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Uvodni slovo $éfredaktora

Rada pro védu, vyzkum a inovace zacatkem letoSniho unora
zverejnila novy Seznam neimpaktovanych recenzovanych
periodik vyddvanych v CR a WASTE FORUM na ném figuruje, coz
jsem ocekaval.

Jenze co je to platné, kdyz v novych pravidlech hodnoceni
projekti je za publikace v téchto ¢asopisech nula bodl.
Vyjimkou je nékolik malo obord, ale oblast, kterou se zabyva
WASTE FORUM, mezi né nepatfi.

Jiz se to projevilo na zajmu o publikovani v tomto ¢asopisu.
K datu uzdvérky tohoto ¢isla prisly do redakce pouze tfi
prispévky a ztoho pouze jeden (!) uspésné prosel recenznim

Fizenim.

Viabec nevim, jak bych to resil, jestli bych vydal ¢islo s jednim prispévkem a nebo cislo
nevydal a presunul onen ¢lanek do dalSiho ¢isla a doufal, Ze to se naplni.

Nastésti jsem toto dilema nemusel FeSit, protoZe se naskytla mozZnost do Cisla zaradit pét
¢lanku z VI. ro¢éniku konference Inovativni sanacni technologie ve vyzkumu a praxi VI, kterou
porddd spoleénost Vodni zdroje Ekomonitor, s. r. o. pod odbornou patronaci Ustavu chemie
ochrany prostfedi VSCHT v Praze a Ustavu nanomaterialii, pokroéilych technologii a inovaci
Technické univerzity v Liberci. Z pfednesenych prispévku odborni garanti v ¢ele s doc. Dr.
Martinem Kubalem, DrSc. vybrali zminénych pét kvalitnich prispévku, které autori jesté upravili
podle pripominek garantu a poskytli k uverejnéni v tomto Cisle. Tim bylo toto ¢islo ,,zachranéno*“.

Jenze co za téchto okolnosti dal? Uzavérka pro dalsi ¢islo 8. dubna v kazdém pfipadé plati
a budeme cekat, zda minimalni zajem o publikovani ve WF bude pokracovat. Potom bychom se
museli zamyslet nad tim, zda nezménit periodicitu vydavani na pulro¢ni ¢i nezrusSit casopis
upiné.

To nechci resit sam, svolam redakéni radu, abychom si fekli, co dal. Nejlepsi by bylo spole¢né
se pokusit posunout WF na vysSsi uroven. Vice ¢lanku, aby bylo z ¢eho vybirat, SirSi zazemi
kvalitnich recenzentu, dislednéjsi redakéni praci, vSechny (?) ¢lanky v kvalitni anglictiné,
povyseni grafické urovné internetovych stranek atd.

To se ale neobejde bez dodate¢nych finan¢nich prostredku. UZ nyni je pro nékteré autory
publikacni poplatek bariérou a radéji vynechaji Podékovani, aby jej nemuseli platit. Pfes zvyseni
publikacniho poplatku tedy cesta nevede. Navic s prispévky je stejna prace bez ohledu, jestli
Podékovani obsahuji, ¢i nikoli. Stejné tak svuj dil prace spolknou i prispévky, které publikacni
poplatek nezaplati, protoze jsou na zakladé vyjadreni recenzentu odmitnuty.

Jedinou cestou, jak ¢asopis pozvednout, je spolutcast (financni i jind) zainteresovanych
instituci. Jedna by tu jiz byla, a to Ustav chemie ochrany prostfedi VSCHT v Praze, ale nechce byt
v tom sam, coz musi kazdy pochopit.

TakzZe nasim nejblizsim ukolem je zrekonstruovat redakéni radu WF a doplnit ji o dalsi ¢leny,
kteri nejen Ze jsou uznavanymi kapacitami ve svém oboru, ale jsou schopni a ochotni pro
¢asopis néco délat.

Ondrej Prochazka
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Pro autory

Ceské ekologické manazerské centrum (CEMC) na vydavani asopisu WASTE FORUM nedostava Zadnou
podporu z vefejnych zdroju. Proto je ¢asopis vydavan pouze v elektronické podobé a Cisla jsou zvefejhovana na
volné pfistupnych internetovych strankach www.WasteForum.cz.

Do redakce se prispévky zasilaji v kompletné zalomené podobé i se zabudovanymi obrazky a tabulkami, tak
zvané ,,printer-ready*. Pokyny k obsahovému ¢lenéni a grafické Upravé pfispévkl spolu s pfimo pouzitelnou
Sablonou grafické upravy ve WORDu jsou uvedeny na www-strankach €asopisu v sekci Pro autory. Ve snhaze
dale rozSifovat okruh moznych recenzentll zadame autory, aby soucasné s pfispévkem napsali tfi tipy na mozné
recenzenty, samoziejmeé z jinych pracovist nez je autor &i spoluautory. Je vzdy dobré mit rezervu.

Publikaéni jazyk je Cestina, slovenstina a anglictina, pfiemz ve snaze, aby se ¢asopis WASTE FORUM dostal
do mezinarodnich databazi védeckych ¢asopisl, coz je nezbytny pfedpoklad, aby mohl ziskat ¢asem i impakt-
faktor, je upfednostriiovana anglictina. V tomto pfipadé vSak je nezbytnou soucasti ¢lanku na konci nazev, kontakty
a abstrakt v Ceském ¢&i slovenském jazyce, pfi€emz rozsah souhrnu neni shora nijak omezen. U ¢lankd v ¢eském ¢i
slovenském jazyce je samozfejmou soucasti nazev, kontakty a souhrn v anglickém jazyce.

Uverejnéni pfispévkl v Gasopisu WASTE FORUM je v zasadé bezplatné. Nicméné abychom pFijmové pokryli
alespon nezbytné externi naklady spojené s vydavanim casopisu (poplatky za webhosting, softwarova podpora
atd.), vybirame symbolicky poplatek za uvefejnéni podékovani grantové agenture €i konstatovani, ze ¢lanek vznikl
v ramci feSeni urcitého projektu. Tento poplatek ¢ini 200 K& za kazdou stranku u pfispévkua v anglickém jazyce, u
ostatnich je 500 K& za stranku.

Uzavérka dalsiho éisla ¢asopisu WASTE FORUM je 8. dubna 2014, dal$i pak 8. ¢ervence 2014.

Patronem tohoto éisla je Ustav chemie ochrany prostiedi Vysoké $koly chemicko-technologické v Praze

WASTE FORUM 2014, ¢islo 1, strana 4


file://server/sys/P_8_OF/Redakce/WASTE%20FORUM/WF%202014/WF%201-2014/www.WasteForum.cz

Eduard BUZETZKI, Katarina SIDOROVA, Jarmila AUGUSTINOVA, BoZena VASILKOVOVA,
Zuzana CVENGROSOVA, Jozef MIKULEC, Jan CVENGROS: Utilization of municipal wastes in fuel production

Utilization of municipal wastes in fuel production
Eduard BUZETZKI Y, Katarina SIDOROVA ¥, Jarmila AUGUSTINOVA ?,
Bozena VASILKOVOVA Y, Zuzana CVENGROSOVA ¥, Jozef MIKULEC ?,
Jén CVENGROS "
Y Faculty of Chemical and Food Technology, STU, Radlinského 9,

812 37 Bratislava, Slovakia, e-mail: jan.cvengros@stuba.sk
2 VURUP, a. s., Bratislava, Slovakia

Abstract

Municipal waste is normally incinerated for energy purposes or is landfilled. In this article, the results
obtained from catalytic cracking of a municipal waste sample are presented with the aim to obtain liquid
fuels. The yield of such fuels is determined mainly by plastics content in the waste. In our experiments
this yield was between 32 to 49 % wt. relative to the input waste cracked at temperatures of 390 —
550 °C. It can be concluded from the results that the addition of 5 wt. % of natural zeolite catalyst gives
rise the portion of liquid fraction. With an increasing amount of the catalyst, the shares of gaseous
products rise too. The liquid fraction from cracking procedure after removal of light portion up to 150 °C
gave the fraction 150 — 330 °C as an experimental fuel. The experimental fuel obtained was tested on a
co-generation unit alongside with fossil diesel fuel used as a standard. In the case of experimental fuel,
differences in NOx and CO emissions and in exhaust gas temperatures are caused by the presence of
oxygenates and by varying shares of the components, as a result of which higher combustion
temperatures are required. Both fuels have comparable specific consumptions and also power and
emission characteristics are very similar.

Keywords: alternative diesel fuel, catalytic cracking, biomass, municipal waste, plastics.

1. Introduction

With the population’s increasing standard of living the amount of waste both in the consumer and
manufacturing sector grows, too. Wastes threaten water, soil and air qualities as well as human health.
Framework Directive 2008/98/CE alters the attitude towards wastes — waste is a secondary raw material,
saving primary resources, which can be an important source of energy. A strategic objective for the period
until the year of 2020 has been set in respect of municipal waste: to increase the preparation for re-use
and recycling of household waste, such as paper, metal, plastics and glass, to at least 50 % by weight
(Directive 2008/98/EC on waste).

Mass-produced plastics (PE — polyethylene, PP — polypropylene, PS — polystyrene, PVC — polyvinyl
chloride) are the main sources of plastics in municipal waste. Plastics are one of the worst recyclable
materials, putting a considerable strain on the environment since they are available on the market in so
many forms. Current methods of handling such waste are unsatisfactory even when considered from the
perspective of developed countries. It is largely economic aspects that are to blame for the current
situation. Even though waste plastics are a raw material source, due to their scattered occurrence and
non-homogeneous composition, frequently involving mixtures of inorganic substances, their tertiary
recycling to original or analogous hydrocarbon products is complicated as regards cost. Logistically
demanding and costly collection of wastes, especially plastics, and their subsequent treatment, such as
separation and cleaning prior to the recycling procedure itself, increases total cost so that final recycling
products are more expensive than equivalent products manufactured straight from crude oil. Current
recycling technologies derived from oil refining processes and adjusted to processing of wastes into
intermediate and finished products of value are also characterized by their high investment demands.

The annual consumption of plastics in Europe amounts to 50 million tons, of which around 60 %
remain incorporated in products on a long-term basis. The rest is waste. The world’s consumption of
plastics achieves a level of 250 million tons per year. According to Eurostat data, 40 % of municipal
waste has been processed in total within the E27 countries, of which 37 % was handled by means of
landfilling, 23 % by incineration, 25 % by recycling and 15 % by composting.
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Based on their origin, the wastes tend to be divided e.g. into municipal waste, industrial waste,
waste from mining, forestry and agriculture, waste from energy production, sewage sludge from
municipal and industrial wastewater treatment plants and radioactive waste. Since municipal waste is
a blend of various materials with varying composition, its processing is more complicated than, for
instance, that of industrial and agricultural waste, or waste from mining.

Protection of human health and friendly approach to the environment are the basic assumptions in
the reuse and disposal of wastes. The primary objective was to remove the wastes hygienically, but the
wastes began soon to be used as a material and energy source. This is a key trend in the modern waste
management together with the waste prevention and the reduction of landfill amounts. Although
recycling is preferred, i.e. material utilization of waste, this hierarchy may be changed based on life cycle
assessment in favor of energy production — waste-to-energy access (WtE).

WIE access is advantageous for several reasons as waste is an excellent replacement for non-
renewable fossil resources with calorific value comparable to that of brown coal; so it saves these
resources. It reduces waste ten times in volume and by 60 to 70 % in weight and is environmentally
neutral in relation to carbon dioxide resulting from oxidation of organic carbon. Compared to the landfill,
emissions of greenhouse gases are lower - WtE produces only CO,, while the landfill generates CO, and
methane in a ratio of about 1:1. CH, is a greenhouse gas about 25 times more effective than CO.,.

Landfill is the simplest and cheapest way of waste management. In the case of municipal waste,
the change of management from waste landfill disposal to energetic waste utilization should be
connected with a waste composition study. Burnley showed that the composition of municipal waste was
dependent not only on age and municipal size, but also on socio-economical factors®. Pyrolysis of waste
plastics is theoretically and technically well managed?. Pyrolysis of municipal waste plastics leads to the
formation of a mixture of olefins and paraffins which can be used as fuel. In the thermal cracking of
plastics, a mixture of hydrocarbons C1 — C30 with a predominance of l-olefins and n-alkanes is
produced. If catalysts from fluid catalytic cracking process were used, more aromatics and naphthenes
were produced in the C6 — C8 fraction®. The composition of the final pyrolysis product depends on the
types of plastics present. The usual components of municipal waste in the category of waste plastics are
mainly polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polyethylene
terephthalate (PET), polyamide (PA) and polyurethane (PU). PS and PET lead to the formation of
aromatics. Unsuitable plastic is PET, where solid sediments are formed (terephthalic acid and phthalic
acid), and in particular PVC, where about half the mass of plastics is chlorine. In the pyrolysis of PS and
PA, the content of sulfur and nitrogen in the product increases®. Cracking plastics from municipal wastes
in the presence of zeolites at 360 °C produced a yield of C1 — C9 hydrocarbons of about 90 % while the
remaining 10 % were hydrocarbons with longer chains and the cracking residue®. Onwundili et al.°
showed that pyrolysis can be used effectively to degrade low density polyethylene and polystyrene to
produce high grade fuel-like oils for energy production and new industrial row materials. Velge et al.’
studied the thermal conversion of municipal solid waste applying a thermogravimetric method. Slow
pyrolysis was performed at temperatures of up to 550 °C at the heating rate of 4 °C/min; the yield of
liquid fraction was up to 90 % using the mass sample of 250 mg. Municipal waste plastics normally
remain a part of municipal solid wastes as they are discarded and collected as household wastes. In
order to recycle municipal waste plastics, separation of waste plastics from other household wastes is
required. Although municipal solid waste separation technologies have been studied intensively, it is still
not possible to completely separate municipal waste mechanically and to obtain marketable fractions.
Proper separation of these waste plastics is a big challenge®. Several authors have studied the
influences of operating parameters®* and type of equipment*>™® on pyrolysis.

The literature overview shows that the waste cracking is focused only on the plastics recovered from
municipal wastes'®. The cracking of the municipal wastes as a complex is not covered by this
technology. The pyrolysis of an unsorted municipal solid waste fraction obtained from the waste plant
was studied only by Buah et al.?’. In addition to plastics, municipal wastes also include paper, wood,
textiles, food residues, glass, metals and other components.

The aim of the work submitted is to assess the possibility of catalytic cracking of municipal waste as
a whole in the preparation of liquid products, usable as fuel or as its components in cogeneration units or
in road transport.
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2. Experimental
Materials

Municipal solid waste (MSW) for testing of catalytic cracking, involving plastics, paper, wood,
textiles, metals, glass, biological wastes and water (moisture of material), was collected in the city Gyor,
Hungary as a non-separated collection. Main components of the MSW tested were plastics, paper and
biological wastes. Approximate representation of the components after removal of glass and metals was
as follows: 55 % plastics, paper 15 %, other 30%. In the group of plastics, the main components were
PE and PP. Wastes were adjusted to the size of about 5 mm. Crushed MSW was dried at 110 °C after
coarse foreign matter had been eliminated. The mass of the charge for each test was about 50 kg.

As a catalyst, natural non-activated zeolite clinoptilolite (Zeocem, a.s. Bystré, Slovak Republic) with
particle size of 1 — 3 mm was used. Some of the parameters of the catalyst used were as follows:
specific surface area S(BET) = 26.0 m%g, micropore volume V(micro) = 0.004 cm®/g, specific area
S(t)=18.9 m?/g, total pore volume V(a) = 0.105 cm®/g, and acidity = 0.45 mmol NHa/g.

Some parameters of the fossil diesel fuel used as a standard fuel: density (15 °C) 832.6 kg:m?,
viscosity (40 °C) 2.38 mm?:s™, cetane index 50.7, cetane number 50.6, water content 26.2 mg-kg™, flash
point 70 °C.

Methods and equipment

Cracking of municipal wastes was performed in a three-stage stainless steel reactor with screw
mixers of 300 mm in diameter. The throughput capacity of the reactor was 200 — 350 kg of MSW per
hour. During the experiments in a continuous reactor, semi-continuous mode was sustained. The reactor
was heated directly with the flame of natural gas. The temperature was measured at each stage by
a thermocouple, showing an increasing trend from stage to stage. The resulting volatile products were
introduced into two air condensers with different coolant temperatures, connected in series. The

a

Exhaust 1. Condensation  II.
A gas? [ | i |

Reactor unit

Gas

cracked oil

Cracking
residue

Figurel: Scheme of technological plant for processing of municipal wastes by catalytic
cracking

condensers were designed to condense all condensable products. Volatile and gas products which were
not condensed, were kept in a storage tank and then burned in a gas engine. The scheme of the
technological line for cracking operation at Gyor, Hungary is shown in Figure 1.

In the experiments, the weighed MSW adjusted to 5 mm in size and powdered zeolite catalyst was
mixed. The mixture thus prepared was fed into the reactor tank, then the device was closed and the
heating to the desired temperature was started. The cracking took place in the temperature range from
390 to 550 °C. Volatile products condensed in a pair of condensers and liquid condensate was drained
into a common container. Gaseous products were captured in a storage tank and subsequently burned
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in a gas engine. Mass balance was established by weighing the liquid condensate and the cracking
residue and subtracting the catalyst weight. The cracking residue was a compact substance similar to
brown coal. Additionally, gaseous products and losses were calculated in the balance. Liquid
condensate, representing 32 to 49 % wt. of input material, was usually a dark brown liquid with a strong
odor. The treatment of the liquid condensate consisted of two distillation steps and was performed in the
laboratory. The first distillation was carried out as a simple distillation at atmospheric pressure until the
temperature of 150 °C was reached. The condensate underwent a spontaneous separation into two
liquid phases after a short time, thus forming the agueous and the upper non-polar phase - the fraction of
up to 150 °C. The residue from the first distillation step was subject to vacuum distillation at a pressure of
20 kPa and a temperature of up to 250 °C. For engine tests, the fuel was prepared analogically in
a batch boiler with appropriate capacity.

The distillate from vacuum distillation containing components with boiling points between 150 °C to
330 °C (calculated as atmospheric pressure boiling points), was designated as a 150 — 330 °C fraction
(experimental fuel). The distillation residue was a dark viscous liquid like bitumen.

Figure 2 shows a diagram of liquid condensate cracking and treatment. The fraction of up to 150 °C
is usually a clear liquid, pale yellow in color, with a strong odor. The 150 — 330 °C fraction is again
a clear, orange liquid with a characteristic odor. The 150 — 330°C fraction had a high melting point of
over 40 'C due to the high content of higher molecular weight paraffins. Individual fractions obtained by
simple

municipal waste

|

Co - cracking
390 - 550 °C

b,

liquid
condensate

|

distillation
> rest
atm. pressure, 150 °C

PR ‘L

water layer fraction 150 °C vacuum distillation
20 kPa, 250 °C

PN

fraction 150 - 330°C distil. residue

—> cracking residue

S

Figure 2: Diagram of cracking and treatment of liquid condensate obtained from cracking of
municipal wastes

distillation of the liquid condensate were evaluated by gas chromatography and their acid value (AV),
density, viscosity and mass balance were determined.

For analytical evaluation of liquid samples, the GL chromatography device Chrompack CP 9000 with
a glass column packed with 10 % SE 30 on Chromatone NAW-DMCS 1.8 m x 3 mm, fitted with FID, was
used. To determine other parameters (AV, density, viscosity), the standardized procedures were
performed.
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In engine tests, the 4-cylinder direct injection engine Yanmar 4TNV88, Japan, was used. The
engine’s nominal electric output was 18 kVA, heat output 23 kW. Heat output was captured from the
engine’s cooling circuit and from combustion gases in the form of hot water and from the air outlet vent
on the hood in the form of heated air. Cylinder capacity was 2.2 L, fuel consumption 4.35 I/h. The engine
was cooled by a secondary water circuit; temperature of input water was set to be constant.

3. Results and discussion

In our experiments, catalytic cracking of municipal wastes from Gyor, Hungary, allowed us to obtain
a liquid condensate with a yield of around 35 to 50 wt. % of input feedstock, as well as organic distillate
fractions, aqueous fraction and the distillation residue. The composition of the products corresponds to
that of the feedstock. The main feedstock component was waste polyolefins — polyethylene and
polypropylene.

The portion of the liquid condensate depends particularly on the share of plastics in the municipal
waste. As the catalyst portion increases, so does the liquid condensate yield but on the other hand the
share of gaseous phase grows too. The portion of the cracking residue falls. The highest liquid
condensate yield of 49.3 % by weight was obtained with the catalyst content of 5 % wt. Any further
increases of the catalyst portion would be unproductive and impractical. A graphic presentation of yields
obtained in the process can be found in Figure 3. Outputs from liquid condensate treatment constituted
two organic distillate fractions, aqueous layer and distillation residue.

Table 1: Mass balance of treatment liquid condensate obtained from cracking and its properties

Amount of catalyst, wt. %

0 2.5 5.0
Fraction 150 °C
yield, wt. % 8.8 13.9 18.7
density, kg/m?, 15 °C 831 823 831
viscosity, mm?s, 40 °C 0.88 0.90 0.82
AV, mg KOH/g <0.1 <0.1 <0.1
Fraction 150-330 °C
yield, wt. % 12.3 10.5 21.2
density, kg/m?, 15 °C 903 897 914
viscosity, mm?/s, 40 °C 1.72 1.40 2.18
AV, mg KOH/g 11.0 13.6 12.3
Distillation residue
yield, wt. % 7.4 6.3 51
Water layer
yield, wt. % 3.8 5.6 4.3
AV, mg KOH/g 3.3 9.3 8.9

Table 1 contains the material balance of the liquid condensate obtained in the cracking in the
presence of a catalyst and without a catalyst. Shares of individual fractions are calculated relative to
input material. The first distillate spontaneously separated into the aqueous layer, consisting of water
and short-chain fatty acids C; and C,, and the organic layer — 150 °C fraction or more precisely fraction
up to 150 °C. The acid value of the aqueous layer was about 9 mg KOH/g. The smallest share of the
aqueous layer, also with the lowest acidity, was obtained in cracking without a catalyst. The highest
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share of the 150 °C fraction was obtained by cracking in the presence of 5 wt. % catalyst. A low acid
value was established in the fraction of up to 150 °C — probably part of short-chain acids in the air cooler
was unable to condense at operating temperature. The densities of 150 °C fractions in all three
measurements corresponded to densities typical of fossil diesel fuels, while their viscosities in
comparison with the viscosity of fossil diesel were significantly lower. The highest yield of 150 — 330 °C
fractions (experimental fuel) was also obtained by cracking in the presence of 5 wt. % of catalyst.

cracking residue

. IZ'I 5
as :
£ ‘*14-3 Swt.%

1 25 wto%

without catalyst

liquid condensate

Wi % 20 60

70

Figure 3: Yield of liquid condensate, gaseous phase and cracking residue obtained from
municipal waste in the presence of catalyst

The acid value of 150 — 330 °C fractions was higher than that of 150 °C fractions. On the other
hand, the densities of these fractions in all measurements were significantly higher when compared with
fossil diesel. However, the viscosities of the above-mentioned fractions were lower than the viscosity of
fossil diesel. The share of the distillation residue declined as the proportion of the catalyst increased.

Figure 4 shows GL chromatograms of 150 °C fraction and 150 — 330 °C fraction obtained in
experiments conducted with 2.5 wt. % of catalyst. Figure 5 shows the GL chromatogram of 150 — 330 °C
fraction from experiments carried out with 2.5 wt. % of catalyst, together with the chromatogram of a
standard mixture of C7 — C18 n-alkanes. The Figure enables a convenient and instructive identification
of peaks in the cracking condensate. Figure 4 shows that the 150 °C fraction is composed of relatively
short hydrocarbon chains with carbon number of 6, corresponding to the gasoline fraction, although its
density is substantially higher. The 150 — 330 °C fraction contains mainly hydrocarbon chains in the
range of C7 — C22 with the maximum concentration of C7. Analogous chromatograms can be
demonstrated for measurements of distillate fractions obtained with 5 wt. % of catalyst and without
a catalyst. All chromatograms show that the amount of the catalyst has only little effect on the
component share and that the same components were present in all cases. Increased densities and
viscosities of 150 — 330 °C fractions compared to 150 °C fractions result from the presence of
hydrocarbons with longer chains. Figure 6 presents a chromatogram for 150 — 330 °C fraction obtained
with 5 wt. % of catalyst, compared to GLC of fossil diesel. The comparison of both chromatograms
implies that the cracking product is a different material from fossil diesel. Distillation treatment of the
condensate should be carried out in two steps, first step at atmospheric pressure, because of the
presence of volatile components, and the second step under reduced pressure, which is required in
order to reduce the working temperature.

Designation of the distillation cut from the second-step distillation as a fraction 150 to 330 ° C does
not correspond to reality completely. Measuring of the film temperature in the evaporator is not quite
possible, and therefore the indication of the evaporator temperature is commonly used in practice, which
is higher than the temperature of the film.
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Figure 4: GLC of 150 °C fraction and 150 — 330 °C fraction obtained by cracking of municipal
wastes in the presence of 2.5 wt. % catalyst
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Figure 5: GLC of 150 — 330 °C fraction from experiment conducted with 2.5 wt. % catalyst
and GLC of n-alkane standard
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Figure 6: GLC of 150 — 330 °C fraction obtained by cracking in the presence of 5§ wt. %
catalyst in comparison to fossil diesel
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The by-products from cracking — cracking residue and gaseous phase — can serve as energy
sources.

Experimental fuel (fraction 150 — 330 °C) was prepared for the test on a cogeneration engine. Some
parameters of the experimental fuel were as follows: density (20 °C) = 844 kg.m?, viscosity (40 °C)
=1.29 mm?s™, acid value (AV) = 4 mg KOH/g.

[
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Figure 7: Chromatograms of fossil diesel and experimental fuel from the cracking after
distillation treatment

A chromatogram of the experimental fuel is shown in Figure7, along with a chromatogram of fossil
diesel fuel for the sake of comparison. Both chromatograms are relatively similar. Both materials contain
components with the same or close boiling points, even though these may not be identical chemical
substances. However, the share of the components is not similar in the materials compared,;
experimental fuel contains a higher proportion of volatile components, as well as a higher portion of less
volatile ones. An appropriate distillation treatment helps to remedy the situation. That requires
a distillation procedure in which the light fraction is eliminated usually up to the temperature of 195 °C,
thereby ensuring the flash point of the key fraction above 56 °C. After this step the distillation continues
leaving in the distillation residue components with normal boiling point above 380 °C. This distillation
residue is then returned to the cracking reactor.

Experimental cogeneration fuel was tested on a cogeneration unit at TTS Martin, Slovak Republic.
A comparative study — fossil diesel vs. experimental fuel from waste cracking was conducted. For engine
tests, the 4-cylinder direct injection engine Yanmar 4TNV88 was used. In the tests, mechanical power of
the engine was transformed by an electric generator into electric current. An external electric resistor
was added to the electric circuit. For both tests — fossil diesel and experimental fuel — all conditions and
settings were identical.

Fuel consumption was determined as the difference in weight before and after test, as established
by weighing on an electronic balance. Measurements of emissions (CO, NOx) were carried out using the
Testotherm apparatus, type testo340. The average temperature of exhaust gases measured by
a contactless digital thermometer on the exhaust manifold of the engine cylinder head was recorded.
The temperature of the engine’s cooling manifold, denoted as “WT”, was measured. Electric power was
quantified directly by the generator. The results obtained in the comparative study of the fuels tested are
compiled in Table 2.

Specific consumptions of both fuels tested are close (fossil diesel: 258.3 g/kWh, experimental fuel:
266.9 g/kwh). Experimental fuel provides electric power that is higher by 0.2 kW (fossil diesel: 14.1 kW,
experimental fuel: 14.3 kW). Fossil diesel has lower emissions of NOx (fossil diesel: 529 ppm,
experimental fuel: 704.8 ppm) and CO (diesel: 517 ppm, experimental fuel: 523 ppm). Fossil diesel has
lower temperatures measured on the exhaust manifold (diesel: 328 °C, EF: 367 °C). Temperature of
cooling water is also slightly different (diesel: 72 °C, EF: 76 °C).
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Table 2: Results from the comparative study of tested fuels

Exhaust gases

Consumption, NOx, CO, temperature, WT, El. power,
g/kWh ppm ppm °C °C kw
DF EF DF EF DF EF DF EF DF EF DF EF

258.3 266.9 529 704.8 517 523 328 367 72 76 141 143

DF — fossil diesel fuel; EF — experimental fuel, WT — temperature of engine cooling manifold

The results presented above imply that both fuels tested (fossil diesel and experimental fuel from
municipal waste cracking) should be considered as being equal. Differences in NOx and CO emissions
and in exhaust gas temperatures are caused by the presence of oxygenates and heavier ends in
experimental fuel, which is why higher combustion temperatures are required. These differences have
no effect on engines or environment. Both fuels have comparable specific consumptions and cooling
water temperatures. The experimental fuel shows better values in electric power.

4. Conclusion

The results obtained show that municipal wastes free from coarse foreign matter can be
successfully processed by cracking, yielding environmentally friendly products of value. Gaseous and
liquid components obtained in relatively high yields can be used as energy sources with, or without any
necessary upgrades. Solid residue from cracking can serve as a fuel with high content of ash. Cracking
of municipal wastes run in a three-stage reactor with screw mixers at temperatures from 390 to 550 °C
produced a liquid condensate with a share ranging from 32 to 49 wt. % of the starting material. The
proportion of liquid products from the cracking procedure depends mainly on the content of plastics in
municipal waste. Experimental fuel contains components having similar or identical boiling points as
fossil diesel. However, their abundance in both fuels compared is not similar. The experimental fuel had
an increased share of both light components C4 to C7, typical of gasoline, and of those heavier
components not contained in fossil fuel. This causes a reduced viscosity of the experimental fuel,
simultaneously increasing its density. An appropriate distillation treatment is possible to eliminate these
discrepancies. Engine tests conducted with experimental fuel provided satisfactory results; power and
emission characteristics of experimental and fossil fuels are very similar.
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Vyuzitie komunalneho odpadu na vyrobu paliva

Eduard BUZETZKI Y, Katarina SIDOROVA ¥, Jarmila AUGUSTINOVA ©, Bozena
VASILKOVOVA Y, Zuzana CVENGROSOVA Y, Jozef MIKULEC ?, Jdn CVENGROS V
Y Fakulta chemické a potravinai'ské technologie, STU Bratislava, Radlinského 9,
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2 VURUP, a. s., Bratislava

Suhrn

Komunalny odpad sa obvykle spaluje pre energetické ucely alebo sa uklada na skladkach. V tomto
Clanku su prezentované vysledky ziskané pri katalytickom krakovani vzoriek komunalneho odpadu
s cielom ziskat kvapalné paliva. ViytaZzok tychto paliv je dany hlavne obsahom plastov v odpade.
V nasdich experimentoch bol tento vytazok v rozmedzi 32 az 49 % hm. vzhfadom na vstupny odpad,
krakovany pri teplotach 390 — 550 °C. Vysledky ukazuju, Ze pridavok 5 % hm. prirodného zeolitu ako
katalyzatora zvysuje podiel kvapalnej frakcie. S va¢ésim podielom katalyzatora narasta aj podiel plynnych
produktov. Kvapalna frakcia z krakovania po odpareni prchavych zloZiek do 150 °C poskytla frakciu 150
— 330 °C ako experimentéalne palivo. Takéto palivo sa testovalo na kogeneracCnej jednotke spolu
s fosilnym dieselovym palivom ako Standardom. Experimentalne palivo sa od Standardného odliSuje
emisiami NOx a CO ako aj teplotami vyfukovych plynov, ¢o je dbsledkom pritomnosti oxygenatov
a rébzneho podielu zloZiek, vyZadujucich vys$Sie teploty spalovania. Obe paliva maja zrovnatelnu
spotrebu ako aj vykonové a emisné parametre.

Kl'ucové slova: alternativne dieselové palivo, katalytické krakovanie, biomasa, komunalny odpad, plasty
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Pouziti biosurfaktantu pro sanaé¢ni promyvani zemin
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Abstrakt

Prispévek se tyka popisu solubilizanich viastnosti biosurfaktantu produkovaného kvasinkou
Yarrowia lipolytica. Tento biosurfaktant byl izolovan z produkéniho média extrakci do etylacetatu.
Modelové solubilizacni testy prokazaly solubilizaci hexachlorcyklohexanu v roztoku biosurfaktantu
o koncentraci ¢ = 100 — 500 mg/l s prakticky konstantnim hmotnostnim solubilizacnim pomérem
13,5 mg/g. V daném koncentracnim rozmezi do$lo k nardstu rozpustnosti HCH o priblizné 100%. Dale
bylo testovano sanacni promyvani tfi typt zemin s rozdilnym obsahem organického uhliku uméle
kontaminovanych technickym HCH. Promyvaci roztok obsahoval 1000 mg/l biosurfaktantu. Pro v8echny
zeminy byl stanoven ucinny hmotnostni pomér biosurfaktant/zemina nad 25 g/kg v dusledku sorpce
biosurfaktantu na zeminu.

Kli¢ova slova: Biosurfaktant, kvasinka, sanacni promyvani, solubilizace, pesticidy, hexachlorcyklohexan

Uvod

Biosurfaktanty zahrnuji Sirokou skupinu latek pfevazné z fad glykolipidl, lipopeptida, fosfolipidd,
mastnych kyselin a dalSich latek lipidové povahy produkovanych Fadou mikroorganismui, napft.
bakteriemi nebo kvasinkami (Rahman, 2008).

Pokud jsou biosurfaktanty testovany pro sanacni aplikaci, jedna se vétSinou o rhamnolipidy
produkované bakteriemi. Jako pfiklad |Ize uvést solubilizaéni testy v modelovém systému, kde zastupce
nepolarnich latek tvofily toluen, etylbenzen a butylbenzen (McGray, 2001) nebo testy solubilizace
ropnych latek (Lai, 2009). V prvnim pfipadé se jednalo pouze o modelové testy roztoku biosurfaktantu
s nepolarni latkou, ve druhém pfipadé byl sledovan i vliv horninového prostfedi. Na solubiliza¢ni
vlastnosti biosurfaktantd ma vyznamny vliv sloZzeni a hodnota pH solubiliza¢niho roztoku. NejlepSich
vlastnosti je dosahovano obvykle pfi neutralni hodnoté pH a pfi nizké koncentraci soli v roztoku
(Abouseoud, 2010). V kombinaci se sanaCnim promyvanim dochazi i ke stimulaci pfirozenych
biodegradacnich procesd, a tim padem k rychlejSimu odstranéni kontaminantl ropného pdvodu ze
zeminy. (Shin, 2006). Také bylo prokazano, Ze pfidavek bakterialniho surfaktantu urychluje odstranéni
hexachlorcyklohexanu z pidy pomoci fytoremediace (Beccera, 2013).

V oblasti pfimé solubilizace chlorovanych uhlovodiku Ize uvést testy solubilizace tetrachloretylenu
pomoci bakteridlniho surfaktantu rhamnolipidu (Clifford, 2007). V dalSi studii byla zkoumana solubilizace
jednotlivych izomer( hexachlorcyklohexanu pomoci bakterialniho surfaktantu produkovaného
Pseudomonas aeruginosa WH-2, nicméné pouze v blizkém okoli jeho kritické micelarni koncentrace
(Sharma, 20009).

V tomto pfispévku je popsana solubilizace technického hexachlorcyklohexanu (HCH) pomoci
roztoku biosurfaktantu produkovaného kvasinkou Yarrowia lipolytica a dale je popsano vsadkové
sanacni promyvani tfi typd zemin kontaminovanych hexachlorcyklohexanem.
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Metodika

Producentem biosurfaktantu (BS) byla kvasinka Yarrowia lipolytica. lzolace a purifikace
biosurfaktantu byla provedena nasledovné. Surové produkéni médium bylo vystaveno pusobeni
ultrazvuku v ultrazvukové lazni PS04000A (NOTUS-POWERSONIC, s. r. 0.) po dobu 15 minut.
Nasledné byl tento roztok pfeveden do délici nalevky a tfikrat extrahovan etylacetatem v objemovém
poméru 3:1. Etylacetat byl odpafen na rotaéni vakuové odparce RVO 64 a produkt promyt hexanem p. a.
(Lach-Ner, s. r. 0.).

Povrchové napéti bylo méfeno pomoci Skolniho tenziometru K6 (Kruss GmbH) Du Noiyho
metodou odtrhovani prstence. Pro méfeni povrchového napéti byl pouzit roztok biosurfaktantu dané
koncentrace o objemu V = 20 ml. Kriticka micelarni koncentrace (KMK) byla stanovena metodou méfeni
povrchového napéti. Minimalni povrchové napéti (MPN) bylo uréeno z grafu zavislosti povrchového
napéti na koncentraci.

Testy solubilizace hexachlorcyklohexanu v modelovém systému voda-biosurfaktant-HCH probihaly
nasledovné. Byla pfipravena solubiliza¢ni fada roztokd biosurfaktantu v koncentraénim rozmezi 0 —
500 mg/l. Dale byla pfipravena fada zabrusovych banék o objemu V = 25 ml, do kterych byl navazen
nadbytek HCH vzhledem k jeho rozpustnosti ve vodé. Do banék byl pfidan solubilizacni roztok a bariky
byly umistény na orbitalni tfepacku a ponechany tfepat 48 hodin rychlosti 100 ot/min. Po 48 hodinach
tfepani se roztoky nechaly sedimentovat po dobu 24 hodin. Poté byla stanovena koncentrace HCH ve
vodné fazi.

Testy sanacniho promyvani v systému voda-biosurfaktant-HCH-zemina probihaly nasledovné.
Byly vybrany tfi typy zemin s rozdilnym obsahem organického uhliku (A — jil z potoka, B — pisek a C —
zemina z pole). Tyto zeminy byly uméle kontaminovany prebytkem HCH vzhledem k jeho rozpustnosti
ve vodé. Poté byla pfipravena fada zabrusovych banék o objemu V = 25 ml s odvazenou zeminou
o hmotnosti m = 0,1 — 5 g. Do banék bylo pfidano 25 ml roztoku biosurfaktantu o koncentraci ¢ (BS) =
1000 mg/l a banky byly umistény na orbitalni tfepacku a ponechany tiepat 48 hodin rychlosti 100 ot/min.
Po 48 hodinach tfepani se roztoky nechaly sedimentovat po dobu 24 hodin. Poté byla stanovena
koncentrace HCH ve vodné fazi.

Pro testy byl pouzit technicky HCH, ktery je smési izomerQ — alfa (pfiblizné 65 — 70 %), beta (6 —
8 %), gama (12 — 15 %), delta (2 — 5 %), ostatni isomery tvofi pfiblizné 5 — 10 %. Ve vzorcich byl
stanoven celkovy obsah vSech izomerl jako koncentrace HCH podle nasledujiciho postupu. Roztok
s rozpusténym (nebo solubilizovanym) HCH o objemu V = 10 ml byl odpipetovan do zabrusové barky
oobjemu V = 25 ml. Po pfidani 5 ml hexanu se roztok extrahoval intenzivnim tfepanim po dobu
15 minut. Po oddéleni fazi se stanovila koncentrace HCH v organickém extraktu, ktera se pfepoditala na
koncentraci HCH ve vodé (roztoku surfaktantu). Pro stanoveni HCH byl pouzit plynovy chromatograf HP
5890 vybaveny kapilarni kolonou HP — 5MS (délka 60 metrll, stacionarni faze 5 % diphenyl a 95 %
dimethylsiloxan) a detektorem elektronového zachytu.

Vysledky

Kriticka micelarni koncentrace (KMK) produkovaného biosurfaktantu byla stanovena z praseciku
regresnich pfimek danych rovnicemi: y = -1,294x +72,46 a y = -0,103x + 58,33. Minimalni povrchové
napéti (MPN) bylo ur€eno pro koncentracni rozmezi ¢ (BS) =0 — 1000 mg/l. Popis biosurfaktantu je
uveden v nasleduijici tabulce.

Tabulka 1: Charakteristika produkovaného biosurfaktantu.

Producent Kriticka micelarni Minimalni Popis
koncentrace povrchové napéti
(mg/l) (mN/m)
Yarrowia lipolytica 63 42 bily prasek
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Tabulka 2: Charakteristika pouZitych zemin.

Zemina Obsah organického Popis
uhliku (TOC)
(%)
A 1,25 jil z potoka
B 0,1 pisek
C 3,6 zemina z pole

Nasledujici grafy uvadéji vysledky modelovych solubilizacnich testd, ve kterych byl sledovan
systém voda-biosurfaktant-kontaminant a testd, které se tykaly vsadkového promyvani kontaminovanych
zemin v systému voda-biosurfaktant-kontaminant-zemina.

18
S 14
E
T
2
= 10
(@]
6 T T T T T
0 100 200 300 400 500
c (BS) (mg/l)

Obrazek 1: Zavislost koncentrace HCH v modelovém solubiliza¢nim roztoku na koncentraci
biosurfaktantu.
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Obrazek 2: Zavislost koncentrace HCH v promyvacim roztoku o V=25 ml a ¢ (BS) = 1000 mg/I
na hmotnosti promyvané zeminy.
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Diskuse

Biosurfaktant produkovany kvasinkou Yarrowia lipolytica byl uvedenym postupem izolovan
z produkéniho média a byly zkoumany jeho vlastnosti v koncentracnim rozmezi 0 — 1000 mg/l. Jeho
KMK = 63 mg/l, coZ je vyrazné niz8i hodnota, nez uvadi ostatni autofi (KMK = 500 mg/l) (Amaral, 2006).
Hodnota minimalni povrchového napéti byla MPN = 42. Amaral uvadi rovnéz tuto hodnotu vyssi,
konkrétné MPN = 50 mN/m. Pro porovnani lze uvést hodnoty KMK a MPN obdobného biosurfaktantu
produkovaného kvasinkou Candida bombicola. Autofi uvadéji hodnoty KMK = 34,15 mg/l a MPN = 59,43
mN/m (Daverey, 2009). V dalSi studii uvadéji autofi hodnoty nizsi, pficemz biosurfaktant byl pfipraven za
stejnych podminek. Konkrétni hodnoty byly KMK = 27,17 mg/l a MPN = 34,18 mN/m (Daverey, 2010).

Produkovany biosurfaktant vykazoval solubilizaéni vlastnosti va¢i HCH pfi nadkritické micelarni
koncentraci. V koncentraénim rozmezi 100 — 500 mg/l doSlo k narlstu rozpustnosti HCH o pfiblizné
100 %. V daném rozmezi byl narlst rozpustnosti linearni, pfiemz hmotnostni solubilizaéni pomér
(pomér hmotnosti solubilizovaného HCH ku hmotnosti surfaktantu v roztoku) byl 13,5 mg/g.

Testy zaméFfené na promyvani zemin kontaminovanych HCH prokazaly, Ze ucinny hmotnostni
pomér biosurfaktant/zemina je pfiblizné 25 g/kg. Pfi sananim promyvani dochazi zaroven k sorpci
biosurfaktantu na zeminu a zaroven k pfechodu kontaminantu (popf. dalSich slozek zeminy) do
promyvaciho roztoku. Pfi vySSich davkach zeminy (pfiblizné nad 2 g zeminy na 25 ml promyvaciho
roztoku) je patrné, Ze dochazi k sorpci prakticky veSkerého biosurfaktantu. Koncentrace HCH
v promyvacim roztoku tak odpovida pfiblizné rozpustnosti HCH v &isté vodé, a to ¢ = 7,3 mg/l (25 °C)
(Mackay, 2006).

Zaver

Biosurfaktant produkovany kvasinkou Yarrowia lipolytica je vhodnym kandidatem pro pouZziti
v oblasti sanacniho promyvani zemin kontaminovanych pesticidy. Modelovymi testy byla prokazana
schopnost biosurfaktantu zvySovat rozpustnost hexachlorcyklohexanu v systému voda-biosurfaktant-
HCH pfimo 0Umérné srostouci koncentraci biosurfaktantu. Hmotnostni solubilizaéni pomér
hexachlorcyklohexan/biosurfaktant byl 13,5 mg/g pro dané koncentraéni rozmezi biosurfaktantu (c = 100
— 500 mg/l).

Z hlediska sana¢niho promyvani byly testovany tfi zeminy s rozdilnym obsahem organického
uhliku, které byly uméle kontaminovany technickym hexachlorcyklohexanem. Pro v8echny zeminy byl

stanoven u&inny hmotnostni pomér biosurfaktant/zemina nad 25 g/kg v dusledku sorpce biosurfaktantu
na zeminu.
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Use of biosurfactant for washing of soils contaminated by pesticides
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Abstract

This paper deals with solubilization properties of biosurfactant produced by the yeast Yarrowia
lipolytica. Biosurfactant was isolated by extraction into ethylacetate. Solubilization tests demonstrated
that hexachlorocyclohexane solubility in biosurfactant solution at a concentration range of 100 — 500 mg/I
was enhanced by 100%. The mass solubilization ration between hexachlorocyclohexane and
biosurfactant reached 13,5 mg/g. Soil washing of three types of soils with different content of organic
carbon was tested. Soils were artifially contaminated with technical HCH. The washing solution
contained 1000 mg/l of biosurfactant. Effective mass ration of biosurfactant/soil was above 25 g/kg for
tested soils.
Keywords: Biosurfactant, yeast, remediation, soil washing, solubilization, pesticides,
hexachlorocyclohexane
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Abstrakt

Prispévek je vénovan studiu elektrod a katalyzatort pro elektro-Fentonovu oxidaci. Byly vyuZity
dva typy grafitovych elektrod, jejichz viastnosti byly zméreny cyklickou voltametrii, a dale platinové
elektrody. Byla studovana také moznost vzniku oxidacnich cinidel pomoci hydrogenacnich katalyzatord,
které byly tvofeny aktivnim uhlim s obsahem Pd (3 — 5 %).

Kli¢ova slova: Elektrochemie, pokrocilé oxidacni procesy, elektro-Fentonova oxidace

Uvod

Cisténi odpadnich vod a sanace starych ekologickych zatézi je v sou¢asné dobé& velmi
diskutovanym tématem, které se neustale rozviji. Antropogenni aktivity produkuji mnoho druhd
polutantu, jako jsou napf. pramyslové chemikalie, pesticidy, barviva, odpady z farmaceutického primyslu
a z vyroby produktt pro hygienické potfeby a dalSi (Brillas, Sirés, Oturan, 2009).

Elektrochemické procesy pokroCilé oxidace (takzvané EAOP’s) patii v poslednich dekadach
mezi stale Castéji zminované metody pro odstranovani polutantll z odpadnich vod. Jejich ucelem je
pfiprava silnych oxida¢nich ¢inidel (napf. OH’, H,O,, Os), kterd jsou schopna degradovat organické
polutanty v pfipadé uplné mineralizace az na CO,. Timto zplUsobem lze efektivné Cistit pramyslové,
procesni i splaSkové vody. Vyhodou téchto procesu je absence vzniku Skodlivych rezidui polutantd,
protoze se pfi nich vyuziva pouze pfenosu elektrond. EAOPs mohou také nahradit a ekonomicky
zefektivnit konvenéni metody Cisténi vod (Benes, 2008).

Elektro-Fentonova reakce wvyuzivd in situ pfipraveného peroxidu vodiku pfimo
v elektrochemickych celach. Je katalyzovana Fe?* ionty, které mohou byt bud dodany externé&, nebo jsou
do roztoku uvolfiovany pomoci tzv. obétni anody. Nasledné dochazi k dobfe znamé Fentonové reakci
(rovnice 1):

Fe* + H,0,+ H" — Fe®*+ H,0 + OH’ (1)

Produktem jsou hydroxylové radikaly vykazujici silné oxida¢ni ucinky (maji po fluoru druhy
nejsilng;jSi oxid. potencial E, = 2.80 vs. SVE, pfi 25 °C). ProtoZe jsou velmi reaktivni, vydrzi v roztoku jen
kratce a ihned atakuji organické polutanty (Janzen, Kotake; Hinton, 1992). Reakce probiha v kyselém
prostfedi.

Metodika
Pouzita aparatura pro elektro-Fentonovu reakci

Pro experimenty byl pouzit elektromagneticky michany, temperovany jednokomorovy valcovy
elektrolyzér o priméru 65 mm vyrobeny z organického skla, opatfeny vikem s otvory pro elektrody a
odbér vzorkl(. Objem reakéniho roztoku byl vzdy 250 ml. Jako podpurny elektrolyt byl vyuzit 0,1M
Na,SO,. Pro upravu pH elektrolytu do zvolené hodnoty bylo pouzito 1M H,SO,a 1M NaOH. Elektrolyza
probihala pfi stalé teploté 25 °C. Napajeni elektrolyzéru stejnosmérnym proudem bylo zajiSténo
laboratornim zdrojem Matrix MPS-3005 L-3, umoziujicim pracovat v rozmezi stejnosmérného napéti 0 —
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30V a proudu 0 — 5 A. Elektrochemicka cela je znazornéna na obrazcich 2 a 3.

o o

PH metr e =
vzorkovani - zyoj napéti

O H katalyzator

o 0,,7 (Bd/C)
] 5
o

magnetické michadlo

| E—

Obrazek 1: Schéma elektrochemické cely Obrazek 2: Pouzita elektrochemicka cela

Pouzité elektrody

Pt elektrody tvofené lesténou Pt destickou o plose 1 cm? byly vyrobeny v dilnach FCHT Univerzity
Pardubice (obrazek 3).

Grafitové elektrody — typ 1 a typ 2 byly vyrobeny ze zakoupeného polotovaru v dilnach Univerzity
Pardubice.

Typ 1: grafit (99 % obsahu), mérna hustota 1,8 g/cm?®, odpor elektrody byl 3,8 Q, primér 6,3 mm, plocha
ponofené &asti elektrody S= 16,46 cm? Alfa Aesar Gmbh., Némecko (obrdzek 4).

Typ 2: grafit (99,95 %), mérna hustota 1,73 g/cm?®, délka hrany 6 mm, plocha ponofené &asti elektrody
S= 19,92 cm?, odpor elektrody byl 7 Q, porézita 15 — 16 %, max. zrnitost 0,8 mm, firma Karbotechnik
s.r.o. Plzen (obrazek 5).

Obrazek 3: Platinova elektroda

Obrazek 4: Uhlikova elektroda (typ 1)
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Obrazek 5: Uhlikova elektroda (typ 2)

U grafitovych elektrod typu 1 a 2 bylo provedeno méfeni cyklické voltametrie
na elektrochemickém analyzatoru EP 100 VA-PC firmy HSC servis Bratislava. Grafitové elektrody (typ 1
a 2) byly zapojeny v tfielektrodovém systému jako pracovni elektrody. Referentni elektroda byla
argentchloridova, pomocna elektroda byla platinova. Byly ziskany nasledujici voltamogramy 1 a 2.
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Voltamogram 1: Méreni DC cyklickou voltametrii, grafitova pracovni elektroda (typ 1), rozsah
proudu +/- 400mA, méren 1 cyklus, rychlost skenu- 40mV/s, prostfedi: 0,1 mol.I" Na,SO,, pH=2,
eliminace O,: argon
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Voltamogram 2: Méreni DC cyklickou voltametrii, grafitova pracovni elektroda (typ 2), rozsah
proudu +/- 400mA, méren 1 cyklus, rychlost skenu- 40mV/s, prostfedi: 0,1 mol.I* Na,SO,, pH=2,
eliminace O,: argon
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Pouzité katalyzatory

Katalyzator 1: praskové aktivni uhli s palladiem (3 % hm.) K-0258, (velikost ¢astic>80 um,
mérna plocha &astic aktivniho uhli 1000 m?/g, Pd 6 m?g), firma Chempur Gmbh (obrdzek 6).

Katalyzator 2: aktivni uhli s palladiem (5 % hm.) nanesené na kulickovém keramickém nosici,
firma Sigma-Aldrich (obrazek 7).

Obrazek 6: Katalyzator (typ 1) Obrazek 7: Katalyzator (typ 2)

Kalibrace peroxidu vodiku

Pro stanoveni koncentrace peroxidu vodiku bylo vyuzito spektrometrického méfeni absorbance
jeho komplexu se $tavelanem titani¢ito-draselnym v kyselém prostiedi H,SO,. Mez detekce &ini 1,10°
Vznik komplexu peroxidu vodiku s reakénim Cinidlem je rychly a kvantitativni, vinova délka absorpéniho
maxima komplexu je A= 400 nm. V literatufe uvedeny extinkéni koeficient komplexu pfi této vinové délce
je 935 | mol™ cm™ (Sellers, 1980), nami pouzivana rovnice y = 843,81x vychazejici z linearni regrese
kalibraéni pfimky, poskytovala v uvedeném koncentraCnim rozsahu vybornou shodu s teoreticky
vypoc&tenymi hodnotami koncentrace peroxidu vodiku (graf 1).

< y =843 81x
- R>=0,9997

0.5 4

0 T T 1
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Graf 1: Kalibra¢ni zavislost absorbance na koncentraci peroxidu vodiku (respektive jeho
komplexu s ¢inidlem — oxalatem titanic¢ito-draselnym v destilované vodé, t= 25 °C, A= 400 nm)

Zaver
Cilem této prace bylo testovani elektrod a katalyzatorl pouzitelnych pro elektro-Fentonovu

oxidaci. U grafitovych elektrod byl zméfen potencialovy rozsah pomoci cyklické voltametrie, kde byly
zapojeny postupné jako pracovni elektrody v tfielektrodovém systému. Byla popsana analyticka metoda
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pro stanoveni peroxidu vodiku, ktera je zaméfena na spektrofotometrické méfeni jeho komplexu
s oxalatem titaniCito-draselnym, pfi¢emz absorp&ni maximum tohoto komplexu je A= 400 nm.

Elektro-Fentonova oxidace nachazi v sou€asné dobé Siroké vyuziti. Bylo publikovano znaéné
mnozstvi studii, zabyvajicich se odstrafiovanim mnoha druhd kontaminant( ve vodach, napf. odpadnich
vod z petrochemického prumyslu (snizeni CHSK o 50 %) (Ting, Huang, Lu, 2007), odstrafiovani 2,4,6-
trinitrotoluenu (uc€innost 99 %) (Ayoub et al., 2011), 2,6-dimethylanilinu (u€innost 60 %) (Ting. Lu,
Huang, 2009), a také celé fady barviv, odpadnich vod z farmaceutickych pramysli a v neposledni fadé
i prisakovych vod ze skladek (Nidheesh, Gandhimathi, 2012).

Praktické aplikaci této metody pfedchazi studium dekontaminace vod v laboratornim méfitku.
Po vyhodnoceni ucinnosti, energetické, ekonomické a Casové naroCnosti metody mohou nasledné
probéhnout pilotni testy a poloprovozni zkousky. PFi aplikaci je vhodné vyuzit pritokovych
elektrochemickych systému (reaktortl). Elektro-Fentonova metoda umoznuje dosazeni nizSich imisnich
limita latek (podobné jako biologické metody c&isténi), tudiz je mozné ji umistit na konci Gistici linky za
konvenénimi metodami (napf. filtrace, koagulace, adsorbce apod.).
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Testing of electrode materials and catalysts for electro-Fenton’s oxidation
Lukds BALCAR, Libor DUSEK, Jaromira CHYLKOVA

University of Pardubice, Fakulty of chemical technology, Institute of environmental and chemical
engineering, Studentska 95, 532 10 Pardubice, Czech Republic,
e-mail:lukas.balcar@student.upce.cz

Abstract

This paper is focused on study usable electrodes and catalysts for electro-Fenton’s oxidation.
Two types of graphite electrodes are used, their properties are measured by cyclic voltmetry, and further
platinum electrodes. The posibility of using hydrogenation catalyst based on active carbon with Pd
content (3 — 5 %) for oxidizers formation was also studied.

Keywords: Electrochemistry, advanced oxidation processes, electro-Fenton oxidation
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Abstrakt

Praca je zamerana na S$tadium Iahovania potencialne toxickych prvkov vybranym druhom
mikroskopickej viaknitej huby A. niger, ktora bola izolovana z antropogénnych sedimentov s vysokymi
obsahmi vybranych prvkov, hlavne arzénu. lIzolovany druh sa nasadil na vzorky pochadzajuce
z modelovej lokality Zemianske Kostolany, v ktorych celkové obsahy prvkov su: 93 — 634 mg.kg™ As, 9 —
16,7 mg.kg™ Pb, 16,5 — 38,2 mg.kg™ Cu, 45 — 182 mg.kg™ Zn. Ciefom experimentu bolo zhodnotit mieru
bioluhovania vybranych prvkov pri réznych pouZitych navazkach (1 g, 10 g, 100 g). Biolthovanim
mikroskopickou hubou sa zo sledovanych prvkov uvolnilo do média najviac arzénu, v priemere 550 ug.I™*
pri 1g, 270,18 ug.I* pri 10g, 90,60 ug.I* pri 100g navézke. Pri Zn, Pb a Cu boli uvolnené obsahy
niz$ie, v priemere 20,42 ug.I* pri 19, 43,07 ug.I* pri 10g, 5,35 ug.r* pri 100g navézke u Zn, 9,36 ug.I* pri
19, 14,97 ug.I* pri 10g, 11,34 ug.I* pri 100g navézke u Pb a 2,70 ug.I* pri 1g, 7,07 ug.I* pri 10g, 4,25
ug.* pri 100g navazke u Cu. Z vysledkov vyplyva, Ze vzhladom k celkovym obsahom sledovanych
prvkov, najvy$Sia ucinnost lihovania bola u sledovanych prvkov dosiahnuta pri 1 g navazky substratu.

Klacéové slova: Aspergillus niger, biolthovanie, tazké kovy, kontaminacia pddy

Uvod

Kovy ako Pb, As, Sb, Cu, Zn, Cr a Hg su do Zivotného prostredia vnasané prostrednictvom
réznych zdrojov (banské odpady, popol zo spalovania komunalnych odpadov, odkaliska) (Liu et al.,
2005, Liu et al., 2007, Petrak et al., 2011, Petkova et al., 2011, Hiller et al., 2013). Mnohé dalSie
polnohospodarske a priemyselné aktivity spdsobuju akumulaciu kovov a polokovov v pddach
a sedimentoch a predstavuju tak potencialne riziko ich prenosu v ramci potravového retazca. Kedze
vacsina kontaminovanych péd pokryva rozsiahle uzemie a vytvara tak nevhodné podmienky pre
polnohospodarske vyuZzitie, sanacia takychto péd je velmi délezita. Mnozstvo prac poukazuje na vyuZitie
réznych druhov baktérii (napr. Pseudomonas sp., Rhodococcus sp.) a hub (napr. Aspergillus niger)
v dekontaminacii péd a sedimentov znecistenych organickymi alebo anorganickymi polutantami
pomocou procesu bioluhovania (Vojtkova a Janakova, 2011, Janakova a Vojtkova, 2012, Vojtkova et al.,
2012a,b). V porovnani s bakteridlnym |dhovanim ma Idhovanie pouzitim hub niekofko vyhod:
1) schopnost rast’ pri vy$8ej hodnote pH, 2) vdeobecne rychlejsi proces Iuhovania s kratSou lag fazou,
3) schopnost vyluCovat metabolity (napr. organické kyseliny) za vzniku komplexov s ibnmi kovov a tym
znizuju toxicitu metabolitov pre biomasu (Burgstaller a Schinner, 1993). K mikroorganizmom
s vyznamnou schopnostou produkovat organické Kkyseliny (napr. kyselina S&tavelova, glukénova,
citrénova, jabléna a vinna) patri aj vlaknitd huba A. niger, ktord sa uspeSne vyuZziva pri bioluhovani
tazkych kovov a polokovov (Burgstaller a Schinner, 1993, Mulligan et al., 2004, Xu a Ting, 2009, Anjum
et al., 2010).

Cielom prace bolo zhodnotit mieru bioluhovania As, Pb, Zn a Cu v troch réznych navazkach
kontaminovanych substratov a posudit potencial A. niger v bioremediacii péd modelovej lokality
Zemianske Kostolany.
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Metodika

Na zaklade celkovych chemickych analyz boli pre Ucely Studia vybraté Styri pddne vzorky, ktoré
predstavuju heterogénnu zmes pbdy a elektrarenského popola, ktory sa do prostredia dostal po havarii
Pévodného odkaliska v Zemianskych Kostolanoch. Pédne vzorky obsahujuce popolovy material boli
odobraté z hibkovych horizontov 0 — 15 cm a 15 — 30 cm, presitované cez sito s priemerom oka 2 mm
a uskladnené vtme pri teplote 4 °C. Pre Studium bioluhovania vybranych potencialne toxickych
stopovych prvkov sa zvolil druh Aspergillus niger, ktory sa izoloval zo vzorky ZK5 (obrazok 1). Do
Erlenmayerovych baniek sa navazili rozne navazky (1 g, 10 g a 100 g) pbédnych substratov pre
porovnanie ucinnosti luhovania A. niger. Vzorky sa zaliali 95 ml tekutého SAB média a pridalo sa 5 ml
suspenzie A. niger. Po 29 diioch kultivacie sa mycélium odfiltrovalo a ziskany vyluh sa analyticky
zmeral.
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Obrazok 1: Pohl'ad na A. niger naockovany v skimavkach so Zivnym médiom

Vysledky a diskusia

Chemicka analyza celkovych obsahov prvkov v skumanych vzorkach potvrdila, Zze
najvyznamnejSim kontaminantom je arzén, u ktorého bolo zistené prekroCenie limitnych hodndt pre
polnohospodarsku pédu (zakon &. 220/2004 Z.z.) vo vSetkych odberovych miestach. Najvyssi obsah As
bol zisteny vo vzorke ZK5 (634 mg.kg™), ktoru tvori prevazne popolovy material odkaliska. Po 29 dfioch
bioluhovania kontaminovanych substratov hubou A. niger sa zo sledovanych prvkov uvolnilo najviac
arzénu (obrdzok 2), v priemere 550 pg.I™ (55 mg.kg™) pri 1g navazke, 270,18 ug.I* (2,7 mg.kg™) pri 10g
navazke a 90,60 pg.I"* (0,09 mg.kg™) pri 100g navazke. Najvassi percentualny podiel As, vzhladom
k jeho celkovému obsahu, sa uvolnil pri navazke 1 g (v priemere 18,37 %) (obrazok 3). Pri hmotnosti
substratu 10 g sa uvolnilo v priemere 1,59 % As a pri hmotnosti substratu 100 g len 0,04 % As
z celkového obsahu.
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Obrazok 2: Obsahy vybranych prvkov po 29 drioch lihovania hubou A. niger

U Zn, Pb a Cu boli uvofnené obsahy oproti obsahom As niZSie (obrazok 2). Pri 1 g navazky
substratu sa v priemere uvolnilo 20,42 ug.I* Zn, 9,36 pg.I* Pb a 2,70 pg.I* Cu. Z 10 g navazky sa
bioldhovanim ziskalo v priemere 43,07 pg.™ Zn, 14,97 pg.I* Pb a 7,07 ug.I" Cu. Nizsie obsahy
uvolnenych prvkov boli analyzované v navazke 100 g, v priemere 5,35 pug.I* Zn, 11,34 ug.* Pb
a 4,25 ug.I" Cu.
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Obrazok 3: Priemerny podiel vylihovanych prvkov vzhladom k ich celkovym obsahom
v pouzitych navazkach
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Druh A. niger sa vyznacuje mimoriadnou schopnostou ucinne odstranovat potencialne toxické
prvky nielen prostrednictvom bioluhovania, ale aj bioakumulaciou alebo biovolatilizaciou. Biovolatilizacii
arzénu sa venuju autori Cerfiansky et al. (2007, 2009), Urik et al. (2007). Experimenty realizované
v laboratérnych podmienkach ukéazali, Ze prostrednictvom bioluhovania sa uvolnilo v priemere 17,04 %
arzénu z jeho celkového obsahu a v mycéliach sa bioakumulovalo priemerne 13,72 % As (Petkova et
al., 2013).

Zaver

Skumané antropogénne sedimenty predstavuju z dlhodobého hladiska zdroj kontaminacie
zloZiek zZivotného prostredia. Vzhladom k celkovym obsahom sledovanych prvkov bola najvyssia
ucinnost’ [uhovania As, Zn, Pb a Cu dosiahnuta pri 1 g navazky substratu. Postupnost’ [Uhovania prvkov
pri 1 g a 10 g navazky vzhfadom k ich celkovym obsahom vo vzorkach bola: As > Pb > Zn > Cu, pri 100g
navazke bola postupnost Pb > As > Cu > Zn. Ziskané vysledky z Idhovania s vybranym druhom
Aspergillus niger su podkladom pre vyuZitie bioluhovania autochténnymi poédnymi mikroorganizmami ako
jednej z moznych metdd bioremediacie kontaminovanych substratov (péd a sedimentov) v modelovej
lokalite.
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Abstract

This work is focused on the study of leaching of potentially toxic elements by selected species of
microscopic filamentous fungus A. niger, that was isolated from anthropogenic sediments with high
contents of selected elements, especially arsenic. Isolated species was put on the samples from
Zemianske Kostolany. The total contents of elements were: 93 — 634 ppm As, 9 — 16,7 ppm Pb, 16,5 —
38,2 ppm Cu, 45 — 182 ppm Zn. The main objective of the experiment was comparative evaluation of
bioleaching of selected elements by different weights of substrate (1 g, 10 g, 100 g). By fungal
bioleaching following average concentrations of As were released: 550 ug.I", 270,18 ug.I'*, 90,60 ug.r*
from 1 g, 10 g and 100 g of substrate, respectively. The results showed, that the optimal weight of soil
substrates for maximum efficiency leaching of arsenic and other elements is 1 g. The results indicated
that solid weight 1 g was found to be the best to fungal activity and metal solubilization of the three solid
weights tested (1 g, 10 g and 100 g) under the chosen experimental conditions.

Keywords: Aspergillus niger, bioleaching, heavy metals, soil contamination
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Souhrn

Halogenované derivaty uhlovodikt patfi mezi nebezpecné polutanty s nezadoucimi dopady na
Zivotni prostfedi a zdravi &lovéka. Proto je nezbytné, aby tyto latky byly systematicky sledovany. Nové
vyvinuty opticky biosensor EnviroPen je zaloZzen na enzymatické reakci halogenalkandehalogenas
s halogenovanymi latkami, ktera vede ke zméné fluorescence fluorescencniho pH indikatoru. EnviroPen
je vhodny pro stanoveni halogenovanych kontaminanti ve vodnych roztocich v rozmezi pH 4 — 10
avrozsahu teplot 4 — 50 °C. Velkou vyhodou biosensoru je kratka doba méreni, 1 min, nutna
pro stanoveni cilového analytu a nizka cena analyzy, 25 K¢ za analyzu jednoho vzorku. EnviroPen byl
testovan s nékolika vyznamnymi latkami: 1,2-dibromethanem, 3-chlor-2-(chlormethyl)-1-propenem,
1,2,3-trichlorpropanem a 1,2-dichlorethanem. EnviroPen predstavuje atraktivni nastroj pro kontinualni in
situ monitorovani halogenovanych polutantt v Zivotnim prostfedi i pro pfedbézny screening lokalit
kontaminovanych halogenovanymi latkami.

Kli¢ova slova: Biosensor, EnviroPen, dehalogenasy, halogenované kontaminanty, monitorovani in situ,
screening lokalit

Uvod

ZvySujici se mnozstvi cizorodych a potencialné Skodlivych latek uvolfiovanych do Zivotniho
prostfedi predstavuje znaény ekologicky problém. Rada téchto polutantl jsou halogenované derivaty
uhlovodikll pochazejici z rozsahlého vyuziti v zemédélstvi i v prumyslu. Tyto latky jsou Castymi
kontaminanty podzemnich vod a byvaji téz soucasti nebezpecnych odpadu &i vytokl ze skladek (Vogel
et al., 1987). ProtoZe jsou velmi obtizné rozlozitelné a Casto se vyznaluji nezadoucimi zdravotnimi
ucinky, je nezbytné sledovat jejich koncentraci v zivotnim prostfedi. Tradicni pfistup monitorovani
zivotniho prostredi je zaloZen na vzorkovani a nasledném transportu odebranych vzork(i do analytické
laboratofe, kde probihaji vlastni analyzy s vyuzZitim analytickych metod, jako je plynova chromatografie
spojena s hmotnostni spektrometrii. Tyto techniky vyzaduji pfed vlastni analyzou extrakci
a zakoncentrovani vzorku. PfestoZe jsou chromatografické metody vysoce selektivni a pfesné (Belkin et
al., 2003), nejsou vhodné pro kontinudlni méfeni pfitomnosti polutantu in situ. Navic jsou Casové
naroc¢né, finanéné nakladné a pozaduji vysoce kvalifikovanou obsluhu (Arkhypova et al., 2001; Eltzov et
al., 2011).

Proto je uzite€né vyvijet jednoduché a rychlé zafizeni, které umozni automatickou pfimou
analyzu. Biosensory zaloZené na biorekogni¢nim elementu, ktery je v tésném kontaktu s pfevodnikem,
pfedstavuji vhodnou alternativu nebo doplnék k tradi€nim analytickym metodam. Jejich hlavni vyhodou
je vysoka citlivost, jednoducha obsluha, relativné nizké naklady a snadné pfizplsobeni pro méfeni on-
line a in situ (Rodriguez-Mozaz et al., 2004). Biosensory umoznujici detekci halogenovanych derivatu
uhlovodikl mohou byt zaloZeny na halogenalkandehalogenasach jako biorekogni¢nich elementech.
Reakce téchto enzymu s halogenovanymi slou¢eninami vede k od$tépeni halogenidového substituentu
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za soucCasného vzniku odpovidajiciho alkoholu a protonu. Vzniklé produkty mohou byt detekovany
pomoci raznych typl pfevodnikud, nej¢astéji elektrochemického nebo optického. Cilem tohoto projektu
byl  vyvoj a vyuziti  optického biosensoru  zaloZeného na purifikovaném enzymu
halogenalkandehalogenase a fluorescenénim pH indikatoru pro detekci halogenovanych latek v zivotnim
prostfedi.

Vysledky a diskuse

Prvni prototyp optického biosensoru (obrazek 1a) vyuziva purifikovanou
halogenalkandehalogenasu imobilizovanou v jedné vrstvé s fluorescencnim pH indikatorem. Jako
prfevodnik bylo zvoleno polymethylmethalkrylatové optické vlakno, zdrojem excitacniho zafeni je
halogenova lampa a detektorem emitovaného zafeni fotonasobi€¢ (Bidmanova et al., 2010). Mobilni
pfirucni verze pfistroje EnviroPen (obrazek 1b) byla vyvinuta ve spolupraci Loschmidtovych laboratofi
Masarykovy univerzity (www.muni.cz) s firmami Enantis (www.enantis.com) a Photon System
Instruments (www.psi.cz). Vychazi z puvodniho konceptu, avSak optoelektricka instrumentace byla
vyrazné vylepSena — fotonasobi€ byl nahrazen fotodiodou a optické viakno sklenénou ty€inkou.

a

Obrazek 1: Optické biosensory pro detekci halogenovanych kontaminantu zaloZzené na aktivité
halogenalkandehalogenas: a) prvni prototyp biosensoru (25%x7%25 cm), b) nové vyvinuty pfiruéni
biosensor EnviroPen (6x3%x19 cm, www.enantis.com).

EnviroPen byl testovan pro stanoveni halogenovanych alifatickych derivatd uhlovodika ve
vodnych roztocich (tabulka 1). Byl vyuZit pro detekci nékolika vyznamnych halogenovanych derivata
uhlovodikd:  1,2-dibromethanu, 3-chlor-2-(chlormethyl)-1-propenu, 1,2,3-trichlorpropanu  a 1,2-
dichlorethanu (obrazek 2). Pro tyto latky byly stanoveny nasledujici detekéni limity: 2,63; 0,75; 1,33
a2,37 mg-', coz umoziuje aplikaci EnviroPenu pfi sledovani lokalit silné kontaminovanych
halogenovanymi latkami nebo monitorovani pribéhu bioremediacnich postupl. Dulezitymi parametry
biosensoru jsou téZ reprodukovatelnost méfeni, doba méfeni a skladovaci stabilita. Vyvinuty biosensor
poskytuje odezvu se smérodatnou odchylkou do 10 %, coz je srovnatelné s tradi€nimi analytickymi
metodami. Velkou vyhodou EnviroPenu je kratka doba méfeni, 1 min, ktera je nezbytna pro detekci
halogenované latky (tabulka 1) a nizkd cena jedné analyzy 25 KE&. Dulezité je také uchovavani
biosensoru, jeho stabilita je ur€ovana Zzivotnosti biorekogni¢ni slozky, enzymu. Biosensor muze byt
dlouhodobé uchovavan v pufru pfi 4 °C nebo nové Ize material po lyofilizaci skladovat pfi laboratorni
teploté po dobu minimalné pal roku.
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Obrazek 2: Odezva EnviroPenu na 1,2-dibromethan, 3-chlor-2-(chlormethyl)-1-propen,
1,2,3-trichlorpropan a 1,2-dichlorethan. Detekcni limity pro jednotlivé halogenované
kontaminanty (LOD) jsou uvedeny v kalibrac¢nich grafech.

Méfeni s biosensorem muze byt vyznamné ovlivnéno vlastnostmi mista méfeni, predevSim
teplotou a pH. Primérna teplota podzemni vody ve stfedni Evropé je kolem 9,5 °C, zatimco teplota
povrchovych vod vyznamné zavisi na klimatickych podminkach a pohybuje se od 0 °C u vody pod ledem
po 40 °C v horkych pramenech (Pitter et al., 2009). Bézné pH povrchovych vod je od 6,5 do 8,5 (Hem,
1985) a u podzemnich vod je pH od 6,0 do 8,5 (Hem, 1985; Jordana and Piera, 2004). Acidifikaci v3ak
dochazi k vyraznému snizeni pH ve vodach na hodnoty niz8i nez pH 5,5 (Scheidleder et al., 1999).
Vyvinuty biosensor vykazuje odezvu na halogenované latky v rozsahu teplot od 4 do 50 °C a v rozmezi
pH 4 az 10 (tabulka 1).

PFi monitorovani halogenovanych kontaminant( v zivotnim prostfedi se muze vyrazné projevovat
vliv matrice. Vzorky z prostfedi jsou obvykle komplexni a skladaji se ze smési proteinl, uhlodiku, lipida
a soli, které mohou vyznamné ovlivnit signal biosensoru a poskytnout faleSné pozitivni nebo faleSné
negativni vysledky méfeni (Long et al., 2009). Vliv matrice na odezvu biosensoru byl studovan
ve vodnych vzorcich odebranych z kontaminované lokality s pfidanym 1,2-dibromethanem. DetekCni
limit biosensoru v realnych vzorcich byl 2,5krat vySSi nez detekéni limit pro 1,2-dibromethan stanoveny
v pufru. Biosensor EnviroPen pravé prochazi testovanim pro detekci halogenovanych latek na
kontaminovanych lokalitach (obrazek 3).
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Tabulka 1: Srovnani parametru laboratorniho prototypu biosensoru s nové vyvinutym pFiruénim
biosensorem EnviroPenem.

Parametr Laboratorni prototyp EnviroPen

Prostiedi Vodny roztok Vodny roztok *

Detekéni limit (mg-I™) DBA: 24,99 DBA: 2,63
CCMP: 1,75 CCMP: 0,75
TCP: n.t. TCP: 1,33
DCE: n.t. DCE: 2,37

pH rozsah n.t. 4-10°

Teplotni rozsah (°C) n.t. 4-50°

Doba méreni (min) 30 1

Skladovani Na suchu nebo v pufru Na suchu nebo v pufru

Velikost (cm) 25x7%25 6x3%19

Pfedpokladana cena (€) 6000 1600

& Potencial pro méreni v plynném prostredi.

® Zachovéno vice jak 60 % odezvy biosenzoru.

¢ Zachovano vice jak 20 % odezvy biosenzoru.

Zkratky: n.t. — nebylo testovano, DBA — 1,2-dibromethan, CCMP — 3-chlor-2-(chlormethyl)-1-
propen, TCP — 1,2, 3-trichlorpropan, DCE - 1,2-dichlorethan.

Obrdzek 3: VyuZiti EnviroPenu pro stanoveni halogenovanych derivati uhlovodiku na
kontaminované lokalité (Neratovice, Ceska republika).

Zaver

Nové vyvinuty pfiruéni biosensor EnviroPen pFedstavuje atraktivni nastroj pro spolehlivée,
jednoduché, rychlé a levné sledovani halogenovanych polutantd v zZivotnim prostfedi in situ i pro
predbézny screening lokalit kontaminovanych halogenovanymi latkami. PouZiti EnviroPenu je obzvlasté
vyhodné tam, kde je odbér vzorkl obtizny nebo nebezpecny. Pouziti EnviroPenu umoziuje vytvoreni
mapy kontaminace v kratkém case diky rychlému sbéru dat spojenému se zanesenim hodnot
kontaminace daného bodu v lokalité pfimo do elektronické mapy s vyuzitim GPS. Sirsi uplatnéni
EnviroPenu v praxi pfedpoklada systematické ovéfeni funkénosti zafizeni vterénu a vyvoj
biorekognicnich slozek pro dalSi vyznamné polutanty.
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Abstract

Halogenated hydrocarbons belong to hazardous pollutants which may be toxic and affect human
health and ecosystem functioning. Accurate monitoring of these compounds in the environment is
therefore necessary. Newly developed optical biosensor EnviroPen is based on enzymatic reaction of
haloalkane dehalogenases with halogenated chemicals, which is accompanied by the change of
fluorescence of pH indicator. EnviroPen is useful tool for detection of halogenated contaminants in
aqueous solutions in the pH range from 4 to 10 and in the temperature range from 4 fo 50 °C. One of the
main advantages of the biosensor is short measurement time, 1 min, which is necessary for
determination of a target analyte and low cost of analysis, 1 € per sample. Furthermore, EnviroPen was
successfully applied for detection of several significant halogenated pollutants: 1,2-dibromoethane,
3-chloro-2-(chloromethyl)-1-propene, 1,2,3-trichloropropane and 1,2-dichloroethane. EnviroPen is an
attractive tool for continuous in situ monitoring of halogenated pollutants in the environment as well as
for preliminary screening of the sites contaminated by halogenated compounds.

Keywords: Biosensor, EnviroPen, dehalogenases, halogenated contaminants, monitoring in situ,
screening of contaminated sites
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Souhrn

Testovana banskéa voda sa vyznacovala nizkou hodnotou pH (2,7) a zvySenymi koncentraciami
predovsetkym SO,* (1579,8 mg.I™"), Fe (20,0 mg.I"), Mn (5,2 mg.I'"), Al (15,2 mg.I'*) a K (9,7 mg.I™).
ZvyS8ena koncentracia siranov a kysly charakter banskej vody reprezentovali najvacsi problém z hladiska
negativneho pdsobenia na Zivotné prostredie. Limitna hodnota obsahu siranov vo vodach vypustanych
do povrchovych véd v Ceskej republike je 300 mg.I". Bolo preto nutné venovat sa predovietkym
testovaniu moznosti eliminécie SO,* z banskej vody. Ako vhodné sa osvedéila metéda iénovej vymeny
pracujuca na baze syntetickych Zivic. Konkrétne bol pouZity systém prietokovych kolon tvoreny prvou
kolénou naplinenou silne kyslim katexom (dochadzalo k vymene katiénov) a druhou kolénou napinenou
slabo bazickym anexom (dochadzalo k vymene aniénov). Pred pouZitim samotnych iénovymennych
membran bolo potrebné zvysit hodnotu pH testovanej vody. Na zvySenie hodnoty pH z 2,7 na priblizne 7
bola pouzitéd dévka 3 mlI* Ca(OH), (vo forme 10% roztoku). Po aplikovani Ca(OH), do vody prislo
k precipitacii Fe, Al a Mn vo forme ich oxidov a hydroxidov. Po naslednej filtracii (filter pre kvantitativnu
analyzu KA 4) a mikrofiltracii (0,45 um) boli vzorky vody preliate systémom kolén. Experimenty potvrdili
ucinnost daného systému na dpravu 10 litrov testovanej banskej vody. Koncentracie sledovanych prvkov
a anorganickych soli v upravenej vode boli nasledovné: SO,* (9,6 mg.I""), Fe (<0,10 mg.I"*), Mn (<0,03
mg.I™"), Al (<0,02 mg.I'") a K (1,5 mg.I"). Vysledky potvrdili efektivnost Zivicovych iénovymennych
membran pri eliminéacii siranov z banskej vody daného charakteru.

Klucové slova: banska voda, SO,%, ibnovéa vymena, syntetické Zivice

Uvod

Tvorba banskych véd je jednym z hlavnych priamych désledkov tazby nerastnych surovin,
ktorych negativny dopad na Zivotné prostredie méze byt velmi intenzivny. Tazba hnedého uhlia prebieha
Casto v rozsiahlych otvorenych lomoch, ako je tomu aj v pripade loziska Sokolov situovaného v SZ
Cechéch priblizne 10 km juhozépadne od Karlovych Varov (obrdzok 1). Samotné loZisko lezi v
Sokolovskej hnedouholnej panvi, ktora sa rozprestiera na rozlohe 200 km* a je sucastou Egerského
riftového pasma. Panva je vyplnena eocénnymi az miocénnymi sedimentmi formacie Nové Sedlo, ktoré
su prekryté mladSimi miocénnymi sedimentmi Sokolovskej forméacie (Hokr, 1961).

Prvé pisomné zmienky o tazbe uhlia v oblasti Sokolov pochadzaju zroku 1760, priCom
k rozmachu tazby priSlo az v roku 1871. V roku 1945 tu bolo €innych 39 hlbinnych bani a 15 mensSich
lomov pod vedenim firmy Dolové a primyslové zavody. Posledna hlbinna bafia Marie v Kralovském
Pofi¢i ukoncila €innost' v roku 1991. V sucasnosti spravuje lozisko spolo¢nost Sokolovska uhelna,
pravni nastupce, a. s., ktora tazi hnedé uhlie povrchovym spdsobom v lomoch Jifi vo Vintifové a Druzba
v Novém Sedle. Produkcia uhlia v roku 2011 bola 7 502 000 ton.

Vo vSeobecnosti plati, Ze kvantitativne zastupenie banskych vod je z pomedzi vSetkych odpadov
vznikajucich v désledku tazby a spracovania nerastnych surovin najvacsie. Kyslé banské vody (AMD)
Casto obsahuju toxické koncentracie Fe, Al, Cu, Zn, Cd, Pb, Ni, Co a Cr a taktiez m6zu obsahovat
zvysené koncentracie As, Sb, Mo, U aF. V pripade prieniku AMD do potokov, riek, jazier a mori
dochadza k vyznamnému znehodnoteniu kvality vody a Zivota v nej (Nordstrom 2011). Prave zvySené
koncentracie kovov a polutantov a nizke alebo naopak vysoké hodnoty pH banskych véd predstavuju
hrozbu ich negativneho dopadu na zivotné prostredie.
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Obrazok 1: Satelitna snimka hnedouhol'ného lomu Jifi a lokalizacia odbernych miest vzoriek
banskej vody (zberna nadrz ¢erpacej stanice banskych véd Lomnice)

Zdrojom vzniku kyslych banskych vod v prostredi Sokolovského loZiska je oxidacia sulfidickych
mineralov, ktoré tvoria sucast tazeného uhlia. Hlavnym sulfidom a zaroven povodcom vzniku AMD je
pyrit FeS,. V uhli su okrem pyritu Casto pritomne mineraly markazit, galenit, chalkopirit a sfalerit,
oxidaciou ktorych dochadza taktiez k vzniku AMD a k uvolfiovaniu kovov a metaloidov do prostredia
(Younger, 2004; Kolker a Huggins 2007). Mineraly (sulfidy, silikaty, karbonaty), ale aj organicka hmota,
ktoré su zloZkou hnedého uhlia, predstavuju ¢asto vyznamny zdroj toxickych kovov (napr. Cu, Pb, Zn,
Ni, Co, Cd, Hg, U) a metaloidov (napr. As, Sbh, Se) (Kolker a Huggins 2007; Zheng et al., 2007).

Banské vody vznikajuce v prostredi uholnych lozisk sa vyznaluju nizkymi hodnotami pH,
vysokou elektrickou konduktivitou, obsahom rozpustenych latok, siranov, dusi¢fianov, Fe, Al, Na, Ca
a Mg (Zielinski et al., 2001; Vermeulen a Usher 2006). Toto zloZzenie AMD &asto znamena vyznamny
negativny vplyv na zivotné prostredie v mieste tazby, ale aj v okolitych oblastiach. Banské vody
predstavuju permanentny zdroj znecistenia, ktory na danej lokalite pretrvava aj po ukonceni tazby.

Technoldgie upravy AMD predstavuju v mnohych pripadoch Specifické systémy viazuce sa na
dany typ lozZiska a prostredie, v ktorom sa nachadza. Rovnako je na upravu AMD vacSinou potrebné
pouzit kombinaciu viacerych remediacnych metdéd (Brown et al., 2002; Evangelou, 1998; Mitchell, 2000).

Technoldgia ibnovymennych membran pracujica na baze syntetickych Zivic je metéda bezne
pouzivana v mnohych odvetviach priemyslu (napr. zmak&enie vody, Cistenie, separacia kovov) a je
mozneé uspesne ju aplikovat' aj na upravu banskych vdd. Technoldgia pracuje na principe zachytavania
neziaducich iénov z roztoku pomocou tzv. iGnomenicou - ionexov.

Generalne mozno ionexy rozdelit na katexy — zaporne nabité funk&né skupiny (dochadza k
vymene katiénov) a anexy — kladne nabité funk&né skupiny (dochadza k vymene aniénov) (Maly a Mala
1996; Jelinek, 2009). V pripade katexov sU vymenitefné iony (protiiény) zvyGajne H* alebo Na’,
v pripade anexov byvaju protiidony reprezentované OH alebo CI' (Maly a Mala 1996).
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V prispevku sme sa zamerali na opis moznosti upravy kyslych banskych véd pomocou silne
kyslého katexu a slabo zasaditého anexu vo forme sustavy prietokovych kolén. Dany systém sa javi byt
velmi ucinnym a spolahlivym spdsobom Upravy daného typu banskych vod.

Metodika

Vzorky vody pouzivanej pri laboratornych experimentoch (SOK-1) boli odobrané v septembri
2012 zo zbernej nadrze Cerpacej stanice banskych véd Lomnice situovanej v zapadnej ¢asti lomu Jifi
(obrazok 1) na lozisku Sokolov. Meranie zakladnych fyzikalnych a chemickych parametrov (pH,
elektricka vodivost (EC), teplota) bolo realizované priamo na lokalite s pouzitim pristroja HACH-HQ30D
flexi pH EC meter (obrdazok 2a).

Obrazok 2:
a) Terénne meranie (pH, EC) a odber vzoriek na lokalite Sokolov — lom Jifi — zberna nadrz
Cerpacej stanice banskych véd Lomnice;
b) nanosy ¢ervenooranzovych sedimentov tvorenych Fe oxihydroxidmi na dne zbernej nadrze
Cerpacej stanice Rafanda — loZisko Sokolov (september 2012)

Vzorky boli do laboratdria prevezené v plastovych PVC sudov (50 1) za stabilnych teplotnych
podmienok (20 °C). Celkova chemicka analyza odobranej (,surovej) vody avody po Uprave
prostrednictvom i6bnomeniov bola realizovana v akreditovanom laboratériu Aqualia Infraestructuras
inZiniering, s. r. 0, Centralne laboratérium, Ostrava.

Pred pouzitim ibnomenicov bolo potrebné vzorky vody predupravit a zabezpedit tak pozadované
parametre. Bola zvySena hodnota pH vody s pouzitim hydroxidu vapenatého (PA) vo forme 10%
roztoku. Na zadiatku boli vzorky vody a Ca(OH), mie$ané pri 150 ot.min™ po dobu 5 min na zmieSavace;
koléne MK6 a nasledne domiesané pri rychlosti 50 ot.min™ po dobu 30 min. Nasledne bol odstraneny
vzniknuty sediment pomocou filtracie (filtraény papier pre kvantitativnu analyzu KA 4) a mikrofiltracie
(priemer poru filtra 0,4 um).

Obsah Fe, Al a Mn v prefiltrovanej vode bol stanoveny pomocou metédy ICP-AES (SPECTRO
VISION EOP).

Pri kolonovych experimentoch boli pouzité dve sklenené trubice s priemerom 30 mm. Trubice boli
naplnené 200 ml silne kyslého katexu — Rhome a HASS, FR (prva koléna) a slabo bazického anexu —
PURE LITE, UK (druha koléna) (obrazok 3). Bolo pouzitych 14 litrov predupravenej vody, ktora bola
postupne prelievana cez sustavu kolon. PoCas experimentu bola pravidelne merana hodnota pH
a koncentracia SO,” iénov.

Obsah SO,* i6nov bol v priebehu experimentov stanoveny pomocou predprogramovanej metody
HACH &. 995 pri vinovej dizke 450 nm s pouzitim spektrofotometra HACH DR/2000. Bolo pouzité &inidlo
SulphaVer 4 s obsahom CsHgO; a BaCl,.
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Vysledky

Vzorka neupravenej ,surovej® vody (SOK-1A) sa vyznacCovala nizkou hodnotou pH (2,7),
zvySenou hodnotou elektrickej konduktivity (353 mS.m™) a zvySenymi koncentraciami Ca, Mg, chloridov,
siranov, Fe, Mn, Al, K a Si (tabulka 1). Z pomedzi dalSich fyzikalnych parametrov mozno spomenut
teplotu odoberanej vody (16 °C), svetlo &ervené zafarbenie (265 mg Pt.I"), hodnotu zakalu (0,8 ZF)
a hodnotu tvrdosti danej vody (11 mmol.I'").

Tabulka 1: Hodnoty pH neupravenej (SOK-1A) aupravenej vody (SOK-1B) aobsah
hlavnych prvkov aiénov v neupravenej aupravenej vzorke vody (laboratéria Adqualia
infraestructuras inZenyring, s.r.o., CENTRALNI LABORATOR, Ostrava). TOC - total organic
carbon (celkovy organicky uhlik).

Vzorka pH | Ca Mg chloridy sirany fluoridy nitraty aménne idony

mg, ™
SOK-1A 2,7 | 265,52 96,62 17,61 1579,81 0,14 2,21 2,37
SOK-1B 4,3 | 3,21 243 <401 9,61 0,08 <1,01 <0,05

Vzorka pH | TOC Fe Mn Al Na K Si
mg,|™*
SOK-1A 2,7 |3,31 20,01 5,17 15,15 202,01 9,71 18,71

SOK-1B 4,3 [1,24 <0,10 <0,03 <0,02 <4,01 1,51 2,45

Pred pouzitim ibnomenicov bolo potrebné vzorky vody predupravit na parametre zodpovedajuce
poziadavkam danej remediacnej technoldgie (predovSetkym priblizne neutrdlna hodnota pH). Na
zvySenie hodnoty pH z 2,7 na priblizne 7 bolo pouzité mnozstvo 3 ml Ca(OH), (vo forme 10% roztoku)
na 1 | vzorky vody. Po aplikovani Ca(OH), do vody priSlo k precipitacii Fe, Al a Mn vo forme ich oxidov
a hydroxidov a tym k vytvoreniu Cervenooranzovej zrazeniny. Po odstraneni sedimentu pomocou filtracie
(filter KA 4) a mikrofiltracie (0,4 um) bol vo vzorkach vody pozorovani znizeny obsah Fe (0,10 mg.I™), Al
(0,01 mg.I") a Mn (2,05 mg.I™).

Pri experimentoch s iénomeniémi bolo pouzitych 14 | predupravenej vody a celkova dizka
experimentu bola 100 minut. V prvom kroku bola predupravena voda prelievana cez koloénu naplnenu
katexom a nasledne cez kolénu naplnenu anexom (obrazok 3). PoCas upravy dochadzalo na silne
kyslom katexe k vymene katiénov Ca, Mg a Na z roztoku za H* katiény z katexu do roztoku. V doésledku
toho prislo k vyraznému znizeniu hodnoty pH v upravovanej vode (hodnota pH v rozmedzi 1,6 — 2).
V koléne naplnenej slabo bazickym anexom dochadzalo k vymene aniénov (SO,*) z roztoku za OH’
aniony z anexu €im sa vyrazne zvySila hodnota pH upravovanej vody (obrazok 4).

Hodnota pH upravovanej vody (po preliati katexom a nasledne anexom) sa v pociato€nych
Stadiach experimentu pohybovala v zésaditej oblasti (9,78 — 10,17). So zniZujucou sa uc¢innostou katexu
a anexu dochéadzalo k zniZovaniu pH vody a k zvy$ovaniu koncentracie SO,* i6nov vo vode.

Obsah SO,* i6nov v prvych desiatich litroch upravenej vody bol nizs$i, ako je limit pre obsah
siranov v povrchovych tokoch (300 mg.I") v Ceskej republike. Uginnost anexu rapidne klesla po preliati
jedenasteho litra predupravenej vody a obsah siranov v poslednom — Strnastom litri upravenej vody bol
1900 mg.I" (obrdzok 4).
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Obrazok 3: Kolény pouzité pri ionovymennych experimentoch pracujiuce na baze
syntetickych zivic. a) anexova koléna — vymena aniénov; b) katexova koléna — vymena katiénov
12 7

10 ‘<—1. liter

14. liter
N\

27 @ ® @

0 Ll T 1 1
0 500 1000 1500 2000

koncentracia SO, (mg.I")

Obrédzok 4: Graf zndzorriujuci meniace sa hodnoty pH (pH katex, pH anex) a koncentrdciu SO,*

iénov vo vzorkach banskej vody upravovanej s pouZitim ibnomenicov.
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Hodnota pH upravenej vody (zmieSana vzorka 1. — 10. liter) bola 4,3 a hodnota elektrickej
konduktivity bola 47,6 uS.cm™. Obsah hlavnych prvkov a iénov bol velmi nizky (tabulka 1) a rovnako
hodnoty zakladnych fyzikalnych parametrov ako tvrdost vody a zakal boli zanedbatelné.

Podla nariadenia viady CR &. 63/2003 (v zmysle neskor$ich nariadeni) je limitna hodnota pH pre
vypustanie upravenej vody po tazbe hnedého uhlia do povrchovych tokov 6 — 9. Na dosiahnutie
vlastnosti poZadovanych v pripade vypustania upravenej vody do povrchovych tokov by bolo nutné
zvysit hodnotu pH nami upravovanej vody napriklad pridanim zodpovedajucej davky Ca(OH),.

Zaver

Kyslé banské vody z hnedouholného loZiska Sokolov obsahuju zvySené koncentracie SO,*
(1579,8 mg.I™), Fe (20,0 mg.I"), Mn (5,2 mg.I"), Al (15,2 mg.I'"), Ca (265,5 mg.I'™"), Mg (96,6 mg.I™"), Na
(202 mg.I'"y a K (9,7 mg.I"). V zmysle kontaminacie, znedistenia a naslednej Upravy ma v pripade
sokolovskych véd najvacsi vyznam vysoky obsah siranov a nizka hodnota pH (2,7). Na zaklade
fyzikalnych vlastnosti a chemického zloZenia Studovanych vzoriek vod bol zvoleny postup zvy3enia
hodnoty pH s pouZitim Ca(OH), vo forme 10% roztoku v davke 3 ml na 1 | upravovanej vody. Hodnota
pH predupravenej vody bola 7 aobsah Fe a Al po odfiltrovani vzniknutej zrazeniny (fiter KA 4
a mikrofilter ( 0,4 pm)) bol velmi nizky (Fe — 0,1 mg.I™; Al — 0,01 mg.I"™).

Predupravena voda bola prelievana cez sustavu kolon naplnenych silne kyslym katexom (200 ml
— prva kolona) a slabo bazickym anexom (200 ml — druha koléna). Po¢as experimentu bolo pouzitych
14 litrov predupravenej vody (pH 7). Vysledky experimentu potvrdili, Ze sustava ibnovymennych kolén
daného zloZenia je uCinna na upravu 10 litrov vody s nasledujucimi koneCnymi koncentraciami
sledovanych prvkov a iénov: SO,* (9,6 mg.I'"), Fe (<0,1 mg.I"), Mn (<0,03 mg.I™"), Al (<0,02 mg.I"), Ca
(3,2 mg.I"), Mg (2,4 mg.I'"), Na (<4 mg.I'Y) a K (1,5 mg.I""). Metéda iénovymennych membran na baze
syntetickych Zivic m&zZe byt efektivne vyuzita na upravu kyslych banskych vdod z hnedouholného loziska
Sokolov v SZ Cechéch.
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S0,* elimition from mine water by ion exchange resin technique

Tomas KLIMKO, Silvie HEVIANKOVA, Miroslav KYNCL, Eva LACKOVA

VSB - Technical University of Ostrava, Faculty of Mining and Geology, 17. Listopadu 15, 708 33
Ostrava-Poruba, Czech Republic, e-mail: tomas.klimko@vsb.cz

Abstract

Tested mine water was characterized by low pH value (2.7) and increased concentrations of
S0,* (1579.8 mg.I"), Fe (20.0 mg.I""), Mn (5.2 mg.I'"), Al (15.2 mg.I'") and K (9.7 mg.I"). Increased
concentrations of sulphates and acid character of mine water represented the biggest problem in terms
of negative effects on the environment. Limit value for sulphates content in water discharged into surface
waters in the Czech Republic is 300 mg.I". Because of that the testing of SO,* elimination from mine
water was necessary. The ion exchange resin technique was proved as a suitable method for elimination
of SO,* from mine water. Specifically, the system of columns was used. First column was filled with a
strongly acidic catex (cations was exchanged) and a second column was filled with weakly basic annex
(anions was exchanged). Before using of the ion exchange membranes it was necessary to increase the
pH value of the tested water. To increase the pH value from 2.7 to approximately 7 dose of 3 ml.I*
Ca(OH), (in the form of a 10 % solution) was used. After application of Ca(OH), into the water, Fe, Al
and Mn had to precipitating in the form of oxides and hydroxides. After subsequent filtration (filter for
quantitative analysis KA 4) and microfiltration (0.45 um) water samples were pour through a system of
columns. Experiments confirmed the effectiveness of the treatment system for modification of 10 litres of
tested mine water. Concentration of the observed elements and inorganic salts in the treated water were
as follows: SO,* (9.6 mg.I"), Fe (<0.10 mg.I™"), Mn (<0.03 mg.I™"), Al (<0.02 mg.I"") and K (1.5 mg.I""). The
results confirm the effectiveness of the ion exchange resin membranes for elimination of sulphates from
mine water of that nature.

Key words: Mine water, SO,*, ion exchange, synthetic resins
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