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Controlled design of geopolymers'properties by the modification of
microstructure
Mogucnost dizajniranja osobina geopolimera modifikovanjem mikrostrukture

Mira Vukéeviél, Ivana Boékoviél, SneZana Nenadoviéz, Miljana Mirkovié?, Marija Ivanovié?,
Svetlana Ii¢%, Ljiljana Kljajevic?

YUniversity of Montenegro, Faculty of Metallurgy and Technology, Podgorica, Montenegro,

University of Belgrade, Laboratory for Materials Sciences, Institute of Nuclear Sciences Vinéa,
Beograd, Serbia

Abstract
One of the key issues in geopolymer synthesis is the low level of ductility. It can often lead to the
limited application possibilities, so the objective is to obtain the enhanced ductility, strength as well
as decreased cracking tendency, by microstructure modification. By introducing of inorganic and
organic modificators of microstructure (calcium hydroxide, bi-functional epoxy resins, or various
types of alkoxylanes ) during the process of geopolymer synthesis the enhanced values of ductility
and hardness can be obtained.
Introduction of modificators, under the certain pH, synthesis and curing conditions, lead
to the creation of homogenous inorganic or organic micro domains within the geopolymer matrix
followed by the different types of processes with the same purpose to prevent the post-curing drying
shrinkage:filling-the-pores process or ,, swelling mechanism* which generate accomodation of
vast quantity of water during synthesis. All these mechanisms decrease the possibility of stress
localization and cracking, increasing at the same time the potential use at elevated temperatures.
The paper presents the influence of raw mixture, content of microstructure modificator, synthesis
parameters (Si/Al, solid/liquid phase, pH, the conditions of alkali activation, modificators content,
process of mixing) as well as the conditions of post-synthesis thermal treatment and aging of
geopolymers on the mechanical properties of the final product.
Research was performed on alumosilicate raw material/alkali activator raw mixture with the
added quantity of modificator.The best raw mixture composition, content of modificator, way of
mixing , S/L ratio as well as pH conditions were defined. Characteristics of geopolymers were
defined by measuring of compressive strength, ,as well as by SEM. The presence of amorphous
phase as well as inorganic and organic domains was documented by using X-ray diffraction (XRD)
and Fourier transform infra-red spectroscopy.

Key words: geopolymers, modification of mictrostructure, ductility, strength
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Circular economy and challenges of waste-to-energy processes in EU
Cirkularna ekonomija i izazovi procesa energetskog iskoristavanja otpada u EU
Filip Kokalj
Faculty of Mechanical Engineering, University of Maribor, Smetanova 17, Maribor, Slovenia

Masinski fakultet, Univerzitet u Mariboru, Smetanova 17, Maribor, Slovenija
Abstract

The EU action plan on the circular economy from the year 2015 highlights the need for a transition
to a circular economy based on a different lifestyle and business style, including the cascading use
of material and energy sources and an almost zero level of residual waste and energy. The
introduction of this way of life must also be supported by the development of new innovative
economic and financial systems.

Waste — to -energy is an integral part of the waste hierarchy and as such falls within the circular
economy as the European Commission perceives. Of course, it should not negatively affect the
reuse and recycling of waste, which are the preferred methods of waste management. The devices
for waste — to — energy should be designed solely for material flows that can’t be used otherwise.
Energy use of waste is, in most cases, considered as energy production partly or entirely from
renewable energy sources, which means lowering greenhouse gas emissions. It also means the
utilization of the domestic energy source and the reduction of domestic energy import dependence.
Proper introduction of circular economy systems, which also includes waste — to - energy, means
sustainable economic growth, sustainable industrialization, green jobs and a contribution to
achieving sustainable management of natural resources and their effective use.

Key words: incineration, waste — to — energy, environment protection, circular economy, climate
change, renewable energy sources

Sazietak

Akcioni plan EU o kruznoj ekonomiji od 2015. godine naglasava potrebu za prelazak na cirkularnu
ekonomiju zasnovanu na drugacijem nacinu Zivota i poslovnom stilu, ukljucujucéi kaskadnu
upotrebu materijalnih i energetskih izvora i gotovo nultu stopu preostalog otpada i energije.
Uvodenje ovog nacina Zivota mora biti podrzano razvojem novih inovativnih ekonomskih i
finansijskih sistema.

Iskoristavanje energije otpada je sastavni deo hijerarhije otpada i kao takav spada u cirkularno
ekonomiju, kako to shvata Evropska komisija. Naravno, to ne bi trebalo negativno uticati na
ponovnu upotrebu i recikliranje otpada, koje su pozeljnije metode upravljanja otpadom. Uredaji za
iskoristavanje energije otpada treba da budu projektovani samo za kolicine materijala koji se ne
mogu koristiti na drugi nacin.

U najvecem broju slucajeva se iskoristavanje energije otpada smatra energetskom proizvodnjom
delimicno ili u potpunosti iz obnovljivih izvora energije, Sto znaci smanjenje emisije gasova sa
efektom staklene baste. To podrazumeva i koristene domaceg izvora energije i smanjenje zavisnosti
od uvoza energije.

Pravilno uvodenje sistema cirkularne ekonomije, koji ukljucuje i energetsko iskoristavanje otpada,
podrazumeva odrzivu ekonomsku rast, odrZivu industrijalizaciju, zelena radna mesta i doprinos
postizanju odrzivog upravljanja prirodnim resursima i njihovom efikasnom koriscenju.
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Kljuéne reéi: spaljivanje, iskoristavanje energije otpada, zastita zivotne sredine, cirkularna
ekonomija, klimatske promene, obnovljivi izvori energije

1. Introduction

The transformation of our economy from linear to circular is a great opportunity for its thorough
change and the increase of its sustainability and competitiveness. This stimulates investment and
provides benefits for the economy, environment and citizens.
Countries in general have many opportunities, but it is also challenging to enter the circular
economy. Countries of southeast Europe region are greatly forested with great natural capital, a
high level of biodiversity and rich natural habitats. At the same time, they continue to cope with
economic and systemic challenges that do not facilitate or encourage the transition to a circular
economy.
Countries of southeast Europe region have mostly prepared agendas for the transition into circular
economy. Slovenia for instance has adopted the Framework Program for the transition to the green
economy in October 2015. It sets out strategic guidelines for the development of new environmental
technologies and jobs and the marketing of Slovenian knowledge. Although the Slovenian
government strongly supports the transition to the circular economy in its strategic documents, the
implementation of this concept in practice is lurking.
Waste management is just one of many economic activities involved in the circular economy. Thus,
the involvement of this sector is necessary, and in any case, this sector does not play a decisive role
in the implementation of the new economy concept.
In general, ordinary population do not even think about the activities that take place before the
waste is generated, but only deals with the waste itself. Substantial progress in terms of circular
economy regarding waste management will be made when all previous options and methods are
utilized to prevent waste from being created at all.
However, since the purpose of this paper is waste management and waste — to - energy, we will
only focus on this topic in the future.
Waste must be considered as a material or energy source. To convert waste into a source, it is
necessary to:

e reduce the amount of waste generated,
to fully implement EU waste legislation, which includes a waste hierarchy,
ensure an efficient separate collection of waste,
limit the waste — to — energy process only to non-recyclable materials,
redirect all material waste streams from landfills.

2. State of the art of European Union and Slovenian municipal solid waste management

Slovenia has made great progress in dealing with waste in recent years. According to Eurostat data
for the year 2014 the level of municipal waste recycling in Slovenia is among the highest in the EU
(61%), and has more than doubled since 2007. However, this rate is calculated on the basis of the
amount of waste treated, while in Slovenia there is a significant gap between the amount of waste
generated and the amount of waste treated (approximately 40% in 2014). The explanation for this
should be in the incomplete coverage of the quantities of pre-treatment of waste.
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Figure 1: Quantities and management of municipal solid waste in the Republic of Slovenia [5]

Figure 1 shows the treatment of municipal solid waste in kilograms per inhabitant. The figure
shows that the rates of recycling, composting and waste — to — energy are increasing, while
landfilling is decreasing.

This was mainly due to the general efforts of the state and local communities to change their waste
policy and ensure a shift from a society in which almost all waste is deposited in landfills (in 2007,
the disposal rate was 75%), into a predominantly recycling society. According to Eurostat data for
2014, the rate of municipal waste disposal at landfills is 39 percent.

Figure 2 shows Slovenia's effort in material recycling in recent years. Material recycling rate in the
year 2014 is 61% if waste treated is taken as denominator (49% if generation is taken as
denominator). Slovenia is today well over the '2020' 50% recycling target, set by the latest Waste
Framework Directive.
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Figure 2: Recycling rates in Slovenia in recent years [5]
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3. Waste management policy and legislation outlook

In EU countries, the amount of municipal solid waste increased in recent years at about 1% per year
and it is foreseen to increase in future years at the rate of 0.5 to 1%. To handle this challenge
ambitious circular economy package, which includes revised legislative proposals on waste was
proposed by European Commission. The package should stimulate Europe's transition towards a
circular economy which will boost global competitiveness, foster sustainable economic growth and
generate new jobs.

The revised legislative proposal on waste sets clear targets for reduction of waste and establishes an
ambitious and credible long-term path for waste management and recycling. To ensure effective
implementation, the waste reduction targets in the new proposal are accompanied by concrete
measures to address obstacles on the ground and the different situations across EU Member States.
Key elements of the revised waste proposal include:

a common EU target for recycling 65% of municipal waste by 2030;

a common EU target for recycling 75% of packaging waste by 2030;

a binding landfill target to reduce landfill to maximum of 10% of municipal waste by 2030;
a ban on landfilling of separately collected waste;

promotion of economic instruments to discourage landfilling;

simplified and improved definitions and harmonized calculation methods for recycling rates
throughout the EU;

e concrete measures to promote re-use and stimulate industrial symbiosis — turning one
industry's by-product into another industry's raw material;

e economic incentives for producers to put greener products on the market and support
recovery and recycling schemes (e.g. for packaging, batteries, electric and electronic
equipment, vehicles).

The following legislative proposals on waste have been adopted:

Proposed Directive on Waste

Annex to proposed Directive on Waste

Proposed Directive on Packaging Waste

Annex to proposed Directive on Packaging Waste

Proposed Directive on Landfill

Proposed Directive on electrical and electronic waste, on end-of-life vehicles, and batteries
and accumulators and waste batteries and accumulators

Analytical note on waste management targets

e Staff Working Document - Implementation Plan
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Figure 3: Waste management practice in EU countries in 2014 [3]

Figure 3 shows current waste management practice in EU countries. As it can be seen in the figure,
the best performing countries in terms of recycling demonstrate that recycling goes hand in hand
with both, the need for complementary energy recovery of the residual waste and the progressive
diversion from landfilling.
13 EU countries still landfill more than 50% of their municipal waste. They have no or very little
waste — to — energy capacity. These countries need responsible capacity planning, considering
efforts of waste prevention and recycling and the need to treat rejects from recycling activities by
waste — to — energy. Complementary, they can cooperate with countries with more waste — to —
energy capacity to move up the waste hierarchy by recovering energy from waste which would
otherwise be landfilled.
The circular economy targets proposed by the European Commission would by the year 2030:

e reduce landfilling to 10% (taking into account that some countries are already below 10%

landfilling the average would be 7% (= 17 million tons landfilled);
e increase re-use and recycling to 65% (= 157 million tons), thereby increasing rejects from
recycling activities going to waste — to - energy to about 13 million tons.

In order to fulfil the targets proposed for municipal waste, waste — to — energy capacity for 80
million tons would be necessary to treat the residual municipal waste and rejects from recycling
processes.
In 2014, EU-28 produced 240.9 million tons of municipal waste of which 44% were recycled and
28% (more than 67 million tons) went to landfills. Waste-to-Energy plants treated 27% of this waste
stream. This corresponds to 65 million tons.
In total, in EU-28, 435 waste — to — energy plants in EU treated 83 million tons in 2014.
In 2014 the EU-28 waste — to — energy capacity was over 8 million tons, so one could conclude that
there is sufficient capacity to fulfil the municipal waste targets in line with the circular economy
package. However, the input into waste — to — energy plants is not only municipal waste, but also
industrial and commercial waste. In industrialized countries, the ratio is often 50/50.
With missing reliable EU-wide comparable data on how much commercial and industrial waste is
landfilled and recycled it is difficult to estimate how many sorting residues and rejects from

Exit
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recycling facilities will go to waste — to — energy in the future as the targets set in the circular
economy package focus mainly on municipal waste.

4. European Union policies and Waste — to — energy

Waste-to-energy can further contribute in meeting the objectives set out in the Energy Union
Strategy, in particular with regard to the security of energy supply, the goals of the use of
renewables and the EU's strategy on heating and cooling. Energy recovery of non-recyclable waste
can not replace primary fuels, but waste can be a useful source of energy for the economy and
society.

Energy recovery from waste has a place in a circular economy. Recovery of energy from waste is a
broad concept, which involves more than just incineration of waste or thermal treatment. It covers
various waste treatment processes for the purpose of obtaining energy (e.g. in the form of electricity
/ heat or fuel preparation from waste), each of which has an impact on the environment and
opportunities in the circular economy.

The energy from waste process in the EU must be in line with the objectives of the circular action
plan and have to fully match the waste hierarchy. Energy waste management processes plays an
important role in meeting the objectives set out in the Energy Union Strategy and in the Paris
Agreement.

Increasing the efficiency of energy recovery processes is linked to the integration of waste — to —
energy plants with existing and the development of new district heating and cooling systems for
heating of households and industry. Energy utilization with useful heat utilization is particularly
present in processing of municipal solid waste, where plants are connected to the district heating
network. Incineration that uses energy only for electricity production is relatively inefficient
(approximately 20% efficiency) compared to the processes of combined of heat and power
production (up to 85% efficiency). The development and broaden of efficient district heating and
cooling systems provides unlimited possibilities for the efficient use of energy from waste,
especially in connection with combined heat and power production.

Some EU Member States (e.g. Sweden and Denmark) have excess capacity for the waste — to —
energy (mainly for municipal waste), while the south-eastern part of the EU is completely without
capacities for waste — to — energy and shows a high level of waste disposal on landfills. Germany,
France, the Netherlands, Sweden, Italy and the UK account for three quarters of the EU’s
incineration capacity. Sweden and Denmark have the highest per capita incineration capacity with
591 kg/cap and 587 kg/cap respectively, followed by the Netherlands, Austria Finland and Belgium.
This uneven plant capacity distribution is reflected in the shipment of waste (so called “waste
tourism”) for waste — to — energy processing facilities throughout the EU. Taking into account the
relevant provisions of EU waste legislation and the need to prevent illegal shipments of waste, steps
should be made to move facilities to countries with under capacity and to limit capacities where
they are already in excessive amount.

There are recent surveys of the European Commission, which identified about 20 different fuels
produced from waste, which are found to be completely underestimated and / or under-utilized. The
production of these fuels from certain types of waste has great potential for energy sector.

Although the EU issued guidelines explaining the waste hierarchy, it seems that Member States
have different interpretations on the role of energy recovery from waste. The EU emphasizes that
thermal treatment offers the best option for handling non-recyclable combustible wastes. In this
context, the most efficient procedures for each individual waste stream should be created and
implemented. Waste — to — energy contributes to the safe disposal of wastes containing dangerous
substances that must be handled in such a way that they do not pose any significant risk to human
health and the environment.
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No sustainable circular economy, based on reducing waste disposal and promoting quality
recycling, can not function well without waste — to —energy process. Thermal processing must be
provided for residual waste, which is too polluted for quality recycling, while at the same time it
produces safe and reliable energy.

Studies by the EU Commission show that energy from waste in the EU has an important energy
potential, but unfortunately, this is often ignored. Exploiting synergies between energy use and
district heating / cooling are important steps towards low-carbon energy systems and security of
energy supply, which is one of the scopes of the EU energy union.

5. Waste — to — energy processes in relation to EU waste hierarchy

The waste hierarchy is the cornerstone of EU waste policy and legislation and is crucial for the
transition to a circular economy. Its main purpose is to establish a priority order that reduces the
negative effects on the environment and increases the efficiency of resources in the prevention and
management of waste.
This contribution covers the following main waste — to- energy processes:

e co-incineration of waste in combustion plants (e.g. power plants) and in the production of
cement and lime;
incineration of waste in dedicated installations;
anaerobic digestion of biodegradable waste;
waste treatment and production of solid, liquid or gaseous fuels;

e other processes, including pyrolysis or gasification.
These processes have different environmental impacts and can be classified in a differentiated
manner in the waste hierarchy. The fact is that the extraction of energy from waste covers very
different waste treatment processes, ranging from disposal and recovery to recycling. For example,
anaerobic digestion involving biogas and digestate production is considered as recycling under EU
waste legislation. On the other hand, incineration of waste with limited energy use is considered as
disposal. Figure 2 shows various processes of energy waste utilization in relation to the EU waste
hierarchy.

[[ Examples of waste-to-energy processes j]

Preparing

1 = ;’

Anaerobic digestion of organic waste where the digestate is recycled as a fertliser

Waste incineration and co-incineration operations with a high level of energy recovery Other
Reprocessing of waste into materials that are to be used as solid, liquid or gaseous fuels Recovery
Disposal

Waste incineration and co-incineration operations with limited energy recovery
Utilisation of captured landfill gas

vV

Figure 4: Examples of waste — to — energy processes in relation to waste hierarchy [7]

The waste hierarchy reflects the preferred environmental option from a climate perspective:
disposal in landfills or through incineration with little or no energy recovery is usually the least
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favorable option for reducing greenhouse gas emissions. On other hand the waste prevention, reuse

and recycling have the highest potential to reduce greenhouse gas emissions.

It should be stressed out that Member States have some flexibility in the application of the
hierarchy, as the ultimate goal is to encourage those waste management options that deliver the best
environmental outcome. For some specific waste streams, achieving the best environmental
outcome may not be within the priority order of the hierarchy. The reasons can be technical
feasibility, economic viability and environmental protection. This must be justified in line with the
provisions_of the Waste Framework Directive.

6. Waste — to — energy in relation to EU energy consumption

According to the Commission study [8], in 2014 approximately 1.5 % of the EU’s total final energy
consumption was generated by recovering energy from waste through incineration, co-incineration
in cement Kilns and anaerobic digestion (i.e. around 676 PJ/year). Whereas this percentage should
not significantly increase in the future as more waste is directed to recycling, improving the energy
efficiency of waste-to-energy processes and promoting those processes which combine material and
energy recovery can contribute to decarbonising key sectors such as heating and cooling or
transport and to reducing greenhouse gas emissions from the waste sector. For instance, diverting
one ton of biodegradable waste from a landfill towards anaerobic digestion to produce biogas and
fertilizers can prevent up to 2 ton of CO, equivalent emissions.
The overall technical potential for the improvement of energy recovery from waste — to — energy is
presented in table 1. It is obvious that the biggest energy recovery is with waste incineration.

Table 1: EU waste — to - energy technical potential [8]

Scenario Energy recovered - Improvement Energy recovered -
Average potential Optimised

(PJ) (PJ) (PJ)

waste incineration — electricity 110 71 181

waste incineration — heat 275 65 340

cement and lime plants 176 12 188

oo & 2

anaerobic digestion — heat 33 0 33

anaerobic digestion — fuel 12 86 98

Total 676 173 872

Where waste-to-energy processes are opted for, there is a need to ensure that the most efficient
techniques are used: this maximizes their contribution to the EU’s climate and energy objectives.
The Commission study [8] estimates that if proven techniques and supporting measures are properly
implemented, the amount of energy recovered from waste could rise by 29 % to 872 PJ/year, using
exactly the same amount of waste as feedstock. This shows the potential for energy efficiency

improvements.

The study [8] shows that between 2010 and 2014, the incineration capacity in the EU-28 countries
(plus Switzerland and Norway) increased by 6 % to 83 Mt and that waste flows between some
Member States for the incineration of municipal waste and RDF remained significant in some cases.
In 2013, close to 2.5 Mt of waste (most of it RDF) was shipped for energy recovery.

Izlaz : : Exit
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In the period 2006 — 2013, the amount of energy recovered from waste increased by 39% for
cement and lime plants, by 36% for electricity from waste incineration plants and by 53% for heat
from waste incineration plants. The latter can be explained by the significant increase in the number
of waste incineration plants providing combined heat and power.

Table 2 presents a summary overview of the amounts of waste-embedded energy going to either
incineration or to landfill/disposal, for 15 out of the 18 waste types for which sufficient data was
available (covering 93% of the embedded energy from all wastes sent for waste-to-energy
processes). Analysis of the data presented for these wastes shows that:

e 6 types of waste (highlighted in blue in the table) together contain 83% of the total energy
embedded in wastes sent to incineration and 93% of the total energy embedded in wastes
sent to landfill;

e 3 waste streams only — household and similar wastes, sorting residues and wood waste —
account for nearly two thirds of the energy contained in waste sent for incineration;

e 2 waste streams only — household and similar wastes and sorting residues — account for
more than three quarters of the energy contained in landfilled waste.

Therefore, any changes in waste management practices for the six waste types highlighted in blue in
the table, and in particular for household and similar wastes and sorting residues, would be likely to
have the largest impacts on the waste — to — energy landscape in the EU-28.

Table 2 — Amounts of waste-embedded energy sent to incineration or to landfill/disposal in 2012 in

the EU-28
Incineration (D10+R1) Landfill/disposal
(PJ) (D1-D7-D12) (PJ)

Wood wastes 375 21% 7 0%
Plastic wastes 61 3% 51 4%
Paper and cardboard wastes 6 0% 3 0%
Textile wastes 2 0% 3 0%
Waste tyres 35 2% 2 0%
Spent solvents 29 2% 0 0%
Waste oils 32 2% 0 0%
Chemical wastes 93 5% 31 2%
Household and similar wastes 470 26% 616 44%
Mixed and undifferentiated materials 149 8% 120 9%
Sorting residues 334 18% 489 35%
Animal and vegetal wastes" 70 4% 80 6%
Dried municipal sewage sludge’ 22 1% 7 0%
Waste-derived biogas® 108 6% 0 0%
Waste-derived biodiesel® 19 1% 0 0%
Total 1,805 100% 1,409 100%

7. Conclusion

Energy recovery processes from waste will play an important role in the transition to a circular
economy if the waste hierarchy is used as a guiding principle.

Energy recovery from waste must not prevent or compete with higher levels of waste handling, such
as prevention, reuse and recycling processes. This is essential to ensure the necessary material flow
potentials for the circular economy.
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The use of energy from waste can add a contribution to the circular economy in terms of
decarbonisation in line with the Union's energy strategy and the Paris agreement.

In the future, countries of southeast Europe will have to think more thoroughly about all the
processes of energy utilization of waste. In particular, the process of anaerobic digestion of
biodegradable waste, which can also mean a combined material recycling process (digestion
residue), should be utilized more often.

In the case of the energy recovery of waste through the waste thermal treatment process, it is
necessary to ensure that the recycling and reuse rates still increase. This can be achieved primarily
by not imposing excess capacity for the treatment of residual waste. In planning future investments,
it is therefore necessary in the long term to assess correctly the amount of waste that will be treated
in waste —to — energy facilities. In addition, the potential of new and emerging technologies for
waste management and recycling should be taken into account.
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Abstract

Cupper based shape memory alloys (SMAs) are very important metallic materials for different
application. The main advantage of Cu-based SMA are their low price in compared to other SMAs.
Condition for memory effect is presence of phase transformation austenite to martensite. The
comparison main properties of Cu-based shape memory alloys in relation to Ni-Ti shape memory
alloys is given. Properties of Cu-Al-Ni alloys are superior to those of Cu-Zn-Al alloys. In the work
results of investigation Cu-based shape memory alloys are presented with accent on metallography
analysis, mechanical testing, thermal analysis and corrosion properties.

Key words: shape memory alloys, martensite microstructure, corrosion

1. Introduction

Shape memory alloys (SMA) are relatively a new class of advanced functional materials which are
able to memorize and recover its original shape after being significantly deformed from heating
over the phase transformation temperature. They are crystalline materials with entirely a new
properties. The SMA was first found in Au-47.5 at.% Cd alloy (Swedish physicist Arne Olander in
1951.) and then in In-Ti alloy (1953.). However, the possibility for using of SMA in actual
application was realized for Ti-Ni alloy in 1963. The TiNi alloys are commonly referred as Nitinol
(derived from Ni-Ti Naval Ordinance Laboratories, part of the US Department of Defence). On the
other hand Cu-based shape memory alloys were found to reveal the shape memory effect in 1964
[1].

The shape memory effect is the remembrance of the previously introduced material shape, and in
physical aspect it is the consequence of martensite phase transformation in the structure of
homogenous substance. Martensite transformation is a diffusionless phase transformation in the
solid state. To enable memory effect in SMA, necessary condition is presence of reversible phase
transformation of austenite to martensite. Such phase transformations can be obtained by
mechanical (loading) or thermal methods (cooling and heating). Depending on the temperature of
deformation the shape memory alloys demonstrate three different types of mechanical behavior:
pseudo-elastic, pseudo-plastic (on way effect) and two way effect. The pseudoplastically deformed
shape memory alloys can be completely recovered to their initial shape by heating. Numerous
alloys [2-4] show shape memory effect (Ag-Cd, Au-Cd, Cu-Al-Ni, Cu-Sn, Cu-Zn, Cu-Zn-X, where
X=Si, Sn, Al etc., In-Ti, Ni-Al, Ni-Ti, Fe-Pt, Mn-Cu, Fe-Mn-Si etc.). Among them the three most
popular polycristalline shape memory alloys are: Ni-Ti, Cu-based (Cu-Zn-Al, Cu-Al-Ni etc.) and
ferrous alloys (Fe-Pt, Fe-Mn-Si etc.).

Nitinol, as binary SMA, is very atractive for industrial and medical applications due to the
important the shape memory effect, pseudoelasticity, corrosion resistance and biocompatibility.
However most Ti-Ni-based alloys cannot be used at temparatures above 100 °C. In order to
overcome this disadvantage, recent developments of ternary nitinol alloys including Ti-Ni-Nb, Ti-
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Ni-Cu, Ti-Ni-Hf, Ti-Ni-RE (RE-reath elements) due to wider transformation temperature hysteresis
[5]. Alloying by third elements influence not only the transformation temperatures than also have
effect on strength, ductility, shape memory characteristics etc.

The main advantage of Cu-based SMA are their low price compared to other SMA. Properties of
Cu-Al-Ni alloys are superior to those of Cu-Zn-Al alloys due to their wide range of useful
transformation temperature and small hysteresis. Although Cu-Al-Ni alloys have a better thermal
and electrical stability and a higher operating temperatures, their practical applications are
sometimes restricted by very small shape changes due to their poor workability and susceptibility to
brittle interganular cracks. Their very high elastic anistropy and large grain size cause brittle and
poor mechanical properties owing to the high degree of order in the parent phase. Typically
composition of Cu-Al-Ni SMA is in the range Cu-(13-15 wt. %) Al-(3-4.5 wt. %)Ni. Adding some
alloying elements such as Mn, Fe, Ti, Zr, B etc. to the alloys can significantly improve their
ductility and other properties modify their operating temperatures.

The technology of production of shape memory alloys are vacuum melting, induction melting
followed by vacuum arc melting, hot working (forgeing, rolling) followed by cold working (wire
drawing, rolling). These techniques combined with heat treatments finally lead to the required
products. Also is interest microtechnology for production very thin shape memory alloys such as
melt-spinning or research of thin film production by vapor deposition, magnetron sputtering etc.
Other processing routes productions of SMA are powder metallurgy and combustion synthesis [6].

2. Properties and application of Cu-based shape memory alloys

Phase diagrams are important to understanding properties of shape memory alloys. By means of the
phase diagram it is possible to determine stability of particular phases. Figure 1 shows the phase
diagram for Cu-Al-Ni ternary alloy [7]. In an equilibrium state, at temperature of 565 °C and 11.8
wt. % Al, the B-phase with body centered cubic (BCC) structure decomposes into a-phase (primary
solid solution of Al and Ni in Cu, FCC structure) and y,-phase. It is the eutectoid decomposition.
Brittle phases such as vy, (cubic intermetallic phase CugAls) and NiAl (ordered BCC structure)
began to precipitate during exposure of alloy at temperature below eutectoid temperature. By
rapidly quenching from single B-phase region, the eutectoid decomposed is suppressed. Then the
martensite transformations (Figures 2 and 3) occur in the temperature range from Ms (martensite
start temperature upon cooling) to M¢ (martensite finish temperature upon cooling). Depends on
temperature and stress condition the different types of martensite can be occurs [8,9]. Before
martensite transformation, at aluminium concentration above 11 wt. %, the parent B-phase
transform to ordered f;-phase (DOs-type superlattice). At concentration of aluminium from 11 to 13
wt. % the B’;-martensite (18R;-type structure) occurs, while at aluminium content above 13 wt. %
the y';-martensite (2H-type structure) prevails. By heating of product made from SMA from A
(start temperature for austenite transformation on heating) to As (finish temperature for austenite
transformation on heating) the product recovered its original shape. These temperatures (Figure 4)
and hysteresis (AT=A¢+M;) determine the environment in which of SMA may be used. The
transformation temperatures of Cu-Al-Ni alloys depend on their composition, quenching rate etc.
Transformation temperature decreases with increasing both aluminium and nickel content [10]. The
effect of aluminium content on transformation temperatures is much stronger than the effect of
nickel. By increasing cooling rate results in increasing of Mg temperature. The effect of the cooling
rate may be caused by variations in the aluminium content in the matrix due to the precipitation of
the y,-phase, excess vacancies frozen in by quenching, variations in the degree of order or thermal
induced during quenching [1].
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Figure 1. Phase diagram of Cu-Al-Ni alloy, vertical cross-section at 3 wt. % Ni [7]
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Figure 2. Optical (a) and scanning electron micrographies (b) of Cu-12.6Al-4.3Ni alloy [11]
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Figure 3. Optical micrographs of Cu-Al-Mn rapidly solidified ribbons at different magnifiations
[12]
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Figure 4. DSC curves of Cu-13AI-4Ni-0.035B shape memory alloy [13]

Cu-Al-Ni shape memory alloys are very sensitive to the exact composition, grain size, processing
(including heat treatment), loading conditions etc. [14]. The inclusion of additional elements with a
small quantitity may change the properties of the alloys dramatically. Due to overcome the
formation of coarse grains in Cu-Al-Ni alloys new processing techniques such as melt spinning,
compustion synthesis sputtering are used. But these processes generally yield the material/alloys in
small quantitivies. Copper based shape memory alloys are usually produced by conventional casting
techniques. Products manufactured by this way have solidification related defects. Coarse grains
(25-100 um) formed during solidification and after subsequent betatizing treatment of Cu-Al-Ni
alloys make them brittle and highly prone for intergranular cracking during working. From this
reason their practical applications are sometimes restricted by very small shape changes due to their
poor workability and susceptibility to brittle intergranular cracks. Cu-Al-Ni alloys have poor
ductility due to the high degree of order and high elastic anisotropy in the parent B-phase. To
improve the shape memory characteristics at high temperature there are following three methods:
thermomechanical treatment (cold working followed by suitable annealing), precipitation hardening
and addition of quaternary elements. Parent 3-phase is the most stable for an electron to atom ratio
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e/a=1.48. Lower values of e/a will promote first the formation of the ductile o-phase during
cooling, while higher values of e/a will promote the formation of the very brittle y,-phase. At
smaller e/a values, the cold deformation of these alloys can be improved. Therefore, generally lower
content of aluminium in Cu-Al-Ni SMA allows better cold deformation of the alloy. In order to
improve the ductility of Cu-Al-Ni alloys manganese can be added [15], replacing partially the
aluminium content due to manganese is a betastabilising element with e/a ratio equal to 1. In order
to overcome the deleterious effect of coarse grains, grain-refining elements as Ti and B can be
added to Cu-Al-Ni alloys [16,17]. Titanium as micro alloying elements have very low solubility in
the B-matrix and tend to form fine precipitates such as the Cu,AlTi. Also the addition of Ti and B
can refine the grains by forming particles (TiB;) which can hinder grain growth during annealing.
Table 1 shows the comparison main properties of Cu-Al-Ni alloy in relation to Ni-Ti and Cu-Zn-Al
shape memory alloys.

Table 1. Comparison main properties of Cu-Al-Ni alloy in relation to Ni-Ti and Cu-Zn-Al shape
memory alloys [4, 18,19]

Properties of alloys Cu-Al-Ni alloy Ni-Ti alloy Cu-Zn-Al alloy
Melting point, °C 1000-1050 1250 1020
Yield strength, MPa 400 580 80-200
Tensile strength, MPa 500-800 800-1000 500-600
Ductility, % 5-7 54 15
Fatigue strength (10°), MPa 350 350 270
Specific heat, J/kg °C 373-574 450-620 390-400
Thermal conductivity at 20°C,W/m K 30-75 8.6-18 84-120
Transformation enthalpy, kJ/kg 9 28 7
Density, kg/m® 7100-7200 6400-6500 7540-8000
Latent heat, J/kg 7000-9000 19000-32000 7000-9000
Electrical resistivity, 106/Q m 0.1-0.14 0.5-1.1 0.07-0.12
Thermal expansion coefficient, 10°/K 17 6.6-11 17
Maximum recovery stress, MPa 300-600 500-900 400-700
Normal working stress, MPa 70 100-130 40
Max. transf. strain, %o at N =1 5-6 6-8 4-6

N < 102 4 6-8 4

N < 10° 2-4(3)

N < 10’ 0.5
Normal number of thermal cycles > 5x10° > 10° > 10"
Young’s modulus, GPa 80-100 28-83 70-100
Shape memory transf. temp., °C -200 to 200 -200 to 110 -200 to 150
Hysteresis, °C 20-40 2-50 5-20
Max. one way memory, % 6 U 4
Normal two way memory, % 1 3.2 0.8
Maximum overheating temp., °C 300 400 150
Damping capacity, SDC % 10-20 15-20 30-85
Grain size, um 25'1_00 1_'1_00 50'1_50
Melting, casting and compos. control Fair Difficult Fair
Forming (rolling, extrusion) Difficult Difficult Easy
Cold working Very difficult _Fa_ur Restricted
Machinability Good Difficult Very good
Corrosion resistance Good Excellent Fair
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Biological compatibility Bad Excellent Bad
Cost ratio 1.5-20 10-100 1-10

The development and applications of the shape memory alloys as the intelligent materials has
attracted the worldwide attention. These alloys show very good potential in many real fields of
applications. They are very favourable for a small and medium size companies. Because of their
exceptional properties, shape memory alloys find their markets in a lot of industrial sectors, for
example mechanical engineering, electrical engineering etc. (for example as sensors, actuators,
detectors, absorbing component, superelastic elements, connectors, thermal security etc.). Nitinol
alloys dominate on the commercial market, because of their larger shape memory effect, better
pseudoelasticity, and superior properties with respect ductility, fatigue, corrosion resistance,
biocompatibility and recoverable strain.

Cu-Al-Ni shape memory alloys are more cheaper than TiNi alloys. They are considered as one of
the important functional materials to act as actuator or sensor is so-called smart or intelligent
materials. The most important advantages to select these alloys as an actuation mechanism are:
simplicity of mechanism, creation of clean, silent, spark-free and zero-gravity working conditions,
high power/weight (power/volume) rations, low etc. [20]. Application of single-crystal Cu-Al-Ni
alloys in aerospace field including hinges for development of booms, locking and latching devices,
constant force fasteners and non-explosive separation devices [21]. Also these alloys can be used as
connector pads in microelectronics chips.

In the Table 2 are shown the results of mechanical properties and microhardness measurements
after tensile testing. As can bee seen the highest values of tensile strength were found after casting
sample O) and after heat treatment at 780°C (sample 3). The elongation are very low. Fracture
analysis of CuAlINi shape memory alloys shows two types fracture (Figure 5). Fracture surfaces
indicates transgranular brittle fracture in the center samples where the equiaxial grains are found,
while intergranular fracture was observed in the parts where the columnar grains appear.

Table 2. Results of mechanical testing and microhardness of CuAINi shape memory alloys [22]

Properties/Sample 0 1 2 3

HV 10 305.3 239.4 252.4 242.7

Young's modulus 41.30 52.95 55.20 47.40
/ GPa

Yieldstrength / 284.0 234.0 261.0 226.5
MPa

Tensilestrength / 475.5 323.0 326.0 481.0
MPa

Elongation / % 3.95 1.35 1.15 4.00
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Figure 5. SEM fractography of CuAINi SMA with marked magnified sections in as-cast state (a),
heat treated at 700 °C/2'/WQ (b), heat treated at 740 °C/2'/WQ (c) and heat treated at

780 °C/2'WQ (d) [22]

1

As the practical application of Cu-SMA is constantly increasing these alloys are exposed to
different corrosion media for a longer period of time which could lead to appearance of corrosion
damages on their surface, jeopardise their structural integrity and cause immense consequences if
corrosion processes are not observed in time. Therefore it is important to evaluate the corrosion
behaviour of Cu-based SMAs in different environments and also to improve their corrosion
resistance before their industrial applications.

The good corrosion resistance of the Cu-Al-Ni alloys is due to the formation of the protective layer
of alumina, which builds up quickly on the surface post-exposure to the corrosive environment.
Aluminium has a higher affinity towards oxygen then copper and Al,O3 has better stability then
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Cu0. Nickel enhance corrosion protection of alloy by its incorporation into corrosion product
Cu(l) oxide which reduce the number of cation vacancies that normally exist in Cu(l) oxide.

Typical polarization behaviour of CuAlINi alloy in deaerated 0.5 mol dm™ NaCl solution is
presented on Figure 6.
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Figure 6. Potentiodynamic polarization curve for CuAINi alloy in deaerated 0.5 mol dm™ NaCl
solution [11]

Composition of corrosion products were confirmed by SEM/EDX analysis which was performed on
the Cu-Al-Ni alloy after potentiodynamic polarization interrupted at 0.4V (Figure 7). Two layers of
corrosion products on the Cu-Al-Ni surface were observed, Fig. 7a. The upper layer of corrosion
products consisted of: 42.7% oxygen, 18.3% aluminium, 7.0% nickel and 30.8% chlorine (wt. %),
Fig. 7b. In contrast, the lower layer of corrosion products consisted of: 2.7% oxygen, 60.6% copper,
15.6% aluminium, 4.1% nickel and 17.1% chlorine (wt. %), Fig. 7c. It seems that the upper layer of
corrosion products consists mainly of aluminium and nickel oxides and probably aluminium
hydroxides and oxychloride complexes, while the inner layer also contains copper, probably in the
form of chloride or oxide. In their corrosion research of Cu-Al-Ag alloy in NaCl solution.
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Figure 7. a) SEM image of Cu-Al-Ni alloy surface after potentiodynamic polarization measurement
which was interrupted at 0.4V. b) Results of EDX analysis for the upper layer of corrosion
products. ¢) Results of EDX analysis for the lower layer of corrosion products [11].

3. Conclusion

Shape memory alloys are crystalline materials which are able to memorize and recover its original
shape. The shape memory effect is the consequence of martensite phase transformation. By rapidly
quenching from single B-phase region, the martensite transformations occur in the temperature
range from Ms to M; temperature. As the practical application of Cu-SMA is constantly increasing.
Cu-Al-Ni shape memory alloys are considered as one of the important functional materials to act as
actuator. The good corrosion resistance of the Cu-Al-Ni alloys is due to the formation of the
protective layer of alumina, which builds up quickly on the surface post-exposure to the corrosive
environment.
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The impact of mining metallurgical copper production in Bor on the
environment
Uticaj rudarsko metalurske proizvodnje bakra u Boru na Zivotnu sredinu
Snezana Serbula
University of Belgrade, Technical faculty in Bor, VVojske Jugoslavije 12, 19210 Bor, Serbia

Abstract

The mining-metallurgical process usually has an adverse effect on the environment. Levels of SO,
and metals/metalloids contaminants in the air from 2009 to 2015 were presented in this study. The
annual levels of SO, were constantly above the proposed limit value (LV), except at the site
Brezonik during 2009. Water washing significantly decreased Cu, As, and Pb contents in foliar
parts of linden and elder. Compared with linden leaves and pine needles, unwashed and washed
leaves of elder are better for biomonitoring of Cu, As, Cd and Pb in the conditions of high
environmental pollution. According to bioconcentration factor, plant foliage were not enriched
through soil at the sampling sites in the urban-industrial zone, suggesting absorption from the air.
Translocation from roots to birch and spruce branches was noted at more polluted sites in the
following order Pb >> Zn > Cu. Bioaccumulation coefficient showed that both species acted as
excluders of Cu, Pb, Zn, and Mn. Regarding foliage, leaves were more enriched than needles with
all metals, indicating better response of birch to airborne metal pollution compared to spruce,
which could be applied in air biomonitoring surveys near copper smelters.

Key words: environment, mining-metallurgical process, air quality, SO,, As, Pb, Cd

1. Introduction

The mining and metallurgical production of metals is a significant source of particulate matter (PM)
and waste gases [1]. The basic components of biosphere (air, water, soil and vegetation) are affected
by atmosferic deposition of pollutants. Smelters, in which ores with a high content of sulfur are
melted, emit SO, which is harmful to the environment in excessive concentrations [2]. Secondary
sources of environmental pollution in the vicinity of the mining and metallurgical plants represent
tailings from which the particles are distributed by wind [3]. Due to the increased air pollution close
to mining and metallurgical complexes, different types of monitoring are implemented [4-7].
Particulate matter in the atmosphere, range from aggregates of a few molecules to pieces of dust
readily visible to the naked eye. Airborne particles from anthropogenic and natural sources are the
particles emitted directly from the pollution source into the atmosphere (primary particles) and the
particles formed after the physical, chemical and photo-chemical reactions in the atmosphere (the
secondary particles) [8]. Particles represent a mixture of different components, depending on the
local and regional parameters and exist in the atmosphere in the form of the carbonate, sulphate and
nitrate compounds, organic matters, ammonia etc. [4]. They can be classified not only based on
their chemical structure but also based on the size of the particles. According to the size, they can be
divided into: fine particles PM2.5 (2.5 um in diameter), suspended particles PM2.5-10 (2.5-10 um
in diameter), and coarse particles (over 10 um in diameter). There are also particles up to 1 pm in
diameter (PM1), known as ultra-fine particles.

The time of particle detention in the lower layers of the troposphere is up to several days, whereas
they can retain in the upper layers up to several weeks [9]. The industrial and urban-industrial
environments are exposed to a higher level of pollution compared to the urban and rural
environments, since the highest pollution level originates from industry-related activities, mining,
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metallurgy, burning of fossil fuels and wastes, and the traffic as well. The particle emission depends
on the kind of the technological process and the chemical composition of the processed raw
material. The concentration of PM varies due to different weather conditions and topography, as
well as seasonal change (the concentration increases in autumn and winter). It even varies within a
single day [10].

Air quality monitoring using biological material has been in use for over a century. Initially,
biomonitoring was applied only for the porpose of analyzing the impact of SO, from the air (as the
main air pollutant) on biomaterial. At the present time, biomonitoring is used to monitor a number
of pollutants, since it is a reliable way to make a connection between air pollution in large areas and
the temporal and spatial concepts at an affordable price [11,12]. Aboveground parts of vegetation
are the first level of deposition of atmospheric pollutants which represent an aerosol filter. Diameter
of most particles in the urban atmosphere is less than 0.1 um, unlike the diameter of stomas
(openings on the leaf surface), which is between 5 um and 30 um, so that the process of foliar
absorption of pollutants from the air is undisturbed. As passive bioindicators of air pollution, the
following species are the most commonly used: pine, spruce, birch, linden, oak, acacia, lichens,
mosses, etc. Sulphur is an important nutrient. Plants compensate their need for sulphur, absorbing it
from the soil in the form of sulphate ions, and partly by foliar absorption from the air, which is
observed especially in industrial areas. According to, the amount of sulphur in the leaves reflects
deposition of SO, from the atmosfere. Discarded parts of plants increase the concentration of S in
the soil because they are subjected to decomposition and oxidation on the surface of the soil. During
that process, sulphur gets transformed to a form acceptable to plants [13].

The aim of the survey was to assess which plant species is the best passive bioindicator of air
pollution in the vicinity of the copper smelter in the studied zones. The concentration of substance
in the leaves/needles, branches and roots of the plant species should indicate the areas with higher
and lower levels of pollution than the dominant source of pollution. For comparison, the
concentration of total sulphur content were determined in the samples of plants.

2. Methodology

2.1. The study area

The territory of Bor town and its surroundings, is located in the East Serbia and covers an area of
856 km?2. The population density is 67.2 inhabitants per square kilometer, which is below Serbian
average amounting to 100 inhabitants/km?. Geographic coordinates of the town of Bor are 44°25' N
latitude and 22°06' E longitude. The territory of Bor and its surroundings is predominantly hilly and
mountainous. This region belongs to the Danube river basin. The predominant economic activities
in Bor are mining and metallurgy. Mining in Bor started in 1902. The first smelter started working
back in 1906, whereas the present smelter was built during the 1961-1968 period and it is the
biggest source of SO, and PM emissions in Serbia. Copper is derived by pyrometallurgical method
from sulphide copper ores: chalcopyrite (CuFeS;), chalcozine (Cu,S), coveline (CuS), etc. The
usual minor constituents of sulphide ores are: Fe and As (from arsenopyrite FeAsS), Cd, Pb, Ni, Zn,
Mn, as well as precious metals.

After flotation, copper ore undergoes a roasting process. Roasting of sulphide concentrate is
performed at 600-700°C, which causes destroying and oxidation of sulphide (chalcopyrite,
chalcozine, and coveline) and emission of waste gases with high content of SO,. During the
smelting process, from the roast, non-smelting components are removed from the roast in the form
of slag, whereas matte is derived. Blister copper is further derived (98% purity), after refining in the
converter, while the residues of sulphur oxidize. Sulphuric acid plant process 40% of waste gases,
while the rest is discharged untreated into the atmosphere. At the same time, PM with high heavy
metal content and atmospheric deposition are discharged into the atmosphere, in spite of dust
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removal from the waste gases. Around 2.25 kg of particles per ton of refined raw materials are
emitted into the atmosphere. Every year the copper smelter emits: 5-8 kg of Zn, 6-25 kg of Pb and
5-20 kg of As per inhabitant of the Bor region, where emission depends on the production volume
and the content of these metals in raw materials [14]. As a consequence of the stand-still in the
sulphuric acid plant, the utilization of waste gases from the smelter is reduced, which causes a
higher concentration of sulphur-dioxide, arsenic and other heavy metals in the atmosphere of Bor.
Besides production and processing of copper ore, pollution in the environment of Bor is also caused
by ore waste heap from the open pit, as well as the flotation tailings resulting from the process of
copper ore benefication [10].

2.2. Measuring and Sampling Sites

The measuring site Town Park (TP), is located in the urban-industrial area, 800 m southwest of the
mining-metallurgical complex as the major pollution source. It is the oldest and most densely
populated part of the town where the main business, commercial and administrative buildings are
located. The urban-industrial (Ul) area of Bor includes the old town core in the close vicinity of the
industrial area and the mining-metallurgical complex itself .

The site of Mining and Metallurgy Institute (IN), is located 1900 m south of the urban-industrial
area. The measuring site is located in a densely populated residential part of the town. In the close
vicinity of the measuring site there are several schools and a recreational sports center.

The site Jugopetrol warehouse (JP), is located 2500 m southeast of the pollution source in the
suburban zone. This area is poorly populated and is characterized by the highest frequency winds.
Brezonik and Jugopetrol are suburban (S) sites.

Besides these three measuring sites, monitoring of the suspended particles concentration is
performed at the Hospital (H) site and the sites Brezonik and Technical Faculty. The Technical
Faculty (TF) site is 1000 m away from the pollution source in the west—northwest direction. It is
located in the urban-industrial area next to the town hospital. The Brezonik (BR) site is located
2000 m north of the pollution source in the suburban area.

Less frequent measurements are performed in the rural (R) settlements of Slatina (SL), Ostrelj and
Krivelj, whereas they are rarely performed in the tourist (T) areas of Brestovac Spa (9 km west of
Bor) and Bor Lake (17 km west-nort-west of Bor) since the obtained concentrations are usually
within the LV.

The position of the industrial plants, the volume and the character of the emission, the type of
settlement, the map of the main traffic routes, the meteorological and topographic parameters are
just a few factors which influence the selection and distribution of the representing sites for
measuring the concentration of the pollutants [10].

2.3. Materials and Methods

All the used methods are in accordance with The Law on Environmental Protection of the Republic
of Serbia and according with The Regulation on limit values, methods of concentration
measurements, criteria for determining the measuring sites and data records.

Air quality monitoring includes measurements of: SO,, suspended particles, soot and atmospheric
deposition, continuously observing the meteorological data. The daily reports include data for wind
speed and direction, air temperature, relative humidity, atmospheric pressure, etc.

The equipment for air monitoring consists of mobile measuring device and automatic stations. The
concentrations of SO,, as well as meteorological parameters, are measured by using a automatic
station.

All the samples of fresh plant and soil material were dried at room temperature during a period of
15 days. The samples were then ground in a laboratory mill (Siebtechnik) and griddled through 0.2-
mm sieve. The dried plant samples were measured in the quantity of 0.25 g (Precisa XR 125 SB
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semi-micro balance with a minimum 0.01 mg mass resolution). The samples were dissolved with
acidic mixture concentrated HNO3/30% H,0,/H,0 (3/2/5), using analytical grade reagents (Merck)
and double-distilled water (MiliQ, 18.2 MQ). Solutions were quantitatively transferred in 25 ml
calibrated flasks, diluted with double-distilled water and analyzed by ICP-AES [10].

2.4. Meteorological parameters of the study area

The climate of the study area is moderately continental. During the studied period, the air
temperature ranged from 10.6-11.7°C; relative humidity from 68-75%; atmospheric pressure from
970.0-973.2 mbar. Long-term measurements indicate that there are no significant inter-annual
variations of meteorological parameters in Bor, in spite of the trend of increasing average annual
temperature. The Bor region is characterized by high wind frequency; however, these winds are of
moderate intensity. The predominant winds in the study area are W, WNW, NW; less frequent
winds are E, ENE, ESE, S. As a consequence of wind direction, the measuring sites Town Park,
Hospital and Jugopetrol, as well as the rural settlements Ostrelj and Slatina, are the most
endangered ones [10].

2.5. Biological Factors

For the obtained metal concentrations, the following biological factors were calculated;
Bioconcentration factor (BCF), which represents the ratio of the element concentration in roots to
its concentration in soil (Eg. 1), whereas BCF > 1 indicates accumulation in roots; Translocation
factor (TF), which represents the ratio of the element concentration in shoots to its concentration in
roots (Eq. 2), where TF > 1 indicates efficient translocation of elements from roots to shoots
(branches); Bioaccumulation coefficient (BAC), which represents the ratio of element concentration
in aboveground plant parts (foliage) to its concentration in soil (Eg. 3). The value of BAC > 1
shows that the plant is enriched with element (plant is an accumulator); BAC = 1 internal metal
concentration indicates the external levels (indicator), and BAC < 1 shows that the plant excludes
elements from uptake (excluder) [15-17]. According to Kabata-Pendias and Mukherjee, when BAC
surpasses 10, those plants have the ability to hyperaccumulate elements [18].

BCF = Croot/Csoil (1)
TF = Cshoot/Croot (2)
BAC = Cfoliage/Csoil (3)

3. Results and discussion

3.1. Air pollution data

Pollution roses based on annual SO, concentrations at the six measuring sites in the urban-industrial
zone of Bor in the period from 2009 to 2015 are given in Figure 1. At the measuring sites Town
Park (TP) and Jugopetrol (JP), SO, concentrations were higher compared to the concentrations at
the sites Insitute (IN) and Brezonik (BR) [19,20].

During the 7-year period, SO, concentrations at the most polluted sites were above the EU limit
value (LV), the Serbian LV and the US National Ambient Air Quality Standards (NAAQS) [21-23].
According to the detected exceedances of LVs it could be concluded that plants in Bor and its
surroundings grow in the environment which is toxic for plants [24]. Serbula et al. [6] showed that
SO, concentrations mostly followed the anode copper production in the period from 2005 to 2008.
In some cases, the trend was not present and increasing production was accompanied by decreasing
SO, concentrations and vice versa, due to the irregularities during the operation of the sulphuric
acid plant. This is the consequence of frequent stoppages of the smelter and difficulties in operation
due to limited capacities of the sulphuric acid plant [20].
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Figure 1. The annual SO2 concentrations in the air at six measuring sites, in regard to the annual
limit value (LV) for SO2 concentration, which is 50 ug m-3 [20]

3.2. Soil

The maximum allowable concentration (MAC) of heavy metals in soils has been enacted by the
Regulation about allowable quantities of hazardous and harmful substances in soil [24]. In Table 1
concentrations of As, Cu, Zn, Pb, Cd and Hg in top soil of Robinia pseudoacacia L. are presented at
all the sampling sites compared to the MAC [5].

The terrestrial abundance of As is around 1.5 to 3 mg kg™ [25]. Concentrations of As in soil in all
the zones, except in the C zone and at the sampling site Krivelj, considerably surpasses the MAC
(25 mg kg™). The highest concentrations of As are at the sampling site Institute in the Ul zone. The
reason of the increased concentrations of As in the Ul zone is the vicinity of the pollution source.
The higher level of As in the T zone (site Bor lake) is due to a negative influence of dominant
winds, which transport pollution from the industrial zone. Another possibility could be naturally
higher level of As in soil in the T zone. Arsenic is present in copper ores as an accompanying
element in the form of arsenopyrite mineral (FeAsS). It is also present in high concentrations in PM
in the urban-industrial and suburban zones of Bor [4].

Table 1. Concentrations of As, Cu, Zn, Pb, Cd and Hg (mg kg-1 dry wt) in soil samples compared to
the maximum allowed concentration (MAC) and soil pH at ten sampling sites distributed in five
zones [5]
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Metal Mac, = Town - = Brestovac . -
(mg kg) Hospital ~ Institute s Jugopetrol  Brezonik Ostrelj Krivelj -~ Bor lake = Sumrakovac

As 25 51.7£3.9 95.5409.5 74.7£5.9 43.1+3.8 60.9+52 44.5+42 16.8+1.1 27.1£2.3 81.8+5.7 9+0.4

Cu 100 470.3£305 | 569.9+430  817.3+51.0 266.1+195 903.3+51.7  462.4+393  67.8+47  123.2+9.4 28144212 59.1+2.3

Zn 300 3103268 | 260.2+228 § 330.1+£301 141=122  200+154 @ 260+£253 | 130.1+6.3  138.1=102 @ 220.1+15.1 | 130.7+58

Pb 100 69.9=6.1 96.5+7.6 86.1+3.9 46.5=33 522+38 70.5£5.9 206226 40.1£32 69.7+5.1 323209

Cd 3 0.72+0.05 = 0.86+0.07 . 0.64+0.06 <0.5 <0.5 <0.5 <0.5 <0.5 0.52=0.04 <0.5

Hg 2 <0.1 <0.1 <0.1 <0.1 0.3+0.01 <0.1 <0.1 <0.1 <0.1 <0.1

pH 7.5£0.4 7.5+0.3 7.9+0.6 7.3x0.8 7.4=0.5 5.3=0.7 7.8+0.4 5.6+0.2 7.3=0.3 6.0+0.1

All metal concentrations and soil pH shown as Mean+SD
Ul-urban-industrial zone, S—suburban zone, R—rural zone, T—tourist zone, C—control zone
& The Official Gazette of Republic Serbia, No. 23/94

The terrestrial abundance of As is around 1.5 to 3 mg kg™ [25]. Concentrations of As in soil in all
the zones, except in the C zone and at the sampling site Krivelj, considerably surpasses the MAC
(25 mg kg'™*). The highest concentrations of As are at the sampling site Institute in the Ul zone. The
reason of the increased concentrations of As in the Ul zone is the vicinity of the pollution source.
The higher level of As in the T zone (site Bor lake) is due to a negative influence of dominant
winds, which transport pollution from the industrial zone. Another possibility could be naturally
higher level of As in soil in the T zone. Arsenic is present in copper ores as an accompanying
element in the form of arsenopyrite mineral (FeAsS). It is also present in high concentrations in PM
in the urban-industrial and suburban zones of Bor [4].

The mean levels for Cu in soils vary from 13 to 24 mg kg™. The common characteristic of Cu
distribution in soil profiles is its accumulation in the top horizons [26]. The determined
concentrations of Cu in soil are considerably higher than the MAC (100 mg kg) in the UlI, S, R
(site Ostrelj) and the T zone. In the EU, the limit value for Cu in soil is 50-140 mg kg™ of dry
weight [27]. The high level of Cu, in all the zones, is a consequence of long-term influence of
mining and pyrometallurgical production of copper in the examined area [14].

The Zn soil levels usually fall in the range of 10-300 mg kg™ [26]. A higher level of Zn was
recorded in the Ul zone at the sampling sites Hospital and Town park. However, exceedance was
not significant. At the other sites, the concentrations of Zn were present within the MAC (300 mg
kg™l). In the EU the limit value for Zn in soil is from 150-300 mg kg™ of dry weight [27]. The
smelter and refinery have the biggest influence on the concentrations of Zn in soil in the Bor
suroundings, since Zn is an accompanying element of copper ores [14].

Not at any sampling site do the concentrations of Pb, Cd and Hg in soil exceed the MAC (100 mg
kg™, 3 mg kg™ and 2 mg kg™, respectively). Higher concentrations of Pb at the site Institute can be
a result of traffic pollution [28]. According to annual reports from the Mining and Methalurgy
Institute in Bor [19], Cd and Hg are present in small concentrations in PM, which can be the reason
of their low concentrations in the soil samples. The limit values in the EU are: for Pb from 50-300
mg kg™, for Cd from 1-3 mg kg™ and for Hg from 1-1.5 mg kg™ dry weight [27]. The mean Pb
concentration for surface soils on the world scale is estimated at 25 mg kg™*; the average contents of
Cd in soils are between 0.06 and 1.1 mg kg™; for various soils on a world level, mean
concentrations of Hg in surface soils do not exceed 0.4 mg kg™ [26]. All three metals are in the
range of global average concentrations in the soil in our research.

Regarding the zone distribution of pollutants, it can be observed that the highest metal
concentrations are in the Ul and the S, with certain variations, and the lowest are in the C zone.
Higher concentrations of metals at the sampling site Krivelj (R zone) are the consequence of
pollution from the open pit near the settlement.

The fate of trace metals in soils depends upon many soil processes. All these processes such as
dissolution, complexation, migration, precipitation, diffusion, absorption, etc. are governed by
several soil properties, of which soil pH is very important. Changes in the pH of the root ambient
solution may play an especially significant role in the rate of availability of certain trace elements
[26].
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Soil at the examined sampling sites is moderately acid up to mildly alkiline (Table 1). The lowest
pH values were measured in the R zone (site Ostrelj), whereas the highest pH value was recorded in
the Ul zone (site Town park). The analysis of pH soil of Samecka-Cymermana et al. [28] shows
slightly lower values (pH 4.1-6.7) than in our research. Mobility of metal ions, according to Kabata-
Pendias and Pendias [26], decreases with the increase of pH and is the highest for most metals in
acid media (pH<5). At pH>7 the mobility of ions is very weak, therefore rather foliar than
absorption through root system can be expected [5].

3.3. Element concentrations in unwashed and washed leaves/needles

Concentrations of Cu, As, Cd and Pb in the unwashed (UL) and washed (WL) leaves sampled in the
background zone and in the zones affected with copper production activities are given in Fig. 2.
Water washing could have an effect of wind or rain, removing loosely adhering coarse impurities
from the leaves [29].

Copper

From Fig. 2a) it can be seen that unwashed leaves of elder have higher Cu concentrations than the
linden leaves and the pine needles in the R2, SU and Ul zones. In the other areas where foliar Cu
contents were lower, the elder and linden leaves had similar Cu concentrations. It is evident that
washed elder leaves contained higher Cu concentrations than the other two plants in the R2, SU and
Ul zone. This difference is less noticeable in the other zones. Unwashed and washed pine needles
contained the lowest Cu concentrations in all the zones, except the washed needles from the Ul
zone. Foliar parts of all the three species sampled in the B zone, and in the area around the tailings
ponds of the Krivelj and Cerovo copper mines (11 and 12 zone), have the lowest, while the R2, SU
and Ul zones have the highest Cu concentrations. Cu contents in the washed linden leaves from the
urban-industrial and rural zone from our previous research [7] were higher than in this study. It can
be concluded that that a decreasing pollution trend with Cu has existed during a four year period
(2009-2013), which may be regulated with the preventive stoppages of the processes in the copper
smelter due to the prediction of unfavorable weather conditions. It should be noted that critical Cu
concentrations in leaf tissues that affected growth in most species (15-20 pg/g) (Pahlsson 1989;
Rademacher 2001) exceeded in all the three species (WL) in almost all the zones, except in the B
and in several cases in the 11 and 12 zone. Critical heavy metal value for copper in plants (100 pg/g)
[30] was exceeded to a great extent in the pine, linden, and elder washed leaves/needles in the Ul
zone. The other exceedances were mostly in the washed elder leaves from the R2 and SU zone.
Washed and unwashed pine needles sampled in the polluted zones of Bor and the surroundings have
a higher Cu content than in the papers of Dogan et al. [31], Rucandio et al. [32], Samecka-
Cymerman et al. [33], Sawidis et al. [34] and Sun et al. [35]. Tomasevi¢ et al. [36] obtained Cu
concentrations in washed linden leaves of an urban area, which were in the rank with the urban zone
of the town of Bor. Washed elder leaves from the surroundings of Pb-Zn mine [37] have Cu, in
similar contents as the elder leaves collected in the vicinity of the tailings ponds of the Cerovo and
Veliki Krivelj copper mines [29].

Arsenic

From Fig. 2¢) and 2d) it can be seen that elder leaves (UL and WL) have higher As concentrations
than linden and pine leaves/needles in the R1, R2, SU and U zone. At the same time, linden leaves
were more efficient in As accumulation than pine needles. In the conditions of the increased
environmental pollution with As (Ul zone), unwashed pine needles and elder leaves showed similar
As contents, 41.60 pg/g and 41.94 pg/g, respectively. In the Ul zone, washed pine needles had
higher As content than washed elder leaves. This difference occurred because after washing of pine
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needles, As concentrations remained almost the same, which is not the case with elder leaves,
whose contents significantly decreased (P<0.05) after washing. Fig. 2¢) and 2d) show that washed
foliar parts of the three plant species collected in the B zone, and from the area around the tailings
ponds of Veliki Krivelj and Cerovo copper mines (I1 and 12 zone), had the lowest As
concentrations, which were in the range of tolerable As concentrations (up to 2 pg/g) [26]. The most
endangered zones, in this regard, are the R2, SU and Ul, which are along transects of the
predominant wind directions from the smelter. Similar to the case of Cu, foliar parts of all the three
species sampled in the B zone, and in the area around the tailings ponds (11 and 12 zone) have the
lowest, while the SU, R2 and Ul zones have the highest As concentrations. This is related to the
same anthropogenic origin of As and Cu in the examined area, which is the copper smelter. High
arsenic concentrations of soil and plants from the rural zones are of big concern, due to the
possibility that this carcinogenic may enter the food chain. Arsenic toxicity threshold (~20 pg/g) for
plant tissue [38] was exceeded in the washed pine needles and elder leaves sampled in the Ul zone.
According to the higher As contents in unwashed and washed linden leaves in this study compared
to the leaves concentrations in the [39], it can be concluded that As concentrations in the
environment of Bor and the surroundings have increased over the years. Foliar As concentrations
from the R, U and Ul zones in Bor are several times higher, compared to the literature data on the
As contents in the current year pine needles and linden leaves from the urban, traffic and rural sites
[37]. Arsenic concentrations in washed elder leaves from the polluted sampling sites in this study,
are higher than in the paper of Madejon and Lepp [40], where this plant is suggested for
phytostabilisation of As contaminated soil [29].

Cadmium

Unwashed and washed leaves of elder contain higher Cd concentrations compared to linden and
pine leaves/needles in the R2, SU, U and Ul zone. Foliar parts of plants sampled from the B zone
have the lowest Cd contents. Cadmium concentrations in the foliar parts of the three examined plant
species are the highest in the Ul zone. Nevertheless, Cd contents in washed leaves/needles in this
zone are below the 5 pg/g, which is considered as a lower limit of critical heavy metal value in
plants [30]. Similar as for As, Cd concentrations in the leaves of linden sampled in the vicinity of
the copper smelter have increased over the years, compared with the data from the study of Alagi¢
et al. [39]. The unwashed pine needles sampled in the vicinity of the copper smelter have slightly
higher Cd contents than the pine needles collected near the iron and steel company [35] and metal
smelter in the paper of Samecka-Cymerman et al. [33]. Washed and unwashed linden leaves from
the urban sites in an area of heavy traffic of Belgrade [36] have lower Cd concentrations than in
urban area of the Bor region. All the determined Cd concentrations in linden leaves from the current
investigation have shown to be lower than in the paper of Piczak et al. [41]. Cd contents in washed
elder leaves collected around the lead—zinc mine in China [37] are higher than in our examined
area, possibly due to the different ore composition [29].

Lead

In Fig. 2g) it can be seen that unwashed foliar parts of pine, linden and elder, sampled in the B, 11
and 12 zone, have almost the same Pb contents. In the R2, SU, U and Ul zone, elder leaves have
different highest Pb concentrations. Similar pattern is observed for washed leaves/needles, except in
the Ul zone where pine needles and elder leaves have similar Pb contents. Similar to the case of As
and Cu, Pb contents in the unwashed foliar parts of pine, linden and elder from the B zone, and in
the area around the Krivelj and Cerovo tailings ponds (11 and 12 zone), have the lowest, while the
SU, R2 and Ul zones have the highest Pb concentrations. The washed leaves/needles show the
highest Pb concentrations in the R2 and Ul zone. Compared to our previous study [7], it could be
said that there has been a decreasing trend of Pb concentrations in linden leaves sampled in the R1,
R2 and Ul zone of Bor. Pb concentration in leaves (35 pg/g) which causes damage to plants
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according to Rademacher [42], has exceeded in the washed pine needles and elder leaves from the
Ul zone. Pine needles (WL, UL) collected from the vicinity of iron and steel smelting plants [35]
contained about severalfold lower Pb concentrations than the needles sampled in the vicinity of the
copper smelter in Bor. Washed linden leaves collected near high traffic street [41] have higher Pb
concentrations than the leaves from all the examined zones except the Ul zone in this study [29].

a) b)
M pine Ol = . ® pine Cli = r
500 —— pine Olinden ®elder 5 pine Olinden Eelder '
Cu Unwashed leaves Cu Washed leaves
= 5
5 400 - 5 400
< £
.E 300 - §'300
3 £
£ 2001 £ 200 -
@ =
2 3
£ 100 g
K 2 100 -
) N ﬂdn“
"5 n m R st U 0 ‘ ‘ — ‘ ‘ ‘
. . " B I1 2 R1 R2 SU U Ul
Sampling zone Sampling zone
c) d)
50 Hpine Olinden ®elder <0 H pine Olinden Helder
o S -
As Unwashed leaves As Washed leaves
&l eL
40 2
g 2
5 301 g
£ 20 E
& 10+ 5
hd &
0 -
B 1 12 Rl R2 sU U Ul B n 12 R1 RrR2 SU U Ul
Sampling zone Sampling zone
e) /)
® pine Ulinden 8 elder ® pine Olinden & elder
1.60 L60 1 .
Cd Unwashed leaves cd Washed leaves
5 140 % 1.40
2120 1201
£ 1.00 | E 1.00
‘é 0.80 - T 0.80 1
£ 0.60 - £
g 0-;0 b QE, -0
e £ 0.40
~ 0.20 - &) 0.20 - I
0.00 : 0.00 . ‘ , |_| ,
B I Rl R SU U U B I I R R SU U U
Sampling zone Sampling site

g) h)



Intro Impresum Index Sadrzaj : : Contents Sponsors Print Izlaz : : Exit

XIXYuCorr, September 12-15, 2017, Tara Mountain, Serbia 32
H pine Olinden Eelder ® pine Olinden Belder
80 - 80 v -
70 Pb Unwashed leaves 70 b Washed leaves

60 -
50 4
40 -
30
20
10

60 -
50
40
30 1
20 4
10

Concentration, (ng/g)
Concentration, (pg/g)

B 11 12 R1 R2 SU U U1 B 11 2 R1 R2 SU u U1

Sampling zone Seanpling zene
Figure 2. Concentrations of elements Cu, As, Cd and Pb in the unwashed and washed foliar
parts of pine, linden and elder: a) Cu (UL); b) Cu (WL); c) As (UL); d) As (WL); e) Cd (UL); f) Cd
(WL); g) Pb (UL); h) Pb (WL). Bars are missing in the cases of the concentrations below the
lower limits of determination ([As]<1 ug/g; [Cd]<0.2 ug/g) [29]

3.4. Biological Factor Analysis

Due to different patterns of behaviour and mobility within trees and limited uptake and
translocation of metals [43], contamination of soil above a certain level does not always result in an
increased metal uptake via roots [44]. Based on a different capacity for metal uptake from soil, plant
species can be used in phytoextraction or phytostabilisation. Plants which are able to accumulate
relatively high metal content from soil into aboveground parts and translocate metals efficiently
from roots to aboveground parts (BCF > 1, TF > 1) have the potential to be used in phytoextraction.
On the other hand, plants with high capacity of accumulation from soil and low translocation of
metals to aboveground parts (BCF > 1, TF < 1) have the potential in phytostabilisation [15].

Data on the BCFs per site (Fig. 3.a)) show that birch and spruce roots were most efficient in take up
Cu, Pb and Zn from soil at the background site (BCFs were in the range of 2.32-10.22).
Additionally, accumulation of Cu is observed in spruce roots at the sites BTP and OS (BCF
amounted 1.18 and 1.55, respectively). Neither of the species was efficient in take up Mn from soil
(BCFs were from 0.02 to 0.52) at any of the sampling sites. At the sites closest to the copper
smelter, the BCFs were very low for all four metals, thus suggesting foliar absorption (with an
exception of spruce at the BTP site).

Similarities between the TFs per sampling site were also observed (Fig. 3.b)). Both of the species
translocated at least one of the studied metals from roots to branches. Based on the average TF
values at the sites in urban-industrial and rural zone, birch was most efficient in translocating Pb >>
Zn > Cu, but with lower rate for Mn (TF = 0.83), while spruce showed the translocation of Mn too.
Both of the species retained Cu, Pb, Zn and Mn in roots at the background site (TFs in the range of
0.04-0.23), contrary to the results for BCFs. Kopponen et al. (2001) reported translocation of Zn
and Cu from roots to birch leaves and stems at higher soil concentrations, which is in agreement
with our results. Overall, the different behaviour of both species at the sites with higher and lower
load of air pollution is noted. Regarding the potential use in phytoextraction (BCF > 1, TF > 1),
neither of the species showed good results for the studied metals, while phytostabilisation (BCF > 1,
TF < 1) of Cu, Pb and Zn showed both species at the background site and further research is needed
to confirm this potential. Rosselli et al. [46] studied the ability of five woody species to extract Zn
from the polluted soil to their aboveground tissues, and found that birch transfers reasonably high
concentrations of Zn to their leaves and twigs and may be useful for phytoextraction, which is
contrary to our results.

In Fig. 4.c), the BAC values for leaves/needles per site are shown. According to the results, both
species mainly behaved as excluders (BACs < 1). However, there are some possibilities for
indication and accumulation of airborne heavy metal pollution. Birch leaves prove to be good
indicators of Zn (average BACs = 1.33), while the BACs > 1 for Zn and Mn at the BTP site suggest
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accumulation of these metals in birch leaves at the more polluted site. Regarding spruce in
biomonitoring surveys, needles have potential ability for hyperaccumulation of Pb, since the BAC
surpassed 10 [18] at the background site. In Rosselli et al. [46], the BACs in birch leaves were very
low for Cu, Zn and Cd, ranging from 0.02 for Cu to 0.37 for Zn, which is far lower than our study
results. Moreover, the BAC was calculated for leaves/needles, which could be a good sign of foliar
absorption of Cu and Pb rather than the absorption from soil or metal exclusion by both species
[45].
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Figure 3. Biological factors per site for Cu, Pb, Zn and Mn (a) Bioconcentration factor (BCF); (b)
Translocation factor (TF); (c) Bioaccumulation coefficient (BAC) (dashed line shows effective
translocation/accumulation of metals) [45]

4. Conclusion

Long-term monitoring of air-quality parameters in this area, and scientific studies as well, prove
that the mining-metallurgical complex, is the major pollution source emitting particulate matter and
sulphur-dioxide into the atmosphere.

Airborne PM with high content of heavy metals, pollute not only the urban parts of the town in the
close vicinity of the mining-metallurgical complex, but also the suburban and distant rural zones.
The predominant winds in the study area are WNW, NW and W. Data analysis shows a direct
influence of the wind direction on the pollutants transported to the particular measuring sites. Due
to unfavourable wind conditions, the areas around the measuring sites Town park and Hospital (E
and ESE wind direction) are considered to be pollution risk areas. As far as suburban settlements
are concerned, the areas around the measuring sites Jugopetrol and Brezonik are the endangered
areas.

Long-term measurements of the content of heavy metals: Cd, Pb, and As in PM has showed
permanent exceedance of the LV for As concentrations, while the increased Cd concentrations
appeared occasionally in the urban-industrial, and the suburban zones. The average annual Pb
concentrations were within the LV, where the highest concentrations were in the urban-industrial
zone (the measuring site Hospital) and the lowest ones in the rural zone. With the increase of the
number of vehicles, there was no proportional increase of Pb concentration in the air, which means
that the primary source of air pollution by lead is the mining-metallurgical complex. The greatest
danger for the environment and all the living organisms are the high concentrations of arsenic in
PM. Over 50% of the arsenic concentration value at all the sites in the examined period by far
exceeded the allowed values. Arsenic is also a carcinogenic matter, so that this state of matter is
troublesome. The immediate vicinity of the measuring site Town park to the pollution source, as
well as the position of the measuring site Jugopetrol along the prevailing wind direction caused high
As air pollution levels.

The presence of SO, in the air is very high, forming acid rain and sulphates in atmospheric
deposition.

Concentrations of heavy metals in plant material, confirm results of the analysis performed at the
measuring sites in the urban-industrial, suburban and rural zones by the automatic and mobile
stations. These concentrations were higher at the sampling sites closer to the mining-metallurgical
complex than to the rural zone. According to the accumulated quantities of the polluting matters in
the plant material, it can be concluded that mining and metallurgy present large emitters of
hazardous matters, as well as a big risk for the environment.
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The high concentrations of heavy metals in plants, from the Bor region, represent a serious danger
for human health, as it is very easy for them to enter the human digestive tract, through the food
chain or by direct consummation.
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Izvod

Stabilizacija otpadnog mulja nakon flotacionog procesa, koji je opterecen toksicnim metalima,
vrSena je tehnikama stabilizacije i solidifikacije. Koristen je otpadni mulj Rudnika olova i cinka
Sase, Srebrenica, RS, Bosna i Hercegovina. Toksicni metali su imobilisani kompaktiranjem sa
lebde¢im pepelom i crvenim muljem u monolite razlicitih proporcija. Efikasnost imobilizacionih
postupaka pracena je koriséenjem difuzionog testa izluzivanja ~ (ANS 16.1). Takode su, odredeni i
parametri (koeficijenti difuzije, indeksi izluzZljivosti) koji su posluzili za ocjenu efikasnosti
prethodno primjenjenih imobilizacionih tehnika, te dominantni mehanizam izluzivanja metala iz
solidifikata.

Lebdeci pepeo i crveni mulj su se pokazali kao dobri imobilizacioni agensi za vecinu toksicnih
metala. Moze se zakljuciti da je dominantan mehanizam izluzivanja za vec¢inu metala difuzija, a za
olovo povrsinsko spiranje do koga dolazi u inicijalnoj fazi eksperimenta.

Stabilizovana i solidifikovana jalovina se moze na kraju upotrijebiti u odredene svrhe ili odloZiti.

Kljuéne rijeci: lebdeéi pepeo, crveni mulj, stabilizacija/solidifikacija, toksicni metali, test
izluzivanja.

Abstract

The stabilization of the waste mud after the flotation process, which was loaded with toxic metals,
was performed by stabilization and solidification techniques. Waste mud of lead and zinc mines
Sase, Srebrenica, RS, Bosnia and Herzegovina was used. Toxic metals were immobilized by
compacting with fly ash and red mud in monoliths of various proportions. The efficacy of
immobilization procedures was monitored using a leaching test (ANS 16.1). Also, certain
parameters (diffusion coefficients, leaching index) used to evaluate the efficiency of previously
applied immobilization techniques, and the dominant mechanism of leaching of metals it's
determined.

Fly ash and red mud proved to be a good immobilization agents for most toxic metals. It can be
concluded that the dominant leaching mechanism for most metals is diffusion, for lead is surface
flushing which it comes in the initial phase of the experiment.

Stabilized and solidified waste mud finally can be used for specific purposes or postponed.

Key words: fly ash, red mud, stabilization/solidification, toxic metals, leaching test.

Uvod
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Procesi i tehnike stabilizacije i solidifikacije (S/S) se sve viSe koriste u oblasti zastite Zivotne
sredine. Zato mnoge metode S/S se promovisu i nude za tretman opasnhog i drugog otpada iz
industrije 1 komunalnih izvora. Ova tehnologija, koja ukljucuje mjeSanje vezivnog materijala sa
kontaminiranim materijalom, $titi zivotnu sredinu imobiliSu¢i Stetne komponente. Vezivni materijal
reaguje hemijski sa vodom iz materijala koji je tretiran, izazivaju¢i promjene u fizickim i hemijskim
osobinama i stabilizuje Stetne konstituente 1 tako sprijeCava njihov dalji transport u zivotnoj sredini
[1].

U ovom radu primjenjen je modifikovani test izluzivanja sa ciljem $to bolje simulacije realnih
uslova. Rezultati dobijeni simulacijom ovih uslova i daljom karakterizacijom smje$sa omogucuje
izradu modela ponaSanja metala u smislu dugorocnog "izluzivanja" iz tretirane (stabilizovane)
jalovine kao i procjenu koji materijali su bolji za imobilizaciju toksi¢nih metala u jalovini Rudnika
Sase Srebrenica.

U Rudniku olova i cinka Sase Srebrenica, ruda nakon jamskog iskopavanja ide na postupak
redukcije pre¢nika i koncentrisanje korisne komponente galenitnog koncentrata sa najveéim
udjelom PbS i svaleritnog koncentrata sa najve¢im udjelom ZnS. Postupak smanjenja precnika u
osnovi se sastoji iz dvije faze. Prva faza je postupak drobljenja na ¢eljusnoj i konusnoj drobilici do
30 mm. Ova frakcija nakon konusne drobilice se odlaze putem trakastih transportera u bunkere
rude. Iz bunkera ruda putem trakastih dozatora i magnetnih separatora odlazi u mlin sa Sipkama na
postupak mokrog mljevenja. Nakon mlina sa Sipkama nastala suspenzija ide u mlin sa kuglama, a
odatle na hidrociklon. Preliv sa hidrociklona ide na flotiranje, a ostatak se ponovo vra¢a na
domeljavanje u mlinu sa kuglama. Nakon linije za flotiranje preostala jalovina se skuplja u
privremeni spremnik jalovine odakle se kontinuirano putem cenrifugalnih pumpi Salje na
hidrociklon koji se nalazi na brani (odlagali$tu) jalovine [2]. Nastala jalovina u sebi sadrzi toksi¢ne
metale kao $to su: Pb, Zn, Cr, Ni, Cu, Cd, As i drugi.

Imobilizacija metala uz dodatak lebdeceg pepela i crvenog mulja

Pozolani¢ke supstance (pozolani) su silikatni ili aluminozni materijali. To su supstance koje se
pojavljuju u prirodi ili nastaju kao industrijski sporedni proizvodi, a koje dobijaju cementne osobine
kada se aktiviraju kalcijum-hidroksidom. Zbog toga je koris¢enje ovih aditiva isplativo posto nije
potreban nikakav poseban postupak za njihovo dobijanje.

Lebde¢i pepeo nastao pri sagorjevanju uglja i drugi pozolani sadrze staklastu silikatnu fazu koja
reaguje sa Ca(OH), iz cementa i formira gel kalcijum-silikat-hidrata (CSH) koji je primarni agens
stezanja cementa. Lebdeci pepeo obi¢no sadrzi i sulfide koji reaguju sa mnogim teskim metalima u
otpadu i smanjuju njihovu rastvorljivost [3].

Crveni mulj je otpadni materijal koji se formira prilikom proizvodnje aluminijuma kada je boksitna
ruda podvrgnuta kaustiénom luZenju. Za svaku tonu proizvedenog aluminijuma, nastaje 0,5-2 tona
crvenog mulja. Crveni mulj se predlaze kao adsorbent za uklanjanje teSkih metala, glina, fosfata,
nitrata, fluorida i arsena zbog visokog sadrzaja aluminijuma, gvozda i kalcijuma [4].

Prosjecna pH vrijednost za crveni mulj je od 11,3 = 1,0. Razlog tome je Sto su u prosjek ukljucene i
pH vrijednosti starih crvenih muljeva koji su djelimi¢no neutralisani atmosferskim CO;, [5].
Pokazano da crveni mulj ima sposobnost da neutralise kiseline, kao i da se uspje$sno moze koristiti
za neutralizaciju kiselih otpadnih i procjednih voda iz rudnika [6]. pH vrijednost uslovljena je
prvenstveno prisustvom kalcijum karbonata, trikalcijum aluminata i hidrokalumita. Pored toga,
postoji niz drugih reakcija koje se javljaju tokom i pre digestije. Jedna od najvaznijih je
solubilizacija filosilikatnin minerala (gline), npr. kaolinita. Rastvaranje ovih minerala rezultira
aluminatnim i silikatnim jonima u rastvoru [7]. Pozolani¢na svojstva pecenog crvenog mulja su
ispitivana monitoringom primjene razli¢itth mjeSavina portland cementa i crvenog mulja. Glavni
proizvodi hidratacije su C-S-H i mono-karboaluminat (C,ACHy;). Zbog metode boksit-kalcinacije,
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crveni mulj sadrzi odredene koli¢ine amorfnog aluminijum-silikatnog materijala i Al(OH)3[8]. Oni
mogu da se modifikuju u reaktivni silicijum i1 glinicu usljed procesa kalcinacije, dobijajuci
pozolani¢na svojstva. Kalcinacija ispod 600-700°C moze znacajno da poboljsa aktivnost crvenog
mulja zbog raspadanja glinenih materijala tako da se formiraju aktivni silicijum i glinica [9, 10].
Osim toga, dodatkom CaO ili nekog drugog izvora kalcijuma tokom kalcinacije, moze se dodatno
poboljsati aktivnost crvenog mulja [11, 12]. S obzirom da usljed metode boksit-kalcinacije crveni
mulj sadrzi veliku koli¢inu CaO u svom hemijskom sastavu, ovu metodu koristimo kao izvor
kalcijuma kako bi se poboljsala aktivnost jalovine kroz aktivaciju jedinjenja [9].

Eksperimentalni dio

Cilj istrazivanja bio je ispitivanje mogucnosti stabilizacije otpadnog mulja sa jalovista Rudnika
Sase Srebrenica primjenom lebdeceg pepela i crvenog mulja kao imobilizacionih agenasa.

Prvo su odredivane pocetne koncentracije toksi¢nih metala u jalovini. Odmjeren je 1g jalovine koji
je potom podvrgnut metodi digestije EPA 3051a (Mikrotalasna digestija Milestone, star E). Za
digestiju je koriS¢eno 9+0,ImL HNOs 1 3+0,1mL HCI. KoriStene su koncentrovane kiseline. Zatim
su uzorci analizirani plamenom AAS tehnikom (Perkin Elmer AAnalyst™ 700) na sadrzaj ukupnih
metala Cr, Ni, Cu, Cd, Pb 1 Zn u skladu sa procedurom EPA 7000B, sadrzaj As analiziran je
grafitnom AAS tehnikom (Perkin Elmer AAnalyst™ 700) u skladu sa procedurom EPA 7010.
Jalovina, lebde¢i pepeo i crveni mulj su prvo osuseni na 105 °C, a zatim je jalovina mjesana (slika
1) sa imobilizacionim agensima prema Semi predstavljenoj u tabeli 1., (J-jalovina, F-lebdeci pepeo,
R-crveni mulj).

. v |
Jalovina osusena na

—  TestizluZivanja

kiselinom i huminskom
kiselinom),odnos L/S je 10:1

0 —
= 105°
C
e
> d k . Uzorci su analizirani plamenom AAS
— Pseu ou Upm tehnikom na sadrzaj ukupnih metala
(g0} YA Cr, Ni, Cu, Cd, Pb i Zn; sadrzaj As
(e Sad rzaJ analiziran je grafitnom AAS tehnikom
> B
(@] ANS 16.1 semi dinamicki test
TU (dejonizovanom vodom , sircetnom
-

Slika 1. Blok sema pripreme smjesa i testova izluzivanja

Tabela 1. Sastav smjesa jalovine, lebdeceg pepela i crvenog mulja

Masa (g)
Smjese Lebdeci Crveni mulj Jalovina
pepeo
F10R10J80 60 60 480
F10R20J70 60 120 420
F10R30J60 60 180 360
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Efikasnost primjenjenih imobilizacionih agenasa u S/S tretmanu vrSena je primjenom semi-
dinamickog ANS 16.1 testa izluzivanja [13]. Takode su odredeni i parametri (koeficijenti difuzije,
indeksi izluzivanja) koji su posluzili za ocjenu efikasnosti primjenjenog imobilizacionog agensa.
Primjenjen je modifikovani ANS 16.1 test izluzivanja sa ciljem §to bolje simulacije realnih uslova.
U modifikovanom ANS 16.1 testu izluzivanja koriS¢en je rastvor sircetne kiseline sa pH 3,25 da bi
se simulirali uslovi koji oponasaju kisele kiSe, odnosno uslove u realnom sistemu. Takode je
koris¢en 1 rastvor huminskih materija sa ciljem simulacije uslova velikog organskog opterecenja do
kojeg bi moglo do¢i u slu¢aju akcidentnih situacija (na primjer poplava) i generalno uslova koji se
stvaraju u prirodi pri raspadanju organskog materijala (lisCe, trava, itd.).

Ovaj test je izveden na sobnoj temperaturi sa dejonizovanom vodom (DI), siréetnom kiselinom
(AA) 1 huminskom kiselinom (HA) kao agensima za izluzivanje. Uzorci su smjesteni u inertne
plasti¢ne mrezice i postavljeni u vise¢em polozaju u plasti¢éne posude sa navedenim rastvorima za
izluzivanje pri Gemu je odnos tecnost/Gvrsto (L/S) bio 10:1 (L kg™) (slika 2). Test je raden pod
semidinamic¢kim uslovima pri ¢emu je monolit potapan u svjez rastvor destilovane vode, siréetne i
huminske kiseline nakon 2, 7, 24, 48, 72, 96, 120, 456, 1128 i 2160 sati, a iz rastvora nakon
izluzivanja i filtriranja na membranskom filteru (0,45 um) odredena je koncentracija metala AAS
tehnikom.

poklopac

inertma
mreZica

. uzorak

- posuda

rastvor za
izluZivanje

Slika 2. Semi dinamicki test izluzivanja
Koeficijenti difuzije i indeksi izluZivanja

ANS 16.1 model izluZivanja koristi Fikovu difuzionu teoriju i gdje se pracenjem brzine vrsi
procjena efikasnosti tretmana [13-18]. Jedanacine za odredivanje koeficijenata difuzije (De) i
indeksa izluzivanja (LX) su prikazani obrascima (1) i (2). Srednje vrijednosti koeficijenata difuzije

De izracunate su i prikazane u tabeli 3, a srednje vrijednosti indeksa izluzivanja LX na slici 3.

2

an
De=r| o {\i} T (1)
(at), [ [ S] "

gdje je: a, gubitak kontaminanta (mg) tokom odredenog perioda izluzivanja sa indeksom n; Ag je
pocetna koncentracija kontaminanta u uzorku (mg); (At), vremensko trajanje n-tog intervala
izluzivanja (s); V je zapremina uzorka (cm®); S je geometrijska povrSina uzorka izracunata iz
dimtzenzija (cm?); Ty, je vrijeme u sredini perioda izluZivanja (s); De je stvarni difuzioni koeficijent
(cm?/s).
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LX = %i[— log(De)] )

gdje je: n broj odredenih perioda izluzivanja m je ukupan broj pojedina¢nih perioda izluzivanja [19-
21].

Mehanizam koji kontroliSe izluZivanje metala

Mehanizam koji kontroliSe izluzivanje metala iz S/S smjesa odreduje se modelom difuzione teorije
[22]. U ovom modelu, kumulativni izluZeni maksimum komponente B; (mg/m?) izrazava se kao:

log(B,) :%Iog(t)+log {Umaxd [%H 3

gdje je: De stvarni difuzioni koeficijent u cm%s za komponentu x; t je vrijeme kontakta u
sekundama; Upax je maksimalna izluZzena koli¢ina izrazena u mg/kg; d je gustina uzorka u kg/m3.
Tri mehanizma koji potencijalno kontroliSu izluzivanje metala (spiranje, difuzija, i rastvaranje) se
mogu odrediti na osnovu procjene nagiba krive zavisnosti kumulativne izluzene frakcije metala i
vremena koji su definisani u jednacini (3).

Prema vrijednosti nagiba iz zavisnosti kumulativne izluZene frakcije metala B; (mg m) i vremena
moze se odrediti mehanizam izluzivanja: manje od 0,4 mehanizam povrsSinsko spiranje; 0,4-0,6 —
mehanizam difuzije i ve¢e od 0,6 - mehanizam rastvaranja.

Rezultati i diskusija

Sastav jalovine rudnika, koristenog lebdeceg pepela i crvenog mulja

Jalovina koris¢ena u ogledima potice iz Rudnika olova i cinka Sase, opstina Srebrenica, Republika
Srpska, Bosna i Hercegovina. Sastav upotrebljene jalovine bio je sljedeéi: (% maseni): SiO; (73,98),
Al,O3 (11,5), Fe,03 (25,9), MgO (0,33), CaO (2,57), TiO, (0,56), S (4,4), MnO (4,5) i gubitak
zarenjem (4,9).

Sastav lebdeceg pepela (TE Ugljevik) bio je sljedeci (% maseni): SiO, (26,24), Al,O3 (6,66), Fe,03
(13,97), CaO (19,74), MgO (5,21), Na,0O (0,68), K»0(1,08), P,0s (0,11), TiO, (1,21) i SO3(25,07).
Sastav crvenog mulja (Alumina d.o.o. Zvornik) bio je sljede¢i (% maseni): CaO (4,12), SiO;
(9,04), Al,O3 (19,62), Fe,O3 (48,97), TiO, (5,21), Na;O ukupni (5,68), Na,O vezani (5,44), i
gubitak Zarenjem 6,23.

Pseudo-ukupni sadrzaj metala u pocetnom uzorku jalovine prikazan je u tabeli 2. i uporeden sa
grani¢nim vrijednostima za klasifikaciju otpada.

Tabela 2. Pseudo-ukupni sadrzaj metala u pocetnom uzorku jalovine (mg/kg)

Parametar Vrijednost vﬁgggacc?sil Vﬁjf:g;c(?;z
Cr (mg/kg) 7,47 - _

Ni (mg/kg) 9,81 60 160
Cu (mg/kg) 406,92 60 3

As (mg/kg) 44,79 20 400

Pb (mg/kg) 1313,25 300 400

Zn (mg/kg) 740,04 200 3

[1] Solid waste disposal, EPA 658/09, 2009
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[2] Waste classification guidelines, Part 1, Department of Environment, Climate Change and Water NSW, 2009

Iz tabele 2. se moze zakljuciti da koncentracija Pb, Cu i Zn u znacajnoj mjeri prelaze obe granicne
vrijednosti, dok vrijednosti za Cd i As prelaze grani¢ne vrijednosti prema EPA 658/09 direktivi, ali
su ispod grani¢nih vrijednosti za klasifikaciju otpada prema Department of Environment, Climate
Change and Water NSW (2009). Sadrzaj Ni je zanemarljiv, jer je ispod grani¢nih vrijednosti po
EPA 658/09 direktivi.
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Kumulativno izluZeni metali
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Kada kumulativne izluzene koncentracije metala (slika 3) poredimo sa koncentracijama koje za
otpad propisuje Evropska Unija (2003/33/EC), dolazimo do zakljucka da se neopasnim otpadom
mogu smatrati sve ispitivane smjeSe u sva tri rastvora za izluzivanje u pogledu koncentracija Cu 1
Cd. U slucaju Cr sve smjesSe se smatraju neopasnim otpadom, osim smjese sa 10% lebdeceg pepela i
20% crvenog mulja u dejonizovanoj vodi ¢ije vrijednosti prelaze propisane i spada u opasan otpad.
U pogledu Ni sve smjeSe u dejonizovanoj vodi i huminskoj kiselini se mogu smatrati neopasnim
otpadom, dok smjeSa sa najmanje imobilizacionog agensa 1 smjeSa sa 10% lebdeceg pepela 1 20%
crvenog mulja predstavljaju opasan otpad u siréetnoj kiselini sa aspekta Ni. Opasnim otpadom se
smatraju sve smjeSe u siré¢etnoj kiselini, kao 1 smjeSe sa najviSe imobilizacionog agensa u
dejonizovanoj vodi i huminskoj kiselini sa aspekta As, dok se ostale smjese u ova dva rastvora za
izluzivanje smatraju neopasnim otpadom. U pogledu Pb sve smjeSe u sva tri rastvora za izluzivanje
ne zadovoljavaju koncentracije koje za otpad propisuje Evropska Unija (2003/33/EC) i
predstavljaju opasan otpad. SmjeSa sa najmanje imobilizacionog agensa u sir¢etnoj kiselini
prekoracuje dozvoljene koncentracije za Zn, dok se ostale smjese u sva tri rastvora za izluzivanje
smatraju neopasnim otpadom. Ukoliko kumulativne izluZene koncentracije metala poredimo sa
koncentracijama koje za otpad propisuje Pravilnik o kategorijama, ispitivanju i klasifikaciji otpada
(Sluzbeni glasnik Republike Srpske, br. 19/2015), dolazimo do zaklju¢ka da sve smjeSe u sva tri
rastvora za izluzivanje zadovoljavaju propisane koncentracije za sve ispitivanne metale.

Na osnovu uporedivanja rezultata sa regulativama dolazi se do zakljucka da se smjeSa jalovine sa
lebde¢im pepelom i crvenim muljem pokazala kao dobar imobilizacioni agens u pogledu Zn, jer
dobijene vrijednosti zadovoljavaju propisane koncentracije koje za otpad propisuje Pravinik u
Republici Srpskoj i koncentracije koje za otpad propisuje Evropska Unija (2003/33/EC). Sa aspekta
Pb ova smjesa jalovine sa lebde¢im pepelom i crvenim muljem se nije pokazala u potpunosti kao
dobar imobilizacioni agens, jer vrijednosti prelaze dozvoljene koncentracije metala koje za otpad
propisuje Evropska Unija (2003/33/EC). Prema Pravilniku u Republici Srpskoj sve smjese u sva tri
rastvora za izluzivanje zadovoljavaju propisane vrijednosti za olovo.

Koeficijenti difuzije i indeksi izluZivanja

Srednje vrijednosti koeficijenata difuzije De i indeksa izluzivanja LX u tretiranim uzorcima
jalovine sa lebde¢im pepelom i crvenim muljem izra¢unate su i prikazane u tabeli 3. i na slici 4.
Srednje vrijednosti koeficijenata difuzije za tretirane uzorke su se kretale od 1,10E-
07 cm?®s™ do 9,79E-09 cm?s™. Svi metali u rastvoru dejonizovane vode, kao i rastvorima siréetne i
huminske kiseline su umjereno mobilni.
Ako efikasnost tretmana posmatramo sa aspekta LX vrijednosti (slika 4), tretman se moze smatrati
uspjesnim u slucaju smjesa sa 10 1 30% crvenog mulja u dejonizovanoj vodi sa aspekata Zn, jer su
srednje LX vrijednosti za ove smjeSe vece od 9 1 mogu se koristiti za kontrolisanu upotrebu.
Takode, smjesa sa 10% crvenog mulja u huminskoj kiselini ima srednju LX vrednost preko 9, pa se
tretman za tu smjeSu smatra uspjeSnim. Ostale smjeSe sa aspekta Zn imaju vrijednosti preko 8 1
mogu se bezbjedno odlagati na deponije. Sve smjeSe za Cr i Pb u sva tri rastvora za izluZivanje
pokazuje srednje LX vrijednosti preko 8 i takve smjeSe se mogu bezbjedno odlagati na deponije. Sa
apekta Ni srednje LX vrijednosti u pogledu smjese jalovine i 30% crvenog mulja u dejonizovanoj
vodi i huminskoj kiselini su vece od 9, tako da u potpunosti zadovoljavju ovaj kriterijum i mogu se
kontrolisano upotrebljavati. U slucaju As, smjese sa 20 i 30% crvenog mulja u dejonizovanoj vodi
imaju srednju LX vrijednosti preko 9, pa se tretman za te smjeSe smatraju uspeSnim, dok su
vrijednosti za LX za ostale smjese preko 8 i mogu se bezbjedno odlagati na deponije. Sa aspekta
bakra i kadmijuma sve smjeSe u svim rastvorima za izluzivanje apsolutno ne zadovoljavaju ovaj
kriterijum i smatraju se neadekvatnim za odlaganje.

Tabela 3. Srednji difuzioni koeficijenti De smjesama jalovine sa lebdecim pepelom
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i crvenim muljem

De (cm?/s)
F10R10J80 F10R20J70 F10R30J60
Cr 2,64E-08 1,46E-08 9,34E-09
Ni 8,01E-09 3,10E-09 1,15E-09
Cu 5,29E-08 1,24E-07 1,37E-07
= As 4,78E-09 2,51E-09 1,36E-09
Pb 1,61E-08 7,31E-09 5,88E-09
Zn 1,32E-08 2,11E-08 1,78E-08
cd 1,60E-07 2,68E-07 3,08E-07
Cr 5,26E-08 2,04E-08 1,97E-08
Ni 3,49E-08 1,05E-08 4,71E-09
Cu 1,51E-07 2,19E-07 2,98E-07
g As 1,43E-08 2,06E-08 1,88E-08
Pb 3,52E-08 6,40E-09 6,52E-09
Zn 7,20E-08 3,89E-08 3,40E-08
cd 2,47E-07 2,23E-07 4,19E-07
Cr 3,65E-08 1,37E-08 1,16E-08
Ni 9,10E-09 2,64E-09 3,45E-09
Cu 1,10E-07 1,18E-07 1,72E-07
< As 4,38E-09 2,74E-09 9,79E-09
Pb 1,87E-08 8,04E-09 7,18E-09
Zn 1,69E-08 1,98E-08 2,22E-08
cd 2,02E-07 2,03E-07 3,26E-07
WCr ONi OCu mMAs EPb OZn BCd
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Slika 4. Srednji indeksi izluzivanja (LX) u smjesama jalovine sa lebdeéim pepelom i crvenim
muljem

Kumulativno izluZeni metali
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Kada kumulativne izluzene koncentracije metala (slika 3) poredimo sa koncentracijama koje za
otpad propisuje Evropska Unija (2003/33/EC), dolazimo do zakljuc¢ka da se neopasnim

Mehanizam koji kontrolise izluZivanje

Na osnovu vrijednosti nagiba, iz grafika zavisnosti kumulativne izluzene frakcije metala (mg m'z) i
vremena (slika 5), za smjese jalovine sa crvenim muljem i lebde¢im pepelom, vidimo da je za hrom,
arsen i kadmijum dominantan mehanizam difuzije.

0.9
0.8
0.7 +—— RASTVARANIE

_ ] Ocr
0.6 I T I H Ni
05 HIH DIFUZIJA q ’ & Cu
0.4 nAS
0.3 M Pb
0.2 SPIRANJE HZn
0.1 l uCd

0 A
F1I0R10 F10R20 F10R30 F10R10 F10R20 F10R30 F10R10 F10R20 F10R30
DI DI DI AA AA AA HA HA HA

Slika 5. Mehanizam izluzivanja odreden na osnovu vrijednosti nagiba iz grafika zavisnosti
kumulativne izluzene frakcije metala i viemena za smjese jalovine, crvenog mulja i lebdeceg pepela

Sa aspekta cinka dominantan mehanizam izluzivanja je difuzija kada je sredstvo izluzivanja sir¢etna
kiselina, a kod dejonizovane vode i huminske kiseline dolazi se do zakljucka da je glavni
mehanizam izluzivanja rastvaranje. Za bakar i olovo povrsinsko spiranje je dominantan mehanizam
izluzivanja, do koga dolazi u inicijalnoj fazi eksperimenta. Kod nikla difuzija kao mehanizam
izluzivanja se javlja kada se sir€etna kiselina koristi za izluZivanje, u drugim sluc¢ajevima to je
spiranje.

Zakljucak

Rezultati pseudo-ukupnog sadrzaja metala u poc¢etnom uzorku jalovine ukazuju da koncentracije
Pb, Cu 1 Zn u znacajnoj mjeri prelaze grani¢ne vrijednosti prema EPA 658/09 direktivi 1 prema
Department of Environment, Climate Change and Water NSW (2009), dok vrijednosti za Cd i As
prelaze grani¢ne vrijednosti prema EPA 658/09 direktivi, ali su ispod grani¢nih vrijednosti za
klasifikaciju otpada prema Department of Environment, Climate Change and Water NSW (2009).
Sadrzaj Ni je zanemarljiv, jer je ispod grani¢nih vrijednosti po EPA 658/09 direktivi.

Pri tretmanu jalovne sa lebde¢im pepelom i crvenim muljem moze se zakljuciti da sa porastom
udjela crvenog mulja u smjesi opada mobilnost metala: Cr, Ni, Cu, Zn i Cd, dok kod As i Pb dolazi
do odstupanja. Smjesa jalovine sa lebde¢im pepelom i crvenim muljem se pokazala kao dobar
imobilizacioni agens za: Cr, Ni, Cu, As, Cd i Zn, jer vrijednosti ne prelaze propisane vrijednosti
regulativa sa kojima su poredene. U pogledu Pb sve smjeSe u sva tri rastvora za izluzivanje ne
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zadovoljavaju koncentracije koje za otpad propisuje Evropska Unija (2003/33/EC) i predstavljaju
opasan otpad. Srednje vrijednosti koeficijenata difuzije za tretirane uzorke su se kretale od 1,10E-07
cm?s? do 9,79E-09 cm?s? §to znaéi da su svi metali umjereno mobilni. Ako efikasnost tretmana
posmatramo sa aspekta LX vrijednosti, tretman se moze smatrati uspjeSnim u slucaju Zn, Ni i As za
pojedine smjeSe jer imaju srednje LX vrijednosti preko 9, pa se tretman za te smjeSe smatra
uspjeSnim i mogu se koristiti za kontrolisanu upotrebu. Ostale smjeSe za ova tri metala se mogu
bezbjedno odlagati na deponije. Takode, sve smjeSe za Cr i Pb u sva tri rastvora za izluzivanje se
mogu bezbjedno odlagati na deponije. Sa aspekta Cu i Cd sve smjeSe u svim rastvorima za
izluzivanje ne zadovoljavaju ovaj kriterijum i smatraju se neadekvatnim za odlaganje.

Moze se zakljuciti da je dominantan mehanizam izluzivanja za veéinu metala difuzija. Za olovo
povrsinsko spiranje je dominantan mehanizam izluzivanja, do koga dolazi u inicijalnoj fazi
eksperimenta. Za nikl takode, povrSinsko spiranje je dominantno, osim kada se siréetna kiselina
koristi za izluzivanje kada difuzija postaje dominantan mehanizam

Iz istrazivanja mozemo zakljuciti da je tehnika solidifikacije i stabilizacije jalovine iz Rudnika
olova i cinka Sase Srebrenica, pomoc¢u lebdeceg pepela i crvenog mulja, dala generalno uspjesne
rezultate za veéinu metala na osnovu kojih mozemo zakljuciti da se koristeni imobilizacioni agens
moze Koristiti u pogledu rjeSavanja problema jalovine koja je zagadena metalima. Takode
zakljuCujemo da se za neke metale, prije svega Pb, jer ga ima najvise u netretiranoj jalovini, ovaj
imobilizacioni agens treba Kkoristiti u kombinaciji sa drugim primarnim i sekundarnim
imobilizacionim agensima.

Ovi rezultati se mogu upotrebiti za projektovanje i izgradnju pilot postrojenja na kome bi se ispitala
efikasnost ovih agensa za remedijaciju jalovine u realnim uslovima.
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Abstract

Superhydrophobic surfaces have received significant attention because of their extraordinary surface
properties. It is well known that superhydrophobic surfaces have many potential industrial applications,
such as reduction of ice and snow adhesion, surface self-cleaning, stain resistant textiles, corrosion
prevention and antibiofouling surfaces. Superhydrophobic surfaces can be achieved by a combination of low
surface energy materials, and surface micro- and nanostructures. The majority of these approaches start by
creating roughness on the surface, by chemical etching, plasma treatment, the electrochemical method, the
template method, vapour deposition and the sol-gel method and end with the deposition of low surface
energy materials on the roughened surfaces. The development of methods for preparing super-hydrophobic
surfaces via a simple, fast and economic process is highly desirable. For this reason, our research has
focused on a solution immersion method, which is a time-saving procedure and needs cheap reagents. The
approach is fairly simple to operate, and no special technigue or equipment is required. An aerated ethanol
solution of stearic acid (SA) (CH;(CH,);sCOQH) at room temperature with and without the addition of fat-
soluble Vitamins (E and Ks) was used in the procedure for fabricating a super-hydrophobic surface on Cu
and stainless steel.

Introduction

Wettability is an important property of solid surfaces from both the theoretical and technological
points of view. A surface which is easily wet by the application of water is referred to as
hydrophilic, while a surface which is unwettable is considered to be hydrophobic. These different
behaviours can be correlated to the surface energies of both the water and the solid material. Other
factors that may influence wetting behaviour are the parameters of the surface structure, such as
porosity, roughness, chemical heterogeneity or reactivity [1]. Furthermore, superhydrophobic
surfaces have evoked great interest among researchers both for pure academic interest and in terms
of industrial applications. Superhydrophobic surfaces are generally defined as surfaces that have
water contact angles (WCA) greater than 150°. These surfaces have received continual attention
because of their broad applications, such as self-cleaning, antifogging and frosting, and drag
reduction. Given the unique water-repellent properties of these surfaces, they are also capable of
reducing deterioration of metal surfaces caused by corrosion in aqueous media [2-5].

Regarding its definition (ISO 8044-1986), “corrosion is the physic-chemical interaction between a
metal and its environment, which results in changes in the properties of the metal and which may
often lead to impairment of the function of the metal, the environment, or the technical system of
which these form a part”.

The cost of corrosion has been reported by a variety of sources to be in the order of 3 to 6% of
GDP, or more than $1 trillion per year. The economic impact of corrosion is more than "lost metal":
it also includes lost production from unscheduled outages and potential risks to health, safety and
the environment. Corrosion knows no national boundaries. Acid rain or toxic materials released
from corroded equipment generated in one country pollutes the environment and can cause
corrosion damage far beyond that country’s borders, and even beyond the borders of its neighbours.
Corrosion never stops, but its scope and severity can be lessened. Therefore, inhibition of corrosion
is clearly very important.

Generally, corrosion prevention technology uses one or more of the following methods: i.) adopting
metals with elements that enrich the surface with a corrosion-resistant component during the
corrosion process; ii.) addition of aqueous inhibitors, which adsorb strongly on the metal surface



Intro

Impresum Index Sadrzaj : : Contents Sponsors Print Izlaz : : Exit

XIXYuCorr, September 12-15, 2017, Tara Mountain, Serbia 51

and prevent the reaction with the oxidizing agent; and iii.) deposition of protective coatings. The
choice of the most effective method is not always simple or easy. This choice is partly governed by
the actual environmental conditions and partly by economic considerations.

The corrosion protective mechanism of an organic coating system can roughly be divided into three
groups: the electrochemical effect, the physicochemical effect and adhesion to the substrate. The
adhesion is very important, since the protective effect of the coating will completely fail in areas
where delamination occurs, creating easy access to areas where corrosion can proceed without
restriction [6].

In recent years, improving the corrosion resistance of metallic materials by surface
superhydrophobisation has become one of the most interesting research areas in corrosion and
protection. Corrosion protection by hydrophobic and superhydrophobic coatings belongs to the
interdisciplinary field between classical corrosion science and wetting. As has been established,
superhydrophobic surfaces, because of their extraordinary surface properties (WCA>150°), have
many potential industrial applications (stain resistant textiles, reduction of ice and snow adhesion,
corrosion prevention etc.). It is well known that the maximum contact angle that can be attained on
a flat surface by lowering the surface energy does not exceed 120° [7, 8].

However, the addition of roughness to the surface can increase the contact angle of water without
altering the surface chemistry [9]. Superhydrophobic surfaces can be achieved by a combination of
low surface energy materials, and surface micro-nanostructures.

Generally, the wetting state of water droplets on a solid surface can be classified into two
categories, namely, the Cassie-Baxter state and the Wenzel state, in which the water either sits upon
the surface protrusions or penetrates into the surface porosity, respectively (Fig.1).
Superhydrophobicity can usually be explained by the Cassie-Baxter model [10]. In this model, a
large amount of air is trapped in the microgrooves of a rough surface, and the water droplets rest on
a composite surface comprising air and the tops of the micro-protrusions. The importance of the
fractal dimensions of the rough surfaces is well recognized, and many approaches have been based
on the fractal contribution. Suitable roughness in combination with low surface energy is required
to construct artificial superhydrophobic surfaces. Therefore, altering one or both of these factors
will change the surface wettability state.

Vapor

Liquid

Wenzel Cassie-Baxter

Figure 1: Schematic illustration of the wetting states of surfaces with different contact angles
(https://commons.wikimedia.org/wiki/File:Contact_angle_microstates.svg)

The majority of these approaches begin by creating the roughness on the surface. For this purpose,
chemical etching, plasma treatment, the electrochemical method, the template method, vapour
deposition and the sol-gel method can be used, and ends up with the deposition of low surface
energy materials on the roughened surfaces [11-16]. The commonly used reactive molecules for low
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surface-energy modification are mainly long alkyl chain thiols, alkyl or fluorinated organic silanes,
perfluorinated alkyl agents, long alkyl chain fatty acids, polydimethylsiloxane-based polymers or
other polymers, or their combinations. However, most of the chemical materials used for
hydrophobisation are non-biodegradable, expensive and potentially harmful to human health and
the environment, a factor which limits their potential applications [17]. Therefore, developing a
simple, inexpensive approach to obtaining an industrially feasible superhydrophobic surface is
important and necessary [18, 19].

The present study investigates a very simple, one-step and low-cost superhydrophobic coating
prepared by a solution immersion method, which is a time-saving procedure and requires cheap
reagents. The approach is fairly straightforward to operate, and no special technique or equipment is
required. This simple chemical method was used for the fabrication of the super-hydrophobic
surface on stainless-steel (SS) X4Crl13, copper and copper alloys. For this purpose, fat-soluble
Vitamins E and Kj3, as types of green inhibitors, were used. After chemical etching in 10% HNOs,
the specimens were immediately immersed in a non-stirred, aerated ethanol solution of stearic acid
(CH3(CH,)16COOH) at room temperature with and without addition of the chosen fat-soluble
Vitamin (E or K3).

The immersion time was constant, one hour, as well as the concentration of stearic acid, ¢ = 0.05 M
(M = mol L™). The chosen concentrations of added Vitamin E were 0.5%, 1.0%, and 2.0 %. For
vitamin K3 as a preliminary concentration the value of ¢ = 2.0 % was chosen. The corrosion
medium in use was 3% NaCl solution and simulated urban rain at pH = 3, 4, and 5. Moreover, this
research demonstrates the long-term stability and effectiveness of those as-prepared hydrophobic
layers on the (SS) X4Cr13 within artificial acid rain (pH = 3.0) and 3% NaCl at 25 °C.
Potentiodynamic polarization and electrochemical impedance spectroscopy techniques were
performed, in order to examine the corrosion-inhibition process of the chosen system. A scanning
electron microscope (SEM) was used to characterise the surface morphology of the self-assembled
layers, and a commercial goniometer for testing the wettability of the copper and brass surfaces
with and without self-assembled layers. In addition, the infrared (ATR-FTIR) spectroscopy
technique was used to gain insight into the potential corrosion inhibition mechanism. The corrosive
resistances of the layers were tested. Two different electrochemical methods were used for this
purpose: the classic potentiodynamic measurement and electrochemical impedance spectroscopy
(EIS).

Experimental

The conventional three-electrode configuration was applied in order to conduct the potentiodynamic
studies. All the potentials were measured against the saturated calomel electrode (SCE), and the
counter electrode was made from Pt. The potentiodynamic current-potential curves were recorded
by automatically changing the electrode potential from -0.7 to not more than 0.5V, with a scanning-
rate of ImVs ™. EIS measurements were carried out within the 100 kHz —1 mHz frequency range at
a steady open circuit potential (OCP) disturbed by an amplitude of 10 mV. Nyquist and polarization
plots were obtained from the results of these experiments 30 mins after the working electrode had
been immersed in the solution, in order to allow stabilization of the stationary potential. All the
experiments were carried at 25°C + 1°C. The measurements were performed using the Solartron
1287 Electrochemical interface and the Solartron 1250 Frequency response analyser. Data were
collected and analysed using CorrView, CorrWare, Zplot, and ZView software, as developed by
Scribner Associates Inc. A scanning electron microscope (SEM) (XL FEG/SFEG/SIRION) was
used to characterise the surface morphology of the self-assembled layers and a commercial
goniometer (Data Physics OCA 35, Germany) for testing the wettability of the copper and brass
surfaces with and without self-assembled layers. ATR-FTIR analysis by Fourier transform infrared
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(SHIMADZU-IRAffinity-1) analysis was utilised to confirm the presence of some functional
groups in the as-prepared hydrophobic layer on the metal surface.
Copper:

Copper and its alloys are commonly used within many application and environmental fields
(industrial equipment, building construction, electricity and electronics, coinage and ornamental
parts, etc.) on account of its good electrical and thermal properties, excellent corrosion resistance,
good castability and low price. Despite excellent corrosive resistance in many environments, copper
and its alloys corrode under certain circumstances. This fact limits their application. In widespread
usage of these, protection for copper and its alloys against corrosion plays an important role. The
section below presents the stability and efficiency of the as-prepared hydrophobic layer on copper
surfaces within the simulated urban rain solution at pH 5.0.

Fat-soluble Vitamins (E and K3) were used as types of green inhibitors. After chemical etching in
15% HNOg, the specimens were immediately immersed within a non-stirred, aerated ethanol
solution of stearic acid (SA) (CH3(CH2)1sCOOH) at room temperature with and without the
addition of the chosen fat-soluble Vitamins. The immersion time was constant at one hour, as well
as the concentration of stearic acid at ¢ = 0.05 M (M = mol L™). The chosen concentrations of
added Vitamin E were 0.5 wt%, 1.0 wt%, and 2.0 wt%, while the concentration of Vitamin K3 was
constant; ¢ = 2.0 wt%.

Wettability of a high-level hydrophobic surface (contact angle measurements)

Typical SEM images of copper surfaces are presented in Figure 2 - (a) the untreated Cu substrate,
whilst images (b) and (c) show the modified surfaces of the metal used in SA solution for one hour
and in SA solution, with the addition of 2.0 wt% of Vitamin E, for one hour. The images of water
droplets on the modified surfaces, given within rectangles, indicate the hydrophobicity of the
modified surfaces, with values of CA very close to those of super-hydrophobic surfaces (CA
>150°). It can be seen that the surface shown in Fig.2b is rather rough and looks as though it is
covered by ridge-like structures. The modified surface became more uniformly covered (Fig.2c)
with the addition of Vitamin E to the ethanolic SA-solution. It was reported that such regularly-
ordered ridge-like structures (or flower-like structures, as reported by some authors [20-23], can
trap a large amount of air, which is expected when revealing this high a level of hydrophobicity on
the surface [22,24,25].

SEM images of Vitamin Ks-SA composites show the formation of tube like structures. The
dimensions of the resulting tubes (in diameter) are in the range from several micrometres to several
hundred nanometres. It could be speculated that some of these are nanostructured (Fig 3).
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Figure 2: SEM of the untreated and modified surface of Cu (a) untreated and etched surface
(CA=64°+2), (b) modified surface in SA solution for one hour (CA=138.8°#1) and (c) modified
surface in SA solution with the addition of 2% Vitamin E for one hour (CA=143.0°#2).

WO ———— 54
63 UCEM Maribor

Figure 3: SEM of modified surface of Cu (modified surface in SA solution with the addition of 2%
Vitamin K3 for one hour.
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Corrosion resistance of the as-prepared hydrophobic layers

The potentiodynamic curves for the ‘acid rain’ solution for bare Cu and for those surfaces modified
by immersion in SA with and without the addition of Vitamin E are shown in Figure 4. Compared
to the bare Cu, the modified surfaces of Cu showed a decrease in the current densities in the
cathodic and anodic directions. Furthermore, reduction of the corrosion current was noticeable and,
up to a third order of magnitude lower icorr was observed for the chosen ‘mixtures’ with respect to
the blank solution. Electrochemical measurements indicated that Vitamin E additionally improved
the inhibitory properties of the as-prepared hydrophobic layer against corrosion. The inhibitive

| effectiveness increased to more than 99-%. This result seems to suggest that the formed film
completely stops the corrosion until degradation of the film begins [26].
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Vitamin K3 was the next fat-soluble vitamin used in this research as a corrosion inhibitor within a
solution of simulated urban rain with a pH of 5.0. EIS measurements of pure Cu for bare and
modified surfaces were performed after 1, 15, 25 h, and after 2, 3, 4, and 6 days of immersion at its
open-circuit potential in selected corrosion media (Figs. 5). Surfaces were treated through the same
procedure as in the case of Vitamin E. The concentration of added Vitamin K3 was fixed at 2%.
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The inhibition effectiveness showed an increase, and after 25 hours it reached a value of 99.9%.
After two days the inhibition effectiveness began to decrease slightly, and after six days it seemed
that degradation of the protective hydrophobic film had started.
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Figure 5: EIS Nyquist plots for pure Cu samples for bare and modified surfaces in urban acid rain
(pH=5) measured after 1, 15, 25 h, and after 2, 3, 4, and 6 days of immersion at its open-circuit
potential. (The modified surfaces were prepared by immersion of Cu in 0.05 M stearic acid in

ethanol with and without the addition of 2% Vitamin K3).

Potentiodynamic curves within the artificial acid rain solution after 1, 4, 6, and 7 days duration test
for the bare Cu surface and the surface modified by immersion in stearic acid with and without the
addition of 2% Vitamin K are shown in the Figure 6. The values for the inhibition effectiveness
obtained on the basis of potentiodynamic measurements (icor) are in good agreement with those
obtained from the total polarisation resistance (Rp) obtained from the Nyquist plots (EIS
measurements), i.e. after six days the protective hydrophobic film began to perforate.
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Figure 6: Potentiodynamic polarisation curves (1 mVs-1) of pure Cu for bare and modified
surfaces in the "acid rain’ solution (pH =5) at 25°C measured after 1, 4, 6, and 7 days of immersion
in the corrosion medium. (The modified surfaces were prepared by immersion of Cu in 0.05 M
stearic acid in ethanol with and without the addition of 2% Vitamin K3).
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The next figure (Fig.7) gives the potentiodynamic polarisation curves of modified Cu surfaces
within solutions of simulated urban rain, where the pH values of these solutions have been changed
(pH =3, 4, and 5). These results unambiguously show the high inhibition ability of the as-prepared
hydrophobic layer at pH = 5. The contrary effect was achieved at pH = 3 and 4; icorr up to a third
order of magnitude higher was observed for both pH values with respect to the solution with a value
of pH =5.
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Figure 7: Potentiodynamic polarisation curves (1 mVs-1) of pure Cu for the bare and modified
surfaces in the ‘acid rain' solutions (pH =3, 4 and 5) at 25°C (The modified surfaces were prepared
by immersion of Cu in 0.05 M stearic acid in ethanol with and without the addition of 2% Vitamin
K3).

Stainless steel (X4Cr13)

Wettability of a high-level hydrophobic surface (contact angle measurements)

Figure 8 shows the surface microstructures of the bare and hydrophobic samples for SS type
X4Cr13, as observed by SEM. The images of the water droplets on the modified surfaces, given
within rectangles, indicate the hydrophobicity of the modified surfaces, with values of CA very
close to those of super-hydrophobic surfaces (CA >150°). It can be seen that the surfaces are rather
rough and look as though they are covered by flower-like clusters where a large amount of air can
be trapped, and high level of surface hydrophobicity can be expected.
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Figure 8: SEM of the untreated and modified surface of SS type X4Cr13 (a) untreated and etched
surface (CA=71.5°£3), (b) modified surface in SA solution for one hour (CA=122.8°+2) and (c)
modified surface in SA solution with the addition of 2% of Vitamin E for one hour (CA=138.7°£3).

3% NaCl

Further study aimed to demonstrate the stability and effectiveness of the as-prepared hydrophobic
layer on the (SS) X4Cr13 within a 3% NaCl solution at 25 °C and also the long-term stability of
those layers on the (SS) X4Cr13 under the same conditions.

Potentiodynamic curves in 3% NaCl solution for a bare stainless steel and surface modified by
immersion in stearic acid with and without the addition of Vitamin E are shown in Figure 9.
Compared to bare stainless steel, the modified SS surface showed a decrease of the current density
in the cathodic and anodic direction. But when Vitamin E was added to the solution of 3% NacCl,
the cathodic and anodic current densities decreased by up to three decades. After a 100 h duration
test, the corrosion current density as well as the inhibition effectiveness (IE) of SS type X4Cr13 had
minimally decreased by just 1% when the given concentrations of added Vitamin E were 0.5% or
1.0%. In contrast, IE values in the case of 2% added Vitamin E (within the 0.05 M ethanolic
solution in the process of preparing the hydrophobic layer) had even slightly increased. These
results unambiguously show the high inhibition capability of the as-prepared hydrophobic layer in a
solution of 3% NaCl. This result suggests that the resulting film completely stops the corrosion,
even after hundreds of hours of exposure to 3% NaCl.
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Figure 9: Potentiodynamic polarisation curves (1 mVs-1) for SS type X4Cr13 for bare and modified
surfaces in 3% NacCl at 25°C. The modified surfaces were prepared by immersion of SS type
X4Cr13 in 0.05 M stearic acid in ethanol with and without the addition of Vitamin E. (after tests of
1 hour and 100 hours duration test).

The values of the total polarisation resistance (R,) obtained from the Nyquist plots (Figs.10) are in
good agreement with those obtained from potentiodynamic techniques, i.e. the film deposited from
ethanolic solutions of 0.05M stearic acid containing Vitamin E exhibited much better protection
properties, even after 100 hours of exposure to 3% NaCl.
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Figure 10: EIS Nyquist plots for SS type X4Cr13 for bare and modified surfaces.( prepared by
immersion of SS type X4Cr13 in 0.05 M stearic acid in ethanol with and without the addition of
Vitamin E) in 3% NaCl measured after 3, 6, 9, and 100 h of immersion.
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Stainless steel (X4Cr13)

Simulated urban rain (pH =3)

It was shown above that the modified layers formed in the presence of stearic acid alone and in
combination with Vitamin E had an effect on the electrochemical properties of SS type X4Crl13in a
3% NaCl solution. It was therefore natural to extend these studies. The main goal of this research is
to demonstrate the long-term stability and effectiveness of the as-prepared hydrophobic layer on the
(SS) X4Cr13 within simulated urban rain with a pH of 3.0 at 25 °C. The inhibitive efficiency
increased noticeably with the addition of Vitamin E in an ethanolic solution of 0.05 M stearic acid,
in effect, from 54% to more than 99.0 %, and after testing of 120 h in duration, from 80% to more
than 99.0%. The inhibition efficiency IE was calculated via the kinetic parameters measured during
corrosion processes, as well as the polarisation resistance R, and the corrosion current density icorr,
cf. Equations 1 and 2). In the case of the polarisation resistance, IE was calculated via Equation (2),
where X = R,, . Equation (1) was used in connection with the corrosion current density where Y =

ICOI’I’

IE% = 1->i 100 (1)
X

IEo%=|1-|-100 @)
v ,

where the notations icor and Ry, were used for those measurements without inhibition action, whilst
the primed quantities icor' and Rp’, were applied when measurements were performed on the
modified surfaces of SS type X4Crl13 in the artificial acid rain solution. Figures 11 and 12 show the
electrochemical response of the potentiodynamic and EIS measurements.
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Figure 11: Potentiodynamic polarisation curves (1 mVs-1) for SS type X4Cr13 for bare and
modified surfaces within artificial acid rain with a pH of 3.0 at 25°C (after 1 h of immersion and
after a test of 120 hours duration). The modified surfaces were prepared by immersion of SS type

X4Cr13in 0.05 M stearic acid in ethanol with and without the addition of Vitamin E
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Figure 12: Nyquist plots of SS type X4Cr13 for bare and modified surfaces in artificial acid rain
with a pH of 3.0 at 25°C (after 1 h of immersion and after a test of 120 hours duration). The
modified surfaces were prepared by immersion of SS type X4Cr13 in 0.05 M stearic acid in ethanol
with and without the addition of Vitamin E.

From the all used techniques, in the presence of Vitamin E in the ethanolic solution of 0.05 M
stearic acid, the inhibition effectiveness of the modified surface of SS type X4Cr13 in a solution of
simulated urban rain (pH=3) noticeably increased. Electrochemical measurements indicated that
film deposited from ethanolic solutions of 0.05M stearic acid containing Vitamin E have shown
excellent protection properties, even after 120 hours of exposure to a solution of simulated urban
rain.
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Abstract

An electroless metal plating method was used to form metallic platinum (Pt) shells on metallic
palladium (Pd) nanoparticles. The electroless metal plating method comprised two steps: (1)
reduction of Pd ions to fabricate Pd nanoparticles and (2) deposition of Pt nuclei and the following
formation of Pt shells by immersing the Pd nanoparticles in a Pt-plating solution. TEM observation
revealed that the nanoparticles had a size of 5.7£1.9 nm, were composed of Pd nanoparticles as
core and Pt shells. The Pd/Pt core-shell nanoparticles were immobilized electrostatically on carbon
support surface-modified with poly(diallyldimethylammonium chloride) (Pd/Pt/C). Cyclic
voltammetry revealed that the Pd/Pt/C exerted hydrogen adsorption/desorption, expecting the
Pd/Pt/C to function as catalyst for fuel cell.

Keywords: Pd; Pt; Core-shell; Particles; Electroless metal plating; Catalyst

1. Introduction

Composites of plural materials are of special interest because they exhibit multiple functions
derived from their individual components. Among the numerous structures that have been proposed
for functional materials to date, core-shell structures, in which a metallic core particle is coated with
a metallic shell, have attracted significant attention owing to their unique properties and potential
applications in fields such as catalysis, optics and biotechnology [1-3]. Core-shell structures are also
interesting economically because a small amount of expensive material can be used to cover a core
of inexpensive material [4].

Pt is an interesting noble metal because Pt nanomaterials and nanomaterials containing Pt exhibit
extraordinary chemical and physical properties that can be harnessed for sensors, magnetic
materials and catalysts [5-10]. Pt is also used as a catalyst for fuel cells [11-13], and its oxygen
reduction reaction (ORR) activity is desired to be improved. According to Zhang et al.’s work, the
ORR activity of Pt is dependent on support species, and a metallic palladium support promotes the
activity the most efficiently among various metals examined [14]. Their results indicate that
composite particles composed of Pd as core and Pt as shell will function as the catalyst with high
ORR activity. From this viewpoint, several researchers studied on Pd/Pt core-shell nanoparticles for
fuel cell catalysts [15-17]. Many studies produced the Pd/Pt core-shell nanoparticles with reduction
of Pt ions to form Pt with reductant in the presence of Pd nanoparticles, in which the formation of
Pt may take place not only on Pd nanoparticle surface but also in the solution. This may result in
production of not only Pd/Pt core-shell nanoparticles but also Pt nanoparticles that are not in contact
with Pd nanoparticles. This unexpected production reduces efficiency of fabrication of Pd/Pt core-
shell nanoparticles.

This study aimed to develop a method for fabricating Pd/Pt core-shell nanoparticles. Our previous
work performed fabrication of TiO,/Pt core-shell particles by electroless metal plating [18].
Because reduction of metal ions to metal takes place at surface of catalyst nuclei deposited on
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support in the electroless metal plating process, all the generated metal nuclei should be consumed
to produce metal layer on the support. The electroless metal plating process was extended to the
fabrication of Pd/Pt core-shell nanoparticles. The method is composed of two steps. The first step is
fabrication of Pd nanoparticles with reduction of palladium ions in aqueous solution. The Pd
nanoparticles were used as catalyst nuclei for the following Pt-plating. The second step is Pt-
plating, or formation of Pt shells on the Pd nanoparticle surfaces with reduction of platinum ions in
the presence of the Pd nanoparticles. The present work also demonstrated immobilization of the
Pd/Pt nanoparticles on carbon support (Pd/Pt/C), and electro-chemical measurement using the
Pd/Pt/C.

2. Experimental
2.1 Chemicals

The starting reagents for the Pd nanoparticles and the Pt shells were PdCI, (97.0%) and hydrogen
hexachloroplatinate (IV) hexahydrate (H,PtClg-6H,0) (98.5%), respectively. Ethanol (99.5%) was
used as both of a solvent and a reducing reagent for Pd ions in preparation of the Pd nanoparticle
colloid solution. A reducing reagent for Pt ions was hydrazine monohydrate (98.0%).
Polyvinylpyrrolidone (PVP) (K-30 (Mw=40000)) was used as a dispersing agent in preparation of
nanoparticles. Hydrochloric acid (HCI) (35.0-37.0%) was used to dissolve the H,PtClg-6H,0 in
water. Nafion™ dispersion solution (5%, DE520 CS type) and 2-propanol (super special grade)
were used for preparing suspension of Pd/Pt/C for fabrication of Pd/Pt/C-immobilized electrode.
Poly(diallyldimethylammonium chloride) solution (PDADMAC) (20 wt% in H,O, Mw=1000,000-
2000,000) was used for surface-modification of the carbon support. An electrolyte for measurement
of electro-chemical property was perchloric acid (60.0-62.0%, Ultrapur). The Nafion™ dispersion
solution and the 2-propanol were purchased from Wako Pure Chemical Industries, Ltd., and the
PDADMAC from Sigma-Aldrich Co. LLC. All chemicals besides them were purchased from Kanto
Chemicals Co., Inc. The PDADMAC was dialyzed using a cellulose tube (pore size: 5.0 nm, As-
One Co., Osaka, Japan) prior to use. All the chemicals besides the PDADMAC were used as
received. The water used for solution preparation was ion-exchanged and distilled using an
Advantec RFD372VC. The support for the Pd/Pt nanoparticles in the electro-chemical measurement
was carbon particles (Carbon Black Vulcan XC-72).

2.2 Preparation

To obtain catalyst nuclei in electroless metal plating, Pd nanoparticles were fabricated by the
reduction of Pd ions with the following process. PdCI, and PVP were added to a co-solvent of 60/40
(v/v) H,Olethanol under sonication, and the mixture was refluxed at 80°C for 3 h. The initial
concentrations of Pd and PVVP were 5.3 mM and 7.6 g/L, respectively, in the co-solvent.

The formation of Pd/Pt core-shell particles was achieved using an electroless metal plating method
with the following process. Following previous studies on electroless Pt plating [18,19], a Pt plating
solution was prepared by dissolving H,PtClg-6H,0 in a 4% HCI aqueous solution to give a Pt
concentration of 19 mM. The Pt plating solution and water was added to the Pd nanoparticle colloid
solution at 5°C. After 1 h, hydrazine was added to the mixture to initiate Pt deposition (Pd/Pt). The
initial concentrations of Pd, PVP, Pt and hydrazine were 2.9 mM, 3.8 g/L, 0.80 mM and 20 mM,
respectively. After 24 h, the solvent of the Pd/Pt nanoparticle colloid solution was removed with
evaporation under low pressure, and ethanol was added to the residue to re-disperse the
nanoparticles in ethanol. The nanoparticles re-dispersed in ethanol were washed with a process
composed of centrifugation, removal of the solvent, addition of ethanol, and shaking on a vortex
mixer. The washing process was repeated three times.

The Pd/Pt nanoparticles were immobilized on the carbon powder for the following electro-chemical
measurement with the following process. The Pd/Pt nanoparticles were expected to be colloidally
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stable in water, because their surface was made ionic due to oxide layer produced with passivation.
The carbon surface is hydrophobic. Accordingly, the carbon surface should be hydrophilic to
increase affinity between the Pd/Pt particle surface and the carbon surface. Thus, prior to the
immobilization, the carbon powder was surface-modified with ionic polymer to make the carbon
surface hydrophilic with the following process. The carbon particles were added to a PDADMAC
aqueous solution under sonication, and the suspension of carbon particles was aged at 35°C for 24-
48 h (PDADMAC-C). The initial concentrations of carbon and PDADMAC were 0.27 and 1 g/L,
respectively. After the aging, the PDADMAC-C particles were washed with the same process as for
the nanoparticles, in which water, however, was used for the re-dispersion. Subsequently, the
colloid solution of washed Pd/Pt nanoparticles and water were added to the suspension of washed
PDADMAC-C particles, and the mixture was aged at 35°C for 6 h to produce Pd/Pt-immobilized
carbon particles (Pd/Pt/C). The initial concentrations of Pd, Pt, and carbon were 0.665 mM, 0.2
mM, and 0.135 g/L, respectively. After the immobilization, the Pd/Pt/C particles were washed with
the same process as for the nanoparticles, in which water, however, was used for the re-dispersion.
In the final re-dispersion, the concentrations of Pd, Pt, and carbon were adjusted to 1.33 mM, 0.4
mM, and 0.27 g/L, respectively, by decreasing the amount of water used for the re-dispersion.

2.3 Characterization

Transmission electron microscopy (TEM) was used to investigate the morphology of the
nanoparticles and performed with a JEOL JEM-2100 microscope operating at 200 kV. To prepare
samples for TEM, the colloid solution was dropped on a collodion-coated copper grid, and the
dispersion medium was evaporated in air, and then in a vacuum. The volume-average particle sizes
were determined by measuring dozens of particle diameters in the TEM images. The particle
powder was characterized by X-ray diffractometry (XRD). For preparing a powder sample for the
XRD measurement, supernatant of the particle colloid was removed by decantation, and then the
residue of the colloid was dried at room temperature for 24 h in a vacuum. The XRD measurements
were performed with a Rigaku Ultima IV X-ray diffractometer at 40 kV and 30 mA using CuKa
radiation. The study of the surface composition of particles was performed using X-ray
photoelectron spectroscopy (XPS) measurements. The XPS samples were produced by the same
prosed as that for the XRD samples. The XPS spectra were obtained using a JEOL JPS-9010
equipped with a monochromatic Mg Ka radiation source (200 W, 10 kV, 1253.6 eV). To study the
composition below the surface, the particles were etched using 500 kV Ar® sputtering for 1 min.
The introduction of PDADMAC on the particle surfaces was qualitatively confirmed using (-
potential measurements. To measure the ¢-potential of the particles, electrophoretic light scattering
(ELS) was performed with a Brookhaven ZetaPlus zeta potential analyzer. Either aqueous HCI or
aqueous NaOH was added to the colloid solution to vary the pH for the ELS measurement.

Electro-chemical property of the Pd/Pt/C was measured with a cyclic voltammetry. To fabricate a
working electrode, the suspension of Pd/Pt/C nanoparticles, which was prepared by mixing the
Pd/Pt/C powder, the 5% Nafion™ dispersion solution, and the 2-propanol, was put onto surface of a
glassy carbon rotating electrode (Hokuto Denko, HR2-D1-GC5), and then was dried by applying a
hot air. A reference electrode and a counter electrode were a reversible hydrogen electrode kit
(ALS, 013373) and a platinum electrode (Hokuto Denko, HX-C5), respectively. The CV was
performed with a Hokuto Denko HZ-5000 electrochemical measurement system operating at a scan
speed of 50 mV/s in a range of 0.05-1.2 V in 0.1 M perchloric acid in nitrogen gas with no rotating.
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3. Results and Discussion

Fig. 1 TEM images of (a) Pd nanoparticles, (b) Pd/Pt nanoparticles prior to evaporation of
solvent, and (c) Pd/Pt nanoparticles after the evaporation. Insets show photographs of
colloid solutions of them.

Intensity (arb. units)

10 20 30 40 50 60 70 80
20 (degree), CuKa

Fig. 2 XRD patterns of (a) Pd nanoparticles and (b) Pd/Pt nanoparticles after the evaporation.

3.1 Pd nanoparticles

An inset of Fig. 1 (a) shows a photograph of the as-prepared Pd nanoparticle colloid solution. The
solution, which was a brownish suspension prior to the reflux, became a black solution during the
reflux, implying the reduction of Pd?* to produce metallic Pd nanoparticles. No particle
sedimentation was observed in the solution, suggesting that the Pd nanoparticles were colloidally
stable. Fig. 1 (a) shows a TEM image of the as-prepared Pd nanoparticles. The particles were quasi-
spherical with an average size of 3.4+1.3 nm. Fig. 2 (a) shows the XRD pattern of the
nanoparticles. Several diffractions were detected at ca. 40, 46 and 68 degrees. It was hard to
determine detailed peak angles for the diffractions, since they were not strong. However, these
diffractions could be attributed to the (111), (200) and (220) planes of cubic metallic Pd (ICSD No.:
01-071-3757), respectively, which indicated that the production of metallic Pd nanoparticles. This
indication supported the implication for production of metallic Pd nanoparticles.

3.2 Pd/Pt nanoparticles
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An inset of Fig. 1 (b) shows a photograph of the as-prepared Pd/Pt nanoparticle colloid solution
prior to the evaporation of solvent. The solution had a color of black. Since Pt nanoparticle colloid
solution is blackish as well as Pd nanoparticles, it was hard to confirm production of metallic Pt by
naked eyes. The nanoparticles were also colloidally stable because of no observation of particle
sedimentation in the solution. Fig. 1 (b) shows a TEM image of the nanoparticles. The particles
were quasi-spherical with an average size of 3.6£1.3 nm. The particle size appeared to slightly
increase with the electroless metal plating process, though there was no large increase. The increase
in particle size implied formation of Pt shell on Pd nanoparticles.

An inset of Fig. 1 (c) shows a photograph of the as-prepared Pd/Pt nanoparticle colloid solution
after the evaporation of solvent. The solution was still black. The nanoparticles were also
colloidally stable because of no observation of particle sedimentation in the solution, so that the
evaporation process did not influence the colloidal stability of the particles. Fig. 1 (c) shows a TEM
image of the nanoparticles. Nanoparticles appeared to contain a core or multiple cores, and the
particles had an average size of 5.7+1.9 nm. Pt shells became thick with the evaporation of solvent,
which increased the particle size. The evaporation of solvent decreased the volume of solution,
which increased various concentrations of species such as Pd particles, generated Pt nuclei and
unreacted chemicals. The increase in the concentrations of unreacted chemicals increased ionic
strength of the solution. Increased ionic strength has been reported to compress the double layer of
colloidal particles [20-22]. The evaporation of solvent therefore decreased the double-layer
repulsion between the Pd nanoparticles and the Pt nuclei. The increased ionic strength was thus
primarily responsible for the adsorption of the Pt nuclei on the Pd nanoparticles in the present
system. The adsorption was then followed by formation of the Pt shells, or formation of core-shell
structure. It should be noted that several nanoparticles appeared to contain multiple cores. The
evaporation of solvent also decreased the double-layer repulsion between the Pd nanoparticles. The
increased ionic strength was also responsible for the aggregation of Pd nanoparticles in the present
system. The aggregates were then coated with Pt shells, which resulted in the production of
nanoparticles containing the multiple Pd nanoparticles as the core. Fig. 2 (b) shows the XRD
pattern of the nanoparticles. Several diffractions were detected at ca. 40, 46 and 68 degrees as well
as the Pd nanoparticles. There were two possibilities in attribution of these diffractions. One was the
(111), (200) and (220) planes of cubic metallic Pd, and the other was the (111), (200) and (220)
planes of cubic metallic Pt (ICSD No.: 01-071-3756). It was hard to conclude which attribution was
reasonable, because there is no large difference in d-spacing between cubic metallic Pd (d-spacing:
0.389 nm) and cubic metallic Pt (d-spacing: 0.392 nm), and the diffractions for the Pd/Pt
nanoparticles were also not strong. According to our previous work on TiO/Pt core-shell particles
fabricated with the electroless metal plating method, the crystalline Pt shells formed on the TiO,
particles [18]. Since the electroless metal plating process in the present system was quite similar to
that in our previous work, the crystalline Pt shells were considered to be also obtained in the present
system, though the XRD did not remarkably provide conclusion on formation of crystalline Pt
shells. The XPS measurement revealed existence of elements of Pd and Pt. Atomic ratios of Pd + Pt
for the surfaces of the Pd/Pt nanoparticles were estimated from the XPS peak area intensity. Prior to
the Ar etching, the atomic ratios of Pd and Pt were 73.2 and 26.8 atom%, respectively. These ratios
increased to 74.3 atom% and decreased to 25.7 atom%, respectively, after the Ar® etching. This
result indicated that the etching of the particle surface revealed the surface of the Pd particles,
which  further supported the formation of Pt shells on the Pd nanoparticles.
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Fig. 3 TEM images of (a) as-received carbon particles, (b) surface-modified carbon
particles fabricated with a surface-modification time of 24 h, and (c) Pd/Pt/C particles
produced using surface-modified carbon particles fabricated with a surface-modification

time of 48 h.
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Fig. 4 (-Potentials of (a) as-received carbon particles, (b) surface-modified carbon particles
fabricated with a surface-modification time of 24 h, and (c) surface-modified carbon
particles fabricated with a surface-modification time of 48 h.

3.3 Surface-modified carbon particles

Figs. 3 (a) and (b) show TEM images of the as-received and the surface-modified carbon particles,
respectively. The as-received carbon particles were spherical particles with a size of 44.9+£13.9 nm.
The surface-modified carbon particles were also spherical particles, and had a size of 41.6£11.0 nm
that was almost the same as that of the as-received carbon particles. Accordingly, it was hard to
confirm existence of PDADMAC on the carbon particles. Fig. 4 shows the -potentials of various
carbon powders as a function of the pH. In the as-received carbon and the surface-modified carbon
fabricated for a surface-modification time of 24 h, the {-potentials decreased and passed through
isoelectric points (IEP) as the pH increased. The IEPs of the as-received carbon and the surface-
modified carbon were 4.0 and 9.0, respectively. The IEP for the surface-modified carbon was higher
than that for the as-received carbon. Because the PDADMAC is a cationic polymer, this shift to
higher pH indicated that the PDADMAC molecules were present on the carbon powder surface, or
the carbon powder surface was successfully modified with the PDADMAC. The surface-modified
carbon fabricated for a surface-modification time of 48 h did not have an IEP, and had positive (-
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potentials in the range of pH examined. This indicated that an increase in surface-modification time
increased the amount of PDADMAC on particles. As a result, the carbon surface became cationic.
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Fig. 5 Cyclic voltammogram of Pd/Pt/C particles. The Pd/Pt/C particles used for the
measurement was the sample (c) in Fig. 3.

3.4 Pd/Pt/C powder

Fig. 3 (c) shows a TEM image of Pd/Pt/C powder. Darker and lighter parts of particles were
determined to be Pd/Pt particles and carbon powder, respectively, due to the electron density
differences between them. The Pd/Pt nanoparticles were immobilized on the carbon, though several
Pd/Pt nanoparticles were not. The ELS measurement revealed that the surface-modified carbon was
cationic in the range of pH ca. 3-12, as shown in Fig. 4 (c). According to studies on zeta-potentials
of Pt nanoparticles [23,24], the Pt nanoparticles have an isoelectric point of ca. 3; The Pt
nanoparticle surface should be anionic at neutral pH. Since the Pd/Pt-immobilization was performed
at neutral pH, the Pt surface of Pd/Pt nanoparticles and the surface of surface-modified carbon
powder were probably anionic and cationic, respectively. This indicated that electrostatic attractive
power acted on them. Consequently, the Pd/Pt nanoparticles were immobilized on the surface-
modified carbon powder.

Fig. 5 shows a cyclic voltammetry curve for Pd/Pt/C. A negative peak detected at ca. 0.7 V was
ascribed to reduction of Pt oxide. Peaks based on hydrogen adsorption/desorption were detected in a
voltage range as low as ca. 0-0.3 V. The result on the detection expected the Pd/Pt/C to function as
a catalyst for fuel cell. Further electrochemical characterizations are required to be performed in a
future work for evaluating catalytic properties of the Pd/Pt/C.

4. Conclusions

The Pd nanoparticles with the size of 3.4 +1.3 nm were produced by the reduction of Pd ions, and
then the Pt shells were fabricated on the surfaces of the Pd nanoparticles by using the electroless
metal plating technique. The size of Pd/Pt core-shell nanoparticles after the evaporation treatment
was 5.7 £1.9 nm. The surfaces of carbon support powder were modified with the PDADMAC with
the cationic group, and then the Pd/Pt core-shell nanoparticles with anionic surfaces were
immobilized electrostatically on the surface-modified carbon support. The hydrogen
adsorption/desorption took place for the Pd/Pt/C powder. A study on application of the Pd/Pt/C
particles to catalyst for fuel cells is being prepared for their practical use.
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Electrochemical biosensors based on Electroconducting Polymers
Elektrohemijski biosenzori na bazi elektroprovodnih polimera
Milica Gvozdenovié
University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia
Univerzitet u Beogradu, Tehnolosko-metalurski fakultet Beograd

Izvod

Zahvaljujuci  jedinstvenim  svojstvima: elektricnoj provodljivosti, hemijskoj postojanosti,
elektrohemijskoj i optickoj aktivnosti, korozionoj otpornosti, lakoci sinteze, i sl., elektroprovodni
polimeri (EPP) ne gube na znacaju u istrazivanjima u razlicitim oblstima prkticne primene. Pored
pobrojanih svojstava, EPP su se pokazali kao materijali pogodni za imobilizaciju bioloski
receptora, enzima, antitela, nukleinskih kiselina, tkiva, delova tkiva, mikroorganizama i sl., pa ne
cudi porast interesovanja za njihovu primenu u izradi elektroda elektrohemijskih biosenzora.
Elektrohemijski biosenzori su analiticki uredaji Ciji je ubrzan razvoj motivisan potrebom za
prakticnom primenom u medicini, farmaciji, industriji hrane, pracenju zagadenja Zivotne sredine i
sl. Elektrohemijski biosenzori (EHBS) u sebi kombinuju visoku selektivnosti bioloskog receptora i
tacnost, preciznost i reproduktibilnost elektrohemijskih tehnika detekcije, a sam princip rada se
svodi na jednostavni nacin analize uzorka sa bioloski aktivnom substancom direktnim pretvaranjem
bioloskog dogadaja u elektricni signal. U ovom radu bice dat pregled primene EPP u izradi
elektroda elektrohemijskih biosenzora, sa posebnim osvrtom na enzimske biosenzore, kao
najrasprostranjeniji tip EHBS.

Abstract

Owing to unique properties: electrical conductivity, chemical stability, electrochemical and optical
activity, corrosion resistivity etc. electroconducting polymers (ECP) are still important topic of
many research. Among listed properties, ECP were considered as good matrix for immobilization
of biochemical receptors such are enzymes, antibodies, nucleic acids, microorganisms, tissues etc.
therefore lately got the importance as electrode materials in electrochemical biosensors.
Electrochemical biosensors are analytical devices whose rapid development is a result of practical
importance in many fields, at the first place medicine, pharmaceutics, food industry and
environmental monitoring. Electrochemical biosensors combine two important practical aspects,
selectivity of a biochemical receptor and accuracy and reproducibility of electrochemical
techniques. The principle of an electrochemical biosensor is based on easy means of analysis of a
simple containing biochemically active compound by the direct conversion of a biochemical event
to an electrochemical signal. The aim of this paper is to provide a short overview application of
ECP as electrode materials for electrochemical biosensors with special focus on enzymatic
biosensors as the most studied type of electrochemical biosensors.

1. Uvod

Poznato je da je prakticna primena organskih polimernih materijala, pored dobre postojanosti i
obradivnosti, bazirana na izolatorskim svojstvima. Ovo tradicionalno shvatanje o organskim
polimerima kao dobrim izolatorima izmenjeno je otkricem provodljivosti poliacetilena 70-tih
godina proslog veka. Tada pocinje razvoj u oblasti elektroporovodnih polimera, u daljem tekstu
EPP, koji i danas traje. Poliacetilen, iako prvi otkriveni EPP nije nasao prakti¢nu primenu, ali su do
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sada sintetizovani mnogobrojni elektroprovodni polimeri koji se razmatraju u prakticnoj primeni u
raznim oblstima od kojih elektrohemijski biosenzori zauzimaju zna¢ajno mesto[1,2].

Osnovni uslov za postojanje elektri¢ne provodljivosti EPP je konjugovan sistem dvostrukuh veza u
lancu polimera, ali je neophodan uslov dopovanje. Dopovanje EPP, iako kao termin preuzet iz
terminologije neorganskih poluprovodnika, predstavlja uvodenje stehiometrijske koliCine jona a
postize se oksidacijom (veoma retko redukcijom). Kako su dopanti anjoni (retko katjoni) njihovo
prisustvo, pored provodljivosti, unosi promene u strukturu polimernog lanca EPP uslovljavajuci niz
novih svojstava znacajnih za prakti¢énu primenu [3]. Elektroprovodni polimeri se mogu dobiti
hemijskom 1 elektrohemijskom sintezom, oksidativnom polimerizacijom odgovaraju¢eg monomera
koje sledi mehanizam radikalne polimerizacije [4].

Imaju¢i u vidu da je uslovima sinteze, bilo hemijske bilo elektrohemijske, otvorena moguénost
podesavanja niza svojstava ukljucujué¢i morfologiju, provodljivost, elektrohemijsku aktivnost i sl.
EPP su se pokazali kao materijali pogodni za imobilizaciju bioloSkih receptora i formiranje
elektroda u elektrohemijskim biosenzorima, u daljem tekstu EHBS, [5,6,7]. Ono $to EHBS svrstava
u najznacajniji tip biosenzora je svakako Ccinjenica da se bioloski dogadaj detektuje
elektronemijskim tehnikama, koje pored svoje jednostavnosti u eksperimentalnom smislu, pruzaju
mogucnost brzog, reproduktibilnnog, tacnog, preciznog i visoko osetljivog odredivanja bioloski
aktivne komponente uzoraka [2,8].

2. Pojam elektrohemijskog biosenzora

Senzor je analiticki uredaj koji registruje neku fizicku ili hemijsku veli¢inu i pretvara je u
odgovaraju¢i signal. Pa tako hemijski senzor, hemijske informacije tj koncentraciju uzorka prevodi
u merljiv signal. Hemijski senzor se sastoji od dva dela: receptora ili tzv. hemijskog sistema
rekognicije i fizicko-hemijskog pretvaraca, tzv. detektora. Receptor ili hemijski sitem rekognicije
ima zadatak da obezbedi selektivni odgovor vezan za konkretnu substancu (ili vise njih)[9].
Biosenzor ili biohemijski senzor je poseban tip hemijskog senzora koji poseduje bioloSke receptore:
enzime, proteine, antitela, mikroorganizme, nukleisnke kiseline, ¢elije, tkiva itd.

EHBS je poseban tip hemijskog biosenzora, koji kao pretvara¢, odnosno detektor ima modifikovanu
elektrodu. Na slici 1 prikazan je shematski elektrohemijski biosenzor [10].
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Slika 1. Shematski prikaz elektrohemijskog biosenzora.

2.1. Klasifikacija elektrohemijskih biosenzora prema prirodi bioereceptora

Opsta klasifikacija biosenzora podrazumeva klasifikaciju prema prirodi bioreceptora. Pa tako
postoje kataliticki elektrohemijski biosenzori i nekataliticki odnosno senzori afiniteta (od eng.
affinity biosensors). Biokataliticki EHBS kao receptore ukjucuju imobilisane bioloSke katalizatore-
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enzime, a njihova konstrukcija podrazumeva formiranje tzv. enzimskih elektroda, dok nekatalitic¢ki
EHBS prncip rada baziraju na selektivnim interakcijalma izmedu bioloskih komponenata, kao $to
su antitela i nukleinske kiseline [11]. Najznacajni EHBS iz ove grupe su imunosenzori i senzori
DNK.

2.2. Definicija elektrohemijskog biosenzora i klasifikacija prema prirodi tehnike detekcije

Medunarodna unija za ¢istu i primenjenu hemiju (IUPAC), konkretno njene komisije za Fizicku
hemiju i Analiticku hemiju, izdale su preporuke vezane za definiciju i klasifikaciju EHBS [10].
Prema ovim preporukama, EHBS smatra se samostalni integrisani uredaj koji moze da pruzi
specifi¢ne kvantitative analitiCke informacije uz pomo¢ bioloskog elementa rekognicije, odnosno uz
pomo¢ biohemijskog receptora, prostorno vezanog za elektrohemijski pretvarac, tj. detektor [12]
Preporuceno je da se EHBS, osim ve¢ uobicajene klasifikacije biohemijskih senzora na kataliticke 1
nekataliticke, klasifikuju na osnovu tehnike elektrohemijske detekcije na: potenciometrijske,
voltametrijske, amperometrijske, konduktometrijske i impedimetrijske [7,10].

Potenciometrijski biosenzori koriste potenciometrijsku tehniku za detekciju. Potenciometrijska
tehnika je tzv. tehnika nulte struje (od eng. zero-current). Informacija o analitu se dobija merenjem
razlike potencijala koja zavisi od koncentacije analita, a slobodno se uspostavlja na granici faza,
naj¢es¢e na membrani. Kako je potenciometrijska tehnika vrlo jednostavna, sama konstrukcija ovog
tipa EHBS je jednostavna. Kao elektrode Kkoriste se jon-selektrivne elektrode, modifikovane
elektrode i jon-osetljivi tranzistori sa efektom polja (od eng. field effect transistors) [13,14].
Voltametrijski EHBS koriste razlicite voltametrijske tehnika za detekciju, a imaju ulazni signal u
vidu kontrolisanog potencijala, koji se sistemu namece iz spoljasnjeg izvora. Kao rezultat nametanja
kontrolisanog potencijala uredaj detektuje i meri struju koja je funkcija nametnog potencijala a
proporcionalna je i zavisi od vrste i koli¢ine analita. Kako se kontrolisani potencijal namece iz
spoljnog izvora, ove tehnike spadaju u dinamicke tehnike [14].

Amperometrijski biosenzori koriste amperometrijsku tehniku ¢iji je ulazni signal potencgal I1zlazni
signal amperometrijskog biosenzora je u obliku struje. Za funkcionisanje i izucavanje
amperometrijskih biosenzora od klju¢nog znacaja je izbor potencijala kojim bi se omogucilo da se
elektrohemijska reakcija odvija u uslovima difuzione kontrole [10]. U ovom slucaju struja koja se
postize u stacionarnom stanju direktno je proporcinalana koliini analita. Karakteristike
amperometrijski biosenzora u velikoj meri zavise od materijala radne elektrode [8,13,14].

Princip analiti¢kog konduktormetrijskog odredivanja se zasniva promeni jonske jacine rastvora
usled odigravanja reakcija katalizovanih enzimima [10]. U literaturi se ovi snezori ¢esto razmatraju
kao poseban sluc¢aj impedimetrisjkih senzora. Mada do sada konduktometrijski senzori nisu u
velikoj meri izucavani ni komercijalizovani sa razvojom nanostruktuiranih materijala raste
interseovanje za ovaj tip senzora [10].

Impedimetrijski biosenzori zasnivaju se na primeni tehnike spektroskopije elektrohemijske
impedancije (od eng. electrochemical impedance spectroscopy). Ova tehnika podrazumeva
nametanje radnoj elektrodi signala u vidu sinusoidnog potencijla male amplitude, koji kao rezultat
ima izlazni signal struje takode male amplitude. Impedancija predstavlja sinusnu prenosnu funkciju
koja je definisana kap generalizovana otpornost u kojoj se kriju informacije vezane za promene
otpornosi i kapacitivnosti izazvane biohemijskim reakcijama [13].

3. Sinteza i svojstva elektroprovodnih polimera

Na pocetku interesovanja za EPP, za njihovo dobijanje primenjivana je hemijska sinteza, ali
razvojem ove oblasti i detaljnim uvidom u mehanizam polimerizacije, postaje jasno da je EPP
moguce dobiti i elektrohemijskim postupkom. Nezavisno od toga da li se polimer dobija hemijskim
ili elektrohemisjkim postupcima, sinteza se odvija selde¢i mehanizam oksidativne radikalne
polimerizacije. Ovaj mehnizam podrazumeva formiranje radikal katjona koji se dobija oksidacijom

Exit



Intro

Impresum Index Sadrzaj : : Contents Sponsors Print Izlaz : : Exit

XIXYuCorr, September 12-15, 2017, Tara Mountain, Serbia 76

monomera, a rast polimeranog lanca se ostvaruje kupolovanjem radikala i daljom oksidacijom
monomera. Pored hemijske i elektrohemijske sinteze u literaturi se mogu nac¢i podaci vezani za tzv.
alternativne postupke sinteze EPP koji su u domenu teorijskih razmatranja.

3.1. Hemijska i elektrohemijska sinteza

Hemijska sinteza EPP pogodna je za dobijanje veée koli¢ine Zeljenog polimera, ali imaju¢i u vidu
mehanizam polimerizacije zahteva primenu oksidacionog sredstva §to osim duZzeg vremena za
izvodenje, zahteva ispiranje zaostalog oksidacionog sredstva i rastvaraca [15]. Prema nacinu
izvodenja, hemijska sinteza EPP se moze svrstati u polimerizaciju u heterogenoj sredini, a u
literaturi je najzastupljeniji tzv. talozni tip polimerizacije, mada se EPP mogu dobiti i suspenzionim,
disperzionim i emulzionim postupcima [16].

Sa druge strane, elektrohemijska sinteza omoguc¢ava direktno odvijanje reakcije na anodi, ¢ime je
izbegnuto koriS¢enje oksidacionog sredstva. Na ovaj nacin film EPP dobija se direktno na anodi, $to
osim jednostavnosti izvodenja samog postupka, omogucava dalju karakterizaciju i procesiranje, $to
je od posebnog znacaja za primenu u formiranju elektroda elektrohemijskih biosenzora [6].

3.2. Najvaznija svojstva elektroprovodnih polimera za primenu u elektrohemijskim biosenzorima

Svakako najvaznije svojstvo EPP je postojanje makroskopske elektricne provodljivosti. Ve¢ je bilo
reci o tome da je za ostvarivanje provodljivosti EPP neophodno dopovanje. Dopanti su joni, a sluze
da bi se polimernom lancu oduzeli (oksidativnho dopovanje) ili dodali (reduktivno dopovanje)
elektroni [17] Oksidativno dopovanje (reduktivno je retko i u domenu teorije) odgovara p
dopovanju. U fizikom smislu provodljivost EPP se objasnjava polaronskim i bipolaronskim
mehanizmom. Imajuéi u vidu zonski model elektricne porovodljivosti, dopovanje vodi formiranju
lokalizovaih stanja u zabranjenoj zoni (energetski rascep izmedu valentne 1 provodne zone) u kojoj
elektroni mogu da se nadu.

Proces dopovanja 1 dedopovanja je prakticno reverzibilan i1 predstavljau osnov elektrohemijske
aktivnosti EPP i vazno svojstvo za prakti¢nu primenu. Tokom dedopovanja, tj. u elektrohemijskom
smislu redukcije, anjoni dopanata ,,napustaju* polimerni lanac, dok se u procesu dopovanja, tj.
oksidacije ,,vracaju“ u lanac polimera. Na ovaj nacin omogucena je uloga EPP kao redoks
medijatora 1 prakti¢na primena u izradi elektroda tzv. druge generacije elektrohemijskih biosenzora
[11,12].

3.3. Imobilizacija bioloSkih receptora u elektroprovodnim polimerima

Izborom uslova sinteze EPP moguce je ostvariti morfologiju polimera koja je pogodna za
imobilizaciju bioloskih receptora [20]. Kako su enzimski EHBS komercijalno dostupni
imobilizacija bioloSkih receptora u EPP bi¢e razmatrana na primeru imobilizacije enzima.
Imobilizacijom enzima formira se tzv. enzimska elektroda, koja je klju¢ni deo za funkcionisanje
EHBS.

Za imobilizaciju u EPP se koriste uobi¢ajene tehnike imoblizacije: zarobljavanje, fizi¢ka adsorpcija,
umreZavanje, kovalentno vezivanje i zarobljavanje tokom polimerizacije EPP, koje su shematski
date na slici 2 [10, 20]. Najjednostavni nacin je tzv. zarobljavanje enzima (od eng. entrapment) u
rastvoru u konstaktu sa elektrodom preko membrane, ovo je ujedno i najstariji nacin formiranja
enzimske elektrode predlozen od strane Klarka (Clark) koriS¢en za formiranje enzimske elektrode
za odredivanje glukoze u krvi [22]. Kontakt enzima i elektrodne povrSine se uspostavlja premo
najlonske mereZe u kojoj je enzim hemijski vezan kovalentnim vezama. Vrlo rasporostranjen nacin
veza preko filma koji je povezan umrezavanjem (od eng. cross linking) za elektrodnu povrSinu
kori§éenjem glutaraldehida [6]. Umrezeni film u kome se nalazi enzim kvasi se elektrolitom u kome
je prisutan analizirani substrat. Enzim je moguce ,,zarobiti“ unutar polimerizovanog filma koji se
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dobija polimerizacijom monomera na elektrodnoj povrsini, u ovom sluéaju paznju treba posvetiti
uslovima polimerizacije da bi se u najvecoj meri izbegla gubitka aktivnosti enzima. Postoje primeri
1 imobilizacije enzima tokom elektrohemijske siteze EPP, u zom smislu nakviSe je izucavana
imobilizacija enzima glukozooksidaze tokom elektrohemijske polimerizacije pirola i anilina i
formiranja enzimske elektrode [7].

zarobljavanje u

najlonska polimernom filmu
[ membrana ] mreZa umrezavanje \
ﬂ) / S o (5
M @ rasivor sa @ G M @ M ﬁ) @
ﬂ) enzimom (5 . M &} . g) (5
Qj QO (D M AN Vo N Qy QO
} elektroda ‘ } elektroda ‘ elektroda } elektroda ‘

ugljeni¢na
pasta
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Slika 2. Shematski prikaz najcesce koriscenih tehnika imobilizacije u EPP [10].

3.4. Funkcionisanje enzimskih elektroda na bazi elektroprovodnih polimera

Imobilizacijom odgovarajuc¢eg enzima u elektrodnom materijalu dolazi do formiranja tzv. enzimske
elektrode. Pojam enzimske elektrode uveo je prvi Klark, kada je imobilisao glukozooksidazu u
kiseoni¢noj elektrodi preko membrane [23]. Princip rada svodio se na merenje potro$nje kiseonika
koji potice iz enzimski katalizovane reakcije. Kasnije, daljim razvojem ove oblasti, princip
odredivanje glukoze svodio se na anodnu oksidaciju vodonik-peroksida koji nastaje u enzimski
katalizovanoj reakciji glukoze i kiseonika. Na posrednom odredivanju zasniva se rad prve
generacije enzimskih EHBS. Pored prve generacije, EPP mogu imati i ulogu tzv. redoks medijatora
Sto je osnov funkcionisanja druge generacije EHBS [1,10,22,24]. Na slici 3 prikazan je princip
funkcionisanja EHBS na bazi EPP, prve i druge generacije [10].

prva generacija EHBS sa EPP druga generacija EHBS sa EPP
substrat --- > --» proizvod AN .
P substrat --- -» proizvod
.|.
O,+ 2H++ 2e H,0O, + +

dopovan dedopovan
| EPP EPP \ i EPP

Slika 3. Funkcionisanje EHBS na bazi EPP [10].
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Ako posmatramo prvu generaciju EHBS, tokom enzimske reakcije, u prvom stupnju doc¢i ¢e do
transformacije oksidovanog, EO, oblika enzima u redukovan oblik, Eg:

Eo + substrat — Eg + proizvod 1)
redukovani oblik enzima, Er, ¢e se regenerisati u reakciji sa kiseonikom u skladu sa:
Er + O2 = Eo + H02 2)

Izlazni signal EHBS biti rezultat oksidacije nastalog vodonik-peroskida iz reakcije (2) na anodi u
skladu sa:

H,0; — O, +2H" +2e (3)

Kada se razmatra funkcionisanje druge generacije EHBS, redoks medijator, u ovom slu¢aju EPP,
preuzima ulogu elektrohemijski aktivne vrste koja podleze reakciji oksidacije na elektrodi. Kada
enzim reaguje sa substratom dajuci proizvod, dolazi do njegove trenformacije u redukovani oblik.
Redukovani oblik enzima ¢e reagvati sa oksidovanim, tj. dopovanim oblikom EPP, i regenerisace
se, dok ¢e EPP pre¢i u svoj redukovani oblik, u skladu sa:

Er + dopovani EPP — Eg + dedopovani EPP 4)

U sledecoj reakciji, redukovani EPP se oksidovati, tj dopovati na elektrodi i formirati izlazni signal,
proporcionaln koli¢ini analiziranog substrata [10].

4. Zakljucak

Elektrohemijski biosenzori su uredaji kojima se sticu analiticke informacije pomoc¢u biohemijskog
receptora koji je u prostornoj vezi sa elektrohemijskim pretvaraCem. Na ovaj nacin elekrohemijski
biosenzor kombinuje selektivnost bioloskog receptora sa jednostavno$c¢u, ta¢nosScu, precizno$cu
elektrohemijskih  tehnika. Sobzirom na svojstva elektroprovodnih polimera, koji osim
provodljivosti, poseduju  prakticno reverzibilnu  elektrohemijsku  aktivnost  ostvarenu
dopovanjem/dedopovanjem i morfologiju pogodnu za uspe$nu imoblilizaciju bioloskih receptora,
ne ¢udi povecano interseovanje za njihovu prakticnu primenu u izradi modifikovanih elektroda
elektrohemijskih biosenzora. U tom smislu najvise paznje u literaturi posveceno je izradi enzimskih
elektroda imoblizacijom enzima u elektropovodnim polimerima.

5. Zahvalnica
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Izvod

Razvoj nauke o keramickom materijalima u prethodnih nekoliko decenija omogucio je primenu
savremenih keramickih materijala u razlic¢itim oblastima poput avio industije, automobilske i
telekomunikacione industrije, industrije obnovljivih izvora energije, biomedicine i dr. Keramicke
materijale odlikuju izuzetna svojstva kao Sto su: velika tvrdoca, krutost, modul elesticnosti,
otpornost na habanje i koroziju, hemijska inertnost na povisenim temperaturama. Uprkos
pomenutim dobrim svojstvima u poredenju sa metalnim i polimernim materijalima keramicke
materijale karakterise velika krtost $to ogranicava njenu primenu kao strukturnog i nestrukturnog
materijala. U poslednje vreme postignut je znacajan napredak na razvoju keramickih materijala
koji se odlikuju velikom Zilavoséu kao i bolja kontrola svih mikrostrukturnih parametara i faznog
sastava koji uticu na druga fizicka svojstva materijala. U ovom radu bice prikazan uticaj
mikrostrukture na mehanicka svojstva kermickih materijala. Takode, u radu ce biti razmotrene
prednosti i nedostaci metoda koje se koriste za odredivanje mehanickih parametara.

Abstract

Advancement of ceramic science in the last few decades has enabled the use of ceramic materials to
develop from more traditional application to advance material indispensible in aerospace,
automotive, telecommunication, renewable energy industry, biomedical application etc. Ceramics
have many useful properties such as high hardness, stiffness, elastic modulus, wear and corrosion
resistance associated with chemical inertness at elevated temperatures. Despite many attractive
properties compared to metallic and polymeric materials, poor fracture toughness of ceramic
materials is the major limitations for structural and nonstructural applications. Thus, much
research has been done to minimize this limitation by improving ceramic brittleness with
appreciable success provided better control over aspects of microstructure and phase composition
that govern other physical properties. In this paper the influence of microstructure on the
mechanical behavior of ceramics will be presented. Also, advantage and short-coming of methods
for calculation of mechanical parameters will be discussed.

Uvod

Razumevanje strukture i hemijskog sastava materijala je od izuzetne vaznosti za potencijalnu
primenu materijala u industriji. Ispitivanje fizickih svojstava materijala, pored odredivanja
strukturnih parametara i hemijskog sastava je od posebnog znacaja za razvoj materijala za
specijalne namene. Sve brZi razvoj savremenih instrumentalnih metoda omogucava dobijanje sa
velikom pouzdano$¢u informacija o svojstvima materijala na nano i makro nivou.
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Keramicki materijali nalaze sve ve¢u primenu u svakodnevnom zivotu od upotrebne, tradicionalne
keramike do savremenih keramickih materijala koji se koriste u automobilskoj i avio industriji,
telekomunikacionoj industriji, industrij obnovljivih izvora energije, medicini i dr. Danas bi bilo
nezamislivo funkcionisanje bilo kog savremenog uredaja bez karamickih materijala.

Razvoj savremenih keramickih materijala poslednjih decenija je sve viSe usmeren na dobijanje
biokeramickih materijala koji se koriste u medicini, pre svega za izradu ortopedskih i stomatoloskih
implanata. Ovi biokeramicki materijali se u zavisnosti od svojstava i primene mogu podeliti u tri
velike grupe: bioinertna keramika (keramika na bazi aluminijum- i cirkonijum-oksida), bioaktivna
stakla i staklo-keramika, i bioaktivna keramika koja po svojstvima i sastavu odgovara prirodnom
kostanom tkivu a bazira se na kalcijum-fosfatu kao osnovnoj neorganskog komponenti kostanog
tkiva. [1] [2]

Iako je danas u svetu postignut znacajan napredak na razvoju sintetickih biokeramickih materijala
koji po svojim fizickim i hemijskim svojstvima u kombinaciji sa odgovaraju¢im organskim
materijalima skoro u potpunosti odgovaraju tkivu u koje se aplikuju, ¢esto se u praksi javljaju
nezeljne fizioloske reakcije. Tako se pored biokompatibilnosti od biokeramickih materijala, koji se
koriste kao implanti, zahtevaju i odgovaraju¢a mehanicka svojstva. [3] [2]

Keramika predstavlja heterogen materijal, koji karakteriSe odredena mikrostruktura.
Mikrostruktura kristalnih materijala se definiSe tipom, strukturom, brojem, oblikom i topoloskim
uredenjem faza. Keramicki materijali obi¢no imaju polikristalnu strukturu koju karakteriSu tackasti
defekti, dislokacije, nacin slaganja, granice zrna i medufazne granice, raspodela, veliina i
orijentacija zrna, prisustvo, raspodela i orijentacija pora, specifi¢na povrsina.

Efektivna svojstva (efektivni emodul elesti¢nosti, efektivna termiCka provodljivost, elektricna
provodljivost, dielektricna konstanta, magnetska propustljivost i koeficijent termickog Sirenja)
predstavljaju makroskopska svojstva heterogenih materijala kao $to su polikristalni keramicki
materijali, kompoziti i porozna keramika i najceSc¢e su zavisna od mikrostrukturnih karakteristika.
Odredivanje navedenih mikrostrukturnih parametara je od izuzetnog znacaja za predvidanje
mehanickih karakteristika keramickih materijala koji opredeljuju njegovu dalju primenu.

U nastavku ¢e biti prikazane neke od metoda koje se najceSce koriste za odredivanje mehanickih
svojstava keramickih materijala sa posebnim osvrtom na prednosti 1 nedostatke pojedinih metoda,
kao i greskama koje se najcesce javljaju prilikom tumacenja rezultata, pre svega tvrdoce i zilavosti.

Mehanicke karakteristike biokeramickih materijala

Biokeramika na bazi hidroksiapatita (HAp) predstavlja najzastupljeniju keramiku koja se Kkoristi u
medicini i Stomatologiji za zamenu oSteCenih delova kosti uzrokovanim razli¢itim patoloskim
stanjima ili mehanickim oSteCenjima. [2] [4] Nazalost, dobro je poznato da je mehanicka
pouzdanost biokeramike na bazi HAp veoma slaba, narocito u vlaznom okruzenju kakvo vlada na
mestima na kojima se aplikuje biokeramika. [1]

Izmerena zilavost (Ki;) HAp keramike ne prelazi vrednost od 1 MPam
vrednosti Zilavosti ljudske kosti koja se kreée od 2-12 MPam™2 [2] [3] [5]

U literature navedene vrednosti Weibull modula za gustu HAp keramiku se krec¢u u opsegu od 5 do
18, $to ukazuje na izuzetno veliku krtost kojom se odlikuje HAp keramika. [6] [7]

Znacajan nedostatak biokeramike na bazi HAp predstavlja smanjenje vrednosti koeficijenta sporog
napredovanja pukotine koji se krece od 26-80 u suvim uslovima i 12-49 u vlazniim uslovima, $to
ukazuje na teznju napredovanja ve¢ nastalih pukotina u vlaznom okruzenju i nakon prestanka
delovanja sile. [6]

Posebno treba istaci znacaj kontrole Ca/P odnosa Cije smanjenje moze znacajno uticati na pojavu
naprezanja na granici zrna kod gusto sinterovane keramike a koje se javlja kao posledica
visokotemperaturnih faznih transformacija nestehiometrijskog HAp. [2] [8] [9] [10]

12 to je daleko manje od
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Sve napred navedeno ukazuje da HAp keramika moze biti koriS¢ena za izradu implanta samo u
uslovima kontrolisanog opterecenja, u obliku praha za ispune, poroznih implanata koji nisu izloZeni
velikom naprezanju, gde biokeramicki material ima ulogu promotora formiranja kostanog tkiva. [3]
Navedene loSe mehanicke karakteristike HAp keramike mogu biti donekle prevazidene koris¢enjem
HAp u obliku tankih prevlaka na metalnim supstratima gde Hap kao biaktivni materijal ima ulogu
da obezbedi bolju vezi izmedu inertnog implanta i okolnog tkiva. [11]

Jedan od nacina za poboljSanje pouzdanosti biokeramickih materijala predstavlja pre svega
poboljsanje mehanickih svojstava keramickih materijala povecanjem vrednosti tvrdoce i Zilavosti.

PoboljSanje mehanickih svojstava keramickih materijala

Pored brojnih, ve¢ pomenutih svojstava, koja daju znacajnu prednost keramickim materijalima u
odnosu na metale i metalne legure u specificnim uslovima u kojima se od materijala zahteva da
poseduju veliku tvrdocu, otpornost na habanje, veliki modul elesticnosti, stabilnost na visokim
temperaturama, krtost, odnosno nedostatak duktilnosti na nizim temperaturama, predstavlja jedan
og glavnih nedostataka keramickih materijala. Poslednjih decenija ucinjeni su znacajni pomaci kako
bi se povecala zilavost keramic¢kih materijala. Veoma je viliki broj faktora koji uticu na svojstva
keramiCkih materijala. UopSteno, svi faktori mogu biti svrstani u jednu od dve grupe: unutrasnji i
spoljasnji faktori. U Tabela 1 su navedeni neki od faktora koji imaju znacajan uticaj ponaSanje
keramickih materijala:

Tabela 1. Faktori koji uticu na svojstva keramickih materijala

Unutrasnji faktori Spoljasnji faktori
- veliCina zrna, - sastav,

- pore, - veli¢ina uzorka,
- mikropukotine - oblik uzorka itd.

Jedan od osnovnih nacina za poboljSanje pouzdansoti keramiCkih materijala tokom procesa
eksploatacije predstavlja povecanje Zilavosti. Postoji viSe nacina ili mehanizama ojacavanja koji
mogu doprineti povecanju Zilavosti keramickih materijala. Ukoliko se na vratu pukotine odvija
mehanizam premoSc¢avanja pukotine, izvlacenja, transformacionog ojacavanja ili nastanak
mikropukotina dolazi do povecanja zilavosti materijala. Sve ovo ima za posledicu povecanje
otpornosti keramickog materijala na pojavu 1 Sirenje pukotina. Poslednjih nekoliko decenija je
ucinjen veliki pomak na razvoju keramickih kompozita povecane Zilavosti koris¢enjem jednog ili
viSe mehanizama ojac¢avanja. Stvaranje mikropukotina koje nastaju u slucaju izlozenosti vecem
spoljasnjem naprezanju se postiZe ubacivanjem vlakana ili ¢estica u keramicku matricu, a deiiava se
kao posledica razlike u koeficijentima termickog Sirenja ubacenih keramickih vlakana i keramicke
matrice. [12]

Prisustvo mikropukotina moZze uzrokovati skretanje i grananje pukotine §to doprinosi smanjenju
intenziteta naprezanja na vrhu pukotine jer ravan pukotine nije viSe upravna na pravac istezanja.
Teorijsko proucavanje i eksperimentalna istrazivanja su potvrdila da cestice Stapicastog oblika
najvise uti¢u na povecanje zilavosti.

Pomeniti mehanizamo povecanja Zilavosti znac¢ajno zavisi od mikrostrukturnih parametara kao Sto
su: zapreminski udeo Cestica, oblik, veli¢ina, orijentacija i raspodela Cestica u keramickoj matrici.
Povecanje zilavosti usled izvlacenja vlakana iz matrice je posledica dodatnog rada koji je potrebno
utroSiti na izvlacenje vlakana koji ostvaruju odredenu vezu sa matricom. Kriticna vrednost duzine
vlakana data je jed. (1). [13] [14]
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— grds
=22 (1)

gde je: | — duzina vlakna, o - napon pucanja vlakna, ds — pre¢nik vlakna, z; — napon smicanja na
meduspoju Cestica-matrica.

Iz jednacine (1) se vidi da slabija meduveza vlakna i matrice povecava vrednost kriticne duzine
vlakna, §to omogucava da veci broj vlakana doprinosi povecanju zilavosti. Medutim, neophodno je
da i jac¢ina meduveze bude dovoljno velika kako bi se povecala energija koja je potrebna za
izvlacenje vlakana.

Ostvarena veza moze biti posledica hemijskih reakcija ili mehanicke frikcije, ili kombinovana.
Tako, npr. ojacavanje biokeramic¢kih materijala se po pravilu vr$i dodavanjem biokeramickih
vlakana u biokoeramicku matricu. Ovo se radi pre svega jer je neophodno da i ojaavajuca vlakna
budu biokompatibila i biokativno $to ne bi bilo moguée u slucaju kada se kao ojacavajuca vlakna
koriste metalna vlakna. Iako biokeramicka vlakna pokazuju slicna mehanicka svojstva kao i
matrica, ovde se veza izmedu vlakana i matrice ostvaruje formiranjem hemijskih veza (Slika 1.)

— “"\‘ X

SEM HV: 20 kV WD: 4.42 mm L____ _____] MIRA3 TESCAN| SEM HV: 20 kV WD: 6.52 mm L_____________J MIRA3 TESCAN
Det: SE View field: 7.22 ym 2 pm Det; SE + InBeam  View field: 21.9ym 5 pm
SEM MAG: 60.0 kx SEM MAG: 19.8 kx

a) b)
Slika 1. SEM ispresovanog a) i sinterovang b) uzorka HAp kompozita na kome se vide vlakna HAp
u HAp matrici

Odredivanje tvrdoce i Zilavosti keramickih materijala

Tvrdoca 1 Zilavost keramic¢kih materijala predstavljaju najvaznije parametre koji u najvecoj meri
odreduju dalju primenu keramickih materijala, stoga, od izuzetne vaZnosti predstavlja izbor
odgovaraju¢e metode za odredivanje pomenutih parametara kao i pravilna priprema uzoraka i
tumacenje dobijenih rezultata. Za odredivanje zilavosti krtih materijala razvijene su brojne metode
kao $to su: Sevronov zarez (Chevron notch bar-CNB), [15], jednostrukog V-zareza (single-edge V-
notched beam - SEVNB) [16] , jednostrukok prenapuklog reza (single-edge pre-cracked beam -
SEPB) [17] i dr.

Neke od navedenih metoda imaju ograni€enu primenu jer podrazumevaju zahtevnu pripremu
uzoraka kao i velike troSkove vezane za samo merenje. U cilju reSavanja pomenutih nedostataka
poslednjih nekoliko decenija se radi na unapredenju metoda koje se zasnivaju na merenju i
tumacenju otiska koji identer ostavlja u materijalu. KoriS¢enjem razli¢itih identera i primenom
razli¢ite sile utiskivanja 1 vremena zadrzavanja identera moguce je proizvesti seriju pukotina
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kontrolisane veliCine i oblika. Analizom morfologije nastalih pukotina moguce je odrediti zilavost
materijala. Prednosti pomenute metode se ogledaju u relativno jednostavnoj pripremi uzoraka za
anlizu, brzom merenju i relativno jeftinoj aparaturi.

Za merenje zilavosti materijala obi¢no se koriste tri modela koje se zasnivaju na Vikersovoj metodi.

Metod se zashiva na merenju dijagonala otiska koji ostavlja identer uz poznavanje nekoliko
parametara kao $to su modul elesti¢nosti i Poisonov odnos. [18]

Prva dva modela se zasnivaju na merenju mikronaprslina koje nastaju nakon utiskivanja identera a
razlikuju se po tipu mikropukotina na koje se primenjuju. Prvi model ili Palmkvistov model se
bazira na pukotinama koje imaju poluelipticnu substrukturu, dok se drugi sredi$nji model zasniva na
pukotinama koje imaju substrukturu polovine nov¢ica (half-penny ili median cracks) (Slika 2).
Tre¢i model se zasniva na tehnici fitovanja krive.

Na osnovu procene naprsline i vrednosti odnosa c/a moze se odrediti o kom tipu modela se radi.
Vrednost odnosa c/a koja je manja od 2 ukazuje da se radi o Palmkvistovom modelu iako postoje
razlicite diskusije u pogledu vrednosti odnosa koji odreduje o kom modelu se radi.

srediznja pukotina palkvist pukotina-bocni prikaz
e - X
— Jg — g
[ e L
| |
i |
prikaz
# ; odozgo
pre ] ] nakon pre nakon
[ h -
poliranja poliranja
a b

Slika 2. Shematski prikaz dva modela nastanka mikropukotina: a) sredisnji i b) Pamkvistov[19]

Postoji neka opsta pretpostavka na osnovu koje je moguce svrstati nastale pukotine u prvi ili drugi
model. Tako se pukotine nastale ispitivanjem relativno zilavih materijala koje se izvode pri
relativno umerenim optereCenjem svrtstavaju u Palmkvistov model, a pukotine koje se formiraju na
materijalu male Zilavosti pri relativno velikim optereCenjima u tip substruktuke koja ima izgled
polu-nov¢ica.

Tokom poslednih nekoliko decenija predlozen je veliki broj jednacina za izraCunavanje Zilavosti
materijala na osnovu Vikersovog otiska u obliku Cetvorostrane dijamatske piramide, a sve jednacine
su razvijene poluempirijski tako Sto su koeficijenti u jedna¢inama dobijani metodom probe i greske
(Tabela 2).

Tabela 2. Jednacine za izracunavanje Zilavosti

Broj Jednacdina Ref.
Palmkvist
1 P 20
Kc == 0,051563T [ ]
P a
2 K. = 0,079~ log (45 Z) [21]
N2 H TS (Hyal/?

[ )T H T -
.= 0,035 " D > [22]
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N EEEENCNC :
. = 0,048 " D D [23]
Median
P
5 K¢==Q0726E§5 [20]
P
c\73/2 (H, -2/5 H,al/?
7 = — — 22
K, 0429(a) (E¢> @ [22]
ENY?, P
8 = — S 25
K. = 0,014 (H) <C3/2> [25]
ENY?2, p
9 = — N 26
K, 0,016(Hv) (=7) [26]
P
10 A;::(x0725<255> [27]
Povrsina
E\Y? P
11 = — 3/2 28
K, Q00366(Hv) t (A3ﬂ) [28]

U Tabeli 1. Kc je Zilavost materijala (MPa-m*?); P je sila identacije (N); ¢ je duZina poukotine

(mm); E je Jungov modul (GPa); HV je Vikersova tvrdoc¢a (GPa); ® je konstanta, ® = 3; a je
poluduzina otiska identera (mm); t i A predstavljaju srednju debljinu svih mikropukotina formiranih
oko otiska identera na merenom uzorku (mm) i ukupnu povrsinu mikropukorina oko zone identera
(mm?)

Poredec¢i jednaCine date u Tabeli 1. za odredivanje zilavosti materijala koriS¢enjem Vikersovog
testa uocava se da su vrednosti Zilavosti u svim jedna¢inama manje ili viSe zavisne od strukture
materijala, krtosti, Jungovog modula, Vikersove tvrdo¢e kao i drugih mehanickih svojstava pri
¢emu u jednacini 11, koju su predlozili Moradkhani i saradnici, umesto duzine figuriSe povrSina
mikropukotine. Na taj nacin se izbegava veliki broj merenja koji je neophodan za preciznije
izraCunavanje zilavosti a koji zahteva merenje samo onih mikropukotina koje imaju pravilan oblik.
Nedostatak predloZenog postupka se ogleda u potrebi koriS¢enja softvera za odredivanje srednje
vrednosti Sirine mikropukotine na osnovu koje se izraCunava srednja vrednost povrSine
mikropukotine.

Pored pomenutih teSkoc¢a prilikom odredivanja duZine i povrSine mikropukotina problemi koji se
javljaju prilikom identacije mogu biti uzrokovani i drugim faktorima, kao S§to su: prisustvo
necisto¢a, odljuspavanje, mikropukotine, delaminacija, neuniformnost materijala po zapremini,
nedovoljno polirana povrsina, neadekvatan izbor sile, ostecenje identera i dr.

Napred pomenuti faktori koji znacajno uticu na formiranje mikropukotina se teSko uocavaju jer
karakterizacija pod optickim mikroskopom i skenirajué¢im elektronskim mikroskopom ne pruza
informaciju o strukturi i nepravilnostima po zapremini uzorka.
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SEM HV: 20 kV ‘WO: 12.96 mm {
Det: SE View fleld: 310 ym 50 pm
SEM MAG: 1.40 kx

SEM HV: 20 kV WD: 6.40 mm
Det; SE View field: 426 ym 100 ym
SEM MAG: 1.02 kx

Mikronaprsline koje su posledica
naprezanja u keramickom materijalu
tokm procesiranja

mm MIRAS TESCAN SEM HV: 20 kV wo: 13.43mm || MIRA3 TESCAN
Vi 47 ym 50 pm Det: SE View field: 10.8 pm 2 pm
SEM MAG: 40.0 kx

Odljuspavanje nastalo kao posledica Prisustvo necisto¢a u strukturi koje nije
delovanja velike sile ~vidljivo na poliranom uzorku

Sy
SEM HV: 20 kV WD: 6.49 mm | MIRA3 TESCAN

Det: InBeam View fleld: 10.8 ym 2 pm
SEM MAG: 40.0 kx  ER-Ist-950-8h-7a

Neuniformost gustine uzorka uzrokovana ivicnim efektom tokom presovanja praha

Slika 3. Prikaz mikrostrukturnih nepravilnosti koje se javljaju u sinterovanim uzorcima a koje mogu
znatno uticati na odredivanje tvrdoce i Zilavosti Vikersovom metodom

Neki od napred navedenih faktora prikazani su na slici 3. Na slici se jasno uocavaju neki od
mikrostrukturnih defekata koji najcesée nisu vidljivi pod optickim mikroskopom koji je spregnut sa
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instrumentom za odredivanje tvrdoce 1 zilavosti. Greske koje mogu znaCajno uticati na srednju
vrenost izmerenih vrednosti su vezane za mikropukotine i lamelarno razdvajanje kod
nanostrukturnih materijala koje moze nastati tokom procesiranja keramickih materijala ali 1
prilokom poliranja uzoraka za ispitivanje. Treba imati na umu da se vecina ispitivanja keramickih
materijala odnosi na uzorke koji su dobijeni u laboratorijskim uslovima i da ispitivanje mehanickih
svojstava uzoraka za industrijsku primenu pored odredivanja tvrdoce i zilavosti podrazumeva i
odredivanje zatezne Cvrstoce, ¢vrstoe na savijanje, otpornost na zamor i dr., Sto opet zahteva
pripremu znatno vecih uzoraka, kako je definisano vaze¢im standardima.

Zakljucak i diskusija

Proteklih nekoliko decenija uéinjen je znaCajan napredak na razvoju postupaka dobijanja
keramickih materijala poboljSanih svojstava boljom kontrolom gustine, veli¢ine, oblika i raspodele
zrna, faznog sastava, vrstom, koli¢inom i raspodela defekata. Cilj je bio da se razvije keramika koja
se odlikuje ve¢om otpornosc¢u na lom, tj. zilavoscu, bez vecCe uticaja na vrednost tvrdo¢e. Takode,
pored poboljsanja mehanickih svojstava kao §to su tvrdoca i zZilavost, poslednjih godina se sve veca
paznja posvecuje pouzdanosti keramickih materijala, Sto podrazumeva pracenje promene svojstava i
smanjenje procesa degradacije keramickih materijala tokom procesa eksploatacije.

U radu je prikazana korelacija izmedu tvrdoce i zilavosti keramike sa osnovnim mikrostrukturnim
parametrima. Diskusija je ograni¢ena na osnovna mehanicka svojstva i metode koje se koriste za
izracunavanje mahanickih svojstava biokeramickih materijala u cilju otklanjanja nedostataka tokom
procesiranja i greSaka koje se mogu javiti tokom izraCunavanja.

lako je razumevanje mehanickih i fizickih svojstava keramickih materijala od izuzetnog znacaja za
eksploataciju u razli¢itim okruZenjima za sveobuhvatno razumevanje ponaSanja keramickih
materijala neophodna je detaljna analiza sastava materijala po povrSini i zapremini u zavisnosti od
vrste i namene keramike.

Svako dizajniranje poostoje'ih i novih keramickih materijala zahteva optimizaciju mikrostrukture
matrice kontrolom veli¢ine i1 oblika zrna u cilju postizanja vece otpornosti na lom. Ukljucivanje
nove faze istog ili razliCitog sastava u obliku iglica ili vlakana, u zavisnosti od namene, moze
znacajno povecati zilavost. Kombinovanje razliitim procesa ojacavanja, kao §to je npr. ojacavanje
premosc¢avanjem i transformaciom stvara mogucnost za razvoj veoma zilavih keramickih kompozita
koje dostizu vrednosti Zilavosti od 20 MPa m™. Da bi se proces dobijanja keramickih materijala
mogao bolje pratiti neophodno je jednostavno, brzo, pouzdano i jeftino ispitivanje osnovnih
mehanickih svojstva koje bi bilo uporedivo sa istim merenjim obavljenim u drugim laboratorijama.
Istaknute predosti pojedinih metoda kao i greSke koje se mogu javiti tokom merenja a koje su
prikazane u radu su od presudnog znacaja za tacnost dobijenih rezultat, od ¢ega zavisi 1 dalji pravcei
istraZivanja.
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Chemical fractionation and mobility of potentially toxic metals in
urban soils from four cities in Serbia
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Miroslava Mitrovi¢, Pavle Pavlovié¢
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Abstract

Urban environments are strongly influenced by anthropogenic activities, which are often reflected
by high degree of contamination in relation to the natural environment. Knowledge of the total
concentration of heavy metals is not enough to fully assess the environmental impact of urban soils.
That is why determination of metal speciation is important to evaluate their environment and
mobilization capacity. The optimized four step BCR sequential extraction procedure has been
applied to fractionate chromium (Cr), copper (Cu), lithium (Li), nickel (Ni) and strontium (Si)
concentrations in urban soil samples from four cities in Serbia (Pancevo, Smederevo, Obrenovac
and Belgrade). The sampling locations were chosen based on their proximity to industrial
complexes and heavy traffic. Mobility factor was also evaluated in order to assess their availability
and potential hazard to the environment. Sequential extraction results showed that concentrations
of Cr, Cu and Li were predominantly bound to residual fraction. However, Ni from Pancevo and
Smederevo was also found in large quantities bound to the reducible fraction. The biggest threat
represents presence of Sr that was predominantly related to the acid/soluble/exchangeable phase at
all sampling sites, and as such is highly mobile and bioavailable and can easily enter biota. This
was also confirmed by mobility factor.

Key words: urban soils, sequential extraction, potentially toxic metals, mobility factor

Introduction

Urban soils are an important component of the urban ecosystem [1]. They are often highly variable
in composition because of human impact, and generally have higher contamination due to high
density of anthropogenic activity in urbanised areas [2]. This represents serious environmental
problem, especially in areas close to industrial facilities, as emissions reach soil by different routes
making them a major sink, particularly heavy metals [3]. Heavy metals represent group of inorganic
chemical hazards that can lead to deterioration of the environment, decrease in ecological function
of the soil, as well as decrease in growth of urban plants [1]. Furthermore, metals affect both water
and air quality, since they are pollutant source, thus have indirect influence on people. Unlike
organic contaminants, metals in soil do not undergo microbial or chemical degradation, and
therefore can persist for long time [4].

Although total concentrations of metals have been widely used to assess soil contamination and
status as a quantitative measure of pollution [5], generally this is not sufficient criteria for
estimating environmental effects [1]. Sequential extraction techniques do not provide a direct
characterization of metal speciation, but rather an indication of chemical reactivity [6] and may
provide comparative information on how metals behave in changing environmental conditions (pH,
redox potential) [7]. Sequential extraction is one of the most widely applied protocols under the
auspices of the European Commission, Community Bureau of Reference (BCR). It has the
advantages of simplicity (only four steps involved) and availability of certified reference materials
(BCR 701) for method validation [2].
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The objectives of this study were to: (a) determine pseudo-total concentrations of chromium (Cr),
copper (Cu), lithium (Li), nickel (Ni) and strontium (Sr) in urban soils from four Serbian cities, and
(b) determine their mobility and availability by fractionation of these metals using the optimized
BCR sequential extraction protocol.

Materials and methods
Study area

The research sites were municipal parks in four cities in Serbia, within 50 km of each other,
exposed to different sources of pollution Panéevo, Smederevo, Obrenovac and Belgrade (two
sampling sites, one exposed to heavy traffic, second without direct source of pollution). Detailed
information on sampling sites and their sources of pollution are presented in Table 1. The research
was carried out in October 2012.

Table 1. Description of sampling sites and sources of pollution

GPS

Sampling site coordinates

Sources of pollution

NIS-RNP Oil Refinery, the Nitrogen Fertilizer
Plant (HIP-Azotara d.o.0.), and the Petrochemical
Complex (HIP-Petrohemija)

Pandevo - National Garden 44°51'54" N,
(Narodna Basta) 20°39'23" E

Smederevo - National

Heroes Park (Park ggoggg E’ Smederevo Steelworks (Zelezara Smederevo)
Narodnih heroja)

Obrenovac - City Park 44°39'17" N, ‘Nikola Tesla A’ and ‘Nikola Tesla B’

(Gradski park) 20°12'30" E thermoelectric power plants, two ash disposal sites
Belgrade 1 - Pioneer Park ~ 44°48'53" N, Heavy traffic

(Pionirski park) 20°29'70" E

Belgrade 2 - Arboretum of

?;frlfgf;gnogu?ﬁ:ggg 4213°£21§'5391"|\IIE’ Without direct source of pollution

fakulteta)

Sampling

Composite topsoil samples at 0-20 cm depth were obtained from each site by mixing five
subsamples with a stainless steel shovel. Stones and foreign objects were removed by hand, and soil
samples were stored in clean plastic bags. Samples were first air dried, then by dryer Binder
(Tuttlingen, Germany) at the temperature of 105 °C. Dried samples were ground with a stainless
steel mill and sieved through sieve with a mash diameter of 1.5 mm.

The physical properties of soils entailed determination of particle size distribution by combined
pipette and sieving techniques with 0.4 N solution of sodium pyrophosphate. Fractionation was
carried out according to Atteberg. Soil pH in an aqueous solution was measured using a glass
electrode (1:2.5 soil-water ratio), as well as in 1 M KCI (1:2.5 soil-KCI ratio) after agitating
samples for approximately 30 min [8]. Organic and total carbon in soil samples were determined by
CNS analyzer, Vario model EL 111 (Elemental Analysis systems GmbH, Hanau, Germany).

Sequential extraction

Sequential extraction was performed using the optimised BCR procedure [9, 10]. Concentrations of
Cr, Cu, Li, Ni and Sr were analysed using inductively coupled plasma optic emission spectrometry
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(ICP-OES, Spectro Genesis, Spectro-Analytical Instruments GmbH, Kleve, Germany). The
optimized BCR sequential extraction scheme is presented in Table 2.
Table 2: The optimized BCR sequential extraction scheme

Extraction Procedure Operationally defined phases
steps
0.11 mol dm?> CHsCOOH, shaken for 16h | Water soluble, exchangeable
Step 1 .
(overnight), room temperature and bound to carbonate
Step 2 0.5 mol dm=, NH,OH-HCl, adjusted to pH 1.5, | Reducible (bound to Fe and
P shaken for 16h (overnight), room temperature Mn oxides)
8.8 mol dm™H,0,; 1 h (water bath), 85 °C (two . .
Step 3 times); 1 mol dm™, CH;COONH, adjusted to pH 2, Sw)g’gcl:le:d g?;g:s)to organic
shaken for 16 h (overnight), room temperature
Step 4 Aqua regia, (HCI:HNOs=3:1); 1 h (water bath), 85 | Residual (bound to silicate
P °C (two times) minerals)

Quality control for soil was performed using the sediment certified reference material (BCR 701)
for optimised sequential extraction. The recovery values found were within 84.1-107.2 % while the
detection limits for the analysed elements in the soil samples were as follows (mg kg™): Cr-
0.000315, Cu-0.00069, Li-0.164, Ni-0.011 and Sr-0.00348.

Results and discussion

Selected chemical and physical soil properties

Active and potential acidity, particle size distribution, organic carbon (OC), as well as the total
carbon (TOC) are given in Table 3.

Table 3: Chemical and physical properties of selected urban soils

Sampling sites

Property Pancevo Smederevo Obrenovac Belgrade1l  Belgrade 2
pH (H,0) 8.44 8.56 8.69 8.78 8.69
pH (KCl) 6.86 7.10 7.14 7.20 6.96
Total sand %
(2.0-0.02 mm) 43.72 52.88 45.87 43.4 39.89
Silt % (0.02-
0.002 mm) 28.98 2491 27.76 31.32 33.22

o,

Clay % (<0.002 ;4 22.21 26.37 25.28 26.89
mm)
Organic C (%) 2.58 2.53 2 2.55 2.68
Total C (%) 2.83 3.33 3.05 4.07 2.88

Given values are mean, taken at depth 0-20 cm

The chemical reaction of the soil (pH H,0) varied in a narrow range from 8.44 in Panéevo to 8.78
at Belgrade 1 site, classifying these soils as moderately alkaline [11] (Table 3). However, the pH
values in KCI solution remained around neutral, with the lowest measured in Panc¢evo 6.86 and the
highest also at Belgrade 1 site. High alkalinity is quite common in urban areas due to the process of
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deposition of alkaline dust of anthropogenic origin [4], and is one of the most negative features of
soils [12]. Transport, absorption, as well as solubility of essential nutrients directly depend on soil
pH reaction [12]. Still, high alkalinity can also have positive effect since labile, potentially toxic
forms in such conditions can be immobilized by creation of durable complexes [13]. Soils in
Pancevo, Smederevo, Obrenovac and Belgrade 1 were dominated by total sand fraction. At the
same sampling sites, percentage of silt and clay remained relatively uniformly distributed. Only at
Belgrade 2 sampling site total sand, silt and clay fraction were approximately equally represented
(Table 3). Soil texture is a very important factor given the fact that whole range of physical and
chemical properties depend on it. Unlike soils which contain uniform percentage of sand, clay and
silt (Belgrade 2) that generally have better characteristics, better drainage, and more nutrients and
moisture, soils that contain high percentage of sand are commonly very poor in nutrients, although
well aerated and with large water permeability [12]. Organic C varied from 2.00 % in Obrenovac to
2.68 % at Belgrade 2 site, while the total carbon ranged from 2.83 % in Pancevo, up to 4.07 % at
Belgrade 1 site. Organic carbon in soil can be the result of either natural (product of plant and
animal debris) or anthropogenic origin. It contributes to soil fertility and is included in many
biogeochemical processes [14]. Generally, it was found that content of both organic and total
carbon was rather low at all sampling sites, which indicates low fertility and unfavourable
conditions for soil biota and plant development.

Pseudo-total concentrations and partitioning of elements in sampled urban soils

In order to obtain information on the distribution, mobility, as well as availability of chemical
elements in the tested soil samples, modified BCR procedure was used. Furthermore, mean values
for worldwide soils proposed by Kabata-Pendias and Pendias [15] and values established for toxic
elements set by Regulation of the Government of the Republic of Serbia (OGRS, [16]) were used to
determine current environmental status of investigated soil samples. The results of the partitioning
of elements are shown in Figure 1, and pseudo-total concentrations of metals in soil samples are
presented in Table 4.

Pseudo-total concentrations of Cr varied from 22.14 mg kg™ measured at Belgrade 1 site up to
75.78 mg kg@ in Smederevo. Soil samples from Pancevo (52.19 mg kg™*) and Smederevo were
slightly above mean values for Cr described for worldwide soils (Table 4), but below limit standard
values set by OGRS [16]. Chromium is naturally present in soil as a part of parental material (rock),
and its content is calculated to be 54 mg kg™ for worldwide surface soils [15]. Nevertheless, the
presence of chromate in soils is closely related to various types of industry, such as plaiting and
alloying, but also in the manufacture of steel and other alloys [17, 18]. Fractionation profile,
however showed that practically none of the sampling sites contained Cr in the acid
soluble/exchangeable fraction, meaning that it poses no threat to environment, what so ever. The
largest proportion was associated with residual fraction (70-80 %), while the rest was bound to
organic matter and sulphides (15-23 %) and the smallest amount was bound to reducible fraction (3-
14 %). Strong association of Cr with residual fraction indicates that this metal is stable under
anthropogenic pressure and is quite likely of geological origin [19].

Copper content in soil varied greatly from 20.31 mg kg™ measured in Obrenovac up to 167.08 mg
kg™ at Belgrade 1 site. Pseudo-total content of Cu at Belgrade 1 sampling site exceeded the limit
standard values set by OGRS [16] and was significantly above normal values for worldwide soils
proposed by Kabata-Pendias and Pendias [15]. Nevertheless fractionation profile of Cu showed that,
as in the case of Cr, the major proportion was strongly associated with residual fraction (50-70 %).
Both reducible (6-22 %) and oxidizable (17-20 %) fraction were equally represented in profile. The
smallest proportion of Cu was bound to acid soluble/exchangeable fraction (1-5 %). Although
research by Kabata-Pendias and Pendias [15] showed that Cu has a tendency to accumulate in the
top horizons of soil profiles and only small amount of Cu is actually present in the first phase of
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fractionation profile, extremely high Cu content at Belgrade 1 site probably originates from
anthropogenic sources, i.e. traffic and abrasion of brakes [20].

The lowest pseudo-total content of Li was recorded in Obrenovac (98.76 mg kg™) and the highest in
Smederevo (178.14 mg kg™). Obtained results from all sampling sites, besides Obrenovac exceed
both mean and normal values for worldwide soils [15]. Unfortunately, national regulation does not
propose limit or remediation values in soil for Li. Although Li is widely distributed throughout
Earth’s crust, its content in soil is controlled more by conditions of soil formation then its content in
parent rock. Furthermore, Li is known to be very mobile in geochemical processes and is also
readily absorbed by clay minerals [15]. Nevertheless, fractionation profile of Li showed that it is
mostly of geological origin since the biggest proportion was bound to residual fraction (80-91 %).
Less than 2 % was associated with acid soluble/exchangeable fraction, while both Fe-Mn oxide
fraction (reducible) and oxidizable fraction were equally presented.

Nickel content in soil varied widely between sampling sites from 38.29 mg kg™ measured in
Obrenovac to 105.65 mg kg in Smederevo. All recorded values were in normal range for
worldwide soils [15], but above upper limit standard values of 35 mg kg™ established by OGRS
[16]. Although soils of central Serbia are known to have high Ni content due to geological origin
[21], its concentration can also be the result of emissions from metal processing operations and
combustion of coal and oil [15]. This is also evident in fractionation profile which quite differs from
Cr, Cu and Li. The smallest proportion of Ni was bound to acid soluble/exchangeable fraction (4-5
%). The biggest difference, however, in relation to above mentioned metals is reducible fraction. It
ranged from 18.97 % at Belgrade 1 site up to 52.13 % in Pancevo, where it represented the main
share of extraction procedure. The rest was associated with organic (oxidizable) (12-18 %) and
residual fraction (30-59 %). These results coincides with findings of Kabata-Pendias and Pendias
[15] that Ni is mainly tide with Fe-Mn oxides (reducible) fraction and is easily mobilized during
weathering. Baring in mind that metals that originate from anthropogenic sources are most often
released in first three fractions of BCR procedure [19], special attention should be paid because
under suitable conditions (pH and redox potential) Ni bound to reducible fraction can be released
which could represent serious threat to environment [22].

Strontium is a metal found in the environment subsequent to both degradation of minerals naturally
containing Sr** such as celestite and strontianite [23] and to anthropogenic activities such as nuclear
weapon tests, or nuclear accidents [24]. All obtained results from fractionation profile fell within
mean values (87-210 mg kg™) for worldwide soils [15]. As is the case with above mentioned Li,
national regulation does not propose limit or remediation values in soil for Sr. The lowest Sr content
was measured in Panéevo (25.01 mg kg™), while the highest in Obrenovac (139.96 mg kg™).
Interestingly enough, the greatest proportion of Sr was bound to acid/soluble/exchangeable phase
(37-85.99 %) indicating its high mobility, as well as its anthropogenic origin. Significant part of this
element is also associated with reducible fraction (10.44-31.19 %). Furthermore, the smallest part of
Sr fractionation profile was bound to the silicate lattice and crystallized oxide minerals (0.53-3.09
%). Only small portion (3.02-28.18 %) of Sr points to its lithogenous origin i.e. belongs to residual
fraction. High proportion of Sr that is found in the acid/soluble/exchangeable phase of modified
BCR extraction procedure is quite likely airborne and consequence of aerial deposition.
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Figure 1. Partitioning of Cr, Cu, Li, Ni and Sr in selected urban soils from Pancevo, Smederevo,

Obrenovac and two sampling sites from Belgrade

Table 4: Pseudo-total heavy metal concentrations (mg kg-1 d.w.) in selected urban soils

Site Cr , Cu , Li , Ni ., Sr ]
mg kg mg kg mg kg mg kg mg kg

Pancevo 52.19 28.83 147.44 72.21 25.01
Smederevo 75.78 37.79 178.14 105.65 81.13
Obrenovac 25.48 20.31 98.76 48.06 139.96
Belgrade 1 22.14 167.08 133.78 38.29 76.17
Belgrade 2 32.45 30.20 131.00 50.64 37.90
*Normal 1.4-530 1-100 1.4-130 1-110 5-1000
*Mean 47-51 13-23 22-56 13-26 87-210
b . .

Upper limit 100 36 / 35 /
. RS. .

Remediation 380 190 / 210 /

value RS
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®Mean values for selected metals (Kabata-Pendias and Pendias, 2001);"values set by Official Gazette of Republic of
Serbia (2010)

Mobility factor (MF)

Mobility factor is a relative index which is used to assess metals mobility [1]. It is represented as
the fraction (percentage) of metal in exchangeable fraction that is weakly bonded and can easily
become available, and is the consequence of anthropogenic activities [25] (Liu et al., 2008). It is
calculated as:

MF = F1 x 100
_ZF

where F1 represents water soluble, exchangeable and carbonate-bound fractions, and Y F represents
the sum of all fractions [7]. High MF values have been interpreted as symptoms of relatively high
mobility and bioavailability [25], while the low shows stability of tested metals in soil. Values that
are below 10 % in surface layers indicate their high stability. In present study, MF index was low
(<10 %) for all investigated elements, except for Sr. Mobility factor for Sr varied from 37 %
measured in Panc¢evo up to 85 % in Obrenovac, which is shown in Table 5. Significantly high MF
for Sr pose potential hazard to environment.

Table 5: The mobility factor for Cr, Cu, Li, Ni and Sr for selected sampling sites

Site Cr Cu Li Ni Sr
% % % % %
Pancevo 0 3.17 0 5.62 37.52
Smederevo 0 5.83 1.18 4.36 75.55
Obrenovac 0 3.15 4.97 5.07 85.99
Belgrade 1 0 1.22 1.17 4.96 75.35
Belgrade 2 0 4.83 2.06 5.54 54.67

Conclusion

The present research assessed pseudo-total, as well as fractional concentrations of Cr, Cu, Li, Ni
and Sr in soils taken from five urban parks in Serbian cities exposed to different sources of
pollution. The modified BCR sequential extraction procedure showed that Cr, Cu and Li were
primarily bound to residual fraction. However Ni content from Pan¢evo and Smederevo was evenly
distributed both in reducible and residual phase. Presence of Sr that was dominantly bound to
acid/soluble/exchangeable phase is of concern because Sr in this form is highly mobile and
available. Baring in mind that any change in the environmental conditions (redox potential, pH) can
cause new state of metal, which can make it available and mobile, special attention should be paid
to possible threats to environment. Mobility factor for Sr was closely related to its pseudo-total
content indicating it has anthropogenic origin.

The environmental consequences of the results need to be further investigated.
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Electrochemical deposition of niobium oxides from acidic solution on
glassy carbon

Elektrohemijsko taloZenje niobijum oksida iz kiselih rastvora na staklastom
ugljeniku
Natasa M. Vukiéeviél, Vesna S. Cvetkoviél, Ljiljana S. Jovanoviéz, Jovan N. Joviéeviét
YInstitute of Chemistry, Technology and Metallurgy, University of Belgrade, Njegoseva 12, Serbia
2 Faculty of Science, University of Novi Sad, Trg Dositeja Obradovié¢a 3, Serbia
Ynstitut za hemiju, tehnologiju i metalurgiju, Univerzitet u Beogradu, NjegoSeva 12, Srbija
’Prirodno matematicki fakultet, Univerzitet u Novom Sadu, Trg Dositeja Obradovic¢a 3, Srbija

Abstract

Electrochemical synthesis of niobium oxides from four different strongly acidic solutions onto
vitreous carbon electrodes was studied. Linear sweep voltammetry and potential step techniques
were used for electrochemical experiments and scanning electron microscopy and energy
dispersive spectroscopy for analysis of the working electrode surface and deposits formed. Change
of the working electrode potential to negative values, negative to 0.5 V vs. SCE, leads to
simultaneous reduction of niobium, hydrogen, nitrate and sulphated ions, which induces alkaline
media in the immediate vicinity of the electrode surface and formation of several niobium oxides
and oxyhidoxides. Despite reduction of niobium ions there are no firm evidence of the permanent
metal niobium clusters. Change of the electrode potential into positive direction, positive to — 1.000
vs. SCE, leads to simultaneous oxidation of niobium ions from lower oxidation state and additional
formation of niobium oxides. Morphology and crystallographic forms of the deposits obtained by
SEM and EDS analysis confirmed above assumptions.

Izvod

Elektrohemijskim putem sintetizovani su oksidi niobijuma iz cetiri razlicita veoma kisela rastvora
na elektrodi od staklastog ugljenika. U elektrohemijskim eksperimentima upotrebljavane su metode
linearne ciklicke voltametrije i potenciostatskog pulsa, a metode skenirajuce elektronske
mikroskopije i energetsko disperzivne spektroskopije posluzile su za analizu elektrodne povrsine i
taloga formiranog na njoj. Pri promeni radnog potencijala u negativnu stranu (a negativnije od
500 mV vs. ZKE) dolazi do simultanog odvijanja procesa redukcije niobijumovih, vodonikovih,
hidroksidnih, nitratnih i sulfatnih jona, Sto u formiranoj baznoj sredini u neposrednoj blizini radne
elektrode dovodi do nastanka nekoliko niobijumovih oksida i oksihidroksida na njeroj povrsini.
Mada dolazi do redukcije niobijumovih jona nema ¢vrstih dokaza da se njihova redukcija odvija do
formiranja odrzivih nakupina metalnog niobijuma. Pri promeni radnog potencijala u pozitivnom
smeru (pri potencijalima pozitivnijim od — 1.000 vs. ZKE) dolazi do zajednickog odvijanja
oksidacije niobijumovih jona nizeg oksidacionog stanja i dodatno se formiraju niobijumovi oksidi.
Morfologija dobijenih taloga i uocene kristalografske forme analizirane SEM i EDS tehnikama
potvrduju gore navedene pretpostavke.

Uvod

U poslednjih nekoliko decenija nanostrukturni materijali zasnovani na oksidima prelaznih metala,
iridijuma, volframa, niobijuma zbog svojih specificnih osobina imaju komercijalnu upotrebu i
zauzimaju zna¢ajno mesto na trzistu materijala [1]. Specifi¢na svojstva niobijuma, otpornost prema
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koroziji, superprovodnost, termostabilnost i biokompatibilnost, ¢ine ga veoma interesantnim, bilo
da se koristi za dobijanje tanke i porozne prevlake njegovog oksida bilo kao osnove za legure. Zbog
relativno niske cene oksidi niobijuma (jeftiniji od oksida tantala, ili titana) imaju primenu u
elektronskoj i hemijskoj industriji, a posebno su cenjeni katalizatori na bazi tih oksida koji se mogu
upotrebljavati i u bio-sistemima [2-4].

Danas se tradicionalne metode sinteze oksida kao Sto su sol-gel procesi, hemijska precipitacija,
sinteza na visokim temperaturama, zamenjuju novim i usavrSenim postupcima zbog mogucnosti
sinteze materijala visoke Cistoce, poboljsanih karakteristika i kontrole morfologije. Metoda
elektrohemijskog talozenja je od interesa pre svega zbog mogucnosti formiranja kristalnih umesto
amorfnih oksidnih filmova na podlozi. Cinjenica je da elektrohemijsko taloZenje niobijuma iz
vodenih rastvora termodinamicki nije moguce, zato Sto je katodni potencijal talozenja ovog metala
daleko negativniji od potencijala stabilnosti vode [5]. Ne postoji jednostavna niobijumska so koja
ne hidrolizuje u vodi, a da se moze upotrebiti kao elektrolit. Medutim, u literaturi postoje neke
informacije o vodenim elektrolitima koji se ipak mogu Koristiti za elektroredukciju niobijuma [6,7].
U predloZenim elektrolitima niobijum jon je obezbedivan direktnim elektrohemijskim rastvaranjem
metala naizmeni¢nom strujom velikih amplituda, a tako pripremljeni elektroliti su stabilizovani
dodavanjem nekog kompleksirajuceg agensa [8]. Odredeni broj sporednih reakcija kao $to su
redukcija vodonika, hidroliza niobijumskih jedinjenja, uticu na stepen iskoriS¢enja struje i
formiranje elektrohemijski neaktivnih vrsta u vodenim elektrolitima, ali i onemoguéavaju talozenje
metalnog niobijuma.

Cilj ovog rada bio je da se ispita mogucénost elektrohemijskog taloZenja niobijumovih oksida iz
mesSovitih kiselih fluoridnih, nitratnih i sulfatnih rastvora na staklastom ugljeniku. Ispitivan je uticaj
koncentracije elektrolita i primenjenog potencijala na morfologiju i dimenzije Cestica.

Eksperimentalni deo

Elektrohemijski eksperimenti u izabranim rastvorima uradeni su u posebno projektovanoj
elektrohemijskoj celiji napravljenoj od teflona (PTFE, ,,Aldrich“, SAD), otpornoj na dejstvo
kiselina, ukljucujuéi i HF, Sl. 1. Na ¢eliji, zapremine 50 cm’, sa leve strane smestena je Luggin-ova
kapilara i nosa¢ zasic¢ene kalomelove referentne elektrode. Kroz sredisnji otvor poklopca prolazi
teflonski nosa¢ radne elektrode od staklastog ugljenika (GC) (,,Sigma Aldrich SAD), radne
povrsine od 0,13 cm?. Kroz otvor na desnoj strani éelije prolazi teflonski nosa¢ anode od niobijuma
(99,99%, ,,LTS Chemical Inc.”“, SAD) aktivne povrSine 1,2 cm?. U ¢eliju se uvodi argon (99,99%,
»Messer, Srbija) kojim se obezbeduje inertna atmosfera u radnom prostoru. Na poklopcu celije
obezbedena je i cev za izvod argona i eventualnih gasova koji se razvijaju tokom rada. Sva
elektrohemijska ispitivanja su vr$ena na sobnoj temperaturi (25 °Cx 1°).
Kao elektroliti u radu korisc¢eni su rastvori:

I. 0,010M Nb + 2M H,SO4 + 1,4M HF + 0,8M HNOg;

Il.  0,02M Nb + 1M H,SO,4 + 0,7M HF + 0,4M HNOg3;
1. 0,05M Nb + 1M H,SO4 + 0,7M HF + 0,4M HNOs3;
IV. 0,06M Nb + 0,7M HF + 0,4M HNOs3.
Za sva elektrohemijska ispitivanja koris¢en je potenciostat/galvanostat EG&G PAR
(Potentiostat/Galvanostat Model 273A) koji je racunarski kontrolisan softverom (Power Suite
software-Princeton Applied Research).
Radna elektroda od staklastog ugljenika je nakon mehanickog poliranja brusnim papirom i na filcu
impregnisanim sa Al,O3 prahom (,,Banner Scientific Ltd.“, SAD) oprana u razblazenoj HCI (p.a.
»Merck®, Nemacka), a zatim ispirana destilovanom i dejonizovanom vodom. Anoda od niobijuma
je nakon mehanic¢kog poliranja hemijski nagrizena u smesi kiselina konc. HF : konc. HNO3z =1:1
(p-a. ,,Acros organics*“ SAD i ,,Merck®, Nemacka, respektivno) u tri intervala od po 10 s prekidanih
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ispiranjem dejonizovanom vodom, zatim detaljno isprana dejonizovanom vodom, pa apsolutnim
etil-alkoholom.

Slika 1. Presek teflonske elektrohemijske celije za rad u fluoridnim rastvorima

Elektrohemijski eksperimenti izvodeni tehnikom linearne ciklicke voltametrije podrazumevali su
promenu potencijala radne elektrode (meren u odnosu na ZKE) izabranom brzinom (od 5 mVs™ do
500 mVst) od podetnog potencijala E; (najéesée 50 mV negativniji od reverzibilnog potencijala
staklastog ugljenika u datom rastvoru) do izabranog krajnjeg negativnog potencijala Er i nazad.
Zatim je, za isti raspon potencijala radne elektrode izabrani krajnji negativni potencijal, Ez, bio
zadrzavan odredeno vreme, nakon ¢ega se potencijal vracao na pocetnu vrednost izabranom
brzinom.

Povrsina radne elektrode nakon primene potenciostatskog pulsa analizirana je skenirajucim
elektronskim mikroskop (SEM “JEOL”, model JSM-5800, Japan) i energetsko disperzivnom
spektroskopijom (EDS ,,Oxford INCA 3.2, V. Britanija).

Rezultati i Diskusija

U ispitivanim vrlo kiselim elektrolitima razli¢itih koncentracija izabranih komponenata zapazeno je
da se ravnotezni potencijal radne elektrode od staklastog ugljenika pomera ka negativnijim
vrednostima sa povecanjem koncentracije niobijuma i smanjenjem koncentracije sumporne kiseline.
Tipi¢ni rezultati linearne cikli¢ke voltametrije u nekim od upotrebljenih rastvora prikazani su na Sl.
2 aib), a rezultati dobijeni zadrzavanjem potencijala na vrednostima E¢ na Sl. 3.a) i b).
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Slika 2. Voltamogrami dobijeni na GC radnoj elektrodi, v = 10 mV/s; a) 0,05M Nb + 1M H2S04 +

0,7M HF + 0,4M HNO3, redosled promene potencijala: 1) Ei = 600 mV — Ef =—300mV; 2) Ei =

600 mV — Ef=— 600 mV; b) 0,05M Nb + 0,7M HF + 0,4M HNO3, redosled promene potencijala:
Ei=500mV — Ef=— 600 mV.

Rezultati dobijeni ciklickom voltametrijom U Sva ¢etiri ispitivana fluoridna elektrolita, pokazuju dva
redukciona strujna talasa, a na potencijalima negativnijim od — 700 mV 1 dodatni nagli porast
gustine struje. U anodnom delu voltamograma, kao odgovori, javljaju se jedan veci i1 razvuceniji
talas sa vise maksimuma ili dva oksidaciona strujna talasa. U slu¢aju 0,05M Nb + 0,7M HF + 0,4M
HNO3 pri ve¢im katodnim prenapetostima od — 900 mV dolazi do znacajnog povecanja gustine
struje krajnjeg katodnog strujnog talasa, Sto bi se moglo pripisati izdvajanju vodonika, ali ne
izostaje anodni strujni talas.
Kada je potencijal radne elektrode zadrzavan duze na granicnom negativnom potencijalu Eg, u sva
Cetiri ispitivana elektrolita (I - IV) uoceno je da su:
a) vrednosti gustine struje i redukcionih i oksidacionih vrhova strujnih talasa rasli sa
povecanjem vremena zadrZzavanja na granicnom negativnom potencijalu Eg,
b) i da su koli¢ine naelektrisanja ograni¢ene oksidacionim strujnim talasom rasle sa
povecanjem vremena zadrZavanja na grani¢cnom negativnhom potencijalu Eg.
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Slika 3. Voltamogrami dobijeni na staklastom ugljeniku, v="10 mV/s; raspon potencijala Ei = 600
mV — Ef =—450 mV; sa zadrzavanjem na Ef potencijalu; a) 0,01M Nb + 2M H2SO4 + 1,4M HF
+ 0,8M HNO3; b) 0,05M Nb + 1M H2S04 + 0,7M HF + 0,4M HNO3.

Izgledi povrsine radne elektrode snimljene skeniraju¢im elektronskim mikroskopom nakon primene
jedini¢nog potenciostatskog pulsa na izabranom potencijalu E¢ odredeno vreme prikazani su na Sl.
4. a) i b), a numericki izraz kvazi-kvantitativne analize energetskom disperzivnom spektroskopijom
(EDS) jedne od elektroda u Tabeli 1.

Naelektrisanje potroSeno na odvijanje redukcija u dva katodna strujna talasa kada je krajnji
negativni potencijal zadrzavan neko vreme na vrednostima pozitivnijim od — 500 mV i
naelektrisanje ograni¢eno oksidacionim strujnim talasima u anodnom delu voltamograma se
medusobno neznatno razlikuju. To nije slucaj u eksperimentima u kojima je krajnji negativni
potencijal radne elektrode bio negativniji od — 500 mV ili zadrzavan neko vreme na tim
vrednostima. U takvim primerima razmenjeno naelektrisanje ograni¢eno samo tre¢im katodnim
talasom (onim koji se javlja pri najnegativnijim primenjenim potencijalima ciklusa linearne
promene potencijala) bilo je 4, 5 i vise puta vece od ukupnog naelektrisanja ogranicenog anodnim
strujnim talasima.
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Slika 4. SEM fotografije povrsine radne elektrode snimljene nakon delovanja katodne prenapetosti
od — 350 mV ostvarene jedini¢cnim potenciostatskim pulsom u 0,02M Nb + 1M H2SO4 + 0,7M HF
+ 0,4M HNO3 u trajanju od: a) 6 minuta, uvecanje 1500x, b) 60 minuta

Tabela 1. EDS analiza taloga sa povrsine staklastog ugljenika snimljene nakon 180 minuta
delovanja katodne prenapetosti od —420 mV ostvarene jedinicnim potenciostatskim pulsom u
0,05M Nb + 0,7M HF + 0,4M HNO3 elektrolitu.

Element Tip Element Atomski
spektra (%) (%)
ED 45,55 23,23
ED 49,36 75,45
ED 5,09 1,34
Ukupno 100,00 100,00

U nama dostupnoj literaturi [6,7,9-12] nema dovoljno podataka o procesima koji se javljaju pri
elektrohemijskom taloZenju i rastvaranju niobijuma iz vodenih rastvora uopste, a posebno ne iz
fluoridnih rastvora koji bi mogli direktno da objasne ove rezultate. U ovom radu su upotrebljeni
jako kiseli fluoridni, nitratni i sulfatni elektroliti koji se razlikuju od onih koji se mogu na¢i u

literaturi (kiseli ili bazni, hloridni, sulfatni, sa organskim dodacima). Istovremeno, u ovom radu
radna elektroda bila je staklasti ugljenik za razliku od Hg, Nb, Pt, SnO, koje se sre¢u u navedenoj
literaturi.

Dobijeni rezultati ukazuju na formiranje razli¢itih faza na povrSini radne elektrode tokom primene
potencijala negativnijihn od — 300 mV i njihovog delimi¢nog rastvaranja pri potencijalima
pozitivnijim od — 300 mV. Dva redukciona strujna talasa koji se javljaju pri potencijalima
pozitivnijim od — 500 mV najverovatnije pripadaju redukciji niobijumovih jona iz visih u nize
oksidaciono stanje. Treé¢i redukcioni nagli porast struje koji se javlja na potencijalima negativnijim
od — 500 mV mora se pripisati izdvajanju vodonika, jer se primecuju i gasni mehurovi. Vrlo
negativan potencijal pri kome dolazi do pocetka izdvajanja vodonika i pored veoma niske pH
vrednosti moze se pripisati velikoj prenapetosti izdvajanja vodonika na staklastom ugljeniku.
Pourbaix -ov dijagram za sistem Nb/H,O [5] ukazuje na formiranje nekoliko oksida i hidroksida
niobijuma (NbO, NbO,, Nb,Os, Nb(OH); ) u veoma kiselim sredinama (pH < 1) i u kori§¢enom
rasponu potencijala od 500 mV do — 1000 mV. U prilog ovoj pretpostavci idu i rezultati nekih
autora [6,7] dobijeni u hloridnim rastvorima koji tvrde da se redukcija niobijuma odvija u najmanje
dva koraka i to od Nb (V) do Nb (IV) na — 495 mV i od Nb (IV) do Nb (Il) na - 750 mV, koji je
nestabilan i1 brzo prelazi u Nb (III), pri ¢emu put redukcije zavisi od koncentracije niobijuma u
elektrolitu.
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Proces izdvajanja vodonika u neposrednoj blizini elektrode formira atmosferu OH™ jona koji sa
prisutnim niobijumovim jonima mogu da daju niobijum hidrokside, koji daljom redukcijom mogu
formirati okside. Istovremeno, moze do¢i do redukcije nitrata u nitrite 1 sulfata u sulfite uz
formiranje O®~ jona koji sa prisutnim niobijumovim jonima mogu formirati okside, a sa
niobijumovim hidroksidima oksihidrokside [5,10-12,13].

Zakljucak

Na osnovu dobijenih rezultata moze se zakljuciti da dolazi do formiranja niobijum oksida i
oksihidroksida na povrsini radne elektrode od staklastog ugljenika iz ispitivanih kiselih elektrolita.
Mada dolazi do redukcije niobijumovih jona nema ¢vrstih dokaza da se njihova redukcija odvija do
formiranja odrzivih nakupina metalnog niobijuma.

Rezultati dobijeni SEM i EDS analizama potvrduju gore navedene pretpostavke, a morfologija
dobijenih taloga i uoc¢ene kristalografske forme sli¢ne su onima prikazanim u literaturi.
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Abstract

Paper reports relative importance of the operating parameters such as superficial gas velocity,
surface tension gradient, orifice diameter of gas distributor and the membrane inserted into the
downcomer on the gas holdup and downcomer liquid velocity. Superficial gas velocity has the
strongest influence on the gas holdup and liquid velocity. The second most influential parameter is
a membrane resistance. Then follows the orifice diameter that has the stronger influence in the
bubbly and transition regime than surface tension gradient, while the opposite situation is in the
heterogenous regime.

Introduction

During the past decades airlift reactors have been widely used in chemical and biochemical
processes, fermentation systems and wastewater treatment. The main advantage of airlift reactors is
their simple construction and minimal room requirements, good mixing and the low cost. There are
many variations of these reactors, but the two major groups are: internal loop airlift reactors (ILAR)
and external loop airlift reactors (ELAR).

Rapidly progress in the industry requires reactors with continuous product removal. Therefore,
airlift reactors were combined with membrane separation process, so in this integrated process, both
the biomass formation and liquid separation with soluble products take place in one membrane
bioreactor. This process has many advantages, such as an excellent and stable effluent quality,
compact equipment, high volumetric load and less surplus sludge production [1]. One of the newest
type of membrane reactors is the external loop airlift membrane reactor (ELAMR) that proves to be
very energy efficient, because it does not require pump to circulate the liquid [2].

The hydrodynamics in an ELAMR has significance in the control of membrane fouling and
maintenance of the steady operation [1]. The gas holdup and the downcomer liquid velocity are the
most important hydrodynamic parameters [3]. It is well known that the gas holdup and downcomer
liquid velocity in the ELAR depend on parameters such as superficial gas velocity, ratio of the
downcomer to riser cross-sectional area, horizontal connector geometries, hydrodynamic resistance
to the liquid flow, liquid height in the gas separator, type of gas distributor and physical properties
of the liquid phase [4-6]. Also, a membrane module inserted in the downcomer represents
hydrodynamic resistance to the liquid flow and has a strong influence on the gas holdup and liquid
velocity.

Because of the complex effects previously mentioned the goal of this work was to systematically
investigate influences and determined their relative influence on the gas holdup and liquid velocity.
Acrtificial neural network (ANN) was chosen to predict the output parameters. Our previous
publication [7] showed that ANN has better predictability than traditional empirical power low
correlations. Yoon’s model was chosen as the best model to sort operating parameters by their
importance.

Experimental setup
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Experimental setup was the cylindrical external loop airlift reactor made of Plexiglas consisted of a
riser (54 mm i.d. and 2000 mm in height), downcomer (25 mm i.d. and 1950 mm in height) and
rectangular gas separator. The air, sparged into the riser, was used as the gas phase. Three different
gas distributors were tested: single orifice (4 mm i.d.), perforated plate (7 holes of 1 mm i.d.,
triangular pitch) and sinter plate (average pore size 115 um). Tap water and dilute alcohol solutions
(0.046 wt% ethanol, 0.011 wt% n-butanol and 0.0051 wt% n-hexanol) were used as the liquid
phase. The superficial gas velocity, based on the riser cross-sectional area, was varied in the range
0.02 to 0.22 m/s. Two eDAQ (Australia) conductivity isoPods with miniature dip-in conductivity
electrodes were used to determine downcomer liquid velocity. The gas holdup values in the riser
(ecr) Were obtained by measuring the pressures at the bottom and the top of the riser using
piezometric tubes. The tubular ceramic membrane (ZrO2/TiO2, Novasep, France) 20 cm in length
and 2.3 cm in diameter, with 7 channels (6 mm i.d.), was installed in the downcomer. To quantify
the hydrodynamic resistance of the membrane itself, it was necessary to calculate the overall
friction coefficient (Ks) in both reactors. The K¢ was derived according to Verlaan [8] by plotting
the square of the measured superficial liquid velocity as a function of the gas holdup:

2gH
Ky

2 _
W™ = &g

Results and discussion

Hydrodynamic regimes

Hydrodynamics of an ELAR is characterized by different flow patterns depending on the gas flow
rate: homogenous (bubble flow), transition, heterogeneous (churn turbulent flow) regimes and slug
flow. In this study, we investigated relative influences of operating parameters in two regimes that
are the most different between themselves: bubble flow and heterogenous regimes.

The transitions between regimes were identified by the change of the slope of the gas holdup vs. the
superficial gas velocity curves. A more detailed analysis of the hydrodynamic regimes and their
transitions at specified superficial gas velocities can be found in our earlier study [7].

Artificial neural network and Yoon’s model

In this paper, we used one ANN for each hydrodynamic regime: bubble flow and churn turbulent
flow, in order to predict the gas holdup (gg) and downcomer liquid velocity (W,4). Neural network
inputs were the same for both ANN: 0.022 < Ug < 0.218 m/s, 0.027 < (do/dCa) < 1.985 mNm?/mol,
0.115 <do < 4 mm, 11.9 < Kf< 22.3. Where do/dCa is the surface tension gradient and d, is the
orifice diameter of the gas distributor. The networks were trained with the Bayesian regulation back
propagations training algorithm. The transfer functions were the linear transfer function (purelin) at
output layers and the tangent sigmoid transfer functions (tansig) at hidden layers.

Successful creation of the ANNs and obtained weight matrices provide the determination of the
relative importance (RI) of input values and its effect on the g and W\q. In this study, the following
equation developed by Yoon et. al was used:

Dk=0(Wir Wi i)
iZoabs Yi_o(Wi wi;j)
where Rlj; is the relative importance of the ith input variable on the jth output, wi is the weight

between the ith input and the kth hidden neuron, and wy; is the weight between the kth hidden
neuron and the jth output.

Relative importance of working parameters in the bubbly regime
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The ANN topology was 4-8-2 for bubbly regime, R? was 0.996. From Figure 1 it can be seen that
the greatest influence has Ug with approx. 55% of relative importance, the second most influential
parameter is the membrane resistance (about 15%), and it is followed by orifice diameter (about
10%) and the surface tension gradient that has minimal effect. For all the gas liquid systems and
both reactors (ELAR and ELAMR), the &g and Wq4 increased with an increase in the superficial gas
velocity, so the strongest influence of the Ug was expected, this is in agreement with experimental
study. The insertion of the membrane in the downcomer of the ELAR increased the overall friction
coefficient. Higher resistance in the ELAR leads to a decrease in the liquid velocity and an increase
in the gas holdup. So, from Figure 1, we can concluded that the membrane resistance has a greater
negative influence on the W4 than positive effect on gg. Initial size and distributions of the bubbles
are determined by the flow through the sparger, because of that the orifice diameter of gas sparger
has noticeably effect on e and W\q. It is important to note that at small Ug in the bubbly regime
coalescence does not appear so the alcohols have marginal influence, that can be seen also in Figure
1. Figure 2 presents that ANN has an excellent prediction.

(;Roelative importance determined using Yoon interpratation method
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Figure 1. Relative importance of operating parameters using Yoon interpretation method for bubbly
regime
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Figure 2. Parity plot of the experimental and predicted values for eG and WId for bubbly regime

Relative importance of working parameters in the churn turbulent regime

The ANN topology was 4-10-1 for turbulent regime, R? was 0.9991. It is interesting to notes from
Figure 3 that the surface tension gradient has greater influence than the orifice diameter of the gas
distributor. This can be explained that at gas velocities corresponding to the bubble flow,
coalescence did not appear. On the other hand, at high gas velocities corresponding to the churn
turbulent flow, coalescence was much stronger and the effect of the alcohols to hinder the
coalescence was more noticeable. Influence of the superficial gas velocity and the membrane
resistance was the same as in the bubble regime.
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Figure 3. Relative importance of operating parameters using Yoon interpretation method for
turbulent regime
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Figure 4. Parity plot of the experimental and predicted values for eG and WId for turbulent regime

Conclusion

ANN coupled with Yoon’s interpretation model showed that can be successfully used to determine
relative importance of operating parameters such as superficial gas velocity, surface tension
gradient, orifice diameter of gas distributor and the membrane inserted into the downcomer on the
gas holdup and downcomer liquid velocity. Results from this study are very important for the scale
up and understanding the phenomena that occur in the external loop airlift reactors with and without
the membrane.
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Abstract

AlZnSnSi alloy was prepared using different contents of Mg to be used as anode for cathodic
protection of steel (A60) in 0.1M NaCl.

The influence of Mg on the corrosion behavior of AIZnSnSi anode in natural chloride solution were
investigated by potentiodynamic measurements, scanning electron microscopy and X-ray energy
dispersion. The main precipitates in AlZnSnSiMg alloy are Mg,Zn and Mg,Si. The addition of Mg
to AlZnSnSi alloy shift the corrosion potential towards more negative direction and gave a good
cathodic protection after one month. SEM images show that the presence of Mg in AlZnSnSi alloy
produce better and uniform dissolution. RP results confirm that the presence of Mg in the alloy
improves the uniform corrosion and the anodic dissolution of AlZnSnSi alloy by reducing
polarization resistance values (Rp).

Keywords: Cathodic protection, Aluminum alloy, uniform corrosion.

Introduction

Cathodic protection is the main technique for preventing corrosion on external surfaces of carbon
steel parts in the submerged zones of ships, harbor installations and offshore structures that operate
in direct contact with seawater [1]. Such protection is used also for internal parts of marine
equipment in which seawater flows such as tanks, filters, pumps, valves even if made of corrosion
resistant alloy. The combination of cathodic protection and corrosion resistant alloys can be a
convenient solution. The cathodic protection of stainless steel can avoid localized corrosion induced
by chlorides and makes possible the utilization of alloys with lower contents of chromium and
molybdenum compared to the levels needed for the corrosion resistance in seawater, thus allowing
the use of less expensive steels.

Aluminum alloys [1,2] are preferentially used in cathodic protection technology of steel because of
their properties due to their low cost, low density and theoretical specific capacity (2980Ah.Kg™).
Often aluminum alloys are inhibited by the presence of a passive oxide film, which limits their
practical applications [3]. Indeed, the presence of oxides on the surface of these materials induces
localized corrosion, which reduces their efficiency. A possible solution is to make it active by the
addition of elements such as zinc [4] tin [5], silicon [6], magnesium [7], indium [8], etc. Different
microstructures such as grain size, dislocation density and precipitates have various effects on the
corrosion behavior of these alloys.

Muller et al. [9] reported that alloying aluminum with 5% Zn results in high activation. Hence, the
presence of Sn as an alloying element increases the rates of corrosion. In a more recent work [10,
11], it has been reported that the presence of Sn leads to a more homogenous corrosion. The
addition of Mg to Al improves its mechanical properties such as hardness and strength [12].
According to J.Wen et al.[13], the formation of Mg,Si in the AlZnInMgTi alloy by adding
0.1(wt.%) of Si, causes a higher current efficiency, lower fluctuation of the cathodic current
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protection (CCP) values and more uniform corrosion compared to the Al-5Zn-0.03In-1Mg-0.05Ti
(wt.%) anode.

In this work, the influence of Mg addition to AlZnSnSi alloy is considered for the first time to the
elaboration of an alloy with anodic precipitates distributed in the Al matrix. This leads to more
uniform dissolution of the anode and then improves the cathodic protection of carbon steel in
sodium chloride medium.

Mg,Si precipitate in chloride environment is very anodic compared to the solid solution. Since
Mg,Si reacts with water to form SiO, and MgO [19]. Mg,Zn precipitates can act as corrosion center
and cause the propagation of the corrosion [7]. Therefore, the aim of this work is to combine the
generation of both of precipitates to improve the protection of steel in 0.1M NaCl.

Experimental procedure

A. Materials preparation

The aluminum alloys used in this study were elaborated from the pure elements (99.99% Heraeus-
GMBH) with the chemical composition, 5% wt. of Zn, 0.25% wt. of Sn, 0.1% wt. of Si, 1.6% wt. of
Mg and balance of Al. The elaboration was carried out in a graphite crucible under argon gas at
660°C = 50°C until the fusion of all the elements, followed by 20 min cooling. Before any
characterization, the as-cast aluminum alloys (S = 0.63cm?) were mechanically polished (Buehler
EcoMet ™ 300 polishing machine) with SiC emery paper up to 1200 grade, then under
monocrystalline diamond paste with a particle size of 9 um, 3 um and 1 pm on a nylon belt. The
substrates are cleaned first with ultrapure water, then with denatured ethanol under ultrasound and
finally dried under nitrogen flow. Scanning Electron Microscope (SEM) (JOEL 7500 F) was used to
study the alloys microstructures. The structures of the specimens surfaces were identified by XRD
using PANALYTICAL X'PERT PRO diffractometer with monochromatic CuKa radiation.
(A=1.5406 A). The surface roughness (Ra) was measured using a Dektak 08 apparatus controlled by
the Dektak 32 software, with a scanning rate of 0.02mm.s~! and a distance measurement of
2.62mm.

Cathodic protection tests of steel (Ssteel (M) =1/3 Sanode (cM)), have been carried out in 0.1M NaCl
solution. Anode (alloys) and cathode (steel) are weighted before immersion and coupling in the
corrosion environment during 1 month. After the test, the corrosion products are removed and
cleaned; samples are weighted again to determine weight loss. One month is adequate to generate
sufficient weight loss for accurate measurement.

B. Electrochemical measurements

The electrochemical measurements were performed using a PGSTAT30-AUTOLAB system in a
conventional three-electrode cell. A specific software (Autolab Software version 4.8) controls the
experimental sequences, acquisition and processing of digital data. Ag-AgCl and Pt were used as
the reference and counter electrodes, respectively.

Polarization resistance tests of alloys are obtained according to Ohm's law,E = Rp X i, £10 mV/
AgAgClNs OCP (open circuit potential), therefore the polarization resistance is determined from
the slope AE /Ai (2 /cm?), while potentiodynamic polarization tests were obtained at
+200 mVAgAgCl Vs OCP with a scanning rate of 1 mV/s.

Results and discussions

Microstructure
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AlZnSnSi alloy was polished and prepared for physical surface characterization by SEM. EDX
analysis has been carried out to determine the chemical composition in (Fig.1). The alloy exhibits a
dendric structure with the existence of bright irregular shape spot spread all over the alloy surface.
The bright spots are attributed to Zn and Sn elements located at the grain boundary of aluminum
matrix. EDX spectra show the presence of elements such as Zn and Sn from the bright spot area
(Fig.1. (b-1)), while Al, Zn were detected from the dark spot area (Fig.1.(b-2)). Sn has a low solid
solubility in aluminum [14]. It has a tendency to be rejected to interdendrite structure and to diffuse
preferentially at the grain boundaries.

10pm JEOL 4/25/2017
15.0kV LABE  SEM WD 8.3mm 1:34:03

Figure.1.SEM image for (a) polished surface of AlZnSnSi alloy, (b) representative EDX spectra at
spot (1) and (2) EDX at spot (2)

The addition of Mg (wt.%) to the alloy decreases the bright precipitates at grain boundaries, which
may suggests a good distribution of the Mg atoms in the a-Al solid solution, and cause a
phenomenon of uniform corrosion of the surface. According to Jingling et al. [15], the addition of
Mg reduces the precipitates, refines the grain, and increases the concentration of Zn in the a-Al
matrix.
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— 10pm JEOL 4/24/2017
X 1,600 15.0kV LABE SEM WD 8.7mm 1:43:43

Figure.2. SEM image for (a) polished surface of AlZnSnSiMg alloy and (b) EDX spectra in (b) of
Fig 2.a

B. X-ray diffraction analysis

X-ray diffraction analysis pattern indicate the presence of two crystallized intermetallic phases in
addition to the a-aluminum matrix, with a magnesium addition in the alloy under consideration. Sn
related peaks are not detected which is probably due to its low concentration. By way of illustration,
(Fig. 3), shows the X-ray diffraction pattern obtained for the AlZnSnSi and AlZnSnSiMg alloys.
These intermetallic phases can be indexed as the intermetallic phases Mg,Si [16], Zn,Mg [17].
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Figure 3:X-ray diffraction pattern of the alloys

As it can be seen in the XRD patterns, there are two kinds of intermetallic precipitates formed in the
AlZnSnSiMg alloy.

Silicon, according to the principle of metal solidification, can increase the fluidity of the alloy
because it has not only the same crystal structure of face-centered cubes as aluminum. In the other
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hand, the elements with low melting point such as Zn or Mg are enriched in the liquid ahead of
solid-liquid interface during the solidification process, forming the precipitates regions [18].

C. Surface topography study

The surface roughness parameter (Ra) was used to identify the specific topography of surface

before and after exposition to corrosive environment.

Ra (um)

Figure 4: Surface roughness before and after 24 hours of immersion in 3% NaCl aqueous solution

(Figure 4) shows the surface roughness parameter before corrosion test (i.e. after polishing surface),
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where Ra is similar for both alloys (AlZnSnSi and AlZnSnSiMg).

After corrosion attack, the average surface roughness is comparatively lower with Mg addition to
the alloy (AlZnSnSiMg). Mg integrates well in the alloy and contributes to a better dissolution
process by the formation of Mg,Si and MgZn, with favor a better dissolution process by creating a

more homogenous galvanic current.
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Figure 5: SEM images of the alloys after 24 hours of immersion in 3%NacCl

D. Polarisation Resistance measurements (PR)
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The value of the polarization resistance PR of AlZnSnSi and AlZnSnSiMg from the I-E curves after
24 hours of immersion are given in the (Fig. 6).

0.16

Rp(Ohm/cm?)

AlZnSnSi

Alloy

Figure 6: Polarization resistance values after 24 hours of immersion in 3%NaCl aqueous solution

By adding Mg to the alloy, RP decreases from 0.15 Q/cm? to 0.08 Q/cm?. For AlZnSnSi, it can be
seen that the polarization resistance is larger than the AlZnSnSiMg. This is can be attributed to the
anodic behavior of the precipitates formed after the heat treatment which lead to the corrosion of the
anode and decrease its polarization resistance in the grain boundary unlike with AlZnSnSiMg where
the precipitates are anodic and then their dissolution is done in islets. This low value of RP indicates
that Mg plays an activating effect on the alloy by the formation of anodic precipitates.

E. Galvanic Coupling

In order to evaluate the cathodic protection of steel by aluminum anodes, calculations of the anode
efficiency have been carried out [19], using measurements of current protection and weight loss of
the anode.

o Lot )
= = ®
cc
Ef4(%) = —2x100 (2)
CCyp

Table 1: Open circuit potential of alloys measured after 24 hours (OCP), cathodic current and
potential protection (CPP, CCP respectively), current capacity and efficiency of the alloys after one
moth of immersion in 0.1M NacCl.

ocCP CPP Cccp Current Efficiency
(v/AgAgCl) | (V/AgAgCl) | (nA/ecm?) capacity (%)
(Ah/Kg)
AlZnSnSi -0.88 -0.86 100 1000 35.98
AlZnSnSiMg | -1.10 -0.90 130 1800 64.57
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Where:

,At=Q=[1dt Asec=1/3600 Ah

Wm: Weight loss of the anode samples

CC,: Actual current capacity

CCyy: Theoretical current capacity

The addition of Mg and Si displaces the galvanic potential to very electronegative values and above
all to the protection potential of the carbon steel (-800 mV / Ag-AgCl, according to the NACE
criterion), confirming that these anodes are more active than pure Al and can be used as sacrificial
anodes for the protection of carbon steel.

Conclusion

The results presented in this work showed that the addition of Mg and Si in the AlZnSn alloy
influence significantly its electrochemical behavior and improve its uniform corrosion. The
corrosion potential of AIZnSnSiMg alloy is found more electronegative than without AlZnSnSi.
The current efficiency and capacity of AlZnSnSiMg are higher than AlZnSnSi alloy. The main
precipitates in AlZnSnSiMg alloy are Mg,Si and MgZn;.

Perspectives

Elaboration, of Mg,Si and Mg,Zn precipitates, study of their corrosion behavior compared to the
Al-Sn matrix, to distinguish the most anodic precipitate and thus which contributes mostly to the
sacrificial anode protection of steel in 0.1NaCl medium.
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Correlation between crystal orientation and morphology of silver
powder particles obtained by different methods of synthesis and
conditions of electrolysis
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Abstract

Morphologies of silver powder particles obtained by chemical and electrochemical processes of
synthesis were correlated with their crystal structure. Reduction with hydrazine was used for the
synthesis of Ag powder by the chemical process. The different kinds of electrolytes (the nitrate and
the ammonium ones), regimes of electrolysis (the galvanostatic and the potentiostatic ones) and
overpotentials of the electrodeposition were used for production of Ag powders by electrolysis.
Morphologies of synthesized particles strongly depended on the method of synthesis and conditions
of electrolysis. Agglomerates of approximately spherical grains were formed with hydrazine as the
reducing agent. In the dependence of conditions and regimes of electrolysis, various forms of
dendritic particles, such as the needle-like, fern-like and pine-like dendrites, were formed. The
preferred orientation of Ag particles changed from the strong (111) preferred orientation for the Ag
particles obtained by the electrolysis from the nitrate electrolyte in the galvanostatic regime and at
the overpotential outside plateau of the limiting diffusion current density to almost random oriented
Ag crystallites for chemically synthesized particles and the pine-like particles obtained from the
ammonium electrolyte by the galvanostatic and those produced by the potentiostatic regime outside
plateau of the limiting diffusion current density.

Izvod

Morfologije Cestica praha srebra dobijene hemijskim i elektrohemijskim procesima sinteze su
povezane sa njihovom kristalnom strukturom. Proces redukcije sa hidrazinom je bio koriscen za
hemijsku sintezu praha srebra. Razlicite vrste elektrolita (nitratni i amonijacni), rezZimi elektrolize
(galvanostatski i potenciostatski) i prenapetosti elektrohemijskog taloZenja su koriséene za
proizvodnju praha srebra elektrolizom. Aglomerati priblizno sfericnih zrna su bili formirani sa
hidrazinom kao redukcionim sredstvom. U zavisnosti od uslova i reZima elektrolize, razlicite forme
dendriticnih Cestica, kao sto su iglicasti dendriti i oni nalik paprati i boru, su bili formirani.
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Preferencijalna orijentacija Cestica srebra se menjala od stroge (111) preferencijalne orijentacije
za Cestice dobijene elektrolizom iz nitratnog elektrolita galvanostatskim rezimom i na prenapetosti
izvan platoa granicne difuzione gustine struje do skoro slucajno orijentisanih kristalita srebra kod
hemijski sintetizovanih Cestica i onih nalik boru dobijenih iz amonijacnog elektrolita
galvanostatskim reZimom i potenciostatskim reZimom na prenapetosti izvan platoa granicne
difuzione gustine struje.
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The presence and importance of removing the present emissions of
gasses as a byproduct of wastewater

Prisustvo i znacaj uklanjanja prisutnih Stetnih gasova kao nus proizvod otpadnih
voda
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PUC Belgrade Waterworks and Sewerage, Kneza Milosa 27, Belgrade, Serbia
JKP Beogradski vodovod i kanalizacija, Kneza Milosa 27, Beograd, Srbija

Abstract

The protection and improvement of the environment is one of the most important goals to be
achieved by countries, nations, companies and individuals. Realizing the importance of the
environment JKP BVK recognized anthropogenic sources of air pollution and about to take
measures to reduce the degree of air pollution in urban areas. The goal is to highlight the impact of
emissions compounds into the atmosphere from the accumulated waste water gases in facilities of
BKS (KCS, sewer manholes, WWTP). Therefore we propose measures for successful resolution of
air protection in order to preserve the air as natural values of general interest. Filtration of waste
gases prevents their impact on human health and / or the environment. We eliminate emissions into
the atmosphere and reducing the vulnerability of the microclimate of the city and the environment.
The paper suggests that designers and investors should be to select and apply these methods and
devices in the facilities of the sewage system, where they are present and where they are treated
sanitary waste water utilities.

Key words: sewage, municipal waste water, waste gases, ozonation, biomass, mechanical -
chemical filter,environment

Izvod

Zastita i unapredenje Zivotne sredine je danas jedan od najvaznijih ciljeva koji se postavljaju pred
drzave, narode, kompanije i coveka. Shvatajuci vaznost Zivotne sredine JKP BVK je prepoznao
antropogene izvore zagadenja vazduha i preduzima mere u cilju smanjenja stepena zagadenosti
vazduha u urbanoj sredini. Cilj rada je da se ukaze na uticaj emisije Stetnih gasova-jedinjenja u
atmosferu iz akumulirane otpadne vode u objektima BKS (KCS, kanalizacioni Sahtovi, PPOV).
Predlazu se mere za uspesno reSavanje zastite vazduha u cilju ocuvanja vazduha kao prirodne
vrednosti od opsteg interesa. Filtracijom otpadnih gasova sprecava se njihov Stetan uticaj na
zdravlje ljudi i Zivotnu sredinu. Eliminise se njihova emisija u atmosferu i smanjuje uticaj na
ranjivost mikroklime grada i Zivotne sredine. U radu je ukazana i potreba projektanata i investitora
za izbor i primenu predloZenih postupaka, mera i uredaja u objektima kanalizacionog sistema gde
su prisutne ili se tretiraju otpadne vode ( komunalne i tehnoloske ).

Kljuéne re¢i : kanalizacija, komunalne otpadne vode, Stetni gasovi, 0zonizacija, biomasa,
mehanicko —hemijski filter, Zivotna sredina
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Effects of inorganic inhibitors on corrosion properties Al-Mg alloys in
0.5M solution of NaCl

Uticaj neorganskih inhibitora na korozione osobine Al-Mg legura u 0,5M rastvoru
NaCl

Dragan Radonji¢, Jelena Séepanovi¢, Darko Vuksanovié
University of Montenegro, Faculty of Metallurgy and Technology, Podgorica, Montenegro
Univerzitet u Crnoj Gori, Metalursko-tehnoloski fakultet, Podgorica, Crna Gora

Abstract

In this paper was investigated the possibility of inhibiting the corrosion of the Al-Mg alloy alloys
with inorganic inhibitors in a 0.5 M NaCl solution at room temperature. Solutions used as
corrosion inhibitors are NaNO, i K,CrOy4. Their influence on corrosion of Al-Mg alloys was
investigated by determining electrochemical parameters by the method of linear polarization and
the potentiodynamic method. From the value of the corrosion current density determined by the
measurements, the efficiency in the solution with and without the presence of the inhibitor was
calculated. The use of inhibitors led to the improvement of corrosion characteristics, which was the
aim of this paper.

Keywords: corrosion inhibitors, corrosion of metals, aqueous solutions, current density
Izvod

U ovom radu je ispitana mogucénost inhibicije korozije legure AI-Mg legura neorganskim
inhibitorima u 0,5M rastvoru NaCl na sobnoj temperaturi. Kao inhibitor korozije koriscéeni su
rastvori NaNO, i K,CrO,4. Njihov uticaj na koroziju Al-Mg legura ispitivan je odredivanjem
elektrohemijskih parametara metodom linearne polarizacije i potenciodinamickom metodom. Iz
vrijednosti gustina struje korozije odredenih mjerenjima izracunata je efikasnost u rastvoru sa i bez
prisustva inhibitora. Koriséenjem inhibitora dovelo je do poboljsanja korozionih karakteristika, Sto
je bio i cilj ovog rada.

Kljuéne rijeci: inhibitori korozije, korozija metala, vodeni rastvori, gustina struje

Uvod

Aluminijumske legure sa magnezijumom kao glavnim legiraju¢im elementom, serije S5xxXX,
predstavljaju vaznu grupu komercijalnih Al legura koje imaju najvecu primjenu u automobilskoj,
transportnoj, industriji ambalaZze, avioindustriji 1 raketnoj tehnici.

Glavni doprinos ¢vrsto¢i ovih legura daju rastvarajuée ojacavanje i hladna deformacija, a manje
ojacCavanje granicama zrna i teksturom. Rastvaraju¢e ojaavanje se postize prisustvom supstitucijski
rastvorenih atoma Mg u ¢vrstom rastvoru Al. Pored Mg koji je glavni legiraju¢i element i koji ima
veliku rastvorljivost u ¢vrstom rastvoru, ove legure sadrze 1 druge legiraju¢e i pratee elemente
(Mn, Fe, Si, Cr, Zn, Cu, Ti, Ni), koji zbog ogranicene rastvorljivosti grade nerastvorne intermetalne
faze. Ovi elementi manje uti¢u na povecanje ¢vrstoce od Mg, ali imaju znacajnu ulogu na promjene
u strukturi koje nastaju u toku zagrijavanja Al-Mg legura, tj. imaju veliku ulogu u kontroli veli¢ine i
homogenosti raspodjele zrna, uticu na fizicka svojstva i korozionu postojanost. Legure sistema Al-
Mg pokazuju odli¢nu korozionu postojanost i dobru zavarljivost.
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Ovaj tip legura bio je predmet velikog broja istrazivanja, koris¢enjem kako neorganskih, tako i
organskih inhibiora korozije u razli¢itim rastvorima. Rezultati polarizacionih mjerenja pokazali su
da gentisinska kiselina deluje kao katodni inhibitor legure Al-2,5 Mg u rastvoru NaCl koncentracije
0,5 M [1]. Inhibiciona efikasnost primjenjenog inhibitora najveca je u stanju mirovanja i pri
najnizoj temperaturi koja se ispituje, a smanjuje sa povecanjem brzine rotacije elektrode i
povecanjem temperature elektrolita. Sinapinska kiselina je proufavana za mogucu primenu kao
inhibitor korozije Al-2.5 Mg u rastvoru NaCl od 0,5 M [2]. Rezultati polarizacionih mjerenja su
pokazali da sinapinska kiselina djeluje kao katodni inhibitor legure Al-2,5 Mg u 0,5 M rastvoru
NaCl. Inhibitna efikasnost se smanjuje sa pove¢anjem temperature elektrolita. Istrazivanja [3] su
dokazala inhibitorno djelovanje fenolne frakcije vodenog ekstrakta ruzmarina na koroziju legure
Al-2,5 Mg u 3% rastvoru NaCl. Dokazano je da je efikasnost aditiva kao inhibitora korozije Al-2,5
Mg legure vrlo dobra, ali postoje razlike u ponasanju inhibicije pojedinih frakcija. Ovo se moze
pripisati ¢injenici da svaka od ovih frakcija sadrzi razli¢ita jedinjenja koja treba identifikovati i
objasniti njihov uticaj.

Sprovedena istraZivanja u ovom radu imala su cilj da pokazu uticaj hemijskog sastava ispitivanih
legura (sa 2,5% Mg i 4,4% Mg) na koroziono ponasanje, kao i da se kvantifikuje brzina korozije
pracenjem vrijednosti gustine struje korozije i izraCuna efikasnost zastite u prisustvu primijenjenih
neorganskih inhibitora.

Eksperimentalni dio

Legure sistema Al-Mg dobijene su topljenjem u elektrootpornoj peéi snage 5,5 kW, ¢ija radna
temperatura je 1100 °C. Nakon topljenja u elektrootpornoj peéi vrieno je livenje u metalnu kokilu i
hladenje na vazduhu.
Koroziona i elektrohemijska ispitivanja vrSena su na opremi za ubrzana ispitivanja-sistem PAR koji
¢ine: potenciostat-galvanostat model 273, diferencijalni elektrometar, koroziona celija K0047,
standardna zasiena kalomel elektroda, pomoc¢ne elektrode-valjkasti elektrografit, raCunar sa
korozionim softverom SOFTCORR 352 II 1 Stampac.
U korozioniom istrazivanjima koriS¢ene su metode:

e metoda linearne polarizacije i

e potenciodinamicka metoda.

Rezultati i diskusija

Linearnom polarizacijom su dobijeni eksperimentalni dijagrami za legure Al-2,5Mg i Al-4,4Mg u
0,5 M rastvoru NaCl bez inhibitora i sa dodatkom NaNO; i K,CrO,4 kao inhibitora korozije u
koncentraciji 10* M. Na slikama 1 i 2 dati su prikazani dijagrami za legure Al-2,5Mg i Al-4,4Mg.

-744.0 T T T T T T -740.0 T T T T
e @ s ®
—248.0 |- P . —744.0 - . -
-752.0 - - - -748.0 - S -
o -756.0 5 o g ~ -752.0 B -
s S 3
g ; 2 n
=700 - B w7860+ -
“764.0 F . 0.0 F - d
-%8.0 - . -764.0 - I -
72 | L 1 L L L | %8 I L 1 L

.0 .0
-3.500 -2.500 -1.500 -0.500 0.500 1.500 2.500 3.500 4.500 -4.000 -3.000 -2.000 -1.000 0.000 1.000

Isarea (uA/cn”2) Isarea (uA/cn”2)

a) b)



Intro Impresum Index

Sadrzaj : : Contents

Sponsors

XIXYuCorr, September 12-15, 2017, Tara Mountain, Serbia

E (mV)

-728.0

-732.0

-736.0

-740.0

E (nV)

-748.0 [ =

-752.0

-744.0 -

-756.0 - *

~76!

0.0
-1000.0 -600.0 -200.0

200.0 600.0  1000.0 1400.0 1800.0

Isarea (nf/cn”2)

c)

Slika 1. Linearne polarizacije legure Al-2,5Mg:

a) bez dodatka inhibitora
b) u prisustvu 10-4M NaNO,
C) u prisustvu 10-4M K,CrO,4
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Slika 2. Linearne polarizacije legure Al-4,4Mg:

a) bez dodatka inhibitora
b) u prisustvu 10-4M NaNO,
C) u prisustvu 10-4M K,CrO,
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Na osnovu prethodno prikazanih linearnih polarizacija, kod obije ispitivane legure, primjetno je
pomjeranje potencijala prema pozitivnijim vrijednostima u prisustvu inhibitora, u odnosu na
linearnu polarizaciju u rastvoru bez dodatka inhibitora, Sto pokazuje da dodatak inhibitora utice je
na smanjenje brzine korozije.

U tabelama 1 i 2 prikazane su eksperimentalne vrijednosti polarizacionog otpora (Rp), gustine struje
korozije (jcorr), potencijala e(j=0) u 0,5M rastvoru NacCl.

Tabela 1. Vrijednosti Rp, jeorr | €(J=0) dobijene metodom polarizacionog otpora u prisustvu
inhibitora NaNO,

Bez inhibitora 10* M NaNO,
Legura i=0 . . ]
’ e[(rfw]) Rp [KQ] | jeorr [nA/em’] | €(j=0) [MV] | Rp [KQ | jeorr [nA/cm’]
Al-2,5Mg -752,9 3,136 6,924 -741.5 4517 4,807
Al-4,4Mg -848,3 0,271 80,11 -837,0 5,176 4,196

Tabela 2. Vrijednosti Rp, jeorr | €(j=0) dobijene metodom polarizacionog otpora u prisustvu
inhibitora K,CrO,

Bez inhibitora 10* M K,CrO,
Legura i=0 . . ]
’ e[E'JnV]) Rp [k-Q] Jeorr [HA/cmZ] e(J:O) [mV] Rp [kQ] Jeorr “’lA/cmZ]
Al-2,5Mg -752,9 3,136 6,924 -741.5 11,28 1,924
Al-4,4Mg -848,3 0,271 80,11 -832,6 10,37 2,095

Na osnovu dobijenih vrijednosti gustine struje korozije i polarizacionog otpora legura sistema Al-
Mg uoceno je da dodatak inhibitora u osnovni rastvor uti¢e na povecanje vrijednosti Rp i smanjenje
vrijednosti jeor. Efikasnost zastite izraCunata je iz eksperimentalnih rezultata prikazanih u tabelama
112, prema jednacini [4]:

:M

JCOI’I’

n

Tabela 3. Efikasnost zastite ispitivanih Al legura u prisustvu organskih inhibitora, osnovni rastvor

0,5M NaCl
Legura 10*M NaNO, 10"M K,CrO,
Al-2,5Mg 30,57% 72,21%
Al-4,4Mg 94,76% 97,38%

Na slikama 3 1 4 prikazane su potenciodinamicke katodne i anodne polarizacione krive ispitivanih
legura sistema Al-Mg u 0,5M rastvoru NaCl bez inhibitora i sa dodatkom inhibitora u koncentraciji
10" M.
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Slika 3. Potenciodinamicke katodne i anodne polarizacione krive legure Al-2,5Mg:
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Slika 4. Potenciodinamicke katodne i anodne polarizacione krive legure Al-4,4MQ:
a) bez dodatka inhibitora
b) u prisustvu 10*M NaNO,
¢) u prisustvu 10*M K,CrO,

Kineticki parametri ispitivanog korozionog procesa: korozioni potencijal, katodni i anodni Tafelov
nagibi bez prisustva inhibitora kao i u prisustvu inhibitora odredeni na osnovu potenciodinamickih
krivih. Eksperimentalni rezultati pokazuju da dodatak oba inhibitora pomjera Ecor ka pozitivnijim
vrijednostima usled smanjenja brzine anodne reakcije. Ova ¢injenica ukazuje da su ispitivani
inhibitori adsorbovani na anodnim mjestima povrSine legure, usled Cega sprecavaju reakciju
rastvaranja legure i na taj nac¢in kontroliSu proces korozije [5]. Inhibitor moze biti klasifikovan kao
katodni ili anodni tip inhibitora ukoliko su promjene u vrijednostima Er veée od 85 mV [6].
Ekperimentalni rezultati pokazuju da su promjene korozionog potencijala znatno manje, (do 25
mV) pa su NaNO; i K;CrO, inhibitori mjeSovitog tipa. Neznatne promjene vrijednosti anodnih
Tafelovih nagiba, b, u prisustvu oba inhibitora govore da koriS¢eni inhibitori ne mijenjaju
mehanizam anodne reakcije, vec adsorpcijom na povsini legure reguliSu brzinu korozionog procesa

[7.8]
Tabela 5. Kineticki parametri korozionog ponasanja Al legure u prisustvu NaNO»
Bez inhibitora 10 M NaNO,
Legura Ecorr by b, (mV/dec) | Ecorr [MV] by b,
[mV] (mV/dec) (mV/dec) (mV/dec)
Al-25Mg | -7474 886,7 11,4 -723,3 953,0 17,93
Al-44Mg | -849,6 213,5 120,8 -833,4 254,3 136,8
Tabela 6. Kineticki parametri korozionog ponasanja Al legure u prisustvu K;CrOy
Bez inhibitora 10* M K,CrO,4
Legura Ecorr bk ba (mV/dEC) Ecorr [mV] bk ba
[mV] (mV/dec) (mV/dec) (mV/dec)
Al-25Mqg | -747,4 886,7 11,4 -726,9 203,8 10,58
Al-44Mg | -849,6 213,5 120,8 -730,0 162,2 71,47
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Zakljucak

Koroziona istrazivanja legura Al-2,5Mg i Al-4,4Mg u vodenom rastvoru NaCl bez i sa uticaja
koris¢enih inhibitora pokazuju da je hemijski sastav ispitivanih uzoraka pravilno odabra, narocito za
leguru Al-4,4Mg.

Najvecu efikasnost zastite pokazala je Al-4,4Mg (97,38%) sa dodatkom K,CrO4 kao inhibitora.
Uzimajuéi u obzir sve rezultate, moze se zakljuciti da vecu prosjecnu efikasnost ima K,CrO4, u
odnosu na NaNO,. Uticaj kori$¢enja inhibitora narocito je izrazen kod legure Al-4,4Mg, kod koje je
prosjecna efikasnost zastite oko 96 %.

Na osnovu prethodno iznesenog, uticaj koriS¢enih inhibitora je veoma pozitivan na smanjenje
brzine korozionog procesa u ispitivanom rastvoru NaCl.
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