasingly important role in the local raw material
supply.

The important part of the project was to examine the right choice of forest man-
agement method, which plays an important role in the efficient development of the
useable amount of dendromass. Forestry research begins with the mechanization of
planting the seeds or seedlings. The group also examined highly mechanized logging
technologies, because the use of the modern mechanization systems is expected to
occur more frequently in the future.

It was also essential to analyse the factors that are influencing wood quality. To
achieve a circular economy and carbon sequestration, efforts must be made to utilize
wood first in the wood industry, while energy utilization should be the last option.
Tree dimensions and wood quality (the presence or absence of wood defects, which
can be related to origin or age) determine the composition of the forest assortment
that can be produced during harvesting; these factors were also measured. The usa-
bility of woody materials is also affected by biotic and abiotic forest damage, which
has been increasing worldwide in recent years.

In the third part of the research, attention was particularly focused on finding new
ways of utilizing woody materials and industrial by-products, e.g. the production of
lignocellulose biofuels and wood mixture pellets. Both have strict requirements for
the raw material, which was examined from ecological, economical and sustainabil-
ity points of view.

Cultivation of wood produces large quantities of renewable raw materials each
year. 10% of produced round wood is bark, which in most cases has been dumped in
landfills. However, tree bark can be a perfect raw material for production of thermal
insulation panels. Some trees have high resin and wax content, which is beneficial
because no glue is required when gluing boards together. Boards are heat treated
mainly to reduce water uptake and thickness swelling. There are several factors in-
fluencing the thermal conductivity values of wood-based materials, of which tem-
perature, moisture, and density are the most crucial parameters. The results show
that 0.06W/mK insulation value can be achieved, which is very close to the values
of consumable materials. Thermal insulation panels were produced with different
density and different treatments, and the results show the potential of a successful
bio-product from bark, which could be competitive on the market. The use of bark
as a formaldehyde absorber is another possibility.
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To characterize the properties and condition of the biomass, we chose FT-IR
spectrometry as an analytical technique providing chemical information. A chemo-
metric data analysis strategy (Spectrum Preparation + PCA-LDA) was used to eval-
uate FT-IR spectra. The spectra of plant foliage and wood, as well as that of fungi
decomposing woods, are characteristic. The effect of genetic origin (species type)
and environmental condition is reflected in the spectra. Different plant foliage, wood
samples, and fungal cultures can also be distinguished by group analysis of their
spectra. Degradation of wood by fungi can be monitored by PCA-LDA evaluation
of indicative spectra.

As part of the project in interinstitutional cooperation, we applied our developed
spectrometry-based evaluation strategy to both plastic and wastewater samples. FT-IR
spectrometry also proved to be suitable for the identification and separation of plastics
and for the monitoring of wastewater purity. Using various pre-treatments can promote
the hydrolysis and increase the total biogas yield in case of the lignocelluloses. Appli-
cation of mechanical, thermal and chemical pre-treatment have many advantageous
effects but these are expensive and their toxic by-products can cause many problems.
In contrast, biological pre-treatments have benefits such as cost-effectiveness and en-
vironmental friendliness. Two different fungi species; oyster mushroom (Pleurotus
sp.) and chicken of the woods (Laetiporus sulphureus) were applied for the pre-treat-
ment of poplar and willow samples. The moisturised and chopped wood samples were
inoculated with fungi strains and incubated in room temperature for 28-180 days. The
alteration of cellulose and lignin content of samples were measured during the treat-
ment. The biogas yields of pre-treated lignocelluloses in anaerobe digestion were
tested under thermophilic (55 °C) conditions in semi-continuous feeding lab fermen-
tors. Correlations between the rate of fungal decomposition of wood sample and spe-
cific methane yield in anaerobe trials were revealed.

CO2 Research Cell. Water is a strategically essential material, and therefore the sig-
nificance of water recycling and wastewater treatment technologies is of primary im-
portance. Membrane separation, biotechnological approaches, advanced oxidation
processes and agricultural fertilization alone or in combination are currently proven
technologies in many areas, including wastewater treatments and utilization. The main
limitation of the various filtration processes is the accumulation of matter at the mem-
brane surface or in the pores, leading to two phenomena: concentration polarization
and membrane fouling. Several combined approaches, including sonication, Fenton-
oxidation and ozonation-coupled ultrafiltration have been successfully applied to in-
crease the efficacy and decrease the costs of ultra- and nanofiltration techniques. Mem-
brane fouling was substantially reduced by Vibratory Shear Enhance Processing.
Novel self-cleaning nanocomposite membranes were also developed for better reusa-
bility of the filters. Oily wastewaters were also successfully treated with a combined
microbiological/filtration method. A novel dielectric measurement technique was in-
troduced for monitoring the sludge utilization process filtration.

Oily wastewater can be treated by biotechnological methods using “oil-eating”
microbes. Moreover, natural waters are frequently contaminated by toxic hydro-
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phobic materials. Annually, a huge amount of hazardous compounds is released into
the environment, including xenaobiotics, oils, oil derivatives, drugs. etc.; majority of
them reaches and contaminates the groundwater zones and gets involved in water
recycling. Various biotechnological approaches were successfully applied for treat-
ment of contaminated groundwater and of wastewater containing fat/drugs both at
aerobic and anaerobic zones. A unique strain capable of degrading drug intermedi-
ates was isolated, characterized and applied for treatment of industrial wastewater.
Lubricant oils are widespread pollutants, therefore their degradation is extremely
important. Culture dependent and culture independent, biostimulation, bioaugmen-
tation strategies were designed and applied for intensified/accelerated removal of
such contaminants for industrial interest. Together with industrial partners, the elim-
ination of diesel oil contaminations in the groundwater of an abandoned military base
was studied and an anaerobic microbial-enhanced energy recovery process was sug-
gested to convert pollutants into biomethane. Methane/biogas, an important alterna-
tive energy carrier, can be produced from various sources, including wastewater, or-
ganic materials and energy plants. A variety of biomass sources, such as tomato and
wood wastes, willow, microalgal biomass, algae-treated wastewater, could be effi-
ciently converted into biogas and thus CO; emissions can be reduced. The processes
were followed by numerous standard analytical and high-throughput biological meth-
ods. Various treatments including enzymatic or microwave pretreatments, and bioaug-
mentation were applied for intensification of biogas production and to increase the
final yields. Microalgae can capture CO; and produce clean gaseous energy carriers,
such as hydrogen. In collaboration, a carbon-free sustainable process was developed
for continuous but cyclic production of photobiohydrogen from water.

Heterogeneous photocatalysis is one of the most investigated advanced oxidation
processes which can be applied in wastewater purification technologies. This tech-
nology is quite advantageous: it is highly flexible, needs low energy input, and has
low or no toxicity impact. Usually, nanostructured materials are used as photocata-
lysts, which are obtained after complicated synthesis procedures; however, natural
minerals can also be applied. In the project, the applicability of natural minerals as
photocatalysts was demonstrated in wastewater treatment technologies. Natural ru-
tile nanoparticles in the size range of 20-100 nm could be successfully used for deg-
radation of drug pollutants and xenobiotics, including ibuprofen and phenol in
wastewater. Natural ilmenite showed significant photocatalytic activity towards the
degradation methylene blue dye, suggesting its applicability in the decolorization
process in dye, textile and paper industrial wastes/wastewaters. Natural cuprite na-
nomaterial obtained by nanogrinding was demonstrated to be an efficient degrader
of a model drug pollutant, salicylic acid.

Sewage sludge utilization has three main directions: a) energetic utilizations, such
as biogas/biohydrogen production, incineration, thermochemical conversions into
solid, liquid and gaseous fuels; b) direct usage as fertilizer; c) composting as an in-
direct fertilizer. In the project, the agricultural applicability of wastewater sludge was
tested. Our study focused on examining the changes in the extractable components
of a Chernozem soil and the soil’s biological activity as a consequence of low-dose
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municipal sewage sludge compost applications. The results clearly showed signifi-
cantly increased soil-bound K20, P205 and NO2— + NO3— contents linked to the
sewage sludge treatments, but the toxic element content did not increase signifi-
cantly. Microbiological analysis revealed that the sewage sludge treatments in-
creased the number of the aerobic microbes and the biochemical activities in the
samples. Consequently, low doses of municipal sewage sludge compost can be a
sustainable fertilizing practice, taking advantage of their high N, P and K contents
that are slowly converted to their soluble/bioavailable forms, thus preventing their
excessive leaching into the groundwater. The measurements of CO, emissions on
arable lands treated with sewage sludge confirm that the daily rhythm of soil mois-
ture and temperature changes have much stronger effects on the CO, respiration than
the low-dose sewage sludge treatments.

Dear Reader, accept this publication as a little taste of the work and results of the
project!

Miskolc, 25 November 2020

Best regards,

J. Faitli, scientific leader of the project

G. Mucsi, leader of the SILICATE research cell

S. Nagy, leader of the WEEE research cell

T. Kiss, leader of the MSW research cell

I. Czupy, leader of the LIGNOCELLULQOSE research cell
G. Rékhely, leader of the CO2 research cell
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Abstract: In the present paper the main research results are summarized that were carried
out under the umbrella of the project entitled Sustainable Raw Material Management The-
matic Network — RING 2017 and that are related to the Innovative Silicate Bearing Waste
Recycling Research Group. The following thematic research directions were created: nano
grinding and the development of fine grinding for mechanical activation; geopolymer raw
materials; geopolymer foam; mineralogical investigation of silicate bearing wastes and recy-
cled products; utilization of construction and demolition waste and industrial by-products;
and legal issues of silicate bearing waste recycling and selective mining. As a result of the
research work it was found that geopolymer composites can be produced from various waste
streams. Shortcomings of the current regulation and the soft-law regulating tools are ad-
dressed, which are meant to shape the future development of the field.
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1. INTRODUCTION

The population of our earth is growing significantly, which means a continuous,
drastic increase in both the demand for raw materials and the demand for energy for
the future. In terms of energy, the BP Statistical Review of World Energy (2013)
stated that coal-based energy production is one of the most prominent in the world
in terms of energy production, due to its economical extraction and favourable price.
This results in the formation of large amounts of solid by-products (fly ash and slag),



16 Mucsi, G. et al.

the utilization of which is one of the most important tasks today. This amounts to
nearly 800 million tonnes per year. Also, a significant amount of by-products are
metallurgical slags, which represent around 500 million tonnes per year worldwide.
Furthermore, approximately 120 million tonnes of red mud are generated annually
during alumina production. These by-products and wastes, predominantly contain-
ing silicates, are well complemented by other mineral-derived materials, such as nat-
ural pozzolanic materials (pumicite, trass) or glass waste, the recovery of which has
not been resolved. The steady decline in the volume of primary raw materials and
the rise in their prices worldwide encourages professionals to research the large-scale
availability of secondary raw materials. Examples include industrial and mining by-
products and wastes such as fly ash and slag from coal-fired power stations, glass
waste of various origins, red mud from alumina production, waste from the produc-
tion and preparation of mining, or metallurgical slag. Due to their good physical and
chemical properties, these materials are excellent for use in the construction or build-
ing materials industries, among others.

Most industrial by-products and waste are currently deposited in landfills, which
is disadvantageous in several respects. First, the landfills reduce valuable agricultural
and industrial land and pose an environmental risk (water and air pollution) in the
event of improper disposal. Furthermore, the utilization of the by-product in question
as a raw material would mean the rational and sustainable management of the pri-
mary mineral resources and raw materials. Last but not least, it also contributes to
the reduction of CO. emissions, as a significant amount of CO; is produced during
the production of the cement to be replaced. The right quantity and quality of raw
materials are essential for the European economy as well as for the Hungarian econ-
omy. Recognizing these needs, the European Union’s raw materials strategy was
developed, the importance of which is reflected in the Horizon 2020 calls for ‘indus-
trial leadership’ and ‘societal challenges’ pillars.

Therefore, the basic goal of our research group is to develop the preparation pro-
cesses of primary and secondary raw materials of mineral origin in order for it to
appear on the market as a higher value-added product. One of the utilization possi-
bilities is the production of geopolymers suitable for various applications (thermal
insulation systems, microcement, concrete, heat-resistant materials). These are inor-
ganic polymers which can be prepared by reacting aluminosilicate oxides and alu-
minosilicates in an alkaline medium. The thermal insulation properties of the fly ash-
based geopolymer can be enhanced by creating a foam structure. These materials are
characterized by excellent fire and chemical resistance, which makes it possible to
use them as a refractory or — with low thermal conductivity — thermal insulation
material. The subject of the present research is the development of technologies and
products whose properties can be controlled by mechanical process engineering op-
erations (mainly by grinding, classification); thus, the characteristics suitable for the
purpose can be planned in advance. Our primary goal is to develop a thermal insula-
tion material that is air permeable, non-combustible and priced lower than other min-
eral-derived thermal insulation materials. This is made possible by a thermal insula-
tion material with a foam structure obtained from the utilization of a secondary raw
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material. Another utilization solution for secondary raw material-based foam prod-
ucts is the development of special functional materials whose high specific surface
area is provided by the open-pore foam structure: for example, the production of ion
exchange materials that can be used for either remediation, environmental or energy
purposes.

Last but not least, supplementary cementitious materials (SCMs) are of great im-
portance. They can be obtained at significantly lower prices than products currently
on the market (e.g. microsilica, metakaolin), while also producing high-strength,
acid-resistant, heat-resistant products. These materials can be manufactured from
waste materials, therefore one of our focus is SCM development from secondary
materials sources.

Based on the above-mentioned research areas, an additional goal of the project is
to investigate the legal circumstances of waste processing and utilization in the Eu-
ropean Union as well as on the Hungarian level.

2. THEMATIC RESEARCH RESULTS

2.1. Application of nano-grinding and the development of fine grinding
for mechanical activation

Within the framework of the project developments in various fine grinding areas
were carried out. In the first topic the differences and similarities of the wet and dry
grinding in a stirred media mill were investigated from energetic and mechanochem-
ical point of view. Grinding experiments in batch stirred media mill were carried out
with zeolite and kaolin. The grinding experiments were carried out at different stress
energy and stress number values and the grinding was measured during milling. Af-
ter grinding, X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), and particle size analysis by laser scattering were carried out on the ground
materials. It was found that wet stirred media milling was much more effective than
dry stirred media milling from the size reduction point of view. However, more sig-
nificant changes were observed in the structure during dry grinding, based on FTIR
measurements. Dry grinding is more effective in amorphisation than wet grinding,
as observed from the evolution of amorphous fraction based on XRD. More progres-
sive crystallite size decrease and amorphous fraction increase is observed with the
higher energy dry grinding. Based on the above, it can be stated that dry stirred media
milling is much more effective for the mechanochemical activation, while the wet
process is more suitable for particle size reduction [1]. The same milling experiments
were carried out in with limestone and with quartz. The aim of the measurements
was to understand the main differences in the method of wet and dry stirred media
milling. Based on the results, in the case of the non-cohesive quartz dry grinding
was more effective than wet in the comparison of the product median at a certain
specific grinding energy. For limestone, which is a cohesive material, the wet pro-
cess was much more efficient. Connecting to the development of the mechanical
activation in a stirred media mill, a continuous dry grinding stirred media milling
system was developed within in the project, where mainly the effect of the
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operational parameters on the product particle size was investigated [2] and also the
system itself was modified and developed in numerous steps [3]. As a final step the
system received a self-developed airflow control that ensures an even amount of air
inside the mill during operation.

The second main topic was carried out in cooperation with the University of Sze-
ged, where wet stirred media milling and nano-grinding of different Ti, Fe and Cu-
oxide and phosphate minerals were performed. During the experimental work nano-
grinding of ilmenite, vivianite, hematite and cuprite was carried out in a continuous
operation wet stirred media mill. During the experiments the particle size distribution
and specific surface area of the ground materials were determined after certain grind-
ing times and the specific grinding energy was measured, thus determining the grind-
ing kinetics of the different minerals. After the milling, scanning electron micros-
copy (SEM) and FTIR measurements were carried out on the samples to characterize
the nanoparticles. The nano rutile, ilmenite, vivianite and cuprite particles produced
were later applied as photocatalysts for the development of novel wastewater treat-
ment technologies by the colleagues from Szeged.

2.2. Investigations concerning possible geopolymer raw materials

Nowadays several studies are being conducted on the use of waste materials in order
to eliminate the increasing toxic threat to the environment. The solution is an eco-
nomically viable utilization of waste materials in new products for other applications
rather than disposal in landfills. The new product can be formed by alkali activation
of alumina-silicate materials containing highly reactive phases. The possible raw
materials can be power plant fly ash, ground granulated blast furnace slag, red mud,
silica fume, or rice husk ash, but other mine tailing waste can also be successfully
utilized in geopolymer production. In most studies fly ash is used as a source material
[4, 5, 6, 7], as millions of tonnes of fly ash are generated each year by coal-fired
power stations.

Fly ash (Figure 1) is the fine solid particulate residue separated from the flue
gas of a power station burning pulverized coal, where the particle size, amorphous
content, loss on ignition, morphology and origin influence the stability of fly ash
used in a geopolymer. Fly ash also possess pozzolanic properties, which allows it
to serve as a reagent for the synthesis of geopolymers, which is an inorganic amor-
phous polymeric Si-O-Al framework formed by alkali activation with alkali hy-
droxide and alkali silicate solution [8]. The result is a cement-like product with
better mechanical properties (compressive strength, flexural, splitting tensile
strength), better physical properties and higher durability (resistance to chloride,
sulfuric acid, thermal, freeze-thaw cycles). Besides these advantages, geopolymer-
ization can trap and fix toxic metal elements from fly ash. The process and the final
properties depend on the Si/Al ratios, the type and the amount of the alkali solution
and the curing conditions.
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Figure 1
SEM image of brown coal fly ash from Tatabdnya

The mechanical properties and durability can be improved by the mechanical acti-
vation of fly ash, by slightly changing the Si/Al ratios, alkali solutions, curing con-
ditions, or by adding other types of wastes, such as slag or red mud [9] and/or fibers
to reach the optimal chemical composition for geopolymerization with better me-
chanical properties. Experiments with mechanical activation of brown coal fly ash
from Tatabanya revealed that with an optimized liquid/solid ratio (0.82) and appro-
priate activator solution composition (25 wt.% 8 M NaOH solution and 75 wt.%
water glass), the uniaxial compressive strength of the specimens can be increased.
As seen in Figure 2, the highest average compressive strength values could be
achieved with 5-10 minutes grinding; however, further grinding time resulted in de-
creasing strength values [10].

The addition of fly ash can also improve the mechanical properties of raw mate-
rials with high crystallinity and low reactivity, by bounding the undissolved inert
particles together to achieve enhanced compressive strength. The best results can be
obtained by mixing in half proportions the binding reactive fly ash and the highly crys-
talline rhyolite tuff with alkaline solution consist of 75 wt.% waterglass and 25 wt.%
6 M NaOH, which reaches 22.5 MPa compressive strength. This result is better than
the compressive strength of a geopolymer made of only fly ash (9.44 MPa).

Along with fly ash, the application of red mud as a possible supplementary geo-
polymer raw material has also been an area of investigation during the past decade.
Due to its availability and high alkalinity, it has proven to be an appropriate material
for geopolymerisation [11, 12]. With the use of red mud sample from Almasfiizito,
the preparation of fly ash—red mud-based geopolymers exhibited 5.5 MPa maximum
compressive strength with the addition of 15% red mud. Furthermore, a linear cor-
relation was observed between the compressive strength and the specimen density
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of the specimens. Overall, the experiments proved that the red mud could substitute
some of the alkali activators for geopolymer production [9].
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As geopolymer exhibits brittle behavior due to its low tensile strength, several compo-
sites have been developed to increase flexural strength or heat resistance. The addition
of natural or artificial fibers [13] can change brittle behavior to ductile or quasi- ductile
with significant improvement in mechanical properties, depending on the type and length
of the fiber, which can improve the strength, reinforce-matrix interaction by fiber-bridg-
ing behavior, heat resistance and resistance against chemical and physical corrosion [14].

Biomass-geopolymer composites [15]
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A joint research project with the University of Sopron included the investigation of
biomass-geopolymer composites. Using woody biomass from the Botanical Garden
of the University of Sopron, fly ash based geopolymer specimens were prepared us-
ing 30 wt.%, 50 wt.% and 70 wt.% biomass fibers (Figure 3). With increased bio-
mass fiber content, decreased specimen density was experienced. Based on the mi-
crostructural analysis, the fibers were compatible with the geopolymer matrix, with
the prepared composites applicable for sound or heat insulation or as a lightweight
composite.

2.3. Effect of the amount of foaming agent and fly ash fineness
on the properties of geopolymer foam

The rate of foaming of the geopolymer (and thus its properties) can be influenced by
several parameters such as the foaming method, the amount of foaming agent and
surfactant, or the rheological properties of the initial mixture (geopolymer paste) [16,
17,18, 19, 20, 21].

The generation of gas into the geopolymer paste can be realized by adding foam-
ing agents. Chemical foaming agents form gaseous products (such as O, and H;) and
other byproducts by thermal decomposition or chemical reactions. Metal powders
(such as aluminum or silicon) and hydrogen peroxide are used most frequently for
the fabrication of geopolymer foams [22]. Based on the experimental results it was
found that the higher content of foaming agent (aluminum powder) resulted in lower
compressive strength, specimen density and higher porosity of fly ash-based geopol-
ymer foam. However, for a given foaming agent content, no change in the strength
and density values of geopolymer foam is detected [23].

The rheology of the mixture can be easily changed by the amount of added liquid
activator, i.e. by the liquid/solid ratio (L/S ratio) or by using a superplasticizer [20,
21, 24]. However, the rheology of geopolymer paste can also be controlled at a given
L/S ratio by the size reduction of the solid component, by grinding. At the start of
grinding, the particle size of the material becomes finer relatively quickly, and the
work required for grinding (optionally grinding time) is approximately proportional
to the new surface formed, i.e. the degree of dispersion of the resulting product. It
was found that the geopolymer paste with a given fly ash content (55 w/w%), with
originally non-Newtonian (Bingham-plastic) behavior, became a Newtonian fluid —
regardless of the fly ash type (lignite or brown coal) — over a given specific surface
area of fly ash (about 3,000 cm?/g) due to increasing the fly ash fineness. Based on
the experimental results it was found that the flow behavior of the geopolymer paste
significantly influenced the porosity, the size and the amount of the pores, and thus
the compressive strength of the brown coal fly ash-based geopolymer foam made
using hydrogen peroxide foaming agent. Due to the high viscosity of the geopolymer
paste the formation of pores was inhibited, so the pore size of geopolymer foam was
too small. In case of very low viscosity the oxygen gas can easily escape from the
geopolymer paste and as a result of this the geopolymer foam had a compact struc-
ture with few bigger pores [6, 25].
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Overall, it can be stated that not only by changing of the amount of foaming agent
but also by modifying the rheology of geopolymer paste, the pore structure of geo-
polymer foam can be changed, thereby altering its compressive strength and density.

2.4. Mineralogical investigation of silicate bearing wastes and
recycled products

X-ray powder diffraction investigations were carried out on the Bruker D8 Discover
instrument of the 3DLab (Institute of Mineralogy and Geology, University of Mis-
kolc). The measurements were run in Bragg-Brentano geometry (0- 6 goniometer,
reflection mode, top-loaded sample holders) with Cu K-alpha radiation (40 kV, 40
mA), using a LynxEye XE-T energy-dispersive position-sensitive detector with 2°
detector window opening, in high resolution mode to cut fluorescence from Fe. Pat-
terns were recorded in the 2-70 °(28) range with 0.007 °(20)/24 sec counting time.
Crystalline phases were identified from ICDD PDF4 (2018) database with the
Search/Match module of the Bruker DiffracPlus EVA.11 software. Quantitative
composition was calculated by Rietveld refinement using fundamental parameters
approach (FPA) from instrumental convolutions and crystal structure data from the
Crystallography Open Database [26] and American Mineralogist Crystal Structure
Database [27]. Amorphous content was calculated by the amorphous hump method.
The chemical analysis was completed by a Rigaku Supermini 200 type WD-XRF,
which has an air-cooled 200W X-ray tube with Pd target (50kV, 4.00mA). The meas-
uring was done at 1.2-1.6 Pa pressure with ZSX driver and evaluation programme.
The peak and the background(s) angle positions were measured by LiF crystal in the
range of 2, Ti — goU, PET crystal in the range of 13Al — »1Sc and RX25 crystal in the
range of sO — 12Mg. For detection scintillation counter (SC) for heavy elements and
P10 gas flow proportional counter (F-PC) for light elements was used. The grain size
of the sample was crushed under 65 um, then it was dried at 120 °C for 2 h. For
powder pellet preparation 4,000 g of the dried powder was mixed and homogenized
with 1,000 g of Cereox binder (ultra-pure and fine polyethylene powder), and the
mixture was pelletized with @32 mm at 25 tonnes. As additional data, the L.O.I.
(Loss on Ignition) was measured at 1050 °C.

Statistical methods were applied in order to characterize the correlation between
change of rare-earth element (REE) content along vertical profiles, cross-correlated
as well with the change in mineral and major element composition.

The red mud samples investigated by XRD have the same major phases — hematite
and cancrinite — while minor and accessory phases vary both in type and amount.
Based on the Rietveld refinement data, cancrinite is present both as carbonate and an
OH- enriched species of the cancrinite group, although a reliable distinction requires
vibrational spectroscopy analysis [28]. Hydrogarnets, the byproduct of the Bayer pro-
cess, were identified as hibschite [29] and katoite [30]. Although in some samples
grossular was observed, our results have now indicated the presence of almandine.
Carbonates appear as calcite and dolomite, but in some of the samples aragonite is also
detected. Kaolinite, illite, gibbsite, bohmite and diaspore are residual ore minerals,
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while nordstrandite in traces, observed by Bolanz et al. [31], could be a residual phase
or crystallized after red mud deposition. Quartz, zircon and anatase are also possible
residual phases. Amorphous material content is in the range of 10-20 wt.%, different
for each sample.

Goethite found in important amounts could be also a residual bauxite phase, but if
it forms as a precipitated product of red mud, it could have an important role in fixing
REEs existing in solution. Hematite is a potential carrier phase for Ce**, as shown by
detailed investigations of Bolanz et al. [31]. None the less, REE bearing phases cannot
be evidenced by XRD. An approximated limit of detection for REE minerals could be
around 1-2 wt.% due to the severe peak overlapping of the >10 crystalline phases.
However, chemical analysis suggests quantities < 1 wt.% for such phases.

The main chemical components are Fe;O3 (hematite and goethite, mainly), Al,Os
and SiO,. The NayO is contained in the cancrinite structure, while most of CaO is
carbonate (calcite) form, also contributing to cancrinite, hydrogarnets (hibschite and
katoite) and dolomite. The toxic heavy metal content is low, especially Pb, Cu and
As < 100 ppm. The somewhat elevated Cr content (400-600 ppm) may be fixed in
the crystal structure of hematite, thus immobilized with regard to leaching. These
properties make the investigated red mud materials suitable for incorporation into
silicate-based products, like geopolymers. The composition of amorphous phase ob-
served by XRD is a mixed aluminum-silicate with Na, as a residue of silicate crys-
tallization from the Bayer process. The anion exchange property of cancrinite — to
remove (OH)~ and replace it by (COs)?" — makes the material suitable for CO- se-
guestration also.

Cross-correlation matrixes built up on component changes along the vertical pro-
files of red mud residue storage facilities show that there are only tiny differences
between REE profiles. The cross-correlation calculations show that profiles of La-
Pr-Nd-(Sm) are very similar and these comprise one group. There is another group
of heavy REEs (Dy-Ho-Er-Th-Gd) where the profiles show close similarities. Cross-
correlation values show similarities for TiO,-Al.O3-Fe,Os, which practically do not
change along the profile. Among the more changeable components, stronger simi-
larity is found among SiO; and Na,O and Al.Os. This is explained by the fact that
after hematite the second most common mineral phase in the samples is the cancri-
nite. Mineral composition changes along the profile indicate that rare earth elements
and Yttrium (REY) show good correlation with cancrinite. The best correlation val-
ues are with hematite concentration of which shows very little changes along the
profile. Incorporated in mineral phases, REE are primarily associated with phos-
phates. This observation is supported by microprobe analysis of aggregated samples
from cells VIII and IX, detecting primarily xenotime and monazite grains.

2.5. Utilization of construction and demolition waste and industrial by-products
as potential raw materials for the building industry and road construction

Several by-products are issued during different production technologies. One serious
issue is how to handle and utilize construction and demolition (C&D) waste in an
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appropriate way. These materials are generated in significant quantities year by year,
while storage of them as waste can be harmful to the environment in the long term.
Therefore, our team focused on two main research directions: utilization of C&D
waste and industrial by-products (fly ash and alumina dross) in building materials
and as potential raw material for road construction. Reviews on these fields are made
in [32, 33].

In an experimental series, the effects of different curing conditions on geopoly-
mer foam were analyzed [34]. Foams were prepared using Class F type fly ash and
sodium-hydroxide activator and were cured in a furnace or in autoclave for six hours.
The temperature range was varied between 60-90 °C and the pressure of autoclave
was changed between 2—7 bar. Results showed that autoclaving has less effect on the
compressive strength than being cured in a furnace. Within the pressure and temper-
ature ranges investigated, autoclaving produced no change in the properties of the
samples.

C&B (concrete and brick waste) and industrial by-product (alumina dross) powders
were used to prepare geopolymers [35]. As the performance of geopolymers is highly
dependent on the properties of the initial powders, different methods (particle size dis-
tribution, density, elemental and chemical composition, microstructural analysis) were
used to reveal the features of these powders. For preparing samples, an alkali activator
(NaOH solution in different concentrations) and waterglass (Na.SiOs3) were applied.
After curing, compression strength was determined at the age of 7 and 28 days. The
test results confirmed that not only the type and amount of waste materials affect the
forming of a geopolymer structure, but the concentration of alkali activator is im-
portant as well. We found that samples with concrete powder had the highest com-
pressive strength (>17 MPa) after 28 days. According to this result, concrete may be
a potential raw material for preparing geopolymers. The brick powder may also be
suitable as a raw material; however, in this case the use of a proper concentration of
alkali activator is required. During the reaction of metallic Al of aluminum dross and
liquid activator solution content a low density foamed geopolymer was prepared,
which may be useful for thermal insulating applications.

Asphalt is a special composite material, which consists of bitumen as a binder
and a high volume of mineral aggregates in a specific particle size distribution. Min-
ing of these minerals will cause the depletion of natural sources and thus it is neces-
sary to search for potential materials to substitute these minerals in part or in full.
Aluminum dross, brick powder and concrete powder were investigated as potential
asphalt filler (d < 0.063 mm) for road construction [36, 37]. Different tests (particle
size distribution, elemental composition, electron microscopy) suitable to character-
ize the powder samples were made. Limestone filler, which is one of the best fillers
in asphalt, was used as a reference material. The cohesion between the binder and
fillers were also revealed. According to the hydrophilic coefficient, we found that
aluminum dross has an advantageous property, because it is similar to limestone
powder. Brick powder also shows good results. To sum up, aluminum dross and
brick may be used in asphalt pavements as fillers.



Summarizing recent achievements of the silicate waste research group, University of Miskolc... 25

2.6. Legal issues of silicate bearing waste recycling

In their article ‘The legal categorization of Fly ASH in EU and the Hungarian law’
[38] the authors examined the rules on utilization of fly ash in Hungarian and EU
law and introduced the dilemmas that lawmakers have to face when it comes to its
utilization®. They also examined the sustainability of the coal combustion power
plants — which are major sources of fly ash — from an economic and environmental
aspect. Regarding the relevant EU law they came to the conclusion that it is rather
divergent?. The authors devoted a section to the case law of the European Court of
Justice (CJEU), which has a paramount role in shaping EU law by elaborating defi-
nitions and clarifying the law.

In their article, called ‘A KKE orszdgok hulladékgazdalkodasi szabalyozasa és
azok konformitasa az unios joggal — Az EuB vonatkoz6 joggyakorlatanak elemzése /
Waste management regulations in East-Central European countries and their con-
formity with EU law — Analysis of related CJEU case-law’ [39] the authors — build-
ing on Csilla Csak’s earlier writings [40, 41] — examined the rules on waste manage-
ment in the EU law and in the legal systems of Central and Eastern European coun-
tries with special regard to industrial wastes like fly-ash and construction and dem-
olition waste. In this article too, they examine the related case law of the CJEU.

In their forthcoming article ‘A hészigetel6 anyagokra vonatkozé unios szabalyozas,
kiilonos tekintettel a geopolimer alapt hészigetel6 anyagokra / The law of the Euro-
pean Union of heat insulating materials, with special regard to the geopolymer based
insulating materials’ the authors provided an overview of the energy policy of the EU
and its environmental protection objectives and examine how the law on the heat in-
sulation of the buildings fits into this policy, which aims at reaching the highest possi-
ble energy efficiency by decreasing the demand of the consumer side. Considering the
fact that in the EU the major part of the energy consumption is contributable to the
energy demands of buildings, modern and efficient heat insulation of the buildings is
a major step in reaching the energy-efficiency goal. In connection with this, the au-
thors introduced the shortcomings of the current regulation and the soft-law regulating
tools, which are meant to shape the future development of the area.

2.7. Opportunity for selective mining in the Borsod coal basin in northeastern
Hungary

Numerous underground coal mines were in operation in the Borsod coal basin in the
northeastern part of Hungary until the beginning of this century. The main areas of

1 As an example: while the EU law prefers utilization of waste materials in order to create a
circular economy, the principle of proximity — which shall be taken into consideration —
does not facilitate the utilization of fly ash, since this principle — alongside economic con-
siderations — excludes the transportation of material for greater distances.

2 While the Waste Directive — which classifies fly ash as waste and thus determines its legal
standing — provides the regulatory framework, other directives, regulations and decisions
of the Commission provide for the detailed rules of utilizing fly ash.
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utilization of the mined-out coal were power and heat generation and supplying
households with fuel, mostly for heating. So almost the whole output of the mines
was burned. Only a part of the by-products of this mining activity is available. Coal
combustion products of household heating became scattered throughout the region
over the past centuries; just the part — probably smaller — from industrial consumers
is available on the sites of power stations and other plants. Mine waste that was dis-
posed on the mine sites consists of mostly country rocks of the coal seams containing
variable amounts of coal. The coal content of the waste was certainly burnt or slowly
oxidized during this long time. The mine waste disposal sites were reclaimed during
the past two decades. Consequently, new mine waste and coal processing by-prod-
ucts can be obtained only from the operation of new mining operations.

Several cases were examined to select the proper mine site throughout the
northern part of Hungary. Finally, the Dubicsany deposit was found to be the best
of them. Its mineable reserves are estimated at 50 million tonnes with a little bit
more than 12 MJ/kg calorific value, enabling operation of more than three decades.
The main difference between the classic and the future ways of utilization is that this
time only coal chemistry can be taken into account to extract its carbon content, but
burning it as fuel in power plants is practically excluded. The subjects of research
were sustainability as well as technical, safety and economic aspects. The following
main results of the research can be summarized as follows [42, 43]:

— Research confirmed the well-known facts of coal quality properties that calo-
rific value can be estimated accurately as a function of ash and moisture con-
tent furthermore sulfur, volatile and carbon contents. A very fine analysis was
made for all properties using data of over 5600 samples demonstrating linear-
ity. Estimations proved to be accurate as coefficients of determination were
fairly high (0.7670 < R?< 0.9948) and estimated errors of calorific value were
low (0.335 MJ-kg*< D(AF) < 2.248 MJ-kg?). A huge number of samples
(5648) were analyzed and extremely good correlation (a 0.9845 coefficient of
determination and 0.814 MJ-kg mean residual square of estimation) was
found for calorific value and carbon content. This proves that calorific value
can be considered a basic parameter for coal chemistry, even instead of carbon
content, for the given deposits.

— Water hazard and quantity of mine water was examined to assure safe mine
operation and the least possible environmental impact. The mine dewatering
method considered it a part of potable water supply for the inhabitants and
industrial water for the mine.

— All of the coal properties were found to vary throughout the deposits, both
horizontally and vertically. Therefore, a 3D numerical analysis is being devel-
oped to enable selective cutting and accurate quantity and quality design of
the mine output. As coal quality changes (deteriorates) from the covering layer
of Seam V downwards, determining the proper height of the coal face of the
longwalls (Figure 4) is an extremely important question. This is also important
for the correct selection of the longwall equipment, thus enabling selective
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cutting. The aim of the numerical analysis was to find the distribution func-
tions of the mass and the heat content, and furthermore the mean calorific
value of the coal as a function of coal face height for the four parts of the mine.
Future owners will be able to use these results for proper decisions in mine
valuation and mining engineering design.

Figure 4

Ortographic view of a zoomed smaller part of the 3D block model of Seam V

of the Dubicsany deposit highlighting its fine resolution
Drawn by Tompa R., 2018

3. SUMMARY

The following research results were achieved by the Silicate Bearing Waste Recy-
cling Research Group in the RING 2017 project:

grinding had a key role in the project in order to prepare a more reactive raw
material for geopolymers by mechanical activation, as well as for nano-grind-
ing of ilmenite, vivianite, hematite and cuprite;

a geopolymer composite with appropriate mechanical stability could be ob-
tained with various raw materials like fly ash, red mud and biomass;

it was found that the cell structure of geopolymer foam, and thereby its com-
pressive strength and density, can be controlled by grinding of the raw material;
a mineralogical investigation of red mud was carried out in order to monitor
the metal components, revealing that REE are primarily associated with phos-
phates;

utilization of construction and demolition waste and industrial by-products
(fly ash and alumina dross) is possible in building materials and as potential
raw material for road construction, while concrete and brick waste may hold
potential for preparing geopolymers;
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- regarding the legal issues of recycling silicate bearing waste, researchers exam-
ined the rules on utilization of fly ash in Hungarian and EU law and introduced
the dilemmas that lawmakers have to face when it comes to its utilization;

- selective mining sites were investigated in the Borsod coal basin in northeast-
ern Hungary and the Dubicsany deposit was found to be the most promising.
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1. INTRODUCTION

In 2010, the Raw Materials Supply Group defined 14 types of raw material qualified
as critical to the resource supply for the European economy by 2030. This list of crit-
ical raw materials (CRM) was revised first in 2014 and then 2017 again and the
number of raw materials designated to be critical to the EU economy were elevated
to 20, then 27. Hungary — like most EU Member States — is a net importer of most of
the critical raw materials, it has a significant dependence on distant sources. Despite
this fact the country is significantly behind in the research of energy and other miner-
al sources and with the development of exploitation and technologies of production
(National energy strategy 2011; Mineral resource utilization and reserve management
action plan 2013, amended for energy minerals in 2018).

As the most important secondary resource, samples of coal fly ash (CFA) from
storage facilities were evaluated for their potential for providing rare elements as
well as for their utilization as added-value construction materials (Blengini et al.
2019).

2. BACKGROUND

The objective of the overall study was to identify the potential for critical raw ma-
terials (CRM) in Hungary both from primary and secondary sources using archive
data mining and exploration methods, investigating not only the occurrence and
amount but in parallel determining applicable processing and recovery methods for
the identified sources, promoting its business availability as well.

Most of the archive research reports were written before the digital age, thus ar-
chivation and digitalization of the materials was also necessary. Approximately
150 different geological reports were identified to contain meaningful assay data of
the CRMs. These were widely different in the time of sampling, the assay methods,
the sensitivity of assays, etc. None of this information was detailed and reliable
enough to make quantitative estimates (Less 2012, 2013).
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The diverse origin and the usually undocumented material properties (of mine
wastes, among others) did not make this systematic approach fully applicable in
the case of potential secondary raw materials. Instead, some important, high vol-
ume types were selected (coal-based fly ash, fluorite flotation tailing, e-waste,
quartz-sand processing waste), and the survey focused on these materials (Blen-
gini et al. 2019).

The waste materials of fly ash of thermal power plants were fully mapped.
Apart from discussing the material properties, several possible applications and
uses — like concrete additive, asphalt component, geopolymers, and minor element
source — have been discussed and tested. A monograph contains the results of the
investigations (Mucsi 2014), introducing a complex approach to utilization of this
landfill waste. It gives an overview of Hungarian coal fuel materials from different
coal basins, the results of geochemical research on selected CFA storage materials,
and a literature review of recovery technologies of rare elements from CFA, as well
as giving the theoretical background and experimental results on the utilization of
the bulk material as geopolymers or other value-added construction materials.

The laboratories used were the geochemical laboratory of the MFGI (Hungarian
Geological and Geophysical Institute), and the ALS Global. The data evaluation
was published in a REE monograph (Szakall 2014) and a summary volume
(Foldessy 2014).

The Hungarian Mining and Geological Survey in 2018 completed a detailed as-
sessment of the CRM potential of different Hungarian coal basins and formations.
(Piispoki 2018)

3. LOCATIONS OF HUNGARIAN COAL BASINS AND COAL POWER PLANTS

Coal combustion power plants (CCPPs) were the predominant facilities of elec-
tric power generation for Hungary until 1982, when the Paks nuclear plant came
into operation. Most of the thermal plants were run on sub-bituminous coal of
Eocene-Miocene age, one (Visonta) on Late-Miocene lignite and one (Pécs) on
the Jurassic bituminous coal of the East Mecsek Mts. From the 1980s, most of
the coal-based PPs were refit to run on combined fuel sources — coal plus oil
and/or gas, or biomass — and later some of them were totally converted to oil, gas
or biomass fuel. Table 1 summarizes the relevant CCPPs, the accompanying fly
ash storage, fly ash waste volumes, their current status as extractive waste facili-
ties (Blengini et al. 2019).

The only active fly ash tailings facility is located at the Matra power plant
(near Visonta); others are under closure and many of them has been completely
restored. Active and still not restored tailings facilities have little environmental
impact, while containing enriched concentration of some rare elements, among
them many CRMs as well. Elevated concentration of radioactive elements is
known only from the Pécs fly ash storage facility, where from the bulk samples
Th concentration reached 40-48 ppm and U concentration 16-20 ppm (Blengini
et al. 2019).
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Coal basins of Hungary and the location of the four power plants and
CFA storage facilities referred to in this study (Piispoki 2018)

Table 1

Technical data on Hungarian CCPPs operating in the last 50 years and
associated fly ash storage (Gaspar 2005)

current | area of the tailings | volume of the tailings - current tailings
CCPP | “Gtatus | facility [ha]* facility [Mm?x | el material used | e ci catus
. . bituminous coal, partly closed/
Ajka active 88 20.7 biomass active
Berente closed 15 19.1 sub-bltu_mmous coal, restored
biomass
Virpalota closed 180 27 sub-bituminous coal restored
(Inota)
Visonta active 51 7.6 Ilgnl'te (.untll 2.008)' active
later lignite + biomass
Oroszlany sub-bituminous coal,
(Vértes PP) closed 105 21 biomass under closure
bituminous coal (until closed. under
Pécs active 233.3 39.2 2004), I:clter gas, later restoration
biomass
. . sub-bituminous coal,
Komlé active 4 11 later gas + biomass restored
Tafaba.mya closed 25 4.6 sub-bituminous coal |under restoration
(Banhida)
sub-bituminous coal.
Dorog active 25 1.2 later gas + restored
biomass/coal
Tatabanya active 27 28 sub-bltum_lnous coal, restored
gas, biomass
Tiszapalkonya| closed 255 14.1 sub-bltumlnous coal, restored
later oil and gas
In total* 1,009.5 184.2

(*after Gaspar, 2005)
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As a consequence of the Ajka red mud accident in 2010, all tailings management
facilities in Hungary are under strict and regular inspection. An extraordinary in-
spection completed in October 2010 just after the Ajka accident by the Environ-
mental, Nature Conservation and Water Inspectorate concluded that there is no ge-
otechnical risk connected to active or not restored TMFs. Fly ash storage facilities
were also assessed during this inspection. As can be seen from Table 1, total area
of the CFA comprises more than 1000 ha which is not utilized. However, the most
important environmental driver and social benefit of the CFA utilization is the sub-
stitution of primary resources in different construction material producing technol-
ogies. (Blengini et al. 2019)

4. ECONOMIC POTENTIAL

Complex utilization of CFA is an actual issue globally. Despite the well-known
fact that CFA is enriched in several rare elements, its recovery can be economic
and/or socially acceptable only if the bulk material also finds some way of utiliza-
tion. Rare element content can be recovered only as by-products if the cost of the
rather complex treatment is covered (Blengini et al. 2019).

The bulk of the CFA is used as pozzolanic material for the cement industry,
while another emerging mode is the utilization of its main volume as geopolymer
composites that can directly be used for construction industry as heat or sound in-
sulating panels, pavement panels etc. (Csoke et al. 2007; Mucsi et al. 2015; Mucsi
et al. 2017). There is still high potential in coal combustion by-product utilization:
80% of the global utilization comes from three countries: China (335 Mt/year),
USA (118 Mt/year), India (105 Mt/year) (Mucsi & Cs6ke 2014). The highest rate
of utilization is reached in Japan (96.4%), while the lowest rates are in Africa and
in the Middle-East (10.5%). Just over 50% of US coal fly ash is beneficially reused
(Kolker et al. 2017; Blengini et al. 2019).

Utilization of CFA as the bulk component for geopolymers is based on its high
aluminume-silicate content. Compared to utilization of the CFA as a pozzolanic ma-
terial in the cement industry, an important benefit is that the geopolymerization
process takes place at much lower temperatures and CO; release is only 10-20%
that of cement production (Davidovits 2011). Due to the flexible production tech-
nology, geopolymer-based final products are found as bricks and insulation panels
(fire, heat and sound), pavement blocks, water insulation layers, and roofing com-
posites (Xia & Sanjayan 2016).

Recovery of rare elements from CFA is also a hot topic today. While technolo-
gies for recovery of some rare elements as Ge and/or Ga are known even on the
commercial scale (e.g. Jandova et al. 2002), in-depth research on recovery of REE
from CFA began in last years. Articles on REE recovery tend to be published
mainly by researchers in the USA and Japan (Blengini et al. 2019).

Articles on REE recovery typically discuss laboratory-scale dissolution experi-
ments. The reason why recovery technologies for REE are far behind compared to
other elements is the diversity of solubility of different rare elements: Ga and Ge
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are easily soluble, while REE are much less soluble and occur mostly in the amor-
phous phase. REEs are dissolved primarily in the amorphous alumina-silicate glass
phase which forms during high-temperature combustion. Ca- and Fe-bearing Al-
silicates are comparatively enriched in REE, presumably due to the similarity in
ionic radii between Ca?* and LREE, and between Fe?* and HREE ions (Kolker et
al. 2017).

According to Kashiwakura et al. (2013), REEs are fixed in the CFA by two pro-
cesses: by vaporization surface-deposition and by dissolution/accompaniment in
silicate-rich CFA particles (SiO., mullite, amorphous) when they melt. REEs in the
coal occur primarily as minor elements in mineral phases such as monazite, allan-
ite, zircon, xenotime, etc. and subsidiary — especially HREEs — as absorbed on or-
ganic matter.

During combustion, transition of REEs from the original mineral phases can go
to newly-formed CFA phases in two ways (Kolker et al. 2017):

— melting/breakdown of original phases with partitioning the REE into the melt,

— size reduction by thermal shock shuttering of the REE-bearing phases to

nano-particles and diffusion into the glass phase.

Partitioning and speciation of REEs depend on combustion technologies. In high-
temperature combustion (1,500-1,700 °C), waste material melts and REEs dissolve
in the silicate glass. In dry combustion (1,100-1,400 °C) similar melting may take
place, while in fluidized bed combustion (900 °C) melting does not takes place,
thus REEs remain in the original mineral phases.

Detailed textural investigation of CFA with the SHRIMP-RG ion microprobe
method revealed that REE partitioning into the glass phase shows uniformity,
therefore the main distribution mechanism is not the persistence of trace element-
bearing phases with thermal shock shuttering, but the high-temperature vaporiza-
tion and dissolution of REEs (Kolker et al. 2017). These fine textural investigations
are important in order to find out the effective recovery method of REEs from
CFAs. Nitric acidic extraction experiments did not result in high fraction REE re-
covery, which shows that more aggressive methods are needed to introduce com-
mercial-scale REE recovery from CFA (Kolker et al. 2017). Possible ways may be
HF or Na-peroxide treatment to destroy the Al-silicate glass before acidic diges-
tion; however, neither of them is likely to be viable on a commercial scale.

5. CHARACTERIZATION OF THE MATERIAL FROM CCPP

Bulk samples were collected from 4 CCPP sites: from the Vértes (Oroszlany), Ti-
szapalkonya and Pécs PP fly ash storage facilities and two fresh fly ash samples
from the Visonta PP. These samples were analyzed for physical-technical and
chemical characteristics. Data of both major and rare elements are available from
the bulk samples.
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5.1. Physical and technical characterization

For further utilization the most important parameters of the fly ash materials from
the 4 sites are summarized in Table 2. As the main parameters, the table presents
the ash content of the coal, the average grain and bulk density of the ash, the BET
and Blaine specific surface, and the HCI insoluble residual rate.

Averaged particle size distribution analysis was also done on all of the four in-
vestigated fly ash samples. The graph (Figure 2) clearly shows that the CFA from
the Pécs storage facility has the highest share of fine particles, resulting also in the
highest specific surface values (Table 2).

Table 2
Physical and technical properties of the investigated CFA samples
(Kovacs 2001; Mucsi & Csoke 2014; Gaspar 2005)

Vértes PP Pécs Visonta Tiszapalkonya
Oroszlany (CFA stor-
(CFA storage) age) (fresh CFA) | CFA storage
Average ash content of the coal 40 55-60 15-25 40-43
fuel used (%)
Average grain density of CFA 222 2.08 1.93 1.59
(cm®/g)
Compacted bulk density (cm®g) 0.95 1.08 0.72 0.86
BET specific surface (cm?/g) 19,000-29,000 35,000— 30,000— 25,000-30,000
60,000 40,000
Blaine specific surface (cm?%g) 2,800-4,410 | 4,050-4,100 | 3,600-7,800 3,000-3,400
Residue not dissolvable in cold 70.2-73.5 80.0-85.4 64.0-67.6 NA
HCI (%)
Visonta Tiszapalkonya Pécs Oroszlany
100
20
80
X 70
§ 60
50 /
E 40
@ 30
10
0
10 , ] 100
particle size pm
Figure 2

Averaged particle size distribution of the four analyzed CFA samples
(Lachner et al. 2002)
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5.2. Chemical characterization

Data on major and rare elements are available for types of CCPP fly . The main
element chemistry of the samples (Table 3) shows a pozzolanic type of fly ash ma-
terial. Fresh CFA from Visonta (lignite) shows a relative abundance of CaO, while
the Pécs and Tiszapalkonya fly ashes are depleted in CaO (Mucsi et al. 2015).

Table 3
Major element composition of the investigated Hungarian CFAs
(Mucsi 2014)

Sample / element | SiO2 [ Al203 | TiOz | Fe203 | MnO | MgO | CaO [ Na2O | KO | LOl | SOs

Vértes

(CFA storage) 428 231 | 083 | 757 | 0.03 | 1.30 | 6.37 | 0.57 | 1.05|8.43| 2.92

Pécs (CFA storage) | 53.6 | 20.3 [ 0.98 | 8.67 | 0.18 | 1.35 | 2.17 | <0.03 | 3.09 | 3.91 | <0.15

Visonta-1

(fresh CFA) 431 152 | 050 | 12,7 | 017 | 3.02 | 134 | 045 | 1.21 | 2.26| 4.39

Visonta-2

(fresh CFA) 44411 152 | 052 | 122 | 018 | 3.13 | 128 | 0.54 | 1.31|2.17| 3.50

Tiszapalkonya

(CFA, d<63 um) 57.0| 239 | 047 | 426 | 0.02 | 0.85 [ 1.40 | 1.05 [ 1.22 | 1.84|<0.15

Tiszapalkonya
(CFA, d=63—106 um) 62.7 | 25.2 | 0.54 | 494 | 0.02 | 0.96 | 1.68 | 1.06 | 1.54 | 0.96 | <0.15

Tiszapalkonya 619 | 26.3 | 048 | 4.26 | 0.02 | 0.90 | 1.53 | 0.99 | 1.42 | 1.80 | <0.15
(CFA, bulk sample)

From the aspect of chemical properties one of the most important parameters of the
fly ash samples is the SiO,-Al,O3-CaO concentration. Figure 3 shows the place of
the 4 investigated samples on the triangular diagram of the three most important
main elements.

© Pécs (CFA storage) sioz
© Vértes (CFA storage) 0 = 100
Visonta-1 (fresh CFA)
Visonta-2 (fresh CFA) 10 a0
© Tiszadjvaros (CFA storage, bulk sample)

20

100 o
cao 0 10 20 30 40 50 60 70 80 20 100 AlI203

Figure 3
Triangular diagram of the fly ash samples as a function
of SiO,-Al>03-Ca0O concentration
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In addition to the main element concentration — which is important from point of
for geopolymerization — the trace element concentration is an essential data, espe-
cially the rare elements and the CRMs. Rare element contents of the CFA samples
are summarized in Table 4, obtained from the CriticEl database.

Abundancy of some rare elements relative to the CFA global average values
(Ketris & Yudovich 2009) was found only for the samples from the Pécs CFA stor-
age. Results show here the increased abundance of REE (especially La and Ce), Zr
(3.5X), Nb (7.3X), Ta (5.5X) and Co (6.1X). Total REE content form the Pécs
samples is found as 891 ppm, which is 2.5 times higher compared to the global
CFA average. Rare element concentrations of the sample from the Vértes CFA
storage reaches or very slightly overrides the global average values in case of Sc,
V, Co, Y, La, Ce, Er and U. Rare element values from the Visonta CFA samples in
general represent 0.4-0.6 times the global CFA average, while the Tiszapalkonya
sample for lighter rare elements (Sc, V, Co) reaches the half of the global average,
but for other rare elements it is far below (10-20 times) of that. In Tiszapalkonya
the fuel used was a mixture of different brown coals from NE-Hungary and bio-
mass since 2002 what may be the reason of the very low rare element concentra-
tions. (Blengini et al. 2019)

Table 4
Rare and rare-earth element composition
of the investigated Hungarian CFAs (Mucsi 2014)

rare ele- ?’élr:t;s (gf':cz Visonta-1 | Visonta-2 | Tiszapalkonya (CFA storage)
ments bulk sam- | bulk sam- (fresh CFA, bulk (d<63 | (d=63- (bulk

(ppm) ple) ole) sample) pm) 106 pm) | sample)
Be 5.53 12.90 4.16 3.80 4.40 0.42 0.43
Sc 29.40 9.17 9.50 16.60 12.90 11.60 11.60
V 242.0 124.0 118.0 123.0 66.70 79.00 58.50
Co 34.00 195.00 21.00 8.67 79.20 27.50 20.20
Ga 22.30 30.40 18.10 17.10 16.30 1.85 1.23
Ge 1.00 1.74 0.68 0.66 0.79 <0,25 <0,25
Y 55.40 69.60 26.80 25.50 27.90 291 2.61
Zr 137.0 743.0 102.0 105.0 150.0 17.60 13.80
Nb 14.10 146.00 10.80 11.00 21.80 241 1.87
>~ REE 357.76 891.04 148.59 144.81 323.31 19.36 18.56
Ta 1.22 9.58 0.95 1.00 2.01 <0,25 <0,25
Th 19.90 41.50 14.40 13.30 28.40 2.95 2.93
U 17.90 16.80 7.46 6.77 7.74 0.83 0.76

It should be noted that an increased germanium concentration of the Mecsek bitu-
minous coal (fuel for the Pécs PP) was detected in the 1960s (Csalagovits & Vigh-
né 1969). According to this source, the average Ge-content in coal ash samples
from different mines of the Mecsek coal basin varied from 11 ppm (Pécs-
banyatelep, southern limb) to 72 ppm (Komld) and 82 ppm (Szaszvar, northern



Evaluation of CRM potential in fly ash of Hungarian coal power plants 41

limb). Conversely, only 1.74 ppm germanium was measured from the Pécs PP’s
CFA storage samples, which is at least an order of magnitude less than the previ-
ously mentioned results. According to Ketris & Yudovich (2009), the coal ash
global average concentration of Ge is 15 ppm, which is in the same order of magni-
tude as that reported by Csalagovits & Vighné (1969) from the Mecsek coal ashes.

It has been concluded that the results obtained by Li-metaborate digestion and
ICP-MS method, but in case of germanium were systematically undermeasured,
beacause its volatile behaviour on high temperature. This was proved on four coal
samples from the Mecsek Mts. by repeated analysis carried out by the IDAEA la-
boratory (Spain) using a low temperature sequential extraction method of diges-
tion. Applying the low temperature digestion, the obtained Ge-concentrations were
4-10 times over that of the results obtained by the Li-metaborate digestion. The
same range of Ge-content was also proved from samples from the Pécs-Vasas quar-
ry, completed within the frame of the recent reambulation project (Piispoki, 2018).
The Germanium data in Table 4 should be considered as strongly undermeasured
due to inappropriate digestion. Measurements on CFA samples should also be re-
peated using the low-temperature digestion.

Rare earth element concentrations are slightly promising only for Pécs PP’s
CFA and only for Low REEs (La, Ce, Pr, Nd, Sm), overriding the global CFA av-
erage at least two times (Figure 4). Reliability of the REE data is proved by the
distribution of these elements, as it follows the Oddo-Harkins rule (Figure 5).

e==@e==\/értes (CFA storage)
1000.00 === Pécs (CFA storage)
=== \lisonta-1 (fresh CFA)

100.00 Visonta-2 {fresh CFA)

REE/Chondrite

===@===Tiszapalkonya (CFA storage, d<63
um)

==@===Tiszapalkonya (CFA storage, d=63-
106 um)

10.00
e==@e== Tiszapalkonya (CFA storage bulk
sample)

« o o o o global CFA average
1.00

la Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu

Figure 4
REE concentrations normalized to the C1 chondrite
from the analyzed CFA samples
(Source: CriticEl database)
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Figure 5
Distribution of REE concentrations in order of their atomic number
from the analysed sample (Source: CriticEl database)

Data from three fractions of the Tiszapalkonya CFA shows a strong increase in rare
elements in the fine fractions compared to the coarse fractions and the bulk sample
(Table 4). REE concentrations of the fine fraction (d<63 um) are 10-30 times
higher than those of the coarser (63-106 pum) fraction. This remarkable difference
is connected to different formation temperatures: the fine fraction forms at high
temperatures (over 1100 °C) where the melt silicate material adsorbs the rare ele-
ment by surface deposition of vaporized elements or dissolves tiny rare element-
rich particles. This phenomena has been observed for several fly ash materials
(Kolker et al. 2017; Blengini et al. 2019)

New data from the Mecsek coals obtained by the coal reassessment project
(Piispoki 2018) have confirmed the old data (Csalagovits & Vighné 1969) on ele-
vated concentrations of germanium and also the results obtained by the CriticEl
project on Nb, Ta, Zr, Co and REEs. These new data also support the importance
of further detailed assessment of the Pécs PP CFA storage facility.

Research on physical and chemical properties of the Pécs PP* CFA has shown
that it can be used as a geopolymer raw material (Mucsi & Cs6ke 2014). According
to Davidovits (2011), geopolymerization of CFA can be reached also by acidic dis-
solution, therefore complex utilization of the fly ash — extraction of rare elements
and subsequent utilization of the bulk material — can be achieved. On the other
hand, as was shown by a recent project supported by the US Department of Energy
(Carlson 2017), 0.1 kg Na-P1 type zeolite can be produced per kg of CFA from the
residual material left after efficient REE extraction.
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6. LIMITATIONS FOR THE RECOVERY OF CRITICAL AND OTHER RAW
MATERIALS

Although resources are available at Hungary, the recovery possibilities of them are
limited. These difficulties are mostly legislative and economic in corresponding the
structure and diversity of the industry exist in Hungary.

Currently there is no metal production from primary mineral resources at all in
Hungary — not counting the limited steel production in Dunatjvaros — which means
that the upstream part of the primary raw material value chain is technically miss-
ing in Hungary. There are no active, large scale exploration projects and potential
investors are even discouraged by the overly bureaucratic legislation and tender
policy, in combination with conflicting land use priorities. That means new explo-
ration projects are hard to initiate even if the funds were available and there are no
existing incentives in place to support these actions. This is despite the fact that
data supporting such investment decisions for large scale exploration projects are
available. The missing non-ferrous metal smelters resulting in high metal content
waste are processed to some extent but utilized in other EU countries, where cop-
per, aluminum lead or zinc smelters are operating. The amount of these waste
streams collected in Hungary alone is not able to financially sustain the investment
and operation of a non-ferrous smelter plant. Unfortunately, even if there would be
a sufficient amount of metallic wastes, the recovery of most of the existing metals
in these waste streams would require an expensive and complex combined, me-
chanical and metallurgical process that would bring the financial feasibility into
guestion anyway. Further complicating the waste scene is the fact that the owner-
ship of different waste streams and stocks (tailings and waste rock) is sometimes
complex and also doubtful in some cases. (Blengini et al. 2019):

— coal mining was shut down 18-20 years ago;

— old fly ash dumps, closed, partly restored:;

— combined combustion of different fuels: coal, biomass: heterogeneity of the

waste material, varying composition in different layers.

7. RECOMMENDATIONS FOR FURTHER DEPLOYMENT

Based on the available geochemical data, storage volume and bulk density, the po-
tential resources for rare elements in the Pécs and Vértes CFA storage facilities
comprise a few dozen metric tons to thousands of metric tons (Figure 6). CFA of
the Pécs PP storage exceeds the world CFA average values for Co (6X), Zr (3.5X),
Nb (7.3X), Ta (5.6X) and LREE (2 — 4.6 X).

These data and results contributed to fill in some gaps in the data and improved
the knowledge base that is necessary to find out a comprehensive utilization
scheme for CFA storage materials, such as those generated at the Pécs and Vértes
PPs. This experience can be improved and replicated on a larger scale (Blengini et
al. 2019).
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Figure 6
Estimated resource potential of rare elements
from Veértes and Pécs PP’s CFA storage

Further research is recommended in order to find out a complex utilization scheme
for the Pécs PP’s CFA storage material, focusing on the following issues:

I. Systematic sampling in full profile to check whether vertical migration of rare
elements has taken place within the facility after the deposition.

I1. Systematic sampling in order to characterize the lateral and vertical heterogenei-
ty of the CFA material. As in many other Hungarian landfill or mine waste facili-
ties, it may be the case that materials from other waste streams had been also de-
posited at this site.

I11. Detailed research is recommended for speciation of CRMs of fly ashes, using
state- of-the-art analytical methods (e.g. FIB-SEM, computer tomography) in order
to support the appropriate recovery technologies.

IV. Development of the appropriate recovery technology based on the latest re-
search results (mechanical activation, selective leaching, combined grind-leaching
process, etc.).

V. Investigation of synergetic utilization of FA with other silicate or alumino-
silicate waste streams in order to improve geopolymer properties by developing
composite materials (i.e. fiber-reinforced geopolymer).

VI. Economic feasibility of the CRM recovery may only be realistic if the bulk ma-
terial is also utilized. Therefore R&D is necessary to obtain value-added products
from the residue: synthetic zeolites and/or utilization of this as geopolymer con-
struction blocks. The latter one was an important topic within the frame of the
CriticEl project.
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Abstract: With the ever-increasing demand in the construction and building industry, not
only the need for sustainable and environmentally friendly building materials but the appli-
cation of locally available additive materials has been the focus of much research. Geopoly-
mers are a novel material type, produced by the polycondensation and polymerisation of solid
aluminosilicates by an alkali solution. Various geopolymer composites can be prepared with
the addition of different artificial and natural materials, preparing for example fiber-rein-
forced or lightweight materials with increased heat, fire and acid resistance. Geopolymers
are considered more environmentally friendly due to the lower CO, emissions during their
production (compared to ordinary Portland cement), and the use of locally available natural
materials to improve their properties can provide further benefits.

The examined geopolymer composites from woody biomass and fly ash based geopoly-
mer were prepared with 25 wt.%, 50 wt.% and 75 wt.% biomass addition. The base materials
exhibited good compatibility, especially between the fibrous phloem and the geopolymer
matrix. The increased biomass content resulted in lowered flexural and compressive strength,
but due to the decreased specimen densities, the application of the composites as lightweight
construction material could be a feasible option.

Keywords: biomass, fiber addition, fly ash, geopolymer composite, mechanical pro-perties

1. INTRODUCTION

Geopolymers are inorganic materials synthetized at room or elevated temperatures
from solid silica and alumina containing primary or secondary raw materials in
mainly alkaline and possibly acidic aqueous medium. During the geopolymerisation
process, a 3D aluminosilicate framework is produced, creating the geopolymer ma-
trix. The resulting material has numerous application fields, such as fire-resistant
materials, thermal insulation, high-tech resins, toxic and radioactive waste contain-
ment, composites for the aircraft and automobile industries, etc. [1, 2].

Fly ash is a coal combustion product collected from flue gas by gas filtration
equipment, which is mostly deposited into ponds for storage. Some possible utilisa-
tions include concrete production, mine reclamation, soil amendment, filler material
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in road construction, etc. Furthermore, because of its high availability and possible
reactivity, it has proven to be a suitable geopolymer base material, as well [3].

The addition of small quantities of natural fibers to reinforce both traditional ce-
mentitious materials and geopolymers has proven to be suitable to improve the me-
chanical properties of the brittle cementitious matrices. Some of the examined geo-
polymer composites have included the addition of cotton [4, 5], wool [6, 7], sawdust
[8], sisal [9, 10], coconut [11], and bamboo fibers [12].

In this article, the results of the examination of woody biomass—flyash based ge-
opolymer composites are summarized. The flexural and compressive strength, spec-
imen density, structural changes, and microstructural properties were analyzed.

2. MATERIALS AND METHODS
2.1. Base materials

The woody biomass was from an approximately 45-to-60-year-old linden (Tilia)
tree, originating from the Botanical Garden of the University of Sopron, collected in
2018. The diameter of the logs was 30—40 cm. After separating the cork and phloem
from the wood, the fiber production was carried out with hammer mill with a screen
size of 10 mm.

The lignite fly ash was collected from Matra Power Station. Before use, the sam-
ple was dried at 105 °C then sieved to remove >1 mm particles, such as unburned
coal, slag and other contaminants. The moisture content of the fly ash was 25.0%
and the loss on ignition was 0.37 wt.%. The particle and bulk densities were 1.84
g/cm? and 0.63 g/cm?, respectively.

The cumulative and frequency distributions of the fly ash particles were analyzed
with a Horiba LA-950 V2 laser particle size analyzer (Figure 1a). The characteristic
particle sizes were X10= 13.36 pum, xso = 65.78 um and Xgo = 187.18 pm. In the fre-
quency curves, two local maximum points can be observed, at ~11 um and ~100 pm.
The geometric specific surface was calculated by the particle size analyzer to be
956.02 cm?/g. The BET specific surface was measured using a Gemini VII 2390
Series Surface Area Analyzer, the value was 14.68 m?/g.

In case of the woody biomass, the cumulative and frequency distributions (Figure
1b) were measured with sieve analysis. According to the frequency distribution, the
0.5-1 mm size fraction contained the highest amount of sample, with considerable
amounts from both the friable cork and the fibrous phloem.
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2.2. Geopolymer mixtures

The biomass and fly ash were mixed in three ratios: 25 wt.% biomass — 75 wt.% fly
ash, 50 wt.% biomass — 50 wt.% fly ash and 75 wt.% biomass — 25 wt.% fly ash.

The activator solution consisted of 27 wt.% 8 M NaOH solution and 75 wt.%
water glass with the following composition: 25.3% SiO,, 13.7% NazO, 2.7% K.O
and 48.3% H0.

The liquid-to-solid ratiowas 1 : 1.

During geopolymer production, the fly ash was mixed with the activator solution
before the woody biomass addition. The mixtures were poured into molds and ho-
mogenized for 1 minute using a vibrating table. After a 1-day aging under sealed
conditions, the specimens were heat treated at 60 °C for 6 hours. The cooled down
geopolymer composites were held under sealed conditions for an additional 5 days
before the strength measurements of the 7-day-old specimens could be carried out.

2.3. Test methods and apparatus

For flexural strength tests, the dimensions of the specimens were 40 x 40 x 160 mm,
while the compression strength test bars were of 60 mm height and 40 x 40 mm
cross-section. The flexural and compression strength tests were carried out using
three and six specimens, respectively, based on the standard MSZ EN 196-1:2016 at
the age of 7 days.

Microstructural analyses on fly ash-biomass composites were performed by Fou-
rier transform infrared spectroscopy (FT-IR), where stretching and bending vibra-
tions of chemical bonds of functional groups in samples were detected by JASCO
FT-IR 4200 type Fourier Transformed Infrared Spectrometer in reflection mode,
with diamond ATR. The infrared transmission spectra of samples were recorded for
400-4000 cm at spectral resolution of 4 cm™ using a Perkin-Elmer spectrum to
measure the absorption spectra of the bonds. The spectrum is baseline corrected.

The morphology of the fly-ash based geopolymer replaced by biomass was ob-
served by Phenom ProX electron microscopy equipped with EDS detector. The fly
ash-biomass composite samples after compressive strength measurement were
stacked onto the carbon adhesive. The measurement conditions include accelerating
voltage 10 and 15 kV, in point analysis mode with spectrum collection time of 60 s.
The images were taken at varying magnification.

3. RESULTS

3.1. Strength and specimen density values

The results of the flexural and uniaxial compressive strength, and the specimen den-
sity measurements are summarized in Figure 2, with the fit curves to each test result.
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Results of strength and specimen density measurements

With 25 wt.% biomass addition, the flexural strength was 0.75 MPa, which de-
creased to 0.25 MPa and 0.09 MPa as the biomass quantity was increased. The de-
crease in the flexural strength can be described with R?=0.997 using Equation (1).
During the flexural strength tests, the specimens failed to break after reaching the
breaking point, exhibiting the flexible behavior characteristic to fiber-reinforced ge-
opolymers. However, the decreasing flexural strength hinders the applicability of the
composites as fiber-reinforced building material.

y = —0.043x + 0.777 1)

For the compressive strength the same tendency could be observed, as the highest
uniaxial compressive strength was 4.71 MPa, achieved with 25 wt.% biomass. With
higher biomass content, the strength values exponentially decreased to 1.40 MPa
with 50 wt.%, and 0.32 MPa with 75 wt.% biomass. The strength decrease can be
characterized by Equation (2), the R2=0.999. The decrease in the uniaxial compres-
sive strength values can be explained by the higher amount of geopolymer matrix in
the composites with lower biomass quantity, which provides the dense structure and
strength to the samples.

y = —0.054x + 2.938 )
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Increasing the amount of biomass in the composites led to linear decrease in the
specimen density values [Equation (3), R?=1]. The initial 1.25 g/cm?® was decreased
to 0.95 g/cm?, then 0.65 g/cm?® with the addition of biomass. This can be due to the
density difference between the fly ash and the woody biomass: the higher the amount
of lower density biomass in the composites (as a replacement of the higher density
fly ash), the lower the density becomes.

y = —0.012x + 1.55 (3)

Based on the strength and specimen density results, it can be concluded that even
though the addition of high quantity of woody biomass decreased the flexural and
uniaxial compressive strength of the specimens, due to the decreased specimen den-
sity, the production of a lightweight building material from the biomass-geopolymer
composite could be a potential area of utilization. However, further experiments
should be conducted to confirm the applicability of the prepared materials.

3.2. Microstructural analysis
FT-IR

First, we measured the spectra of the raw materials to compare the structural changes
caused by alkali activation. Wood fiber consists of mainly cellulose, hemicellulose
and lignin. Cellulose is a linear polymer which is insoluble in water and is the main
component of wood fiber, forming the frame of the cell wall. Hemicellulose and
lignin form the surrounding intercellular substance. Hemicellulose is chemically pol-
ysaccharide of low molecular weight, so it can be dissolved in water. Lignins are
polymeric aromatic constituents in plant cell walls, which bond fibers and give stiff-
ness to wood. Hemicellulose and cellulose are mainly composed of oxygen func-
tional groups which are present in the lignocellulose material such as hydroxyl, ether,
carbonyl, while lignin is a complex, systematically polymerized, highly aromatic
substance and acts as cementing matrix that holds between and within both cellulose
and hemicellulose units. Wood fibers can be used in various forms as reinforcement.
The FT-IR spectra of the raw materials can be seen in Figure 3. The biomass shows
strong broad overlapping bands between 3654-2721 cm™. The main band of the
wood spectra centered at 3329 cm ! indicates the OH stretching vibration in hydroxyl
groups, which all main wood components contain. The smaller band at 2915 cm
and 2849 cm can be derived from asymmetric C-H and symmetric C-H bonds, pre-
sent in cellulose and hemicellulose. The strong band at 1604 cm™* indicates the bond-
ing of C=C or C = N. The band at 1413 cm™ can be ascribed as O-H vibrations and
C = O vibrations in cellulose. The C-O carbonyl band in lignin and xylan units was
observed at 1229 cm. The main absorption band centered at 1034 cm is a super-
position of broad overlapping bands coming from the C-O stretching vibration of
cellulose, hemicellulose and lignin. The absorption bands from 900 to 400 cm™ re-
gion are strongly reduced in intensity. The band at 837 cm™ is assigned to C-O-C
stretching as an amorphous absorption band.
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In the case of fly ash, small bands at 1614 cm™* correspond to the H-O-H bending
vibrations. The peak identified at 1465 cm can be related to the O-C-O stretching
vibration of a carbonate phase. The main absorption band is located between 1270
and 833 cm™ and is attributed to the Si-O-Al and Si-O-Si asymmetric stretching
vibrations. The band at 812 cm™ is attributed to the bands present in the fly ash
source as quartz or mullite. The peak at 559 cm is assigned to the Si-O-Al bending
vibration. Bands with low intensity at the low wavenumber side belong to Si-O Si-
O-Si bending vibrations [13].
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Figure 3
FT-IR spectra of the raw materials (wood fibers and fly ash)

As is illustrated in Figure 4, after alkali activation of the fly ash based geopolymer
replaced by 25 wt.% biomass, the spectrum shows a new band at 1700 cm derived
from the C = O vibrations of biomass. The band of fly ash shifts from 1465 cm to
1401 cm*, which might be formed from remaining unreacted activator and CO,. The
main absorption band located at 1068 cm™* shifts to 979 cm™* with the replacement of
biomass. The bands of fly ash between 800 cm= and 500 cm™ coming from Si-O-Al
decreases significantly, which may indicate reaction. The most obvious changes of the
absorption band of the composite are the disappearing of the O-H stretching band at
3329 cm™ and the small C-H bands at 2915 cm™ and 2849 cm coming from the
biomass. The increasing portion of biomass shows absorption bands at 3310 cm™,
2922 cm, and 2360 cm* that can be derived from the biomass. In the case of 50 wt.%
replacement the band of C-O centered at 1401 cm* shows the most intense absorption
band of all of the composites, indicating the highest amount of carbonate formation
due to the alkali activation. The intensity of the main Si-O-Al band decreases as the
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fly ash content decreases. At the low wavenumber side of the spectra the biomass
derived amorphous absorption band become more intense. The replacement of fly
ash with 75 wt.% biomass shows a band at 979 cm* with the lowest intensity due to
the low proportions of fly ash.
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Figure 4
FT-IR spectra of the fly ash based geopolymer
with different portions of wood fibers
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Scanning electron microscopy

The analysis was performed first on raw fly ash then on fly-ash based geopolymer
replaced by 25, 50 and 75 wt.% crushed wood fibers. Figure 5 shows raw fly ash
particles with spherical shapes and smooth surfaces of different sizes. Most particles
are hollow and filled with fragments.

The fly ash biomass composites were compact, with micro-porosity and holes
formed during polycondensation. Both fly ash and wood particles underwent signif-
icant changes of morphology and chemical composition in the geopolymer due to
the alkali reaction. The spherical fly ash particles are built into the amorphous geo-
polymer framework of aluminosilicate. The composite contains undissolved solid
particles of fly ash with higher amounts of Si, Al, and Fe, or partially dissolved fly
ash particles. In Figure 5, partially reacted fly ash particles can be seen. The area of
the unreacted particles is the most sensitive to mechanical loading. All of the samples
with different replacement of biomass show micro cracks, which resulted in lower
compressive strength, and increased porosity. The micro cracks could have formed
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as a result of drying of geopolymer concrete specimens. The strong chemical bond
between the geopolymer gel and wood fiber can be the main reason for higher flex-
ural and compressive strength.

Figure ”
Fly ash with its spherical particles (Sample from Visonta, Mdatra Power Plant)




56

Ambrus, M. — Papné Halyag, N. — Czupy, |. — Szalay, D. —-Mucsi, G.

Figure 6
Microstructure of the fly ash based geopolymer replaced by 25 wt.% wood (a),
50 wt.% wood (b) and 75 wt.% wood fibers (c)
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The SEM images in Figure 6 indicate that there was good adhesion between the
fibrous wood particles and the geopolymer matrix at the interface zone. The wood
particles may bridge the micro and macro cracks of the brittle matrix. In the case of
25% by weight replacement there were unreacted fly ash particles among the wood
fibers, but with an increasing amount of wood, the number of fly ash particles de-
creased as they built into the geopolymer gel (50 wt.% replacement). The fibers are
covered with this newly formed geopolymer gel binding the fibers together. In the
case of 75 wt.% replacement the wood fibers are covered with dense, fractured geo-
polymer gel, but the fibers were not bound together due to the low amount of fly ash
meaning low compressive strength.

Table 1
The results of EDS analysis in the case
of geopolymer and wood fiber

Weight concentration (%)
Element | Geopolymer | Wood fiber
Oxygen 30.18 43.98
Silicon 29.83 2.3
Calcium 12.89 0.55
Carbon 7.4 46.72
Sodium 6.72 5.16
Potassium 5.06 0.39
Aluminum 4.14 0.44
Sulfur 1.83 0.09
Iron 1.68 0.3
Magnesium 0.26 0.06

The data from the elemental analysis of the geopolymer gel and the uncoated wood
surface are summarized in Figure 7 and Table 1. The composition of the geopolymer
gel contains high amount oxygen, silicon and calcium, which is a part of the C-S-H
(calcium-silicate-hydrate) gel responsible for mechanical properties in the fly ash
biomass composite. The potassium and sodium content of the geopolymer originates
from the alkali solution of NaOH and water glass mixture, while the rest of the trace
elements, i.e. sulfur, iron, etc., correspond to the composition of the fly ash used.
The chemical composition of the biomass fiber consists of mainly C and O with a
low amount of Na. The lack of H in the EDS analysis data is due to the inability of
the instrument to identify hydrogen during the analysis. The polygonal structured
part of the wood (cork) is not appropriate for geopolymer gel formation, as proved
by the lack of geopolymer on its surface with a trace amount of Si, Al and Ca, which
are more dominant in the geopolymer gel.
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Figure 7

The spectrum of a) the geopolymer gel and b) the wood fiber after alkali activation

4. CONCLUSIONS

In the article, experimental results of biomass-geopolymer composites were pre-
sented, with 25 wt.%, 50 wt.% and 75 wt.% woody biomass addition to fly ash based
geopolymer. The flexural and uniaxial compressive strength test values of the spec-
imens could be described with exponential decrease as the biomass quantity was
increased in the geopolymer matrix. The specimen density of the specimens linearly
decreased as the higher density fly ash was replaced with lower density biomass. The
main components of the base materials could be identified by the FT-IR analysis and
the shifts of bands in the spectra of the composites indicated the geopolymerization
reaction. As the biomass quantity was increased in the composites, the bands corre-
sponding to the biomass became more dominant in the spectra. The SEM images
showed unreacted fly ash particles in all three composite samples, along with micro
cracks on the geopolymer structure. The fibrous phloem of the woody biomass was
coated with the geopolymer gel, while the friable cork part was not compatible with
the geopolymer matrix. Based on the results of the microstructural analysis and the
strength tests of the biomass-geopolymer composites, it can be concluded that cork
of the sample mainly acts as filler in the composite.
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Abstract: The purpose of this research work was to investigate the usability of powdered
construction and demolition (C&D) wastes as potential asphalt fillers. During the research,
mineral and chemical composition, particle size distribution, BET-specific surface area and
pore volume of recycled concrete powder (RCP) and roof-tile powders (RTP) were deter-
mined and compared to limestone filler as the reference material. Results show that mineral
composition, particle size distribution, specific surface area and pore volume are good indi-
cators to reveal the most important features of these potential asphalt fillers. Particle size
distribution fundamentally affects all of the properties of these powders. The results show
that RTP has some positive properties, especially its specific surface area, that may influence
the adsorption of bitumen; therefore, this material may be a good asphalt filler. With the
proper comminution of C&D waste a suitable particle size distribution can be achieved in
order to use these fillers in asphalt pavements.

Keywords: asphalt filler, construction & demolition waste, porosity, specific surface area

1. INTRODUCTION

Asphalt is a composite constructional building material consisting of a mineral skel-
eton in a specific particle size distribution and binder material. According to UT 2-
3.301-1:2010 Hungarian Road Paving Technical Specification [1], the mineral part
of asphalt mixtures basically consists of natural rocks in specified particle sizes: ag-
gregate (d > 2.0 mm), sand (2.0 mm > d > 0.063 mm) and filler (d < 0.063 mm). In
Hungary, mainly andesite and basalt are used as aggregate, while limestone is used
as filler for pavements. However, there is a growing demand worldwide for the use
of waste materials and secondary raw materials. Substitution of mineral materials of
asphalt mixtures generally depends on geographical and economic features.

Several by-products are issued during production technologies which could be
used in road construction as secondary raw material. Such materials include oil-drill
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cuttings [2], fly ash [3,4], boron waste [5], waste lime [6,7], and steel slag [8,9]. In
Asia — mainly in developed Far-Eastern countries — it is a serious problem how to
handle and utilize construction and demolition waste (C&D) —mostly brick and con-
crete — originating from demolition in acorrect appropriate way [9]. These materials
are generated in significant quantities year by year, while storage of them as waste
can be harmful for the environment in the long term. Utilization of construction and
demolition waste as road construction material is beneficent in several ways. Not
only can the exploitation of natural raw material (rocks) be decreased but also the
storage of waste in landfills. Recognizing its potential, research is carried out for the
utilization of such waste.

Chen et al. [10] examined the application of brick powder as recycled asphalt
filler. They made comparative measurements in which they examined the generally
used limestone powder and brick powder to be used as alternative filler. Beside ma-
terial structure examinations of fillers, they also made a general examination of as-
phalt mixtures, such as indirect tensile modulus test, water sensitivity, static and dy-
namic creep tests and fatigue test. Their results showed that asphalt mixtures made
with brick powder have a higher modulus compared to the control mixture made
with limestone powder. This presumes better rutting resistance, improves water sen-
sitivity and fatigue life. Furthermore, brick powder also decreases the degree of per-
manent deformation.

Wau et al. [11] made asphalt mastics utilizing recycled red brick powder (RBP)
on which they made rheological examinations, besides testing the most significant
physical features (penetration, softening point, high temperature viscosity). Based
on their results, application of RBP may have some positive effect on high-temper-
ature properties of asphalt mastic, but at the same time may have some negative
effect on its low-temperature properties.

Chen et al. [12] examined the applicability of recycled fine aggregates powder
(RFAP) in asphalt mixture. Besides compositional and morphological examinations
of powders, they have made conventional asphalt technological tests on the asphalt
mixtures made with these fine powders, such as indirect tensile modulus test, three-
point bending test, water sensitivity, dynamic creep test and fatigue test. Then results
were compared with mixtures made with generally used limestone powder, showing
that concrete powders improve water sensitivity, high temperature performance and
fatigue resistance of asphalt mixture, but at the same time decrease low temperature
performance to some extent.

Besides fine sand and stone dust mix, Sutradhar et al. [13] have examined waste
concrete dust and brick dust as possible asphalt fillers. Marshall Stability (MS) val-
ues of asphalt mixtures made with concrete dust and brick dust increased, which
indicates the usability of optimal quantity of waste as filler.

Fillers play a significant role in mineral mixtures. Several features of asphalt con-
crete depend on quantity and features of fillers. It is subservient to use mainly car-
bonate rocks as fillers, such as limestone powder, which is basic and adsorbs well to
bitumen. The binder material of asphalt pavements, bitumen sticks together the
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larger aggregates that carry the load of traffic. Therefore, mineralogical, physical and
surficial properties of mineral aggregates need to be favorable. The contact between
fillers and bitumen depends on the adsorption processes taking place on their inter-
face. Physical adsorption is affected by the porosity and the specific surface area of
the fillers. According to numerous research articles [14, 15], the bond between bitu-
men and siliceous fillers is mechanical (generated by the Van der Walls forces) while
the bond between bitumen and another filler (for example limestone) is chemical.

The amount of pores, cracks and small crystals stuck on the surface of a filler
grain increases the specific surface area and therefore affects the adsorbable amount
of bitumen. Compared to other grains, the specific surface area of fillers in the min-
eral skeleton of an asphalt mixture is considerably higher, therefore they are able to
adsorb a great part of bitumen in compound. When choosing fillers, mineral compo-
sition has great importance, that is, the material has to be pure. The presence of clay
minerals is unfavorable, for instance, as it decreases mechanical strength, resistance
to mechanical weathering, and finally leads to failure of pavement sooner than
planned.

In Hungary, up to 30% of construction and demolition waste is from concrete,
brick, tile and ceramics. Being a member of the European Union, Hungary is also
subject to targets set in the Waste Framework Directive introduced in 2008 [16]. The
Directive sets target values to reach for 2020: 70% preparation for re-use, recycling
and other recovery of construction and demolition waste.

These experimental results may promote the applicability of such waste in road
construction.

2. MATERIALS AND METHODS
2.1. Sample preparation

During the research we examined construction and demolition waste materials (re-
cycled concrete powder — RCP, recycled roof-tile powder — RTP). As reference ma-
terial, limestone powder was chosen that was previously grinded by the producer.
The required particle size of powders was produced from waste concrete and roof
tiles by a hammer, then grinded by a planetary ball mill. After grinding, fine powders
were fractioned by a standard sieve of 0.063 mm nominal particle size. Samples were
then dried to weight constancy and placed in air-proof storage for further examina-
tions.

2.2. Testing methods

Mineralogical composition of samples was determined by X-ray powder diffraction
(XRD) on a Bruker D8 Advance diffractometer (Cu-Ka source, 40 kV and 40 mA
generator settings) in parallel beam geometry obtained with a Gébel mirror and Van-
tecl (1° window opening) position sensitive detector. Measurements were carried
out in the 2-70°(26) range with 0.007°(26)/120 sec goniometer speed. Crystalline
components were identified by Search/Match algorithm in DiffracPlus EVA, using
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the ICDD PDF2 2005 database. Quantitative composition was calculated by Rietveld
refinement in TOPAS4, using empirical instrumental profile modelling (on ASTM
SMR 640d Si standard) and crystal structure data from ICSD and AMCSD [17].

Chemical composition was determined by X-ray fluorescence spectrometry (XRF)
on a Rigaku SuperMini 200 tabletop wavelength dispersive spectrometer (Pd —source,
50 kV and 4 mA) using in-house and USGS standards. Peak intensity determinations
were done with 10 second background measurement on the left and right flank and
40 secondss on the peak maximum. Limits of detection in silicate matrix are from
0.01 wt% (light elements) to 0.001% (heavy elements).

Particle size distribution (PSD) of the ground material was measured by a HORIBA
LA-950V?2 laser diffraction particle size analyzer in wet mode using distilled water as
dispersing media and sodium-pyrophosphate as dispersing agent, applying the Fraun-
hofer theory as evaluation method. Before the measurements 1-minute ultrasonic treat-
ment was applied on the samples for better dispersion.

For morphological tests a Carl Zeiss EVO MAZ10 scanning electron microscope
(SEM) was used. High resolution electron micrographs were taken in different mag-
nifications for further observation. The aim of this technique was to observe the mor-
phology and geometrical features of powders, as well as to reveal traces of porosity.
Morphological analysis was made on the fractioned portions of powders during mi-
crostructural examination.

Specific surface area (SSA) of the powders (by BET method) was determined by a
TriStar 3000 instrument (manufactured by Micromeritics). The method of this instru-
ment is based on physical absorption and capillary condensation, and it works in vol-
umetric mode. The fine powder samples were prepared with the use of a SMARTPREP
instrument. Adsorption-desorption isotherms, BET-specific surface area and pore vol-
ume of samples according to the BJH method [18] were determined.

3. RESULTS AND DISCUSSION

Table 1 contains the mineral composition of the tested powders determined by XRD.

The calcite containing Mg in limestone is probably a component formed in vein-
lets, without major importance. Limestone is a compact, low porosity material, re-
sulting in angular grains by crushing, determined by the rhombohedral cleavage of
calcite (quartz and illite do not influence its properties). RCP (recycled concrete
powder) and RTP (recycled roof-tile powder) could be compared to the previously
mentioned materials as high temperature contact metamorphic rock (RTP) and high
temperature rock altered by hydration (RCP). Based on their chemical compositions
(SiO2 content), the rocks range from acidic to basic: RCP > RTP > limestone. How-
ever, the interaction with bitumen is at the level of single grains, so quartz grains
with carbonate coating could form good bonding, while bytownite grains with a
smectite coating could give bad results.
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Table 1
Mineral composition of powders
. Sample, w%
Mineral Group Limestone | RCP | RTP
Calcite 97.6 76.0 —
Calcite, magnesian carbonates 1.4 - -
Bytownite An85 - 26.3
Albite feldspars - 3.4 -
Microcline - 1.2 8.7
Grossularia garnet - 0.7 -
Diopside inos - 194
llite 2M1 micas 0.6 - -
Biotite 1M 0.7 —
Larnite olivines 1.3 —
Hatrurite 1.7 -
Akermanite other 0.7 -
Quartz 0.4 — 22.4
Cristobalite low oxides - 2.1
Periclase 0.4 -
Hematite - 5.1
Amorphous (alumino-silicate material) - 140 | 16.0

Table 2 shows the chemical composition of tested powders determined by XRF. The
sum of measurements is the total amount of material that could be measured and
quantified according to calibration standards. The loss on ignition (LOI) was deter-
mined by 2 hours heating at 1,200 °C. The LOI is given by CO, content for limestone
and adsorbed H,O for RCP and RTP. The LOI values of RCP and RTP are linked to
the amorphous materials, since all the crystalline components are anhydrous. This
indicates a state of alteration by hydration, which may result in the formation of
hydrated layers in cracks and on grain surfaces, leading to an increase in surface
reactivity and bonding capacity.

Table 2
Chemical compositionof powders
Sample
Component, w% Limestone RCP RTP
Si0, 1.5 67.4 54.2
Al203 0.8 4.2 17.1
MgO 0.28 1.73 4.15
CaO 55.0 14.6 10.2
Na20 <0.01 0.46 0.68
K20 0.15 0.84 2.95
Fe203 0.07 1.14 6.04
MnO 0.005 0.147 0.113
TiOz 0.010 0.155 0.753
P20s 0.072 0.062 0.154
S <0.005 0.4 0.005
LOI 42 9 4
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The particle size distributions of the tested fillers can be seen in Figure 1.
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Particle size distribution of powders

According to Figure 1 and Table 3, RTP proved to be the finest among the prepared
fillers. The maximum particle size of limestone is the smallest with 67 pm. RCP has
the highest median value with 14.23 pm. From the point of view of dgo, RTP is the
finest, while RCP is the coarsest. RTP has the highest calculated surface area, which
is 26,079 cm?/cm?®. The fineness modulus (FM) is a practical mathematical method
to describe the fineness of a material, based on which RTP proved to be the finest.
RCP has the highest FM value, so from this point of view this material proved to be
the coarsest. Coefficient of uniformity (Uc) shows width of particle size distribution,
that is, how wide the size range is in which the grains are present in the material.
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From this point of view, limestone has the lowest Uc, the narrowest distribution,
while RTP has the widest.

Table 3
Common values and parameters derived from particle size distribution
Parameter Unit Limestone RCP RTP
Dso um 14.82 14.23 2.92
Dso pm 23.56 37.09 22.82
Dgs pm 35.23 69.69 4111
Fineness Modulus, FM - 3.13 3.41 2.06
Coefficient of Uniformity, Uc — 2.52 3.58 454
Surface area, S (calculated) cm?/cm? 5,058.6 5,672 26,079

Morphology and surface characteristics of the examined powders are shown by SEM
micrographs in Figure 2.

SEM micrographs of powders: a) Limestone, b) RCP, ¢) RTP

In the SEM micrograph of the limestone (Figure 2a) used as reference material, rela-
tively big, solid calcite grains can be seen. It is visible that small grains have adhered
on their surface. It is well recognizable that bigger planar faces and planar fractures
formed on other grains during grinding. Based on this, we can conclude a relatively
small surface area, which is favorable in view of bitumen quantity to be used.

Figure 2b shows the morphology of RCP, which reflects particle size distribution.
In the view field, several 10 um grains can be seen, besides some large grains. Just
like on the other samples, adherence of the finest grains to the bigger ones can be
observed in case of RCP. Also occurring in the sample are polygonal shaped and
plated grains whose surface and planar fracture is relatively smooth.

Figure 2c, the high resolutional SEM micrograph of RTP powder, shows a diver-
sified picture. A continuous glassy phase can be observed, as well as the characteristi-
cally submicronic crystalline grains in between. Formation of the glassy phase is due
to the process of firing of tile at high temperature (normally ~1100 °C). The surface
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of the glassy phase is coherent and there are no signs of higher porosity on it. Con-
trary to the surface property of the other samples, in case of RTP no extensive frac-
ture planes can be observed.

The test results of nitrogen adsorption tests are summarized in Table 4. The lowest
specific surface area belongs to the reference limestone powder (0.92 m?/g), while
RCP has the highest SSA value (2.27 m?/g). The SSA value of limestone powder is
favorable referring to the quantity of bitumen to be used in asphalt mixture production.
In case of using limestone powder as filler we do not need to calculate with excess
bitumen. Application of RCP may result in an increased bitumen requirement, which
affects —mainly worsens — other features of the asphalt mixture (bleeding, rutting).

Table 4.
Results of Nitrogen adsorption test
Property Unit | Limestone| RCP | RTP
BET specific surface area, SSA m3/g 0.92 2.27 | 1.65
BJH desorption average pore diameter nm 45.27 26.82 | 21.27
BJH desorption cumulative surface area of pores
(values were determined between 1.7 nm and m3/g 0.98 251 | 1.38
300.0 nm diameter region)
BJH desorption cumulative pore volume of pores
(values were determined between 1.7 nm and cm®/g| 0.0111 |0.0168|0.0073
300.0 nm diameter region)

The BET specific surface area value of RTP is rather interesting. Based on particle size
distribution it is already known that this powder is the finest. This statement is sup-
ported also by the FM value, furthermore this material has the highest surface calcu-
lated from PSD. Nevertheless, based on BET value (1.65 m?g), RTP has the second
lowest SSA value after limestone. The surface of glassy phase present in great quantity
is adequately smooth and free of bigger pores and this phenomenon causes a BET
value decrease of the powder.

Nitrogen adsorption method was used to define porosity of the powders. Average
pore diameter of the materials, cumulative surface area of pores and cumulative vol-
ume of pores were defined by the Barret-Joyner—Halenda (BJH) method according
to desorption isotherms. This method assumes pores are cylindrical. It is suitable to
determine pores with diameter of 1.7 nm—300 nm, therefore mesopores (d: 2-50 nm)
and macropores (d > 50 nm) can also be revealed.

In view of porosity value defined from desorption isotherm, limestone has the
highest average pore diameter (45.27 nm), while the smallest pores (12.99 nm) can
be found in RTP. From the point of view of cumulative pore area RCP has the highest
(2.51 m?/g) and limestone has the lowest (0.98 m?/g) pore surface.
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4. CONCLUSION

This research focused on the examination of two powdered waste materials which
may be potential paving material. One conventional asphalt filler (limestone) and
two waste materials (recycled concrete and roof tiles) were investigated in their pow-
der form. Mineral composition, particle size distribution, specific surface area and
pore volume are useful features to characterize the powders. If the specific surface
area and pore volume is high the grains can adsorb much more bitumen on their
surface, which may cause fast ageing of this binder. If an optimal particle size dis-
tribution is achieved during the comminution process of waste materials, roof tile
powder may be a potential good asphalt filler.
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Nowadays the amount of waste of electrical and electronic equipment (WEEE) is
increasing due to the increasing variety of equipment types, increasing number of
users and decreasing lifetime of such equipment. According to the Global E-waste
Monitor 2017, by 2016 the world had generated 44.7 million metric tons (Mt) of e-
waste and only 20% has been recycled through appropriate channels [1].

The composition and structure of e-equipment is changing fast due to new models
and technologies. High-tech equipment contains very valuable materials, such as crit-
ical elements. Processing such end-of-life equipment is an inevitable environmental
and economic target of the society. According to the new Circular Economy Action
of the European Union (EU), the new Action Plan announces initiatives along the
entire life cycle of products, targeting for example their design, promoting circular
economy processes, fostering sustainable consumption, and aiming to ensure that the
resources used are kept in the EU economy for as long as possible.

This paper gives a short introduction to research work in the field of WEEE
processing, in the case of Li-ion batteries, LCDs (Liquid Crystal Display), LEDs
(Light Emitting Diodes) and SSDs (Solid-State Drive), in the framework of RING
2017 Project. The combination of applied processes is also shown, such as mechan-
ical and chemical-biological treatment methods.

1. LITHIUM-ION BATTERIES
1.1. About lithium-ion batteries

Since the advent of Li-ion batteries in the 1990s, they have been gaining ground as
an energy storage cell for electrical devices, especially mobile devices, notebooks,
electric and hybrid cars. From their early, rapid spread, it could be expected that after
becoming waste, they would occur in large quantities within this type of waste. Pro-
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cedures must be developed for their disposal and processing that allow as much as
possible of the valuable secondary raw materials contained in them to be recovered.

The batteries are quite simple in structure (batteries of notebooks, mobile phones).
Between the two metal electrodes, which are usually copper and aluminum, there is a
lithium-based electrolyte and, for charge storage, a separator film between the anode
and the cathode [2]. Although these batteries may vary depending on their capacity,
size, and manufacturer, the average chemical composition of a typical lithium-ion
battery can be given as below [3].

Table 1
Chemical composition of Li-ion batteries [3]
Chemical elements perc\é\r/wifgzt[%]

Cobalt 7
Lithium 7
Nickel 4
Manganese 5
Copper 10
Aluminium 15
Graphite 16
Others 36

1.2. Safety aspects of the recycling of Li-ion batteries

A battery cell has an anode and cathode for energy storage and for energy load. A bat-
tery can be a unique cell or a connection of cells for higher energy load, for example
the batteries of laptops. The lithium is oxidized inside the anode to Li* and gives an
electron. During energy transmission the Li* diffuses to the cathode across the elec-
trolyte. During charging the process is the reverse. In case of damage, physical im-
pact, overheat, or short circuit of the Li-batteries the thermal runaway can be started,
which results in explosion-like energy release, accompanied by heat and flame.

Possibilities to avoid explosion during recycling

Prior to recycling safety should be considered [5]. The first option to avoid explo-
sion is to discharge the battery fully, which can be done by immersing it in at least
5 m/m% NaCl solution for 48 hours. After the discharging step the device should
be dismounted into metal cover, cathode, anode and organic separators. The anode
and cathode are crushed in a mill, and then the particles should be sieved at 75 mi-
crometers. The <75 pum particles are the mixed electrode parts (LiCoO; and graph-
ite). With that method an explosion can be avoided and 66.75% of the fine powder
is LiCoO- which can be recovered from a Li-battery [4].
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The second possibility is that the carefully dismounted batteries are cooled with
liquid nitrogen for 5 minutes. This cryogen step makes the battery ineffective in
terms of explosion. After the freezing, the end of the top metal cover can be dis-
mounted also and other part of the metal cover of the battery can be cut with a saw
with longitudinal slash. Then the inner part of the battery is accessible [6].

There is a research group [7] where the wet crushing of Li-ion batteries was ex-
amined. The crusher was a wet cutting mill. Using water every kind of explosion or
fire can be avoided.

Some of the researchers do not perform any discharging step to avoid explosion.
Dry crushing [7] requires a crusher which is relatively stronger than the common
ones, so that in case of explosion it should not be destroyed. The housing of the
crusher must be strengthened, which makes the investment cost higher.

1.3. Disassembling

In our research in the mechanical preparation tests the batteries of several mobile
phones were disassembled manually. For safety reasons, the batteries were placed
in 10 m/m% NaCl solution to reduce the residual voltage below 0.5V. During the
manual disassembling, the composition and structure of the examined batteries was
determined, so that during the subsequent comminution, it was easier to identify
the components in each size fraction. After considering several shredders, hammer
mills have proven to be suitable for sufficient liberation without the production of
the overground particles. It can be clearly seen from Figure 1 and Table 2 that after
the separation into particle size fractions, the various components were clearly con-
centrated in different particle fractions.

It can be seen that the individual foils are enriched in the coarser particle frac-
tions, so an air flow separator and after that an electrodynamic separator can be
used to separate them. Using a scanning electron microscope and chemical analy-
sis, the composition of the finest fraction was determined. The most valuable cobalt
and lithium materials from the anode and cathode were concentrated in the finest
size fraction of <0.5 mm (mass yield of <0.5mm fraction was as high as 42.30%).

Table 2
Component content in the size fractions after shredding
Size fractions S_eparator A_Iuminium Copper foils, E'I[ﬁset:;: i:g SUM [%]
X, [mm] foils, csk [%] | foils, cair [%0] ccur [%0] [%’]

8...20 34.53 17.82 5.25 42.40 100.00
4...8 14.48 55.24 14.10 16.18 100.00
2.4 10.20 48.80 29.20 11.80 100.00
1...2 14.66 47.41 26.72 11.21 100.00
05...1 9.68 64.51 13.98 11.83 100.00
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Figure 1.
Size fractions of the lithium-ion battery, shredding by hammer mill [22]

2. SOLID STATE DRIVES (SSD) AND LIGHT EMITTING DIODS (LED)
2.1. SSD processing

The solid state drive (SSD) is a storage device which contains non-volatile memory
[8, 9], such as the NAND flash memory introduced in the late 2000s [10]. Due to
its benefits like processing speed, durability, and energy consumption, SSD has
become the prima donna in the data storage market. Based on data from Statista
[11], the shipment of SSD keeps increasing in each quarter of the year, with the last
recorded in the second quarter of 2018 being 47.8 million units shipped.

An SSD does not have a moving or rotating part, which makes its components
relatively simple, and is only composed of a case containing a Printed Circuit
Board (PCB), where several of the main parts are attached. The main components
of an SSD are [9, 12]:

e Input/Output Interface or I/O interface: The I/O interface is a connector that

connects the power and data to the SSD. Types of 1/O in the SSD are SATA,
PCle, and SAS.

e Controller: Manages all functions in the SSD, such as data transmission and

allocating data load to flash memory.

e Flash Memory: is where the data is stored. Commonly used flash memory is

NAND type.

e Printed Circuit Board (PCB): is a printed board where the three parts above

are attached.
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Components of SSD [13]

The average composition of two SSDs (Kingston A400 and Goodram CX400) is

shown in Table 3.

Table 3
Parts of SSD [13]
Name of part Mass, mi[g] Mass yield [%6]
Case 26.0648 70.60
Controller Chip 0.1933 0.52
NAND Chip 1.1052 2.99
Gold Pin 0.2519 0.68
1/0 interface 1.2634 3.42
PCB (Base board) 7.4474 20.25
Other 0.5654 1.53
SUM 36.8914 100.00

The weight of SSD mainly depends on the case material, which covers up to
70 m/m% of the total mass of the SSD. The other parts which also can affect the
total weight of SSD are the NAND chips. The precious metal found on the surface
of the SSD’s components is gold (Au), which is found in the gold pins and the vias
in the PCB. The material used to attach the component to the PCB is mainly tin

(Sn) [13].
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The results from the comminution test show the possibility of SSD disassem-
bling by using mechanical means. The PCB is still intact with a little damage on its
edge, while some of the components are liberated from the PCB due to the crush-
ing in hammer shredder (type UK 60/40). Moreover, the distribution of the compo-
nents in the size fractions can be grouped based on the majority of the materials
found in them: (1) case materials are concentrated in the > 45 mm size fraction, (2)
the PCBs in the 20....45 mm size fraction, (3) the NAND chips in 10-16 mm size
fractions, and (4) the gold pins can be found below 4 mm. Based on the distribution
of materials in the size fractions, it should be possible to separate the components
above from the flow of the comminuted SSD [13].

2.2. CT measurement of LED and SSD

To understand the structure of WEEE parts, computer tomograph (CT) measure-
ments were performed in the 3D Lab of the University of Miskolc using XYLON
FF35 Dual tube computer tomography. For imaging of a LED and SSD NAND a
FeinFocus 190 kV nano-focus X-ray tube was used. Table 4 contains the parame-
ters of the measurements.

Table 4
Measurement parameters of the micro-CT imaging
Number of projections 1080
Rotation angle 360°
FOD (focus-object distance) 90 mm
FDD (focus-detector distance) 700 mm
Magnification 8.52x
Voxel size 16.9 pum
High voltage 190 kV
Tube current 260 pA
Scan time 9 min 2 sec
Type on anode W
Type of filter Sn; 0.5 mm
Detector framerate 2Hz

Additional sample preparation for the measurements was not necessary, because
the whole samples could be placed in the instrument.

With the help of the CT measurements exact 3D models of the LEDs (Figure 3)
and SSD NAND (Figure 4) can be determined. The macroscopically not observa-
ble metal parts can be easily identified and their volume can be estimated.

In the CT images the LED electrodes and the connection between them can be
observed. These electrodes contain several different metal layers (indium-titan-oxide
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(ITO), gallium nitride GaN), but due to their tiny thickness, the different parts cannot
be separated mechanically from each other. The uneven soldering of the electrodes,
the plastic cover and the copper film beneath the electrodes also can be recognized.

In the case of the SSD NAND, macroscopically only the black plastic casing
and the soldering can be observed. The CT images show the complex, internal
metal structure of it with two separated parts and the connections.

Figure 3
SAMSUNG LED projection

Figure 4
SSD NAND projection
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3. RECYCLING OF METALS FROM DISPLAY PANELS AND LEDS BY CHEMICAL
AND BIO SOLUBILIZATION

Research in the field of critical raw materials recovery has come into prominence in
the last decade. One potential secondary source of these materials is electronic waste.
Electronic waste has in most cases a very complex structure and the elements of in-
terest are frequently presented in a thin layer. Many records can be found in literature
related to the bioleaching of precious metals from PCBs, but there are only a few
recently released publications reporting the bioleaching possibilities on LCD (Liquid
Crystal Display) or LED (Light Emitting Diode) substrate [14, 15, 16].Chemical and
biological solubilization experiments were carried out in Bioprocessing Laboratory
of Institute of Raw Materials Preparation and Environmental Processing in order to
solubilize the indium from waste LCD panels, and in a preliminary experiment the
potential of bioleaching of LEDs (light emitting diodes) was examined as well.

The main methodological difference between our work and the mentioned in
above literature is that the mechanical pre-treatment of the waste LCD panels was
carried out before leaching experiments, which was reported by Nagy et al. [17],
and later it was proven that the method is highly beneficial regarding mass transfer
as well [17, 18]. In the case of LED, SMD 3528 white 2700K type was ground in a
planetary ball mill (Fritsch Pulverisette 5) followed by hand sieving at 1 mm gap
size to separate the magnetic flocs from the powdered material. The fraction below
1 mm was ground further for an additional 20 minutes, and then separated at 0.315
mm by hand sieving (Figure 5).

Figure 5 (left)
Fritsch Pulverisette type planetary ball mill and the LED samples before and after
grinding, and right: tenth day of the bioleaching experiment (<0,315 mm) [20]
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In the case of chemical leaching experiments on an LCD panel, 1M HCI and 1M
H2S04 solutions were applied for the single stage leaching and the effect of the
temperature and residence time was investigated using a Wise Cube heatable shak-
er. Furthermore, multistage leaching was also studied using a weak (0.5M) acetic
acid in the first stage for selective Fe removal and 1M HCI solution in the second
stage in order to recover indium. Comparing the results of chemical leaching test of
LCD panels, it was revealed that the 1M HCI solvent was more effective for In sol-
ubilisation from the LCD glass as compared with 1M H,SO4, since the recovery
values were higher under several conditions and the In recovery was almost com-
plete. Considering the alien metal presence in the solution, like Fe, the best leach-
ing parameters were chosen as follows: 1 hour retention time, 55 °C and 1M HCI as
solvent at 1 : 1 S/L ratio. Another attempt was when the selective solubilization of
iron in weak acetic acid was targeted at first, and In should have been dissolved in
the second stage in HCI. This attempt ended with a modest success. Iron was only
slightly dissolved in the acetic acid, moreover In was detected as well in the solu-
tion of the first leaching stage with 16-19% recovery. The optimal circumstances
for the selective dissolution of iron should be further investigated [19].

In case of bioleaching experiments, Acidithiobacillus ferridurans (Karitas) and
A. ferrooxidans (Pech) autotrophic bacteria were used without adaptation to the
material source. The bacteria were cultivated for 5 days before the experiments in a
Silverman-Lundgren (9K) nutrient solution with Fe;SO, as the main nutrient. The
leaching experiments were carried out in a Wise Cube shaker, as in case of chemi-
cal leaching experiments, but residence time was varied from 7 up to 17 days, and
a constant temperature of 28 °C was kept. The leaching ability of the 9K solution
without bacteria was also investigated, the changes in pH were measured, and the
metal content of the pregnant solution was analyzed by ICP-OES in case of LCD,
and by AAS spectrometry in case of LED solutions.

Based on the results, it was revealed that the formation of jarosite precipitate
during bioleaching test is unavoidable, and the co-precipitation or adsorption of the
dissolved metals occurs on this precipitate;, therefore, total separation from the re-
sidual solid material and further treatment are both necessary. Based on the pH
curves (Figure 6) it can be stated that when the electronic waste came into contact
with the bacterium solution, the pH increased, but after 3 days, it started to de-
crease. The metal recovery in the solution showed differences between the Karitas
and Pech bacteria, and in every experiment, the solution containing the bacterium
was more effective than the quasi- sterile 9K solution. Table 5 shows the experi-
mental data of LCD dissolution experiments.

Indium recovery values from LCD panels obtained in bioleaching experiments
were far weaker compared to the chemical leaching, as the best result obtained was
75.53% In recovery in the solution [21], but the reproducibility of this experiment
with a different LCD panel sample was not adequate, so further experiments should
be performed.
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Table 5

Parameters and best results of chemical and biological experiments

on LCD panels

1M HCI; 1:1 solid to
liquid ratio, 55°C,
1h retention time

9K sterile solution,
1:10 solid to liquid
ratio, 7 days reten-
tion time

Karitas bacteria con-
taining 9K solution,
1:10 solid to liquid
ratio, 7 days reten-
tion time

In recovery from
LCD (%)

99

68.46

75.53

Our preliminary bioleaching experiments with Karitas bacterium on the LED sub-
strate showed that there is a difference between the bio-leachability of the fraction
above 1 mm (magnetic flocs), and the powder fraction. For the bioleaching exper-
iment, the applied 5-10-15 g/L solid:liquid ratio of <0.315 mm LED sample has no
inhibitor effect, copper was leached successfully, but the 15 g/L solid concentration
of >1 mm LED sample had an inhibiting effect for bacterial metal extraction; this
concentration can be toxic, or the powder fraction contains more easily recoverable
copper species than the >1 mm LED sample. The inhibitor effect could be seen in
case of Sn and Ni for the >1 mm fraction as well, although the recoveries were be-
low 2.25%. In the case of powder fraction, the best Ni recovery was as high as 9%,
and it was reached applying the lowest solid concentration. Based on these results,
the adaptation of the bacteria to the particular substrate is very desirable.

pH changes during biosolubilisation

5 10
Day
Karitas A Pech 9K
Figure 6

15

pH changes in course of pre-treated LCD panel bioleaching experiment
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4. SUMMARY

Electrical and electronic equipment (EEE) and consequently its waste (WEEE)
contains a large number of valuable elements; however, their structural forms (e.g.
powder, layer) and composition can differ significantly. The collection method of
WEEEs also affects the further processing. From the introduced examples it can be
seen that the proper selection of treatment methods and the combination of meth-
ods is essential. Usually mechanical preparation should be followed by thermal,
chemical or biological techniques. Treatment methods can be designed for each
WEEE flow, but the low concentrations and technological changes in EEE produc-
tion along with incomplete waste collection can significantly encumber recycling
and recovery of materials.
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Abstract: Because of the dramatic growth of liquid crystal display (LCD) production in the
last decade, large numbers of used LCD screens are being produced. From the used whole
LCD panel, Indium-Tin-Oxide (ITO) nanoparticles can be generated, or indium can be ex-
tracted by hydrometallurgy. The recycled glass material is used as a source material for heat
and sound insulating fiberglass, or as cement additives it is a valuable Si source. Recycling
of this boron silicate glass material is challenging because of contaminating metals like anti-
mony, arsenic, lead, and strontium. In our study ground LCD waste glass was investigated as
a potential source of metals. The waste LCD monitors were disassembled by hand and the
LCD screen covering plastic layers were dismantled using a thermal shock. After intensive
grinding in cutting, planet, and ball mills, a powder finer than 100 microns was investigated
by X-ray diffractometry (XRD), scanning electron microscope with energy dispersive detec-
tor (SEM EDS), differential thermal analyzer (DTA), and wavelength dispersive X-ray fluo-
rescent spectrometry (WDXRF). Beside the content of almost 6 percent strontium, transition
metals like Sn, W, Cr, Ni and Ba were detected in the 1,000 to 5,000 ppm range. Considering
the literature, Sr atoms are situated in cyclosilicates, mainly combeite, in the place of Ca.
Transition metals are generally found in the islands produced by structure modifiers in the
amorphic glass structure or from remnants of the grinding bodies.

Keywords: LCD, X-ray diffraction, scanning electron microscopy, differential thermal ana-
lyzer, LCD glass scrap materials

1. INTRODUCTION

Increasing use of equipment containing liquid crystal is part of our modern lifestyle
[1]. The life expectancy of these devices amounts to 3-8 years [2], therefore the
amount of waste from these devices is constantly increasing [3]. The display panel
constitutes over 40% of these types of equipment [4], [5]. LCD glass is a pure, alkali-
free material, composed of SiO», Al,Os, B,Os, and alkaline earth oxides [6]. LCD
glass is produced by stirrer melting above 1,600 °C, using high-purity raw materials
to guarantee the display quality. These glasses have excellent homogeneity. Unlike
LCD glasses produced before 2010, current LCD glass materials do not contain toxic
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components, which indicates that the resulting waste glass is environmentally
friendly. The waste glass can be divided into three categories: 1) LCD cullet from
LCD glass manufacturers, 2) LCD process waste glass (LCDPWG) from LCD panel
manufacturers, and 3) waste glasses from end-of-life LCD devices (EOLLCDWG).
LCD cullet is recycled as a secondary raw material for alkali-free borosilicate fiber
glass (so-called E-glass). This material is used for producing alkali borosilicate glass
wool or soda lime silicate container glass [7], [8]. LCD cullet is the main raw mate-
rial to supply B2Os to E-glass and glass wool and can also be used to supply Al;Os
to soda lime silicate container glass. The reuse of LCDPWG as a raw material for
LCD glass is impossible due to contaminates such as coatings on its surfaces. Intro-
duction of LCDPWG to raw material for the original LCD glass or other colorless
glass production produces a slightly grayish color. Many studies have introduced
LCDPWG as a raw material in the production of glass-ceramics [9], [10], sintered
ceramics [11], insulating foamed glass [12] and cement [13]. In the case of end-of-
life LCD waste glass produced before 2010, toxic components such as arsenic and
antimony oxide cause serious difficulties in their recycling [6]. Because of it, they
are disposed of as unusable waste material [14].

In the present work, EOLLCDWG was examined as a commercial metal source.
The results are discussed from the viewpoint of possible sources of the metals and
their structural positions in the bearing glass structure. As the EOLLCDWG compo-
sition fluctuates considerably depending on the glass supplier, the recycling of it is
difficult in a process that is sensitive to composition change. However, as metal
sources, these fluctuations are not remarkable.

2. EXPERIMENTAL MATERIALS

In the research project three samples were investigated with L-C, S-C and V-C signs.
The L-C and S-C materials are ground glass materials of two market leader LCD
manufacturers. In both cases the date of manufacturing is 2017. The third sample (V-
C) is a mixture of the first two samples, because in everyday practice the recycling
process of used LCD panels is generally manufacturer independent, but in small
amounts (less than 10%) it contains LCD material released in 2012. The used LCD
screen panels were thermally shocked by heating in furnace up to 200 °C, then they
were suddenly cooled down in air and the coating plastic and metal bearing films
were taken out by hand. The stripped glass material was crushed and milled in cut-
ting, planet and ball mills. After 40 minutes of milling, the grain size distributions of
the samples were measured by Retsch Technology Camsizer X2 laser equipment.
The average grain size was under 100 um. The powders, as bulk samples, were meas-
ured by X-ray diffraction (XRD), scanning electron microscopy with energy disper-
sive detector (SEM EDS), differential thermal analyzer (DTA) and wavelength dis-
persive X-ray fluorescent spectroscopy (WDXRF).
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3. RESEARCH METHODS
3.1. X-ray Diffraction (XRD)

The phase compositions of ground LCD panels were analyzed by X-ray powder dif-
fraction (XRD) method, using a Bruker D8 Discover X-ray spectrometer equipped
with Cu anode X-ray source and energy dispersive Lynxeye detector. The grains of
the samples were crushed under the size of 5 um in a ceramic mortar. Mineral phases
were identified on the basis of PDF-2 database (release 2010), formalized by the
ICDD.

3.2. Scanning Electron Microscopy with Energy Dispersive Detector
(SEM EDS)

The morphology and approximate elemental content of milled LCD material was
determined using scanning electron microscopy (SEM). The observation was made
by means of a Jeol 8600 Superprobe electron microscope, equipped with an energy
dispersive spectrometer (EDS)-based system for elemental composition analysis. The
powder samples for SEM investigations were coated with an approximately 50 nm
layer of carbon to achieve conductivity on the sample surfaces.

3.3. Differential Thermal Analyzer (DTA)

The thermal dependent properties, like endothermic or exothermic reactions, to-
gether with mass increases or reductions were investigated by computer-controlled
MOM Derivatograph-C equipment. Heating rate was 10 °C/min, heating range was
from 20 °C up to 1,000 °C. The original powder sample masses were under 0.5 g,
generally 0.1 or 0.2 g. Results were analyzed by the MOM developed WinderC soft-
ware.

3.4. X-ray Fluorescent Spectroscopy (XRF)

The elemental compositions of ground samples were measured by a wavelength dis-
persive Rigaku Supermini 200 type benchtop sequential spectrometer. The X-ray
source was an air cooled Pd-anode with 50 kV voltage, 4.00 mA heating current and
200 W power. Primary beam filter was Zr. Reflecting crystals for the wavelength
dispersive technology were: LiF(200), PET, and XR25 crystals. The grains of the
samples were crushed under the size of 65 um in a ceramic mortar, than they were
dried out at 120 °C for 2 h. From the already dried powders, 0.2 g were measured
out and mixed by Cereox binder (ultra-pure and fine polyethylene powder) and ho-
mogenized in an agate mortar. These mixtures were pressed into pellets of 32 mm
diameter by pressure of 25 tonnes. Both the calibration and measuring of each ele-
ment was done at 1.2-1.6 Pa pressure with the Rigaku ZSX driver and evaluation
program.
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4. RESULTS AND DISCUSSIONS

The X-ray diffraction (Figure 1) showed mainly amorphous, rather non-crystalline
phases in every sample.
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Figure 1

Fourier smoothed X-ray diffraction pattern of L-C sample. Identifiable main
crystalline phases are wollastonite, combeite and quartz. The glassy phase,
with high amorphous content, can be seen in the form of extended area
under the wavy baseline.

Instead of well reflecting oxide remnants, Al-Si-Ca dominated glass (short range
ordered) phases was identified. Similar results were generated by electron micro-
scopic (SEM EDS) investigations: mainly Si-Al dominated grains, and some Ni, Fe
and Cr dominated patches appeared (Figure 2).

Figure 2

Scanning electron microscopic
picture of L-C sample. Grains
dominated by high atomic num-
bers are bright patches in the
middle section of the picture.
The surrounding dark gray
materi-al is composed of glass
grains, mainly with Si-Al
elemental composition.

BSE Mag: 50x

11.10.2019 HV: 20 kv WD: 10.9727 mm — 500 pm —
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From the literature, the X-ray diffraction pattern can be explained as reflections of
wollastonite, combeite and quartz structures, in a glassy (Q1-Q2) type matrix. In the
combeite structure the Ca is substituted by Sr (Fujikura et al. 2012).

In every sample, on the elemental maps of the electron microprobe (Figure 2),
among the glass dominated powder grains (dark green glass grains), the high atomic
numbered metal bodies (white patches) are remnants of the grinding bodies of the
mills of high energy cutting and crushing, or broken parts of the not completely re-
moved foils of the LCD screen structure.

The thermal behavior was very similar in the case of the three samples. On the
thermogravimetric curve (smoother green line) of the thermal analytical pattern
(Figure 3) after a significant mass reduction some very poor but identical mass in-
creases appear, while later mass decreases can be seen.
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Figure 3

Differential thermal analytical pattern of L-C sample. Contiguous smoother green line is
thermogravimetric (TG) curve. The extensively alternating green curve is differential TG
(DTG) pattern. Blue shows the differential thermal analytical (DTA) curve. Vertical
straight lines are on the borders of slight mass increases: tiny hills on the TG curve. Some
of the possibly metal oxide productive phases are 1, 2, 3, 4, and 5. The left vertical axis
shows the changes of temperature of the sample (DTA) (°C). Horizontal axis is scaled in
temperature (°C), and on the right side, vertical axis is scaled for TG in mass (mg).

From left to right between the black vertical lines, five small heaps can be identified
(marked with numbers). The first two (1, 2) are right beside each other. The others
(3, 4, and 5) are more distinct. Considering the literature, the first serious mass de-
crease is caused by the remnants of coating film evaporation or oxidation. When
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repeating the heating in a traditional furnace, a strong smell was sensed. The cause
was organic material (plastic film remnant) oxidation [15]. As the temperature in-
creases, fine mass increases are detected, showing the results of oxidation of metals.
Following this, slight mass reductions can be seen on the TG-curve, which are the
deteriorations of the formerly generated metal oxides [16].

The three samples showed similar element content. From the WDXRF measure-
ments (Table 1) Si-Al-Ca dominated materials can be identified, but Sr (6%) and Cr,
Ni, Sn and W (about 0.1%) and In (about 0.03%) were also measured. The main
elements were measured as oxides in mass percent (m/m%). Every other constituent
was measured in ppm.

Table 1
Element and metal-oxide constituents of the three samples measured
by WDXRF method
(Eo'i':g‘;rs‘)ts Si0; |ALO; |Mgo |ca0 | NaO | KO | Fe0
Sample/Unit | m/m% | m/m% m/m% m/m% m/m% m/m% m/m%
L-C 56.7 125 0.32 9.08 0.08 0.18 1.60
S-C 60.4 135 0.38 9.46 0.10 0.18 2.28
V-C 63.1 14.3 0.98 9.38 0.10 0.16 2.32
Elements Cl Ga Br Mo In Sn w
Sample/Unit | ppm ppm ppm ppm ppm ppm ppm
L-C 505 51 20 187 379 2,198 899
S-C 479 40 27 348 361 2,174 1,087
V-C 249 N.A. 20 301 280 1,533 1,089
Elements Hg Cu Sr Ba Cr Co Ni
Sample/Unit | ppm ppm ppm ppm ppm ppm ppm
L-C 305 1138 59,200 | 5,600 2,110 276 1,528
S-C 258 50 57,200 | 5,700 2,944 358 2,166
V-C 216 42 31,600 | 2,500 2,760 438 2,096

From Table 1 and Figure 4 it can be clearly seen that each material was rich in met-
als. The light element (C, H, O) cannot be seen in Table 1, because the WDXRF
spectrometer is unable to detect this elemental group. Cl as a detected light element
comes from the plastic parts of the screens, or together with Br can be chemical
components of pigment green 36. The highly transparent type of this substance is
used in color filters in the LCD and TFT displays [17]. At the same time chlorine
and bromine as additives decrease the glass melt viscosity. The source of Ga in the
LCD-TFT panels may be the amorphous oxide semiconductor indium-gallium-zinc-
oxide (1GZ0). IGZO was introduced as a new TFT channel material from 2004 [18].
Gallium in glass technology plays a crucial role. In ternary As containing colorless
glasses, Ga, In and other transition elements are main glass components [19]. Mo-
lybdenum is used in limited amounts as a single layer for a gate or S/D electrode and
as a metal electrode for smaller panel sizes of less than 20”. This metal also has good
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direct contact resistance properties with ITO or IGZO pixel electrodes, and is used
as an amorphic Si diffusion barrier or capping layer for Al or Cu electrodes [18] The
sources of In and Sn are the ITO layer remnants.
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Figure 4
Results of WDXRF measurement of L-C sample. Peak intensities in kilo counts per
second. The material is rich in Fe, Sn, W, Cu, Sr, Ba, Cr and Ni

Tungsten is generally applied in low-temperature poly-silicon technology type TFT
screens. In these high resolution LCDs, molybdenum or molybdenum-tungsten al-
loys are used mainly as gate metal because of their low resistance, good etchability,
high temperature stability and controllability of layer stress [18]. Mercury can be
present as pollution on the surfaces of glass grains from the possible contact with
broken cold cathode fluorescent lamps containing high amount of mercury vapor.
From the viewpoint of glass technology Hg is a reducing agent through the color
controlling processes in glass production [19]. For larger monitors and TVs, Cu and
Al alloys are used to produce low-resistance bus lines. These alloys of source-drain
electrodes require under- and capping layers for ohmic contacts and contacts with
pixel electrodes [18]. Moreover, Cu can be used in glass technology as a color mod-
ifier. For similar purposes iron, chromium, and nickel are applied individually or in
a mixture of iron to undergo redox reactions with copper during the processing of
alkali borosilicate glasses [20]. Sr as a glass additive may favor the formation of Q2
ring structures at the expense of chain structures in the glasses. Ring silicate struc-
tures may result in a more expanded glass network generation [21].

The addition of barium to the glass-structure increases the refractive index and at
the same time Ba is a basic glass forming element [19]. Cr with low thin film resistivity
was used as data line metal for TFT-LCD in the early days of notebook PC production,
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but nowadays, because of environmental considerations, it has been replaced by Mo
[18]. During laser chemical vapor deposition process of the thin film transistor’s open-
circuit repair method, because of the high resistivity of tungsten and molybdenum,
cobalt is used [18]. At the same time Mo, W, Cr, Co, Ni, are steel additives. Their
presence in the investigated material might be the results of mechanical or mechano-
chemical reactions between the grinding bodies and crystallized-semicrystallized glass
material that took place during the high energy grinding process.

5. CONCLUSIONS

In our research, three samples were examined showing similar material properties.
In two cases, the investigated panels were grouped by the type of producer. Two
WEEE samples came from two used LCD panels produced in 2017 by two market
leader companies. The third one was a mixture of the former two and in a small
amount (less than 10%) it also contained LCD material released in 2012, because in
recycling technology different types of LCD equipment are handled. X-ray diffrac-
tion showed a glassy but partly crystallized material. The main phases were wollas-
tonite, combeite and quartz. Electron probe analyses showed mainly glassy particles
with some high atomic numbered patches, which are individual metallic grains.
Thermal measurement showed a mainly glassy material with some plastic remnants
and a low amount of metal components. In WDXRF measurements, the metal con-
tents of these LCD glass scrap materials were surprisingly high: the examined WEEE
materials were Si-Al-Ca dominated waste, but were a promising source of elements
such as Sr, (6%) Sn and In (about 0.1%, respectively), and the amounts of W, Cr and
Ni were interestingly high as well (about 0.03%).

Three main elemental sources can be identified explaining the metal content. One
part of the detected metals comes from the remnants of the not perfectly removed
thin film transistor layer. The TFT layer was removed by hand before the crushing
and milling processes, applying fast heating up in a furnace and cooling down on
free air. The other source is the glass material itself. The third elemental bearing
source is the pigment material in the LCD structure.
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Abstract: In recent times there have been many changes in the world. New technologies are
constantly evolving and the pace of change is accelerating. If this trend does not change, it
will become increasingly difficult to say what new changes the future holds. The impact of
these developments can be felt in many areas of life. One such area is critical raw materials
(CRM). Due to the actuality of the topic and the fact that CRM are related to all areas of life,
we had the opportunity to examine the raw materials from several perspectives, including a
historical overview and statistical analysis. In this paper, our aim is to summarize the results
of the last research period.

Keywords: critical raw materials (CRM), cluster analysis,

1. CRITICAL RAW MATERIALS IN HISTORY

The history of mankind and the use of mineral resources are closely linked. We can
associate each historical period with raw materials that are necessary for the devel-
opment of that period. Ages go, raw materials come. Throughout the history of man-
kind, we have witnessed the rise and disappearance of raw materials. So we exam-
ined which raw materials were of strategic importance in each historical period, in
other words, which were the critical raw materials for the economic development of
those periods.

Obsidian and flint were strategically the most important raw materials during pre-
historic times, because they were easily cracked and made into arrowheads, which
were essential for getting food. The use of different metals became possible only
when fire could be harnessed for forging. Copper was the first raw material for the
production of metal tools. With the development of alloying technology, around
4000 B.C., we reach the Bronze Age. Bronze is an alloy of copper and tin and is
harder than copper. The appearance of iron marks the end of prehistoric times.

Let us start the list of minerals from ancient times with halite. Salt was an essen-
tial raw material in ancient times for the preservation of food, and accordingly it was
very expensive. At the end of the 8" century in the Chinese Empire, more than half
of the government revenue came from the salt tax. In ancient times, seven metals
enjoyed a key role: lead, gold, silver, iron, mercury, tin, and copper. In ancient states,
precious metals were primarily used as money or made into jewelry. Lead was often
used for making jewelry or sarcophagi. From ancient times to the late Middle Ages,
lead acetate was used as a sweetener and as an ingredient in cosmetics. In other
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words, half of the empire was poisoned with lead, and the poisoning of the rich was
more intensive. Symptoms of lead poisoning can be observed in several Roman em-
perors, including Claudius, Caligula and Nero. Already in ancient times the strategic
raw materials of later days — coal and oil — were being used. Coal mining began
industrially in England in the 13" century. Coal was used for heating and for the
production of high-quality steel, and oil was used as a medicine or insecticide. From
the mixture of petroleum and burnt lime came the “Greek fire”, one of the most for-
midable weapons until the invention of gunpowder in 1350.

The next important stage is the Industrial Revolution. In heavy industry, the ap-
pearance and spread of steam engines multiplied the required amount of iron and
coal. Demand for coal and iron further increased due to the rapid construction of
railways and thus iron and coal mining gained in importance. Brick was increasingly
used in the field of architecture. The mass production of the automotive industry
required many new materials, such as gasoline, rubber, plastics, batteries and glass.
Even at this time, coal was the main source of energy, but at that time the use of
crude oil had also begun.

The period between the two world wars is extremely important in the history of
flight, as it is when regular air travel began. After World War 11, space exploration
began developing more dynamically and soon tourists will be moving into space.
However, during this period, further changes were made in the field of science and
technology. Microelectronics was developing at an ever faster rate, which was nec-
essary for the development and spread of mass communication and telecommunica-
tions. All of these technical solutions required the use of newer raw materials.

In the 1970s, world models of earth threats emerged, in which separate chapters
were devoted to extremely diminishing raw materials. Meadows et al. in their book
The Limits to Growth (1972) [1] considered the depletion of eight stocks of metal as
critical in view of the known world reserves [2]-[4]. Fortunately, their dire predic-
tions have not materialized up to this point, which may be due to changes in tech-
nology and the search for newer reserves (Figure 1).
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Figure 1
Expected lifetime of known stocks with 2% annual increase in production (years)
Source: Meadows, 1992
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2. CRITICAL RAW MATERIALS IN THE 215" CENTURY

Today, there is another industrial revolution that we are part of. The “steam engines”
of this new revolution are cyber-physical systems and digitalization. Many new in-
formation and communication technologies have emerged and are spreading. We
have smartphones in our pockets, flat-screen smart TVs in our homes, laptops and
computers in our offices. In addition, the use of electric cars and drones is spreading.
New innovations not only change our daily lives, but rewrite again and again the list
of elements to which we attach strategic importance. Countries and organizations
have responded to these changes and are monitoring the changes.

The European Commission has also recognized this change and since 2011 has
been paying close attention to the evolution of critical raw materials. The European
Commission categorizes those raw materials as critical that are of high economic
importance and have a high supply risk [5]-[13].

There is no generally accepted, “worldwide” method for identifying critical raw
materials, which means that the same raw materials are not necessarily strategically
important raw materials for each country. A comparison of the critical raw material
lists of the United States of America and of the European Commission shows that
arsenic, cesium, rubidium, strontium and uranium were not included in the European
Commission's survey at all, and that aluminum, chromium, lithium, manganese, pot-
ash, rhenium, tellurium, tin, titanium and zirconium are not considered critical by
the European Commission, but have been identified by the Americans as critical raw
materials [6]-[15].

These raw materials play a key role in today's technology, which is especially
true for high-tech electronics and mechanical engineering, since it is difficult to find
an element in the periodic table that would not be used in these production areas. For
production they are required only in small quantities, but they have unique properties
and special application areas. These factors make their substitution difficult.

In many cases, these rare raw materials are mined in politically unstable coun-
tries, and often these countries have a monopoly or oligopoly in terms of production.
For example, the Democratic Republic of the Congo is an important country for co-
balt mining. This country was ranked by the Fund for Peace in 2020 as the 5th most
fragile country in the world [16]. However there is a country which has a key role in
the mining of not only one critical raw material: China controls 90% of the rare earths
market, and thanks to that power, it can dictate not only prices but also access to
certain raw materials [17]-[18].

3. CRITICAL RAW MATERIALS FROM STATISTIC VIEW

In addition to reviewing each historical age, we examined raw materials using sta-
tistical tools. We created a database based on the research of the European Commis-
sion that contains 73 raw materials; 54.8% of these elements were categorized as
critical in 2017. The database includes 15 variables, for example the name of the raw
material, supply risk, economic importance, EU import reliance, end-of-life re-cy-
cling input rate, major world producers and critical classification in 2011, 2014, and
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2017. We had two goals for the statistical analysis, for which we chose two method-
ologies: cluster analysis and logistic regression.

3.1. Logistic regression

Logistic regression is a method for classifying observation units, in which these in-
dividuals are classified into predefined groups of the dependent variable. Using lo-
gistic regression, we created a complex model consisting of two regression models.
Raw materials were classified as critical by the complex model which were consid-
ered critical by both regression models; however, if only one or neither of the models
rated a material as critical, then the given raw material was not considered critical
according to our analysis.

The explanatory variables in the first regression model were economic signifi-
cance (EI) and supply risk (SR), while the explanatory variables in the second re-
gression model were end-of-life recycling rate, EU import dependence, and the ratio
of primary producer volume. In both cases, the dependent variable was an alternative
variable that shows whether or not the raw material was classified as critical in 2017
by the European Commission.

Both regression models have high classification accuracies of 88.7% and 93.2%.
In total, only three raw materials — hafnium, silicon, and tantalum — were misclassi-
fied. Of these, tantalum and hafnium are located on the border of critical and non-
critical raw materials, which is also supported by the diagrams in Figure 2.
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The upper left-hand chart in Figure 2 shows the representation of the examined raw
materials according to their economic importance (x axis) and supply risk (y axis).
It can be observed that non-critical raw materials (in blue) are basically located at
the bottom of the figure, i.e. the supply risk of these raw materials is low. The upper
right-hand chart shows the raw materials by supply risk (y axis) and recycling rate
(x axis). The dimensions of the third, lower figure are economic importance (y axis)
and recycling rate (x axis). All three figures suggest that the boundary between the
two groups is not sharp if we categorize materials along only two dimensions.

Therefore, in the next section, we discuss the conclusions that can be drawn if the
variables used in Figure 2 are considered simultaneously. The result of this is re-
flected in Figure 3.

3.2. Cluster analysis
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Figure 3
Raw material clusters in 3D scatter
Source: Own editing, SPSS output

Another goal is the identification of groups with the help of hierarchical cluster anal-
ysis and the identification of clusters that are important from the perspective of in-
novation. Cluster analysis means the grouping of items that are similar to each other,
and its goal is to categorize the observed units into homogeneous groups. There are
several methods of cluster analysis to choose from, for example hierarchical and
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partitioning methods, model-based methods, etc. Each method has its own ad-
vantages and disadvantages, and we strove to perform our analysis keeping this in
mind. We chose hierarchical cluster analysis because there was no a priori infor-
mation about the number of the clusters, and the hierarchical method can help in
defining the number of clusters. Further information regarding our analysis will be
addressed in the following parts of the study [19]-[22].

So our goal was to assign the raw materials into homogeneous groups. Presuma-
bly, this can help with the identification of important raw materials in regards to
innovation. The clusters were based on EI (economic importance), SR (supply risk)
and EoL (End of life recycling input rate). Since the scaling of these three variables
is different, standardization was used. The SPSS software package offers several op-
tions when it comes to standardization, and we chose “z-score” from these. We paid
extra attention to the management of outliers. The identification of outliers was done
with the “nearest neighbor” method. We identified two outliers, which were magne-
sium and titanium.

Based on a dendrogram, we reached the conclusion that the creation of 5 clusters
would be ideal. We used Ward’s Method and Squared Euclidean distance. As the
three-dimensional scatter plot (Figure 3) shows, the groups are nicely separated from
each other.

For validation we used the Rand Index. The Rand Index is a measure of the sim-
ilarity between two clusterings. Based on Table 1, the value of the Rand Index is
0.961. This means that similar groups were created using the two methods.

Table 1
Rand Index results
Cluster method 1
Pair assigned to
the same different Total
cluster cluster
Cluster method 2 _Pair th_e same cluster 490 56 546
assigned to |different cluster 42 1897 1939
Total 532 1953 2485

Source: Own editing

For testing the internal validity we used the Average Silhouette Width (ASW). The
mean of the values was 0.5 and the maximum was 0.772. We did not get a negative
value. In the case of silhouette calculations, a value close to 1 indicates that the clus-
tering can be considered good for the given cluster number, so we can conclude that
the clustering can be considered moderately good.

The highest values were in the first and second groups, which are extremely im-
portant for innovation. The lowest value was in the third group. This may be because
the classification of materials in this group is constantly changing. More information
about this will be included in the characterization of the clusters.
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The main characteristics of the resulting clusters can be summarized as follows:

The first cluster was named ‘Innovation dependent’ because this group has the
highest economic importance. Only 1% of the world’s production takes place in Eu-
rope, so import dependence can also be considered high. From the exceptionally high
economic importance, we concluded that the members of this cluster are key players
in today’s technological innovations. This is also indicated by the presence in the
group of cobalt, which is required for the lithium-ion battery of electric cars.

The next cluster contains “Treasures of Asia”. The raw materials in the second
cluster are of medium economic importance, but their supply risk is extremely high.
The reason is that their production in Europe is minimal. The main producer, with
the exception of ruthenium, is located in Asia.

The members of the third cluster are the “Emerging Criticals”. Europe yields 10%
of the world's total production, so the dependence on import is also moderate. How-
ever, the analysis of the EU confirms that these raw materials are becoming increas-
ingly important, since a growing number of them are classified as critical.

The name of the fourth cluster is “Harmless”. The raw materials in this group
have neither a significant supply risk nor high economic importance. One third of
global production comes from Europe and most of the major producers are located
outside of Asia. In 2017, none of the raw materials in the cluster received a critical
classification.

The last, fifth cluster is characterized by moderate-high economic importance and
the lowest supply risk. The recycling rates of these materials are high. The group
was named “Recyclables”.

3.3. Comparison of the results

As mentioned above, the classification of three raw materials using our complex
model also proved to be incorrect. Based on the European Commission’s analysis in
2011 and 2014, these elements were not classified as critical, or only in one year, but
in 2017, all three had become critical. This changed position is also supported by our
cluster analysis, in which all three elements were located in the same cluster, which
we call “Emerging Criticals”.

4. CONCLUSION

The topic of critical raw materials through the ages is a good illustration of the chang-
ing world we live in, and it is changing even faster now than before. As the years
have passed, technology has evolved, demands have grown, and different raw mate-
rials have become strategically important.

To answer the question of what will come in the future is not easy. Not only newly
discovered deposits can provide a solution, but also, as we mentioned, new or par-
tially new technologies. For example the newest model of Lamborghini, the Lam-
borghini Sian, debuted in autumn 2019. This is a hybrid car whose special feature is
that energy is stored with capacitors. The capacitors are recharged during braking,
and the car is able to drive the electric motor immediately after applying the
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accelerator pedal. But the Sian is not an affordable car for the general market; only
63 of them have been made, as shown by the numbers on the back wing, and its price
is more than HUF 1 billion [23]. We do not know whether tomorrow’s strategic raw
material was used in the production of this car, but we can imagine it may be so.

But what can we say about clusters? Can we say that from the five clusters there
is one which is significantly more important from the perspective of innovation than
the others? There is indeed a cluster that includes only critical raw materials, but it
cannot be stated that it is more important than the other clusters. Consider the batter-
ies of electric cars, for example, which require manganese, lithium, cobalt, nickel,
graphite, aluminum and copper. This is only a single product, but it affects 4 out of
the 5 groups. However, the analysis can be of help with the adjustment of attitude
toward each group and raw materials.

It is important that we not lose sight of the fact that our world is constantly chang-
ing and new technologies are emerging; these factors make it difficult to predict in
advance what raw materials will be needed. At any time, technologies that are still
new today may become history tomorrow, and rewrite the list of strategically im-
portant raw materials.
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LITHIUM AND LITHIUM BATTERIES
FROM AN ECONOMIST’S POINT OF VIEW
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Abstract: Batteries operate an ever-growing number of electrical and electronic devices.
When these devices break down or become obsolete, they are disposed of. As our resources
are limited, it makes sense to recycle or re-use the materials of the devices and the batteries
that run them, as it saves material, energy, and money.

There are basically two barriers to recycling that are closely related. When designing most
products, the aspects of saleability and the profit are dominant, the aspects of recycling (dis-
assembly, easy separation of the used materials) rarely appear. While in the case of acid (lead-
based) batteries the recycling is already close to 100% due to the value of the materials used,
the technology developed, the recycling is economical. In the case of lithium-based power
sources the solution is much more complicated. These types show much greater variety in
their format and chemical composition. Technology is still developing rapidly, the capacity
of batteries and the range of materials used are constantly changing.

In this study, we review the international literature focusing on the latest economic issues
in the recycling process, with special reference to lithium-based models. We survey the cost
structure of the most recent battery producing technologies, gathering data about the expenses
of recycling and the expected advantages.

Keywords: batteries, materials of the batteries, recycling, lithium-based models

1. INTRODUCTION

The use of batteries and cells is indispensable in our daily lives. While a few decades
ago we could easily name and count the number the tools or devices that operated in
our homes with a power supply that is independent of the electrical network, nowa-
days it would be difficult to count the devices used in a household. The almost ex-
ponential increase in the use of batteries has occurred not only in the case of house-
holds. Similar growth has happened for batteries not directly affecting final consum-
ers. Batteries and cells have a high degree of variation in their characteristics (basic
materials, auxiliary materials, coatings, sizes, purposes of use, lifetime, etc.).

The significant number of such factors can be considered as major challenges for
those trying to recycle worn-out batteries. In our paper we briefly review the major
steps of the development of batteries and we examine the significant changes made
in the past decades, mainly in terms of production, sales, and types and materials
used, with special regard to the recent popular lithium-based models.
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2. RESULTS AND DISCUSSION

The first object thought to be like a battery dates from the time of the Parthian Empire
(between 250 BC and 250 BC). There are only speculations about its use, but it was
probably used in the galvanization of metals. The first chemical power source capa-
ble of producing electricity in the modern sense was made by Alessandro Volta,
which was. Recharging was not yet possible with this structure until 1859, when the
French physicist Gaston Planté invented the battery. The principle of operation, de-
spite the more than a century and a half that have passed since then, has not changed,
while the production technology, the structure, the range of materials used have
changed significantly [1].

The literature classifies chemical power sources into two main groups. Primary
batteries are those that cannot be recharged simply or efficiently, so they are typically
discarded after use. Their structure is characterized by the electrolyte in the primary
cell being contained in an absorbent or separating material. Their general characteris-
tics are cheapness and small size. They are used to provide memory capacity in porta-
ble electrical appliances, lighting, photographic equipment, games, computers, etc.
They are suitable for long-term energy storage where continuous use is common, their
capacity is typically small, the vast majority of them are in single-cell cylindrical, flat
or button cell format, some of which are multi-channel, i.e. elementary cells. [2]

Secondary batteries are rechargeable and their main purpose is energy storage.
Their use is often occasional or intermittent, they are discarded when the device in
which they are used is permanently destroyed, or when their capacity is significantly
reduced due to a large number of recharges, and this is already a problem during use.
There are also so-called spare batteries in which the key components (usually the
electrolyte) are separated before activation, so that no chemical damage or self-dis-
charge can occur before use. These batteries are capable of extremely long-term en-
ergy. [2]

Recycling a lithium-based battery is complicated due to the variety of unique
materials used in the design of the cells. Recycling can be done by pyrometallurgical
means (furnace melting), which is economically viable if the cathode contains cobalt
or nickel. During hydrometallurgical recycling, the materials are dissolved in an al-
kaline medium. At current market prices, this method can only be worthwhile if the
cathode contains cobalt or nickel. In direct recycling, the discharged cells are placed
in a container to which CO; is added and the supercritical carbon dioxide extracts the
electrolyte from the cells, which can thus be recycled after further processing. [3]

3. ECONOMIC ISSUES OF RECYCLING WITH SPECIAL REGARD TO LITHIUM-
BASED TYPES

Different sources approach the benefits of recycling in different ways. Basically,
three approaches, or combinations thereof, characterize the literature. The savings
are typically related to the amount of recycled materials, the energy saved, and, in
rare cases, the cost of recycling, and characterized by expected benefits.
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There are technological problems with recycling that have a significant impact
on economy. Mixing lithium-ion batteries with lead-acid batteries can be a serious
problem, which can cause fires and explosions: Cross-contamination must be
avoided, meaning that segregation systems are required for large-format batteries,
which increases recycling costs. [4]

Qinyu Q. et al. [5] characterize the recycling of electric cars with specific data.
The cost-benefit analysis of battery-free vehicles and batteries is based on the recy-
cling and revenues of salable materials. The recycling of car batteries faces relatively
few problems, as a large amount of materials produced with similar technology is
available at the same time, and the price of the extracted materials can be said to be
high. The shortcoming of the analysis is that it unfortunately does not cover the pro-
portion of metals in batteries (Table 1).

Table 1
Costs and revenues for the recycling of electric vehicles
COSTS | USD/Kkg (2017)
Vehicle (without battery)
Acquisition 0.01
R&D 0.01
Manpower 0.01
Management 0.01
Maintenance 0.01
Amortization 0.02
Other 0.03
Battery
Acquisition 2.87
Recycling 3.73
REVENUE USD/Kg (2017)
Steel 0.27
Aluminum 1.90
Iron 0.16
Copper 5.61
L|th|um-n|ckel—n_1anganese—cobalt 2701
oxide

Source: [5]

Future recycling will ideally be able to handle batteries with the same characteristics
in a uniform way. Clear, user-friendly markings on the packaging indicate the right
technology. The delivery of used power sources to recycling companies should be
unhindered and the quality of products made from recycled materials should be the
same as those made from completely new raw materials.

4. HISTORICAL OVERVIEW OF LITHIUM USE

A significant amount of lithium was first used during World War II. Its most im-
portant field of application at that time was the aircraft industry. There was a slight
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decline in the post-war years, but the Cold War period put demand back on an in-
creasing trajectory (more was needed for hydrogen bomb fusion fuel and for the
production of nuclear fusion weapons [6].

The use of lithium has also become popular in other fields. With lithium the melt-
ing temperature of glass can be reduced and the melting parameters of alumina can
also be favorably influenced. [7] However, the areas of use mentioned above
dwarfed the demands of the military industry. Then, due to the end of the arms race,
demand for lithium dropped significantly in the early 1990s. As a result, prices
started to fall. The decline in market prices accelerated further when the U.S. De-
partment of Energy sold much of its inventory. [8]

Since the middle of the 1990s, the typical technology of production has changed
a lot, further reducing prices. The extraction of lithium from salt water began, and
this process could be done at a lower cost than mining. Most of the mines were closed
or concentrated on other economically extractable materials in the ores. [8]

In the 2000s, there was a technological shift in the field of mobile devices and
they became more widespread, especially in the markets of developed countries.
Within a few years, NiCd and NiMh batteries were replaced by lithium-based bat-
teries due to the fact that they were far superior to their competitors in terms of ca-
pacity, number of recharges, and slower wear. In 2004, the Lithium-ion types be-
came dominant in the market of non-acidic (lead-based) batteries: their total capacity
approached 80,000 MWh by 2016, while the share of other types was around 3—
5,000 MWh (Figure 1). [9]
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Although acid (lead-based) batteries may appear obsolete due to the hazardous na-
ture of the materials used and their heavy weight, they still account for the vast ma-
jority (>80%) of the total capacity of batteries produced to date. Sales of lead batter-
ies no longer have the potential for growth, and stagnation and then decline can be
predicted in the future, as their typical area of use is passenger cars with internal
combustion engines, which may even disappear completely within a few decades.
Figure 2 shows the changes in the market for “other” technologies by area of use
without the values of lead batteries (still dominant). It is clear that the market for
mobile devices will continue to grow, with the emergence of dynamically growing
areas (electric cars and buses) leading to highly exponential growth. The figure also
highlights that while China is not necessarily the market leader in technology, the
world’s most populous country in terms of in-vehicle batteries is already ahead of its
rivals in volume.

There is also dynamically increasing industrial use, and in other areas; for in-
stance, we are also seeing extremely dynamic growth for power tools. This increase,
of course, could not have occurred without the decrease in the price of the finished
product (e.g., 1 Wh of the standard 18650 lithium battery decreased from $2.60 in
2000 to $0.15 in 2015). [10]
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Dynamics of lithium battery use
Source:[10]

There have also been significant market reorganizations in the field of battery pro-
duction according to the market share of the producing countries. The technology
was first developed and transferred to mass production by Japan, and as an early
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follower, South Korea caught up within a few years, surpassing the Japanese share
by 2012 [10].

Production
Marginal cost 4%
7% Cathode
Warranty 23%
3%
Overhead

Sales¥nd
admin.
3%
R&D
6% Anode
6%
Direct labor
4%
Electrolyte
6%
Depreciation Separator

15% 8%

materials
12%

Figure 3
Average cost of manufacturing lithium-ion batteries in 2016 (%)
Source:[10]

China produced slow growth from 2005 until 2011, when the explosion of the
“smart” mobile devices market in particular set it on a much higher growth trajectory
than before, making it a clear market leader by 2015.

The current cost distribution for the production of lithium batteries is 55% mate-
rial cost (cathode 23%, anode 6%, electrolyte 6%, separator 8%, other materials
12%, etc.) 45% non-material (depreciation 15%, direct labor 4%, R&D 6%, sales
and administration 3%, overhead 3%, production 4%, other 7%) (Figure 3). [10]

From the early 1990s, lithium production increased almost unbroken, while the
price of lithium experienced extremely significant fluctuations. Demand and supply
did not meet in several periods: the sale of US reserves and Chile's entry into the
market from 1994 to 2004 reduced prices to a previous fraction, which only returned
to previous levels due to the growing demand of the 2000s. [11]
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The crisis broke this trend and then the saturation of the mobile device market led to
a correction again. [13] With the construction of Gigafactory, one of the world’s
largest lithium-ion battery factories, Tesla greatly increased supply, leading to lower
prices (Figure 4). [14]

5. CONCLUSION

Demand for lithium-based batteries has grown exponentially in recent years, some-
what contradicted by the fact that demand for lithium has different characteristics.
The reasons are mainly due to the significant development of the materials used per
unit mass and the saturation of the mobile device market. Prices have been domi-
nated over the last few decades mainly by (sudden) changes in supply. China has
become an unavoidable factor in recent years (the writings of Chinese authors have
also become dominant in the literature). The current predictable trends are most at
risk from possible technological leaps in the development of batteries (new cath-
ode/anode coatings or technological changes).
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Abstract: Concrete is a widely used material for the construction industry, as it is character-
ized by compressive strength, durability, availability, and fire resistance as compared to other
construction materials. Cement — a significant ingredient used for preparation of concrete mix
— entails environmental pollution due to the enormous production and usage of clinkers in
cement products and contributes to the greenhouse effect and global warming. Therefore, it is
essential to reduce the amount of cement in the concrete industry as much as possible by us-
ing alternative solutions to produce eco-friendly concrete. The sustainability of concrete can
be improved by using a large volume of fly ash, ground granulated blast furnace slag
(GGBS), silica fume, etc. as cement replacing materials and in this way utilizing wastes that
contribute to the decrease of CO, emissions into the atmosphere. This paper investigates the
effects of partial substitution of cement using GGBS and fly-ash at varying percentages on the
properties and quality of concrete in comparison with conventional concrete.

Keywords: construction industry, sustainability, fly-ash, ground granulated blast furnace
slag, recycled concrete aggregate

1. INTRODUCTION

The construction industry is considered as one of the most essential sectors of a
country’s social and economic development [1], with one the highest environmen-
tal effects, as it consumes large amounts of energy and natural resources and pro-
duces enormous amounts of waste [2]. Concrete is the most widely used material in
the construction industry, with a global production of ca. 1 m* per capita per year.
Concrete is a composite material made up of cement, course aggregate, fine aggre-
gate, water, and admixtures. Portland cement (PC) which is the main constituent of
concrete, had a global production of 4.3 billion tonnes in 2014 [2, 3] and contrib-
utes to 6-8% of the global CO, emissions [4, 5] that have led to a climate crisis and
to depleting the environment [6]. Therefore, it is essential to reduce the amount of
cement used by the concrete industry as much as possible. Currently, processes of
construction industry have been investigated in order to reduce carbon dioxide
emissions and enhance the performance of concrete with reducing the construction
costs [7]. To maintain sustainability and protect the environment, eco-friendly ap-
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proaches must be considered, including utilizing industrial wastes that can substi-
tute for natural materials [8].

Rapid industrialization and urbanization have contributed to increasing the in-
dustrial wastes that represent a critical issue [9]. Thus, it is required to manage such
wastes efficiently and effectively. One possible way is the use of industrial wastes
as a supplementary binding material by partially replacing cement with suitable
materials. This replacement will lead to decreased cement consumption, thereby
helping to reduce greenhouse emissions [9]. Waste and supplementary binding ma-
terials such as silica fumes, rice husk, fly-ash, lime, and ground granulated blast-
furnace slag (GGBS) have pozzolanic properties, meaning they can be used as par-
tial replacements for cement [10]. Therefore, recycling the waste materials used in
concrete is essential to conserve natural resources. Fly ash and GGBS are common-
ly used in concrete as supplementary cementitious materials, as they can reduce the
porosity and improve the durability of concrete and improve the interface with the
aggregate [11].

GGBS is a by-product from production of iron and steel-making. The slag is a
mixture of silica, lime, alumina and the same oxides that are used for the produc-
tion of Portland cement, but in different proportions [12, 13]. Fly ash is generated
in power plants constituting about 60-88% of total combustion residues [14].

The reuse of industrial wastes is justified in cement production as well as con-
struction because of reducing the consumption of natural resources [15]. The main
aim of this paper is to assess the effects of partial replacement of cement by fly ash
and GGBS on the compressive strength and fresh concrete properties. The cement
replacement was carried out by waste materials using varied percentages of fly ash
and GGBS.

2. PREVIOUS STUDIES

Nicula et al. [16] studied some design mixes with minimum partial replacement of
cement with granulated ground blast furnace slag and silica fume. In this experi-
ment it was found that water absorption decreases with the partial replacement of
GGBS and silica fume. Also, it was concluded that tensile strength and freeze-thaw
resistance increase compared to the reference mix. Moreover, the results of the
tests showed a possible way to reduce carbon dioxide emission by partial replace-
ment of cement with granulated ground blast furnace slag and silica fume [16]. Sa-
lem et al. [17] reported that recycled aggregate concrete (RAC) had lower re-
sistance to thawing and freezing compared to conventional concrete. Singh et al.
[18] evaluated the effect of RAC with fly ash and GGBS at various percentages.
They designed M25 grade with RAC percentages of 50, 60, 70, 80, 90 and 100. He
found that the fly ash and GGBS improved the workability of concrete. Modulus of
rupture and the compressive strength of RAC increased with replacement of GGBS
(20%) and fly ash (30%). Abou-Zeid et al. [19] concluded that RAC exhibited low-
er resistance and higher water permeability to chloride ion penetration compared to
natural concrete.
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Ayoub et al. [20] investigated the use of RAC as replacement of coarse aggre-
gate on short-term concrete properties. She concluded that the RAC replacement
level decreased the compressive strength of the concrete. However, RAC replace-
ment up to 50% still provided medium-high target strength. Nath and Sarker [21]
found that incorporation of fly ash in concrete enhanced its workability while it
decreased the water permeability of concrete significantly at 28 days and further
reduction was found at 6 months. Kisku et al. [22] reviewed hundreds of research
papers about RAC and concluded that using mineral admixtures could improve the
properties of RAC. They recommended further research into the long-term behav-
ior of RAC with respect to mechanical and durability properties and the addition of
unconventional materials waste as cement replacement materials. Berndt [23] stud-
ied the combined effects of the use of RAC and partial cement replacement on en-
hancing the sustainability of concrete. He reported that concrete mixes with 50%
blast furnace slag as a cement replacement produce the best results in terms of du-
rability and mechanical properties when either recycled or natural aggregate was
used. Kim et al. [24] investigated the impacts of using GGBS as cement replace-
ment on concrete strength. They concluded that the optimum quantitative ratio of
GGBS is 30%. Moreover, they found that using slag in concrete significantly de-
creased CO; emissions (up to 68%), based on the level of cement replacement. Kou
et al. [25] examined the effect of replacements of natural aggregate by RAC and
replacement of cement by fly ash (Class F) at 0, 25, and 35 percent. They conclud-
ed that the compressive strength, static modulus of elasticity and tensile strength
values of the concrete at all ages decreased as the fly ash content and the RAC in-
creased. However, the use of fly ash (Class F) up to 35% with a w/b ratio between
0.45-0.55 and the substitution of natural aggregate with RAC could result in im-
proved properties. They found that due to the pozzolanic effects of fly ash at later
age, mainly between 28 to 90 days, increased compressive strength was achieved
despite a relatively high wi/b ratio.

3. EXPERIMENTAL PROGRAM

The laboratory program included the design and test of five concrete mixes. For all
mixes, fresh concrete properties (workability, air content, fresh concrete density)
and hardened properties (compressive strength) were tested, and the results have
been evaluated.

3.1. Materials
3.1.1. Cement, fly ash and GGBS

CEM 142.5 N Portland cement according to EN 197-1 with normal initial strength,
Class F low-calcium fly ash and GGBS were used in the concrete mixes. The CEM
I 42.5 N Portland cement was obtained from the Duna Drava Cement Factory while
fly ash and GGBS were from ISD Dunaferr Dunai Vasmii Zrt., Hungary. The
chemical composition of cement, fly ash and GGBS is shown in Table 1. Table 2
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presents the physical properties of the cement, fly ash and GGBS used in the tests.
The surface area was measured by air permeability test according to the European
standard EN 196-6 [26].

Table 1
Chemical Composition of cement, fly ash and GGBS
Chemical
Composition SiO2 Al2Os Fe203 MgO SOs CaO K20
(%)
Cement 20.52 4.61 2.59 4.17 2.7 63.25 0.5
Fly ash 52 25 12 0.9 1.08 5 1.9
GGBS 39.18 10.18 2.02 8.52 — 32.82 0,3
Table 2
Physical properties of cement, fly ash and GGBS
Properties Materials
Cement Fly ash GGBS
Density (kg/m?) 3150 2300 2870
Specific surface area
(m?/kg) 352 396 425

3.1.2. Aggregates

Recycled concrete aggregate and natural aggregates were used in the concrete mix-
tures. In this study, RAC sourced from a recycling facility in Pecs, Hungary was
used. Recycled aggregate was produced by crushing concrete specimens sourced
from a recycling facility in Pecs, Hungary with a hammer. The RAC was washed
and sieved in a standard way. Aggregates with a density of 2,400 kg/m?, a fineness
modulus of 6.89 and a maximum particle size of 16 mm were used as natural ag-
gregate.

3.1.3. Superplasticizer

For all concrete mixtures, superplasticizer admixture was used to control the con-
sistence class F3 through the slump of 100-150 mm. This superplasticizer is avail-
able as a dark-brown 40-42% solid aqueous solution with a density of 1,210 kg/m?.

3.2. Specimen preparation and curing

The fine aggregate, coarse aggregate and cement were dry mixed for about a mi-
nute. Cement was then added and dry blended for a further minute. This was then
followed by the addition of two thirds of the total mixing water (Figure 1). After
two minutes of mixing, the remaining mixing water was added with the super-
plasticizer. Mixing was ceased after four minutes for all mixes.
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a) b)

Figure 1
Mixing process: a) dry mixing; b) wet mixing

From each concrete mixture, three 150 mm cubic samples were cast for the deter-
mination of the compressive strength. Casting of cubes was conducted in two lay-
ers. Each layer was compacted by internal vibration and the top surface was leveled
and smoothed using a trowel. After casting, all of the molded specimens were
placed on a vibration table. The vibrating procedure was executed in order to ob-
tain a more homogeneous mix. After 24 h, the concrete specimens were demolded
and cured under laboratory condition of 95 + 5% RH and 22 + 2 °C until the time
of the compressive strength tests.
Table 3
Percentage of binder content: Cement, fly ash and GGBS
in mix design proportion

Mix Scenario Binder content (%)

Portland Cement Fly ash GGBS
SO 100 0 0
S1 85 10 5
S2 85 5 10
S3 70 20 10
S4 70 10 20

3.3. Mix proportions

After many trials the final mix proportions were selected to have a slump between
90 and 120 mm at a constant water—cement ratio (w/c) of 0.45. The mix propor-
tions of the conventional mix were cement content of 430 kg/m?3, fine aggregate of
655 kg/m?, coarse aggregate of 1,175 kg/m?® and water content of 190 kg/m3. The
slump was adjusted by adding different dosages of the superplasticizer. In this
study, fly ash and GGBS were used as 0, 5, 10 and 20% by weight replacements of
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cement. The percentage of cement replacement by fly ash and GGBS in the de-
signed mixes is presented in Table 3.

3.4. Testing
3.4.1. Fresh concrete tests (Workability, air content and density)

The workability of concrete was determined in terms of slump, noted immediately
after mixing the concrete. The slump test was carried out in accordance with EN
12350-2, and the air content was tested according to EN 12350-7, as shown in Fig-
ure 2. The density of fresh concrete was tested according to EN 12350-6 for each
mix in a fresh state.

Figure 2
a) Slump test
b) Air content test of fresh concrete

3.4.2. Hardened test (Compressive strength)

The compressive strength of the concrete was determined for three cubes of 150
mm size at the age of 28 days for each mix. The test was carried out according to
EN 12390-3:2001.

4. RESULTS AND DISCUSSION
4.1. Workability

The measured slump of the conventional mix was 75 mm, while the slump of the
mix proportion with cement replacement with 10% flay ash and 5% GGBS was
102 mm, and 92 mm for the mix with cement replacement of 5% flay ash and 10%
GGBS, respectively. The better workability for the mix proportion with more fly
ash is attributed to the spherical shape of the fly ash particles. Similar reports of the
effect of cement replacement on the workability are available in the literature, e.g.,
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Reddy et al. [27] reported that the slump value was increased by replacing cement
with various percentages of fly ash and GGBS.

4.2. Compressive strength

The compressive strength of all mixing scenarios was determined at 28 days age.
Figure 3 shows the compressive strength results for the conventional mix and for
mixes obtained by adding varying percentages of fly ash and GGBS additives as
5%, 10% and 20% partial Portland cement replacements.
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Figure 3

Compressive strength values for different mix proportions

The results show that the compressive strength was slightly increased by adding
some percentage of fly ash and GGBS to the concrete mix. Furthermore, the mix
proportion with cement replacement by 10% fly ash and 20% GGBS achieved
30.5% higher compressive strength than that of the conventional mix. Consistent
with the present result, Prince et al. [28] also reported that by cement replacement
with 20% fly ash and 30% copper slag 39 MPa compressive strength was achieved.
Therefore, it can be concluded that with 30% of cement replacement by fly ash and
GGBS the desired compressive strength of the concrete could be reached. Partial
replacement of cement with industrial waste additives proved to be an effective and
sustainable technique for reducing carbon dioxide emissions.

Further studies on strength and other characteristics of concrete with different
ratios of fly ash and slag used as cement replacing materials should be made in or-
der to gain information to help with common acceptance and practical application.
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5. CONCLUSIONS

The studied approach aims to make material substitutions to decrease CO. emis-
sions, save energy and reduce the environmental impact of concrete. This objective
was achieved by partial replacement of cement with large volumes of fly ash and
ground granulated blast furnace slag (GGBS). This paper focused on the impacts of
the use of partial cement replacement to improve the sustainability of concrete.
Therefore, as an experimental point of view, this research focused on finding the
optimum percentage of these materials to achieve beneficial effects regarding the
strength and workability of concrete. The results showed that adding fly ash and
GGBS to the concrete mix can increase workability. It was also concluded that
30% replacement of cement with fly ash and GGBS resulted in the highest com-
pressive strength among the mixes analyzed. Partial cement replacement with fly
ash and GGBS in concrete gradually raised the compressive strength as the re-
placement percentage increased. The results should encourage the use of fly ash
and GGBS in concrete technology and help change the perception of people to-
wards the recycling of materials and the partial replacement of cement with indus-
trial by-products as additives.
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Abstract: Concrete is the most widely used construction material, and therefore its applica-
tion has a high environmental impact concerning the raw materials used in its manufactur-
ing. The number of concrete buildings reaching the end of their designed life has gradually
increased in recent years. The aging of existing buildings creates large problem in landfills
due to the huge amount of waste materials that result from the construction and demolish-
ing operations. Producing recycled aggregates from these concrete wastes, instead of dump-
ing it in landfills, is a promising way to make the concrete industry more sustainable and
waste-free. This paper demonstrates some of the results of an experiment where properties
of recycled concrete, incorporating different percentages of reclaimed crushed aggregates,
were compared with those of a reference conventional concrete. It was found that the per-
formance of concrete mixes with reclaimed crushed aggregates satisfied the target design
properties. However, the results point out some necessary changes in the optimal composi-
tion of recycled concrete mixes and define targets for further research.

Keywords: recycled concrete, reclaimed crushed aggregates, concrete properties

1. INTRODUCTION

Concrete consists of a uniform composite of different materials that are bonded
together to form a solid and durable mixture. Cement, fine aggregates, coarse ag-
gregates and water are constituents needed to produce a conventional concrete.
Portland cement is one of concrete’s main component and cement production needs
an enormous amount of energy; this makes the cement industry one of the signifi-
cant sources of carbon-dioxide emissions. It is estimated that about 5% of the glob-
al anthropogenic CO, emissions are produced by the cement industry [1]. The
global interest in achieving sustainable development in the construction industry
and protecting the environment has significantly increased over the last two dec-
ades; thus, governments around the world are adopting sustainable policies to
achieve environmental and economic gains. These policies discourage landfills by
applying taxes or even banning landfilling, requiring that construction and demoli-
tion waste be reused in the economic cycle. Furthermore, the idea of producing
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useful products from these demolished wastes is not new, since preliminary work
was carried out by Gluzhge as long ago as 1946, after the Second World War [2].
However, real progress and noteworthy advancements have been made only over
the last two decades.

Generally, construction and demolished rubble contains components other than
concrete, like tiles, soil, bricks, and wood, especially when the rubble is produced
as a result of disasters such as wars, earthquakes, and floods. The existence of dif-
ferent contaminants reduces the quality of recycled aggregate, and these contami-
nants are difficult to remove. Although it is possible to produce high quality recy-
cled aggregates that have properties similar or close to that of natural aggregates,
the treatments (removing contaminants, classifying, washing, screening, multiple
crushing stages, etc.) needed to obtain this quality cost of money, time, power and
also produce CO; emissions. According to CSI report from 2009 [3], recycled ag-
gregates are commonly used for one of the following applications: raw material for
the cement industry, soil stabilizing or improving, pavement bricks, road construc-
tion subbase material, and embankment fill.

The potential use of recycled coarse aggregate from the concrete of demolished
buildings, as replacement of natural aggregate, is also considered for the pro-
duction of structural concrete. As a recent example from Hungary, the demolition
of the 25-story Magashaz in Pécs resulted in 22,549 tonnes of concrete debris [4].
The utilization of this material is underway.

Reclaimed concrete material (RCM), a by-product of the manufacturing process
of precast concrete products in concrete plants, has different features: it often con-
tains well-graded aggregates (usually mineral aggregates), bonded by a hardened
cementitious paste. The management and sensible re-use of these waste materials
will also be a great challenge for civil engineers in the future [5] [6].

This paper focuses on the analysis of the basic properties of concrete mixes pre-
pared with recycled aggregates that were reclaimed from hardened concrete speci-
mens. Consistency, water absorption and compressive strength results were com-
pared to those of conventional concrete mixes. The aim of the research is to ana-
lyze how the properties of a specific conventional concrete change when using re-
cycled aggregates gained from crushed concrete samples.

2. MATERIALS USED AND TESTS CARRIED OUT

A considerable amount of concrete waste as by-product of a normal manufacturing
activity is produced every day in a local concrete lab in Pécs. To simulate the situa-
tion of construction and demolishing, waste from test cubes were collected after
tests from various concrete classes. These cubes were crushed to produce reclaimed
aggregates and then the aggregates were washed and sieved.

A standard concrete composition of grade C30/37-XC4-XV3(H)-16-F3 was de-
signed using the natural and reclaimed aggregate fractions described in Table 1.
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Table 1
Aggregate fractions used for the concrete mixes
Name Source Type Aggregate
size range
OH 0/4 natural fine 0-4 mm
OK 4/8 natural course 4-8 mm
OK 8/16 natural course 8-16 mm
Z0/11 reclaimed mixed 0-11 mm
Z0/16 reclaimed mixed 0-16 mm

Figure 1
Crushed concrete pieces obtained from cube specimens

The aggregates of graded course aggregate and sand were obtained from a quarry
site near Pécs. The material for Z 0/11 was produced by cracking, chopping and
grading concrete blocks, curbstones, paving slabs, and other paving elements,
while the material for aggregate Z0/16 was made by crushing the pieces of 81 test
cubes (Figure 1).

The cement type used was CEM II/A-M (V-LL) 42.5 N composite, which con-
tains supplementary materials of fly ash and limestone. The Z0/11 aggregate from
crushed concrete samples was rich in fine particles and was not sufficient for larger
particle ranges. Therefore the Z0/16 reclaimed aggregate was further decomposed
into fractions 0/4 and 4/16.

For fresh concrete primarily the consistency was tested, while for the hardened
concrete the compressive strength, the density and the water absorption. The test-
ing of fresh concrete was carried out in accordance with MSZ EN 12350:2009
while MSZ EN 12390:2009 standard was used for testing the hardened concrete.

Determination of the water absorption of the aggregates was carried out in ac-
cordance with MSZ EN 1097-6:2013. In doing so, the water absorption of 10 larger
pieces of concrete scrap was tested after one and two hours and until a constant
weight in saturated condition was reached. The measured water absorption values
showed large discrepancy between the concrete pieces, within the range of 4.9%
and 10.4%. The analysis of water absorption clarifies that the recycled aggregate
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contains more than one kind of material. It is evident that due to this significant
amount of water absorption, pre-wetting of the aggregates is particularly important

before mixing.

The particle size distribution curves of the recycled aggregates are shown in

Figure 2.
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Figure 2
Particle size distribution curves of recycled aggregates

Surprisingly, the particle size distribution of the recycled material Z0/4 was better
than that of the classified sand (OH 0/4). The particle size distribution of the mate-
rial describes a gradually increasing logarithmic curve. However, there is a minor
derogation from particle size distribution of 2 mm. In the case of Z4/16, the initial
part of the curve is constant, followed by a gradually increasing log curve, since the
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fine content is negligible, unlike the case of Z0/11, whereas the material has broad-
er fractions of sand and gravel. This is the reason why the curve leaves the range
between the sieve sizes of 4 mm and 12.5 mm. Regardless of this, there is no peak
or fracture in the curve; a gradually increasing log curve can be seen here as well.

The measured average density of the particles was 2.62 g/cm?® for the natural
aggregates and 2.31 g/cm?® for the reclaimed aggregates. There were no measurable
differences between the pieces.

The aim to design the composition of the aggregates is to create a mixture of
aggregates with a standardized fineness modulus, passing between the designated
limiting curves from materials of a given fineness modulus and of a sieve curve.
The analysis was performed by using five different kinds of aggregate mixtures.
Table 2 shows the designed compositions of aggregate mixes used.

Table 2
Designed composition of aggregates for concrete mixes
Mix number OH 0/4 OK 4/8 OK 8/16 Z0/11 Z0/16
(natural) (natural) (natural) (recycled) | (recycled)
Mix 01 45% 250% 30%
(reference))
Mix 02 25% 5% 30% 40%
Mix 03 10% 30% 60%
. 20% Z 0/4
0, 0, 0,
Mix 04 25% 15% 20% 20% 7 4/16
. 30% Z 0/4
0, 0, 0,
Mix 05 15% 10% 15% 30% 7 4716

The water content and density of the fresh concrete were affected by the type and
composition of aggregates used for the mixes (see Figures 3 and 4).
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Figure 3
Water content of fresh concrete mixes (I/m3)
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Density of fresh concrete mixes (kg/m?)

The hardened concrete cube specimens were tested at 28 days of age for compres-
sive strength (according to MSZ EN 12390-3:2009), density and water penetration
(MSZ EN 12390-8:2009). Table 3 and Figures 5 and 6 summarize some of the test
results obtained for the hardened specimens.

Table 3

Measured properties of hardened concrete at 28 days

Mix number Compressive Density Water penetration
strength (MPa) (kg/m?) (mm)
Mix 01 (reference) 48,4 2327 N/A
Mix 02 56,2 2263 19
Mix 03 50,7 2252 25
Mix 04 51,2 2257 20
Mix 05 49,7 2205 29
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Figure 5

Density of hardened concrete specimens (kg/m?)
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Compressive strength of hardened concrete specimens (MPa)

3. CONCLUSIONS

Some of the properties of concretes containing recycled aggregates reclaimed from
hardened test cubes were investigated and compared to conventional concrete mix
was investigated. Properties of five concrete mixes containing various amounts of
reclaimed aggregates were tested in both fresh and hardened states. It should be
noted that the maximum allowable replacement percentage of natural aggregates by
the EN-206 standard is 30%, but some of the mixes deliberately contained higher
amounts.

As was expected, the water content and density of the fresh concrete mixes
were strongly affected by the type and composition of aggregates used for the mix-
es. It was concluded from the tests that it becomes more and more difficult to keep
the planned consistency of the fresh concrete as the amount of recycled aggregates
in the mixes increases.

Based on the tests carried out on fresh concrete mixes, it seemed likely that the
samples containing recycled materials in increasing quantity would not reach or
even approach the requirements of C30/37 concrete class. In spite of that, unex-
pectedly good results were obtained on the hardened concrete samples. The com-
pressive strength result of each mixture reached the lowest bound defined for the
planned concrete grade. What is more interesting, all mix compositions but one
gave better results for strength than those achieved by the standard recipe.

Originally, the mixes were designed for the XV3(H) exposure class. The maxi-
mum allowed water penetration value of concrete with XV3(H) exposure class is
22 mm. Half of the samples reached a lower level water penetration value, but the
rest of the samples yielded worse results.

As for compressive strength, it was found that the recycled aggregates did not
downgrade the quality of concrete; the strength of the samples 60% recycled by
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weight complied with the requirements of the targeted concrete class, as did the
samples from the reference mixes. On the other hand, the way that the higher po-
rosity of the recycled material affects the behavior can be seen when testing the
water penetration. In some of the specimens where recycled aggregates were used,
the measured water penetration values exceeded the acceptable limit (22 mm) giv-
en for the defined exposure class. This can be explained by the fact that these mate-
rials are more porous than natural aggregates; consequently, water can penetrate
into these concrete specimens more easily under pressure.

The results of the tests encourage the use of recycled concrete aggregates to
achieve more sustainable concrete technology by saving natural aggregate raw ma-
terials from being exhausted.

ACKNOWLEDGEMENT

The described work was carried out as part of the Sustainable Raw Material Man-
agement Thematic Network — RING 2017, EFOP-3.6.2-16-2017-00010 project in
the framework of the Széchenyi2020 Program. The realization of this project is
supported by the European Union, co-financed by the European Social Fund.

REFERENCES

[1] Worrell, E., Price, L., Martin, N., Hendriks, C., Meida, L. O. (2001). Carbon
dioxide emissions from the global cement industry. Annual Review of Ener-
gy and the Environment, 26, pp. 303-329.

[2] Gluzhge, P. J. (1946). The work of scientific research institute. Gidrotekh-
nicheskoye Stroitelstvo, No. 4, pp. 8-27. (In Russian)

[3] CSI Cement Sustainability Initiative Report (2009). World Business Council
for Sustainable Development, www.wbcsd.org.

[4] Jakab R. (2018). A pécsi magashaz bontasabol szarmazo hulladékok keze-
1ése, utdhasznositasa. Beton, XXVI. évf. III. szam, p.13. (In Hungarian)

[5] Anastasiou, E. (2018). Investigation of the Use of Recycled Concrete Ag-
gregates Originating from a Single Ready-Mix Concrete Plant. Applied Sci-
ences, 8 (11), p. 2149, https://doi.org/10.3390/app8112149.

[6] Malesev, M., Radonjanin, V., Marinkovi¢, S. (2010). Recycled concrete as
aggregate for structural concrete production. Sustainability, 2 (5), pp. 1204—
1225., https://doi.org/10.3390/su2051204.


http://www.wbcsd.org/
https://doi.org/10.3390/app8112149
https://doi.org/10.3390/su2051204

Geosciences and Engineering, Vol. 8, No. 12 (2020), pp. 133-150.

INDUSTRIAL TESTS WITH A RESIDUAL MUNICIPAL
SOLID WASTES PROCESSING PLANT WITH THE NEWLY
DEVELOPED KLME COMBINED SEPARATOR
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Abstract: Municipal waste management is slowly moving from landfilling to waste pro-
cessing. This paper focuses on a separation device in a new waste processing plant in west-
ern Hungary. The plant, put into operation in July 2018, has mechanical-physical technolo-
gy including a pre-shredder, a drum screen to separate the bio-fraction, a newly developed
combined air flow, magnetic and eddy-current separator (KLME), two NIR sorters and a
final shredder. The main products of the technology are the bio-fractions and inert fractions
(still landfilled at the first stage), material streams for recycling, Fe, Al, PET and PVC and
secondary fuel material (RDF) for energetic utilization. This paper reports on the process
engineering tests and characteristics of three different designs of the KLME separator.
Three industrial-size mechanical processing tests have also been carried out with samples
of more than 10 t each. Research work of the second development stage has also begun.
A pilot-scale pyrolysis reactor has been made and fundamental research is ongoing to pro-
duce bio-fraction and RDF pellets as fuel for this machine.

Keywords: KLME separator, residual municipal solid wastes (RMSW), combined energetic
utilization of bio-fraction and RDF, rotary shear

1. INTRODUCTION

Modern lifestyles result in significant municipal waste generation, and if we would
like to maintain or even improve the living standards we have achieved, sustainable
waste management is necessary. Even developed countries have to take the long-
term generation of residual municipal solid wastes (RMSW) into account, because
even with the application of a sophisticated selective collection system there are
still large amounts of residual materials that have to be non-selectively collected
and handled [1, 3, 25, 26]. There are many different country-specific solutions for
processing technologies for RMSW. In Europe, a widely used concept is mechani-
cal or biological pre-treatment. This method reduces the environmental impact
when some portion of the RMSW is still finally disposed in landfills [29]. The
main problem with this technology is the very heterogeneous nature of RMSW,
which does not allow the use of universal processing technologies. However, tech-
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nologies usually contain a pre-shredding or bag-opening step, classification with
drum or cascaded sieve and upgrading steps with different separator and sorting
machines [8, 13, 23, 27]. Finally, the degradable fine bio-fraction can be biologi-
cally treated by aerobic or anaerobic processes to reduce the mass, volume and
biological hazard potential of the waste [2, 22].

There are three main types of these technologies: Mechanical-Biological Stabi-
lization (MBS), Mechanical-Physical Stabilization (MPS) and Mechanical-
Biological Treatment (MBT) [2, 5, 12, 21]. Both the MBS or MPS technologies
use the same steps to treat the solid waste, namely shredding, screening, metal and
plastic sorting and separation. The only difference between these two technologies
is the method of biological treatment. In physical treatment methods, physical dry-
ing technologies are utilized after metal sorting, while MBS uses aerobic or anaer-
obic digestion to stabilize the organic components in the residual municipal solid
waste [4, 14, 28]. Mechanical-Biological Treatment is more complex than other
two approaches, because after pre-shredding the waste is divided into two size
fractions by a drum screen (50-80 mm). The fine fraction goes to biological treat-
ment while the coarse fraction is treated with mechanical methods to make recy-
clable products and Refuse-Derived Fuel (RDF) [6, 16, 17, 18, 19, 20, 24, 30].

As of 2017, there were 26 RMSW processing plants in Hungary, mainly me-
chanical—physical plants [15]. Typically the key machinery for comminution, sepa-
ration and sorting is imported from abroad (with the exception of the recently
commissioned plant). The main products of these plants is bio-fraction, some small
material streams for waste-to-material recycling (such as Fe, Al and PET), and
refuse derived fuel (RDF). At this point in Hungary the bio-fraction is mainly land-
filled. A small proportion of the bio-fraction is stabilized by aerobic decomposition
before landfilling. There is ongoing intensive research about better handling and
utilization for the bio-fraction in the country. The bio-fraction generally contains
organic, biodegradable materials but it also contains a lot of metals, plastics, and
inert wastes, and therefore its treatment is difficult. The current Hungarian situation
is that the rate of separation of the valuable materials from RMSW for recycling is
rather low because of the existing low aftermarket and processing industry capaci-
ties; recycling of this material stream is still not very developed. The municipality
of Zalaegerszeg decided on the improvement of the MSW management of the re-
gion according to European Directives. In the near past, 100% of the RMSW was
landfilled in the up-to-date landfill of the community. A consortium formed from a
machine and technology producer (3B Hungary Ltd.), a scientific partner (the Insti-
tute of Raw Materials Preparation and Environmental Processing, University of
Miskolc), and a public waste managing service company (Zala-Miillex Ltd.) is
working on the development and construction of an RMSW processing technology
targeting no-landfilling for this waste stream [10]. The development and construc-
tion of the mechanical-physical processing plant — the first stage — was supported
by an EU-funded grant. A new waste processing plant was built in Zalaegerszeg
(Buslakpuszta) to treat residual municipal solid wastes of the region (60,000
tons/year). The new plant, which is almost entirely developed in Hungary and con-
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structed and equipped by Hungarian firms, was inaugurated on 13 July 2018. Since
the inauguration, the technology has been slightly modified based on the experi-
ence gained from industrial size operational tests. The originally developed bag
opener machine was replaced by a two-rotor rotary pre-shredder and feeder ma-
chine. Three different designs of the KLME separator were built and tested. On 25-
26 September 2019 three industrial-size tests were carried out with samples of
more than 10 t each. The tests were run with a previously optimized parameter
setup and the outputs and the necessary intermediate belt conveyors were sampled.
A new fluid dynamics study is starting to further optimize the operation of the
KLME separator and data was necessary to map the recent situation. This paper
reports on the process engineering evaluation of these tests.

2. MATERIALS AND METHODS

Before the design of the processing technology a sampling campaign was carried
out in the collection area [10] to gain fundamental data for technological design.
Before the classification of waste types the waste bags must be opened. Thus, the
first unit of mechanical-physical RMSW plants is either a pre-crusher or a bag
opener placed before the classification (drum screen or cascade sieve) unit. Gener-
ally a rotary pre-shredder is applied for opening bags; however, it has a serious
disadvantage, since this machine mixes up the Fe and plastic particles and the re-
sultant intergrown particles cause problems for the downstream separation. The
energy need of a rotary pre-shredder is also significant. Therefore, a bag opener
machine (Figure 1) was developed and made in Zalaegerszeg [10, 11].

Figure 1 Figure 2

The moving floor conveyor and the bag The rotaries of the Metso M&J
opener machine PreShred 1000 machine

A big rotor with teeth for the bag opener rotates opposite to the moving floor con-
veyor; therefore the bags are lifted and torn into the hydraulically supported stand-
ing teeth. Unfortunately, during the operational tests, two problems with this bag
opener machine were revealed: insufficient bag opening and uneven feed for the
technology. Even feed is crucial for the smooth operation of RMSW processing
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technology and clean products. Therefore, the bag opener machine was exchanged
for a Metso M&J PreShred 1000 two-rotor rotary shredder (Figure 2).

The technological flowsheet of the plant as it was inaugurated was published in
[10, 11]. The technology has since been modified, and the current version (as of
October 2019) is shown in Figure 3. The industry standard drum screen is
equipped with a drum screen with 60 mm circular openings. The separated bio-
fraction (-60 mm) will be temporarily landfilled after this first stage of develop-
ment. The pre-shredded coarse fraction (+60 mm) goes into the newly developed
KLME separator.

RMSW

=>| Pre-shredder [4>| Drum screen

60 mm + 60 mm

BIO-fraction
'KLME separator VT
: Fc<-| Magnetic separator |

v

2D [
|A1r-ﬂ0w separator|-> Inert

v_u)

I Eddy current separator |->Al

v
PET - PV(
&BCZI 5 PVC
Be23 >y >

61’51‘
Final-shredder
+RI)F

Figure 3
RMSW processing technology

As was reported earlier [9, 10, 11], many model machines were made before build-
ing the industrial size prototype KLME machine. The schematics of the KLME
separator with exhaust cage were published earlier [10, 11]. To the best of our
knowledge, the KLME separator is the only machine in the world that combines
four separators in one unit without intermediate conveyors and bins. Therefore,
space and energy requirements are smaller. The exhaust cage design was made first
and afterward two other designs followed it. It is instructive to follow the develop-
ment steps and key points to understand why modification was necessary. In the
first technological version the 60-200 mm intermediate size fraction was fed into
the KLME separator by a vibrated feeder. The air nozzle was located in the bottom
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of the first part of the vibrated plateau. Heavy particles fell through the air beam
onto the magnetic drum. Magnetic particles were dragged into the Fe product out-
put, while heavy inert particles (rocks, bricks and so on, as well as wet and there-
fore heavy books, shoes, etc.) fell into the inert product output. Light particles were
blown and transported by the air beam. When a particle falls into the air beam, the
initial acceleration part of particle settling is dominant, but afterwards, when the
particle is being transported by the air beam, the particle settles in it and has suffi-
cient time to settle; therefore the terminal settling velocity is dominant [9]. Another
point is that the density of the particle (body) — and not the material density — de-
termines both the initial and terminal particle settlings. The material density of
aluminum cans and PET bottles is significantly different; however, their particle
densities might be similar depending on how they had been compressed previously.
Therefore the light particles in 2D shape (foils and papers) and in 3D shape (alumi-
num, plastics) light particles were also blown by the air beam. The 3D plastics and
aluminum particles settle out from the beam and then an eddy-current separator
separated them into two products. The 2D-like foils and paper sheets were sucked
into the surface of the exhaust cage, because there is a strong suction from the in-
side of this cage supplied by two auxiliary fans. The rotating cage transported the
2D particles into the 2D output. Unfortunately, clogging often occurred on the sur-
face of the exhaust cage when the earlier applied hammer pre-crusher [10, 11] was
operated for the comminution of the +200 mm particle size materials. When the
crushed small particles reached the KLME separator, these small particles clogged
the 10 x 10 mm square openings of the exhaust cage. Therefore, the KLME separa-
tor and especially its 2D separator were redesigned and a new industrial prototype
was made. This 2" design is labelled the KLME separator with nailed roller. The
fans of the exhaust cage were removed and the 2D channel was redesigned. The
schematic drawing of the KLME separator with nailed roller is shown in Figure 4.
Industrial process engineering tests with the KLME separator with the nailed roller
were carried out in the plant at different parameters. These tests showed that this
construction is more suitable but there were still operational issues, such as clog-
ging of the nails on the roller and separation issues of the foils (2D) from the 2D air
channel. Thus the KLME separator was redesigned for the third time and a new
industrial prototype was made. It has to be mentioned here that this design idea
originates from Janos Vad. Some mock-up units made from wood sheets were
made to study two phenomena: the Coanda effect and air beam dragging. The
Coanda effect is well known in the literature. In 1910, the Romanian engineer Hen-
ri Coanda observed that air flows near surfaces would bend because of the fluid
dynamics influence of the surfaces [7]. The second issue, air beam dragging (dis-
traction) by a neighboring wall, was experienced with the earlier designs of the
KLME separator. On the basis of the preliminary tests with mock-up devices a new
industrial KLME separator was built (Figure 5).
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Figure 4
The KLME separator with nailed roller schematics
Main technological units are: Vibrated feeder, 2. Air nozzle, 3. Magnetic drum, 4.
Rotated auxiliary cylinder, 5. Nailed roller, 6. Eddy current separator.
Numbers and short names of products are: 1. Magnetic, I1. Inert, 111. Al, IV. 3D, V. 2D.
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Figure 5
The KLME separator with Coanda roller schematics
Main technological units are: 1. Vibrated feeder, 2. Air nozzle, 3. Magnetic drum,
4. Rotated auxiliary cylinder, 5. Coanda roller, 6. Eddy current separator.
Numbers and short names of products are: 1. Magnetic, I1. Inert, 111. Al, IV. 3D, V. 2D.
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The air beam released by the nozzle and induced by the centrifugal impeller fan
should reach the upper % part of the Coanda roller. If the operation is sufficient the
air coming out from the nozzle with the retrained air together will flow above the
Coanda roller into output V. If this flow pattern is fulfilled the evolved Coanda
effect helps effective 2D separation, because 2D shaped particles are “sucked” onto
the drum surface by the Coanda effect and the rotating drum transports them to
output V. However, experimental difficulties were experienced with the mock-up
units with targeting the air beam into the proper section of the Coanda roller. The
angle of the air nozzle was changed systematically; however, the design of the
KLME housing and its inner structure strongly influence the propagation direction
of the air beam. Improper design can propagate the air beam upward, way above
the Coanda drum, or downward into the eddy-current separator. In such a case, it
was not the angle of the nozzle that determined the direction of the blown-in air
beam. In the case of the upward beam distraction, additional air was sucked in from
above the beam, an eddy formed between the air beam and the upper wall, and its
result was upper beam distraction. After redesigning the separator these problems
were eliminated and now the direction of the air beam propagation can be set pre-
cisely by setting the angle of the air nozzle. Another significant modification was
the change of the vibrated feeder into a short feeder belt conveyor. The particles
before the air nozzle must be evenly distributed. If evenly distributed particles fall
into the air beam good separation is the consequence. The feed with the vibrated
feeder was not sufficiently even, so particle bulks were formed and that caused bad
separation. Figure 6 shows the most recent version of the KLME separator.

Figure
The KLME separator
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On the left upper side an air chamber for the exhaust air output can be seen above
the 2D belt conveyor (Figure 6). Before the end of the technology there are two
near infrared (NIR) sorters (Figure 7). The first one is set to remove the PET and
PVC particles and the second one cleans the PET product from this stream by re-
moving the PVC. By this way the technology separates the Al, PET and Fe materi-
als for waste-to-material recycling and the PVC is also removed from the produced
RDF, which is necessary for the thermal utilization. The final machine of the tech-
nological flowsheet (Figure 3) is a one-rotor shredder produced by Metso (Fine
Shred) with radial cutting gap.

Figure 7
The NIR sorters

Three industrial size processing experiments were carried out on 25" and 26" Sep-
tember 2019. Table 1 shows the mass and origin of the processed samples. The
gross and net masses of a waste collecting vehicle transporting a sample were
measured by a weighbridge with a resolution of 10 kg. Before each test all the ma-
chine parameters were set and checked and the equipment was emptied out.

Table 1
The mass and origin of samples

Mark of the test Test A Test B Test C

Collection area Teskand, Csatar, Bokfold (4,280 kg), Zalaeger-
(municipality) of szeg Hegyfold (1,600 kg), Zalaegerszeg
RMSW Kertvaros (6,700 kg)

Zalaegerszeg | Andrashida,
city center  [Babosdobréte|

Mass Of[Lag\,/il sample |10 600 10,440 12,580
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Feed was started by a bucket loader into the hopper of the pre-shredder. Time
measurement was started when the material appeared at the bottom of the pre-
shredder. At a given point in time the equipment was stopped and samples of a
given length of three conveyor belt sections were taken. Time measurement was
stopped finally when the material flow terminated at the bottom of the pre-
shredder. The mass of each product was measured by appropriate nominal range
and resolution balances (40 t, 150 kg, 20 kg, 5 kg, 1 kg nominal ranges). Samples
were taken from all products during the industrial size tests, except from RDF,
because that had earlier been analyzed semi-continuously. However, the composi-
tion of the RDF product was examined by taking samples from belt conveyor Bc21
and Bc23 (Figure 3). These two belts convey the materials into the final shredder.
All samples were sieved by a 50 mm quadratic opening 1.2 x 1.2 m size sieve
frame. The +50 mm size fractions were hand sorted into many material categories.
The -50 mm size fractions were hand sorted only into two categories: particles in
the correct and in the incorrect place, namely, a significant amount of —-50 mm
aluminum particles were in the Al product.

Mechanical pre-treatment experiments with the bio-fraction and RDF were car-
ried out from September 2018 to August 2019. Samples were taken many times
during the experimental runs of the mechanical-physical RMSW processing plant.
Moisture content was measured in a drying oven at 105 °C until mass equilibrium.
Empirical particle size distribution was measured by hand sieving with different
laboratory sieve series. Material composition was determined by hand sorting with
the help of some auxiliary equipment (magnets, Raman spectrometer, FTIR spec-
trometer, XRF spectrometer). For the separation of the non-ferrous metal, rock and
glass particles a counter-current air flow separator was used, and a pilot-scale flat-
die pelletizing machine was used for the pelletizing experiments with RMSW bio-
fraction and RDF. These machines were made by the Institute of Raw Material
Preparation and Environmental Processing, University of Miskolc. The nominal
capacity of this pelletizer machine is 100-200 kg/h, depending on the physical
features of the fed material. The outer diameter of the flat die is 200 mm, the length
of the holes is 28 mm and their inner diameter is 8 mm. For the laboratory commi-
nution of the prepared samples a cutting mill was used (diameter and length of the
rotor: 300 x 600 mm, inside sieve opening: 10 and 20 mm, nominal capacity: 200
kg/h, tangential speed of tip point: 26.3 m/s). Ash content and calorific value were
measured by the accredited laboratory of the Department of Combustion Sciences,
University of Miskolc.

3. RESULTS AND DISCUSSION

Experiments had been carried out previously to determine an optimized setup of all
the technical parameters of the RMSW processing plant. Two tests were planned
with identical parameters with a moderate capacity and the third one with slightly
increased capacity. Table 2 shows the unchanged main technical parameters for all
three tests. The pre-shredder machine acts as a controllable feeder as well. The
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revolution number of its rotors determines the mass flow rate of feed. During Test C
this revolution number was increased from 35 1/min to 40 1/min. Because of the
increased feed, the speed of the moving floor conveyor and the revolution number of
the drum screen were also increased. The changed parameters are shown in Table 3.

Table 2
Unchanged main technical parameters of Tests A, B and C
Parameter Value
KLME accelerating feed belt conveyor speed 0.537 m/s
KLME air nozzle air flow rate (blown in) 8,100 m®/h
Air flow rate in the 2D separation chamber (exhausted) 13,000 m¥h
Revolution number of the eddy-current separator pole motor 2,820 1/min
NIR1 and NIR2 feed belt conveyor speed 3m/s
Belt conveyor speed before the Metso rotary final-shredder (Bc21) 0.689 m/s
Table 3
Varied main technical parameters
Parameter Test A Test B TestC
Revolution number of pre-shredder rotors 35 1/min 35 1/min 40 1/min
Moving floor conveyor speed 0.057 m/s 0.057 m/s 0.059 m/s
Tar}gentlal speed of the drum screen 111 m/s 111 m/s 117 m/s
perimeter

Figure 8
Photo of sample of Test C to be fed

As an example, Figures 8, 9 and 10 show photos of the fed sample and the prod-
ucts of Test C. Figure 8 shows the feed and Figure 9 shows photos of the separated
four material streams intended for waste-to-material recycling. These are Fe, Al,
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PET and PVC (Figure 9). Figure 10 shows photos of the separated two material
streams intended for waste-to-energy local thermal utilization after the second de-
velopment stage. By just looking at the products many conclusions can be drawn.
At first glance it is seen that there are many 2D plastic particles (foils) in the Fe
product (6.81 m/m% for Test B, Table 5). This is a consequence of the change of
the first comminution machine from a bag opener into the rotary pre-shredder. The
bag opener machine did not crumple the foil and Fe particles together; therefore the
Fe product was cleaner than that shown here (though not other products). The rota-
ry pre-shredder does crush them together; therefore, there are many intergrown Fe—
foil particles in the Fe product. Though the visible volume percentage is high, the
mass percentage of the foil compared to Fe is low. When the total amount of a
sample had been processed and all the materials were in the product containers the
net weight of each product was measured.

Figure 9
Products of Test-C for waste-to-material recycling: a) Fe; b) Al; ¢) PET; d) PVC
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“Figure 10
Products of Test C for waste-to-energy local thermal utilization: a) Bio-fraction; b) RDF

Table 4
Products mass yield data of the industrial tests
Test A Test B TestC
Mass Mass Mass
productof eemoiogy | st | Yool | s | gt | s | vieldol
[%0] [%] [%]
Bio-fraction (-60 mm) 5,860 55.6 6,100 59.5 6,840 56.7
Fe (all magnetic) 268.7 2.6 328 3.2 129.56 11
Inert (Si) 552.9 5.3 502 4.9 658.6 55
Al 13.5 0.1 12.5 0.1 13.84 0.1
PET 345.2 33 225 2.2 123.47 1
PVC 9.15 0.1 7.8 0.1 19.8 0.2
RDF 3,465 33 3,065 30.0 4,270 35.4
Total 10,514.45 100 10,240.3 100 12,055.27 100
Measured capacity 15t/ 17t/ 17t/

Table 4 shows the mass data of each product as well as the calculated mass yields
of products in mass percentage units. The composition of the bio-fraction was not
examined during the described industrial tests, as it had been investigated earlier.
In the case of the RDF the two material streams (the 3D particles on the Bc21 belt
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conveyor and the 2D particles on the Bc21 conveyors) were sampled by taking all
the materials on a 4 m belt length on the stopped conveyor. In this way the mass
flow rates of these belts were also determined and the composition of the RDF
product could be calculated. The RDF of this plant had been extensively tested
before, too. Table 5 shows the component content of the Fe, Inert, Al, PET and
PVC products (see Figure 3) and indirectly shows the component content of the
RDF product of Test B as an example. The sorted material components are shown
in the left-hand column of Table 5.

Table 5
The component contents (m/m%) of the products of Test B
Product Belt conveyor
. Inert 3D- 2D-
Material components Fe (Si) Al PET PVvC Bc21 Bc23
(RDF) | (RDF)
3D — HDPE, PS, PP - 474 0.40 4.43 10.27 7.51 452
3D-PET 0.37 0.43 - 49.89 13.48 7.51 2.26
2D — foil 6.81 2.16 1.60 3.33 3.85 9.25 56.56
2D — paper 0.12 8.19 1.20 4.43 4.49 18.50 10.18
Composite 0.37 1.29 2.81 0.22 0.13 2.89 -
Al - 3.02 90.62 - 0.39 1.16 —
Fe 81.16 3.45 - 0.64 1.16 —
Textile 1.86 1.72 0.24 16.63 10.91 2254 6.79
Stone (glass) - 19.40 - - - - -
Bio 1.24 9.914 0.08 - - 0.58 0.45
Other combustible 3.10 25.43 0.24 16.63 44.93 15.03 3.39
Other (fine: 50 mm, 1495 | 2026 | 281 | 443 | 12001 | 1387 | 15.84
non-identifiable)
Total 100 100 100 100 100 100 100

All product samples were first sieved on a 50 x 50 mm opening screen. From the
undersize fractions only particles in the correct product were sorted out. For example
in the Fe product the — 50 mm Fe (magnetic) particles were sorted out and their mass
was added to the Fe component, because the technology separated these particles into
the right product. Therefore, they have to be taken into account in the final material
balance, even though they would have been included in the bio-fraction with this
equipment because they are smaller than the drum screen openings.
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During Test A the feed mass flow rate was 15 t/h at 35 1/min pre-shredder rotor
revolution number. 55.8% of the feed was yielded into the bio-fraction product.
The mass flow rate of the KLME separator feed was 6.4 t/h. The mass yield of the
RDF product was 33.2%, therefore, the capacity of the final-shedder was 4.9 t/h.
The aluminum content of the Al product was very high (87.2 m/m%). The magnet-
ic content of the Fe product was moderate, only 59.8 m/m%. The PET product
contained 49.9 m/m% PET from which about 8 m/m% was PET textile.

During Test B the throughput of the plant was 17 t/h, despite the fact that the
pre-shredder rotor revolution number was the same (35 1/min). This is a considera-
bly higher capacity. The only explanation is that the material — especially its mois-
ture content — was higher. 59.5 m/m% of the fed material was yielded into the bio-
fraction. The mass flow rate of the KLME separator was 6.9 t/h. The RDF yield
was 30 m/m%,; therefore, the final shredder operated with 5.1 t/h. The products
were considerably cleaner, the aluminum content of the Al product was 90.6 %, the
magnetic material content of the Fe product was 81.2 m/m% and the PET product
contained 49.89 m/m% PET bottles and sheets and additionally about 14 m/m%
PET textile.

Although in Test C the revolution of the rotors of the pre-shredder was in-
creased by 14 % up to 40 1/min, the measured throughput was also 17 t/h. This is
also because of the material, with a little lower moisture content in this case. 56.7
m/m% was the bio-fraction yield, and 7.3 t/h was the KLME feed. The capacity of
the final shredder was 6 t/h and 35.4 m/m% of the feed was distributed into the
RDF product. The Al product contained 84.9 % aluminum; the Fe product con-
tained 71.65 % magnetic particles. The PET content of the PET product was the
highest, 73.5 m/m%, which contained 46.1 m/m% PET bottles and sheet and 27.4
m/m% textile PET as well.

Table 6
The mass flow rate of the individual machines during the industrial tests
Mass flow rate of machines Test A [t/h] Test B [t/h] Test C [t/h]
Pre-shredder 15 17 17
Drum screen 15 17 17
KLME separator 6.4 6.6 7.3
NIR I sorter 55 5.7 6.2
NIR Il sorter 0.5 0.4 0.2
RDF final shredder 5 5.1 6

Table 6 contains the measured and calculated mass flow rates of the individual
machines during the industrial tests. This table contains a clue as to why the meas-
ured capacity of Test B is so high. In this case the mass flow rate of the KLME
separator is lower (6.6 t/h) than in Test C (7.3 t/h); therefore, a higher percentage of
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material went into the bio-fraction. This is logical, since the soil-like state bio-
fraction adsorbs more internal moisture, and this explains the measured data.

4. CONCLUSIONS

The municipality of Zalaegerszeg (Hungary) decided to improve its MSW man-
agement in order to decrease landfilling in the area to near to 0 %. The first stage of
this conceptual plan has been carried out because a mechanical-physical RMSW
processing plant has been constructed. Since then the plant has been operating in
test mode and some modifications have been made. Three different industrial size
prototypes of the KLME separator have been made. The best construction so far is
the KLME separator with a Coanda roller. The earlier installed bag opener machine
was exchanged for a two-rotor rotary pre-shredder and feeder machine. Three in-
dustrial size mechanical processing tests with samples of more than 10 t each were
carried out to analyze the current operation and yield and quality of products.
Smooth and stable plant operation was experienced with quite stable yields of
products with satisfactory purity, despite the very heterogeneous nature of raw
RMSW.
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Abstract: Woody biomass plays a significant role in Hungarian energy production.
However, growing raw material needs can only be sustainably met in long term through
conscious forest management and by exploiting additional dendromass production
opportunities. This article summarizes research results of the Innovative Biomass Utilization
Group relevant to the project entitled Sustainable Raw Material Management Thematic
Network — RING 2017. The work of the research group examines several factors affect yield
and influencing economic aspects, such as forest regeneration, damage and harvesting
solutions in a time when timber quality is declining and forest damage is increasing. Also
carrying out analyses of the opportunities for further woody biomass cultivation outside the
forest area (agroforestry, short rotation woody energy plantations). The study pays attention
particularly to new ways of utilizing woody materials, e.g. the production of lignocellulosic
biofuels and wood mixture pellets.

Keywords: woody biomass, dendromass production, dendromass utilization, energy tree

1. INTRODUCTION

Using biomass for energy and other industrial purposes is becoming an important
option for reducing greenhouse gas emissions worldwide. This article presents the
new directions of dendromass production and harvesting mechanisation, damage
events, and novel utilization opportunities in the framework of the RING 2017 pro-
ject. These research areas are all linked in terms of a secure raw material supply for
wood industry, planned heating and electricity power plants or other energy produc-
ing plants. The woody biomass, also known as dendromass, is the most widely used
biomass based raw material at present. The research is also justified because produc-
tion and consumption of wood products are currently forecast to increase over the
next 20-30 years [1, 2, 3, 4]. According to the WWF Living Forest Model, annual
wood removals will be three times higher in 2050 compared to the volume reported
in 2010. The main driver of growing demand is the projected massive escalation in
wood use for bioenergy purposes in addition to the rising demand for solid wood and
paper products. This is partly due to the increasing supply and demand of developing
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Asian countries (mainly China and India). The FAO's (Food and Agriculture Organ-
ization of the United Nations) analysis, on the other hand, finds that the biggest
change is caused by the rapid increase in energy demand. This is especially true in
Europe as a result of the EU’s renewable energy policy [1].

Biomass already plays a significant role in Hungary’s energy supply. Primary
energy demand is more than 1,100 PJ, of which 12.5% was covered by renewable
energy sources in 2017 [5]. Biomass and other municipal biowaste amounted to
three-quarters of renewable energy, with most of this being dendromass [6]. Accord-
ing to the National Energy Strategy 2030 with an outlook to 2040 (2020), the goal
in Hungary is to increase the share of renewable energy sources to a minimum of
21% of gross final energy consumption by 2030. The strategy envisages a further
increase in the use of biomass, and its role will be primarily in the increased use of
heating based on renewable resources, in the Green District Heat Program and in
renewable energy production for own use.

The increased demand for wood puts a lot of pressure on forests, which is further
enhanced by the extraction of damaged timber in some countries. These factors jointly
may cause significant reduction in forest cover, which can severely deplete the region’s
forest carbon sinks as major factors in reducing emissions. The right choice of forest
management method plays an important role in the development of a usable amount
of wood. Logging must be in constant balance with forest regeneration. In order to
achieve a circular economy and carbon sequestration, efforts must be made to utilize
wood first in the wood industry, and energy utilization should be the last option. There-
fore, it is essential to analyze not only the factors influencing quantity but also those
affecting quality. Wood quality and tree dimensions (the presence or absence of wood
defects, quantity of wood defects or measurements) determine the composition of the
forest assortment that can be produced during harvesting. The appearance of certain
wood defects is age-related; therefore, the proper choice of cutting age plays an im-
portant role in the variations of assortment composition.

In addition, the state of a forest’s health (specifically, insects and diseases or abiotic
damages) has an effect on the qualitative parameters as well as the quantitative param-
eters of living stock. Furthermore, origin (seed or root sprout) also influences assort-
ment composition.

The usability of woody material is also affected by the increasing biotic and abiotic
forest damage observed worldwide in recent years. The extraction of damaged timber
changes the possibilities of utilization, since less wood is expected to be used in the
furniture industry and a higher amount of low quality materials will be used for energy
purposes. The rising frequency and intensity of extreme weather, such as droughts,
long periods of high temperature, heavy rains, and floods, makes trees more suscepti-
ble to physical damage, disease, and pests [7]. Furthermore, a wide range of other cli-
mate-related variables, ranging from wind speed and atmospheric moisture content to
snow pack and atmospheric CO, concentration [8] are associated with disturbance
change.

Such various abiotic damage events have changed logging procedures. For exam-
ple, Slovenia was hit by a major ice storm in late January 2014. Six million cubic
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meters of wood, more than the typical annual nation-wide wood harvest, had to be
felled as a direct consequence of the glaze ice, while almost three million cubic meters
more was left to rot in forests [9]. In terms of emergency felling, beech, oak, and pine
trees suffered the most damage in Hungary in recent years. In the area which belonging
to Egererd6 Plc. harvesting forced by ice, storm, or wind damage requires innovative
harvesting solutions; therefore, these kinds of harvests present a challenge to foresters
[10]. This is one reason why highly mechanized logging technologies are being uti-
lized more frequently in Hungary. One example is the CTL (Cut To Length) work
system where felling, skidding, delimbing, assorting, chopping, bunching, and review-
ing are completed with a harvester, while skidding and forwarding are done with a
forwarder.

As a result of new technological developments, harvesters may no longer be con-
fined to softwood forests only. Several studies conducted on black locust, Turkey oak,
beech, and oak stands have justified the use of these machines in hardwood stands.
Evaluating the results of the cost and time analyses, we concluded that in several cases
harvesters are more efficient than traditional tree felling with chainsaws [11].

Figure 1
Harvesters in Hungary

Current Hungarian biomass utilization occurs mainly in thermal and electric power
plants and to a lesser extent in biogas plants or in pellet, briquette, and chipboard
production. The most frequently utilized raw material is dendromass from forests or
by-products from the wood industry. However, the new EU directives strongly sup-
port the use of forestry and agricultural residues or other industrial lignocellulose
containing by-products. The collection of residues requires a more advanced tech-
nology and its current application is low. But forest areas are not the only way to
think about the supply of woody raw materials. In the future, the role of energy
plantations in low-quality agricultural areas may increase significantly. The research
area of agroforestry is also related to the topic of energy plantations. The dendromass
from such areas can supplement residues well and a good tool for increasing carbon
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sequestration in the agricultural field. Both agroforestry and woody energy planta-
tions require a well-organized system [13].

Currently, three classes of woody energy plantations exist in Hungary, e.g. rolling
energy plantations (>20 years, intended for energy recovery); short rotation energy
plantations (mostly 3-5 years of rotation, intended for energy recovery); and woody
industrial plantations. The total area of plantations established in Hungary was 4,489
ha in 2019 [14]. Woody energy plantations have different yields, ranging from 5 to 25
atro t/ha/year depending on the cultivation area, technology, climate, and tree spe-
cies/clones [15, 16]. With a calculation of an average dry matter of 10 t/ha/yr, this
results in approximately 40-45,000 tons of woody material. Utilization of this material
has been achieved, and free potential can be reached only with establishment of new
plantations. The establishment, cultivation and harvesting of plantations requires a
high degree of mechanization, which determines their economic feasibility.

One of the other alternatives is the widespread implementation of agroforestry in
agricultural areas. This could make a significant contribution to meeting future needs
of woody biomass and mitigate the loss of wooded areas. Applying agroforestry
practice can also increase forest management efficiency, for example, by supporting
reforestation. According to the FAO definition the agroforestry system is a dynamic,
ecologically based natural resource management system that integrates trees into
farms and the agricultural landscape, thereby diversifying farms and maintaining
production for land users. It incorporates a variety of farming practices by combining
crops, livestock, and trees with the aim of optimizing these components to achieve a
community’s economic, social, environmental, and cultural needs. The combination
and structure of associated species or varieties can be very diverse in agroforestry sys-
tems. As agriculture has changed, intensive crop and livestock production has taken
hold, reducing the occupation of small diverse production systems such as agroforestry
farms. Recently, agroforestry has begun spreading again and plays an increasingly im-
portant role in climate adaptation and safe production [17, 18]. In a study conducted
in the context of the AGFORWARD project, experts estimated the extent of agrofor-
estry in the EU to be 15.4 million hectares in 2016. This represents 3.6% of the total
area and 8.8% of the utilized agricultural area. In the same study, the area covered by
agroforestry systems in Hungary is estimated at 38,100 ha, which is 0.4% of the coun-
try’s territory and 0.8% of the areas under agricultural cultivation [19].

The increasing demand for renewable energy ensures the importance of new en-
ergy production methods using various woody biomass and by-products. Material
compacting such as pelleting is a rapidly growing biomass utilization sector. Though
pellets are primarily made from wood or herbaceous plants, various waste materials
and their mixtures can also be utilized for energy purposes. Waste pellets can be used
in larger industrial plants or in combustion plants with appropriate flue gas cleaning
and filtering equipment. The varying proportions of paper sludge (waste from paper
industry) and pine wood shaving pellets are an excellent opportunity to harness lig-
nocellulose by-products [20].

Lignocellulose biofuel production is another new woody biomass utilization op-
portunity. Meeting the RED Il (Renewable Energy Directive II) legislation is a
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challenge that encourages biofuel production, without intensification of food con-
flict. Although conversion rates and production capacity of lignocellulose biofuels
production are lower than those of conventional biofuels, the investment cost can be
up to ten times higher [12]. Thus, their market presence usually requires some form
of support and high amount of utilizable dendromass. For these reasons there are
currently only five commercial scale lignocellulose biofuel plants in Europe [12].
Dendromass with high free potential, e.g. forest residues and SRC (short rotation
coppices) characterized by high bark content [21], is also responsible for high ash
and alkaline content [22, 23, 24]. These properties make it much more difficult to
complete the whole biofuel production process because the pyrolysis bio-oil yield
decreases laterally with the increasing ash content [24, 25].

2. METHODS

Management |

Dendromass utilization

*SRC (short rotation coppices)

Figure 2
Cultivation and utilization of dendromass

This article covers many areas of dendromass cultivation and utilization. The field
of research is diverse, with a common focus on new opportunities in the production,
harvesting, and utilization of woody materials.

2.1. Forests

2.1.1. Assortment composition

The objective of the research was the examination of the effect of seed or root sprout
origin for yield and quality. We completed our research in the two most prominent
black locust (Robinia pseudoacacia) areas: Nyirerdd PLC (located in Szabolcs-
Szatmar-Bereg and Hajdu-Bihar county) and SEFAG Ltd (located in Somogy
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county). The primary consideration during the selection of the forest sites was that
they be located on soils providing equal production potential. We applied final cut-
ting data from the period 2010 to 2017 in our research.

Different filtering was performed on the data before the examinations began. The
database contained 5-100% mixed forest parts. Of these, only forest sites containing
at least 90% black locust were considered for the evaluation. In the case of forest
areas where not only black locust can be found, we reduced to match the proportion
of black locust according to the proportion of the mixed forest in the produced timber
volumes.

The data is projected tol ha filtered area, and the resulting m%ha data serve as a
basis for comparative analyses.

2.1.2. Examination of abiotic and biotic damage

As an indirect consequence of climate change, logging due to forest damage is play-
ing an increasing role in the future. Different damage events, such as storm damage
or insect damage, all require different harvesting technologies. Harvesters and for-
warders can be suitable solutions for harvesting operations after damage events. Data
on forest damage events were collected in the area of Egererdé PLC for 15 years
through the annual claim report and information on the evolution of yields by area
and species was also collected. The data comes from field surveys and accurate log-
ging of harvested timber. The main abiotic and biotic damages by tree species were
summarized and the annual and regional summary of emergency felling was com-
piled. Major damage events in 2009 and 2014 causing the biggest problems in beech
forests were analyzed; these included ice, wind, tornado, and storm damage. Among
the types of biotic damage, bark beetle damage in spruce stands caused the most
destruction.

In addition, the 15-year average gross and net yields for the main tree species
were determined, which could then be compared to the evolution of yields.

2.1.3. Harvesting technology

In the past few years, multi-operational logging machines have been used for logging
domestic forests. These are special forestry machines that can perform two or more
operations at the same time (e.g. felling, preassembly, debranching, etc.). Clearcut-
ting, thinning, preparatory cutting, and sanitary cutting as well as selective cutting
were all completed with these machines.

We conducted a national survey on this topic. The number of machines working
in Hungary has increased consistently since 2005. It is very difficult to determine the
actual number of machines, especially retrospectively. Specific data from forestry,
logging entrepreneurs, and machine dealers exists, while data can also be inferred
and estimated from specialist articles, news and social media. In the future, forest
damage can be an interesting area of research.

Field surveys with continuous time measurement were conducted to analyze and
evaluate harvester work-day structure and performance. In addition to recording the
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duration of individual actions, the total volume of the timber processed in each cycle
and the distances of changeovers were also recorded.
The following types of actions were distinguished during the survey [11, 26]:
— Grabbing the tree (GT): equals the time required for the machine operator to
place the harvester head onto the base of the tree, using the manipulator arm.
— Felling and processing the log (F): involves the time for felling, preassembly,
debranching of the log as well as the conversion into assortments and piling
by assortments.
— Changeover (C): is the duration of machine displacement.
— Felling only (FO): time spent on logging very thin or poor quality (e.g. comp-
letely rotten) logs, which do not yield valuable assortments.
— Arranging branch material (B): transfer and rearrangement of branches ob-
structing the path of logging.
— Arranging timber (T): transfer and arrangement of timber stacks obstructing
the path of logging.
— Rest period (R): time for meeting personal needs.
— Service (S): duration of machine needs (e.g. chain change, refueling).
— Troubleshooting (TH): time for fixing technical defects in the machinery.
— Waiting (W): other time losses (e.g. phone calls).

Examinations of logging damages are a very important task in Hungarian forests as
well. Field work was aided by the influencing factors identified in a questionnaire
survey. A protocol form was created. This contained possible answers to the relevant
aspects so that the conditions of the exploration under investigation can be circled
during field trips and interviews. This form, which only takes a few minutes to fill
out, allows for the categorization of all the extractions according to the same criteria.
The field data captures took place in 1-5 ha private forests. The allocation of ground
plots was in the Borostyanké and Kdszeg mountains. It is important to note that ac-
cessibility in the area of the examined forests was 45.5 Im/ha (linear meter pro hec-
tare), which is very high. In comparison, this value usually ranges from 4 to 22 Im/ha
in domestic forests, with an average of 7.2 Im/ha. The aim of the study is not to
generalize the measurement results, but to investigate the usability of the invented
and applied test in the practice.

Reforestation occurs naturally, and regrowth in different age distribution and den-
sity is prevalent. In order to protect natural regeneration, it is important to keep the
wild game at a tolerable level, which is achieved through intensive hunting. A short-
tree working system was used with harvesters and forwarders.

Data measured in the plots:

Skidding trail distances,

Plot areas,

Tree species, number of pieces, breast height diameters, tree heights,
Stem damage, damage size, depth of skidding trails.
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2.2. Dendromass cultivation outside forest area

However, the role of forests must be primarily in carbon sequestration and meeting
the needs of the wood industry. By reorganizsation of agricultural land use, with a
greater involvement of agroforestry systems and woody energy plantations, the
growing demand for dendromass can be sustainablye met in an ecologically and eco-
nomically advantageous way.

2.2.1. Energy plantations

Energy plantations are suitable for the utilization of low-quality agricultural land, so
a large amount of dendromass can be produced in the future without losing valuable
agricultural land cover. This may reduce logging of forests and lead to longer-term
carbon sequestration. Here we present a summary of energy plantation research. The
topic is multifaceted, covering several areas.

In the recent period, the area of energy plantations has not increased as expected.
A SWOT analysis was used to explore the causes. In the course of the SWOT anal-
ysis, we examined and summarized the practical experiences regarding the strengths,
weaknesses, opportunities, and threats of energy tree plantations in Hungary on the
basis of the literature.

The study reviews the background of the present legislation (Government Decree
135/2017 [V1.9.]) as well as the direct and indirect support possibilities of woody
energy plantations with the help of the available plans, action programs, legislation,
and websites. We contacted the Forestry Directorate of the National Food Chain
Safety Authority (NEBIH) of Hungary to acquire current data, and we analyzed the
cultivation technology currently employed. We paid special attention to the harvest-
ing technology.

2.2.2. Agroforestry

Complex yield and site studies were performed in a one-year- old experimental af-
forested area of 0.66 ha. Half of the area was intercropped while the other half was
left in between the rows of trees without cover for control. Intercrop— typically corn
in Hungary — if well chosen (e.g. crop variety with below average growth), creates a
competitive and partial shade, thus potentially stimulating the growth of young trees.
Tree planting was completed with 8,000 seedlings/ha, in a 2.5 m x30 cm installation
network, mixed species (Quercus robur, Pyrus pyraster, Tilia tomentosa, Betula
pendula). Alleys were oriented to NS (prevailing wind direction: NE) and cultivated
with ploughing and chemical weed control. Crop line spacing was 70 cm wide dou-
ble-lines, resulting in a 90-70-90 cm spacing of tree and corn lines. The crop (Dekalb
4592) was planted using an MTZ-82 tractor and two-line drill. The experimental area
was not irrigated and the same management practices were applied for the saplings
in both intercropped and the control plot. In order to compare the effect of intercrop-
ping on the microclimate of the afforested area, soil moisture (soil conductivity) and
soil temperature were measured. Tests were made in the driest period (July and
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August) when sandy soil with humus heats up rapidly and strong radiation from the
top and the bottom at the same time affects the young plants negatively, increasing
significantly the risk of dehydration.

2.3. New methods of energy utilization
2.3.1. Industrial pellets

One important area of utilization of woody by-products is pelleting. The utilization
of various forestry and industrial by-products may play an increasingly important
role in the future. In the current study, we produced pellets using paper industrial by-
products and sawdust. During pelletization studies, paper sludge composition is var-
iable. The utilization of paper sludge as pellets is a new research area. Because of
the high inorganic content of paper sludge, energy recovery is difficult and large
amounts of ash and slag are often produced. The examination of ash content is par-
ticularly important, due to the high ash content can damaged the pellet burning
equipment.

The approximately 60 kg of paper sludge prior to the tests had a 30% moisture
content. Therefore, the material was spread for natural drying, and pelleting started
two days later; moisture content was measured to reach the optimum 11-12%. The
material was compacted into small pieces of 0.5 to 2 cm thick that were easy to
crumble. The size of the fraction required for pelleting was produced with a hammer
grinder.

After grinding, 50 to 55% of the material was in the range 2.5 mm to 1 mm. The
paper sludge was then mixed in different proportions to the pine-based wood shav-
ings. The pelletization was carried out with a Kahl type pellet press at 800 bar pres-
sure, with a flat sticker and feeding system.

We investigated the changes in ash content and calorific value of pure paper
sludge and mixtures of different proportions. The heating value was determined by
calorimetric tests. The ash content was measured by a glow furnace system. The
moisture content was continuously measured by an automatic wet content analyzer.

2.3.2. Utilization of woody material as biofuel base material

The measurements were completed at the Bajti Experimental Plantation of the Forest
Research Institute (NAIK ERTI) in Hungary. The plantation was completed in three
repetitions and cultivated with a coppicing technology. The test area has a clayey loam
forest soil in hornbeam-oak climate in medium deep topsoil, which was not irrigated.
Nutrient replenishment and watering is not used. We selected 4 species/clones with
the highest yield in the area. The sampling was executed from each of the four tree
species/clones in December 2013; average-sized stems were cut at the age of three.
Every 50 cm an approx. 1 cm wide section from the shoot was sampled.

Afterwards, the bark was removed from the wood with a peeler knife and the
absolute dry matter was weighed separately. The bark percentage for the different
diameters can be obtained using the equation below.
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The data were classified according to diameter. The resulting values based on the
thickness of the shoots were also applied to the shoots harvested in the summer of
2013 at three different vegetation years. This method resulted in a high humber of
elements. In all cases, we summed the weight of the bark and debarked wood, from
the cutting height to the tip. It was followed by the calculation of the bark percentage
for the whole shoots, then for the whole plant and for one hectare.

The ash content was also examined. We conducted our examination with a Héker
LS-12 laboratory muffle furnace. During the measurements, we separately deter-
mined the ash content of tree in bark and only bark in triple repetition. During the
measurements, we determined the moisture content of the shredded samples using a
BOECO SMO 01 moisture meter.

3. RESULTS
3.1. Results of forests
3.1.1. Assortment composition

The right choice of forest regeneration type has a major impact on carbon sequestra-
tion capabilities. It influences the quality and quantity of assortment compositions
and through that, it has an effect on useable wood production, which is an important
issue today due to climate change. The quality and quantity of assortment composi-
tions are defined by standards, but depending on the market demand can differ.

In Nyirség, black locust is found mainly on two genetic soil types, namely banded
brown forest soils (‘kovarvany’) and humic sand soil. We found a greater number of
black locust stocks of seed origin although most regeneration today occurs from
sprouts. Root sprout origin stands were not found in this area. During our examina-
tions, we compared the seed and rootstock origin tree stocks on the same production
areas; we also examined the impact of different production areas for assortment com-
position.

Our investigation results reveal no significant economic difference between dif-
ferent origin tree stocks on humic sand soil, however, significant differences are ob-
served in the assortment composition. The economic parameters are calculated based
on the price of harvested timber in 2016.

On banded brown forest soils (‘kovarvany”) brown forest soil significant dif-
ferences exist both in the assortment composition and in the price income of tree
utilization.

Our analysis indicates a significant difference in the assortment composition of
black locust on banded brown forest soils (‘kovarvany”) and humic sand soil, with
benefits to the tree stand cultivated on banded brown forest soils (‘kovarvany’).

In the area of SEFAG PLC, the black locust stocks are found on nine genetic soil
types. Of these, all three origins (seed, root sprout, stump sprout) stocks can be found
only on brown soil and rusty brown forest soil. Therefore, we compared the assort-
ment composition of the three origin stocks on these two genetic soil types as well
as of root sprout and stump sprout origin stocks on humic sand soil and root sprout
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and seed origin stands on ‘kovarvany’ brown forest soil. The brown soil result was
interesting: the volume of timber harvested per hectare was lower in the seed origin
stands than in the sprout origin stands.

There is no significant difference between the two sprout origin (root sprout and
stump sprout) stands here. Sprouting does not rule out quality wood production, alt-
hough the effect of multiple sprouting would certainly be visible. No notable differ-
ence between sprout and seed origin stands on rusty brown forest soil was found, but
the quality of stump sprout origin stands was much lower. A higher yield of wood
can be found here in the cases of seed and root sprout than in the case of the similar
origin stands of brown soil.

Finally, we compared the assortment composition and sales returns of tree utiliza-
tion of the two black locust producing areas in the Nyirség and Somogy regions.
However, comparisons could only be made for two genetic soil types, since only
these occur in both forest regions. In ‘kovarvany’ brown forest soil, we could com-
pare seed and root sprout origin stands with the humic sand soil and root sprout origin
stands.

Table 1 summarizes the volume of wood harvested per ha and the wood utilization
income per ha in the areas of the two forestry companies (forest regions). The pri-
mary consideration in the selection of forest plots was to have the selected stands on
soil with the same site potential. The different climatic factors were not studied.

Table 1
Summary of the difference between the two forestry companies
Origin Genetic soil type SEFAG PLC. Nyirerdé PLC.
‘kovarvany’
Produced tim- Seed brown forest soil 152.7 170.0
ber volume ‘kovarvany’
[m®/ha] Root sprout brown forest soil 1437 110.0
Humic sand soil 97.7 130.0
Seed kovarvany” 2,60 3.86
Income brown forest soil
[million ‘kovarvany’
HUF/ha] Root sprout brown forest soil 242 2.20
Humic sand soil 1.56 2.77

Marked differences between the assortment compositions of the two areas of SEFAG
Plc exist in case of root sprout; these differences extend to wood utilization income
as well because the location of the forestry site influences the produced assortments
significantly. In case of the Nyirerd6 PLC sites, the volume of the harvested wood
is more evenly distributed among the various assortments

Marked differences between the assortment compositions of the two areas of
SEFAG Plc exist in case of root sprout; these differences extend to wood utilization
income as well because the location of the forestry site influences the produced as-
sortments significantly. In case of the Nyirerdé6 PLC sites, the volume of the har-
vested wood is more evenly distributed among the various assortments.
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3.1.2. Results of the harvesting research
3.1.2.1. Working day structure

Based on measurements, the average working time structure of the harvests in Hun-
gary can be determined (Figure 3). Almost 50% of the working time is spent by the
machine and its operator for felling, preassembly, and debranching of the log as well
as the conversion into assortments and piling by assortments. The second most im-
portant action is ‘changeover’. The proportion of other operations is below 10% on
average.

Grabbing the tree

46.98% m Felling and
processing the log

= Changeover

7.96%
m Felling only

Arranging branch
material

3.00% Arranging timber

11.90% . Rest period

8.57%
1.35% = Service

7.71%

0.76% 6.98% m Troubleshooting

m Waiting

Figure 3
Working day structure of harvesters

When examined separately, the proportion of actions (Figure 4) for the harvesting
of deciduous and pine stands shows no substantial difference.
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the tree 1 timber oting
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Deciduous 11,52% 10. l]D‘ 1,05% 9.43%
= Pine 12,13% 5,18% 0.59% 6.68%
Flgure 4
Averages of work completed by harvesters

The hourly performance of the machines during the examination is shown in Figures
5and 6.
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0
Figure 5
Harvester performance in deciduous and pine stands




164 Papp, V. et al.

Machine performance is highly varia-
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standard deviation of the results is
20,9 higher for the deciduous stands; and
in the case of pine, the average per-
formance range is narrow-wer. In
deciduous stands, the productivity
of the machines varied between 8.0
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3.1.2.2. Logging damage
’ The basis of the research was the ex-
Figure 6 amination of 10 kinds of logging,
Working day structure of harvesters which types are presented in Figures

3 and 4. Great emphasis has been
placed on recording the conditions so
that the values obtained can serve as a basis for comparison.

An evaluation table (Figure 7) was prepared to process the data, which contains
all the measured data. The evaluation was completed with Microsoft Office Excel to
facilitate usability. Each page has data for a plot and its evaluation, so it is easy to
review and evaluate each plot in its own right. At the bottom of the page, sample
data for each harvesting is summarized.

Examination results for the injuries (damage during logging, that affects trees and
soil) of the remaining wood pieces were in accordance with the literature and our
expectations, see Figure 7. Beech (7.8%), spruce (7.2%), and fir (7.5%) were dam-
aged at a higher rate, while oak (2.7%), larch (3.3%), and Scotch pine (6.0%) were
damaged at a lower rate.

The average skidding trail distance was 16.2 m; the minimum was 14.4 m; the
maximum was 18.4 m. The average skidding trail width was 3-3.5 m. On average,
16.7% of the forest area is covered by a skidding trail system.
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The evaluation table

Skidding trail depth was also measured. This revealed that a depth of more than 1-2
cm was formed where the slope increases (above 20°), and the soil carrying capacity
or the branch carpet thickness is not sufficient. Only two test areas had a critical
proximity skidding trail (soil damage) of more than 10 cm. Thanks to the soil integ-
rity, the root system did not suffer from any major numerical damages.

The skidding trail system allowed enough space for the movement of the ma-
chines; consequently, no stump damage occurred. After 30—40% thinning intensity,
depending on the conditions, stem injury was 0-19%. The average rate of damaged
trees was 8-9%.

3.1.3. Results of biotic and abiotic damage research

Of the damage occurring in forestry, this article deals only with damage to a larger
territory of major tree species, which affects an area of more than five hectares.

Significant amounts of damaged wood were harvested in the beech forest due to
storm and the ice damage in 2014 (Figure 8).
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Figure 8
Beech (Fagus sylvatica) annual total harvest (2003-2017)

Logging as a result of that storm continued in the following years, as shown in
Figure 9 Then in 2017, a snowfall in the spring caused problems reaching the al-
ready leaf-covered forest.

Forest management activities and emergency felling from 2014 onwards have shown
outstanding values. The average annual output of beech has nearly doubled due to
storm, ice, and snow damage.

50000 -
45000 A
40000
35000 A
30000
25000
20000
15000 -+
10000
5000 -

W gross m3

2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

Figure 9
Beech (Fagus sylvatica) emergency felling
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Bark beetles weaken spruce and fir. Average winter temperatures have also increased
in recent years, making it easier for pests to overwinter. As a result, storms, wind,
and ice damage are more prominent on weakened stocks. The situation is exacer-
bated by the increase in summer and winter temperatures in recent years as well as
the extreme heat that often occurs in summer. The health logging and forced logging
of pine trees was due to storm, wind, and ice damage, and their combined effects.
Figure 10 highlights the increase in forced and annual logging of spruce and fir due
to damage over the last 7-8 years.
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Figure 10
Total annual logging data of spruce and fir

3.2. The role of dendromass production outside forest areas
3.2.1. Energy plantation results

The dendromass supply can be supplemented from outside forest areas. In tree plan-
tations a large amount of raw material can be produced in a short time. Cultivation
is possible in low quality agricultural areas, provided the appropriate tree species are
planted. If ecological concerns are taken into consideration during implementa-
tion,excellents results and effort to conserve biodiversity can be achieved with little
loss of space. Furthermore, adaptation to the changing climate is properly executed.
Legislative developments in recent years support the establishment of energy plan-
tations. New legislation (Decree 135/2017 [VI. 9.]) addresses woody energy planta-
tions in a more transparent manner and establishes a new plantation category. In
some cases, the cutting cycle has been lengthened. Site exploration and the related
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expert consulting have been made obligatory before planting, and the list of usable
wood species has been expanded.

Despite legislative changes and many ecological benefits and reliable mechani-
zation technology, the area of tree plantation has not increased. By means of SWOT
analysis, our research sought to understand what helps or hinders the expansion of
energy tree plantations in Hungary. An abbreviated summary of the SWOT analysis
is provided in Table 2.

Table 2
Summary of SWOT analysis
INTERNAL FACTORS
| Strengths Weaknesses
. Quickly reproducible, renewable energy
Energetic ; . .
] p source; Lower energy density than fossil fuels
viewpoint
Favorable energy balance
Different cultivaton technology from
agricultural food crops;
Varying moisture content;
. Favorable yields and firing parameters; More complicated and costly utilization
Technological L h d cli U hnoloay-
viewpoint ess weather and climate sensitivity; technology; - _
Less need for fertilizer Soil preparation, plant protection, as well as
game control is important in the first years;
Plantation should be planted years before
power plants are installed
Environ- Soil melioration; . -
mental Biodiversity enlargement; Potential negative impact on groundwater
. . : table
viewpoint Carbon sequestration
Economic Income and workplace creation, rational Increased administrative tasks;
. . land use; Absence of support background, high
viewpoint . - . L
Improvement machine utilization, harvest | investment, shipping, storage costs,
can be postponed late returns (3-5 years)
EXTERNAL FACTORS
Opportunities Threats
Achieving energy targets;
Decentralized energy production;
Energetic Stable raw material production;
viewpoint Sustainable energy management;
Reducing import dependence;
Energy storage in wood
. Versatll_e us_ablllty; . Lack of market expansion;
Technological | Integration into agroforetry system; Inappronriate species selection
viewpoint Promotion of the conversion pprop P
to the circular economy
The country’s environmental perception
is improving, Negative counter-arguments among farmers;
Environ- Carbon sequestration, melioration, Fogd conflict: 9 9 '
mental improving of ecological environment; PR
. . . L2 e Loss biodiversity;
viewpoint Less climate sensitivity, utilization .
. Appearance of new pathogens, pests;
of less-favored areas; Decrease in resistance
Outplacing of wood ash, biofertilizer,
sewage, sewage sludge, sewage sludge
compost, liquid manure
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EU financial support;

. Development of rural region; The economy and politics favor gas imports;
Economic . . Lo . .
. - Attitude shaping of the population; Buyer prices do not cover cost of production;
viewpoint e o - L
Workplace creation; Declining planting motivation due to sales and
Enhancement of revenue; species selection failure and lack of support

Growing demand

From the research, it turned out that energy tree plantations have many more opportu-
nities and strengths than weaknesses and threats. Weaknesses and threats are mainly
due to technological and economic difficulties, so they were analyzed separately.

The results show that the recent changes eliminating the direct and indirect sup-
port of short rotation coppices (SRC), leaving only area-based and greening-related
support, have significantly reduced the willingness of farmers to establish SRC in
Hungary. According NEBIH data, support for roundwood plantations for industrial
purposes, which has been available since 2016, did not increase farmer willingness
to plant. At the same time, plantations were established close to secure markets with
buyers like Pannon Power Plant and Bakonyi Power Plant because the wood chips
from plantations play a significant role in the supply of raw materials to power plants.
The economics of plantations are greatly influenced by the mechanization used.

Analysis of technological aspects shows that cultivation technology differs from
the technology used in forest management and is highly dependent on the size of the
cultivated area (Figure 11).

We have concluded that one part of the cultivation technology of energy tree
plantations (site-preparation, preparation of soil, sowing, planting of saplings, culti-
vation, transport of wood chips, transport of bunches and winding up) can be carried
out with agricultural and forestry machinery. The difference we can find is in cutting
and harvesting technology. For example, the working systems for short rotation
wood energy plantations essentially determine the producing technology (rotation,
initial spacing), the type of harvesting (chopping, rolling or whole tree), and the size
of the area.

Harvesting costs account for 50-80% of the gross production costs; thus, the
choice of the optimal harvesting method is a key factor [27]. Depending on the rate
of harvesting mechanization, the following working systems can be isolated:

— manual harvesting;

— mechanical multiple harvesting (periodic, multiphase, multipass);

— mechanical single harvesting (singlepass).

The type of the stand — coppicing or roller wood energy plantation — needs to be
considered when choosing a working system.
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Figure 11

The activities and the corresponding machinery required
in the cultivation technology of energy tree-planting

Manual harvesting

This method can be applied in smaller ground plantations. Clearing saws, U-bolt
chainsaws, and chainsaws are the tools used for base and controlled felling in cop-
piced stands. U-bolt chainsaw can be used to cut trees with a diameter of 10 cm at
most. Chainsaws are the tools used in roller wood energy plantations.
Timber chopping can be carried out in the following ways:
— timber is chopped with mobile choppers and then transported to the place of use;
— timber is forwarded to the edge of the ground or to a formed landing, where
chopping occurs later with a mobile or installed chopper. The chips are trans-
ported by vehicles to the users.

Mechanical multiple harvesting

In the case of mechanical multiple harvesting, the harvest and chopping of timber at
different times — in some cases in different places — can occur. A variety of machines
complete harvesting, hauling, and processing work. Chopping can be completed at
the felling site, at the landing, or at the place of use.
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Mechanical single harvesting

With mechanical single harvesting, the base cutting and chopping happens simulta-
neously. The machines do the felling and chopping and deliver the timber to a storage
unit (container, trailer).

Harvesting and transporting tasks are influenced by several factors. It takes com-
plex planning to choose an appropriate harvesting method, which is encumbered by
defining different transporting opportunities. Continuously changing and suddenly
arising factors such as weather can present obstacles and induce rapid redesign tasks.
In summary, it can be stated that harvesting operations in the cultivation technology
of energy tree plantations are of the utmost importance both technically and econom-
ically. Access to a well-established logistics system is required to supply the right
quantity of timber for the power producing unit in a timely manner.

3.2.2. Supporting afforestation through agroforestry

The application of agroforestry practices can play an important role in improving the
quantitative and qualitative parameters of dendromass production from wooded ar-
eas in the future. The history of the Carpathian Basin demonstrates a tradition of
intercropping in forest restocking. Recent observations and studies in Hungarian sys-
tems have shown that this has positive effect on the soil microclimate and the growth
of saplings, thereby increasing the survival rate of trees.

A common feature of agroforestry systems is that its elements interact and can
therefore lead to more ecologically and economically sustainable farming [28].
A number of domestic and international practical examples confirm that the positive
effect of trees present in the agricultural system is reflected in the improvement of
both the quantity and quality of production [29, 30, 31, 32, 33, 34]. The profitability
of the production system can be increased through the introduction of trees in agri-
cultural areas, such as a combination of coppicing or timber tree plantations with
agricultural crops, which can be supplemented with livestock and beekeeping if
honey crops are included.

Various types of agroforestry practices are becoming increasingly well-known
and widespread among farmers today. This is partly due to the fact that agroforestry
areas are more diversified than unilateral forms of agricultural production (e.g. plan-
tation farming, large-scale livestock farming, monoculture), thus increasing income
security through diversification of income. For production, a special ratio called the
Land Equivalent Ratio (LER) is used to calculate the relative performance of agri-
cultural systems [35]. This ratio compares the relative yield of a component of a crop
combination compared to sole stands of the same species (Figure 12).

A well-established and efficiently operated agroforestry system can produce a
total biomass yield of up to 30-40% higher than systems with plant cultures grown
separately. This is due to the use of woody vegetation, which provides protection to
crops and livestock, a more favorable microclimate, and diversity, while simultane-
ously producing wood that complements the yield of the agricultural crop [29, 30].
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Land equivalent ratio of productivity

Mixture Grown separately

1ha

Agriculture 0.8ha

Agroforestry —

n

LER z crop yield under intercropping  tree yield under intercropping

crop yield under sole cropping — tree yield under sole system

i=1

Figure 12
The Land Equivalent Ratio (based on [36] and [37])

A comparison of the growth parameter revealed that saplings in an intercropped area
showed stronger growth than those grown separately, with the two areas having the
same characteristics [17].

In the agroforestry area, soil temperature and water management were much more
balanced than in the control. The positive effect was particularly strong in drought
periods; the drought damage loss was significant in the control area, while no loss
was observed in the intercropped forest plantation. The daily average temperatures
of the intermediate area during the arid period were significantly lower than the val-
ues of the control area [41] (Figures 13 and 14).

Alley cropping is the cultivation of food, forage or specialty crops between rows
of trees. It is a larger version of intercropping or companion planting conducted over
a longer time scale. Alley cropping can provide profitable opportunities for row crop
farmers, hardwood timber growers, nut growers.

Experimental areas are affected by wildlife damage. Experience shows that wild-
life tended to damage the intermediate culture while leaving trees intact [17, 18].

However, a significant contribution to meeting future needs for woody biomass
and mitigating the loss of wooded areas can be achieved not only by the re-introduc-
tion of intercropping in young forest plantations, but also through the introduction
of agroforestry in agricultural areas. In practice, agroforestry has always spread or
diminished depending on whether farmers obtained additional income from the cul-
tivated timber or advantages for their own use. While enjoying the added benefits,
farmers rarely saw it as having major value. However, in response to new market
opportunities, industrial tree planting on farms is spreading across Europe. Parallel
to this, new research areas exploring competition between tree and food crops and
ways of making the most of land have emerged. Given that agricultural land accounts
for almost half of the EU area and the high adaptability of agroforestry systems, there
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would be enormous potential in terms of wood production if woody vegetation is
integrated into existing agricultural systems, even if only less productive areas with
lower soil quality index are considered.

Box Plot of multiple variables grouped by Year
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Figure 13
Observations on better plant conditions in the AF (Agroforestry) plot are
confirmed by the box chart showing significant difference between
the two afforestation systems in both years




174 Papp, V. et al.

Box Plot of multiple variables grouped by Year
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Figure 14
The soil daily average temperatures of alley cropping system were
consistently and significantly lower than the values of the control area
in the driest period (August) of 2016 and 2017

3.3. New methods of energy utilization
3.3.1. Industrial pellets results

Paper sludge has a high ash content as it contains large amounts of inorganic SiO>
and AlOs. The ash content was determined by a glow furnace test; the average of
five samples was 39.8%. The calorific value was 11.8 MJ/kg for dry matter and 10.7
MJ / kg at 11% moisture before pelletization. By increasing the mixing ratio, a linear
rise in ash content was expected, as demonstrated by the following equation. The ash
content is particularly important in the utilization of pellets. If the ash content is too
high, problems may occur during firing. The results of ash content measurement are
shown in Table 3.
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Table 3
Ash content change in paper sludge and wood blend pellets
Paper sludge mix- 5 10 20 30 40 50
ing ratio (%)
Ash content (%) 3.1 6.5 9.8 12.7 16.2 19.6

The “a” and “b” values of “a * x + b = y” equation are the parameters of the regres-
sion equation, where denotes the mixing ratio, y the ash content of the samples. From
a practical point of view, the intersection points are also important, as can be con-
cluded by the ash content of the base material. The ash content results and the re-
gression line are visible in Figure 15.
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Paper sludge content [%]
Figure 15
Ash content change and regression line in blend pellets

As expected, the calorific value decreased with the increase in paper sludge. Meas-
urements were repeated three times; the mean of the results is shown in Table 4.

Table 4
Heating value of paper sludge and wood blend pellets
Mixing ratio of paper sludge Heating value
% MJ/kg
5 175
10 16.9
20 16.1
30 15.3
40 14.6

50 13.8
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In the course of our previous research studies, we have dealt with wood pellet and
agripellet energy balance and EROEI (Energy Returned on Energy Invested), by the
amount of invested and recoverable energy [38]. When using paper sludge for pel-
lets, EROEI values are considerably smaller due to the relatively low calorific value
as compared to wood pellets or agripellets. The other problem is high humidity;
achieving optimum levels of 11-12% under operating conditions requires a signifi-
cant energy input need for drying. Although there is no industrial data on pelletizing
energy for paper sludge, an approximate value can be provided. An average value
was taken into account from the technological energy demands presented in the pre-
vious research of wood pellet production [39] (120 MJ/t for delivery, 1,700 MJ/t for
primary electric energy of pelletizing pellet, 1,500 MJ / t for drying, 200 MJ/t for
pellet delivery, etc.) so an estimated value for energy input can be entered. Assuming
80% efficiency in recovery, the calorific value of the samples tested can be estimated
by the amount of recoverable energy [39]. By increasing the mixing ratio of paper
sludge due to the decreasing heat values, the EROEI values are, of course, also lower.
Since the amount of recoverable energy is much lower than it is in pure wood pellets,
the EROEI estimates are also lower, at 50% mixing only around 2-3.

3.3.2. Biofuels results

Populus x euram. "Koltay’
Populus x euram. ’1-214’
Salix alba 'Dradvamenti'

Robinia pseudoacacia

Bark ratio [w%)]
3y M2y H1ly

Figure 16
Average bark percentage of investigated species/clones in different vegetation years

During our research we determined the bark percentage for the four species/clones
in different vegetation years. The highest bark percentage was typically obtained in
the first vegetation year when stem diameter is still small; the average value ranged
from 12 to 18%. In later years, the bark percentage depended on the specific growth
rate of species/clones. The difference of the bark percentage in the 2" and 3" vege-
tation year is only significant in the case of willow thanks to intensive shoot growth
in the third vegetation year. Figure 16 demonstrates the values for the different veg-
etation years, which refer to the absolute dry weight.

A relationship between diameter and bark content was established and the values
were classified. Bark content changed the most in the case of poplar clones, from
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nearly 5% to 33% from the cutting height to the tip. In the case of willow and black
locust, the value was lower, ranging between 3-20%. Generally, the bark percentage
decreased rapidly in the small diametric classes up to 25 mm, and then we observed
a slight increase (Figure 17).
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Figure 17
Average bark percentage in the different diameter classes

Base material ash content is an important feature from the perspective of thermal
processes. Therefore, we also examined this property for the investigation of the bio-
fuel production applicability. The high ash content was mainly caused by the high
bark rate. Thus, as a first step, we determined bark ash content. The result shows that
the ash content varied between 5.8 and 7.2% depending on tree species. Compared
to that, the barked wood shows 3 to 4 times lower ash content (Figure 18).
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Figure 18
The mean ash content of bark for the different wood species/clones
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Choosing the right cultivation technology is a significant factor in ash content reduc-
tion. A shorter cutting cycle would ensure a continuous supply for the power plant
and easier harvesting. However, in the first vegetation year especially, the weight
ratio of the small shoots is more than 80% in the cases of willow and black locust,
which results in a high ash content.

4. CONCLUSION

Concerning a wide range of issues in the production, harvesting, and utilization of
dendromass, the following conclusions can be made.

The final conclusion is that highly mechanized logging work systems in the stud-
ied forest areas in the Borostyanké and Kdszeg mountains, do not cause much dam-
age and there is no significant difference in the work time structure, due to well-
chosen machines, well-established networks, and well-organized work schedules.
The developed measuring systems are well-suited for gathering data needed to ana-
lyze the logging.

Of the biomass sources that may be used for energy production, woody energy
plantations show the greatest potential from both the productive and the environ-
mental point of view. In the woody plantations, we can produce large amounts of
biomass in a relatively short time and this can be used for energy or industrial pur-
poses. This can also be particularly important for the supply of raw materials to a
larger heating or power plant.

However, the area of tree plantations in Hungary has not increased significantly
in recent years, mainly due to a lack of adequate support background. Therefore, it
cannot be considered a relevant factor in the security of energy supply.

Overall, similar to European trends, biotic and abiotic damage and yields have
increased significantly in the studied area over the last decade. Logging has also
increased significantly over the past seven years due to meteorological damage when
compared to the average of previous years. If these events continue as an indirect
consequence of climate change, they will affect future yield trends. It can also be
observed that the damaged wood is of lower quality, so the utilization of wood and
the assortment structure are also transformed. Consideration should be given to
changing the species structure and promoting the plantation of climate-resistant tree
species, which poses a major challenge for forestry.

The pressure on the forestry sector can be significantly reduced by the widespread
introduction of agroforestry in agricultural areas as well as the re-introduction of
intercropping in young forest plantations, which could make a significant contribu-
tion to meeting future needs of woody biomass and mitigate the loss of wooded ar-
eas. According to agroforestry research, soil temperature and water management
were much more balanced when intercropping was used than in the control area. The
positive effect was particularly strong in drought periods, which is of high im-
portance in mitigating the effects of climate change.

The use of paper sludge and pine wood mixtures for pellets raises a number of
questions. The high ash content creates problems for residential equipment; hence,
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only industrial scale utilization can be optimal. The high moisture content of sludge
is also problematic during pelletization. In the case of energy, it would be optimal to
produce pellets if some kind of waste heat was used in the drying process of paper
sludge. The utilization of wood materials as liquid biofuel is greatly influenced by
the bark content. SRC plantations show a correlation between bark content, vegeta-
tion time, and tree species.

Overall, from afforestation to timber harvesting, agroforestry and energy planta-
tions, all contribute to a sustainable supply of raw materials. In the future, it must be
borne in mind that the utilization of the various by-products and the material of the
energy plantations will take on a more central role. If so, the wood of forests will be
maintained for a longer time, and carbon sequestration will also be more optimal.
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Abstract: The current publication summarizes the main results of the lignocellulosic biofu-
el research carried out within the project Sustainable Raw Material Management Thematic
Network — RING 2017. In the first part of the paper, we explore the different type of cur-
rently available biomass residues potential and summarized for each Hungarian county. In
the next part, we identify the main factors that significantly influence the sustainable raw
material supply of a lignocellulosic biofuel production plant and investigate the additional
feedstocks, which may be useable in the future. The results show a large amount of availa-
ble biomass residues with more than 330 PJ energy potential. Particularly, the amount of
generated agroresidues is outstanding, almost half of which can be used for energy produc-
tion. However, the collection, storage and utilization for biofuel production of agroresidues
is less developed than for woody material.

Keywords: lignocellulosic biofuel research, biomass, dendromass,

1. INTRODUCTION

Biofuels have a key role to play in combating climate change in the future through
lowering greenhouse gas emissions. The prescribed biofuel ratio target values for
member states of the EU is also encouraging the application of biofuel blends.
According to the RED Il (Renewable Energy Directive Il) regulation, member
states will have to meet targets of 14% renewable energy use in road and rail
transport by 2030. At the same time, decision-makers have recognized that crop-
based biofuels encroach upon land used for food crop production through indirect
land use. According to estimates, the land area used for growing biofuel feedstock
in 2018 covered about 5% of the total crop area [1]. The growing areas for corn,
sugar cane, or palm were enlarged through the conversion of rainforests and grass-
lands. This has reduced the net carbon dioxide absorption capacity and increased
emissions. Droughts, forest fires, biotic and abiotic damage are becoming more
frequent as a result of the changing climate. Carbon stored in forest biomass is re-
leased and contributes to climate change.
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The occasional yield loss of conventional biofuel raw materials is already a prob-
lem today. A doubling of cereal consumption for food and animal feed due to popu-
lation growth and changes in consumption structure in the 21% century only adds to
this problem [2]. The intensified application of mechanical soil cultivation technolo-
gy with irrigation and the vast use of fertilizers has made the satisfaction of cumula-
tive demands possible. However, fertilizer production is an energy-intensive industry
[3]. For these reasons, the EU legislation restricts the use of food crops for energy
purposes. The maximum contribution of conventional biofuels will be frozen at 2020
consumption levels, plus an additional 1% with a maximum cap of 7% of road
transport fuel in each member state. The proportion of advanced fuels to be achieved
must grow gradually and its proportion was set at least 3.5% by 2030. With the help
of lignocellulosic biofuels there is an opportunity to meet the target.

Commercial-scale production of lignocellulosic biofuels from forestry and agri-
cultural by-products is under development, and its increased use in transport sector
will be viable in the near future [8]. The use of wood industry by-products is al-
ready largely realized today.

The conversion of lignocellulosic feedstock to liquid biofuels requires much
more complex technology than first generation biofuels. Overall, conversion rates
and production capacity are lower, but the investment cost can be up to ten times
higher compared to advanced biofuels [4]. To achieve a sustainable raw materials
supply for the planned expansion, an extensive raw material analysis is absolutely
necessary.

2. METHODS

The following methodology was used to calculate the available raw material poten-
tial reserves. As a starting point for calculations of forest residue amounts, we used
Hungary’s wood use data from the compilation of Statistical Mirror in 2013, “Fea-
tures of Forest Management”, by the Hungarian Central Statistical Office (KSH)
[5]. Subsequently, this logging data was updated from the 2016 Forest Balance
Sheet and created the gross volume of timber harvested per county per tree species.
The by-product volume is worth an average of 17% relative to the gross volume of
timber produced. The data were retrieved in a humid state while 50% moisture con-
tent was assumed. When cubic meters were converted to metric tons, the wood
weight ratio of the species harvested by clear cutting in the country based on the
2016 forest balance sheet data was considered and multiplied by the density values
specific to the tree species.

National wood use data as described for forest residues were calculated to esti-
mate the stump and root amount. Larger quantities of stumps can only be
technically harvested in areas where clear-cutting has been executed within the end
use. However, stumping and subsequent rotational soil preparation are limited to
flat or slightly undulating surfaces and can only be performed on some genetic soil
types, e.g. sandy soil [6]. Therefore, it mostly takes place with black locust, poplar,
and pine as characteristic tree species. After that, the black locust, poplar, and for-
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est pine areas were determined according to the table of the NEBIH Forest Invento-
ry by Tree Species Group and the Current Forest Association Group, followed by
the gross volume count of these trees. Root stump logs account for 15-25% of the
aboveground tree mass for black locust and up to 10-20% for poplar and pine [6].

The potential estimation of grape and fruit tree areas was derived from the Hun-
garian Central Statistical Office (KSH) 2017 Land by Field Cultivation Table [7].
According to the methodology of the Statistical Office, grape-growing areas pro-
ducing propagating material are also included. Vineyards produce about 1-2.5 tons
of pruning residues per hectare per year, with an average of annual 1.5 t/ha. Fruit
tree thinning produces a smaller amount of prunings annually, with larger amounts
every 4-5 years; on average, we can count on 2.5 t/ha per year. Since the by-
products can only be cost-effectively collected in vineyards with larger contiguous
areas, only vineyards above 3 ha were taken into account during the calculation.
The breakdown by size categories made in 2005 and 2007 Census of Vine and
Fruit Plantations was used for the calculations.

Since woody energy plantations are also a potential lignocellulosic biofuel feed-
stock, we conducted a survey of these as well. The survey was based on the area
data collected by the Forestry Directorate of the NEBIH in 2018. Furthermore, we
used the average yearly yields for the calculations.

Table 1 summarizes the characteristics of dendromass feedstock.
Table 1
Features of dendromass base materials [8, 9]

Heating value
Type of by-product Genera/tﬁ d by;ﬁ)roduct (at w%g15—20)
[t/ha or %] [MJ/kg]
Forest residues 12% 14-15
Grape pruning 1.5t/ha 14.5-15
Orchard residues 2.5t/ha 14.5-15.5
Woody energy plantations 10 tary/ha 18

For comparison, the by-products of arable herbaceous plant production have also
been surveyed. Hungary has a great deal of arable land due to favorable weather
conditions; the volume of agricultural residues in the country is remarkable. Calcu-
lations were completed by determining the harvested area of different agricultural
crops based on KSH 2018 data tables. Area size changes every year due to crop
rotation. As a result, five-year averages (2013-2017) were considered. By-product
mass determination was possible using KSH 2018 main product yield data. We
also considered 5-year averages here due to crop yield fluctuations. Data in the lit-
erature on the main product ratio (seed:stem ratio) to the by-product were collected
and used to determine the residue amounts. Table 2 summarizes these data.

Using formulas (1) and (2) the determination of the theoretical and energetical
biomass potential is possible.
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Table 2
Features of by-products of herbaceous plants [10, 11, 12, 13, 14, 15, 16]
Seed:stem Heating value Moisture content
Type of stem, stalk ra.tio at harvest at harvest
[GJt] [%6]
Corn stem 1:15 12 30-40
Wheat straw 1:1.2 13 10-15
Barley straw 1:12-1:15 13 15-20
Rye straw 1:18 13 15-20
Oat straw 1:1.3 13 15-20
Triticale straw 1:1.2 13 15-20
Sunflower stem 1:2 14 25-35
Rape seed straw 1:14 14 15-20
Theoretical biomass potential:
The energy potential of the amount of studied annually generated biomass.
Forest residues per county:
V,.*a=k=F
EB:' for = o
10° @

where:

E.i ror — theoretical annual energy potential of forest residues in a county (PJ/yr)

i —county (i=1 to i=20)*

Vir — gross volume of wood use in the county (m3/yr)

a — crop yield relative to main product (~17%)

k — average multiplication factor at m3 to metric ton conversion (national ave. ap-
prox. 0.6 for dry wood)

F- calorific value of the residues (MJ/kg).

Agricultural residues per county:

E ] — E?! Ti'! n In?lf;!

gi agr 1 DE' (2)
where:
Eeiagr — theoretical annual energy potential of agricultural residues in a county (PJ/yr)
i — county (i=1 to i=20)
Tn — 5-year average of the growing area of the plant type “n” (ha)
fn— 5-year average yield of the main product of the plant type “n” (t/ha*yr)

1 Hungary has 19 counties plus the capital city of Budapest, which is counted here as a county.
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mn — ratio of the yield of the by-product to the main product of the plant type “n”
Fn— calorific value of the by-product of the plant type “n” (MJ/kg).

Gross energy potential of biomass residues in Hungary per county (PJ/yr):

Ei=2 Eeifor. + 2 Eei agr (3)

Energetical biomass potential

This is the amount of biomass that can be used for energy purposes. To determine
this value, we considered the various sustainability, environmental and technical
interests, as well as the biomass amounts potential users requires.

In the case of forestry residues, larger quantities of raw material can only be
cost-effectively collected in areas practicing clear-cutting within end use. Accord-
ing to the KSH OSAP 1254 data collection, the use of clear cutting occurred in
47% of the total national harvested gross timber volume in 2016 [19]. Only the 3-7
cm thin wood parts from end uses felling can be harvested technically and
ecologically, which represents 12% of the total wood weight [6].

In the case of agricultural residues, it would be optimal to return 20-30% of the
stem mass to the soil for soil fertilizing [17, 18]. We also determined the average
amount of straw used for animal litter per year based on the data from the literature
and from the number of Hungarian livestock recorded by KSH (Table 3).

We summarized the biomass demand of currently operating users and potential
users (those planning to become users) through the collection of data in the litera-
ture and electronically-available data from the website of the companies.

Table 3
Specific straw needs for bedding [20]

Straw needs for bedding
Farm animals [kg/head/day] [kg/head/year]
Cattle 3.8 1,400
Sow 14 511
Sheep 1.1 220
Poultry - 3.3

3. RESULTS
3.1. Residues potential

Based on the calculation methods given in the methodology, the nationally gener-
ated theoretical annual potential of biomass by-products is shown in Table 4.
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Table 4
Theoretical annual biomass potential in Hungary [8, 21]
. Amount (dr Ener
Type of biomass [1000 (t] ) [PJ?y
Forest residue 1,000 11.0
Stump 160 1.8
Fruit tree pruning 165 2.6
Vineyard pruning 57 1.0
Agricultural herbaceous

residue (stalk, stem) 22,100 314.0
Short rotation coppice (SRC) 4.4 0.08

3.1.1. Forest residues and stumps

Almost 1 million metric tons of forest residues, calculated in the wet state at the
harvest, are generated annually, in theory. Within this figure, about 700,000 tons
can be collected, once technical, ecological and economical aspects are taken into
account. Roughly 7.7 PJ of energy can be gained through forest residue utilization.
Stump amounts are only an additional available potential from forestry. This tech-
nology can be mainly used in Somogy, Szabolcs-Szatmar-Bereg, Bacs-Kiskun,
Pest and Hajdu-Bihar Counties. It is worth mentioning that the annual yield of
black locust, poplar, and pine has shown a slight increase over the last five years,
but the biomass of root and stump is technically unusable so far.

3.1.2. Orchards, vineyards

According to our survey, the amount of collectable fruit tree prunings is about
165,000 tons annually, which would provide 2.6 PJ of usable energy. In vineyards,
57,000 thousand tons of prunings can be realistically collected, which equals nearly
1 PJ of energy.

3.1.3. Agricultural residues

Corn is the most cultivated crop in Hungary, with a cultivation area of about 1.1 mil-
lion hectares. This is followed by wheat with 1 million hectares, and sunflower with
a cultivation area of 625,000 hectares. According to our calculations, corn production
generates more than 11 million tons of by-products in Hungary annually. The amount
of wheat straw is also large; on average more than 6 million tons every year. Sun-
flower stalks amount to 3.3 million tons, while the amount of rapeseed stalks is just
over 1 million tons per year. The quantity of barley straw is also significant, around
1.4 million tons per year.

3.1.4 Short rotation coppice

In Hungary, energy plantations are worth mentioning, primarily with regard to
woody plantations. However, energy plantation size is not significant when com-
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pared to Western European countries. According to 2019 NEBIH Forestry Directo-
ry data, energy plantations in Hungary occupy a total of 4351 ha, of which about
80% is cultivated with poplar due to the suitability of the species in the available
areas. Miscanthus plantations only comprise about 360 ha in the country [22].

3.2. Impact of climate change on collectable raw material

Future indirect effects of climate change will increase biotic and abiotic damage.
The number of forest pests is forecast to grow due to average annual temperature
increases and warmer winters [26]. Most intense forms of damage have occurred in
the last 20 years. Moreover, this damage has generally accumulated over the past
10 years [26]. Therefore, in our previous research study we began focusing on for-
est damage-induced logging, which will affect the useable amount of raw materials
for energy recovery in the future [23]. In agriculture harmful effects can be elimi-
nated in a relatively short time period with the help of appropriate agrotechnical
methods, while in forestry this is only possible over a longer time frame and only
through appropriate tree species choices.

Drought and favorable periods for crop production have a strong impact also on
the amount of agricultural by-products generated. Based on KSH data, 2012 was
one of the worst drought years of the last decade, and we took this year into ac-
count in our research. According to yields, the most favorable weather occurred in
2016. The generated amount of by-products that could be harvested annually na-
tionwide in these two years is compared to the average of 2013-2017 and shown in
Table 5.

Table 5
Change in the theoretical amount of by-products annually [8]
. 2012 2016 2013-2017
Natlonal data [13 99 13 99 [13 bbl
worst year favorable year average
growing area [ha] 1,191,291 1,011,563 1,115,955
average crop yield
Corn [thal] 4.0 8.6 6.9
harves“f‘g'e stalk 7,147,746 13,049,162 11,550,134
growing area [ha] 615,097 629,675 625,488
average crop yield
sunflower [t/ha] 21 3.0 2.7
ha“’eSt?S'e stalk 2,583,407 3,778,050 3,377,635
growing area [ha] 164,916 256,679 238,346
average crop yield
Rapeseed [tha] 2.5 3.6 3.0
harvestable stalk 577,206 1,293,662 1,001,053
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The amount of rapeseed stalk showed the biggest difference, but this was mainly
due to the changing size of harvested area. Crop yield loss per hectare was 30% in
2012 compared to the most favorable year, while in the case of rapeseed stalk, less
than half could be collected. Of the examined cereals, corn had the largest yield
fluctuation. Less than half of the corn crop and corn stalk could be collected in the
worst year compared to the favorable year. The fluctuation is the smallest in the
case of sunflower, and there is no significant difference in the harvested area or
yields. However, it should be mentioned that only a weak-medium correlation can
be detected between the yield of main products and by-products n recent years,
which can impair the accuracy of the survey [24].

In addition to the quantitative change caused by climate change, agroresidues
are also affected by plant breeding methods (Figure 1). The plant breeding meth-
ods have an important role influencing the long-term energy strategies through of
the amount of generated biomass.

Ln
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Figure 1
Changes in straw and stem specific quantities due to plant breeding activities [26]

In terms of raw material supply, woody energy plantations can be an additional
solution for lignocellulosic biofuel plants, which can be successfully grown even in
low-quality agricultural areas. Energy plantations can be much better protected
against biotic and abiotic damage. Unfortunately, dry summers represent a high
risk, especially in planting years. Up to 50% of shoots planted during dry summers
do not sprout and need to be replaced. The expected yield is also far from optimal,
since drought inhibits photosynthesis; leaves become smaller; shoots become elon-
gated; leaves untimely wilt and fall; and peak dehydration may occur [27].

The frequency of persistently cold winters is decreasing. Nevertheless, their ep-
isodic occurrence in Hungary should be taken into account even with a slightly
warmer global climate. In principle, frosts in April-May and September—October
will become less frequent, but as the growing season lengthens, the risky periods
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will also shift towards the cold season. Early frosts shorten the vegetation period,
thereby inhibiting the “ripening” of wood [27]. Late spring frost can cause severe
damage to some poplar clones; their shoots often die completely. This poses a par-
ticular risk to clones originating from less frigid regions [27] (Figure 2). The pho-
tos of two different poplar clones were taken in the same area, at the same time.
The variety on the left with mostly dead shoots is highly sensitive to spring frost.
The plant emerges much later, produces a lower number of shoots, and results in a
lower yield at harvest. The poplar variety shown in the picture on the right is not
sensitive to late spring frost. Breeding and tree species selection as well as choos-
ing varieties according to the given climatic and soil conditions are of great im-
portance during planting.

R
Figure 2
Effect of spring frost on different poplar clones [8]

Figure 3 illustrates the yield differences of the different poplar clones under the
same climatic and soil conditions.

The annual change in precipitation based on climate scenarios is expected to be
characterized by a slightly negative trend in Hungary by 2100. About 90% of the
country’s territory is at risk of drought. Drought can change the mechanical proper-
ties, the chemical composition of soil, organisms within soils and the wildlife of a
plantation over time. In addition to the decrease in soil moisture, a drier climate
may also lead to a drop in the groundwater level. This causes a greater decline in
yields, especially in summer energy plantations. In addition to direct climatic ef-
fects, indirect effects such as plant diseases and pests may also occur. For this rea-
son, it is important to choose the right tree species.

Increasing CO; emissions from burning fossil fuels has a fertilizing effect on
most plants because CO- is a component of photosynthesis. Experiments on the
effects of enriched atmospheric CO, on plants have been completed in several cas-
es around the world. Based on their results, the mass of aboveground woody bio-
mass may rise by up to 25-38% due to increasing photosynthesis. This may change
the mass ratio of plant components, e.g. the mass of leaf, stem, and root system. On
the other hand, plant stock characteristics also change due to altered conditions. For
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example, plant biomass increases, plant stocking density increases, water utiliza-
tion improves, and the C:N ratio changes, all of which also affects the infectious
characteristics of pathogens and the nutritional characteristics of animal pests.
However, the beneficial effect can only be achieved if the necessary water supply
is available.

Figure 3
Height difference of two different poplar clones with the same environmental
and soil conditions [8]

3.3. Utilized residues by main potential users

An important part of the base material survey is the examination of the current op-
erating and planned potential users. Forest and agricultural by-products are only
partially collected, and are most often sold to power plants, perhaps to a smaller
extent to heating plants, boilers, and pellet and briquette factories.

3.3.1. Dendromass utilization

Different information is available on the currently used quantities because the larg-
est collectors and purchasers obtain some of their by-products from forests in other
countries. According to the literature, about 4.5% of the thin wood part of the col-
lectable forest residues is utilized [6].

Pécs Power Plant is the largest forestry residue utilizer in Hungary. Smaller
amounts are utilized in the cities of Porndapati, Hangony, Csitar-Nogradgardony,
Matészalka, Szakoly, Miskolc, Pannonhalma, Homrogd, and Szombathely. In Ti-
szaujvaros, forestry residues are used for wood pellet production. In addition, a
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common form of forest residue utilization today is collection by local people for
their personal use. In the Kiskunsag Forestry and Wood Processing Co. (KEFAG)
area, for example, the local population harvests 3,000-4,000 m? of tree branches to
obtain cheap fuel for own energy needs. An additional 10,000 m® of logging waste
collection is done mechanically.

Tree stumps offer further potential from forest management. There have been
attempts to utilize stumps in the country (Pécs, Szakoly), but this is not typical due
to challenges with harvesting and burning. Furthermore, the presence of a signifi-
cant amount of bark and contamination causes problems during biofuel production;
hence, we did not include it as a potentially useable base material.

The main users of forestry and woody by-products are pellet and briquette man-
ufacturers. Their number has been rising steadily due to significant export demand.
Exports make up about 70% of the total Hungarian production. At the same time,
pellet production is largely restrained by the cheap inflow of pellets from Ukraine.
The utilization of raw materials is usually done with bark-free by-products in a
mixture. Of the larger manufacturers, forest residues are utilized by the Eko Fire
Pellet Ltd. in Tiszatjvaros, for example.

There are several paper mills in Hungary. Most of their raw material is derived
from forests that have been deliberately planted for industrial use. The mills also
manufacture products from waste paper. As in Hungary, the global wood-based
panel industry primarily uses low quality wood resources and turns them into val-
ue-added products. One of the forms of using by-products from forestry and the
wood industry is chipboard manufacturing. Falco Zrt. in Szombathely is the best-
known chipboard manufacturing plant in Hungary. Furthermore, the Swiss Crono
OSB factory in Vasarosnamény started operations in 2016. Veneer sheet produc-
tion (e.g. Derula Kft. in Szolnok) mainly uses poplar logs, which are produced on
industrial plantations. In this process the by-products are not used [29].

Upcoming projects may also modify the available raw material. Matra Power
Plant (Visonta) recently received a permit for the construction of a mixed-fueled
(Refuse-derived fuel RDF 75.2% and biomass 24.8%) power plant in Halmajug.
This is expected to amount to 84,836 t of BIOMIX per year. About 30% of this is
stem and straw, 15% is forest and wood by-product, and the remainder is biomass
from food processing. The 49.9 MW wood chip-fired block at Pécs utilizes
400,000 tons of woody biomass each year — mostly residues from forestry and
sawmills including wood chips and sawdust, but also sunflower shells. However,
by the end of November, about a quarter of the fuel used in the woodchip block
may be replaced by the so-called “Mecsek mix”. This product contains commer-
cially available quality-assured fuel biomass and pre-sorted PVVC-free plastics, pa-
per, and textiles from Pécs and its surroundings [28].

Despite the cost-effective 50 km transport distance of wood chips, raw material
can also arrive at the larger power plants from even longer distances. This implies
neighboring counties, and they can, in fact, become potential raw material suppliers.
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3.3.2. Agricultural residues (stalk, stem) utilization

Corn stalks represent the largest quantity of agricultural residues. Currently, the
most common way of utilizing corn stalks is to simply plow them into the soil,
which is done to approx. 93-94% of the stalks [30]. However, large amounts of
lignocellulose should not be returned the soil because it launches a pentosane effect
(cellulose effect). Optimal values for straw and stem quantities used for soil im-
provement vary in the literature, but according to most analyses, 20-40% of stem
weight is the best [17, 18, 31]. Large amounts of nitrogen fertilizer are needed to
avoid cellulose effects; this would significantly increase costs and environmental
hazards. From an ecological perspective, we calculated with a max. 50% useable
amount together with technical losses.

The utilization of wheat straw in livestock farming is significant. Straw is fed
primarily to ruminants, but only in small quantities. Due to its low usable energy
concentration, straw cannot replace hay as feed; thus, straw can only be used effec-
tively in small daily doses as supplementary feed. The utilization of by-products as
fodder may be higher in drought years if the amount of harvested crop does not
meet national needs. However, the amounts used for bedding are significant. Ac-
cording to the calculations described in the methodology, the required amount of
litter has increased by 7% in the last two years and by 13% in the last decade.
Straw is also utilized in some power plants. The district heating system of Pécs can
supply approximately 60% of the region’s heat demand, which means 200,000 tons
of straw purchased from the local farmers. The Oroszlany Power Plant is capable
of burning 100,000 tons of straw annually [32, 33]. The available potential is lower
than 1.5 million tons [8].

Rapeseed stem also represents significant quantities of by-products. It can be
easily balled; the technology of harvesting is well-known. Its utilization began to
be examined during the biodiesel production boom. When mixed with different
materials, rapeseed stem could be a valuable raw material for agripellet production
[34]. The usable potential of sunflower stems is also significant, but their harvest-
ing is still problematic; therefore, utilization for energy purposes cannot be
achieved by current methods.

For the time being, the corn stalk utilization is relatively low. Pécs utilizes about
10,000 tons and the Matra Power Plant consumes about 100,000 tons of corn
stalks. Matra also uses straw in smaller quantities. Other agricultural by-products
are utilized in Szakoly, Szerencs, and Homrogd. The plant in Dorog uses sunflower
stems.

As far as potential users are concerned, the biogas plants are mainly based on
animal by-products such as manure, animal carcasses, and meat processing indus-
try by-products. A major agricultural products such as silage corn or sugar sor-
ghum silage usually complements these products. It should be emphasized that the
whole plant is chopped during the preparation of silage maize, so we did not con-
sider it as a potential raw material in the previous section (3.1.3.). There are only
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three or four biogas plants utilizing some types of plant stalk or straw, but not to a
significant extent.

The annual raw material consumption of agripellet plants in Hungary is not yet
significant. In Polgardi, Vertikal Plc. processes a few hundred tons. In Szentes the
amount of annually produced pellets is 3,600 tons/year, which includes wheat, corn
and rapeseed stalk. In Agard-Palmajor, Agripellet Ltd. produces 4,200 tons of pel-
lets per year, of which rapeseed straw and sunflower husk represent a smaller por-
tion. In addition, straw pellets are produced in smaller quantities in some plants
(Jaszladany, Vép). In the future, it will be possible to produce torrefication pellets
from agricultural by-products, but the technology is not yet widespread [34].

In the neighboring countries, larger biomass recovery plants located near the
Hungarian border could be a further source of demand. There is a plan to develop
an advanced bioethanol production plant based on agricultural by-products with a
capacity of 50,000 tons (63 million L/year) in Leopoldov, Slovakia [35]. It will be
located at a distance of 110 km from the border, which can only show an uptake
market in drought years, because of the larger collection area due to smaller yield.
In October, 2014, Beta Renewables and BioChemtex signed an agreement with
Energochemica SE to produce commercial lignocellulose based ethanol from
55,000 tons of wheat straw, rapeseed, and maize stalks in Strazske, also in Slovakia
[36]. A demand for raw materials could be manifested, since Strazske is less than
50 km from the border.

A biofuel plant with fermentation technology, which is expected to use wheat
and other cereal straw to produce 63 million liters of biofuel per year, is planned
for construction in southwestern Romania. However, the realization of this plant is
not yet certain.

3.4. Gross energy potential of biomass residues per county
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The amount of generated woody and herbaceous by-products were aggregated for
each county. Figure 4 shows the amount of agricultural by-products is dominant and
adds up to 92% of the total energy content of potential that can be obtained with its
utilization. However, the collection, storage, and utilization of soft-stemmed by-
products all are less developed compared to those of woody by-products.

The total energy amount of collectable by-products in Hungary is about 152 PJ.

3.5. Evaluation of raw materials so far not used for energy purposes

Meeting the needs of potential users can be facilitated by planting new woody en-
ergy plantations. The 250,000-300,000 hectares of uncultivated land area in Hun-
gary could be well utilized for this purpose. Based on data from the Forestry Direc-
torate of NEBIH, the creation of energy plantations for energy recovery has been
completely absent over the past year. Lack of support and the start of a rival grant
F 5 billion tender for the planting of new woody plantations for industrial purposes
are the reasons for this. The main priority of support is to promote carbon seques-
tration in agriculture and forestry. Furthermore, optional additional activities in-
clude the establishment of electric fences (4.8 EUR/m) and fences (5.8 EUR/m) if
appropriate conditions are met. The smallest eligible area is 0.5 hectares. The re-
quirement for disbursement of support is the sale of more than 50% of the generat-
ed dendromass for wood industrial purposes within 20 years; the establishment of
woody and short rotation plantations for energy production purposes are ineligible
activities.

However, woody industrial plantations also generate large amounts of residues
(10%) and bark (15-17%) that can be used for energy purposes. The production of
industrial wood is about 70%. According to [39], the average increment of the total
wood yield is 27 m®/ha/year at age 12. Calculating the data reveals that up to 5 t/ha
of usable biomass per year can be generated. Approximately 1.0-1.5 t/ha/year of
biomass can be used for energy recovery if bark residues are excluded from the
calculations. However, if we use 49% of biomass for energy purposes, an addition-
al 5 tons of absolute dry matter becomes available. Besides, we can calculate in the
material from pruning, which is generated during the formation of the 6-8 m high
branch-clear trunk in the first three years of the plantation.

Agroforestry is an intermediate solution. This can be a highly advanced produc-
tion method today and is becoming a viable option for land use as it offers many
ecological and environmental benefits [40]. Agroforestry is a type of climate-smart
agriculture practice of deliberately integrating woody vegetation (trees or shrubs)
with crop and/or animal systems. Through intercropping, the carbon sequestration
in trees compared to herbaceous plants occurs in the deeper layers of the soil, due
to their deeper root system. Therefore, these cultivation systems are a good tool for
increasing carbon sequestration in the agricultural field. In addition, intercropping
technology helps to prevent the growing fire risk of dendromass production, espe-
cially in southern European countries [41].
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Several EU projects are working on extending the amount of raw materials via
the agroforestry method. The aim of the AgroCop project is to maximize the pro-
duction of both high quality timber and wood for energy use by combining the
available advantages of agroforestry systems (AFS) and short rotation coppice
(SRC) [45]. The AGFORWARD project (2014-2017) aimed to promote agrofor-
estry practices in Europe that will advance sustainable rural development with the
active participation of Hungarian partners [46]. The AFINET project is an ongoing
project with Hungarian participants (University of Sopron Cooperative Research
Centre Non-profit Ltd.) [47].

Another possible raw material is waste wood, which has not been utilized yet due
to the problem of surface treatment (except of untreated waste wood for pellet and
briquett production). At the same time, research studies from abroad claim the chem-
icals used for surface treatment can be degraded, thereby enabling use of the material
for energy purposes to have low environmental risk [42, 43, 44]. We calculate 0.5—
0.7 million m¥year of wood material from this area in the longer term [38].

4. DISCUSSION

The choice of biofuel feedstock has undergone a strong transformation in the last
decade. The range of raw materials that are less dangerous to the food supply but
at the same time sustainable has expanded. The advantage is that several types of
raw materials can be introduced into the system at the same time with proper
construction.

However, based on the described results, it will become increasingly difficult to
plan the raw material supply for both food crop-based and lignocellulosic biofuel
plants in the future. The increased frequency of extreme weather events, especially
droughts during the growing season, will increase the uncertainty of a sustainable
raw material supply. The consequence of the crop loss for biofuel production was
also manifested in the drought period of the year of 2007. Many of the planned bi-
oethanol plants at that time did not materialize. Although the climate in Hungary is
more favorable for corn production than it is in most countries in Western Europe,
Hungary’s yield is still below the average of many other EU countries. This is ac-
companied by the above-mentioned yield fluctuations. For example, in 2003 and
2007 less than 35-40% of corn was produced in Hungary compared to the national
average of in that decade. The same value was at most 18% in Austria and Germa-
ny [26]. The yield loss could be decreased in Hungary by using appropriate agricul-
tural technology. Furthermore, as a result of climate change, we can expect a rise in
temperature in Hungary, which may lead to a narrowing of the growing area of
rapeseed, which is a raw material for biodiesel production that prefers cooler, wet-
ter areas.

Increased use of forest and agricultural residues is necessary on the one hand to
avoid food conflicts and on the other hand to comply with legal requirements. For-
estry labor shortages make it increasingly difficult to harvest the forest residues.
Mechanization development would help alleviate this, but it would entail higher
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costs. Beyond forestry residues timber harvested by forced cutting is likely to be
used for energy purposes. The pyrolytic utilization of this material is aided by the
fact that the damaged wood can be harvested with relatively low moisture contents;
thus, instead of drying the wood, the energy can be used to produce heat and elec-
tricity, which improves the economy of the industry.

Agricultural by-products demonstrate high potential, but their low bulk density
makes transportation costly over long distances. In addition, the conversion rate of
agricultural by-products is also low. Extreme weather effects must be taken into
account when planning biofuel plants; these effects can increase the collection area
of agroresidues by up to 70% [37]. Meeting ecological needs (soil improvement)
doubles the base material footprint. Furthermore, agricultural by-products are also
used in animal husbandry. Harvesting and storing corn stalks with high moisture
content is still cumbersome. Nevertheless, according to the raw material footprint —
which is suitable for given the collection area — forest residues require higher raw
material collection for biofuel production with the same energy content. Moreover,
the risk of Indirect Land Use Change (ILUC) can be reduced with the use of agri-
cultural residues. Short rotation coppices (SRC) requires the smallest collection
area [37].

Overall, a large amount of useable residues is available for the supply of raw
material to potential lignocellulosic biofuel plants in Hungary. However, it must be
considered that for all forestry and agricultural lignocellulosic feedstocks, more
frequent plant protection activities should be conducted to mitigate effects of cli-
mate change threats. These activities will increase CO emissions as well as costs
through the use of machinery and the production of pesticides.

5. SUMMARY

The course of the survey in 2018 revealed that many agricultural by-products, es-
pecially corn stalk, are available for energy production purposes. However, the
harvesting and utilization of these by-products for biofuel production have not been
fully developed.

Climate change, together with the current operating and potential users, signifi-
cantly influences the locally usable amount of biomass. Hereby, the raw material
supply of a scheduled plant can be accomplished with longer transport distances.
Commercially operated decentralized technology primarily enables the utilization
of dendromass. Although harvesting of forest residues is still problematic, forestry
development in this direction is underway. Occasional biotic and abiotic damage
events in forests increase the amount of dendromass that can be used for energy
purposes.
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Abstract: Recently the mitigation of global warming and the circular economy have been
emphasized for providing sustainable development in the developed world. The reduction of
global warming first requires the use of all the renewable materials produced by nature and
secondly the recycling of all the materials after production and use. Tree bark is a byproduct
of forestry and its utilization has been only marginal. However, bark has many advantageous
properties. In a project to utilize waste, bark was investigated and viable utilization methods
were worked out. Tree bark can be a perfect raw material for production of thermal insulation
panels. The results show that 0.06 W/mK insulation value can be achieved, which is very
close to commercial available materials, but the economic balance is much better. The im-
provement of its properties can be done by different treatments which make it more resistant
to water uptake and thickness swelling. Bark has high porosity and the dry material has a
quite large inner surface with active molecules which can absorb significant amounts of vol-
atile organic molecules such as formaldehyde. The investigation shows that poplar bark can
absorb about 0.9 mg formaldehyde (HCHO)/g bark. This property provides another utiliza-
tion area for bark products. This article summarizes some of the possibilities and research
results related to tree bark.

Keywords: tree bark, thermal insulation, thermal treatment, formaldehyde absorption

1. INTRODUCTION

One of the main purposes of forestry is the cultivation of wood, which produces large
guantities of renewable raw materials each year. The worldwide annual production
of round wood is estimated at 3,591 million m3 [1]. On average, 10% of produced
round wood is bark. Even in the middle of the twentieth century, the disposal of huge
amounts of bark, which in most cases had been dumped in landfills, was a major
problem [2]. The amount of bark removed from the timber harvested in Hungarian
forests is 500-600,000 cubic meters annually [3].

Bark can take many forms, depending on the species, its age and other ecological
factors, and may be different in different parts of a tree [4—6]. The proportion of bark
to the tree body can be 5-28% [3, 7].

There has been a growing focus on the industrial use of bark in recent decades,
for better utilization of renewable materials and to avoid the waste of biological
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products such as cellulose and lignin besides other organic substances. Bark could
be an outstandingly important raw material because of its special chemical compo-
nents and unique structure.

Recently, the most frequently used insulation materials are artificial materials made
of non-renewable materials such as polystyrene, fiberglass, or glass wool. A low but
increasing ratio of renewables-based materials can be found on the market, most of
which use cellulose and other plant fibers for manufacturing insulation materials that
are environment friendly and renewable. This article summarizes the research results
on the production of bark-based insulating panels.

2. USE OF BARK AS THERMAL INSULATION BOARD

The use of bark as thermal insulation board is still in its early stages. However, la-
boratory results are outstanding in terms of thermal conductivity values and also for
embodied energy and recyclability. It is uncertain how the difficulties in lumbering
quality differences can be handled.

Some trees have a quite high resin and wax content, which is beneficial because no
glue is required when gluing boards together; it is enough to press them at high tem-
peratures. Thermal insulation boards are made with wood chips and bark, where the
bark content is usually 25% [8]. Kain et al. [9] made insulation boards out of Pinus
sylvestris cortex, creating comparatively light bark boards for thermal insulation. The
heat storage capacity was better than commonly known insulation materials.

Kain et al. [10] used spruce bark pieces as pressed panel from thermal insulation
while making insulation for a log wall on which winter temperatures were modeled,
and the temperature profile was simulated. Bark conducted heat more slowly than
other materials used for blowing, so it can be used as insulation material. Kain et al.
[11] made insulating boards using separated bark from Pinus sylvestris, Picea abies,
and Abies alba. They found that the heat and sound insulating properties were very
good, and the mechanical properties met the requirements of the standards. Further-
more, its formaldehyde emission was minimal. The bark of Larix decidua is suitable
for thermal insulation boards, which have relatively small coefficients of thermal
conductivity (0.065-0.09 W/mK) [12]. Moreover, the boards could be glued with
tannin resin, free from formaldehyde and artificial resins, so they are more environ-
mentally friendly.

Cryptomeria japonica is widely used in the construction industry in Japan, where
its bark (which is rich in fiber and long lasting) is separated. Experiments were made
on its thermal insulation properties in which it was coarsely and finely chopped, and
boards were made with expanded polystyrene foam. The coarse and fine chopping did
not make a difference, as the coefficients of thermal conductivity were 0.073 and 0.076
W/mK, respectively, in contrast with the 0.045 W/mK of the Styrofoam board [13].

In the following chapters, we will present three type of insulating panels made of
bark.
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2.1. Insulation panels and thermally modified bark

The thermal modification of wood is a well-known method of treatment. With heat
treatment, dimensional stability and resistance against wood degrading organisms
improves, while some strength properties decline [14]. Several variables affect the
results achieved during heat treatment, including tree species, chamber design, treat-
ment duration and temperature, an oxidative or neutral atmosphere or a mix, etc.
[15], [16], [17], [18].

Boards are heat treated mainly to reduce water uptake and thickness swelling.
Lehmann [19] treated chips at 204 °C for 15, 30, and 45 minutes and found that
particleboard dimensional stability increased slightly, but strength properties de-
creased. Tomek [20] studied the heat treatment (1-8 minutes; 230°-300 °C) of oak
chips. The water absorption (WA) and thickness swelling (TS) of the particleboard
made from the treated material was reduced; the modulus of rupture (MOR) in-
creased. Lee et al. [21] investigated the physical-mechanical properties of parti-
cleboard made from heat-treated rubber wood (Hevea brasiliensis (Willd. ex A.
Juss.) Miill.Arg.). Four different temperatures (50, 100, 150 or 200 °C) and three
different durations (one, two, or three hours) were investigated in dry and wet con-
ditions. The heat treatment of the particles improved the dimensional stability, but
mechanical properties decreased with the duration of the heat treatment. Ohlmeyer
& Lukowsky [22] investigated single-layer pine particleboard. The particles were
treated at 240 °C. The modification decreased the equilibrium moisture content
(EMC), the WA, and the TS. The internal bond (IB), the modulus of elasticity
(MOE), and the MOR of the particleboard decreased as well. Mendes et al. [23]
compared the effect of thermal pre-treatment of strand-type particles on the physical-
mechanical properties of Oriented Strand Board (OSB) panels produced from Pinus
taeda L. The particles were treated at 200 °C and 240 °C. Thermal treatment of par-
ticles at 200 °C negatively affected the physical and mechanical properties of the
control panels, while thermal treatment at 240 °C significantly improved the physical
properties and weakened the mechanical properties. Paul et al. [24] examined the
physical and mechanical properties of OSBs made from Scots pine (Pinus sylvestris
L.) chips treated at 220 °C and 240 °C for 30 minutes, which resulted in decreased
thickness swelling and increased dimensional stability. The pre-treatment left the
internal bond strength unaffected and greatly reduced its bending properties (MOE,
MOR). Boonstra et al. [25] investigated a two-stage steam pre-treatment (with tem-
peratures below 200 °C) of particleboard made of Norway spruce (Picea abies (L.)
H. Karst.) and Scots pine (Pinus sylvestris L.) chips. The WA and TS decreased, as
did the IB. Kwon & Ayrilmis [26] investigated the physical and mechanical proper-
ties of flakeboard made of heat-treated flakes (at 150, 170 and 190 °C; 2 hours). The
TS, WA, MOR, MOE decreased as temperature increased, while 1B strength in-
creased.

Sometimes thermal post-treatment was used, but steam injection and post-treat-
ment only work with isocyanate, phenol-melamine-urea-formaldehyde (PMUF),
melamine-urea-formaldehyde (MUF), and phenol-formaldehyde adhesives [25]. The
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swelling of the heat-treated particleboard decreased in tests by Ernst [27]. Suchsland
& Enlow [28] reduced the swelling with one to two hours of heat treatment at 218 °C,
and the mechanical properties of phenolic bonded particleboard were not adversely
affected. Menezzi & Tomaselli [29] examined the effect of thermal post-treatment on
OSB dimensional stability. The thermal treatment was effective and reduced the TS,
EMC, but did not affect WA. The longer the treatment, the better the dimensional sta-
bility became. Oliveira et al. [30] evaluated the effect of post-heat treatment on the
physical and mechanical properties of MDF panels. The dimensional stability of the
MDF increased, but all the thermally treated panels revealed a significant decrease in
their MOR and MOE. Ayrilmis et al. [31] also examined the thermal post-treatment of
MDF. The heat treatment improved the TS, but WA and linear expansion properties
were adversely affected. The MOR and MOE values decreased with increasing tem-
perature. Another study by H’ng et al. [32] investigated post-heat treated particleboard
made of rubber wood (Hevea brasiliensis (Willd. ex A.Juss.) Miill.Arg.) in a labora-
tory press at 100, 150, and 180 °C for 90, 180, and 270 seconds. The thermal treatment
reduced the TS, but the WA was not affected.

Thermal conductivity also decreases with thermal treatment [33, 34, 35]. Sekino
& Yamaguchi [36] reduced the thermal conductivity of their insulation panels made
of wood shavings by carbonizing the wood material. Similar processes can occur
during heat treatment, as the structure and the composition of the wood and bark are
similar, but not the same.

According to Pasztory et al. [37], the thermal conductivity (0.067 W/mK) of pop-
lar bark panels lies in the middle of the heat conducting range of other wood-based
panels (0.05-0.08 W/mK). The thermal conductivity of these insulation panels made
of bark can be reduced by heat treatment. By treating the particles with one hour of
heat before the panels are manufactured, the thermal conductivity of a panel — at the
same density — decreased to 0.064 W/mK. In fact, after three hours of treatment, the
thermal conductivity of a panel with a density of about 5% is the same as that of the
control panel (0.067 W/mK). That is, by heat treating the particles prior to panel
production, the thermal insulation properties of the panels can be improved. A big
problem with natural thermal insulation materials is that their moisture content
changes in parallel with atmospheric humidity, which strongly influences heat con-
duction. Pre-manufacturing heat treatment of the raw material bark changes its
chemical structure, thus decreasing the water absorption and swelling of the manu-
factured panels [34].

2.2. Density optimization

There are several factors influencing the thermal conductivity values of wood-based
materials, of which temperature, moisture, and density are the most crucial parame-
ters. Researchers generally agree that thermal conductivity increases proportionally
as a function of temperature, moisture content and density [38]. It is reported in [39]
that the thermal conductivity values of wood and wood-based materials increases
linearly with rising density in the range of 200 to 800 kg/m3. Thus, in the building
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supply market, low density fiberboards or softboards are usually commercially avail-
able as thermal insulation materials. According to the EN 316 standard, low-density
fiberboards are porous panels having a density between 230 and 400 kg/m? [40].

In addition, it is known that density has a significant positive influence on the
mechanical performance of wood-based panels, since it is acknowledged that the
higher the density the stronger the mechanical properties are [12]. Even though me-
chanical behavior is not a priority for insulation, and panels with lower mechanical
properties can be used as insulating materials in buildings [41], wood panels should
withstand a minimum performance during their handling, installation and mainte-
nance as thermal insulation panels.

In an experiment of Pasztory et al. [42], bark particleboards were formatted ac-
cording to a defined initial weight and target densities, at 20 mm thickness. However,
possibly due to inhomogeneities of bark particles during the manual process or their
compression during the hot press, the boards with a target density of 350 kg/m?®had
a mean density value of 387.57 kg/m?®, 10.73% higher than expected. As expected,
the thermal conductivity values as well as the static bending properties and internal
bonding of the experimental panels were significantly increased by raising the den-
sity of bark from 250 kg/m? to 350 kg/m®. The panels with mean thermal conductiv-
ity values of 250, 300 and 350 kg/m®were calculated to be 0.059 W/mK, 0.063
W/mK and 0.079 W/mK, respectively. In the literature the thermal conductivity val-
ues were within the range of 0.06 W/mK up to 0.10W/mK, when comparing them to
the thermal conductivity of other insulation panels made from wood or agricultural
residues (bio-resources).

2.3. Formaldehyde adsorption

An indoor air-pollution problem of volatile organic compounds (VOC) like formal-
dehyde (HCHO) has arisen, with over 500 VOC having been detected [43, 44]. Car-
bon nitride nanotubes have been studied to adsorb formaldehyde with activated car-
bon and various inorganic porous materials, [45], [46], [47]. Extracts of bark are
examined in the literature [48, 49, 50, 51], although there are only a few research
studies focusing on the HCHO adsorption of bark itself [52], [53]. However, it was
shown that using bark even as a bio-indicator can be advantageous, since it can ad-
sorb gases from the air [54, 55, 56]. Numerous tree species such as oaks (Quercus
sp.), elm (Ulmus sp.), willow (Salix sp.), poplar (Populus sp.), ash (Fraxinus sp.),
maple (Acer sp.), lime (Tilia sp.), pine (Pinus sp.), yew (Taxus baccata L.), black
locust (Robinia pseudoacacia L.), olive tree (Olea europea L.), cedar (Cedrus atlan-
tica Endl.), cypress (Cupressus sempervirens L.), and eucalyptus (Eucalyptus sp.),
among others, have been used to detect contaminants adsorbed from the air [57].
Among them, poplar bark is also useful for detecting pollutants through adsorption
[58]. Due to its unique structure, its porous nature and the high extract content, bark
can be a promising adsorbent material. Suberin and condensed tannins are important
constituents of tree bark, but there are several other types of substrate materials in
bark (in different proportions), such as waxes, terpenes, flavonoids, and alkaloids
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[59, 60, 61, 62, 63]. Tannin in bark, having different types of flavan-3-ol units
[64][65], can react with formaldehyde vapor [66, 67].

According to our measurements Pannonia (Populus Euramenricana) poplar bark
can adsorb 0.9 mg/g of formaldehyde. Formaldehyde emissions of an uncontami-
nated bark sample were also investigated by Pasztory et al. [68], and 0.0036 mg/g
was measured, which is significantly lower than that of the adsorbed amount of for-
maldehyde. Consequently, poplar bark can be used as a formaldehyde absorber when
built into materials such as boards glued together by formaldehyde adhesives.

3. CONCLUSIONS

Tree bark is produced in high amounts worldwide by forestry and this by-product
has not been widely used. This literature review investigated some tree bark species
for different uses and showed a good potential for using them. Some of the possible
treatments and applications are listed below.

e Thermal insulation panels were produced with different density and different
treatments, and the results show the potential for a successful bio-product that
can be competitive on the market.

¢ By means of different treatment the properties of bark particles and panels can
be improved, according the optimized parameters of the product. By thermal
treatment at 200 °C or higher the thermal conductivity of the panel will de-
crease and also other physical parameters will become more advantageous.

e A special utilization possibility for tree bark is usage as an absorbent. The
investigated poplar bark was able to absorb significant amount of formalde-
hyde from the atmosphere and thus cleaned the air.

These utilizations are only possible examples and further investigation is needed for
exploring wider utilizations of this versatile material produced by nature.
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Abstract: Titanium dioxide (TiO) is a widespread photocatalytic material for water treat-
ment and can be found in three different crystalline structures: rutile, anatase and brookite.
Rutile is thermodynamically stable, and its mineral version can be used as a promising pho-
tocatalyst for the decomposition of organic pollutants. These materials are relatively cheap
and are easy to obtain. Nanoground natural rutile samples were used for photocatalytic deg-
radation of ibuprofen and phenol under visible light and UV irradiation. The natural rutile
samples were characterized using X-ray diffraction (XRD), Raman spectroscopy, and X-ray
fluorescence spectroscopy (XRF). The results showed that 33% ibuprofen and phenol was
photodegraded after 22 h visible-light irradiation. It was found that sample Rutile_180 (180
minutes grinding time) was the most efficient catalyst under visible-light irradiation. Inter-
estingly, this sample contained particles in the size groups of >1 pm, 0.5-1 um and <0.5
um, in order of frequency.

Keywords: rutile, photocatalysis, grinding, water treatment

1. STATE OF ART

Rutile is a naturally occurring titanium dioxide (TiO2) polymorph and can be found
in three different crystalline structures: stable rutile (tetragonal), metastable anatase
(tetragonal) and brookite (orthorhombic). Anatase transforms irreversibly to rutile at
elevated temperatures. This transformation does not have an exact crystallisation
temperature; usually the process occurs at 600 C [1], although the temperature value
can vary from 400 to 1,200 °C [2-4]. Rutile can contain several elements that can
substitute Ti, for example: Al, V, Fe, Cr, Hf, W, V, Ta, Sn, Sb [5-7]. TiO; has at-
tracted attention for various application such as photocatalysis, sensor devices, pig-
ments, dye-sensitized solar cells, cosmetics and protective coatings [8] and has
some applications in the earth sciences [6].



218 Almadsi, E. E. — Pap, Zs. — Radcz, A. — Bohdcs, K. — Mucsi, G. — Rdakhely, G.

Numerous publications are available in which the applied TiO, degraded organ-
ic contaminants such as pesticides [9, 10], herbicides (loannis K. Konstantinou et
al. 2000; Mehrabadi & Faghihian 2019), phenol [13, 14], or pharmaceuticals (e.g.
paracetamol, diclofenac, ibuprofen) [15, 16]. Phenol is a crystalline substance that
is colorless at room temperature, has hygroscopic properties, and is soluble in wa-
ter and slightly in organic solvents. This compound can be found in surface waters
or in ground waters [17]. Many industries rely on phenol and phenolic compounds;
therefore, these organic materials are often found in different wastewaters.

Pharmaceutical compounds have been found in many types of environmental
matrices, including groundwater, surface water, wastewaters, and even drinking
water [19]. Pharmaceuticals, including ibuprofen, are persistent in the environment,
where they are observed in part due to the limited efficiency of current wastewater
treatment [20]. Ibuprofen, a non-steroidal anti-inflammatory drug, is one of the
most frequently used active pharmaceutical ingredients worldwide, especially pre-
scribed for the treatment of arthritis and for toothaches, muscle aches, migraine,
fever, and painful menstrual periods [21].

°  Rutile Anatase

Figure 1
Crystal structure of TiO, polymorphs (Haggerty et al. 2017)

Brookite

In the aquatic environment pharmaceutical residue presents at low levels and its
continuous input into the environment has been found to impact a wide range of
aquatic species in terms of abnormal development, lack of metamorphosis, and ir-
regular behavior and reproduction [22, 23].

In the present work, natural rutile samples with different grinding times were
investigated by different methods [Raman spectroscopy, X-ray diffraction (XRD),
X-ray fluorescence (XRF)] and their photocatalytic properties were examined un-
der visible and UV light.

2. CHARACTERIZATION

In rutile and anatase structures, the basic building block consists of a titanium atom
surrounded by 6 oxygen atoms in a distorted octahedral configuration. Oxygen at-
oms at the apices of the octahedron and the two bonds between titanium are slight-
ly longer.
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2.1. Rutile

Rutile has a tetragonal unit cell (a =b =4.584 A and ¢ = 2.953 A [24]). The coor-
dination number of titanium is 6, surrounded by an octahedron containing 6 oxygen
atoms. The usual color of this mineral is brown, reddish brown, red, blood red,
brownish yellow, pale blue and sometimes violet. The crystal habitat is prismatic or
acicular, elongated and striated parallel to [001]. The cleavage alongside [110] is
good, for [100] is moderate, while the clevage is is possible also at [092] and [011].
Hardness shown on the Mohs scale is 6.0-6.5. Rutile is a heavy mineral, with a
density of 4.23 g-cm™, but density can range up to 5.50 g-cm= [25]. Associated
minerals in nature are hematite (Fe;Os), muscovite KAI>(AISiz010)(OH), (quartz
(SiOy), anatase (TiO,), barite (BaSOa), orthoclase (KAISi;Os), calcite (CaCOs),
ilmenite (FeTiOs), siderite (FeCOs), and brookite (TiO,). Rutile and anatase have
the same symmetry despite having different structures. The TiOg octahedrons are
organized into a four-fold symmetry in rutile, while in anatase, the octahedrons are
connected at the four edges.

3. OCCURENCE

Rutile is an accessory mineral in igneous rocks (it appears in mantle xenoliths and
meteorites) and metamorphic rocks and — being a stable heavy mineral — it occurs
also in sedimentary rocks [6]. Rutile is a common accessory mineral in plutonic ig-
neous rocks, and it was detected in deep mantle sources such as kimberlites [26],
pegmatites [27] and laproites [28]. It also appears in xenoliths of metasomatized per-
idotites [29], granitic rocks [30] and metallic ore deposits [31]. Rutile is mainly
formed during high medium-grade metamorphic processes [32], but it can also ap-
pear in low-grade metamorphic rocks [33]. Large specimens of rutile crystals were
found in pegmatites [34] such as granite greisen [35] and skarns [36]. Rutile has also
been found in some altered igneous rocks (gneisen, schists) as accessory minerals.

In the Carpathian region, rutile is omnipresent, such as in the chloritic schists of
the Tulghes epimetamorphic series in the Corbu and Borsec region. The rutile crys-
tals found in these regions were oriented intergrowths and organized in acicular ag-
gregates [37]. In the Ditrau Alkaline Massif, the Jolotca deposits, rutile is present in
the ore-forming phase mainly bound to ilmenite. The typical forms in this case are
grey prismatic crystals of 1-2 cm or in disseminated state [38, 39]. In the Caliman
Caldera of the silicified rocks rutile was observed in the miscroscopic form as bi-
pyramidal and acicular crystals together with cassiterite [40]. In the miarolitic cavi-
ties of basalt at Racos, rutile was observed as 0.5 mm size acicular crystals [41].

In Hungary, rutile is an accessory mineral of migmatites, sedimentary (placers,
bauxite, sand) and metamorphic rocks. Rutile appears as black prismatic crystals in
siliceous rocks at Fony in Tokaj Mountains. In the Mecsek Mountains at Ofalu,
rutile appears in quartz veins of metamorphic rocks as black to reddish brown co-
lumnar crystals.[42].
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4. APPLICATIONS OF T10;

Titanium dioxide has several applications, one of which is photocatalysis. This in-
cludes sterilization [43], water splitting [44], air purification [45] and pollutant deg-
radation as well [2,46]. Titania itself is relatively cheap with high oxidation capaci-
ty; it is considered photostable, non-toxic and widely available. TiO, has been
widely used in paper and cosmetic products (Lu et al. 2015), pigment in paints
[48], as well as high-tech applications such as solar cells [49], biomedical devices
[50] and semiconductors [51]. Rutile has some application in the earth sciences:
rutile contains Nb, Ta and other HFSE (high-field-strength elements) , which ele-
ments are widely used as geochemical fingerprints of geological processes: subduc-
tion-zone metamorphic and magma evolution [52]; rutile’s Fe content has a meta-
morphic origin indicator, because metamorphic rutile contains mostly >1000 ppm
Fe (Gomathi Thanga Keerthana et al. 2018; Zack et al. 2004a). The partitioning of
zirconium (Zr) into zircon or other Zr-rich phases with rutile has a strong depend-
ence on temperature (Zack, et al. 2004b).

Interestingly, natural rutile has already proven to work as a photocatalyst, and
has been used for the degradation of different pollutants under visible light: meth-
ylene blue [56, 57], methyl orange [58], indigo carmine [59], halohydrocarbons
(Lu et al. 2004), phenol [61], etc.

5. T1O, SYNTHESIS

To obtain titania nanoparticles several different methods have been reported in the
literature, such as hydrothermal crystallization [53, 62] or solvothermal crystalliza-
tion [63, 64], sol-gel [65-67], direct oxidation [68, 69], precipitation [70, 71],
thermal decomposition [72, 73], chemical vapor deposition [74, 75], hydrolysis
[76, 77], a sonochemical method [78, 79], micelle and inverse micelle based meth-
ods [80, 81], ball milling [82, 83], spray pyrolysis [84,85], and microwave induced
crystallization [86-88]. The production of TiO, nanoparticles from natural rutile
mineral has also been attempted using spray pyrolysis and sonication [89], sol-gel
methods and ball milling [90].

6. STRATEGY OF T10; MODIFICATIONS

Large number of publications have focused on TiO, modification in order to en-
hance its photocatalytic properties [91]. Three essential TiO, modification strate-
gies have been applied:

1. doping with non-metal and metal elements, to enhance light absorption and
to prevent recombination of electrons and holes;

2. creating composites with other conductors and semiconductors to form a
heterostructure that provides suitable energy levels for synergic light absorp-
tion for enhanced utilization of solar energy;

3. loading metal nanoparticles (Au, Ag, Pt, Pd, etc) to act as a surface plasmon
resonance photosensitizer for driving visible light [92].
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7. MATERIALS

Natural rutile (TiO.) from Brazil was used as the raw starting material (Figure 1A).
The rutile is deep grey in color with submetallic luster and its grain size values
were between 3 and 5 cm. The crystals were short prismatic ones. Cracks were ob-
served on the rutile crystals’ surface and also brownish iron (111) oxide, which was
removed using oxalic acid aqueous solution. The photocatalytic efficiencies were
determined using the aqueous solution of phenol (Spectrum 3D, analytical grade)
and ibuprofen (Fluka, >99.0% purity) as water contaminant.

8. METHODS AND INSTRUMENTATION
8.1. Grinding methods

In the first step the rutile samples were ground under 106 um in a Retsch planetary
ball mill and designated as sample Rutile-000. This was used as a feed for the
nanogrinding. For the natural rutile grinding a stirred media mill (Netzsch MiniCer,
Netzsch GmbH, Germany) was used in continuous closed-circuit mode. The liners
of the grinding chamber and the stirrer rotors were made of ZrO (zirconia). The
circumferential tip speed of the rotor was set at a constant 9.3 ms™ consequently
during the experiments. Yttrium-stabilized zirconium oxide (ZY Premium, Sig-
mund, and Lindner, Germany) grinding media was applied during grinding. The
filling ratio of grinding ball in the milling chamber was 70 v/v%. Mass concentra-
tion of the suspension was 0.2 m/m%. Samples were taken after 30, 60, 150, 180,
240- and 300-min grinding time (the samples were coded based on the grinding
times, e.g. Rutile-030 denotes the sample milled for 30 minutes). Up to 180 min
grinding time 0.8-1.0 mm grinding media was used, then it was changed to a
smaller one (0.6-0.8 mm) for more effective grinding. Suspension samples were
taken from the outflow of the pipe in which the suspension re-enters the stirrer ves-
sel. The volumetric flow rate of the pump was 2.5¢"% m3s. The power draw of the
mill was measured by the Netzsch measuring system, and data were registered in
the computer. In this way, the specific grinding energy could be calculated.

The rutile particle size, microstructure and the morphology were analyzed by
cold field-emission scanning electron microscope (SEM), Hitachi S-4700 Type Il
(accelerating voltage: 10 kV). The samples for SEM measurements were attached
to a carbon adhesive pad, which was fixed to an aluminum sample holder.

The rutile mean primary crystallite size values and crystal phase identification
were determined by a Rigaku MiniFlex Il diffractometer equipped with a graphite
monochromator and functioning with Cu-K, radiation (A = 0.15406 nm, 30 kV, 15
mA). The scanning speed was 1(20°) min~t. The XRD measurements were record-
ed in the 26° range from 20°-40°. The mean primary crystal size values were cal-
culated using the Scherrer equation.

The rutile crystalline structure was determined by Thermo Scientific DXR con-
focal Raman microscope, equipped with a diode-pumped frequency-doubled
Nd:YAG laser (532 nm laser, 8 mW laser power, 10X objective lens, spot size of
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approximately 1 um). The acquired spectra were recorded at 2 cm, while a 25 ym
pinhole confocal aperture was used for each measurement.

Rutile |

Rutile_240

by

Figure 2
Photographs of the short prismatic rutile crystal and scanning electron
micrographs of the samples obtained at different milling times
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The trace element content of the samples was measured with a Horiba Jobin Yvon
XGT-5000 X-ray fluorescent spectrometer, equipped with Rh X-ray source. The
records were made at 30 kV excitation voltage, 0.5 mA anode current and 1000 s
measuring time.

The specific surface areas of the grinding rutile were determined by nitrogen
adsorption at 77K, using a BELCAT-A device. The specific surface area was cal-
culated via the BET method.

The photocatalytic activity of the natural rutile was determined by the photo-
degradation of the ibuprofen and phenol under visible light and UV irradiation. 100
mL of the photocatalyst dispersion (Cruile = 1.0 g/L) containing ibuprofen (Cibuprofen
= 0.1mM) or phenol (Cphenot = 0.1mM) was used in the experiments. The photoreac-
tor used for the visible light experiments is an open glass tube with double walls,
surrounded by thermostating jacket maintained at 25.0 °C (Power Star HCI-TC
75W/WDL type) with a NaNO; solution (1 M, in a thermostating jacket absorbing
UV photons (A < 400 nm). The UV photoreactor was irradiated by six fluorescent
lamps (Vilber-Lourmat T-6L UV-A, 6 W power, radiation maximum at 365 nm).
Prior to the photocatalytic experiments the suspensions were sonicated in the dark
for 15 min, and then vigorously stirred by a magnetic stirrer during the measure-
ments. Dissolved oxygen concentration was maintained constant by bubbling air
through the reactor. 1.5 mL samples were taken out a specific time (0, 10, 20, 30,
40, 50, 60, 80, 100, 120, 180, 240, 300, 360, 420 and 1320 min), and was centri-
fuged for 3 min (at 13,400 rpm) and filtered with a 0.2 um Whatman Anotop Sy-
ringe Filter.

The ibuprofen concentration was determined by an Agilent 8453 UV-Vis
spectrophotometer and the detection wavelength was A = 222 nm using a 0.2 cm
Cuvette.

The phenol concentration change was determined with High Performance Lig-
uid Chromatography (Merck-Hitachi L-7100 low-pressure gradient pump equipped
with a Merck-Hitachi L-4250 UV-Vis detector and a Lichrospher RP 18 column)
applied as eluent methanol/water mixture (50:50). Detection wavelength for phenol
was at A=210 nm.

9. MORPHO-STRUCTURAL PROPERTIES

The first step in the characterization of the rutile was to determine the crystal phas-
es and particle size. The XRD patterns of the rutile samples (Figure 3) suggested a
clear presence of rutile (TiO2, JCPDS card No. 00-900-1681 and 900-4141): dif-
fraction peaks located at 27.44°, 36.08°, 39.20°, corresponded to the (110), (101)
and (200) crystallographic planes.

The morphology and the crystal size of ground rutile is shown in Figure 1B-H.
The surface of rutile particles was smooth. The particle size of the ground rutile
samples was heterogeneous in each case. After 300 min grinding the rutile sample
showed homogenous polyhedral particles. The SEM micrographs showed the de-
creasing rutile crystal size with the increase in grinding energy.
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In the starting sample (Rutile_000) the following fractions were identified: >3
um, 2.5-3 um, 2-2.5 pm, 1.5-2 um, 1-1.5 um, 0.5-1 pm and < 0.5 pm sized par-
ticles. The prolongment of the grinding time was simultaneous with the decrease of
the rutile crystal size as well. The duration of milling processes the number of < 0.5
um sized particles increased. The particle size values of ground rutile (Table 1) are
in good agreement with the crystallite sizes determined by the Scherrer equation
[93]. Raman spectra of the rutile samples (Figure 4) shows typical peaks of rutile
at 247, 447 and 612 cm™?, reinforcing the XRD results.

After the simple ball milling, the average crystal size was 136.06 um, while af-
ter the application of stirred media mill, the primary crystallite size significantly
decreased with the grinding time. After 30 minutes the primary crystallite size of
natural rutile was 53.76 nm, while after 300 minutes the primary crystallite size
was decrease to 20.10 nm.
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Figure 3

The XRD patterns of the rutile samples obtained
after specific grinding times

Elemental doping is an effective strategy to tune the band gap of TiO; [94]. The
doping elements used for TiO, were non-metal elements as well, such as N, S, C,
B, P, I, F, and metal-ions (dominantly transition metals): Cu, Co, Ni, Cr, Mn, Mo,
Nb, V, Fe etc. [95-97]. These elements can enhance the photocatalytic activity [98,
99], although not in every case [100]. Among the positive results Fe** and V and in
the natural rutile under visible light irradiation induced good photocatalytic activi-
ties [56, 58, 60].
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The investigated natural ground rutile samples (Rutile-180) showed larger quan-
tities of the elements Hf (4165 ppm), Nb (2475 ppm), Nd (1092 ppm), Zr (57630
ppm) and W (230 ppm). The other rutile sample, which received the highest
amount of grinding energy, Rutile_300, showed lower quantities of trace elements,
which were previously mentioned Hf (1487 ppm), Nb (506 ppm), Nd (506 ppm),
Zr (19210 ppm). These changes may have several reasons, including slow dissolu-
tion in water during the grinding process. The elements listed here are usually con-
comitantly present with Ti, therefore their appearance is not surprising. The list of
other elements is given in Table 2.

Table 1
The primary crystallite size, band gaps and specific surface areas
of the investigated rutile samples

Median Prima- Ibu- rs;g:zgllaized Surface
Grind- crystal r Specific rofen degradation Phenol normalized
o size (um) y surface P 9 degra- degradation
Sample Ing time from SEM c_ryst_al- area deg_ra- _rate of dation rate of phe-
(min) micro- lite size (Mg dation ibupropfen (%) nol(mM/m?)
oraph (nm) @) | (mW/m?) 105
-10°
Rutile_000 0 1.9 132.0 1 - 9.8 983.6
Rutile_030 30 0.9 53.8 11 16.2 7.61 13.0 118.3
Rutile_060 60 0.8 44.1 20 - 16.2 81.2
Rutile_150 150 0.7 31.3 41 — 14.0 34.1
Rutile_180 180 0.7 314 49 31.2 1.40 33.1 67.6
Rutile_240 240 0.6 25.3 59 — 114 19.4
Rutile_300 300 0.5 20.1 80 32.6 0.84 12.1 15.1

The specific surface area of ground rutile is 1, 11, 20, 41, 49, 59, 80 m2g* (Table
1). It can be observed that the specific surface area of the ground rutile increases
with a decrease in particle size; during the milling processes the external surface
area increased.

Table 2
Trace elements concentrations of ground natural rutile samples, XRF analysis
. Sample name
Trace elements concentrations (ppm) Rutl 180 Rutil 300
Ti (%) 87.45 90.19
Zr (%) 5.76 1.92
Cu 71 64
Hf 4,165 1,487
Nb 2,475 506
Nd 1,092 506
Ta 164 106
U 74 54
w 230 174
Zn 48 0
LOI (%) 6.71 6.93

LOI - Loss on ignition
*the high amount originates from the milling processes
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Figure 4
Raman spectra of the ground natural rutile samples

10. THE PHOTOCATALYTIC ACTIVITY OF GROUND RUTILE

The degradation efficiency of phenol with ground natural rutile was less than 35%.
Additionally, with the HPLC method, two main oxidation byproducts of phenol
(hydroquinone and pyrocatechol) were detected. Interestingly, the sample which
was pre-ground showed 10% phenol degradation. This suggested that the specific
surface area also influences the photoactivity of the samples. Therefore, the specif-
ic surface area values were measured and the surface normalized photoactivity was
also evaluated. The surface normalized photocatalytic activity of phenol decreased
with increased nanomilling duration (Figure 5).

The sample, that received planetary ball-milling, Rutile_000, shows higher
(983.6-:10° mM/m?) activity than sample Rutile_300 (19.4-10° mM/m?), which has
the most grinding time. Surface normalized activity can be a good indicator of sur-
face quality; however, in real applications the absolute activity is considered. The
best samples for visible light phenol degradation were: Rutile_60, Rutile_180 and
Rutile_300. Three samples were chosen from the grinding series (Rutile_30, Ru-
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tile_180 and Rutile_300) to evaluate their photoactivity towards a real pollutant,
ibuprofen. Every elected sample showed photocatalytic activity under visible light
degradation. The highest ibuprofen degradation was shown by Rutile_300 (32.6%),
while Rutile_30 achieved only 16.2%. The photocatalytic activity to ibuprofen in-
creased with the grinding time, namely with the particle size. This trend towards
higher activity and lower particle size was already described in the literature [101].
The natural rutile samples did not show detectable photocatalytic activity in UV for
phenol and ibuprofen.
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*Rutile_000 - 1.9 um (average crystal size)
°
c
2 i
S 08
—
o
=}
o
= 0.6 1
2
S
g £
8204
_—
S
E
5 024
c Rutile_030 i
8 | Rutlle_060 ] Rutile_180
£ . . Rutile_150 I:I Rutile_240 Rutile_300
>
» 0.0 -
Primary crystallite size (nm)

Figure 5
The surface normalized degradation rate of phenol
from the ground natural rutile samples

11. CONCLUSION

The photocatalytic efficiency of ground natural rutile was investigated by perform-
ing photocatalytic degradation of phenol and ibuprofen under visible light/UV
light. The rutile mineral was ground for 30, 60, 150, 180, 240, or 300 minutes. The
milling processes changed the morpho-structural properties and photocatalytic ac-
tivity as well. The ground natural rutile samples did not show any activity under
UV light. The most efficient sample under visible light irradiation was Rutile_180,
which degraded 33.1% of the phenol and 31.2% of the ibuprofen. The results of the
present study show that ground natural rutile samples exhibited good photocatalytic
activity under visible light irradiation.
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Abstract: Among the novel water treatment technologies, photocatalysis is one of the most
prominent ones, where natural minerals have a high potential of applicability. In the present
work nano ground, natural cuprite minerals properties were investigated, including morpho-
logical and structural peculiarities. Cuprite nanoparticles were obtained by wet stirring media
milling. The samples were characterized using X-ray diffraction (XRD), Raman spectros-
copy and scanning electron microscopy. During the grinding processes, the particle size and
distribution were changed and the structure of the cuprite was also modified.

Keywords: wastewater, photocatalysis, wet milling, cuprite, nanomineral

1. INTRODUCTION

Nanotechnology generally refers to the fields of technology and sciences, and its
general principle is to control properties of the material at the molecular and atomic
scale. Nanoparticles become more reactive as the particles’ size decreases; the ratio
of its surface area to volume increases dramatically, thereby increasing the amount
of available surface for chemical reactions (Plathe 2013). Nanominerals are a partic-
ular class of minerals, as they are rarely applied in nanotechnology (when they are,
only in the form of composite systems with other materials). Mineral nanoparticles
are minerals that exist in the nanorange. Although it is likely that many nano miner-
als are yet to be discovered, presumably the vast majority of them can exist as both
mineral nanoparticles and the same mineral in the bulk state (Hochella et al. 2008).
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The reactivity of these nanoparticles may be exploited in catalytic/ photocatalytic
reactions in non-conventional water purification processes. The most commonly
used method for nanoparticle production is wet stirring media milling, which could
produce dso < 0.5 um ground materials [1].

Semiconducting minerals are unique, while this class of minerals is widely dis-
tributed in nature [2]. They affect and control redox-based biochemical and geo-
chemical processes in nature, participate in near-surface geological processes (e.g.
the formation of prebiotic organic molecules [3]). On Earth, hundreds of semicon-
ductor minerals are available, which mainly belong to two mineral groups: sulfides
(e.g. sphalerite (ZnS), pyrite (FeS,), covellite (CuS)) and oxides (e.g. cuprite (CuSy),
rutile (TiO,), hematite (Fe203)). These natural semiconducting minerals have the po-
tential to be applied in environmental water treatment processes as efficient photo-
catalysts™. In the present study we investigate the impact of different grinding times
on natural cuprite samples by analyzing their morphology and structure changes
(scanning electron microscopy, X-ray diffraction (XRD), Raman spectroscopy), and
their photocatalytic activity using salicylic acid under UV light irradiation.

2. CHARACTERIZATION

Cuprite (Cu0) is an oxide mineral, named from the Latin word for “copper,” cu-
prum, referring to the copper content of the mineral. Cuprite is a dark crystal with
internal reflection. Its crystal system is cubic, hexoctahedral, while it appears in oc-
tahedral or cubic dodecahedral form or in a combination form. The unit cell param-
eters are a =b = c=4.27 A [4]. The hardness of the mineral on the Mohs scale: 3.5—
4, and its density is 6.1 g-cm™. Cuprite is a secondary mineral, appearing in the oxi-
dized zone of copper sulfide deposits. Association minerals are usually azurite
(Cu3(CO3)2(0OH)2), malachite (Cu2COs(OH).), native cooper (Cu), wiistite (FeO),
magnetite (FesOs), hematite (Fe2Os) and limonite (FeO-nH:0). Its color varies from
red to deep red and sometimes almost black, while showing cleavage in four direc-
tions of the forming octahedrons. Sometimes cuprite crystals transform entirely or
partially to malachite and rarely to elemental copper. It should be mentioned that
Cu20is unstable to oxidation, forming CuO.

3. OCCURRENCE

Cuprite occurs in the upper part of copper-bearing lodes and has a secondary origin,
being produced by the alteration of copper sulfides. Cuprite can be found in the Altai
Mountains, Ural Mountains and Sardinia, and in more isolated locations in Arizona,
Bolivia, Chile, France and Namibia.

Cuprite occurs in the Carpathian region at Balan (Romania), in the oxidation zone
of the deposits, as massive aggregates, veinlets and fine-grained masses together
with limonite [5]. In the marginal zones, it is frequently transformed into malachite
[6]. In the Sarmanului Valley, Varghis cuprite was found in metabasites, and it is a
secondary mineral accompanied by azurite and malachite [6]. In Hungary cuprite is
a frequent mineral in a Cu-bearing ore deposit’s oxidation zone, together with
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copper, malachite and azurite, e.g. at Martonyi, Patka, Pécs, Szabadbattyan, and
Rudabanya. Various habits of cuprite crystals were found in the oxidation zone at
Rudabénya:
a. on the surface of copper aggregates, frequently found as small cuprite crystals
b. attending large crystals (up to 4-5 cm) well developed rhombic dodecahedral
and octahedral and sometimes altered to malachite [7].

4. APPLICABILITY OF CUPRITE

Cu20 (cuprite) is a semiconductor with a direct bandgap and with promising appli-
cations in solar cells [8], lithium batteries [9], spintronics [10], supercapacitors [11],
gas sensors [12], electrochemical sensors [13], photodetectors [14], superhydropho-
bic surfaces [15], field emission surfaces [16], and photocatalysts ([17,18].

5. SYNTHESIS

The literature has already described several methods for the synthesis of Cu,O struc-
tures/nanoparticles/thin films (Table 1). In these techniques, usually liquid-based
chemistry is applied, because this technique is simple to execute, with low costs and
not especially time consuming [19].
Table 1
Different methods for the synthesis of Cu,O nanostructures

Methods Nanostructure References
Activated reactive nanocrystalline

- . [20]
evaporation thin films
Laser ablation nanoparticles [21]
Liquid phase synthesis nanoparticles [22]

. . nanoparticles

Microemulsion thin films [23]
Microwave radiation nanopatrticles [24]
Potentiostatistic nanowires [25]
deposition (reduction)
Sono-chemical nanoparticles [26]
Spray pyrolysis nanoparticles [27]

Thermal oxidation thin films [28]
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6. MATERIALS

Natural cuprite (CuO,) from Rudabanya (Hungary) was used as the raw starting ma-
terial. The cuprite sample was black, and the crystal size was 3 cm with octahedral
geometry (Figure 1A).

7. EXPERIMENTS

Grinding experiments were carried out in a stirred media mill (Netzsch MiniCer,
Netzsch GmbH, Germany) in continuous closed-circuit mode. The liners of the
grinding chamber and the stirrer rotors were made of ZrO; (zirconia). The circum-
ferential tip speed of the rotor was 9.3 ms™ during the experiments. Yttrium-stabi-
lized zirconium oxide grinding media (0.6-0.8 mm) was applied during grinding.
The filling ratio of grinding media in the milling chamber was 70 v/v%. Samples
were taken after 60, 120, 180, and 240 min grinding time. Suspension samples were
taken from the outflow of the pipe in which the suspension re-enters the stirrer vessel.
The volumetric flow rate of the pump was 2.5e % m3s,

The microstructure, morphology and particle size of the cuprite was analyzed by
cold field-emission scanning electron microscope (SEM), Hitachi S-4700 Type Il
(accelerating voltage: 10 kV). The samples for SEM measurements were attached to
a carbon adhesive pad, which was fixed to an aluminum sample holder.

The X-ray diffraction (XRD) patterns were recorded on a Rigaku diffractometer.
Specific parameters of the measurements were: Acuka = 0.15406 nm, 40 kV, and 30
mA. The scanning speed was 1(26°) min*. The XRD measurements were recorded
in the 260° range from 20°-60°. The mean primary crystal size values were calculated
using the Scherrer equation [29].

The particle size distribution (PSD) of the raw and the ground materials were
measured by HORIBA LA-950V2 laser diffraction particle size analyzer in wet
mode using distilled water as dispersing media.

Raman measurements were recorded with a Thermo Scientific DXR Raman mi-
croscope, equipped with a diode-pumped frequency-doubled Nd:YAG laser with
10 mW maximum laser power. A laser irradiated the sample with a wavelength of
532.2 nm. A5 x 5 um area was used for gathering spectra of the catalysts.

The photocatalytic activity of the natural cuprite was determined by the photo-
degradation of salicylic acid under UV irradiation. 170 mL of the photocatalyst dis-
persion (Ceuprie = 1.0 g/L) containing salicylic acid (Csa = 0.5 mM) was used in the
experiments. The UV photoreactor was irradiated by six fluorescent lamps (Vilber-
Lourmat T-6L UV-A, 6 W power, radiation maximum at 365 nm). Preceding every
experiment, the suspensions were sonicated in the dark for 10 min, and during the
measurements, they were vigorously stirred by a magnetic stirrer. The concentration
of the dissolved oxygen was kept constant by bubbling air through the reactor. Be-
fore the photocatalytic experiments, adsorption tests were conducted in the dark, un-
der the same experimental conditions as the photocatalytic experiments, for 20 min,
allowing the adsorption equilibrium to set. During the adsorption and photocatalytic
tests 1.5 mL samples were taken out at specific times (adsorption sample: after 20
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min, photocatalysis samples: 0, 10, 20, 30, 40, 50, 60, 80, 100, 120, 180, 240, 300,
360, 420, and 1,320 min), and were centrifuged for 3 min (at 15,000 rpm) and filtered
with a Whatman Anotop Syringe Filter. The salicylic acid concentration was deter-
mined by a SPECORD 250 PLUS UV-Vis spectrophotometer, measuring in the
spectral range of AL = 200-450 nm, using a cuvette with 10 mm path length.

Cuprite |

Figure 1
Photograph and scanning electron micrographs
of cuprite crystal obtained at different milling times
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8. PROPERTIES OF NANO CUPRITE

The first step in the characterization of the cuprite was to determine its crystal phase
composition and particle size. The XRD patterns of the ground cuprite (Figure 2) sug-
gests a single mineral phase, cuprite (Cu20). The diffraction peaks were attributed to
cuprite (Cu2O) (JCPDS card No. 75-1531) and CuO (JCPDS card No. 48-1548); the
four most intensive peaks located at 29.58°, 36.43°, 38.75°, 42.29° were attributed to
the (110), (002), (111) and (200) crystallographic planes, respectively. The XRD pat-
terns of the ground cuprite (Figure 2) suggested two mineral phases: Cu,O and CuO,
while in the starting sample (Cuprite_000), only Cu.O was present. As the grinding
time became longer new diffraction peaks appeared, such as the one at 38.75°, which
is characteristic of CuO. This means that the structure of the cuprite changed during
the grinding process. After 60 minutes, the new diffraction peak appeared.

Cu,O '~
o
- Cuo e
; S 3 8
E)
55/ T .
> . e Cuprite_180 =+
% |
E | Cuprite_120+~
T et Cuprite_060 =
] A Cuprite_000—
T T T T T T T
20 30 40 50 60
20 (degrees)
Figure 2

The XRD patterns of the cuprite samples obtained after specific grinding times

After the primary grinding process (chopping in a mortar), the average particle size
determined from the SEM micrographs was ~0.91 um, while after the application of
stirred media milling size decreased significantly. After 120 minutes the average
crystallite size was 9.4 nm, while after 180 minutes the crystallite size was 8.4 nm
and at the end of the grinding procedure, the primary crystallite size value achieved
11.62 nm. This shows that the nano milling reached its original aim with a short
grinding time and after a certain point, the particles lost their behavior as brittle
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crystalline material. With the introduction of additional grinding energy, the grains
suffered for the most part only plastic deformation, and the grinding energy was
consumed after further milling for the transformation of Cu,O to CuO. At the end of
the experiment, the primary crystallite size increased, meaning that the milling en-
ergy is now invested in crystal size growth. This latter observation, however, needs
further investigation.

The morphology and the crystal size of the ground cuprite samples are shown in
Figure 1B-F. The surface of the cuprite particles was smooth. The particle size of
the ground cuprite samples was heterogeneous in each case. After 240 min grinding
the cuprite sample showed homogenous particles with non-specific geometry. The
SEM micrographs showed a decrease in the size of the cuprite crystal. However, the
situation with the primary crystallite size discussed earlier should be kept in mind.
In the starting sample (Cuprite_000), the following fractions were identified: <0.5
um, 0.5-1 um, 1-2 pm, and 2-3 pum sized particles.

The advance of grinding time led to a decrease in the cuprite crystal size. The
duration of milling processes favored the formation of particles with the size of <0.5
um (Figure 3).

I Cuprite_000
50 B Cuprite_060
I Cuprite_120
I Cuprite_180
40 4 [ cuprite_240
S
= 30+
2
5
2
3 204
a
10 +
04 mm B
0.0 05 1.0 15 2.0 2.5 3.0

Particle size (um)

Figure 3
Particle size distribution of ground natural cuprite particles estimated
from SEM micrographs
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The particle size of ground cuprite determined from the SEM measurements showed
a decrease in size of particles, but it was not valid for the primary crystallite size
(Table 2) determined by Scherrer equation [29].

Table 2
Grinding times, crystal size and primary crystallite size of natural ground cuprite
Median particle size Median crystal Primary
Samol Grinding (um) from laser size (um) from tallit Grinding en-
ple : - h - - crystallite
time (min) diffraction particle SEM size (nm) ergy kd/kg
size analyzer micrographs
Cuprite_000 0 n.a. 0.91 - -
Cuprite_060 60 1.68 0.61 9.37 15,172
Cuprite_120 120 151 0.46 8.35 30,344
Cuprite_180 180 n.a 042 9.33 45,517
Cuprite_240 240 1.36 0.6 11.62 60,689

8.1. Particle size distribution by laser diffraction

Particle size distribution of the ground cuprite after 60, 120, or 240 min wet stirred
media milling can be observed in Figure 4.

100 A
80 —
=
c
L
5 60 —
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5 |
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» 40 — ’ . N
o Wet stirred media milling
-g limenite
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20 ——&—— 60 min
| —24A—— 120 min
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0 T N = Illlll I T IIIIII‘ I T T TTTT
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Particle size d, fum
Figure 4

Particle size distribution of some selected ground cuprite samples,
after 60, 120, 240 min wet stirred media milling
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The median particle size of the cuprite decreased slightly during milling. The small-
est median size was 1.36 um at 60,689 kJ/kg specific grinding energy (Table 2). In
the case of cuprite, even after 60,000 kJ/kg the median particle size did not reach the
nano size range. Only a small amount of the particles was under 0.5 um — 2.7% after
60 min; 5.2% 120 min, 2.1% 240 min. Also, the maximal particle size of the ground
cuprite remained quite coarse despite the extended stirred media milling.

Raman spectra of the cuprite samples (Figure 5) show two different phases by
peak positions: Cu,O and CuO. The specific peaks of Cu,O was 109 (which is hardly
identifiable) 125, 154, 219 and 635 cm[30], while for CuO only one typical Raman
band was found at 288 cm™ [31]. The Raman results confirmed the transformation
of Cu.0 to CuO and reinforced the data obtained from the XRD.

4 Cu,0

CuO
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125154 219 635

/J\/\/\M‘/\'/\\Cuprite_l80’

MCuprite120~
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Figure 5
The Raman spectra of the ground natural cuprite samples

9. PHOTOCATALYTIC ACTIVITY

Although the photocatalytic activity was tested for these materials, achieving be-
tween 20-25% of degradation of salicylic acid (no significant differences were ob-
served between the samples), the following issues should be considered:
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e The mean primary crystallite size was quite low; therefore, after the filtering
process, the small nanoparticles produced an intensive light scattering, con-
ferring a high degree of uncertainty to the measurements.

e Salicylic acid is known to form surface complexes which cause light sensiti-
zation [32]; therefore, an additional enhancement mechanism should be also
viable in the present case.

e The appearance of CuO, as discussed earlier in this work, could influence the
overall activity either negatively or positively. Therefore, experiments eluci-
dating this issue should be carried out.

¢ There was no difference between the photoactivity of any of the samples.

10. CONCLUSIONS

In the present paper nano cuprites based on a natural mineral source were investi-
gated. The cuprite mineral was ground for 60, 120, 180, or 240 minutes using wet
stirring media milling. The duration of milling processes changed the particle size,
particle size distribution, and induced significant structural changes, which were
demonstrated and explained by the presence of CuO. The samples showed photoac-
tivity; however, specific issues need to be clarified in order to proceed with further
investigations.
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Abstract: llmenite nanoparticles were produced by wet stirred media milling. The grinding
time influenced all the morpho-structural properties of the ilmenite, including the primary
crystallite size, particle size distribution, and photocatalytic activities. However, the band-
gap energy values were unchanged, even though changes in the samples’ reflectance were
observed. The applicability of ground ilmenite was explored by analyzing the degradation of
methylene blue, achieving a maximum of 19 % conversion in 22 hours.

Keywords: photocatalysis, wet milling, ilmenite, wastewater, nanoparticle

1. INTRODUCTION

Photocatalytic degradation is clean, promising technology for the removal of dyes
from different waters [1]. Dyes belong to environmental pollutants, which are re-
leased mostly by textile industries to the environment and are a major cause for some
diseases [1]. Dyes are toxic, mutagenic, and teratogenic, carcinogenetic, so they are
a serious health threat to humans and other organisms [2, 3]. In water, dyes block
sunlight, decreasing or stopping water reoxygenation, and as a result the BOD (bio-
chemical oxygen demand) value of those waters increases significantly, which is
quite harmful for aquatic organisms [1]. Under environmental conditions many dyes
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are stable and are resistant to biodegradation, so in order to remove them effective
and environmentally friendly materials are needed [4].

Methylene blue is a very common dye that issued to color silk, hemp, bamboo,
paper, and wood, as well as in the manufacture of inks in tissue staining and lake
dyes [5]. Methylene blue released into water can cause serious pollution [6].The
metal oxides (TiO,, ZnO, CeO,and FeTiOs), which are abundant in nature, have also
been extensively used as photocatalysts. This is because of their biocompatibility,
exceptional stability in a variety of conditions and capability to generate charge car-
riers when stimulated with required amount of light energy [7].

In the present study we investigated the effect of different grinding times on the
natural ilmenite morpho-structural properties, using scanning electron microscope,
X-ray diffraction (XRD), diffuse reflectance spectroscopy and a particle size ana-
lyzer, while the photocatalytic activity of methylene blue was also investigated under
visible light irradiation.

1.1. Characterization of ilmenite

llmenite is a titanium-iron oxide mineral, idealized formula: FeTiOs, otherwise called
manaccanite. It is an opaque mineral whose color is black to brownish-red, with sub-
metallic and metallic luster. It is the most important ore of titanium, a major source
of titanium-dioxide (TiO2) [8]. Titanium is usually found in igneous and metamor-
phic rocks as rutile (TiO2), titanomagnetite (Fe;TiOs—Fe304) and ilmenite (FeTiO3).
85% of titanium bearing minerals are used in making titanium dioxide for the pig-
ment industry [9]. Titanium dioxide’s applicability spectra includes manufacturing
paper, printing inks, paints, paperboard, varnishes, rubber, lacquer, ceramics, floor
covering, food and pharmaceuticals [10, 11]. The structure of ilmenite is derived
from that of a-Fe,O3 by replacing every other layer of Fe atoms in the (001) planes
by a layer of Ti atoms [12]. The main properties of ilmenite are the following:

o Crystal system: trigonal
Crystal class: rhombohedral
Unit cell: a=b =5.0870 A, ¢ = 14.0420 A [13].
Color: iron-black, gray with a brownish tint in reflected light
Crystal habit: lamellar exsolution in magnetite and hematite, granular to
massive
Cleavage: absent
e Density: 4.55 g/cm?®
e Hardness to Mohs scale: 5-6, weakly magnetic

Associations formed with hematite (Fe.Os), magnetite (FesO.), rutile (TiO>), apatite
(Ca10(PO4)s(OH,F,Cl)2), pyrrhotite (Fei—S (x = 0 to 0.2)), ulvospinel (Fe:TiO4 or
TiFe**204). Also it should be mentioned that natural ilmenite can contain a large
amount of hematite [14].
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1.2. Occurrences

IImenite is the most abundant mineral on the Moon and is also available in large
guantities on Earth [15] as a common accessory mineral in igneous and sedimentary
rocks and in sands. lImenite is formed during magmatic cooling and concentrates via
magmatic segregation [16]. Deposits are located on all five major continents: North
and South America, Eurasia, Africa, and Australia [17].

In the Carpathian region, ilmenite occurs in teschenites from several localities in
eastern Moravia, in rare tabular grains [18]. Ilmenite was observed as a frequent
member of ore and gangue minerals, sometimes having undergone transformation to
rutile at Balan [19, 20]. limenite is a frequent component around Jolotca of the mafic
and ultramafic rocks [21-23]. Also, it is a common accessory mineral in Fe-Tibean
peridotites at Szarvaskd. This ilmenite is in the form of microscopic grains or lamel-
lar crystals and can be found in mianolitic cavities of basalt in the Balaton Highland
at Nagygorbo, Uzsa, and Zalahalap and also rarely in andesite cavities in the Matra,
Cserhat, and Tokaj Mountains. In the latter tabular crystals of ilmenite can be found
growing to 2-3 mm in size.

1.3. Applications of ilmenite

IImenite is an antiferromagnetic semiconductor [24] and it has potential applications
in high power electronic devices [15], high temperature integrated circuits [25],
spintronics [26], or as a chemical catalyst and photocatalyst [27, 28]. Natural mineral
ilmenite is the primary source for the production of bulk TiO; [17], because it is
relatively cheap with a record of 140-165 USD/t [29] and the market price of pure
TiO; has reached up to 2,000 USD/t [30]; therefore, it has been used for production
of pigment through chemical routes [11]. Several researchers have successfully ap-
plied ilmenite or modified ilmenite to degrade organic compounds [31] via photo-
catalytic routes, such as phenol [32], acid orange 7 (Orange II) [33], methylene blue
[12], malachite green, alkaline fuchsin, or Coomassie blue [1].

1.4. llmenite synthesis

FeTiOscan be synthesized under vacuum by a solid-state reaction at high tempera-
tures above 1,200 °C. This synthesis results in large size particles and limited chem-
ical homogeneity [34]. Among the popular techniques to synthesize FeTiOzare ball
milling [35], chemical methods [36], co-precipitation [37], and the well-known sol-
gel method [12, 38].

2. MATERIALS

Natural ilmenite from the Tellnes mine in Norway was used as the raw starting ma-
terial (Figure 1). The crystals were massive, black in color with submetallic luster
and 2-4 cm in size. The preliminary photocatalytic efficiencies were determined us-
ing the aqueous solution of methylene blue (Sigma Aldrich, purity > 95 %) as water
contaminant.
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Figure 1
Photomicrograph of natural ilmenite mineral

3. ANALYTICAL METHODS
3.1. Experiments

Grinding experiments were carried out in a stirred media mill (Netzsch MiniCer,
Netzsch GmbH, Germany) in continuous closed-circuit mode. The liners of the
grinding chamber and the stirrer rotors were made of ZrO; (zirconia). The circum-
ferential tip speed of the rotor was 9.3 ms™ during the experiments. Yttrium-stabi-
lized zirconium oxide (0.6-0.8 mm) grinding media was applied. The filling ratio of
the grinding media in the milling chamber was 70 v/v%. Samples were taken after
100, 180, and 240 min grinding times. Suspension samples were taken from the out-
flow of the pipe in which the suspension re-enters the stirrer vessel. The volumetric
flow rate of the pump was 2.5 m3.

The microstructure, morphology and particle size of ilmenite were analyzed by
cold field-emission scanning electron microscope (SEM), Hitachi S-4700 Type Il
(accelerating voltage: 10 kV). The samples for SEM measurements were attached to
a carbon adhesive pad, which was fixed to an aluminum sample holder.

The crystal phase identification and primary mean crystallite size values were
determined by a Rigaku MiniFlex Il diffractometer equipped with a graphite mono-
chromator and functioning with Cu-K, radiation (A = 0.15406 nm, 30 kV, 15 mA).
The scanning speed was 1(20°) min*. The XRD measurements were recorded in the
26° range from 20°-50°. The mean primary crystal size values were calculated using
the Scherrer equation.

A JASCO-V650 diode array computer controlled (SpectraManager Software)
spectrophotometer with an integration sphere (ILV-724) was used to measure the
DR spectra of the samples (A-250-800 nm). To obtain the band-gap energy values,
the well-known Kubelka-Munk approach was applied [39].
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The particle size distribution of ilmenite samples was determined by a Horiba
LA- 950V2 laser particle size analyzer (LPSA) in distilled water, using ultrasonic
dispersing for minimum 1 min.

3.2. Photoreactor and photodegradation

The photocatalytic activity of the natural ilmenite was determined by the photodeg-
radation of the methylene blue under UV irradiation. 170 mL of the photocatalyst
dispersion (Ciimenite = 1.0 g/L) containing methylene blue (Cmg = 50 uM) was used in
the experiments. The UV photoreactor was irradiated by six fluorescent lamps (Vil-
ber-Lourmat T-6L UV-A, 6 W power, radiation maximum at 365 nm). Preceding
every experiment, the suspensions were sonicated in the dark for 10 min and during
the measurements they were vigorously stirred by a magnetic stirrer. Dissolved ox-
ygen concentration was kept constant by bubbling air through the reactor. Prior to
the photocatalytic experiment’s adsorption tests were conducted in the dark, under
the same experimental conditions as the photocatalytic experiments, for 20 min, al-
lowing the adsorption equilibrium to set. During the adsorption and photocatalytic
tests 1.5 mL samples were taken out at specific times (adsorption sample: after 20
min, photocatalysis samples: 0, 10, 20, 30, 40, 50, 60, 80, 100, 120, 180, 240, 300,
360, 420 and 1320 min), and were centrifuged for 3 min (at 15000 rpm) and filtered
with a Whatman Anotop Syringe Filter. The methylene blue concentration was de-
termined by a SPECORD 250 PLUS UV-Vis spectrophotometer, measuring in the
spectral range of AL = 200-350 nm, using a cuvette with 10 mm path length.

4. RESULTS AND DISCUSSION

4.1. llmenite characterization
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Figure 2
The XRD patterns of the natural ilmenite samples obtained after specific grinding times
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The first step in the characterization of the ilmenite was to determine their crystal
phase composition and particle size. The XRD patterns of the ground ilmenite (Fig-
ure 2) suggested a single mineral phase, namely ilmenite (FeTiOs). All the diffrac-
tion peaks were attributed to ilmenite (JCPDS card No. 89-2811) and the five strong-
est diffraction peaks were directly identified at 23.10°, 31.90°, 34.66°, 39.70° and
48.23°, corresponding to the (101), (104), (2-10), (2-1-3) and (20-4) crystallographic
planes, respectively.

The morphology and the crystal size of ground ilmenite are shown in Figure 3.
The surface of the particles was smooth. The particle size of the ground ilmenite
samples was heterogeneous in each case. After 240 min the ilmenite samples showed
homogenous particles with non-specific geometry and decreased particle size, show-
ing that the grinding time influenced the granulometric distribution of the particles.
After the primary milling process, which was carried out with a classical ball mill,
the average particle size determined using the SEM micrographs was ~150 pm, while
after the application of stirred media milling, the primary crystallite size decreased.
After 100 min the achieved crystallite size was 19.2 nm, while further significant
changes were not observable with the prolongation of the grinding times (Table 1).

Figure 3
Scanning electron micrographs of the natural ilmenite samples obtained
at different milling times



Fine structural features of ilmenite achieved by wet milling and... 257
Table 1
Morphostructural properties of the ground ilmenite samples
Median .
Grinding | Primary crys- crystal size SPeC'.f'C Methylene
- L Bandgap grinding blue
Sample time tallite size (um) from .
. Energy (eV) energy degradation
(min) (nm) SEM
. kJ/kg (%)
micrograph
ILM_0 0 - - 0 0
ILM_1 100 19.20 0.56 1.36 9197.08 35
ILM_2 180 19.30 0.42 1.38 16554.74 19.25
ILM_3 240 18.90 0.33 141 22072.99 15.41

The particle size distribution of ilmenite ground materials after 0, 100, 180 and 240
min stirred media milling can be seen in Figure 4.
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Figure 4
Particle size distribution of ilmenite ground material
after 0, 100, 180 and 240min grinding measured by LPSA

The feed material was prepared for the wet stirred media milling by pre-grinding in
planetary ball mill and sieving under 106 microns. The median particle size of the
feed was 39.48 um, the particles were in the 1-100 pum size range, so the distribution
was quite wide. The particle size was significantly reduced after 200 min grinding,
the median particle size was 0.68 um, and the distribution became much narrower,
with the particles in the 0.2-6 um size range. With longer milling times (180, 240)
the particle size decreased continuously and the particle size distribution shifted con-
tinuously to the finer size range. The median particle size was 0.43 um after 180
min, and 0.3 after 240 min grinding. Based on the LPSA measurement after 100 min
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stirred media milling 21.3% of the ground ilmenite particles were under 0.5 um. This
value was increased to 63% after 180 min and to 82.3% after 240 min grinding.
Compared to the particle size results gained by SEM measurement, these values are
significantly lower.

In the starting sample (ILM_0) the following fractions were identified: <0.5 pm,
0.5-1 um, 1-2 pm and >2 pm sized particles (Figure 5). Only in the starting sample
were particles identified as having >2 pum size (21%). The number of <0.5 pm sized
particles increased as the duration of the milling process increased. In the starting
sample the < 0.5 um sized particles were present (17%), while after 100 min of
grinding this value increased even more to 72%, showing that the chosen grinding
procedure is enough to increase the occurrence of nano-sized particles. After 240 the
quantity of < 0.5 um sized crystals/aggregates was even higher, 98%.

Distribution (%)

0.5 1 2 3

Particle size (pm)
Figure 5
Particle size distribution of ground natural ilmenite particles estimated
from SEM micrographs

Light absorption properties of the ground ilmenite samples were characterized by
DRS measurements (Figure 6) and band-gap values (Table 1) were calculated using
the Kubelka-Munk method. The band gap energies of ground ilmenite were 1.41—
1.47 eV. These value were not close to the natural ilmenite band gap value, which is
2.5 eV [40]. The optical properties of ground natural ilmenite samples changed,
showing a lighter color, but the evaluated band gap values did not change.
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Figure 6
DRS spectra of the ilmenite samples

4.2. Degradation

Ground natural ilmenite showed photocatalytic activity in methylene blue degrada-
tion. Different ilmenite samples showed different photocatalytic activity in UV light
irradiation. The highest achieved degradation yield was 19% (sample ILM_2), which
is a remarkable result, considering that no chemicals were used to obtain these sam-
ples. The sample (ILM_0) that was pre-ground for nanomilling did not show any
methylene blue degradation.

5. CONCLUSION

The photocatalytic performances for methylene blue degradation of ground natural
ilmenite samples were examined. The minerals were ground for 100, 180, or 240
minutes. The photocatalytic efficiency of the ground natural ilmenite was investi-
gated by performing the photocatalytic degradation of methylene blue under radia-
tion of UV light. In the milling process, the particle size, particle size distribution
and photocatalytic activity changed significantly. The 180-minute grinding time’s
natural ilmenite was the most efficient under UV light irradiation, degradeding
19.3% of the methylene blue in 22 h.
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Abstract: Hydrocarbons are among the most frequent contaminants all over the globe. Be-
cause of their toxicity and recalcitrant properties, hydrocarbons have severe effects on the
environment. In soil, hydrocarbon contaminations change the microbial compositions and
hydrocarbon biodegraders usually emerge. Biodegradation of hydrocarbon pollutants is
much more efficient under aerobic than microaerophilic or anaerobic conditions. Neverthe-
less, a substantial amount of contaminants occur in the anaerobic zone provoking a big
challenge for environmental scientists. In this study, we investigated a weathered hydrocar-
bon contaminated site at the military base of Taszar, Hungary. We monitored 4 sampling
sites (F1-F4) in 3 different depths (0.8-1 m, 5.5-5.8 m, 7.5-7.8 m). Total petrol hydrocar-
bon (TPH) measurements showed that the majority of the contaminations occurred at gro-
undwater level (7.5 m). Syntrophaceae was the predominant microbial family in these con-
taminated zones, although microbes belonging to other hydrocarbon degrader families,
Commamonadaceae and Anaerolineaceae, were also present. Acetoclastic methanogenic
archaea such as the members of Methanothrichaceae could also be detected, which can
convert acetic acid derived from hydrocarbon biodegradation into methane. Interestingly, at
5.5-5.8 m, the zones are inhabited by aerobic hydrocarbon biodegraders above the highly
contaminated sections. We propose that this layer serves as a filter for volatile compounds.

Keywords: Hydrocarbons, soil bioremediation, methanogenesis, syntrophy

1. INTRODUCTION

Petrochemical products are the basis of modern society. From fossil fuels to
plastics, crude oil-derived products are part of our daily life. The extensive usage
of hydrocarbons makes them one of the most frequent contaminant groups. Hydro-
carbon pollution poses a serious threat to the environment and human health.
Hydrocarbons instantaneously interact with and change the properties of the
environment. In soil, toxic hydrocarbon compounds impede the biogeochemical
networks and decrease plant productivities. Biodiversity also decreases in hydro-
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carbon-contaminated habitats [1]. Innate microorganisms can adapt to pollutions
and eliminate them via a process called natural attenuation [2, 3]. A large number
of bacterial groups have been identified as hydrocarbon degraders. Several meta-
bolic pathways have also been described — for both aerobic and anaerobic - hydro-
carbon mineralization [4-6]. In oxygen-limited deeper soil layers, the microbes
have to utilize alternative electron acceptors, for example nitrate, ferric ion or sul-
fate. In the absence of electron acceptors, anaerobic hydrocarbon biodegradation
can also be coupled to methanogenesis [7-10]. Methanogenic archaea utilize acetic
acids derived from the hydrocarbon biodegradation for generating methane. This
process can promote the energy recovery from organic pollutants. Under anaerobic
conditions, hydrocarbon biodegradation is a slow process, since it is usually limited
by the availability of electron acceptors and nutrients. Natural attenuation can be
enhanced by various bioremediation methods such as biostimulation. In this case,
nutrients and electron acceptors are introduced to the polluted area. Besides the
physico-chemical parameters of soils, the composition of the microbial communi-
ties has a substantial impact on the efficacy of bioremediation processes. Meta-
genomic analysis of soils prior to remediation will provide insight into the compo-
sition and interactions of the local microbial community. In this study, our aims
were to examine the microbial community of an area contaminated with diesel fuel
and to identify the key components of the natural bioconversion processes.

2. MATERIALS AND METHODS
2.1. Sampling

Samples were taken from diesel oil contaminated soil of an abandoned military
base in Taszar, Hungary. The military base was used by the Hungarian Army be-
tween 1936-1995 and then by US forces until 2004. Hydrocarbon contaminations
have been there for many years. There were three sampling sites in the vicinity of
two contamination sources. F1 was near a leaky underground fuel container, F2
was close to an above-ground fuel tank and F4 was at the edge of the contamina-
tion zone caused by the underground container. F3 was outside the base and served
as a control sampling site. The GPS coordinates of the sampling sites were the fol-
lowing: F1: 46°22'37.1"N  17°53'52.1"E, F2: 46°22'36.6"N 17°53'48.4"E, F3:
46°22'35.5"N 17°53'49.3"E and F4: 46°22'36.5"N 17°53'51.4"E. Samples were
taken at 3 depths: 0.8-1 m, 5.5-5.8 m, 7.5-7.8 m (groundwater level, which could
be observed during sampling) with a petrol earth auger. Soil samples were collected
from a 30 cm portion in the middle of a drill head spiral of approximately 100 cm
length.

2.2. Total petrol hydrocarbon measurement

The TPH concentration of soil samples was measured by a Wilks InfraCal
TPH/TOG analyzer as instructed by the manufacturer. TPH calibration was per-
formed with diesel oil.
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2.3. DNA extraction from the samples

DNA was extracted with the QIAGEN DNeasy PowerMax Soil Kit (QIAGEN
N.V. Venlo, The Netherlands). All purifications were performed in triplicate except
for F4 samples, which were done in duplicate.

2.4. DNA library preparation and sequencing

The libraries were prepared with Nextera XT DNA Library Preparation kit (Illumi-
na Inc., USA). Paired-end sequencing of the libraries was carried out on the Illumi-
na MiSeq next-generation sequencing platform (Illumina Inc.) using MiSeq reagent
kit V3 with 2 x 300 cycles (Illumina Inc.).

2.5. Bioinformatical methods

All analyses were carried out on Debian GNU/Linux (version 4.19.67-2) platform.
Sequencing reads were quality trimmed with Trimmomatic version 0.39 [11] with
the following parameters: TRAILING:2, SLIDINGWINDOW:50:18, MINLEN:100.
For taxonomic evaluation of the data, Kaiju 1.7.3 [12] and Diamond 0.9.29 were ap-
plied using the NCBI non-redundant protein database. The diamond alignment was
meganized with MEGAN MetaGenome Analyzer Community Edition 6.18.5 [13].
MEGAN was used for cluster analysis of the samples with the Weighted Uniform
UniFrac method [14].

2.6. Sample deposition

Raw sequencing reads were deposited into the EMBL-ENA MGnify database un-
der the MGYS00001198 project ID.

3. RESULTS AND DISCUSSION
3.1. Total petrol hydrocarbon measurements

Analyzing the TPH concentrations of the samples revealed that a vast majority of
the contamination was present at groundwater level (7.5-7.8 m). F2 samples from
this depth had the highest TPH concentration: 4,414 ppm =+ 443.7 ppm (Table 1). In
addition, control samples at groundwater level also contained hydrocarbons, 213.6
+ 16.1 ppm, which was slightly above the threshold limit value. This can be ex-
plained by the relatively short distance between the F2 and F3 points (approx. 40
m). It is likely that some contaminants have reached the F3 point during the years.
However, the measurement technique is based on infrared spectroscopy and
measures C-H bonds in the molecule, therefore organic compounds other than hy-
drocarbons could give signals. This conception was also supported by GC/MS
measurements (data not shown) of the samples. Hydrocarbon contamination could
be measured only in F1, F2, F4 samples at 7.5 m depth by GC/MS. Hence, we con-
sidered the 7.5 m depth of these sampling points as the contaminated zones and
measurements around 100 ppm as noise.
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Table 1
TPH concentration of the soil samples in ppm.
The threshold limit value is 100 ppm according to the current Hungarian law
TPH concentration (ppm)
Depth F1 F2 F3 F4
0.81m 89.2+22.9 106.3 £17.3 113.3 +£28.6 76.4 +28.6
55-5.8m 109.0 £ 16.6 89.1 £26.9 93.7 +28.0 91.9+43.8
7.5-7.8m 868.2 £53.8 4414.5+£443.7 | 213.6+16.1 483.8+ 1253
3.2. Metagenomic analysis
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Figure 1
Neighbour-joining tree of the samples based on Weighted UniFraq distance
matrix. Group A: samples from 0.8-1 m depth of all sampling points, 5.5 mand 7.8 m
samples from the uncontaminated F3 point and 5.5 m samples from the F4
sampling point. Group B: All contaminated samples at 7.5 m depth;
Group C: 5.5-5.8 m samples from the highly contaminated
F1 and F2 sampling points
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Preliminary metagenomic analyses were performed to disclose the composition of
the microbial communities in the samples. Sequence read pairs were generated, and
after quality trimming, 95.59% of the reads with an average length of 253.3 bp re-
mained. Based on the cluster analysis, the samples are grouped into 3 different
clusters (Figure 1).

All samples are clustered together with their corresponding parallels. The
grouping of the samples correlates with the concentrations of the contaminations.
The 7.5 m samples, where hydrocarbons are present in high concentrations, form
an individual group (Figure 1B). The 5.5-5.8 m samples of F1 and F2 are clustered
in a distinct group (Figure 1, C cluster). Even though the hydrocarbon concentra-
tion is around the threshold limit value in these samples, the contaminated zones
have substantial effects on the compositions of their microbial communities at 2 m
above the pollutions. On the other hand, the 5.5 m samples of F4 are not in the C
cluster. In the 7.5-7.8 m samples of F4, the hydrocarbon concentration is much
lower relative to those of F1 and F2. Therefore, in F4, the contaminated zone has
no apparent effect on the microbial community composition in the soil layers above
the contaminated zone (7.5-7.8 m).

Group A is more diverse than the other two groups (Figure 1A). This group can
be divided into two subgroups. The first subgroup contains all the samples taken
from 0.8-1 m. The slight differences between these samples might be due to the
distinct location of the sampling points on the field. The F1 and F4 samples are the
closest neighbours (only 22 m distance), so they are clustered together while F2
(approx. 80 m away from F1) and F3 (approx. 77 m away from F1) samples di-
verge slightly from the group. The second subgroup contains the 5.5 m and 7.8 m
samples from the uncontaminated control F3. In the absence of contamination, the
variations in the microbial compositions at 5.5 m and 7.8 m are not significant. The
F4 5.5 m samples are close to this cluster due to the lower contamination level at
this zone.

Microbial composition varies among the contaminated and other samples. There
are microbial groups that are completely missing from the hydrocarbon-
contaminated samples, while other taxons emerge as a result of long-term exposure
to hydrocarbons. The number of the otherwise predominant family, Streptomyceta-
ceae, shows a strong decrease in the hydrocarbon-contaminated samples. Nitrospi-
raceae and Mycobacteriaceae and Nocardiaceae show similar tendencies. The
most abundant family in the contaminated samples is Syntrophaceae (Table 2).
Few members of this family are known as hydrocarbon degraders [15]. These mi-
croorganisms are able to live in syntrophy with methanogenic archaea and thus
such a consortium can convert hydrocarbons into methane [15-17]. Methanogenic
archaea are also present in the contaminated samples at 7.5 m; Methanothrichaceae
is the most abundant family (Table 2). The members of this family are obligate
acetoclastic methanogens and are often found in hydrocarbon-degrading consortia
[18, 19]. Another acetoclastic methanogenic family is present in the contaminated
samples, the Methanoregulaceae (Table 2). This methanogenic family can also be
found in association with hydrocarbon pollutants [10, 20]. The presence of Syntro-
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phaceae and methanogenic archaea in the 7.5 m samples indicates a strict anaero-
bic environment and methanogenesis- coupled hydrocarbon degradation.

Table 2

Relative incidences of the most abundant microbes in the polluted zones

Relative incidences in samples (%0)
Family F1 F2 F4
55-58m 7.5-7.8 m 55-58m 7.5-7.8 m 55-58m | 7.5-7.8m

Syntrophaceae 9.94 11.92 3.78
Anaerolineaceae 1.60 5.19 2.03
Commamonadaceae 10.19 2.66 13.50 9.42

Methanothrichaceae 3.42 2.23 0.83
Methanoregulaceae 1.66 4.92 0.52

Another family that shows elevated abundance only in the contaminated zone is the
obligate anaerobic Anaerolineaceae (Table 2). This family is a member of the phy-
lum Chloroflexi. Members of this family can be frequently found in hydrocarbon-
contaminated environments in soil and sediments. However, their role in hydrocar-
bon biodegradation remains unclear [21-25].

The Commamonadaceae family was also detected in higher abundance in the
contaminated zones, but only in the F1 and F2 samples (2.66% and 9.42%). Mem-
bers of this family are associated with the biodegradation of aromatics [26]. Inter-
estingly, this family is also present in the 5.5-5.8 m samples of these two sampling
points. In the 5.8 m samples of F1 and F2, Comamonadaceae is predominant
alongside with Bradyrhzobiaceae with 10.19% and 13.50% incidences, respective-
ly. The latter also have members, inluding the genus Afipia, capable of degrading
aromatics [27, 28]. The aromatic compounds of low molecular weight are volatile
and might migrate to the upper layers of the soil. This phenomenon can also ex-
plain the substantial effect of the contaminated zones on the microbial composition
of F1 and F2 5.5-5.8 m samples (Figure 1, cluster) even though the concentrations
of the pollutions are around the detection limit.

Families including Commamonadaceae, Erythrobacteraceae, Immundisolibac-
teraceae, Xanthomonas, Rhodocyclaceae, Sinobacteraceae, and Sphingomona-
daceae found in the 5.5-5.8 m samples of the F1 and F2 sites can also be associated
with - mainly with aromatic - hydrocarbon biodegradation [29-37]. These data also
imply the presence of aromatic compounds in the 5.5 m soil layer located above the
contaminated zones. The microorganisms found in this layer use oxygenase en-
zymes to oxidize hydrocarbons foreshadowing the presence of oxygen in this layer.
Methylocystis spp. are aerobic methanotroph microorganisms, which use methane
monooxygenase to oxidate methane to methanol [38]. The presence of the
Methylocystaceae in the 5.5-5.8 m layer in F1, F2 and F4 samples supports the
active methanogenesis in the 7.5 m layer of the corresponding sampling points.
Thus, the methane produced by the methanogenic archaea in the contaminated zone
is utilized by Methylocystis in the 5.5-5.8 m layer.
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4. CONCLUSION

The examination of the hydrocarbon-polluted site of the former military base of
Taszar showed that the contamination had a radical effect on the microbial compo-
sition of the contaminated zone. At groundwater level (7.5-7.8 m) of the sites, an-
aerobic zones are formed where the anaerobic hydrocarbon biodegraders belonging
to Syntrophaceae family are the dominant microbes alongside with the members of
the Commamonadaceae, Anaerolineaceae and Methanotrichaceae families. Our
results suggest that these microorganisms might live in syntrophy leading to active
conversion of hydrocarbons to methane. This methanogenesis can be utilized in
microbial enchanced energy recovery [39, 40]. Similarly to landfill gas manage-
ment, the methane can be collected from the contaminated zone and used to reduce
the costs of the intervention.

The high hydrocarbon concentrations in the contaminated zones strongly influ-
enced the microbial composition of the zones above them at 5.5-5.8 m depth. In
these zones, mainly aerobic hydrocarbon biodegraders are dominant, suggesting
the seeping of volatile contaminants into this zone and the unexpected presence of
oxygen. The 5.5-5.8 m zone might function as a filter preventing the volatile com-
pounds from moving into the upper soil layers. Understanding the microbial inter-
actions and metabolical pathways involved in the bioconversion could improve the
efficiency of the bioremediation and lower intervention costs.
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Abstract: Excessive consumption of petroleum products carries the risk that these toxic
chemicals enter and accumulate in the environment via transportation, usage or improper
storage, thus hazarding natural habitats or human health. Bioremediation is a cost-effective
and environmentally friendly technique that involves the use of microorganisms or plants in
order to neutralize environmental pollutants. Considering that bacteria occur not only in
aqueous but even in oil phases, intermediates, by-products or wastes can pose hidden reser-
voirs of effective microbial degraders with potential application in oil bioremediation. Us-
ing mazut (a residual fuel oil from atmospheric distillation of crude oil) as an origin matrix,
thirteen bacterial strains were isolated. The best performing strains, identified as Rhodococ-
cus sp. PAE1 and Rhodococcus sp. PAES, were able to degrade structurally variant hydro-
phobic compounds (including hexadecane, cooking oil, mazut or lubricant oil) in agueous
systems. Thus, they were used in further small-scale soil/groundwater experiments in order
to model the bioremediation process of a local ares exposed to years lubricant oil pollution.
Our study represents a targeted tool for the bioremediation of oil-polluted aquatic and ter-
restrial environments and revealed that oily wastes can be considered as valuable sources of
new hydrocarbon-utilizing isolates.

Keywords: bioremediation, mazut, hexadecane, hydrocarbon-utilizing

1. INTRODUCTION

Since hydrophobic organic compounds pose serious risks to natural communities or
human health, pollution of soils and waters by petroleum products or other oil-
related compounds are still among the major environmental concerns that human-
kind must cope with. Petroleum products can enter into the environment through
accidental oil spills or reckless human activity [1-5]. Areas close to vehicle traffic
or where handling and maintenance operations of vehicles take place are consid-
ered to be particularly vulnerable, since the probability of contamination inevitably
increases [6].
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Mazut is a residual fuel oil from the atmospheric distillation process of crude oil
[7]. It is a viscous mixture of hydrocarbons with high carbon number, PAHS, resins
and cycloalkanes, often having complex structure with high heavy metal and sulfur
content. These properties make mazut cumbersome for both biodegradation and
further refining [7—8]. Nonetheless, mazut can be further processed by vacuum dis-
tillation in order to produce diesel oils, base oils, lubricants and heavy fuel oils [9].
Lubricant oils (LOs) are widely used for reducing friction in the engines of motor-
ized vehicles such as cars, motorcycles or locomotives. Therefore, used lubricant
oils (ULOs), containing long-chain hydrocarbons, additives and heavy metals, are
considered widespread, hazardous pollutants and hence potential targets for envi-
ronmental rehabilitation processes [10-12]. Several physicochemical and biologi-
cal waste management techniques are available for neutralizing oil-related pollu-
tants in the environment but most of these methods still need further developments
[13-15]. Bioremediation utilizes the degradative capability of plants and/or micro-
organisms for the decontamination of polluted environments [16-19]. As an envi-
ronmentally sound and cost-effective approach, it is considered to be one of the
most promising rehabilitation technologies [16-18].

Bacterial communities occur in aqueous and even in oil phases [20]. Thus, iso-
lation and examination of bacterial strains with the ability to degrade hydrocarbons
from these oily environments can provide a promising tool for biological remedia-
tion and also a better understanding of the microbial community structure and in
oil-polluted niches.

The aim of this study was to provide useful tools for the bioremediation of
aqueous and terrestrial environments polluted by petrochemical products. To this
end, isolation from mazut was carried out to gain new isolates with the ability to
degrade petrochemicals and hydrophobic organic compounds, even if they have
as high structural complexity as mazut and LOs do.

2. EXPERIMENTAL
2.1. Bacterial strains

Hydrocarbonoclastic bacteria were isolated from mazut using liquid minimal me-
dium. Pure strains were selected, characterized [21] and tested for hydrocarbon
biodegradation. The two most effective strains — PAEL and PAES8 — were identified
according to their 16S rDNA gene homology [22].

2.2. Biodegradation tests in aqueous systems

The best performing Rhodococcus sp. PAEL strain was used in subsequent biodeg-
radation tests performed in aqueous systems. Pollution of hydrophobic compounds
was modelled by hexadecane, representing easily biodegradable n-alkanes; cooking
oil, representing a wide-spread contaminant in municipal sewage; and mazut for a
complex hydrocarbon mixture that is hard to biodegrade. All vials were capped and
respiration activities were monitored by gas chromatography (GC). At the end of
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the experiments, the remaining contaminants were extracted with diethyl ether or
chloroform and then bioconversion (B%) values were calculated using gas chroma-
tography coupled to mass spectrometry (GC-MS) and/or gravimetric data and ap-
plying the following equation [23]: B% = [(ContaminantSceii-free samples-CONtami-
NantSinoculated samples)/CONtaMinantSceii-free samples]X100. Data are expressed as mean =+
SE (standard error). Statistical significance was analyzed using one-way analysis of
variance (ANOVA) followed by Duncan’s test.

2.3. Small-scale ex situ soil bioremediation tests

The most effective hexadecane-degrader Rhodococcus sp. PAEL and Rhodococcus
sp. PES8 strains were tested for LO biodegradation and then used in small-scale soil
experiments in order to model the bioremediation process of a long-time ULO-
polluted area. Soil samples from a local ULO-polluted site were used to construct
ex situ soil microcosms in order to model various bioremediation approaches. Re-
habilitation treatments included biostimulation (BS, 30% soil moisture was set with
the addition of minimal medium, which contained soluble, inorganic nutrients,
such as nitrogen and phosporus) and bioaugmentation combined with biostimula-
tion (BAS, in addition to biostimulation, oil-degrader Rhodococcus sp. PAEL or
Rhodococcus sp. PAES strains were introduced into the polluted soil at an inocula-
tion level of 10° cells per gram soil). Non-treated control (NTC) samples represent-
ed a natural loss in the ULO-concentration. All samples were incubated for 40
days. All ULO-polluted soil microcosms were closed and respiration activities
were monitored by gas chromatography (GC) for 30 days. The headspaces of the
vials were refreshed every two days to maintain proper aeration. At the end of the
experiments, the remaining ULOs were extracted with carbon disulfide as solvent.
The extracts were analyzed with an infrared oil-measuring equipment to determine
the concentration of total petrol hydrocarbons (TPHSs). Bioconversion (B%) was
calculated applying the following equation: B%=[(TPHnon-treated soil-TPHireated
soil)/ TPHnon-treated s0i]X100. Data are expressed as mean + SE (standard error). Statis-
tical significance was analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Duncan’s test.

3. RESULTS AND DISCUSSION
3.1. Bacterial strains

Using mazut as an origin matrix, thirteen pure bacterial strains were isolated (one
of them was pathogenic, thus, it was omitted from further experiments). The most
important physiological and biochemical characteristics of all strains were deter-
mined. Data are summarized in Table 1.

Preliminary experiments revealed that eleven strains out of thirteen were able to
utilize hexadecane as sole carbon and energy source (data not shown). After se-
quencing the 16S rDNA gene of the best hexadecane-utilizing strains PAE1 and
PAES, both of them were identified as members of the genus Rhodococcus, so in
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further experimental works, the name Rhodococcus sp. PAE1 and Rhodococcus sp.

PAES were used. Rhodococci play an important role in environmental and industri-
al biotechnology [23-27].

Table 1

Physiological and biochemical characteristics of the newly isolated bacterial strains

Characteristics PAE1 PAE3 PAE4 PAE5 PAE6 PAE7 PAE8 PAE9 PAE10 PAE1l PAEl12 PAE13

Gram staining + + + + + + + + + + + +

Cell length 248 209 194 195 077 191 187 209 2.08 1.96 1.97 1.90
(pum) +03 +033 +026 +0.27 +0.12 +0.13 +024 +0.19 +0.22 +0.20 +0.24 +0.16
Indole pro-
duction
Hemolytic
activity
Catalase
activity
Casease activity - - - - - - - - - - - -

Lipase activity + + + + + + + + + + + +

Urease activity - - - - - - - — _ _ _ _
Beta- galactosi-
dase activity
Nitrate/nitrite
reduction
Startch
hydrolysis
Methyl red-test - — - - - — - — _ _ _ _

Oxidation/
fermentation w w w w + w w w w w w w
(OF) test
Tween 80
hydrolysis

3.2. Biodegradation tests in aqueous systems

Respiration activity of Rhodococcus sp. PAEL was investigated in liquid mineral
medium, artificially contaminated with 1% (m v') of various hydrophobic pollu-
tants. Three hydrophobic compounds were used as sole carbon and energy source:
hexadecane represented the n-alkanes, cooking oil was used as a common contami-
nant in municipal sewages, and mazut represented the original isolation matrix of
the new strain. According to the obtained results (Figure 1), microbial activity de-
creased with the increasing structural complexity of the available substrates.

At the end of the incubation, the remaining amount of hydrophobic organic
substrates was evaluated and bioconversion values were calculated for each carbon
sources (Figure 2). Coinciding with CO, measurements, bioconversion also
decreased when a structurally more complex carbon source was available. Our
results suggest that this newly isolated strain can be a targeted tool for the
biodegradation of petroleum products in polluted waters.
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Figure 1

Cumulative CO; production of Rhodococcus sp. PAEL in liquid mineral
medium artificially contaminated with 1% (m v *) of various hydrophobic
compounds. Different letters in the same incubation time represent a significant
difference at P <5 (n = 3).
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Figure 2
Bioconversion of 1% (m v*) n-hexadecane, cooking oil and mazut
by Rhodococcus sp. PAEL in liquid mineral medium. Different letters represent
a significant difference at P <5 (n = 3).
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Since Rhodococcus sp. PAE1 and Rhodococcus sp. PAE8 exhibited the highest
respiration activities in preliminary experiments (data not shown) and Rhodococcus
sp. PAE1 proved to be able to utilize structurally diverse hydrophobic compounds
(Figure 2), both strains were tested for lubricant oil biodegradation in liquid miner-
al medium. 1% (m v*) fresh LO was used as sole carbon and energy source. Aero-
bic biodegradation of hydrocarbons by hydrocarbonoclastic bacteria consumes ox-
ygen alongside with the release of carbon-dioxide [28]. Thus, increasing relative
CO; content was considered as an indirect measure of the microbial degradation of
LO in the closed vials (Figure 3).

-0-Control (cell-free)
-®-PAE1 a
-0-PAE8

Relative CO, content (%)
o - N w H
[V, N, B RS B U T, B N |

Qo

1
0 10 20 30
Incubation time (days)

o

Figure 3
Relative CO; content in the headspaces of the closed vials containing liquid
mineral medium artificially contaminated with 1% (m v*) fresh lubricant oil.
Different letters in the same incubation time represent a significant difference
atP <5(n=23).

Based on our results, Rhodococcus sp. PAE1 and Rhodococcus sp. PAES8 were able
to utilize fresh LO as their sole carbon and energy source at a similar rate, thus,
both strains can be potentially applied not only for water decontamination but even
for modelling the bioremediation of a local ULO-polluted area.

3.3. Small-scale ex situ soil bioremediation tests

Respiration activity of ULO-polluted soil microcosms was followed with gas
chromatography. According to the CO; production (Figure 4), even NTC samples
were active in respiration, indicating the presence of metabolically active microbi-
ome in ULO-polluted soil. Respiration activity and thus microbial activity could be
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increased by the supplementation of inorganic nutrients in BS samples. The most
active respiration was observed in the soil samples inoculated with Rhodococcus
sp. PAEL (BAS_PAEL) and Rhodococcus sp. PAE8 (BAS_PAES). Nevertheless,
evolution of CO; in a hydrocarbon-polluted soil cannot be considered as sole evi-
dence of hydrocarbon biodegradation due to the plentiful availability of organic
matters and the compositional complexity of the soil matrix.

16
O-NTC .
O-BS

14 _e-BAS PAE1
-®-BAS_PAES

= =
o N

Cumulative CO, production (mL/g soil)
[o¢]

C
O
7

0 10 20 30
Incubation time (days)

Figure 4
Cumulative CO; production in ULO-polluted soil microcosms
(NTC: non-treated control soil, BS: biostimulation, BAS_PAE1:
biostimulation+bioaugmentation using Rhodococcus sp. PAE1, BAS_PAES:
biostimulation+bioaugmentation using Rhodococcus sp. PAES).
Different letters in the same incubation time represent a significant difference
atP <5(n=23).

At the end of the experiment, remaining ULOs were extracted and TPH concentra-
tions were evaluated in order to calculate TPH bioconversions in soil microcosms
(Figure 5). A considerable level of TPH bioconversion was observed in the bi-
ostimulated samples (BS), indicating the natural occurrence of ULO-degrading
microorganisms even in heavily contaminated environments. Moreover, introduc-
tion of the newly isolated Rhodococcus sp. PAE1 and Rhodococcus sp. PEAS sig-
nificantly enhanced the TPH bioconversion to 38% and 40%, respectively.
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Figure 5
TPH bioconversion in ULO-polluted soil microcosms after 40 days of incubation
(BS: biostimulation, BAS_PAE1: biostimulation+bioaugmentation using
Rhodococcus sp. PAEL, BAS_PAES: biostimulation+bioaugmentation using
Rhodococcus sp. PAE8). Different letters represent a significant difference
atP <5 (n>15).

4. CONCLUSION

Since bacterial communities occur in aqueous and even in oil phases, we hypothe-
sized that oily wastes or by-products can provide undiscovered microbial degrad-
ers. Based on this assumption, 13 bacterial strains were isolated from mazut. The
best performing hydrocarbon-utilizing isolates were identified as members of the
genus Rhodococcus and assigned as Rhodococcus sp. PAEL and Rhodococcus sp.
PAES. Despite the structural differences and complexities, Rhodococcus sp. PAEL
was able to utilize n-hexadecane, cooking oil and even mazut in liquid minimal
medium. Further testing of Rhodococcus sp. PAEL and Rhodococcus sp. PAES in
aqueous systems showed that both strains were capable of LO biodegradation, and
potentially applicable for ULO-polluted soil decontamination. Thus, ULO-polluted
soil microcosms were constructed and then submitted to various biological treat-
ments in order to model and evaluate options for the bioremediation of a long-term
ULO-polluted site. Bioaugmentation with Rhodococcus sp. PAE1 or PAES signifi-
cantly decreased the pollutant concentration compared to biostimulation. Although
optimal conditions for the biodegradation are barely revealed and still need further
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development, our results represent a targeted tool for the bioconversion of petrole-
um contaminants in aqueous and terrestrial environments. Additionally, this work
highlights the fact that oily wastes and by-products can be potential sources of yet-
to-be isolated hydrocarbonoclastic bacteria.
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Abstract: The growing interest in the concept of the circular economy calls for methodolog-
ical development in several fields of environmental research and management. Life cycle
analysis needs an integrated accounting of different production and waste treatment pro-
cesses, which is the case also for carbon footprint calculations. If the aim is the assessment
of sewage sludge utilization, model-based approaches are needed, because of the high num-
ber and the complex character of the related ecosystem processes. Our study gives a short
overview of the actual background of this field, together with raising some methodological
aspects of the relevant model development efforts. Owing to the detailed technical regula-
tions, the industrial parts of the process can be relatively easily modeled, while the agricul-
tural deposition of sewage sludge needs the use of the toolset of ecophysiological modeling.
The main methodological aspects of integrated (technical-ecological) modeling are the fol-
lowing. As the agricultural management practices strongly affect the greenhouse gas ex-
change processes, models are preferred that represent these aspects in the parameterization.
Spatially distributed models are suitable for a number of related decision-making processes.
In general, the methodological elements of simplified performance assessments of other rel-
evant fields have to be taken into consideration, together with the practical experiences of
similar complex modeling systems (e.g. agricultural production and greenhouse gas).

Keywords: life cycle approach, sewage sludge deposition, ecosystem carbon exchange, eco-
physiological model

1. INTRODUCTION

Contemporary environmental problems, especially global climate change, call for
integrated efforts to mitigate the effects and to achieve sustainable solutions in every
economic sector. One reasons for this is the complexity of the affected geoecological
systems: the behavior of different ecosystems in situations such as rising tempera-
tures or different agricultural management interventions is not always known. On
the other side, almost every part of the agricultural or industrial processes has some
effects on the greenhouse gas balance. These facts have led to the emergence of the
concept of the circular economy, and the need for life cycle analyses as a type of
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environmental assessment tool, and in a wider sense, as a new approach in environ-
mental management. The circular economy describes an economic system that is
based on business models which replace the “end-of-life” concept with reducing,
reusing, recycling, and recovering materials in production/distribution and consump-
tion processes, operating on different scales [1]. One method for its practical imple-
mentation is the life cycle assessment, which is an overall environmental analysis of
products and services, through the life cycle from raw material extraction to waste
treatment.

These developments have high relevance in the field of sewage sludge utilization.
It can be considered a leading implementation of the concept, as due to the general
availability of municipal wastewater treatment, millions of metric tons of dry matter
are generated every year in the European Union [2]. Despite the strict regulations of
the countries, the usage of sewage sludge in agriculture and for energy generation
has an increasingly important role in the relevant sectors. Following this, there is a
need for integrated experimental analyses of the different utilization possibilities, in
a circular economy context and with the aim to be as applicable to other places and
similar cases as possible [3].

A life cycle analysis of sewage sludge utilization focuses on the agricultural usage
and the carbon footprint of the process, but the effects of the deposition on the carbon
exchange processes of the agroecosystem also have to be investigated. For these
types of assessments, model-based approaches can have a leading role. There are
several reasons and cases in environmental sciences and applications where model-
ing provides a good solution, and sometimes the only solution. The complexity of
the analyzed ecological systems (or their connections with industrial processes)
might call for a simplified description, which is one of the main added values of
models of complex systems [4]. Moreover, in the case of the development of such
methods, which are intended to be widely usable in practice (in engineering, impact
assessments, etc.), automated or mostly automated processes are advantageous, pos-
sibly with user-friendly software solutions. The multiscale character of environmen-
tal processes can also be handled in modeling approaches [5]. Therefore, we consider
it important to develop model-based assessment methods to help carbon footprint
estimations of sewage sludge disposal and related industrial and agricultural activi-
ties. Based on that, our aim is to provide a short review of the literature of modeling
possibilities of this chain of activities, including the agricultural utilization. Then we
raise and discuss some points on model choice and other methodological aspects,
focusing on the sludge disposal’s secondary effects on biogeochemical processes of
agroecosystems. Our work is part of a wider project aiming at the holistic assessment
of sustainability aspects of sewage sludge utilization. This paper serves as supporting
material for a detailed, site-specific model-based assessment, based on the method-
ological background presented here.
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2. MODELLING GREENHOUSE GAS FLUXES IN WASTEWATER AND SEWAGE SLUDGE
TREATMENT PROCESSES AND AGROECOSYSTEMS

As the value chain of wastewater management consist mostly of carefully planned
and regulated technical processes, calculations related to external effects (like green-
house gas emissions) might be considered easier to make. It can be said that follow-
ing the technical developments and the relevant policy initiatives, the modeling of
the carbon footprint in this case has gone through the classical stages of model de-
velopment. The first known quantitative connections make the development of em-
pirical models and equation sets possible. One example for that is the set of IPCC
Guidelines [6], which play an important role in the development of the scien-
tific/technical background and the practical applications in this field. Later, based on
the results of further research and experiences from practical applications, more
complex process-based models have been developed [7], sometimes with user-
friendly software implementations. The GestaBoues Tool (developed in France)
takes into account direct, indirect and avoided emissions [8]. The BEAM calculator
tool (Biosolids Emissions Assessment Model — (developed for Canadian circum-
stances) uses spreadsheets, which are suitable for general use by many municipalities
[9]. And, following the widespread use and the popularity of life cycle assessments,
a number of targeted software tools have been introduced for interested companies
of different sectors, most of which are suitable for investigating the sewage sludge
processing and end use (e.g. SimaPro, GaBi). The growing amount of modeling ex-
perience and results form a foundation for comparative assessments of relevant man-
agement alternatives [10]. However, large discrepancies could be found in the selec-
tion of the environmental emissions to be included in the life cycle assessments, or
how they were estimated in the analysis [11]. This is especially true for the agricul-
tural use of sewage sludge, as it is connected to complex agroecosystems. For them,
the effects of different management options are not clarified totally, and the func-
tioning of the system needs its own specific modeling framework.

Because of the above-mentioned aspects, there are several models of different sub-
targets and model complexities, which aim at assessing the greenhouse gas fluxes of
different agricultural forms, under different management practices and different cli-
matic circumstances. Agroecosystems are relatively well-studied because of the need
for productivity estimations. But it has also been true for this field that the development
of targeted models and software tools many times needed some new, primary (mostly
field-based) results to add some missing parts. The challenges of modeling carbon ex-
change processes lie in the multi-domain character of the system. The results on the
core process, the primary production of vegetation, are modified by several factors:
the autotrophic and heterotrophic respiration serve as a source of carbon output. There
is also the need for a clear distinction between the carbon input or output processes of
the soil and the total ecosystem, and for the calculation of the effects of different agri-
cultural management interventions. The subprocesses, which are ideally incorpo-
rated in the greenhouse gas balance models of ecosystems, can be seen in the archi-
tecture of the Biome-BGC model, which will be discussed later (Figure 1).
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Figure 1
The structure of the Biome-BGC model [12]

Following the requirements above, there are a number of models that enable the de-
tailed description of ecosystems and the assessments of different management (or
even climate change) scenarios.

One of the first tools was the CENTURY model, which had been developed from
the 1980s, and was implemented in FORTRAN language. It was able to simulate the
dynamics of carbon, nitrogen, phosphorus and sulfur for different plant-soil systems
(grassland systems, agricultural crop systems, forest systems, and savanna systems).
The original version of the model runs in a monthly time step [13]. The improvement
of the CENTURY model (e.g. for achieving better temporal resolution) resulted in
the introduction of the DayCent model. This tool works based on daily meteorolog-
ical data and provides daily outputs on fluxes of N gases and CO,, together with net
primary production and other ecosystem parameters [14].

The DNDC model was developed originally for quantifying carbon sequestration
and emissions of nitrous oxide, nitrogen and carbon dioxide from agricultural soils
in the USA, then was adapted to several other ecosystems and scenarios. Its main
advantages are those related to usability: the user-friendly interface and the in-built
library of default settings for several crops and soil types [15].
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Another widely used, integrated ecosystem model is the Biome-BGC [12], which
is point-based and works on a daily basis as well. It was introduced as an extension
and generalization of the Forest-BGC model, dating back to the 1980s [16]. A huge
advantage of the model is that it has been almost constantly developed and corrected
until today, nowadays in the form of a modified model system: the Biome-BGC
MuSo [17]. The latter abbreviation refers to the Multilayer Soil Module, which ena-
bles a more exact simulation of management interventions, which is especially im-
portant in the case of agricultural ecosystems. Similarly to most of the other similar
tools, it works with the main model pools of leaf, fine root, fruit, soft stem, live wood,
dead wood, coarse root, soil and litter [18].

Besides the above-mentioned tools, there are also some other modeling possibil-
ities; for a comparison see e.g. Campbell and Paustian [19].

3. SOME ASPECTS OF MODEL SELECTION AND APPLICATION FOR IMPACT ASSESS-
MENT OF SEWAGE SLUDGE EFFECTS ON ECOSYS-TEM CARBON FLUXES

Although there are a number of easily available and potentially usable models to
serve an integrated carbon footprint analysis of the land disposal of sewage sludge,
there are some factors that should be taken into consideration in the modeling choice.
As the intervention is characterized by a huge amount of additional organic matter
input with a special chemical composition, the capability of detailed description of
management actions (with a complex assessment of soil processes, especially ferti-
lization) might be important. When croplands are in the focus of investigations, the
multi-layer characterization of soils can highly improve model accuracy.

When models or results of models for distinct fields are to be somehow connected
or integrated (like in this case with the industrial and ecosystem modeling part), the
detailed and public documentation of the relevant elements is crucial. In the recent
years, following the growing interest in sustainability assessments of different in-
dustrial or other economic activities, there is a need for generally usable targeted
platforms. The development of such types of toolsets can be delivered through syn-
thesizing relevant measurement and modeling results, or an expert-based develop-
ment of simplified performance assessment tools [20], [21]. This systematic process
may need to build on some elements of existing expert models. E.g. the AgroMo
modelling framework is intended to integrate biogeochemcial and crop modelling to
enable a holistic assessment of e.g. climate change effects [22]. In our opinion, some
kind of similar integrated modeling system for wastewater treatment would highly
improve the effectiveness of relevant decision-making processes. A related aspect is
the open source availability of the referring software codes, which can help such
modeling efforts very much.

The possibility of spatial extension of the model is definitely an advantage from
this point of view, but it is also true that the current GIS capabilities and calculation
capacities enable future improvement of models in this direction.

At last, the sequestration and storage of carbon by different types of vegetation
is treated as an important ecosystem service, and has a central role in international
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climate mitigation and biodiversity policies. As such, it can be valued also in mon-
etary terms. This can also be the case for the industrial modeling part, which gives
the possibility of an integrated economic assessment, e.g. with a cost-benefit anal-
ysis, which may improve the usability of modeling results in different practical
applications.

In summary, the integrated modeling of the carbon footprint of the agricultural
use of sewage sludge is feasible. The model development efforts needed for that
could give usable methodological experience to other environmental management
fields, because there is a constantly growing need for impact assessments with a life-
cycle approach.
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BY VEGETATION MONITORING OF CULTIVATED ARABLE LAND
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Abstract: To observe the effects of sewage sludge disposal on fields used for crop produc-
tion, we planned a multi-year, high-resolution data collection. Considering plant growth,
more detailed weekly (high) time resolution and high spatial resolution were also necessary.
Sentinel-2 multispectral imaging satellites provide finer resolution and optical data with a 3-
to-5-day revisiting period. The vegetation indices applied can be used to evaluate the photo-
synthetic activity of the plants. There are some detectable differences between the areas af-
fected by the placement of sewage sludge and those that are not affected. The advantage of
sewage sludge placement is that nutrient replenishment eliminated biomass production dif-
ferences between the monitored quadrates containing similar plants.

Keywords: sewage sludge, biomass production, Sentinel-2, spectral index

1. INTRODUCTION

Crop production and agricultural management have a strong impact on the rate of
charging of the soil. The humus content in the A horizon of Chernozem soils in the
Great Hungarian Plain may have been 1.5-2 times as higher at the time of the begin-
ning of farming (cca. 10,000 years before) than as the current 2—-4%. A significant
proportion of soils on arable land are exposed to severe pressures, possibly showing
signs of chemical and physical degradation, one of the main reasons for which is
intensive agriculture [1]. The yield of cultivated crops will be affected in the near
future by the increasingly extreme weather caused by climate change [2]. Thus, pre-
serving and improving soil fertility is of common interest.

There is still a lack of a coherent strategy in the European Union regarding sew-
age sludge use in agriculture. There are several approaches to sewage sludge treat-
ment, and many of them have targeted agricultural use [3, 4]. The agricultural use of
sewage sludge is one means of nutrient supply. Valuable components can be recy-
cled into the soils: organic matter, nitrogen, phosphorus and other plant nutrients [5].
The amount of sewage sludge is increasing with the progress of sewage disposal and
treatment programs, and the safe use of this amount is also a problem, which is reg-
ulated in Hungary by Government Regulation 50/2001. (IV. 3.) and the Decree
36/2006. (V. 18.). Due to the extra nutrients in the sludge free of toxic substances,
the development of the plants becomes more balanced, yield can increase and crop
quality also improves. However, changes in the quality and quantity of organic mat-
ter in soils are slow, and soil improvement can be a long process [6].
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To observe the effects of sewage sludge disposal on fields used for crop produc-
tion, we planned a multi-year, high-resolution data collection. Considering plant
growth, we aimed to achieve a more detailed weekly time resolution as well as high
spatial resolution. The evaluation of the impact of the regular sewage sludge disposal
on agricultural land based on biomass production was carried out for each land parcel
based on the data and methods of multispectral remote sensing for the period of 2016,
2017, 2018 [7, 8].

Our further research aimed at more detailed, longer-term and higher time resolu-
tion impact assessment on different agricultural land parcels in a sample area of
south-eastern Hungary. Using the SENTINEL-2 satellite images, the highest tem-
poral and spatial resolution were applied for data collection. Our preliminary as-
sumption suggests that crops under sewage sludge field application develop more
dynamically. The process is, of course, complex, as land use changes and meteoro-
logical / climatological parameters influencing plant development also have to be
considered.

2. DATA AND METHODS

The study area is located in the lowland interfluve area between the Korés River and
Maros River, in the territory of Ujkigyos settlement (Figure 1).

Fgur 1
The location of the soil quadrates (1t-10t) in the study area
and the land cover changes in the period 20162019
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The area, formed by fluvial and eolian processes, belongs to the Korés River Catch-
ment. The static groundwater level was measured at 2 m below the surface. It has an
extent of 5.6 hectares where 2.5 m®/ha/year of treated municipal sewage has been
applied regularly in autumn since 2013 on Chernozem and meadow Chernozem
soils. Soil sampling was carried out in quadrats of 50 x 50 m? in the area, where 1t—
4t were continuously treated areas. Quadrats 6t-7t are partly control areas, sewage
sludge was deposited here only in 2018, while 9t-10t were control areas not treated
with sewage sludge (Table 1). The land coverage of the 1t-4t quadrats always dif-
fered from the 6t-7t and 9t-10t quadrats between 2017-2019. The biomass produc-
tion of the 1t-4t quadrats can be distinguished from the others during the monitoring,
and the values of 6t-7t and 9t-10t can be compared with each other depending on the
time of sewage sludge placement.
Table 1
Crops produced in the quadrates and the sewage sludge placements

quadrats 2016 2017 2018 2019 sewage sludge
lyear placement

1t maize oil radish \\I/Vvlr:g:': colza 2017 autumn

2t maize oil radish \\I/Vvlr?(:ztr colza 2017 autumn

3t maize oil radish \\I/Vvlr?etztr colza 2017 autumn

4t maize oil radish \\I/Vvlr?etztr colza 2017 autumn

6t colza maize maize winter 2018 autumn
wheat

Tt colza maize maize winter 2018 autumn
wheat

ot sunflower maize maize winter —
wheat

10t sunflower maize maize winter -
wheat

In addition to the scientific, agricultural applications of satellite remote sensing — eg.
drought monitoring [9, 10] — new users are already increasing the number of drone
applications based on business and agricultural economics. The high spatial resolu-
tion required by detailed land parcel-based surveys assumes the use of aerial imagery
or very high-resolution satellite imagery, but their use is very expensive if we intend
to comply with the very high time resolution required by the monitoring.

Free downloadable remote sensing data such as from LANDSAT is also applica-
ble [11], but cannot alone supply good temporal resolution, which hardly allows plot
scale evaluation of crop development in Hungary. The Sentinel-2 multispectral in-
strument (MSI) with refined spatial resolution allows for improved and accurate
monitoring of the effect of sewage sludge with the presence of red-edge bands, which
are not present in freely available multispectral sensors and whichwidens the spectral



Observation of consequences of sewage sludge disposal by vegetation monitoring... 297

windows, for instance the heavy metal stress discrimination at broader scales [12]
Sentinel-2 multispectral imaging satellites provide finer resolution and optical data
with a 3-to-5-day revisiting period (Table 2). In the first period in 2016, only the
Sentinel-2A satellite was in orbit and just the Level 1C (L1C) data product was avail-
able for download. In 2017, 2018, nd 2019 data from Sentinel-2A and -2B, at Level
2A (L2A, Bottom-of-Atmosphere (BoA) reflectance values) also became accessible.
In the Sentinel-2 granule system, the study area is fully covered by one 100 x 100
km tile: 34TDS.

Only cloud-free images with atmospheric correction were evaluated (altogether
81 images). All available images in the vegetation period were used, which meant
numerous images, mainly in 2018. Despite the high time resolution, we did not have
data for July 2016 or May 2019 due to cloud coverage. We also used images from
March to replace the fewer spring images.

Table 2
Sentinel-2 multispectral image parameters and database
Satellite / Sensor Multispectral Applied spectral bands Spatial resolution
imagery central wavelengths
Sentinel-2A / 2B 20 images / 2016 B2:492.4/492.1 nm
14 images / 2017 B4: 664.6 / 664.9 nm 0m
29 images / 2018 B8:832.8/832.9 nm
18 images / 2019

The main application of multispectral remote sensing is the efficient observation of
vegetation. Satellite images provide a cost-effective way of assessing the spatial and
temporal patterns of biomass productivity by extracting vegetation indices. The
NDVI and EVI vegetation indices applied can be used to evaluate the photosynthetic
activity of the plants and the changes in biomass mass [13] (Equations 1, 2).

NIR—-Red
NDVI = NIR+Red 1)
NIR-Red
EVI=G NIR+C;*Red +C,*Blue+L (2)

where NIR indicates the near infrared band, Red indicates the visible red band,
Blue indicates visible blue band, L =1, C;1=6,C,=7.5,and G = 2.5.

At a resolution of 10 m, there were few pixels in the area of sample quadrats
(approximately 25 pixels/quadrat), which is why possible defective pixels may be
more distorted. Insufficiently detailed time data density can make it difficult to com-
pare results from different years.

The studied years had different weather conditions (Figure 2). The investigated
years show different distribution of precipitation. During the growing season, the
average rainfall is approximately 340 mm and the average temperature is 17.3 °C.
2019 was very extreme, as in May there was twice the amount of precipitation
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compared to the general average, however, in March, there was hardly any precipi-
tation. Higher precipitation values were in June of 2016 and in March of 2018. 2017
was the driest year and 2018 was the warmest year.
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Temperature and precipitation for the study area (Békéscsaba station)
between 2016-2019

3. RESULTS AND DISCUSSION

The differences in the vegetation development of the plant types and in the land cover
can be clearly seen in the vegetation index values derived from the images (Figures 3
and 4). Land use changes can also be detected (see Figure. 1 and Table 1). The 1t-4t
guadrats were always characterized by similar land use: they were covered by oil rad-
ish in 2017 and by winter wheat from 2018. Quadrats 6t-7t and 9t-10t also had similar
land use, except for 2016; maize in 2017 and 2018 and winter wheat in 2019. Accord-
ing to the EVI/NDVI values, in 2016 the majority of the area was characterized by
crop production showing a peak biomass production in May-June (e.g. winter wheat,
oil radish). The cereals started to develop as early as spring and were harvested by
July; this can be seen in green curve in 2018 in Fig. 3. In 2017-18, half of the sample
area (1t-4t) remained similar, but the other half changed to other production, when the
EVI/NDVI maximum production was in July-August (e.g. maize). The corn later
started to develop and was harvested in August; it can be seen in the green curve in
2018 in Fig. 3. The biomass production on all areas peaked by June in 2019, but two
types of crops were recognized in quadrats 1t-4t and 6t-7t, 9t-10t. NDVI values were
higher and more easily saturated on the rich vegetation area, but the increase in bio-
mass production was well assessed with them. In several years, plant types could be
better distinguished in the NDVI data set (e.g. 2016), but the EVI as an enhanced index
reduced the impact of soil and atmosphere. The study confirms that there is no single
best index, rather it is worth using them together in the evaluation; for instance the
difference between EVI and NDVI values of the 6t-7t areas in 2016 and 2017 were
spectacular.
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Figure 4
NDVI values for all quadrat areas between 2016-2019

(dotted line is based on NDVI median values, columns are NDVI amount values)
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The effect of the 2017 placements is suggested by the NDVI values in 2018 in the
1t-4t quadrats, but this effect was contradicted by the high EV1 values in 2016 in the
6t-7t quadrats. The profiles of the curves/columns after the placement of 2017 in the
areas of 1t-4t became remarkably the same, which was not typical before. The ad-
vantage of sewage sludge placement was that it eliminated the differences in biomass
production between quadrats containing similar crops by replenishing nutrients on
monthly average images (Figure 5 and Figure 6). The same can be observed in 2019
for quadrats 6t-7t, where there was sewage sludge placement in 2018.

2017 2018

EVI C1034EWO07 25 500 750 1000m

ENo1 [ 1046 MNO08 ey
[]0.22[ ]0.58 M 0.94

Figure 5
Vegetation production evaluated by EVI, 2016-2019
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Figure 6
Vegetation production evaluated by NDVI, 2016-2019

When looking only in terms of peak values of biomass production on the 1t—4t quad-
rates, considering the placement in 2017 and changes in the crops produced, the data
of the previous year were higher between 2016 and 2017. Assuming the same crop
production between 2018-2019, the yield of 2019 showed values of 1.2-2.6 times,
which also exceeded the production in 2017 recorded at the same time; here biomass



302 Kovdcs, F. — Ladanyi, Zs. — Hegediis, M.

production increased after the field application of sewage sludge. This is reinforced
by the fact that the index values for 2017 started with higher values than in the pre-
vious year, at higher temperatures and nearly equal precipitation values; excess nu-
trients from placement may also have played a role in the difference.

In the different biomass production periods of 6t-7t quadrats we experienced the
richest vegetation in 20162017 years, up to 1.4 times more than in 2018. Between
2016 and 2019, the August-September period was comparable; here the actual values
were somewhat higher, with a difference of up to 1.5 times. The impact of sewage
sludge application is therefore noticeable, but we will need the data from 2020 to
further verify this. Contrary to our expectations, the index values were higher in the
9t-10t control quadrats where there was no sludge placement than for the 6t-7t quad-
rats, where land use was similar.

In particular, the arid summers of 2017 and 2018 showed the location of the an-
cient alluvial geomorphological forms; the geographical factors influencing even the
small area are indirectly outlined on the basis of the different soil conditions of the
forms. They also cause a significant difference in yield within a land parcel (Figures
5 and 6).

4. CONCLUSION

Our goal was to monitor the impact of sewage sludge disposal on the vegetation
development of arable land crops. Both the NDVI and EVI indices performed well
for this purpose, as expected. There are some detectable differences between the ar-
eas with placement of sewage sludge and those that without it. If there is a rainfall
event the plants affected by the placement of sewage sludge will benefit more from
it next time period; in the case of an extreme situation due to a lack of rainfall
plants suffer a smaller decrease in biomass production than the untreated areas.
The advantage of sewage sludge placement is that nutrient replenishment elimi-
nated biomass production differences between the monitored quadrates containing
similar plants.

To detect significant differences, we continue data collection; 36 LANDSAT OLI
images will be also included in the observation. Due to the differences in the crops
produced, in addition to the four studied years, 2020 will also be monitored.
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1. INTRODUCTION

The key question of the global climate change is the change in the atmospheric con-
centration of carbon dioxide. It is obvious that the increase in CO; concentration in
the last 100 years is caused by the accelerated utilization of fossil fuels, but we must
not forget the effect of the intensive agriculture, with special attention to crop pro-
duction on arable lands. This is responsible for the 30% of the global CO, emissions
along with silviculture [1]. One part of this emitted carbon dioxide is lost forever
from the soil; it is derived from the decreasing soil organic matter and unfortunately
it can add to the atmospheric CO, concentration for a long time. Other part is in
dynamic equilibrium with its environment and it has a daily and yearly cycle de-
pending on soil biological activity. Photosynthesis plays the most important role on
the input side of this cycle [2].

The problem of decreasing soil organic matter can be met favorably with prob-
lems of waste material emplacement derived from several different human activities.
Examples are liquid manure from livestock ranches; fermented manure from biogas
plants or sewage sludge from municipal wastewater treatment [3], [4]. There are two
advantages of the deposition of these waste materials on arable lands: not only we
have disposed of them, but they are useful fertilizer for soils and for plants. Their
high organic matter content and nitrogen, phosphorus and potassium concentrations
can improve soil quality and help increase crop yield. On the other hand, there are
several risk factors in applying waste materials to arable lands, such as their high salt
and nitrate content or toxic elements contained in them.

While these waste materials have positive effects on crop production and on the
soil’s biological activity, what is the effect on the global carbon cycle? Can this car-
bon surplus be built into the soil for long time? How can the intensified biological
activity increase the soil respiration? Is it possible to show higher CO; emissions on
arable lands treated with sewage sludge?

In this study we have investigated the changes in soil CO; flux on Chernozems
treated with sewage sludge compost in the south-eastern part of Hungary. Besides
the above questions we have tried to find answers to others: are there changes in soil
CO- respiration after treatment; if so, how large are the changes; does what signifi-
cantly exceed other influencing factors, e.g. effects of soil moisture and temperature?
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2. MATERIAL AND METHODS
2.1. Study Area

___~Hungary

Figure 1
Location of the study areas and the arable lands
in springtime and after harvesting

One of the areas with the highest soil quality in Hungary is located in the south-
eastern part of the country, in Békés County. Its soils are Chernozems formed on
loess with loam and sandy loam texture. Their thickness is 100-120 cm and their
humus content is still more than 2% in spite of long-term and very intensive cultiva-
tion. Two arable lands with 25.6 and 15.7 ha area were chosen near the settlements
of Ujkigyés and Kardos (Figure 1). Both of them were covered with winter wheat in
2018 and 2019. Municipal sewage compost has been regularly applied to these fields
since 2013 during October and November. The amount of sewage sludge compost
was 2.5 m¥ha/year at Ujkigyés and 35 m¥ha/year at Kardos, in a rotating manner.
The compost was placed and plowed into the upper 30 cm of the soil.

2.2. Methods

Three treated study plots at each location (2.5 m%ha at Ujkigyés in 2017 and 35
m3/ha at Kardos in 2018) were assigned on both study areas in order to collect soil
and plant samples for other parts of this project. The extent of these plots was 50 x 50
m and soil CO- flux was measured in the center of the parcels. A further three control
plots at each site were chosen near them, which have never been affected by compost
applications.

CO; respiration measurements were applied 5 times in 2019: twice in springtime
(6 March 2019; 28 March 2019), twice in summer (19 June 2019 — before harvest;
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16 July 2019 — after harvest) and once at the end of summer (28 August 2019) on
both areas. The planned autumn measurements were cancelled due to the extremely
low values of soil moisture, biological activity and CO; respiration [5].

We measured the CO; efflux with an EGM-5 portable gas analyzer. This system
contains an SRC-2 closed dynamic chamber for collecting the air which flows from
the soil to the atmosphere (Figure 2).

Figure 2
Application of the EGM-5 under winter wheat near the village of Kardos

The system is closed; the air in this chamber is totally isolated from the ambient air.
Also the system is dynamic because of the continuous circulating sample gas be-
tween the chamber and the infrared gas analyzer (IRGA). The core of the instrument
is the IRGA, where measurement actually takes place, and the principle of the
method is the infrared absorption of CO,. As we know, infrared radiation can be
absorbed by CO; and a nondispersive infrared (NDIR) sensor in EGM-5 can measure
the absorbance in the CO, molecules’ absorption band at 4.26 pm wavelength, where
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the infrared radiation is completely absorbed by the carbon dioxide. As a result, it is
a selective and sensitive method for measuring the concentration of CO; because of
the minimal overlap with other ambient gas molecules. The built-in infrared source
provides light in middle-infrared range and an optical filter corrects the light to the
appropriate 4.26 um wavelength. The absorption of carbon dioxide causes a decrease
in the intensity of infrared radiation and the detector can measure the rate of decrease.
Thus, the exact concentration of CO; is calculable from the ratio of the intensity of
incident and transmitted light using the Lambert—Beer law. Furthermore, we can meas-
ure the soil moisture and soil temperature in the top 5 cm of soil using a Hydraprobe
Il sensor. The EGM-5 with this sensor provides data in every second on soil moisture
between 0% and 100% and soil temperature between —10 °C and 55 °C. Thus, we can
obtain a great deal of information about these two parameters in parallel with CO;
efflux data [6].

Soil CO; respiration were measured each time in 10 repetitions in the middle of
each assigned plot. That means that the value belonging to a given plot in a fixed
time was created as the average of 10 measured data.

3. RESULTS AND DISCUSSION

The measured data and their main statistic parameters — after filtering false data —
are summarized in Table 1.

The high values of standard deviations are caused by various conditions of meas-
urements: soil moisture and soil temperature changed within a wide range and the
vegetation was extremely different, from the bare soil surface via mature winter
wheat until uncontrolled weeds. Although the measurements were taken on the same
day on both treated and control plots, the measured data obviously show the role of
the daily period of soil temperature and moisture. There are several scientific publi-
cations about the important role of soil moisture and temperature in CO; efflux (e.g.
[71, [8], [9], [10], [11]) and our own measurements confirm that the daily rhythm of
soil moisture and temperature changes have much stronger effects on CO, respiration
than the treatments. This means that the differences measured inside a day are often
caused from the few hours’ differences between the measurement times.

Table 1
Averages of measured CO, respiration in 2019
Average CO:
Plots respiration Number Min/Max Stapdgrd
(g™ 2h) of cases deviation
Ujkigy6s — treated 0.930 47 0.566/1.586 0.244
Uikigyés — control 0.803 38 0.467/1.489 0.229
Kardos — treated 0.529 59 0.369/0.853 0.095
Kardos — control 0.532 59 0.351/0.808 0.107
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Besides the summarized data, the last three measurement campaigns in Kardos can
demonstrate the role of the soil temperature in the CO. flux very well (Figure 3).
The temperature dependent biological activity is the highest at about 30 °C and soil
respiration decreases above it.
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Respiration rates in function of soil temperatures
on three different days, near Kardos

An irrigation experiment provided further information on the role of soil moisture.
Two small plots (plot A and B) were irrigated and CO; fluxes were measured in
parallel on both plots (Figure 4). The increasing soil moisture can cause the growth
of respiration as far as field capacity. The main limiting factor for microbiological
activity is the low amount of air in the soil pores above field capacity (25-30 v/v%).
Results show that this harmful water surplus can obstruct the activity; the CO; res-
piration will decrease after this point [5].
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Respiration rates as a function of soil moisture during irrigating experiment
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Our conclusion is that there was no obvious evidence to verify increasing CO; res-
piration after sewage sludge treatments on any study plot. The background of the
undetectable changes could be the low doses and the fact that the effect of the soil
moisture and temperature is higher by at least one order of magnitude than changes
caused by the sewage sludge treatment. Measurements give evidence not only of this
well-known correlation but they also highlighted the optimal values of soil moisture
and temperature for biological activity via CO; respiration on the two study areas.
The limiting factors of these two parameters are field capacity and a temperature
around 30 °C.

The accurate establishment of the effects caused by sewage sludge treatment is
possible if not only the measurement method is standardized but the surroundings
conditions also, such as soil moisture and temperature. The best way to accomplish
this is if the measurements are carried out at the same time of day in parallel on all
plots with several sets of instruments.
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Abstract: We conducted a detailed organic facies analysis on 27 core samples from the
Upper Mancos Formation in the San Juan Basin, USA. The aim was to evaluate thermal
maturity of the dispersed organic matter, interpret paleoenvironmental conditions, and de-
fine the oil- or gas-prone nature of the existing organic facies in the interval between
315.5-188.7 m at the Melrich-Shaft-Site drilled in Smith Lake Field, McKinley County,
New Mexico. The studied section displayedthree organic facies associations (PF-1, PF-2,
and PF-3) based on the relative abundances of three groups of dispersed organic matter
(phytoclasts, palynomorphs, and amorphous organic matter). PF-1 (315.5-267.0 m in
depth) is characterized by abundant amorphous organic matter (AMOM) up to 80.2% with
lesser quantities of opaque wood tissue origin phytoclasts, degraded phytoclasts, and small
quantities palynomorphs of marine plankton origin of dinoflagellate cysts and solitary alga
(avg 0.5%). PF-2 sequence (267.0-224.0 m in depth) represents a transitional facies be-
tween the amorphous matter and marine plankton origin PF-1 zone and the mostly terri-
genous type PF-3 sequence which occurs at depth between 224.0 and 188.7 m and domi-
nated by degraded, structured phytoclasts (avg. 63.3%), opaque wood tissue origin phyto-
clasts (avg. 31.9%) and in minor amounts palynomorphs (avg. 4.5%). Recognized kerogen
types include type-Il, mixed type-11/111, and type-I1l materials. Observed spore/pollen col-
ors (yellowish-orange to light orange) and vitrinite random reflectance (0.245-0.414%)
indicate immature source rock with significant hydrocarbon generation potential.

Keywords: palynofacies, vitrinite reflectance, thermal maturity, kerogen type, Mancos For-
mation, San Juan Basin

1. INTRODUCTION

The study of sedimentary organic matter is essential for the evaluation of an identi-
fied source rock unit in a prospective basin. It provides a plethora of information
which is necessary for accurate prediction of the source rock petroleum generation
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potential. The San Juan Basin is primarily a mature natural gas producer for both
conventional extraction and as occurrences of unconventional tight gas sand. Nu-
merous authors studied this area, particularly the rocks of Cretaceous age of coal
and hydrocarbon resources which are abound and well exposed in the basin [1, 2,
3]. The Upper Cretaceous Mancos Shale preserves sufficient amounts of organic
matter, which have sourced significant hydrocarbon reserves. It is considered an
important regional source rock in the San Juan Basin for oil and natural gas from
conventional reservoirs, as well as a promising unconventional gas resource [4].
Previous studies on the Mancos Formation did not include organic facies data and
were mostly from the northern part of the San Juan Basin [4, 5, 6]. In this study,
the hydrocarbon potential of the Upper Mancos Formation is evaluated based on
organic facies and organic thermal maturity parameters.

2. LOCATION OF THE STUDIED SECTION

The studied section is located in McKinley County in the southwestern part of San
Juan Basin, New Mexico. The location is defined by latitude 35°23'56.4" N and
longitude 107°42'25.2" W as shown in Figure 1.
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Figure 1
Location map of the studied section in McKinley County in the vicinity
of Lee Ranch Mine, New Mexico, USA

3. METHODS

A total of 27 core samples representing the Upper Mancos Formation were pre-
pared for organic facies studies in the Mining and Geological Survey of Hungary
following the standard preparation techniques described by Traverse [7]. All slides
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were examined using a Zeiss Axio Imager microscope equipped with AxioCam
MRc5 camera. Palynofacies point counts were made by traversing across each slide
and recording the first 200 organic particles encountered. Identified organic matter
particles were grouped following the classification scheme of Zobaa et al. [8]. Six
polished blocks were prepared at the laboratories of MOL Public Company, Hun-
gary for vitrinite reflectance (Ro%) measurements. Fifteen reflectance readings
were possible on each sample with Zeiss Axioplan microscope, NEOFLUAR 50x%
oil immersion objective, according to the guidelines of the ISO 7404-5 [9] and de-
scribed in [10]. The lithostratigraphy and samples depths of the studied Upper
Mancos interval are shown in Figure 2.
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Figure 2
Stratigraphic column showing the lithostratigraphy and samples depths
of the studied Upper Mancos interval. The black triangles on right side
of the stratigraphic column are representing the depth interval
of the studied samples.
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4. RESULTS
4.1. Palynofacies data

Based on the vertical distribution of organic facies components throughout the
studied section, three organic facies associations were recognized from Nannofossil
biostratigraphically older to younger sections [11]:

4.1.1. Palynofacies-1 (PF-1)

PF-1 represents the organic facies of the interval between 315.5 and 267.0 m. It
contains abundant amounts of amorphous organic matter (AMOM) reaching up to
80.2% (Figure 3, Plate 1). Opaque, wood tissue origin phytoclasts (avg. 19.1%)
and structured phytoclasts (avg. 12.2%) come next in abundance in this palynofa-
cies, while palynomorphs represent negligible proportions (0-1.9%). No cuticles
were recorded as part of the counted phytoclast particles.
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Percentage distribution of organic facies categories counted in the present study
along with interpreted kerogen types and hydrocarbon source rock potential
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Plate 1
Photomicrographs of the example organic facies constituents encountered
in the present study. All images were taken in transmitted white light

at 40x magnification. 1) Opaque wood tissue phytoclast, depth 255.0 m. 2)

Cuticle phytoclast, depth 246.0 m. 3) Amorphous marine organic matter AMOM,

sample no. 121 depth 300.0 m. 4) Terrigenous palynomorph (trilete spore),
depth 270.0 m.

4.1.2. Palynofacies-2 (PF-2)

This facies occurs in the interval between 267.0 and 224.0 m. It is composed of
large amounts of opaque wood tissue origin phytoclasts (avg. 62%) along with
close to equal amounts of structured and degraded phytoclasts (avg. 17.8%) and
AMOM (avg. 13.6%). Palynomorphs (mostly terrestrial) represent only an average
of 6.6% in this organic facies (Figure 3; Plate 1). Among the counted structured
phytoclast particles, cuticles represented only 0-2.4%.

4.1.3. Palynofacies-3 (PF-3)

PF-3 takes place within the interval between 224.0 and 188.7 m. It is comprised
primarily of degraded and structured phytoclasts (avg. 63.3%), opaque wood tissue
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origin phytoclasts (avg. 31.9%), in addition to minor amounts of palynomorphs
(avg. 4.5%). AMOM was very rare in this palynofacies (Figure 3, Plate 1). Cuticles
and tracheids occurred only in small portions (avg. 1.1%).

4.2. Thermal Alteration Index (TAI) and vitrinite reflectance (Ro%o)

Observed spore/pollen exine colors in the investigated samples ranged from yel-
lowish-orange to light orange, which correspond to TAI values of 2-2+ (Figure 4).
Measured Ro% values ranged from 0.31 and 0.42% throughout the entire studied
interval (Figure 5).
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Figure 4

Pearson’s spore/pollen color chart [12] compared to example palynomorphs
from the present study (modified from Traverse [13]). The random vitrinite
reflectance of the studied samples are ranging from 0.245 to 0.414 %"
in a boarder scale correspond to the TAI colors of the palynomorphs
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Vitrinite random reflectance (Ro%) data versus depth representing the thermal
maturity of the immature studied samples and the standard deviation

5. DISCUSSION
5.1. Source rock potential and organic matter type

The observed vertical variation in organic matter composition throughout the stud-
ied section was the main parameter considered in defining kerogen types and thus
hydrocarbon source rock potential (Figure 3). For the established three organic
facies assemblages, PF-1 was mostly dominated by oil-prone materials, primarily
amorphous organic matter that is derived largely from the degradation of phyto-
plankton or bacteria under suboxic to anoxic conditions [14, 15]. This is similar to
results by Pasley et al. [5] who concluded that the transgressive Upper Mancos
Formation in the San Juan Basin contains mostly amorphous marine organic mat-
ter; possessing excellent source potential. After the deposition of PF-1 and as the
sea-level was apparently falling, higher amounts of transported terrigenous organic
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matter increases to PF-2 which is essentially a mix of terrigenous type-1Il (gas-
prone) and marine type-I1 (oil-prone) kerogen. PF-2 sequence represents the transi-
tion between the marine dominant PF-1 conditions and the terrestrially influenced
PF-3 organic matter accumulation. PF-3 is interpreted to contain type-Ill kerogen
based on the presence of high percentages of gas-producing materials, which are
mainly derived from terrigenous macrophyte fragments such as xylem, phloem,
and cortex tissues along with oxidized plant particles [16].

5.2. Thermal maturity of the organic matter

Observed spore/pollen coloration in the investigated samples varied from yellow-
ish-orange to light orange under transmitted white light. These colors correlate with
22+ values on the TAl scale (Figure 4) and indicate negligible chemical change in
the thermal maturity path [17]. Vitrinite reflectance (Ro%) measurements ranged
from 0.245 % to 0.414 %, further confirming that the preserved organic matter in
the studied section has not reached the oil window. Thus, the Upper Mancos For-
mation is considered as a promising oil and gas prone unit pending sufficient ther-
mal stress to promote it to enter the oil window. These findings are consistent with
the interpretation of Gentzis [6] and Broadhead [4] for the Upper Mancos along the
southwestern flank of the San Juan Basin. At the present stage of maturation, the
Upper Mancos sediments can only produce biogenic gas of carbon dioxide and
some methane.

6. SUMMARY

Detailed palynofacies analysis was carried out on 27 core samples from the Upper
Mancos Formation in McKinley County in the southwestern part of San Juan Ba-
sin, New Mexico, USA. Three palyno facies associations were recognized based on
the vertical distribution of the various types of organic matter throughout the stud-
ied section. The PF-1 older sequence is dominated marine plankton and solitary
alga origin fossils containing primarily type-Il kerogen materials (oil-prone). PF-2
(transitional) contains a mix of marine and terrestrial organic constituents, charac-
teristic of type-ll/111 kerogen (oil and gas prone). PF-3 is terrestrially dominated
containing type-111 kerogen materials (gas-prone). All samples were found to be
thermally immature based on observed spore/pollen colors and vitrinite reflectance
measurements.
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Abstract: The applicability of microwave (MW) irradiation for sludge treatment has been in-
tensively investigated in the last 20 years. Studies have focused on the detailed analysis of MW
irradiation on waste activated sludge. Results have been derived from batch experiments.

In this study, continuous flow microwave (MW) treatment with different irradiated en-
ergy and power intensity was applied in order to improve the chemical oxygen demand
(COD) solubilization and biodegradability of thickened primary dairy sludge. The efficiency
of MW treatment was examined by batch mesophilic anaerobic digestion (AD) tests, as well.
Our results show that the solubilization ratio (soluble to total COD, SCOD/TCOD) and aer-
obic biodegradability (expressed as the ratio of biochemical oxygen demand to soluble COD:
BOD/SCOD) was influenced by energy input, as well as by the MW power. Increased power
and/or enhanced energy input resulted in higher solubilization and biodegradability. Never-
theless, the ratios SCOD/TCOD and BOD/SCOD worsened if irradiated energy exceeded the
critical value of 90 kJ/L and of 200 kJ/L with power intensity of 600 W, respectively. Biogas
production is influenced mainly by the input energy.

Compared to the untreated sludge, the MW energy input of 120 kJ/L and 220 kJ/L resulted
in biogas yield increments of 174% and 210%, respectively. Power intensity did not affect
the cumulative biogas product, but it can be an influential parameter for the rate of anaerobic
digestion. Applying 220 kJ/L energy input with different power intensities (300-600 W), it
was found that 300 W power intensity resulted in accelerated anaerobic digestion; approxi-
mately 80% of total biogas volume was produced in the first 15 days of the fermentation
process.

Keywords: MW treatment, wastewater sludge, sludge utilization technologies

1. INTRODUCTION

In the EU approximately 60% of renewable energy generation is based on biomass,
but 80% of biomass energy originates from wood utilization [1]. The diversification
of bioenergy raw materials should be encouraged and the role and ratio of waste and
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byproduct in the bioenergy production should be increased, according to the waste-
to-energy (W2E) concept. Because of its high organic matter content, the sludge
originating from municipal wastewater treatment plants and agrifood industry has
high potential for biofuel — mainly for biogas — production.

Sludge generation is continuously rising, because of the growing urbanization
and the concentration of industrial activities into industrial parks, respectively. In
cities and industrial parks the wastewater purification technology has high removal
efficiency; mainly in the mechanical (primary) stage of technology but also in bio-
logical wastewater treatment (secondary) stage a huge amount of sludge is produced
containing the wastewater pollutants in a concentrated form. During the convention-
ally used wastewater treatment technologies approximately 8-10 kg/m? of waste ac-
tivated sludge is produced [2]. Furthermore, the specific sludge generation of several
types of industry effluents is higher than that for municipal wastewater; therefore,
sludge handling has become more and more costly for companies in recent decades.
Among the numerous methods availalbe, anaerobic digestion (AD) is often applied
for both sludge stabilization and biogas production. Involving sludge in biomass
based energy generation has several benefits: it provides facilities to stabilize the
sludge with reduced environmental hazard, it makes the utilization of nutrients for
agriculture possible, (the main concept of the circular economy), and it reduces the
net CO, emissions.

In most cases, bioenergy generation based on biotransformation (fermentation)
processes needs pre-treatments to make biological degradation and enzymatic hy-
drolysis possible, or to increase their efficiencies [3]. The direct energetic utilization
of biomass needs pretreatment, as well, to increase the energy density of raw mate-
rials [4]. Conventional thermal pre-treatments, often in combination with chemical
methods, are widely used in practice, but more and more attention is being devoted
to finding alternative, non-conventional heating sources that can be applied for en-
hanced sludge processing [5].

Due to its volumetric and selective heating effect, microwave irradiation provides
an energetically effective method for biomass treatment, especially for materials
with high water content, such as sludge. Microwave effects on sludge can be ex-
plained by three different mechanisms, thermal (heat generation); specific non-ther-
mal effects of the electromagnetic field; and catalytic oxidation [6]. Because of the
polar characteristic, water molecules and other polar components have high energy
dissipation capability. Therefore, in the processing of high water content sludge by
high MW energy intensity the thermal effect dominates over the non-thermal effect
[7]. The dielectric behavior of sludge leads to high temperature increase during mi-
crowave heating, and the high heat stress and temperature gradient generated inside
the processed materials manifests in rapid hydrolysis of macromolecular compo-
nents, and disruption of cell walls, respectively [8]. It can be noted that the ability of
molecules to oscillate is different for the free and bounded water content.

Summarizing the results available in the scientific literature, it can be concluded
that microwave (MW) treatment is suitable to increase the soluble chemical oxygen
demand (SCOD) of sludge. The increment in the solubility of organic matters,
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disruption of cell walls and extracellular polymeric network, furthermore the de-
struction of original aerobic microbial community leads to intensified anaerobic di-
gestion process of sludge. Increment of solubility degree is influenced by the type
(origin) of sludge, time of MW irradiation, microwave power, physicochemical and
dielectric properties of components, and total and volatile solid content of materials.
In MW treatment, higher initial volatile solid concentration resulted in a higher de-
gree of solubilization [9].

The majority of research papers deal with relatively low total solid (TS) content
sludge. Very little research has focused on the efficiency analysis of the MW treat-
ment of thickened sludge, or sludge cake from dewatering processes (sludge belt and
screw press, sludge filtering press, etc.). Sludge with a high content of solid and
organic matter is sensitive to the use of an appropriate temperature range. In research
practice, the temperature range over the boiling point (120-200 °C) is used for sludge
treatment, mainly on the lab scale, with batch pressurized reactors. But in sludge
with a high protein and carbohydrate content (from the primary dairy industry or
canning industry, for instance) the macromolecular components are rapidly decom-
posed to free amino acids and reducing sugars, which contribute to the occurrence
of Maillard-type reactions [10] , whose products are resistant to biodegradation.

Unfortunately, studies available in the field of microwave irradiation of sludge
have focused mainly on batch treatment with small sludge samples (10-200 mL).
Therefore the irradiated MW energy range was varied widely in the range of 50—
80,000 kJ/g VS, depending on the quantity of the sample, irradiation time and the
power of microwave equipment. Considering the type of processed sludge, it can be
concluded that mainly the effects of MW irradiation on waste activated sludge have
been investigated; very few papers have been concerned with primary sludge treat-
ments. Therefore, our research focused on the investigation of the applicability and
efficiency of microwave pre-treatment on the biodegradability of primary, thickened
sludge from the food industry.

2. MATERIALS AND METHODS

The thickened wastewater sludge samples originated from a dairy in Szeged, Hun-
gary. The main characteristics of the sludge are summarized in Table 1. Sludge sam-
ples were stored refrigerated (+4 °C) in closed plastic containers before processing
to avoid dehydration and the solubility change from freezing-thawing.

Table 1
Main characteristics of sludge
TS [%] pH [ COD [mg/L] SCO%OT]COD BODs [mg/L]
49022 6.240.32 23910:421 23418 1424163

TS-total solids; SCOD and TCOD-soluble and total chemical oxygen demand;
BODs-5 day biochemical oxygen demand
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Microwave pre-treatments were carried out in a semi-pilot, specially-made microwave
unit equipped with a magnetron with variable nominal power in the range of 200-650
W at an operating frequency of 2,450 MHz. In continuous flow operation mode the
sludge flows through a toroidal pipe (inside diameter 10 mm) placed inside the micro-
wave cavity. The flow rate was varied in the range of 5-60 L/h by the revolution of a
peristaltic pump. Energy input (kJ/L) was calculated from the magnetron power, vol-
umetric flow rate and residence time of sludge in microwave reactor.

The total solid content (TS) of sludge was measured by drying cabinet method at
105 °C. Chemical oxygen demand (COD) was determined by photometric method
according to 1SO 6060-1989 with HACH cuvette tests. To separate the soluble or-
ganic matters (expressed as SCOD) sludge samples were centrifuged (RCF of 10,000
G for 20 minutes) and filtered (0.45 mm syringe filter), after dilution (dilution factor
was 10). Biochemical oxygen demand (BODs) was measured in a respirometric
BOD meter (Oxidirect) at 20 °C for 5 days (according to the DIN 38409H51
method). Each analytical test was carried out three times.

Batch mesophilic anaerobic digestion (AD) test was applied to determine the bi-
ogas production of sludge at 37 °C for 30 days. AD tests were carried out in lab-
scale, continuously stirred glass reactors (volume of 250 mL with sample volume of
100 mL, head space of 150 mL), applying adapted mesophilic municipal sludge as
inoculum at a dosage of 10 vol%. The pH of sludge samples was adjusted to 7.2 and
nitrogen purging was used before the tests to ensure the anaerobic condition. The
volumetric biogas production was determined by manometric method, pressure in-
crement was detected by Oxitop-C measuring heads, gas volume was calculated by
ideal gas law. AD tests were triplicated; biogas product was given as the mean of the
calculated volumes.

3. RESULTS AND DISCUSSION

Studies have reported that the divalent cations can bind to extracellular polymeric
substances (EPS), which produce larger and more compact flocs. MW treatment is
suitable to disrupt the polymeric matrix formed by polysaccharides, proteins, and
products of microbial metabolism. Microwave induced disintegration of sludge
flocks assists in releasing organic matter from i) the polymeric network, and ii) in-
tracellular space due to the cell wall disruption effect, therefore the solubility of COD
(given by the SCOD parameter) increases. In the MW sludge treatment process the
COD solubilization is influenced by the pH, TS content, and energy input. Our pre-
liminary results show that in batch processing, beside the irradiation time and energy,
the specific MW power intensity also has an effect on the disintegration degree [11].

The results of our continuous flow treatment show that the solubilization ratio
(SCOD/TCOD) of thickened primary dairy sludge was influenced by both energy
input and the MW power. At lower power intensity (in the range of 300-500 W),
increasing energy input resulted in the enhancement of SCOD/TCOD. Solubility of
organic matters of raw sludge (23%, data not shown in figures) improved by over
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40% after MW treatments. But a worsening effect of energy input increment was
found for MW treatment at 600 W, if energy input exceeded 90 kJ/L (Figure 1).
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Figure 1
Organic matter solubility (SCOD/TCOD) as a function
of MW energy input (kJ/L) and power intensity (W)
(SCOD-soluble chemical oxygen demand, TCOD-total chemical oxygen demand)

Ahnetal. [12], Umaetal. [9], and Ebenezer et al. [13] reported the specific irradiated
MW energy (energy input) to be the main factor in organic matter solubilization.
Their batch MW waste activated sludge disintegration tests verified that over a cer-
tain value energy input (14,000-82,000 kJ/kg TS, depending on the type of sludge)
the SCOD/TCOD worsens. In our experiments a lower amount of energy was irra-
diated, but it has been clearly verified that the MW irradiation applied to continu-
ously flowing sludge was suitable to increase the COD solubilisation. However, be-
cause the increment of organic matter solubility is limited, no further enhancement
in SCOD/TCOD was observed when the sample was MW irradiated at 200 kJ/L or
higher (Figure 1).

Increased organic matter solubility is reported to be advantageous because it stim-
ulates improvement in biodegradability [14], [15]. MW pre-treatment for sludge, ap-
plied prior to biological transformation processes (such as anaerobic digestion or
composting), has great potential because enhanced solubility makes the biodegrada-
tion and enzymatic hydrolysis processes faster. In order to quantify the efficiency of
MW treatment of sludge on the change of biodegradability, the ratio of biochemical
oxygen demand (BOD) to soluble chemical oxygen demand (SCOD) was calculated.
This parameter indicates the bioavailability (in this study, the ability to undergo aer-
obic microbial degradation in a 5-day period) of organic matter in the soluble phase
of sludge.



Intensification of the biodegradation of wastewater sludge by microwave irradiation 327

Results show the same tendency which has been revealed for SCOD/TCOD, i.e. the
increment of irradiated energy and MW power had a positive effect on biodegrada-
bility, but over a certain energy input (200 kJ/L), application of the higher power
intensity range (500-600 W) led to a decrease in the ratio of biodegradable organic
matter (Figure 2).
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Figure 2
BOD/SCOD of sludge pre-treated by MW
with different power intensity (W) and energy input (kJ/L)
(BOD-biochemical oxygen demand, SCOD-soluble chemical oxygen demand)

Similarly to the change of organic matter solubility, aerobic biodegradation is sup-
posed to be inhibited by compounds formed in high energy and/or high temperature
MW treatment [16]. It should be noted that there was no significant difference in
BOD/SCOD if the power intensity was varied in the range of 400-600 W when en-
ergy input of 50-120 kJ/L was applied.

For the evaluation of the efficiency of MW treatment for enhanced biodeg-
radability, mesophilic AD tests are the most frequently used method. In general, MW
irradiation is suitable to intensify the anaerobic digestion process. The main effect
of MW irradiation, applied as a pre-treatment step in biogas technology, is attributed
to the hydrolysis stage of anaerobic digestion [17]. Hydrolysis is considered the main
rate-limiting step of AD; therefore, MW pre-treatments are suitable to increase the
specific biogas yield (on TS, i.e. total solid or VS, i.e. volatile solid basis), and also
accelerate the digestion process.

Sludge contains different microbial cells and organic and inorganic components
that work together with extracellular polymeric substances to build up a special phys-
icochemical structure that is resistant to anaerobic digestion. Kavitha et al. [18] con-
cluded that the energy efficiency of MW treatments aiming at biomass lysis and en-
hanced hydrolysis (and therefore increasing the methane production) was higher if
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EPS and sludge flocs are disrupted in a preliminary stage using mechanical (ultra-
sonication) and/or chemical (alkali dosage) methods. These methods are suitable for
decreasing the average size of solid particles and increasing the specific surface area
of particles and flocs. These effects result in easier penetration for electromagnetic
waves (higher penetration depth) and higher dissipation of irradiated MW energy.

The release of divalent cations from sludge flocs, which is due to i) the defloccu-
lating effect of MW and ii) release of ionic components from intracellular space from
cell wall disruption, has a synergetic effect that leads to an increase in ionic strength.
Therefore, further research is needed to investigate the effect of the change of ionic
strength on the microbial activity in the different stages of the anaerobic digestion
(AD) process [2]. Effects of high-intensity microwave irradiation on contaminants
of emerging concern (CECs) have not yet been examined in detail. Further research
is needed to explore the pathways of transformation of CECs exposed to a high-
intensity electromagnetic field, mainly in real, multicomponent, and biological ac-
tive systems such as sludge.

Beyond the promising results related to MW irradiation when using it as a pre-
treatment method for AD, it should be highlighted that the production of wastewater
sludge in sewage treatment plants is continuous, therefore the detailed investigation
of continuous flow microwave sludge processing is needed. In our research the mes-
ophilic biogas production of sludge samples treated at different MW power and spe-
cific MW energy input (determined from volumetric flow rate, residence time in mi-
crowave reactor, sample volume and magnetron power) was measured in a 30-day
fermentation period. The specific volumetric biogas product was given on a TS basis
(Figure 3). It can be concluded that continuous flow MW irradiation of sludge in-
creased the biogas product. Application of MW treatment with an energy input of
120 kJ/L and 220 kJ/L resulted in biogas yield increments of 174% and 210%, re-
spectively, compared to the biogas product of raw sludge (118 mL/g TS, data not
shown in figures).

Results of the AD tests show that at higher levels of irradiated energy (120-220
kJ/L) the power intensity of MW treatment has no significant effect on the biogas
production (Figure 3). If irradiated energy was in the range of 45-60 kJ/L the power
intensity has a slight effect on the biogas yield. The difference between the biogas
yield of sludge exposed to 300 W and 600 W MW power with energy input of 45
and 60 kJ/L was 15% and 21%, respectively. Microwave treatments applied prior to
AD are reported as a suitable method to increase the biogas production. Several stud-
ies highlighted that microwave irradiation alone — or in combination with chemical
methods — under optimized conditions resulted in a higher methane ratio in the pro-
duced biogas [19], [20]. There are no known sludge pre-treatment methods especially
designed and optimized to produce substrate exclusively to methanogenic archaea.
Microwave irradiation is widely used in the industry, but there is not enough experi-
ence derived from semi-pilot and pilot systems to implement directly to industry scale
sludge processing. Among many factors of scale-up, one difficult question that arises
is how to define control parameters. In lab-scale studies the biogas yield is given as
the maximum achievable cumulative values in 30-60 days anaerobic digestion
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process. The AD process operating on the industrial scale through continuous flow
and one-stage digester in the mesophilic temperature range is decidedly not controlled
to achieve the maximum biogas yield. On the other hand, the economic motivations
are to minimize the capital costs for installing digesters and other service units and to
minimize the operation expenditures of AD plants, while at the same time the technol-
ogy should remain ‘flexible’ to variable feed quantity and quality. From this aspect the
biogas production rate is considered as an important parameter [21].
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Biogas product of MW pre-treated sludge
(biogas product is given on total solid basis)

In order to quantify the effect of MW treatment on the rate of anaerobic digestion
the cumulative biogas production of the first period (0-15 days) and second period
(16-30 days) of the AD process was calculated from the daily volumetric biogas
production. Results related to the contribution of the two periods to total biogas yield
show that MW pre-treatment can accelerate the anaerobic digestion process. Com-
pared to the raw sludge (Cont), the MW pre-treated sludge produced a greater
amount of biogas in the first 15 days of fermentation (Figure 4).

A study by Gil et al. [16] verified the positive effect of MW irradiation on me-
thane production rate for mixed sludge (primary and secondary sludge, originating
from 80% municipal and 20% agrifood-industry wastewater). The results of our AD
tests show that the total cumulative biogas product is mainly influenced by the irra-
diated energy; in the range of energy input of 120-220 kJ/L the power intensity has
no significant effect on biogas production. But considering the daily volumetric bi-
ogas production, our results reveal that the power intensity applied has an effect on
the rate of anaerobic digestion process. As Figure 4 shows, applying the same energy
input of 220 kJ/L with different power intensity (300—600W), the lower power in-
tensity resulted in accelerated anaerobic digestion, with approximately 80% of the
total biogas volume being produced in the first 15 days of the fermentation process.
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Therefore, in continuous flow MW treatment of sludge, the MW power intensity
does not affect the cumulative biogas yield, but can be an influential parameter for
the rate of anaerobic digestion.
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Figure 4
Cumulative biogas product in the 1st (0-15 days) and
2" (16-30 days) period of AD process
(Cont- non treated sample; MW pre-treatments are encoded
as energy input [kJ/L] / power intensity [W])

4. CONCLUSIONS

Many studies have verified the rapid and strong sludge disintegration effect of mi-
crowave (MW) irradiation, applying it as stand-alone method or coupled with con-
ventional chemical method, advanced oxidation processes, enzymatic treatment, or
ultrasonication. Increased organic matter solubility is induced by disintegration,
which is also manifested in higher biogas production. Most studies available present
results obtained from batch MW treatment of municipal waste activated sludge; how-
ever, detailed information about the efficiency and applicability of continuously flow
MW treatment for enhanced biodegradability is missing. In our earlier research the
advantages of batch MW pre-treatment for enhanced disintegration of sludge and
accelerated anaerobic digestion were verified. In the present research, the efficiency
of continuous flow MW treatment of thickened primary dairy industry sludge was
investigated. Our experimental results verified that MW pre-treatment was suitable
to increase the SCOD/TCOD, which indicated an enhanced degree of solubilization.
Furthermore, the aerobic biodegradability (expressed in BOD/SCOD) and the biogas
production improved by 170-210% (depending on the MW power and irradiated
energy). Results revealed that the power intensity of MW irradiation has an effect on
COD solubilization and irradiated energy affects biogas yield. Increasing the irradi-
ated energy (energy input) and microwave power intensity resulted in higher organic
matter solubility. However, irradiated energy at levels over 90 kJ/L had a negative
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effect on COD solubility, and 200 kJ/L at 600 W power intensity, worsened aerobic
biodegradability. Results of mesophilic AD tests revealed that the biogas yield in-
creased due to the use of MW irradiation as a pre-treatment; furthermore, the rate of
anaerobic digestion process accelerated. Analysis of the effects of MW-related pro-
cess parameters on the efficiency of AD shows that the cumulative biogas production
is influenced mainly by the energy input. The power intensity of MW irradiation has
only a slight effect on biogas yield, if energy input exceeds 120 kJ/L, but it can be
an influential parameter for the rate of anaerobic digestion/biogas production. Our
experiments verified that continuous flow microwave treatment can assist in achiev-
ing higher utilization of organic matter in primary food industry sludge in the form
of biogas. We conclude that MW processing technology — under optimized condi-
tions — can be an answer to the challenge of achieving higher utilization of waste and
byproduct towards the valorization of secondary resources. With well-designed MW
pre-treatments the availability of organic matter fraction of sludge can be increased,
which will lead to accelerated anaerobic digestion and higher biogas yield. These
results contribute to achieving higher valorization of sludge with reduced environ-
mental impact of digestate and higher energy efficiency of sludge utilization tech-
nologies.
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Abstract: The current study deals with comparison of the cost of oily wastewater treatment
by membrane filtration associated with different pretreatment methods. The cost evaluation
was completed for model oily wastewaters containing 100 ppm crude oil in saline or distilled
water, and in some cases for real produced water, aiming at elimination of oil content. Three
different pre-treatment methods — ozonation, Fenton and photo-Fenton pretreatments — and
the modification of the used membrane surfaces with photocatalytic nanoparticles were used
for the mitigation of fouling and enhancing oil elimination efficiency during the process. The
cost estimation was evaluated on the basis of flux decline and the cost of pre-treatments.
Results showed that pre-oxidation enhances the flux, thus potentially decreasing the cost of
combined treatment. The lower cost was achieved by the application of modified membrane
surfaces, which shows that the development of antifouling surfaces may further decrease
costs of membrane filtration.

Keywords: Oily wastewaters, membrane filtration, waste reduction, titanium dioxide, carbon
nanotubes, cost evaluation

1. INTRODUCTION

Oily wastewaters originate from several industries, especially the oil industry, oil
mining, oil refining, oil storage transportation, and petrochemical industries. Besides
them, other industries like machinery or food industry also produce a considerable
amount of oily wastewaters. The composition and characteristics of these waters
strongly depend on the releasing industry; however many of them contaminated by
crude oil, with nondescript composition. As crude oil is a mixture of different organic
and inorganic compounds, which are often toxic, discharged oily wastewaters pollute
surface and underground water, endangering aquatic resources and human health [1],
[2].With the continuous improvement in environmental standards, the existing
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methods have been unable to meet the requirements, thus more efficient technologies
should be developed [1].

In order to meet environmental standards and to achieve reusable and recyclable
water from oily wastewaters, several investigations have been focused on developing
water treatment technologies for oily wastewaters [3]. Conventional water treatment
technologies involve physical, chemical and biological methods. Although the bio-
logical treatments are cost-effective, these industries produce large volumes of
wastewater contain recalcitrant compounds, possibly toxic organic pollutants which
are difficult to treat by biological methods [4].

In oily wastewater emulsions, the typical oil concentrations vary from 50 up to
1,000 ppm of oil [5]. Several techniques have been used for oil-in-water emulsion
purification, such as air flotation, heating, ozonation, coagulation-flocculation, and
membrane filtration [6]. The physical and chemical methods that can be applied have
high capital costs, and the cost of chemicals for chemical treatment is high [3]. More-
over, the current methods cannot remove the dispersed, suspended oil content.

Among the physical processes, membrane-based separation is a promising tech-
nology for 21% century since there is no necessity for chemical additives and the
energy costs are relatively low [6]. Ultrafiltration (UF) is the most effective treatment
for oily wastewater, possessing high oil-removal efficiency however, membrane
fouling is a considerable limiting factor.

Membrane separation processes combined with pretreatments may enhance the
elimination efficiency and reduce the filtration resistance. Earlier studies showed
that pre-oxidation of oily wastewaters may be an advantageous solution, as it de-
grades the organic pollutants in oily wastewaters, and in parallel, it may improve the
flocculation efficiency and particle removal during the filtration step [7], [8]. These
advanced oxidation processes may include ozone, UV/hydrogen peroxide, Fenton or
photo-Fenton reaction, and heterogeneous photocatalysis. Advanced oxidation pro-
cesses and ozone treatment generate free radicals, which are able to react with the
contaminants directly and indirectly, and finally decompose to oxygen. In these re-
actions two typical pathways have been observed, influencing membrane filtration
parameters: (1) the micro-flocculating effect producing associated colloidal parti-
cles, and (2) degradation of organic materials (Figure 1). The latter decreases the
retention of pollutants and may increase the pore fouling, thus short-term oxidation
pretreatment may lead to micro-flocculation and result in large floccules, thereby
reducing membrane fouling [9], [10]. This means that for combined techniques the
pre-oxidation processes should be optimized in terms of filtration parameters.

Another approach to membrane fouling mitigation is to modify membranes with
photocatalytic nanoparticles, therefore combining the advantages of membrane fil-
tration (physical separation) and the advantage of photocatalysis (non-selective or-
ganic matter degradation) [12]. TiO; is one of the most commonly used photocata-
lysts due to its good physical and chemical properties, availability, high photocata-
lytic activity, and desirable hydrophilic properties [13-17], but recently the applica-
tion of new nanoparticles is being widely investigated [18].
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Figure 1
Possible effects of ozone pretreatment on membrane filtration [11]

Several investigations have focused on the optimal operational conditions, and only
a few works contain cost evaluation, which is essential to choose an appropriate
method for water treatment technology. The cost of water treatment depends on both
the technological aspects and the regulation requirements.

The economics of membrane filtration are determined by the initial investment
cost of the membrane modules, equipment, and facilities. The key parameter is the
permeate flux, which is determined by the driving force (typically the transmem-
brane pressure) and the hydrodynamic resistance of the membrane and the particle
layer accumulates on the membrane surface, namely the fouling. Membrane fouling
affects both capital and operating costs by affecting the membrane area and energy
requirements [19].

For estimating the cost of technology to be chosen, preliminary design and eco-
nomic potential estimation should be attained [20]. Preliminary experimental data
provide a basis for the operational parameters and technical requirements, while eco-
nomic evaluations give an estimate of capital and operational costs. The costs of
advanced oxidation processes are highly dependent on the quality of the source water
to be treated and effluent treatment goals [21]. Although very few studies aim at
investigation of advanced oxidation processes (AOPs) involving cost estimation
analysis, summarizing them, they conclude that the main factors influencing the
prices are the removal efficiency and flow rate; capital, operational and management
costs increased with higher removal efficiency [22].

Although AOPs are known to be relatively expensive processes, by applying
them as pre-treatment, without aiming for total pollutant elimination during oxide-
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tion, their cost may become competitive to membrane filtration. In this work a com-
parison of the cost of oily wastewater treatment by membrane filtration associated
with different pre-treatment methods was performed. The cost evaluation was com-
pleted for model oily wastewaters containing 100 ppm crude oil in saline or distilled
water, and in some cases for real produced water, aiming elimination of oil content.
In the present study the four different promising methods of pre-ozonation [23], Fenton
or photo-Fenton reaction, and photocatalytic nanoparticle modified membranes [18],
[12] were used for the mitigation of fouling during membrane filtration. The cost esti-
mation was evaluated on the basis of flux decline and the cost of pre-treatments.

2. EXPERIMENTAL
2.1. Materials and methods

Model wastewater composition: oil in water (o/w) emulsions (Coii = 100 mg L%; daroptets
<1.5 um) were prepared in 2 steps, using crude oil (provided by MOL Zrt.; Hungary),
and ultrapure water (PureLab Pulse, ELGA Labwater, UK). Intensive stirring (35,000
rpm, 1 min) of crude oil and water was followed by 10 min ultrasonic homogenization
(Hielscher UP200S, Germany) at 25 °C (using maximal amplitude and cycle). For the
photocatalytic experiments 20 ppm oil concentration was set by the dilution of the
emulsion. In case of saline water, a model of real groundwater located in south
Hungary was prepared, which contained the following salts: 2.26 g L NaHCOs; 53.4
mg L NH4CI; 19.1 mg L CaCly; 20.9 mg Lt KCI; 93.5 mg L™ NaCl; 45 mg L
FeCls and 35.1 mg L! MgSOs (Sigma Aldrich; analytical grade).

The investigated real wastewater was produced from the southern part of Hun-
gary, containing crude oil. (Extractable oil content 28+2 ppm, turbidity 44.2+0.5
NTU, pH 7.95+0.05, COD 927+10 mg L 1)

Pre-ozonation was carried out in a glass batch reactor, the 0zone was generated
from clean oxygen (Messer; 3.5) by a flow-type ozone generator (BMT 802N, Ger-
many) and it was bubbled through a diffuser into a batch reactor containing 400 mL
of the given oil-in-water emulsion, equipped with a magnetic stirrer (Fig. 2a). The
applied flow rate was 1 L min~t and ozone concentration of inlet and outlet was
measured using a WPA Biowave Il type UV spectrophotometer, with the wavelength
set at A = 254 nm) to determine the absorbed volume of ozone. If pre-ozonation was
applied, its duration was only 5 minutes in all cases, since our previous studies [23],
[24] proved that longer pre-ozonation can result in pore blocking (due to the frag-
mentation of the oil droplets) and also results in lower purification efficiency because
of the generated water-soluble organic oxidation by-products. The applied 5 min
long pre-ozonation resulted in 30 + 5 mg L™ of absorbed ozone dose. The remaining
dissolved ozone was purged by oxygen after the treatment to avoid damage of the
used membrane. In the case of real wastewater, the duration of ozone treatment was
2 min, with 28+2 mg L~ absorbed ozone.

Fenton-type reactions were carried out at pH = 4, the concentration of H,O-
(VWR Hungary) was 300 ppm, ratio of nge:nmzo2 = 1 : 25 (Figure 2b), and before
membrane filtration the pH was set to be 7, and (possibly) remaining H.O, was
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decomposed enzymatically with catalase enzyme. Photo-Fenton reactions were car-
ried out by the irradiation of the emulsion with an immersed compact fluorescent
UV-tube (Amax=254 nm, 10 W, Lighttech Ltd, Hungary). For determination of the
residual amount of hydrogen peroxide, COD measurements were performed before
and after the addition of catalase enzyme.

For the membrane surface modification, commercial titanium dioxide (TiO;
Aeroxide P25, Germany, d = 25-39 nm, a%ser = 50.6 m? g1) and carbon nanotubes
(CNT; Nanothinx NTX1 multi-walled carbon nanotube, Greece, 1 > 10 um; d = 15-
35 nm) were applied. Nanomaterials (TiO2 and CNT) by themselves or in composites
(TiO2 with 1 wt% CNT) were suspended in 2-propanol (¢ = 400 mg L) by 1 min
ultrasonic homogenization (Hielscher UP200S, Germany) at 25 °C (maximal
amplitude and cycle were applied). 40 mg of the given nanomaterial (suspended in
100 mL of 2-propanol) was immobilized on a polyvinylidene fluoride (PVDF)
membrane (New Logic Research INC, USA, 100 kDa; ~1.0 mg cm™ catalyst
coverage) by physical deposition method: the suspension was filtered through the
membrane, applying 0.3 MPa transmembrane pressure in a batch-stirred membrane
reactor (Millipore, XFUF07601, USA), followed by drying in air at room
temperature (Figure 2c).

Membrane filtration experiments were carried out in a Millipore XFUF07601
batch-stirred membrane reactor, which was equipped with commercial polyethersul-
fone (PES) or polyvinylidene fluoride ultrafilter membranes (PVDF, 100 kDa), or in
the case of Fenton-type reactions microfiltration PES membranes (pore size 0.2um)
(New Logic Research INC, USA) or with photocatalytic nanomaterial covered mem-
branes. Filtration was carried out using 0.1 MPa transmembrane pressure and 5.83
s tstirring speed (350 rpm). In all filtration experiments, 250 mL emulsion was filled
into the reactor and filtered until the production of 200 mL permeate (volume reduc-
tion ratio: VRR = 5).

The purification efficiencies were determined by measuring the chemical oxygen
demand (COD) and the extractable oil content (TOG/TPH) of the feed and the per-
meate. COD was measured by a standard potassium-dichromate oxidation based
method, using standard test tubes (Lovibond). The digestions were carried out in a
COD digester (Lovibond, ET 108) for 2 h at 150 °C and the COD values were meas-
ured with a COD photometer (Lovibond PC-Checklt). Extractable oil content was
measured by a Wilks InfraCal TOG/TPH type analyzer, using hexane as extracting
solvent. The purification efficiency (R) was calculated as:

R=[7—i}100%, 1)
Co

where o is the COD or the TOG/TPH value of the feed and c indicates the values of
the permeate.

To compare the performance of different AOPs, Oxygen-equivalent Chemical-
oxidation Capacity (OCC, kg O2/m~3) was used to quantify the oxidants used in the
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ozone treatment and Fenton process, and was determined on the basis of stoichio-
metric calculations as [22]:

OCC=1.000[03] =0.471[H.0¢], (2)

where [O3] is the demanded ozone concentration (kg Os/m®) and [H20;] is the de-
manded hydrogen peroxide concentration (kg H20, / m3).

a. Pretreatment with ozone: b. Pretreatment with ¢. Membrane modification:
Optimum parameters t= 5’ Fenton’s reaction PVDF UF membrane + TiO,
treatment, 30 g/m? ozone pH=4, 100 mg/L P25 TiO, P25+
concentration FeSO,x7H,0, 1 m/m% CNT — coverage:

[Fe]:[H,0,]=1:5 1 mg/cm?

UV: A=254 nm

Ozone generator

Figure 2
Experimental design of pre-treatments and membrane filtration experiments
[24], [18]

2.2. Cost estimation methodology

The cost estimation of combined processes was based on the costs of membrane
filtration and pretreatments. During calculations 1,000 m3/day feed volume was as-
sumed (Figure 2). Amortization was assumed to be 30 years. Taking into consider-
ation the capital investments and operational costs, the total cost of 1 m?® of
wastewater purification was calculated. The calculation of costs of membrane filtra-
tion was carried out by the work published by [20]. The calculation of total capital
investment for the membrane unit and plant includes fixed capital and working cap-
ital (operational cost) investments, while fixed capital investment comprises both
direct and indirect costs. A similar method was applied for the cost calculation of the
pretreatments [21].
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3. RESULTS AND DISCUSSION
3.1. Effect of different pre-treatments on pollutant elimination efficiencies

In order to make the oxidation pre-treatments comparable, the Oxygen-equivalent
Chemical-oxidation Capacity (OCC) was calculated during the pretreatments. Due to
the negative long-term effects of pre-oxidation on filtration efficiency, short time (5
min, and in case of real wastewater 2 min) pretreatments were performed. In case of
ozone treatments, the OCC was 30+5 g m3, in case of real wastewaters 28+2 g m=3, In
case of Fenton reaction, the OCC was 11.28, and in case of photo-Fenton 33 g m=. In
case of catalyst-modified membrane surfaces, in one set of experiments the
wastewaters were not pretreated before filtration; in these cases the photocatalytic ef-
fect was used for cleaning the membranes [24], while in another set of experiments
ozone-pretreatments were performed (OCC=28+2 g m®).

The pretreatments alone caused only a slight, if any, decrease in COD and ex-
tractable oil content. After the filtration, the overall extractable oil elimination was
very high, while COD elimination efficiency was a little bit lower, but generally
above 97% (Table 1). The salinity of the water generally decreased the elimination
efficiency.

Table 1

Chemical oxygen demand (COD) and extractable oil elimination efficiency after

different pre-treatments and membrane filtration in case of model wastewaters
(DW in distilled water, SW in saline water).

Ozone | Ozone Photo-
MF MF . UF+ Fenton
UF | UF+TIO, . +MF +MF Fenton
OW) | (SW) TiO,/CNT DW SW + MF ME
Extractable
oil elimination | >99 >99 | >99 97 97 99 99 98 98
(%)
COD
elimination 98 98.3 99 97 97 97.5 93 98 98
(%)

In case of real wastewater, the short term ozone treatment alone resulted in 10.6%
COD elimination, and 30% elimination of extractable oil content. After filtration
(Table 2), the extractable oil elimination efficiencies were lower than in the case of
model wastewaters, presumably due to the saline water matrix. The pre-ozonation
worsened the oil retention, presumably due to decomposition of oil to smaller mole-
cules. The COD elimination efficiency was very low (around only 20%), which
means that in this case the chemical oxygen demand mainly related to small organic
and inorganic pollutants, not to oil.
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Table 2
COD and extractable oil elimination efficiency after different pre-treatments and
membrane filtration in case of real produced water

Ozone+ Ozone+ Ozone+

UF | UFHTIO, | UR+TIOACNT UF UF+TiO, | UF+TiO-+CNT

Extracable oil

elimination 83 98 99 87 95 98
(%)
COD elimina-
tion (%) 22 25.5 24 24 24.1 23

3.2. Effect of different pre-treatments on permeate flux

Separation performance of the selected membranes was studied in this and earlier stud-
ies [23], [24], [18]. A preliminary design can be developed on the basis of flux data by
calculating the membrane area. During preliminary experiments the membrane filtra-
tion was done until VRR = 5. The measured flux at VRR = 5 (Tables 3 and 4) was
considered as steady-state flux and used for calculations. Assuming 1,000 m® d* feed
volume, the membrane area was calculated by the following equation:

_Y-Ve
J

A ©)

where A is the filtration area (m?), Y is the yield of the process, Ve is feed volume
(L h'Y), and Jis the flux (L m2h?!) at VRR = 5.

It was found that pretreatments significantly increased the flux. Although the
ozone pretreatment significantly increased the flux, both Fenton pretreatment, and
membrane surface modification were found to be more effective (Table 3).

Table 3
Steady-state flux and calculated membrane area for filtration
of pre-treated model wastewaters

Ozone | Ozone Photo-
MF MF . UF+ Fenton
UF | UF+TiO, . +MF +MF Fenton
(OW) | (SW) TIOJ/CNT | i W +MF ME
Flux 54 | 460 | 45 150 294 173 85 278 244
(L m2h?) '
Membrane
B 616 | 723.0 | 740 222 113 192 392 119 136
area (m?)

Similar results were obtained in case of real produced water; while ozone treatment
slightly decreased the flux, the effect of membrane modification was more ex-
pressed. However, in this case — unlike in model wastewaters — the presence of
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carbon nanotubes did not enhance the flux, and this effect was observed after pre-

ozonation, too. The explanation of this finding requires more experiments, but the

salinity of the water may play an important role in the fouling behavior of modified
membrane surfaces.

Table 4

Steady-state flux and calculated membrane area for filtration

of pre-treated real produced waters

Ozone+ Ozone+ Ozone+
UF UF+TiO; | UF+TiO+CNT

UF UF+TiO; | UF+TiOx+CNT

Flux (L/m?h) | 121.00 | 326.0 301.00 155.00 362.00 339.00
Membrane | o200y | 1021 110.56 214.71 91.93 98.17
area (m?) ’ : : : : o

3.3. Cost evaluation

For the estimation of AOPs cost, Kommineni’s method was followed [21]. The costs
were divided into categories direct investment costs, indirect costs and operating costs
(Table 5). Amortization was assumed to be 30 years, 7% discount rate. The volume of
ozonation reaction vessel was estimated by the ozone demand (30 g m®), and the con-
tact time (5 min). On the basis of the feed volume, the volume of the tank is:

V=V/t = 1000 m3 d*Y/5 min = 3.47 ~ 4 m?, 4)

The amount of absorbed ozone is 1,440 g/4 m3/h, which can be provided by 18 x 80
g/h ozone generator. The price of a 80 g/h ozone generator starts from 700 EUR, but
it strongly depends on the manufacturer and other specifications; thus the costs cal-
culated are minimum costs. Energy cost calculations were based on the power of
ozone generators (680 W/item), 350 working days/year was assumed.

For calculation of Fenton and photo-Fenton treatment costs 120 min contact time
was assumed, thus a 3 x 30 m? flocculator tank was considered (approx. 10,000 EUR
each). The chemical demand was calculated as 100 g m= FeSO4and 0,2 Lm=3 H,05.
For the photo-Fenton process, lamps with 1,300 W power were considered in each
reactor, and the UV energy demand was 0.096 kWh m-3.

According to the method previously described by Salehi et al. [20] the total cap-
ital investment for the membrane unit includes can be divided into fixed capital and
working capital investments. Fixed capital investment contains both direct and indi-
rect costs, according to Table 5. The results of calculations are summarized in Tables
6and 7.
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Table 5
Cost estimation methodology

Costs of Advanced Oxidation
Processes [21]

Membrane separation costs [20]

Direct
investment
costs

a) Advanced oxidation unit

b) Piping, valves, electrical
(30% of (a))

c) Site work (10% of (a))

a) Main operating system (membrane systems).
b) Installation of main systems (15% of (a))

c) Instrumentation and controls (6% of (a))

d) Electrical (10% of (a))

e) Installation (30% of (a))

f) Buildings, yard and auxiliary (15% of (a))

g) Land (6% of (a))

Indirect costs

Contractor’s fees (15% of direct
costs

Engineering (15% of Direct
costs +contractor)

Contingency (20% of subtotal)

Engineering and supervision (30% of (a))
Contractor's fees (5% of direct cost)
Construction expenses (10% of direct costs)
Contingency (8% of fixed capitals)

Operating costs

Replacement Parts (1.5% of ca-
pital cost)

Labor (3% of fixed capital)
Analytical costs (2% of fixed

Energy consumption (4% of fixed capital)
Maintenance (4% of fixed capital)
Operation and performance (2% of fixed capital)

(annual) capital) 0 - .
Chemical costs (based on expe- Labor_(SA) of flxeq capltal_)
. Cleaning (3% of fixed capital)
riments)
Power (0.08 EUR/KWHh)
Amortization + annual ope- Amortl_zatlon: lifetime of the polymeric mem-
Total annual rating costs Kfﬂlﬁiilzsatzigﬁ'ar(sllBO) maintenance cost + (1/15)
cost Amortization: (based on 30- :

year period, 7% discount rate)

engineering and supervision + (1/2) membrane
system

Table 6

Cost estimation results of combined pretreatment +
membrane filtration processes in model wastewaters

Photo
UF+ Ozone Ozone

(glvf/) (gﬂvg) Uk gi'gz TIof | +MF | emE | O

CNT DW SW ME
Direct costs

(investm.) 140207 | 216410 | 168249 50475 25752 83314 128623 49285 | 60080
(EUR)
Indirect

costs 21031 24689 25237 7571 3863 29780 36577 17029 | 21707
(EUR/year)
Operating

costs 29496 34626 35395 10619 5418 22426 31958 71332 | 75541
(EUR/year)
Total an-

nual cost 69801 81940 83761 25128 12821 40028 62584 81961 | 88149
(EUR)
Water

reament | 0199 | 0223 | 0239 | 0072 | 0037 | 0114 | 0179 | 0234 | 0252
(EUR/M®)
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The results show that the salinity of the water slightly increases the costs, in spite of
this technology aiming only at oil removal (salinity removal requires more complex
and expensive technology). The low costs of ozone pretreatment (assuming the
cheapest 0zone generators in the market) may be surprising, but it can be noted that
the price is mainly determined by the cost of filtration, not by the ozone pretreatment,
due to the short contact time. As the Fenton processes were considered with longer
contact time (120 min), its investment costs were considerably higher than those of
the ozone treatment unit. Together with its relatively high operating costs this re-
sulted in higher total costs. The membrane surface modification presents the lowest
investment cost with low operational costs, resulting in the most beneficial cost/m?
wastewater. Although this technology would be very beneficial, it should be noted
that these types of modified membranes are not available on the market at this time.
Nevertheless, our results show that due to their good antifouling properties, the de-
velopment of modified membrane surfaces may lead to a decrease in membrane fil-
tration costs. Accordingly, the development of these kinds of commercial mem-
branes is of great interest, and their widespread application is expected in several
industrial activities.

In case of real wastewater (Table 7), due to the lower oil content of the produced
water, the cost of oil elimination decreased further. Although in terms of flux, the
ozone treatment before filtration through modified membranes was beneficial — pre-
ozonation enhanced the flux — in terms of costs this cannot be stated. The investment
and operational costs of ozone treatment unit cannot be compensated by gains in
smaller membrane area.

Table 7
Cost estimation results of combined pre-treatment +
membrane filtration processes in real wastewaters

. . Ozone+ Ozone+ Ozone+
UF | URTIO; | URTIOACNT | ™ | UEsTio, | UF+TIOA+CNT
Direct costs
(investments) 62572 23225 25153 88396 60465 62575
(EUR)
Indirect costs
(EURlyear) 9386 3484 3773 7327 26353 23622
Operating costs
(without 13163 4886 5292 23495 17619 17989
amortization)
(EUR/year)
Total annual cost | 59151 | 14567 12522 42558 | 28653 20518
(EUR)
Water
treatment cost 0.089 0.033 0.036 0.122 0.082 0.084
(EUR/mM®)

4. CONCLUSIONS

The current study deals with a comparison of the cost of oily wastewater treatment
by membrane filtration associated with different pretreatment methods. The cost
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evaluation was completed for model oily wastewaters containing 100 ppm crude oil
in saline or distilled water, and in some cases for real produced water, aiming at
elimination of oil content. Three different pre-treatment methods (ozonation, Fenton
and photo-Fenton pretreatments) and the modification of the used membrane sur-
faces with photocatalytic nanoparticles were used for the mitigation of fouling and
enhancing the oil elimination efficiency during the process. The cost estimation was
evaluated on the basis of flux decline and the cost of pretreatments. Results showed
that pre-oxidation enhances the flux, and thus may decrease the cost of combined
treatment.

Comparison of model and real wastewater’s costs allows us to conclude that the
cost depends on pollutant concentration — a lower oil concentration decreases the cost.

Analyzing the costs of AOPs and membrane separation, it appears that the cap-
ital cost of the ozone treatment unit may be reasonable, as the price is mainly de-
termined by the cost of filtration rather than by the ozone pretreatment, due to the
short contact time.

The membrane surface modification showed the lowest investment cost with low
operational costs, resulting in the most beneficial cost/m? treated wastewater; due to
their good antifouling properties, the development of modified membrane surfaces
may lead to decreasing of membrane filtration costs, so there will be great interest in
the development and the widespread application of these kind of commercial mem-
branes in the near future, due to the continuously tightening emission limits.
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