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Uvodni slovo $éfredaktora

Je po prazdninach, déti se vratily do Skoly a ja se pravé na dovolenou
chystam. A tak v navalu prace pred svou planovanou nepfitomnosti, kdy
musim souc¢asné dokoncit toto ¢islo, abych jeho pracovni verzi mohl jesté
poslat autoram k posledni kontrole a potom jej nechat vyvésit na internet,
a soucasné predat do tiskarny rijnové ¢islo Odpadového féra, mne nic
inteligentniho a nebo dulezitého, co bych napsal do svého tvodniho slova,
nenapada. Tak se do toho nebudu nutit.

Snad jen, Ze se podle tohoto ¢isla zda, Ze se financni motivace pro

2 ¢lanky v anglickém jazyce ujala, kdyZ z osmi ¢lanku v cisle jich polovina je
v anglictiné. Kvalitu pfekladu neumim posoudit, tak jen doufam, Ze jeho uroveri neudéla autoram
i Casopisu ostudu.

Nejblizsi uzavérka dalsiho ¢&isla je 8. fijna 2012.

Ondrej Prochazka

Pro autory

Ceské ekologické manazerské centrum (CEMC) na vydavani éasopisu WASTE FORUM nedostava
zadnou podporu z vefejnych zdroju. Proto se snazime minimalizovat naklady spojené s vydavanim
tohoto Casopisu. Proto je Casopis vydavan pouze v elektronické podobé a Cisla jsou zvefejhiovana na
volné pristupnych internetovych strankach www. WasteForum.cz.

Pro snizeni pracnosti pfipravy jednotlivych Cisel pozadujeme, aby autofi pfispévkl je posilali do
redakce v kompletné zalomené podobé i se zabudovanymi obrazky a tabulkami, tak zvané ,printer-
ready”“. Pokyny k obsahovému ¢lenéni a grafické Upravé prispévkd spolu s pfimo pouzitelnou Sablonou
grafické upravy ve WORDu jsou uvedeny na www-strankach ¢asopisu v sekci Pro autory.

Publika¢ni jazyk je €estina, slovenstina a angli¢tina, pfi€emz kvali snaze, aby se ¢asopis WASTE
FORUM snéaze dostal do mezinarodnich databazi védeckych €asopist, coz je nezbytny pfedpoklad, aby
mohl ziskat ¢asem i impakt-faktor, je upfednosthovana angli¢tina. V tomto pfipadé vSak je nezbytnou
soucasti ¢lanku na konci nazev a abstrakt v ¢eském ¢i slovenském jazyce, jehoz rozsah neni v rozsahu
shora nijak omezen.

Uverejnéni pfispévkl v ¢asopisu WASTE FORUM je v zasadé bezplatné. Nicméné abychom
pfijmoveé pokryli alespori nezbytné externi naklady spojené s vydavanim c&asopisu (poplatky za
webhosting, softwarova podpora...), vybirame symbolicky poplatek za uverejnéni podékovani grantové
agenture Ci konstatovani, Zze ¢lanek vznikl v ramci feSeni urcitého projektu. Tento poplatek ¢ini 200 K&
za kazdou stranku u pfispévkl v anglickém jazyce, u ostatnich je 500 K& za stranku.

Z 7 v

Casopis vychazi étvrtletné, uzavérky jednotlivych &isel jsou vzdy 8. ledna, 8. dubna, 8. &ervence
a 8. fijna. Cislo obsahuijici pfispévky, které Gspé&sné projdou recenzi a jsou redakci pfijaty, je na
internetu vystaveno do dvou az tfi mésict po jeho redakéni uzavérce. Pocet pfispévku na Cislo neni
nijak omezen.
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Vermicomposting of Garden Biowaste and Sewage Sludge
Ales HANC?, Petr PLIVA®

@Czech University of Life Sciences Prague, Kamycka 129, Prague, 165 21,
Czech Republic, e-mail: hanc@af.czu.cz

®Research Institute of Agricultural Engineering, Drnovska 507, Prague, 161 00,
Czech Republic, e-mail: petr.pliva@vuzt.cz

Summary

Use of garden biowaste and sewage sludge for vermicomposting would be useful especially for
smaller municipalities with waste water treatment plants. The study was focused on the evaluation of
temperature, pH, electrical conductivity and two forms of mineral nitrogen during five-month
vermicomposting of these types of waste. Garden biowaste and its mixtures with sewage sludge should
be pre-composted to achieve temperature below 25 C. The pH value decreased during the process and
ranged from 6.9 fo 7.3 at the end of the experiment. Electrical conductivity increased from 1.6 to
2.7 mS/cm to the range between 3.0 — 6.8 mS/cm. Content of N-NOj increased in time and reached its
maximum at the end of the process. The course of N-NOjz content was in inverse proportion to N-NH,"
content. Just the content of N-NH,* was found as a critical parameter for vermicomposting of sewage
sludge and its mixtures with garden biowaste. The optimal content of N-NH,* in feedstock for surviving
and living of earthworms should not exceed 200 ppm. The value could be achieved by longer pre-
composting period or addition of biowaste with low content of N-NH,". However, keeping of other
conditions for successful vermicomposting is necessary.

Keywords: Vermicomposting, biowaste, sewage sludge, temperature, pH, electrical conductivity,
nitrogen

Introduction

Vermicomposting involves the bio-oxidation and stabilization of organic material by the joint action of
earthworms and microorganisms. Although it is the microorganisms that biochemically degrade the
organic matter, earthworms are the crucial drivers of the process as they aerate condition, fragment the
substrate and thereby drastically increasing the microbial activity.'

This product is nutrient rich but also contains high quality humus, plant growth hormones, enzymes,
and substances which are able to protect plants against pests and diseases. Many cropping areas in the
world are deficient in organic matter and nutrients. Farmers need to use a sustainable alternative which
is both economical and also productive while also maintaining soil health and fertility. By adding the
vermiczompost to soil, money that would have been spent on chemical fertilizers and pesticides may be
saved.

The amount of biological waste from gardens and greenery maintenance and sewage sludge from
wastewater treatment plants is considerable. In many European countries, a multiple increase of sewage
sludge amount over several years or decades can be expected mainly due to an expansion of
wastewater treatment plants in smaller communities. There is also increased pressure on municipal
biowaste handling. One of the possibilities of subsequent processing is the use of the mentioned waste
as a substrate for formation of vermicompost.

Vermicomposting of garden biowaste does not seem to be problematic.®* So, use of mixture of
garden biowaste and sewage sludge for vermicomposting would be useful especially for smaller
municipalities with waste water treatment plants. Vermicomposting efficiency is affected by substrate
composition, physical parameters and chemical properties.®

The aim of this study was to examine the possibility of joint vermicomposting of garden biowaste and
sewage sludge in terms of temperature, pH, electrical conductivity (EC) and two forms of mineral
nitrogen.
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Materials and methods

Garden biowaste and sewage sludge were used in the experiment (Table 1). Individual components
of garden biowaste were mixed on the base of composition typical for family houses settlement in spring
period when grass, fine branch and rest of soil prevailed.® Anaerobically stabilized sewage sludge was
obtained from city sewage treatment plant.

Table 1: Chosen agrochemical parameters of used materials

Dry  pH/HO El. Vol. Ntot N-NH,* N-NO3; Py Kiot
matter conduct. solids
% mS/cm % % ppm ppm % %
Garden biowaste 46.5 6.5 3.4 87.9 1.8 607 311 0.1 1.2
Sewage sludge 35.1 7.8 0.9 49.0 2.7 1324 6,1 1.8 0.5

Scheme of the experiment is shown in Table 2.

Table 2: Scheme of the experiment

Treatm.  Type of processing Feedstocks (% by volume)

I Pre-composting and composting without earthworms  Garden biowaste 50% + sludge 50%
Il Pre-composting and vermicomposting Garden biowaste 100%

I Pre-composting and vermicomposting Garden biowaste 50% + sludge 50%
v Pre-composting and vermicomposting Garden biowaste 25% + sludge 75%
Vv Vermicomposting only Sludge 100%

Four treatments (I to IV) were pre-composted in laboratory reactors of 70 L capacity, with perforated
stokers enhanced by 40 mm thick foam insulation to reduce heat loss. The reactors were kept in a room
at 25°C for 14 days. An active aeration device was used to push air through the composted materials
from the bottom. The mixtures were batch-wise aerated for 5 min out of each half hour in volume 4 L air
min”'. On the basis of our previous experiences, it was found that this aeration level was usually
sufficient to achieve the optimal parameters of composting process. Very low aeration levels are
insufficient for effective composting, yet on the other hand, increased aeration merely increases cooling
of composted material.’

For vermicomposting, specially adapted laboratory with controlled conditions (temperature 22 °C,
relative humidity 80%, ventilation for 15 minutes every 12 hours) was used. A 13 L of aerobically pre-
composted material or raw material was manually mixed with 3 L of substrate contained totally 600
pieces of earthworms of genus Eisenia. The mixture was placed into a plastic tray with perforated
bottom, equipped with irrigation and temperature measurement (Picture 1). The tray measured 40 x 40 x
18 cm. The covered trays were put into a metal rack. Each treatment was carried out in triplication.
Before sampling, the eventual leachate captured in a stainless tray was returned to the vermicomposted
material to achieve a closed loop.

A sample of 200g from every tray was collected at the beginning of vermicomposting and every month
during five months. The earthworms were sorted out. The resulting samples were dried at laboratory
temperature and ground. The samples were analyzed in dry matter because of heterogeneity precaution.

After 3" uptake, 3 L of substrate with earthworms (200 pieces per L) was added again into every tray
of treatments lll to V because earthworms have escaped.

Measurements of pH and EC were made on samples mixed with deionized water (1:10 w/v dry basis)
by WTW pH 340 i and TESTO 240, respectively. Contents of N-NH;* and N-NOj in 1:10 (w/v)
0.01 mol L™ CaCl, extracts were measured colorimetrically using the SKALAR SAN"-YS SYSTEM®. Total
element contents were determined in the digests obtained by pressurized wet-ashing (HNO3; + HCI + HF)
with microwave heating Ethos 1 (MLS GmbH, Germany). Concentrations of elements were determined
using inductively coupled plasma optical emission spectrometry (ICP-OES, VARIAN VistaPro, Varian,
Australia) with axial plasma configuration.
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Picture 1: Vermicomposting in plastic trays

Results and discussion

Temperature is probably the most important factor affecting growth and reproduction of earthworms.®
Figure 1 illustrates that the maximum temperature of 66 °C was recorded after three days in treatment |l
contained garden biowaste only. It was probably caused by composition of one-third of finely chopped
grass with high content of nitrogen. This is the reason for good digestion by microorganisms and
subsequently heating of used material. Addition of sewage sludge to the mixture had adverse effect on
temperature. In the second week of pre-composting the temperature in all treatments stabilized in the
range of 37 to 44 ° C. Based on literature and practical experience, the temperature for the development
of earthworm populations should not exceed 25°C. The adverse effect of high temperatures on
earthworms is not only direct but also indirect, as a high temperature increases the microbial activity in
the substrate, which is reflected in increased consumption of oxygen. This phenomenon may negatively
affect the survival of earthworms.? Garden biowaste should be therefore pre-composted under conditions
set in this experiment for more than 2 weeks. The advantage of using of well pre-composted material in
particular is that it is eliminating the risk of temperature increase during the subsequent
vermicomposting, even for a single use of a greater volume of such modified material.
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Figure 1: Course of temperature (°C) during pre-composting
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Figure 2: Change of pH values during vermicomposting
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It is evident from Figure 2 that the pH decreased during the vermicomposting process. The pH value
ranged from 6.9 to 7.3 at the end of the experiment. The lowest value was measured at the treatment IV
and V with 75% and 100% of sewage sludge, respectively. The highest pH value was measured in
treatment I, which contained garden biowaste only. Similarly, in the experiment with vermicomposting of
agro-industrial waste, the pH values were in the range 8.2 — 8.9 at the beginning of the process. The
values decreased on 7.0 — 7.6 at the end. It could be explained by formation of CO,, NO3 and organic
acids.'® " Decrease in pH can prevent the volatilization of nitrogen as NHj."

Earthworms are very sensitive to salt content (salinity or electrical conductivity (EC)) in the substrate
and prefer the content to 0.5%.'® Resistance of earthworms to salinity is also dependent on the pH
value. Earthworms are tolerant to the values of about 15 mS/cm at pH 6 to 8." Figure 3 illustrates an
increase of EC during vermicomposting. It increased from 1.6 to 2.7 mS/cm to the range between 3.0 —
6.8 mS/cm. Similarly in another experiment with vermicomposting of precomposted primary sewage
sludge, EC increased from the range 5.7 — 6.6 mS/cm to 6.7 — 8.5 mS/cm.”® The increase could be
explained by release of bounded elements during digestion in earthworms.'® In our experiment, the
leachate captured in stainless tray was returned to the vermicomposted material to achieve a closed
loop. It could cause an increase of EC as well. Since the EC of the substrate is affected by organic
matter content, this increase may be due to loss of volatile solids during vermicomposting. The lowest
content of EC during vermicomposting was recorded at treatment Il (garden biowaste only) with the
highest content of volatile solids among treatments. Increased proportion of sewage sludge in mixture
resulted in higher EC.

Figure 3: Change of EC (mS/cm) during vermicomposting
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The contents of ammonium nitrogen ranged in the treatments with sewage sludge from 1300 to
2000 ppm at the start of vermicomposting, which was 5 to 8 times more than in the biowaste garden
treatment (Figure 4). Such high levels of N-NH," was the reason of death or abandonment of
earthworms this material. In another experiment, which dealt with the influence of various factors on the
activity and survival of earthworms in aqueous solution, it was found that at pH 7.0 and low
concentrations of ammonium nitrogen (0 — 5 umol/L) earthworms survived to 900 hours. At
concentrations above 25 umol/L earthworms could survive a maximum of 100 hours.” In our
experiment, the content of N-NH,* declined during the process. After 1%, 2" 3™ 4™ and 5™ month, it
dropped in the treatments with sludge to 46%, 12%, 6%, 5% and 3% respectively, compared to
beginning of vermicomposting. The number of earthworms was inversely proportional to content of
N-NH,*. The correlation coefficient R was following for treatment Il, Ill, IV and V: -0.31, -0.67, -0.73 and
-0.75, respectively. The found data showed that earthworms were able to survive in material with
ammonium nitrogen content less than 200 ppm.

Figure 4: Course of N-NH,* (ppm) during vermicomposting
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As shown in Figure 5, majority of ammonium nitrogen nitrified during vermicomposting. Content of
N-NOj increased in time and reached its maximum at the end of the process. It was mostly directly
dependent on increased proportion of sewage sludge in mixture. Evidently, the addition of substrate after
2 months slightly decreased the content of this form of nitrogen in vermicomposted material.
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Figure 5: Course of N-NO3 (ppm) during vermicomposting
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Conclusion

Joint vermicomposting of garden biowaste and sewage sludge is possible. Prerequisite for successful
vermicomposting of sewage sludge and its mixtures with garden biowaste is to decrease the content of
ammonium nitrogen below 200 ppm. The value could be achieved by longer pre-composting period or
addition of biowaste with low content of N-NH,*. However, keeping of other conditions for successful
vermicomposting is necessary.
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Souhrn

Spole¢né vermikompostovani zahradniho bioodpadu a cistirenskych kali by mohlo najit uplatnéni
zejména v obcich, které provozuji Ccistirny odpadnich vod. Cilem této prace bylo zhodnotit
vermikompostovani téchto odpad( z hlediska teploty, pH, elektrické vodivosti a obsaht dvou forem
mineralniho dusiku v prabéhu péti mésictu tohoto procesu. Bylo zjisténo, Ze je vhodné zahradni
bioodpad a jeho smési s Cistirenskymi kaly predkompostovat, aby se dosahlo sniZeni teploty materialu
pod 25 €. Hodnoty pH se behem vermikompostovani sniZily a pohybovaly se od 6,9 do 7,3 na konci
experimentu. Elektricka vodivost se zvysila z intervalu 1,6 az 2,7 mS/cm na 3,0 aZz 6,8 mS/cm. Obsah
N-NOj se také zvysil a dosahl svého maxima na konci procesu. Obsahy N-NOs byly nepfimo umeéerné
obsahum N-NH,". Pravé vysoky obsah N-NH, byl kriticky pro vermikompostovani C¢istirenskych kald
a jeho smési se zahradnim bioodpadem. Obsah N-NH;* v surovinach by pro preziti a uspésny rozvoj
Zizal nemél prekrocit 200 ppm. Této hodnoty muze byt dosaZeno delsi dobou predkompostovani nebo
pridanim bioodpadu s nizkym obsahem N-NH,. Samoziejmé je nezbytné dodrzZet i dalsi podminky
dulezité pro uspésné vermikompostovani.

Kli¢ova slova: Vermikompostovani, bioodpad, Cistirensky kal, teplota, pH, mérna vodivost, dusik
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Summary

Experiments are focused on the evaluation of dynamics of composting and vermicomposting of wine
production waste (pomace) in two pilot scales with precomposted material. Characteristics of the
process of vermicomposting were monitored according to notice 341/2008 coll. for the quality of
cultivation composts. The most significant is the increase in extractable substances from 340 mg/kg to
1400 mg/kg in vermicomposts and to 720 mg/kg in compost which confirms the efficiency of the process
of vermicomposting. As well as an increase of content of non-polar organic compounds from 200 mg/kg
to 390 mg/kg and 560 mg/kg relating to the different change of organic matter quality for both treatments
was experienced. The low C:N ratio of used material 14:1 led to an unexpected increase to 16:1 in
vermicompost and 20:1 in control. Hence, in praxis it is recommended to establish optimal conditions of
the input substances for successful bioconversion such as optimization of C:N ratio to the level of 20 —
25:1.

Keywords: biological conversion, pomace, vermicomposting, composting, Eisenia foetida.

Introduction

According to the Food and Agriculture Organization (FAQO), the European production represents the
48% of the global wine production. Analogue figures transfer from production of winery waste (pomace
from pressing process). This pressing part containing grains (20 — 30%) and peels (70 — 80%), has
typically a pH 3 — 6. In some countries pomace is used for production of distillates (grappa), pomace
wine, livestock food after post-processing or most traditionally is eliminated by ploughing into the
agricultural soil ™. Many authors recommend the biological transformation of the waste by aerobic
fermentation with the goal to eliminate extra putrefying processes, stabilize the matter and increase
organic value before the application into the soil ¥ * * . One of the fast techniques (i.e. faster than
composting) and proven low cost methods for efficiently transform biodegradable waste is
vermicomposting.

Vermicomposting is the process of transforming organic waste into a high quality fertilizer —
vermicompost ' using spectrum of earthworms such as Eisenia foetida, Dendrobena veneta,
Dendrobena rubida, Lumbricus terrestris " ¥. About one-fourth of the organic matter is transformed into
humus by vermicomposting. The application of the final product into the soil significantly improves its
quality 1. Vermicompost in comparison to compost has got a finer structure and therefore larger surface
area which provides it with higher absorbability and retention of nutrients available for plant uptake .. It
also has got a lower C:N (10:1 in vermicompost, 20 — 25 : 1 in compost), pH®, contains stimulators and
regulators of plant growth ' and a higher content of humic acids and beneficial soil microbes ..

Vermicomposting is used to transform several organic wastes, especially from agriculture (animal
manure, green waste and tobacco waste), kitchen waste from households, municipal solid wastes but
also in a mixture with various non-standard industry waste materials such as cotton waste, paper waste,
sludge "%. Vermicomposting can be realized indoor in boxes or outdoor according to the climatic
conditions. The traditional technique is non-continuous vermicomposting bed with a weekly surface feeding
of 2 — 3 cm of raw material. The continuous feeding method is based on harvesting from the bottom of
the vermi-bioreactor and adding of the raw material onto the surface!"".
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The objective of this study is to investigate the effect of vermicomposting technology by using
earthworm Eisenia foedia to transform winery waste in the classical non-continuous vermicomposting
system and to compare its dynamics with the traditional composting method by monitoring several
characteristics as temperature, pH, NOC, EC, C:N and moisture in field experiment as well as in the
laboratory conditions box experiment.

Such huge amount of biological waste could be converted into a valuable, nutrient enriched fertilizer
and used for increasing of soil bonity and wine or other crop agricultural production.

Experimental part

The experiment was conducted between June and August 2011 at the experimental field and
laboratory of the Czech University of Life Sciences in Prague. The winery waste (pomace) was produced
in Unetice, Prague from red and white grapes (origin South Moravia — Mikulov and Velke Pavlovice). The
material was precomposted (to reach the thermal phase) and stored in two scales 5 x 2 x 0.5 m, one as
a control (composting) and the other one with input of 200 kg of substrate with Californian hybrid
earthworm Eisenia foetida (placed in the middle layer by using excavator).

Samples were taken on 11.6.2011 (input material), 5.7.2011, 30.7.2011 and 20.8.2011 (final product)
in the middle part of scale at 10 cm of depth. Temperature was monitored weekly by thermometer
Greisinger GTH 1170 and sensor GKF 125 (specialized in measuring temperature in composts) in a net
3 x 5 points every 10 cm deep.

Moisture was analysed in the external laboratory in Prague 8, according to the methodology for dry
matter determination.

pH of the raw material was determined by the mixing of 1 part of substrate and 2.5 parts of distilled
water stirring 10 minutes and measuring by the pH Benchtop Meter. Change in pH was also determined
in external laboratory.

Chemical and physical indicators of compost and vermicompost samplings were compared through
analyzes according to the characterization methodology of cultivating compost (notice 341/2008 coll.):
NOC (non polar organic compounds) and EC (extracted compounds) were analysed by the method FTIR
(Fourier Transform Infrared Spectroscopy), and hydrocarbons C10 — C40 by the gas chromatography.
The ratio C:N is calculated from the content of combustion compounds and total nitrogen.

Results and discussion

Results in Table 1 summarizes the characteristics of quality of cultivating compost according the
notice 341/2008 coll. from which it appears that the ratio C:N does not meet the limit value 20 for control
process without worms (compost) while vermicompost is at the lower end. Other characteristics for both
types meet the limit.

Table 1: Results of monitoring of vermicompost and control (compost) characteristics

Day 11.6.2011 5.7.2011 30.7.2011 20.8.2011
waste vermi control vermi control vermi control

?40]'St“re 64 64 51 64 49 70 48

Combustion

compounds 63 59 62 58 62 58 61

[%]

Total 2.3 2.2 2.0 2.1 1.9 2.1 1.8

nitrogen [%]

CN 14 14 16 14 19 16 20

PH 78 83 82 85 83 85 8.4

Non-degr. 0.66 0.11 0.32 0.08 0.40 0.041 0.47

add.[%]
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For practical application the correction of imbalanced C:N ratio of composted substrates is necessary.
Based on many published works!” " ' the optimal C:N ratio for the highest stability of the product is
20 — 25 : 1 (max.30 : 1). The low C:N ratio of the substrate used in our experiment for both treatments
led to the increase of the C:N ratio during composting and vermicomposting processes thanks to
stabilization of nitrogen-rich compounds. Our results confirm the importance of the pre-treatment of input
materials, such as addition of carbon-rich compounds.

The decrease in the total nitrogen is also noticeable; in the case of compost the loss is almost double.
The decline is however statistically insignificant since the error size reaches 30 %. The cause of the
nitrogen decrease in both composts is probably its escape into the air in form of ammonium, during
vermicomposting with less intensity.

The results of moisture show that during both process the moisture of the wermicompost is higher to
the control compost (values of even 70 % were achieved at later stages). The increase in moisture of
wormcompost was also found during the orientation tests; consequently irrigation was eliminated.

During the composting the pH increase to alkaline values of 8.5, while in the case of vermicomposting
the growth accelerated more in time. The increase of pH was already observed in many studies dealing
with composting of winery waste. Many authors ® 2 also recorded the increase to the values of 8. A shift
of pH towards a neutral value ! was also observed. Some authors state that the pH of input material
should ideally remain from 5 to 9 otherwise devastation of worms ' could appear.

Many of tested products of composting don’t meet in praxis the requirement limits for undegradable
residue. However, in our study, results for this compounds seem to be unbalanced (decrease followed
by increase in the control samples and decrease in vermicompost). One of the causes in the first case
may be the non-homogeneity of the sample. The decrease in vermicompost can be explained by the
process of bioaccumulation of selected compounds during the process of vermicomposting.

Based on results showed in the Figure 1 we can see that the process of vermicomposting and
composting cause an increase of extracted compounds. In the control compost without worms there is
more than twice higher amount of substances and in vermicompost even more — four times higher
content. Increase of these compounds during the process confirms the decomposition of complex
substances into simple substances, which after occur in the samples in higher amounts.

Figure 1: Change in content of extracted compounds in compost and vermicompost
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The analysis of NOC seen in Figure 2 indicates that although during the process of composting
without worms the content of these substances increased. In the vermicompost, the increase was
significantly higher. This trend confirms the effect of changes in organic matter quality. The content of
organic matter is significant for retention of non-polar organic chemicals as appeared in results of the
analysis. Also hydrocarbons types C10 — C40 were determined. The value of input sample was 110
mg/kg. Since the minimum level of content which can be determined is the value of 100 mg/kg, we
cannot exactly determine the quantity of samples which contained concentrations below the
determination level. Disproportions between the observed NEL and C10 — C40 can be evidence the
presence of substances heavier than C40.

Figure 2: Change in content of non-polar compounds in compost and vermicompost
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The temperature distribution in piles is not included in detail in the article; that is because the material
was pre-composted and after this treatment no significant changes or differences in time were seen
between the two piles.

Although determined characteristics are not significantly different between compost and
vermicompost, the most significant is the increase in extractable compounds; this confirms the efficiency
of the vermicompost decomposition. Such successful degradation of materials is also evidenced by the
increase of pH.

In further research it would be useful to determine the content of nutrients (potassium, phosphorus,
calcium and magnesium) and to evaluate different input materials for the appropriate change in ratio C:N
S0 as to adequately assess the suitability of the final product when fertilizing crops.

Conclusion

Advantages of vermicompost are mainly associated to the process speed, which was indeed noticed
through this research. According to the obtained results it can be stated that a combination of
composting and vermicomposting is a good strategy for an efficient utilization of solid waste from wine
production. Wine pomace should be recycled in the agricultural production and reused in order to
achieve a sustainable agricultural management. On top of that, the costs for logistics and other utilization
could be saved. The vermicomposting waste management could bring several benefits for many
farmers, particularly when we realize that long-term management of the soil without organic fertilizers is
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not a long-term sustainable and that does actually have a direct impact on the environment and the
future economic performance. Since the majority of vineyard areas are located in Europe (60%) is
possible to apply the vermicomposting treatment with winery waste from Czech Republic but also other
surrounding regions.
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Vyuziti vermikompostovani pro utilizaci odpadu z vyroby vina
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Souhrn

Pokus byl zaméren na zhodnoceni dynamiky kompostovani a vermikompostovani odpadu z vyroby
vina (vinné matoliny) ve venkovnich kompostovacich hromadach. Sledovanymi charakteristikami byly
predevsim znaky jakosti rekultivacniho kompostu podle vyhlasky ¢. 341/2008 Sb. Za nejvyznamnéjsi
ukazatel se da povaZovat narust extrahovatelnych latek z 340 mg/kg na 1400 mg/kg ve vermikompostu
a na 720 mg/kg v kompostu, ktery potvrzuje efektivitu pfidani vermikultur. Stejné tak i zvyseni obsahu
nepolarné extrahovatelnych latek z 200 mg/kg na 390 mg/kg a 560 mg/kg odkazuje na rozdilnou zménu
v kvalité organickych sloZek pro oba procesy. Nizka vstupni hodnota C:N 14:1 vedla k neo¢ekavanému
vzestupu poméru C:N ve vermikompostu na 16:1, v kontrolnim kompostu na 20:1. V praxi je z tohoto
duvodu doporu¢eno stabilizovat optimalni hodnoty pro pouZivany vstupni substrat, ktery by pro
uspésnou biokonverzi mél dosahnout hodnot C:N 20 — 25:1.

Kli¢ova slova: biologicka konverze, matolina, vermikompostovani, kompostovani, Eisenia foetida
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Summary

Presently the focus in road construction sector concentrates on technologies and techniques, which
allow decreasing energy demand necessary for their production. At the same time attention is paid to
decreasing construction costs related to new structures or pavement rehabilitation works. In the Czech
Republic in this connection the development during last ten years was oriented in increased extend on
cold in-place recycling techniques. Certain positive potential of this group of techniques is the possibility
to use so called energetic by-products in a form of alternative binders or fillers (fine graded particles).
These by-products, coming from coal combustion, have a relatively broad range of possible applications
especially like alternative substitution of normally used hydraulic binders (cement, lime) in cold recycling
mixes. Within the experimental activities of Faculty of Civil Engineering CTU in Prague commonly used
cement was replaced by fly-ashes or inorganic loose binder obtained by mechanical activation of
fluidized fly-ash. With respect to limited knowledge of behavior and properties of mixes if an alternative
material is used, it is necessary to specify correctly newly designed mixes. For assessed mixes basic
volumetric properties, as well as strength and deformation characteristics were determined. Within the
evaluation of particular performance characteristics the influence of different aggregate grading on
strength properties was assessed as well. From the expected use leaching tests were done for selected
mixes as well as combined water and frost susceptibility tested. Some of so far gained results are
presented in the paper

Key words: fly-ash, mechanically activated fly-ash, fluid coal combustion, mechanical activation, cold
asphalt recycling techniques, indirect tensile strength, stiffness, water sensitivity.

1. Introduction

In the research done in road construction increased focus on environmental aspects and the
protection of the environment is more and more visible. This is closely related to the necessity to limit
consumption of natural non-renewable resources, to decrease amount of waste material disposed on
land-fills and at the same time to identify suitable techniques which would help to reduce the energy
demand during construction of transport networks. In case of waste there is a European wide target
reach until 202 for construction and demolition waste a level of their recyclability about 70 %. Similar
criteria can be found or it would be wise to promote them also for other waste materials [1].
Simultaneously some other initiatives and programs originated within the EU during last few years
(especially as part of the activities done by the European centre for advanced studies), which focused on
defining and describing suitable end-of-waste criteria. Such criteria will have in economic terms an
important impact on easier use of such materials in further production chains and for various
applications. One of the areas gaining actually increased attention is represented by so called mineral
waste materials. In this group also fly-ashes and solid reactive products based on calcium from
desulphurized flue gasses can be included in. From this point of view the research activities based on
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identification of new solutions with alternative fine grained mineral materials and performed by the
Faculty of Civil Engineering CTU in Prague aim on reflecting these aspects.

Despite of R&D activities in the area of fly-ash utilization as an alternative binder or geopolymer
especially for concrete, the possibilities to exploit bigger amounts of this material are limited. Various
results can be found also in the research quite successfully realized presently also in the Czech
Republic. The smaller applicable amounts of fly- ashes are determined by the mix composition and
expected function of the fly-ash in mixes like concrete, usually having a role of a binder. Following the
situation of fly-ash producers these trends cannot significantly solve the persisting problem of land-filling
large amounts of this energetic by-product. So far gained results of ongoing research presented and
discussed in this paper therefore aim on the possibility use fly.ash as an alternative binder in cold
recycling mixes as well as on the possibility to substitute or supply part of the RAP material by fine-
graded (filler) particles. Although it is realistically possible to use effectively only 10 — 15 % by mass of
such material, this level represents a indispensable portion how to utilize especially more problematic
fly-ashes from soft coal combustion and power production. In this area the Czech Republic shares front
brackets in a worldwide comparison, especially in terms of per capita production.

Key energy source in the Czech Republic are still solid fuels, especially soft coal. In CZ about 69 % of
coal exploitation (soft and lignite) is used for electricity production. Heat power plants produced in the
year 2000 in the Czech Republic about 9.1 million tones of solid products (for comparison solid products
from coal combustion reached in EU15 in the same period about 59 mil. tones). From this amount about
600 thsd. tones (comparing to 1,121 thsd. tones in EU15). The total amount of fly-ashes increased in
2011 up to 11 million tones of solid products coming from the yearly coal combustion [6, 7]. Some of
these solid combustion residua can be considered as good-quality by-products which differ in grading,
chemical and mineralogical composition, as well as in properties and potential applications.

In the Czech Republic several heat power plants and generation plants can be found which use
fluidizing caldrons already for several years (approximately since 1996). These facilities have a
combustion effectiveness of 85 to 88 %. In the fluidizing caldron milled fuel and additives are combusted
in a circulating layer at temperatures about 850°C. During the dissociating process the SO, released
from the coal relate to CaSO, what has quite important environmental benefit. If it be to the contrary
large amounts of SO, emissions would be released to the air causing significant pollution. Lower
combustion temperature also reduces the generation of NO, emissions. Resulting product can be
defined as a mix of ash from the original fuel, untreated desulphurizing agent (CaO with eventual residua
of CaCQ3), calcium sulphate (CaSO,4) and products of reaction between ash matters and CaO, as well
as non-burnt fuel. With respect to the combustion temperature which is in case of fluidizing processes
lower than in case of granular combustion technique, the untreated CaO is presented in form of so called
softly calcined lime (about 30 %). Fluidized fly-ashes contain relatively higher amount of SO; (7 — 18 %),
which can cause in the binder formation of ettringite. For fluidized fly-ashes absence of hot melt is typical
as well. In consequence of flue gas transport form the area of cooking hole it comes to separation of odd
fractions of this mix; fine particles are transported by the burnt gas in form of entrainment and coarser
particles stay in the combustion area of cooking hole. The entrainment (dusting) of solid substances in
removed from the burnt gas by traditional techniques like cyclones or filtration units. Each fluidizing unit
therefore is producing fly-ashes of two types — fly-ash from the area of cooking hole denoted as bottom
ash and fly-ash gained from the entrainment called also cyclonic or filter fly-ash. Properties of both types
are significantly different in physical characteristics (particle size and grading, specific surface, density,
apparent density) as well as in chemical and mineralogical composition, even if both types originate from
the same technological process of fluid combustion and desulphurization [2].

Fluidized fly-ash contains relatively high content of pozzolanic active components, which potentially
allow use this material in civil engineering for several applications. For this reason it is possible to
develop suitable approaches how to exploit this by-product for preparation of structural binders and
increase the raw material basis. To get a highly effective modified binder it is necessary to apply physical
(mechanical) activation of this material. Fluidized fly-ash with content of SiO, + Al,O3 larger than 50 % by
mass is milled up to the maximum particle size 200 ym using a high-speed disintegrator equipped with
a set of 6 rotors moving in opposite direction with radial velocity >160 m.s™'. Material milled by this
process is on its own reactive and it is not necessary to use another additive for stimulating hydration
processes. Newly originated loose inorganic binder based on activated fly-ash was patented in the
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Czech Republic. Potential benefits of physical activation are savings in form of reduced energy demand
necessary for production of traditional hydraulic binders.

2. Focus of the experimental research

Within the experimental activities done in the research of alternative cold recycling mixes several sets
of mixes with variable content of fluidized fly-ash and activated fly-ash have been designed and tested. It
was assumed, that fluidized and activated fly-ashes will have a role of a hydraulic binder substitute or
filler agent. At the same time a set of laboratory tests has been defined to allow the impact assessment
of these alternative binders/fillers on the mix behavior. The experimental cold recycling mixes have been
prepared according to the principles defined in the specifications of Ministry of Transportation in the
Czech Republic (TP208). For the mix design sorted reclaimed asphalt material (RAP) of grading 0/11
and 0/22 from mixing plant Béchovice of PSVS (Porr) company has been used. For this material grading
analysis has been done before and after extraction to get exact information about the content of odd
particle sizes and the bitumen content. In RAP 0/11 bitumen content of 7.3 % by mass has been found,
in the coarser RAP 0/22 the content was lower, reaching 6.2 % by mass.

As bituminous binder a cationic bituminous emulsion of C60B7 class has been selected. It is
a standard product used for cold recycling techniques in the Czech Republic. Similarly usual Portland
slag cement CEM I/B- S32.5R has been used for most of the experimental mixes. For the experimental
comparison and first verification of applicability of alternative activated binder (based on mechanical
modification of fluidized fly-ash from generation and cogeneration plant in Pilsen) and fluidized fly-ashes
from CEZ power plant Ledvice (filter fly-ash) and Podéerady (bottom fly-ash) have been selected and
applied in the mix designs. The most interesting aspect about these fly-ashes is with respect to their
chemistry high content of SiO, + AlLO; (>70 %) and lover content of unbound CaO (<9 %). These
findings lead from the beginning to the expectation of similar behavior like known for cement. From the
very beginning the intention was not to compare all fluidized fly-ashes available in the Czech Republic.

Table 1: Composition of experimental mixes
REC | REC | REC | REC | REC | REC | REC REC REC

Mix design

REF P01 P02 P03 P04 P05 P06 P07 P08
Water 4.5% | 45% | 5.0% | 55% [ 5.5% [ 5.0% 5.0% 5.0% 5.5%
Cement CEM II/B — S32.5R 3.0% - - 1.0% - - - 1.0% 1.0%
Bituminous emulsion C60B7 3.5% | 35% | 35% | 25% | 3.5% | 3.5% 3.5% 2.5% 2.5%

Fluidized fly-ash (Ledvice)

Fluidized bottom-ash (Po&erady) - - -
Activated fly-ash - - - - 3.0% | 7.5% | 10.0% - -
Reclaimed asphalt material 0/11 89.0% | 89.0% | 84.0% | 81.0% [88.0% | 84.0% | 81.5% | 81.5% | 76.5%

3.0% | 7.5% | 10.0% - -
- - - 10.0% | 15.0%

Composition of various mixes is shown in Table 1. Test specimens have been prepared by the
modified procedure described in technical specifications TP208, [5]. For each mix at minimum 16 — 30
cylindrical specimens have been prepared and for each mix bulk densities of specimens, moisture of
fresh produced mix, air voids content and permeability of the mix has been determined.

Subsequently standardized tests required by the technical standards and TP208 have been executed.
In the technical requirements for cold recycling mixes with bituminous emulsion and cement it is
prescribed to perform indirect tensile strength test (ITS) at the temperature of 15°C after 7 days air
curing and then after 14 days combined curing, i.e. 7 days air-curing and 7 days water curing. From
these values the water sensitivity is afterwards calculated, which is used in the practice as one of the key
quality criteria. In case of the done research broader range of assessment has been selected and
besides described characteristics and parameters also ITS after 14 and 28 days air curing have been
included. Results of strength characteristics on specimens with combined curing in water and on air have
been subsequently compared to 7 and 14 days strength values for assessing the impact of water
sensitivity according to TP208 and for determination of modified indicator ITSR* which is normally set
and evaluated in case of hot asphalt mixes. In case of this ratio the temperature conditioning 72 hours in
water at 40°C has not been done and specimens cured 7 days on air and 7 days in water have been just
compared to specimens cured 14 days on air. Further evaluated characteristic was the stiffness modulus
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gained from non-destructive indirect tensile stress test at 5, 15 and 27°C after different curing periods.
Specimens cured 14 and 28 days on air and 14 days of combined curing condition were tested.

To receive correct identification of selected materials used for newly designed experimental mixes
basic chemical analyses of elements represented in these materials have been done. These analyses at
the same time serve as a reference information base for assessment of leaching of hazardous
substances in water leach of experimental mixes. Chemical analysis have been carried out in
cooperation with the Geological Institute of the Academy of Sciences of the Czech Republic (AV CR) for
fundamental analysis of elements represented in the used materials and partly as a basis for future
description of potential leaching effects. Particularly selected samples of waste granular material, by-
products, and reclaimed materials the use of which is being considered or expected in pavement
structures, or where such construction applications already exist, has been selected for the analyses
done. The set of tested materials involves waste filler from aggregate production, fly ashes and
reclaimed asphalt material.

In connection to the list of technical standards governing the leaching methods for various types of
mineral materials different analytical procedures are used [8]. None of the methods governed by any
standard concerned has been used; a modified procedure was preferred and applied based on analytical
spectroscopy method. For this test procedure samples were analysed with IRIS Intrepid Il XPS
spectrometer (ICP-EOS) manufactured by Thermo Electron Corporation, using axial plasma view and
cyclone type nebulizer. The standard operational conditions were used (plasma power 1150 W,
nebulizer pressure 25.0 psi, auxiliary gas flux 1.0 ml/min, sample uptake 2.40 ml/min). For the analytical
purposes wavelengths recommended by manufacturer for each element were used, as is published in
the instrument manual as well. The calibration curves were constructed using four points (blank and
multi-element standards in 1% supra-pure nitric acid) covering full range of the concentrations
measured. Concentration of macroelements and microelements were calibrated and measured in
separate experiments. Each sample was analysed three times. Quality control was ensured inserting QC
sample into analytical run after each ten unknown sample.

For analytical purposes and as a basis for future leaching tests, the total elements contents in the
solid samples were measured, after total decomposition of the solid samples in nitric acid/hydrofluoric
acid/perchloric acid mixture. In this way the solid samples went into acidic solutions, in which elements
concentrations were measured by ICP EOS. The concentrations of basic elements (macroelements)
were estimated as well as the trace elements (microelements) by ICP EOS technique. ICP EOS stands
for the spectroscopic analytical technique optical emission spectroscopy with inductively coupled
plasma. Among others, the macroelements Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si and the microelements
As, B, Ba, Be, Cd, Co, Cr, Cu, Li, Mo, Ni, Sr, Ti, Zn were analysed.

For the future alternative leaching tests distilled water (pH value ~6.5) and aqueous solution of acetic
acid (pH value ~ 4.5) will be used as leaching agents. Acetic acid was chosen to approximate the effect
of leaching by acidic rain water. Similar testing procedure and environment can be found, e.g. in [9].
Analytical experiments were performed on samples of the materials pulverised and homogenised,
fraction of grain size < 0.1 mm was used. Even if such testing sample preparation is not usual in the
standardised leaching test methods for granular materials, the pulverisation has been decided for the
total inorganic analysis. Sample weight 1 — 5 g and 100 ml of the leaching solution was used. Weighted
samples were covered with the leaching solution and agitated on an overhead shaker for 2 h at room
temperature. Leachates were then filtered over 0.45 pm filter and analysed. No leaching solution
exchange was performed in the course of the test. Thus, the test can be characterised as a short-time
procedure without dynamic character, i.e. without leaching solution exchange.

3. Assessment of volumetric and mechanical properties

For the determination of properties of cold recycling mixes initially standard tests according to TP208
have been done. As described already in the previous text bulk density, air void content and moisture of
produced mix, see Table 3. The bulk density has been determined by the SSD method (procedure with
saturated dry surface) [4] and according to dimensions (height and diameter). All results of SSD method
were in average about 3 % higher than bulk densities gained by the second method. In case of air voids
content interesting trend has been observed, when the void content relatively linearly increased with fly-
ash content in the mix. This has been abated also in variants with different cement and/or bituminous

Patronem tohoto &isla je 8. roénik ¢esko-slovenského symposia Vysledky vyzkumu a vyvoje pro odpadové hospodarstvi ODPADOVE FORUM 2013
(17. - 19. 4. 2013, Kouty nad Desnou)

WASTE FORUM 2012, &islo 3, strana 120



Jan VALENTIN, Jan SUDA, Milo$ FALTUS: Use of Alternative Binders Induced from the Treatment of Fluidized
Fly-ashes in Cold-recycled Pavement Mixtures

emulsion content. In case of activated fly-ash the situation was different, especially in case of lower
content of this alternative binder in the mix and the voids content of the mix decreased and increased
again with higher content of the material (see Table 2). Optimum moisture content has been determined
by modified Proctor Standard test. For mixes with fluidized fly-ashes also permeability according to CSN
CEN ISO/TS 17892-11 has been determined. The values of filtration coefficient decreased with fly-ash
content in the mix and the values were in interval of 10° — 10° m/s at testing temperature of 10 °C.

Table 2: Fundamental characteristic of assessed cold recycling mixes

— REC | REC | REC | REC | REC | REC | REC | REC | REC

Characteristic REF | Po1 | Po2 | Po3 | Po4 P05 P06 P07 P08
Bulk density (g/cm’); dimension | 2.121 | 2.124 | 2.065 | 2.064 | 2.033 | 2.078 | 2.083 | 1.987 | 1.936
Bulk density (g/cm°); SSD 2189 | 2.159 | 2.098 | 2.007 | 2.088 | 2118 | 2127 | 2.032 | 1.981
Voids content (%-hm.) 100 | 102 | 126 | 123 | 85 98 10.0 16.0 17.8

From the results of strength characteristics, which are summarized in Table 3, it is possible for
assessed mixes to induce that fluidized fly-ash content in the mix is increased the indirect tensile
strength decreases. Opposite trend is occurred if activated fly-ash has been used. In this case the
strength characteristics steeply increase with higher content of the binder in the mix. The largest strength
increase has been reached during the first seven days of curing. This means that during this period the
vastest quantity of hydration processes is in progress and the shrinkage of the mix can be mostly
negative affected. The aspect of modified ITSR* indicator and the ratio of indirect tensile strength
decrease shows that ITSR* leads to worse values. Based on this finding it would be suitable to
complement the criterion of strength decrease parameter in the existing technical specifications TP 208
by a minimum value for indirect tensile strength after 14 days curing. If RAP material of 0/22 grading is
used the indirect tensile strength values decreased in average about 18 % comparing to mixes with
0/11 RAP.

Table 3: Indirect tensile strength results

Mix - Indirect te-nsne str;zigrtr: [7MPa] - TSR Decrease Fro§t_ -
7 air 14 air waler 28 air of ITS susceptibility

REC REF 0.45 0.84 0.56 0.91 0.68 1.24 0.91
REC P01 0.71 1.05 0.78 0.82 0.74 1.10 -
REC P02 0.51 0.58 0.43 0.82 0.74 0.84 0.88
REC P03 0.40 0.55 0.41 0.63 0.74 1.02 0.60
REC P04 0.66 0.63 0.54 0.65 0.86 0.82 -
REC P05 1.14 1.18 1.37 1.42 1.16 1.20 0.88
REC P06 1.23 1.19 0.97 1.63 0.82 0.79 0.81
REC P07 0.49 0.51 0.42 0.66 0.82 0.86 -
REC P08 0.41 0.49 0.40 0.55 0.82 0.98

The stiffness modules of cold recycling mixes assessed by the cyclic tensile stress method (IT-CY
according to CSN EN 12697-26) are an important deformation characteristic. Stiffness is used together
with the Poisson value for designing structural pavement layers in the Czech Republic. The stiffness
modulus was determined on cylindrical specimens in the NAT (Nottingham Asphalt Tester) apparatus
[3]. The respective performance of the testing has been done according to the setup describe e.g. in [2].
From the received results it is visible, that increased filter fly-ash content the stiffness and ITMR ratio is
significantly decreased. At the same time the thermal susceptibility is worsened as well. Opposite trend
arose in cases where the alternative activated binder and bottom fly-ash have been used. In these cases
experimental mixes show abrupt increase in stiffness values and the water and thermal susceptibility
gains smaller values. Further if analyzing mix REC P03 the significant importance of cement can be
demonstrated. This mix shows relatively high stiffness modulus values and a good ITMR ratio. At the
same time mixes with sufficient cement content are less thermal susceptible (see Tab. 4 and Fig. 2).

Quite interesting are in general results of water susceptibility if this characteristic is assessed by
comparing stiffness modules and setting the ITMR ratio comparing to modified indicator of indirect
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tensile strength ratio (ITSR*) and the indicator of indirect tensile strength decrease according to TP 208
specifications. Again like in the case of indirect tensile strength, also for stiffness modules there is an
average decrease in values about 23 % if RAP grading 0/22 is used.

Table 4: Stiffness modulus of assessed cold recycling mixes

Mix Stiffness r:::xéu&g;)s °C (MPa), Ratio of stiffneslﬁ_ I\TF?dUIus The_g:r:_al Frog,tb -
12 air 7 air + 7 water 28 air decrease (| ) susceptibility (1s) | susceptibility
REC REF 4,200 3,100 4,700 0.74 2.30 0.86
REC P01 4,000 3,500 5,000 0.88 2.91 -
REC P02 1,500 1,200 2,200 0.80 5.86 1.01
REC P03 3,600 3,100 4,300 0.86 2.43 0.51
REC P04 3,200 4,000 3,600 1.25 2.36 -
REC P05 7,400 7,800 7,400 1.05 1.76 0.78
REC P06 5,700 7,400 8,400 1.29 1.85 0.75
REC P07 4,000 3,500 5,600 0.88 2.00 -
REC P08 5,400 4,200 5,900 0.78 1.59 -

Further for selected experimental mixes the resistance to frost and water has been analyzed. This is
an important performance characteristic especially from the viewpoint of practical application of these
mixes in regions like the Czech Republic where winter seasons should be considered as one factor as
well. Selected mixes have undergone several frost-thaw cycles according to the procedure described in
specifications TP 112. The main determined parameter was the coefficient of decrease for stiffness
modulus and indirect tensile strength. Limiting value for the decrease was set within the experimental
testing at the level of 0.7. From the gained results (see Tables 3 and 4) it is visible, that with increased
content of fluidized fly-ash and activated fly-ash the mix stability decreases. Nevertheless mixes with
different content of alternative activated binder are in all cases satisfactory and fulfilling the set minimum
value. In case of mixes with fly-ash different situation can be seen. The trend of decreased stability is
relatively significant and this can limit use of these mixes in base pavement courses.

4. Chemical analyses of macro- and micro-elements

In the cases of the waste filler from the Svréovec quarry and the reclaimed asphalt material from the
Béchovice mixing plant dump, two separate samples were taken from different places of the stock piles
during 2008. For fly-ashes a small sample has been selected from a laboratory bulk of more than 60 kg
used for mixes designs and further testing. For the alternative activated binder a sample of about 20 kg
has been milled. It is also necessary to state that it was impossible to carry out a general analysis of
macro-elements for the crumb rubber sample due to the nature of the material. Subsequently, the
leaching tests were limited to one of the three waste filler representatives obtained.

The results of performed measurements are summarized in the tables presented below. The
concentrations of particular elements are normalized by the unit mg/g per sample. Due to this
normalization easy and well understandable comparison of odd macro- and microelements is possible. It
is possible to transform the normalized amounts into relative expression showing that besides the
analyzed elements the material usually contains also some other.

Table 5: Total sample analysis — macro-elements

Element Al | As| Ca | Fe | K | Mg |Mn] Na | P | S | Si

Sample Total content (mg) of element per 1 g of sample
Crumb rubber <1 mm - - - - - - - - - - -
Waste filler TéSkov 19.88 | 0.07 | 51.76 | 41.43 | 426 | 1047 | 073 | 791 | 054 | 222 | 59.50
Sorted RAP material 0/11 55.01 | 0.10 | 56.06 | 31.02 | 17.61 12.6 | 0.66 | 21.84 | 0.35 | 2.82 | 72.47
Sorted RAP material 0/11 3.24 < 4.88 717 1.61 1.36 | 0.01 | 256 < 0.33 0.30
Activated fly-ash 105.95 - 166.36 | 40.39 | 1.55 988 | 096 [ 820 | 1.58 | 32.29 | 0.51
Fly ash Ledvice (fluidized) 104.35 - 200.87 | 25.22 | 0.98 9.24 | 0.32 47 | 054 | 41.74 | 1.11
Fly ash Hodonin (fluidized) 108.33 141.67 | 36.11 1.80 9.44 | 043 | 5.11 0.54 | 29.64 | 0.35

“<” stays for below the detection limit, generally < 0.020 ppm.
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Table 6: Total sample analysis — micro-elements

Element B | Ba | Be | Cd | Co | C | Cu | L | Mo [ Ni | s | Ti | zn
Sample Total content (mg) of element per 1 g of sample
Crumb rubber <1 mm - - - - - - - - - - - - -
Waste filler TéSkov 232 | 0.03 < 0.007 | 0.05 | 0.27 | 0.08 | 0.01 < 0.17 | 0.05 | 555 | 0.07
Brown coal multi-dust 0.06 | 0.001 | 0.02 [ 005 | 550 | 0.04
Sorted RAP 0/11 1.89 | 0.30 |0.0004| 0.006 < 0.03 | 0.02 | 0.03 | 0.002 [ 0.05 | 0.11 1.73 | 0.06
Sorted RAP 0/11 0.84 1.3 | 0.0009 | 0.001 |0.0008| 0.002 < 0.04 [0.0005| 0.008 [ 0.02 | 0.20 | 0.02
Activated fyl-ash - 0.41 0 0.01 0.07 | 0.11 0.19 | 024 | 0.008 | 0.05 | 054 | 184 [ 0.10
Fly ash Ledvice
(fluidized) - 0.28 0 0.01 0.03 | 012 | 0.05 | 0.11 0.01 | 0.08 | 030 [ 750 | 0.05
Fly ash Hodonin
(fluidized) - 0.31 0 0.01 002 | 013 | 013 | 0.12 | 0.01 | 0.07 | 029 | 542 | 0.30

For the macro-elements aluminium, calcium and partly silicon seems to have the highest
concentration. The elements are represented in for of chemical compounds in crystalline or amorphous
phases. Aluminium represented in activated fly-ash and both fly-ash samples is a puzzle because the
source material burnt was soft coal and lime-stone used as catalyst. Only in case of Hodonin sample the
energy producer is trying to modify the burn process by including municipal waste. The content of
calcium can be easily explained by the burning process as already stated previously. This explanation
might be used for sulphur as well. Silicon is represented in one of the RAP materials and in waste filler
from TéSkov quarry. This can be explained by the source mineral materials.

From the micro-elements analysis following conclusions can be made:

- Increased content of hazardous/toxic micro-elements (observed) was found in total sample analyses

as part of analyzed material:
= both fly-ashes — cadmium,
= reclaimed asphalt material 0/11 — barium,
= waste filler TéSkov, waste filler Markovice, activated fly-ash (only Co) — nickel, cobalt.
In this context, it should be emphasized that in the case of beryllium (Be), cadmium (Cd) the
elements in question are highly poisonous and toxic and are distributed mainly in dust. Highly
effective allergens can be mentioned with respect to nickel (Ni) and cobalt (Co); last but not least,
barium (Ba) is a well known and generally classified toxic heavy metal.

- Significantly different content of titanium in activated fly-ash cannot be explained easily there might
be an important amorphous compound rich on this element. The reason for that might probably be in
the source material of soft coal.

- In terms of total analysis reclaimed asphalt material can be described as a material rich on arsenic.
During the respective leaching test of RAP samples it was however found, that arsenic is released
rather from brown coal multi-dust sample. In this connection it is necessary to emphasize, that in
term of total extracted content of particular elements an important role will play the type of bond
between such element and the analyzed material.

- Beside the elements shown in table 2, for activated fly-ash and both fluidized fly-ash samples also
Zirconium has been detected in amount of 0.08 — 0.34 mg/g.

Conclusions

Presented findings should be apprehended as preliminary. The general motivation of started
experimental research was to prove possibilities for substituting traditional hydraulic binders by
alternatives. For this reason not all available sources of fluidized fly-ash have been applied and tested.
At the same time it was not the aspiration to assess long term behavior, even if for cold recycled
bituminous mixes only values after 7, 14 and 28 days are normally evaluated. During the next stage of
testing long-term behavior will be monitored including suitable trial sections. Another doubt can arise with
regard to volumetric swelling which is typical for fly-ashes. This can represent a potential risk,
nevertheless one should be aware of the difference between use of fly-ashes in base or roadbed
structures and cold recycling mixes where it is assumed to use up to 10 % by mass of the total mixture.
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Gained results so far have shown, that there is a potential to utilize energetic by-products in form of
alternative binders. Nevertheless it cannot be expected, that bigger effect will be reached if coarse
grained RAP material will be used. From the above discussed findings and results following statements
can be made. If the amount of alternative activated binder is increased all assessed characteristics
improved significantly. In this connection it is possible to argue, that mechanical modification of fluidized
fly-ash allows completely substitute the hydraulic binder used in cold recycling mixes. This is the main
difference to the application of non-modified fly-ash used as a by-product without any treatments. In this
second case it is possible to use such material for partial binder substitution or as a substitute of fine-
graded particles often missed in sufficient amount in the RAP. As a suitable content of activated fly-ash
in the cold recycling mix it can be recommended to use not more than 10 % by mass with respect to
outstanding increase of hydration heat during the first seven days of curing. This could eventually affect
the shrinkage processes in the mix if higher contents are used. With respect to further potential utilization
of new cold recycling mixes in different structural pavement layers it is necessary further to monitor and
to describe correctly performance-based parameters of such mixes as well as environmental aspects like
leaching and other types of pollution.
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Shrnuti

V soucasnosti se v silnicnim stavitelstvi klade diraz na technologie, které umoZriuji sniZovat
energetickou narocnost vyroby. Zaroveri se pozornost vénuje snizovani nakladu vystavby a rekonstrukci
vozovek pozemnich komunikaci. V Ceské republice je v této souvislosti v poslednich 10-ti letech
vénovana zvysena pozornost technologii recyklace za studena na misté. Jednim z dosaZitelnych
pozitivnich potencialti této technologie je moznost vyuZiti vedlejsich energetickych produktd jako
alternativniho pojiva ¢i piniva (fileru). Tyto vedlejsi produkty, pochazejici ze spalovani uhli, maji pomérné
Siroky rozsah moZnych aplikaci, pfedevsim jako alternativni nahrada bézné pouZivanych hydraulickych
pojiv (cement, vapenny hydrat) ve smésich recyklace za studena V ramci experimentalni ¢innosti na
Stavebni fakulté CVUT v Praze byl ve smésich recyklace za studena standardné pouZivany cement
nahrazen anorganickym sypkym pojivem, ziskanym mechanickou aktivaci fluidnich popilki. Vzhledem
k omezené znalosti chovani a viastnosti smési s alternativnimi pojivy je nutné takto nové vzniklé smési
spravné charakterizovat. U posuzovanych smési byly stanoveny zakladni volumetrické viastnosti,
mechanické a deformacni charakteristiky. V ramci ovéfeni dilcich funkénich viastnosti byl také sledovan
vliv rozdilné zrnitosti kameniva na mechanické viastnosti. S ohledem k ocekavanému vyuZiti byly
provedeny vyluhovaci zkousky u vybranych smési. Soucasné byly provedeny cyklické zkouSky
zmrazovani a rozmrazovani. Nékteré z doposud ziskanych vysledku jsou uvedeny v ¢lanku.

Klicova slova: popilek, mechanicky aktivovany popilek, fluidni spalovani uhli, mechanicka aktivace,
technologie recyklace za studena, pevnost v pri¢ném tahu, tuhost, vodni citlivost
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Abstract

Heavy industry and specially an impact of mining, despite of the fact that it is on the downgrade now,
significantly facilitates the deterioration of surface waters quality. Besides the technological water from
the operating plants, there is a huge amount of secondarily polluted mining waters due to the rainfall. The
rainfall water in the underground areas in old mining works gradually chemically and biologically-
chemically reacts with the surrounding rock environment and brings amount of harmful substances to the
surface and in such way it pollutes the surface water. The pollutants include mainly heavy metals,
sulphates, chlorides, phosphates and other substances. From the viewpoint of surface waters quality the
area in the vicinity of the Smolnik municipality is known as the one of the worst in Slovakia for a long
time. So, the Smolnik brook is ranked in the worst — the fifth degree of quality as a highly polluted brook.

Keywords: waste water, sorption, precipitation, desulphation, AMD

Introduction

Acid Mine Drainage (AMD) is produced when sulphide-bearing material is exposed to oxygen and
water. The production of AMD usually occurs in iron sulphide-aggregated rocks. Although this process
occurs naturally, mining can promote AMD generation simply through increasing the quantity of sulphides
exposed. Naturally occurring bacteria can accelerate AMD production by assisting in the decomposition
sulphide minerals '. AMD are characterized by low pH and high concentrations of heavy metals and other
toxic elements and can contaminate surface and groundwater as well as soils.

The conventional processes for the treatment of AMD involve neutralisation by the addition of alkaline
chemicals such as limestone, lime, sodium hydroxide, sodium carbonate and magnesia. An addition of this
chemicals to AMD results in pH increasing and leads to the precipitation of metals.

The qualitative parameters of the running mining water from the Smolnik were monitored periodically.
The values often move significantly. They depend on the amount of rainfall, rainfall intensity, period of being
held in the mining areas, place (depth), etc. A large number of floods and mainly fires in the mine caused
huge increasing of Fe, Mn and Cu contents in the mining water. The mining fire by spontaneous combustion
of pyrite in 1896 — 97 caused the enhancement of the Cu concentration up to 150 g.I'", in 1910 the Cu
concentrzation increased even to 180 g.I" due to the fire. In 1923 57.6 tonnes of copper flew into the
recipient®.

Table 1 evidently shows the gradual increase, culmination and finally the decrease of values of almost
all indicators. Those changes were caused due to mine inundation and its finalization. After almost four-
year exposition of mining waters in the rock environment a strong mineralization occurred and
concentration of all components exceeded all permissible concentrations (they are exceeded today as
well). The values being monitored after 2004 are not presented, because of no significant changes were
recorded.
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Table 1: Trend of mine water quality from Smolnik in period from 1986 to 2004°

S0~ Fe Cu Mn
YEAR [mg.I"] [mg.I"] [mg.I"] [mg.I"]
1986 6004 72 37 43
1987 4634 51 39 66
1991 1155 7 11 12
1992 1233 20 11 13
1993 1481 61 5.3 13
1994’ 1350 58 7.2 11
19942 4000 155 12 11
1994° 9512 915 51 105
1995 5825 772 7.4 136
1997 4133 421 3.9 37
2000 4170 137 4.3 41
2001 3461 556 2.8 38
2002 2296 620 1.7 38
2003 2680 501 1.5 33
2004 2723 425 1.5 28

! period before ending of mine inundation
2 ending of mine inundation
% period after mine inundation

Materials and methods

Model solutions with the concentrations of metal ions similar to the mine water from the Smolnik
brook and acid mine drainages samples from the Pech pit were prepared for the experiments in order to
examine the removal of sulphates and heavy metals from water.

The concentration of sulphate ions in the tested water samples was of 2984 mg.I" and pH value was of
3.3. The values were obtained by a HACH spectrophotometer, type DR 2000 and a digital pH-meter WTW
330i.

Precipitation of SO ions at only Ca(OH), presence without AF* ions

Methodological procedure of precipitation was realized by following steps:
1. Ca(OH), — 15 minutes of mixing at 200 rpm,

2. suspension filtering,

3. determination of the content of sulphates and the pH value.

Precipitation of SO ions at presence of Ca(OH), and sodium aluminate (ALR-F)

Methodological procedure of precipitation:

1. Ca(OH), — 15 minutes of mixing at 200 rpm,

2. ALR-F =30 minutes of mixing at 200 rpm,

3. suspension filtering,

4. determination of the content of sulphates and the pH value.

Precipitation of SO/ ions at presence of Ca(OH), and barium carbonate (BaCO;)

Methodological procedure of precipitation:

1. Ca(OH), — 15 minutes of mixing at 200 rpm,

2. BaCOj; — 30 minutes of mixing at 200 rpm,

3. suspension filtering,

4. determination of the content of sulphates and the pH value.
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Results and discussion

Precipitation of SO ions at only Ca(OH), presence without AF* ions

Table 2 shows the results of desulphation using only Ca(OH), without Al ions. Adding of lime only has
no significant influence on the reduction of sulphates content. Out of the original approximate amount of
2984 g only 600 g were precipitated and that constitutes the efficiency of only about 20 percent.

Table 2: Results of mine water desulphation from Pech pit by Ca(OH),

Sample No.: Ca(OH), pH S0~ Sulphates
[g.1"] [mg.I"] removal [%]
1 6 12.6 2400 19.6
2 8 12.6 2362 20.8
3 10 12.6 2385 20.1
Incom. sample 0 3.3 2984 -

Precipitation of SO, % ions at presence of Ca(OH), and sodium aluminate (ALR-F)

The required pH value is 12.4 and more. Table 3 shows that the sufficient amount of Ca(OH), is
5 — 6 g.I". Higher amounts do not influence the pH values. Optimum dosing of ALR-F is 3.6 g.I'". The
sulphates removal was excellent, i.e. 99.98 %.

Table 3: Results of mine water desulphation from the Pech pit at optimal reagents dosing®

Sample No.: Ca(OH), ALR-F pH S0~ Sulphates

[g.1"] [mlI"] [mg.I"] removal [%]
1 5.2 3.2 12.6 118 96.03
2 5.2 3.4 12.6 200 93.31
3 5.2 3.6 12.6 50 98.32
4 5.2 3.8 12.6 45 98.48
5 5.4 3.2 12.6 64 97.84
6 5.4 3.4 12.6 123 95.87
7 5.4 3.6 12.6 65 97.82
8 5.4 3.8 12.6 50 98.33
9 5.6 3.2 12.6 114 96.17
10 5.6 3.4 12.6 43 98.56
11 5.6 3.6 12.6 0.5 99.98
12 5.6 3.8 12.6 1.0 99.97

Precipitation of SO/ ions at presence of Ca(OH), and barium carbonate (BaCO;)

This form of precipitation was tested on prepared model solutions with similar chemical composition
as mine water from the Smolnik brook. Basic solution contained 3900 mg I sulphates, 390 mg I"' Fe,
130 mg I'" Cu, 500 mg I'' As and 1500 mg I" Sb. The pH of the solution was of 1.2.

Barium and calcium ions have been used for sulphates removal process®. Ca(OH), was used in order
to increase pH to higher values when precipitation of all metals from the solution performs. After 30 min.
mixing pH value of 12 was obtained and solution changed to dark green sludge and after filtration the
solution was colourless again. Consequently, BaCO; was gradually added in doses from 0.5 to 6 g.I" to
tested solution. Then it was mixing for 30 min. and filtrating. After tests at pH 12 the samples were
subjected to precipitation at pH 8 and pH 6, respectively. All results are introduced in Table 4 and
illustrated in Figure 1.
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Table 4: Results of sulphates removing by BaCO;

pH =12 pH=28 pH=6
BaCO; Sulphates Sulphates Sulphates
[9.1"] [9.1"] [9.1"] [9.1"]
0 3988 3865 3905
1.0 - 1802 1918
1.5 1146 - -
2.0 1037 1481 1474
2.5 772 - -
3.0 502 1384 911
3.5 316 - -
4.0 31.7 916 437
4.5 3.3 - -
5.0 2.4 414 89.6
5.5 1.2 - -
6.0 - 3.9 1.4

Figure 1: Sulphate removing from model solution at pH 6, 8 and 12
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Conclusion

Sulphates reduction using Ca(OH), only is ineffective. This way was applied in mine water Smolnik
and sulphates reduction attained only 20 %. Very good results in sulphates reducing were obtained
using the both AI** ions and Ca(OH), Subsequent formation of ettringite at pH=12 allowed high grade of
sulphates removal. So, sulphates reduction was by 99.98 %. As expected, a high efficiency of sulphates
reduction was also obtained by means of BaCOs, at all tested pH values. The precipitation of metals from
solution was effective at all pH values, too, but it was not necessary to adjust ph value to 12, more
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sufficient was pH = 6. The effect of sulphate reduction was evident at BaCO; concentration from 4 to
6 g.I"". Thus the concentration of sulphates was declining under 10 g.I"". An application of performed
techniques in practice significantly depends on the economic situation in the region.
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Sposoby znizovania obsahu siranov a t'azkych kovov

z kyslych banskych vod (AMD)
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Souhrn

Tazky priemysel a vplyv banictva, aj ked je v utime, vyrazne napoméaha ku zhorsovaniu kvality
povrchovych véd. Okrem vody technologickej z existujucich zavodov vznika vplyvom zraZkovej &innosti
obrovské mnoZstvo druhotne znecistenych banskych véd. Zrazkova voda v podzemnych priestoroch,
v starych banskych dielach postupne chemicky a biologicko-chemicky reaguje s okolitym horninovym
prostredim a na povrch prinasa kvanta skodlivych latok, ktoré znecistuju povrchové vody. Su to hlavne
tazké kovy, sirany, chloridy, fosfore¢nany a iné latky.

Z hladiska akosti povrchovych véd je aj oblast' v okoli obce Smolnik uz dlhu dobu znama ako jedna
z najhorsich na Slovensku a Smolnicky potok je zaradeny do najhorsieho — piateho stupria kvality ako
velmi vysoko znecisteny tok.

Kli¢ova slova: odpadni voda, sorpce, srazeni, odsireni, AMD
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Souhrn

Prispévek se zabyva analyzou obsahu nebezpecnych latek v recyklovaném kamenivu ziskaném
recyklaci stavebniho a demolicniho odpadu. V pfispévku jsou prezentovany pavodni vysledky
experimentalniho programu zaméreného na sledovani vybranych rizikovych environmentalnich
parametri. Pozornost je zamérena predevsim na obsah nebezpecnych latek v susiné a na vysledky
ekotoxikologickych zkousek, provedenych s pouZitim dvou druhl autotrofnich organismu. Cilem bylo
porovnat vysledky laboratornich zkousek cihelného recyklatu, betonového recyklatu a zeminy
s kamenim, pochazejicich z raznych recyklacnich Zzafizeni s limitnimi hodnotami dle legislativnich
pfedpisd.

Klicova slova: environmentalni rizika, nebezpecné latky, stavebni a demolicni odpad, stavebni recyklaty

Uvod

Rozvoj recyklaénich principl ve stavebnictvi se zaclenil do plant odpadového hospodarstvi a je stale
vice podporovan organy statni spravy. Stavajici legislativa vyzaduje zvySovani miry recyklace
stavebniho a demoliéniho odpadu (SDO) a nasledného vyuzivani recyklovanych materiall. Prfesto
soudasny stav recyklace v Ceské republice stale neodpovida naléhavosti problému. Stavebni recyklaty
jsou nejcastéji vyuzivany v podobé podkladového materidlu v dopravnim stavitelstvi pfi vystavbé
silnicnich a Zelezni¢nich komunikaci nebo pfi terénnich Upravach a rekultivacich jako podkladovy
a zasypovy material. Mnozstvi produkovaného odpadu neustale nartsta a s vyhledem do budoucnosti
nebude objem soucasného vyuziti dostateény. Je proto nezbytné podpofit dalSi vyuziti téchto materiall
a hledat dal§i moznosti jeho uplatnéni. Stavebni a demoli¢ni odpady neupravené do podoby recyklatu
nelze vyuzivat na povrchu terénu. Velké objemy téchto odpadll proto stale kon&i na nelegalnich
skladkach, spekulativnich sanacich nebo rekultivacich. Odpady, vznikajici pfi stavebni vyrobé
a vystavbé, pokryvaji celou fadu materiald, které nabizeji diky svym typickym viastnostem velmi Sirokou
Skalu vyuziti a Setfi tak pfirodni zdroje kameniva.

Uplatnéni recyklatu je vSak omezeno nejen jeho mechanicko-fyzikalnimi vlastnostmi, ale
i environmentalnimi riziky, které s jeho vyuzitim souviseji. Riziko negativniho vlivu na Zivotni prostfedi
muze nastat jiz pfi vyrobé recyklatu. Celkovy proces recyklace také vyzaduje urcity vstup energii a podili
se na znecistovani zivotniho prostfedi. Mezi hlavni negativni vlivy patfi prach a hluk vznikajici pfi
procesu recyklace SDO. Vznik prachu mizeme eliminovat kropenim vodou, coz vSak muze vést
k naslednému znecisténi podzemnich vod a pldy. Za pozornost stoji i negativni vlivy souvisejici
s dopravou stavebnich recyklata (napf. uvolnéni oxidu uhli¢itého do ovzduSi nebo Unik provoznich
kapalin). Témto rizikim je nutné se vénovat, predvidat je a snazit se je pokud mozno co nejvice
eliminovat.

Recyklaty ze SDO musi splfiovat nejen technické parametry dle pozadavkd na jejich konecné
uplatnéni (pfislusné CSN EN), ale je tfeba je posuzovat i z hlediska jejich potencialniho vlivu na Zivotni
prostfedi a zdravi ¢lovéka. Ekologicka vhodnost pro pouziti se prokazuje dle jejich chemického slozZeni,
obsahu Skodlivych latek a moznosti jejich vyluc¢ovani do okolniho prostiedi. Ekologickéa kritéria se vzdy
stanovuji podle pozadavkl platné legislativy a podle pozadavk( na uréity druh odpadu. V legislativé CR
jsou proto normou stanoveny maximalni povolené limity obsahu jednotlivych Skodlivin podle rdzného
nasledného uplatnéni. Ke stanoveni nebezpecnych slozek stavebnich odpadl v susiné a ve vyluhu se
vyuzivaji limity dané vyhlaSkou €. 294/2005 Sb., o podminkach ukladani odpadu na skladky a jejich
vyuzivani na povrchu terénu. Jedna se napfiklad o vytvafeni ochranné nebo svrchni rekultivaéni vrstvy
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skladek, zavazeni povrchovych loml a dalSi Upravy povrchu pozemku. VyhlaSka stanovuje nejvyse
pfipustné koncentrace S$kodlivin v suSiné odpadl (tab. & 10.1 vyhlasky), tak také limity
ekotoxikologickych testl (tab. €. 10.2 vyhlasky). Stanoveni 14 nebezpeénych vlastnosti se provadi dle
vyhlasky €. 376/2001 Sb. Pro stanoveni hmotnostni aktivity radionuklidd se postupuje dle zakona
€. 18/1997 Sb. a jeho provadéci vyhlasky €. 307/2002 Sb., se zménou ve vyhlaSce €. 499/2005 Sb. Je
vSak tfeba zduraznit, Ze uvedené limitni hodnoty Ize v nékterych pfipadech povazovat za diskutabilni,
zejména s ohledem na to, ze ve vyhlaSce uvadéné limitni hodnoty mohou byt v nékterych lokalitach nizsi
nez hodnoty pfirodniho pozadi. Pro hodnoceni environmentalnich vliva, tfidéni a zkousky recyklovaného
kameniva neplati vramci EU jednotny systém. Srovnani zakladnich legislativnich limitd obsahu
nebezpecnych latek ve vybranych zahrani¢nich zemich je uvedeno v tabulce 1.

Tabulka 1: Srovnani legislativnich limit ve stavebnich odpadech v zahranici [1]

R 2
% < % % Dansko* Rakousko* §
o 2 o) £ >
O Q@ m i &)
Susina Kategorie1 Ka;eé]%rle A+ A B
Jednotka mg/ kg
Kovy
Arsen 10 50 0-20 >20 20 30 30 10
Chrom 200 1250 | 400 0-500 >500 40 90 90 40
Kadmium 1 10 10 0-0,5 >20 0,5 1,1 1,1 0,2
Méd 375 400 0 —500 >500 30 90 90 40
Nikl 80 250 0-30 >30 30 55 55 35
Olovo 100 1250 | 300 0-40 >40 30 100 100 20
Rtut 0,8 5 0-1 >1 0,2 0,7 0,7 0,1
Vanad 180 1250 | 700 0 —-500 >500 100 450 450
Zinek 450 700 0-500 >500 100 450 450 120
Ostatni
PAH 6 20 4 12 20
PCB 0,2 0,5 1

* Rozdéleni do kategorii podle U¢elu pouZiti

Tento prispévek se zabyva sledovanim obsahu nebezpecnych latek a vysledky testd ekotoxicity
v kamenivu, vzniklém recyklaci SDO rdzného puvodu. Pozornost je vénovana latkam, které prekracuji
limitni hodnoty a pfedstavuji nejvétsi rizika. Naméfené hodnoty jsou porovnany s limitnimi hodnotami dle
vyhlasky €. 294/2005 Sb., dle které je material povazovan za nevyhovuijici, pokud dojde k prekroceni
limitu byt jen u jediné latky. Cilem pfFispévku je poukazat na nedostateéné adekvatni hodnoceni
environmentalnich rizik stavebnich recyklatd dle platnych legislativnich pfedpisu.

Vysledky experimentalniho programu

V ramci tohoto experimentalniho programu byla sledovana ekotoxicita na dvou druzich organismu
a obsah nebezpecénych latek v suSiné. ZkousSky byly provadény na vzorcich odebranych z rGznych
recyklaénich center v CR a vysledné hodnoty je tedy mozné povazovat za reprezentativni. Jednalo se
o materiél, ziskany recyklaci SDO z béznych konstrukci, bez uvedeni konkrétniho plvodu. Testy
provadéla analyticka laboratof akreditovana v souladu s CSN EN ISO/IEC 17025:2005. V tomto
experimentalnim programu bylo vyhodnoceno:

» 16 vzorku betonového recyklatu,
* 14 vzorku cihelného recyklatu,
* 12 vzorkd zeminy a kameniva.
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Stanoveni ekotoxicity

Ekotoxikologické zkouSky lIze dle vyhlasky provadét na C&tyfech typech organisma: akvarijni ryby,
sladkovodni Fasy, perloocky a semena vysSSich rostlin, kterd jsou vsazena do prostrfedi vzniklého
vodného vyluhu. Vtomto programu byly testy ekotoxicity provadény na dvou typech organismd —
sladkovodni jednobunécné fase (Scenedesmus (Desmodesmus) subspicatus) a semenech vySSich
rostlin (Sinaphis alba) s dobou plsobeni ve vodném vyluhu 72 hodin. Vodny vyluh byl pro uvedené
sledovani vyroben v souladu s CSN EN 12457-4. Dle limitnich ukazatel pfisludné vyhlagky se nesmi
prokazat v ovéfovacim testu inhibice ristu fasy nebo kofene v hodnoté vyssi nez 30 %. Vysledky testu
pro zkousené druhy recyklatl jsou uvedeny v nasledujicich grafech 1 — 3.
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30 30 289 28,8 28,2 29,1 24
M stimulace e

25 O inhibice 25 1 M stimulace
° 17,9 17,4 19,8 Oinhibi
X 20 2 50 BN inhibice
2 15,6 °
N 15 12,7 T 13,9
b 11 11,2 N
S 3

5 I S

IIIIII III 5
0 0
123 4 7 8 9 1011 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Vzorky betonového recyklatu Vzorky betonového recyklatu

Graf 1: Dosazené procento inhibice nebo stimulace ristu organismu u betonového recyklatu

Z uvedeného grafu 1 je patrnmé, ze u zadného ze zkouSenych vzorkd betonového recyklatu nedoslo
k inhibici ¢i stimulaci vys$Si nez 30 %. Pro rlist kofene Sinaphis alba vS§ak byly naméfeny u péti vzorku
hraniéni hodnoty (maximalné 29,4 %). U sladkovodni jednobunééné fasy byla zaznamenana nejvyssi
hodnota stimulace rlistu pouze 17,9 %.
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Graf 2: DosazZené procento inhibice nebo stimulace cihelného recyklatu

U cihelného recyklatu (graf 2) bylo u sladkovodni jednobunécné fasy naméreno nejvySsi procento

v v

stimulace rastu 27,1 %. U semen vyS$Sich rostlin nevyhovély dva vzorky, kde byla naméfena inhibice
ristu kofene az 46,9 % a 50,1 %. U vzorkd zeminy s kamenivem (graf 3) vSechny testy vyhovély danym

v v

limitim. Nejvy$si naméfena hodnota byla u stimulace rustu kofene semen vy$Sich rostlin a to 24,1 %.
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Graf 3: Dosazené procento inhibice nebo stimulace zeminy a kameni

Celkové bylo na testovdno 42 vzorkd, z nichZ legislativnim limitdm nevyhovély pouze 2, coz
predstavuje necelych 5 % zkouSenych vzorku.

Obsah nebezpecnych latek v susiné

Hodnoceni obsahu nebezpecnych latek l|ze provadét bud vsuSing, nebo ve vyluhu, dle
pozadovaného dalS§iho wvyuziti. Zddvodu velkého rozsahu sledovanych parametrd jsou zde
prezentovany pouze vybrané vysledné hodnoty nebezpecnych latek, kieré z hlediska svého obsahu
v suSiné znamenaji pro zkou$ené vzorky nebezpeci. Nasledujici tabulky 2 — 4 zobrazuji obsah
nejrizikovéjdich prvka v jednotlivych typech recyklati. Cervené jsou zvyraznény obsahy latek, které
pfekracuji stanovené legislativni limity. Na zakladé naméfenych vyslednych hodnot se prokazalo, Ze
nejrizikovéjSimi latkami u stavebnich recyklatd jsou Arsen, ropné uhlovodiky C10 — C40 a suma
extrahovatelnych aromatickych uhlovodiki — suma 12 PAU.

Tabulka 2: Nebezpecné latky v betonovéem recyklatu

Betonovy recyklat
voorek| 1 | 2 | 3 | 4| 5| 6 | 7| 8| 9 10| 11]12]13] 14| 15 |[Limit
extrahovatelné kovy / hlavni kationty [mg/kg sus.]
As 10
Cd 1
Cr 200
Pb 100
Hg 0,8
Ni 80
\Y 180
ropné uhlovodiky [mg/kg sus.]
>C10 -
C40 300
polycyklické aromatické uhlovodiky (PAU) [mg/kg sus.]
suma
12 PAU 6

Z tabulky 2 je zfejmé mnohonasobné prekroceni pfipustnych limitd. Z patnacti vzorkd betonového
recyklatu by vyhovély pouze cCtyfi. Kromé jiz uvedenych rizikovych veli¢in byly ojedinéle pfekroceny
hodnoty u kadmia a chromu, ve tfech pfipadech i olova. Ze souboru cihelnych recyklatd (tabulka 3)
nevyhovél stanovenym limitim zadny vzorek. U deseti ze tfinacti vzorkd byla naméfena nadlimitni
hodnota arzenu a suma 12 PAU. U dvou vzorkll byla zjiSténa zvySena hodnota BTEX, coZ jsou
monocyklické aromatické uhlovodiky nehalogenované (suma benzenu, toluenu, ethylbenzenu a xylenu).
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Tabulka 3: Nebezpecneé latky v cihelném recyklatu

Cihelny recyklat
voorek| 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 | 10 | 11 | 12 | 13 |[Limit
BTEX

suma
BTEX

0,4

extrahovatelné kovy / hlavni kationty [mg/kg sus.]

ropné uhlovodiky [mg/kg sus.]

>C10 -
C40 300

polycyklické aromatické uhlovodiky (PAU) [mg/kg sus.]

suma 6
12 PAU

U zeminy (tabulka 4) vyhovély vSem pozadavkim pouze dva vzorky z dvanacti. Rizikové jsou opét
arzen a suma 12 PAU. Ze v8ech zkouSenych vzorkd byla nejvy88i primérna hodnota arsenu zjisténa

pravé u zeminy s kamenivem — 19,03 mg/kg. Celkové vyhovélo legislativnim limitdm pouze 19 % vSech
vzorkd.

Tabulka 4: Nebezpecné latky v zeminé

Zemina a kameni
Voorek| 1 | 2 | 3 | 4 | 5 | 6 | 7 [ 8 | 9 | 10| 11| 12 |Lmit
extrahovatelné kovy / hlavni kationty [mg/kg sus.]

As

10
cd 1

Cr 200
Pb 100
Hg 0,8
Ni 80
Vv 180

ropné uhlovodiky [mg/kg sus.]

>C10 -
C40 300

polycyklické aromatické uhlovodiky (PAU) [mg/kg sus.]

suma
12 PAU
(odpad)

Zaveér
Ziskané vysledky sledovanych nebezpecnych latek a testd ekotoxicity na dvou druzich testovacich

organismul poskytuji pfedstavu o sloZeni téchto materiald. Porovnanim s legislativnimi hodnotami dle
vyhlasky o ukladani odpadu neni vétsina téchto odpadu vhodna nejen k dalSimu smysluplnému vyuZziti,
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ale ani ulozeni na povrchu terénu. Z hlediska obsahu arzenu nevyhovélo legislativnim limitim 64 %
vSech vzorkl. Otazkou je, jak se nebezpecné latky do SDO. Arsen je v pfirodé béznym prvkem, ktery
obsahuji pudy i vodni zdroje. U nas bézné horniny — piskovce, vapence nebo bfidlice obsahuji arsen
v mnozstvi 1 — 20 mg/kg. V kontaminovanych padach (napf. okoli metalurgickych zavod() muze byt jeho
obsah nékolikanasobné vyssi i nad 100 mg/kg pudy (napf. v Jachymové). DalSim silnym zdrojem arsenu
mohou byt zemédélské pudy po aplikaci pesticidl. ZvySeny obsah arsenu u betonového recyklatu maze
byt zplsoben pfidanym cementem s popilkem, ktery je na obsah arsenu velice bohaty. Zna¢na cast
vzorku obsahovala od 10 do 20 mg/kg arzenu, coz, jak je zminéno, je bézna hodnota arzenu obsazena
v pfirodnich pudach. Je tedy ziejmé, ze u arsenu je legislativni limit (10 mg/kg) nastaven pfili§ nizko,
i s ohledem na nékteré jiné evropské zemé, kde limit vétSinou neni niz8i nez 20 mg/kg.

Ropné uhlovodiky C10 — C40 nepredstavovaly vétsi problém pro cihelny recyklat a zeminy a kameni,
pfiemz v ojedinélém pfipadé se jednalo o 10-ti nasobné& prekro¢eného limitu zpusobené
pravdépodobné zneciSténim napf. provozni kapalinou. U betonového recyklatu predstavuji ropné
uhlovodiky problém nejvétsi, limit byl prekro€en u péti vzorku. Pfi€inou muze byt unik oleju nebo
pohonnych hmot do betonovych podlah, jez jsou zdrojem téchto ropnych uhlovodikd.

Polyaromatické uhlovodiky (PAU) predstavuji Sirokou $kalu latek. Radi se sem napfiklad: naftalen,
acenaftylen, acenaften, fluoren, fenantren, antracen, fluoranten, pyren, benz(a)antracen, chrysen nebo
benzo(a)pyren,. Pro hodnoceni dle vyhlasky €. 294/2005 Sb. se pocita s jejich sumou, tzn. souctem
obsahu vSech téchto latek v susiné. BéZzné jsou tyto latky obsazeny v motorové nafté, vyrobcich z dehtu
nebo tfeba asfaltu. Dale tyto latky vznikaji v podstaté pfi vSech druzich spalovani. Legislativni limity
prekroc€ilo 57 % ze vSech zkouSenych vzorka.

Ostatni toxické kovy pfesahnou legislativni limit pomérné ojedinéle. Tyto prvky se objevuji bézné, ne
vSak ve velkych koncentracich. Jejich obsah je zvySovan diky antropogennim vlivim (primyslové
¢innosti, energetika, doprava). Nejvétsi problém z téchto kova (kromé arsenu, ktery jiz byl hodnocen
vy$e) znamena pro recyklaty obsah olova.

Podékovani )
Prispévek byl vypracovan za financni podpory grantového projektu GACR 104/10/1128 ,Identifikace
materialovych charakteristik cementoviaknovych kompozit s plnym vyuZiti recyklat®.
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Summary

This paper deals with analysis of the content of hazardous substances in recycled aggregates
obtained by recycling of construction and demolition waste. This paper presents the initial results of an
experimental program aimed at monitoring of selected environmental risk parameters. Attention is
focused on the content of hazardous substances in dry matter and on ecotoxicological tests carried out
on two species of autotrophic organisms ecotoxicity. The aim was to compare the results of laboratory
tests of masonry rubble, concrete rubble and soil with stones from different recycling plants. The
obtained values were compared with the limit values according to the legislation.
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Souhrn

Prispévek predstavuje vysledky studie, ktera sledovala vybrané aspekty laboratorniho vyzkumu
termické desorpce s pouZitim mikrovinného ohfevu, které mohou vyrazné ovliviiovat reprodukovatelnost
vysledki. Méreni teploty pomoci optickych sond v nékolika bodech vsadky tuhych materiald pri
mikrovinném ohfevu prokazalo nerovnomérnou distribuci teploty. Vedle toho primérné namérené teploty
ve vsadce naznacuji také vyznamny vliv velikosti a tvaru vzorku na rychlost ohfevu, pficemz se tento
efekt pri ohfevu materialu s rozdilnymi dielektrickymi viastnostmi projevoval odlisnym zpldsobem. Tyto
vysledky predstavuji dileZité zkuSenosti s mikrovinnym ohfevem tuhych matric a mohou vést
k optimalizaci a zlepseni laboratorni testovaci metody.

Klicova slova: mikrovinny ohrev, termicka desorpce, sanacni technologie, tuhé odpady, teplotni
distribuce, méreni teploty, optické viakno

Uvod

Technologie termické desorpce patfi mezi klasické fyzikalné chemické metody dekontaminace tuhych
nebezpecnych materiald znecisténych celou fadou nebezpelnych latek, zejména perzistentnimi
organickymi polutanty nebo malo t€kavymi ropnymi produkty. V praxi se technologie pouziva jiz nékolik
desetileti, ale asto v zastaralém pfedimenzovaném usporadani, coz s sebou pfinasi vysoké investi¢ni
a energetické naroky. Vyuziti mikrovinného zafeni k ohfevu kontaminovaného materialu, jakozto
alternativy ke klasickym metodam ohfevu se jevi jako vysoce perspektivni pravé z hlediska Uspory
energie.

Podstatou klasického zplsobu ohfevu materidlu pfi termodesorpci, at uz pfimého napf. horkymi
spalinami nebo nepfimého prostupem tepla pres plast pece, je ohfev vsadky z povrchu do stfedu
vsadky [1]. V dusledku nizké tepelné vodivosti cilovych znecisténych materiald (stavebni odpady,
zeminy a jiné minerdlni matrice) je ohfev pomaly a malo u€inny a dochazi k nerovhomérnému
rozvrstveni teploty. Vysoké teplotni gradienty mohou znesnadfiovat efektivni desorpci ¢&i difuzi
kontaminantd. Mikrovinné zareni diky své odliSné fyzikalni podstaté naopak vyhfiva material v celém
objemu vsadky. Mikrovinny ohfev je zaroven vzhledem kjeho mechanismu vyrazné rychlejsi a to
zejména za pritomnosti polarnich dielektrickych latek ve vsadce ohfivaného materialu. Materialy
pfipadajici v ivahu pro aplikaci termodesorpce obsahuji ¢asto urcity podil vody, popf. nékteré oxidy
kovu, uhli¢itany nebo jiné soli, které dobfe absorbuji mikrovinnou energii. Navic jsou mikrovinam ¢asto
pfisuzovany i dalsi efekty, napf. schopnost prehrati rozpoustédla nad teplotu varu, popf. efekty jiného
nez teplotniho charakteru [2].

Mikrovinné zareni je elektromagnetické vinéni vymezené frekvenénim intervalem fadové od 100 MHz
do 100 GHz. Pro pouziti mikrovin k ohfevu pro primyslové i domaci potfeby z dlvodu mozné
interference s telekomunikaci byly uvolnény pouze nékteré frekvence, nejcastéji se pouziva 2,45 GHz,
coz odpovida vinové délce 12,2 cm. Dielekirické latky s permanentnim dip6lem se v elektrickém poli
snazi usporadat ve sméru pasobeni pole a pfi frekvencich v mikrovinném péasu se nestaci pfeorientovat
a dochazi tak k disipaci energie, tzv. dielektrické ztraté. V pevnych latkach je mechanismus ohfevu
nebo u kovovych ¢astic a oxidd magneticka slozka elektromagnetického pole. Schopnost latky pfeménit
mikrovinnou energii na teplo se udava zejména pomoci dielektrického ztratového faktoru €, ktery tvofi
imaginarni slozku permitivity € [2, 3].

Ztratovy faktor je zavisly vedle frekvence také na teploté. V pfipadé, ze se zvySujici se teplotou
dielektricka ztrata narlista, muze dojit k tzv. teplotnimu Uletu, kdy pfi vySsi teploté zacne rlst teplota
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strmé& vzhdru. Tento efekt typicky pro mikrovinny ohfev mulzZe skytat nebezpeli pfi aplikaci
nehomogenniho mikrovinného pole zejména u malo tepelné vodivych materiald. Pokud totiz &ast
materialu absorbuje mikrovinnou energii rychleji nez s jakou rychlosti je okolni material schopen odvést
vznikajici teplo, mize pak snadno dochazet k ,hot-spot” jevu, tj. ke vzniku pfehfatého mista. Rozdily
v teplotach mohou byt i v fadu stovek stupnt Celsia [4]. Dalsi veli€inou charakteristickou pro kazdy
material je tzv. penetraéni hloubka, tj. hloubka prostupu mikrovinného zareni skrz material definovana
jako vzdalenost mezi povrchem a mistem, ve kterém klesne intenzita mikrovinného pole na 1/e nasobek
plavodni intenzity na povrchu materialu [3].

Zaklad vSech mikrovinnych zafizeni tvofi generator mikrovin (typicky magnetron), vinovod a aplikator,
vétSinou nazyvany kavitou, kde dochazi kinterakci materidlu a mikrovin. Magnetrony pouzivané
v multimodalnich mikrovinnych zafizenich se kvalitativné vyrazné liSi v mnoha aspektech — vykon,
regulace vykonu, chlazeni, vyuziti odrazené energie, stabilita frekvence, atd. Nicméné ekonomicky
nejdostupnéjsi mikrovinné trouby pouzivané v domacnosti jsou slozené v nejjednodussim usporadani,
coz s sebou pfindsSi mnoho problému z hlediska rovnomeérnosti distribuce elektromagnetického pole.
Rezim (méd) distribuce pole se méni v zavislosti na poméru doby zapnuti a vypnuti, na mnozstvi
odrazené energie, na vykyvech vstupniho sitového napéti nebo na frekvenénim rozptylu generovaného
vinéni [5]. Distribuce pole neni vSak dana pouze parametry vlastniho zafizeni, nybrz také dielektrickymi
vlastnostmi, velikosti a tvarem ohfivaného materialu, pomérem objemu materialu a prostoru kavity, jeho
postavenim uvnitf kavity, pouzitym nadobim, pfidavnymi stimulujicimi latkami, umisténim a materialem
sondy pro méfeni teploty [6, 7, 8].

Za ucelem zajisténi lepsSi uniformity distribuce energie a tudiz i teplotni distribuce uvnitf celého
objemu exponovaného materialu je v mikrovinnych zafizenich zajistovan pohyb vzorku (rotacni,
postupny), michani vsadky, michadlo elektromagnetického pole nebo nastaveni polohy a tvaru vstupu
mikrovin z vinovodu do kavity [3]. Nehomogenni distribuce mikrovinného pole mize mit za nasledek
nerovnomeérny ohfev vzorku, ktery miaze vést az k teplotnimu uletu a hot-spot efektam [4].

Vzhledem k tomu, Ze ucinnost termické desorpce je ovliviiovana nejvice teplotou [9], pfesna znalost
teploty v celém objemu desorbovaného materidlu je z hlediska laboratorniho vyzkumu stézejni. Vyvoj
termické desorpce se zaméfuje na snizeni vysoké ekonomické naroc¢nosti provozu zafizeni a jednou
z cest vedle pouziti alternativniho zplsobu ohfevu je také zefektivnéni desorpce jak z hlediska dosazeni
distribuce uvnitf vsadky v laboratorni mikrovinné peci se tedy stava stézejnim problémem pfi zajisténi
opakovatelnosti a reprodukovatelnosti vysledku. V pripadé termické desorpce je tento problém umocnén
vyfazenim procesl otaeni a michani vsadky, s jejichz zavedenim by bylo jen velmi obtizné vzhledem
k toxicité kontaminantl a hodnoceni procesu zaijistit Uplnou tésnost aparatury. Cilem této prace bylo
pomoci experimentalniho mérfeni teploty pfi mikrovinném ohfevu materiall pfipadajicich v Gvahu pfi
aplikaci termodesorpce sledovat nékteré aspekty ovliviiujici distribuci teploty ve vsadce a vysledky vyuzit
k optimalizaci vyzkumné metody.

Experimentalni ¢ast

Experimenty byly provadény na laboratorni aparatufe s mikrovinnym ohfevem, jejiz zaklad
tvofi upravena domaci mikrovinna trouba Panasonic NN-GD 566M opatiena otvory pro pfipadny odnos
kontaminantl a pfivod nosného plynu. Pro termodesorpéni experimenty byl na VSCHT zhotoven
specialni sklenény desorbér, ktery se umistuje do stfedu kavity a ktery zajiStuje dukladnou tésnost
celého systému a umoznuje méfeni teploty. Tento desorbér byl vyuzit také pro simulace mikrovinného
ohfevu nekontaminovanych materialll pro Ucely sledovani teplotni distribuce uvnitf vsadky materialu.
Nekontaminovany material vhodny pro modelové simulace termodesorpce — rozemleta cihla a jil
o velikosti ¢astic < 0,1 mm — byl pfi experimentech uloZzen vedle reaktoru také v dalSich sklenénych
nadobach o rliznych objemech za G¢elem pozorovani vlivu velikosti a tvaru vzorku na distribuci teploty.
Rozméry, umisténi, a typ jednotlivych vzorkl jsou uvedeny v tabulce 1. Teplota vsadky byla béhem
mikrovinnych experimentd méfena pomoci optickych sond vlozenych pfimo do vsadky materialu
v rozmisténi dle schématu na obrazku 1. K zaznamu prabéhu teplot byl pouzit optovliaknovy teplomér
Reflex 4 znaCky Neoptix. Zdldvodu mozné nahodné frekvenéni variability generovaného
elektromagnetického zareni, ktera vyraznym zplasobem ovliviiuje distribuci pole a vyslednou teplotu, byly
experimenty provadény ve tfech opakovanich [7].
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Obrazek 1: a) Schéma umisténi optickych sond
pro vsadku materialu valcovitého tvaru

o riizném praméru a vrstvé 4 cm;

b) vrstvé 2 cm

Obrazek 2: Experimentalni usporadani vzorku
v kavité s ridznou polohou vzhledem ke dnu
kavity (V-vzorek, O-optické sondy, Z-zaznam
teploty, M magnetron)

Simulace tepelného procesu byly provadény na dvou typech tuhych matric, které by v praxi z hlediska
technologie termodesorpce nejCastéji pfichazely v tvahu — jil, jako zastupce zemin a zaroveri dobre
absorbujicich materiall, a rozdrcena cihla, jakoZto zastupce stavebnich odpadd a hafe absorbujicich
materialll. Obé matrice byly vysu$eny za laboratorni teploty, obsah vody v jilu €inil 2 % a v cihle 0,2 %.
Vsadka materialu se pohybovala v rozmezi desitek az stovek gramu podle navrzenych rezimG avSak
sypna hmotnost vzorkd zlstavala pro kazdy material konstantni. Ohfev probihal za konstantnich
podminek uréenych pro kazdy material zvlast z divodu rozdilné schopnosti sledovanych matric
preménovat mikrovinné zareni nateplo. Nastavenym podminkam mikrovinného ohfevu je vénovan
rozsahlejSi komentaf v nasledujici kapitole. Vyhodnoceni experimentl bylo zalozeno na porovnani
teplotnich kfivek a dosazenych teplot jak v celkovém materidlu, tak i v jednotlivych ¢astech vsadky pfi
odliSném nastaveni velikosti a tvaru vzorku ohfivaného materiélu.

Tabulka 1: Parametry jednotlivych vzorkd — oznaceni, rozméry, typ materialu

Vzorek As | As | A B C Di-a/b | D2-a E F1 [ F2
Priimér [cm] 2,1 3 3,5 4,8 6,9 7,9
Vrstva [cm] 3 6 9 4 4 4 2 4 4 2
Objem[cm?] | 10 [ 20 | 30 28,3 38,5 72 36 150 | 196 98
Material jil cihla | cihla/jil cihlayjil cih./jl cihlayjil

Vysledky a diskuse

Rozséahly soubor provedenych méreni teplotni distribuce ve sledovanych matricich objevil pomérné
vyznamné faktory, kterymi je tato distribuce ovlivihiovana. Ohfev probihal pfi nastaveném rdzném vykonu
a Casovém intervalu pro kazdy material. Rozdil v absorpci mikrovin je pro pouzité matrice totiz tak
vyrazny, Ze pro sledovani aspektl tykajicich se rovnomérnosti ohfevu neexistuje v pouzitém
laboratornim uspofadani vhodné nastaveni stejnych podminek, pfi kterych by bylo mozné porovnavat
teplotni distribuci jednotlivych matric. Jil diky svému slozeni ma mnohem lepsi dielektrické ztratové
vlastnosti nez drcend cihla a ohfiva se tak vyrazné rychleji. Z davodu maximalni teploty 250 °C pouziti
optického teplotniho Cidla a provedeni experimentl pfi dosahovanych podobnych teplotach byl tedy dle
na 440 W po dobu 2 minut. Vyrazné odliSnou rychlost ohfevu Ize predvést na obrazku 3, z néhoz je
patrné, Ze se jil vyhfal na podobnou teplotu jako cihla, avSak &tyfikrat rychleji a pfi niz§im mnozstvi
dodavané energie. Absolutni hodnoty vykonu domécich mikrovinnych trub nejenze nejsou pfesnymi
hodnotami, ale také vzhledem k pomérné malym vzorkiim materialu v porovnani s objemem celé kavity
mikrovinné pece nejsou tyto hodnoty prenositelné do vétSiho méfitka. Absorpce energie takto malym
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mnozstvim materialu je totiz omezena. Hodnoty jsou udavané pouze z divodu porovnani nastavenych
podminek.

Na obrazku 3 je vSak ukdzan zejména rozdilny vliv velikosti a tvaru vzorku na absorpci mikrovin
a jejich pfeménu na teplo v materialech s odliSnymi dielektrickymi vlastnostmi. Pismena znadici
jednotlivé velikosti vzorku jsou sefazena vzestupné dle objemu vzorku zleva doprava, rostouci ovSem
neni objem ve v§ech smeérech v prostoru, nybrz roste pouze pramér valce vsadky a vySka vrstvy vsadky
zlstava konstantni. Vzorky D1-a a D1-b se primérem valce vsadky vyznamné nelisi, pouze u nich byla
pouzita nadoba odlisné konstrukce a tvaru (mirné odliSné slozeni a tloustka skla, dalSi konstrukéni prvky
reaktorové nadoby D1-b). Sloupcovy diagram porovnava hodnoty teplot zpriimérované z teplot
naméfenych v jednotlivych bodech uvnitf vzorku dle schématu na obrazku 1. Zatimco u cihlové matrice
je dobre zfetelny trend rostouci teploty se zvySujicim se objemem vzorku, u jilu se nejlépe zahfivaji
vzorky o objemu 72 — 150 cm®, kdeZto nejvétsi vzorek o objemu téméF 200 cm® dosahl znatelné nizsi
teploty. Divodem tohoto rozdilného chovani mezi matricemi jsou pravé odliSné dielektrické vlastnosti,
ato zejména penetracni hloubka mikrovinného zareni. Penetracni hloubku v pfipadé mikrovinného
zafeni vyznamné ovliviiuje schopnost materialu preménovat mikroviny v teplo [3]. Jestlize cihla ma nizky
ztratovy faktor, malo absorbuje, ma vétsi penetraéni hloubku a zafeni prochazi dobfe i skrz vétsi
mnozstvi materidlu. Naopak pfi vétSim priméru vzorku u jilu jiz dochazi k vétSimu zeslabeni intenzity
mikrovinného zafeni pfi jejim prachodu, a tudiz v hlubSich partiich vzorku nedochazi k tak intenzivnimu
ohfevu oproti vzorkim s menSim pramérem. Tento rozdil mezi chovanim jilu a cihly dokazuje, jak
obtizné je nastavit univerzalné proces simulujici termickou desorpci. Ohfev vétSich vzorkd cihly byl
doprovazen pfi vySSich teplotach CastéjSim vyskytem hot-spot, popf. teplotniho uletu, nebot cihla je
pomérné malo tepelné vodivy material a k omezeni vyskytu téchto efektl je tedy nutné volit mirné;jsi
podminky pro pomalejSi prabéh ohfevu. Obrazek 3 také ukazuje na rozdilu pramérnych teplot mezi
vzorky D1-a a D1-b, které se li§i pouze tvarem nadoby, jak komplexni problém je méfeni teploty a jeji
distribuce pfi mikrovinném ohfevu.

A} jil - ohiev 2 min (440W) B) cihla - ohiev & min (600W)
250 250
200 200 T
5)
= 150 | 150 T
[
°
& 100 - 100
|_
50 - 50
O 1 T T T T D 1 T T T T T
C D F1 B C D F1

1-a D1-b E 1-a D1-b E

Obrazek 3: Primérné hodnoty teploty dosahované ve vsadce A) jilové a B) cihlové matrice
o rizném objemu a velikosti

Podobné jako predchozi vzorky, které se liSily pouze primérem valcovitého vzorku, byly za ucelem
zjisténi, jaky vliv na ohfev materidlu ma velikost a tvar vzorku, mikrovinnému ohfevu podrobeny jesté
dals§i vzorky s odliSnou vySkou vrstvy materialu. Obrazek 4 srovnava teplotu ohfevu vzorku jiz
uvadénych v pfedchozich obrazcich, jenz byly ulozeny ve 4cm vrstvé, s dalSimi vzorky ve 2cm vrstve.
Nejprve na obrazku 4 zaméfime pozornost na porovnani dosazenych pramérnych teplot pro dvojice
D1-a versus D2-a, resp. F1 a F2. Tyto dvojice se liSi pouze vySkou vrstvy. Z obrazku je dobre zfetelné,
Ze se |épe zahfivaly vzorky s niZsi vrstvou materialu, pravdépodobné diky lepSimu prostupu mikrovin
skrz vsadku. Zajimavé je také srovnani vzorku C a D2-b, které maji témér stejny objem, ale liSi se
tvarem vzorku. VyS$Si teploty bylo dosazeno pro vzorek s vét§im pramérem vzorku a niz8i vyskou vrstvy.

Obrazek 5 porovnava také teplotni distribuci vzorku o stejném praméru liSici se vysSkou vrstvy
materidlu. Teploty byly zjistovany umisténim sond dle schématu vpravo, jejich umisténi je znaceno
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kfizkem a teplota vsadky byla méfena ve tfech bodech vyjma nejmensiho vzorku, u néhoz lze
predpokladat homogenni distribuci teploty. K experimentliim byla vyuzita pomérné Gzka nadoba, aby byl
zvyraznén efekt prodlouzeni tvaru vzorku ve vertikalnim sméru. Vysledky neukazuji na vyznamny vliv
prodlouzeni tvaru vzorku v kolmém sméru vstupu mikrovin do kavity. Naopak zvétSeni primeéru vzorku
dle obrazku 3 ve sméru k propagaci vin zvySovalo teplotu. Tyto vysledky naznacuji, Zze vysSka vrstvy

ulozeni materialu v kavité neni vtomto usporadani tak dulezitym aspekiem absorpce, jako primér
vzorku.

A)jil - ohfev 2 min B) jil - ohfev 1 min
200
Lem

o -

5, Gem
g X341

= a 45cm

0 X oA _-“"l
\L 1.5cm| 1/

Obrazek 4: Porovnani mikrovinného Obrazek 5: Porovnani mikrovinného ohrevu vzorki
ohfevu vzorku o ruznych tvarech — o riznych tvarech —priimérné hodnoty vzorku a jejich
pramérné hodnoty teplot pro vzorky distribuce ve vertikalnim sméru pro vzorky A3, A6
C, D1-a, D2-a, F1a F2 aA9

Typicky prubéh ohfevu jilu a distribuce teploty uvnitf vsadky znazorfiuje obrazek 6. Kfivku lze
pomysiné rozdélit na tfi faze — ohfev vzorku na teplotu varu vody, nasledny ohfev vysuSené matrice
apo dvou minutach chladnuti materialu. Pocate¢ni faze ohfevu probiha nejrychleji, nebot voda
pfitomna v jilu velmi dobfe absorbuje mikrovinnou energii. Nutno podotknout, Ze byla zahfivana matrice
vysu$ena za laboratorni teploty, kdy obsah vody v jilu je niz§i nez 1 %. V pfipadé vyS$Si vihkosti vzorku
by byla patrna teplotni izoterma pfi 100°C, avSak u suchého vzorku se tak ostra zména v rychlosti
zvySovani teploty nevyskytuje. Schopnost jilu vazat vodu pevné ve svych strukturach takto pozvolny
prechod v rychlosti ohfevu vzhledem k uvolfiovani vazané vody i pfi vysSich teplotach zlepsSuje.

Jil, mikrovinny cohiev (440VVY)
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Obrazek 6: Primérny prubéh teplotni distribuce ve vzorku jilu v desorbéru dle horizontalniho

schématu viacéi propagaci mikrovin (vpravo — pohled shora) uloZzeného 2 cm pod povrchem
ve 4cm vrstvé materialu
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Teplotni distribuce uvedena na obrazku 6, kde jednotlivé kfivky plati pro méfici body, jejichz umisténi
pfi pohledu shora je uvedené vpravo vedle grafu, ukazuje pomérné vysokou miru nerovnomérnosti
distribuce mikrovinné energie ve vsadce materialu. Na obrazku lze pozorovat rozdily t¢mér 100 °C mezi
jednotlivymi body. U vzorkd s jinym tvarem a velikosti, a to jak u cihly, tak i u jilu se tento jev vyskytoval
obdobné, ale pouze s odliSnou intenzitou a odli§nou distribuci maxim a minim. Pouze nejmensi vzorky
A; a B se ohfivaly v podstaté rovnomérné. Pouziti takto malych vzorkd je ovS8em z hlediska
mikrovinného ohfevu problematické z divodu jiz zmifiované penetraéni hloubky, coz zplsobuje pomaly
ohfev téchto vzork(, ale zvlasté pak z divodu rizik spojenych s vyraznym prebytkem energie v kavité
mikrovinné trouby vic¢i malému mnoZstvi materialu absorbujiciho tuto energii.

Nerovnomeérny ohfev vsadky s sebou pfinasi rizika pfi odvozovani nékterych zavéra vzeslych ze
ziskanych vysledku termodesorpénich modelovych testd. PFi provadéni experimentl neni mozné méfit
teplotu v celé vsadce materialu a teplota zméfena pomoci méfici sondy se tak omezuje pouze na misto,
kde je sonda umisténa. Mize pak snadno dochazet k podhodnoceni nebo nadhodnoceni skute¢né
primérné teploty vsadky a z vysledk(l pak Ize snadno vyvodit mylny zavér, ktery je namisto toho
spojeny pouze s odliSnou teplotou. Nehomogenni teplotni distribuce ve vsadce ovliviiuje také distribuci
kontaminanti. Muze napf. dochazet k readsorpci, popf. ke krystalizaci jiz desorbovanych plynnych
kontaminantd v chladnéjSich polohach. Podobné muaze vznik chladnéjSich oblasti ovlivnit pohyb vodni
pary skrz vsadku, ktera spole¢né prenasi i pary kontaminanta [9].

Zaveéry

V predkladané praci byly zkoumany nékteré dil€i aspekty laboratorniho vyzkumu termické desorpce
s mikrovinnym ohfevem. Byl prokdzan vliv tvaru a velikosti vzorku na rychlost ohfevu. Tyto faktory byly
zkoumany na dvou z hlediska dielektrickych vlastnosti zcela odliSnych materialech. Efekt tvaru
a velikosti vzorku se u cihlové a jilové matrice projevuje do jisté miry protichtdné. U cihly dochazelo se
zvétSujicim se mnozstvim vzorku k narastu absorpce, kdezto u jilu bylo dosazeno urcité limitni velikosti
vzorku, pfi jejimz prekroCeni jiz rychlost mikrovinného ohfevu nelze zvysit a zaéne se projevovat efekt
zeslabeni intenzity elektrického pole v hlubsich ¢astech materialu.

Experimenty pFedstavovaly z hlediska presnosti méfeni teploty idealni systém, kdy byla sledovana
s pomoci optického vlakna teplota v rlznych bodech v horizontalnim i vertikdlnim sméru pfi
mnohocetném opakovani. Rozsahlou sadou mérfeni byla prokazana vyrazna nehomogenni distribuce
teploty uvnitf vsadky. PFfi modelovych simulacich termodesorpéniho procesu, kdy je méfena teplota
v jednom bodé uprostfed vsadky materialu, mize snadno dojit k mylnému vyhodnoceni vysledku
desorpce, protoze ucinnost termodesorpce je zavisla zejména na teploté. Byl také pozorovan pomérné
vyrazny rozptyl naméfenych hodnot v jednotlivych méficich bodech, coz muze byt spojeno zé&asti
odchylkami vlozeni teplomérné sondy mezi jednotlivymi body v materidlu, ale také i variabilitou
generovanych elektromagnetickych vin.

Zjisténi nerovnomérné distribuce teploty ukazuje na nutnost michani vsadky, se kterym se napf.
pocita pfi planované konstrukci poloprovozniho zafizeni, kde dojde snadno k potfeni tohoto jevu.
Nicméné v laboratornim uspofadani, kde se objevuji primarni impulzy ke zkoumani, se stava realizace
michani nebo pohybu vzorku z divodu sou€asné nutnosti zajiSténi naprosté tésnosti aparatury vice nez
obtizna. Pfi mikrovinnych aplikacich v ostatnich oborech tento problém nenastane, napf. u kapalnych
cilovych matric v chemickém pramyslu Ize jednodu$e michat magneticky, nebo pfi materialovém
inZenyrstvi odpada pozadavek na tésnost systému. Z tohoto divodu je nutné hledat dalsi cesty vedouci
k zajisténi homogenity ohfevu. Jednou z cest, ktera se nabizi vedle izolace, ktera zabrani Uniku tepla
z povrchovych partii uloZzeni materialu, je také napf. pouziti ur€itych ,stimuld“ ve vhodném usporadani
kolem vzorku. Jedna se o materialy vyborné absorbujici mikrovinné zareni, které v urcité slabé vrstvé
mohou rozptylovat a usmérniovat elektromagnetické pole [10].

Predstavené vysledky pfinaseji ¢astec¢ny nahled do problematiky mikrovinné chemie v aplikaci pro
dekontaminaci odpadl a ziskané zkuSenosti mohou byt uzite€né vyzkumnym skupinam i v dalSich
odvétvich nejen odpadového hospodarstvi.
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Summary:

The paper presents results of the study of selected aspects of microwave thermal desorption
laboratory research, which are able to affect the results repeatability. During microwave heating of solid
materials, temperature measurements using optical-fiber probes at several batch points showed
unequal temperature distribution. In addition, the average bulk temperatures indicate a significant effect
of sample size and shape on the heating rate varying for materials with different dielectric properties.
These results represent an important experience with microwave heating of solid matrices and may lead
to the optimization and improvement of laboratory test method.

Keywords: microwave heating, thermal desorption, remediation technology, solid wastes,
temperature distribution, temperature measurements, optical-fiber sensor
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Souhrn

Prace je zamérena na hodnoceni uc¢innosti termické desorpce vybranych perzistentnich organickych
polutanta pri definovanych procesnich podminkach z realné i uméle kontaminovanych materiali. Byl
hodnocen viiv dodate¢ného ovihéeni materialu a vliv realizace tepelného procesu za atmosférického
a snizeného tlaku pri klasickém a mikrovinném zptGsob ohrevu.

Klicova slova: Termicka desorpce, klasicky ohiev, mikrovinny ohfev, procesni podminky,
perzistentni organické polutanty

Uvod

Princip termické desorpce spociva v fizeném ohfevu pfedupraveného znecisténého materialu ve
specialnim zafizeni, kdy dochazi k desorpci pfitomnych kontaminantl a jejich transportu ve formé par
nejCastéji spole¢né s inertnim plynem do kondenzaéniho systému s naslednym stupném pro docisténi
plynného proudu pred vypusténim do atmosféry'. Kondenzat je nasledné spalovan ve spalovné
nebezpeéného odpadu nebo zpracovan jinymi pokrogilymi metodami®.

Termicka desorpce se zaradila do povédomi jako velmi G¢inna metoda pro dekontaminaci materialt
typu zemin, stavebnich odpadi a kall znecisténych organickymi latkami, které se vyznacuji svoji
perzistenci a ostatnimi sanacnimi metodami jsou odstrafiovany z kontaminovanych materialt diky své
chemické a biologické odolnosti velmi pomalu a s malou ucinnosti. Termicka desorpce se vedle rychlosti
a vysoké ucinnosti vyznaCuje vysokymi investi€nimi i provoznimi néklady. Hlavnim cilem vyvoje
a vyzkumu v oblasti termické desorpce je snizeni ekonomické narocnosti procesu. Toho muze byt
dosazeno prostiednictvim optimalizace procesnich podminek a podpofeni dekontaminace
prostfednictvim stripovani s vodni parou®*, snizovanim teploty desorpce pfi udrzeni velmi nizké trovné
zbytkového obsahu kontaminantt ve zpracovaném materialu, ¢i nahrazenim klasického zptsobu ohfevu
ohfevem mikrovinnym®.

Vramci realizovanych ¢&innosti bylo cilem podchytit G&inky termické desorpce provadéné
na kontaminovanych materialech v rGzném uspofadani a za rdznych procesnich podminek. Vzhledem
k velkému mnozstvi volitelnych parametrd byly experimenty vedeny takovym zplsobem, aby se z Casti
shodovaly (napF. velikost vsadky, vyska vrstvy materialu, teplotni program a dals$i) a uc€innost termické
desorpce mohla byt srovnavana napfiklad z pohledu rlznych dosazenych teplot vsadky, rGzného
zpusobu ohfevu, typu desorbovaného materialu a jeho predupravy, dale z pohledu tékavosti rliznych
kontaminantd a dalSich parametrd. Vzhledem ke znaéné obsahlosti vytyéenych cild zde budou ukazany
pouze nékteré ziskané zavislosti a néktera zjisténi, majici vliv na ucinné provadéni termické desorpce za
vyuziti poznatkd vedoucich k energetické hospodarnosti procesu.

Experimentalni ¢ast

Pouzitymi materialy byly realné kontaminovana zemina a realné kontaminovana sut, dale byly pro
experimenty pouzity uméle kontaminované rozemleté cihly a jil. Uméle kontaminované materialy byly
pfipraveny zplUsobem, ktery je v souladu se zplsobem pfipravy komeréné dostupnych referencnich
materialll. Zplsob je zalozeny na vpraveni kontaminantl v rozpusténé formé v hexanu na cilovy
material. Tento krok je nasledovan pomalym odtékanim rozpoustédla za laboratorni teploty v digestofi.
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V pribéhu odpafovani rozpoustédla byl material prdbézné homogenizovan v oteviené nadobg,
po kvantitativnim odpareni rozpoustédla byl material znovu homogenizovan v uzaviené nadobé. Mezi
pfipravou materialu a jeho pouzitim pro experimenty byla prodleva minimalné dva tydny. Zrnitost uméle
kontaminovanych materialt byla mensi nez 0,1 mm, vihkost cihly byla 0,2 %, jilu 2,0 %. Zrnitost realné
kontaminovanych materialt byla mensi nez 0,5 cm, vlhkost suti byla 6,8 %, zeminy 18,5 %.

Realné kontaminované materialy pfedstavovaly matrice s obsahem fady organickych latek, z tohoto
komplexniho znecisténi je spolu s charakterizaci uméle kontaminovanych materidld uveden pouze
obsah téch kontaminantl, na které byla zacilena pozornost pfi termodesorpcnich experimentech — HCH,
HCB a PCB. Jejich obsah ve vstupnim materialu je uveden v tabulce 1. Obsah PCB je vyjadfen jako
suma 6 indikatorovych kongenert (PCB 28, 52, 101, 138, 153, 180), dale vyjadfen jako ,= PCB®,
obdobné jsou vyjadifené v souctu uvedené izomery HCH. Diskutované kontaminanty byly analyzovany
metodou plynové chromatografie s detektorem elektronového zachytu na chromatografu HP 5890
(Hewlett Packard) po dvacetiminutové ultrazvukové extrakci hexanem v poméru pevné a kapalné faze
5 g/20ml. Zvolené podminky extrakce vychazeji z optimalizace procedury pro konkrétni materialy
a kontaminanty v laboratofi autorll. Hrubozrnné materialy byly pfed extrakci rozetfeny v tfeci misce,
jemnozrnné materialy byly pfed odbérem k extrakci pouze zhomogenizovany.

Tabulka 1: Obsah kontaminantu v pouZitych materialech

Obsah kontaminantl (mg/kg)
Uméle kontaminovane | oy B-HGCH y-HCH HCB > PCB
materialy
Cihla 133,7 24,5 5,1 159,1 25,2
Jil 198,1 24.4 7,6 199,7 52,9
Realné
kontaminované 2 HCH (a, B, v, 6, €) HCB > PCB
materialy
Sut 2286,4 11,7 48,1
Zemina - : 15

Pro experimentalni ¢innost bylo vyuzito dvou typl laboratornich zafizeni zcela odliSnych ve zplsobu
ohfevu. Realné kontaminované materidly byly kromé laboratornich zafizeni dale zpracovany
ve Ctvrtprovoznim zafizeni.

Laboratorni zafizeni s klasickym zpisobem ohrevu

Ohfev materialu je provadén v upravené laboratorni peci LM 212 (VEB Elektro B. Frankenhausen),
repasované a vybavené regulaci Clare (Clasic), do které se vklada na miru zhotovena specialni
sklenéna vestavba. Pfes kulové zabrusy je do vestavby pfivadén dusik, ktery obtéka exponovany vzorek
a transportuje desorbované kontaminanty do kondenzaéniho systému, ktery je tvofen vymrazovacim
zafizenim chlazenym ledovou tfisti nebo vodou chlazenym chladi¢em. Za vymrazovacim zafizenim
nasleduje adsorbér s aktivnim uhlim. Do vestavby je zaveden termoclanek snimajici teplotu ve vsadce.
Zafizeni mOze pracovat za atmosférického i snizeného tlaku. Optimalni mnozstvi vsadky se pohybuje
v desitkach gramu a vyska vrstvy €ini 2 — 5 cm. Schéma zafizeni je ukazané na obrazku 1.

Laboratorni zafizeni s mikrovinnym zpusobem ohrevu

Ohfev materialu je provadén v upravené mikrovinné troubé typu NN-GD 566M (Panasonic), ktera je
opatfena dvéma otvory pro vstup inertu, vystup produktl desorpce a vstup meéficiho Cidla. Vzorek je
umistovan do specialni sklenéné vestavby, ktera je osazena klasickymi a kulovymi zabrusy pro zajisténi
tésnosti systému. Vzorek mize byt do vestavby umistén tak, ze je inertem odvadéjicim desorbované
produkty obtékan nebo prosavan. Skrz vestavbu je do vsadky zavedeno optické vlakno, které snima
teplotu v mikrovinném poli. Produkty desorpce jsou odvadény mimo prostor kavity mikrovinného
zafizeni, kde je provadéna kondenzace a adsorpce na aktivnim uhli. Kondenzace produktl probiha bud
ve vymrazovacim zafizeni chlazeném ledovou tfi§ti nebo ve vodou chlazeném chladi¢i. Z hlediska
hodnoceni G&innosti termické desorpce na zplsobu jimani desorbovanych produktl nezalezi (stejné
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jako u predchoziho zafizeni), tento krok je stézejni pfi zkoumani G€innosti zachytu produkta z parni faze
a pro nasledné provadéni bilance v systému. Zafizeni mize pracovat za atmosférického i snizeného
tlaku. Optimalni mnozstvi vsadky se pohybuje v desitkach gramud a vyska vrstvy €ini 2 — 5 cm. Schéma
zafizeni je obdobné jako v pfedchozim pfFipadé.

MEFeni teploty
Fotarmetr termoélankem
(opt. wlaknem)
v jadru vsadky

B /Eéchg,ft produkti

'-.III :

i
Elektricka pec RL {
(mikrovinna pec)

se sklenénou westavbou

YWzduchove Eerpadlo

Tlakaomér

Tlakova lahey
5 dusikermn

Obrazek 1: Schéma laboratorni aparatury s klasickym (mikrovinnym) ohfevem

Ctvrtprovozni zafizeni s mikrovinnym zpiisobem ohrevu

Ohfev materialu je provadén v mikrovinné peci specialné zkonstruované na Ustavu chemickych
procesd AV CR. Pec je opatrena otvorem pro odvod desorbovanych produkti. Material se vklada
do keramické vestavby jejiz viko je po vlozeni materialu utésnéno zaruvzdornym tmelem. Zaruvzdornym
tmelem jsou zaroven do vyrezl v keramickém viku fixovany sklenéné prostupky ukoncené zabrusy.
Jednou prostupkou je do vsadky umistovano optické vlakno pro snimani teploty, druha prostupka slouzi
k napojeni kondenzatoru vné pece, ktery je tvofen vodou chlazenym chladi€em. Zafizeni je provozovano
za snizeného tlaku bez pritoku inertu, transport kontaminantl je zajistén pfipojenim aparatury
na vyvévu. Mnozstvi vsadky se pohybuje optimalné v jednotkach kilogramu, vyska vrstvy je cca 15 cm.
Schéma tohoto zafizeni je ukazano na obrazku 2.

WaFeni teploty optickym vldknem
@v v jadry vsadky

\fndn{
Mikravlnna l ehlade Viueva
Etvrtpravozni
Pee o v,
A
M;&?ﬁ@jﬁfﬁ/ 2
/;f ’:/r’-' L
G ’J/;:::f{‘f':ir:
’;.;”':r‘:"f/ ;fé?:{;;/jf{ Tlakomér
i O
N Jimani

produkti

Obrazek 2: Schéma ¢tvrtprovozni aparatury

Hodnoceni termické desorpce probihalo na zékladé Ucinnosti tepelného procesu zjisténych na
popsanych zafizenich v zavislosti na procesnich podminkach (dosazena teplota, zplsob ohfevu,
dodate¢né ovlh&eni materialu, atmosféricky tlak/snizeny tlak v systému).
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Vysledky a diskuse

Ziskani vysledkll ztermodesorpénich experimentl predchazela optimalizace teplotniho rezimu
z hlediska odzkous$eni pozadovanych teplotnich gradientl a izoterem a tepelné setrvacnosti pouzitych
zafizeni na materialech bez pfitomnosti kontaminace a zejména u laboratorniho mikrovinného zafizeni
byla provedena série méieni s cilem zji§té&ni rozlozeni teplot ve vsadce b&hem mikrovinného ohfevu®.
Problematikou jevl vyskytujicich se v rdmci mikrovinného ohfevu se zabyva vice studii’®, v dusledku
charakteru matric a charakteru mikrovinného pole konkrétni upravené mikrovinné trouby je ohfev
nerovnomérny a vestavbu se vsadkou je nutné do prostoru umistovat s urcitou pfedem zjiSténou
geometrii a zaroven vlozeny material izolovat pomoci materialu neabsorbujiciho mikroviny k omezeni
tepelnych ztrat.

Jak bylo feceno vySe, vyCet dosazenych vysledku z hlediska riznych procesnich podminek a jejich
kombinaci je velmi Siroky. Ukazané vybrané grafické vystupy zavislosti G&innosti termické desorpce
dotéenych chlorovanych latek na konkrétnich procesnich podminkach dokladaji rast acinnosti termické
desorpce s teplotou vsadky, ukazuji na vliv matrice (rozsah interakce matrice a kontaminantu), ze které
je kontaminant desorbovan, kvantifikuji vliv dodateéného ovlh&eni materialu pfi klasickém a mikrovinném
zpusobu ohfevu a pfinaseji pohled na vysledky dosazené v laboratornich a ¢tvrtprovoznich podminkéach.

Z duvodu moznosti hodnotit uvedené vlivy jsou prezentovany vysledky zjisténé pro teploty, kdy jesté
znacna ¢ast kontaminantl setrvava v matrici a uc€innost termické desorpce je z pohledu cili sana¢nich
praci nedostatecna. S rostouci teplotou desorpce dochazi k nartstu ucinnosti tepelného procesu a vliv
jednotlivych procesnich podminek prestava byt patrny a dochazi rovnéz ke zvySovani energetickych
narokl procesu. Pro lepsi vzajemné porovnani je ucinnost termické desorpce ve vSech pfipadech
vyjadfena procentualné.

Experimenty s uméle kontaminovanymi materialy

Na tomto typu experimentl bylo cilem zjistit, jakou miru desorpce vykazuji rGzné kontaminanty vaci
stejné matrici a nebo urcity kontaminant vaé&i riznym matricim v Sir§im teplotnim rozmezi (130 — 230 °C),
nikoliv jen pfi teploté nejvy$Si dosazené. Vyhodou uméle kontaminovanych matric je zejména to,
Zze veSkeré kontaminanty jsou do materiald vnaseny stejnym zplsobem a s materialy je nakladano
stejnym zpusobem a podléhaji stejnému efektu starnuti kontaminace. Veskeré experimenty uvedené
v tomto odstavci byly provadény tak, ze cilové teploty vsadky bylo dosazeno béhem 10 minut a pfi
zvolené teploté byla udrzovana izoterma po dobu 10 minut.

Nasledujici obrazek 3 pfinasi pfehled o ucinnosti termické desorpce pro pfipad y-HCH a HCB
v laboratornim meéfitku z uméle kontaminovaného jilu pfi klasickém zplsobu ohfevu. Z uvedenych
vystupl vyplyva pro uméle kontaminovany jil snazSi desorpce y-HCH v porovnani s HCB. Prvni
snaze (y-HCH teplota varu 323,4 °C, tlak par pii 20 °C 5,6.10° Pa; HCB teplota varu 325 °C, tlak par pfi
20 °C 1,5.10° Pa). Je zfejmé, ze pomérné vysoké tginnosti termické desorpce je dosazeno hluboko pod
teplotou varu obou latek. Casteéné k tomu pfispiva i skuteénost, Ze jil obsahuje jisté mnozstvi vody,
které se postupné uvoliuje pfi teplotach vyssich nez 100 °C a to ma pozitivni vliv z hlediska spoleé¢ného
transportu kontaminantti s vodni parou'®"".

Na obrazku 4 je ukazka ucinnosti termické desorpce % PCB pfi mikrovinném zpusobu ohfevu
v laboratornim méfitku z uméle kontaminované cihly a jilu. V pfipadé desorpce PCB lIze pozorovat pfi
srovnatelnych teplotach procesu vysSi Ucinnost desorpce zcihly nez z jilu. Lze predpokladat,
Ze kontaminant v pfipadé jilu podléha s matrici rozsahlejsi interakci. Pfi mikrovinném i klasickém ohfevu
teploty doSlo v nékterych pfipadech k tomu, Zze mira dekontaminace byla u jilu vy$Si nez u cihly, coz je
vysveétlovano tim, ze do teploty kolem 150 °C dojde k uvolnéni vétSiny vody pfitomné v jilu a z hlediska
termodesorp&niho procesu to ma pfiznivy vliv pro spoleény transport pary a kontaminantu. Drcena cihla
vzhledem k jilu vykazovala fadové mensi pfirozeny obsah vody.
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Experimenty s realné kontaminovanymi materialy

Tento typ experimentl byl provadén za ucelem srovnani Ucinnosti termické desorpce za rlznych
podminek pfi dosazeni cilové teploty 240 °C (pro snimani teploty v mikrovinném poli byl pouzit mérak
teploty Reflex (Neoptix) vybaveny optickym viaknem s teplotni odolnosti do 250 °C) podle uréeného
teplotniho rezimu:

Ohtev probihal z laboratorni teploty (popf. venkovni teploty vsadky u experimentt ¢tvrtprovoznich)
k teploté varu vody rovnomérné béhem 10 minut, pfi teploté varu vody izoterma 15 minut, nasledné
z teploty varu vody k teploté 240 °C rovnomérné béhem 20 minut, izoterma 15 minut pfi teploté 240 °C.

Na obrazku 5 je vyjadifena uc€innost desorpce = PCB pfi procesu v laboratornim méfitku pfi klasickém
zpusobu ohfevu (KL) u realné kontaminované zeminy (u vSech ¢&tyf rezimu stejna velikost vsadky, vySka
vrstvy a cilova teplota). Rozdil v jednotlivych rezimech spocival v tom, Ze prvni vsadka byla desorbovana
pouze v proudu dusiku, druha v proudu dusiku pfi pocate¢nim dodateéném homogennim ovlhéeni
vzorku necelymi 5 % hm. vody k pavodni pfirozené vlhkosti materialu, tfeti vsadka byla desorbovana pfi
snizeném tlaku 790 — 810 mbar a posledni vsadka byla desorbovana pfi snizeném tlaku 790 — 810 mbar
pfi dodate¢ném ovlh¢eni jako v pfipadé druhém. Ucinnost desorpce dosahla za uvedenych podminek
priblizné 80 % az 90 %, z vystupu je patrny pozitivni vliv podtlaku v systému na desorpci PCB vzhledem
k experimentu za atmosférického tlaku. Pozitivni efekt ma zaroven dodatec¢né ovlhéeni vzorku, kdy
nasledné dochazi ke spoleénému tékani a transportu kontaminantd s vodni parou, v tomto pfipadé
nastal pozitivni efekt u experimentu za atmosférického tlaku itlaku snizeného. Nejvy$Si Gc€innosti pfi
srovnatelnych podminkach vedeni experimentu bylo dosazeno pfi desorpci dodateéné ovlhéeného
vzorku pfi podtlaku. Vliv téchto podminek je podrobnégji diskutovan u vysledk( uvedenych pro ohiev
mikrovinny.
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Obréazek 5: Uéinnost termické desorpce X PCB z redlné kontaminované zeminy pri klasickém
ohfevu pri riznych rezZimech procesu

Tabulka 2 uvadi srovnani ucinnosti termické desorpce Z PCB zrealné kontaminované zeminy
a X HCH a HCB z reélné kontaminované suti pfi laboratornim experimentu s klasickym ohfevem (KL)
a mikrovinnym ohfevem (MW). Do tabulky jsou zac¢lenéné vysledky zjisténé pfi ¢tvrtprovozni zkouSce
(CP), ktera probéhla s pouzitim stejnych testovanych materiald. Vechny experimenty probihaly v rezimu
podtlaku, pfilaboratornich experimentech pfi tlaku 790 — 810 mbar, pfi Ctvrtprovoznich zkouskach
pfi tlaku 750 — 800 mbar s obdobnym teplotnim programem. Teplotni program odpovida teplotnimu
programu specifikovanému u obrazku 5. Vysledky Ctvrtprovozni zkouSky jsou pro pfehled a srovnani do
tabulky 2 zaclenéné, i kdyz z dale uvedenych davodu nelze fici, Ze podminky procesu ve vétSim méfitku
byly zcela identické jako v laboratofi.

Tabulka 2: Dosazena ucinnost termické desorpce pfFi cilové teploté 240°C pro realné
kontaminované materialy pro laboratorni experimenty s klasickym zpisobem ohievu (KL)
a mikrovinnym zpisobem ohrevu (MW) a pro ¢tvrtprovozni zkousku (CP)

Kontaminant > PCB > HCH HCB

Material zemina sut’ sut’
Dosazena ucinnost termické desorpce (%)

KL 88,6 >99,9 >99,9

MW 80,4 92,1 84,8

CP 84,8 97,9 97,7

Uginnost desorpce byla ve véech pripadech vétsi nez 80 %, vys&i Uginnosti bylo dosaZeno pi
klasickém ohfevu v laboratornim meéfitku, nejnizsi Gc€innosti pfi mikrovinném ohfevu v laboratornim
méfitku pfi srovnani ucinnosti pro dany kontaminant a materidl. Podle pavodniho o¢ekavani by mélo
dojit k nejnizsi Gcinnosti termické desorpce u Ctvrtprovozni zkousky, kdy byla pouzita vétsi vsadka
materidlu ve vyssi vrstvé. Obecné Ize Fici, ze optimalizované laboratorni podminky vedou ke zjistovani
vy§Sich ucinnosti procesu, nez jaké jsou zjiStovany u zkousek &tvrtprovoznich a poloprovoznich, at uz
se jedna o klasicky &i mikrovinny ohfev. ZvétSovanim méfitka dochazi k negativnim jevim v podobé
vyskytu chladnéjSich mist v systému, pred€asné kondenzaci produktd, refluxu atd. Zde pozorovana
vy§Si 0Cinnost desorpce ve vétsim méfitku je dana s nejvétsi pravdépodobnosti skutecnosti, ze pfi
Ctvrtprovozni zkouSce doSlo k dosazeni teploty vySsi nez cilové teploty 240 °C. Vzhledem k realizaci
objemového ohfevu materialu v mikrovinném poli, velikosti vsadky a moznosti snimat teplotu optickym
vlaknem pouze v jednom misté vsadky Ize pfedpokladat lokalni pfehfati materialu, které nebylo pomoci
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¢idla zaznamenano (tato hypotéza je v souladu s dodatkovym mérenim teploty termoc¢lankem ve vsadce
po vypnuti magnetronu, kdy byly lokalné mirné vyssi teploty zjistény).

Zjisténa vyssi ucinnost desorpce kontaminantl v laboratornim méfitku pfi klasickém zpusobu ohfevu
v porovnani s ohfevem mikrovinnym je dana tim, Ze v klasické peci dochazi k postupnému
a pomalejSimu pfestupu tepla do vsadky a pozvolnému odparovani vody ve vzorku pfitomné (plvodni
nebo vnesené dodateénym ovihéenim). To ma pozitivni efekt na desorpci a transport kontaminace
spoleéné s vodni parou'®'. Naproti tomu pfi mikrovinném ohfevu dochdzi k rychlému ohfevu vody
a jejimu odpareni a mnozstvi spoleéné transportovanych kontaminantll je v porovnani s pozvolnym
odparovanim vody pfi klasickém ohfevu mensi. Uvedeny jev je patrnéjSi u procesu vedeného
za podtlaku, nebot dochazi k odpareni vody jesté rychleji nez za podminek atmosférickych.

Zde je vSak tfeba uvazit vice aspektu, kieré na proces dekontaminace maji vliv. Vedle charakteru
materialu (zastoupeni jilu, pfirozenych organickych latek atd.) a interakce kontaminantu s pevnou matrici
se za podtlaku usnadni pfechod kontaminanti do par a jejich transport do kondenzaéniho systému.
Spole¢nému transportu s vodni parou podléhda kontaminant na zakladé svych fyzikalné-chemickych
charakteristik a v pfipadé vedeni experimentl s vlhkym/dodate¢né ovihéenym matridlem za podtlaku
dochazi ke snizeni teploty varu pfitomné vody a to ve vysledku diléim zplsobem ovlivni tékani
kontaminanti'*'®. Vysledné chovani a Gginnost termické desorpce kontaminanttl z tuhych materiald
za specifickych podminek se da odhadnout jen hrubé a laboratorni testy jsou nezbytnou nutnosti pred
aplikaci procesu ve vétsim méfitku se snahou nastavit procesni podminky co nejhospodarnéji.

Zaveéry

V ramci prace byla sledovana ucinnost termické desorpce s klasickym a mikrovinnym zplsobem
ohfevu na umeéle a realné kontaminovanych materidlech. Na vybranych vysledcich pofizenych
za porovnatelnych podminek z hlediska doby zdrzeni a cilové teploty desorpce jsou ukazany trendy
pozorované v Sir§im souboru experimentalnich vystupl — pozitivni G¢inek ovihéeni materialu pred jeho
zpracovanim termickou desorpci a vliv snizeni tlaku v aparatufe. Zaroven je dokladovan vliv fyzikalné-
chemickych vlastnosti kontaminantu a interakce kontaminantu s tuhou matrici na Uspésnost termické
desorpce.

Znalost chovani konkrétniho kontaminantu za danych procesnich podminek pfi termické desorpci je
nezbytna pro dosazeni jisté miry odstranéni kontaminantl a provadéni procesu efektivné. Cilem této
studie i navazujicich studii je ovéfeni pribéhu termické desorpce za podminek klasického
a alternativniho zpusobu ohfevu, pfi dosahovani nizSich teplot a nizSi spotfeby energie. Ziskané
poznatky najdou pfimé uplatnéni pfi navrhu a konstrukci poloprovozni termodesorpéni jednotky
s mikrovinnym ohfevem, ktera bude umoznovat davkovani vody ke zpracovavanému materialu a dale

umoznovat pouziti aditiv pro lepSi absorpci mikrovinného zafeni vsadkou v pfipadé malo absorbuijicich
kontaminovanych materiald.

Seznam symbolu

HCH — hexachlorcyklohexan
HCB — hexachlorbenzen
PCB — polychlorované bifenyly

Podékovani

Prispévek byl pripraven v ramci vyzkumu realizovaného s podporou projektu Vyvoj a ovéreni
technologie termické desorpce s uzitim mikrovinneého zareni (TACR_TA01020383) a dale financovan
z ucelové podpory na specificky vysokoskolsky vyzkum (rozhodnuti MSMT ¢&. 21/2012).
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Thermal Desorption of Selected Persistent Pollutants with Use of

Conventional and Microwave Heating ] ]
Jifi HENDRYCH, Jiri KROUZEK, Pavel MASIN, Martin KUBAL, Lucie KOCHANKOVA
Vysoka Skola chemicko-technologicka v Praze, e-mail: Jiri. Hendrych@vscht.cz

Summary

The work deals with assessment of thermal desorption process by removal of selected persistent
organic pollutants under defined process conditions from really and artificially contaminated materials.
The influence of additional moistening of the material before thermal desorption process and the effect of
the operation at atmospheric and reduced pressure was assessed. Conventional and microwave heating
was applied.

Keywords: Thermal desorption, conventional heating, microwave heating, process conditions,
persistent organic pollutants
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Souhrn

Prace se snazi zhodnotit pouZitelnost ozonu pro ¢isténi kontaminovanych podzemnich vod chemickou
oxidaci. Ackoli ozonizace miZe byt efektivni pfi vyrobé pitné vody, ucinnost pro Cisténi podzemnich vod
mdze byt zasadné ovlivnéna jejim sloZenim. Uc¢innost aplikace ozonu byla testovana na dvou vzorcich
podzemnich vod rizného sloZeni z kontaminovanych lokalit v Ceské republice. Sledovanymi
kontaminanty byly hexachlorcyklohexany, polychlorované bifenyly a tetrachlorethylen.

Z ddvodu razné povahy a vlastnosti uvedenych kontaminanti byly pro experimenty vyuZity rizné
metodiky: bublani ozonu do vzorku vody a smichani roztoku kontaminantu a ozonu. Vysledky naznacuji,
Ze ozon sam o sobé je dobrfe schopen oxidovat vsechny uvedené latky. Byl vsak rovnéZz prokazan
vyznamny vliv sloZeni vod. Napriklad, ackoli hexachlorcyklohexany byly v prostfedi pitné vody ucinné
odbouravany, v prostredi vody z kontaminované lokality s vysSim obsahem rozpusténych soli byla
aplikace ozonu zcela neucinna. Podobné vysledky byly dosaZeny i pro tetrachlorethylen. Uvedené
poznatky potvrzuji predpoklad, Ze aplikace ozonu na konkrétni lokalité vyZaduje provedeni predbézZnych
laboratornich testi s odebranym vzorkem vody s cilem prokazat nebo vyvratit ucinnost ozonizace
v daném pripadé.

Klicova slova: Oczonizace, dekontaminace, podzemni voda, chemicka oxidace, organické
halogenderivaty

Uvod

Ozonizace je pouzivanou technikou pro Upravu pitnych vod, zejména za Ucelem jeji desinfekce
namisto napfiklad chlorace. Masové pouziti nardzi na ponékud vyssi naklady a existenci levnéjSich
alternativ, a proto zatim ozonizace neni Siroce aplikovanou metodou. Ozonizace vSak muze kromé
hygienického zabezpeceni vody slouzit i k rozkladu jinak velmi obtizné odbouratelnych latek typu
organochlorované pesticidy, polychlorované bifenyly, chlorované uhlovodiky aj. Typicky se jedna
o kontaminace podzemnich vod na znecisténych lokalitach. Aplikace ozonu muize v téchto pfipadech byt
zajimavou moznosti odstranéni kontaminace.

Ozon (trikyslik, Os3) je vysoce reaktivni plyn se silnymi oxida¢nimi Uc€inky. Jeho hustota cini
2,07 kg.m™, coz je asi 160 % hustoty vzduchu (pfi tlaku 1 atm a teploté 20 °C). Vznik&4 pGsobenim
elektrickych vybojli nebo kratkovinného ultrafialového zareni (UV-C) na molekuly kysliku O,. Dodana
energie rozstépi kyslik na dva radikaly, které reaguji s dalSimi molekulami O, za vzniku ozonu, ktery se
postupné rozklada zpét na kyslik O,'.

Nestabilita ozonu vyzaduje, aby byl generovan bezprostiedné pred jeho aplikaci. Ozon je vyrabén ze
vzduchu nebo kysliku v generatoru vyuzivajicim vysokonapétovy vyboj nebo UV zéafeni. Ze vzduchu lze
takto vyrobit plyn s obsahem ozonu okolo 1 %. S pouzitim kysliku muze obsah ozonu ¢init 4 — 10 %. Je
samoziejmé, ze veSkeré materidly a zafizeni, které jsou v kontaktu s ozonem, musi odolat jeho velmi
silnému oxidaénimu psobeni. Vhodné jsou materidly jako Teflon, Viton a nerezové ocel'.

Ozon je extrémné silné oxidac¢ni Cinidlo se standardnim potencidlem +2,07 V. PFi oxidaci latek
pfitomnych v roztoku se uplatiiuji pfedevSim dva reakéni mechanismy: pfima reakce s ozonem a reakce
s velmi reaktivnim -OH radikalem vznikajicim rozkladem ozonu ve vodé (pfedevSim reakci
s hydroxylovym aniontem OH’, tzn. pfedevSim v alkalickém prostfedi), ktery mGze byt dale podporen
pfidavkem peroxidu vodiku®®. Rychlost radikalovych reakci je mnohonasobné vy$si nez pfimé reakce
s ozonem®. Popsané mechanismy rovnéZ souviseji s rozkladem ozonu v roztoku, ktery je vyznamné
rychlejsi v alkalickém prostredi (reakci s OH- iontem), zatimco v prostfedi kyselém ozon vykazuje stabilitu
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vy$8i*°. Pokud je kyZenou cestou pfiméa reakce ozonu s kontaminantem, je vhodné spise kyselé prostredi
(mensi koncentrace OH™ iontl pro vznik radikala, delSi Zzivotnost ozonu), zatimco pro radikalové
mechanismy je Zadouci spi$e prostiedi neutraini nebo alkalické*. Obvykle se z aplikaéniho pohledu
uvazuje spiSe o mechanismu radikalovém, ktery je mnohem rychlejsi a vuci velmi stabilnim latkam
v roztoku patrné i agresivnéjSi. Podstatny je v8ak vliv dalSich slozek roztoku, pfedev§im aniontl jako
COs%, HCOs, SO4*, CI i organickych latek. Zejména v pfipadé aniontl byla prokazana rychla reakce
s ‘OH radikalem, a jsou proto oznagovany jako tzv. ,radical scavengers™. lonty riznymi mechanismy
rovnéz urychluji rozklad ozonu v roztoku®. Pokud se tyge pfidavku peroxidu vodiku, jeho efekt na
celkovou Ucinnost oxidace kontaminantu nemusi byt vzdy pozitivni. Peroxid podporuje rozklad ozonu za
vzniku radikald OH. AvSak i pokud je radikalovy prubéh oxidace kontaminantu zadouci, jsou reakce
ovlivnény koncentracemi dalSich latek (pfedevSim iontl) reagujicich s hydroxylovymi radikaly za vzniku
méneé reaktivnich produktd. Kinetika jednotlivych dil€ich reakci a pomér jednotlivych sloZzek potom
zpusobuje, Ze aplikace smési ozonu a peroxidu mize vysledek ovlivnit pozitivné i negativné'.

Sledovanymi kontaminanty v ramci této studie byly hexachlorcyklohexany, polychlorované bifenyly
a tetrachlorethylen. Jejich vlastnosti, izomerové &i kongenerové slozeni, vyskyt a informace o toxicité
a Skodlivosti pro Zivotni prostfedi Ize nalézt napfiklad v integrovaném registru znegistovani®.

Experimentalni ¢ast

Experimentalné byla sledovana oxidace izomeru hexachlorcyklohexant (HCH), vybranych kongenert
polychlorovanych bifenyld (PCB) a tetrachlorethylenu (PCE) jak v redlnych podzemnich vodach, tak ve
vodé pitné kontaminované uméle. Sledovan byl i vliv peroxidu vodiku.

Slozeni pouzitych vod ve smyslu obsahu iontl a zakladnich parametr( je uvedeno v tabulce 1.
Ze slozeni pouzitych vzorkd vod je patrné, ze vyznamné odliSna je podzemni voda oznacena jako ,1°
Jednad se o vodu z lokality silné kontaminované HCH, ktera navic vykazuje vyznamny obsah
rozpusténych soli. Naopak podzemni voda ,2“ ktera pochazi z lokality kontaminované chlorovanymi
pesticidy (rliznymi) se slozenim témeér blizi vodé pitné, i kdyz obsah rozpusténych soli je vyssi. V dobé
odbéru vzorku (po destich) nebyla pfitomnost pesticidu prokazana, voda proto slouzila pouze jako matrice
pro provedeni experimentl po jejim umeélém kontaminovani.

Tabulka 1: SloZzeni vod pouzitych pro experimenty (obsah sledovanych kontaminanti je
uveden spolu s prislusnymi vysledky v nasledujicich kapitolach).

Parametr Pitnd voda* Podzemni voda 1 Podzemni voda 2
Vodivost (mS/m) 37,8 285 71,0
pH 7,77 7,58 7,66
TOC (mg/l) 7,40 63,0 6,0
CHSK¢; (mg/l) <12 131 <12
S0,” (mg/l) 52 436 86
ClI" (mg/l) <50 547 111
HCO5 (mg/)) 92 428 109
NO; (mg/I) 26 0,06 79
K (mg/1) 4.4 17,6 2,9
Na (mg/l) 12,1 146 22,1
Mg (mg/I) 8 50 18
Ca (mg/l) 50 480 92

Fe (mg/l) 0,0250 0,0068 <0,0020

*— jedna se o vodu pouZitou v ramci riznych experimentt, jejiz sloZzeni mtiZe byt casem proménné. Odbér
uvedeného vzorku byl proveden po odtoc¢eni vody z vodovodu po dobu 5 minut.

V pfipadé pesticidd (HCH) byl vzorek uméle kontaminované pitné vody a podzemni vody 2 pfipraven
pred provedenim experimentl v laboratofi. Jako zdroj kontaminantu slouzila smés HCH (bila krystalicka
faze) ziskana termickou desorpci z realného, silné znecisténého materialu pochazejiciho z lokality, ze
které byla odebrana podzemni voda 1. Nékolik krystalki HCH bylo smichano ve sklenéné lahvi o objemu
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2,5 | s vodou. Lahev byla do druhého dne umisténa na tfepacce (pouze lehké michani). Obsah lahve byl
poté filtrovan membranovym filtrem o velikosti p6rd 0,45 um, ¢imz byla vylou¢ena moznost vneseni
pripadnych tuhych ¢astic faze HCH do experimentu a jejich totalniho znehodnoceni.

Vzorek pro experimenty s PCB byl pfipraven jako vyluh z realné kontaminované zeminy susené pfi
laboratorni teploté, ktera byla po jemném mechanickém rozmélnéni sitovana. Pro dalSi experimenty byla
pouzita frakce mensi nez 1,6 mm. Uvedeny vzorek zeminy slouzil v minulych letech k feSeni fady
vyzkumnych projektd v ramci firmy Dekonta a osveédcil se jako dobra matrice s realnou kontaminaci PCB.
Priblizné 20 g zeminy bylo smichano se 2,5 | pitné vody. Jelikoz minulé zkuSenosti prokazaly velmi
omezenou vyluhovatelnost PCB z dané zeminy, byl k zeminé pfidan (jeSté pred nalitim vody) také Cisty
Delor 103 (dfive pouzivana technicka smés PCB) v mnozstvi asi 1 ml. Lahev byla ponechana na tfepacce
do druhého dne a nasledné byl vyluh filtrovan membranovym filtrem (0,45 um).

V pfipadé PCE byla uméla kontaminace vzorku provedena bezprostfedné pred experimenty
probublavanim vody v laboratorni promyvacce dusikem nasycenym parami PCE, ¢imz byla zajisténa
kontaminace vody bez rizika vzniku mikrokapi¢ek ¢&i filmd PCE, coz muze nastat pfi pfipravé vzorku
smichanim faze PCE s vodou.

K pfipravé ozonu byl pouzit generator z kysliku tichym vysokonapétovym vybojem. Vyrobce deklaruje
za nastavenych parametr(l vystupni koncentraci 2 % obj., tzn. asi 40 mg/l pfi 101,3 KPa a 20 °C. Vlastni
analyzou plynu za generatorem vSak bylo zjisténo, Ze obsah ozonu se pohybuje jen okolo 12 mg/I (101,3
KPa a 20 °C). V experimentech byl sledovan také vliv peroxidu vodiku a hodnota pH.

V pripadé HCH a PCB byl ozon aplikovan do vzorku vody probublavanim fritou po dobu nékolika minut
prutokem 2 I/min. Pfedbé&znymi experimenty bylo zjisténo, ze doba probublavani v fadu minut poskytuje
za danych podminek podobnou miru nasyceni vody ozonem jako pfi jeho aplikaci Venturiho trubici, coz je
planovana metoda injektaze pfi provozni realizaci. Sou€asti experimentt byl vzdy i slepy vzorek slouzici
ke zjidténi vstupni koncentrace kontaminantu. Analytickou koncovkou byl postup dle normy CSN EN ISO
6468 s instrumentaci (GC-MS) Agilent Technologies 6890 s hmotnostnim detektorem 5975. Sledovan byl
i parametr TOC (celkovy organicky uhlik) stanovovany dle normy CSN EN 1484 s instrumentaci Liqui
TOC Il, Elementar.

V pfipadé PCE (tékava latka) bylo nutné pfi snaze o dostatecné spolehlivé vysledky pfistoupit
k provedeni reakce smichanim roztoku ozonu (v pitné vodé) o znamé koncentraci a roztoku PCE v dané
vodé. Slepy vzorek (doplnény odstatou pitnou vodou bez ozonu) byl zpracovan zcela totozné a slouzil pro
zjisténi vstupni koncentrace PCE vc&etné zahrnuti manipulace se vzorkem. Objem vzorku €inil 10 ml
a objem doplfované vody (resp. roztoku ozonu) rozdil do objemu vzorkovnice 119 ml. Vzorkovnice byly
poté vzdy okamzité uzavieny krympovacim vickem s teflonovym septem. Analytickou koncovkou byla
GC-MS (Instrumentace Trace GC Ultra — ISQ, Thermo) s nasledujici pfedupravou vzorku: 4 ml vzorku
byly odebrany automatickou pipetou do 8ml sklenéné vialky a automatickou pipetou byly pfidany 3 ml
n-hexanu. Vialka poté byla uzaviena vickem s teflonovym septem a smés byla nasledné intenzivné ru¢né
tfepana asi 2 minuty. Po vytfepani se smés nechala 5 min odstat a poté byl automatickou pipetou
odebran 1 ml hexanové frakce do 2ml sklenéné vialky, kam bylo pfidano 20 pl vnitiniho standardu
n-oktanu v n-hexanu (1,05 g/l) a poté byla smés uzaviena vickem s teflonovym septem a protfepana.
1 ul takto pfipraveného vzorku byl analyzovan pomoci plynové chromatografie s hmotnostni detekci.
Ke kalibraci odezvy hmotnostniho spektrometru byly pfipraveny kalibracni roztoky PCE v n-hexanu
s pfidavkem vnitfniho standardu o stejné koncentraci jako v pfipadé vzorka.

Vysledky a diskuse

V tabulkach 2, 3 a 4 jsou uvedeny typické pfiklady dosazenych vysledk pro HCH, PCB a PCE. Nad
vysledky je mozné pomeérné Siroce debatovat a poskytnout podrobny odborny rozklad, coz by patrné bylo
rozsahem nad ramec adekvatniho rozsahu ¢lanku. Shriime proto jen zakladni a kli¢ové poznatky.

Z hlediska HCH bylo zjisténo, Ze muze byt ozonem Gc&inné odbouravan (vSechny isomery), avsak byl
potvrzen silny vliv celkového slozeni vody. V pitné vodé a podzemni vodé 2 byla tG¢innost odbourani HCH
pfi ozonizaci v fadu minut znacnd. V praxi by ji patrné bylo mozné dale zvysit na potfebnou uroven delsi
aplikaci ozonu, resp. pfi injektazi ozonu Venturiho trubici nasazenim vykonnéj§iho generatoru ozonu
nebo opakovanou injektazi (napfiklad plynu oddéleného ze smési po pruchodu prvni trubici). Zaroven byl
relativné presveédcivé prokazan nulovy, resp. naopak negativni vliv pfidavku peroxidu vodiku. V pfipadé
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podzemni vody 1 byla uc€innost nasazeni ozonu na odbourani HCH neprokazatelna, vysledky stanoveni
HCH se vétSinou nachazeji uvnitf intervalu nejistoty stanoveni (20 %) a uc€inné snizeni koncentrace
kontaminace nebylo zjisténo. Je to patrné dusledkem slozeni vody s vysokym obsahem anorganickych
soli nezadoucim zpUsobem meénicich reakéni cesty radikalovych reakci. Zbyva podotknout, ze
s podzemni vodou 1 bylo provedeno nékolik dalSich testd (mnohem delSi doba aplikace ozonu, Uprava
pH), avSak s podobné negativnim vysledkem.

U experimentd sledujicich oxidaci PCB bylo zjisténo, ze peroxid vodiku i v tomto pfipadé vykazuje
spiSe negativni vliv, i kdyz zbytkové koncentrace PCB po jeho pouziti byly pouze cca 1 % vstupniho
obsahu. Bez pouziti peroxidu vodiku ovsem byly vSechny sledované kongenery pod mezi stanovitelnosti,
a to i v pfipadé aplikace ozonu pouze 2 minuty. Vysledky jsou proto pro danou matrici zalozenou na pitné
vodeé pozitivni. Co do obsahu rozpusténych soli se nelze domnivat, ze by pfitomnost relativné mensiho
mnozstvi zeminy béhem pfipravy vzorku vody vyznamné zvysSila jejich obsah (rozpousténim minerald).
Pro silné zasolené vody samoziejmé ziejmé nelze, stejné jako u HCH, takto pfiznivé vysledky oCekavat.

Tabulka 2: Vysledky experimentu sledujicich reaktivitu ozonu s pesticidy (pitna voda
a podzemni voda 1 a 2). PodirZzeny radek oznacuje vstupni vzorek probubldavany pouze
cistym kyslikem (slepy pokus); C,, — hmotnostni koncentrace

Doba Cm(peroxid C(hexachlorcyklohexan, HCH) (ug/l) TOC
probubldvani (s) | vodiku) (mg/I) o | B ] vy | & | e PR (me/)
matrice: pitnd voda
180 (0,) - 740 | 108 | 665 | 983 | 34 | 745 | 696
120 (0,/0s) - 286 24 136 238 11 7,51 5,64
240 ( 0,/03) - 247 14 97 140 7 7,59 51
120 ( 0,/03) 64,4 421 52 340 488 19 7,46 6,29
240 ( 0,/03) 70,3 328 34 245 344 15 7,53 5,65
matrice: podzemni voda 1
120 (0,) - 326 79 13 97 38 | 703 | 851
100 ( 0,/05) - 287 65 9 72 30 6,93 84,4
180 ( 0,/03) - 320 64 10 84 36 6,99 82,3
100 ( 0,/05) 34,8 309 54 10 69 34 7,05 91,2
180 ( 0,/05) 34,7 258 48 7 52 28 7,16 89,4
240 ( 0,/03) 34,8 325 52 9 65 34 7,30 89,9
matrice: podzemni voda 2

180 (0,) - 319 | 70 [ 240 [ 299 | 13 [ 827 [ <5
120 ( 0,/03) - 83 8 31 46 4 8,14 <5
240 ( 0,/03) - 137 15 70 102 6 8,09 <5
120 ( 0,/03) 67,2 176 24 116 167 8 8,17 <5
240 ( 0,/03) 66,7 104 16 61 83 7 8,13 <5

Tabulka 3: Vysledky testu reaktivity PCB s ozonem (¥ PCB = suma 7 indikatorovych
kongenerd dle normy: 28, 52, 101, 118, 138, 153, 180; ve vstupu byl detekovan pouze
kongener 28, minimalné pak 52, dalsi byly pod mezi stanovitelnosti); PodtrZzeny radek
oznacuje vstupni vzorek probublavany pouze cistym kyslikem (slepy pokus);
Cm — hmotnostni koncentrace

Doba Cm(peroxid PCB T0C
robublavani (s vodiku) (mg/I | H
p (s) ) (mg/1) (ne/1) p (mg/!
180 (0,) - 14,72 7,46 8,26
120 (0,/0s) - <0,03 7,45 6,05
300 (0,/05) - <0,03 7,41 5,33
120 (0,/0s) 66,7 0,156 7,47 10,6
300 (0,/05) 66,7 0,102 7,47 6,23
180 (0,) 66,7 12,89 7,68 6,59
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Poslednim testovanym kontaminantem byl tetrachlorethylen. | v tomto pfipadé byly zaznamenany
velmi pfiznivé vysledky pro pithou vodu a podzemni vodu 2. Ur€ity prokazatelny pokles koncentrace byl
prokdzan i u podzemni vody 1, ovSem podstatné méné vyznamny. Rozklad PCE byl dle ocekavani
provazen poklesem pH danym uvolnénymi chloridy, pficemz pokles byl vétSi u pfipadl, kde doslo
k vyznamnéjSimu odbourani PCE. Pozitivni viiv peroxidu vodiku nebyl v Zzadném z pfipadu zjistén. Dale je
patrné, ze uUbytek PCE koreluje i se spotfebou ozonu na jeho oxidaci vypocitanou z bilance, ktera se
u podzemni vody 2 pohybovala mezi na Urovni 38 % a u vody 1 pouze kolem 15 %, navic vyS$Si
procentualni spotfeba ozonu na oxidaci PCE u vody 2 nastala i pfes vy$si pocatecni koncentraci ozonu.
Bylo by mozné namitnout, Ze pozitivnéjSi vysledky dosazené pro podzemni vodu 2 mohou byt pravée
dusledkem nezanedbatelné vySsi vstupni koncentrace ozonu. Molarni pomér davky ozonu vici PCE cinil
v pfipadé vody 1 zhruba 0,5 a v pfipadé vody 2 asi 0,8. Rozdil v mnozstvi odbouraného PCE se vSak lisi
priblizné tfinasobné. Ozon byl proto v podzemni vodé 1 rozkladan ziejmé ve vétSi mife vedlejSimi
reakcemi (nikoli kyZzenou oxidaci PCE). DulezZité je pfipomenout, ze vzorky byly ve vSech pfipadech
vyznamné nafedény pitnou vodou sycenou ozonem. Vysledky pro PCE jsou sice vzajemné srovnatelné,
ale nebylo by korektni je pfimo interpretovat do realnych podminek. Lze mit vSak témér jistotu, Ze u vod
s vy§Sim obsahem rozpusténych soli by ani v pfipadé PCE nebyla ozonizace efektivni — v pfipadé
podzemni vody 1 nestacilo ani jeji cca 12-ti nasobné nafedéni k dosazeni dostate¢né ucinnosti
(srovname-li vysledek napfiklad s pitnou vodou).

Tabulka 4: Vysledky testu reaktivity PCE s ozonem; C,, — hmotnostni koncentrace

D\?:(;(?ks(?rr:g}(lj)u Cn(PCE) (me/) PH Spot.Febg ozonu na
oxidaci PCE (%)
pitnd voda (Cropce)= 18,6 mg/l; Cro(o3) = 4,80 mg/l; pHy= 8,3+0,1)
4,1 7,3 6,99
2,8 7,2 6,96
1,4 7,2 6,96
0 7,1 6,94 48
podzemni voda 1 (Cropce)= 12,6 mg/l; Crmojo3) = 3,05 mg/l; pHo= 8,3£0,1)
3,6 10 7,45
2,4 10,4 7,43
1,2 10,1 7,45
0 9,7 7,48 15
podzemni voda 2 (Cropce)= 13,9 mg/l; Crmojo3) = 4,78 mg/l; pHo= 8,5£0,1)
3,2 4,7 7,21
2,2 4,9 7,17
1,1 4,7 7,19
0 4,3 7,17 38
Zaveéry

Laboratorné byla prokazana dobra uc€innost ozonu pfi oxidaci perzistentnich kontaminantd (HCH,
PCB) i tékavych chlorovanych uhlovodik (PCE), avSak u vod s vy$§im obsahem soli u¢€innost dramaticky
klesa. Bohuzel je velmi slozité blize specifikovat &i kvantifikovat, které ionty a v jaké koncentraci jiz proces
vyznamné inhibuji (ani na zakladé literarnich informaci), a proto se nelze vyhnout laboratornim testiim
s jakoukoli kontaminovanou vodou, u které se o0 ozonizaci uvazuje. Jejich metodika je k dispozici.
V literatufe popisovany mozny velmi pozitivni vliv pfidavku peroxidu vodiku nebyl v Zzadném z pfipadud
prokazan, ackoli jeho davky byly blizko hodnotam uvadénym jako optimalni.

Ozonizace muaze byt zajimavou a za urCitych okolnosti velmi efektivni metodou Cisténi
kontaminovanych podzemnich vod. Dalsi informace véetné ekonomickych dat poskytnou planované
pilotni aplikace s injektazi ozonu do vody Venturiho trubici.
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Ozone Application for Removal of Persistent Pollutants from Contaminated

Groundwater
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Vysoka skola chemicko-technologicka, Technicka 5, 160 00 Praha 6;
Dekonta, a.s., Dretovice, 273 42 Steheléeves, e-mail: svab@dekonta.cz,

Summary

This contribution relates to an assessment of ozone efficiency for groundwater treatment by means of
the chemical oxidation. Although ozonation can be effectively used in the field of the drinking water
production, its efficiency for groundwater treatment can be strongly influenced by the water composition.
In our study, we examined two different groundwater samples from contaminated sites in the Czech
Republic. Ozone application was tested in order to remove persistent pollutants (hexachlorocyklohexanes
and polychlorinated biphenyls) and chlorinated volatile pollutant (tetrachloroethylene). With respects to
the different contaminants behaviour, we used various methodologies for the experiments: mixing of the
solutions of contaminant and ozone and bubbling of ozone into the sample. The results indicate that
ozone itself, thanks to its really strong oxidizing potential, can effectively and quickly oxidize all tested
contaminants. However, influence of the water composition was confirmed as well. For example,
although hexachlorocyclohexanes was effectively degraded in drinking water, there was no effect of
ozonation in case of sample of real contaminated groundwater with high salinity. Similar results were
achieved for tetrachlorethylene It confirms the assumption that application of the ozone for particular
groundwater treatment needs preliminary (relatively simple) laboratory tests whether it might be efficient
or not.

Keywords: Ozonation, remediation, groundwater, chemical oxidation, organic halogenderivatives
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