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Uvodni slovo $éfredaktora

Vazeni ¢tenari,
toto Cislo je uplné prvni, ve kterém se nachazi ¢lanek,
JjehoZ prvnim (a v tomto pripadé i jedinym) autorem je
osoba pochazejici odjinud nez z Ceska ¢i Slovenska.
Chci na tomto misté podékovat kolegum, ktefi panu
Epifantsevovi tento ¢asopis k publikovani doporucili.
Povazuji to za prvni krucek ven z ¢isté ¢esko-
slovenského autorského okruhu.

V Pokynech pro autory na internetovych strankach
c¢asopisu jsou rovnéz pokyny, jak uvadét odkazy na
literaturu. JenZe mnoho autort tyto pokyny nerespektuje
a ja dosud nebyl v této oblasti disledny, abych dodrZovani tohoto pravidla po autorech
vyzadoval, pripadné to po nich upravoval. JenZe byl jsem na nejednotnost v uvadéni
referenci specialné v tomto cisle upozornén s tim, Ze to nevrha dobreé svétlo na casopis.
Ta vytka je po pravu a vim, Ze to neni problém pouze tohoto cisla!

Proto jsem se rozhodl, Ze od pristiho ¢isla uz budu na to dbat a pristi autory na to
dopredu upozornuji.

Ondrej Prochazka

Editorial

Dear readers,

this number is the very first one in which there is an article whose first (and in this
case the only) author is a person coming from outside of the Czech Republic or Slovakia.
| consider this to be the first step away from the purely Czech-Slovak author's circuit,
and | offer editorial assistance to new foreign authors in creating a mandatory Czech
abstract.

Author's Guidelines on the magazine's website also provide guidelines on how to
write literature references. But many authors do not respect these guidelines, and | have
not yet been consistent in this area to demand the authors' compliance with this rule. But
| have been warned about the inconsistency in referencing specifically in this issue, with
the fact that it does not throw a good light on the magazine. The complaint is right, and |
know it's not just a matter of this number! That's why | decided that from the next issue
I will take care of it and the next authors will point out in advance.

Ondrej Prochazka
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Pro autory

WASTE FORUM je Casopis urCeny pro publikovani plvodnich védeckych praci souvisejicich
s primyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadu a recyklace, jak by mohl
naznacovat nazev Casopisu, ale i odpadnich vod, emisi, sanaci ekologickych zatézi atd. Vychazi pouze
v elektronické podobé a Cdisla jsou zvefejiiovana na volné pfistupnych internetovych strankach
www.WasteForum.cz.

Do redakce se prispévky zasilaji v kompletné zalomené podobé i se zabudovanymi obrazky
a tabulkami, tak zvané ,,printer-ready”. Pokyny k obsahovému c&lenéni a grafické upravé prispévku
spolu s pfimo pouzitelnou Sablonou grafické upravy ve WORDu jsou uvedeny na www-strankach
Casopisu v sekci Pro autory. Ve snaze dale rozSifovat okruh moznych recenzentll zadame autory, aby
soucasné s prispévkem napsali tfi tipy na mozné recenzenty, samoziejmé z jinych pracovist nez je autor
Ci spoluautory. Je vzdy dobré mit rezervu.

Publika¢ni jazyk je angli¢tina, CeStina a slovenstina. Preferovana je angli¢tina a v tom pfipadé je
nezbytnou soucasti ¢lanku na konci nazev, kontakty a abstrakt v ¢eském &i slovenském jazyce, pficemz
rozsah souhrnu neni shora nijak omezen.

Vydavani C€asopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim Casopisu, vybirame publikaéni poplatek ve vysi 500 K& za kazdou stranku (bez DPH).
V pfipadé nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato Castka
poloviéni.

Uzdvérka nejblizsiho cisla ¢asopisu WASTE FORUM je 8. dubna 2019, dalSi pak 8. ¢ervence 2019.

For authors

WASTE FORUM is an electronic peer-reviewed journal that primarily publishes original scientific
papers from scientific fields focusing on all forms of solid, liquid and gas waste. Topics include waste
prevention, waste management and utilization and waste disposal. Other topics of interest are the
ecological remediation of old contaminated sites and topics of industrial and municipal ecology.

WASTE FORUM publishes papers in English, Czech or Slovak. Articles submitted must
include a abstract in Czech (Slovak) or English language, respectively.

Manuscripts for publication in the journal WASTE FORUM should be sent only in electronic form to
the e-mail address prochazka@cemc.cz. Manuscripts must be fully formatted (i.e. printer-ready) in MS
WORD. The file should have a name that begins with the surname of the first author or the surname of
the corresponding author.

All articles submitted for publication in WASTE FORUM undergo assessment by two independent
reviewers. The reviews are dispatched to authors anonymously, i.e. the names of the reviewers are not
disclosed to the authors.

All papers that was not subjected to a peer-review are labeled in a header of each page by the text
Not peer-reviewed and commercial papers.

Revenue to cover at least the costs associated with the issuance of the magazine, we select a
publication fee 500 CZK per each new page of the paper.

The deadline of the next issue is on April 8, 2019, more on July 8, 2019.
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Development of software based on LabVIEW to ensure the

life cycle of waste processing

Kirill EPIFANTSEV

Saint-Petersburg State University of Aerospace Instrumentation, Bolshaya
Morskaya str. 67A, 190000 Saint-Petersburg, Russian Federation

e-mail: epifancew@gmail.com

Abstract

The priority direction in the processing of waste from existing production is not only the creation or
upgrading of technology for processing, but also - the development of software for modeling installations.
Also, the current procedure for the storage of solid domestic waste requires information support of the
product life cycle. A means - modernization of modern software ERP-systems. At present, in Russia, the
main types of software being developed are designed to ensure the smooth functioning of CAD software
for 3D design, as well as the creation of software products for technological and economic support of
production. This happened because the engineering, military, and mining industries have historically
been highly developed in the country. Waste recycling is a relatively young industry that began to
develop since the end of 1999, therefore a software vacuum has been created in this sector due to the
minimum amount of software products. The main task of the IT sphere is to gain experience in software
for transportation, processing and sale of waste.

Keywords: ERP-systems; CAD; solid domestic waste; soft for the selection of equipment for
recycling.

Introduction

At present, in the specialized laboratory “Test-Saint-Petersburg” the University GUAP based on the
software package National tools are being developed 2 types of software products [1]:

1. Soft for the selection of equipment for recycling;

2. Soft for assessing the quality of processing and environmental damage.

This programming process has features due to the novelty of the product.

Experimental part

When analyzing existing CAD systems, it is possible to identify several main software products for
various industries from among Russian manufacturers: Compass-3D, T-Flex, 1C-Enterprise, Csoft
(TDMS, TechnologiCS), Intermeh (Search), 1Ci Appius (1C: PDM), Lotsia Soft (Lotsia PDM PLUS), Top
Systems (T-Flex DOCs), Research and Development Center for Applied Logistics (PDM STEP Suite).
CALS-technology - the continuity of product supply and support of its life cycle. The basic documents for
creating programs, types, standards were GOST [2], as well as the following European documents:
ISO 10303 series of standards “Production automation systems and their integration (standard for
exchanging data about a product STEP)”, ISO 13584 “Parts Library standard for the presentation of
product data. Library of parts”. From the number of the most significant documents that can potentially
be used to create a software product in the field of ecology, it is necessary to highlight: Federal Waste
Classifier 2017-2018 and GOST R 54096-2010 “Resource Saving. Waste management Unified system
of design documentation and unified system of technological documentation, as well as the following
European documents: ISO 10303 series of standards “Production automation systems and their
integration (standard for exchanging data about a product STEP)”, ISO 13584 “Parts Library standard for
the presentation of product data. Library of parts”. From the number of the most significant documents
that can potentially be used to create a software product in the field of ecology, it is necessary to
highlight: Federal Waste Classifier 2017-2018 and GOST R 54096-2010 “Resource Saving. Waste
management”.
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B Oscilloscope (1).vi Block Diagram *

Figure 1. Example of modeling in LabView: (a) block diagram of the simulated information-
measuring environment schematic installation of sensors; (b) extruder machine for waste
processing MN-3

For the simulation of a virtual measuring complex for waste processing, the working control body E4
Extruder was modeled, which allows - a complex for the study of energy consumption in waste
processing according to the above databases [3 — 6]. In LabView (Figurel), Extruder-E4 is programmed
with several basic keys: Vibro, Waste feed, Turn on water, Worm adjustment, Temperature, Feed to
hopper. On the derived graphs - the dependence of engine power on the level of load and performance
on the revolutions of the screw. It is very important to model an extruder that is resistant to the harmful
effects of the materials presented on figure 2.

Components of waste landfill,%

389

R S S O O O H a4 o
P Yg,o“,#’ & © R

Figure 2: Morphological and chemical composition of waste
different waste treatment landfills in Leningrad region according to Professor I. I. Podlipskiy

In the development of the program "Extruder e-4" was applied to physical analogy - a device for the
measurement of thermal conductivity in the laboratory "New functional materials" GUAP - it-I-400 and
ITP-MG-4 "100" on the measurement of thermal conductivity of samples by monotonous heating and
stationary method. LabView "Extruder-E4" conducts a study of the sample on several parameters, in
conjunction with the installations it-I-400 and ITP-MG-4 "100" analyzes the thermal conductivity of the
material and thus seeks compliance with the specified technical materials of the finished product - for
example, analyzes the components of chemical products — 10 parameters, construction components and
technologies — 5 parameters, agricultural technology — 10 parameters, heat and power characteristics of
fuels — 13 parameters[7].

Patronem tohoto éisla je WASTen, z.s., centrum transferu $pickovych inovativnich technologii
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LabVIEW contains extensive libraries of functions and tools designed to create data collection
systems and automatic control systems. The use of LabVIEW [8] System in the study of waste
management systems has a number of advantages by increasing the visibility of the measurement
results, the ability to visually trace the existing dependencies. during the operation for forming RDF raw
materials, it was assumed that the following load acts on the extruder screw: the torque on the coupling
shaft produced by the engine is 5000 N.

The temperature of the raw material heating inside the extruder reaches 500 C°. It is necessary to
determine the zones with the greatest accumulation of load, displacement, deformation (Figure 3).
Thus, creating the parameters that are as close as possible to the real operating conditions, it is possible
to detect the most loaded zones of the structure during the research and thus to improve the screw
design in the stage of design and selection of materials

Figure 3: Screwing the auger into a grid using the finite element method (Solid Works and YADE),
indicating the strength of the action on the screw.

The ingredients of the mixture to be palletised with a moisture content of 45% were as follows:
- 20 % of cardboard;

- 15 % of plastic;

- 40 % of coal charge;

- 10 % of sawdust; and

- 15 % of waste from the wastewater treatment facilities (sludge).

The feed was loaded into the hopper of MN-3 auger-type machine which started to produce
pellets 20 minutes after pre-heating of its heating elements and ramp-up. The process was going for two
hours when machine performance began to decrease. The auger rotation speed was increased using
a frequency converter, but that raised power consumption by 20%. After three hours of operation,
a decision was made to shut the machine down since its performance was minimum with the maximum
rotations per minute of the engine.

During the experiment, the frequency converter helped to control engine and, therefore, auger
rotation speed. However, speed was adjusted manually by an operator depending on pellet output.
Clogging of the auger was not controlled since it was mounted in a metal frame and the process could
not be seen. Such actions were random and chaotic. Temperature was not switched off, either, heating
bundles were operated in the normal mode so that the edges of the clog in the auger melted and
became harder. When the frame was dismantled, the cause of the loss of efficiency could be identified. It
was a clog consisting of a compacted waste feed which blocked the auger and resulted in the
emergency shutdown (Figure 3).

Figure 4: Stopper clog removed from the machine when the frame was cleaned

Patronem tohoto éisla je WASTen, z.s., centrum transferu $pickovych inovativnich technologii
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A decision was made to study the clog at the destructive press:
1) for uniaxial compressive strength test;
2) for split test; and

3) to determine a normal effort at the auger shaft in ParaView software by comparing it to the
estimated effort of 238.04kN and to visually monitor the clogging process.

This data was needed to determine the range of action of a pressure gauge to be later mounted in the
extruder frame to alarm of the start of the clogging process. By interacting with the frequency converter,
the gauge will prevent emergency shutdown which reverses the engine through a change in poles.
A shaker may also be used inside the auger to reduce stock adhesion to the auger and prevent clogging.

The uniaxial compressive strength test required to split the clog mechanically into two parts to prepare
for testing at Testometric 500 press in the Geomechanics and Mining Issues Centre of the Mining
University. The diameter and height of produced samples were duly measured (Figure 6).

Figure 5: Uniaxial compressive strength test of the clog

A cone sample (Sample 1) was compressed at the press first followed by a cylinder sample
(Sample 2) (Table 1).

Table 1: Results of uniaxial compressive strength test of the clog

Test No. Max. load (N) Destruction shift (mm) L, mm P, kg/m?
Sample 1 3,907.600 2.902 115 56.38050057
Sample 2 4,788.900 14.090 125 69.09626859

Figure 4 shows graphically how changes in deformation (mm) depend on the load (N). Sample 2
apparently has better performance (by 881.3 N) as compared to Sample 1.

6000
Load (M)
5000

wl ]
=
/

0

Distance (mm)

T T T T T T
o 2 4 6 8 10 12 14

Figure 6: Deformation of Samples 1 and 2 during uniaxial compressive strength test
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Results and discussion

After the experiment and the creation of the product, the program will be implemented in parallel in
the form of a pilot project at the IBO Yanino, IBO Gorelovo, TBO Novy Svet-Eco. The task for the future
is to implement the chain “Waste processing landfill-Research laboratory of New composite materials
GUAP-Buyer (enterprise)” [9 — 11]. The main result is the creation of trade turnover in the environment of
waste processing and environmental protection of urban areas. Economic benefits in cheap materials
that can be sold at a lower cost, unloading the territory of the BCH from the accumulated waste of
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Figure.7: Model of the extruder and modeling:
a) before download new party of wastes
b) after wastes download

After the experiment and the creation of the product, the program will be implemented in parallel in
the form of a pilot project at the IBO Yanino, IBO Gorelovo, TBO Novy Svet-Eco. The task for the future
is to implement the chain “Waste processing landfill-Research laboratory of New composite materials
GUAP-Buyer (enterprise)” [9 — 11].
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Conclusions

The main result is the creation of trade turnover in the environment of waste processing and
environmental protection of urban areas. Economic benefits in cheap materials that can be sold at
a lower cost, unloading the territory of the BCH from the accumulated waste of biothermal composting.
The results of the work in the software environment are reflected in the submitted screenshots of the
program. As part of the commercialization of the project, it is planned to produce mobile extruders that
are oriented to the processing of waste of a particular class. Preliminary consulting of the enterprise
allows to estimate it in the course of introduction of system of lean production and drawing up specifically
for the enterprise of a configuration which allows to introduce at the enterprise a number of extruder lines
for preliminary preparation of raw materials for further transportation in a commodity look [12 — 14].
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Vyvoj software na bazi LabVIEW pro zajisténi zivotniho cyklu zpracovani odpadu
Kirill EPIFANTSEV

Saint-Petersburg State University of Aerospace Instrumentation, Bolshaya Morskaya str. 67A,
190000 Petrohrad, Ruska Federace, e-mail: epifancew@gmail.com

Souhrn

Prioritou v oblasti zpracovani prumyslovych odpadi neni pouze vytvoreni nebo modernizace
technologii pro jejich zpracovani, ale také vyvoj software pro modelovani zafizeni. Mimo jiné soucasny
postup pro skladovani tuhého komunalniho odpadu vyZaduje informacni podporu Zivotniho cyklu
vyrobku. To znamena modernizaci software ERP-systémui. V soucasné dobé jsou v Rusku navrZeny
hlavni typy software, které zajistuji bezproblémové fungovani CAD software pro 3D design, a softwarové
produkty pro technologickou a ekonomickou podporu vyroby. Stalo se to proto, Ze inZenyrsky, vojensky
a téZzebni pramysl je v zemi historicky velmi rozvinuty. Recyklace odpadu je relativné mlady primysl,
ktery se zacal vyvijet od konce roku 1999, a proto v tomto odvétvi existuje softwarové vakuum
v dusledku minimalniho mnoZzstvi softwarovych produkti. Hlavnim dkolem IT sféry je ziskani zkusenosti
se softwarem pro prepravu, zpracovani a prodej odpadu.

Kli¢ova slova: ERP-systémy; CAD; tuhy komunalni odpad, software pro vybér zarfizeni pro recyklaci.
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Abstract

Significant sources of environmental noise (noise) currently include transport (road, rail and air).
Traffic noise can be reduced by building noise barriers. Their design may be varied. The authors present
the use of recycled materials from selected vehicle components for their useful life. The results of
experimental measurements of selected acoustic descriptors are presented.

Keywords: noise barriers, recycled materials, sound absorption coefficient a, sound reduction index R

Introduction

Noise refers to any disturbing, annoying, unpleasant, undesirable, inadequate or harmful sound [1, 5].
It is among the most widely spread noxious agents in our living and working environments. Noise has
become a serious problem, particularly in recent years, as a consequence of intensive industrial and
transport development - about 40 % of noise comes from the working environment and 60 % comes from
the non-working environment [2, 4, 5, 6]. Approximately 40 % of the population of the European Union
countries is exposed to traffic noise with the equivalent A-weighted sound level exceeding 55 dB and
20 % of the population is exposed to traffic noise with the equivalent A-weighted sound level exceeding
65 dB during the daytime [4, 6]. More than 30 % of the population is exposed to the equivalent
A-weighted sound level exceeding 55 dB during night hours, which has a perturbing influence, for
example, on human sleep [3, 6]. The significant environmental source of noise is traffic, specifically road
transport [4, 5, 6]. The source of noise in this case can be for example: vehicle engines, vehicle
aerodynamics and tire-road contact, etc.

Road noise problems are treated with the construction of noise barriers that consist of various materials
(Figure 1) with characteristics such as noise absorption and sound reflection [12, 13, 14, 15, 16].
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Several research teams [2, 3, 18] have dealt with the research of acoustically suitable materials. The
article contains the results of the scientific and research work of authors presented with a focus on the
development of new, acoustically suitable materials produced on the basis of recycled components from
vehicles after the expiry of their life and the research of their acoustic properties (sound reduction index
R and sound absorption coefficient o) [2, 3, 7, 11].

1 Measurement of Selected Acoustic Parameters of the Acoustic Materials
under Development

The following acoustic parameters were chosen from several possible acoustic descriptors:
e the sound reduction index R,
¢ the sound absorption coefficient a.

The sound absorption coefficient a and the sound reduction index R can be measured by two
methods:

e the standing wave ratio method; and
¢ the transfer function method.

The transfer function measurement method was utilized. This method can be used for measuring the
sound absorption coefficient a, the reflection factor, the normal impedance and the normal admittance
[17 — 20]. Figure 2 shows an impedance tube based on the transfer function method.

Figure 2: The impedance tube (Kundt tube)

The proposed measuring methodology includes the utilization of a Kundt tube with two positions of
the positioning microphones and the system of numerical frequency analysis for the determination of
normal incidence sound absorption coefficient a of sound absorbers. It can be applied for the
determination of the acoustic surface impedance or acoustic surface admittance for the sound absorbing
materials. The impedance ratios of sound absorbing materials are proportional to their physical
properties, such as airflow resistance, elasticity, porosity and density.

In compliance with STN EN ISO 10534-1 [12] standard, the proposed test method utilizes an
impedance tube with a sound source connected to one end and a test specimen mounted in the tube on
the other end. This test method is an alternative measurement method, which is, in general, much faster
than the method included in STN EN ISO 10534-1 [13].
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1.1 The methodology for measuring

The proposal of methodology for measuring selected acoustic descriptors by using an impedance
tube and by applying the method of transfer function is presented in Figures. 3, 4, 5 and 6. Detailed
measurement procedure is described in monography Badida et al. [7].

For diameter

@ 30 mm
Select material for Prepare the material Can the sample
be inserted into
measurement sample J
the impedance
tube?
For diameter YES
60 mm
£ NO

Measure atmospheric

pressure (Pa)
Enter values into
1 software VA-LAB 4 Measure ’
(menu SETTINGS) temperature (°C)

Measure relative air
humidity (%)

Figure 3: Methodology for measuring selected acoustic descriptors
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Calibrate microphones
No.1,2,3,4

1 —>
: (menu CALIBRATION) |
\

Select the transfer
function method
(TRANSFER FUNKCTION

METHOD)

Select measurement of
the sound absorption

coefficient a
(ABSORPTION

MEASUREMENT)

4

Type of the tube SW433
Wide Spacing Medium
Tube

Select measurement of
transmission loss R

(INSULATION
MEASUREMENT)

Select frequency band of

100 Hz to 800 Hz I

Type of the tube SW433
Medium Tube

Select frequency band of

400 Hz to 2500 Hz [

Type of the tube SW477
Small Tube

v

Select frequency band of
100 Hz to 800 Hz (or of

1600 Hz to 6300 Hz)

Figure 4: Methodology for measuring selected acoustic descriptors

Measurement of sound absorbtion coeficient for each material was repeated 10 — 15 times and

calculated averaged values. We consider this number of measurement to be statistically significant.
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soft keys Run, Stop, Result).
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to the sound source (loudspeaker) and to the sound source (loudspeaker) and
microphone No. 1 closer to the measured sample icrophone No. 2 closer to the measured sample
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Figure 5: Methodology for measuring selected acoustic descriptors
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Store the resulting
measured values (o or
R) and the resulting
graph on the computer
disk (by selecting “Export
Operation”).

Load the resulting
measured values (o or
R) into Microsoft Excel
program.

Figure 6: Methodology for measuring selected acoustic descriptors

1.2 The Hardware and Software Equipment Used

The architecture of hardware equipment used for measuring the sound absorption coefficient a (for
the frequency bands 100 — 800 Hz and 400 — 2500 Hz) is shown in Figure 7.

The measured system includes the tube with the inner diameter of 60 mm (marked as SW060-L) and
the holder of the tested sample with the inner diameter of 60 mm (marked as SW060-S).

0 1 2
I A0
; o
W
L /v : N
" Tested sample SW060 - 5

SWoeD -L

Figure 7: The sound absorption coefficient a system measured: 0, 1, and 2 are the mounting
places for microphone sockets

The system for measuring of the sound reduction index R (for the frequency bands 100 — 800 Hz and
400 — 2500 Hz) is shown in Figure 8. Similarly, the measured system consists of the tube with the inner
diameter of 60 mm (marked as SWO060-L) and of the tube extension piece with the inner diameter of 60
mm (marked as SWO060-E).
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™

SWO0s0-L Tested sample SWO060-F Cup with threads

Figure 8: The sound reduction index R system measured: 0, 1, 2, 3, 4, and 5 are the mounting
places for microphone sockets

1.3 The Experimental Materials Used in Testing

For experimental measurements, materials from selected components of vehicles after the expiry of
their life cycle were used. Materials tested were recycled by operations such as crushing, cutting,
grinding, heating, stamping, etc.

Specifically, the following materials were used.

e Ekomolitan (Figures 9 and 10): The material was manufactured by the recycling of a pure
polyurethane foam (PUR foam) from seats taken from old vehicles by adhesive-free hot pressing
of the recycled PUR products technology:

o Ground fraction: 2.0 =10 mm,

o Pressing at 200 °C (Steaming by superheated steam,

o Pressing pressure: 5.7 kPa,

o Hold time under the pressure at given temperature: 12 min,
o Pressed piece density: 1.2 g-cm™.

Figure 9 shows the specimens of the PUR foam ground fraction. Figure 10 shows the result after
pressing, i.e. Ekomolitan foam.

Figure 9: Ground fraction of PUR foam Figure 10: Ekomolitan after pressing

e Recycled rubber (Figures 11 and 12): It is the product of the process of recycling used tires. To
produce sound-absorbing material, the rubber sawdust, rubber cords and rubber grinding layer
from tire retreading is suitable. The mono-structural material is most often produced from
a rubber fraction. The technical material selected:

o Ground fraction: 4 — 6 mm,
o Pressing temperature: 900 — 1200 °C,
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o pressing pressure: 2.0 MPa,
o Hold time under the pressure at given temperature: 12 — 15 min.,
o Pressed piece density: 1.65 g-cm™.

The author of this paper filed patent application No. 1/288237 [8] dealing with the production of this
sound-absorbing material.

Figure 11: Ground Fraction of Recycled Rubber Figure 12: Recycled rubber after pressing

The tested samples with different thickness from 20 to 50 mm and with diameter g 30 and 60 mm are
shown in the Figure 13.

5

]

! i i '

=
by

L3

Figure 13: Sample sizes

2 Construction and Material Solutions of Noise Barriers

Anti-noise measures can be passive or active. Active measures aim for noise prevention. Passive
ones come after an increase in noise. Noise barriers belong to passive anti-noise measures. They
reduce the sound coming into living areas from busy roads through absorption, transmission or reflection
back through the roads or intensity the sound to travel a longer route. Noise barriers are utilized for the
purpose of reducing the noise intensity coming from traffic to the values required by hygienic regulations.
Noise barriers can be:

e noise barriers designed as:
- reflective noise barriers (made of hard sound-reflective materials),

- absorptive noise barriers (made of porous sound-absorbing materials).
The shapes of noise barriers are various [7]. In practice, there are several shapes of the barrier top

[7] with the aim of shortening the barrier height or obtaining the reduction characteristic of a higher
barrier.
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The constructions of noise barriers are made of homogeneous materials such as concrete, brick,
wood and so on, or from several materials, such as a combination of glass and metal, metal and wood
and so on. Noise barriers are frequently structurally designed as a multi-layered sandwich construction
consisting of several material types. The sandwich structure is very suitable in terms of the so-called
Helmholtz resonator focused on the continuous phase transition of sound wave energy into thermal
energy [7]. The article’s authors focused their attention on the development of sound-absorbing
materials suitable for the sandwich construction of noise barriers from the selected components of
vehicles after the expiry of their life cycle, mainly - tyres, car seats and car seat covers (Figure 14).

J &

Tire Car seat Car seat covers

Figure 14: Selected vehicle components

The recycling product of vehicle tyres suitable for the subsequent production of the sound-absorptive
elements is rubber chippings with various grain size, fabric cords and rubbing “dust” from the treading of
vehicle tyres. In general, it is possible to produce several variants of sound-absorptive elements:

e a monostructural element made from one fraction of rubber chippings only,

¢ asandwich structure where the sandwich consists of 2 — 3 layers of rubber chippings of
various grain sizes,

e a sandwich structure, where the sandwich is created from 1 — 2 layers of the rubber chippings
and 1 layer of fabric cords,

¢ asandwich structure, where the sandwich is created from 1 — 2 layers of the rubber chippings
from car seats and car seat covers.

A monostructural element (Figure 15) is produced most often from a rubber fraction with a grain size
of 4 — 6 mm. It may have a smooth surface of the front wall or a raised surface. The raised version
enables the increasing of the product height, which has a positive impact on the level of the product’s
sound absorption. The value of the sound absorption is closely connected with the volume mass,
hardness and strength of the product.

Figure 15: Monostructural element
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The elements with sandwich structure created from layers of rubber chippings (Figure 16) with various
grain sizes are designed in such a way so that sandwich core plays a decisive sound-absorbing role.
The top and bottom layer have an especially protective function. Each of these layers may have at most
10 mm - 15 mm of thickness, which presents approximately up to 10 % of the product’s entire thickness.
t must not act reflectively with its structure, quite the opposite, it must be permeable for sound waves.
From this point of view, to the authors have proven the use of rubbing “dust”, which due to its needle-like
shape, allows to fulfil the protective function on one hand and the function of the good permeability of
soundwaves. The sandwich core, which creates 80 % or with a two-layered sandwich, 90 % of the
thickness, fulfils the crucial function of sound absorption.

The sandwich must be sufficiently rigid and flexible and so as to create “a sound labyrinth”, rubber
chippings with grain sizes of 5 — 6 mm are recommended. The bottom layer is made of fine chippings
(< 5 mm).

max. 10 %_| L 80 % | . max.10 %
of 1 ) . S . o ) of
sandwich 100 % thickness of sandwich § sandwich

Figure 16: Element with sandwich structure from layers made of rubber chippings

The sound-absorbing element of the sandwich structure with the utilization of fabric cords (Figure 17)
is an analogy of the previous element where the sandwich core is made of compacted fabric cords.
Comparing the rubber, the fabric cords provide better sound absorption. However, they have heavier
compaction and they do not create such a hard and cohesive layer as the rubber sandwich. Therefore,
the function of the upper and bottom layers of the sandwich is very important in this model. In addition, it
also fulfils the function of the sandwich’s reinforcement.

.

max. 10%| | L so% | | |max.10%
ot ) 100 % thickness of sandwich ]_ of the
sandwich # sandwich

Figure 17: The element with the sandwich structure with layers made of rubber chippings and
fabric cords
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A similar structural solution is the sandwich structure of the sound-absorbing element, where the layer
made of fabric cords is replaced by the layer of chippings from car seats and car seat covers (Figure 18).
The compacted material from car seats and car seat covers is characterized by good sound absorption.
In addition, with this material it is possible to obtain more rigid and compact elements. This is so-called

e =]

max.10% | | ‘ 80 % | |max.10%
of | i [ of
sandwich J 100 % thickness of sandwich | sandwich

Figure 18: An element with a sandwich structure from a layer made of rubber chippings and eco
plastic foam

For sound-absorbing applications, it is possible to use rubber chippings also in combination with
concrete (Figure 19).
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Figure 19: Construction element made of rubber concrete
Key: 1 - Rubber granulate from tyres, 2 - Concrete mixture, 3 - Reinforcement

The rubber chippings are applied as a partial substitution of aggregate. Chippings with a maximum
diameter 7 mm grains are used, while the rubber content in the concrete mixture is allowed up to 40 % of
the total mass volume. To make the product tougher, the produced element can be reinforced by metal
to increase the efficiency of the sound absorption and to improve the aesthetics aspect, the problematic
side may have a raised pattern with various geometric shapes.

3 Sandwich Production Technology

Pressing technology or microwave-heating compaction is used in the production of sound-absorbing
or sandwich elements.
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3.1 Sandwich Production Technology That Uses Pressing

This technology utilizes large-area presses - hydraulic ones. The pressing is carried out under high
pressure - at least 2.0 MPa with heated pressing devices. The bottom part is heated to 120 °C, the upper
part heated to 90 °C. The press mould must be of such a structure, so as it has good heat transfer. The
press mould used is metal, two-part. The whole process is discontinual. The mixture of rubber chippings,
or fabric cords and adhesive is processed in mixers. Each layer is mixed separately. According to the
thickness of particular layers, the raw material shot is selected according to the thickness of individual
layers (rubber chippings, fabric cords or ground car seats and car seat covers). The concentration of
adhesive ranges from 12 — 16 % by weight. To make the chemical reaction of crosslinking and
compacting faster, a catalytic agent is added to the adhesive in a concentration of max. 0.2 % by weight.
In case there is a request to produce a fireproof finish, approx. 6 — 8 % of fire retardant is added to the
mixture. The adhesive is polyurethane-polybutadiene based, the fire retarder containing antimony oxide
and bromo aromatic. The individual layers (rubber chippings, fabric cords, PUR - polyurethane foam) are
gradually added to the mould. The pressing process lasts approx. 12 — 15 minutes.

3.2 Sandwich Production Technology Using Microwave Heating

The high energy and economic intensity of the production using pressing can be addressed by
microwave heating technology. Compared to classic pressing, the advantage of this method is the
significant shortening of a production technological cycle from 12 — 15 minutes to 4 — 5 minutes. It is not
necessary to heat the moulds to high temperatures. There is no need of a high pressing force or
expensive moulds. The needed mixture is prepared in a mixer or stirring devices. The forms can be
simple and they used to be wooden ones. The closed mould moves on a conveyor belt into a microwave
tunnel, where crosslinking is carried out. The authors of this article have been conferred Utility Model
No. 572/2011 for this technology [9].

3.3 Technology of Rubber Concrete Production

The technology for the production of rubber concrete does not differ from concrete technology - i.e.
cement, water, aggregate and rubber chippings are mixed in the required proportions. The chippings of
the max. diameter of a grain of 7 mm is used, while the content of the rubber chipping in the concrete
mixture may not exceed 40 % by weight. The authors of this article have been conferred Utility Model
No. 5982/2011 [8].

3.4 Technology for the Production of Sound Absorbing Elements from Car Seats and
Car Seat Covers

Car seats and car seat covers are produced from soft materials. Therefore, the chippings have
a structure of high porousness and present an excellent basis for the production of sound-absorbing
elements. The whole process is made through the pressing of PUR recycled products, or from car seat
covers chippings. The ground fraction ranges from 2.0 mm up to 10 mm. The pressing process is carried
out at a temperature of 200 °C and a pressing force of 5.7 kPa. The holding time under pressure at
a given temperature is 12 minutes [7]. The products produced on the basis of recycled car seats and car
seat covers are commonly known as eco plastic foam [17].

Conclusions

The authors of the article focus on the development of acoustically suitable materials produced on the
basis of recycled products from vehicle components after the expiry of their life cycle for a long time.
Absorbers with appropriate acoustic properties (sound absorption and sound reflection) are being
intensely sought after (developing) for noise barrier structures. Considering several possible acoustic
descriptors, the research has oriented its attention on the following:
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e sound absorption coefficient a,
e sound reduction index R

of newly developed materials: recycled rubber, eco plastic foam and their combinations in sandwich
structures. The measurements were made through an impedance tube, which is based on the method of
transfer function [12, 13].

Experimental measurements were carried out in the Department of Process and Environmental
Engineering of Faculty of Mechanical Engineering of Technical University of KoSice. The measurement
results of the sound absorption coefficient a coefficients of a homogeneous material (recycled rubber,
eco plastic foam) with a diameter of 30 mm and thickness of 20, 40 and 60 mm are given in Figure 20.
The results of the measurements of the sound reduction index R of the same homogeneous material
with a diameter of 60 mm and thickness of 20, 40 and 60 mm are given in Figure 21.
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Figure 20: Sound absorption coefficient a, (the material thickness 20, 40 and 60 mm)
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Figure 21: Sound reduction index R (the material thickness 20, 40 and 60 mm)
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It is possible to state that the coefficient of sound absorption coefficient a with the application of
homogeneous recycled rubber up to the thickness of 40 mm tends to rise and with increasing
thicknesses, to fall slightly. The frequency plays also an important role. The acoustic feature of the eco
plastic foam, depending on its thickness, is identical to the recycled rubber, but it is characterized by the
higher coefficient of sound absorption coefficient a. The sound reduction index R arises upon the
application of both, the recycled rubber and eco plastic foam with increasing thickness. The reduction
index is better for recycled rubber than for eco plastic foam with the same thickness. The authors of the
article also carried out the measurements of the sound absorption coefficient a and the of sound
reduction index R of the sandwich absorbers consisting of various combinations of two materials
(recycled rubber + eco plastic foam and eco plastic foam + rubber) with a thickness of 20 + 20 mm and
30 + 30 mm. The results of the measurements in the frequency band of 500 to 1 500 Hz are presented
on Figures 22 and 23.
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Figure 22: Sound absorption coefficient a of Two-Layered Sandwiches (the total thickness of
sandwiches being 40 mm)
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Figure 23: Sound reduction index R of Two-Layered Sandwich Absorbers (the total thickness of
sandwiches 40 mm)
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The frequency spectrum of traffic noise reaches its maximum within the range of 500 to 1500 Hz,
while the loudest noise originates from the frequency of 1000 Hz. It results from the measured values of
the sound reduction index R two-component sandwich absorbers that the order of individual layers
(materials) of sandwich is not important. In connection with the sound absorption coefficient a, the
previous statement does not apply anymore. In this case, the order of the sandwich layers (the absorber)
away from the noise in the measured materials, the following is recommended: an arrangement with
recycled rubber + eco plastic foam is suitable for frequencies from 500 to 900 Hz and for frequencies
from 900 to 1500 Hz, an arrangement of eco plastic foam + recycled rubber is suitable.

The experimental measurements that were carried out proved the suitability of the application of
developed materials produced from recycled components (tires, car seats and car seat covers) after the
expiry of their life cycle in the effort to utilize them in the construction of noise barriers (shields).
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Souhrn

Medzi vyznamné zdroje environmentalneho zvuku (hluku) v sucasnosti patri doprava (cestna,
Zeleznicna a letecka). ZniZovanie dopravného hluku je mozné vystavbou protihlukovych stien. Ich
konStrukcie mdzu byt réznorodé. Autori prezentuju vyuZitie recyklovanych materialov z vybranych
komponentov automobilov po dobe ich Zivotnosti. Uvadzaju sa vysledky experimentalnych merani
vybranych akustickych deskriptorov.

Kli¢ova slova: protihlukové steny, recyklované materialy, index utimu R, koeficient zvukovej
pohltivosti a
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Summary

This paper mainly deals with the reuse of the blast-furnace slag at the Kladno town deposit and the
identification of the changes in its composition occurring during its treatment. The original technology
from the beginning of the 20th century was based on the possibility of slag reuse by means of slaked
lime. This idea has been modified by the application of an alkali silicate solution instead. Alkalization
involves extremely fast hardening accompanied by important changes in mineral composition with newly
formed crystal phases and a certain share of amorphous participants in the solidified mass. The paper
describes the alkalization of blast-furnace slag and the transformation of raw-material crystal phases into
new types of sorosilicate in the solidified matter.

Keywords: Blast-furnace slag, alkalization, infrared analysis

Introduction

The blast-furnace slag from the Central Bohemian town of Kladno is a vestige of the massive iron
production in the 19th and 20th centuries (1855 — 1975). The slag was heaped near the industrial field of
blast furnaces. The visible layers of the stratified slag (Figure 1 — marked by an arrow) correspond to the
method of deposition (wagons of red-hot slag were transported from the blast furnace and emptied one
after the other). The production of iron increased every year (it was enormous during the First World
War). Over the production years, the deposit reached the estimated amount of10 — 12 million tons.

Figure 1: Stratification of air-cooled blast-furnace slag at the Kladno deposit
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At the beginning of the 20th century, attempts began to be made to reuse the blast-furnace slag.
A manual was published on July 5, 1914 in the Czech newspaper Narodni politika (National Politics) in
an article on the production of bricks based on blast-furnace slag. The technique and technology were
based on an older German technology (F.W. Luermann, an article in Stahl und Eisen), which was
described later in Scientific American, August 13, 1898, Vol. LXXIX, No. 7. The technology applied
slaked lime on granulated blast-furnace slag, and this admixture was pressed into molds with
dimensions -of standard clay bricks. According to the history of iron and steel production, lime-slag bricks
ceased to be used in the early 1950s, when the Kladno city development began to be implemented
through prefabricated houses using precast concrete panels.

This slag deposit is characterized by its homogeneity and constant chemical and mineral
compositions (gehlenite, bassanite, merwinite, wolastonite) in the bottom part of the deposit due to the
local materials used (iron ore, calcite and coke) until the 1950s. Only the separate upper part of the
deposit is different in mineral composition (predominantly feldspars, quartz and partially also mullite).
This relatively recent slag originated from imported iron ore; with the high content of ore impurities, the
higher melting point changed the mineral composition.

The previous study' has shown that the addition of the milled slag changes the setting and hardening
time of composites based on alkalized clays. The exceptional qualities of composites prepared by
alkalization of clay-slag mixtures include resistance to high temperature and to temperature changes,
and good mechanical properties, especially compressive strength.

This study presents the possibility to rehabilitate and reuse the blast-furnace slag not only as a riprap
material but also as an active paste material activated through alkalization. The idea corresponds to the
original lime-slag combination, but the alkalization was performed using an agueous potassium silicate
solution.

Experimental part
Materials and sample preparation

The blast-furnace slag is deposited in the Kladno (iron smelter Konév) district in the Central Bohemian
Region. The study focuses on the material from the bottom part of the deposit (marked by the arrow in
Figure 1) extracted by the DESTRO limited company, Kladno. The analyses repeated every six months
over a three-year period have proven the stable chemical and mineral compositions of the layer. The
blast-furnace slag used in the experiments had been collected in textile filters during the processes of
grinding. Therefore, the material does not need to be further treated by crushing or milling.

The chemical composition recalculated in oxides is presented in Table 1 (LOI — loss on ignition,
temperature 1000°C, dwell 10 min). With regard to previous work®, it can be assumed that the high LOI
value is due to the presence of carbonates, sulfates and hydrates. The particle-size distribution verifying
the fineness of the slag is presented in Table 2. The granularity range is 0 — 180 pm (dso = 33.32 pm).

Table 1: Chemical compositions of the blast-furnace slag (the main oxides in wt. %)

Material/Oxides SiO, Al,O4 CaO MgO Fe,O; | K,O SO, LOI
Blast-furnace slag (2015) | 17.78 | 6.84 37.22 |3.72 1.64 0.72 3.67 23.24
Table 2: The particle-size distribution of the slag used
Particle size (pm) 5 10 20 45 90 140 180
% of total 8.84 17.05 31.14 63.89 90.83 98.59 99.85
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The samples preparation

The blast-furnace slag was mixed with an aqueous solution of potassium silicate (the molar ratio
Si0,/K,0=1.77) and water at laboratory temperature (25 °C) and current pressure (1020 hPa). The
mixing ratio was as follows: 50 g of slag + 35 g of solution of potassium silicate + 15 g of water. The
mixing method and the setting time are documented by video?.

Methods

Non-destructive X-ray fluorescence (XRF) spectrometry (Spectro 1Q, Kleve, Germany) was used. The
target material was palladium and the target angle from the central ray was 90°. The focal point was
almm x 1 mm square, and the maximum anode dissipation was 50 Watts with 10-cfm forced-air
cooling. The tested samples were prepared by the pressed-pellet method: 4.0 g of ash (particle size:
15 - 20 ym) were mixed of 10 minutes with 0.9 g of a binding additive (HWC Hoechst wax, Germany).
The pressing power was 80 kN.

The roentgen diffraction (XRD) examination of the mineral phases was performed by Phillips Source
Data, path 0.050°, angle range 3000 — 65000, using a Cu tube to identify the type of mineral
composition. The step size was 0.017 [°2 Th.] and the counting time was 10 s. X-ray powder diffraction
data were collected at room temperature with an X'Pert PRO 6-6 powder diffractometer with
a parafocusing Bragg-Brentano geometry using CuK, radiation (A = 1.5418 A, U = 40 kV, | = 30 mA).
Data were scanned with an ultrafast detector (X'Celerator) over the angular range of 5 — 60° (20) with
a step size of 0.0167° (26) and a counting time of 20.32 s step™. Data evaluation and the identification of
mineral phases were performed using the HighScore Plus software package.

The structure of the prepared samples was evaluated by means of attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) using a Protégé 460 E.S.P. infrared spectrometer
(Thermo Nicolet Instruments, USA) equipped with an ATR device (GladiATR, PIKE Technologies, USA)
with a diamond crystal. All the spectra were recorded in absorption mode at a resolution of 4 cm™ and
128 scans. Spectral decomposition (or deconvolution) was performed using the OMNIC 7 program with
a Gaussian function. The starting calculation parameters for the curve fitting process, such as the
number of component bands, band positions, width at half-maximum, relative intensities, and shape,
were predetermined by the combined procedures of the secondary derivative method and Fourier self-
deconvolution.

The laser granulometer CILAS 920 L was used for the definition of the particle-size distribution.

Results and discussion

The XRD analyses of blast-furnace slag (Figure 2) have shown the majority of disordered gehlenite
Ca,.(Mgg.25Alg.75).(Si1.25Al0.7507). The minor phases are composed of calcite (CaCOjz), merwinite
(CasMg(Si0,),), ettringite (CagAlx(SO4)3(0OH)1,.25H,0) and quartz (SiO,). There are also trace amounts
of gypsum (CaS0,.2H,0), vaterite (CaCOs), thaumasite (CasSi(OH)e(CO3)(S0,4).12H,0), hematite
(Fe;03), and tridymite (SiO,). These results have confirmed the assumption that high LOI value (Table 1)
is due to the presence of carbonates, sulfates and hydrates.
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Figure 2: XRD pattern of the studied blast-furnace slag

The melting processes in the blast furnace and especially the melting temperature of iron ore were
decisive for the crystal phases crystalized in cooled blast-furnace slag. The added calcite and aluminum-
silicate remains of the iron ore formed the main crystal phases of the slag.

The gehlenite (sorosilicate, melilite group) was formed during the slag air cooling, and the disordered
structure reflected especially the content of impurities (Mg, Fe, etc.). The XRD analyses have identified
gehlenite in disordered form, which differs from its ideal formula Ca,Al(AISiO;)°. The crystal lattice of
gehlenite contains an aluminum ion joined by oxygen to the silicon, with the two participants being in
four-fold coordination. The negative charge around the aluminum ion is currently equilibrated by calcium
and an ion of aluminum in natural form. In the slag studied, the disordered gehlenite exhibits partial
substitution of aluminum by magnesium — gehlenite magnesian.

The dominant participant, disordered gehlenite, influences the quality of the final material when
alkalized. The other minor phases complement the gehlenite transformation — some of them change
(ettringite, gypsum) while others form stable phases (vaterite to calcite, etc.) The final qualities (surface
hardness, compressive strength, solubility, etc.) depend specifically on the transformation of the
disordered gehlenite.

The XRD analysis of alkalized slag (Figure 3) reflects the situation of the mass after alkalization. It is
evident that the alkalization of the blast-furnace slag destabilizes its original crystallographic
configuration and changes the distribution of the participants. The previously dominant disordered
gehlenite has been transformed. Predominance is assumed by the newly formed type of sorosilicate —
specific for the anion group. Aluminum ions are missing in the lattice and probably form part of an
amorphous participant in the final mass. The XRD analysis has detected dominant crystals of
(Cayss.Nags1)(Mgo.30Al0.41F€0.16).(Si2.007) type, which differs from disordered gehlenite detected in the
raw material.

The XRD pattern has also identified such minor phases as arcanite (K,SO,), merwinite (CaszMg
(Si0,4)2) and a trace amount of quartz (SiO,) and calcite (Ca(CO)j). In contrast to the raw slag, the
ettringite and gypsum are missing and sulfates have been identified in arcanite.

The XRD pattern of alkalized blast-furnace slag also contains a part of amorphous structure
hypothetically formed through the dissolved disordered gehlenite, but this amount does not form genuine
geopolymer, even though there is a halo (20 — 30 2Theta) signalizing a certain amount of amorphous
phases — hypothetically formed by Si-O-Al chained structures.
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The finding of the reconstruction the disordered gehlenite and mass stabilization in new sorosilicate
form confirms the fact that alkalization cannot lead to the formation of geopolymer even if the aluminum
ions are in four-fold coordination. In addition, geopolymer structures based on feldspars (albite, anorthite
or orthoclase) are impossible to form despite the fact that all aluminum ions are in the position of four-
fold coordination.
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Figure 3: XRD pattern of the alkalized blast-furnace slag

The alkalization by an aqueous potassium silicate solution in fact dissolves the disordered gehlenite
and acts like slaked lime earlier. Gehlenite is one sorosilicates, minerals of the melilite group. Its
generalized formula is (Ca, Na,) (Mg,Fe,Al)(Si,Al),O-.

The combined structure of the melilite lattice, where the reciprocal substitution of silicon and
aluminum is obvious, offers enormous variability. The four-fold coordination of the two participants
involved in the substitution changes the ratio of aluminum and silica, e.g. (Al = 0 or Si = Al) in the anion
group, thus also altering the cation group. The transformation processes during alkalization occur very
quickly, which confirms the disordered gehlenite structure in the raw material.

The reaction of the powdered slag and alkali aqueous solution results in extremely fast solidification,
and the final product is hard and insoluble (a video is available on YouTube)?. The dominant specific
form of gehlenite is complemented by amorphous Si-O-Al structures. This phenomenon of the shortened
time of hardening was already mentioned in the previous paper”.

To confirm the results obtained by XRD, the following studies by FTIR have been performed
(Figure 4). The bands at 950 — 1250 cm™' and 420 — 500 cm™" are the most intense and they are
assigned to an asymmetric stretching vibration of Si—-O-Si and Si—O-Al. The spectra also contain bands
of other entities, such as carbonates (proved by bands at 1420 and 875 cm™), quartz (~ 790 cm™), and
sulfates (bands at ~ 1110, 685, 620 cm™). The weak band at ~ 520 cm™ can be assigned to hematite®.
Water absorption bands appear in the region of 1600-1700 cm™ (i.e. 1640 and 1680 cm™).

The substitution of aluminium atoms in tetrahedral coordination influences a shift of the most intense
band to lower wavenumbers, in relation to the position characteristic of pure silica spectra®. The shape of
the described spectra is typical of glassy aluminosilicates belonging to the groups of gehlenites and
melilites®.
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Figure 4: A comparison of the FTIR spectra of the slag and its alkali-activated form

The individual bands of the spectral region of 750-1250 cm™ have been revealed by deconvolution
procedures (Figures 5 and 6). The deconvolution procedure of the original slag (Figure 5) has proven the
existence of gehlenite, merwinite, quartz and calcium sulfate. The presence of ettringite can be
confirmed by the very strong antisymmetric stretching frequency of the sulfate ion (vs SO4) centered
towards 1115 cm™ and by the Al-O-H bending band at 855 cm™. The bands at 1640 cm™ and 1680 cm™
(Figure 4) indicate water content in crystalized ettringite’. The spectral deconvolution of the alkali-
activated slag spectra confirms the presence of gehlenite and quartz. Further, it has revealed potassium
sulfate at 1120 cm™ (Figure 6), which can also be proven by the single band* at 620 cm™, apparent in
Figure 4.
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Figure 5: Spectral deconvolution of the original slag sample
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Figure 6: Spectral deconvolution of alkali-activated slag

Gehlenite embodies two tetrahedral sites: the T1-site, which is exclusively occupied by Al, and the T2-
site, with (Al, Si)-disorder. Several investigations®'° have modelled T2-sites as fully disordered with
0.5 Al and 0.5 Si. The degree of Al/Si order affects structural properties of gehlenite'*, which is evident in
the band shifts. Ordered gehlenite has the highest frequency mode at ~ 985 cm™ (Figure 6), which
corresponds to Si-O2 versus Si-O3 vibration'?. As proven by Lachowsky and Glasser'®, most natural
gehlenites are probably ordered, while gehlenites synthesized or annealed at high temperature (ca
1300 °C) may have considerable pair disorder, which is the case of blast-furnace slag.

The presence of tetra-coordination in source materials and the presence of Si-O-Al chain structure in
the resulting solid identified by FTIR analyses often lead to the incorrect conclusion that structural
changes in alkalized materials create geopolymers'***. Alkalization does not mean geopolymerization in
all cases. If the material contains aluminum ion in four-fold coordination but as a part of perfect crystal
structures, e.g. gehlenite or feldspars, it is impossible to create geopolymer — fully amorphous solid
matter.

The transformation of the disordered gehlenite structure after alkalization leads to the formation of
a new type of sorosilicate. The disordered gehlenite has been dissolved, but the limited chained
amorphous structures are not governed by the rule: Genuine geopolymer has to assume the whole
volume of the mass. Shorter or longer Al-O-Si chains are only admixed with dominant crystals of
transformed sorosilicate complemented by sulfates, calcite and quartz.

The alkalization of blast-furnace slag results in solid and insoluble materials by very rapid
solidification. Although the solidification rate appears to impede its use, this material can be used in
cases where fast setting is required, e.g. as chemical anchor or as inorganic material for 3D printer
based on fast solidification process. However, further research is needed before practical use.

Conclusion

A specific form of disordered gehlenite in Kladno blast-furnace slag reacts with alkalis, creating new
phases. An aqueous alkali silicate solution transforms disordered gehlenite and the final stabilized mass
formed by crystal phases with dominant sorosilicate (a specific type of gehlenite), where the aluminum
ion in anion group is missing. The resulting stable and insoluble matter is complemented by calcite,
potassium sulfates and quartz. The shares of alumino-silicates that do not form crystal phases form
amorphous chained structures. The aluminum ions in gehlenite, like in all feldspatoids, are characterized
by four-fold-coordinated aluminum ion. They are in the same position as silicon and both of them are
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reciprocally substitutable. Nevertheless, the difference is in valence when an aluminum ion surrounded
by four oxygens must be equilibrated by ions in the cation group. The alkalization of disordered gehlenite
transforms the structure, resulting in the formation of a new sorosilicate type. The amorphous chain
structures complement the transformation, but the final product, albeit hard and insoluble, cannot be
called geopolymer.

The alkalization process of the blast-furnace slag and the fast reaction of solidification provide new
ideas about the reuse of twelve million tons of this industrial waste.
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Studium kladenské vysokopecni strusky: Historie, charakterizace a mozné
pouziti
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Souhrn

Hlavnim cilem této prace je vyuziti vysokopecni strusky skladkované v Kladné (z vyroby Zeleza v huti
Konév) a identifikace zmén ve slozeni, k nimz dochazi pfi zpracovani. Pivodni technologie z poc¢atku
20. stoleti navrhovala vyuziti strusky za pouziti haSeného vapna. Tato idea byla modifikovana pouzitim
vodného roztoku alkalického kfemicitanu. Pfi alkalizaci dochazi k velmi rychlému tuhnuti a vyznamnym
zménam mineralogického slozeni. Byly zjistény nové vznikajici krystalické faze i pfitomnost urcitého
podilu amorfni hmoty. V praci je popsana alkalizace vysokopecni strusky a zmény ve slozeni
krystalickych fazi v surovém a alkalizovaném materialu za vzniku novych typu sorosilikatl v pevné
hmoté.

Kli¢ova slova: Vysokopecni struska, alkalizace, infratervena analyza

Patronem tohoto cisla je WASTen, z.s., centrum transferu $pickovych inovativnich technologii

WASTE FORUM 2019, &islo 1, strana 30



Ladislav KUDRLICKA: Separace thallia a kadmia z odpadnich vod redukéné-sorpénim postupem v dynamickém
usporadani

Separace thallia a kadmia z odpadnich vod redukéneé-
sorpénim postupem v dynamickém usporadani
Ladislav KUDRLICKA

Unipetrol vyzkumné vzdélavaci centrum, a.s., Revolucni 1521/84, 400 01 Usti niL,
e-mail: ladislav.kudrlicka@unicre.cz

Souhrn

Tento prispévek predstavuje zplsob dekontaminace odpadnich vod s obsahem toxickych tézkych
kovl, majoritné thallia a kadmia. Pro separaci byl navrZzen redukéné-sorpéni postup vedeny
v dynamickém uspofadani. V prvni ¢asti separacniho procesu probiha odstranéni iontu thallia a kadmia
z vod redukci zinkem na zakladé obecnych oxidacné-redukénich vlastnosti kovi. Redukcni pochod je
provazen vyluéovanim polymetalické smési thallia a kadmia a soucasnym rozpousténim zinku do
roztoku. V druhé casti separacniho procesu probiha imobilizace ionti zinku iontové-vyménnou
dynamickou adsorpci.

K redukci tézkych kovu byl pouzivan zinek ve formé granuli, jako sorbent pro imobilizaci iontt zinku
byl pouzivan tridény zrnity lignit. Pri laboratornim vyzkumu byly odpadni vody nejprve modelovany
roztoky soli thallia a kadmia, poté byl vyzkum provadén se vzorky realnych odpadnich vod. Prace
sumarizuje vysledky laboratorniho vyzkumu a jejich ovéreni na pilotni separaéni jednotce umisténé in
situ v reédlném provoznim prostredi. Pri redukci bylo dosahovano ucinnosti vyssi nez 99 %. Obdobnych
hodnot bylo dosahovano pfi imobilizaci iontd zinku.

Kli¢ova slova: thallium, kadmium, redukce, zinek, sorpce.

Uvod

Thallium provazi olovo, zinek a méd v jejich sulfidickych rudach a jeho pfimym zdrojem jsou ulety
z prazeni téchto sulfidickych rud*?.

V pfedmétné praci bylo popsano feSeni zpusobu dekontaminace odpadnich vod (dale OV),
vznikajicich pfi louzeni uletd z vyroby olova tavenim recyklovanych sekundarnich olovénych surovin.
PouzZité OV Ize charakterizovat jako mirné alkalicky sirano-chloridovy systém s vysokym obsahem
rozpusténych anorganickych soli a s dominantnim obsahem toxickych tézkych kovu (dale TK), kadmia
a thallia. Chemické slozeni OV bylo proménlivé a vyznamné Kkolisalo v zavislosti na pribéhu
technologického procesu pfi provozu. Pro separaci TK z OV byl hledan jednoduchy postup nevyzadujici
pfesné nastavovani podminek vylugovani, pouziti specialnich &inidel &i technik®. Navrzeny redukéné-
sorp¢ni separacni postup probihal ve dvou, na sebe plynule navazujicich, fazich.

V prvni fazi separa¢niho postupu dochazi k vyredukovani iontd TK z roztokd v metalické formé za
sougasného uvolfiovani iontd redukujiciho kovu do roztoku*>°. Redukéni pochod probiha na zakladé
obecnych oxidaéné-redukénich vlastnosti kova (vyluCovani kovu kovem na zakladé jejich postaveni
v elektrochemické fadé napéti kovil’). Vlastni redukéni pochod probihal podle nasledujicich rovnic:

2TI* +Zn— Zn?* + 2T @
Cd*" +Zn —Zn* +Cd 2)

Pochod byl veden v dynamickém, pruto¢ném usporadani a probihal v intersticialnim objemu reaktivni
napiné redukénich reaktort na povrchu zrn kovového zinku®. Vyredukované kovy, vzhledem k velikosti
Castic, dale CasteCné reaguiji s rozpusténymi anorganickymi solemi v OV a vytvareji polymetalické smési,
zahrnujici pestré spektrum chemickych sloucenin.

V druhé fazi separacniho postupu dochazi k imobilizaci iontd zinku z OV, vznikajicich pfi redukénim
pochodu, iontové-vymeénnou sorpci na lignitu. Pfi iontové-vyménné sorpci probiha v OV nahrada iontu
zinku za netoxické ionty vapniku a hof¢iku z matrice pfirodniho sorbentu — lignitu podle nasledujiciho
reakcniho schématu:
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CaX, +Zn** - ZnX, +Ca** 3)
MgX, +Zn*" — ZnX, +Mg** (4)
kde X = »anion« soli huminovych kyselin — reaktivni ¢ast pfirodniho sorbentu, Iignitug.

lontové-vyménny sorpéni pochod probihal v dynamickém usporadani, v reaktivni naplni pratoéného
adsorbéru. Pouzity pfirodni sorbent, lignit, byl aplikovan v zrnité podobé s velikosti zrn cca 10 — 20 mm.
Schematicky byl navrzeny redukéné-sorpéni separacni postup znazornén na obrazku 1.

Redukce Sorpce

Na*, K*, TI*, cd?** - @ 1 - Na*, K*, Zn?*
S0,%, CI l @ l S0,%, CI

+ + + +
Na*, K%, Ca’*, Mg?

S0,%, CI

I

Reaktivni napli

2Zn - granule
Obrazek 1: Schéma separacéniho postupu

V pribéhu separaéniho procesu dochazi pfi dekontaminaci OV ke vzniku v zdsadé dvou pevnych
odpadu, polymetalické smési, vznikajici v prvni fazi procesu, a nasyceného sorbentu, lignitu, vznikajiciho
v druhé fazi separacniho procesu.

Experimentalni ¢ast
Materialy

Pro redukci iontd tézkych kovl z OV a modelovych roztokd byl jako redukujici kov pro reaktivni
napliné kolon a redukénich reaktord pouzivan:
e zinek (p. a.) ve formé& granuli o zrnitosti 2 —5 mm a5 — 10 mm,
e zinek (99,99 %) ve formé granuli 5 — 15 mm a matic 16 x 10 mm (primér x vyska) a
e odpadni zinek (cca 90 %) ve formé& nepravidelnych télisek o velikosti cca 5 — 10 mm.

Pro imobilizaci iontd zinku z OV byl jako reaktivni naplii kolon a pruto€nych adsorbérd pouzivan
pFirodni sorbent, tfidény lignit z dolu Bara Céary o zrnitostech 5 — 10 mm (mérny povrch 2,31 m?%qg)
a 10 — 20 mm (mé&rny povrch 1,95 m?/g), se sypnou hmotnosti cca 0,6 kg/dm® obsahem su$iny cca
75 % a reakci pH vodného vyluhu 7 — 8.

Pro adsorpci thallia z modelovych roztokd OV pfi laboratornim vyzkumu bylo jako sorbent pouZito
granulované aktivni uhli K 814 se zrnitosti 1,5 — 2,5 mm, mé&rym povrchem 1050 m?%g, objemovou
hmotnosti 0,5 kg/dm?® a obsahem vody 5 %.

Pro laboratorni experimenty byly realné OV s obsahem thallia a kadmia simulovany modelovymi
roztoky pfipravenymi rozpusténim pfislusného mnozstvi TI,SO,4 (p. a.) a CdSO, (p. a.) v destilované
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vodé. Obsah rozpusténych anorganickych soli v modelovych roztocich byl simulovan rozpusténim
pfislusného mnozstvi bezvodého Na,SO, (p. a.) v modelovém roztoku.

Pro ¢&tvrtprovozni a modelové experimenty byly pouzivany vzorky realnych OV o objemu cca 1000 |,
jejichz chemické sloZeni, mérna vodivost a pH jsou uvedeny v tabulce 1.

Tabulka 1: Chemické sloZzeni, mérna vodivost a pH pouzitych vzorku realnych OV

Obsah TK Rozpusténé anorganické soli
Vzorek Tl \ Cd \ Pb \ Zn | Na \ K \ Ca \ sirany |chloridy « pH
[mg/l] [g/1] [mS/cm]
Vi 23 60 08 | 45| 89 56 | 1,8 2,1 17,6 120 8,2
V2 2,7 25 |10 |01 | 07 04 | 0,2 0,5 1,6 75 7,6
V3 67 78 <1 |25 31 8.5 | 0,75 12,5 26,7 140 8,5

Realné OV, pouzivané v prabéhu poloprovoznich testu, byly odebirany pfimo z provoznich aparatd
a vykazovaly znaéné kolisani chemického slozeni, mérné vodivosti a hodnot pH. Koncentrace hlavnich
kontaminantt kolisaly v rozmezi 100 — 160 mg/l pro thallium a v rozmezi 120 — 900 mg/l pro kadmium.
Obsah rozpusténych anorganickych soli v OV se pohyboval v rozmezi 160 — 220 g/, hodnoty mérné
vodivosti v rozmezi cca 120 — 160 mS/cm a hodnoty pH v rozmezi 7 — 10.

Metodiky

Pro vyzkum redukéniho pochodu, probihajiciho podle rovnic (1) a (2), v laboratornim méfitku byla
sestavena 4pozicova kolonova aparatura umoznujici simulovat funkci pritoéného redukéniho reaktoru
Vv izotermnim uspofadani. Funkéni schéma uspofadani aparatury je znazornéno na obrazku 2.

Termostat
s externi
cirkulaci

—
=

- -
=

=

=

oL s

Obrazek 2: Schéma usporadani laboratorni kolonové aparatury

Aparatura byla tvofena &tyfmi samostatnymi méficimi okruhy s horizontalné orientovanymi kolonami
umisténymi v bazénu s vodni naplni, jejiz teplota byla upravovana termostaticky. Kolony byly sklenéné
s vnitfnim prifezem cca 28 mm s celkovou délkou reaktivni napIné cca 350 mm, jiz bylo mozno ¢lenit na
diléi useky s vlastnimi odbé&rovymi misty. Kazdy meéfici okruh umozrioval samostatné sledovani,
archivaci a export hodnot zvolenych veli€in (pH, «, teplota). Pohled na aparaturu v pribéhu experimentu
ukazuje obrazek 4_A. Pfi experimentech byly OV simulovany modelovymi roztoky soli TI'a Cd".
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Objemové prutoky modelovych roztokd naplni kolon byly na pozadovanych hodnotach udrzovany
vicekanalovym peristaltickym Cerpadlem. Jako srovnavaci kritérium pro ukoncéeni experimenti byla
zvolena doba, pfi niz dojde k 10% praniku kontaminantd naplni kolon (ti0). PouZzitymi reaktivnimi
napinémi kolon pfi laboratornim vyzkumu byly zinek (p. a.) a odpadni zinek se zrnitostmi 2 — 5 mm. Jako
srovnavaci technika k redukci thallia z OV zinkem byla pouzita jeho sorpce na aktivnim uhli. Pro vyzkum
navrzeného redukéné-sorpéniho postupu v ¢tvrtprovoznim méfitku byla sestavena 4pozicova kolonova
aparatura, jejiz funkéni schéma je znazornéno na obrazku 3.

Z1

Kolona 1

Kolona 2

Kolona 3

Kolona 4

4

Rozdélovac vody
i 1 i ="

AN -
\1 Cerpadlo ’\

Zasobnik

Obrazek 3: Funkéni schéma étvrtprovozni kolonové aparatury

V aparature byl paralelné sledovan jak prabéh redukéniho pochodu probihajici podle rovnic (1, 2), tak
i nasledné sorpce vytésnénych iontll zinku na lignitu probihajici podle rovnic (3, 4). Vlastni 4pozicova
kolonova aparatura byla tvofena Ctyfmi samostatnymi méficimi okruhy s horizontalné orientovanymi
kolonami z plexiskla s vnitfnim praimérem 100 mm, celkovou délkou 1600 mm a s moznosti Clenéni
pouZzité reaktivni naplné na segmenty — Useky s vlastnimi odbérovymi misty.

Pribéh redukéniho pochodu byl v aparatufe zabezpefen zafazenim ,redukéniho“ segmentu naplné
kolony o délce 100 mm, prabéh sorp&niho pochodu zafazenim ,sorpéniho“ segmentu napiné kolony
0 délce 1000 mm. Kolony byly uloZeny v polypropylenovém bazénu s vodni naplni, jejiz teplota byla
udrzovana na konstantni hodnoté pomoci temperovaciho vodniho okruhu s ob&hovym termostatem
a ponornym chladiem. Kazdy méfici okruh umozfioval samostatné sledovani, registraci, zobrazovani
trendud, archivaci a export hodnot zvolenych veli€in (pH, x, teplota). Pohled na aparaturu v prabéhu
experimentu ukazuje obrazek 4_B.

Obrazek 4: Pohled na laboratorni (A) a ¢tvrtprovozni (B) aparaturu v pribéhu experimentu
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PFi Ctvrtprovoznich experimentech byly pouzivany vzorky V1, V2 a V3 realnych OV o objemu cca
1000 | s obsahem thallia a kadmia a vysokym obsahem rozpusténych anorganickych soli. Objemové
prutoky OV kolonami byly na pozadovanych hodnotach udrzovany vicekanalovym peristaltickym
Cerpadlem. Jako srovnavaci kritérium byla zvolena doba, pfi niz dojde k 10% priniku kontaminant
naplni kolon (ti00). Jako reaktivni naplné kolon byly pfi experimentech pouzivany granulovany zinek
(p- a.) se zrnitosti 5 — 10 mm a tfidény lignit se zrnitosti cca 5 — 10 mm.

Soucasti ¢tvrtprovozniho vyzkumu bylo téZ modelovani riznych podminek usporadani redukéniho
pochodu. Pozornost byla zaméfena zejména na sledovani hydrodynamickych podminek redukéniho
pochodu, materialovy vyzkum a testovani rlznych forem reaktivnich naplni redukéniho reaktoru — zinku
(Cistota 99,99 %) ve formé granuli a matic a odpadniho zinku (Cistota cca 90 %) ve formé& nepravidelnych
télisek. Modelovani probihalo v aparatufe zobrazené na obrazku 5.

Obrazek 5: Aparatura pro modelovani redukéniho pochodu

Vlastni aparatura byla tvofena dvéma vertikalné orientovanymi kolonami z plexiskla s vnitfnim
primérem 80 mm a celkovou délkou cca 500 mm, které byly vybaveny odbokami pro moznost
segmentace reaktivni naplné (useky s vlastnimi odbé&rovymi misty o délce cca 80 mm). Umozniovala
paralelni provadéni dvou experimentl srlznym provoznim usporadanim a téz vizualni sledovani
prubéhu redukéniho pochodu (primarni vyluCovani krystalického thallia a kadmia, postupnou tvorbu
jejich polymetalické smési a eventualnich dalSich dé&ju, napf. tvorbu bublin).

Poloprovozni ovéfeni laboratorniho a C&tvrtprovozniho vyzkumu separace thallia a kadmia z OV
probihalo ve dvou poloprovoznich aparaturach, separacnich jednotkach umisténych in situ v realném
provoznim prostfedi. Koncepce poloprovoznich aparatur vychazela z poznatki ziskanych pfi
Ctvrtprovoznim a modelovém vyzkumu, aparatury zahrnovaly shodné typy aparati a liSily se
zpracovavanym objemem OV. Jejich principialni uspofadani znazorfiuje obrazek 6.

A B1 B2
t t
02
i
‘ ¢ H
71 £ 72
i i

D
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Aparatury se skladaly ze dvou ¢asti, pfipravné (A) a technologické (B). Pfipravna Cast, ktera se
skladala ze zasobniku surové OV (Z1), zasobniku filtrované OV (Z2), piskového filtru (P) a Cerpadla
(M1), slouzila k vytvofeni provozni zasoby OV zbavené mechanickych necistot. Technologicka cast (B)
zahrnovala uUsek reakéni (B1l) uspofadany ve dvou stupnich, a usek adsorpéni (B2) a zajiStovala
kontinualni pribéh procesu redukéné-sorpéni separace TK z OV. Davkovani OV do separacni jednotky
bylo zajiStovano peristaltickym Cerpadlem (M2). Prvni stupen reakéniho uUseku se skladal ze dvou
stfidavé pracujicich redukénich reaktort (R1-a, R1-b). Druhy reakéni stupefl (R2) zajiStoval dobéh
redukéniho pochodu. Za kazdym reduk¢nim reaktorem byla umisténa odplynovaci nadoba (O1 a O2),
pro odvod eventualnich plynnych zplodin reakéniho procesu. Imobilizace iontl zinku, vylouéenych pfi
redukénim pochodu, probihala v pratoéném adsorbéru (A) na lignitu. Na vystupu separacéni jednotky byla
umisténa cela (C) slouzici pro méfeni hodnot sledovanych veli€in a pro odbér vzorku. Pfi vlastnim
provozu separacni jednotky byl vzdy jeden redukéni reaktor v chodu, druhy slouzil jako 100% rezerva.
Délka pracovni periody reaktoru byla proménliva v zavislosti na stupni zapInéni intersticialniho objemu
reak¢ni naplné polymetalickou smési a trvala 2 — 5 dna.

Po ukonceni pracovni periody reaktoru, ktera byla vyhodnocovana jako narust tlaku na vstupu do
reaktoru, byl pritok OV prepnut na reaktor zalozni a po ukon&eni pracovni periody obou reaktor byla
provedena separace polymetalické smési a regenerace reaktivni naplné obou reaktort. Tento pracovni
cyklus redukénich reaktorl trval 1 tyden. Vlastni regenerace reaktivnich naplni spocivala v aktivaci
povrchu granuli zinku jejich vzajemnym otérem pod vodou, oddéleni suspenze polymetalické smési
a promyti granuli zinku vodou. Polymetalicka smés byla ze suspenze a promyvacich vod separovana
vakuovou filtraci a reaktivni naplfi, granule zinku, se zregenerovanym povrchem byla vioZzena do
redukénich reaktord k dalSimu pracovnimu cyklu. Pro redukéni reaktory byl jako reaktivni naplri pouzivan
zinek (Cistota 99,99 %) ve formé granuli 5 — 15 mm. Pro adsorbéry byl jako reaktivni naplfi pouzivan
tfidény lignit s velikosti zrn 10 — 20 mm.

Obsah tézkych kovl ve vzorcich odpadnich vod byl stanovovan metodou ICP-OES na spektrometru
ICP OPTIMA 3000. Chemické slozeni polymetalickych smési bylo stanovovano metodou XRF
rentgenovym spektrometrem Philips PW 1404 (vyhodnoceni bylo provadéno analytickym programem
UniQuant) a obsah krystalickych fazi byl ur€ovan metodou XRD rentgenovym difraktometrem Philips
MPD 1880. Mérny povrch pouzitych frakci lignitu byl stanoven na pfistroji ASAP 2020 metodou BET.

Vysledky a diskuse

Hlavnim cilem laboratorniho vyzkumu bylo primarni ovéfeni proveditelnosti redukéniho pochodu,
probihajiciho podle rovnic (1) a (2), v dynamickém uspofadani. Vyzkum byl provadén v aparatufe
znazornéné na obrazku 2 a 4A. Objemovy pritok modelovych roztokd naplni kolon byl udrzovan
peristaltickym Cerpadlem na hodnoté cca 0,5 ml/min, které odpovidala hustota objemového toku
(rychlost pfiéného posunu kolonou) cca 1 m/d a doba zdrzeni v reaktivni naplini cca 4 hodiny. Piehled
stézejnich parametrl a vysledkl vybranych laboratornich experimentl byl soustfedén do tabulky 2.

Tabulka 2: Prehled stéZejnich parametru a vysledki vybranych laboratornich experimentu

Experiment | TI de Na Q Reaktivni napln Zrnitost | Teplota |t | oy
[mg/l] | [mg/l] | [mg/l] | [mI/min] [mm] [°C] [d] | [d]
1 20 0,5 Zinek, p. a. 2-5 25 199 | ne
2 20 0,5 Aktivni uhli 2-5 25 41 | 5
3 20 8000 0,5 Zinek, p. a. 2-5 25 180 | ne
4 50 8000 0,5 Zinek odpadni 2-5 25 127 | ne
5 55 8000 0,5 Zinek odpadni 2-5 25 44 | ne
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V prubéhu laboratornich experimentd 1, 3, 4, 5 nepfestoupila hodnota koncentrace sledovanych
kontaminantt thallia a kadmia na vystupu kolon hodnotu 0,1 mg/l (detekéni limit pouzité analytické
metody ICP-OES), coz predstavovalo Uroven separace vy$Si nez 99 %. Ze srovnani techniky separace
iontd thallia z modelovych vod redukci zinkem a techniky jeho adsorpce na zrnitém aktivnim uhli
(experimenty 1 a 2) vyplynulo jako jednoznacné vhodnéjsi pouziti redukeni techniky. V experimentech 3
az 5 byla testovana redukce iontl thallia a kadmia zinkem z modelovych roztok, jejichz chemické
slozeni bylo pfiblizovano sloZeni realnych OV pfidavkem sodnych soli. Vliv pfidavku sodnych soli na
pribéh redukce nebyl prokazan. Pokusy 1, 3, 4, 5 byly ukon€eny z divodu zaplnéni intersticialniho
objemu reaktivni naplné pevnymi produkty redukce (thallia a kadmia a jejich sloucenin), které zpusobilo
zvy$ovani tlaku na vstupu do kolony a snizeni priitoku OV naplni kolon®*?. Celkovy pohled na kolonu
s naplini granulovaného zinku byl zachycen na obrazku 7_A a postup zaplhovani intersticialniho objemu
napliné kolony na obrazcich 7_B, C, D.

B C D

Obrazek 7: Vylucovani pevnych Tl, Cd a jejich slou¢enin na Zn-zrnech

Z analyz pevnych produkttd redukce metodou XRD vyplynulo, Ze majoritné obsahovaly kovové
kadmium, thallium a zinek, v&etné jejich sirant, chloridl a hydroxidd a podvojnych soli rizného typu.

Vyzkum navrzeného reduk&né-sorpéniho postupu separace TK z OV v dynamickém uspofadani
v Ctvrtprovoznim meéfitku probihal v aparatufe, zobrazené na obrazcich 3 a 4B, formou &tyf paralelné
vedenych experimentd. Separace toxickych TK z OV probihala redukci podle rovnic (1) a (2).
Imobilizace vyloudenych iontl zinku probihala iontov&-vyménnou adsorpci nahradou za ionty Ca®*
a Mg? z matrice lignitu podle rovnic (3) a (4). Experimenty byly provadény sougasné pro dva vzorky
realnych OV s oznagenim V1 a V2 (experimenty K1, K2 pro vzorek V1 a experimenty K3, K4 pro vzorek
V2). Pii experimentech byl sledovan prabéh, jak separace TK z OV navrzenym redukéné-sorpénim
postupem (v kolonach zafazen ,redukéni“ i ,sorpéni“ segment naplné — experimenty K1 a K3), tak
i prubéh samostatné sorpce TK z OV na lignitu (v kolonach zafazen pouze ,sorp¢ni“ segment napiné —
experimenty K2 a K4).

Objemové pratoky OV naplni kolon byly udrzovany vicekanalovym peristaltickym Cerpadlem na
hodnotach cca 5 mil/min, které odpovidaly hustotdm objemového toku cca 1 m/d a dobé zdrzeni cca
1,5 h v ,redukénim® segmentu naplné a 13,5 h v ,sorpénim“ segmentu naplné. Z vysledku analyz TK ve
vzorcich OV na vystupu kolon pfi experimentech K1 az K4 byla z hodnoty poméru vystupni koncentrace
ke vstupni vyhodnocovana uc€innost sledované separacni techniky. Pro grafické znazornéni pruniku
kontaminantt napini kolon (priinikovych kfivek) byla pouzita Bohartova a Adamsova rovnice', jejiz
konstanty byly vypoéteny z experimentélnich dat numericky''*?**. Pogatek priiniku kontaminantd kazdou
kolonou byl identifikovan postupnym nardstem hodnot koncentraci ve vzorcich odebiranych na jejim
vystupu (viz obrazek 8).
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Obrazek 8: Prubéh srovnavacich experiment separace TK

PFfi experimentu K1 bylo dosazeno 10% pruniku kontaminantl (vyjadfenych jako c/co) po cca
39 dnech. V pfipadé dil¢iho pokusu K2, kde byla pro separaci TK z OV pouZita pouze sorpce na lignitu
bez redukéniho segmentu reaktivni napiné, bylo dosazeno 10% pruniku kontaminantu po cca 7,5 dnech.
Z vyhodnoceni vyplynula vyhodnost zafazeni redukéniho pochodu do separacniho postupu, spocivajici
v cca 5nasobném prodlouzeni doby trvani procesu do dosazeni 10% pruniku kontaminantu.

Pfi samostatném vyhodnoceni redukéni schopnosti zinkové naplné bylo zjisténo, Zze po celou dobu
trvani experimentu K1 koncentrace thallia i kadmia na vystupu kolony nepfestoupila hodnotu 0,1 mg/I
(detekéni limit pouzité analytické metody ICP-OES), coz pfedstavovalo Uroven separace vySSi nez 99 %.
U experimentu K3 a K4 nebyly ionty thallia i kadmia na vystupu kolon detekovany, patrné z divodu jejich
nizké vstupni koncentrace v OV. Dle provedenych analyz XRD vyredukované polymetalické smési
majoritné obsahovaly kovové kadmium, thallium a zinek v€etné jejich sirand, chloridd a hydroxidd
a podvojnych soli rizného typu.

Modelovy vyzkum byl veden v aparatufe uvedené na obrazku 5 se dvéma vertikalné orientovanymi
kolonami z plexiskla o pruméru 10 cm umozniujicimi téz vizualni sledovani procesu (viz obrazek 9_A).
PFi testovani byl pouzit OV vzorek V3 o objemu 1000 I. Pfi modelovani hydrodynamickych podminek
redukéniho pochodu byly experimenty zaméfené na zjisténi maximalni hodnoty hustoty objemového
toku, minimalni doby zdrzeni, pribéh vylu€ovani polymetalické smési, nejvhodnéjsi formy zinkové
reaktivni naplné a materialovy vyzkum.

Maximalni hodnota hustoty objemového toku byla zjiStovana v sérii experimentl s postupnou zménou
objemovych pratokd kolonou. Hodnoty hustot objemového toku byly ménény v fadé 5, 10, 15 a 20 m/d.
Jako maximalni byla uréena hodnota hustoty objemového toku 15 m/d, pfi jejimz prekroCeni zacalo
dochéazet k vynaseni drobnych zrni¢ek kalu vyredukované polymetalické smési OV z kolon.

Minimalni doba zdrzeni byla uréena pomoci vysledk( analyz chemického slozeni vzorki OV
odebiranych na vystupu dil€ich segmentl reaktivnich napini kolon. Vyhodnocenim zavislosti dosazeni
prinikovych koncentraci na délce reaktivni naplné a aktualni hodnoty hustoty objemového toku byla pro
redukéni reaktory separaCnich jednotek stanovena minimalni doba zdrzeni 30 minut.

Prabéh vylu€ovani polymetalické smési byl z ddvodu vysSich pouzitych hodnot objemového pritoku
OV reaktorem a vysSich koncentraci thallia a kadmia ve vzorku V3 vyrazné rychlejSi (viz detail - obrazek
9 B, C) a Casto zpusobil ukon&eni experimentl z dGvodu Uplného zaplnéni intersticialniho objemu
reakéni naplné a nasledné neprichodnosti kolon. Vizualni charakter vzniku i vzhled polymetalické smési
byl obdobny jako pfi Etvrtprovoznich experimentech. Plsobil jako jemna, svétle Seda az ¢erna kompaktni
houbovitd hmota s viditelnou tvorbou drobnych bublinek.
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Z vyhodnoceni analyz chemického sloZzeni OV na vytoku kolon byla v pribé&hu celého testovani
patrna vysoka separacni uc€innost redukéniho pochodu (cca 99 %).

Soubézné byly pfi téchto experimentech testovany rlizné formy reaktivni naplné. Jako nejvhodné;jsi
forma napIné byl ur€en granulovany zinek (Cistota 99,99 %) se zrnitosti 5 — 15 mm.

Obrazek 9: Aparatura pro modelovani redukéniho pochodu

PFi experimentech probihaly téz testy materiald pro vyrobu rostl reaktivnich naplni. Testovanymi
materialy byly nerezova ocel, niklova slitina alloy 200, polypropylen a ocel s geopolymernim povlakem,
jako nejvhodnéjsi material byla urena nerezova ocel. Souhrnné vysledky z pokust provadénych
v aparatufe pro modelovy vyzkum slouZzily jako jeden z dil¢ich podkladl pro pfeneseni vyzkumnych
praci do realného provozniho prostredi®'?. Ze zji$ténych skutednosti vyplynulo, Ze omezujicim kritériem
nebyla pouze kinetika procesu, ale téz zaplfiovani intersticialniho objemu naplné redukéniho reaktoru
polymetalickou smési a s tim souvisejici hydrodynamika proudéni OV reaktivni naplini.

Pro poloprovozni ovéfeni navrzeného redukéné-sorpéniho postupu separace TK z OV v dynamickém
uspofadani na sestavenych separacnich jednotkach bylo provedeno celkem 6 testd s dobou trvani
8 - 15 tydnu. V prubéhu poloprovoznich testd byla dekontaminovana OV v realném cCase jejiho vzniku.
Pratok realné OV poloprovozni aparaturou byl dle jejiho typu bud cca 40 nebo cca 200 I/h, coz
odpovidalo primérnému vykonu aparatury cca 1 nebo cca 4 m*/d. Vzorky OV byly odebirany kazdy den,
mérfeni hodnot sledovanych veli€in bylo provadéno 2x denné. K analyzam byly vzorky pfedavany 1 x za
tyden ze dna pondéli, stfeda a patek, ostatni vzorky byly archivovany do ukonéeni vyhodnoceni
separacnich testl pro pfipad potfeby dodate¢nych analyz.

Hlavni ukazatele provedenych poloprovoznich testl byly soustfedény do tabulky 3.

Tabulka 3: Prehled vysledkid dosazenych pri poloprovoznich testech

Oznaéeni | Doba Objem il Q P
o oV PS |TIvPS| CdvPS TlzPS |CdzPS| Zn z PS
[d] [m?] [kg] [kg] [kg] [m®d] | [mg/] | [mg/l] | [mg/l]
PT-2 55 56 37 3,3 4,5 1,0 60 82 57
ST-1 53 56 50 6,0 20,6 1,1 113 389 244
ST-2 70 80 139 15,2 9,8 1,1 217 140 116
CVT-1 100 430 158 46,9 34,8 4,3 469 348 278
CVT-2 105 400 193 26,8 82,8 3,8 255 789 500
CVT-3 104 460 209 50,0 45,0 4,4 481 433 329

Patronem tohoto éisla je WASTen, z.s., centrum transferu $pickovych inovativnich technologii
WASTE FORUM 2019, &islo 1, strana 45



Ladislav KUDRLICKA: Separace thallia a kadmia z odpadnich vod redukéné-sorpénim postupem v dynamickém
usporadani

Provedené testy mély srovnatelny pribéh. Typicka ukazka vyhodnoceni vysledkl separace TK z OV
z vysledku analyz Tl a Cd ve vzorcich odebranych v prubéhu testu ST-1 byla znazornéna na obrazcich
10, 11. Vysledky analyz byly dopinény o primérné hodnoty hmotnostni koncentrace Tl a Cd v OV,
vypocétené zjejich obsahu ve vylouéené polymetalické smési (PS) a celkoveho objemu OV
zpracovaného za dobu trvani testu.

‘ —O—Tl-vystup —©—Tl-vstup =— -Tl_vstup zPS ‘

180

p g/l

2 4 7 9 14 16 18 2 23 2 28 30 32 I I 43 45 47 49 H1 82
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Obrazek 10: Pribéh separace thallia
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Obrazek 11: Prubéh separace kadmia

Z grafického znazornéni koncentraci Tl a Cd pfi prichodu reduk&énimi reaktory vyplynulo, Ze se jejich
obsah v OV z pavodnich hodnot 100 — 900 mg/I snizil na hodnoty cca 1 mg/l s ojedinélym jednorazovym
navySenim na hodnotu 4 mg/l. Vysoka u&innost redukéniho pochodu byla dosazena kromé volby
vhodnych reak&nich podminek téZ pravidelnou regeneraci reaktivni naplné (granulovaného zinku)
redukenich reaktort, ktera byla provadéna 1x tydné. Narust koncentrace zineCnatych iontd v OV
(z hodnoty Zn-vstup na hodnotu Zn-vstup’), vyvolany prabéhem redukéni pochodu, byl eliminovan
iontové-vyménnou adsorpci na lignitu, coz znazorfiuje opétovny pokles koncentrace zinku (obrazek 12).
Grafické znazornéni vysledkd analyz zinku v OV bylo doplnéno o prumérnou hodnotu hmotnostni
koncentrace Zn v OV (Zn-vstup’ z PS), vypo¢tenou z obsahu thallia a kadmia ve vylou¢ené
polymetalické smési a celkového objemu OV zpracovaného za dobu trvani testu. Narust koncentrace

zinku na vystupu z jednotky (Zn-vystup) v 2. poloviné testu ukazuje postupné nasyceni napiné
lignitovych adsorbéra.
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Obrazek 12: Prubéh separace zinku

Uginnost separace thallia a kadmia z OV redukci byla po celou dobu testu cca 99 %. Uginnost
separace zinku sorpci na lignitu byla funkéni v 1. poloviné testu, poté doSlo k postupnému prarazu
napiné adsorbérl. Polymetalicka smés z pravidelnych regeneraci reaktivnich napini redukénich reaktor(
obvykle obsahovala 20 az 60 % Cd, 10 az 30 % TI, 40 az 60 % Zn a 1 az 3 % Pb, nejastéji ve formé
Cd(OH),, TICI a Zn(OH),. Ptiklad analyzy fazového slozeni byl znazornén na obrazku 13.
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Obrazek 13: Priklad analyzy fazového sloZeni polymetalické smési
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Zaveéry

Provedeny vyzkum separace thallia a kadmia z modelovych roztokd kovovym zinkem v dynamickém
usporadani prokazal vysokou ucinnost navrzené separacni techniky. Rozsahlé ovéreni techniky in-situ
v prostfedi realnych odpadnich vod s dominantnim obsahem thallia a kadmia a vysokym obsahem

rozpudténych anorganickych soli ukazalo moZznost jejiho praktického vyuZiti. PFfi odstrafiovani thallia
a kadmia z OV redukci kovovym zinkem v dynamickém usporadani byly dosahovany ucinnosti cca 99 %.

Tyto vysledky byly dosazeny i pfes znalné kolisani az skokové zmény vstupnich koncentraci
kontaminantl a vysoky obsah rozpusténych anorganickych soli (na hranici rozpustnosti) ¢isténych vod.
Obdobné hodnoty ucinnosti byly dosahovany i pro naslednou imobilizaci uvolnéného zinku adsorpci na
lignitu. PFi separacnim procesu vznikaji dva typy pevnych nebezpeénych odpadu: vyredukovana
polymetalicka smés, potencialné vyuzitelna pro izolaci kovového thallia a jeho Cistych soli, a nhasyceny
sorbent — lignit s imobilizovanymi TK, ktery Ize spalovat v primyslovych energetickych zafizenich.

Navrzena dekontaminaéni technika byla vyuzita pro stavbu linky na separaci thallia a kadmia
z odpadnich vod redukéné-sorpénim postupem.

Seznam symboli

ov — odpadni vody

TK — tézké kovy

PS — polymetalicka smés

XRF — rentgenova fluorescen¢ni analyza

XRD — rentgenova difrakéni fazova analyza

ICP-OES - plamenna emisni spektroskopie s indukéné vazanym plazmatem
K — mérna vodivost [mS/cm]

Cs — latkova koncentrace latky B [mol/I; mmol/l]

PB — hmotnostni koncentrace latky B [g/l; mg/I]

Q objemovy pratok [ml/min; m%d)]

T10% — doba, pfi niz dosahne hodnota koncentrace kontaminanti na vystupu kolony hodnoty

rovnajici se 10 % hodnoty koncentrace vstupni [d]
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Separation of thallium and cadmium from wastewater by reduction-sorption
process in a dynamic arrangement

Ladislav KUDRLICKA

Unipetrol Centre of Research and Education, a.s., Revoluéni 1521/84, 400 01 Usti n/L, Czech
Republic

e-mail: ladislav.kudrlicka@unicre.cz

Summary

This work was focused on the separation of heavy metals, especially thallium and cadmium, from the
wastewater by reduction-sorption process in a dynamic arrangement. In the first part of the separation
process, removal of thallium and cadmium ions from water by zinc reduction takes place, based on
general oxidation-reduction properties of metals. The reduction process is accompanied by an
elimination of polymetallic mixture of thallium and cadmium, and simultaneous transition of zinc into the
solution. In the second part of the separation process, immobilization of zinc ions by ion-exchange
dynamic adsorption aligns. For the reduction of heavy metals, zinc was used in the form of granules or
particles of various shapes, and sieved granulated lignite as a sorbent for immobilization of zinc ions. In
the first stage of the laboratory research, wastewater was modelled by pure solutions of thallium and
cadmium salts, final research was conducted with samples of the real wastewater. This paper thus
summarizes the results of laboratory stage and their verification in the industrial operation. Reduction
efficiency greater than 99% was achieved. Similar values were obtained for the immobilization of zinc
ions.

Keywords: thallium, cadmium, reduction, zinc, sorption.
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Suhrn

V dnednej dobe sa hladaju stale nové a nové zdroje na vyrobu obnovitelnej energie. Papierensky kal
je odpad s vysokym potencialom produkcie metanu prostrednictvom anaerdébnej fermentéacie. Avsak
zloZenie papierenského kalu a jeho Struktira brzdia jeho efektivne vyuzivanie. V predloZenej praci sme
skumali moznosti zvyS$enia organického podielu v papierenskom kale a jeho potencialu byt substratom
v anaerdbnej fermentacii. Energeticky potencial sme testovali pomocou metanogénych testov a aj
dlhodobym prevadzkovanim laboratérneho modelu anaerobneho reaktora.

Vysledky ukazali, Ze vhodnou latkou na zvySenie biodegradovatelného podielu v papierenskom kale
Jje kyselina dusi¢na. Takto upraveny kal po¢as metanogénnych testov vykazoval vysoku schopnost
produkcie bioplynu. Prevadzkovanim laboratérneho modelu sme dosiahli hodnoty Specifickej produkcie
bioplynu porovnatelné s bezne pouZivanymi substratmi na vyrobu bioplynu, ako su kukuricna silaz
apod. Testami sme dokazali vhodnost papierenského kalu hlavne ako kosubstratu do anaerdobnej
fermentacie.

]

Kl'uéova slova: anaerobna fermentacia, papierensky kal, bioplyn, kysla hydrolyza

Uvod

Vyuzivanie existujucich zdrojov na vyrobu obnovitefnej energie sa stava Coraz délezitejSie s rastucimi
obavami zo znecistovania Zivotného prostredia a s potrebou rychleho vyuzZivania energie. Anaerdbna
fermentacia predstavuje Siroko uplatnitefln0 metédu na biokonverziu komplexnych organickych
substratov na obnovitelnu energiu vo forme metanu [1]. Anaerébna fermentacia je mikrobialny proces,
pri ktorom sa mikrobidlnymi procesmi rozklada organickd hmota bez pristupu vzduchu na dve hlavné
zlozky, metan - CH, a oxid uhli€ity - CO, [2]. V su€asnosti sa v anaerdobnej fermentacii uprednostriuju
substraty zrastlinnej vyroby (kukuricna silaz), potravinarskeho odpadu (kuchynské a reStauracné
odpady), hnojovica a pod. [3]. Potencial byt vhodnym substratom na anaerdbnu fermentaciu ma aj
lignocelulézova biomasa, ktora je masivne generovana na zemi a mdze sa stat’ najvacsim prirodnym
zdrojom na vyrobu metanu [1]. Lignocelul6zova biomasa vznika aj pri vyrobe papiera ako odpad
vo forme papierenského kalu. Pri celosvetovej vyrobe papiera a lepenky vznikne 26,2 miliéna ton tohto
druhu odpadov za rok [4], priCom sa v su€asnosti vyuzZiva iba ako pridavok do stavenych hmét, ako je
tehla, cement alahké kamenivo. Papierensky kal sa vyuziva na vyrobu sorbentov, ako material na
uzatvaranie skladok, ako nahrada ilov a biokompozitov a pod. [5].

Na vyrobu papiera sa vyuziva viacero druhov vilakien, najpouzivanejSie vlakna su v3ak z drevin
arastlin. Tieto vlakna predstavuju zlozity komplex zloZzeny predovSetkym z troch latok: celulézy,
hemicelulézy a ligninu [6]. Celuléza je vysokomolekularny sacharid so zakladnou monomérnou
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jednotkou R-anhydro glukopyrandza [7]. Hemiceluléza je polysacharid, ktory sa liSi od celulézy svojim
zloZzenim, obsahuje D-xylézu, D-mandzu, D- glukdézu a pod. [8]. Lignin je makromolekula zloZena
z fenylpropanovych Struktdrnych jednotiek viazanych v trojrozmernej molekule [9].

Tabul'ka 1: Hlavné zloZky dreva [10].

Dreviny Celuléza Hemiceluléza Lignin
Ihlicnaté 48 az 56 % 23az25% 26 az 35 %
Listnaté 46 az 48 % 26 az 35 % 15az 28 %

Takéto vlakna su pouzivané ako vstupna surovina pri vyrobe papiera. Vlakna sa rozomelu
a rozvlaknia, pri€om vzniknd malé zhluky a vlakna. Vzniknuty produkt sa vybieluje a nasledne vstupuje
do rafinéra. Rafinér sa vyuZiva na upravu vldkna a v dalSich fazach zniZujeme hustotu papiera.
Nasledne sa latka vstrekuje medzi dve sita, ktoré sa pohybuju vysokou rychlostou a su vyuzivané na
odvodhovanie a prenasanie na plst. Z plste prechadza cez nakrepovaci valec pomocou lisovacich
valcov. Na krepovacom valci dochadza k vysuSeniu papiera, ktory je zoSkriabany. Posledna faza je
namotanie papiera na valce [11].

Papierenské kaly vznikaju v procese vyroby buni€in a papiera tak, ze ¢ast ligninovych a celulézovych
vlakien sa nezachyti a spolu s vodou odchadzaju do odpadovych véd. MenS$i podiel kalov pochadza
zo spracovania odpadového papiera. Struktira papierenského kalu je tvorena lignocelulézovou
biomasou, C&ize celulézou, hemicelulézou a ligninom. Tieto polyméry tvoria pevnu Struktiru, ktora
obmedzuje rychlost anaerébnej fermentacie [4]. Nachadzaju sa tu aj chlérované organické latky,
stopové mnozstva tazkych kovov a pod. [12]. V papierenskom kale ma vyznamné zastupenie aj
anorganicky podiel, tvoreny hlavne vapenatymi solami, pridavanymi do procesu pri finalizovani kvality
papiera.

Anaerébna fermentacia je beZne pouzivand metdéda na konverziu komplexnych substratov
na vyuzitefnu energiu vo forme metanu. Hlavny faktor, ktory doteraz obmedzuje vyuZivanie
papierenského kalu na vyrobu metanu, je nizka miera hydrolyzy organického podielu, ktora je
spbsobena komplexnou a kompaktnou Struktdrou substratu [1], ale aj spominany vysoky anorganicky
podiel v kale.

V predlozenej Studii sme sa zaoberali moznostou vyuZitia energetického potencialu odpadového
papierenského kalu, ktory ma nizky potencial biologickej rozlozitelnosti. Pre zvySenie produkcie metanu
sa osvedcila preduprava papierenského kalu kyslou hydrolyzou.

Experimentalna ¢ast’
Substrat

Testovany papierensky kal pochadzal priamo zo spolo¢nosti vyrabajucej papier. Ide o technoldgiu
vyroby hodvabneho papiera, ktora je zaloZena na baze spracovania zberového papiera, ako aj Cistych
vlakien z celuléz. Papierensky kal mal svetlosivu farbu, hrudkovitu konzistenciu podobnu zemine.

B _r.

Obrazok 1: Papierensky kal
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V tabulke 2 su uvedené zakladné parametre a zloZenie papierenského kalu.

Tabulka 2: ZloZenie papierenského kalu

Celkové latky Organicky podiel Anorganicky podiel
[mg/kg CL] [mg/kg CLyg] [mg/kg ML(mineralnych latok)]
Ca 264 100 - 352 133
Mg 3297 - 4 396
K 79 - 105
Al 10531 - 14 041
Si 17 900 - 23 867
Celuléza 166 500 666 000 -
Hemicelul6za 5 200 20 800 -
Lignin 65 000 260 000 -

Papierensky kal obsahoval vysoky podiel vody (40 %). Celkova susSina papierenského kalu bola
0,605 g/g. V organickej su8ine mala najvy$Si podiel celuléza az 67 %, lignin 26 % a minimum
hemicelulézy. Papierensky kal obsahoval vysoky anorganicky podiel s najvy$Sim obsahom vapnika,
v menSich mnozstvach sa tam nachadzal kremik, hlinik a hor&ik. Celkova strata Zzihanim bola 28,4 %, ¢o
v surovej forme znevyhodnuje papierensky kal pre priame vyuzitie v anaerébnej fermentacii.

Testy metanogénneho potencialu

Testy metanogénneho potencialu boli realizované
v sklenenych flaSiach s objemom 500 ml. Do flia§ sme
nadavkovali mezofilny kal, skumany substrat a vodu na
doplnenie objemu 330 ml, tak aby bola koncentracia
organickej suSiny vo flasi 1 g/l. Flase boli umiestnené
v laboratériu s udrziavanou teplotou 37 °C. Analyza
spoCivala v odcCitavani kvapaliny vytlaenej bioplynom
v byrete.

Obrazok 2: VVsadzkové
anaerobne reaktory —
metanogénne testy

Dlhodoby laboratérny model

Dlhodoby test anaerébnej fermentacie papierenského kalu prebiehal
v 17litrovom laboratérnom modeli anaerébneho reaktora. Reaktor bol naplneny
anaerdbnym stabilizovanym mezofilnym kalom o objeme 15 | z COV Devinska
Nova Ves a kal bol vytemperovany na 37 °C a neustéle premieSavany.

Vyprodukovany bioplyn bol vedeny cez plynové hodiny. Do laboratérneho
modelu bol 5x tyzdenne davkovany predpripraveny substrat — upraveny
(rafinovany) papierensky kal. Reaktor bol zo zagiatku objemovo zatazeny na
0,5 gCL,/l.d. Objemové zatazenie bolo postupne zvySené na 1 gCL,/l.d a na
konci testovania az na 2 gCL,/l.d.

Obrazok 3:

, Laboratéorny model
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Analyzy

Dvakrat do tyzdna bola odoberana vzorka kalu z reaktora, v ktorej sa meralo pH, pH kalovej vody
a NMK. Raz do tyzdna sa analyticky stanovovala v kalovej vode CHSK, celkovy dusik, celkovy fosfor
a amoniakalny dusik. Na analyzy CHSK, celkovy dusik, celkovy fosfor a amoniakalny dusik boli
vyuzivané kyvetové testy spoloénosti HACH LANGE, s.r.o.. Koncentraciu celkovych latok a SZ (stratu
Zihanim) sme stanovovali podla Horakovej [13]. Produkcia bioplynu sa zaznamenavala 5x tyzdenne.

Zlozenie bioplynu bolo merané mobilnym plynovym analyzatorom GA 2000 Plus firmy Geotechnical
Instruments, UK.

Vysledky a diskusia
Rafinacia papierenského kalu

Ako je zrejme z tabulky 2, papierensky kal ma pomerne vysoky anorganicky podiel a nizsi organicky
podiel. Anorganicky podiel je tvoreny hlavne zrazeninami vapnika, ktoré z hladiska produkcie bioplynu
predstavuju nezelanu zlozku — balastnu ast’ substratu. DlIhodobym pouzivanim takéhoto substratu by
mohlo déjst k zasoleniu reaktora, resp. sedimentacii tychto zrazenin a zniZzeniu aktivheho objemu
reaktora. Z tohto dévodu sme sa rozhodli odstranit tento podiel z papierenského kalu jeho rozpustenim
vhodnym médiom, &im dosiahneme zvySenie organického podielu vo vyslednom ,rafinovanom®
substrate.

Na zvySenie organického podielu papierenského kalu sme vyuZili rozpustanie (hydrolyzu, rafinaciu)
anorganickych zrazenin, pri¢om sme testovali 5 réznych latok - vodu, vodu pri 90 °C, 3% HCI, 3% HNO;
a 3% H,S0,.

Tabulka 3: Organicky podiel papierenského kalu po rafinacii

Proces Strata zihanim (%)
Voda 26,9
Voda (90 °C) 26,7
HCI (3%) 62,5
HNO; (3%) 76,1
H,SO, (3%) 23

NajlepSie vysledky sme dosiahli pomocou 3% HNOg, v ktorej sme papierensky kal mieSali, oddelili
tuhu organicku zlozku od rozpustenych anorganickych soli a nasledne premytim zneutralizovali. Tymto
postupom sme dosiahli organicky podiel v predCistenom (rafinovanom) papierenskom kale
na urovni 76,1 %. Pouzitie ostatnych rozpustadiel nebolo tak uCinné. Takto upraveny papierensky kal
sme podrobili analyzam a testom v anaerdbnej fermentacii.

Vypocet teoretického metanového potencialu papierenského kalu

S cielom definovania zakladného zloZenia rafinovaného papierenského kalu sme tento substrat
podrobili elementarnej analyze na pristroji vario MACRO cube od firmy Elementar Analysensysteme.
V tabulke 4 su uvedené vysledky elementarnej analyzy.
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Taburlka 4: Vysledky elementarnej analyzy papierenského kalu po vyluhovaniv 3 % HNO; (hm. %
susiny)

N (%) C (%) H (%) 0 (%) S (%)

Papierensky kal 1,04 39,12 5,03 52,53 2,28

Z uvedenych vysledkov vyplyva, Ze v papierenskom kale upravenom 3% kyselinou dusi¢nou sa
nachadza vysoké hmotnostné percento uhlika. AvSak bol zisteny aj vysoky obsah siry, ktora méze
spbésobovat problémy v procese anaerobnej fermentacie tvorbou sulfanu.

Na zaklade vysledkov elementarnej analyzy sme definovali teoreticky vzorec nasho testovaného
papierenského kalu, ktory ma nasledovny tvar:

CicH70046NS (1)

Poznatky z literatury umoZziuju vypocCet teoretickej produkcie metanu (bioplynu) z akejkolvek
organickej zlu¢eniny so znamym zlozenim elementarnych prvkov. Teoreticky metanovy potencial (TMP)
papierenského kalu sme vypocitali pomocou Buswellovej rovnice [14]. TMP predstavuje hodnotu, ktora
sa vSak mdze lisit od skutoCnej realnej biochemickej produkcie v zavislosti od biologickej rozlozZitelnosti
papieroviny.

C,H,0.N;S, + [(4a—b — 2c + 3d + 2¢) /4]H,0
- [(4a+b—2c—3d —2e)/8]CH, + [(4a — b + 2c + 3d + 2e)/8]CO, + dNH,

+eH,S (2)
C%H?OO%NS+§HQO %%CH4+%COQ + NH, + H,S (3)
TMP = 3151 CH,/kg CLresp.413 | CH,/kgCL,,, (4)

Z Buswellovej rovnice vyplyva, Ze rafinovany papierensky kal s 3% kyselinou dusi¢nou predstavuje
potencialne vhodny substrat na vyrobu bioplynu prostrednictvom anaerébnej fermentéacie.

Metanogénne testy

Pre potvrdenie vhodnosti substratu sme vyuZili metanogénne testy, ktoré sme realizovali podla
postupu popisaného v predchadzajucom texte. Na obrazku 4 je znazorneny priebeh priemernej
produkcie bioplynu po¢as metanogénneho testu. Produkcia bioplynu pri teplote 37 °C a atmosferickom
tlaku rastla do t = 400 h, potom nastal mierny pokles a produkcia bioplynu sa zastavila v ¢ase t= 600 h.
Specificka produkcia bioplynu rafinovaného papierenského kalu bola 271 ml/gc_o a $pecificka produkcia
neupraveného papierenského kalu bola 281 ml/gcyorg.

300
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i
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Obrézok 4 : Priemerna produkcia bioplynu (CP_avr — nerafinovany pap. kal,
kys_avr — rafinovany pap. kal 3 % HNO:)
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Z priebehu testov vyplyva, Zze nerafinovany papierensky kal ma o nie€o vysSiu produkciu bioplynu
z organickej hmoty. Méze to byt spbsobené tym, Ze rafinaciou kalu sme odstranili z kalu aj Cast
organickych rozpustnych zloziek, ktoré by produkovali malu €ast bioplynu. Z dlhodobého hladiska je
v8ak pre anaerébnu fermentaciu vhodnejsi rafinovany papierensky kal, pretoZe je zbaveny vysokého
obsahu zrazenin vapenatych soli, ktoré neprispievaju k tvorbe bioplynu. Pri pouziti neupraveného
papierenského kalu je predpoklad, ze by mohlo déjst ku kolapsu systému kvéli jeho vysokému
anorganickému podielu (zasolenie systému).

Metanogénne testy nam potvrdili potencial papierenského kalu ako substratu pre anaerdbnu
fermentaciu. Papierensky kal vykazoval pomerne dobru produkciu bioplynu aj pri neadaptovanom kale,
preto je predpoklad zvySenia produkcie bioplynu po dlhodobej adaptacii mezofilného kalu na substrat —
rafinovany papierensky kal.

Anaerobny reaktor

Na zaklade analyz a teoretickych vypoCtov sa rafinovany papierensky kal javi ako zaujimavy
a vyuzitelny substrat na vyrobu bioplynu. V dalSich laboratérnych experimentoch sme sa rozhodli
pokracovat formou dlhodobej prevadzky anaerébneho reaktora s pouzitim rafinovaného papierenského
kalu.

Dlhodobé testy boli realizované nepretrzite asi 150 dni, poas ktorych sme postupne zvySovali
objemové zatazenie v reaktore z pociato¢nych 0,5 gCL,¢/l.d. az na konecnych 2,0 gcior/l.d.

V davkovanom mezofilnom kale, ktory bol pouZzity ako inokulum, bol pomerne vysoky obsah dusika —
Nc = 400 mg/l. Postupnou adaptaciou na papierensky kal dochadzalo k jeho spotrebe. Klesajuci trend
koncentracie dusika sved&i o tom, Ze upraveny papierensky kal obsahuje maly podiel vyuZzitelnych
dusikatych organickych latok, ¢o méze viest k limitacii niektorych Ciastkovych procesov anaerdbnej
fermentacie. Koncentracia celkového dusika postupne klesala v reaktore az na urovern okolo 50 mg/l.
Hodnoty fosforu mali rovnaky priebeh a klesali pod 5 mg/l. Preto sme sa asi po 100 dnoch rozhodli
davkovat externy dusik vo forme mocoviny a fosfor vo forme hydrogén fosfore€nanu do reaktora
s cielom zabezpedit plynuly priebeh anaerébnej fermentacie v dalSom obdobi.

Hodnotu pH kalu v anaerdbnom reaktore sme udrziavali v rozmedzi 6,5 az 7,5. Do reaktora bol
davkovany upraveny substrat s pH cca 6,5, kvéli tomu sme na Upravu pH v reaktore a zvySenie timivej
kapacity pridavali k papierenskému kalu aj 2 g NaHCO;. PoCas celého prevadzkovania anaerébneho
reaktora sme nezaznamenali vyrazny vykyv v hodnote pH.

Prvotny davkovany kal z COV mal koncentraciu celkovych latok 10 g/l. Davkovanim substratu sme
zvysili koncentraciu celkovych latok na 30 g/l. Organické latky v reaktore sa nam zvysili z pévodnych
6 g/l na 12 — 14 g/l. Strata zihanim sa nam ustélila na 45 %.

So zvySovanim zataZenia sa zvySovala aj priemerna denna produkcia bioplynu (pri 37 °C
a atmosférickom tlaku) z 3,23 I/d a konc€ila na hodnote 12,34 I/d. ZniZzovanie doby zdrzania nemalo
nepriaznivy vplyv na procesy anaerébnej fermentacie a produkcie bioplynu.

Tabulka 5: Produkcia bioplynu pri réznych zatazeniach

Zat'azenie Bv Pocet dni Priemerna produkcia bioplynu
0,5¢/ld 37 3,23 1/d
1,0 g/l.d 72 6,0 I/d
2,0g/l.d 23 12,34 1/d

Vdaka postupnej adaptacii kalu na testovany substrat sa zvySila Specificka produkcia bioplynu oproti
metanogénnym testom. Specificka produkcia bioplynu sa pohybovala na trovni 350 az 450 ml BP/9cLorg-
Na takejto urovni sa pohybuju beZne pouzivané substraty v bioplynovych staniciach, ako je napriklad
kukurica ¢i kukuriéna silaz.
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Obrizok 5: Specificka produkcia bionlvnu

Bioplyn bol merany pri troch rdéznych zatazeniach reaktora. NajlepSie zloZenie bioplynu bolo
pri objemovom zatazeni 1 g/l.d, kde sme dosiahli najvysSie zastipenie CH, v bioplyne.

Tabul'ka 6: ZloZenie bioplynu

Zlozenie BP | Teplota (°C) | CH, (%) | CO; (%) | O, (%) | Hz (ppm) | H2S (ppm)
Bv =0,5g/l.d 37 40,6 37,8 2.4 16 7
Bv=1g/l.d 37 41,1 41,4 1,5 9 9
Bv =2 g/l.d 37 38,9 43,6 1,4 16 45

Podiel metanu sa pohyboval v rozsahu 38 — 41 % C€o je na energetické uCely pomerne nizke.
Optimalny podiel metanu by sa mal pohybovat vrozmedzi 55 — 65 %. Nizky podiel metanu

y v

je pravdepodobne spbdsobeny taZsie rozlozitelnym substratom.

Zaver

V praci sme testovali vhodnost odpadového papierenského kalu ako substratu na vyrobu bioplynu.
Optimalna produkcia bioplynu bola podmienena upravou papierenského kalu 3% kyselinou dusi¢nou,
¢im sme zvysili organicky podiel v kale. Na druhej strane vSak vznika velké mnozstvo odpadoveého
produktu s vysokym obsahom anorganickych soli (vapnik, dusik, hor&ik), ktoré vS8ak mozno vhodnou
metddou regenerovat’ a vyuZit napriklad v pofnohospodarstve.

Merané kontrolné parametre procesu fermentacie papierenského kalu nevykazovali vyrazné odchylky
od Standardnych podmienok. Do popredia vystupoval iba nepriaznivy podiel medzi C:N:P. Prevadzka
anaerobneho reaktora len s rafinovanym papierenskym kalom je preto z dlhodobého hladiska riskantna
pre limitné hodnoty dusika, resp. fosforu.

Z tohto dévodu je papierensky kal nevhodny ako monosubstrat pre anaerébnu fermentaciu. Vhodna
by bola kofermentacia papierenského kalu s inymi substratmi s vy$8§im obsahom dusika, resp. fosforu,
ako napr. hnojovica, odpady z kafilérie a pod. Vhodnou kofermentaciou by sa zvySil aj percentualny
podiel CH, v bioplyne.
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Anaerobic fermentation of slowly degradable waste — paper sludge
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Summary

Nowadays, new and new sources of renewable energy are still being sought. Paper sludge is waste
with high methane production potential through anaerobic fermentation. However, the composition of
paper sludge and its structure hamper the efficient use of paper sludge. In this work we tested the
possibilities of increasing the organic content in paper sludge and its potential as a substrate in
anaerobic fermentation. The energy potential was tested by means of methanogenic tests and during the
long-term operation of the laboratory model of the anaerobic reactor.

The results have shown that nitric acid is a suitable substance for increasing the organic content of
paper sludge. The treated paper sludge during methanogenic tests showed high biogas production
capacity. By operating the laboratory model, we have achieved specific biogas production values
comparable to commonly used biogas substrates such as corn silage, and etc. Tests have been proven
the suitability of paper sludge, mainly as a co-substrate to anaerobic fermentation.

Keywords: anaerobic fermentation, paper sludge, biogas, acid hydrolysis
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