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Uvodni slovo $éfredaktora
Vazeni ¢tenari,
mate pred sebou letosni tieti Cislo, jehoz je patronem
Institut environmentalnich technologii VSB-TU Ostrava.

Obsahuje celkem 13 pfispévkii z riznych pracovist v Ceské
a Slovenské republice.

Kazdému, kdo sleduje tento ¢asopis, nemohlo ujit, Ze diky
indexovani ¢asopisu ve Scopusu se zna¢né zvysil zdjem
0 publikovani v ném. Paradoxné, nebo mozna zakonité, s tim
stopl i pocet prispévku, které na zakladé vyjadreni recenzentu
museji byt odmitnuty nebo vrdaceny autorum k prepracovani.
S tim vsim souvisi i vysSi pracnost pripravy cisel.

: Proto vydavatel rozhodl pocinaje roénikem 2019 ¢dstecné
zvysit publikaéni poplatek. ,,Cdsteéné zvysit“ znamend, Ze zvyseni se bude tykat pouze prispévku
v angli¢tiné, kdy se tento vyrovna s publikacnim poplatkem za prispévky v ceském Ci
slovenském jazyce. NizSi publikaéni poplatek u prispévki v anglictiné jsme pilvodné zavedli,
abychom motivovali autory k publikovani vtomto jazyce. (Mimochodem, tato motivace moc
nefungovala!) Od zarazeni ¢asopisu do Scopusu jiz ¢lanky v angli¢tiné jednozna¢né dominuji,
takze dalsi motivace jiz neni nutna. To znamena, Ze pocinaje ro¢énikem 2019 bude publikac¢ni
poplatek jednotny, a to 500 K¢ za stranku.

Redakéni uzavérka pristiho cisla je 8. 10., dalSiho pak 8. 1. 2019.
Ondrej Prochazka

Editorial
Dear readers,

In the last year there increased an interest in publishing in this journal. This is also
associated with a higher number of papers that, based on the reviewers' comments,
must be rejected or returned to authors for redrafting.

This results in greater workload in preparation of numbers. That's why the publisher
decided to partially increase the publishing fee starting with 2019. The publication fee in
this journal will be 500 CZK per page regardeless of the language in which the paper is.

The editorial closure of the nearest number is on October 8, 2018, the next one on
January 8, 2019.

Ondrej Prochazka
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Pro autory

WASTE FORUM je cCasopis uréeny pro publikovani puvodnich 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 Cisla jsou zvefejfiovana na volné
pristupnych internetovych strankach www.WasteForum.cz.

Do redakce se pfispévky 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.

Publikacni jazyk je CeStina, slovenstina a anglitina. 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 €asopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim &asopisu, vybirame publikaéni poplatek ve vysi 200 K& za kazdou stranku u pfispévku
v anglickém jazyce (plati jen do konce roku 2018), u ostatnich je 500 K& za stranku. Uvedené Castky
jsou bez DPH. V pfipadé nepublikovani pfispévku v dusledku negativniho vysledku recenzniho fizeni je
tato ¢astka polovi¢ni.

Uzavérka nejblizsiho cCisla ¢asopisu WASTE FORUM je 8. fijna 2018, dalsi pak 8. ledna 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 or wasteforum@seznam.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 200 CZK per each new page for articles reviewed part of issue and CZK 500 for
every new page for contributions in the second part of the issue.

The deadline of the next issue is on October 8, 2018, more on January 8, 2019.
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The mechanism of separation of heavy metals from waters
by means of cellulose carboxyl derivatives

Michaela FILIPI, Miloslav MILICHOVSKY

Department of Wood, Pulp and Paper, University of Pardubice, 532 10 Pardubice,
Czech Republic, e-mail: michaela.filipi@upce.cz

Summary

A mechanism of CS (Colloid — Sorption filtration) and CSF (Colloidal-Sorption — Filtration) separations
are dynamic processes where, depending on intensity of media flowing in filter pores, also shear forces
participate on trapping process of hydro-colloid particles. The adsorption capacity of cellulose carboxyl
derivatives increases with increasing —COOH group content and is distinctly increased by the presence
of other competitive ions in the aqueous solution.

Keywords: Colloid — Sorption filtration, Colloidal-Sorption — Filtration, oxycellulose, carboxymethyl
cellulose

Introduction

The treatments of heavy metals are of special concern due to their recalcitrance and persistence in
the environment. Recently various methods for heavy metal removal from waste water have been
extensively studied®. Adsorption characteristic of polysaccharides, cellulose and its derivates including
oxycellulose in relation to cations, particularly? heavy metals, have drawn more attention. Their
knowledge is important in the field of purification and treatment of water as well as from the medical point
of view, because especially®** metals plays an important role in metabolism of animals and humans.
Heavy metal pollution has become one of the most serious environmental problems today.

Currently, there have been efforts to turn away from traditional sources of raw materials and to focus
on their green alternatives (cellulose, starch, oils). Many research-production groups in the entire world
have engaged to solve three tasks: bioenergy, biomaterials, biochemical utilization. Oxidized cellulose
pertains to the group of biocompatible materials (biomaterials) used especially as healthcare products in
medicine. Other opportunities include the use of oxycellulose in technical applications (absorbent,
filtration materials, ion exchangers). As usually, products for technical applications are characterised by
large volumes with requirements on the minimisation of product variable costs.

Oxidized cellulose is a product prepared by oxidation of cellulose to such an extent that almost all
glucose units of cellulose are transferred to units of glucuronic acid, which is a biopolymer. It is
a biopolymer characterised by various perspectives (complicated structure, polymerization degree,
character of oxidation, character of fibres) and other factors affecting useful features of the product.

The most widely spread separation procedures include filtration working on various spatial levels
(common filtration, micro filtration, ultrafiltration, nano filtration etc.)’. What is typical for these mechanical
separation methods is a sharp decrease of the specific flow capacity of the filtered medium with
a decrease in the size of particles contained in this medium. Moreover, there is another unpleasant effect
which is polydispersity of the flow area pores of the filter®.

Colloid — sorption filtration (CS separation)

This process is schematically illustrated on the Scheme 1. It is a separation process combining
advantages of the reaction of colloid particles with a heavy metal, such as, M* and their following
separation by use of filtration.
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The process consists of two steps. The first step includes mixing polluted water with a suitable
substance — carrier, preferably a fibrous, easily drain able substance such as fibrous oxycellulose in
case of heavy metals. The dissolved impurities, e.g. heavy metals, adsorbed (chemisorption) to this
carrier. The second step includes filtration through the common filter sheet (FS) or activated filter sheet
(AFS) followed by deposition in the similar way as in the adsorption filtration (SF) process®.

An advantage in comparison with SF (Scheme 2) process is a maximum use of the entire adsorption
capacity of the main reaction component with regard to the separated heavy metal. Unlike the SF
process, the separation efficiency does not change during the entire separation process. However, as
regards separation of colloid particles, it is not enough efficient, unless we want to use more efficient
low-flow filters or even ultrafiltration.

Step 1: reaction with fibrous oxycellulose

M= »| Oxycellulose » Oxycellulose - M*°

Step 2: filtration fibrous oxycellulose by FS or AFS

Oxycelulose - M= [ _ | FS || FS- Oxycellulose-M*

Step 3: deposition bio-active FS with M*°

Scheme 1: Colloid — sorption filtration (CS separation)

Colloidal-sorption —filtration process (CSF separation)

Step 1: chemical reaction with colloidal substances, e.g. CMC — sorption

M*= " CMC =" CMC-M%*

Step 2: surface flocculation inside active pulp

¥

CMC —M*™ |— Adive pulp Active pulp — CMC — M~

Step 3: separation of contaminated pulp by fitration with fiter sheet FS (CSF) or activated filter sheet
AFS

Step 4: deposition bio-active filter plate with M=

Scheme 2: Colloidal-sorption —filtration process (CSF separation)
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Experimental
Materials

As native cellulose was used commercial cotton linter. Oxycelluloses OKCEL H-L were prepared by
nitroxide-mediated oxidation of linters and bleached MgBi-sulphite wood pulp in Synthesia, Pardubice-
Semtin, Czech Republic.’

Okcel H-L 284/051/3

DP =35.8

XGA, g/g =0.45

PDP =0.81

XCOOH; % = 17,8

XDS, % = 70,8

XGA.pAGA,(mmO| GA-PAGA/g Oxycel.) =0.65

Carboxymethyl cellulose (CMC) from Fisher Scientific:

DS =0.7

Mcmc = 250000
MACMG =242
M/_\G =162
Mcoona = 67

Non-active pulp

Sulphite pulp (air-dry) was defibrillated in laboratory pulper for 10 minutes, so that 3% suspensions
could be obtained. The pulp (30 g of a.d. pulp) was added into the pulper vessel with 1 litre of distilled
water and was left to swell for 2 minutes. Then the pulper was worked at 600 revolutions per minute.

Parameters of the pulper are: vessel volume 3L, vessel height 0.19 m, and internal diameter of the
vessel 0.155 m. The mixer made from stainless steel has the diameter 9 cm with three rectangular
blades situated vertically in the axis of the vessel. The vessel has 4 spiralled protrusions on its walls.

Active pulp

A sulphite pulp was activated in 3% fibrous suspension by addition of the polymer cationic agent
Refaktan K (Trade mark Chemotex, Decin, CR, prepared by the reaction between dimethylamine and
epichlorhydrine), which was at first activated by dissolving NaOH in Refaktan K at a weight ratio of
Refaktan K: NaOH of 1:0.05. The cationization process was conducted as follows: temperature 40 — 60 °C,
reaction time 30 minutes, pH 7 — 8, 10 % addition of activated Refaktan K calculated upon a.d. pulp®.

Filter plates

For experiments, two types of filter plates were selected: filter plates SD 100N and S 80R. The both
filter plates were made of special types of high-quality cellulose fibres, diatomaceous earth and perlite.
However, the filter plate S 80R contained cellulose activated by cationic substance composed of
quaternary oligomer epoxy-propyl-trimethylamonium chloride [9]. These ones represent three-
dimensional in-depth filters with large inner surface. The filter plates were delivered by Hobra Skolnik
s.r.o, Broumov, CR. Filter plate S 80R represents a filter sheets made of cationic-activated cellulose [8].
The main characteristics are shown in the following table 2°.
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Table 1: The of used filter plates™

Filter plates Type of activation  Flow Porosity Basic weight  Retentiveness
capacity um gm? um
m*m?ht

S 80R active 50-90 7.0 1000-1200 8

SD 100N non-active 90-120 9.0 900-1200 11

Hydro-colloidal mixtures of cellulose carboxyl derivatives

Suspensions of oxycelluloses were prepared by weighing 1.6 g in 100 ml of distilled water. Colloidal
solutions of carboxyl methylcellulose were prepared by weighing 5 g into 500 ml of distilled water.

Calculation specific amount of flow-through filtrate SFA

SFA expresses the amount of filtrate which has flowed through a surface unit or a mass unit
of the filter plate.

Experiment

Spectrophotometric determination of Cd?" ions

A concentration of Cd* in the filtrate determined spectrophotometrically with the help of dithizone
extract (0,005% solution of dithizone in chloroform) of alkalized filtrate (by use of 10% solution of NaOH
with the ratio 1:1) at A = 515 nm*'. The same measurements were conducted at this wavelength against
with the reference solution (solution with chemicals without Cd?*). The procedure was the same as
describe above. The basic cadmium solution was prepared by dissolution of 0.1 g in CdCl, and refilling
with distilled water up to the 1 L volume. 1ml of the solution thus contained 61.32 yg Cd*?. The amount
of ions in the filtrate was then determined by use of spectrophotometry and standard addition method of
quantitative analysis approach™.

Colloid — sorption filtration (CS separation)

Constant specific flow-through filtrate amount; SFA = constant (88.42 L of model water per m? FS), cy
is changed. 4 g oxycellulose and 5 g carboxymethylcellulose were added into seven 250 ml beakers,
250 ml of CdCl, solution were added in concentrations (cy = 1; 0.6; 0.5; 0.4; 0.3; 0.2; 0.1 g of CdCI,/L).
The mixture was mixed and left to rest for 30 minutes — during which adsorption has taken place;
a filtration was followed by use of Blichner funnel with filter from inactivated pulp SD 100 N and activated
pulp S 80R.

Colloidal—=sorption — filtration process (CSF separation)

The filters SD 100N from inactivated pulp and the S 80R prepared from activated pulp were used for
experimentation.

1.6 g oxycellulose and 24 ml of 1% carboxymethyl cellulose solution were added into six 250 ml
beakers. Then 100 ml of CdCl, solution was added with concentrations 1, 0.7, 0.6, 0.5, 0.4 and 0.3 g
CdCI,/L. The mixture was mixed with a glass stick, left to rest for 30 minutes during which a sorption took
place.

Then a measuring flask was used to add 32,4 ml of active pulp to each beaker, mixed well, left to
rest for 15 minutes — surface flocculation was occurred followed by filtration on Blchner funnel with use
of the filters from inactivated pulp SD 100 N and activated pulp S 80R.
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Result and Discussion

Triplicate samples of every experiment were assayed. The every experiment was repeated at least
3x. Data presented in Figures 1 — 4 are mean values of these experiments.

Colloid — sorption filtration (CS separation)

This is already a more complicated process, as both the sequestration reactions between cations
of cadmium and strongly hydrated suspended solids (SS) and the colloid processes between
hydrocolloids themselves (SS with Cd** and micro-surfaces of pores inside of filtration plate of various
characters) are conducted here under dynamic conditions. The prevailing character of the filtration plates
IS observable here. Higher separation effects are achieved with CS separations by use of activated
filtration plates, i.e. S 80 R of the cation-active character. The highest separation effects were achieved
with low concentrations of cadmium, i.e. with relatively high doses of SS/M, in the system consisting of
OC and filtration plate S 80 R.

100
100 A
) N A
WAQ o A 80 DM M A
801 _opXa A oo A0 O
el?e XA
801 X 801 ¥ X
o 40 ; 40 1
? 2] o 20
D T T T D T T T
0.0 05 10 15 20 0 500 1000 1500 2000
SLA, mimoly/gys SLA, mmoly/m2¢
50C Active SB0R 00C Non active SD 100 N ©0C Active S80R o0C Non active SD 100 N
ACMC Active S80R % CMC Non active SD 100 N ACMC Active S80R XCMC Non active SD 100 N
Figure 1: Dependence of SE versus SLA, Figure 2: Dependence of SE versus SLA,
Mmolu/ges mmolu/m?es

As it is obvious from the Figure 1-2 the dependencies of the separation effect vs. dose of
sequestration agents related to the amount of cadmiums passes through their maximums. In case of
CMC, however, the maximum separation effect is achieved with higher initial concentrations of cadmium.
The decreasing sequestrate amount with regard to cadmium (dose SS/M*) logically leads to a decrease
in its separation effect. On the other hand, this effect decreases even with higher doses of sequestration
agents with regard to the content of cadmium in the model water. This process is most distinctive during
filtration of such hydrocolloids through the filtration plate S 80 R which contains pores with cation-active
micro-interfaces. This means that a dose of sequestrate which is higher than the optimum is counter-
productive.

This behaviour shows that the capturing mechanism is somewhat more complex than the
classical theory of colloid stability predicts — with an increasing dose of SS, or anion-active COOH
groups with regard to cadmium, the separation effect of cation-active filtration plate S 80 R should be
logically increased, and on the contrary, in case of anion-active FS SD 100 N the effect should be
decrease. However, quite the opposite is true. After exceeding a certain optimum (in case of OC it is
3.7 mmol COOH/ mmol Cd and in case of CMC, which is fully soluble, 1 mmol COOH/ mmol Cd) then
this leads to a smaller capturing capacity of the sequestrate with Cd on the nano-interfaces of pore-walls
of FS and thereby to a decrease of the separation effect of the entire CS process. This one occurs in
case of FS S 80 R with an increasing dose of SS.
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What could provoke this worsening? Two colloid processes take place here:

» Drawing hydrocolloid particles into the micro-space of active centres of a cation-active character
leads to their higher concentration.
» Flocculation of hydrocolloid particles in the micro-space around active centres.

In case of activated filtration plate S 80 R with an increasing dose of SS with regard to Cd, anion-
active hydrocolloid particles SS with Cd are drawn by the increasingly greater electrostatic forces into the
micro-space of the adjacent part of the electric double layer around cation-active nanointerfaces of the
pore walls characterised by their positive Zeta potential. This leads to a higher concentration of these
hydrocolloid particles in the micro-space around these centres. If suitable conditions are fulfilled, the
emerging micro-colloid systems flocculate. Such suitable conditions include achieving the isoelectric
point of these hydrocolloids. Originally anion-active hydrocolloid particles SS/Cd change their Zeta
potential to the positive values with increase of the content of cadmium (with the reduction of the dose of
SS/Cd). After achieving the isoelectric point a flocculation takes place in the maximum extent, which
leads to a maximum separation effect.

Colloidal-sorption —filtration process (CSF separation)

Like in the case of a mere SF separation, the separation effect does not very change with an
increasing of the filtrate specific amount (see Figure 3 — 4). Separation effect (SE) curves of CSF
separation vs. SFA pass through a slight minimum with an increasing tendency at higher filtrate specific
amount. Significantly higher separation effects are achieved with the application of the filter S 80 R
consisting of the activated pulp. An increase in separation with higher SFA is probably caused
mechanically by gradual clogging of pores of the filter bed. This increase is quite higher in case of
activated FS S 80 R which supports capturing of hydrocolloid particles SS with Cd in the nano-space
around active quarterly oligomer 2-hydroxy-propyl-dimethylamonium groups and controls their surface
agglomeration.
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Figure 3: Dependence of SE versus SLA, | Figure 4. Dependence of SE versus SLA,
mMmolu/ges mmolyu/m?es

The following separation systems are the most effective from the practical perspective:

- the most suitable system in case of a high concentration of metal (e.g. cadmium > 100 mg Cd/L) is
the separation system CSF consisting of hydrocolloid OC or CMC (degree of substitution > 0,7) as
a sequestrate, activated pulp as the capturing agent and the activated filtration plate S 80 R with a low
dose of the sequestrate in relation to M?*, i.e. less than about 2 mmol COOH/mmol M?*.

- in case of a low concentration of metal (e.g. in case of cadmium < 100 mg Cd/l) then it is the
separation system CS consisting of hydrocolloid OC as a sequestrate and activated filtration plate S 80 R
with, on the contrary, a relatively high dose of the sequestrate in relation to the metal, i.e. about 4 mmol
COOH/mmol M*".
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It seems that for separation of cadmium from its concentrated solutions, the optimum separation
system consists of two levels. The first level is CSF consisting of hydrocolloid OC or CMC as
a sequestrate and its dose is less than 2 mmol COOH/mmol Cd, moreover, activated pulp (80 % wi/w
from the total amount of dietary fibre and sequestrate) as the capturing agent and activated filtration
plate S 80 R. The contaminated water with a low concentration of cadmium is then cleaned at the
second CS separation level consisting of hydrocolloid OC as the sequestrate and activated filtration plate
S 80 R with a relatively high dose of the sequestrate in relation to cadmium, i.e. about 3.7 mmol
COOH/mmol Cd.

The key and joint role in all the mentioned separation processes is always reactivity, affinity of the
given separated substance, heavy metal etc. to the main separating component in the separation
process (sequestrate), i.e. the sorption abilities of this component. This separating component
(sequestrate) may be in a colloid or rough dispersed particle or fibrous form and it is added into the
polluted water in the form of a fibrous suspension, colloid mixture or solution. It may be a part of the
filtration bed.

The separation effect which does not change much with the increasing specific amount of the filtrate
is a typical characteristic of surface flocculation for managing supramolecular-chemical reactions and
processes (see Figure 4).

Conclusion

It follows from the obtained knowledge that the practical option of an optimum cleaning process with
the use of oxycelluloses, carboxymethyl celluloses, or other carboxyl derivatives of polysaccharides
depend on particular conditions, composition of water, pH, temperature including efficiency and economy
of such cleaning. Nevertheless, if we want to choose the most efficient separation process, it is suitable
to choose a combination of a filtration and sedimentation procedure, or draining and sedimentation
procedure. It was apparent from all evaluated charts that the separation of M?* from the model mixture
can be efficiently performed by means of sequestrates and the pulp. The efficient component in the
suspension (pulp + sequestrate) is the sequestration agent. If a separation agent included only the pulp,
the separation was quite small.

The recommended procedure of separation of metal cations from water.

In general, however, we can say that it is profitable to clean waste waters with a high content of
cadmium and similar heavy metals by means of a two-level filtration process. First, it is suitable to filter
contaminated water with the use of common filters of anion-active nature containing oxycellulose with
a low level of oxidation (up to 9% COOH groups) and subsequently to complete cleaning process
through filters of a cation-active character (R type filtration plates) containing up to 30 % oxycellulose
with a higher level of oxidation, which can bear a higher specific load.

Symbols
AFS activated filter sheet
Cm original concentration of Cd**, g L™
a.d. air-dry pulp
Crovn equilibrium concentration of Cd**, g L™
Cwm primary concentration of Cd**, g L™
CMC carboxymethyl cellulose
CS colloid — sorption filtration
CSF colloidal-sorption — filtration process, g L™
DP degree of polymerization
DS degree of substitution PAGA
FS filter sheet or filter plate
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GA glucuronic acid

M Cd*

ocC oxycellulose

PAGA poly(1,4-D-anhydroglucuronic acid)

SE separation efficiency, %

SFA specific amount of filtrate, L m2es; L Ors
SLA specific loading of filter plate, mmoly m?ts; mmoly ges™
SS suspended solids

XGA capacity of glucuronic acid , g g™

XCOOH capacity of carboxyl acid, %

XGA-PAGA capacity of destabilizing komponent, mmol g™
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Souhrn

Mechanismy CS (koloidni separace) a CSF (koloidné-sorpcni filtrace) jsou dynamické procesy, kde
se v zavislosti na intenzité média proudiciho v porech filtru ucastni také smykové sily pfi zachycovani
hydrokoloidnich ¢astic. Adsorpéni kapacita karboxylovych derivati celulozy se zvySuje se zvysujicim se
obsahem skupiny COOH a je zietelné zvySena pfitomnosti jinych konkurencCnich iontli ve vodném

roztoku.

Klicova slova: koloidné-sorpcni filtrace, oxyceluldza, karboxy-methyl celuloza

Patronem tohoto Cisla je Institut environmentalnich technologii Vysoké Skoly bariské-Technické univerzity Ostava

WASTE FORUM 2018, islo 3, strana 290


mailto:michaela.filipi@upce.cz

Zuzana RYBKOVA, Katefina MALACHOVA: Biodegradation of the synthetic Remazol Brilliant Blue R dye in fungal
rotating biological contactor

Biodegradation of the synthetic Remazol Brilliant Blue R
(RBBR) dye in fungal rotating biological contactor
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Institute of Environmental Technologies, University of Ostrava, Ostrava 710 00,
Czech Republic, e-mail: zuzana.rybkova@osu.cz, katerina.malachova@osu.cz

Abstract

Rotating biological contactor (RBC) was used for the degradation of recalcitrant textile RBBR dye by
ligninolytic fungi Pleurotus ostreatus, Irpex lacteus and Trametes suaveolens F1. All three strains
degraded the dye efficiently and could be used repeatedly in consequent degradation cycles. P.
ostreatus decreased the growth medium pH in 1% degradation cycle. By adjusting the pH value with
dimethyl succinate a more rapid and effective degradation was attained in 2™ degradation cycle. The
best degradation efficiency of 100 % in 1% cycle was achieved by I. lacteus. In the two following cycles,
however, the degradation process slowed down but the efficiency still was kept at 98 %. Four
degradation cycles were accomplished with the fungus T. suaveolens F1. The highest degradation
efficiency of 89 % was obtained in 2™ cycle after 12 days. A significant decrease of efficiency occurred in
4™ cycle to reach only 49 %. The degradation was monitored by measuring the levels of the extracellular,
MnP, Lac and LiP enzymes. The fungal RBC reactor is considered to be promising for remediation of
wastewater contaminated with persistent textile dyes.

Keywords: Rotating biological contactor, Remazol Brilliant Blue R, Pleurotus ostreatus, Irpex lacteus,
Trametes suaveolens F1

Introduction

The pollution of water bodies by different human activities have caused several environmental, social,
economic and health problems. Synthetic dyes represent a large group of chemically different compounds
whose total world production is about 800 000 ton/year'. The main source of water contamination by
synthetic dyes is the textile industry. The elimination of synthetic dyes discharged from the textile industry
is often based on physical and chemical processes that are costly and not very effective?®. The textile
effluents are remediated in wastewater treatment plants but the efficiency is quite poor with some types of
dyes™®. Conventional biological methods using activated sludge and aerated lagoons can reduce the COD
load but these processes often are not able to remove the coloration®. The formation of toxic, mutagenic
and carcinogenic residues of degradation of synthetic dyes can also be a serious problem®’. By contrast,
the biological methods employing white-rot fungi can significantly reduce both the color and toxicity of the
contaminants™®°*°, Ligninolytic fungi have been proven to possess a significant potential for remediation of
various industrial effluents including those from the textile industry®®.

RBBR is an anthraquinone dye used in the textile industry. It represents a class of toxic and highly
resistant organopollutants. RBBR can also be used in the screening of ligninolytic activity of fungi***
and was therefore chosen as a model dye for experiments in RBC.

The RBC reactor represents a prospective means for the secondary treatment of both municipal and
industrial wastewaters. Although the employment of RBC includes relatively high initial capital costs, it
has low costs of operation and maintenance and a relative long viability. The use of biofilm RBC reactors
for wastewater treatment represents a promising technology*2.

In this study, the performance of a fungal RBC (continual mode) for the treatment of a RBBR pollution
was evaluated. A comparison of the biodegradation potential of three strains of ligninolytic fungi
Pleurotus ostreatus, Irpex lacteus and Trametes suaveolens F1 was carried out in RBC conditions. The
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ability of the individual strains to form biofilms on disks from different materials under specific conditions
of cultivation was investigated. Another important aim was to assess the ability of fungal biofilms to be
used for degradation in multiple consecutive cycles.

Materials and methods
Chemicals

Remazol Brilliant Blue R (RBBR) (C.l. 61200; dye content 50%) was purchased from Sigma-Aldrich
(USA). The chemical structure is shown in Figure 1. Malt extract and agar were purchased from Oxoid, UK.

@) NH,
SO3Na
SO,CH,CH,0SO,Na
O N
H

Figure 1. Chemical structure of Remazol Brilliant Blue R dye used in the study

Microorganisms

Irpex lacteus 931 and Pleurotus ostreatus 106 were provided by the Culture Collection of
Basidiomycetes, Institute of Microbiology ASCR, Prague. Trametes suaveolens F1 was isolated at
University of Ostrava (collection no. F1, GenBank accession FJ515315 based on 18S sequence,
KF573015 based on ITS sequence) and maintained on malt extract-glucose (MEG) medium containing
2 % (w/w) agar at 4 °C.

RBC reactor

The RBC reactor consisted of a polymethyl methacrylate (PMMA) vessel and a horizontal driving axis
with six 1-cm-thick polyurethane foam (PUR PP145 size of pores PPI20) disks (diameter 8 cm, rotation
speed 2 rpm, 40 % of the disk volume permanently immersed) (Figure 2). The experiments were carried
out aseptically in MEG medium (per litre: 5 g malt extract, 10 g glucose, pH 4.5) at 22 °C under a forced
aeration with air (50 | h™"). Sterile foam disks were put horizontally in a volume of 1.8 | MEG medium and
inoculated with a homogenate (Ultra-Turrax T25 mixer, IKA Werk, Germany, 20 s) of a 7-d-old, static
fungal MEG culture grown at 28°C (10 % v/v inoculum). The disks were colonized by the fungus (7 d,
28 °C). The MEG medium was removed after 7 days and the colonized disks were mounted aseptically
in the reactor containing a volume of 1.8 | of MEG medium with RBBR (concentration, 150 or 100 mg I'%).
The total operation volume of the medium containing the dye was 3.8 |. The decolorization was
measured spectrophotometrically at 592 nm. The degradation process was stopped when the value of
extinction did not have changed during last three days. The fungal biomass covering the disks was
estimated gravimetrically at the end of the experiment as dry biomass.

Patronem tohoto Cisla je Institut environmentalnich technologii Vysoké Skoly bariské-Technické univerzity Ostava
WASTE FORUM 2018, &islo 3, strana 292



Zuzana RYBKOVA, Katefina MALACHOVA: Biodegradation of the synthetic Remazol Brilliant Blue R dye in fungal
rotating biological contactor

E

T
[ &
F

Figure 2: A scheme of the laboratory RBC: A — a bottle with polluted wastewater, B — a peristaltic
pump removing the reactor content, C — an air-intake and sampling point, D — disks mounted on
the rotating axis, E —a motor driving the axis, F — a peristaltic pump dosing the dye-containing
growth medium into the reactor, G — a dye-containing medium reservoir

Enzyme assays and isolation

The activities of ligninolytic enzymes were determined spectrophotometrically (Epoch microplate
spectrophotometer, Biotek, Vermont, USA) using standard methods: laccase (Lac) by oxidation of
2,2 -azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)*®, manganese peroxidase (MnP) by reaction with
3-(dimethylamino) benzoic acid / 3-methyl-2 benzothiazolinone-hydrazone hydrochloride® and lignin
peroxidase (LiP) by oxidation of veratryl alcohol.

Results and discussion

Decolorization of RBBR dye in the RBC reactor was evaluated in three independent experiments
using three different fungal strains, P. ostreatus, I. lacteus and T. suaveolens F1. Figure 3 shows the
decolorization potential of the strain P. ostreatus. The course of decolorization of RBBR used at
a concentration of 150 ppm was studied in two different regimes, i.e. in the presence and absence of
dimethyl succinate (DMS), and in two consecutive cycles. DMS was used as a buffer to stabilize pH of
the medium. In the situation measured in the absence of DMS, the decolorization measured after
24 days attained the value of 93.4 % and the pH dropped from a value of 5.3 to 4.0 during
decolorization. When buffered by DMS (1.43 g I'*) the decolorization was faster and reached a value of
97.3 %. A decrease of pH was not observed in 2" cycle. The importance of monitoring pH during
decolorization was demonstrated to ensure the maximal effectivity of the process. The change of pH that
can negatively influence the decolorization process is probably caused by formation of metabolic
products™**°.
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Figure 3: Decolorization efficiency of P. ostreatus measured with RBBR in 1% cycle (without
DMS) and in 2" cycle (with DMS)

Further experiments included the decolorization of RBBR (150 ppm) using the strain |. lacteus and
were carried out in three consecutive cycles (Figure 4). In 1% cycle, a 100% decolorization was achieved
within 24 h. The 2™ and 3" cycles were slightly slower, with the respective decolorization values of 99.8
and 98.8 % reached after 6 and 14 days. No DMS was added in the medium because the pH value did
not change during degradation in contrast to the degradation by P. ostreatus.

. lacteus showed higher decolorization rates, 6.25 and 0.44 mg RBBR h™ I'* in 1% and 3™ cycle,
respectively, compared to P. ostreatus where the maximal decolorization rate of 0.25 mg RBBR h™ I

was attained in 2™ cycle in the presence of DMS. This finding is in agreement with the data published by
other authors®®.
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Figure 4: Decolorization of RBBR by I. lacteus carried out in three consecutive cycles
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A higher efficiency of decolorization of RBBR by I. lacteus can result from different decolorization
abilities of the two fungal strains compared but also from different conditions of decolorization. In the
experiment carried out with I. lacteus the polyurethane disks made of PUR (T-2536), that were used in
the case of P. ostreatus, were substituted with disks made of polyurethane PUR (PP145). The latter
material is more porous and enabled us to achieve a higher biomass growth yield per the disk surface.
The values of gravimetric determination of dry biomass are not shown. The findings obtained increase
the knowledge of biodegradation potential of the two fungal strains employed and their applicability for
bioremediation in the RBC reactor"’.

The third fungal strain tested in this study was the isolate T. suaveolens F1 obtained in the frame of
the BIOCLEAN project'®. The experiments comprised four consecutive decolorization cycles in which
RBBR dye was used at a concentration of 100 ppm. A good decolorization efficiency of 85 and 89 %
after 12 days was proven in 1% and 2™ cycle, respectively. All four decolorization cycles (without pH
adjustment) are documented in Figure 5. In 3" cycle, 88 % of the dye was removed within 5 days, which
represented a decolorization rate of 1.32 mg dye h™ I'*. In 4™ cycle the fungus exhibited a lower
decolorization activity of 59 % attained within 8 days.

The metabolic activity of the fungus was followed during all four cycles by measuring the activities of
extracellular enzymes MnP, Lac and LiP (Figure 6, A,B,C). During the 12-d decolorization of RBBR, in
the first three decolorization cycles, two enzymes were active, namely Lac and LiP. While Lac was not
active in the subsequent 4™ cycle, LiP activity became nondetectable from the 6™ day of this cycle, which
corresponded to a significant decrease of RBBR decolorization in 4™ cycle (Figure 5). MnP was active
during 1% and 2" cycle but its activity was gradually decreasing. This enzyme was not active in 3™ and
4™ cycle. We can thus conclude that, probably, LiP and Lac were involved in the decolorization of RBBR
by T. suaveolens F1. However, the experiment did not allow to determine the contribution of the two
enzymes to the decolorization. The degradation potential of this fungus was also studied under the
conditions of static cultivation in liquid and solid media®®. Here, T. suaveolens F1 was capable of efficient
decolorization of the anthraquinone dye Disperse Blue 3 (DB3), azo dye Reactive Black 5 (RB5), and
triphenyl methane dye Bromophenol Blue (BPB). In the conditions of RBC reactor, a high decolorization
capacity for RBBR was found compared to a weaker decolorization capacity in static, liquid-medium
cultures where, in contrast, a high decolorization capacity was observed with DB3, RB5, and BPB dyes.
We can hypothesize that continuous conditions in the RBC reactor, together with a sufficient aeration,
positively influenced the vitality of the fungus, its growth yield and metabolic activity, which may support
its ability to decolorize dyes.
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Figure 5. Decolorization of RBBR by Trametes suaveolens F1 in four consecutive cycles
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Figure 6: Activities of manganese peroxidase (MnP) (A), laccase (Lac) (B) and lignin peroxidase
(LiP) (C) in T. suaveolens F1 in the course of four consecutive RBBR decolorization cycles
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Conclusion

White-rot fungi P. ostreatus, |. lacteus and T. suaveolens F1 were able to efficiently degrade the
anthraquinone dye RBBR when used in the RBC reactor. The effectivity of dye degradation by
P. ostreatus was partially inhibited by pH changes of the growth medium. The degradation process could
be stabilized by using DMS to buffer the pH changes. RBC reactor was suitable for long-term
applications of the immobilized fungi in consecutive decolorization cycles. I. lacteus decolorized RBBR
with high decolorization rates in all three consecutive cycles. The efficiency of decolorization by
T. suaveolens F1 was higher in the RBC reactor compared to the static cultivation. In the first three
cycles the efficiency of decolorization was high whereas in 4™ cycle the extracellular enzymes Lac and
LiP were losing their activities and the value of decolorization decreased. MnP was probably not involved
in the decolorization of RBBR by this fungus.

The findings demonstrated that various strains of white-rot fungi can be used for bioremediation in the
RBC reactor, however, their rate and efficiency of decolorization depended on the strain used. The
decolorization process was shown to function over a long-term period, for instance in the form of
repeated consecutive cycles, and at a low cost. The RBC reactor based on fungal biofilms was shown to
be an efficient device for bioremediation of wastewater effluents contaminated with recalcitrant textile
dyes.
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Biodegradace syntetického barviva Remazol Brilliant Blue R v rotac¢nim
biologickém kontaktoru vyuzivajicim ligninolytické houby
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Souhrn

Rotacni biologicky kontaktor je zafizeni umoZzriujici degradaci rekalcitrantnich slouéenin v delSim
Casovém useku za opakovaného pouZiti diskt porostlych mikrobnim biofilmem. Jeho moznosti vyuZiti
pro biodegradaci organopolutantt byly sledovany pfi pouZiti syntetického textilniho barviva Remazol
Brilliant Blue R (RBBR). K posouzeni degradacéni kapacity RBC byly pouZity tfi kmeny ligninolytickych
hub Pleurotus ostreatus, Irpex lacteus a Trametes suaveolens F1. VSechny tfi kmeny ucinné RBBR
degradovaly a byly pouZitelné pro opakovanou degradaci v navazujicich cyklech.

V experimentech s P. ostreatus byla testovana zména kultivaénich podminek po 1. cyklu. Upravou pH
dimethylsukcinatem bylo ve 2. cyklu dosaZeno rychlejS§iho nastupu degradace RBBR a zvy$eni
degradacni ucinnosti o 4 % na 97 % za 24 dni. Degradace RBBR houbou I. lacteus byla sledovana
celkem ve 3 cyklech. V 1. cyklu byla ac¢innost degradace 100 % jiz za 24 hodin. Dalsi dva cykly probéhly
oproti prvnimu cyklu pomaleji. Ve 2. cyklu bylo dosazeno 99,8% dekolorizace po 6 dnech a ve 3. cyklu
98,8% po 14 dnech. Ctyfi degradaéni cykly byly provedeny s houbou Trametes suaveolens F1. Nejvyssi
degradacni ucinnost byla zaznamenana ve 2. cyklu, 89 % po 12 dnech. V dalsSich dvou cyklech nastal
pokles, kdy ve 4. cyklu do$lo k poklesu degradace az na 49 % za 12 dni.

Prabéh degradace byl sledovan pomoci extracelularnich enzymd manganperoxidazy, lakazy
a ligninperoxidazy. Z hodnoceni enzymatické aktivity vyplynulo, Ze na dekolorizaci RBBR houbou
Trametes suaveolens F1 se pravdépodobné podili LiP a v menS$i mife také Lac. Experimenty ukazaly, Ze
v RBC reaktoru mohou byt pouZity rizné kmeny hub bilé hniloby, av8ak rychlost a efektivita dekolorizace
se lisi. Bylo potvrzeno, Ze RBC reaktor predstavuje perspektivni zafizeni vyuZitelné pro remediaci
odpadnich vod kontaminovanych obtizné rozlozitelnymi textilnimi barvivy, v némz dekolorizace muze
probihat v delsim ¢asovém intervalu s relativné nizkymi naklady.

Kliéova slova: Rotacni biologicky kontaktor, Remazol Brilliant Blue R, Pleurotus ostreatus, Irpex
lacteus, Trametes suaveolens F1
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Summary

The paper deals with adsorption of lead and selected surfactants onto sheep wool and material
obtained after sheep wool pyrolysis. Thermal analysis was performed for characterization of pyrolyzate
surface and sheep wool. Lead adsorption on sheep wool and pyrolyzate was monitored at selected pH
values ranging from 3 to 6. For the wool-lead adsorption system, the lead removal from solution ranged
between 4.9 and 97.5 % in dependence of pH and initial concentration. The pyrolyzate - lead adsorption
system showed a lead removal rate range of 5.5 — 94.8 %. In the case of lead ions adsorption a different
adsorption mechanism can be expected. The lead ions preferably react with the carboxyl group of sheep
wool keratin. The carbonaceous material, the pyrolyzate, is represented by the micropores, which are
the site of immobilization of Pb?* ions. Adsorption tests for surfactants were carried out without pH
adjustment. The wool removed the surfactant sodium dodecyl sulfate (SDS) from the solution in a range
of 23.6 — 51.7 %, for the cetyltrimethylammonium bromide surfactant (CTAB) the removal interval was
85.5 — 98.4 %. The CTAB surfactant was removed from the solution with a pyrolyzate at a range of
46.4 — 85.6 %. The differences in adsorption capacities are probably due to the mutual force effect
between the dissociated functional groups of the sheep wool carboxyl groups and the hydrophilic part of
the surfactants.

Keywords: sheep wool, pyrolysis, lead, adsorption, surfactants

Introduction

In recent years, efforts have been made to promote keratin waste from breeding. These include, for
example, wool of inferior quality unsuitable for the textile industry, feathers, horns, hooves, etc. Keratin
contained in these materials are among the most abundant, cheap and naturally renewable proteins.
Keratin waste is mainly deposited in landfills because it has not found other uses. It is not suitable as
a fuel in the incinerators because of the high sulphur content, and it is also an inefficient fuel. Keratin
obtained from these waste materials is used after chemical isolation for biochemical applications such as
films, fungi, fibers, degradable surfactants for fire fighting. For keratin powders, the potential of adsorbent
materials for heavy metals or various organic substances is assumed*?.

It is well known that lead is a heavy metal and therefore toxic to human populations, aquatic animals
and other forms of life. Lead is particularly problematic in wastewater from industrial dyes, car batteries,
or radiation shields. Basic methods for removing heavy metals from wastewater include adsorption, ion
exchange and electrochemical processes, or precipitation. In the adsorption of lead to activated carbon,
which is commonly used for adsorption purposes, several negatives have been identified. Lead cations
make strong interactions with activated carbon surface, resulting in poor regenereability of activated
carbon and its reuse for effective adsorption. Another unfavorable fact is that active carbon is relatively
expensive. These aspects lead to the search for new low-cost adsorbents for removal of heavy metals or
surfactants®.

Surfactants meet every person daily. Current waste water treatment plants are not adapted to an
increasing trend in the use of surfactants in households, and so surfactants are not sufficiently removed
from sewage and travel to natural waters. Here, for example, surfactants cause the destruction of
protective hydrophobic shells of feathers, skin, coat of aquatic animals, the foam forming on the surface
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worsens the illumination of waters, the phosphates contained in surfactants stimulate the growth of
cyanobacteria.

Sheep wool is very cheap and its production is more than big. It is the basic product of sheep
breeding. The main component of the wool fiber is the keratin protein, which belongs to the group of
fibrillar proteins in which the secondary structure prevails. Wool adsorption material can be prepared by
electrostatic precipitation from a keratin extract. Subsequent adsorption tests were performed under
dynamic conditions. The heavy metal solution was pumped through the membrane for 3 hours. The
membrane was tested for the adsorption of copper cations. The adsorption maximum of 11.03 mg/l was
reached at the initial concentration of 50 mg/l *.

In another work, the keratin colloid solution was prepared by mixing the wool with a solution
containing hydrochloric acid, thiourea, urea, and mercaptoethanol. Lead adsorption tests were
performed by mixing lead solution, keratin colloid solution and distilled water. Initial concentrations of
lead solution ranged from 0.3 — 2.0 mmol/l, with an adsorption peak of 43 mg/g being reached at
an initial concentration of 2.0 mmol/l. The maximum removal of lead from the solution as a percentage
was achieved at an initial concentration of 0.3 mmol/l and 87 % °.

Pyrolysis of keratin waste produces new material, which has interesting properties. Practical
properties include the presence of micropores in the surface structure of the material and a large surface
area of material ranging from 100 — 2000 m?g. These properties are important for the cleaning,
separation and storage of gases and liquids. That is why pyrolysis of keratin waste appears as a source
of new adsorbent material.

As a source of keratin waste, chicken feathers were selected in the next case. The feather fiber itself
was separated from the quill and further used for pyrolysis. The specific surface area, pore distribution
and micropores volume were determined by nitrogen adsorption tests for pyrolyzate. After evaluation,
a specific surface area of the micropores of pyrolyzate was determined at 436 m?g and the volume of
micropores was 0.178 cm®/g.°

The aim of the work was to prepare the adsorption material by raw sheep wool pyrolysis.
Subsequently, the sheep wool pyrolyzate should be tested for the adsorption of lead, surfactants and
compare with the sheep wool adsorption capability.

Experimental part
Chemicals and material

The following chemicals were used in the work: Pb(NO3), p.a. (Lach-Ner), Sodium dodecylsulfate /
SDS p.a. (Lach-Ner), Cetyltrimethylammonium bromide / CTAB 99% (Lach-Ner), HCI 36.5% (Mach
chemicals Ltd.), NaOH p.a. (Petr Svec Penta).

For all adsorption tests wool from domestic sheep intended for breeding and food purposes was used.
This is not a sheep with a wool quality corresponding to the textile industry. The pyrolyzate of this wool
was used as the second adsorbent. The sheep wool was adjusted for the adsorption by shredding and
the pyrolyzate was triturated with subsequent sieving. For the adsorption tests, a pyrolyzate fraction of
< 0.15 mm was used.

Equipment

The following devices were used during the experiments: Varian AA 240FS Atomic Absorption
Spectrometer with flame atomization, Orion Star A111 pH Meter, KERN ABJ analytical balance,
HPServis tube pyrolysis furnace, Setsys Evolution Setaram thermogravimetric analyzer, PCTPro E & E
Setaram sorption analyzer.
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Workflow
Sheep wool adjustment

First, raw sheep wool was washed in clean water to get rid of plant and animal impurities. The second
wash was carried out with usual detergent in hot water to remove the fatty matter (lanolin) on the wool.
The washed wool was air dried. The wool thus prepared was hand-cut several times to the smallest
particles. The final size of wool particles ranged between 1 and 3 mm.

Thermal analysis of sheep wool

Thermal analysis of raw sheep wool was performed on a Setsys Evolution thermogravimetric analyzer
by Setaram. The loading of the raw and washed sheep wool of approximately 20 mg was pyrolyzed
under next conditions: heating to 100 °C in a step of 10 °C/min, maintaining the temperature at 100 °C
for 30 minutes, heating to 600° C in a step of 10° C/min, maintaining the temperature 600° C for 2 hours.
This program was the same as in the preparation of sheep wool pyrolyzate.

Pyrolysis of sheep wool

The raw sheep's wool, free from impurities and fats as in the previous case, was deposited as much
as possible on a pyrolysis tray. The raw wool weight was about 7.50 g. The tray was placed in a tube of
the pyrolysis furnace and, after the tube was closed, nitrogen was bubbled through a volume flow of
200 ml/min. The pyrolysis program was set in steps: heating to 100 °C in 10 °C/min, keeping the
temperature 100 °C for 30 minutes, heating to 600° C in 10 °C/min, keeping the temperature 600 °C for
2 hours and finally cooling at room temperature. The gain of the pyrolyzate from one pyrolysis process
was then about 1.30 g. Subsequently, the pyrolyzate was ground in a mortar and sieved through a sieve
with a 0.15 mm mesh.

Figure 1: Wool prepared for pyrolysis (left), sheep wool pyrolyzate (right).

Determination of pore distribution

The sheep wool pyrolysis pore distribution was performed on a PCTPro E & E Sorbam sorption
analyzer by the carbon dioxide adsorption method at 30 °C. From the adsorption isotherms the following
data were calculated: the volume of the micropores wy from the Dubinin - Radushkevich equations, the
surface of the micropores S, according to Medek equation and the most recent radius of micropores rpc
according to Medek equation.®

Lead adsorption

A 100 mmol/l lead nitrate stock solution was prepared in a 1 liter volumetric flask. From this stock
solution, solutions were prepared at Pb?" concentrations of 50; 40; 20; 10; 5; 2.5; 1 and 0.5 mmol/l as
starting solutions for adsorption. One gram of the cut wool (or pyrolyzate) was weighed into the threaded
Erlenmeyer flasks and 100 ml of a solution of different concentrations were added. The adsorbent and
the adsorbate were in contact for 24 hours with occasional shaking at room temperature (22 °C). With
dilute solutions of HCI and NaOH (or sodium acetate), pH was adjusted. The suspension was then
filtered through a KAA4 filter. The concentrations of lead before and after adsorption were verified on an
atomic absorption spectrometer.
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Adsorption of surfactants

In this work one representative of anionic surfactants (SDS) and one representative of cationic
surfactants (CTAB) were selected. For the SDS, the concentration range of the starting solutions was
0.3; 0.6; 1,2; 2.5; 5; 10 mmol/l, the concentration range of the starting solutions for CTAB was 0.3; 0.6;
1,2; 2.5; 5 mmol/l. The adsorption process itself was identical to that of lead adsorption. After contact
time, the solutions were filtered through a KA4 filter into dark vials and taken to determine the
concentration of surfactants after sorption in the ALS Czech Republic laboratory. Cationic surfactants
were determined with bromophenol blue spectrophotometrically. Anionic surfactants were determined
according to Czech technical standard CSN EN 903 by methyl blue also spectrophotometrically.

Results and discussions

Thermal analysis

Upon heating up to 100 °C, water was released from the moisture contained in the wool. The greatest
water release occurred within 10 — 15 minutes of the start of heating. When heated to this temperature,

no further gas was generated.
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Figure 2: a) Heating up to 100 °C, blue curve shows weight loss in % at heating up to 100° C, red
and green curve water development signal for molecular weights 17 and 18. b) Heating at 600° C,
blue curve demonstrates weight loss in % by heating at 600° C, red, green and purple curves
signals the development of gases of molecular weight 34, 48, 64. c) Heating at 600 °C, blue curve
corresponds to weight loss in % when heated to 600 °C, red curve gas evolution signal with
a molecular weight of 44. d) Heating at 600 °C, blue curve links to weight loss in % at heating to
600 °C, red, green and purple curve signals developing the molecular mass of 16, 17, 18
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The most important gas evolution occurred when heated to 600 °C, specifically from the twenty
minutes of this thermal analysis process. Released gases during heating are characteristic of amino
acids formed by keratin (nitrogen and sulphur compounds). Especially sulphur compounds, which should
originate from the thioaminoacids of the polypeptide chains of keratin. Upon heating to 600 °C, the
largest weight loss of the sample also occurred. The isothermal thermal analysis (600 °C for 2 hours)
only led to the development of the above gases and low hydrogen evolution.

Pore distribution

The volume and surface of chicken feather pyrolysis micropores were determined by nitrogen
adsorption, but numerically the feather pyrolysis volume equals the volume of sheep wool pyrolysis
micropores. Sheep wool pyrolyzate has got a slightly larger surface of micropores, but it is possible that
pyrolysis of various keratin materials gives a product with similar surface properties. When comparing
the micropore volumes and the surface area of the micropores of sheep wool pyrolysis with activated
carbon, it is clear at first glance that the pyrolyzate does not reach those properties which make
activated carbon an excellent adsorbent. The negative properties associated with the use of activated
carbon have been mentioned above.The atomic radius of the lead cation is reported in the chemical
tables as 132 um (0.132 nm). It is suggested that lead cations can be captured by pyrolyzate in
micropores having the largest radius of 0.59 nm.

Table 1: Characterization of sheep wool pyrolyzate micropores and comparison with the
properties of micropores of chicken feathers and activated charcoal >’

Sample Wo Shi Fmi

P cm’/g m?/g nm
Wool pyrolyzate 0.178 541 0.59
Leather pyrolyzate > 0.178 436 -
Activated carbon ’ 0.510 1300 -

Lead adsorption

In adsorption experiments, the influence of pH on the sheep woole and pyrolyzate adsorption capacity
was monitored. With the increasing concentration of the lead ions in the solution, of course, the amount
of adsorbed on the surface of the sorbent has increased. We compared linear form of Langmuir and
Freundlich adsorption equations and parameter R* was closer to one in the case of Freundlich theory
(Table 2). The figure below shows the rate of removal of lead ions from the solution.

Table 2: Comparison of sheep wool adsorption and pyrolyzate at different pH

pH amaxWool amaxpyrolyzate RZ . R2 .
mmol/g mmol/g Langmuir Freundich
3.0 0.19 0.52 0.92 0.98
4.2 0.27 0.62 0.90 0.97
5.4 0.43 0.71 0.93 0.97
6.0 0.51 0.80 0.93 0.99
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Figure 3: Effect of pH and initial concentration on removal of lead ions from solution

It is clear from the figure that increasing in pH leads to enhancement of the lead ions removal. At
pH 3, the removal rate is relatively small for all starting concentrations. The carboxyl acids of the keratin
amino acids at this pH dissociate very little and thus do not produce enough binding sites for the lead
cations on the keratin molecule. Generally, increasing of pH and decreasing of initial concentration lead
to a greater percentage removal of lead from the solution. Interesting values can be seen at an initial
concentration of 0.5 mmol/l with almost 100 of lead is eliminated at pH 4.5; 5,4 and 6.

In one of the published works, a keratin colloid solution was used to remove the lead cations. The
lead adsorption system with keratin colloid solution was adjusted to pH 5 and the maximum lead removal
rate of 87.0 % of the keratin colloid solution was at an initial concentration of 0.3 mmol/l.?

The following table compares the results of adsorption of lead ions to sheep wool and pyrolyzate. The
value of the adsorbed amount was calculated from the difference between the initial concentration and
the lead ion concentration after adsorption. Always for an initial concentration of 40 mmol/l, the value is
per gram of adsorbent.

Higher wool pyrolyzate adsorption capacity was achieved at all monitored pH values. The lowest
value for the pyrolyzate is 0.52 mmol/g at pH 3.0, corresponding to the highest value obtained at sheep's
wool at pH 6.0. The potential use of the pyrolyzate is therefore wider with regard to the pH range of the
aqueous medium. The immobilization of lead ions is likely to have a different mechanism. In the case of
sheep wool, we assume interactions between dissociated functional groups and lead ions, in the case of
pyrolyzate, physical adsorption in the pores of this carbonaceous sorbent. In the previous work we have
been dealing with the adsorption of heavy metal ions on various, especially natural, carbonaceous
materials. For adsorption of lead ions, the highest adsorption capacity was measured on so-called
oxidation-altered coal and was 0.75 mmol/g at pH 5° which is comparable to that obtained on the
pyrolyzate. The sheep wool shows a lower adsorption capacity, however, it is necessary to consider the
fact that this natural material does not require any major modifications, unlike the wrought wool.
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Adsorption of surfactants

Figure 4 compares the removal of the anionic surfactant SDS and cationic surfactant CTAB with the
use of the wool and its pyrolyzate.
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Owool SDS
25%

0%
0,3 0,6 1.2 2,5 5

Initial concentration, mmol/I

Figure 4: Percentage of removal of surfactants CTAB and SDS by sheep wool and sheep wool
pyrolyzate

Dissociated functional groups on the sheep wool surface exhibit high affinity for the CTAB
cationic surfactant. For all initial CTAB concentrations, a high ratio of elimination of this substance has
been achieved. These values are comparable, for example, to adsorption on clay minerals and higher
than to natural coal. The pyrolyzate exhibits a lower adsorption capacity than a natural wool and the rate
of removal is comparable to other carbonaceous sorbents®. The pyrolyzate practically did not adsorb the
anionic surfactant at all, the final and initial SDS concentrations were equal. The cause is probably
a hydrophilic surface with negative zeta potential. Thus, the repulsive forces prevail between the
negatively charged surface of the adsorbent and the negatively charged hydrophilic part of the SDS
surfactant. A certain degree of SDS removal was reported by raw sheep wool. In this case, we can
deduce the interactions between the positive charge amine groups on the wool surface and the negative
SDS functional groups.

Conclusion

The aim of the work was to test new adsorbent materials for removal of selected heavy metal and
selected surfactants from the solution. The sheep wool was selected as the starting adsorbent material
from which sheep wool pyrolyzate was prepared by pyrolysis. The adsorption capacities of both test
materials are quite promising in the case of lead ions and a cationic surfactant. The obtained values are
comparable to adsorbents used or developed such as carbonaceous adsorbents, clay minerals, slag etc.
In the absence of a "classical" application of sheep wool, its practical use as an adsorption material
appears to be a more reasonable alternative to disposal in landfills.
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Adsorpce olovnatych iontl a tenzidl na ov€i viné a jejim pyrolyzatu
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Souhrn

Prace se zabyvéa adsorpci olova a vybranych tenzidd na ov¢i vinu a na pyrolyzat ov¢i viny. Byla
provedena charakterizace povrchu pyrolyzatu a termicka analyza ovéi viny. Adsorpce olova na ovEi vinu
a pyrolyzat byla sledovana pri vybranych hodnotach pH v rozmezi 3 — 6. Pro adsorpc¢ni systém vina —
olovo dochazelo v zavislosti na pH a pocatecni koncentraci roztoku k odstranéni olova v intervalu 4,9 —
97,5 %. Adsorpéni systém pyrolyzat — olovo vykazoval interval miry odstranéni olova 5,5 — 94,8 %.

V pfipadé adsorpce olovnatych iontl Ize pfedpokladat rozdilny mechanismus adsorpce. Olovnaté
ionty prednostné reaguji s karboxylovou skupinou keratinu ovCi viny. Uhlikaty material, pyrolyzat
vykazuje zastoupeni mikroport, které jsou mistem imobilizace Pb*" ionti. Adsorpéni testy pro tenzidy
probihaly bez upravy pH. Vina odstranila tenzid dodecylsulfat sodny (SDS) z roztoku v intervalu 23,6 —
51,7 %, pro tenzid cetyltrimethylamonium bromid (CTAB) byl interval odstranéni 85,5 — 98,4 %. Tenzid
CTAB byl pyrolyzatem odstranén z roztoku v intervalu 46,4 — 85,6 %. Rozdily v adsorpcnich kapacitach
jsou pravdépodobné zpdsobeny vzajemnym silovym pusobenim mezi disociovanymi funkénimi
skupinami karboxylovych skupin ov¢i viny a hydrofilni ¢asti tenzidd.

Kli¢ova slova: ov¢i vina, pyrolyza, olovo, adsorpce, tenzidy.
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Abstract

The aim of the study was laboratory testing effect of selected sorptive materials usually used by Fire
and Rescue Services at accidents with oil leakage settlement. After clean up are environment
components visually clean (especially surface water), but important is to know, if these matrixes are safe
from the toxicologically and ecotoxicologically point of view. Model samples of soil and surface water
were prepared, contaminated and cleaned with various sorbents. The petroleum pollution was
determined by non-polar extractable substances (NES), which were determined in the samples before
and after cleaning. Two petroleum products (diesel fuel and engine oil WD 40) and three sorbents
(natural fibrous — CANSORB, mineral hydrophilic — EXPERLIT and mineral hydrophobic — VAPEX) were
tested. The effectivity of removing of petroleum compounds from soil samples was more than 99 %, but
amount of NES in all samples of soil was higher than legislative limit. The same result can be seen in the
surface water testing. In all samples was determined higher amount of NES than the legislative limit. We
can say that cleaning from oil pollution after an accident using tested sorbents is quite good, but further
remediation is necessary to avoid undesirable impact of oil substances on environment.

Key words: oil pollution, soil, surface water, sorbents, non-polar extractable substances (NES)

Introduction

The life in industrial developed society is coupled with many unwilling processes, which include
accidents with hazardous substances leaks, especially oil and oil products leaks. These accidents occur
most often in technological processes, in the transport of petroleum substances, as well as in traffic
accidents, as well as in the handling of petroleum substances. Worldwide problem is contamination of
the oceans with the crude oil, but it would be escapade to omit inland countries, that are also threatened
by oil pollution. Despite all preventive action taken by the industry it is impossible to remain oil pollution.
Approximately 61 % of petroleum pollution is natural and more than 38 % has anthropogenic cause™?*.

Accidents and leakage of petroleum substances cause environment deterioration and ecosystem
instability in the affected area. To re-establish the ecological stability of the site, technically and
financially demanding remediation procedures are used. A wide range of methods is available to clean
up the oil pollution. Soil and water are the most affected components of the ecosystem. At present,
biological, physicochemical and natural processes are used to remediate soil and water contamination
(spontaneous remediation processes) **°°.

By the average settlement is the first step to stop the leak and restrict the oil products spread. After
that follow decontamination procedures to reduce the negative impacts of oil substances on
environmental compartments and minimize pollution to an acceptable level. To reduce the spread of oil
substances are used various sorptive materials — sorbents. Sorbents are special substances and
materials that are capable to bind many liquid contaminants®"?,
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Various sorbent materials have been used to remove oil substances from the water, water surface
and soil. Sorbents may be natural and synthetic origin. Many natural organic sorbents such as straw,
cotton, wood fiber, wool, peat can be used despite its poor adsorption capacity®>®®'>**. Natural mineral
sorptive materials are on the basis zeolites or natural clays, these are of hydrophilic nature and for clean-
up of water can be its surface modified to adsorb oil substances®!"*2. Synthetic sorbents are based
mostly on polypropylene and polyurethane and can be also used to clean up other liquids®®*3. They can
be used in pure form or can be modified, in recent years often with various nanomaterials>®**°.

The main qualities important for sorbent selection are sorption capacity, high surface area, porous
structure, swelling (penetration into network structure), low degree of cross linking®. For the crisis
situation such as car accidents or industrial accidents solution by forces of Fire and Rescue Services is
very important form of sorbent (powder, granules, flakes or compact form such as various dry-goods),
ability to its using on solid surface, its volume (how much place it occupy in the fire engines), good
manipulation, reaction time®"*®.

The aim of the study was laboratory testing effect of selected sorptive materials usually used by Fire
and Rescue Services at accidents with oil leakage settlement. We tested on model samples of surface
water and soil, if these environmental components are after oil pollution disposal by sorbents “clean”
from legislative point of view'”'®. The petroleum pollution was representing by non-polar extractable
substances (NES), which were determined in the samples before and after cleaning. Two petroleum
products and three sorbents were tested.

Experimental Part

There was the accidental leak of oil products into surface water and soil simulated in laboratory
conditions (constant temperature and constant humidity). The used contaminants were: diesel fuel and
engine oil.

The oil products contamination was with sorbents CANSORB, EXPERLIT and VAPEX cleared. These
sorbents are usually used by forces of Fire and Rescue Services. The used sorptive materials were taken
from the fire station Zlaté Moravce. Sorbents after samples cleaning were rejected to fire station and
processed together with its waste material. Some properties of used sorbents are listed in the Table 1.

Table 1: Properties of used sorbents'®?%%,

CANSORB EXPERLIT VAPEX
Chemical Oraanic Oxides of Si, Al, Fe, | Oxides of Si, Al,
composition 9 Ca, Mg, Na, K Fe, Ca, Mg, Na, K

polar and non- non-polar non-polar
Sorbent for polar compounds | compounds compounds
Using at under 200 °C -200 °C — 900 °C -200 °C — 900 °C
temperatures
Capacity (L.m™) 60 — 95 320 - 350 250 — 400

CANSORSB is a fibrous organic adsorbent for hydrocarbons aimed to adsorb both oleophilic and
hydrophilic compounds®®. EXPERLIT is light porous inorganic sorbent of volcanic origin with hydrophilic
properties intended to adsorption of oil compounds in dry conditions (floor of industry rooms, garages,
gas stations, construction sites, asphalt and concrete, soil)zo. VAPEX is white granulous inorganic
material with hydrophobic modification aimed to adsorption of oil compounds from water and hard
surfaces (floors of industry rooms, garages, gas stations, construction sites, asphalt and concrete, soil,
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water surface, flowing water — combination of floating barrages and VAPEX). VAPEX can be used like
extinguishing powder by fires of oil compounds on hard surfaces?.

Non-polar extractable substances (NES) were determined in the model samples like the characteristic
of oil contamination by using of infrared spectral analysis.

Model Samples Preparation

The model sample of soil was prepared from garden soil (SlaZany, Zlaté Moravce). 10 part samples
were taken from the top-soil in the 0 — 10 cm deep. The part samples were mixed and cleared of gross
impurities (stones, roots, leaf, etc.). Amount of non-polar extractable substances was determined, result
was negative (the NES amount was less than legislative limit for the risk substances in the agricultural
soils 0.1 mg.kg™)*".

The model sample of surface water was taken from the natural resource — Kovacova creek. The NES
amount was determined with negative result (amount of NES was less than legislative limit for the
qualitative requests of surface water 0.1 mg.dm™)*®,

The soil and water samples were contaminated by commonly used diesel fuel and engine oil WD 40.
Some of chemical and physical properties are in the table 2.

Table 2: Physical and chemical properties of used oil products®?

Diesel fuel Engine oil
State Liquid Liquid
Colour Clear, colourless to yellowish | Amber
Odour Specific Weak
Density (g.cm™) 0.820-0.845at 15 °C 0.840 at 15 °C
Kinematic viscosity 2-45mm?stat20°C 69.9 mm?.s™ at 40 °C

Simulation of Oil Products Contamination and Disposal of Oil Products

The soil samples were situated in the plastic containers 10 x 10 cm. Samples were contaminated with
diesel fuel or with engine oil. The concentration of oil products was 10 g on the surface 100 cm? The top
of the soil was equally covered with sorbents EXPERLIT or CANSORB. The sorbent treatment of fuel
contaminated soil lasted 3 min and to oil contaminated soil 10 min. Sorbents were removed out of
samples after treatment and prepared to safe waste liquidation. The top part of the soil was laboratory
processed, analysed by IR spectrophotometry and amount of NES was determined.

1 litre of surface water was situated in the glass container 25 x 15 x 15 cm and contaminated with 1, 5
or 10 g of oil product. The process of disposal of oil contamination was modified according to ASTM F
726 — 2006**. The bottom of contaminated samples was covered by coherent layer of sorbent VAPEX.
The sorbent treatment of fuel contaminated water lasted 3 min and of oil contaminated water 10 min.
Sorbents were removed out of samples after treatment and prepared to safe waste liquidation. Water
samples were laboratory processed, analysed by IR spectrophotometry and amount of NES was
determined.

Determination of Non-polar Extractable Substances

NES was determined spectrophotometrically in infrared sphere of spectrum in compliance with STN
8300530-36.%° The method is based on extraction of petroleum substances from acidified sample using
the solvent S-316 (polychlorotrifluoroethylene (-SF,-CFCI-),). Consequently the extract was dewatered

Patronem tohoto Cisla je Institut environmentalnich technologii Vysoké Skoly bariské-Technické univerzity Ostava
WASTE FORUM 2018, &islo 3, strana 309



Veronika VELKOVA, Helena HYBSKA, Tatiana BUBENIKOVA, lvana KNAPCOVA: The Effect of Some Sorbents
Used to the Oil Leaks Disposal

by adding 5 g of anhydrous sodium sulphate (calcined before) for a period of 30 minutes. The rest of
polar substances was removed by the adsorption on silica gel (silica gel for chromatography, dried and
activated at 150 °C for 4 hours). The IR spectrum of samples was measured in the sphere from
3,150 cm™ to 2,750 cm™ after calibration and evaluation of NES using the software. We used the FTIR
spectrophotometer ATI MATSON GENESIS. The measurement was performed in comparison with blank
determination (use of solvent instead of sample, the procedure remains the same)®.

Results and Discussion

There was a leak of oil products by accidents simulated in the laboratory experiment. Samples of
surface water and soil were contaminated by diesel fuel and engine oil. There was amount of non-polar
extractable substances in the samples after various sorbent treatment determined.

Cleaning of Soil Contamination

The experiment of soil samples cleaning was realized with two contaminants and two sorbents, each
in three repeating. As a characteristic of oil contamination was amount of NES determined. The results
are in the Table 3.

Table 3: Determined NES amount in the soil samples after sorbent treatment

Amount of NES Amount of NES
Contaminant Sorbent after after clean up
contamination (mg.kg™
(mg.kg™)
EXPERLIT 8,450 0.318
Engine oll
CANSORB 7,982 11.64
EXPERLIT 6,760 12.12
Diesel fuel
CANSORB 6,905 18.96

The lowest amount of NES was determined after adsorption of engine oil by sorbent EXPERLIT
(0.318 mg.kg™"). EXPERLIT shows better results also for adsorption of diesel fuel (amount of NES
increased from 6,760 to 12.12 mg.kg™).

According to the results it is possible predicate, that the most effective for sorption of petroleum
compounds is EXPERLIT (expanded perlite), where results of both of contaminants were lower than in
the case CANSORB. Advantage of organic fibrous adsorbents could be possibility its using on hard
surfaces according to Velkova and Bubenikova®, where CANSORB proved best results comparing
EXPERLIT and JOSYP PLUS and its reusability according to research of Lim and Huang®’, who showed
that natural fibrous materials can be several times reused with less than 30 % sorption capacity loss
after 4 cycles.

Legislative limit'® for amount of NES in agricultural soil is 0.10 mg.kg™. Despite the fact, that the
effectivity of removing of petroleum compounds for both sorbents is more than 99%, amount of NES in
all samples of soil is higher than legislative limit. According to the results it is obviously, that the soill
cleaning from oil pollution after an accident using tested sorbents is quite good, but this soil is insufficient
for its use in agriculture. When is estimated risk of contaminants impacts, chemical methods should be
supplemented with biological and toxicological tests®.
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Cleaning of Water Contamination

The samples of surface water (1 litre) were contaminated with diesel fuel and engine oil in amount of
19,59 and 10 g. The layer of petroleum substance was built on the bottom of water. The oil film was
stronger after application of engine oil. On the oil substances was applicated sorbent VAPEX in the way
to cover entire bottom of water level, which treated on oil substance. Contaminated sorbent was
removed after 3 (diesel fuel) or 10 min (engine oil) and the amount of NES was determined in the water
samples. The results are in the Table 4.

Table 4: Determined NES amount in the water samples after sorbent treatment

Added amount Amount of Amount of
Contaminant Sorbent conta?:linant corl:lti?n?r]:ziron Igiir?fltjzr
(gL (mg.L™Y) (mg.L™)

1 295 0.474
Engine oil 5 3,980 3.569
VAPEX 10 9,152 19.77
1 630 17.55
Diesel fuel 5 4.370 24.13
10 8,525 25.84

The comparison of the determined amounts of NES in “cleaned” water samples with legislative limits*’
demonstrate, that all water samples were still contaminated. The highest amount of NES was
determined in the sample contaminated with diesel fuel (contamination with 10 g.L™). Amount of NES
was in all samples higher than 0.1 mg.L™, what according to research of Hybska et al.?** could lead to
toxicological treat of aquatic organisms in the first step and cummulation of oil substances in other
environment components.

Experiments have demonstrated higher effectivity of adsorption of engine oil on VAPEX than
adsorption of diesel fuel. This is probably caused due to different viscosity of these petroleum products
and affinity of VAPEX to diesel fuel is lower than the affinity to more viscous engine oil. Nevertheless, for
Fire and Rescue Services VAPEX represents the best alternative of sorptive materials compared to
other sorbents, thanks its sorptive capacity, its form, volume, good manipulation and reaction time and
other sorbent kinds are used only like ancillary material*®*.

Conclusions
Based on the results found experimentally in this work, we can say:

1. Soil: the single use of one sorbent does not remove the entire pollution from the surface, nor in
one case the content of oil substances determined as NES has not fulfilled the legislative limit.

2. Water: determination of the NES like indicator after removal of engine oil pollution has resulted in
a pronounced sorption capacity at a concentration of 1 and 5 g; in other cases the NES amount
was significantly higher; the amount of NES exceeded the legislative limit.

Determined results have shown that it is very important focusing on research of new sorbents with
high sorption capacity, hydrophobicity, low retention time, universal usage, reusing ability to reach higher
level of decontamination.
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Suhrn

Cieflom prace bolo testovanie uclinku vybranych sorpénych materialov pouZivanych HasiCskym
a zachrannym zborom pri odstrafiovani ropného znedcistenia pri rieSeni nehdd. Po ukonceni
dekontaminacného procesu sa zdaju byt dané zloZky Zivotného prostredia vizualne Cisté, no je dblezité
vediet, ¢i su tieto matrice naozaj bezpecné aj z toxikologického a ekotoxikologického pohladu.

V' praci boli pripravené modelové vzorky pbdy a povrchovej vody, ktoré boli kontaminované
a nasledne dekontaminované réznymi sorbentmi. Sledovalo sa ropné znedistenie, charakterizované
mnoZstvom nepolarnych extrahovatelnych latok stanovenym vo vzorkach pred a po cCisteni. Testované
boli dva druhy ropnych produktov (nafta a motorovy olej WD 40) a tri druhy sorbentov (organicky viaknity
materidl — CANSORB, minerélny hydrofilny sorbent — EXPERLIT a mineralny hydrofobny — VAPEX).
Usinnost’ odstrénenia ropného znedistenia z pddy bola sice viac ako 99 %, ale mnozstvo NEL bolo vo
vSetkych vzorkach stanovené vysSie ako povoleny limit. Podobné vysledky boli dosiahnuté aj pri
testovanych vzorkach povrchovej vody, kde vo vsetkych vzorkach bola prekro¢ena povolena hodnota
NEL. Na zaklade vysledkov mbzeme tvrdit, Ze sorpéné procesy dekontaminacie pri havariach odstrania
ropné znecistenie v pomerne dobrej miere, no bolo by vhodné nasledne pouZit hibSie remediacné
postupy, aby nedochadzalo k neZiaducim tcinkom ropnych latok na Zivotné prostredie.

Keywords: ropné znecistenie, péda, povrchova voda, sorbenty, nepolarne extrahovatelné latky (NEL)
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Abstract

The focus of this work is to examine the ability of a commercially available nanofiltration membrane
(AFC 30) for the separation of toxic zinc sulphate from wastewater to meet the maximum contaminant
level set by government regulation of countries established. In this study, two independent pore models
(Donnan Steric Pore model — DSP model, and Steric Hindrance Pore model — SHP model) together with
experiments with neutral solutes at various process conditions have been used. A very good agreement
was found using the DSP and SHP model, which fit well with the experimental values of different neutral
solutes examined. The outcome indicates that the two independent models could be used to predict and
interpret the structural properties of nanofiltration (NF) membrane.

The influence of the operating variables such as feed solution concentration applied transmembrane
pressure, and pH on zinc separation was studied. It has been found that metal rejection increases
slightly with increasing of feed concentration in the tested range of 50 — 200 mg Zn/L. A similar trend was
observed with the impact of a pressure difference. The maximum value of zinc rejection was 99.3 % for
all feed concentrations. The minimum rejection was at a pressure of 5 bars and for the lowest
concentration (50 mg Zn/L) was almost 98 %. In addition, rejections of zinc were very high for all pH
tested (5.3 — 6.5). The results obtained show that the tested commercially available nanofiltration
membrane (AFC 30) is suitable for the separation of zinc from wastewater.

Keywords: Nanofiltration, heavy metal, polyamide membrane, rejection, modelling

Introduction

Nanofiltration (NF) membranes had made tremendous progress since its introduction during the late
1980s. The properties intermediate between reverse osmosis (RO) and ultrafiltration (UF). NF
membranes have been used in many applications particularly in wastewater treatment as well as
drinking water and process water production. The interest in the use of NF membrane can be explained
by a combination of (1) growing demand for water with high quality, (2) pressure to reuse water due to
rapid growing population globally (3) better dependability and integrity of the membranes (4) lower cost
of membranes due to improved use and (5) more stringent water standards . As nanofiltration
application market is currently growing at a faster pace due to the rapid development in technologies, an
estimation of global sales will reach $450 million by 2019 3. Moreover, the nanofiltration membrane has
specific advantages over reverse osmosis, which makes the separation mechanism attractive. These are
less energy consumption, lower operating pressure than RO, higher flux in comparison with RO,
inexpensive compared to reverse osmosis and monovalent ions partly passes through the membrane
whiles multivalent ions are rejected to a certain degree determined by the feed stream *.

Characterization of NF membrane structure has a long-time history and is important to understand the
fundamental principle of the separation mechanism of the process. The structural properties refer to the
pore radius (r,) and membrane thickness to porosity ratio (Ax/Ay) °. Over the past decades, direct
measurement methods were used to characterize membrane and have several setbacks. For instance,
atomic force microscopy (AFM) is used for direct measurement of the structural properties but does not
give a precise reading of NF membrane. This is because it has high roughness, which may result in
images that are difficult to understand and high forces that may damage the polymeric structure. In
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addition, the pores are very small in nature and the images of the membrane surface cannot give
enough information about the structure of the pores inside the membrane ®. There are various
characteristic techniques available for NF membrane and the key is choosing the right technique, with
the right resolution to have the desired result *. Numerous models have been employed for the prediction
and performance of NF membrane due to the separation mechanism. These models are used to
describe and predict flux as well as retention at different operating conditions of both uncharged and
charge species by NF membrane. The mathematical models are usually divided into several classes,
which are irreversible thermodynamic (IT) model, pore models and non-porous or homogeneous
models 8. A generally known method used to determine the characterization of the membrane is to carry
out rejection experiments of neutral solutes and then using different mathematical models. Several
authors have achieved successful studies using the rejection of inorganic solutes together with
mathematical models %%,

Toxic heavy metals of critical concerns found in wastewater are cadmium, chromium, nickel, copper,
lead, arsenic, mercury and zinc. Heavy metals are usually found in wastewater from fuel industry,
petroleum refining, mining, textile industry, fertilizer plants, battery manufacturing, paper industries,
photographic process industry, automotive and electroplating **. Proper separation of heavy metal is
necessary before discharging into the environment since is highly toxic, non-biodegradable and have the
tendency to accumulate in living organism **. Nowadays, it has become crucial that regulatory measures
need to be set up on the effluent limit globally as the industries realize its potential environmental
impacts *°. Apart from the environment, heavy metal beyond its permissible level poses a threat to
humans as is accumulated in the body through the channel of a food chain. Such health disorders can
be diseases of the kidney, damage of the fatal brain, hypertension, renal repairment, toxicity to the
reproductive organs, mental retardation and many more *°*7,

The aim of this work is to investigate a commercial thin-film composite polyamide AFC 30
nanofiltration membrane. The structural characteristics of the membrane that is the effective pore radius
(r,) and thickness over porosity ratio (Ax/Ac) were determined from neutral solutes rejection. This was
done by using two independent mathematical models such as Donnan Steric Pore (DSP) and Steric
Hindrance Pore (SHP) to evaluate the structural parameters. The influence of the operating conditions
such as applied pressure feed solution concentration, and pH to remove ions was estimated. Carrying
out experimental works on these operating parameters was necessary to predict the extent of zinc that
can be concentrated in the retentate.

Materials

NF tubular membrane (AFC 30) from PCI membrane system was used in this experiment. These are
thin film composite membranes consisting of aromatic polyamide skin-layer on polysulfone substrate. All
the reagents used were of analytical reagent grade and supplied by Penta Co., the Czech Republic. The
aqueous solution was prepared by dissolving the reagents, which are zinc sulphate (ZnSQ,), glycerol,
TEG, and glucose. Neutral solutes diffusivities and stoke radius can be found in Table 1. The solutions
were prepared by dissolving the reagents in highly demineralised water (conductivity< 1 pS/cm), pH
(6.0£0.2).

Table 1: Diffusivities and Stokes radius of neutral solutes

Molecular Diffusivity Stokes

Solutes weight radius
g/mol 10 m?/s nm

Glycerol 92.1 9.50 0.258

TEG 150.2 7.31 0.336

Glucose 180.2 6.70 0.355
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Experimental set-up and procedure

The cross-flow separation unit used in our experiment was previously published in an article **. The
experiment temperature of the feed solution was at a constant value of 25 + 0.5 °C by using the heat
exchanger and transmembrane pressure varies in a range of 5 — 30 bars. The pure water fluxes
measured at various transmembrane pressures at the same range and the membrane pure water
permeability was calculated. The value obtained for pure water permeability (L,) membrane (AFC 30)
was 5.84 L/m® h bar at 25 + 0.5 °C. The NF experiments were performed in total recycle mode, both
permeate and retentate returned to the feed tank to maintain a constant concentration in feed. The
permeate flux was determined by weighing using an electronic balance connected to a personal
computer, and samples of permeate and feed were collected at each transmembrane pressure. The
structural parameters of the membrane that are the effective pore radius (r,) and membrane thickness to
porosity ratio (Ax/Ax) were evaluated from the neutral solutes rejection values. The experiments were
performed using 500 mg/L solutions of glycerol, glucose, and triethylene glycol (TEG) at natural pH
demineralized water (6.0 £ 0.2). The neutral solutes concentration in feed and permeate was determined
by the total organic carbon (TOC) technique.

Synthetic zinc polluted wastewater was prepared by adding the required amount of ZnSO, to the
highly demineralized water. The pH value of the feed solutions was measured using pH meter (HI 9126
pH-meter, Hanna Instrument) then adjusted with H,SO,. Several experiments were performed to
measure the rejection of zinc during a total circulation mode at different applied pressures, feed
concentrations, feed flow velocities and pH. In NF experiment, both permeate and retentate was
returned to the feed tank to maintain a constant concentration in feed. Feed and permeate samples were
collected at different pressure after recirculation until the process attained a steady state. The constant
composition of permeate which corresponds to the steady state was obtained by attaining a constant
conductivity value in the permeate solution. By analyzing the concentration in both the feed and
permeate, the transport parameters (permeate flux and observed rejections) were calculated from the
experimental data.

The permeate flux was measured by weighing using an electronic balance which is connected to
a personal computer. The values of the fluxes are automatically calculated by software and recorded. To
assure reproducibility of the results, the experiments were performed in duplicate. The results obtained
represented an average of two identical experiments; the relative standard deviation was up to 5 %.

Theory
Concentration polarization phenomena

By analyzing the solute concentration (zinc ions) in the feed side (Cr) and permeate (C,), the
observed rejection can be calculated from the following equation

R,=1 o 1)
o Cf
The real (intrinsic) rejection is derived from the film model when taking effect of the concentration
polarization and is as follows °

Ro1_ o R (@ ; )

Cm 1-R, [1 —exp (F)]
where C,, is the concentration of solute in the feed solution at the membrane surface (vicinity), J is the

permeate volume flux and k is the mass transfer coefficient in the polarization layer which can be
calculated from the well-known Sherwood relationship with Deissler correlation 2.

Sh = 0.023 Re®875 5c025 ©)
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The Reynolds (Re), Schmidt (Sc) and Sherwood (Sh) numbers in equations are given by
_updy n kdy

Sc = and Sh =
n pDi,oo Di,oo

Re (4)

where u is the fluid velocity in the channel whose hydraulic diameter is d,, (the diameter of the tubular
membrane in our case), D; .is the diffusion coefficient of solute i, n and p are the dynamic viscosity and
density of the aqueous solution, respectively.

The salt diffusion coefficient (D) was computed based on the diffusion coefficient (D., D) and
valences (z., z.) of the individual ions (cation and anions) by using the following equation *°.
(zy —z_)D,D_

p=-"t T 5
Z+D+ - Z_D_ ( )

Characterization of a membrane by using neutral solutes rejection
Donnan Steric Partitioning (DSP) model

Bowen et al.?® originally developed the Donnan steric partitioning model based on the extended
Nernst Planck equation. The NF membrane was modelled by considering the membrane as a bundle of
slits with length and a half width. The structural properties, which are the effective pore size (r,) as well
as membrane thickness to porosity ratio (Ax/Ay) were estimated through independent experiments with
neutral solutes rejections by considering slit-like pore geometry. In the NF membrane, rejection of neutral
solutes can only be determined by a steric mechanism (size-based exclusion). The pore radius can be
found by fitting the rejection using the following equation 22

R=1—&=1— ¢LKl,c (6)
Cm 1—[(1— ¢;Kic) exp(=Pe)]

where C,, is the solute concentration in permeate, C,, is the solute concentration in feed solution at the
membrane interface, ¢; =1 — A; which is the steric partitioning coefficient of the solute i, and 4;is
defined as the ratio of the solute radius (r;) to pore radius (r,). K; . and K; ; are the hindrance factors for
convection and diffusion.

The Peclet number (Pe) is defined by the expression
K] Ax

Pe =
KiaDiw Ag

(7)

where Ay is the membrane porosity and Ax is the effective membrane thickness.

The hindrance factors for convention and diffusion (slit-like pores) can be evaluated by the following
equations %

K = 1—3.02 2i? +5.776 1i® — 12.3675 Ai* + 18.9775 Ai°® + 15.21185 1i® — 4.8525 i’
e of
K - 14 1.125AiInAi — 1.19358 Ai + 0.4285 2i® — 0.3192 2i* + 0.08428 Ai°
b bi
Also, the Hagen—Poiseuille equation was used to determine the thickness of porosity ratio from the water
flux and is as follows for slit-like pores

(8)

9)

Jw =LpAP = —E——— AP (10)

where J,, is the pure water flux, L, is the pure water permeability, AP is the transmembrane pressure
and n is the solution viscosity.
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Steric Hindrance Pore (SHP) model

Transport phenomena of single solute and solvent in both NF and RO processes can be described as
a well-known irreversible thermodynamic (IT) model. Kedem and Katchalsky derived transport equations
for the volume flux (J,) and solute flux (Js) as follows .

Jv» = L,(AP — 0.Am) (12)

Js=P (Cm - Cp) + (1 - U)-]vcs (12)

where o, P and L, are the reflection coefficient, solute permeability, and water permeability
respectively. The Spiegler - Kedem model is used when there exists the high concentration difference
between the retentate and the permeate **. This can be expressed in a differential form as follow

dc;
Js= —P——+ (1-0)CJy (13)
dx
Assuming constant fluxes and constant coefficients, Eq. (13) is integrated through the membrane
thickness. The real retention can be calculated by the following equation;
C c(1-F) l1-o0
RZl_é:ﬁ WherereXp<— P .]v) (14)
Eq. (14) is the Spiegler - Kedem equation, which describes the solute retention with solvent
volumetric flux and the solute permeability. This model assumes the membrane as a black box and gives
no information about the transport mechanism. Several models have been introduced to interpret o and
P to estimate the structural and electrical properties of the membrane.

By using a single neutral solute and NF membrane, ¢ and P can be determined by the SHP model.
Nakao and Kimura ?*> proposed the steric hindrance pore (SHP) model that was modified from the pore
model.

a=1—(1+19—612)(1—/1)2[2—(1—/1)2] (15)

P =Ds (1—2)* (Ax /Bx) (16)

Results and discussion

The NF experiments for evaluation of structural parameters were performed with the same
concentration of 500 mg/L of neutral solutes. The pure water flux and the fluxes of the solutions used
against the pressure difference are shown in Figure 1. Data from Fig. 1 indicate that the measured
permeate flux as a function of the pressure difference for the neutral solutes used is similar to the flux of
pure water irrespective of the solutes. It has been observed that the flux linearly increases with an
increased pressure difference of membrane being considered. The water permeability is the slope of the
line. This shows that the osmotic pressure of the solution is negligible and the variations of typical
properties (density and viscosity) can be omitted due to low feed concentrations. It was observed (see
Figure 2) that the two independent models fit well with the experimental results of all the neutral solutes
tested.
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Figure 1: Permeate flux against pressure differences of neutral solutes (pure water flux - solid
line, and neutral solutes - symbols)

Donnan Steric Partitioning (DSP) Model

By incorporating the expression for the thickness-to-porosity ratio into the Peclet number equation,
a new expression is obtained for real rejection, depending only on the pore radius. By fitting the
experimental retention value for different pressures with the real rejection from the model, the pore
radius (r,) can then be estimated. This is followed by the corresponding values for the membrane
thickness to porosity ratio which is calculated from Eq. (5) and presented in Table 2. Since (Ax/Ay) is the
parameter of the active layer, the application of these equations means that the pressure drop is
negligible through the microporous sublayer, implying that the transmembrane pressure drop can be
attributed to the active layer, which is an assumption made in most literature *°.

Steric Hindrance Pore (SHP) Model

The structural properties (1, and Ax/Ac) were determined by using the following steps. First, the real
rejection against the volume flux was used to estimate the membrane parameters (o and P) by the x*
test method to get the best fit using the Spiegler - Kedem model found in Eq. (14). The membrane
(AFC 30) values of the parameters can be found in Table 2. Then using Eq. (15) which was based on
SHP model % and error function method, A of each neutral solute is determined. Since 1 is the ratio of
the solute radius () to pore radius (r,), and the solute radius is known, the pore radius of each neutral
solutes can be evaluated. Furthermore, membrane porosity (Ax/Ay) of each neutral solute was calculated
using Eqg. (16) since, P, D are known.

100
80
S
= 60
e
% 40
o @Glucose
20 AGlycerol
¢ TEG
0 1 1 1
0 50 100 150 200
J (L/m2h)

Figure 2: Rejection of neutral solutes as a function of permeate flux for AFC 30 membrane using two
independent models (real rejection - symbols, DSPM - full lines, and SHP - dashed lines)
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Table 2: Estimation of structural properties of NF membrane using two independent pore models

Membrane  Solutes DSP model SHP model
(Slit-like)

£ AX/AK (0) P 6] AX/Ak

nm um ) 10°m/s  nm um

Glycerol 0.316 2.31 0.774 19.50 0.342 2.94

AFC 30 TEG 0.365 3.08 0.915 4.20 0.389 3.21
Glucose 0.355 3.18 0.950 1.64 0.392 3.65

Average 0.345 2.86 0.374 3.27

From Table 2, the pore radius of AFC 30 membrane using two independent models was almost the
same. Selection of neutral solutes for the determination the pore radius is important when considering
the molecular weight of each solute. The SHP is not a good model for solutes with reflection coefficient
very close to unity or highly restricted permeation. For instance, lactose has a high rejection close to
unity and this model is not useful for this solute ?°.

Operating parameters for heavy metals separation

To select the optimum operating parameters for the NF membrane, it is advisable to change operating
conditions such as applied pressure, feed concentration, and pH. This is a useful technique used to
investigate the transfer of solute Zn (Il) ions as well as the separation properties of the membranes.
Therefore, performing experimental works on these operating parameters is important to predict the
extent of heavy metals that can be concentrated in the retentate.

Influence of applied pressure

For a better understanding of NF membrane process, the influence of different applied pressure and
feed concentration on the rejection of Zn (Il) ions was investigated. This was done by carrying out
retention experiments with pressure difference (5— 30 bar) over a wide concentration (50 — 200 mg
Zn/L) with constant cross-flow velocity of 1.25 m/s. When operating pressures are below 20 bar, the
observed rejection continuously increases with increasing pressures for all solute concentrations to
reach maximum, and then start to decrease gradually. The increase in operating pressure differences
increases the real rejection of all feed concentrations used as seen in Fig. 3. As observed in Fig. 3, the
maximum real rejection of zinc ions was 99.3 % irrespective of the concentration range (50 — 200 mg
Zn/L). At an even low pressure of 5 bar, the real rejection was greater than 97 % which indicates the
membrane has a good separation property.

The separation of ions at different operating pressure condition can be explained by two phenomena.
Firstly, an increase in transmembrane pressure leads to increasing of solvent flux conversely the
transport of solute in the membrane is hindered by steric and charge effect. Hence, the higher flux, which
leads to an increase in solute rejection, was because of permeate dilution. Secondly, an increase in the
transport of the solute to the vicinity of the membrane surface is due to an increase in applied pressure,
which increases concentration polarization. This, in turn, leads to a decrease in solute rejection by
decreasing the charge effect . The first effect leads to zinc separation of AFC 30 membrane at low
applied pressure up to 20 bar, whiles the second effect occurs when the applied pressure is above
20 bar as depicted in Fig. 3, respectively. However, the metal rejection has high value, which slowly
increases with increasing of applied pressure. The transport of metal by the membrane is sterically
hindered. Similar studies on the difference of rejection with operating pressure have been reported by
several authors 322,
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Figure 3: Rejection of zinc sulphate (AFC 30 membrane) against operating pressure with different
feed concentrations (observed rejections-empty symbols, real rejection-full symbols)

Influence of feed concentration

The rejection performance of the AFC 30 membrane in the feed concentration range can be seen in
Figure 4. It can be observed that the rejection is improved when the feed concentration is increased.
However, at high concentration, the rejection starts to decrease due to concentration polarization and the
shielding of the membrane charged. Comparable results were obtained by several authors #3273,
Gherasim and Mikulagek ** explained that the decrease in lead rejection when increasing the feed
concentration could be mainly by the reduced solvent transport due to the increase in osmotic effects.
Paugham et al. * attributed the decrease of nitrate retention to the characteristics of the charged
membrane, which is by the shielding phenomenon. This involves increasing formation by the cations of
the screen, which gradually neutralises the negative of the membrane. In addition, the retention
increases at low concentration because the screen effect is very weak with the repulsion of anions
playing a significant role in the process. Bouranene et al. ?® reported that the decrease of the rejection
when increasing the lead and cobalt concentration of AFC 30 membrane was not strongly influenced by
the ionic concentration but was mainly steric hindered.
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Figure 4: Effect of feed concentration on real rejection (zinc sulphate) by AFC 30 membrane
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Influence of pH

One of the important parameters of the NF membrane is the pH of the solution. The pH of the feed
influences the membrane charge and then the rejection properties of the NF membrane. The type of
chemical structure of the membrane material determines membrane charge. Change of charge is due to
dissociations of the functional group of the membrane material, or adsorption of charge polarizable
solutes (cation or anions) from the solution **. AFC 30 membrane used has a polyamide top layer and
amphoteric character. The partial hydrolysis of polyamide leads to the formation of ammonium (-NH;")
and carboxyl (-COOH) groups. The isoelectric point of AFC 30 membrane is at a pH of about 5.3 in KCI
solution 2. If the pH < IEP the membrane is positively charged as the carboxyl groups are undissociated
and the amino groups are protonated. Moreover, a membrane is negatively charged at pH > IEP as the
carboxyl groups are dissociated *.

The influence of pH was considered for feed solution of 50 mg Zn/L with pH adjusted by H,SO,. From
our result obtained (see Table 3), it was observed that rejection of zinc ion of AFC 30 membrane was
very high for all pH range considered. Rejection slightly increases with increase in pH value. At
isoelectric point (Table 3), the membrane is uncharged which makes a solute rejection of 96.8 % at
30 bar. At this pH, the separation is only governed by steric hindrance effect. When the pHs (6.0 and
6.5) are above IEP, the membrane becomes negatively charged which increases the rejection of zinc
ions. The maximum rejection of 98.7 % was reached at the highest value of pH at 30 bar. This behaviour
could be explained due to electrostatic repulsion that occurs between the negative charge (sulphate) and
charged membrane, which in turn increase the rejection rate *.

Table 3: Observed rejections at different values of pH

AP (bar)
pH (-) 10 20 30
5.3 95.7 96.5 96.8
6.0 97.8 98.0 98.2
6.5 98.4 98.6 98.7

Conclusions

The membrane (AFC 30) has been characterized by modelling of the respective rejection experiments
of different neutral solutes. The two independent models (DSP and SHP) for neutral solutes have been
confirmed useful and practical for determining the structural properties—pore radius (r,) and membrane
thickness to porosity (Ax/Ay). These models' values fit very well with the experimental data of different
solutes in our case. The pore radius of DSP and SHP models for AFC 30 were 0.345 nm and 0.374 nm
respectively. In addition, the membrane thickness to porosity ratio of DSP and SHP models were
2.86 ym and 3.27 ym. Based on the results, the two independent models can be used to predict and
interpret the structural properties of the AFC 30 membrane.

Furthermore, the influence of operating parameters for removal of zinc ion was investigated. It was
observed that the increase in operating transmembrane pressure increases observed and real rejection
for different feed concentrations. In addition, it was established that the rejection starts to decrease at
high concentration due to concentration polarization and shielding phenomenon. The pH of the feed was
found to influence the rejection of zinc ions. From IEP to the highest pH, rejections of zinc sulphate were
almost steric hindered. Therefore, we can assume that AFC 30 membrane is useful and highly
recommended for the removal of zinc from wastewater.
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List of symbols

Ay membrane porosity

C concentration of solute i, mol/m®

C; concentration of solute i in feed solution, mol/m?®

Cn concentration of solute i in feed solution at membrane surface, mol/m?®
Co concentration of solute i in permeate solution, mol/m*

Cs mean concentration of solute i, mol/m*

D;=  bulk diffusivity of solute i, m*/s

dh hydraulic diameter, m

J permeate volume flux, L/m? h

Ju pure water flux, L/m?h

K mass transfer coefficient in polarization layer, m/s

Kic hindrance factor for convection
Kig hindrance factor for diffusion

L, pure water permeability, m/s Pa
Fis Stokes radius of component i, m
o pore radius, m

Pe Peclet number

R real (intrinsic) rejection

R, observed rejection

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

u fluid velocity in channel, m/s

UF ultrafiltration
NF nanofiltration
RO reverse osmosis

Greek symbols

AP transmembrane pressure difference, bar

n dynamic viscosity, Pa s

o density, kg/m®

o} steric partitioning coefficient of solute i
A ratio of solute i radius to pore size
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Abstrakt

Prace je zaméfena na zjisténi schopnosti komercéné dostupné nanofiltracni (NF) membrany (AFC 30)
separovat z odpadni vody toxicky (nebezpecny) siran zinenaty s ohledem na maximalné pfipustny
legislativni limit. V' praci jsou pouZity dva nezavislé modely popisujici porézni strukturu membrany
(Donnan Steric Pore model — DSP model a Steric Hindrance Pore model — SHP model) spoleéné
s experimentalnimi vysledky separace nenabitych latek pfi raznych pracovnich podminkach. Oba
pouzité modely, DSP a SHP, pfesné popsaly experimentalné stanovené rejekce ridznych nenabitych
latek. Z toho Ize usuzovat, Ze oba dva modely Ize vyuZit pro popis strukturnich parametrd NF membrany.

Byl studovan vliv provoznich parametrd, jako koncentrace kovu v nastfiku, tlakovy rozdil a pH, na
separaci zinku. Bylo zjisténo, Ze rejekce kovu mirné vzrista s jeho rostouci koncentraci v nastfiku
v testovaném rozmezi koncentraci 50 — 200 mg Zn/L. Obdobny trend byl pozorovan i u vlivu tlakového
rozdilu. Maximalni rejekce zinku byla 99,3 %. Minimalni rejekce byla pfi tlaku 5 bar a nejnizsi
koncentraci (50 mg Zn/L) témér 98 %. Navic se ziskala vysoka rejekce zinku i pfi vdech testovanych
hodnotach pH (56,3 — 6,5). Ziskané vysledky ukazuji, Ze testovana membréana AFC 30 je vhodna pro
separaci zinku z odpadni vody.

Kli¢ova slova: Nanofiltrace, tézké kovy, polyamidova membrana, rejekce, modelovani.
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Abstract

The article describes leaching of metals from the reclaimed asphalt (RA) repository under real
conditions and laboratory leaching tests of the same material. Ecotoxicy tests have also been carried out
to determine the impact of seeping water and RA material leachate on living organisms. The specific
sampler was used to collect seeping water samples. Sampling was conducted in two campaigns.
Seeping water collected during the first sampling campaign was typical with very high concentrations of
Zn and high concentrations of Sh, Ni and Ba. The composition of the sample taken in the second
campaign was different. The concentration of Zn was two orders of magnitude lower, Ba concentrations
were two times lower, Cr concentrations were nearly four times lower. On the contrary, concentrations of
Mn, Ni and Sb were significantly higher in the second sample. Only the concentrations of Cu, Mo, Pb, V
and Cd were roughly similar in both samples. The chemical composition of RA material and rainfall were
monitored as well. The RA material from the repository contained high concentrations of some metals,
especially Mn, Cr, Ba and V. The results of the experiment showed that laboratory material leachate
contained very low concentrations of metals while seeping waters contained the same metals in much
higher concentrations. Effect of seeping water and RA material leachate on test organisms was small
and limit values defined in Czech Regulation no. 387/2016 Coll. for all measured parameters were observed.

Keywords: Reclaimed Asphalt, Leaching, Metals, Ecotoxicity

Introduction

The construction of asphalt roads requires a large volume of aggregates used in base and subbase
layers as well as in pavement'. To reduce costs, recycled materials are used in road construction. One
of the frequently used materials is milled asphalt, known as reclaimed asphalt pavement (RAP), which
originates in the reconstruction of roads. Other recycled materials used in road construction include
building and demolition materials, ash, slag, municipal waste. All these materials must meet health and
environmental safety requirements. Potential pollutant occurrence in water in contact with road
construction materials can originate from bitumen leaching as organic material derived from petroleum
containing different types of hydrocarbons and from the content of many chemicals generated from road
traffic during use of the pavement including vehicle exhaust, gasoline, lubricating oils, tires and brake
lining wear’. The major chemicals typically investigated in relation to road construction materials
particularly asphalt pavement are risk elements and heavy metals like Cd, Cr, Cu, Ni, Pb and Zn and
polycyclic aromatic hydrocarbons (PAHs)**2.

In order to verify the possibilities of releasing inorganic and organic substances into water, leaching
tests of these materials are carried out. Leaching of volatile organic compounds (VOC), PAHs and heavy
metals from RAP was described”. Another study® investigated the leaching of heavy metals and anions
from recycled aggregates (asphalt and concrete). The release of major and trace elements from recycled
concrete aggregates used in asphalt substrates was described as well’. Samples of construction and
demolition waste including asphalt were characterized in terms of total content and leaching of inorganic
elements and the presence of persistent organic pollutants PCBs and PAHs®. The suitability of fly ash
(FA), RAP, recycled cement material (RCM) and foundry sand (FS) mixed in with virgin aggregates as
base and subbase materials was assessed'and the results on inorganic contaminants leaching from six
mixtures of FA—RAP aggregates were reported. The most of reported tests in the text above were
performed under laboratory conditions.

Patronem tohoto Cisla je Institut environmentalnich technologii Vysoké Skoly bariské-Technické univerzity Ostava

WASTE FORUM 2018, &islo 3, strana 326



Martina BUCKOVA, Roman LICBINSKY, Vilma JANDOVA, Jiri HUZLIK: Leaching of metals from reclaimed asphalt
and their effect on living organisms

Experimental part

The aim of this experiment was to assess possible leaching of harmful compounds from RA under the
real conditions and comparison with the results of laboratory leaching tests. The design of the experiment
was to sample seeping water from the repository where the RA is stored for a limited time and which is
prepared for reuse. The composition of RA is an important issue related to the possible reuse of the
material in new construction. Therefore, contents of PAHs and metals in RA material, RA material leachate
and seeping water were determined. These analyzes were supplemented by ecotoxicity tests that
characterize the effect of the material on living organisms. Only the results of inorganic analyzes are
presented in this paper. The results of PAHs analyzes were described by Jandova®.

Materials

Repository of RA was chosen as the best environment for characterization of possible leaching of
harmful compounds under the real conditions. Selected repository contained milled surface asphalt layer
prepared for reuse in road pavement. The repository was 27 m long, 11 m wide and 2.1 m high but these
dimensions changed since common activities were carried out on part of the repository. Repository
contained milled material from different roads of all types. The most of the material was from 3 localities
including highway, 1% class road and 3" class road. Highway pavement was in operation 3 years and
loaded by 13 201 vehicles/24hours including 4 104 heavy duty vehicles. Material from this road was
represented by stone mastic asphalt from wearing course (SMA 11S) and very coarse-grained asphalt
concrete (ACL 22S) from bed layer. Traffic intensity on the 1st class road was 2 706 vehicles/24hours
with 775 heavy duty vehicles and material was medium-grained asphalt concrete from wearing course
(ACO 11+) and coarse-grained asphalt concrete form bed layer (ACP 16+). The 3rd class road was
loaded by 1 319 vehicles/24hours including 130 heavy duty vehicles and material from this road
represented medium-grained asphalt concrete from wearing course (ACO 11) and medium-grained
coated aggregates from bed layer (ACP 16+).

Material samples were taken from 18 sites of the repository of which 14 were taken from the part with
installed samplers (7 from the lower part, 6 from the middle part, 1 from the upper part of the repository)
and 4 from the upper levels in active part of the repository near the location of the samplers. The total
weight of the test portion was 15 kg. This pooled sample was divided by quartering procedure into the
required amount for each of subsequent test and all aliquot parts of the material were dried in the
laboratory under 20 — 23°C and were sieved to contain particles less or equal to 4 mm due to the
requirements of standard procedures for subsequent chemical analyses and ecotoxicity tests. Larger
particles were discarded which was approx. 62 % of the material grains based on the particle size
distribution analysis performed in accordance with CSN CEN ISO/TS 17892-4%.

Methods

The specific sampler of seeping water was used to measure possible contamination of seeping water
because of leaching of pollutants contained in RA repository. The sampler represents an upgrade of the
device referred to in the literature that was used for sampling water from an unsaturated zone by
injecting pressure gas™*?. The upgrade consisting in simplification of manufacturing and assembly was
designed and implemented by Krajéa™. Special attention during the device development was paid to
using inert materials with regard to observed pollutants. Polyvinyl chloride stuffed with milled basalt was
used because of high rigidity and smaller adsorption of PAHs and PCB;, sampling bottle made of the
thick-walled glass and stainless steel for construction of valve under the ,square lysimeter (filter). The
filter consists of three fine—mesh screens with siliceous sand between them with the grain diameter from
1to 1.5 mm in the upper part and with the grain diameter from 0.5 to 1 mm in the lower part. Glass wool
designed for chemical analyses is also below this filter to prevent entering of fine particles to the sample.
The amount of collected water is detected with conductivity sensors. The system of sampling bottle,
valve and filter need to be reinforced before installation to the bore-hole because of relatively
susceptibility for damage. Sampling bottle is put into the plastic tube with plug underneath. Sand is put
around the bottle in thickness layer and then the rest of free space was filled with concrete up to the
filter. This sampler joins together two different approaches for soil porous water and groundwater
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sampling, square lysimeter and so-called Gillham principle of pneumatic sampler'**>. The function of this
sampler can be described as follows. Water seeps from the road surface down and goes through
separate layers of pavement and embankment (repository) towards a circular “funnel’. Two layers of
siliceous sand of different grain sizes are situated there on fine-mesh screens to prevent entrance of
mechanical contamination to a sampling bottle where the seeping water is collected. When a sufficient
amount of water has been collected in the sampling bottle, a gas (commonly N,) is pressed into the
bottle so as to close the valve under the funnel and water runs into the sampling bottle. A scheme and
photographs of the sampler when used within the pavement are shown in Figure 1 and are also
presented in*®°.

272770 LIS 1 = bore hole in road pavement
4 and embankment,

2 = cement bed,
L 3 = sampling bottle (glass),
il 4 = plug (plastic),
5 = pipe for gas,
6 = pipe for water sample,
7 = sand filter,
8 = conduction sensor,

9 = quick-acting coupling (blue
for water),

10 = quick-acting coupling
(black for gas),

11 = connector for conduction
sensor

Figure 1. Scheme of the seeping water sampler and photograph of the sampling bottle, valve
and “area lysimeter’™®°

Two pieces of sampler were installed near the edge of the repository without any activity so the mass
of the material (1.6 m) above the samplers was not changed (Figure 2). Samplers were installed at the
bottom of the repository both in the same level in relation to the slope to characterize the water moving
out of the whole repository body. Installation of samplers was carried out as follows. The material from
the selected part of the repository was removed by loader and samplers were placed on a revealed
surface. Samplers were then slowly covered with the material and quick-acting coupling devices
connected with the sampling bottle underneath were placed on the top of the repository.

Figure 2: Repository and installed samplers
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The sampling of seeping water was performed in two periods. Time of these periods was not equal
because of meteorological conditions especially due to the amount of rainfall. The first sampling period
was in summer and lasted from July to August. The second sampling period took place in the fall -
September, October. Unfortunately autumn was very dry therefore the second sampling period had to be
extended by November, December and half of January.

Amount of rainfall was monitored during the experiment duration. Three samplers for rainfall sampling
were used. Two of them were placed next to the repository in distance of 3 m and the third one was
placed circa 35 m far from the repository in shadow among the trees to minimize evaporation of rainfall
from the sampler. The total amount of rainfall during the sampling periods was calculated on the basis of
data received from climatological observatory operated by Czech Hydrometeorological Institute that is
situated 1.5 km north of the repository.

The chemical composition of RA material, material leachate, rainfall and seeping water was
determined using ICP-MS techniques. For material chemical composition determination, aliquot part of
the sample was milled by using the mixer mill, digested by using microwave digestion system in closed
teflon containers under high temperature and pressure. Digestion was performed in nitric acid
(suprapure). Analysis of digested samples as well as material leachates, rainfall and seeping water were
performed in accordance with CSN EN ISO 17294-2". Material leachate was prepared in the laboratory
in accordance with SIS-CEN ISO/TS 21268-1".

Set of tests on 4 organisms (freshwater algae Desmodesmus subspicatus, higher vascular plant
seeds Sinapis alba, water arthropod Daphnia magna and freshwater fish Poecilia reticulata) that
represent all trophic levels was provided in case of evaluation of seeping water possible negative effects
on living organisms (Table 1). This set of tests is used for evaluation of wastes characteristics and was in
accordance with Czech Regulation no. 387/2016 Coll.'* These ecotoxicity tests were performed in
accordance with ISO standards®#?* and Methodological guideline of Ministry of the Environment of the
Czech Republic for waste ecotoxicity evaluation®. For comparison, the ecotoxicity tests were also
directly performed on leachate of RA material.

Table 1: Ecotoxicity tests description

Organism dEJr[;?isoi:]ion Measured parameters Limit value
Daphnia magna 48 hours immobilization Max. 30 %
Desmodesmus subspicatus 72 hours inhibition/stimulation Max. 30 %
Poecilia reticulata 96 hours mortality Max. 0 %
Sinapis alba 72 hours inhibition/stimulation Max. 30 %

Results and discussion
Composition of RA material and RA material leachate

Metals concentrations in RA material (Figure 3) were relatively very high especially of Mn
(13750 mg.kg") and Cr (1 110 mg.kg™) in comparison with other analyzed metals. Also, Ba
concentration (348 mg.kg™) and V concentration (236 mg.kg™) were quite high. On the contrary, the
lowest concentrations were determined for Cd (0.62 mg.kg™) and Sb (0.08 mg.kg™). It is also possible to
mention concentration of Pb (27.5 mg.kg™). This metal is dangerous due to negative effects on human
health and as inorganic is classified by International Agency for Cancer Research as probably
carcinogenic to humans (group 2A).
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Figure 3: Selected elements content in RA material
In general, concentrations of selected metals in material leachate were relatively low even under the
detection limit (Table 2). The highest concentrations were determined for V (21 pg.I'"), Mo (7 pg.I") and
Ni (6 ug.I'). On the contrary, concentrations of Cd, Co, Cu, Pb, Zn, Ba and Mn were below the detection limit.

Table 2: Selected elements content in material leachate

Elements Concer)ltration Elements Concer_lltration
[ug.lI'"] [mg.17]

Ba <10 Mo 7

Cd <0.5 Ni 6

co <1 Pb <05

Cr 1 Sb 0.9

Cu <10 Y, 21

Mn <1 Zn <10

Rainfall composition

Especially the amount of rainfall was important for the experiment because it determined the amount
of water infiltrating the repository and affected the amount of sample of seeping water. Because of wet
and colder summer period, the total amount of rainfall during the first sampling period was 288.4 mm.
Unfortunately, autumn was very dry therefore the second sampling period had to be extended. The total
amount of rainfall during the second sampling period was only 111.6 mm.

The chemical composition of rainfall was also determined to eliminate influx of observed compounds
from rainfall for proper characterization of leaching processes in the repository. Most of the selected
metals were below the detection limit except for Mn, Ni, Pb and Zn (Table 3) in the sample collected
within the first sampling period. Sample collected within the second campaign contained higher
concentrations of these metals. Particularly Mn concentration (59 ug.I* resp. 2 pg.™) and Ni
concentration (23 pg.I" resp. 2 pg.I") were much higher and also concentration of Zn (58 pg.I" , resp.
25 ug.I") and Pb (2.9 ug.I* resp. 0.7 pg.I'") was two resp. three times higher.
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Table 3: Mean composition of rainfall during sampling periods

Elements Concentration [ug.l"]
1% sampling period 2" sampling period
Ba <10 =5
Cd <05 0%
Co <1 =
Cr <1 T
Cu <10 =5
Mn > =
Mo <1 )
Ni > >3
Pb 0.7 5
Sb <05 <05
\ <1 =
Zn 25 =

Seeping water

The overall time duration of the field experiment was 26 weeks. Two sampling intervals were chosen
due to meteorological conditions. It was assumed that water seeps directly down to the samplers so the
catchment area was identical with the area of samplers’ lysimeter that was 0.0628 m®. During the first
period of the field experiment, 874 ml of seeping water were captured in samplers. The amount of water
within this sampling period was not the same in both samplers. There were 620 ml in the sampler
located near the peak of the repository and 254 ml in the second sampler placed near the slope of the
repository. Both samples were mixed together for subsequent analyses. Only 370 ml of seeping water
was sampled during the second period. The amount of water within this sampling period was not again
the same in both samplers. There were 260 ml in the sampler located near the peak of the repository
and 110 ml in the second sampler placed near the slope of the repository. Both samples were mixed
together for subsequent analyses.

Seeping water collected during the first sampling campaign was typical with very high concentrations
of Zn (55 000 pg.I"") and high concentrations of Sb (250 ug.I™*), Ni (195 pg.I!) and Ba (96 pg.I"). On the
contrary, Cd concentration was under the detection limit. Seeping water from the second campaign
contained in many cases different concentrations of elements compared to the first sample. Only
concentrations of Cu, Mo, Pb, V and Cd were roughly similar in both samples. Ba concentrations were
two times lower (96 pg.I" resp. 43 pg.I™"), Cr concentrations were nearly four times lower (42 pg.I™ resp.
11 pg.I"), Zn concentration was order of two magnitudes lower (55 000 pg.I"* resp. 160 pg.I™").
Co concentration was below the detection limit although it was 4 pg.I* in the sample from the first
sampling period. On the contrary, concentrations of many metals were significantly higher in the second
sample. Mn concentration (30 ug.I™ resp. 465 ug.I™) was the order of magnitude higher. Ni concentration
(195 pg.I" resp. 810 pg.I") was nearly four times higher. Higher was also concentration of Sb (250 pg.I™*
resp. 325 pg.I™).

Concentrations of several metals were recalculated due to possible input fluxes of these metals in
infiltrated rainfall. Particularly Mn concentrations were recalculated in both samples and were lower by
2 pg.I" in the first sample of seeping water resp. lower by 59 pg.I" in the second one. Also 25 ug.I* were
deducted from the concentration of Zn in the first sample and 58 ug.lI" in the second sample and
Pb concentrations were lower by 0.7 pg.I™ in the first sample of seeping water resp. lower by 2.9 pg.I" in
the second one. Metals concentrations summarized in Figure 4 thereby represent concentrations
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released from the RA repository material and concentrations in RA material leachate prepared in the
laboratory. Figure 4 shows that laboratory material leachate contained very low concentrations of metals
while seeping waters contained the same metals in much higher concentrations (some of them up to two
orders of magnitude). Only the V concentration is similar in seeping water and material leachate.
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Figure 4: Elements concentration in seeping water (after recalculation to element
concentrations in rainfall) and RA material leachate

Ecotoxicity tests

Results of ecotoxicological characterization of seeping water show differences in its effects on living
organisms (see Table 4). Because of a very small amount of seeping water from the second sampling
period, only sample from the first sampling period was tested. There was no effect on freshwater fish
Poecilia reticulata mortality, therefore, the limit value was observed (0 % mortality). No effect was also
determined on water arthropod Daphnia magna. The limit value represented by 30 % immobilization was
also observed. Surprisingly, stimulation effect was observed for green algae Desmodesmus subspicatus
growth (4.15 %) and also for the growth of higher vascular plant Sinapis alba seeds. However, limit value for
this parameter (30 % inhibition/stimulation) was also observed. Seeping water was thus not dangerous and
did not have significant negative effects on the freshwater ecosystem and living organisms. Although the
results of the ecotoxicity tests for RA material leachate show slightly higher values for all organisms
except fish compared to seeping water (Table 4), the limit values were not exceeded. There was found
10% immobilization of water arthropod Daphnia magna for material leachate prepared in the laboratory.
Material leachate prepared in the laboratory could be more dangerous for freshwater ecosystems and
living organisms compared to seeping water originated due to leaching of compounds from RA material
repository under the real conditions although there were found no significant negative effects.

Table 4: Comparison of ecotoxicity test results of seeping water and RA material leachate

Value
value RA Material Limit value
. - . aterials
Organism Exposition Seeplrl/g water leachate Remark %]
(%] [%]
Daphnia magna 48 hours 0 10 Immobile Max. 30
Desmpdesmus 72 hours 4.15 6.11 Stimulation Max. 30
subspicatus
I?oecnla 96 hours 0 0 Mortality Max. 0
reticulata
Sinapis alba 72 hours 3.45 8.06 Stimulation Max. 30
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Conclusions

The results of the experiment showed that RA material from the repository contained high
concentrations of some metals, especially Mn, Cr, Ba and V and PAH.®. In general, laboratory material
leachate contained very low concentrations of harmful substances. Seeping water contained metals in
much higher concentrations (some two orders of magnitude). The rainfall samples monitored during the
experiment contained concentrations of most of the monitored elements below the detection limit.
Excepted were the increased concentrations of Mn, Ni, Pb and Zn in rainfall, according to which the final
values of the elements in the seeping water were recalculated. Seeping water contained high
concentrations of Zn, Sb, Ni and Ba in the first test period and high concentrations of Ni, Mn, Sb and Zn
in the second test period. As described Jandova®, PAH, concentrations in seeping water were higher in
the sample from the first sampling period that could be due to their greater release from the “fresh”
material at the beginning of the experiment.

The first sample of seeping water was relatively high polluted with selected compounds (metals and
PAHs®) nevertheless water had almost no negative effects on living organisms. Larger negative effects
on living organisms were identified in the material leachate prepared in the laboratory although
concentrations of analyzed compounds were much lower. So the leachate could contain “unknown”
substances originating during the leaching process in the laboratory that were not analyzed and could
occur in high concentrations, responsible for toxic effects on living organisms.

Therefore this study has also demonstrated the benefits of ecotoxicity tests for evaluation of
hazardousness of the materials for freshwater ecosystems, and that simple usage of chemical analyses
for evaluation of possible effects on freshwater ecosystems could bring misleading information.

The presented experiment shows that in the assessment of the effects of the material used for the
construction of roads on the environment is important to assess their water leachates rather than the
content of harmful substances in dry matter. The reason is the contact of the material with rainwater or
underground water under real conditions, in which hazardous substances are released into the
environment. This experiment became the basis for the preparation of a methodology for assessing the
impact of the material on the environment, which the team of authors prepares.
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Souhrn

Clének popisuje vyluhovéni kovi z UloZi§té recyklovaného asfaltu (R-materiglu) v reélnych
podminkach a vysledky laboratornich testi vyluhovani tohoto materialu. Byly také realizovany
ekotoxikologické testy pro stanoveni dopadu prusakové vody a vyluhl R-materialu na zivé organismy.
Pro odbér vzork( prisakové vody byl pouzit specificky vzorkovac. Odbér probihal ve dvou kampanich.
Pro priasakovou vodu odebranou béhem prvni kampané byly typické velmi vysoké koncentrace Zn
a vysoké koncentrace Sb, Ni a Ba. Slozeni vzorku odebraného v druhé kampani bylo jiné. Koncentrace
Zn byla o dva fady nizsi, koncentrace Ba byla dvakrat niz§i, koncentrace Cr byla témérF Ctyrikrat nizsi.
Naopak koncentrace Mn, Ni a Sb byly v druhém vzorku vyrazné vy$Si. Pouze koncentrace Cu, Mo, Pb, V
a Cd byly u obou vzorku priblizné podobné. Bylo sledovano chemické sloZzeni R-materialu a srazkové
vody. R-material z dlozisté obsahoval vysoké koncentrace nékterych kovu, zejména Mn, Cr, Ba a V.
Vysledky experimentu ukazaly, Ze laboratorni vyluhy materialu obsahovaly velmi nizké koncentrace
kovii, zatimco priisakové vody obsahovaly stejné kovy v mnohem vys$$ich koncentracich. Usinek
prisakové vody a vyluhu R-materialu na testované organismy byl maly a byly dodrzeny limitni hodnoty
pro vSechny namérené parametry.

Klicova slova: Recyklovany asfalt, vyluhovani, kovy, ekotoxicita
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Abstract

Radioactive waste with its hazard to human health and the environment requires precisely defined
regulations for handling. The liquid radioactive waste in the nuclear facilities is comprised of ion
exchangers that are used for purifying of demineralized water. In case of ion exchangers used in nuclear
facilities compared to ion exchangers in ordinary water treatment plants, besides their typical properties
of waste, the issue of their radioactivity needs to be addressed in the process of operation and
decommissioning. This is also closely associated with the choice of the most suitable technology. The
best available disposal technology for ion exchangers from nuclear facilities is their controlled
combustion. This paper discusses the properties of ion exchangers, their testing in terms of the input
analysis and the design of solutions for the input of liquid ion exchangers into the combustion chamber.

Key words: ion exchangers, combustion, liquid radioactive waste

Introduction

The final shutdown of nuclear facility (NF) operation is followed by the shutdown and final stage of its
lifecycle which is safe decommissioning and disposal'?. In accordance with the Slovak Atomic Act,
decommissioning of the nuclear facilities is defined as post-closure activities which aim at exempting the
nuclear facility from the scope of this Act’. The International Atomic Energy Agency (IAEA) defines
decommissioning of a NF as ,a set of administrative and technological activities leading to the exemption
of a nuclear facility, alternatively its parts from the radiation monitoring service of the regulatory body*“*.
The process of nuclear facility (NF) decommissioning is challenging from the perspective of time,
technical, organizational and economic aspects. For this reason, it is necessary to plan decommissioning
activities well ahead and have adequate knowledge of the anticipated amount, type and category of
radioactive waste (RAW), environmental releases as well as dose burden to the staff carrying out
decommissioning activities and dose burden to the population®”.

The generation of radioactive waste varies from country to country depending on the scale of
applications and range of activity associated with nuclear and radioactive material utilization in that
country®. These wastes can affect human health and the environment, so their safe management has
received considerable attention worldwide. Classification of these wastes is very helpful throughout their
management phases from generation through collection, segregation, treatment, conditioning, storage,
transportation to final disposal. Classifications are usually derived from different perspectives, i.e., safety
perspective, the physical/chemical characteristics of the waste, process engineering demands or
regulatory issues®®. The radioactivity level in the waste affects the selection of its different management
options owing to its shielding requirements, so the current internationally accepted classification system
is based on the activity level and half-life. This system classifies the radioactive wastes to exempt (EW),
low- and intermediate-level wastes (LILW), which may be subdivided into short-lived (LILW-SL) and
long-lived (LILW-LL) wastes, and high-level wastes (HLW). Table 1 lists the characteristics of these
waste classes o',
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Table 1: Radioactive waste classification®?

Waste classes Typical characteristics

EW Activity levels at or below clearance levels, which are based on an annual dose to
members of the public of less than 0.01 mSv

LILW Activity levels above clearance levels] and thermal power below about kW.m™

LILW-SL Restricted long lived radionuclide concentrations (limitation of long lived alpha emitting

radionuclides to 4,000 Bg.g™ in individual waste packages and to an overall average of
400 Bq.g™ per waste package)

LILW-LL Long lived radionuclide concentrations exceeding limitations for short lived waste

HLW Thermal power above 2 kW.m™ and long lived radionuclide concentrations exceeding
limitations for short lived waste

Materials from the decommissioning whose excessive level of surface contamination or mass activity
does not allow them to be released into the environment or reused at the site of the NF represent RAW
which must be safely isolated from the environment through a set of technological processes and
procedures™*?. The Bohunice RAW Treatment Center comprises a complex of RAW processing and
treatment facilities. It treats combustible solid and liquid waste, compressible solid waste, non-
combustible and non-compressible waste, concentrates, ion exchange resins (sludge) and other
contaminated liquids and sludge. They are processed by a number of treatment facilities:

The solid RAW separation facility,

The solid RAW high-pressure press,

The solid RAW and liquid organic waste incineration facility,

The liquid RAW concentration facility,

The processing of RAW into fibre-reinforced concrete containers by cementation

agrwpE

13,14

lon exchange filters are used for the purification of water from the reactor primary and secondary
system, of water from spent fuel storage pools and of condensate from evaporators®®. Nuclear facilities
use mainly organic ion exchangers, the main feature of which is the presence of active moieties on the
skeleton of ion exchanger. Prior to ion exchange, liquid RAW is cleaned at mechanical filter and
subsequently passed through ion filters, where certain types of radionuclides are effectively captured®®*’.

Once ion exchange resins have been spent, they need to be further processed and modified to
a state which is safe to the environment. Bitumenation and cementation are also suitable for the RAW
treatment and fixing the ion exchangers®®. In terms of waste management hierarchy, waste storage is not
considered a progressive method of waste disposal, however the safety aspects of RAW are a priority.
Various technologies are nowadays used to capture and fixate radioactivity along with volume reduction.
Ideally, controlled combustion seems to be the most appropriate technology and some countries (e.g.
Belgium, France, Germany) have relatively extensive experience with it *°.

At present, ion exchangers are burned in a BSC RAO furnace and Slovak Republic has considerable
experiences with this technology. The basis of the combustion technology design is the analysis of the
input data of the ion exchangers®. These representative input data were used to design a new process
for dosing the ion exchangers into the furnace.

Experimental part

Under the influence of radioactivity in NF, the ion exchanges are subject to various changes connected in
most cases with the reduction of the exchange capacity of the used ion-exchange materials, or even to their
complete destruction. They are used in a wide concentration range of the processed substances — from
nanogram (or even smaller) amounts of separated elements processed in columns of several cubic
centimetres to large quantities of substance in columns or devices having a volume of tens of cubic
centimetres. The presence of higher levels of radioactive radiation also results in different working conditions
for staff and other measures compared to the treatment of non-radioactive materials.

Patronem tohoto Cisla je Institut environmentalnich technologii Vysoké Skoly bariské-Technické univerzity Ostava
WASTE FORUM 2018, &islo 3, strana 33 7



Ivana TUREKOVA, Viadimir FRIDRICH, lveta MARKOVA: Proposal for the combustion method of liquid radioactive
ion exchange resins. Case study

The consequences of ionizing radiation damage can be summarized in the following points:

loss of exchange capacity as a consequence of degradation of functional groups,

formation of new functional groups, especially weak acids (- COOH),

degradation of the supporting skeleton of organic ion exchangers due to the reduction in
molecular weight, thereby increasing the solubility of the ion exchange material, but at the same
time causing the opposite, i.e., the free-radical reactions resulting from the destruction of the ion
skeleton carbon chains and a higher reinforcement of the supporting skeleton,

all these changes are reflected in the absorption of ion exchanger,

in case of degradation of organic ion exchangers, gaseous products are also formed.

Several ion exchangers are used in the ion exchange process, PUROLITE NRW 160, a strongly
acidic cation exchange resin, was selected as the representative sample®. It is a macroporous
polystyrene sulfonate cation exchange resin which is mechanically stable, able to withstand the
conditions of considerable stress (thermal and oxidative). The high capacity and ion selectivity of Purolite
NRW160 / 4491, in particular for **'Cs, is due to the choice of resin to concentrate these radioactive
isotopes prior to disposal (Figure 1). This resin has extremely fast kinetics compared to other
macroporous strong acid cation resins. The integrity of beads with good resistance to significant changes
in the osmotic pressure and high weight is crucial in order to minimize problems with loss of and
decrease in pressure. The resins are expected to provide a minimal pressure drop and limit the flow rate
to optimize performance and maximize efficiency?>%.

Figure 1: The structure of PUROLITE NRW 160 ion exchange resin

It must be noted that the existing input data from Table 2 were used for the purpose of data processing.

Table 2: Typical physical, chemical and operational properties of PUROLITE NRW 160

Characteristic, property Quantitative value

Polymer structure Macroporous polystyrene crosslinked with divinylbenzene
Total capacity 2.2 mval.cm™

Water content max. 55 %

The proportion of cation exchange in H + form 99,9 %

Grains (size of beads) 425 - 1200 ym

Grain size max. 0,5 % < 0,3 mm, max. 2% >1,0 mm

Temperature range H* 120 °C

Heavy metal levels:

Fe max. 50 mg.kg™ of dry ion exchange resin
Cu max. 20 mg.kg™ of dry ion exchange resin
Pb max. 20 mg.kg"l of dry ion exchange resin
Na level max. 50 mg.kg"l of dry ion exchange resin
Max. operational temperature 120 °C

Density 780 — 800 g.dm™

Moisture retention 43 - 48 % (H" form)
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The gravimetric method (dehydration to a constant weight at 120°C) using analytical weights was
employed to determine the moisture associated with ion exchange resin in order to calculate the
combustion method for ion exchange resins in the combustion furnace.

To assess the behaviour of the ion exchange resin at high temperature, samples of the original ion
exchangers were subjected to thermal analysis, Thermogravimetry (TG)* and Differential Scanning
Calorimetry (DSC)? using a Mettler TA 3000 Toledo. A Thermogravimetric Analysis Module with TG 50
Thermal Scale and DSC Differential Scanning Calorimetry Module with Measurement unit DSC 20
including the Grapheware TA - 72.2/5 Evaluation Software were used®.

During thermogravimetry, the ion exchange sample was heated at a constant rate in accordance the
controlled temperature programme and the weight change was measured as a function of temperature
and recorded on a thermogravimetric curve. The measurement was carried out under the following
conditions:

— heating rate (10 °C.min™),
— thermogravimetric analysis was carried out up to 800 °C,
— the measurement was carried out in a dynamic air atmosphere,

— the initial and final temperatures of the active decomposition, the maximum temperature for the most
rapid weight loss of the sample and the combustion resistant residues at the respective temperatures
were observed.

DSC is the procedure whereby the difference between the heat flow (energy) supplied to the test
sample and the reference sample is measured as a function of temperature and/or time, while the test
and reference samples are being exposed to the selected temperature programme. It uses an additional
source in order to compensate for the temperature difference between the uniformly heated sample and
the comparative substance, while measuring the energy directly consumed for this equilibration. The
enthalpy change can be calculated according to the equation:

T2
~AH = [c,dT +i, (1)

Tl
where Cp is the specific heat capacity (J.kg™.K™) and i is the integration constant, where the area of the
thermoanalytic peak (exothermic or endothermic effect) is proportional to the value of the integral. The
integration constant is determined using standardized substances which exhibit an exothermic or
endothermic effect in the temperature range T1 and T2 whose enthalpy (kJ.mol™) is specified. The ion
exchange resin sample was tested at the same rate of heating at 10 °C. min™ in an air atmosphere.

Approximate combustion heat of the ion exchange resin was determined using KALORYMETR KL-5
combustion calorimeter.

Results and discussion

The moisture level of ion exchange resin was determined by the gravimetric method to be
43.8 £ 0.8 %.

Thermal analysis was used to monitor thermolysis of ion exchangers on a laboratory scale to
determine the way they behave under thermal stress. The graphical course of the thermogravimetric
curve (TG and DTG) is displayed in Figure 2, the results are evaluated in Table 3. The weight of the test
sample was 9.316 mg.
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Figure 2: TG and DTG weight loss curve of the ion exchange resin sample

Table 3: Temperature characterization of individual ion exchange resin decomposition stages

Heat rate Stages of Heat interval Weight loss Temperature for Resistant
decomposition the most rapid residual
weight loss
(C.min7) ) (%) (C) (%)
Stage . 40.8 -197.0 16.38 75.0 83.46
Stage Il 255.3 -372.0 14.94 338.3 68.26
10 445.0
Stage Il 372.0-604.3 44.01 4950 24.24
Stage IV. 604.0 — 840.0 8.85 818.3 15.39

The thermogravimetric records show:

decomposition of the ion exchange resin occurred in four stages,

the first stage was associated with the loss of 16.38 % of the ion exchanger, with the beginning of
thermal decomposition recorded at 40.8 °C, this level indicates the ongoing dehydration
processes, given the assumed high water content,

no significant changes were recorded in the temperature range of 197.0 — 255.3 °C with the
selected temperature programme,

in the second stage, the weight loss was 14.94 % in the range of 255.3 — 372.0 °C, the resistant
residual value was 68.26 %,

the third stage of thermal decomposition is decisive for the thermal decomposition of the material,
since 44.01 % loss of sample weight and two maximum velocity loss rates at 445.0 and 495.0 °C
are recorded on the thermogravimetric curve,

in the last stage (the flow is recorded to exceed 800 °C) the amount of thermally decomposed
material represented the smallest weight and the final value of the resistant residue was 15.39 %
which indicates relatively high content of insoluble components, which must be taken into
consideration during the combustion process.

The results of the thermogravimetric analysis indicate that the path of thermal decomposition of the
ion exchange resin is feasible, but it is crucial to take into consideration higher energy costs associated
with the evaporation of water in the initial stage and the decomposition course is shifted towards higher
values compared to other tested materials burned in the given apparatus. Furthermore, the increased
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ash content resulting from this type of combustion process needs to be taken into account, which is in
case of radioactive waste due to its cumulated radiation advisable to be in the solid residue.

Figure 3 depicts the results of the DSC and Table 4 evaluates the measurements. The weight of the
test sample was 4.850 mg.

1/07-vzorkai-ionex File: 01642.001¢ DSC METTLER
4.850 mg Rate: 10.0 “C/min Ident: 1.0

A Integration
S Delta H 1982 mJ

408.7 J/g
_ Peak BB.0°C
~5.4 mw
Onset: 343 .5°C
E Slope O.44 mMW/K

Integration
Delta H40264 md
B301.8 J/g
Peak 516.2°C
67.3 mW

50.

436,0°C 156, 2°C

‘RERRR IR
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Figure 3: The DSC record of ion exchanger

Table 4: Changes in the reaction enthalpy of the ion exchanger from the DSC record

Heat rate Stages of Heat interval Change in the Maximum peak
decomposition reaction enthalpy temperature
(°C.min™) °C) .97 °C)
10 Stage I 36.0 — 156.2 - 408.7 endo 88.0
Stage Il. 310.0 - 598.3 8301.8 exo 516.2
and more

Based on the DSC curve, the thermal decomposition of the ion exchanger practically occurred at the
temperature higher than 600 °C in two stages. In the heat range of 36.0 - 156.2 °C, it is possible to
determine the prevailing endo-effect of the ongoing decomposition (dehydration) mechanisms from the
curve; the next stage recorded significant exothermic processes, probably related to depolymerisation,
cleavage and other exothermic reaction of ion exchange resin, while this process was not completed
even at 600 °C.

The results of the DSC analysis indicate that heating of the sample in the first stage, requires supply
of a considerable amount of energy, which is coupled with the evaporation of water tied in the ion
exchanger; in the next stage from around 300 °C, the decomposition exothermic reactions with positive
thermal balance (energy release) prevail.

The combustion heat of the ion exchanger was determined by calorimeter from the total water value:
Qspag ~ 4 200 cal.g_] ~17,5 kJ.g_l. o

Regarding the proposal for the transport method of the ion exchanger into the combustion furnace,
the feasible solution was to mix it with foam with a content of approximately 35 %. For the combustion of
such ion exchanger, it is crucial to first supply the heat necessary for evaporation of the water in the first
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stage and subsequently release the heat upon burning of the dehydrated ion exchanger. The calculation
of the energy balance of the ion exchanger combustion was based on 1 kg of foam. For the heating of
20 °C to the boiling temperature, evaporating and heating of this amount of water to the temperature of
the combustion products (750 °C), the amount of heat Qv must be:

Qv = Muater X Cp,1 X AT + myater X lv + Muyater X Cp g X AT, (3)
Qv=2552kJ
The heat released by combustion of dehydrated ion exchanger Qi:
Qi = Mion exchanger X Qcombustion =6 125 KJ. 4)

The heat Qi is released when the ion exchanger is burned, the heat Qv is consumed to heat the
water, which forms the most essential part of the foam supplied to the combustion furnace. The overall
energy contribution of combustion of foam and ion exchanger to the combustion process is:

Since combustion of ion exchanger in a foam containing 35 % of the ion exchanger is energy-efficient,
no further energy-rich substances need to be added to the furnace. In reality, it is obvious that the
furnace processing radioactive waste will be used to burn other predominantly energy-rich substances,
thereby increasing the energy balance of the combustion process.

The problem may be caused by the technical difficulty of entering the ion exchanger in the foam.
Several types of equipment can be used to prepare the foam in which the ion exchanger selected for
combustion is subsequently dispersed. First of all, it is the typical equipment used in the production of
foam for extinguishing, the so-called whip nozzle. Water is flowing under increased pressure to the
nozzle, to which a defined amount of foam compound is admixed to form a foaming substance which
produces foam once the air is streamed in.

The main problem for the use of such device in the incinerator is high water and foam flows, hence
the incinerator would have to be greatly oversized. The advantage of this device is that, under the right
conditions, it can create light foam containing a small amount of water (unlikely to differ greatly from
43 % of the water content already present the ion exchanger). This results in higher energy intensity of
combustion and greater time stability of the foam. In case of combustion of such foam, it is also
necessary to increase the diameter of the duct to ensure easy dosing of the foam into the furnace.

Another device that can be designed for foam creation is a device that produces foam mechanically -
mixing the foaming substance at high speed which results in formation of bubbles while these bubbles
remain coated with foaming solution?®. Disadvantage of this process is the possibility to only produce
heavy foam with a high water content, which makes it unstable. This procedure will most probably
require additional condensate drainage equipment. On the contrary, the advantage of this device is that
it can also produce small amounts of foam with small amounts of ion exchanger.

Design of the foam forming equipment and foaming substance are shown in Figure 4.

The spiral conveyor must be used due to the ion exchanger consistency (contains 43 % of water,
causing aggregation of the particles and their accumulation on the walls of the vessels). The flow of the
foaming substance should be selected in such a way as to ensure transfer of the particles from the ion
exchange reservoir; at the same time the amounts of the foaming substance and the supplied ion
exchanger need to correspond to the weight ratio of 1:1. The mixture of the ion exchanger and the
foaming substance is piped into the conic chamber and connected to the upper part by a suction nozzle
to the duct which takes the produced foam into the furnace. It is necessary to place an aperture in this
duct in order to regulate the supply of foam into the combustion chamber. The condensate drain pipe 9
fulfils the back flow function of the excess condensate which is led back into the chamber. The gas
supply as well as the suspension of the foaming substance and the ion exchanger should be led directly
on the screw of the mechanical stirrer 6. This causes the instantaneous mechanical formation of the
foam when the liquid stream is mixed with the gas under the turbulent environment created by the screw.
The material of the equipment must be corrosion-resistant, for example austenitic steel.
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Figure 4: Proposed foam forming equipment and foaming substance

1,2 - engines, 3 —ion exchange dispenser, 4 — spiral conveyor, 5 —duct, 6 — stirrer, 7 — suction
nozzle, 8 — aperture, 9 — condensate drain, 10 — combustion chamber

Conclusion

lon exchangers as organic substances can be incinerated. Since ion exchangers as waste are fed
into the combustion facility in a “wet” state, it is crucial to dispense the ion exchanger into the proposed
device with water content not exceeding 50 %. Higher amount of water in the ion exchanger supplied
into the device increases the energy intensity of the combustion process. Since it is most efficient to
dispense the ion exchangers into the combustion chamber by means of foam, it is necessary to connect
foam forming apparatus in which foam in produced and mixed with ion exchanger to a combustion
device. It is possible to increase the water content of the ion exchanger supplied during production of the
foam, but on the other hand, it is necessary to adjust the amount of water supplied in the foaming
substance, while maintaining the optimum foam substance content in the total amount of the solution.

This is a proposal for combustion of liquid RAW with the aim to point out the possibilities of
combustion of liquid waste. The paper did not address the issue of activity, but it is assumed that
radioactive substances are predominantly captured in solid residues from incineration, which would be
further addressed by immobilization and landfill. It is likely that the combustion of LRAW will not take
place as a separate process, but rather together with other materials in different states and composition,
therefore the ratios can substantially change.

List of abbreviations

Co Heat Capacity (J.kg™.K™)

DSC Differential scanning calorimetry

IEAE The International Atomic Energy Agency
LRAW Liquid radioactive waste

m Mass (kg, g)

NF Nuclear Facility

Q Heat (J)
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Navrh spésobu spalovania kvapalnych radioaktivhych ionexov. Pripadova
studia
Ivana TUREKOVA?, Viadimir FRIDRICH®, Iveta MARKOVA®
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Slovensko
Univerzita Mateja Bela, Fakulta prirodnych vied, Tajovského 40, 974 01 Banské Bystrica,
Slovensko

Suhrn

Radioaktivne odpady svojou nebezpecnostou pre ludské zdravie a Zivotné prostredie vyZaduju
exaktne stanovené pravidla pre nakladanie s nimi. V jadrovych zariadeniach medzi kvapalné
radioaktivne odpady patria ionexy vyuzivaném na Cistenie demineralizovanej vody. V pripade ionexov
pouZivanych v jadrovych zariadeniach oproti ionexom v klasickych tpravovniach véd okrem klasickych
viastnosti odpadu je potrebné rieSit' v procese prevadzky a vyradovania aj otazku ich radioaktivity.
Ktomu smeruje aj vyber najvhodnejSej technologie. Ako najlepSou dostupnou technolégiou
zne$kodnenia ionexov z jadrovych zariadeni je ich riadené spalovanie. V prispevku je pojednané
o0 vlastnostiach ionexov, ich testovani z hladiska vstupnej analyzy a navrh rieSenia vstupu kvapalnych
ionexov do spalovacieho priestoru.

Kl'ucové slova: ionexy, spalovanie, kvapalné radioaktivne odpady
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Boiler performance and combusted biomass quality control
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Summary

Combusted biomass in steam boilers in paper mills stems mainly from internal sources but it also may
be purchased from outer ones, contributing to its variable moisture, composition and lower heating value
(LHV). Available process data from an industrial application were processed yielding simple biomass
LHV calculation estimation to help the plant staff in online and ex post Monitoring and targeting
purposes. This has not been possible in the past due to unreal LHV values obtained by laboratory
analyses of biomass samples. We also paid attention to sulphuric acid dew point estimation to assess
the risk of flue gas duct low temperature corrosion that has been confirmed by inspection during boiler
overhaul. Measures were proposed to eliminate its occurrence after the necessary low temperature flue
gas duct part repair.

Keywords: biomass moaisture, lower heating value, thermal efficiency, stack losses, low temperature
corrosion

List of symbols and abbreviations used

AMS Automated Monitoring System

BB Biomass boiler

BFW Boiler feedwater

CHTW Chemically treated water

_t;—tref

Cp,mol,i Average molar heat capacity of i-th component in the temperature range from reference to
actual temperature, [kJ.kmol™*.K"]

d.b. Dry basis (biomass compaosition)

ESP Electrostatic precipitator

H Enthalpy flux, [kW, MW]

h Molar enthalpy, [kJ.kmol™]

HX Heat exchanger

Ki, Ks Coefficients in material balance equations

Ko Equilibrium constant based on partial pressures

LHV Lower heating value, [MJ/kg, GJ/]

M Molar mass, [kg.mol™]

MB Mass balance

M&T Monitoring and targeting

n Molar flow, [mol.s™, kmol.h™]

NG Natural gas

OoMB Overall mass balance

Qloss Heat losses from surface, [MW]

P Pressure (partial), [Pa, atm]

RES Renewable energy source
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SADP Sulphuric acid dew point, [°C]

T Thermodynamic temperature, [K]

t Temperature, [°C]

V Volumetric flow, [m3.s™®, m®h?]

X Molar fraction

w Mass fraction

Vici) Stoichiometric coefficient of i-th component in j-th chemical reaction
S Reaction rate of the j-th chemical reaction, [mol.s™, kmol.h™]

g(j)T Theoretical (maximal) reaction rate of the j-th chemical reaction, [mol.s™, kmol.h™]
Subscripts

RED Reduced (temperature)

¢ Thermal (efficiency, energy)

u Useful (heat flux)

Introduction

Biomass continues to play an important role in heat and power production both in industrial and
residential sector. Large biomass fired steam boilers are traditionally found in pulp and paper industry™?.
The power sector tests the possibility for biomass cofiring in coal boilers®° or together with other kinds of
fuels® however the economically acceptable share of cofiring does not exceed 20 % at present. Biomass
can replace a part of fuel needs in other industrial sectors as well, for example as supplementary fuel in
lime kilns®, either by direct feeding of various sludges or using gas produced by biomass gasification’.

Short and long term monitoring of boiler performance is very important when striving towards
economically feasible boiler operation. Several techniques are implemented to reach this goal, but
always process data represent the key to this effort. Cafaro et al.® apply thermoeconomic method to
analyze the decay of selected power plant key components performance over time. The obtained results
allow for following trends over a time period of more than 500 days. Valero and Lozano present a similar
study® by applying fundamental approach to performance monitoring and costs assignment in a coal
fired power plant located in Spain based on theory of exergetic cost. Analysis of several steady state
operation data allowed them to identify the flue gas recuperator as a piece of equipment with the most
significant performance decay, with exiting flue gas temperature above 200 instead of around 150 °C
and leaking air. If the fuel composition varies significantly even over shorter time period, online fuel
quality analysis is necessary to be conducted to proceed with any boiler or power plant performance
studies. The study from Vrana and Sulc'® indicates the possibility to deal with fuel composition and
thermal efficiency using inferential sensors especially for small scale boilers where experimental data
and sensors are missing. Similarly, Vrana et al.'* successfully evaluate fuel composition based on
available process variables.

SOx emissions from steam boilers and other industrial devices (furnaces...) directly impact their safe
operation area regarding low temperature corrosion'®*, as their flue gas content even in a few ppms
rises its dewpoint by tens of °C. In order to avoid it, flue gas to stack temperature has to be sufficiently
high which on the other hand impairs the boiler thermal efficiency and might be subject to discussion
between engineers and managers. Verhoff'> and Banchero™ presented decades ago simple equations
that can be used for a quick dewpoint estimation in praxis. Ibler** provides dewpoint charts for various
fuels and air excess values. The study by Ciukaj and Pronobis® provides analysis of flue gas dewpoints
from boilers co-combusting coal and biomass in Czech republic and Poland, the reported flue gas
dewpoint rise compared to water vapor dew point reached almost 90 °C. We documented the impact of
neglecting the low temperature corrosion risk in an anthracite calcination process study*® where it led to
extensive corrosion of flue gas fan and stack. For steam boilers, the study by Einstein et al.’
recommends that “it makes more sense to preheat the feed water to close to the acid dew point before it
enters the economizer. This allows the economizer to be designed so that the flue gas exiting the
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economizer is just barely above the acid dew point.” For situations with varying fuel quality and sulphur
content preheating the water to varying temperatures may become problematic and usually “a somewhat
higher flue gas temperature is acceptable to provide an extra safety margin”.

Keeping all those issues in mind a performance study of an industrial biomass fired steam boiler has
been conducted, fed by biomass with variable composition to demonstrate the impact of such situation
on boiler operation reliability and efficiency. The main goals of the study are as follows:

e develop a robust calculation model for online biomass moisture, flue gas mass flow and
composition estimation

e provide the boiler operators with simple and easy to use tool for online estimation of boiler
thermal efficiency and combusted biomass lower heating value yielding reliable results on one
hour / one day basis. This tool should serve the plant technologists and managers as well in
purchased and combusted biomass quality monitoring and biomass boiler thermal efficiency
monitoring and benchmarking.

e assess the low temperature corrosion existence in the recuperator by calculation of sulphuric
acid dew point based on measured and calculated flue gas properties, thus providing plant
engineers with relevant facts in the debate with plant managers about the boiler thermal
efficiency vs. boiler operation reliability

Case study: Biomass boiler and the related cogeneration unit layout

The object of our study is an industrial 100 MW, steam boiler located in a paper mill in Slovakia,
operated typically in the 80 to 95 % of nominal thermal input range. Its layout together with the RES-
based cogeneration unit is depicted in Figure 1. Apart from biomass, natural gas is used in the boiler as
supplementary fuel in power burners, ensuring the temperature in the combustion chamber stays above
certain minimum value when combusting low quality biomass. In extreme cases the NG consumption
exceeds 50 MW, but during stable operation it is below 1 MW,. Frequent changes in biomass quality put
stress on boiler operators; boiler automation is only on moderate level so the operators have to adjust
the combustion air flow and NG to power burners flow manually, often multiple times per hour, seeking
both for efficient boiler operation and for keeping NO, and CO emissions below upper environmental
limits.

Biomass quality is estimated by sampling and laboratory analysis once per one or two weeks.
Obtained data can thus neither be used for reliable long term boiler thermal efficiency estimation nor for
operational analyses and Monitoring and targeting purposes. Applying the laboratory lower heating value
data to monthly or yearly balances one gets a wide unrealistic spread of boiler thermal efficiencies,
ranging from 70 up to 110 %. A simple easy to be used operational biomass lower heating value
estimation procedure is thus needed to ensure reliable and economically feasible boiler operation and to
help the plant technologist in balancing procedures, including correct estimation of produced steam
price.
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Figure 1. Schematic depiction of the RES-based cogeneration unit understudy. BFW = boiler
feedwater, CHTW = chemically treated water, NG = natural gas

As a frequent measure in large steam boilers, combustion air is preheated to above 200 °C in rotary
regenerator, utilizing waste heat content of flue gas leaving the boiler, thus reducing fuel consumption
and increasing boiler thermal efficiency. Originally the cold ambient air should pass firstly through
a steam preheater to ensure a certain minimum temperature of air entering the regenerator in order to
prevent low temperature corrosion occurrence on flue gas side. The steam preheater broke down in
2012 and since then cold air passes to regenerator without preheat. Boiler operators confirmed that
since then the flue gas to stack temperature dropped from around 200 to around 140 °C, thus seemingly
increasing the boiler thermal efficiency (and saving steam to steam preheater which has been
considered as an excellent steam saving measure at that time). However the flue gas dew point when
combusting sulphur-containing fuels generally often approaches 150 °C and such situation may lead to
extensive regenerator and stack corrosion if continuing for longer time. Thus the authors also
concentrated on this issue, striving to verify the initial assumption of corrosion risk by flue gas sulphuric
acid dew point range estimation and proposing measures to remedy this situation.

Available process data and calculation model

Outputs of process sensors incorporated in the calculation model are summed up in Table 1. Biomass
mass flow is estimated by weighing the biomass surge silo content. No records are available about the
last calibration date and calibration results of that weigh, thus obviously this might be a significant
contributor to the current unrealistic boiler thermal efficiency values and might as well influence the
accuracy of the calculation procedure described below.

Any online data characterizing biomass quality are missing. Initial estimates subject to iterative
calculations thus include biomass moisture and hydrogen content. Due to the lack of any process data,
fix oxygen content of 45 % wt. in biomass combustible matter has been assumed in accordance with
available literature®® and the nitrogen and sulphur content in biomass (both unknown) has been
neglected. This simplification does not lead to detectable loss on calculation accuracy, as the usual
nitrogen content in biomass is around 0.5 % wt. and that of sulphur below 0.08 % wt. both on dry basis.®
Ash from boiler has been considered for simplicity as inert which, on our request, has been confirmed by
its laboratory thermogravimetric analysis. Complete combustion of biomass has been assumed for
simplicity, neglecting the measured 40 to 90 ppm vol. CO content in flue gas. Any other measurements
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regarding the other carbonaceous compounds in the flue gas are not available. All air leaks into flue gas
were assumed to take place on the flue gas path outside of the boiler. Other assumptions relating to
boiler mass and heat balance are listed in Table 2. All those assumptions obviously make the resulting
model slightly less accurate, however they keep it thus relatively simple and easy to use.

Table 1: List of process sensors considered in calculation model

Measurement Sensor description Physical units Typical values
Biomass mass flow t/h 20 to 50
Mass flow Boiler feedwater t/h 95 to 120
Steam production t/h 90 to 110
Natural gas volumetric flow Nm?®/h 2 to 100 (6000)
Volumetric Combustion air sum to all
flow burners Nm?/s 301040
Flue gas (dry basis) Nm?®/s 32 to 45
Ambient air °C -
Temperature Air after steam preheater °C 30 to 60
Flue gas to stack °C 120 to 160
Produced steam °C 395 to 405
Pressure Produced steam MPa (g) 42t04.4
Flue gas at boiler exit % vol. oxygen 4t05.5
Composition Flue gas to stack (AMS) % vol. oxygen, d.b. . t073§)0(|1oiaks
Flue gas to stack (AMS) ppm vol. SO, d.b. above 200)

Balancing and calculation procedure is summed up in model equations below, comprising
simultaneous solution of boiler mass and heat balance and the balance scheme is provided in Figure 2.
Such balance scheme enables not only the estimation of online boiler thermal efficiency and biomass
LHV and moisture, but the calculations also yield the flue gas dew point values. The mentioned
calculation procedure has been applied to process data in form of one hour averages available for appr.
1.5 year period. Results for selected shorter period with stable boiler operation have been graphically
processed and are shown and discussed in the next chapter.

11
<Steam
'BIIO d Biomass
OWdoWn poiler 6./ Tenstack
___2Leaks 7
> NG 3
] ,
Ash Air inlet
4 9
Biomass BFW

Figure 2: Balance scheme of calculation model with denoted stream numbers
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Table 2: Assumed fix values employed in the calculation model

Process stream Parameter Value
Combustion air Water vapour content 1% wt. (= 1.6 % vol.)
Mass flow; 5 % of biomass mass flow; 150 °C; zero
Ash !
Temperature combustibles content
Blowdown Pressure Produced steam pressure + 200 kPa

94 % vol. CH,4, 3 % vol. C,Hg, 2 % vol.

Natural gas Composition CaHa. 1 % vol. N,
Biomass composition Oxygen content 45 % wt. of biomass combustible matter
Heat losses from boiler - 1.5 MW, load independent

Biomass lower heating

Biomass
value

18.95 GJ/t of dry matter

Negligible (< 0.5 % wt. carbon according to

Ash Combustibles content
laboratory analyses)

(Consi)dered chemical reactions are summed up in (1 a — e), with their reaction rates defined according
to (2 - 6).
(1):C+0,—>CO,
(11):H,+0.50, > H,0
(1r):CH, +20, - CO, +2H,0 (la-e)
(IvV):C,H, +3.50, - 2CO, +3H,0
V):C,H; +50, - 3CO, +4H,0

91(!) :éi(l)T = Nic )
é(n) =;(H>T =Nanz ©)
Com =Cany| =Nscis =0.94.1s @)
Cavy = vy = Nscars =0.03.1s (5)
Sy =Suy| = Mscars =0.02.1s (6)

The overall boiler mass balance (7a) together with the oxygen balance in the boiler (7b) defines the
basis for calculation procedure. Further relations (8), (9) define the values of auxiliary coefficients while
(10) and (11) provide more inputs regarding combustion air and natural gas molar flows and
composition. The same, related to biomass composition, holds true for equations (12), (13). Together
with (13) and (14) this represents the material balance model of the boiler. The calculation output is
represented by molar flow of flue gas exiting the boiler (7a), its composition and molar flows of hydrogen
and carbon in combusted biomass. As can be recognized in the used equations, the co-firing of natural
gas is also dealt with. The calculation is started with initial values of biomass moisture and combustible
matter composition which (except from moisture) are refined by mass balance calculation process. The
biomass moisture is refined by further heat balance calculations and is returned back to mass balance
equation set for iterative calculations until all three parameters are refined satisfactorily. We decided to
let the hydrogen and carbon dry biomass content being subject to optimization by calculation. The
reason for doing so instead of fixing the dry biomass composition lies in the very variable combusted
biomass origin, with changeable share of wood chips and bark that depends on the amount, quality and
origin of the wood actually processed in the paper mill. As is obvious from published data'® the dry bark
generally contains more carbon and less hydrogen compared to dry wood chips. By letting the hydrogen
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content being calculated instead of fixing it, this aspect can be reflected in calculation results and bring
the calculation model nearer to reality in this particular case study.

OMB: ng=ns+ Nio2 +Nan20+0.5.N112+ K, .Ns

L] L] L] L] L] L] (7 a,b)
O, MB:ng.X; 0, =N3.X;5 0, + Ns,02—Nac—0.5.Ns 12+ K, .Ns
V)
Ky=1+ > %> vi =1+0.94.0+0.03.0.5+0.02.1=1.035 (8)
(J)=(1m) i
(V) L] L]
Ky= D Voui-Sipy =(—2.0.94-35.0.03-5.0.02).ns =—2.085 9)
(=)
N5 =Vs.(22.41 mol.Nm3); ns =Vs.(22.41 mol.Nm %) (10)
X500 = 0.21.(L— X, 110 ) = 0.21.0.984 = 0.2066 (11)
o 0.45.M (L= Wy 120 — Wy o) _ 045.M4 (0.95-W, ) 12
’ Mo, 0.032kg.mol ™
. M4 W, 150 M4 W, 120
n = ' = ’ 13
0T M L,. 0.01802kg.mol (13)
|:l4 Ho = W4,H 2,dry matter * My '(1_W4,H 20 W4,ash) — W4,H2,drymatter My '(0'95_W4,H20) (14)
' M,,, 0.00202kg.mol
° _ (1_ 0.45- W4,H 2,dry matter ) M4 (1_ W4,H 20 W4,ash) _ (055 - W4,H 2,dry matter ) M4 (095 - W4,H20)
Nac = = (15)

M. 0.01201kg.mol ™
Once the boiler material balance is solved, air leaks into flue gas system and final flue gas to stack
composition and molar flow can be determined via the equation set (15 — 23), utilizing the information
about oxygen content in dry flue gas to stack provided by AMS and results from previous calculations.

OMB:n7 =ng+n: (16)
O, balance: ne.X; o, + N2.X, 5, = N7,db.. %7 55 4 pp. = N7,02 (17)
MB on dry basis :N7,a.6. = Ne,d.0.4 N2,db. = Ne .(1— xG,H20)+ n..0.984 (18)
** X.02db. -(1_ Xe,oz)_ Xen20 _ > X7.02,db. '(1_ X6,02)_ X5,H20
N2 =nNe. =Ns. (29)

X7.02,d.b. -(Xz,Hzo _1)"' X502 0.2066 —0.984. X7.02,d.b.

. N3H20+ Na,H20+ Zg(j) Vh20.(j) ° . . . .

6,H20 — o = . = .
Ne Ne Ne
(20)
N7,z = [n2+ nsj. Xo o = (n2+ na).(l— 0.016 —0.2066) = 0.7774. (n2+ ng] (1)
N7,H20 = N6 .Xg 10 +N2.X, 120 = N6 Xg 10 +0.016.1N2 (22)
N7,coz2 = Ne,co2 = Zé'j Veoz,j =SmyTSam™ 2-§(|V)+3-§(V) (23)
i
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Heat balance of the system understudy is formed by equation set (24 — 32) and it yields new biomass
moisture estimate (27) at the first place which then is sent back to boiler material balance for calculation

refining. Sensible heat flux of natural gas Hsis omitted from further calculations as the natural gas is
delivered at ambient temperature. Reference temperature of 0 °C has been chosen for heat balance
calculations. Lower heating values of natural gas constituents (25) as well as the average molar heat
capacities of gases have been obtained from available literature'’. Specific enthalpies of boiler
feedwater, blowdown and produced steam have been correlated with the help of data published"’.
Employed average values of specific heat capacities for moisture, dry biomass and ash were 4.2; 1.5
and 1 kJ.kg™.K™. Average biomass temperature of 20 °C has been assumed.

As soon as the iterative procedure is over, final biomass lower heating value is obtained (26) and
boiler thermal efficiency can be estimated (28).

Q, = Hi+ Het Hstma.LHV, +1s. LHV, — H7— Ha— O, = Hio+ Hu— Ho (24)
LHV, = > %, .LHV, (25)
LHV4 _ Hio+Hu—Ho+H7+ Hs-.i-Qloss— Hi—Has— n5.LHV5 (26)
My
18.95— LHV
W, g0 = - 0 27
4,H20 1895 ( )
Mies = # (28)
ma.LHV + H1
. . . _ty —tref . _ty —tref
Hi= nl-hl =M (1— XlYHZO)-Cp,mol,dryair‘l‘ Ny X1’H20-Cp,m0I,HZO = (29)
= :(0.984.29.2kJ kmol K * +0.016.33.5kJ kmol .K )(t, - 0)
He =M (W, 10042k kg ™K+ (L= W, 1,0 )-1.5kI kg™ K )(20 - 0)K (30)
. . _t, —tref
H 7= Zn7,i -Cp,mol,i (t7 —O) (31)
Hs = 0.05.ms.1kJ kg LK (150~ 0)K (32)

Sulphuric acid dew point (SADP) has been estimated based on the method by Okkes®. It employs
SADP calculation using molar fractions of water vapour and sulphur trioxide in flue gas. Water vapour
content in flue gas is obtained from solution of equations (16 — 23). Sulphur trioxide content is calculated
by the measured sulphur dioxide content in dry flue gas, its recalculation (33) to that in wet flue gas and
then assuming the reversible SO, oxidation to SO; (34).

_ N7—N7,H20
X7,502 = X7,502,d.." .
n-

S0, +0.50, <> SO, (34)

(33)

Equilibrium constant of this reaction (35 a) depends on reaction temperature (35 b), where the
equilibrium temperature is used in K and in reduced form (35 c). Partial pressures in (35 a) are in atm.
units. Average flue gas pressure of 95 kPa which reflects the site height above sea level. A temperature
of 1000 °C has been employed in calculations which is near the usual measured combustion
temperature in the combustion chamber.
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P
K _ 503
PEY PSOZ ' P(;)Z5
l0g,0(K 0 (T))= 1T2'12.(1— 0.942 Toep +0.0702. T2, — 0.0108.Tagp. IN(Toep)-1.3T ) (35a-c)
RED
_TIK]
"E> 1000

By using (36) the partial pressure of SO is obtained which is then recalculated to molar fraction.
Lastly the sulphuric acid dew point SADP is estimated (37).

I:)sos = Kp(34) (T)-Psoz . Po()f (36)
SADP [°C]=203.25 +27.6. 109, (X, 1,0 )+10.83.10g,4 (X, s )+1.06.(10g,5 (X, s05)+ 8 (37)

Results and discussion

The priority of performed calculations was to formulate a simple relationship between online values of
combusted biomass LHV and actual values of process variables. The relative combustion air to biomass
mass low ratio has been plotted against the obtained biomass LHV and the result is shown in Figure 2
with the combustion air mass flow being recalculated to oxygen content in wet flue gas of 4.5 % vol.

Relative air to biomass mass flow [t/t]
-

4 - - ’ T T T T
6 8 10 12 14
LHV [GJA]

Figure 2: Specific combustion air consumption trend with rising biomass LHV

The idea behind was simple: the drier the biomass is the higher is its LHV and also more combustion
air is needed to combust one ton of such biomass. As can be seen in that figure, the data trend is almost
linear and can be fitted with linear relationship (38) without significant loss of accuracy.

Mair

Mbiomass

=0.6. LHV [GJ/t] (38)

Such relationship can be used more generally, for wood based biomass that is combusted with appr.
40 % air excess (corresponding to 4.5 % oxygen content in wet flue gas). For higher or lower air excess
it will deliver less correct values but via simple material balance the air mass flow can be recalculated to
given range and thus correct LHV value is obtained. Moreover, it can also be used in cases when other
fuel is co-fired with biomass if its share on material and heat balance is not significant. It is the case of
the given biomass boiler as well with natural gas serving as fuel for pilot burners and as power fuel; the
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typical NG consumption of up to 100 Nm®h (= appr. 1 MW,) representing less than 2 % of actual boiler
thermal load.

The boiler technologist developed an alternative method for online biomass LHV estimation, based on
correlation of rotational biomass feeders speed that further will be referred as “in-house correlation”.
Available process data included the biomass LHV resulting from the in-house correlation, so that the
results of our calculations could be compared with those data as well as with (scarcely available) LHV
estimated by laboratory analysis. Such comparison is shown in Figure 3. Obviously, the laboratory LHV
values in the selected time period tend to lie below both our and in-house correlation data and lead to
boiler thermal efficiencies around or above 100 %. Boiler thermal efficiency data resulting from the LHV
in-house calculation tend to vary in a wide interval (70 to 110 %) that in our opinion makes the in-house
correlation less trustworthy. In our opinion it is the result of irreproducible biomass mass flow estimated
by feeders revolutions.

On the other hand, data resulting from using the relationship (38) indicate a quite narrow and
reasonable boiler thermal efficiency interval of 85 to 95 %. It is believed the relationship (38) can be
further improved; however it is questionable whether it would contribute to LHV estimation preciseness
since there are some doubts about the correctness of biomass mass flow measurement. Thus the plant
operators were recommended to stick with (38) at the moment since it represents a significant
improvement in actual LHV estimation and to return to (38) and to refine it only after the biomass weigh
has been calibrated.

< Qurcalculation —In-house correlation A Lab.analysis

LHV [GJit]

790> <305 <205 310> Moo 9o, 720, 1605 <000 <400 <8
0276‘ 0,‘>_ 76 O?T 7s 07‘76‘ 03_ e O‘g 78 0& 76 0,9_ 76 03 7s 0,3 76 Oa_ e
Selected time period
< Qurcalculation Our correlation — In-house correlation
100 -| - 130

95 - - 120

A 4 g g i pabli | Je gk 110
‘v’ | H ' - 100

- 90

- 80

- 70

Boiler thermal efficiency [%]

60 - T T T T T T T T T 60

0 ?633,2 rj-?')'- ;;?')T i;afé‘&&?G 28,408 rg%’- 15?1‘9- 1323'3 76

Boiler efficiency, In-house correlation
[%el

Selected time period

Figure 3: Comparison of biomass LHV and boiler thermal efficiency obtained by our
calculation model, by model fitting with linear LHV relationship and by in-house correlation
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Figure 4: Calculated flue gas sulphuric acid dew point vs. flue gas to stack temperature and
arithmetic mean of inlet air and flue gas to stack temperatures

Attention has been paid to flue gas dew point estimation, using process data from flue gas automated
monitoring system, value calculated in boiler mass balance model and calculation procedure by Okkes®.
Resulting data are depicted in Figure 4. Frequently appearing dew point values of 90 to 100 °C
correspond to typical measured SO, content in the flue gas of appr. 2 to 10 ppm. The depicted time
period represents the trends during the analyzed 1.5 year period well — most of the time the estimated
dew point is lower by around 40 °C than the flue gas to stack temperature, but short periods occur where
the temperature difference is less than 25 °C. Occurrence of such periods can, according to the
information from boiler staff, be attributed to occasional low quality biomass purchase from third parties
that presumably has also higher sulphur content.

It must be said that even with dew points as much as 40 °C lower than flue gas to stack temperature
there is risk of low temperature corrosion on the cold end of recuperator which is demonstrated in Figure
4 as well. Considering heat transfer in a flue gas - air heat exchanger, e.g. (g) — (g) system, one
recognizes that the heat transfer resistances on both sides are comparable and are much higher than
that of the HX wall. In such case the wall temperature is near the arithmetic mean of air and flue gas
temperature. Since the air led to the recuperator has a maximum temperature of 50 °C, the
corresponding wall temperature on the cold end of the recuperator ranges between 90 and 100 °C which
is equal or less than the SADP. It is exactly that point where the weak acid from flue gas is likely to
condense. Obviously once the liquid droplets are formed, other gases (SO,, HCI) absorb into it, further
worsening the situation. Safe boiler operation requires combustion air preheat prior to recuperator
preferably to at least 80 °C — a measure that is a standard in refinery furnaces and boilers combusting
sulphur containing gaseous or liquid fuel as well as in coal boilers. The existence of severe recuperator
corrosion and extensive air leaks to flue gas has been later confirmed by visual inspection during boiler
overhaul. In order to ensure future safe boiler operation, following measures were recommended:
immediate recuperator repair / replacement by hot water heater and identification of high sulphur content
biomass.

Conclusions

Analysis of the variable quality biomass fed steam boiler operation has revealed significant negative
impact of such situation on boiler performance estimation possibility and operation reliability. Variable
biomass moisture and lower heating value disables the online boiler M&T as laboratory LHV analyses
are scarce and the in-house developed online LHV correlation does often yield unreal boiler thermal
efficiencies. We successfully developed and tested calculation model based on online monitored boiler
operation data and developed a reliable and simple actual biomass LHV estimation relationship Its
superiority above the laboratory and in-house LHV estimation has been sufficiently proven where both
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approaches yielded unrealistic boiler thermal efficiency values. We recommended the staff to pay further
attention to biomass surge silo weigh recalibration as its potential metering error is likely to influence the
results significantly. The authors were provided with no further information about potential progress in
this matter.

Another issue relates to boiler operation reliability that is threatened by existing confirmed severe low
temperature corrosion of the boiler rotary regenerator, even though the sulphuric acid dew point lies well
below the flue gas to stack temperature. As analyzed, current state cannot be changed and low
temperature corrosion will occur again even if the regenerator undergoes repair, unless the air steam
preheater is set into operation again. As an alternative, air preheater utilizing available cheap hot water
instead of steam can be installed. In any case, evident facts about unsuitable boiler operation pushing
the boiler efficiency beyond what can be achieved with sulphur-containing fuel have been provided to
plant engineers which we hope will help in their debate on the boiler efficiency vs. operational reliability
topic.
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Zefektivnenie monitoringu u€innosti priemyselného kotla na biomasu
a kvality v nom spalovanej biomasy

Miroslav VARINY, Otto MIERKA

Slovenska technicka univerzita, Fakulta chemickej a potravinarskej technolégie, Radlinského 9,
812 37 Bratislava 1, Slovenska republika
e-mail: miroslav.variny@stuba.sk

Souhrn

Parné biomasové kotle v papierenskom priemysle spaluju biomasu pochadzajucu najmé z vyrobného
procesu (kéra, nekondi¢né Stiepky, piliny...), avSak v menSej miere sa palivova biomasa mdze
nakupovat’ zvonka, Co prispieva K jej premenlivému zloZeniu, vihkosti a vyhrevnosti. Analyzovali sme
prevadzkové udaje z priemyselného biomasoveho parného kotla s ciefom ziskat' jednoduchu korelaciu
medzi nimi a aktualnou dolnou vyhrevnostou biomasy. Ziskana korelacia pomdzZe obsluhe aj
technolégom pri vyhodnocovani aktuélnej tepelnej ucinnosti kotla a na uéely online aj ex-post
monitoringu a targetingu, ¢o vzhladom na nereélne hodnoty ucinnosti po pouZiti vyhrevnosti zistenych
laboratérne nebolo doteraz mozné. Merané zloZenie spalin vykazuje nezanedbatelny obsah oxidov siry
ateda aj rosného bodu kyseliny sirovej, prave kvéli meniacej sa kvalite spalovanej biomasy, ¢o
komplikuje prevadzku kotla s ciefom vyhnut sa nizkoteplotnej kordzii spalinového traktu. Tato bola pri
obhliadke pocas odstavky kotla potvrdena a navrhli sme opatrenia na jej spomalenie, resp. minimalizaciu
Jej opétovného vyskytu po nutnej oprave nizkoteplotnej ¢asti spalinového traktu kotla.

Klicova slova: vihkost biomasy, dolna vyhrevnost, tepelna ucinnost, kominové straty, nizkoteplotna
kordzia
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Summary

Slags from steel production represent a significant high volume waste. More than 0.5 mil tons of slags
is produced in steelmaking in The Czech Republic per year. A considerable amount of these waste
products is uselessly deposited. Knowledge of slag properties leads to higher rate of its use. A high
variability in quality of produced steel, as well as various type of aggregates, where the steel is produced
in, contribute to fact, that steel slags show varied parameters.

An introduced paper tries to describe development of the chemical and the phase composition of slag
from a ladle metallurgy in process of their primary treatment with regard to possibilities of further material
use of this type of slag. An essential discovered fact is that, the slag taken from metallurgical ladle shows
different parameters as the same slag, which is taken in specific points of its primary treatment. It was
discovered, that slag becoming from melting aggregate changes in the process of its following treatment.
This change is obvious in a chemical and a phase composition of slag. The changes of a chemical
composition are caused by a contamination of slag, particularly by a steel contamination. The changes in
phase composition of a slag are the result of a thermal history of slag.

Keywords: Slag, material use of slag, chemical and phase composition

Introduction

Metallurgy is a significant indicator of economic and particularly technology advanced level of state.
Today in The Czech Republic, as well as in the past, metallurgy is a traditional and significant branch of
national economy. Metallurgy, as an industrial sector focusing on an iron and steelmaking, represents
sector with amount of produced wastes. Production of slag, related to volume, is the most significant.

Potential of using possibilities of metallurgical slags, as a by-product, is high. Knowledge of its
properties is essential for a possible further application of slag. These properties could be limiting criteria
in specific cases.

Slags from iron and steel

Iron and steelmaking plays the dominant role in metallurgy. Figure 1 shows volume of production of
pig iron and steel in The Czech Republic and in the world in period 1992 — 2016".

Iron and steelmaking is essentially accompanied by forming slag by-product. Forming of slag is
caused by addition of slag forming ingredients, corrosion and erosion of working lining of melting
aggregate, content of waste rock in metal bearing ores, ash in coke and other impurities®.

Creation of slag in a metallurgical process has required and unrequired consequences. An active
participation on metal refining, slag as an insulating material on melt surface, where blocks transport of
thermal energy, decrease losing radiation of thermal energy and so slows down cooling of metal in
melting aggregate, these can be considered like required consequences. On the contrary, the costs of

Patronem tohoto Cisla je Institut environmentalnich technologii Vysoké Skoly bariské-Technické univerzity Ostava
WASTE FORUM 2018, &islo 3, strana 399



Jozef VLCEK, Marek VELICKA, Miroslava KLAROVA, Jifi BURDA, Hana OVCACIKOVA, Michaela TOPINKOVA,
Dalibor JANCAR: Development of parameters of slags from ladle metallurgy during their primary treatment

energy needed to melting, costs of slag treatment and if it does not exist, also costs of its storage in
a dump can be considered like unrequired consequences from the plant point of view?®.

Slags can be divided into two basic categories according to type of production, blast furnaces slag
and steel slag.

Chemical composition of blast furnace slag (BFS) depends on composition of metal bearing charge,
slag forming additives, purity of coke, etc. BFS contains mainly (CaO, SiO,, Al,Oz;, MgO, MnO, FeO,
TiO,), also sulphides get into slag (CaS, MgS, BaS, MnS, Na,S, K,S), alternatively some nitrides and
carbides. Table 1 introduce typical composition of BFS*.
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Figure 1: Iron and steel production in the Czech Republic and in the World in period 1992 — 2016"

Table 1: Typical composition of BFS*

Component Wit. %
SiO, 34 — 38
MgO 10-14
Al,O3 6-9
CaO 35-38
MnO 05-2

FeO + Fe,03 05-1

Steel slag can be classified according to the type of melting aggregate, where they are formed, on
furnace slag (forms in steelmaking furnace) and ladle slag (forms in ladles). Slag becoming from
steelmaking aggregate shows, related to variability of aggregates, where it forms, and various quality of
steel, variability in its chemical composition. Table 2 introduce a typical chemical composition of steel
slag®. Mineralogical composition of steel slag is, equally to its chemical composition, very variable.
Acidic, basic and neutral oxides create in slag in solid state string of compounds. From the phase point
of view, it is heterogeneous system, where can be attended minerals like merwinite, gehlenite,
cristobalite, brownmillerite, tricalciumsilicate (C3S), dicalciumsilicate (C,S), periclase, CaO and so on,
very often that ones with non-stoichiometric composition.

The phase composition is essential for further use of slag. Phase composition depends on a chemical
composition and cooling conditions of slag. In ideal conditions, slag should in molten state create only
one glassy phase. This glassy phase is characterized by its chemical composition and temperature. At
fast cooling process of molten slag, the glassy state is maintained and so solid amorphous state can
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form. This fast cooling is usually taken by spoiling of water, or by rapid cooling by air flow. Glass-forming
of slag is supported by presence of SiO,. On the contrary, at slow cooling process atoms arrange into
regular crystalline structure®.

Table 2: Typical composition of steel slag®

EAF — carbon EAF - alloy Converter Ladle
steel steel
Component Wt. % Wt. % Wt. % Wt. %
SiO, 9-20 24-32 8-20 2-35
MgO 5-15 8-15 5-15 1-10
Al,O3 2-9 3-8 1-6 5-35
CaO 35-60 39-45 30-55 30-60
MnO 3-8 0,4-2 2-8 0-5
FeO + Fe,03 15-30 1-6 10-35 0,1-15

Nowadays, material use of BFS is very well solved. BFS is treated in liquid state by the method of
granulation, which is fast cooling. Resulting amorphous product, so called a granule BFS, is used mainly
as an active ingredient to cement. Another possible use slowly cooled BFS is its treatment to so called
artificial dense aggregate. Product is characterized by its volume stability; thanks to that wide possibility
of use of this by-product from production of pig iron exist.

Situation in the case of steel slag is more difficult. At first, chemism of this type of slag is much
strongly various, than in the case of BFS. Part of steel slag, which does not succumb to volume
changes, is used as dense heavy aggregate for less demanding applications. Slag from ladle metallurgy
is partly recycled in aggregate of its primary forming; considerable part is stored on slag heap. The
reason is its inappropriate composition and volume instability.

A granule BFS as well as some other steel slag can be used by the method of alkali activation.
Condition is that it must be in amorphous state, which ensures its latent hydraulicity. A latent hydraulic
substance does not react with water, suitable activator has to be added for its setting and solidification.
These activators are solutions of salts of alkali metals. As an available and verified activator seems to be
sodium silicate, of which addition ensure alkali activation. Products from activated slag commonly
achieve value of compressive strength over 100 MPa *.

Experimental part

Evidence system of metallurgical slags is nor simple nor definite. Dispersion of data from the point of view
of amount of produced slag and also its composition occurs. Slag assembled with remains of steel in the
place of its primary occurrence. Consequently, the slag is cooled down, present steel oxidizes, then the steel
is magnetically separated. Slag is often treated in places, where can be contaminated by other wastes from
metallurgy, for example by crashed lining from thermal aggregates. A significant fact for forming of slag
phase composition is its different speed of cooling. These aspects resulting in amount of slag which depends
on place, where this parameter is investigated, whereas this amount can differ on next stand or after next
operation of slag treatment, and simultaneously slag composition changes. Stated paper tries to describe the
change of ladle slag composition during technological cycle of its primary treatment (cooling, separation of
metal remains, granulometry sorting), which has direct consequence with possibilities of its use.

Ladle slag was separated in chosen steel plant. For this type of slag, there is not discovered optimal
material use in producing plant. The slag excellent in a negative property, which is its volume instability.
Modificatory transformation of dicalcium silicate is the reason in this case. This mineral transforms from
the form g to form y during cooling. Unlike balanced conditions, this change does not take place
immediately, but products become partly unstable and change can occur much more later. Next cause of
volume instability is presence of free lime CaO and MgO, which are oxides easily hydrating and forming
phases succumb to a strong volume change?.

In this plant, slag is, at ordinary circumstances, transported from steelmaking hall to next treatment on
to a slag field, after steel casting out of ladle. Already in this moment different type of slags are mixed.
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The reason is a fact, that quality of manufactured steel changes with high frequency, thereby also slag
composition changes. An operating system of chosen plant allowed to ensure separate gathering of two
type of slag for the purpose of this work. It is possible to concentrate “blended” slags by the system
commonly used in steel plants and additionally it is also possible to concentrate slags from specific melt
ages. For the purpose of this work from a blended slag was divided the slag with high SiO, content and it
can be considered, that this slag can behave similarly to well exploitable BFS.

A chemical composition of slags was evaluated by the method of XRFA (spectrometer SPECTRO
XEPOS equipped with 50 W Pd X — ray tube) and the phase composition of slags was determined by the
method of XRD Bruker D8 Advance type (theta/2theta). Source of X-Ray was Cobalt lamp. For
determination of diffract positions on registered diffract records PC software Diffrac.eva and COD
crystallographic database were used.

Slags with high SiO, content

An experiment, in which a ladle slag was separated from 9 melt ages took place in a mentioned
sense. Slag with higher content of SiO, was chosen for an experiment. The reason for the use was its
suitable chemical composition for application in bonding systems. High SiO, content ensures good
glassy state forming. More over 30 tons of slag was taken by experiment realization. It was confirmed,
that increasing effort can provide for the separation of slag in operating conditions.

Treatment of taken slag took place by common way. Slag was transported on slag field, where final
wet cooling proved and also magnetic separation of metal parts of slag run. Consequently, the slag was
transported into mill plant, where fractions between 0 —8 mm and 8 — 64 mm were separated. These
grain fractions were chosen purposely related to common operation condition of mill plant. Sample of
slag was taken in each step, four in total. Sample 1 — taken directly from ladle in liquid state. Sample was
taken in each of 9 following melt ages. Sample 2 — taken on workplace of slag field, sample 3 — fraction
0 — 8 mm after treatment, sample 4 — fraction 8 — 64 mm. Chemical composition introduces Table 3 and
Figure 2. The table asserts only presence of most important components, minors are excluded.

Table 3: Chemical composition of slags, in wt. %

Sample Specification Fe meta | F€ tota | FEO | Fez03 | SiO2 |AlO3| CaO [MgO | S TiO2 | Total >

Ladle slag — higher SiO»
1 content, sampling from 0,45 2,2 1,7 0,61 | 375 | 69 |383] 12,7 |0,019|0,496| 98,675
ladle (liquid state)

Ladle slag — higher SiO,
content, sampling from
slag field after cooling

(soild state)

0,51 14,8 11,9 754 | 275| 42 | 36,5 10,2 |0,074|0,413| 98,837

Ladle slag — higher SiO»
3 content, sampling from 0,56 13,9 10,1 8,20 | 276 | 44 |37,3| 10,1 |0,124|0,430| 98,814
mill plant 0-8 mm

Ladle slag — higher SiO,
4 content, sampling from 0,34 14,0 11,4 7,06 | 27,7 | 42 |358| 11,6 |0,083|0,387| 98,570
mill plant 8-64 mm

Ladle slag (mixture of
various types) — mill plant
after arrival from slag
field

0,43 18,3 15,9 8,10 | 16,1 | 6,1 | 46,6 | 49 |0,240|0,287 | 98,657

Blended ladle slag
6 (mixture of various types) 0,27 12,7 9,3 8,09 18,1 | 8,0 | 44,8 | 7,9 [0,390(0,404 | 97,254
— mill plant 0-8 mm

Ladle slag (mixture of

7 various types) — mill 024 | 153 | 135 | 7,26 | 182 | 7,2 | 40,9 | 8,7 |0,254|0,452| 96,706
plant 8-64 mm

g |Skg Was‘fjl‘;‘rﬁt frommill |19 | 109 | 48 | 1070 |160| 38 |541| 7.2 |0419|0324| 97,533

9 Ladle slag — heap 0,47 21,3 159 | 12,48 | 145 | 4,1 | 40,3 | 10,7 |0,184|0,207 | 98,841
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Figure 3: X-Ray difractogram of sample 1
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Figure 5: X-Ray difractogram of sample 3

Figure 4. X-Ray difractogram of sample 2
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Figure 6: X-Ray difractogram of sample 4
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Different chemical composition of slags with higher SiO, content taken from different stands reflected
also in their phase composition, Figures 3 — 6.

Blended slags

Consequently, next four ladle slags were taken from mill plant. These slags become from common
occurrence, in this case any separation did not carry out. These slags can be considered as blended
slags, their composition depends on actual producing programme of steel plant. So that sample of
blended slag was taken, no. 5 — after suppling from slag field, just before separation of metal part. After
that sample 6 was taken — fraction 0 — 8 mm and sample 7 — fraction 8 — 64 mm after a granulometric
treatment on milling line. These samples were already magnetically separated from metal remains.
Finally, it was taken sample 8 — slag waste dust from milling line. Chemical composition introduces Table
3. Phase composition is documented on attached difractogrames below, Figures 7 —10. On these
difractogrames, as well as further in this paper, a chemical formulas of substances are simplified
according to common practise used in silicate industry. It means, that C means CaO, S - SiO,, F - Fe,0s3,
A - Al,O3 Then for example C,S is dicalcium silicate 2Ca0-SiO..

Figure 7: X-Ray difractogram of sample 5 Figure 8: X-Ray difractogram of sample 6

2-Theta - Scale

Figure 9: X-Ray difractogram of sample 7 Figure 10: X-Ray difractogram of sample 8

2-Theta - Scale
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Photos of taken slags are given on Figures 11 — 18.
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Figure 11: Ladle slag, sample 1 Figure 12: Ladle slag, sample 2
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Figure 13: Ladle slag, sample 3 Figure 14: Ladle slag, sample 4

Figure 15: Blended Ladle slag, sample 5 Figure 16: Blended Ladle slag, sample
6

Figure 17: Blended Ladle siag, sample 7 Figure 18: Slag waste dust, sample 8
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Results and discussion

Slags from ladle metallurgy were taken and evaluated. Selectively chosen slag with a higher SiO,
content was taken in a various treatment stands. All analyses were carried out on the same slag batch.
A physical transport of slag over whole plant was observed, it means from it’s primarily occurrence in
steel plant (sample 1), over slag field (sample 2) to mill plant, the slag was divided into grain classes,
samples 3 and 4. Furthermore, composition of blended ladle slag was observed too, i.e. mixes of slag,
which formed according to actual producing plan in steel plant. It was observed composition of blended
slag after its arrival to mill plant (sample 5) and consequently composition of separated grain classes
from mentioned slag (sample 6 and 7). An elder slag randomly chosen from storage on heap was
analysed (sample 8) and so slag waste dust was analysed, which formed during slag separation into
particular grain fractions (sample 9).

Chemical composition of studied slags

The first evaluated group was group of slag with a higher SiO, content. While sample 2 and 4 show
very similar chemical composition, sample 1 shows difference, where all samples (1 — 4) present one
type of slag which only differ in a stand where they were taken. The main difference in chemical
composition lies in their iron content. Slag 1 was taken as a liquid, directly from the steel ladle. Clean
sample of slag is achieved at precious taking of slag sample without metal content (total amount of Fe
2.2 wt. %). Content of iron oxide in samples 2 — 4 (average total content of Fe 14.2 wt. %) can be
explained like, slag, in operating conditions, is poured into slag ladle with included remain of non-casted
steel. This slag is after that cooled by water, thereby conditions for oxidation of metal iron, are created.
This oxidized iron becomes part of slag due to this phenomenon.

During the experiment does not occur a stronger contamination of observed slag by polluting
components in manipulation at slag field plant and mill plant. Prevention of pollution was priority of whole
experiment. Assumption of additional oxidation of iron, which is presented in slag, confirms also another
experience, when next sample of randomly chosen ladle slag no. 9 taken from heap at mill plant,
contains 21 wt. % of total iron. The same like blended slag, which analysis was carried out till its
treatment on slag field, contains in an average 15.4 wt. %. To this conception, from which can be
concluded, that ladle slag gains its metal part thanks to the way of its treatment, perfectly fits also
composition of waste slag dust, which were taken from long term grain separation from mill plant, when
sample of waste slag dust (sample 8) contain 11 wt. % of total iron. Declared finding explains causes of
different composition of ladle slag, which is given in literature. When slag contains insignificant amount of
iron, it means, that analysis belong to slag taken from metallurgical aggregate, when slag contains iron, it
means, that the sample from so called “occurrence” was analysed.

Difference in SiO, content is also significant. Representation of this component in slags 1 -4 is
between 28 and 38 wt. %, thereby 15 — 18 Wt. % in slags from group 5 — 9. Decrease of SiO, content in
case of slag 2 — 4 comparing to sample 1 is given by the fact, that melt ages, from which slags become,
require basic character, which ensure presence of CaO, resp. MgO.

Phase composition of studied slags

Resulting phase composition is affected partly by a chemical compaosition and also significantly by
a speed of cooling, which differed in a particular taking. Thereby sample 1 cooled down quickly after
taking, its structure is typically amorphous, containing akermanite. Its high speed of cooling was ensured
by spoiling of taken sample on steel plate, which takes away the slag heat quickly. Forming of
amorphous character of slag was supported by the presence of higher SiO, content. Samples 2 - 4 have
completely different thermal history, they were taken from slag, of which weight achieved a few dozen
tons, and thereby by significantly slower cooling was given. Under these conditions, crystalline phases
crystallised from slag. Presence of akermanite and diopside is obvious in sample 2. Samples treated at
mill plant (sample 3 and 4) also contained phase of lime, quartz, wustite and other oxide phases
containing MgO and FeO.
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In the case of blended slags 6 - 9, their phase composition is similar. Part of 8-C,S and C,AF phases
seems to be interesting. These phases are hydraulic, which means, that they react with water and
products of this reaction set and solidify. Listed minerals occur also in Portland clinker, which is used for
cement production. Forming of these phases is caused by the presence of CaO, which is represented in
observed slags in big enough amount, overwhelm 40 wt. %. Next presented phase of »C,S is non-
hydraulic. The presence of CaO and MgO cause volume instability of this type of slag, when appropriate
hydroxides create by the reaction with water and so strong volume change occurs.

Possible application of observed slags

Pictures of slags illustrate their various morphology. Completely different is slag 1. From its picture it
is obvious its amorphous character. Other slags are crystalline, grain size is caused by the way of their
treatment at specific technology stand, where it was taken.

This work proves, that it is possible to ensure separately take chosen quality of slag, which
significantly differs from commonly produced blended slag, in operating conditions. The importance of
finding is raised by the fact, that slag 1 shows excellent bonding ability. Introduced slag was tested for
determination of efficiency index according to standard’. Principle of the method lies on comparing of
strength parameters gained on body prepared from mix of standard sand and Portland cement, class
CEM | 42.5R and body, which is prepared by the same way differs only in that 50 Wt. % of cement is
replaced with slag. After 28 days of hydration it was found out, that tested bodies containing slagl
achieved flexural strength on level 121 % and compressive strength on level 104 % comparing to body
without slag. The strength was ensured by activation of latent hydraulic glassy components of this slag.
In this case the activator was Ca(OH),, which creates during cement hydration. Slags 2 — 4, even though
the same type, they already did not show such strength. The reason is absence of glassy phase,
because crystalline phases are inert against alkali activation.

Other slags, which were taken from mill plant (samples 5, 6 and 7), is possible to recycle back in
steelmaking process, where slag partly step slag forming components commonly used during melt ages.
This way of use of ladle slags is hopeful and effective. It is limited by the fact, that slag before its
application into melting aggregate decompose to fine grain powder, which is later manipulated with
difficulties. The reason of slag decomposition is very briefly mentioned in previous part of text, this work
does not interest in it. Phase composition of observed slag 5 — 7 contains mentioned parts of B-C,S and
C,AF phases, which can be used for the purpose of slag solidification. Solidification can be achieved by
milling of slag and its following briquette solidification at the use of bonding ability of slag gained by water
addition. Authors of paper are long term interested in this topic and briquette process of slags is
successfully implemented in steel plants. The example of this successful application is utility model with
no. of record 23992° or works®*°.

Conclusion

Presented work documented changes of a chemical and phase composition of a ladle slag from
steelmaking during its primal treatment. Slags enriches with iron in conditions of their occurrence. lron
gets into material during gathering of slags in steel plant operating stands. Part of elementary iron
remains in slag over the effort of magnetic separation, but particularly as iron oxides or more complex
compounds. Further was found, that comparing to common practise, it is technically possible gathering
of separated slag from individual melt ages according to their similarity. This arrangement allows to gain
slags, which related to their specific parameters is possible purposefully material use. Ladle slags show
bonding ability, which can be activated by adding of water or by alkali activation. Considering this
property, the slags can be used into stabilizing mixtures, for example in the process of restoration. It is
also possible to use them because of their bonding ability for compaction of disintegrated slags in
process of their recycling in melting aggregates. The correct choice of a concrete use of slag is
conditioned by a chemical and a phase composition of slag.
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Vyvoj parametru strusek z panvové metalurgie v prabéhu jejich primarniho
zpracovani

Jozef VLCEK, Marek VELICKA, Miroslava KLAROVA, Jifi BURDA, Hana OVCACIKOVA,
Michaela TOPINKOVA, Dalibor JANCAR

VSB-TU Ostrava, Institute of Environmental Technology, 17. listopadu 2172/15, 708 33,
Ostrava-Poruba, Czech Republic
e-mail: jozef.vicek@vsb.cz

Souhrn

Strusky z vyroby oceli pfedstavuji vyznamny velkoobjemovy odpad. V Ceské republice vzniké pfi
vyrobé oceli vice nez 0,5 mil. tun strusek roéné. Znacna cast téchto odpadnich produktl se materialové
nevyuziva a je deponovana. K vétsi mire vyuZiti prispiva znalost jejich vlastnosti. Vysoka variabilita
Jakosti vyrabénych oceli, stejné jako variabilita zafizeni, ve kterych je ocel produkovana, prispivaji ke
skutecnosti, Ze ocelarenské strusky vykazuji riiznorodé parametry.

Uvedena prace se snaZzi popsat vyvoj chemického a fazového slozeni strusek z panvové metalurgie
v procesu jejich primarniho zpracovani s ohledem na mozZnosti dalsiho materialového vyZiti téchto
strusek. Zasadni zjiSténa skutecnost je, Ze struska odebrana z metalurgické panve vykazuje odlisné
parametry jako tataz struska, ktera se odebira v uzlech jejiho primarniho zpracovani.

Kli¢ova slova: Struska, materialové vyuZiti strusek, chemické a fazové slozeni.
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Abstract

Alkali-activated systems represent inorganic substances resulting from alkali activation of suitable
precursors and subsequent polycondensation. They offer great energy and environmental potential.

The goal of the experiment is to research the impact of various types of applied activators on the final
properties of prepared composites prepared on the base of granulated blast furnace slag. The properties
were verified with respect to the intended application in construction practice as decorating elements
of the facades.

We verified the possibility of substance preparation through a common construction practice method
and the suitability of formulas for decorating elements of the facades production. During our experiment,
we observed the degradation changes of body surfaces over the course of one year from preparation,
and we also observed the impact of deposit methods on decreasing pH values and strength
development. During our experiment, we observed the sample degradation during exposure
on a common facade composition and the impact of exposure to environmental impacts on the strength
characteristics of loosely located samples compared to samples stored in a laboratory environment.

The main contribution of this work is the implementation of scientific-research activity results
in the actual conditions of a specific area of the construction industry.

Keywords: Alkali-activated, blast furnace slag, activator, decorating elements of the facades.

Introduction

Alkali-activated materials are compounds of two or more components prepared through alkaline
activation of latently hydraulic substances or pozzolans using an alkaline activator (carbonate, silicate
or hydroxide). The activator initiates the splitting of bonds of aluminium silicate and subsequent
polymerisation, during which new phases are created. These reactions take place in the presence
of water. Currently, alkali-activated systems are most often divided according to the content of CaO
in their binding components. Based on the contents, the form and crystal phases of calcium in the
original binding component, the final alkaline activation products differ.* "8

Substances with high CaO contents (blast furnace slag) are expected to show similar hydrating
process products similar to the products of hydration of Portland cement with water; therefore,
generation of C-S-H gel. Compared to cements, slag does not generate portlandite and ettringite. %’

Alkali-activated materials have great potential not only in the construction industry. Their wide
application in construction is mainly complicated by the need for significant technological discipline
during the alkaline activation proces. If it is not applied, the monitored parameter values will significantly
fluctuate.® Practical use is also complicated by the use of highly alkaline compounds, often in the form
of solutions, which is a health risk for workers.

It is quite possible to use these materials first in non-supporting, filling, or decorative construction
elements, which may be, if necessary, easily replaced. They may be used in supporting structures only
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when they meet the condition of declaration of resulting product sustainable quality. That is why the goal
of our experiment is the preparation and verification of the long-term properties of alkali-activated
substances integrated into common facade compositions.

Experimental part
Used Materials

During the experiment, the following items were used: mixing water, finely ground granulated blast
furnace slag, 0/4 mm Tovacov fraction mined sand, the activator types described in detail below - DESIL
AL, sodium and potassium water glass, and disodium metasilicate with the composition specified
in Table 1.

Table 1: Activator properties

Activator K.O SiO; Na,O Al SiO,/Na,O Density
Type [% wt.] [% wt.] [% wt.] [% wt.] [-] [kg/m?]
DVS2 26.0- 26.5 28.2-29.0 - - 1.7% 1650
Desil AL - 31.0-45.0 15.0 0.1-2.0 2.1-3.0 1470
MKS - 44.0 44.0 - 1.0 950**
NaVSs1,5 - 15.8 10.8 - 1.5 1352

* Si0L/K50, **bulk density

The specific surface of the slag used during the experiment is 420 m?kg. Measured through the BET
analysis. The percentages of the individual oxides are described in Table 2.

Table 2: Oxide percentages in the slag

Oxide Percentage [%0]
CaO 40.0
MgO 8.9
SiO; 39.9
Al,O3 6.9
Fe,O3 0.4
SO; 0.6
(CaO + MgO)/ SiO, 1.2

Sample Preparation and Testing

During our experiment, we strove to imitate the actual body production as much as possible;
therefore, we prepared our mixtures in a bucket using a traditional construction mixer. Due to the specific
needs of the given material, we selected the following procedure.

Finely ground blast furnace slag, activator and water were mixed in a smaller bucket. Our formulas
were based on previously completed research works - see [5]. The only difference was that our mixture
had 4-5% more mixing water due to improved workability, and we also changed the sand type used.
Ordinary construction sand (due the czech standards) was put into a larger bucket. We mixed our binder
mixture with the construction mixer until everything was properly mixed. It took 120 s.

After that, the binder mixture was mixed into the filler, where it was mixed until a homogeneous
mixture was produced. At the time of pouring, the identified mixture consistency due the standard
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CSN EN 1015-3 was 130 + 10 mm. The mixtures were poured into moulds and vibrated. We find out
behaviour of the mixtures which is similar to thixotrophic mixtures, since during vibrations
the alkali-activated systems became very liquid and perfectly filled the mixture moulds even when their
original consistencies were quite solid before the vibrations. These findings are very important
for the practical use of alkali-activated mixtures.

For the tests, we produced both standardized samples meeting the requirements of the Czech
technical norms guiding the tests, as well as samples resembling facade components.

As suitable items, we selected rosette facade components with a diameter of 150 mm and tiles
(dimensions 300 x 300 x 30 mm) for visual observation. For our mechanical properties tests,
we produced prismatic samples with dimensions 160 x 40 x 40 mm. For pH value
identification — the items left over from the tensile strength and cut-off point tests were used.

Before practical application, it is necessary to observe the long-term properties of these materials,
both when they are exposed to environmental loads on the exterior and regular interior conditions.
The goal of our experiment was therefore to observe the visual changes of our facade components over
time during their exposure to the external environment for a period of 360 days.

Tested tiles (with larger areas in order to observe their surface) and rosettes (to observe a more
complex shape item) were integrated into a regular uncovered facade composition located
in the structure of a brick garden alcove in the Ostrava Maridanské Hory locality. This quarter borders
with industrial operations and is therefore exposed to emissions. Prismatic samples were located there
as well. We established their contact with soil.

An old brick wall was used that was splashed with a thin mixture of mortar to ensure a perfect fit
and further painted with a Salith limestone mortar layer to level the surface. After its maturing, the mortar
was penetrated with a single-component penetration based on acrylic resins to improve the properties
of the surface. According to the manufacturer's recommendation penetration was applied with a brush
and left for 24 hours. The facade glue Mapei was then applied to the wall imposing facade elements
of rosettes and tiles.

Results and discussion

At the end of the intended experiment period, we determined the properties of the samples exposed
to the exterior (EXT) and compared them with the reference sample set kept in our interior (INT)
laboratory environment during the whole experiment period.

The samples were observed at approximately monthly intervals. Our documented visual checks were
always conducted after approximately three months.

After about six months, the facade components changed colour, indicating the completion of hydration
processes and the unification of the colours in the individual mixtures.’ The body based on disodium
metasilicate showed the greatest colour change, since its binder processes mainly feature dark green
to blue sample colours that eventually disappear. Also, there was the obvious efflorescence
on the edges of the potassium water glass based sample. This behaviour may have been caused
by an excess of alkali metal in the artificial stone structure, colour changes are the subject of further
research.

During our check completed after 11 months, we identified potassium water glass element separation.
The lack of cohesion with the common facade composition was demonstrated in the contact between
glue and the alkali-activated element. The body was partially not cohesive with the glue (about 70 %)
and its lower edge was partially chipped off in the glue due to the static impact of its own weight
(about 30 %). The causes of the break will be studied. In practice, facade components are further
mechanically anchored through nail joints; therefore, their poor cohesion would not make the use
of the given component unsafe.

During a check completed after a year-long exposure, the tile with disodium metasilicate had a dusty
surface, indicating onset surface layer degradation. However, the rosette sample did not have this type
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of surface. During the whole period, the tile sample with disodium metasilicate most significantly
changed its colours from dark green-blue through dark grey with clear light efflorescence to dark grey
after 360 days.

The rosettes only unified their colours (see Figure 1.). They showed no obvious degradation
processes, their surface was not damaged, and none of their elements broke off (Figure 2. and 3.).

Figure 1. Comparison of rosette appearances after 360 days on the facade

Figure 2: Detail views of the Desil AL (left) and DVS2 rosettes (right) after 360 days on the facade

Figure 3: Detail views of the NaVSL1.5 (left) and MKS rosettes (right) after 360 days on the facade
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The prepared prismatic samples were subjected to tensile strength tests under bending after
1,7, 28, 90, and 360 days of ageing. One test mixture comprised of three samples was tested at a single
time. Average tensile strength under bending are specified in Table 3. and graphically indicated
in Figure 4.

Table 3: Tensile strength under bending

Age EXT- EXT- EXT- EXT- INT- INT- INT- INT-
(days) | DVS2 | NavS1l5 | Desil AL | MKS DVS2 | NaVS15 | Desil AL | MKS
1 2.7 0.3 0.7 3.2 2.5 0.2 0.5 3.0
7 7.7 0.3 6.5 7.1 7.5 0.3 6.0 7.0
28 10.0 3.0 8.3 7.4 9.7 2.7 8.2 7.0
90 9.2 4.1 8.5 6.9 9.2 4.0 8.4 6.9
360 7.7 6.2 7.8 6.5 4.8 5.8 4.9 4.2

Tensile strength in MPa

ﬁﬁ 30 60 90 120 150 180 210 240 270 300 330 360
Time in days
—=—EXT-DV82 —=—EXT-NaV81.5 EXT-Desil AL ——EXT-MKS
--------- INT-DVS2 - INT-NaV§1.5 -+ INT-Desil AL INT-MEKS

Figure 4: Tensile strength under bending

During the observed period, all the examined samples, except for NaVS1.5, had reduced tensile
strength under bending. In the case of the samples stored on the exterior, the decrease of their tensile
strength under bending is not that significant. It approximately corresponds to a 30% loss of the original
strength when, after 30-90 days, the body shifts from its values of 8-10 MPa to about 6 - 8 MPa after 360
days. This development of values indicates processes occurring in the artificial stone structure. They
occur in alkali-activated systems based on their surrounding environment, even 28 days after production.

After the tensile strength under bending test, body fragments were subject to compressive strength
determination after 1, 7, 28, 90, and 360 days of ageing. The average values are available in Table 4.
and graphically indicated in Figure 5.
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Table 4: Compressive strength of the samples

Age EXT- EXT- EXT- EXT- INT- INT- INT- INT-
(days) | DVS2 NaVS1l.5 | Desil AL MKS DVS2 NaVvS1l.5 | Desil AL MKS
1 20.2 2.3 3.6 19.2 20.2 2.3 3.6 19.2

7 68.6 2.3 54.2 68.1 68.6 2.3 54.2 68.1
28 71.0 16.8 63.1 71.7 71.0 16.8 63.1 71.7
90 91.5 - 71.0 63.1 91.5 23.1 71.0 63.1
360 98.4 61.0 82.3 89.8 56.4 41.0 52.4 69.7

10

| RiLH

a0

L]

40

Compressive strength in MPa

0 &L G0 o0 110 150 [ Rill 10 240 70 J00 i 360

Time in days
EXT-DVS2 EXT-NaV8L.5 EXT-Desil AL EXT-MES
------- INT-DVS2 e INT-NaVSL5 «o@er INT-Desil AL -0+ INT-MKS

Figure 5: Compressive strength of the samples

The compressive strength of the samples stored on the exterior reach their maximum values after 360
days of ageing. Therefore, it indicates an ongoing hydration processes. The formula with DVS2 reached
a compressive strength of over 98 MPa. The final compressive strength reached after 360 days
is 80 — 100 MPa.

The pH value was identified at the constant laboratory temperature of 24.4 £+ 1 °C due the standard
CSN EN ISO 787-9 , always after value stabilization according to the pH meter value reading
requirements. The pH value was measured on the damaged body parts after compressive strength
identification for which the interior and exterior samples were used. After 1 day, all the mixtures had
a pHof 12.5 £ 0.1 (Table 5.). Based on the measured values, degradation of the alkali-activated system
samples can be observed. It is generally problematic when the pH value falls below 9.5,
when the material loses its steel reinforcement passivation ability.
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Table 5: pH values after 1 and 360 days

pH DVS2 NaVS1.5 DESIL AL | MKS
After 1 day in interior 'Fl)'limperature [C] igé igg igg ig:
After 360 days in interior 'Flj'ljmperature [C] ﬁg ﬁ: igg igé
After 360 days on exterior 'Fl)':jmperature [C] ﬁg ﬁg ﬁ;‘ izg

Based on the measured values, we may conclude that at least during the first year of the sample’s
age, alkali-activated systems lose their alkaline pH quicker than cement-based binders. In the case
of alkali-activated substances, their significant decrease of pH levels is caused by the loss of unbound
Na or K ions, which initiate reactions. They are not firmly bound in the structure. However, a certain
number of these ions stay in the structure. Regarding the tested mixtures, their annual average pH loss
is about 0.9.

Conclusion

The goal of the experiment was to verify the activator's impact on the selected properties
of alkali-activated systems based on finely ground granulated slag in relation to their usability
in decorating elements of the facades field.

We prepared alkali-activated materials based on activators like DESIL AL, disodium metasilicate,
and sodium and potassium water glass. Under laboratory conditions, we verified the possibility
of preparing mixtures in the way applied in construction and evaluated the usability of production
formulas of the decorating elements. It is possible to conclude that substances may be prepared
in the manner common in construction.

The prepared samples of the individual formulas were integrated into a common facade composition
masonry, malt, glue, element - without any final layer exposed to environmental impacts and Ostrava’s
aggressive climate. During our visual check completed after six months, the samples did not show
any significant degradation signs. Their colours became unified in their white to grey shades.

During our visual check of the samples exposed to environmental impacts for 10 months,
we identified minimum degradation signs. The body based on disodium metasilicate had a slightly dusty
surface.

Our observation of strength development in time revealed that after 28 days, which is the regular
ageing period of cement-based substances, the processes occurring in the alkali-activated systems were
far from being over. Therefore, the subsequent development of the material properties evolves from
the subsequent way of storing the samples. While after 28 days, the compressive strength values
of the exterior samples continue to grow significantly, the samples located in the interior stagnate
or possibly lose compressive strength. The tensile strength under bending values gradually decrease
in the case of both storage methods. However, the exterior samples only show a slight decrease,
compared to the decrease demonstrated by the interior samples. It was up to 50%. The exception rests
in the NaVS1.5 samples. During the whole period, their strength kept increasing. However, their initial
strengths are relatively low: after 28 days, only 16.8 MPa under compression, after 360 days reaches
61 MPa.

Based on the pH measurements, one may conclude that the pH value decreases after one year
of age by 0.5 to 1.2 a year. Future research should show determine whether the pH values will decrease
at the same speed during the subsequent years as well or whether it will slow down or completely stop.
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Based on the achieved results, the prepared MKS, DESIL AL, and NaVS1.5 alkaline mixtures may be
recommended for exterior applications, e.g. as cast decorating elements of the facades. The DVS2
mixture must be, in terms of its integration into common facades, further tested with an emphasis
on the thermal expansion of the whole system or other factors that could cause the loss of adhesive
strength.
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Vlastnosti alkalicky aktivovanych systémui a moznosti jejich pouziti jako
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Souhrn

Alkalicky aktivované systémy pfedstavuji anorganické hmoty vzniklé alkalickou aktivaci vhodnych
prekurzort a naslednou polykondenzaci. Vyznacuji se velkym energetickym a ekologickym potencialem.

Podstatou experimentu je vyzkum vlivu pouZiti rGznych typu aktivatord na konecné vlastnosti
pfipravenych kompozitt, které jsou pripraveny na bazi vysokopecni granulované strusky. Vlastnosti byly
ovéfovany s ohledem na zamySlené poutZiti ve stavebni praxi jako prvky fasad.

Byla ovéfena moznost pripravy smési zptusobem béZznym ve stavebni praxi a vhodnost receptur pro
vyrobu fasadnich prvki. V experimentu byly sledovany degradacni zmény povrchu téles v prubéhu
jednoho roku od pfipravy, byl sledovan viiv zplsobu uloZzeni na pokles pH a vyvoj pevnosti. V ramci
experimentu byla sledovana degradace vzorku béhem expozice na bézné fasadni skladbé a viiv
expozice povétrnostnim vlivim na pevnostni charakteristiky volné uloZenych téles, ve srovnani s télesy
uskladnénymi v laboratornim prostfedi.

Hlavnim pfinosem této prace je implementace vysledk( védecko-vyzkumné C&innosti do realnych
podminek konkrétni oblasti stavebniho primysiu.

Klicova slova: Alkalicka aktivace, vysokopecni struska, aktivator, fasadni prvky
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Summary

In present contribution, natural and anthropogenic mercury sources are summarized, new European
Union legislation for Hg emissions from combustion plants is introduced and mechanisms of different Hg
forms formation (elementary mercury, oxidized mercury and mercury bound to particles) together with
the possibilities of Hg emissions control in coal-fired power plants are showed. The calculated estimation
of mercury emissions from coal combustion showed that the efficiency of mercury capture in the existing
flue gas treatment system is probably not sufficient.

Keywords: mercury, air pollution, coal-fired power plants, legislation.

Introduction

Mercury is a rare element in the earth's crust and it is classified as heavy metal. It is contained in
many minerals e.g. its main source is cinnabar and it is also found in trace quantities in fossil fuels, soil
and vegetation.”” > The natural mercury level background is caused by the mercury migration between
the atmosphere, the ocean, the terrestrial environments and its deep reservoirs. The cycle includes
processes such as volcanic and geothermal activity, emissions and re-emissions from the ocean surface
and the land into the atmosphere, deposition into the soil and the ocean by wet or dry way and through
ocean sediments back into the deep reservoirs. This natural mercury cycle has been in balance and
stabilized the amount of mercury in the environment at the same level as show analysis of mercury
concentration in lake sediments cores and glacial ice cores. Here is also clearly seen the increase of
mercury level in the environment after the start of the industrial period in the end of 19th century.® This
increase is due to human activity which increases the transfer of mercury from deep reservoirs to
environment. Processes that release mercury into the environment are primarily gold mining, fossil fuels
burning and other high-temperature processes such as metallurgy and cement production. During the
mercury cycle, there are various chemical transformations and one of them is the biosynthesis of methyl
mercury and dimethyl mercury. These extremely toxic compounds produce bacteria in the aquatic
environment where they are also easily absorbed by the organisms e.g. plankton. It occurs to
bioaccumulation along the food chain and in the end it has a negative impact on animals and human
health.® * With regard to the global environmental impact of mercury pollution, there is an effort to
regulate anthropogenic sources of mercury in recent years.

The aim of present contribution is to introduce new European Union legislation for Hg emissions from
combustion plants, formation of Hg emissions and its forms and possibilities of Hg emissions control.

New European Union legislation for Hg emissions

The main source of mercury emissions in the EU is coal burning." For this reason, the Best Available
Techniques (BAT) Reference Document for the Large Combustion Plants with thermal input equal or
greater than 50 MW was approved in 2017. This document sets new limits of known pollutants and
introduces new ones that also include mercury. The new limits for mercury shall enter into force since
2021 are listed in Tab. 1.
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Table 1 New emission levels for mercury emissions to air from the combustion of coal and lignite®

] BAT-AELs* (ug/Nm°)
Combustion plant -
Yearly average or average of samples obtained
total rated .
during one year
thermal Input —
(MW) New plant Existing plant
black coal | brown coal | black coal | brown coal
<300 MW 1-3 1-5 1-9 2-10
> 300 MW 1-2 1-4 1-4 1-7

*BAT-AELs — Emission levels associated with the best available techniques

These new limits will have a significant impact on energy sources in the Czech Republic, since coal
combustion, especially brown coal combustion, is the main source of electrical energy and heat
production, as is shown in the Figure 1 and Figure 2.

2%

H Black coal

B Brown coal

B Nuclear energy
B Natural gas

B Other gases

¥ Renewable sources

Others

Figure 1: Sources of electricity production in the Czech Republic in 2017 °

39 2% |’2% M Black coal

H Brown coal

M Natural gas

M Biomass

M Other gases

M Waste heat
Other solid fuels
Biogas

Others

Figure 2: Sources of heat production in the Czech Republic in 2017 ’

Aspects of mercury control in combustion plants

There are three forms of mercury in the flue gas: elemental mercury Hg®, oxidized mercury Hg*? and
mercury bound to particles Hg". During the combustion process at temperatures 1200 — 1600 °C, nearly
all mercury gets into the gas phase as Hg°, due to its high volatility.? Hg® is practically insoluble in water
and therefore remains in the gas phase and easily passes through the flue gas cleaning system.® ° After
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the flue gas is cooled to about 700 °C, the Hg°® begins to oxidize to Hg™.° This oxidation can be
homogeneous in the gaseous phase or heterogeneous on the surface of the flue-gas particles.
Heterogeneous oxidation of Hg" involves reactions of all the acid components of the flue gas.™®
According to the several authors Pavlish'® Livengood™ Niksa'? Galbreath®®, oxidation of mercury is
influenced by many factors such as thermodynamic conditions, kinetic conditions relative to residence
time, concentration of other components and the content of the key component of chlorine. Depending
on the operating conditions, the selective catalytic reduction of NOx by ammonia or urea (SCR) can also
participate in the oxidation of mercury.” Hg** forms are more soluble in water and therefore can be
captured in wet FGD (Flue gas desulphurization). After the flue gas is cooled down, part of gaseous
mercury is condensed on the fly ash surface and produces Hge. Hgp can be easily removed by ESP
(electrostatic precipitators) or FF (fabric filter). Therefore, the maximum conversion of Hg° to Hg** and
Hge forms is preferred to capture maximum amount of mercury by existing flue gas cleaning system.

Estimation of the current situation in the Czech coal-fired power plants

At most large power plants (> 300 MW) in the Czech Republic, the cleaning system consists of ESP and
wet FGD. These coal-fired power plants usually burn coal from local sources. Details of local coal
characteristics and mercury content are given by Pilai'® and Pesek’®. The effectiveness of mercury capture
for the ESP + wet FGD configuration is 21 — 56 % for brown coal as reported Srivastava'’. By combining
this data, it is possible to obtain an approximate estimation of mercury emissions from given plants. It is
possible to obtain a theoretical volume of dry flue gas (Vestp) and theoretical volume of required dry air
(VaTp) from the elemental composition of the fuel and stoichiometry of oxidation reactions. The amount of
dry flue gas for a reference oxygen content of 6% (Vecrp) iS Obtained by the Eq. 1.

21 (1)
Veerp = Vrerp + (m - 1) * Varp

P Estimation of Hg emissions (HgE) can be obtained by Eq. 2 using the value of mercury content in
coal (Hgc) and the efficiency of the Hg capture € given by Srivastava®’.

(100 — ) )
100
VFGHD

Hgc *

Hgg =

Estimation of Hg emissions from combustion of different coals are shown in Table 2 where the
characteristics of coal from individual mines are given by PilaF*® and Pegek™®.

Table 2: Coal composition and estimated Hg emissions from its combustion

Name Water The values given for dry coal EStiLngtted

of mine | OMEM | Ash S H c O Hdc  |emissions
% % % % % % mg/kg | mg/Nm?
Libou$ 34.0 35.5 2.5 3.6 42.6 16.1 0.236 18-31
Bilina 25.4 39.7 1.0 3.6 40.2 15.0 0.207 16 - 29
Jifi 35.0 24.5 1.0 4.7 53.2 18.8 0.469 28 -50
VrSany 28.2 39.0 0.8 3.7 375 15.2 0.244 20 - 37
CSA 28.5 18.3 1.2 4.9 47.9 20.3 0.243 16 -28

Here we can see that mercury emissions significantly exceed the approved limit of 7 pg/m® given for
combustion of brown coal in large power plants even in the case of the highest efficiency of mercury
capture, given by Srivastava®’.
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Conclusion

As can be seen from the estimation of mercury emissions from coal combustion, the efficiency of
mercury capture in the existing flue gas treatment system in coal-fired power plants is probably not
sufficient. As described above, the capture of mercury affects many factors. There may help to add
a SCR system if it is not already installed, mixing fuels to obtain mixture with less mercury content and/or
higher chlorine content. The installation of a catalyst for mercury oxidation or a special sorbent injection
for the capture of mercury are the other options. There is necessary to determine the mercury
concentration and its form distribution at each power plant to verify the most efficient and economical
solution.

Acknowledgement

The work was created with the financial support of National Feasibility Program | - the project LO1208
TEWEP.

References
1. United Nations Environment Programme: Global Mercury Assessment 2013: Sources, Emissions,
Releases and Environmental Transport. UNEP Chemicals Branch, Geneva 2013.

2. Feeley T.J., et al.: A review of DOE/NETL’s mercury control technology R&D program for coal-fired
power plants. U.S. Department of Energy, Pittsburgh 2003.

3. Bank M.S.: Mercury in the Environment Pattern and Process. University of California Press, Berkeley
2012.

4. Liu G., Cai Y., O'Driscoll, N. (Eds.): Environmental chemistry and toxicology of mercury. Wiley,
Hoboken 2012.

5. European comission: Best Available Techniques (BAT) Reference Document for Large Combustion
Plants, 2017.

6. Energeticky regulaéni tfad: Roéni zprava o provozu ES CR 2017. https://www.eru.cz/cs/ 5. 6. 2018.

7. Energeticky regulaéni Ufad: Roéni zprava o provozu teplarenskych soustav CR 2017.
https://www.eru.cz/cs/ 5.6. 2018.

8. Yokoyama T., Asakura K., Seki T.: Field study of trace elemellts behaviour in coalfired plants. Komae
Research Laboratory Report no ET 91002, Komae, CRIEPI. 53 pp (1991).

9. Senior C.L., et al.: Fuel Process. Technol. 63, 197 (2000).
10. Pavlish J.H., et al.: Fuel Process. Technol. 82, 89 (2003).

11. Livengood C.D., Mendelsohn M.H., Lani B.W.: The Chemistry of Mercury Oxidation. DOE/NETL
Mercury Control Technology R&D Program Review, Pittsburgh, PA, July 14-15, 2004.

12. Niksa S., Fujiwara N.: Predicting Complete Hg Speciation Along Coal-Fired Utility Exhaust Systems.
Joint EPRI DOE EPA Combined Utility Air Pollution Control Symposium, The Mega Symposium,
Washington, D.C., August 30-September 2, 2004.

13. Galbreath K.C., Zygarlicke C.J.: Fuel Process. Technol. 65-66, 289 (2000).
14. Wilcox J., et al.: Int. J. Coal Geol. 90, 4 (2012).

15. Pilaf, L. BAT v oblasti ochrany ovzdusi a problematika emisnich limitii koncentrace Hg. 1%
Technology for flue gas cleaning from energy power plant conference. Ostravice, 5"-6" November
2015.

16. Pesek J. et al.: Terciérni panve a loZiska hnédého uhli Ceské republiky. Ceské geologicka sluzba,
Praha 2010.

17. Srivastava R.K., et al.: Environ. Sci. Technol. 40, 1385 (2006).

Patronem tohoto Cisla je Institut environmentalnich technologii Vysoké Skoly bariské-Technické univerzity Ostava
WASTE FORUM 2018, &islo 3, strana 381


https://www.eru.cz/cs/
https://www.eru.cz/cs/

Jakub KORPAS: Mercury emissions from brown coal-fired power plants

Emise rtuti z hnédouhelnych elektraren
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Souhrn

V prezentovaném pfispévku jsou shrnuty pfirodni a antropogenni zdroje rtuti. Dale nastifiuje nové
pravni pfedpisy Evropské unie pro emise rtuti ze spalovacich zarizeni a jejich pfedpokladany dopad na
vyrobu energie v Ceské republice. Jsou zde uvedeny mechanismy vzniku riznych forem rtuti
(elementarni rtut, oxidovanéa rtut’ a rtut’ vazana na ¢astice) a jejich mozZnosti odstranéni v systému cisténi
spalin. Vypoéitany odhad emisi rtuti ze spalovani hnédého uhli ukazal, Ze ucinnost zachytavani rtuti na
stavajicich zafizenich pravdépodobné neni dostacujici.

Klicova slova: rtut, znecisténi ovzdusi, uhelné elektrarny, legislativa
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Abstract

There is generally known that nowadays designing and operating pilot plant or industrial technologies,
in which waste is transformed to biofuels and biochemicals are not economically profitable without
subsidies. The paper discuss results of fundamental techno-economic studies of waste treatment using
biorefinery approach, i.e. fibre based biorefinery, lignocellulosic bioethanol biorefinery and algal
biorefinery. The results showed that there is a potential to reach economic feasibility of waste conversion
to bioethanol, and attractivity of waste CO, to algal lipids conversion, i.e. to reach simple payback time
up to 6 — 8 years without any subsidies. Nevertheless, low process efficiency, technologic maturity,
policy, trade demand and pricing are still the main limiting factors that affect their realization in industrial
scale.

Keywords: biorefinery, biogas, algae, ethanol, lignocellulosic waste

Introduction

In Europe, more than 1.8-10°t of dry waste is produced each year', including agricultural waste from
plant and animal products, waste from the food and processing industry, municipal waste, green waste,
sewage sludge, separately collected municipal biodegradable waste from households and gardens, and
waste from restaurants and canteens, quarries and surface mining, and energy production. The goal of
EU policy is to substantially reduce the volume of waste produced and minimize its adverse impact on
the environment and human health. For example, up to 80 % of biodegradable waste is currently
deposited in landfills; however, according to the EU “Landfill Directive” 99/31/EC, 65 % less
biodegradable waste than in 1995 must be deposited by 2020. Waste biomass is therefore one of the
most energy-rich and unutilized renewable raw materials, not only for the production of alternative
energy sources (biomethane, biohydrogen, bioethanol, pyrolysis oil, synthetic gas), but also for the
preparation of valuable chemicals (oligosaccharides, furans, polyhydric alcohols, organic acids, cellulose
fibers, natural antioxidants, essential substances, oils), which are applied in the production of eco-
innovating materials (bioplastics, biocomposites). By using waste to produce biofuels and bioproducts, it
is possible to partially reduce fossil fuel burning, reduce dependence on oil and petrochemical products,
reduce carbon dioxide production, contribute to mitigating global warning and improve the quality of the
environment. However, technology for efficient transformation of waste into biofuels or valuable chemical
substances is still undergoing development. Today it can be seen that the professional public and the
industrial sphere are increasingly oriented towards the processing of waste within the concept of a
biorefinery.

A biorefinery is a flexible multi-technology facility in which waste biomass is converted in parallel to
biomaterials, biochemicals and biofuels, along with the production of electricity or heat. The
technological process of waste biomass processing in a biorefinery can be divided into several basic
steps — storage; primary processing (sorting, pretreatment, extraction, separation), secondary
processing (thermochemical, biochemical methods) and tertiary processing (separation, purification and
refining of the products), see Figure 1. Typical bioproducts that can be obtained from waste biomass are
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bioalcohols, biohydrogen, elastomers, fibers, resins, carbohydrates, antibiotics, flavors, dyes, polyols,
surfactants, oils, dextrins, ethyl esters, organic acids and solvents. Depending on the purity of products,
they can be used in the transport, energy, textile, construction, cosmetics, pharmaceutical, chemical,
plastics, paper and food industry to produce food flavors and nutritional products. When designing
technology and particularly when selecting a suitable portfolio of products that can be obtained by
processing the waste, it is necessary to pay attention to its production costs and especially the purchase
price of the product in relation to demand. The output of waste treatment technology in a biorefinery
must therefore be a combination of primary products of high economic value and secondary products of
lower economic value, see Figure 2. Products with a high economic value include commodities for the
food industry, the production of biocomposite materials and bioplastic.
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Figure 1: Waste treatment possibilities in biorefinery concept?.
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There is plenty of research and studies of conventional, lignocellulosic, oil crop, lignocellulosic or algal
biorefineries?. Based on the results, it is well known that biofuels and bioproducts are currently not able
to compete with conventional fuels or petrochemical products, especially in terms of production costs
subsidies excluded. The main task for the professional public is therefore to do engineering studies and
to find promising technology for the transformation of waste biomass into bioproducts that will be
produced simultaneously with alternative energy sources. The aims of the paper were therefore to
overview the results of fundamental technical and economic studies on waste treatment within the
concept of a biorefinery®>*°. All studies were evaluated without the impact of subsidies in order to define
crucial technological steps, machines or apparatuses, technology pricing that significantly affect
economic feasibility and impede industrial realization.

Methods

Three waste treatment studies within the concept of biorefinery are discussed in the paper, i.e. (1)
fibre based biorefinery®, (2) lignocellulosic bioethanol biorefinery*, and (3) algal biorefinery®. The
technical and economic elaboration of presented studies was based on uniform approach, i.e. on the
design of detailed current technological schemes (PFD diagrams). Defining model mass and energy
balances with consideration of heat regeneration, basic design of the installed machines and
apparatuses was created, and economic studies evaluating investment and operating cost were done.

e The total investment costs (CAPEX) were estimated as the sum of ISBL, OSBL, DE and EaE®. ISBL
represents the sum of individual prices of installed machines and equipment. OSBL are investment
costs for the installation of equipment, i.e. installation, piping, measurement and control, power
distribution, construction, load-bearing elements, protection and coatings, and they usually amount
to 40 % of ISBL costs. DE represents investment costs for technology planning, construction and
implementation of construction, and it is recommended that it be defined as 0.1-(ISBL +OSBL). The
last investment cost item is EeE, which is a reserve for price fluctuations of materials and labor; its
value is defined as 0.1'ISBL. The error in determining the total investment costs is + 15 — 30 % of
the total amount.

e Technology operating costs (OPEX) were determined based on partial estimates of costs of raw
materials, energy, staff costs, professional supervision, service and maintenance, consumables,
laboratory analysis, insurance, overhead costs, transport costs and the reserve. Operating cost
items were set as follows - three employees with average brutto wage 630 Eur per month,
supervision being 15 % of personal cost, maintenance being 2 % of CAPEX, consumables 0.5 % of
CAPEX, laboratories 15 % of personal cost, reserve as 3 % of direct operational cost, and insurance
as 0.7 % of CAPEX, corporate directions as sum of personal and supervision cost and 60 % of
maintenance cost. The following prices of conventional consumable, i.e. electricity 35 Eur MWh™,
water steam 20 Eurt!, process water 2.2 Eurt* and cooling water 0.1 Eur t* were used in the
model. Another prices of raw material, products and consumables are discussed in relation to
individual technologies.

Results and Discussion
(1) Fibre based biorefinery?®

Figure 3 presents a biorefinery that processes fibrous waste. The lignocellulosic waste rich in cellulosic
fibers first passes through a crusher in order to reduce the particle size and intensify the subsequent
hydrothermal boiling process followed by the sudden decompression of the batch’. The crushed waste is
mixed with recycled water in a homogenization tank in a mass ratio of 1:10; the prepared batch is then
subjected to hydrothermal decomposition without the addition of chemicals, and it is treated at a working
temperature of 200 °C for a residence time 20-40 min. After the required time, the batch is suddenly
decompressed into an expansion vessel, from where it is led to the separator. The separated cellulose
fibers are dried to the desired moisture by drying air, which is indirectly preheated by combustion gases
from the cogeneration unit. The liquid phase, which is rich in dissolved and unseparated, undissolved
organic and inorganic compounds, is anaerobically fermented in under mesophilic temperature conditions,
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and the resulting biogas is combusted in a cogeneration unit. All generated electricity and some heat are
used to meet the energy demands of the technology itself. The primary product of a biorefinery are
cellulose fibers, which are used in insulation materials, electrotechnics, pharmacy, cosmetics, and
especially as reinforcements to increase the strength of bioplastics and composite materials with
a biocomponent. Secondary products include heat, sludge, cogeneration emission gases, and waste vapor
from the dryer. Detailed information about the PFD diagrams, balances, total investment costs, operating
costs and ROI are available in the work by Azivov®.
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Figure 3: Block diagram of fibre based biorefinery

As for a technical point of view, the presented technology is easier to implement because its own
technical solution for the production of cellulose fibers is based on the use of devices that are common in
today's facilities. An economic assessment of the technology has shown, see Table 1, that for the given
model case, the total investment costs are equal to 2 200 000 Eur, and technology operating costs
amount to 3,000,000 Eur y™. The purchase price of cellulosic fibres 1.7 Eur kg™ was used for model set-
up, the average buying price of wooden chips 20 Eur t*. Operating cost of raw materials was 0.04 $ kg™
with the cost of transport being 2 % of the raw material price. When considering the purchase price for
cellulose fibers of 1.7 Eur kg™, the income from their sale is 3 300 000 Eur, i.e. a taxable profit of
300,000 Eur y* can be achieved. When considering a depreciation period of 20 years, the simple return
period of the investment is 22.3 years, i.e. at the end of the lifecycle of the technology itself, which is
expected to be 20 — 30 years. A sensitivity analysis was performed for this technology, which showed
that especially the purchase price of cellulose fibers has a dominant effect on the economy of the
technology operation. The aforementioned 1.7 Eur kg™ is considered by the authors to be the minimum
purchase price of the product in order to achieve a reasonable payback period for the technology.

Lignocellulosic waste is an affordable raw material that is normally processed by composting,
combustion, pyrolysis, gasification or anaerobic fermentation, i.e. CO, is always emitted. However, the
present technology is based on material-energy recycling of lignocellulosic waste rich in cellulosic fibers,
i.e. waste from agriculture, the woodworking industry, the maintenance of communal greenery, etc. The
main benefits of this technology include environmentally friendly waste treatment in a closed system with
heat recovery, material and energy recycling of lignocellulosic biomass, minimized waste production, and
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the reduction of CO, emissions compared to combustion. Based on the mass balances of the presented
technology, it is estimated that thanks to hydrothermal processing about 50 % of the feedstock is
dissolved in liquid, which is further anaerobically fermented, and the remaining extracted cellulose fibers
go for subsequent processing in an oven. The anaerobic fermentation of the liquid residue therefore
reduces the volume of produced CO, by about 50 % in comparison with anaerobic fermentation of the
entire feedstock. Nevertheless, despite these benefits, it is necessary to state that the actual
implementation and operation of this technology cannot do without the demand for cellulosic fibers and
without an appropriate economic policy taking into account the benefits discussed.

Table 1: Techno-economic analysis of fibre based biorefinery.

Capital Investment Costs CAPEX 2,200,000 Eur
Investment to equipment 1,220,000 Eur
Investment to constructions, site machinery, measurement and control 460,000 Eur
Projection, production, realisation 340,000 Eur
Financial reserve 160,000 Eur

Operational Costs OPEX 3,000,000 Eur y™*
Direct operational costs 1,720,000 Eur y*

raw material, consumables, energies 1,480,000 Eur y*
service and maintenance 130,000 Eur y™*
others salary, laboratory, supervision 110,000 Eur y™*
Indirect operational costs overheads, insurance 30,000 Eur y™*
Transportation fees raw material, products, wastes 1,250,000 Eur y*

Economic evaluation
cellulosic fibre production operation 8000 hours 1,936,400 kg y™*
estimated purchase price of fibres 1.7 Eur kg™
annual income from fibre sale 3,300,000 Eur y*
taxable income 300,000 Eur y™*
depreciation with a period of 20 years 220,000 Eur y™*
simple payback time 223y

Critical areas that strongly affect the technical and economic side of the whole technology include the
pretreatment of the raw material with lignocellulosic fiber pulping technology and the refining of cellulosic
fiber. The actual anaerobic fermentation and drying are technologically advanced. Therefore, scientific
research needs to focus especially on improving the efficiency of pretreatment technology, i.e. research
and development of intensive, energy-saving and environmentally friendly technologies for pulping
biomass waste in order to reduce investment and operating costs. Cellulose fiber refining technology is
not considered in the technology described, but it is necessary to have a defined product quality, i.e. the
customer must define his requirement for the purity of cellulose fibers and chemical stability with respect
to their subsequent application.

(2) Lignocellulosic bioethanol biorefinery*

Figure 4 presents a block diagram of technology for the production of lignocellulosic ethanol from corn
stover® within the concept of a biorefinery. The raw material is rid of impurities (dirt, stones, metals) and
crushed to a size suitable for its subsequent processing. The disintegrated raw material is then subjected
to pretreatment with steam expansion. During the pretreatment, the saturated steam at a working
temperature of 235 °C comes into direct contact with the raw material, dissolving a portion of the
hemicellulose and lignin, thereby greatly improving the accessibility of cellulosic bundles to the following
microbial decomposition. After the expiration of the required time at the working temperature, which is
several seconds, the batch is suddenly decompressed, resulting in an intense breakdown of the
material's structure. This prepared batch must be neutralized and detoxified. It is therefore led to
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a separator, where the solid and liquid phases are separated. The solid phase proceeds directly to the
subsequent processing step, which is the continuous simultaneous saccharification and fermentation
(SSF) in bioreactors connected in series. The liquid phase is first led into neutralizing tanks prior to its
entry into SSF bioreactors, where it is cleansed and detoxified by adding a suitable chemical agent. The
batch is then pumped through the filter press into a homogenization tank, where it is mixed with the solid
phase, yeast and enzymes to a quality suitable for SSF technology. The fermentation tanks operate in
a temperature range of 41-65°C depending on the stage of the SSF process. After the total required
time, which is about 6 days, the batch is pumped into a hopper, from which it is fed into the product
separation and cleaning section. The first stage of SSF fermentation product separation takes places in
a column still heated with saturated steam. The column produces vapors rich in ethanol and water, and
the residue containing all insoluble substances (silage residues, yeast) and water. The vapors from the
head of the column still pass through a condenser to the rectifying column, the products of which are
ethanol vapors with a composition corresponding to the azeotropic point, i.e. 95 % w/w ethanol and
water, and fusel oil, i.e. a mixture of heavier alcohols and other organic substances. To refine the ethanol
to 99% w/w, moisture absorption on molecular sieves is used. The waste product from the column still is
first centrifuged. The solid residues are separated, and they are used as feed or dried to be used as fuel
in the energy section of the bio distillery. The liquid phase is thickened on the evaporator, and the
resulting vapor steam is used in heat recovery; the condensed product, lignin syrup, is another
biorefinery product.
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Figure 4: Block diagram of lignocellulosic bioethanol biorefinery

The industrial technology for producing classic ethanol from starch-based raw materials is an old and
technically very sophisticated process. The raw material does not need to be pretreated in a complicated
way; its biodegradability is close to 90%. The technology for producing bioethanol from lignocellulosic
waste differs from classic ethanol production in that it also contains a raw material pretreatment section
and different batch saccharification technology; the other technological units are almost the same.
An economic assessment of the technology has shown, see Table 2, that for the given model case, the
total investment costs are equal to 9,050,000 Eur, and technology operating costs amount to 10,130,000
Eur y™*. The following buying prices were used for modelling: corn silage 18.5 Eur t*, sulphuric acid
1,600 Eur t*, lime 148 Eur t*, yeast 148 Eur kg™, enzymes 1,600 Eur t*, urea 240 Eur t*, and following
purchase prices for gypsum 370 Eur t*.The purchase price of cellulosic fibres 1.7 Eur kg™ was used for
model set-up, the average buying price of wooden chips 20 Eur t*. When considering a purchase price
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for 99 % w/w bioethanol of 1,150 Eur t*, a price of 110 Eur t* for solid residues, and a price of 370 Eur t*
for lignin syrup, the annual income from their sale is 12,850,000 Eur y*, i.e. a taxable profit of 2,650,000
Eur y* can be achieved. When considering a depreciation period of 10 years, the simple return period of
the investment is 5.2, with the expectation of a 30-year lifecycle of the technology. A sensitivity analysis
revealed that the predominant parameter affecting the economy of operation is the purchase price of
bioethanol and lignin syrup. It was found that at a purchase price of 1,000 Eur t*, the payback period
begins to grow rapidly. The price of 1,000 Eur t* is the approximate price of first generation bioethanol. If
the purchase price of bioethanol was the regular price, i.e. 330 Eur t*, the biorefinery would suffer a loss
and the payback period of the project would be near its lifetime. The limit purchase price of ethanol with
a payback period of up to 9 years is 1,110 Eur t*. The production of lignin syrup is about 50 % higher
than the production of ethanol, so its price also has a significant effect on the economics of the process.
The greatest degree of uncertainty lies in the very determination of the price of lignin syrup. Lignin is
widely used in the chemical industry and its price depends on several parameters (purity, water content,
origin). However, the technological section of lignin syrup production is only profitable at purchase prices
higher than 340 Eur t™. If its purchase price is lower, the application of an evaporator and its operation
increases costs more than what the yield from the sales of the thickened syrup would be.

Table 2: Techno-economic analysis of lignocellulosic bioethanol biorefinery

Capital Investment Costs CAPEX 9,050,000 Eur
Investment to equipment 5,400,000 Eur
Investment to constructions, site machinery, measurement and control 2,100,000 Eur
Projection, production, realisation 1,050,000 Eur
Financial reserve 500,000 Eur

Operational Costs OPEX 10,130,000 Eur y™*
Direct operational costs 8,800,000 Eur y*

raw material, consumables, energies 8,700,000 Eur y™*
service and maintenance 480,000 Eur y*
others salary, laboratory, supervision 520,000 Eur y*
Indirect operational costs overheads, insurance 290,000 Eur y*
Transportation fees raw material, products, wastes 1,040,000 Eur y'1

Economic evaluation

annual production of ethanol 99 % operation 8000 hours 6,660ty"
purchase price of ethanol 99 % 1,150 Eur t*
annual income of ethanol 99 % purchase 7,659,000 Eur y*
annual production of gypsum operation 8000 hours 302ty*
purchase price of gypsum 0.4 Eur kg™
annual income of gypsum purchase 120,000 Eur y™*
annual production of solid residues operation 8000 hours 9,690ty
purchase price of solid residues feed 110 Eur t*
annual income of solid res. purchase 1,070,000 Eur y™*
annual production of lignin syrup operation 8000 hours 10,800t y*
purchase price of lignin syrup 370 Eur t™*
annual income of lignin syrup purchase 4,000,000 y™*
taxable income 2,650,000 Eur y™*
depreciation with a period of 10 years 905,000 Eur y*
simple payback time 5.2y
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The technology for producing bioethanol from lignocellulosic waste is not a technologically or technically
advanced process. However, the presented technical and economic study showed that the technology of
lignocellulosic ethanol production has a future, and it can be used in decentralized waste treatment
technology. Nevertheless, in order to make this technology effective, it is very important to direct research
and development into these areas of raw material pretreatment, the transfer of momentum, mass and heat in
mechanically mixed fermenters and tanks, and the SSF process. The pretreatment of the raw material is
a key operation necessary to increase the biodegradability of waste, both cellulose and hemicellulose
enzymatic hydrolysis and fermentation to bioethanol especially. Despite the application of various
pretreatment methods, the biodegradability of the raw material currently ranges from 30 % to 50 %, and only
cellulose is a saccharide source for SSF process. It is therefore necessary to focus primarily on finding
efficient, energy-saving and economically profitable technologies for the pretreatment of lignocellulosic waste,
as well as the SSF process, pumpability and mixability of the batch with lignocellulosic feedstock, which
tends to cling to the working parts of the device, settle at the bottom of the vessel or float on the surface of
the batch. The optimization of the transfer of momentum, mass and heat in mechanically mixed fermenters
and tanks is also necessary. This is the only way to increase the biodegradability of the raw material,
increase the production of primary products, reduce operating costs with appropriate heat recovery and
chemicals used, and thus improve the economy of operation with a low sensitivity of biofuel purchase prices.

(3) Algal biorefinery®

In recent years, there has been increasing emphasis on the global reduction of CO, emissions, so
research is focused on the potential for its use in the production of third and fourth generation
biochemicals or biofuels. One possibility is the photosynthetic transformation of CO, waste into lipid-rich
microalgae. In available literature, many publications on the subject of photobioreactors, algae
harvesting and the extraction of valuable substances from algae can be found. However, all these
technological steps are dealt with completely separately. There is no comprehensive idea of complex
technology for microalgae processing, i.e. how to design and implement complex production technology.
This paper presents technology for the production of cellulose fiber as well as technology for the
production of lignocellulosic ethanol. Both technologies are the source of CO, as a secondary product.
For this reason, a technical and economic study of the biochemical transformation of CO, waste into
lipids was performed?® in order to obtain a concept of a zero emission biorefinery.
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Figure 5: Block diagram of algal biorefinery
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Figure 5 shows a block diagram of a continuous technology for the production of lipids from waste
CO,. Waste CO, is fed into a vessel in which it is dissolved and mixed with algae inoculated with liquid.
From there, the suspension is led by a pump into flat-plate photobioreactors®, where the heat and light
interact causing the photosynthetic transformation of CO, waste into Chlorella microalgae. The output of
the photobioreactor is a water-microalgae suspension with a characteristic content of 30 % wi/w lipids
and a typical concentration of 3 g of algae per liter. The suspension is stored in a tank, from where it is
pumped into the technological harvest block. The suspension first flows through a static mixer to which
a floculant is continuously added. Flocculation occurs in the hopper, and the suspension then enters
a flotation apparatus where the microalgae are primarily thickened. From the flotation apparatus, the
primarily thickened algae are pumped into a decanter centrifuge, where they are ultimately drained to the
value desired in the subsequent processing step. The separated water goes back to the microalgae
production technology, and the thickened microalgae are pumped into a bead mill that breaks the cell
walls of the microalgae and releases the contents of the algal cell into the carrier fluid-water. The
disintegrated microalgae pass into an extractor, where they are mixed with a solvent, hexane, in a ratio
of 200 ml g™ dry algae with a treatment time of 2 hrs. The technology requires the installation of several
extractors connected in parallel and the continuous operation of the line. After the necessary time, the
batch from the extractor is pumped into a continuous drum centrifuge, in which solid impurities (flocs,
biomass) are separated. This is followed by the hopper in which the remaining water is set off. The
solvent and lipids are separated in the next step by means of two-stage expansion distillation. The
proposed technology considers heat and solvent recovery.

Table 3: Techno-economic analysis of algal lipids production technology

Capital Investment Costs CAPEX 20,226,000 Eur
Investments to algae cultivation technology 7,520,000 Eur
Investments to harvest, cell wall disruption, extraction and separation 4,036,000 Eur
Investment to constructions, site machinery, measurement and control 4,623,000 Eur
Projection, production, realisation 2,430,000 Eur
Financial reserve 1,617,000 Eur

Operational Costs OPEX 24,934,000 Eur y™
Direct operational costs 24,664,000 Eur y*

raw material, consumables, energies for algae cultivation without light 11,968,000 Eur y™*
energy price for artificial illumination of photobiorector 6,252,000 Eur y*
raw material, consumables, energies 5,186,000 Eur y™*
service and maintenance 61,000 Eur y™*
others salary, laboratory, supervision 1,197,000 Eur y*
Indirect operational costs overheads, insurance 270,000 Eur y™*
Transportation fees 0 Eury*

Economic evaluation

annual lipids production operation 8000 hours 666,667 Eur y*
purchase price of lipids 41 Eur kg™
annual income of lipids purchase 27,350,000 Eur y*
taxable income 3,629,000 Eur y*
depreciation with a period of 10 years 2,022,600 Eur y*
simple payback time 80y
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An economic assessment of the technology has shown, see Tab. 3, that in the given model case the
total investment costs for the construction of a photobioreactors amount to 7,520,000 Eur, and
4,036,000 Eur for the remaining part of algae processing, of which 22 % is for the harvesting technology,
12 % for the disintegration technology, 42 % for the extraction technology, and 24 % for the lipid
separation technology The operating costs of the technology were estimated at 24,934,000 Eur y* using
prices of hexane 9 Eur I'* and flocculant 3.5 Eur kg™*. When considering the purchase price for extracted
lipids of 41 Eur kg™, the income from their sale is 27,350,000 Eur, i.e. a taxable profit of 3,629,000 Eur y"
! can be achieved. When considering a depreciation period of 10 years, the simple return period of the
investment is 8.0 years, with the expectation of a 30-year lifecycle of the technology. However,
a technical and economic assessment has shown that the economy is extremely sensitive to the
investment and operating costs of photobioreactors, the type and efficiency of extraction, and the
purchase prices.

e The technology is only profitable in the considered concept at a lipid purchase price that is higher
than 30 Eur kg™.

e Photobioreactors — From the perspective of the theoretical production of algae in the irradiated
volume, the flat plate photobioreactor achieves the highest algal yield of 297 g m? d™* and 2,970 kg
algae d*ha™. 1 liter of culture medium contains 3 g of algae with 30 wt. % lipid content, i.e. 1 g of
lipids per 1 liter of water. Therefore, 1 t of culture medium is required to produce 1 kg of lipids, i.e.
water with algae, at 100% extraction efficiency. The reason for the high investment and operating
costs is the very low concentration of lipids in algae, as well as the concentration of algae in the
feedstock.

e From the perspective of algae cultivation in photobioreactors, it is suitable to focus on the
possibility of increasing the lipid concentration in microalgae, or increasing the concentration of
microalgae in the culture medium. Therefore, the photosynthetic transformation of CO, into
microalgae should be resolved as a decentralized microalgae cultivation technology with
subsequent harvesting, where the output product would be thickened microalgae. The algae would
then be transported to centralized algae extraction technologies. This solution would substantially
reduce the investment and operating costs of both technologies.

e Extraction efficiency - The efficiency of lipid extraction from microalgae in most studies is defined
as the yield of lipid mass out of the total microalgae mass. The present study considered 10 % w/w
of the total microalgae mass, which, at a concentration of 30% w/w lipids in the algae, means that
no more than 1/3 of the lipids can be extracted. It is therefore necessary to perform research and
development of effective extraction technologies.

The whole technology consists of conventional machines and apparatuses that are easily accessible
in the market today. The critical points of the technology include algae cultivation and technology for the
collection and separation of algae from an aquatic environment, where it is necessary to intensify
separation techniques with respect to the design limits of flotation units and decanter centrifuges. The
disintegration of cell walls in a bead mill is energy-intensive and there is a risk of the thermal degradation
of lipids due to the inhomogeneity of the temperature field in the mill's workspace. Extraction and
extractors are ineffective according to current scientific knowledge; there is a risk of thermal degradation
of the product even during expansion distillation, which is why it is necessary to focus research and
development on the mentioned areas in order to achieve intensified processes.

Conclusions

Waste treatment technology in the concept of a biorefinery is currently a not very economically
interesting solution for material and energy waste recycling. Due to the very high investment costs of the
technology and product production prices, they are not able to compete with conventional
petrochemicals. However, it is important to realize that these technologies have a positive impact on the
environment. Waste treatment in a biorefinery can reduce the amount of landfilled or incinerated waste;
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the transformation of waste can result in products that can become substitutes or admixtures for
petrochemicals, reduce the production of emission gases and achieve a zero emission technology.

Technical and economic studies have shown the prospects of economically profitable processing of
lignocellulosic waste in second generation bio-distilleries, as well as the attractiveness of the biochemical
transformation of CO, waste into lipids. Research and development in all areas of environmentally
friendly waste treatment is therefore still necessary, with an emphasis on the potential of industrial
applications, see Table 4. It is necessary to find such technical solutions that will ensure efficient,
energy-saving, economically favorable and environmentally friendly transformation of waste into
alternative energy sources and chemicals. However, without favorable legislation and economic policy
(affordable raw materials, strict environmental protection, funds to support the development of new
technologies for processing waste materials, efficient layout of industrial technologies with regard to raw
material availability, a plan for the use and promotion of biofuels, provision of financial support for the
production of biofuels from waste materials, tax incentives for industrial plants and consumers of
biofuels), it is not possible to realize this concept with a vision of immediately economically profitable
operation.

Table 4: SWOT analysis of the prospects of a biorefinery®

Strengths Weaknesses
e Possibility of achieving maximum conversion o Effort to break through into a closed market
of large-scale biomass waste processing. with  new products (chemical, energy,
e Production of a large number of different consumer and food industry, transport).
products for different sectors (agriculture, e Competitiveness with traditional products due
food, chemicals, energy). to quality.
e New technology based on well-known and | e Economic profitability (especially for more
industrially operating facilities (production of sophisticated products).
paper, alcohol and food). e The development of bulk processing
o Possibility of efficient decentralized waste technology requires testing on a laboratory,
treatment. bench and semi-industrial scale.

e Strong dependence on the quantity and
composition of waste.

Opportunities Dangers
e Minimizing the amount of landfill waste. e Demand versus supply of products and their
e Production of eco-innovating materials. quality.
e Reducing the burden on the environment. e Uneven distribution of waste quantity and
e Making a significant contribution to composition (possibility of political and
sustainable development. logistics changes).
e Compliance with global policy goals to limit e High initial investment costs (trouble finding
the use of fossil energy sources. investors).

e Strong dependence on legislation.
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o0

Ekonomicky rentabilni zpracovani odpadt v konceptu biorafinerie: fikce
nebo skuteénost?

Lukds KRATKY, Salman AZIZOV, Petr SEGHMAN, Roman FORMANEK, Tomas JIROUT

Ceské vysoké udeni technické v Praze, Fakulta strojni, Ustav procesni a zpracovatelské
techniky, Technicka 4, Praha 6, tel. +420 224 352 550
e-mail: Lukas.Kratky@fs.cvut.cz

Souhrn

Je znamo, Ze projektované i provozované poloprovozni i prumyslové technologie vyroby biochemikalii
a biopaliv z odpadni biomasy jsou bez dotaci ekonomicky nevyhodné. Clanek seznamuje &tenare
s vysledky zakladnich technicko-ekonomickych studii zpracovani odpadu v konceptu biorafinerie, a to
s (1) biorafinerii s vyrobou viaken, (2) s lignocelul6zovou bioetanolovou biorafinerii a s (3) mikrorasovou
biorafinerii.

Technicko-ekonomické studie prokazaly perspektivitu ekonomicky rentabilniho zpracovani
lignocelulézovych odpadu v biolihovarech druhé generace, a i atraktivitu technologie biochemické
transformace odpadniho CO; na lipidy, ti. mozZnosti dosahnout rozumné navratnosti investice do 6 — 8 let
s vystavbou a provozem bez dotaci. K tomu, aby toho bylo dosazZeno, je vak stale nutny vyzkum a vyvoj
ve vSech oblastech ekologicky setrného zpracovani, a to zejména v oblastech zvyseni tucinnosti dil¢ich
technologickych procesd, zvySeni technické urovné instalovanych stroji a zafizeni, v oblastech trzniho
hospodarstvi a cenové politiky.

Klicova slova: biorafinerie, bioplyn, mikrofasy, etanol, lignocelulézovy odpad
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Pusobnost zadkona o odpadech ve vztahu k odpadnim
vodam

Stépan JAKL

Katedra prava Zivotniho prostfedi a pozemkového prava, Pravnicka fakulta,

Masarykova univerzita, Vevefi 70, 611 80 Brno
e-mail: jakl@mail.muni.cz

Souhrn

V roce 2015 zuzila novela zakona o odpadech dosavadni upiné vylou¢eni odpadnich vod z ptisobnosti
tohoto zékona ve vztahu k odpadnim vodéam. Nové se zakon o odpadech nevztahuje na odpadni vody
v rozsahu, v jakém se na nakladani s nimi vztahuji vodni zakon a zakon o vodovodech a kanalizacich.
Clanek se zabyva vyvojem této otézky v pravnich pfedpisech. StéZejni &ast ¢lanku je vénovéna posouzeni
aplikace zdkona o odpadech na nékteré vybrané cinnosti ve vztahu k odpadnim vodam. Vymezuje
nakladani s odpadnimi vodami, na které se zakon o odpadech nadale nevztahuje, a ¢innosti ve vztahu
k odpadnim vodam, které nové spadaji do plisobnosti zékona o odpadech. Clanek zéroveri upozorriuje na
hraniéni pfipady, kde neni pri stavajicim znéni pravnich pfedpisti feSeni otazky uplatnéni zakona
o0 odpadech na odpadni vody zcela zfejmé. Clének se rovnéZ zabyvé otézkou aplikace odpadovych
predpist na velmi aktualni problematiku vyuzivani pripadné recyklace odpadnich vod.

Kli¢ova slova: odpadni voda, odpad, ptsobnost zakona o odpadech

Uvod

S aginnosti od 1. Fijna 2015 byl v navaznosti na infringementové fizeni vedené proti Ceské republice
kvuli nedostateCnému provedeni smérnice Evropské Rady a Parlamentu &. 2008/98/ES o odpadech
novelizovan zakon €. 185/2001 Sbh., o odpadech (dale jen ,zakon o odpadech®). S ohledem na namitana
pochybeni upravil novelizaéni zédkon €. 223/2015 Sb. mimo jiné ustanoveni o pusobnosti zékona
0 odpadech vztahujici se na odpadni vody. Zatimco do fijna 2015 se zakon o odpadech podle svého § 2
odst. 1 pism. a) na odpadni vody nevztahoval vlbec, nové se podle novelizovaného ustanoveni
nevztahuje na nakladani s odpadnimi vodami pouze v rozsahu, v jakém se na nakladani s nimi vztahuji
jiné pravni predpisy. Poznamka pod €arou pak odkazuje na zakon &€. 254/2001 Sb., o vodach, ve znéni
pozdéjSich predpisi a zakon &. 274/2001 Sb., o vodovodech a kanalizacich pro vefejnou potifebu
a o0 zméné nékterych zakonu (zakon o vodovodech a kanalizacich), ve znéni pozdéjSich predpisu.
Pldsobnost zakona o odpadech ve vztahu k odpadnim vodam je tedy nezbytné nové posuzovat
s ohledem na vyklad jinych pravnich predpisu.

Zde je tfeba uvést, Ze jsem se podilel na zpracovani vySe uvedené novely zakona o odpadech,
a i nadale ptsobim na Ministerstvu Zivotniho prostfedi (dale jen ,MZP*). Téma tohoto &lanku jsem vsak
zpracoval v ramci svého studia na Masarykové univerzité. Zavéry tohoto clanku jsou odliSné od
dosavadniho postoje MZP a nevyjadfuji tak v tuto chvili oficialni postoj MZP. Zpracovani tohoto &lanku
mé zarover dovedlo k nazoru, Ze bude nezbytné se touto otdzkou na urovni statni spravy dale zabyvat.

Zakladni postoj MZP jako predkladatele novelizaéniho zakona je vyjadfen v oddvodnéni tohoto
zakona, kde je uvedeno: ,S ohledem na Sirokou uUpravu nakladani s odpadnimi vodami v ostatnich
pfedpisech se bude zékon vztahovat na naklédani s odpadnimi vodami velmi okrajové.” \V souasné
dobé se domnivam, Ze stavajici text ustanoveni o pusobnosti zdkona o odpadech vyZzaduje mnohem
SirSi aplikaci zakona o odpadech na odpadni vody, nez predpoklada divodova zprava.

V ¢lanku nejprve predstavim vyvoj této problematiky v pravnich pfedpisech na narodni i evropské
arovni. V hlavni €asti ¢lanku pak popiSi nékteré zplsoby nakladani s odpadnim vodami, na které se
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nadale zakon o odpadech nevztahuje a pokusim se identifikovat ¢innosti ve vztahu k odpadnim vodam,
na které se nové zakon o odpadech vztahuje.

Na zavér se zaméfim na jednu z oblasti, ktera rovnéz muize nové spadat do plsobnosti zakona
0 odpadech, a tou je recyklace odpadnich vod. Tato stale aktualnéjSi otazka nema doposud uspokojivé
legislativni feSeni a ani aplikace zakona o odpadech, ktery ma pravidla pro recyklaci odpadl nastavena,
problémy s recyklaci odpadnich vod nefeSi. A jak se pokusim vysvétlit, ani do budoucna nejvhodné;jsi
cestu pro nastaveni feSeni nepfedstavuije.

Vyvoj pravni upravy

Plsobnost odpadovych predpisti na odpadni vody upravoval jiz prvni zakon o odpadech. Zakon
€. 238/1991 Sb., o odpadech, ze dne 22. kvétna 1991, odpadni vody ze své pusobnosti nevylu€oval.
Ustanoveni o pusobnosti vztahujici se na odpadni vody § 2 pism. a) bylo formulovano pozitivné: ,pokud
zvlastni pfedpisy nestanovi jinak, vztahuje se tento zakon téz na nakladani a) s odpadnimi a zvlastnimi
vodami®, toto ustanoveni odkazovalo na zakon &. 138/1973 Sb., o vodach. Diivodova zprava uvadéla
k tomuto ustanoveni o plsobnosti nasledujici: ,,Cilem tohoto ustanoveni je vztahnout pusobnost zakona
na maximalni pocet subjektl a maximalni $ifi jednotlivych druhd, popfipadé skupin odpadu a pouze tam,
kde zviastni charakter odpadt vyZaduje specificky pfistup, ponechat Upravu zviastnim predpistim.*

Ve sledovaném cili takovato formulace odpovida pfistupu sou¢asného znéni zakona o odpadech.
Site aplikace zakona &. 238/1991 Sb. byla odvisla od toho, co v&e ostatni pravni predpisy upravovaly.
Stejné jako soucCasny zakon o odpadech umoznovala tato formulace piné uplatnéni pravidel pro
nakladani s odpady kdekoliv, kde nebyla zvladtni pravni uprava dostateCna. Pro ochranu Zivotniho
prostfedi je takovy pfistup velmi vhodny, protoZe zajistuje ochranu Zivotniho prostfedi i v pfipadé, Ze
pravni rezim upraveny zvlastnimi pravnimi pfedpisy neni nastaven dusledné.

TehdejSi zakon &. 138/1973 Sb., vodni zakon, jiz obsahoval pravidla pro zneSkodnovani odpadnich
vod. Ve vztahu k odpadnim vodam byl nastaven velmi obdobné sou¢asnému vodnimu zakonu. Existoval
zde poZadavek na povoleni vypousténi do podzemnich a povrchovych vod a upravoval jejich odvadéni
kanalizaci. Co tento zakon napfiklad oproti sou¢asnému vodnimu zakonu neupravoval, bylo
akumulovani odpadnich vod v bezodtokych jimkach.

v

Zajimavé je, ze ustanoveni zakona €. 238/1991 Sb. o pusobnosti ve vztahu k odpadnim vodam
odpovidalo v té dobé ucinnému znéni smérnice 75/442/EHS o odpadech. Zde bych se chtél pozastavit
nad pozd&jsim rozdilem &eské jazykové verze smérnice dopinéné zvlastnim vydanim Ufedniho véstniku
k 1. kvétnu 2004 v souvislosti se vstupem Ceské republiky do Evropské unie oproti ostatnim jazykovym
verzim smérnice.

Clanek 2 odst. 1 Geské jazykové verze smérnice 75/442/EHS ve znéni smérnice 91/156/EHS zni:
»1. Z oblasti pisobnosti této smérnice jsou vyriaty:

a) plynné emise vypousténé do ovzdusi;
b) oblasti jiz upravené jinymi predpisy:
... Iv) odpadni vody s vyjimkou odpadu v kapalné formé; ...“

Podle ¢eské verze by bylo rozdéleni do pismen a) a b) zbyteCné. Z jazykového vykladu vyplyva, Ze
rozsah vylou€eni pro plynné emise vypousténé do ovzduSi a polozky uvedené pod pismenem b) je
stejny, protoze vSechny polozky jsou fakticky vylou€eny zcela, pouze u pismene b) je vysvétleno, proc
byly tyto oblasti z pusobnosti vylou¢eny.

Pfi pohledu do jinych jazykovych verzi, je zfejmé, ze pismeno b) nebylo pfelozeno do Ceského jazyka
spravné. Vjinych jazykovych verzich zacind pismeno b) odliSné zde napfiklad v angli¢tiné

a francouzstiné: ,where they are already covered by other legislation®, ,lorsqu'ils sont déja couverts par
une autre législation”.

Druhy odpadovy zakon €. 125/1997 Sb., o odpadech, pak v § 1 odst. 2 pism. a) vyloucil ze své
pUsobnosti odpadni vody zcela: ,Zakon se nevztahuje na nakladani a) s odpadnimi a zvlastnimi
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vodami*® Dlivodova zprava k tomu uvadi: ,Zékon mé velmi Siroky zabér a v podstaté se podle néj Fidi
reZzim nakladani se vsemi odpady. Vyslovné jsou vylouéeny jen takové pripady, kdy rezim nakladani je
natolik specificky, Ze je upraven zvlastni préavni normou.®

V pfipadé druhého zakona o odpadech tedy doslo ke zméné pfistupu, pficemZ se tato zména dotkla
i dalSich zvlastnich odpadi. K dneSnimu dni se mi nepodafilo dohledat, jaky byl divod této zmény.
Duvodova zprava ji nevysvétluje. Pfedkladatel mohl byt pfesvéd&en, ze oblast odpadnich vod je jinymi
predpisy dostateCné pokryta. Takovy pfistup by odpovidal pravé oficialni ¢eské jazykové verzi tehdy
ucinného znéni smérnice 75/442/EHS. Oficialné byl vSak tento pfeklad zvefejnén az k 1. kvétnu 2004,
nicméné nelze vyloudit, Zze zjeho dFfivéjSi verze pfipadné stejné chyby v jiném pFekladu vychazel
predkladatel jiz pfi pfipravé zakona v roce 1996.

Uplné vyloudeni z pasobnosti prejal do svého § 2 odst. 1 pism. a) i souéasny zakon &. 185/2001 Sb.,
o odpadech a zru$eni nékterych zakonl, ve svém plvodnim znéni, a¢ bylo formulovano jinak nez
v pfedchozim zakoné: ,Zakon se vztahuje na nakladani se vSemi odpady, s vyjimkou a) odpadnich
vod.“’ Tato formulace zGstala nezménéna az do 1. fijna 2015, tedy G&innosti zakona &. 223/2015 Sb.
Vylou€eni z pusobnosti bylo rovnéz v souladu s vySe zmifiovanou Ceskou jazykovou verzi evropské
odpadové smérnice, nicméné bylo v rozporu s ostatnimi jazykovymi verzemi.

V roce 2006 byla pfijata nova Smérnice Evropského parlamentu a Rady 2006/12/ES ze dne 5. dubna
2006 o odpadech, ktera nahradila smérnici 75/442/EHS. Nastaveni vylou€eni z plsobnosti bylo v této
smérnici zachovano témeér stejné jako ve smérnici predchozi. Zachovana byla nicméné rovnéz odlisnost
geského znéni ustanoveni upravujiciho plisobnost.?

V roce 2008 byla pfijata Smérnice Evropského parlamentu a Rady 2008/98/ES ze dne 19. listopadu
2008 o odpadech a o zruSeni nékterych smérnic (dale jen ,ramcova smérnice o odpadech®). V nové
smérnici bylo vylou€eni formulovano |épe nez ve smérnici pfedchozi pfi zachovani stejného vyznamu.
Ceska jazykova verze v tomto pfipadé odpovida jinym verzim a ve svém &l. 2 odst. 2 pism. a) ze své
pUsobnosti vyluuje odpadni vody ,v rozsahu, v jakém se na né vztahuji jiné pravni predpisy
Spolecenstvi“?®

Z duvodové zpravy k novelizacnimu zakonu €. 154/2010 Sb., kterym byla transpozice nové smérnice
provedena, neni zfejmé, pro€ nebylo vylou€eni odpadnich vod z pusobnosti zakona o odpadech
uvedeno do souladu s novou ramcovou smérnici o odpadech.

Ke zméné doslo az novelizaénim zakonem ¢&. 223/2015 Sb., a to podle duvodové zpravy az na
zakladé procedury EU-Pilot a infringementového fizeni. Z hlediska plsobnosti zakona o odpadech ve
vztahu k odpadnim vodam je velmi zajimavy i pribéh pfipravy této novely. V navrhu pfedloZzeném do
meziresortniho pfipominkového fizeni se MZP pokusilo oproti znéni smérnice upfesnit, na jaké konkrétni
zpUsoby nakladani s odpadnimi vodami se zakon o odpadech nevztahuje. Navrh novelizovaného § 2
odst. 1 pism. a), znél: ,Tento zakon se vztahuje na nakladani se véemi odpady s vyjimkou a) odpadnich
vod, pokud jde o nakladani dle povoleni k vypousténi odpadnich vod do vod povrchovych nebo
podzemnich nebo jejich odvadéni kanalizaci“™ Takova formulace sice jednoznaén& vymezovala
Cinnosti, které jsou plné upraveny jinymi pfedpisy, ale fada pfipominkovych mist v ramci meziresortniho
pfipominkového Fizeni'' namitala, Zze takovy pfistup ponechava nékteré &innosti v plisobnosti jak
zvlastnich predpis(, tak zakona o odpadech.

Typickym pfikladem jsou odpadni vody akumulované v bezodtokych jimkach. Presto, ze maiji svij
rezim nastaven v § 38 odst. 6 vodniho zakona, by pfi vySe uvedené formulaci plné podiéhaly rovnéz
pravnimu rezimu zakona o odpadech. To znamena, ze osoby takto akumulujici odpadni vody by byly
plvodci odpadu ve smyslu zakona o odpadech a vSechny distirny odpadnich vod, které by zpracovavaly
takovéto odpadni vody, by musely disponovat souhlasem s provozem zafizeni uréeného k odstranovani
odpadu. Zaroven by se s ohledem na infekénost téchto odpadnich vod jednalo o nebezpeény odpad, na
ktery se vztahuje cela fada dalSich povinnosti.

Kompromisnim vystupem z meziresortniho pfipominkového fizeni pak bylo navrZeni a pfijeti textu
odpovidajiciho ramcové smérnici obsahujici pouze ¢aste€né omezeni plsobnosti zakona o odpadech.
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Moznosti transpozice ramcové smérnice o odpadech

Text ustanoveni o pusobnosti v ramcové smérnici byl uveden jiz vySe. Chtél bych se k nému nicméné
jesté jednou vratit a zhodnotit, jaké jsou moznosti transpozice takto formulovaného omezeni pusobnosti.
Zakladnim pozadavkem na transpozici samoziejmé je, ze na odpadni vody, na které se smérnice
vztahuje, musi byt na narodni drovni uplatnény pozadavky, které na né smérnice klade.

To mlze pro zakon o odpadech znamenat uzSi omezeni plisobnosti, pokud by napfiklad rovnéz
transponoval pozadavky smérnice o Cisténi méstskych odpadnich vod. Nebo naopak nastaveni tfeba
i uplného vylou€eni z pusobnosti pro odpadni vody v pfipadé, Ze by napfiklad zakon o vodach fakticky
kladl na nakladani s odpadnimi vodami v pusobnosti ramcové smérnice o odpadech stejné pozadavky
jako tato smérnice.

Takovému zavéru odpovida i rozsudek Soudniho dvora Evropské unie C-252/05.*2 Jednalo se
o pfipad, kdy do3lo k uniku odpadni vody z potrubi, pfiemz postup v takové situaci nebyl upraven ve
smérnici o Cisténi méstskych odpadnich vod. Soud konstatoval, ze na takovou situaci je nezbytné
aplikovat tehdejSi smérnici o odpadech, respektive zakon, kterym byla do vnitrostatniho prava
Spojeného kralovstvi provedena. Tento rozsudek je kromé vySe uvedeného dilezity z duvodu, Ze
vymezuje, a to pomérné pfisné, co znamena, Ze se na odpadni vody vztahuji jiné pfedpisy. Takovym
pfipadem je podle Soudniho dvora pouze pfipad, kdyz jiné pfedpisy zajiStuji stejnou miru ochrany
zivotniho prostiedi jako tehdejSi smérnice o odpadech. Jednalo se o smérnici 75/442/ES, jejiz anglicky
text odpovidal vylouéeni v sou¢asné ramcové smérnici o odpadech.

Ze tfi vySe uvedenych odstavcl vyplyvaji nasledujici zavéry pro vyklad vnitrostatni pravni Upravy,
ktera ma vylouCeni z plasobnosti formulovano stejné jako rdamcova smérnice o odpadech. Za prvé
transpoziCni pfedpis se nevztahuje na odpadni vody pouze, pokud zvlastni pravni pfedpis zajistuje
v konkrétni situaci stejnou miru ochrany Zivotniho prostfedi jako ramcova smérnice o odpadech. Za
druhé s ohledem na obsah jinych pravnich pfedpisll a to, zda zajistuji stejnou miru ochrany zivotniho
prostfedi pfi nakladani s odpadnimi vody, jakou pozaduje ramcova smérnice o odpadech, se mlze
fakticky rozsah plUsobnosti zakona o odpadech ve vztahu k odpadnim vodam v pribéhu €¢asu ménit,
pokud je zachovan prvni uvedeny princip.

Zajimavou otazkou z hlediska souladu s evropskou uUpravou je definice odpadni vody. Zakon
0 odpadech odkazuje na definici odpadni vody pouZitou v zakoné o vodach. Na evropské urovni vSak
definice odpadnich vod neexistuje. Rozpor by proto mohl nastat v tom, jak je odpadni voda definovana
na narodni urovni, a jaky vyznam ma v ramcové smérnici o odpadech. Otazkou je, zda by odpadni voda
neméla byt v kontextu ramcové smérnice o odpadech s ohledem na pouziti slova ,odpadni vymezena
jako voda, ktera naplni definici odpadu. Na tuto otazku nejsem schopen v tomto ¢lanku odpovédét,
pfesto se k této otazce v dalSi kapitole jesté dostanu, protoze mize mit na posouzeni nékterych pfipadul
a pfipadného uplatnéni zakona o odpadech vyrazny vliv.

Nakladani s odpadem a odpadni vody

Pokud se chci zaméfit na otazku, v jakém rozsahu se na odpadni vodu vztahuje zakon o odpadech,
musim zacit u vymezeni obecné pusobnosti zakona o odpadech.

Podle navéti § 2 odst. 1 se zakon o odpadech vztahuje na nakladani se v8emi odpady. Pojem
nakladani s odpady je definovan v § 4 odst. 1 pism. e) zdkona o odpadech a je pomérné Siroky, spada
sem obchodovani s odpady, shromazdovani, sbér, vykup, pfeprava, doprava, skladovani, uprava, vyuZziti
a odstranéni odpad(i. Radu &innosti vykonavanych s odpadni vodou je mozné pod néktery z téchto
pojmu podradit. Naopak mé nenapada, jaka ¢innost pod néktery z téchto pojmu nespada. Jako pfiklad je
mozné uvest jiz zminované akumulovani odpadnich vod v bezodtoké jimce. Z hlediska zakona
0 odpadech jde bud o shromazdovani, pfipadné skladovani odpadu podle dalSich okolnosti.

KliCovou otazkou pro uplatnéni zakona o odpadech je samoziejmé naplinéni definice odpadu. Odpad
je definovan v § 3 odst. 1 zakona o odpadech jako ,movita véc, které se osoba zbavuje, ma umysl nebo
povinnost zbavit se“. Vsemi aspekty napInéni definice odpadu neni mozné se zabyvat a takova otazka
presahuje problematiku feSenou timto &lankem.
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Chtél bych zminit pouze otazku vedlejSiho produktu vymezeného v § 3 odst. 5, ktery neni pfi spinéni
podminek v tomto ustanovenim stanovenych odpadem. Domnivam se, Ze cela fada odpadnich vod by
mohla definici vedlejSiho produktu naplnit. V podstaté by tomu tak mohlo byt v pfipadé vSech
prumyslovych vod, které budou v budoucnosti néjakym zpusobem vyuzivany, aniz by musely byt pred
takovym vyuzitim vycistény. K problematice vedlejSiho produktu vice napfiklad v Guidance on the
interpretation of key provisions of Directive 2008/98/EC on waste.®

Z hlediska uplatnéni zakona o odpadech na odpadni vody a na vody obecné je zajimavy odlisny
rozsah definice odpadni vody podle zakona o vodach a definice odpadu.

Odpadni vody jsou definovany v § 38 vodniho zakona. Prvni odstavec obsahuje pozitivni vymezeni
odpadnich vod, kdyz definuje, co je mozné za odpadni vody povazovat: ,Odpadni vody jsou vody
pouzité v obytnych, pramyslovych, zemédélskych, zdravotnickych a jinych stavbach, zarizenich nebo
dopravnich prostredcich, pokud maji po pouZiti zménénou jakost (sloZeni nebo teplotu), jakoz i jiné vody
z téchto staveb, zarizeni nebo dopravnich prostfedkl odtékajici, pokud mohou ohrozit jakost
povrchovych nebo podzemnich vod. Odpadni vody jsou i prisakové vody z odkalist, s vyjimkou vod,
které jsou zpétné vyuzZivany pro viastni potfebu organizace, a vod, které odtékaji do vod dulnich, a dale
jsou odpadnimi vodami priisakové vody ze sklédek odpadu.“)*

Druhy odstavec obsahuje negativni®® vymezeni odpadnich vod, protoZe vymezuje vy&et vod, které
nemaji byt povazovany za odpadni vody pFesto, Ze naplni definici podle odstavce prvniho. ,Vody
Z drenaznich systémi odvodriovanych zemédélskych pozemkd, chladici vody uzité na plavidlech a pro
vodni turbiny, u nichZ doSlo pouze ke zvySeni teploty, a nepouZité mineralni vody z pfirodniho léCivého
zdroje nebo zdroje pfirodni mineralni vody nejsou odpadnimi vodami podle tohoto zakona. Za odpadni
vody se dale nepovazuji srazkové vody z destovych oddélovaél, pokud oddélovac splriuje podminky,
které stanovi vodopravni trad v povoleni. Odpadnimi vodami nejsou ani srazkové vody z pozemnich
komunikaci, pokud je znecisténi téchto vod zavadnymi latkami feSeno technickymi opatfenimi podle
vyhlasky, kterou se provadi zakon o pozemnich komunikacich.*

Z porovnani obou definic vyplyva, ze definice odpadni vody zahrne vice vod nez definice odpadu. To,
Ze voda naplni definici odpadni vody, nutné& neznamena, Ze se zaroven stane odpadem. | pokud ma
voda po pouZiti zménénou jakost, neznamena to, Ze se ji nékdo zbavuje, ma umysl nebo povinnost se ji
zbavit.

V takovém pfipadé neni mozné uplatnit ustanoveni omezujici plisobnost zakona o odpadech ve vztahu
k odpadnim vodam. Myslim si, Zze takovyto problém by se mohl tykat nékterych vod z negativniho
vymezeni odpadnich vod. Jak u vod odvadénych drenaznim systémem nebo nepouzitych mineralnich
vod muze totiz dochazet a dochazi ke zbavovani.

Tento problém souvisi s jiz vySe naznaCenym rozdilem mezi definici odpadni vody podle zakona
o vodach a jejim moznym vyznamem z hlediska ramcové smérnice o odpadech. Kdyby byla odpadni
voda vymezena tak, Ze se jedna o vodu, ktera naplni definici odpadu, k vySe uvedenému problému by
nedoslo. Timto rozporem by bylo vhodné se v ramci budoucich zmén pravni Upravy zabyvat. Myslim si,
Ze hlediska ochrany Zivotniho prostfedi je aplikace zakona o odpadech na vody z odvodnovani
zemeédélskych pozemku nebo nepouzité mineralni vody zbyte¢na.

Nakladani s odpadnimi vodami, na které se vztahuje zadkon o vodach nebo
zakon o vodovodech a kanalizacich

Pokud odpadni voda v konkrétnim pfipadé naplni definici odpadu a ¢€innost s ni vykonavana definici
nakladani s odpady, je nezbytné pro zodpovézeni otazky uplatnéni zakona o odpadech posoudit, zda se
v takovém pfipadé na odpadni vody vztahuje jiny pravni pfedpis, pfiemz v Uvahu pfichazi zejména
zakon o vodach nebo zakon o vodovodech a kanalizacich.

Zvolena formulace neuplného vylouceni odpadnich vod z pusobnosti zakona o odpadech neni
idealni. Cisté jazykovy vyklad by v tomto pfipadé mohl vést k zavéru, Ze odpadni vody jsou vylouceny
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z plsobnosti zakona o odpadech zcela, protoze uvedené jiné zakony se na odpadni vody obecné
vztahuji. Zakon o vodach nijak nevyluCuje ze své pusobnosti zadné odpadni vody. To v8ak nebylo
zamérem zakonodarce, takovy vyklad by byl v rozporu se smyslem pfedmétného ustanoveni a rovnéz
S jiz uvedenym rozsudkem Soudniho dvora Evropské unie. Proto by bylo vhodnéjsi, aby § 2 odst. 1
pism. a) znél napfiklad takto: ,vrozsahu, v jakém je nakladani s nimi upraveno jinymi pravnimi
predpisy”. S ohledem na dlvod novelizace ustanoveni a jeho smysl je stavajici znéni nezbytné takto
alesponi vykladat.

Zakon o odpadech se podle mého nazoru jednoznacné nevztahuje na vypousténi odpadnich vod do
vod povrchovych nebo podzemnich. Zakon o vodach reguluje tyto €innosti v § 38. Z hlediska zakona
0 odpadech by se jednalo o odstrafiovani odpadu, protoze je ale tato €innost zakonem o vodach piné
upravena, véetné pozadavku na povoleni takové Cinnosti v § 8 odst. 1 pism. ¢), povinnosti podle § 38
odst. 7 a 8 a Ffady dalSich povinnosti, zakon o odpadech se na ni nevztahuje.

Dal$i Cinnosti, kterou zakon o vodach upravuje v § 38 odst. 6 a na kterou se podle mého nazoru
zakon o odpadech nevztahuje, je jiz nékolikrat zminéné akumulovani odpadnich vod v bezodtokych
jimkach. Odstavec 6 stanovuje kazdému, kdo akumuluje odpadni vody v bezodtoké jimce, povinnost
akumulovat je tak, aby nedochazelo k ohrozeni zivotniho prostiedi, a pravidelné je zneSkodriovat, v€etné
povinnosti prokazat takové zneSkodnéni na vyzvu kontrolniho organu. ZneSkodiovanim se zde mysli
likvidace odpadni vody na Ccistirné odpadnich vod. To potvrzuje rovnéz pfijatda a doposud neuéinna
novela vodniho zakona (zakon &. 138/2018 Sb)., ktera mimo jiné upravuje text § 38 odst. 6 do podoby
nového § 38 odst. 8 tak, aby bylo jednoznaéné, ze jedinym zpUsobem zneSkodnovani odpadnich vod
akumulovanych v bezodtoké jimce je jejich odvoz na Cistirnu odpadnich vod, a dale s u€innosti
posunutou na rok 2020 jesté zpfisfiuje zpUsob prokazovani toho, ze byla odpadni voda skutec¢né na
Cistirnu odpadnich vod dopravena a zlikvidovana. Otazkou, ktera neni podle mého nazoru dostate¢né
pokryta, je samotna pfeprava odpadni vody. Otazce prepravy odpadnich vod se budu vénovat
podrobnéji v dalsi &asti.

V tomto misté je nezbytné zastavit se u § 4 vyhlasky ¢. 268/2009 Sb., o technickych pozadavcich na
stavby, ktera ve vztahu k bezodtokym jimkam stanovi mimo jiné, Zze ,s obsahem Zumpy musi byt
nakladano v souladu s jinym pravnim pfedpisem.“ PfiCemZ poznamka pod Carou odkazuje na zakon
0 odpadech. Toto ustanoveni podle mého nazoru nemuze stanovit povinnou aplikaci zakona o odpadech
na odpadni vody akumulované v bezodtokych jimkach. Z hlediska pravni sily se jedna vyhlasku, ktera je
v rozporu s ustanovenim zakona o odpadech o jeho plsobnosti. Navic vyhlaska sama o sobé by
nemohla stanovit takovouto povinnost, i kdyby v pfimém rozporu s ustanovenim o pusobnosti nebyla.

Zajimavou otazkou je, nakolik se zakon o vodach a zakon o vodovodech a kanalizacich vztahuji na
provoz Cistiren odpadnich vod. | kdyZ v zakoné o vodach a v zakoné o vodovodech a kanalizacich neni
nikde pfesné vymezeno fungovani €istirny odpadnich vod, neni mozné Fici, Ze by tyto zakony na provoz
Cistiren odpadnich vod nedopadaly. At uz se jedna o otazku vystavby Cistiren jako vodniho dila,
spadajicich do pusobnosti vodopravniho uUfadu jako specialniho stavebniho uUfadu, pozadavky na
provozni fad vyplyvajici ze zakona o vodach nebo nastaveni podminek pro €istirnu v kanalizagnim fadu
podle zdkona o vodovodech a kanalizacich. Lze pFedpokladat, Ze vySe uvedena pravni Uprava
predstavuje dostateCnou ochranu zivotniho prostfedi, kvlli tomu byla ostatné pfijata, a zakon
0 odpadech se proto na provoz istirny odpadnich vod nevztahuje.

Otazka zlstava oteviena v pfipadé dalSich technologii Upravy kali provozovanych v ramci Cistiren
odpadnich vod. V sou€asné dobé Cistirny odpadnich vod vétSinou nedisponuji souhlasem k provozu
zarizeni podle zakona o odpadech, pokud upravuji viastni kaly a je tfeba uvést, Ze ani v pfipadé, kdy
upravuji kaly zjinych Ccistiren odpadnich vod. Ktéto otazce se vratim pozdéji. Bézné kalové
hospodarstvi, kde dochazi k upravé kall tak, aby mohly byt v souladu s § 32 a § 33 zakona o odpadech
pouzity na zemédélské pudeé, je soucasti provozu Cistirny odpadnich vod a rovnéz se na né&j zakon
0 odpadech nevztahuje. S ohledem na novou vyhlasku &. 437/2015 Sb., ktera od roku 2020 vyraznym
zpusobem zpfisfiuje podminky pro pouzivani kald na zemédélské padé, budou Cistirny odpadnich vod
v budoucnu hledat nové zplisoby nakladani s kaly vystupujicimi z Gistiren odpadnich vod™®, od suseni
kall az po jejich spalovani a bude velmi dullezité rozlisit, kdy se bude na takové technologie
provozované v ramci Cistirny odpadnich vod aplikovat zakon o odpadech a kdy nikoliv.
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To je mozné posoudit ze dvou hledisek. Jednim je nalezeni rozdilu mezi odpadni vodou a kalem.
Soucasna pravni Uprava nedava zadné voditko, kdy by bylo mozné fici, ze kal z Cistirny odpadnich vod
jiz neni odpadni vodou. Pokud by takova jasna hranice existovala, bylo by ziejmé, ze technologie, ktera
zpracovava kal, ktery jiz neni odpadni vodou, musi byt provozovana v rezimu zakona o odpadech.

Druhym hlediskem pak muze byt jiz vicekrat zmifiovany princip stejné miry ochrany Zzivotniho
prostfedi, ktery je mozné uplatnit i v pfipadé, ze by byl kal vstupujici do technologie zpracovani stale
povazovan za odpadni vodu. Ztohoto pohledu by pak napfiklad spalovani kald v ramci distirny
odpadnich vod jednoznaéné podléhalo zakonu o odpadech a rovnéz rezimu tepelného zpracovani
odpadu podle zakona ¢&. 201/2012 Sb., o ochrané ovzdusi. ProtoZze obsahuji velmi pfisné podminky.
bioplynovych stanic. Myslim si, ze tato otazka si v budoucnosti vyzada jednoznacné rozliSeni v podobé
Upravy ustanoveni o pusobnosti ve vztahu k odpadnim vodam, nebo Upravu definic a jednoznaéné
vymezeni toho, co je soucasti Cistirny odpadnich vod jako vodniho dila a co nikoliv.

Nyni zpét k pfedavani kald mezi Cistirnami odpadnich vod. Malé Cistirny odpadnich vod casto
nedisponuji technologii zajistujici upravu kall, ktera by umoznovala jejich pouziti na zemédélské pade.
NejCastéji je proto predavaji k upravé do Cistiren, které takovou technologii maji. V sou€asné dobé toto
pfedani provadé&ji mimo rezim zakona o odpadech.

Takovy pfistup vyplyva ze stanoviska MZP"', které uvadi, Ze pfedavani vystupu z &istiren odpadnich
vod bez kalové koncovky v podobé fidké suspenze pevnych a koloidnich ¢astic, organickych
i anorganickych, do Ccistiren odpadnich vod s kalovou koncovkou nespada do plsobnosti zakona
0 odpadech. V tomto stanovisku neni pouzivan pojem kal. Jak jsem jiz uvadél, pojem kal neni v pravnich
predpisech nikde definovan a ani pojem fidka suspenze nestanovi jasnou hranici. Opét se zde nabizi, ze
by bylo do budoucna vhodné na zakladé néjakého kritéria odpadni vodu a kal, ktery jiZ neni odpadni
vodou, v pravnich predpisech odlisit.

Stanovisko se nezbyva tim, jaka ustanoveni zakona o vodach se na takovéto odpadni vody vztahuiji.
Domnivam se vSak, ze uvedeny pfistup je v souladu s vySe uvedenym principy, jakymi by mél byt vztah
zadkona o odpadech k odpadnim vodam vykladan. Akumulaci odpadnich vod vystupujicich z jedné
Cistirny odpadnich vod na této Cistirné Ize povazovat za akumulaci v odpadni jimce v rezimu § 38 odst. 6
vodniho zakona. Odvoz odpadl na jinou distirnu odpadnich vod je pak s timto ustanovenim v souladu
a nasledna likvidace kall, které jsou odpadni vodou, na jiné Cistirné odpadnich vod, ktera je vodnim
dilem, rovnéz podléha vodnimu zakonu. Otazkou zUstava, do jaké faze technologie Cistirny odpadnich
vod takovy kal vstupuje. To pak otevira jiZ vySe naznaCené otazky ve vtahu k jednotlivym naslednym
technologiim provozovanym v ramci &istirny odpadnich vod. Problémem stanoviska MZP je opét jiz vySe
uvedena otazka pfepravy odpadnich vod.

Poslednim ze zplUsobl nakladani s odpadnimi vodami, na které se nevztahuje zakon o odpadech,
které jsem dokazal identifikovat, je zcela jisté s ohledem na komplexni Upravu v zdkoné o vodovodech
a kanalizacich odvadéni odpadnich vod kanalizaci.

Nakladani s odpadnimi vodami, na které se vztahuje zakon o odpadech
V této Casti bych chtél identifikovat €innosti, na které se zakon o odpadech nové vztahuje.

Nejprve bych se chtél vratit k vySe zminéné problematice prepravy odpadnich vod. Pfeprava odpadu
spada do definice nakladani s odpady. V tomto ohledu pfedstavuje nakladani, které zakon o vodach ani
zakon o vodovodech a kanalizacich nepokryvaji. Myslim si proto, Ze na pfepravu odpadnich vod by se
mély podminky zakona o odpadech vztahovat. To by bylo z hlediska bézné praxe velmi zajimavé. Mimo
jiné by to znamenalo, Ze na pfepravu odpadnich vod z domacnosti akumulovanych v bezodtokych
jimkach by se vztahovala povinnost ohlaSovani prepravy nebezpeénych odpadui. Nelegalni vyvazeni
téchto odpadnich vod a jejich rozlévani napfiklad na polich je stalym problémem. Kontrolni orany by diky
tomuto vykladu ziskaly u€inny nastroj, ktery by umoznil kontrolu takového jednani.

Otazkou je, zda by se mél rezim prepravy odpadu vztahovat i na odpadni vody akumulované
v bezodtokych jimkach. Po jiz zminéném upfesnéni a zpfisnéni vodniho zakona ve vztahu k odpadnim
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vodam akumulovanym v bezodtokych jimkach, pfedstavuje nova uprava pomérné vyraznou ochranu
zivotniho prostfedi, ktera zajiStuje vysledovatelnost odpadnich vod pfi pfipadné kontrole. Nicméné
pokud jde o odpadni vody, které maji néjakou odpadovou nebezpelnou vlastnost, nejsou splnény
v8echny pozadavky €l. 36 ramcové smérnice.

Novelizovany § 38 odst. 8 zakona o vodach bude stanovovat osobé, ktera akumuluje odpadni vodu
v bezodtoké jimce povinnost uchovavat doklady o odvozu odpadnich vod po dobu dvou let, pficemz
ramcova smérnice o odpadech pozaduje v pfipadé nebezpecnych odpadu roky tfi. V pfipadé osoby
prepravujici odpadni vody pak novelizovany § 38 odst. 8 zakona o vodach nepozaduje uchovavani
dokladu vlbec, zatimco ramcova smérnice o odpadech pozaduje uchovavani po dobu 12 mésica.
Zlstava otazkou, jak by k této otazce pfistoupil Evropsky soudni dvar. Zda by vyzadoval uplatnéni
stejnych pozadavkl jako v ramcové smérnici o odpadech, nebo by povazoval za dostacujici, ze je
zajisténa pfiblizné odpovidajici mira ochrany zivotniho prostiedi.

Zajimavou souvisejici otazkou je problematika preshrani¢ni prepravy odpadu. Zakladnim predpisem
upravujicim preshraniéni pfepravu odpadul je Nafizeni Evropského parlamentu a Rady ¢. 1013/2006 ze
dne 14. Cervna 2006 o prepravé odpadl (dale jen ,nafizeni o prepravé®), které v ¢l. 3 pism. e) ze své
plusobnosti vyluéuje mimo jiné pfepravu odpadnich vod, ,pokud se na ni vztahuji jiné pravni predpisy
spolecenstvi obsahujici obdobna ustanoveni®.

S ohledem na pfimou pouzitelnost evropského nafizeni, vylou¢eni z pasobnosti pro odpadni vody
v zakoné o odpadech ve znéni u€inném pfed novelizaci souvisejici s infringementovym Fizenim
nevyluCovalo odpadni vody z pusobnosti nafizeni o prfepravé. Nicméné je vyluGovalo z pUsobnosti
zakona o odpadech, ktery provadi adaptaci ¢eského prava na nafizeni o pfepravé, a dale stanovi
omezeni a zakazy, které nafizeni umozniuje nastavit na vnitrostatni urovni.

Zakon o odpadech tak v § 54 odst. 2 zakazuje pfepravu odpadd do Ceské republiky za Ggelem
odstranéni. Vyjimku predstavuji pouze odpady vzniklé v sousednich statech v dusledku Zivelnich
pohrom nebo za stavu nouze. Pomineme-li moznost uplatnéni téchto vyjimek, je pfeprava odpadnich
vod do Ceské republiky za u&elem jejich likvidace v &istirné odpadnich vod zakazana, protoze likvidaci
odpadnich vod v &istirné odpadnich vod a jejich nasledné vypusténi do vod povrchovych je z hlediska
zpusobu nakladani s odpady nezbytné povazovat za odstranéni odpadu.

S ohledem na formulaci sank&nich ustanoveni v zakoné o vodach a v zakoné o vodovodech
a kanalizacich maze nové dojit k uplatnéni sankce podle § 66 odst. 4 pism. b) zakona o odpadech na
odpadni vody. Bude tomu tak v pfipadé, kdy osoba nebude vypoustét odpadni vody do vod povrchovych
nebo podzemnich, ani se nebude jednat o jejich akumulaci v bezodtoké jimce a zaroven takovym
jednanim nedojde k ohrozeni podzemnich nebo povrchovych vod. Pro takové jednani neexistuje
v zakoné o vodach ani v zakonech o vodovodech a kanalizacich sankéni ustanoveni. To znamena, ze se
na takové nakladani s odpadnimi vodami zakon o vodach ani zakon o vodovodech a kanalizacich
nevztahuji. Takové jednani pak bude témér vzdy mozné podfadit pod povinnost stanovenou v § 12 odst.
3 zakona o odpadech nakladat s odpady v zafizenich k tomu uréenych s nastavenou odpovidajici sankci
pravé v § 66 odst. 4 pism. b) zakona o odpadech. Pfikladem takového jednani mize byt pravé vyvoz
odpadnich vod na pole, ale také cilené zavlaZzovani odpadni vodou.

Recyklace odpadnich vod

Tim jsem se dostal i k dal§i €innosti, na niz se nové vztahuje zakon o odpadech, a tou je vyuzivani
nebo recyklace odpadnich vod. Jedna se o Cinnost, ktera neni v sou€asné dobé v zakoné o vodach
upravena, zfejmé proto, Ze se doposud odpadni vody v Ceské republice nevyuzivaly. To bude nicméné
v blizké dobé s ohledem na klimatickou zménu a souvisejici narust sucha nutné zménit a zareagovat by
na to méla i pravni uprava.

AC je zékon o odpadech zakonem, ktery recyklaci odpadu upravuje, nejedna se o zakon, ktery by
problematiku recyklace odpadnich vod uspokojivé fesil. Pokud nékdo vyuziva odpadni vody ucelnym
zplUsobem, muze se z hlediska zakona o odpadech jednat o tfi rizné rezimy.
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Prvnim rezimem jsou pfipady, kdy nedojde k napInéni definice odpadu. To mulze byt jednak
v pfipadé, pokud osoba vyuziva odpadni vodu, ktera ji vznika v ramci jeji vlastni €innosti. V takovém
pfipadé totiz nemusi jit o zbavovani se odpadni vody. Dale v pfipadé, pokud je odpadni voda vyuzivana
znovu ke stejnému uc€elu a jedna se opétovné pouZiti, anebo v pfipadé, kdy naplni definici vedlejSiho
produktu podle § 3 odst. 5 zakona o odpadech.

Za druhé, odpadni voda mlze byt vyuzivana jako odpad v zafizeni na vyuziti odpadu. Poslednim
moznym reZzimem vyuziti odpadnich vod z hlediska zakona o odpadech je uplatnéni konce odpadu podle
§ 3 odst. 6 tohoto zakona. V ramci tohoto pfistupu muze byt odpadni voda po Upravé vyvedena
z odpadového rezimu a vyuzita jiz mimo pravidla pro nakladani s odpady.

Moznost uplatnéni vySe uvedenych rezimG komplikuje nastaveni jednotnych kvalitativnich kritérii,
které by zajiStovaly, Ze voda pfi svém opétovném pouZiti bez upravy nebo po upravé nebude ohroZovat
zivotni prostfedi nebo zdravi lidi. V pfipadé, Ze nedojde k naplnéni definice odpadu, nemuzou odpadové
predpisy nastavovat jakékoliv pozadavky na kvalitu néeho, co neni odpadem. Takové pozadavky
mohou byt pro vedlejSi produkty a odpady, které pfestanou byt odpadem, nastaveny vyhladkou § 3
odst. 8 zakona odpadech.

Podminky vyuzivani odpadnich vod jako odpadu mize MZP rovnéz nastavit vyhlaskou. V takovém
pfipadé by ale kazdé misto pouziti muselo byt provozovano jako zafizeni na vyuziti odpadu.

DalSim problémem je, Ze pfi uplatnéni jakéhokoliv z vySe uvedenych rezimu podle zakona
0 odpadech neprestane byt odpadni voda odpadni vodou podle vodniho zakona. A v takovém pfipadé
se uplatni omezeni, ktera zakona o vodach na pouZzivani odpadni vody klade. Zde myslim hlavné
omezeni jak ve vztahu k odpadnim vodam akumulovanym v bezodtokych jimkach, které mohou byt
odvazeny pouze na Cistirnu odpadnich vod, tak pravidla pro vypousténi odpadnich vod do vod
povrchovych nebo podzemnich.

Zajimava je v tomto ohledu aktualni praxe, kdy si zemédélci nechavaji zaregistrovat oplachové vody
z myti potravin Ustfednim kontrolnim a zku$ebnim Ustavem zemédélskym jako pomocnou pudni latku
a nasledné je vyuzivaji na polich k zavlaham. Z hlediska zakona o odpadech v takovém pfipadé nedojde
k naplnéni definice odpadu nebo pujde pfipadné o vedlej§i produkt. Nicméné z hlediska zakona
0 vodach pujde stale o odpadni vodu. Otazkou, na kterou neumim s jistotou odpovédét, je, ktery zakon
je vtomto pfipadé zakonem zvlastnim, zda zakon o hnojivech nebo zakon o vodach. Bylo by mozné
konstatovat, Ze to spiSe bude zakon o hnojivech a takovyto postup je s ohledem na ucinné pravo legalni,
o idealni feSeni se vSak nejedna.

S ohledem na vySe uvedené se domnivam, ze nejvhodnéjSim feSenim pro umoznéni vyuzivani nebo
recyklace odpadnich vod by bylo nastaveni mechanismu vyuzivani odpadnich vod nebo podminek jejich
recyklace do zakona o vodach. Vedle né&jakého nastaveni administrativniho mechanismu by mélo jit
o nastaveni pozadavkl na kvalitu odpadnich vod v podobé limiti obsahu Skodlivych latek
a mikroorganismu, které by umoznily bud pfimé vyuziti odpadnich vod, nebo by umoznily nepovazovat
vody, které takova kritéria spini, nadale za odpadni vody. Druha moznost by vSak neumozfiovala vyuzit
stavajici ustanoveni o pusobnosti v zakoné o odpadech a hrozilo by uplatnéni pravidel zakona
o odpadech, v€etné povinnosti vyuzivat odpady pouze v zafizenich k tomu uréenych. Vhodnéjsi by proto
bylo povazovat odpadni vody nadale za odpadni vody a pouze nastavit pravidla pro jejich vyuzZivani
zajistujici obdobnou ochranu Zivotniho prostfedi, jakou poZaduje pro recyklované odpady ramcova
smérnice o odpadech.

Zavéry

V ¢lanku jsem se pokusil vymezit nakladani s odpadnimi vodami, které je i po zméné plsobnosti
zakona o odpadech z pusobnosti tohoto zakona vylou¢eno. Jedna se o vypousténi odpadnich vod do
vod povrchovych a podzemnich, o akumulaci odpadnich vod v bezodtokych jimkach a takeé
0 provozovani Cistiren odpadnich vod. Dale jsem se pokusil identifikovat pfipady, kdy nové dojde
k uplatnéni zakona odpadech na &innosti vykonavané s odpadnimi vodami. Zde se jedna o piepravu
odpadnich vod a zejména o jejich pfeshraniéni pfepravu, a dale 0 mozné uplatnéni povinnosti nakladat
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s odpady vyhradné v zafizeni k tomu uréeném v pfipadé nékterych nelegalnich zplisobl nakladani
s odpadnimi vodami, ale také pfi snaze o vyuzivani odpadnich vod za stavajiciho znéni pravnich
predpisu.

Nemyslim si, ze by vyCet pfipadl, kdy dojde k uplatnéni zakona o odpadech na odpadni vody
uvedeny v tomto ¢lanku byl vyCerpavajici, dalSi pfiklady se ¢asem objevi v aplikacni praxi a pozdgiji
rovnéz v rozhodnutich spravnich soudud. Cilem tohoto ¢&lanku bylo primarné upozornit, Ze uplatnéni
zakona o odpadech na odpadni vody bude SirSi, nez predpokladala v divodova zprava k novele zakona
o odpadech, kterou byla zména puUsobnosti zakona o odpadech ve vztahu k nakladani s odpadnimi
vodami provedena.

V ¢lanku jsem se rovnéz pokusil popsat nékolik hrani¢nich pfipadu, které by bylo podle mého nazoru
vhodné fesit doplnénim pravnich pfedpisu. Jedna se jednak o otazku, kdy je kal z €isténi odpadnich vod
odpadni vodou, a kdy nikoliv. Dal8i otazkou je nejasna povaha nékterych technologii upravujicich nebo
zpracovavajicich kaly v ramci Cistirny odpadnich vod a souvisejici otazka uplatnéni podminek zakona
o odpadech na tyto technologie. DalSi nejasnou otazkou je uplatnéni pozadavk( odpadovych predpisu
na pfepravu odpadnich vod akumulovanych v bezodtokych jimkach.

Poslednim cilem tohoto ¢lanku bylo zddraznit nevhodnost uplatnéni stavaji pravni Upravy jak zakona
o odpadech, tak zakona o vodach na vyuzivani nebo recyklaci odpadnich vod. Myslim si, Ze je nezbytné
zahdjit diskuzi o tom, pro jaky typ odpadnich vod pfichazi vyuziti pfipadné recyklace v uvahu, a jak by
mely byt podminky pro jejich vyuzivani nastaveny v pravnich pfedpisech.

Takové podminky by bylo mozné nastavit jak do zakona o odpadech, tak do zakona o vodach.
Pfipadné nastaveni v zakoné o odpadech by se vztahovalo pouze na odpadni vody, které naplni definici
odpadu nebo vedlejSiho produktu, a vyzadovalo by omezeni plsobnosti zakona o vodach ve vztahu
k odpadnim vodam vyuzivanym podle zakona o odpadech.

Vhodnéjsi by proto podle mého nazoru bylo nastaveni komplexnich podminek pro vyuzivani
odpadnich vod v zakoné o vodach, zajistujicich ochranu Zivotniho prostfedi srovnatelnou s ramcovou
smérnici o odpadech, coz by automaticky s ohledem na znéni ustanoveni o pusobnosti zakona
0 odpadech omezovalo plsobnost zakona o odpadech ve vztahu k takto vyuzivanym odpadnim vodam.
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Scope of the Act on Waste in Relation to Waste water
Stépdn JAKL

Department of Environmental Law and Land Law, Faculty of Law, Masaryk Univesity, Veveri 70,
611 80 Brno

Summary

In 2015, the amendment to the Act on Waste narrowed the exclusion of the waste water from
application of the Act on waste. The Act on Waste does not apply to waste water to the extent to which
the Act on Water and the Act on the Water and Sewerage Systems are applicable. The article deals with
the development of related legislation. The main part of the article is devoted to the assessment of the
applicability of the Act on Waste to certain selected activities in relation to waste water. It defines the
treatment of waste water that remains excluded from the scope of the Act on Waste on the one hand and
on the other hand it defines activities in relation to waste water which are newly covered by the Act on
Waste. The article also focuses onto borderline cases where, the applicability of the Act on Waste is
unclear. The article also deals with the currently important topic of the application of the Act on Waste to
the reuse or recycling of waste water.

Key words: wastewater, waste, scope of the Act on Waste
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Energetické vyuZiti odpadii — poloprovozni spalovna odpadti s kontinualni dvoukomorovou spalovaci peci
se systémem CiSténi spalin a kontinudlnim monitoringem spalin, modulova pyrolyzné-plazmovad jednotka,
poloprovozni anaerobni reaktory (modely bioplynové stanice) pro mokrou a suchou (ko)fermentaci.

Cisténi odpadnich plynii a ovzdusi — vyzkum v oblasti katalytického snizeni emisi N,0, NOx, VOC, CO,
NH,, adsorpce VOC a dalSich latek, testovani katalyzator(i riizného méfitka pro reakce v plynné fazi,
fotokatalytické CiSténi vnitfniho a vnéjSiho ovzdusi.

Cisténi odpadnich vod.

Analytické prace — stanoveni fyzikdlné-chemickych vlastnosti paliv a odpadd, kvalitativni a kvantitativni
analyza plynnych a kapalnych smési a pevnych latek.

Matematické modelovani — modelovani §iteni polutantti v ZP, emisné-imisnich vztahii a hlukovych zatéZi,
GIS.

Letova (bezpilotni) méFeni kvality ovzdusi.
Poradenstvi v oblasti ZP (odpady, ovzdusi, energetika), BAT, chemicko-inZenyrské vypocty.

Studium dopadu primyslovych technologii na Zivotni prostiedi — testy toxicity, mutagenity, testovani
odolnosti vySlechténych odriid rostlin viici abiotickym stresiim atd.
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