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Uvodni slovo $éfredaktora

Vazeni ¢tenafi,
mate pred sebou oteviené druhé letosni ¢islo, jehoz
patronem je Institut environmentalnich technologii VSB-TU Ostrava

a kterému timto dékuji za finanéni podporu.

Soucasné vyuzivam této pfilezitosti, abych pripomnél nékteré
novinky, které zacnou platit od 2. pololeti 2017.

Prvni zménou je to, Ze publikacni poplatek se bude platit za
vSechny prispévky bez ohledu nato, jestli obsahuji Podékovani ¢i
nikoli. Vyse publikacniho poplatku zlistava beze zmény, tj. 200 K¢
za stranku u ¢lankua v anglictiné a 500 K¢ za ¢lanky v ¢estiné ¢i
slovenstiné.

Druhou novinkou je to, ze v pfipadé, kdy na zakladé negativniho vysledku recenzniho fizeni nebude
¢lanek publikovan, bude autorovi fakturovan redakcéni poplatek v poloviéni vysi oproti publikaénimu
poplatku.

Novinkou neni, ale pro uplnost doddvam, Ze za uvefejnéni prispévki nekomercéniho razu v ¢asti
Cisla oznacené Nerecenzované a komercni prispévky/Non peer-reviewed and commercial papers je naopak
publikaéni prispévek dvojnasobny, tj. 400 K¢ u prispévku v anglictiné a 1000 K¢ za prispévky v ceském ci
slovenském jazyce.

VSechny vysSe uvedené ceny jsou bez DPH. K témto zménam vydavatel tohoto ¢asopisu pFistoupil
proto, Ze si jiZ nemiZe nadale dovolit dotovat vydavani tohoto periodika a véri, Ze diky této zméné se
ekonomika tohoto projektu dostane z ¢ervenych do ¢ernych Eisel.

Nejblizsi redakcni uzavérka je 8. ¢ervence, dalsi pak 8. Fijna.

Ondfrej Prochdzka

Editorial
Dear readers,

This is the second issue of the WASTE FORUM this year. It is patronized by the Institute of
Environmental Technologies at VSB-TU Ostrava whose financial support we greatly appreciate.

At the same time, | take this opportunity to remind you of some novelties which will take place from
the second half of 2017.

First of all a publishing fee will be charged for all contributions, regardless of whether they contain
the acknowledgments or not. The publication fee remains unchanged, CZK 200 per page for articles in
English and CZK 500 for articles in Czech or Slovak.

Secondly if the article is not published on the basis of the negative result of the review process,
one half of the whole amount of a publishing fee will be charged.

I would also like to remind that publication fee of non-commercial contribution is twice as much as
publication of commercial contributions in the section called Non-peer-reviewed and Commercial Papers,
i.e. CZK 400 for contributions in English and CZK 1000 for contributions in Czech or Slovak language.

All the above prices are exclusive of VAT. These changes made by the publisher are caused by
insufficient financial state of the project and we hope they will help to improve the situation.
The next editorial deadlines are July 8 and October 8.

Ondfrej Prochadzka
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Pro autory

Casopis vychazi pouze v elektronické podobé a &isla 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 pfispévkem napsali tfi tipy na mozné recenzenty, samoziejmeé z jinych pracovist nez je autor
Ci spoluautory. Je vzdy dobré mit rezervu.

Publikacni jazyk je Cestina, slovenstina a angli¢tina. Ve snaze, aby se ¢asopis WASTE FORUM
dostal do mezinarodnich databazi védeckych Casopisli, coz je nezbytny pfedpoklad, aby mohl ziskat
Casem i impakt-faktor, je preferovana angli¢tina. V tomto pfipadé je nezbytnou soucasti ¢lanku na konci
nazev, kontakty a abstrakt v ¢eském ¢&i slovenském jazyce, pfi€emz rozsah souhrnu neni shora nijak
omezen.

Uverejnéni prispévku v ¢asopisu WASTE FORUM bylo dosud v zasadé bezplatné. Nicméné
abychom pfijmové pokryli alespori nezbytné externi naklady spojené s vydavanim Casopisu (poplatky za
webhosting, softwarova podpora atd.), vybirame symbolicky poplatek za uvefejnéni podékovani
grantové agenture &i konstatovani, ze ¢lanek vznikl v ramci feseni urcitého projektu. Tento poplatek Cini
200 K¢ za kazdou stranku u pfispévku v anglickém jazyce, u ostatnich je 500 K¢ za stranku.

Uzavérka dalsiho éisla ¢asopisu WASTE FORUM je 8. ¢ervence 2017, dalsi pak 8. Fijna 2017.

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. Due to the personal connection of the
editorial staff with the editors of the professional monthly journal ODPADOVE FORUM, authors
need to clearly state that their manuscripts are intended for publication in WASTE FORUM.

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.

Publication of the articles is generally free. However, revenue to cover at least the necessary
external costs associated with the issuance of the magazine, we select a symbolic fee for the publication
of gratitude grant agency or a statement that the article was created as part of a project solution. The fee
is 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 July 8, more on October 8, 2017.
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Photocatalytic degradation of nitric oxide on various
cerium doped TiO, thin layers

Marcel SIHOR, Ivana TROPPOVA, Lenka MATEJOVA, Martin RELI,
Lucie OBALOVA, Kamila KOCI

Institute of Environmental Technology, VSB-Technical University of Ostrava,
17. listopadu 15/2172, 708 33, Ostrava-Poruba

e-mail: marcel.sihor@vsb.cz

Abstract

The photocatalytic methods for removal of nitrogen oxides have recently become very interesting
research field. Photo-deNOx processes offer attractive method for the reduction of these harmful gases.
The photocatalytic degradation of nitric oxide is a promising method, especially after finding the optimal
photocatalyst, which will increase the efficiency of the method and allow the photocatalytic degradation
of nitric oxide under visible light irradiation.

This work describes photocatalytic degradation of nitric oxide using thin layers of cerium doped TiO..
TiO, photocatalysts with cerium content of 0.7; 1.4 and 6.3 wt. % were prepared by the sol-gel method
followed by calcination at 450 °C. Photocatalysts were coated on concrete blocks. Prepared thin layers
were characterized by XRD, XRF, UV-Vis spectrometry and nitrogen physisorption. The photocatalytic
measurements were carried out in the flow reactor constructed according the ISO 22197-1:2007. The
addition of cerium led to an increase of specific surface area and decrease of absorption edge energies.
Nevertheless, the specific surface area is not the decisive parameter in photocatalysis and the
experimental results showed that the sample with the highest specific surface area was the least
photocatalytically active. The most photocatalytically active thin layer for the decomposition of NO was
the one containing 0.7 wt. % Ce. The highest conversion of NO in presence of this thin layer reached
27 % but only small part of NO was decomposed to O, and N,. Majority of converted NO was oxidized to
NO, and NO3  and NO; species.

Keywords: Photocatalysis, NOy, TiO,, cerium, Nitric oxide.

Introduction

The nitrogen oxides (NO and NO,) belong to pollutants produced by the combustion processes in the
presence of air, such as from cars or power plants. The nitrogen oxides contribute to the formation of
acid rain, to sick building syndrome and photochemical smog [1]. The majority of such emissions are
initially in the form of nitric oxide (NO), it is oxidized in the atmosphere to form nitrogen dioxide (NO) [2],
which ranks among the toxic substances. The significant amounts of NOx in the atmosphere is attracting
great interest focused on the removal of NO and NO, from the environment. One possibility is to use the
semiconductor photocatalysis using active nano-building materials, typically based on titanium dioxide
(TiO,) [3]. Among the semiconductors, TiO, is the most commonly used material as photocatalyst owing
to its strong redox ability, abundance, chemical stability, non-toxicity and relatively low production cost
[4]. However, TiO, has a few drawbacks, which restrict its wide applications. For example, size of the
band gap is 3.2 eV, which mean TiO, can absorb only 3 — 5 % of sunlight as it can be excited only by UV
light with wavelength shorter than 388 nm. Moreover, most of its photo-generated electron—hole pairs
prefer recombination over separation, resulting in low quantum efficiency. Therefore, developing visible
light responsive and high quantum efficient photocatalysts has become one of the most important topics
in photocatalysis research field. To achieve this aim, researchers have tried various ways to modify TiO,,
such as dye sensitizing [5], doping [6-8], semiconductor compounding [9], and noble metal deposition
[10-13], of which noble metal deposition has attracted much attention because of its unique character
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which greatly improves the photocatalytic properties of TiO,. Sheng et al. [14] found that palladium (Pd)
modified TiO, showed an enhanced activity for the photocatalytic oxidation of NO. Wu et al. [11]
concluded that Pd** deposited on TiO, mainly contribute to the improvement of photocatalytic activity.
Pd** deposition enhanced the NO adsorption capacity and prevented the electron—hole recombination by
electron trapping on Pd?*. Hashimoto et al. [12] indicated that the adsorbed NOx scarcely suppressed
the photo-oxidation of NO on RhCIs/TiO, and H,PtCls/TiO, photocatalysts since the active sites were
different from the adsorption sites. Lin et al. [13] reported that platinum (Pt) modified TiO, exhibited
higher photocatalytic activity than TiO, for NOx oxidation and the Pt modification enhanced the further
oxidation of NO, to NO3; . However, nearly all the reported noble metal modifications to TiO, are surface
modification, such as impregnation and ultraviolet (UV) deposition, which only improves the UV light
driven photocatalytic activity or only improves the visible light driven activity while the UV light driven
activity remains the same or even decreases [15-18]. The key role played by photochemical reaction on
the surface of TiO; 19.21; Can be expressed by the following equations (1-3):

hVEEbg

4NO + 0, + 2H,0 ——5 4HNO, (1)
hVZEbg

4HNO, + 0, —% 4NO, + 2H, )
hVEEbg

2H,0 + 4NO, + 0, ——5 4HNO, A3)

The photocatalytic oxidation of NO was considered of sufficient importance that it was the first granted
ISO standard for photocatalysis, 1SO 22197, published in 2007 [22]. This standard governs the
description of the photocatalytic reactor, and the conditions during the reaction process.

This work is dealing with photocatalytic thin layers on concrete plates used for the mitigation of nitric
oxide. Titanium dioxide photocatalysts modified by various amounts of cerium were used as the thin
layers. To the best of authors knowledge cerium modified titania photocatalysts were never used for the
photocatalytic oxidation of nitric oxide.

Experimental
Preparation of cerium doped TiO, photocatalysts

The parent TiO, and a set of cerium doped TiO, photocatalysts with 0.7; 1.4 and 6.3 wt.% of Ce were
prepared via sol-gel processing controlled within reverse micelles of nonionic surfactant Triton X-114 in
cyclohexane in combination with calcination [23 — 25]. Titanium(lV) isopropoxide (Ti(OCH(CHs),)4, purity
>97 %, Aldrich) and cerium(lll) nitrate hexahydrate (Ce(NO3)3-6H,0, Aldrich) were used as metal cations
sources. For TiO, synthesis, the molar ratio of cyclohexane : Triton X-114 : H,O : Ti(OCH(CHs),)4 was
kept 11:1:1:1 [23]. For the synthesis of Ce-doped TiO, (0.7, 1.4 and 6.3 wt.% of Ce), the molar ratio of
cyclohexane : Triton X-114 : H,O : Ce(NO3)3-6H,0 + Ti(OCH(CHy),), was also 11:1:1:1, the appropriate
amount of Ce(NO3);'6H,O was always dissolved using 3.5 ml of anhydrous ethanol [25, 26]. The
prepared homogeneous transparent sols were poured in small glass beakers. Concrete plates were
dipped in sol, using dip coating technique. The sols converted into rigid transparent yellow-colored gels
on the surface of a concrete plate. Plates were dried at room temperature for 4 hours and afterwards
were thermally treated at 450 °C for 4 h with heating rate 10 °C/min in order to anchor photocatalyst on
the surface of the concrete plate.

Characterization techniques

Prepared photocatalysts were characterized by techniques, such as N, physisorption, XRD, XRF and
UV-Vis DRS. Nitrogen physisorption was performed on the automated volumetric apparatus 3Flex
(Micromeritics Instruments, USA). Samples were degassed at 200 °C for two days under less than 1 Pa
vacuum. The adsorption-desorption isotherms of nitrogen were measured at -196 °C. The specific
surface area (Sger), was calculated according to the classical Brunauer-Emmett-Teller (BET) theory for
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the p/p0 range of 0.05 — 0.25. Pore-size distribution (PSD) was evaluated from the adsorption branch of
the nitrogen adsorption-desorption isotherm using Barrett-Joyner-Halenda (BJH) method with FAAS
correction, the empirical Broekhoff-De Boer standard isotherm and assuming the cylindrical pore
geometry [27, 28].

X-ray powder diffraction analysis (XRD) was performed using the X-ray diffractometer Ultima IV
Rigaku (Rigaku, Japan). It operates at 40 kV and 40 mA with CuKa radiation (reflection mode, Bragg-
Brentano experimental arrangement, scintillation counter). The XRD patterns were recorded in the 2 -
70° 26 range with a scanning rate of 3°/min. The samples were placed in a ground glass depression in
the sample holder and flattened with a glass slide. X-ray beam was demarcated by 2/3° divergence,
10 mm divergent height limiting, 2/3° scattering, 0.6 mm receiving slits and phase analysis was
evaluated by database PDF-2 Release 2011.

Ultraviolet-visible (UV-Vis) absorption spectra of samples dispersions were measured in I-cm-path
length quartz cuvettes using a UV-Vis spectrometer Lambda 25 (Perkin Elmer, USA), at 200 — 800 nm.

Chemical analysis of powder catalysts was done on an ARL 9400 XP sequential WD-XRF
spectrometer. All peak intensity data were collected under vacuum conditions using the software
WinXRF. The analysed powders were pressed into pellets about 0.6 mm thick and the diameter of
25 mm without any binding agent and covered with 4 um supporting polypropylene film.

Photocatalytic tests

The experiment was conducted according to the above mentioned standards. 1SO 22197 [22]
specifies the size of the sample size 5x10 cm (50 cm?), UVA radiation intensity of 1 mW cm™ and total
flow rate of 3.0 dm® min™. To prepare the gas mixture at a concentration of 1.0 ppmv (1 ml NO / 1L air =
ppmv) of NO, two mass controllers (SIERRA) were used. The mixing loop and humidity probe were used
in order to obtain gas mixture at RH = 50 % and 25 °C. The gas mixture containing 1 ppmv of NO at a
volumetric flow rate of 3.0 dm® min was continuously blown into the reactor. Gas mixture flows over the
sample with the help of linear flow. The concentration of NO, NO, and NO, was analysed with the aid of
photoluminescent analyser. Scheme of photoreactor according to 1SO.

Results and discussion
Photocatalysts characterization

The real cerium amounts (in wt. %) in Ce-doped titania photocatalysts and specific surface areas
(Sget) of all prepared photocatalysts along with commercial TiO, Evonik P25 are summarized in Table 1.
It can be easily noticed that the addition of cerium within 0.7, 1.4 and 6.3 wt. % leads to the monotonous
increase of the specific surface area of prepared photocatalysts. These results follow the trend revealed
in more detailed surface area and porous structure morphology investigation of cerium doped titania in
our previous work [29], where higher amounts of cerium were added to titania. Further increase of
cerium amount decreased all textural properties due to nucleation of CeO, [29]. Because these
photocatalysts modified by low amount of cerium are prepared in the same way as the ones with high
amount of cerium, we can safely presume the same (increasing) trend in the change of other textural
properties (Smesor Vmicro) Of the photocatalyst. The significant effect of cerium addition on the textural
properties of the investigated photocatalysts can be attributed to microstructural changes caused by
doping.
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Figure 1: X-ray diffraction of thin layers

From XRD it is obvious that on the surface is just anatase phase (Figure 1). From the large width of
the peak it is clear that it is nanocrystalline. Other minority phase, which would be expected (bookite,
Ce0,) cannot be identified because their strong diffraction peaks overlap with the peak from the

substrate of the concrete block.

Band gap

—0.7 wt. % Ce 3.02eV
-1.4 wt. % Ce 3.08eV
——6.3wt. % Ce 2.79eV

(KM*hv)®

e [
T X 1 T T v T .1
208 224 240 256 272 288 304 3.20
hv (eV)

Figure 2: UV-Vis DRS spectrum of thin layers

Figure 2 shows the diffuse reflectance spectra of the prepared cerium doped TiO, thin layers. The
absorption edge energy values of the prepared photocatalysts were calculated by plotting the F(Ry) =

1R yersus photo energy. The band gap energy of cerium doped TiO, is shown in the Table 1. The

)

doping by cerium leads to lowering of absorption edges, which indicates a shift into the visible light
region.
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Table 1: Characterization of thin layers

Sget = Ce

Sample m%g) | (eV) (wt. %)
0.7 Wt % Ce 87 3.02 0.72
1.4 wt. % Ce 87 3.08 1.44
63wt % Ce | 114 2.79 6.29

According the 1SO 22197 were calculated the following amounts: the total amount of NO which
entered the reactor, the total amount of NO photocatalytically removed, the total amount of NO,
generated and the total amount of nitrogen in the leachate of concrete block after the measurement. The
above mentioned amounts were calculated after 5 h of irradiation (steady state) during the 1SO standard
test and the values were calculated according to following equations (4 — 6). The results are shown in
Table 2.

Nags = (£/22.4) {f (cno, — cno)dt — [ cno, dt} (4)
nyo = (f/224) [(cno, — Ctno)dt (5)
nyo, = (f/22.4) f(CNOi - CNOZ)dt (6)

where, nys is the amount of NO, adsorbed on the surface of tested sample, f is air flow in the reactor
converted to the standard state (L/min), cyoiis volumetric NO concentration (ml/L = ppmv) at the reactor
inlet, cno Volumetric NO concentration (ml/L) at the outlet of the reactor, cyo2 is Volume concentration of
NO, (ml/L) at the outlet of the reactor, nyo is the amount of NO removed by the photocatalysis and nyoz is
the amount of NO, removed by the photocatalysis. Integrations were calculated for the period of
irradiation of the sample with UV light (5 hours — steady state).

Table 2: Results of the balance calculations of selected substances

NO at the NO at the )
inlet of the | outlet of the NO NO, Nz in the
Sample reactor reactor removed generated leachate
(umol) (umol) (Hmol) (Hmol) (Hmol)
0.7 hm. % Ce 44.78 30.18 14.6 9.11 2.75
1.4 hm. % Ce 40.75 33.59 7.16 4.60 1.63
6.3 hm. % Ce 41.10 38.97 2.13 0.86 0.91

After the test, the photocatalytic concrete blocks were leached in distilled water. Afterwards the
concentrations of NOs; and NO, species were determined in the leachate. Based on the measured
amounts of nitrogen species the nitrogen balance can be calculated. The nitrogen balance is pointing to
a fact that around 50 % of photocatalytically removed NO is oxidized to NO, and almost the rest is
forming NO3;” and NO,™ species. Only very small amount is decomposed to nitrogen and oxygen.

Photocatalytic decomposition of NOx

There is a noticeable immediate decrease in concentrations of NO and NO, after switching on the
light source. On the other hand, the concentration of NO, sharply increased. After switching off the light
source there is a reversion to the original concentrations in all cases.

The measurement results of photocatalytic degradation of NO and NO are shown in Figure 3. The
maximum NO conversion (27.0 %) was achieved in the presence of 0.7 wt. % Ce. The activity of the
tested samples decreased in the following order: 0.7 wt. % Ce (27.0%), 1.4 wt. % Ce (14.1 %) and
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6.3 wt. % Ce (4.4 %). Since part of the NO oxidize to NO,, the more precise evaluation of the activities of
the tested samples is the conversion of NO, (NO + NO;), where concertation’s in the presence of tested
samples decreased in the following order: 0.7 wt. % Ce (9.5 %), 1.4 wt. % Ce (4.5 %) and 6.3 wt. % Ce
(2.4 %) as shown in Figure 3.

30
25
ENO mNOx

—~ 20
S
c

S 15
44
g

c 10
@]
o

5

0

0.7 wt. % Ce 1.4 wt. % Ce 6.3 wt. % Ce

Figure 3: Comparison of average conversions of NO and NOy. in presence of
different thin layers

The mechanism of the photocatalytic oxidation of NO is a complex process and the photocatalytic
activity of the photocatalyst can be influenced by several properties, such as absorption edge energy,
specific surface area or the potentials of generated electrons and holes. These properties can be more
or less influenced by the doping of TiO,. In this case the addition of higher amount of cerium led to
increase of specific surface area but the photocatalytic activity of 6.3 wt. % Ce/TiO, was lower compared

to 0.7 wt. % Cel/TiO,. These results imply specific surface area is not the decisive parameter of this
reaction.

The absorption edge energy is one of the most important property of the photocatalyst. Nevertheless,

the lower absorption edge energy does not always mean higher photocatalytic activity under 365 nm
irradiation.

Since the photocatalyst containing 6.3 wt. % of cerium had the lowest absorption edge energy and the
highest specific surface area but the lowest photocatalytic activity it can be assumed these properties
are not the most decisive ones in the case of photocatalytic oxidation of nitric oxide. The lower
photocatalytic activity is probably connected to too high amount of cerium, which covers the surface of
TiO, and blocks the incoming photons from reaching the semiconductor surface, which would result in
generation of electron-hole pair. These findings correlate to ones we did in our previous research with
cerium modified titanium dioxide [24, 29].
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Conclusion

The prepared TiO, thin layers containing cerium of 0.7; 1.4 and 6.3 wt. % were characterized by X-ray
diffraction analysis, X-ray fluorescence analysis, UV-Vis spectroscopy and nitrogen physisorption. The
exact contents of cerium in the TiO, based photocatalysts were determined from X-ray fluorescence
analysis. From the diffraction peaks in XRD analysis, it was found that all the prepared samples have
approximately the same crystallite size. Absorption edge energies were evaluated by measuring the
UV-Vis diffuse reflectance. The absorption edge energies of the photocatalyst with lower cerium contents
were similar (3.02 and 3.08 eV, respectively). An excessive amount of cerium caused a drop in
absorption edge energy to 2.79 eV.

Prepared photocatalysts containing 0.7 wt. % Ce and 1.4 wt. % Ce, respectively, showed the same
specific surface areas (87 m?/g), specific surface area of the sample with a higher cerium content (6.3 wt. %
Ce) was significantly higher (114 m%g). Photocatalytic activity of prepared thin layers for the decomposition of
NO decreased in the following order: 0.7 wt. % Ce > 1.4 wt. % Ce > 6.3 wt. % Ce. Photocatalytically the most
active thin layer for the decomposition of NO was the one containing 0.7 wt. % Ce. The conversion of NO
reached 27 %.

Based on the obtained results, we can say that the specific surface area is not the decisive parameter
in the case of photocatalytic decomposition of NO, as the specific surface area of photocatalyst
containing 6.3 wt. %. Ce was significantly higher than of the two remaining ones, but the activity was
much lower. Cerium doping influences not only the absorption edge energy, but in particular the
potentials of generated electrons and holes, which in this case probably plays a key role.

Photocatalytic thin films are a promising method for reducing pollutants in the environment. One of the
applications is self-cleaning coatings on buildings.

List of symbols

BET The method for determinign specific surface by BET
BJH The method for calculating the pore distributuion by BJH
Ebg Band gap

FAAS Faas correlation

h Planck's constant

PSD Pore-size distribution

RH Relative humidity

Sheso Surface of the mesopore

UVA Ultraviolet radiation at 365 nm

UV-Vis Ultraviolet—visible spectroscopy

V micro Volume of microspores

XRD X-ray diffraction

XRF X-ray fluorescence

v Frequency of electromagnetic radiation
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Fotokatalyticka degradace oxidu dusnatého na tenkych filmech s riznym
obsahem ceru dopovaného TiO,

Marcel SIHOR, Ivana TROPPOVA, Lenka MATEJOVA, Martin RELI, Lucie OBALOVA,
Kamila KOCI

Institut Enviromentéalnich Technologii, VSB-Technické univerzita Ostrava, 17. listopadu
15/2172, 708 33, Ostrava-Poruba

e-mail; marcel.sihor@vsb.cz
Souhrn

V posledni dobé jsou fotokatalytické metody pro odstrariovani oxidt dusiku velice intenzivné
zkoumany. Foto-deNOx procesy jsou alternativni metodou pro sniZeni téchto Skodlivych polutant.
Fotokatalyticka degradace oxidu dusnatého je slibnou metodou, a to zejména pro nalezeni optimalniho
fotokatalyzatoru, ktery umozni fotokatalytickou degradaci oxidu dusného v oblasti viditelného svétla.

Tato prace se zabyva fotokatalytickou degradaci NO na tenkych filmech cerem dopovaného TiO,.
Fotokatalyzatory TiO, s obsahem ceru 0,7; 1,4 a 6,3 hm. % byly pfipraveny sol-gel metodou a poté
kalcinovany pfi teploté 450 °C. Pripravené fotokatalyzatory byly naneseny na betonové blocCky.
Pripravené tenké filmy byly charakterizovany pomoci rentgenové difrakce, rentgenové fluorescence, UV-
Vis spektrometrie a fyzisorpce dusikem. Fotokatalytické mérfeni bylo provadéno v pritoéném reaktoru
zkonstruovaném podle ISO normy 22197-1:2007.

Pridavek ceru vedl ke zvy$eni specifického povrchu a snizeni adsorpcéni hrany. Nicméné specificky
povrch nebyl rozhodujicim parametrem ve fotokatalyze a experimentalni vysledky potvrdily, Ze vzorek
s nejvét§im specifickym povrchem vykazoval nejniz§i fotokatalytickou aktivitu. Fotokatalyticky
nejaktivnéjsim tenkym filmem pro degradaci NO byl vzorek, ktery obsahoval 0,7 hm. % Ce. V jeho
pfitomnosti bylo dosazeno nejvy$Si konverze NO, a to 27 %, ale pouze mala ¢ast NO se rozloZila na O,
a N,, vétsina NO byla oxidovana na NO, a NOz a NO,'.

Kli¢ova slova: Fotokatalyza, NOy, TiO,, cer, oxid dusnaty
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Summary

The Cs-doped Co-Mn-Al mixed oxide deN,O catalyst was prepared by calcination of Co-Mn-Al
layered double hydroxide, subsequent impregnation with Cs,CO; and shaping into tablets 5x5 mm.
Tablets were tested for N,O decomposition in pilot scale reactor connected at the bypassed tail gas from
the nitric production plant downstream of the SCR NO,/NH; catalyst with the aim to perform kinetic
measurements. A special attention was paid to study the changes in the catalytic performance, which
was monitored using both the long-term catalytic test and the comparison of physical-chemical
properties of the fresh and used catalyst. The changes in catalyst reducibility, caused by the time-on-
stream operation of the catalyst for 142 days in the pilot reactor, did not negatively affect the catalytic
performance. High and stabile performance in the N,O removal was reached - average value of N,O
conversion 75 + 7 % at 450 °C was kept (WHSV = 8,1 Kggas Kgear - ™). The presented data can be used
to assess the necessary amount of a real catalyst for N,O emission lowering in different plants operating
at specific conditions.

Keywords: Nitrous Oxide, Catalytic Decomposition, Mixed Oxide, Cesium Promoter, Pilot Plant, Stability

Introduction

Nitrous oxide, greenhouse gas and cause of ozone layer depletion, is formed as an undesirable by-
product during catalytic oxidation of ammonia in nitric acid production plants. Depending on the location
in the process, the approaches of lowering of N,O from nitric acid plants can be classified into three
groups: (i) preventing of N,O formation in the ammonia burner, (i) N;O removal from NO, gases
between the ammonia burner and the absorption column (high temperature de N,O), and (iii) N,O
removal from the tail gas downstream (low temperature deN,O). The choice of suitable deN,O
technology depends on the current arrangement of the nitric acid plants. Nowadays, the most known low
temperature abatement technology is the EnviNOy®-N,O manufactured by Siid Chemie and C-NAT
catalyst prepared by CRI catalyst Company, both also encompassed in Clean Ddevelopment
Mechanisms projects [1]. However, the offer of commercial catalysts suitable for low temperature N,O
decomposition available at the market is still very limited [2].

Our recent research activities have been focused on development of a catalyst for the low
temperature N,O decomposition. From a wide group of catalytic systems proposed for this process in
literature, the cobalt-containing mixed oxides prepared from layered double hydroxide (LDH) precursors
have been found to be very efficient in N,O decomposition [3-8]. We have tested different combinations
of metal cations in hydroxide layers at constant M"/M" molar ratio of 2 (M"=Co, Ni, Cu, Mg; M"=Al, Mn,
Fe; A"=CO;?). Optimization of chemical composition resulted in obtaining the LDH-related Co-Mn-Al
mixed oxide with Co:Mn:Al molar ratio of 4:1:1, which showed high activity and stability in wet gas
containing oxygen [9]. The catalytic activity of cobalt-containing mixed oxides can be improved by their
modification with potassium [10-13] or cesium [14] promoter. Our recent results showed that the
optimum content of potassium in Co-Mn-Al mixed oxide is 0.9 — 1.6 wt. % K [12] and about 4 wt. % of Cs
[14]. The Co-Mn-Al mixed oxide modified by potassium and cesium promoter was prepared in large
scale and tested in real conditions. Results of N,O catalytic decomposition in the pilot plant reactor
installed at the bypassed tail gas from the nitric acid production plant (BorsodChem-MCHZ, Czech
Republic) over potassium promoted sample were published previously [15]. Present article summarizes
results of pilot plant testing of Co-Mn-Al mixed oxide modified by cesium promoter covering activity,
selectivity, kinetics measurements and long term stability tests.
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Experimental
Catalyst preparation

The Co-Mn-Al LDH precursor with Co:Mn:Al molar ratio of 4:1:1 was prepared by coprecipitation of
corresponding nitrates in an alkaline Na,CO3/NaOH solution at 25 °C and pH 10. The resulting
suspension was filtered off, washed with water, dried at 105 °C and calcined for 4 hours at 500 °C in air.
The resulted mixed oxides were milled, impregnated with Cs,COs, recalcined and formed into tablets
(5 x 5 mm) shown in Figure 1. Small amount of graphite was added (3 wt. %) for better shaping. The
catalyst was produced by ASTIN Catalysts and Chemicals, Ltd., Czech Repubilic.

Catalyst characterization

The contents of Co, Mn, Al, K and Cs in the catalyst were determined by atomic absorption
spectroscopy (AAS) after sample dissolution in hot hydrochloric acid (35 wt. %) and appropriate dilution
with distilled water. The concentrations of the metal cations were determined using a SpectrAA880
instrument (Varian).

Powder X-ray diffraction (XRD) patterns were recorded using a Seifert XRD 3000P instrument with Co
Ka radiation (A=0.179 nm, graphite monochromator, goniometer with the Bragg-Brentano geometry) in
20 range from 10 to 80° with a step size of 0.05°. Qualitative analysis was performed with the HighScore
package (PANalytical, The Netherlands, version 2.0a).

Surface area and mesoporous structure of prepared catalysts were determined by physisorption of
nitrogen using Micromeritics ASAP 2020 instrument after catalysts drying at 105 °C for 24 h under
vacuum 1 Pa. The adsorption-desorption isotherms of nitrogen at -196 °C were treated by the standard
Brunauer-Emmett-Teller (BET) procedure to calculate the specific surface area Sger. An AutoPore 9266
was used to determine catalyst total pore volume, bulk density and pore size distribution and a helium
pycnometer AccuPycll 1340 to measure true (helium) catalyst density.

Temperature-programmed reduction (TPR-H,) measurements were performed with a H,/N, mixture
(10 mol. % H,), flow rate 50 ml min™ and linear temperature increase 20 °C min™ up to 500 °C. A change
in H, concentration was detected with a mass spectrometer Omnistar 300 (Pfeiffer Vakuum). Reduction
of the grained CuO (0.16 — 0.315 mm) was performed to calculate absolute values of the hydrogen
consumed during reduction. The TPR experiments were evaluated using OriginPro 8.0 software with an
accuracy of + 5 %.

Measurements of N,O catalytic decomposition in the pilot plant reactor

Pilot plant catalytic measurements of N,O decomposition were performed in a fixed bed stainless
steel reactor (0.31 m internal diameter) in the temperature range from 350 to 450°C and inlet pressure of
0.6 MPa. The reactor was connected at the bypassed tail gas from the nitric acid production plant
downstream the selective catalytic reduction (SCR) NO,/NH; catalyst. The catalyst tablets (74.4 kg
weight, 62.5 cm bed high) were placed on a stainless steel grate, sieve and bed of ceramic spheres
(diameter of 8 mm) with hight of 5 cm. On the layer of catalyst, again ceramic spheres (hight of 1 cm),
sieve and last layer of ceramic spheres (hight of 6.5 cm) were placed. The feed to the reactor varied
between 300 and 600 kg h™ and contained typically 300 — 770 ppm N,O together with oxygen, water
vapor and low concentration of NO, NO, and NH; (0 — 120 ppm NO,, 0 — 20 ppm NHs). The variable
composition of gas mixture at the reactor inlet was due to the fact that the inlet gas was the real waste
gas from nitric acid plant downstream the SCR NO,/NHs unit. The infrared and chemiluminescence on-
line analyzers were used for analysis of the gas at the catalyst bed inlet and outlet - Sick (N,O), Horiba
(NO, NOy), ABB modul Uras 26 (N,O) and ABB Limas11 (NO, NO, and NH3). The reactor was equipped
with on-line monitoring of concentrations of all measured gas components, temperature in the catalyst
bed and pressure drop.
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Reactor and kinetics models

A pseudo-homogeneous one-dimensional model of an ideal plug flow reactor in isothermal regime at
steady state was used for the modelling of pilot plant fixed bed reactor [16]. The first-order rate law was
supposed for the kinetics of N,O decomposition in the excess of oxygen and constant concentration of
water vapor and NO,. Evaluated kinetic parameters, rate constant (k), pre-exponential factor (k,) and
activation energy (Ea) determined from experiments over the catalyst tablets in the pilot plant reactor
describe the reaction rate including internal diffusion hindering effect.

h_t ¢ .M (1)
1-X, m

,Ea
k=k, -e®

(2)

This simple model was sufficient for the description of the pilot plant reactor because: (i) the change
of volumetric flow along the reactor can be neglected due to the low N,O concentration; (ii) temperature
gradients in the catalyst bed are not expected on account of a low heat release during the reaction; and
(i) the plug flow conditions and homogeneous distribution of the gas residence time were validated
because the criterion: L,/d,>100 was met.

Polymath software was used for solving the system of ordinary differential equations. For the
evaluation of kinetic parameters (k,, E;) from the measurements in the pilot plant reactor, only mass
balance was considered while the impulse balance could be neglected due to the pressure drop lower
than 10 kPa [17]. Integrated form of mass balance was used for k calculation (Eq. 1), then k, and E,
were determined from Arrhenius plot (Eq.2) In k versus 1/T.

Results and Discussion
Characterization of fresh and used catalyst

Physico-chemical properties of the fresh and used Cs doped Co-Mn-Al mixed oxide catalyst are
summarized in Table 1. Chemical composition reached demanded values - molar ratio Co:Mn:Al 4:1:1
and 4 wt. % of Cs. Residual sodium concentration was below the limit which could affect the catalyst
activity, which means that the catalyst was sufficiently washed during the synthesis. In comparison with
laboratory samples prepared previously, the specific surface area is about 20 m2.g™ lower, possibly due
to high pressure used for pellets shaping.

Powder XRD patterns of the fresh and used Cs doped Co-Mn-Al mixed oxide catalysts are compared
in Figure 1. The mixed oxide with spinel structure was found in both samples. The sharp diffraction line
at 31° 20 corresponding to graphite was clearly apparent in the powder XRD pattern of the fresh catalyst.
This line was not observed in the used catalysts, confirming combustion of graphite during the catalytic
test. Practically no changes in positions and intensities of spinel diffraction lines were observed when
powder XRD patterns of the fresh and used catalysts were compared. Thus, from the point of view of the
phase composition, the catalyst can be considered under tested conditions as stable. Also the chemical
composition is comparable for fresh and used samples. The finding indicates that losses of cesium from
the catalyst surface during its exposition to the relatively high reaction temperatures are negligibly small
and specific surface area decreased only slightly.
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Table 1: Physico — chemical properties of the fresh and used Cs doped Co-Mn-Al mixed oxide

catalysts
Fresh Used
Pellet size (mm) 5.1x5.1 5.1x5.1
Bed density (g.cm™) 1.48 1.31
He density (g.cm™) 4.74 4.89
Hg density (g.cm's) 2.37 2.28
Pellet porozity (-) 0.5 0.5
Mean pore radius (2V/A) (nm) 5.3 55
Specific surface area (m*.g™) 68 58
Phase composition Spinel + graphite phase Spinel
45.7 wt. % Co 45.3 wt. % Co
8.5 wt. % Mn 10.1 wt. % Mn
Chemical composition 5.1 wt. % Al 5.0 wt. % Al
3.4 wt. % Cs 3.7 wt. % Cs
0.1 wt. % Na - Na
Molar ratio of Co:Mn:Al 4:0.87:0.97 4:0.96:0.97

The reduction pattern (not shown) of the fresh catalyst showed main broad peak with T, of 467 °C.
The peak was accompanied by shoulders appearing at 237 °C. The main reduction peak can be
ascribed to reduction of Co" — Co" — Co®and to reduction of Mn" to Mn"" oxides [9, 12]. The presence
of cesium in the mixed oxides provoked growing of an easily reducible peak (T Of about 237 °C). The
reduction pattern of the spent catalyst is different from that of the fresh catalyst. The shoulder intensity
and position changed — shoulder T, shift to higher temperatures can be noticed together with
increasing of its intensity, while the temperature of reduction of the high temperature peak is
comparable. It indicates changes in the bond strength of Co®*—0 and/or Mn**—O which can be caused by
promoter migration, subsequent spinel phase crystallization or making active species more accessible by
carbon phase burn off. Also the quantitative data (Table 2) confirmed the mentioned changes — the used
catalyst contained considerably higher amount of reducible species.

Table 2: TPR-H, results of fresh and used Cs doped Co-Mn-Al mixed oxide catalysts.

Tmax Consumption of H,
Fresh - pellet 237, 467 2.62*
Used - pellet 326, 457 5.26*
*28 — 505 °C
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Figure 1: Diffractograms of fresh and used Cs doped Co-Mn-Al mixed oxide catalysts

N,O catalytic decomposition in pilot plant reactor

Figure 2 shows the temperature dependence of the N,O conversion on the temperature. At the
highest measured temperature of 450 °C the achieved conversion was fluctuating in the range of 64 —
94 %. Thus such a large range of conversions was probably caused by changing the composition of the
feed mixture. Laboratory experiments carried out previously showed that N,O conversion is affected by
the presence of water vapor and higher nitrogen oxides (NO, NO,). The concentration of these oxides
entering the bed varied greatly depending on the output from the selective catalytic reduction of NO, by
ammonia placed upstream the deN,O reactor. Variation in NO, concentration was really observed during
on-line NO, analysis at the catalyst bed inlet; oxygen and water vapor contents were not measured.
However, it is generally known that they are present in such a tail gas.

TPD-NH; laboratory experiments [18] demonstrated that ammonia is strongly bound to the acid
sites on the catalyst surface and desorbs at temperatures higher than 500 °C. For this reason, it was
assumed that a small amount of unreacted NH3;-SCR of NO,, which was contained in the inlet reaction
mixture, may reduce the activity of the catalyst after the long-term exposure in pilot plant and can
thereby cause its deactivation. In Figure 3 there is shown a long-term catalysts stability test at 450 °C
and a gas flow rate 600 kg/h corresponding to the weight hourly space velocity (WHSV) 8.1 Kggas KQcar "
h™. It was found that during total operation time (142 days) the catalyst deactivation did not occurred, in
spite of significant changes in reducibility. These can be explained by the fact that the changes in
reducibility were contradictory to each other in the view of catalyst activity — the increase of reduction
temperature was compensated by the increase of amount of reducible species. Conversion of N,O was
maintained at 75 * 7% during whole period of 142 days. The Cs doped Co-Mn-Al mixed oxide catalyst
manifested itself in pilot plant conditions as highly stable.

Results of kinetic experiment are shown in Figure 4. N,O conversion was monitored at four
different flow rates of the reaction mixture (300, 400, 500 and 600 kg/h) and four different temperatures
(380, 400, 425 and 450 °C). The N,O catalytic decomposition was described by the 1% order kinetic
equation at given process conditions and values of E, = 80 860 J mol™ and k, = 7.6 "10° kg kges* h™*
were determined (Figure 5) by simple linear regression analysis with least square approach. Activation
energy and pre-exponential factor calculated from the experimental data were used for calculation of
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model N,O conversions, which are shown in dependence of space time (1/WHSV=catalyst mass/mass
flow). These are plotted (lines) in Figure 4 together with the experimental points obtained in a pilot plant
reactor. Each experimental point represents an average of at least three measurements. The model is in
accordance with the experimentally determined points, which confirms the validity of the assumption of

the1® order kinetics.
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Figure 2: Temperature dependence of N,O conversion. Conditions: 419 = 278 ppm N,O,
20 % 20 ppm NO, 56 + 48 ppm NO,, 7 £ 5 ppm NH;, WHSV = 8.1 KQgas KQcar - D™
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Figure 3: Time on stream — pilot plant test. Conditions: 555 + 100 ppm N,O, 12 + 12 ppm NO,
50 * 50 ppm NO,, 12 £ 5 ppm NH;, WHSV = 8.1 h™, 449 + 3 °C, M = 600 kg.h™, p = 0.6 MPa
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Figure 4: Dependence of N,O conversion on space time (points - experimental data, line-model)
on Cs-doped Co-Mn-Al mixed oxide catalyst. Conditions: 515 * 256 ppm N,O, 12 * 12 ppm NO,
57 * 57 ppm NO,, 11 £ 11 ppm NHs;, WHSV = 8.1 KQgas Kgcar - h™, p = 0.6 MPa

Model N,O conversion dependence on the space time 1/WHSV shown in Figure 4 can be used
for direct transfer of data from the pilot plant to the full plant. Based on knowledge of the flow and
temperature of the waste gas mixtures from the production of nitric acid from the amount of catalyst
required for desired N,O conversion can be determined. For example, for the production KD7 in BC-
MCHZ Ostrava it is necessary to clean the exhaust gas (flow rate of 30 000 m® h™* at 0°C and
101 328 Pa), assuming a temperature of 450 °C and 90 % N,O conversion catalyst of about 7.9 tons,
corresponding to a bed volume of 5.3 m°.
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Figure 5: Arrhenius plot — N,O decomposition on Cs-doped Co-Mn-Al mixed oxide catalyst in the
pilot plant test (300 — 770 ppm N,O, 0 — 120 ppm NO,, 0 — 20 NH3, p = 0.6 MPa)

Conclusions

The multicomponent Cs-doped Co-Mn-Al mixed oxide catalyst for low-temperature N,O
decomposition was successfully tested in pilot plant scale conditions. The pilot plant catalytic
measurement of N,O decomposition was performed in a fixed bed reactor connected at the bypassed tail
gas from the nitric acid production plant downstream the SCR NO,/NH; catalyst. High performance in the
N,O removal was reached. The changes in catalyst reducibility, caused by the time-on-stream operation
of the catalyst for 142 days in the pilot reactor, did not negatively affect the catalytic performance. The
presented data can be used to assess the necessary amount of a real catalyst for N,O emission lowering
in different plants operating at specific conditions.

List of symbols

d, Catalyst particle diameter (m)

Ea Activation energy (3 mol™)

k Kinetic constant (kg kgear th™)
Ko Pre-exponential factor (kg kgear*h™)
Lbed Height of catalyst bed (m)

L, Catalyst particle height (m)

m Mass of catalyst (kg)

m Weight gas flow (kg h™)

p Pressure (Pa)

R Molar gas constant (J-K*mol™
T Thermodynamic temperature (K)

WHSV Weight hourly space velocity (KQgas KQear " 0™
Xa Conversion of component A )
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DeN,O katalyzator na bazi kobaltu promotovany cesiem - vysledky

poloprovoznich méreni

Katerina PACULTOVA, Zaneta CHROMCAKOVA, Lucie OBALOVA

VSB-Technické univerzita Ostarva, Institut environmentéalnich technologii, 17 .listopadu 15,
708 33 Ostrava, e-mail: katerina.pacultova@vsb.cz

Souhrn

Smésny oxid Co-Mn-Al s obsahem Cs promotoru, jako katalyzator pro rozklad N,O, byl pfipraven
kalcinaci Co-Mn-Al hydrotalcitu, naslednou impregnaci Cs,COj; a tvarovanim do tablet 5x5 mm. Tablety
byly testovany na rozklad N,O v poloprovoznim reaktoru pfipojeném na plyn odvétveny z vyroby HNO;
umisténém za katalyzatorem SCR NO,/NH;. Pozornost byla vénovana studiu kinetiky, dlouhodobé
stability a porovnani fyzikalné-chemickych vlastnosti ¢erstvého a pouZzitého katalyzatoru. Nejvétsi zmény
byly zaznamenany v redukovatelnosti katalyzatoru, coz ovsem neovlivnilo dosaZenou aktivitu po dobu
142 dnd v pilotnim reaktoru. Prumérna dosazena konverze N,O byla 75 + 7% pri teploté 450 °C a WHSV
= 8,1 KQys KQwa® h™'. Prezentovana data mohou byt pouZita pro vypocet potfebného mnoZstvi
katalyzatoru pro konkrétni provoz.

Kli¢ova slova: Oxid dusny, katalyticky rozklad, smésné oxidy, cesium, promotor, stabilita, poloprovoz
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Optimization of pressurized water and
pressurized/supercritical methanol processing of
Zro1Tig9On mixed oxide designed for mitigation of model
dye Acid orange 7-polluted water

Ivana TROPPOVA, Jaroslav LANG and Lenka MATEJOVA

Institute of Environmental Technology, VSB-Technical University of Ostrava,
17. listopadu 15/2172, 708 33, Ostrava-Poruba, e-mail: ivana.troppova@vsb.cz

Summary

This contribution deals with preparation of titanium- and zirconium-based mixed oxide with the molar
ratio of Ti:Zr = 9:1 (i.e. Zro1Tip 9O, mixed oxide) by using pressurized water and pressurized/supercritical
methanol, its physico-chemical characterization and investigation of its photocatalytic activity in model
azo-dye Acid orange 7 photocatalytic discoloration. The preparation of ZryTig O, mixed oxide via using
pressurized/supercritical fluids was optimized in such way to prepare the most photoactive material. The
gel precursor of Zry1Tip 9O, mixed oxide, undergoing the processing by pressurized/supercritical fluids,
was prepared by using sol-gel method controlled within the reverse micelles environment of nonionic
surfactant Triton X-114 in cyclohexane. The gel precursor was subsequently processed by pressurized
water and pressurized or supercritical methanol, depending on used processing conditions. The effect of
parameters of the processing (i.e. volume of water used for crystallization, temperature and pressure) on
the purity, textural, structural and microstructural properties of Zry1Tip 9O, mixed oxide was investigated.
The physico-chemical properties of prepared Zrq;Tip 9O, mixed oxides were determined by using organic
elementary analysis, nitrogen physisorption and Raman spectroscopy. The mixed oxide photocatalytic
activity was studied in photocatalytic discoloration of Acid orange 7 in a laboratory scale in batch regime
under 365 nm UV light. It was found the temperature is the key processing parameter, influencing
crucially material properties and, thus, photoactivity. Negligible effects of used water amount for
crystallization and pressure were, surprisingly, revealed. While at higher processing temperatures (150 —
250 °C) TiO, anatase of larger anatase crystallite-size appeared, at 100 °C TiO, anatase-brookite
mixture crystallized. The increase in processing temperature led also to higher purity of Zrg 1 Tip 9O, mixed
oxide. The optimal processing parameters leading to the most photoactive ZryTip O, mixed oxide in
AQO7 discoloration were found to be: 2 L of water used, 100 °C and 20 MPa.

Keywords: titania, zirconia, mixed oxide, sol-gel, pressurized water, subcritical water, supercritical
methanol, microstructure, photocatalytic discoloration of Acid orange 7

Introduction

Textile industry utilizes azo-dyes as textile colorants. The azo-dyes provide wide range of colors, high
intensity of colors, good color fastness and can be applied at temperatures around 60 °C. The danger of
azo-dyes consists in production of carcinogenic aromatic amines during their decomposition. The azo-
dyes are released to the environment in the waste water from the textile factories. Photocatalysts can
contribute to ways how to reduce the concentration of azo-dyes in waste waters.

In last three decades titanium dioxide (TiO,) has been a promising photocatalytic material due to its
high stability, non-toxicity, low cost and high performance in the mineralization of organic pollutants in air
and water. Many authors have reported that the photocatalytic activity of this semiconductor is highly
dependent on physical properties such as a specific surface area, particle size and shape, crystal
structure and the density of hydroxyl groups *™. It is therefore very important to prepare TiO, with an
optimal (micro)structure and morphology.
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The structural, microstructural, textural and related electronic parameters of TiO, photocatalyst can be
affected by dopation with d-elements. The introduction of small amount of d-element into the crystal
lattice of TiO, distorts the spatial arrangement, increases the number of intrinsic charge carriers, creates
defects and reflects in electronic structure, e.g. position of valence and conduction band and band gap.
The position of the bands and the band gap is responsible for the oxidation/reduction strength of
generated reactive oxygen species and determines what light wavelengths are absorbed. The zirconium
doping affects surface acidity > °, thermal stability ” and suppresses significantly the recombination of
photo-generated charges 8, all these features play role in photocatalyst performance * *°.

The synthesis method and post-treatment are crucial for the material properties in the same way as
the chemical composition. The Zr doped TiO, has been synthetized by various methods. More commonly
used methods of preparation are sol-gel and hydrothermal methods such as the sol-gel synthesis of
Zr,Ti;.xO, by Kim et al. ', multistep sol-gel method by Gao et. al. °, hydrothermal synthesis by Feng et.
al. ** and homogenous hydrolysis by Lukag et. al. *°. The less common are methods like microemulsion
synthesis by Fresno et.al. [8] or ball milling method by Tokmakci et. al. 3.

The post-treatment serves two simultaneous purposes: (i.) to remove organic compounds left from the
synthesis and (ii.) to crystallize amorphous TiO; into its crystal form. Up to now the calcination has been
favorite and the most widely used method ***°, but during calcination the unwanted sintering occurs and,
thus, prepared TiO, does not show such good textural and (micro)structural properties as by using
pressurized and supercritical fluids. Processing by pressurized water and pressurized/supercritical
methanol presents a promising and challenging alternative concerning the influencing the structure and
microstructure of metal oxides °. The advantages of this method are good diffusion of
pressurized/supercritical solvents, its density (better than for gas) and no or minimum sintering of
product particles. The utilization of pressurized and supercritical fluids is common in analytical chemistry
(e.g. for extraction of organic compounds from plants for medicinal purposes), but they can be also used
for crystallization of inorganic compounds/oxides. The pressurized water and pressurized/supercritical
methanol processing allows better control over the crystallization since the controlled parameters are
temperature, pressure, type and volume of solvent and flow.

In order to prepare photoactive ZrqTig O, mixed oxide for the discoloration of model azo-dye Acid
orange 7 polluted water the processing by pressurized water and pressurized/supercritical methanol was
optimized in this study, since this processing crucially affects the textural and (micro)structural properties
of synthesized Zry 1 Tip O, mixed oxide, which are reflected to optical and electronic properties as well,
influencing the final material photocatalytic activity.

Experimental part
Preparation of Zry1Tig 9O, mixed oxide

Following chemicals were used for sol-gel preparation of titanium-zirconium-based gel precursor:
titanium (1V) isopropoxide (Ti(OCHx(CHz),)4, purity > 97%, Aldrich), 70 wt. % of zirconium (V) propoxide
solution in propan-1-ol (Zr(OCH,CH,CHs),, Aldrich), cyclohexane (Aldrich), Triton X-114 ((1,1,3,3
tetramethylbutyl)phenyl - polyethylene glycol, Aldrich) and distilled water.

The Zry1Tig9On mixed oxide was prepared via sol-gel method controlled within reverse micelles of
nonionic surfactant Triton X-114 in cyclohexane, keeping the molar ratio of Zr : Ti = 1 : 9. Titanium (IV)
isopropoxide and 70 wt.% zirconium(lV) propoxide solution in 1-propanol were used as precursors of Ti
and Zr, respectively. The preparation of Zry;TipO, mixed oxide was as follows. In the first step of
preparation 92.25 mL of cyclohexane, 39.2 mL of Triton X-114 and 1.395 mL of distilled water were
mixed in mentioned order and this solution was stirred intensively for 15 minutes for homogenization.
Simultaneously, solution from both metal precursors was prepared by mixing of 20.7 mL of titanium (V)
isopropoxide and 3.21 mL of 70 wt. % zirconium (IV) propoxide solution in propan-1-ol. In the second
step of preparation the metal precursor solution was added to the solution composed of cyclohexane,
Triton X-114 and distilled water. Such prepared micellar sol was stirred for another 20 minutes.
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Afterwards the transparent homogeneous sol was poured in a thin layer (~ 5 mm) into the Petri dish and
left for gelation on air for at least 48 h. Generally, the molar ratio of cyclohexane : Triton X-114 : H,O :
Ti(OCHy(CHa)2)4 + Zr(OCH,CH,CH3), was 11 : 1 : 1 : 1. For high-pressure processing/crystallization the
prepared rigid gel was cut to small pieces (size of 3 x 3 mm) in order to ensure better diffusivity and
contact of pressurized hot water with treated gel. The general scheme of preparation of Zry;Tig O, mixed
oxide is shown in Figure 1.

Cyklohexane + TX-114 + H,0 Ti(OCH, (CHa)y)s + ZH{OCH,CH,CHa),

Stirring 15min ﬂ

Solution

Stirring 20 min

Prepared rigid gel was cut to small pieces
(3 x3 mm)

— 2

Processing/crystallization of gel
precursor in pressurized water and
pressurized/supercritical methanol

Prepared powder
material

Figure 1: Scheme of preparation of Zrq1TigeOn mixed oxide.

Processing/crystallization of gel precursor in pressurized water and pressurized/supercritical methanol
was carried out in a laboratory-made unit equipped by a chromatographic oven operating in the
temperature range of 25 — 400 °C (Labio Inc.), HPLC BETA10 Plus gradient pump (Ecom, s.r.0., Czech
Republic), capillary cooling and a restrictor operating at ambient temperature. A scheme of the
experimental set-up is shown in Figure 2.
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Figure 2: Scheme of the experimental set-up for high-pressure processing by using
pressurized water and pressurized/supercritical methanol

The high-temperature 10 mL stainless steel cell was filled with the gel (6 - 7 g). The cell was
hermetically sealed and vertically placed into the oven in a way the small glass balls were at the bottom
(exit) of the cell. The cell was connected to the stainless steel capillaries. Input stainless steel capillary,
ensuring the entrance of pressurized liquid to the cell, was attached to the top of the cell. Output
stainless steel capillary, ensuring the drainage of water or methanol with dissolved organic precursors,
was outlet at the bottom. The output capillary was submerged into the water bath to ensure cooling down
the hot pressurized liquid along with waste organic substances coming from the cell. The cell with gel
was rapidly heated in an oven up to the required temperature. A set of peek capillaries was attached to
the output steel capillary creating required pressure inside the cell. The pressure inside the cell was
regulated by changing the flow rate of the pumped liquid (water or methanol) in the range of 3.5 -
4.5 ml.min™. The gel precursor was processed during the experiment by water and subsequently
methanol at temperatures from 25 °C to 250 °C and pressures from 10 to 30 MPa. The volume of used
distilled water (conductivity 0.12 pS.cm™) was from 1 L to 2 L and of methanol (for HPLC) 0.25 L.

After the high-pressure processing prepared powder material was sieved to a particle-size fraction
< 0.160 mm Preparation of Zry;Tig O, mixed oxide was carried out at the Lvaboratory of preparation of
nanostructured materials at the Institute of Environmental Technology, VSB-Technical University of
Ostrava.

Characterization

Organic elementary analysis (OEA), nitrogen physisorption at 77 K and Raman spectroscopy were
carried out to determine the purity, textural properties and porous structure morphology and structural
and microstructural properties of prepared Zry 1 Tip9O,, mixed oxides.

The purity (elemental C in wt.%) of the mixed oxides was determined using a Vario EL Il apparatus
from Elementar. Approximately 5 mg solid material was burned in oxygen atmosphere at temperature up
to 1 200 °C. Gaseous products (N, CO,, H,O, SO,) were purified, separated into individual components
and analyzed using a thermal conductivity detector (TCD). Analyses were duplicated. The detection limit
of the apparatus was 0.1 abs. %.

Nitrogen physisorption at 77 K was performed on a 3Flex automated volumetric apparatus
(Micromeritics, USA) after degassing of materials at 25 °C for more than 24 h under vacuum below
1 Torr. Degassing at low temperature was applied to remove physisorbed water, but having no influence
on the porous morphology of the developed materials. The specific surface area, Sger, was calculated
according to the classical Brunauer-Emmett-Teller (BET) theory for the p/p, range of 0.05 — 0.30 *'. As
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the specific surface area, Sger, iS not a proper parameter in the case of mesoporous solids containing
micropores '8, the mesopore surface area, Speso, and the micropore volume, Viero, Were also evaluated
based on the t-plot method *°. The net pore volume, V., was determined from the nitrogen adsorption
isotherm at maximum p/po (~ 0.99). The pore-size distribution was evaluated from the adsorption branch
of the nitrogen adsorption-desorption isotherm by the Barrett-Joyner-Halenda (BJH) method ?° using the
de Boer standard isotherm and assuming cylindrical pore geometry.

Raman spectra were collected on a Smart System XploRATM (Horiba Jobin Yvon, France) using
532 nm laser source. An Olympus microscope BX 41/51 with an objective magnification of 50 was used
to focus the laser beam on the sample placed on an X-Y motorized sample stage. Filter was used to
reduce the laser beam to 1% of initial intensity and grating 1200 gr./mm was used. The band widths at
half maximum (FWHMSs) were determined by spectral deconvolution after normalizing the spectral band.
The present FWHMs were evaluated from the set of ten Raman spectra acquired from ten different
places within each sample.

Photocatalytic activity tests

Photocatalytic tests were used as an indicator of change and improvement/deterioration of
synthesized mixed oxide (micro)structure. Photocatalytic activity of prepared Zry1Tip9O, mixed oxides
was investigated in the photocatalytic discoloration of model azo-dye Acid Orange 7 (AO7) (oxidation in
a liquid phase). Photocatalytic activity experiments were done in beakers with suspensions of 150 ml of
azo-dye (4.5.10° mol.I") and 0.05 g of prepared Zry,TiosO, mixed oxides (particle-size fraction
< 0.16 mm). Firstly, the initial sorption of azo-dye was performed, the suspensions were stirred using
electromagnetic stirrer (~400 rpm) for 30 min in the dark to prevent photo-discoloration. After initial
sorption the photo-discoloration was started by switching ON the UV lamp (36 W, Anax = 365 nm). The
concentration of the dye in taken liquid aliquots was measured after sorption in dark and every 30 min
after, for period of 2 h. 5 mL of suspension was always taken from the beaker using syringe and filtered
through syringe filter (pore size 45 pm) into quartz cuvette. The concentration of the azo-dye solution in
the cuvette was measured using the UV-vis Specord 250 plus spectrometer. Before the measurements
the UV-vis spectrometer was calibrated using the set of AO7 solutions of different defined concentrations
(0, 2, 3, 4, 5 and 6.10° mol.I""), using the WinASPECT PLUS software (version 4.1.0.0). The measured
absorbances were converted to concentrations using calibration curve. Conversion of AO7 was
calculated from the concentrations using equation (1), where Xao7 is a conversion of AO7 (%), Coao7) IS
an initial concentration of AO7 (mol.I"") and c(ao7) is an actual concentration of AO7 (mol.I™) in time t.

X, o, = 200 "G aon 40 @

AO7
Q AOY)

The kinetics of the AO7 photocatalytic discoloration was of pseudo-first order described by equation (2),
where Xxo07) is a conversion of AO7 (%), k is a rate constant (min™), tis a time (min).

In(;J =k-t 2)
1- X(Ao7)

Results and discussion

In the previous studies ?*'?? it was found that the unconventional processing by pressurized water and

pressurized/supercritical methanol in a flow regime results in nanocrystalline metal oxides or mixed
metal oxides with improved textural properties (i.e. high surface area) and different structural and
microstructural properties (i.e. phase composition, crystallite-size and crystallite-size distribution) than
prepared by conventional calcination. That led to material higher photocatalytic activity in the CO,
photocatalytic reduction and the N,O photocatalytic decomposition *. During high-pressure processing,
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utilizing pressurized water and pressurized /supercritical methanol, the crystallization and the purification
of metal oxide/mixed metal oxide simultaneously occurred. Pressurized water caused crystallization of
metal oxide/mixed metal oxide and pressurized/supercritical methanol purified the synthesized metal
oxide/mixed metal oxide without the effect on crystallinity ** ?*. Due to various temperature and pressure
applied for the processing the polarity (i.e. the dissolving power) of both solvents as well as their
diffusivity can be influenced which may result in oxide materials of different crystallinity and purity. Also
the amount/volume of used solvents, affecting the length of processing itself, affects crystallization and
final purity of oxide material. Thus, in our study the used amount of water for crystallization, temperature
and pressure were optimized for preparation of Zry 1 Tip 9O, mixed oxide.

Effect of water amount

For processing of gel precursor 1, 1.5 and 2 L of water at constant temperature and pressure (250 °C,
10 MPa) was applied. Practically it means the length of processing using 2L of water, thus crystallization
time, was twice longer for 2L than using 1 L of water. Moreover, at 250 °C and 10 MPa methanol was in
supercritical state in all the experiments, since critical methanol temperature and pressure are 240 °C
and 7.85 MPa. Despite this longer crystallization under pressurized water no effect on porous structure
properties as well as purity of Zry1Tip 9O, mixed oxide can be seen from Figure 3a and b and Table 1. All
synthesized Zry1Tip 9O, mixed oxides showed similar mesoporous structure with negligible amount of
micropores, showing comparable specific surface areas in the range of 141-146 m%g (Table 1), similar
mesopore-size distributions and comparable purity. From Figure 4a showing Raman spectra the identical
anatase crystal structure is also obvious. From no changes of FWHMs of anatase vibrations at 159 cm™
and 650 cm™ using various amounts of water for processing (Figure 4b) similar anatase crystallite-size
can be proved. In our previous study it was reported that from Raman FWHMs of these main anatase
vibrations the trend in the change of size of anatase crystallites can be estimated, since these FWHMs
were correlated with determined XRD crystallite-size *°. Concerning the photocatalytic activity of
prepared Zry1TipeOn mixed oxides (Figure 5), it was comparable in the range of 32 - 38 % AO7
conversion. Thus, surprisingly, it can be said there is no significant effect of used amount of water on
crystallization, microstructure and photoactivity of Zry;TigoO, mixed oxide. For further optimization of
processing 2L of water was selected as an optimal amount.

500 20
a) —— 1L:10MPa;250°C b) —— 1L;10MPa;250°C
— — 15L;10MPa;250°C - — 1,5L;10MPa:250°C
2L;10MPa;250°C 259 - - - 2L;10MPa;250°C

4004 " "

300 4

200

V. (cm’(STP)/g)
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Figure 3: Effect of used water amount for high-pressure crystallization on porous structure
morphology of Zry1Tig 9O, mixed oxide; a) measured nitrogen adsorption-desorption isotherms,
b) pore-size distributions
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Table 1: Purity and textural properties of ZryTip00, mixed oxide prepared at various

experimental conditions

Intensity

Organic elementary Nitrogen physisorption
Experimental conditions analysis gen phy P
of processing 0 Sger Vhet
C content (wt. %) (m?/g) (MMP,/g)
1L;10 MPa; 250°C 0.3 146 730
1.5L; 10 MPa; 250°C 0.3 144 713
2L;10 MPa; 250°C 0.2 141 705
2L;10 MPa; 25°C 7.6 256 128
21L;10 MPa; 100°C 2.6 194 243
2L;10 MPa; 150°C 1.1 158 511
2L; 10 MPa; 200°C 0.3 158 666
2L; 20 MPa; 100°C 0.9 210 311
2L; 30 MPa; 100°C 2.2 209 232
A A-Tio, anatase | D) "
B - TiO, brookite
60 - ] L]
g 50
s e 159cm-1
S 4. = 650 cm-1
1LH,0;10MPa;250°C 301 . .
1,5LH,0;10MPa;250°C
2LH,0;10MPa;250°C 20
T T — T T e '259000 'L‘OGC
200 400 600 800 1000 @!\"a @!\"a @!\?3
Raman shift (cm™) \/\\e@o 6\\)@0 ,L\Y\'LO

Figure 4: Effect of used water amount for high-pressure crystallization on (micro)structural
properties of Zry1Tip 90, mixed oxide; a) Raman spectra indicating crystal structure of ZrgTigoOn
mixed oxide, b) correlation of Raman FWHMs of anatase vibrations at 159 cm™and 650 cm™ with

used amount of water
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Figure 5: Photocatalytic activity of Zrq1TigeOn mixed oxide prepared at different used amount of
water

Effect of processing temperature

For investigation of the effect of processing temperature the pressure and used amount of water for
crystallization was kept at 10 MPa and 2 L for all experiments. The processing temperature was
examined in the range of 25 — 250°C. Concerning the purity of prepared Zry 1 Tio. 9O, mixed oxide it can be
seen from Table 1 that with increasing temperature the purity of prepared mixed oxide was improved
significantly, the content of elementary carbon in Zr, 1 Tip9O,, mixed oxide decreased from 7.6 to 0.2 wt.%.
The improvement of purity of ZryTip O, metal oxide was accompanied with the decrease of its surface
area from 256 to 141 m?/g and the increase of its net pore volume from 128 to 705 mm?,/g (Table 1,
Figure 6a and b).

These changes in textural properties can be explained by enhanced crystallization of ZryTipeOn
mixed oxide in a consequence of more efficient dissolution of gel precursor at increased processing
temperature. In fact, at increased processing temperature the used surfactant Triton X-114, which is
a part of the gel precursor, is dissolved more effectively in pressurized water and pressurized hot or
supercritical methanol and this enhances the crystallization of Zry 1 Tip O, mixed oxide and the revelation
of mesopores among crystallites (Figure 6b). Pores are not plugged by the remaining organic residue.

From Figure 7a is evident while at 25 °C and 10 MPa the Zry;Tig 00, mixed oxide did not crystallize, at
processing temperatures > 100 °C at 10 MPa the crystallization of Zry;Tig 9O, mixed oxide occurred and
main anatase vibrations in Raman spectra are visible. Moreover, in ZryTip O, mixed oxide prepared at
100°C and 10 MP some brookite crystallized, but it disappeared with increasing processing temperature.
Changing (decreasing) FWHMSs of anatase vibrations at 159 and 650 cm™ in the range of from 30 to 28
cm™ and from 67 to 61 cm™, respectively, indicate the increase of anatase crystallite-size in a
consequence of increasing processing temperature (Figure 7b). The increase of anatase crystallite-size
nicely correlates to the decrease of surface area and formation of mesoporous structure of Zry;TigoOn
mixed oxide (Table 1, Figure 6a and b).

As it is evident from Figure 8 the amorphous Zry1Tip 9O, mixed oxide showed minimal photoactivity.
Despite of significantly different purity and (micro)structure of Zrq1Tip 9O, mixed oxides the comparable
photoactivity (i.e. 49 — 52 % AO7 conversion) was reached for processing temperatures 100-200°C.
Higher applied processing temperature (250 °C) led to decrease of Zry1Tig 9O, mixed oxide photoactivity.
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It can be concluded that processing temperature crucially affects purity as well as structure,
microstructural and textural properties of prepared Zry1Tig9O, mixed oxide. 100 °C was selected as an

optimal processing temperature since it was the lowest processing temperature at reached maximum
photoactivity of mixed oxide.
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Figure 6: Effect of processing temperature on porous structure morphology of Zrg1Tig9O, mixed
oxide; a) measured nitrogen adsorption-desorption isotherms, b) pore-size distributions
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Figure 7: Effect of processing temperature on (micro)structural properties of ZrgTig90, mixed
oxide; a) Raman spectra indicating crystal structure of Zrq,Tig 9O, mixed oxide, b) correlation of
Raman FWHMs of anatase vibrations at 159 cm™and 650 cm™ with applied temperature
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Figure 8: Photocatalytic activity of Zrq1Tig 9O, mixed oxide prepared at different processing

Effect of processing pressure

According to results in Table 1, Figure 9 and Figure 10 it is obvious that the effect of used different
processing pressure on the crystallization of Zry 1 Tip 9O, mixed oxide is not so significant as the effect of
different processing temperature. Within the investigated pressure range of 10-30 MPa at 100°C the
purity of Zry;Tip 9O, mixed oxide changed in the range of 0.9-2.6 wt. % C, reaching the highest purity of
Zro1Tip 0O, mixed oxide at pressure 20 MPa (Table 1). Figure 10a and b reveal that different processing
pressure did not cause any marked changes within crystal structure and microstructure. Major TiO,
anatase with minor TiO, brookite phase crystallized (Figure 10a) in all experiments. Concerning the
anatase crystallite-size (Figure 10b), according to the FWHMs of more sensitive anatase vibration at
650 cm™ is obvious that at 10 MPa the prepared anatase crystallites are larger than those at 20 and
30 MPa which corresponds to lower surface area of Zry;TigO, mixed oxide prepared at 100°C and
10 MPa. The photoactivity of Zry;Tip9O, mixed oxide prepared at different processing pressures was
comparable (Figure 11), reaching 52 — 55 % AO7 conversion.
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Figure 9: Effect of processing pressure on porous structure morphology of Zrq;Tip 9O, mixed
oxide; a) measured nitrogen adsorption-desorption isotherms, b) pore-size distributions
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Figure 10: Effect of processing pressure on (micro)structural properties of ZrgTig 90, mixed
oxide; a) Raman spectra indicating crystal structure of Zrq1Tig 9O, mixed oxide, b) correlation of
Raman FWHMs of anatase vibrations at 159 cm™and 650 cm™ with applied pressure
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Figure 11: Photocatalytic activity of Zrqy;Tig 9O, mixed oxide prepared at different processing
pressures

Conclusions

Processing by pressurized water and pressurized/supercritical methanol was applied and optimized
for preparation of photoactive Zry1Tig O, mixed oxide. The effect of individual parameters of processing
such as the amount of water used for crystallization, temperature and pressure on purity,
(micro)structure and textural properties of prepared Zry;Tip 9O, mixed oxide was investigated. It was
revealed that temperature is the key processing parameter, affecting crucially material properties, thus,
photoactivity. Negligible effects of used water amount for crystallization and pressure were, surprisingly,
revealed. While higher processing temperature (2150°C) resulted in crystallization of TiO, anatase of
larger crystallite-size, at 100 °C TiO, anatase-brookite mixture crystallized. The increase in processing
temperature led to Zry1Tip 9O, mixed oxide of higher purity. The optimal processing parameters leading
to the most photoactive Zry 1 Tip 9O, mixed oxide in AO7 discoloration were found to be: 2L of water used,
100 °C and 20 MPa.
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Optimalizace podminek pripravy Zr,;Tig 9O, pretlakovou vodou
a pretlakovym/superkritickym methanolem pro ¢isténi vody znecisténé
modelovym barvivem Acid oranz 7

Ivana TROPPOVA, Jaroslav LANG, Lenka MATEJOVA

Institut  environmentalnich  technologii, VSB-TU Ostrava, 17. listopadu 15/2172,
708 33 Ostrava-Poruba

Souhrn

Prace se zabyva pfipravou smésného oxidu na bazi Ti a Zr s molarnim pomérem Ti:Zr = 9:1 za
pouZiti pretlakové (podkritické) vody a pretlakového/superkritického methanolu, charakterizaci jeho
fyzikalné-chemickych viastnosti a stanovenim jeho fotokatalytické aktivity ve fotokatalytickém odbarveni
modelového azobarviva Acid oranze 7.

Priprava pretlakovymi/superkritickymi  tekutinami byla optimalizovana tak, aby byl ziskan
fotokatalyticky nejaktivnéj§i smésny oxid. Gelovy prekursor smésného oxidu, podléhajici zpracovani
pfetlakovymi/superkritickymi tekutinami, byl pfipraven procesem sol-gel fizenym v reverzné micelarnim
prostfedi neionogenniho tenzidu Tritonu X-114 v cyklohexanu. V zavislosti na pouZzitych procesnich
podminkach byl rigidni gelovy prekursor zpracovan pretlakovou vodou a pretlakovym ¢&i superkritickym
methanolem.

Byl zkouman vliv procesnich podminek zpracovani (tj. mnoZstvi vody na krystalizaci, teploty a tlaku)
na Cistotu, texturni, strukturni a mikrostrukturni vlastnosti smésného oxidu. Fyzikalné-chemické
vlastnosti pripraveného smésného oxidu byly stanoveny prostfednictvim organické elementarni analyzy,
fyzisorpce dusiku a Ramanovy spektroskopie. Fotokatalyticka aktivita smésného oxidu byla studovana
ve fotokatalytickém odbarveni modelového azobarviva Acid oranze 7 v laboratornim méritku ve
vsadkovém usporfadani za UV svétla o vinové délce 365 nm.

Bylo zjisténo, Ze teplota je klicovym procesnim parametrem ovlivriiujicim vyznamné materialové
vlastnosti, a tudiz i fotokatalytickou aktivitu smésného oxidu. Prekvapivé byl potvrzen zanedbatelny viiv
pouZitého mnozstvi vody a tlaku. Zatimco za vysSich teplot (150 — 250 °C) krystalizoval TiO, anatas
0 vétsi velikosti krystalita, pfi 100°C krystalizovala smés TiO, anatas-brookit. ZvySeni procesni teploty
rovnéz vedlo ke zlepSeni Cistoty smésného oxidu. Jako optimalni podminky zpracovani vedouci
k smésnému oxidu o nejvySSi fotokatalytické aktivité byly stanoveny nasledujici: 2 | vody, 100 °C a
20 MPa.

Klicova slova: oxid titaniCity, oxid zirkoniCity, smésny oxid, pretlakova voda, superkriticky methanol,
mikrostruktura, fotokatalytickém odbarveni azobarviva Acid oranze 7
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Abstract

This article describes gasification of tar deposits. Tar can condense or polymerize into more complex
structures (tar deposits), which can lead to clogging pipes or heat exchangers. As a feedstock tar
deposits from tar storage tanks were chosen. After few years, because of condensation and
polymerization reactions of tars, on the bottom of tar storage tanks a wide layer of tar deposits were
created. Tar deposits are taken as a waste material and nowadays most of the tar deposits are
incinerated, therefore it is necessary to search for new methods of tar deposits using. One of the
possibilities could be gasification of tar deposits. As a gasifying medium were used steam and air to
maximize the yields of hydrogen or syngas.

Keywords: Air gasification, Steam gasification, Tar deposits.

Introduction

Tar properties vary according to the source of their origin. The major part of tars is formed from the
thermal conversion of coal (coal tar), the second part of tars is formed during pyrolysis or gasification of
biomass. During the last years, due to efforts to use renewable sources of energy instead of fossil fuel,
new technologies for pyrolysis and gasification have been developed, especially for thermal processing
of biomass®’. Tar is a complex mixture of hydrocarbons, with 1-5 ring aromatic compound, and hetero
compounds containing oxygen, nitrogen and sulphur. Removal or conversion of tar is considered
technologically very challenging problem. Tar can condense or polymerize into more complex structures,
tar deposits, which can lead to clogging pipes or heat exchangers. Tar elimination from the gasification
product is necessary before additional usage?®>.

Tar deposits are an economical problem, as they induce frequent equipment shutdowns for
maintenance and repair, sometimes even the need for duplicate equipment for gas cleaning, to avoid
complete process shutdowns. Tar deposits are taken as a waste and nowadays most of the tar deposits
are incinerated”. Tar deposits also can be used for preparation of sorbents®.

Hydrogen is forecast to become a major source of energy in the future. Molecular hydrogen is a clean
burning fuel, can be stored as a liquid or gas, is distributed via pipelines, and has been described as
along term replacement for natural gas®. Almost half of the hydrogen produced worldwide is derived
from natural gas, followed by petroleum and coal which are the source of 30 % and 18 %, respectively.
By far the most important process for the industrial manufacture of hydrogen is steam reforming of light
hydrocarbons, especially steam methane reforming. The amount produced annually by this method is
about 40 % of total world production. The second important process for hydrogen production is based on
partial oxidation of fossil raw materials. Unlike steam reforming, this process does not place any special
demands on quality of the hydro-carbon feedstock’?®.

Gasification is partial thermal oxidation, which results in a high proportion of gaseous products (water,
carbon dioxide, carbon monoxide, hydrogen and gaseous hydrocarbons), small quantities of char, ash
(solid product) and condensable compounds tars (polycyclic aromatic hydrocarbon, alkanes, alkenes,
phenols and other heterocyclic compounds). Steam, air or oxygen is supplied to the reaction as an
oxidising agent. The gas produced can be standardised in its quality and is easier and more versatile to
use than the original biomass (e.g. it can be used to power gas engines and gas turbines or as
a chemical feedstock for the production of liquid fuels). Gasification adds value to low- or negative-value
feedstock by converting it into marketable fuels and products®.
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Some of the basic reactions taking place in gasification process are shown below:
C+0.50, & CO AHp = —268 kj.mol ™1
C+0, o CO, AHp = —406 kj.mol™!
C+C0, & 2C0 AHp = 173 kJ.mol™!
C + H,0 < CO + H, AHp = 118 kJ.mol™!
CO + H,0 & CO, + H, AHg = —42 k. mol™?
CO +3H, & CH,+ H,0  AHg = —88kJ.mol™!

The quantity and quality of the reaction yields significantly affect the gasifying medium. The amount of
H, and CO can be adjusted by converting CO with H,O to CO, and additional H, via water gas shift
reaction (WGS). For the methanation reaction catalyst as Ni is used*®**,

Partial oxidation
Complete oxidation
Boudouard reaction
Water gas reaction
Water gas shift reaction

Methane formation

Experimental part

Tar deposits are taken as a waste and nowadays most of the tar deposits are incinerated therefore it
iS necessary to search for new methods of their using. Main goal of this paper was to search a new way
for processing of tar deposits via gasification process.

Tar deposits, formed by polymerization and condensation reactions from storage tank for tars were
used for the experiment. First elemental, thermogravimetric and calorimetric analyses were performed
(with the use of the units LECO CHNS 628, TGA 701 and AC 600) to determine basic properties of tar
deposits (see Table 1).

Table 1: Proximate and ultimate analysis of tar deposits

C' H N’ S o}l w' V' FC' A’ LHV'
(wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) (wt. %) (kJ.kg™h
70.33 2.28 1.07 0.55 0.27 15.30 35.21 44.21 5.28 31027
c’ H¢ N¢ s ok Ve Fc? A LHV? HHV
(Wt. %) | (wt. %) | (wt. %) | (wt. %) | (Wt. %) | (wt. %) | (wt. %) | (wt. %) | (kJ.kg™) (kJ.kg™
88.74 2.69 1.31 0.70 0.32 41.58 52.19 6.23 37600 31848

Index "d" refers to dry sample, index "r" refers to initial state of the sample. Oxygen was calculated.

Next step was in determination of inorganic matter, this was done by analyzing of ash composition
from tar deposits (see Table 2) with X-ray fluorescence (ARL QUANT'X EDXRF Spectrometer - Thermo
Scientific).

Table 2: X-ray fluorescence of ash from tar deposits

Si Al Fe Ca Zn K Ti Mg P
(wt. %) | (wt. %) | (wt. %) | (wt. %) | (Wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %)
19.58 10.75 13.08 2.91 1.37 1.29 0.63 0.55 0.26

From the starting analyses can be seen that tar deposits are high carbon based material with around
88 wt. % of carbon in dry sample and with higher heating value around 31 MJ.kg™. Around 6 wt. % of
ash was measured in dry sample. In the ash from tar deposits most abundant elements are Si, Al and
Fe. Elements S, Ca, Zn and K are there in a negligible amount.
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The gasification was carried out in a batch reactor. Laboratory apparatus assembled for the purpose
of experiments is shown in Figure 1. Appropriate mass of sample was placed into the prepared retort.
The retort was gas-tightly closed, inserted into the conventional electric furnace. Gasifying medium was
injected to the bottom of the retort. The condensate was captured in a condensate flask. The reaction
gas was cleaned through 3 washing bottles and the production of process gas was measured by gas
volumetric flow meter. First two washing bottles were filled with acetone, the last one was filled with
water. The gas samples were taken discontinuously into a gas sampling bags. The selected gaseous
components were analysed by gas chromatography (methane, ethene, ethane, hydrogen, carbon
monoxide and carbon dioxide).

Water outlet

/1

Gasifying carrier Cooler

— Residual vapors absorber

Water inlet

Liquid
collecting Gas volumetric ~ Gas sample bag
container Acetone  Water flow meter

Stainless retort

Electric furnace

Figure 1: Laboratory apparatus

Results and discussion

After characterization of tar deposits two series of gasification were made. Air and steam were used
as gasifying medium. Approx. 50 g of tar deposits were used for gasification. Gasification was made in a
batch reactor to a final temperature of 950 °C at heating rate 20 °C.min™. The gasifying medium was
applied in the temperature range from 500 to 950 °C. Amount of created gas was measured and 4 gas
samples were taken for further analysis (600 — 700, 700 — 800, 800 — 900 and 900 — 950 °C).

Gasification with air

Equivalence ratio used for air gasification was 0.07 (1 L.min™ of air) and gas yield was 0.394 m>.kg™.
Around 63.8 % of solid phase, 15.2 % of liquid phase and 21 % of gas were created during the air
gasification, added air were counted out from gas balance. Four samples of gas were measured (see
Table 4). Maximum amount of gas was created from 700 to 800 °C (see Figure 2).

Table 3: Gas content from air gasification of tar deposits

t H, CO CO, | CHy | CoH. N,
(°C) | (vol. %) | (vol. %) | (vol. %) | (vol. %) | (vol. %) | (vol. %)
600—700 | 17.2 3.6 14.3 4 0.2 60.7
700-800| 325 | 185 7.8 4.1 0.1 37
800-900| 243 | 125 0.7 0.7 0.0 61.8
900-950 | 16.5 | 13.8 0.0 0.3 0.0 69.4
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Figure 2: Amount of created gas from air gasification of tar deposits

Gasification with steam

Equivalence ratio used for steam gasification was 0.86 (2 mL.min™ of liquid water) and gas yield from
steam gasification was 0.66 m°.kg™. Around 38 % of solid residue was created. Gas composition and
amount of created gas are shown in Table 3 and Figure 2.

Table 4: Gas content from steam gasification of tar deposits

t H, CO CO, | CHs | CoHa
(°C) (vol. %) | (vol. %) | (vol. %) | (vol. %) | (vol. %)
600-700 | 50.6 | 227 | 184 2.3 0.2
700-800 | 57.3 5.9 17.4 2.2 0.1
800-900 | 66.6 8.7 11.1 1.0 0
900-950 | 655 | 14.7 | 10.0 0.5 0
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Figure 3: Amount of created gas from steam gasification of tar deposits

Air gasification is an exothermic process, which produces a low heating-value gas (LHV 4.9 MJ.m?)
rich in CO and having small amounts of H, and higher hydrocarbons. Steam gasification on the other
hand is an endothermic process, which produces a medium heating value gas (LHV 8.1 MJ.m™) rich in
H, and CO and it corresponds with authors*?. Hydrogen evolution was strongly influenced by increasing
temperature as expected. The maximum concentration of measured hydrogen (air 33 vol. %; steam
66 vol. %) was analysed.

Conclusions

The gasification of tar deposits was performed using air and steam, equivalence ratio for air was 0.07
(1 L.min™ of air) and for steam was 0.86 (2 mL.min of liquid water). Gas yields for air and steam were
0.394 m® kg™ and 0.660 m*.kg™. There were created 63.8 % solid residues in case of air gasification and
38 % in case of steam gasification. Solid phase could be used for preparation of sorbents. From the
results can be stated that gasification of tar deposits is not ideal, because of low gas yields. It could be
assumed that a better way of processing of tar deposits is to use them as a material for preparation of
sorbents.
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Zplynovani dehtovych usad
Adrian PRYSZCZ, Barbora GRYCOVA, Pavel LESTINSKY

VSB-TU Ostrava, Institut enviromentalnich technologii, 17. listopadu 15, 708 33 Ostrava,
e-mail: adrian.pryszcz@vsb.cz, barbora.grycova@vsb.cz, pavel.lestinsky@vsb.cz

Souhrn

Tento clanek popisuje zplyriovani dehtovych tsad. Dehet muzZe kondenzovat nebo polymerovat do
Jako vychozi surovina byly zvoleny dehtové UGsady vzniklé v zasobnicich pro dehet. Z ddvodu
probihajicich polymerizacnich a kondenzacnich reakci dehti se po nékolika letech na dné dehtovych
zasobnik( vytvofila vrstva dehtovych dsad. Dehtové Gsady jsou odpadnim materialem a v sou¢asné
dobé je vétsina z nich spalovana, proto je nezbytné hledat alternativni metody jejich vyuZziti. Jednou
z moznosti vyuZiti dehtovych usad je jejich zplyriovani. Jako zplyriovaci médium byla pouZita para a
vzduch s cilem maximalizovat vytéZek vodiku nebo syntetického plynu.

Kli¢ova slova: zplyriovani, dehet, ucpavani, usady, synteticky plyn, vodik, vodni plyn
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Souhrn

Kaly produkované komunéalnimi cistirnami odpadnich vod obvykle obsahuji vyznamné mnoZstvi
tézkych kovi a problematickych organickych latek, které komplikuji jejich pfimou aplikaci do zemédélské
Ci lesnické pudy a jejich recyklaci prostrednictvim kompostovani. Alternativnim zplsobem vyuZziti kalt je
stfedné-teplotni pomalé pyrolyza zaméfena na produkci biocharu (biouhlu, pevného porézniho
uhlikatého materialu obsahujiciho znacnou c¢ast nutricnich prvku). V ¢lanku jsou shrnuty vlastnosti
biocharu vyrobeného stfedné-teplotni pomalou pyrolyzou anaerobné stabilizovaného cCistirenského kalu.

Kli¢ova slova: biochar, biouhel, Cistirensky kal, pyrolyza

Uvod

Vi o wiw

Pri Cidténi odpadnich a spladkovych vod pomoci mechanicko-biologickych technologii nevyhnutelné
vznika Cistirensky kal. Kaly produkované komunalnimi Cistirnami odpadnich vod obvykle obsahuji
vyznamné mnozstvi téZkych kovl a problematickych organickych latek (perzistentni organické polutanty
(POPs), zbytky detergentu, antibiotika, farmaceutika, syntetické steroidy, endokrinni disruptory apod.),
které komplikuji jejich pfimou aplikaci do zemédélské Ci lesnické pudy a jejich recyklaci prostfednictvim
kompostovani.

Alternativnim zpusobem vyuziti kall je stfedné-teplotni pomala pyrolyza zaméfena na produkci
biocharu (pevného porézniho uhlikatého materialu obsahujiciho znaénou ¢€ast nutriCnich prvka).
V €lanku jsou shrnuty vlastnosti biocharu vyrobeného stfedné-teplotni pomalou pyrolyzou anaerobné
stabilizovaného &istirenského kalu (SCK).

Vyroba biocharu ze SCK procesem pomalé pyrolyzy je vhodna pro &istirny odpadnich vod s mezofilni
anaerobni stabilizaci a s nizkym obsahem tézkych kovud. Bé&hem stfedné-teplotni pomalé pyrolyzy
dochéazi k rozkladu (destrukci) vétSiny organickych latek, tudiz i problematickych endokrinnich
disruptort. Druha ¢ast organickych latek prechazi do plynné faze a odchazi z pyrolyzniho reaktoru jako
nedilna soucast primarniho pyrolyzniho plynu.
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Suseni SCK

SusSeni Cistirenskych kalu je energeticky naroénym procesem. Mnozstvi potfebné tepelné energie je
umérné obsahu vlhkosti a také zavisi na typu pouzité susarny a teploté media pouzitého pro suseni.
Vy8&Si stupent mechanického odvodnéni umozniuje snizit mnozstvi tepelné energie potfebné pro odpareni
vihkosti z kalu a zlepsit tak celkovou energetickou a ekonomickou bilanci procesu. Proto vétSina vyrobcu

zafizeni pro zpracovani Cistirenskych kall pouziva kombinaci mechanického odvodriovani (Snekové
odvodnovace, centrifugy, sito-pasové lisy) a suSeni kalu.

Nejjednodussim zplsobem sus$eni strojové odvodnéného kalu je pouziti rotacni nebo fluidni suSarny
vyuZivajici teplo spalin z kogeneraéni jednotky. Tato zafizeni jsou schopna hygienizovat a stabilizovat
kal a snizit obsah vlhkosti pod 5 hm. %. Jejich provoz v3ak vyZaduje pouziti suSiciho media o teploté
vySSi nez 150 °C. LepsSich ekonomickych ukazatel(l Ize proto dosahnout u susaren pouzivajicich nizko-
potencialnich zdroji odpadniho tepla, kde je maximalni vstupni teplota suSiciho media (uzitkova voda,
smés vzduchu a spalin) 95 °C (typicky 80 °C) a vystupni teplota v zavislosti na venkovni teploté a
pracovnim mediu 25 — 75 °C.

Néktera zafizeni umoznuji rekuperaci kondenzaéniho tepla brydovych par do tepla susiciho media.
Specifické vlastnosti anaerobné stabilizovaného kalu (zéapach a biologicka zavadnost) vyzaduji pouziti
uzavreného obéhu susiciho media s interni kondenzaci uvolnéné vihkosti. Velice roz§ifenym zplsobem
vnaseni kalu do susarny je hydraulické vytlaGovani kalu pfimo na susici pas ve formé extrudovanych
vale¢ku. Tohoto principu vyuziva vétSina zafizeni. Hlavnim produktem procesu jsou granulované
susené stabilizované a hygienizované kaly. Diky uvedenym opatfenim jsou provozni naklady nizsi
nez u konvencénich susaren.

Pyrolyza suchého SCK

Pyrolyza je termicky rozklad materialu za nepfistupu médii obsahujicich volny kyslik. Podstatou
pyrolyzy je ohfev materialu nad mez termické stability pfitomnych organickych slou¢enin, coz vede
k jejich Stépeni. Produkty pyrolyzy kalu jsou: pyrolyzni plyn, pyrolyzni olej a pevny zbytek (biochar).
Vzajemny pomér produktll zalezi na podminkach pyrolyzniho procesu (hlavné na teploté a dobé
zdrzeni). Pyrolyzni olej Ize oznadit v procesu vyroby biocharu jako dehet (nezadouci soucast plynu,
smeés vyse-vroucich organickych latek). Smés pyrolyzniho plynu a dehtu nad teplotou rosného bodu
dehtl se nazyva primarni pyrolyzni plyn. Dehet obsahuje jak vySe-vrouci organické latky vzniklé
procesem pyrolyzy, tak i vySe-vrouci organické latky (POP apod.) volatilizované (odtékane, odparene) ze
SCK.

V pfipadé vyroby biocharu |ze proces nazvat karbonizaci, nebot hlavnim produktem je uhlikaty
material — biochar. Celkové tepelné zabarveni procesu je silné endotermni, coz znamena, Ze je nutné do
procesu dodat velké mnoZstvi tepelné energie. Primarni pyrolyzni plyn vdak ma dostatek energie pro
pokryti energetickych narokl na proces pyrolyzy.

Popis vzorové technologie vyroby biocharu procesem pyrolyzy ze SCK

Jako vzorovou technologii si autofi vybrali komeréné dostupnou a ovéfenou technologii od firmy PYREG
[1]. Jeden technologicky modul je koncipovany na cca 1000 t susiny SCK za rok s minimalni vyhfevnosti
Qi =10 MJ/kg. Vzorova technologicka linka dostupna v kontejnerovém provedeni je koncipovana na mésto
s cca 60 000 ekvivalentnimi obyvateli (EO). Schéma technologickeé linky je na obrazku 1.

Technologicka linka se sklada se zasobniku velmi suchého SCK, turbinkového (rotaéniho) podavace
zabezpeduijiciho kvazikontinualni davkovani suchého SCK a plnici funkci tlakového uzavéru, rotaéni pece
umoZAujici variantni nastaveni pracovni teploty a &asu zdrzeni SCK/biocharu, mezi-zasobniku biocharu, kam
je svedeny biochar z rotaéni pece a z virniku (cyklénu, neni zobrazen na schématu). Primarni pyrolyzni plyn
je zaveden do spalovaci komory bezpe¢né nad teplotou kondenzace dehtl (vySe-vroucich organickych
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latek). Pro spalovani primarniho pyrolyzniho plynu je pouzity hofak od firmy FLOX konstruovany pfimo na
diskutovany plyn umozriujici dosahnout spalovaci teploty 1200 °C a €asu zdrZeni vice nez 2 sekundy.

Spalovaci komora je vybavena startovacim/pomocnym hofakem na zemni plyn umoziujicim najeti
technologie a dosazeni vySe uvedenych parametr( v pfipadé provoznich problémd. Uvedena teplota a ¢as
zdrzeni spalin prevySuje i zakonné parametry na termickou likvidaci nebezpecnych odpadl a zajisStuje
dokonalou destrukci veskerych dehtll (vySe-vroucich organickych latek) obsazenych v primarnim pyrolyznim
plynu. Zjevné teplo spalin je vyuzivano k alotermnimu (nepfimému) ohfevu pyrolyzéru a zbyla tepelna
energie je transformovana ve vyméniku tepla do uzZite€ného tepla, které je pouzitelné pro suseni strojové
odvodnéného SCK v nizkoteplotni pasové su$amé. Integrace sudarny ovliviiuje zésadnim zplisobem
ekonomiku provozu celé technologické linky. Cistici linka se sklada z filtru pevnych &astic, skrubru (Ca(OH),,
¢i NaOH) a filtru z aktivniho uhli.

. ° komin

vstupni spalinovy ventilator 1
material vstupni zasobnik l T @ —_—
L ]

\VVJ filtr z aktivniho uhli
spalinovy vyménik

rotacni
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Obrazek 1: Schema technologické linky na vyrobu biocharu [1]

Vlastnosti biocharu vyrobeného ze SCK

Vlastnosti biocharu vyrobeného ze SCK jsou shrnuty v niZe uvedenych bodech [2]:

e Biochar obsahuje cca 60 % hmotnosti suginy SCK.

e Hlavni stavebni sloZzkou biocharu je chemicky stabilni uhlik, ktery nepodléha dalSimu rozkladu a
oxidaci (v pudé).

e Biochar je porézni: 25 — 150 m?/g. Porozita biocharu je zavisla zejména na typu reaktoru, pyrolyzni
teploté a Casu zdrzeni. Biochar zvySuje zadrz vody v pudeé.

e V biocharu se nachazi velké obsahy zivin: P, N, Ca apod. Bio-dostupnost nutricnich prvka zavisi
zejména na pyrolyzni teploté. S rostouci teplotou pyrolyzy se bio-dostupnost nutri¢nich prvkd snizuje.
Typicky obsah P v biocharu vyrobeného za teploty 600 °C je 6 — 8 hm. % a N 2 — 2,5 hm. %.
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¢ Do biocharu se koncentruji i ostatni stopové prvky (tézké kovy, As apod.), vyjma rtuti, ktera odchazi
jako soucast primarniho pyrolyzniho plynu. S rostouci teplotou pyrolyzy se v biocharu zvySuje stabilita
tézkych kova.
¢ Biochar je kombinované, neboli smésné hnojivo (NPK hnojivo) obsahujici i vapenato-hofecnatou slozku.
Nejvétsi vliv na kvalitu biocharu ma teplota pyrolyzy. Typické slozeni biocharu vyrobeného z mezofilné
stabilizovaného Cistirenského kalu v zavislosti na teploté pyrolyzy je uvedeno v tabulcel. S rostouci
teplotou pyrolyzy se sniZuje vytéZek (produkce) biocharu, obsah dusiku v biocharu, stuperi prouhelnéni
biocharu (obsah uhliku v biocharu) a bio-dostupnost Zivin z biocharu do pldy. Stabilita téZzkych kovl a
specificky povrch biocharu (schopnost zadrzovani vody a tim i zivin v pudé) se zvétSuje do teploty pyrolyzy
cca 600 °C. ZvySovani teploty pyrolyzy ma téz silny vliv na rozklad a volatilitu (t€kavost) organickych latek
vzniklych procesem pyrolyzy a organickych latek pritomnych v SCK. ProdluZovani doby zdrZeni
SCK/biocharu v pyrolyznim reaktoru ma celkové pozitivni vliv na kvalitu biocharu, ale negativni vliv na
celkovou ekonomiku provozu, tak jako zvySovani teploty pyrolyzy (do teploty 600 °C).

Tabulka 1: Typické slozeni biocharu v zavislosti na teploté pyrolyzy (A — popel)

Teplota pyrolyzy [°C] 400 500 600 700 800
A [hm. %] 67 72 73 76 78

C [hm. %] 24 21 21 21 21

H [hm. %] 1,7 1,1 0,72 0,43 0,25

N [hm. %] 3,1 2,7 2,4 1,6 1,0

S [hm. %] 0,49 0,44 0,51 0,51 0,60

Ca [hm. %] 7,0 75 7,4 7,8 79

K [hm. %] 0,86 0,99 0,94 0,99 1,0

Mg [hm. %] 1,2 1,3 1,3 1,3 1,4

P [hm. %] 6,5 7,0 7,1 7,4 7,7

Aplikace biocharu vyrobeného ze SCK do zemédélské ptdy

Aplikaci biocharu do zemédélské pudy lze zabezpecit dvéma standartnimi zemédélskymi stroiji:
rozmetadlem a secim strojem. Rozmetadlo umoziiuje velkoobjemové plosné davkovani biocharu na
pudu. Seci stroj umoziuje Fizené davkovani biocharu spolu s granulovanymi hnojivy do tésné blizkosti
semen rostlin. Mnozstvi davkovaného biocharu do zemédélské pldy se pohybuje v Sirokém rozmezi:
1 - 50 t/ha (obvykle 5 t/ha), v zavislosti zejména na sorpCnich viastnostech biocharu, obsahu biogennich
prvkl a obsahu tézkych kovu (v biocharu i v padé). Vyuziva se jak sypaného biocharu (po odstranéni
prachové frakce), tak i granulovaného biocharu o velikosti granuli (pelet) obdobnych jako ma komercni
kombinované hnojivo z duvodu aplikovatelnosti v secim stroji. NejCastéji se jedna o pelety o priméru
2, 3, i 4 mm.

Po aplikaci biocharu do zemédélské pudy zlstava biochar v pudé nékolik desitek let a plni nize
uvedené funkce. Je ziejmé, Ze hnojici efekt (vyluh biogennich prvkl obsazZenych v biocharu po jeho
aplikaci do zemédélské pudy) je pouze v prvnich mésicich po aplikaci biocharu do zemédélské pldy a
proto je vhodné pfidavat biochar do pudy na jare.

Hlavnim davodem aplikace biocharu do zemeédélské pldy je, Ze zvySuje urodnost pudy. ZvySovani
urodnosti pudy je zpUsobeno nize uvedenymi procesy:
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Biochar zvysSuje zadrzovani vody v pudé.

Biochar snizuje prinik biogennich prvkd (P, N apod.) z hnojiv do podzemnich vod v dasledku

jejich retence a postupného uvolfiovani z biocharu. Proto biochar zvySuje stupen vyuziti

hnojiv.

e Biochar kypfi (zlehCuje) pudu. Jeho aplikace je proto vhodna do piscitych a jilovitych pud.

e Biochar v prvnich mésicich po aplikaci (v prvnim roce aplikace) ¢aste€né nahrazuje kombinovana
hnojiva z divodu vysokého obsahu biogennich prvkl (P, N apod.).

e Biochar v prvnich mésicich po aplikaci (v prvnim roce aplikace) ¢aste€né nahrazuje vapenato-

hofe¢nata hnojiva z divodu vysokého obsahu Ca, ¢imz upravuje pH pady.

Vyhody biocharu proti pfimé aplikaci stabilizovaného Ccistirenského kalu (SCK)
a kompostu ze SCK do zemédélské a lesnické pludy

Stabilizovany Cistirensky kal podléha po aplikaci do zemédélské plady (na zemédélskou pudu)
dekompoziénim (rozkladnym) procesiim. Pokud dojde k jeho aplikaci pod povrch, hlavnim rozkladnym
procesem je anaerobni digesce (hniti) vedouci také k produkci sklenikovych plyna. Proto je vyhodou
aplikace biocharu do zemeédélské pudy, proti pfimé aplikaci stabilizovaného Cdistirenského kalu a
kompostu, kromé vySe uvedenych duvodd, tj. zejména zadrzovani vody v pudé a snizovani praniku
biogennich prvkl z hnojiv do podzemnich vod:

e Snizeni obsahu problematickych organickych latek (POPs, zbytky detergentl, antibiotika,
farmaceutika, syntetické steroidy, endokrinni disruptory apod.).

e Sekvestrace C.

e  Snizeni emisi sklenikovych plynu, zejména CH,, CO, a N,O.

Nakladani s éistirenskymi kaly v CR

Stabilizovany Cistirensky kal z ¢isténi komunalnich odpadnich vod je klasifikovany jako ostatni odpad
(katalogové Cislo 190805 — kal z ¢isténi komunalnich odpadnich vod).

Stabilizovany cistirensky kal nelze povazovat za plné hygienizovany material. Moznosti pouziti
upravenych kall na zemédélské pudé jsou nové dany vyhlaskou €. 437/2016 Sb. [3]. Vyhlaska zasadné
zpfisfiuje mikrobiologicka kritéria pro pouziti upravenych kald na zemédélskou plidu, kdy od 1. ledna
2020 bude mozné aplikovat na zemédélské pady pouze kal kategorie | uvedeny v tabulce €. 1 pfilohy
C. 4 diskutované vyhlasky. Vramci vyhlasky doSlo ke zpfisnéni limitni hodnoty indikatorovych
mikroorganizmu o tfi fady. VyhlaSka zavadi téz povinnost sledovani obsahu dvanacti vybranych
polycyklickych aromatickych uhlovodika (PAU). U ostatnich sledovanych rizikovych latek nebyla mezni
(maximalni) hodnota koncentraci upravena.

_ Nakladani s kaly v CR a jejich produkce je uvedena na zakladé vefejné dostupnych informaci
Ceského statistického uradu v tabulce 2 [4].
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Tabulka 2: Nakldddni s kaly v CR — Cesky statisticky urad [4]

Rok/Zplisob zneskodnéni kalu 2010 2011 2012 2013 2014 2015
PFfima aplikace a rekultivace* 60639 61750 51912 54713 47830 63061
Kompostovani 45528 45985 53222 50384 60511 67065
Skladkovani 6177 9527 9340 7123 5236 6513
Spalovani 3336 3538 3528 3232 3400 2167
Jinak** 55009 43018 50188 38822 42185 34191
Celkem 170689 163818 168190 154274 159162 172997

*pfima aplikace na zemédélskou a lesnickou pidu, **technicka vrstva skladky

Zaver

Vyroba biocharu stfedné-teplotni pomalou pyrolyzou je vhodna pro Cistirny odpadnich vod
s anaerobni stabilizaci kalu s nizkym obsahem tézkych kovid. SuSenim a pyrolyzou kalu dochazi
k destrukci patogennich mikroorganizm( a tudiz k jeho hygienizaci. Vyhodou aplikace biocharu do
zemé&dé&lské pudy proti pfimé aplikaci stabilizovaného &istirenského kalu (SCK) a kompostu ze SCK je,
kromé sekvestrace C, zejména zadrzovani vody v pudé a snizovani priniku biogennich prvkl (P, N, Ca
apod.) z hnojiv do podzemnich vod.

Dal3i vyhodou biocharu je téZ vyznamné snizeni mnozstvi problematickych organickych latek (POPs,
zbytky detergentli, antibiotika, farmaceutika, syntetické steroidy, endokrinni disruptory apod.)
aplikovanych spolu s zivinami do pldy. Biochar v prvnich mésicich po aplikaci (v prvnim roce aplikace)
Caste€né nahrazuje kombinovana a vapenato-hofeCnata hnojiva diky vysokému obsahu biogennich
prvku (zejména P, N a Ca).

Seznam symbolt

A — popel

PAU — polycyklické aromatické uhlovodiky
POPs — persistentni organické polutanty
SCK — stabilizovany gistirensky kal
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Summary

Sewage sludge produced by municipal wastewater treatment plant usually contains significant amount of
heavy metals and problematic organic substances. Such composition complicates its disposal to
agricultural and forest land and its disposal by composting. Medium-temperature slow pyrolysis of
sewage sludge is an alternative way of sewage sludge utilization to agricultural and forest land. The
article summarizes the characteristics of biochar (porous carbonaceous solid pyrolytic residue containing
nutritious elements) produced by medium-temperature slow pyrolysis of anaerobically-stabilized sewage
sludge.

Keywords: Biochar, Sewage Sludge, Pyrolysis
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Souhrn

V ramci studie jsou shrnuty aktualni vysledky vyzkumu regenerativniho zachytu oxidu uhli¢itého metodou
tzv. karbonatové smycky. V laboratornich podminkach byl porovnavan prabéh cyklicky provadénych
dekarbonataci a karbonataci probihajicich jednak ve fixni vrstvé, jednak v reaktoru s fluidni vrstvou.
Srovnavaci testy byly vyhodnocovany z nékolika hledisek ddlezitych pro dalsi pramyslové vyuZziti metody.

Bylo prokazano, Zze zmény kapacit i zmény kinetiky procesu zavisi na zplsobu realizace sorpce
a desorpce. Experimenty v aparatufe s fixni vrstvou a s fluidni vrstvou sorbentu byly realizovany se
vzorky stejnych vapencl a s pouZitim stejnych modelovych plynnych smési tak, aby vysledky byly
vzajemné porovnatelné. Pii testech byly porovnavany zmény sorpcnich kapacit ovliviiované pfedevsim
dvéma faktory, a to pfitomnosti nebo absenci oxidu sifi¢itého v pribéhu karbonatace a rozdilnou
rychlosti ohfevu vzorku ve fixni vrstvé a pfi fluidaci.

Kli¢ova slova: oxid uhli¢ity, vysokoteplotni sorpce, kapacita, regenerace, fluidni loze.

Uvod

Tato studie se zaméfuje na problematiku regenerativniho zachycovani oxidu uhli¢itého ze spalin
generovanych predevSim v energetice a teplarenstvi, ale téz v fadé primyslovych procesl. V ramci
vyzkumu tzv. karbonatové smycky, jejiz detailnéjSi popis je poskytnut nize, byly mimo jiné provéfovany
moznosti nasazeni této metody i na zafizenich na energetické vyuziti odpadu, jakoz i na zafizenich
spoluspalujicich odpad. Aspekty pouzitelnosti vysokoteplotni sorpce CO, na téchto jednotkach,
provozovanych v CR byly hodnoceny v aktuainé publikované studii, a proto zde nejsou podrobnéji
diskutovany.

Diky vyznamnym mezinarodnim projektim jsou nyni k dispozici relevantni udaje o vyvoji koncentraci
sklenikovych plynt v atmosfére. Velmi komplexni soubor dat poskytuji observatofe kontinualné sleduijici
atmosférické koncentrace GHG, z nichz nejstarSi observatof Mauna Loa poskytuje datové podklady jiz
od roku 1958 po souéasnost?.

Zmeény teplot v nedavné geologické historii Zemé& byly velmi pfesné zmapovany napf. diky
evropskému projektu EPICA, zalozeném na analyzach hloubkovych jadrovych vrtd do intaktniho
antarktického ledovce®. Zmény atmosférické koncentrace sklenikovych plynii a rovnéz zmény globalnich
teplot od posledniho glacialu do sou€asnosti jsou tudiz velmi dobfe popsany.

Na zakladé znamych u0daji byla s pomoci pocitatovych modell vypracovana fada scénaru
popisujicich, jakym zplsobem se stanovené koncentrace GHG promitnou do globalniho klimatu.
Vysledky rizné komplexnich atmosférickych simulaci, které poskytly predikce odezvy primérné globalni
teploty na zdvojnasobeni koncentrace CO, v rozsahu od méné nez 2 K az po hodnotu pfesahujici 11 K
ve své studii diskutuje Stainforth®. Vztah mezi pfedpovidanymi klimatickymi zmé&nami, mitigacnimi
a adaptacnimi strategiemi v rlznych oblastech svéta postizenych desertifikaci feSili napf. Salinas
a Mendieta®, Armah a kol.° nebo Misra’. Dopady vykyvil teploty, Setnosti srazek, zmén atmosférického
tlaku atd. na lidské zdravi se vénuje napf. studie, kterou publikoval Kirch®. Problematika zvy$ené
fluktuace ve vynosech obili v Nizozemi v souvislosti s klimatickymi zménami je diskutovana ve vyzkumu,
ktery publikovali Powell a Reinhard®. Napt. Lelieveld ve své publikaci uvadi alarmujici vystupy
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z navrzeného klimatického modelu, jez pro oblast Stfedniho vychodu a severni Afriky extrapoluje pro
&asovy horizont 21. stoleti®.

V reakci na tyto a dalSi scénare klimatickych zmén jsou vyvijeny a testovany metody pro pramyslovy
zachyt oxidu uhli¢itého uvolfiovaného pFfedevSim v oblasti energetiky, pfipadné jinych vyrobnich
procesech. Spigarelli a Kawatra ve své studii shrnuji pfehledné hlavni parametry nyni dostupnych metod
pre-combustion, post-combustion, jakoZ i oxy-combustion procest zachytu CO,™. Nasazeni metody tzv.
karbonatové smycky, v niz jsou v roli sorbentu pouZitelné pfedevsim pfirodni vapence, je jednou
Z uvazovanych moznosti.

Principialné se jedna o metodu velmi jednoduchou. Tepelné labilni uhli€itan vapenaty, tvofici hlavni
slozku vapence, je pfi kalcinaci za teploty 850 — 1 000 °C rozlozen na CaO a CO,. Po snizeni teploty na
uroven 600 — 700 °C jsou do vrstvy CaO zavedeny spaliny a probéhne zpétna transformace na CaCO:.
Cely proces je stejnym zplUsobem cyklicky opakovan, pfi¢emz jako produkt vznika prakticky Cisty CO,,
jenz muze byt dale technicky vyuzit nebo bezpecéné ulozen.

Proces se vSak potyka s nékolika zavaznymi problémy. NejdulezitéjSimi z téch, které brani plné
provoznimu nasazeni metody, jsou sintrace a silny otér aZ rozpad sorbentu pfi cyklickém uzivani. Vliv
zvySovani parcialniho tlaku CO, a pfitomnosti nedistot na sintraci studoval jiz pfed témér 30 lety
Borgwardt*. Kolaps malych pér( v dusledku opakované expozice vysokymi teplotami pfi kalcinaci
popsal posléze Fennell®*. Problematice otéru se napt. v&novali Chen a kol., Jia a kol. a dal$i. Kromé&
vysoké 1t46?5|0ty byl popsan téz velmi negativni vliv vy$Sich rychlosti spalin a v mensi mife i tlak a doba
zdrzeni™™ .

Variant moznych FfeSeni nezadouciho poklesu sorpéni kapacity bylo navrZzeno relativné mnoho.
Kupfikladu Li feSil zvySovani odolnosti oxidu vapenatého pfi jeho cyklickém zatéZovani dopovanim
laboratorné pfipravenym spinelem MgAI,O,. Tento sorbent dosahoval po 65 cyklech velmi dobrou
sorpéni kapacitu 340 g.kg™ vychoziho sorbentu®®. Reddy a Smirniotis zlep$ovali sorpéni vlastnosti CaO
pomoci jeho dopovani alkalickymi kovy. U cesiem modifikovaného CaO zjistili kromé& dobré sorpéni
kapacity pro CO,, ktera je znacné selektivni s velmi malou afinitou k vodé, téz velmi dobrou kinetiku
sorpce i desorpce. Udaje o dlouhodobé stabilité kapacity véak dosud nebyly publikovany®’.

Za uCelem ovéfovani moznosti metody karbonatové smy&ky a provozniho studovani fedeni jejich
nedostatkll bylo ve svété jiz zkonstruovano nékolik pilotnich jednotek. Uvedeny proces je obvykle
realizovan v reaktoru s fluidnim lozem, jez zajiStuje potfebnou velmi dobrou vyménu hmoty a tepla. Oba
parametry jsou podminkou pro konstrukci provozniho zafizeni, které ma pfijatelné rozméry a zaroven
umoziuje efektivné separovat CO, z velkych objem(i spalin'® *°,

Pilotni jednotka o tepelném vykonu 1 MW byla realizovana v Némecku pracovistém Technische
Universitat Darmstadt. O vysledcich jejiho provozu bylo v uplynulych letech publikovano nékolik studii.
Systém sestava ze dvou vzajemné propojenych reaktorl s cirkulujicim fluidnim loZzem. V kalcinatoru je
teplo, nezbytné k rozkladu CaCOs;, ziskavano spalovanim dodate¢ného tuhého nebo plynného paliva
ve vzduchu obohaceném o kyslik. Podrobna zprava z roku 2013 uvadi, ze v ramci nékolikahodinového
monitorovaného kontinualniho provozu bylo prubézné dosahovano ucinnosti zachytu CO, vySSi nez
90 %*°. Nasledujici souhrnna zprava z roku 2014 uvadi data o provozu cirkulujici fluidni vrstvy po dobu
prekracujici 1 500 hodin, z nichz po dobu vice nez 400 h probihal zachyt CO,. Opét se potvrdila vysoka
ucinnost procesu, kdy byly v karbonatoru dlouhodobé& zaznamenavany hodnoty az 85 %. V pfipadég, ze
se do celkové bilance CO, zapoéital i oxid uhliCity produkovany oxy-fuel spalovanim v kalcinatoru,
doséhla cela jednotka Gcinnosti zachytu pres 90 %*.

Pilotni jednotka mensiho tepelného vykonu 200 kW byla realizovana institutem IFK (Institut far
Feuerungs- und Kraftwerkstechnik) pfi univerzité ve Stuttgartu. Jednotka opét funguje na principu dvou
propojenych reaktorl s cirkulujici fluidni vrstvou. Testy kontinualniho provozu prokazaly i v tomto
pFipadé vysokou hodnotu celkové Gginnosti zachytu CO, piekradujici 90 %*.

Velmi vyznamnou demonstracni jednotkou se stal systém instalovany v arealu uhelné elektrarny "La
Pereda", vlastnéné dulni spole¢nosti HUNOSA. Jednotka zachytu CO, zpracovava 1/150 objemu vSech
spalin elektrarny. Zafizeni sestdva ze dvou vzajemné propojenych reaktord vysky 15 m s cirkulujici
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fluidni vrstvou. | toto zafizeni bylo schopné dosahovat uc€innosti sorpce CO, vySSi nez 90 %, a to pfi
davkovani aktivniho CaO v mirném prebytku va&i molarnimu priitoku CO,%.

Od roku 2015 probiha na VSCHT Praha intenzivni vyzkum moznosti, které by méla aplikace
analogické metody zachytu CO, v prostiedi primyslu a energetiky Ceské republiky. Vyzkum,
podporovany grantem z Norskych fondd, je rozvijen na nékolika urovnich. Jednou z nich je zde
prezentované testovani tuzemskych pfirodnich vapenct na dvojici laboratornich aparatur, z nichz jedna
pracuje na principu pevné vrstvy sorbentu a druha je fluidni.

Cil vyzkumu

Studie si kladla za cil ziskat ovéfené a relevantni udaje o zménach sorpénich kapacit tuzemskych
vapencu dosahovanych pfi pritoku simulovanych spalin skrze nehybnou vrstvu materidlu a pfi
opakovani obdobnych méfeni za pouziti fluidni vrstvy. Dlvod pro provedeni srovnavacich méfeni plyne
z vySe uvedenych literarnich zdroju. Jiz pfed zahajenim zkou$ek se predpokladalo, Zze zafizeni
s pevnym lozem bude vykazovat menSi problémy s otérem materialu. Od roku 2015 byla pro studium
vysokoteplotni sorpce CO, pouzivana pravé aparatura s prito¢nym reaktorem umoznujicim praci pouze
s pevnym lozem vzorku. Vysledky testu byly jiz publikovany a naznacovaly, Ze se v pfipadé karbonatové
smy¢ky jedna o velice slibny postup®* ?°.

Pro primyslové nasazeni zejména na uhelnych elektrarnach a teplarnach je v8ak spiSe uvazovana
konstrukce fluidni, tak jak je popsana v pramenech®®. Davody jsou predevsim konstrukéniho razu —
fluidni systémy obecné dosahuji srovnatelnych vykond pfi kompaktnéjSich rozmérech, coz je pro velké
zdroje spalin vyhodnégjsi*® *°. Na druhou stranu pfi fluidnim reZimu dochazi k podstatné lepsi vyméné
tepla, coz se projevi vyrazné rychlejSim vzestupem teploty ve vrstvé sorbentu. Bylo nutné ovéfit, jak se
tato skute€nost projevi na sintraci a tim i na dosahované sorpéni kapacité.

Kromé ovéreni termodynamickych podminek fluidniho procesu bylo jako druhy cil zvoleno otestovani
vlivu jistych nepfilis vysokych koncentraci oxidu sifi€itého na kapacitu vsazky sorbentu pfi jeho cyklickém
pouzivani. Jinak feCeno, bylo zkoumano, po kolika cyklech dojde k nevrathnému znehodnoceni vapence,
je-li nasazen jako sorbent pro neodsifené (nebo nedokonale odsifené) spaliny.

Experimentalni ¢ast
Vzorkova zakladna

V ramci celého vyzkumu vysokoteplotni sorpce oxidu uhli¢itého bylo testovano jedenact vapencd,
pochéazejicich z t&Zebnich lokalit Ceské republiky. U vSech vzork(i byla pyknometricky stanovena
zdanliva hustota (jako pyknometricka kapalina uzivan heptan) a provedena elementarni analyza. Skala
vzorkl pokryvala vapence od vysokoprocentnich s obsahem CaCO; pres 98,8 % hm. az po vapence
obsahujici méné nez 70 % CaCOg, ale majici naproti tomu zvySeny obsah MgCO; (az 12,5 % hm.)
a jinych pfimési. Z téchto pfimési byl dominantni u &ty vzorkd SiO, s maximalnim obsahem pfes 20 %
hm., nebo Al,O3, jehoZ nejvysSi obsah v ramci vzorkové zakladny pfekroCil 6 % hm. Vapence nebyly pro
Ucely testu sorpce CO; nijak chemicky modifikovany. Jedina uprava spocivala v rozdrceni materialu
v Celistovém drti¢i a nasledném rozsitovani na vibraéni sitovacce Fritsch Analysette 3 Spartan (vyrobce
Fritsch GmbH, SRN).

Cyklické sorpéni testy byly v pfipadé aparatury s pevnym loZzem realizovany na frakci ¢astic 1 —
2 mm, v pfipadé aparatury fluidni pak na frakci 0,2 — 0,5 mm. Vysledky testl na aparatufe s pevnym
loZem byly jiZz publikovany®* ** a nejsou proto pfedmétem zde prezentované studie. Na zakladé téchto
testd byl vybran jeden vapenec, jenz vykazoval nejmensi pokles sorpénich kapacit pfi cyklickém
opakovani kalcinaci a karbonataci, a tento vapenec byl pouzit v ramci nasledujicich testd na fluidni
aparatufe. Zvolenym materialem byl vysokoprocentni vapenec z Velkolomu Certovy schody se zdanlivou
hustotou 2,80 g.cm™, obsahem Ca 39,59 % hm., Mg 0,22 % hm. a pouze 0,09 % hm. kiemiku. Obsahy
Al, Fe a K byly pod mezi stanovitelnosti pouzité metody XRF. Teoreticka sorpéni kapacita dana
prvkovym sloZenim u tohoto vzorku €inila 43,86 g CO,/100 g vsazky vapence.
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Aparatura s pevnym loZzem sorbentu

Testy na aparatufe s pevnym loZzem sorbentu, jejichz podrobnégjsi vysledky byly jiz publikovany®* %,

slouzily v ramci této studie pouze jako srovnavaci. Zakladem aparatury byl vertikalni reaktor z nerezové
oceli DIN 1.4401 (AISI 316). Navazka 100 g vzorku s velikosti ¢astic 1 — 2 mm byla volné vsypana
na podkladovou vrstvu kfiemenné vaty, nachazejici se na dné reaktoru. K ohfevu reaktoru slouZila
valcova pec umisténa na ntzkovém zvedaku, umozrujicim v pfipadé potfeby rychlé chlazeni reaktoru,
napf. pfi pfechodu mezi vysokoteplotni kalcinacni fazi a fazi karbonatacni.

Pratok plynu byl na vstupu regulovan hmotnostnim pratokomérem Bronkhorst EL-FLOW Select
s elektromagnetickym regulatorem. Plyn bylo mozné za nastaveného pratoku vest pfimo na patu
adsorbéru nebo jej smérovat pfes parni generator, pouzivany pfi jiz publikovanych reaktivanich
zkouskach®. Vystup plynu z reaktoru byl opatfen dvojici spiralnich vzdusnych chladi&tl, zarudujicich
ochlazeni proudu plynu na laboratorni uroveri. Obsah oxidu uhli¢itého v plynné smési byl kontinualné
méfen infradervenym analyzatorem Aseko AIR-LF (vyrobce Aseko, s.r.o., CR). Teplota vzorku byla
méfena v ose reaktoru uprostfed vySky sypané vrstvy pomoci termoclanku Ni-CrNi, jehoz signal byl
zaznamenavan a vyhodnocovan digitalnim teplomérem/dataloggerem Greisinger GMH 3250 s A/D
prevodnikem pfipojenym na analogovy vystup. Objemovy prutok plynu byl zaznamenavan kontinualné
vySe uvedenym pritokomérem Bronkhorst a zaroven byl celkovy objem plynu protekly reaktorem za
dobu kalcinagni nebo karbonataéni faze méren jesté nezavisle pomoci mokrého bubnového plynoméru.

Aparatura s fluidnim loZzem

Laboratorni aparatura pro praci se vzorky ve stacionarni fluidni vrstvé byla konstruovana koncepéné
analogicky k vySe popsané aparatufe s lozem pevnym. Nékteré pouzité prvky zafizeni byly stejného
typu: pratokomér, plynomér, termoclanek, IR analyzator, rozvody ocelovymi kapilarami priméru 6 mm.
Podobné feSeni a rozméry zafizeni byly vyhodné pro vzajemné porovnavani dosazenych vysledk.
Nacrt aparatury, doplnény o fotografii jejiho aktualniho stavu, je uveden na obrazku 1 a obrazku 2.

Podstatny rozdil oproti aparatufe s pevnym loZzem byl vSak v designu vlastniho reaktoru. Jednalo se
o dvouplastovy tubus zhotoveny z kiemenného skla, vzajemné spojeny zabrusovym hrdlem NZ 45/40
a pripojovany prostfednictvim pfechodovych kusl na ocelové rozvody plynt (viz obrazek 1). Vngjsi
tubus mél primér 40 mm a vnitini tubus 20 mm. Celkova délka vnéjsiho tubusu od zabrusového hrdla
po konec spodniho vyusténi byla 820 mm. Vlastni fluidace vzorku probihala ve vnitfnim tubusu, jehoz
dno mélo podobu kfiemenné frity porozity S1.

Proud plynu pfivadény na patu vnéjSiho tubusu vstupoval do vrstvy vzorku pfes zminénou fritu, ktera
tak hrala roli fluidaéniho rostu. VnéjSi tubus byl vybaven bo¢nim vyusténim, pfipojenym ocelovou
kapildarou na manostat plnény glycerolem. V pfipadé, kdyby doSlo ke zneprichodnéni frity napf.
zesintrovanym vzorkem, doslo by po prekonani hydrostatického tlaku v manostatu k odvedeni plynu
a zabranilo by se roztrzeni reaktoru. Vnitfni tubus mél takovou délku, aby po jeho zasunuti do
zabrusoveého hrdla byla spodni frita vzdalena od paty vnéjSiho tubusu cca 100 mm. Na rozdil od vySe
popsané aparatury s pevnym lozem zde nebylo chlazeni reaktoru feSeno spousténim pece nizkovym
zvedakem, ale odstranénim izolacnich ucpavek na hlavé a paté trubkové pece.
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Obrazek 1: Schéma experimentalni aparatury s fluidnim loZzem (1, 2 — tlakové lahve s plyny pro
kalcinacni, resp. karbonatacni fazi, 3 — manuaini jehlovy ventil, 4 — pritokomér s hmotnostnim
regulatorem, 5 — teplomér s dataloggerem, 6 — vzdusny chladic, 7 — fluidni reaktor v peci,
8 —manostat s glycerolem, 9 — IR spektrometr, 10 — bubnovy plynomér)
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Obrazek 2: Fotografie aktualniho stavu fluidni aparatury (IR spektrometr mimo zabér) a detail
reaktoru
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Podminky testu a vyhodnoceni namérenych hodnot

PFi realizaci testi byl maximalni diraz na to, aby vysledky méfeni z obou aparatur byly vzajemné
porovnatelné. Z tohoto davodu byly vSude tam, kde to bylo mozné, nastavovany shodné, nebo alespon
podobné podminky. Toto pravidlo se tykalo predevdim sloZeni plynnych smési, vnitfnich dimenzi
aparatur a pouzitych meéficich a regulacnich prvkd. Naopak ty podminky, jez byly predmétem
srovnavacich testl, byl zamérné razné. Shrnuti zakladnich podminek méfeni na obou aparaturach je
k dispozici v pfehledové tabulce 1. Protoze pfesny prubéh testl na aparatufe s pevnym lozem byl jiz
publikovan, jsou na tomto misté podrobné rozebrany pouze testy na aparature fluidni.

Podminky fluidace byly nastaveny experimentalné pro frakci vapence 0,2 — 0,5 mm. Navazka vzorku,
stejné jako prutok, byly pro danou geometrii reaktoru stanoveny empiricky. Navazka byla pro vSechny
testy shodné& 20 g + 1 g. Pritok 1,5 dm>.min™ byl ovéfen jednak pfi laboratorni teploté 23 °C a jednak pfi
maximalni experimentalni teploté 900 — 920 °C tak, aby v celém teplotnim intervalu byl pfekro€en prah
fluidace a zaroven nebyl dosaZen prah uletu.

Mérfeni s kaZzdou jednotlivou navazkou vzorku probihala cyklicky tak, aby vzorek prodélal vzdy deset
kalcinaci a deset karbonataci. Prvnim krokem méfeni byl zaznam uvolfiovani oxidu uhli¢itého pfi
termické dekompozici vzorku (kalcinacni faze). V této fazi byl vrstvou vzorku veden proud Cistého
dusiku. Ohfev reaktoru probihal od laboratorni teploty, rychlosti uvedenou v tabulce 1, az do dosazeni
maximalni teploty. PFfi téchto teplotach nasledné méreni pokraCovalo za izotermnich podminek az
do zobrazeni nulového obsahu CO, na vystupu z aparatury, signalizujiciho konec rozkladu. V prabéhu
méreni byly v intervalu 5 s kontinualné zaznamenavany hodnoty obsahu CO, ve vystupnim plynu, prutok
plynu aparaturou a okamzZita teplota ve stfedu reaktoru. Po skonceni kalcinace nasledovalo ochlazeni
reaktoru na teplotu karbonatace a poté sorpce CO, za izotermnich podminek.

Pro testy vlivu pfitomnosti oxidu sifi¢itého v simulovanych spalinach, z nichzZ je v rdamci karbonatace
sorbovan CO,, musela plynna smés obsahovat kyslik. Divodem bylo snazsi vyhodnoceni vysledkl
testl. Pokud by byla pouzivana pouze ternarni smés N, + SO, + CO,, vznikal by z kalcinatu nikoli
CaS0,, ale CaSOs;. Tato slou¢enina je vSak pfi teplotach prekracujicich 600 °C termolabilni, pficemz
dochazi k disproporcionaci CaSO, a CaS. V pfitomnosti kysliku je v8ak CaS oxidovan na CaSO,
a priibéh reakce je za pouzitych teplotnich podminek pfipadé jednoznadny?.

Tabulka 1: Podminky experimentu na obou laboratornich aparaturach

Fyzikalni podminky A(tn':‘(;’lsf,zga
Série testu Pratok
Tkalc. Rampa Tkarbon. Rampa pkarbon. |
o o g o o g nu | Kalc. | Karbon.
(°C) | (°C.minY)| (°C) |(°C.minY) | (kPa) (I?n¥in'l)
Pevné loze, . 14 % CO,
karbonatace bez SO, 900 10 650 | izoterma 15 2 N 86 % N,
C s 13 % CO,
Pevné loze, 03% SO
karbonatace 900 10 650 | izoterma 15 2 N, 0 02
s pfitomnosti SO, 29.7 % NZ
’ 2
Fluidni loze, . 14 % CO,
karbonatace bez SO, 900 25 650 izoterma 15 1,5 N, 86 % N,
0,
Fluidni loZe, 01‘; 0//‘(’) 282
karbonatace 900 25 650 izoterma 15 15 N, ' 7 o 02
s pfitomnosti SO, 29.7 cy(; N2
’ 2
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Ze zaznamenanych dat, poskytovanych IR spektrometrem, byly po skonéeni experimentu sestrojeny
grafy prabéhu uvolfiovani CO, pfi kalcinaci a prunikové kfivky popisujici prabéh karbonatace. Priklad
ziskanych prinikovych kfivek je demonstrovan na obrazku 3. Matematickym vyhodnocenim naméfenych
udaji pro kazdy cyklus byly vypocteny hodnoty hmotnosti oxidu uhli€itého, ktery se uvolni pfi kazdém
z realizovanych kalcina¢nich krokd, a hmotnost oxidu uhli¢itého, jenz byl pfi kazdém z opakovanych
karbonatacnich krok sorbovan na definované navazce testovaného vzorku. Cyklicka méfeni na kazdé
Z popsanych aparatur byla opakovana vzdy ftfikrat s novou navazkou vzorku. Tento pocet opakovani se
tykal vSech sérii testd, pfi¢emz v Zadném z opakovani nebyly zjiStény nekorespondujici vysledky.

Vysledky a diskuse

Viiv rozdilnych teplotnich parametri na kapacitu

PFi pouziti fluidniho rezimu je typicka intenzivnéjSi vyména tepla i hmoty. Vsazka sorbentu je temperovana
rychleji a vy38i rychlosti tudiz probiha i rozklad CaCO; na CaO + CO,. Aby byl tento rozdil typicky pro
provozni zafizeni postihnutelny, byla pfi laboratornich fluidnich experimentech zamérné zvolena 2,5 x vysSsi
rychlost ohfevu nez pfi pokusech s pevnou vrstvou. Jak jiz bylo uvedeno vySe, rozdilna rychlost byla
testovana pouze pfi kalcinaci (dekarbonataci), zatimco vlastni sorpce CO, probihala vzdy za stejnych
izotermnich podminek. Z grafu na Obrazku 4 je patrné, jak se vySSi rychlost ohfevu projevi na rozkladu
materialu. Ten je lokalizovan do umérné kratSiho ¢asového useku, ale viechny ostatni jeho charakteristiky
zUstavaji zachovany: prvni projevy dekompozice zaznamenany pii dosazeni cca 600 °C, vrchol zaznamenan
pfi 800 °C a nasledné doznivani procesu v teplotnim intervalu 850 — 900 °C, resp. 920 °C. Vyrazné jiné
chovani bylo v8ak zjisténo u vzorku, podrobovaného kalcinacim v aparatufe s pevnym lozem po pfedchozi
karbonataci smési obsahujici SO,. Tato zména je dana tvorbou souvislé vrstvy siranu na povrchu &astic,
nicméné studium morfologie materialu je pfedmétem nyni probihajiciho vyzkumu.

Z pohledu zaCatku a konce kalcinace neni tedy rozdil mezi rychlosti temperovani vzorku. Vyssi
rychlost ma vSak vliv na jiny a pro praktické vyuZiti vysokoteplotni sorpce kliCovy parametr, konkrétné
na dosahované sorpCni kapacity. To, Zze v prubéhu cyklického stfidani kalcinace a karbonatace dochazi
k postupnému snizovani kapacity vapencu, je znamo a tato skutecnost jiz byla zmifiovana v Gvodu.
Vizualné je tento trend pozorovatelny jiz z nevyhodnocenych prinikovych kfivek na Obrazku 3.
S narustajicim poétem cykli se zkracuje doba, kdy je pfi stejném pratoku plynu na vystupu aparatury
zaznamenana shodna koncentrace CO,, jaka je do sorbentu pfivedena.

Pokud je v8ak pouzivan fluidni rezim, kdy je rychlost ohfevu pfi kalcinaci vySsi, projevi se rychlejsi
temperovani zrychlenim poklesu sorpénich kapacit. Vliv rychlosti vzestupu teploty ve vrstvé vzorku je
znazornén na sloupcovém grafu na obrazku 5, pficemz konkrétni &iselné udaje pro vapenec Certovy
schody jsou uvedeny v tabulce 2 a Ize je komentovat takto. K nejmarkantnéjSimu propadu kapacity
dochazi pfi pouziti fluidniho rezimu vici pevnému lozi v prvnim cyklu. To znamena, Ze jiz prvni kalcinace
vapence vySsi rychlosti zpUsobi znaéné poskozeni jeho struktury. Jestlize se po Sesti cyklech porovnaji
dosazené rovnovazné kapacity s teoretickou hodnotou, vypoltenou dle prvkového sloZeni vzorku,
zpuUsobilo 2,5-nasobné zrychleni ohfevu ve fluidni vrstvé zhor$eni kapacity o 5,4 g.100 g™ v porovnani
s pomaleji temperovanou fixni vrstvou.

Tabulka 2: Zmény sorpcnich kapacit v prvnich Sesti cyklech testu bez pritomnosti SO, ve smési

X Rovnovazna kapacita [g.100 g']

Cislo cyklu Pevné loze | Fluidni vrstva Rozdil
cyklus 1 37,1 26,0 -11,1
cyklus 2 28,8 25,0 -3,8
cyklus 3 24,3 20,7 -3,6
cyklus 4 20,2 21,3 1,1
cyklus 5 17,7 13,8 -3,9
cyklus 6 15,6 10,2 -5,4
Celkovy pokles v cyklech 1 — 6 21,5 15,8 -5,7
Pokles vuci teoretické kapacité 28,2 33,7 -5,4
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Z obrazku 5 je jasné patrné, Zze velmi ucinné Ize snizovani kapacity potlacit tim, Ze po provedeni
kalcinace se material ochladi a do vrstvy kalcinatu se zavede piehfata vodni para. Efekt je mimoradné
ucinny, ale pfinasi s sebou zvySeni nakladu na potfebnou energii. Podrobné byla tato metoda a vysledky
prislusnych testll popsany ve studii, kterou feSitelsky kolektiv projektu NF-CZ08-OV-1-005-2015
publikoval v roce 2016,

Nékteré vyzkumné tymy pfistupuji k problematice sintrace jinym zplsobem, nez je periodicka
chemicka reaktivace materialu. Zaméfuji se na nalezeni vhodného aditiva, jez by kromé& zminéné
sintrace potlacilo i druhy neZadouci efekt, jimz je nizka otéruvzdornost a rozpad cyklicky namahaného
sorbentu. Studii na toto téma byl publikovan velky pocéet, a proto jsou zde zminény pouze pfiklady
testovanych aditiv. Uspé&sné byly zkouSeny cementy na bazi aluminatd vapenatych?’, spinel MgAl,0,%,
Si0,” aj. Jako alternativni postup byla rovnéz zkouSena priprava sorbentu kalcinaci hofednatych
a vapenatych soli kyseliny d-glukonové a aditivovaného nanog&asticemi hliniku®. Velmi dobrych vysledki
bylo téz dosazeno pomoci CaO modifikovaného ethoxidem titaniCitym. Po 30 cyklech zaznamenal
referenCni neupraveny vapenec pokles konverze na cca 15 % vychoziho stavu, u aditivovaného
sorbentu véak poklesla kapacita na cca 45 % vychoziho stavu®.

ZlepSeni vlastnosti ve vSech uvedenych pfipadech bylo prokazano, nicméné za cenu zvySeni nakladu
na pfipravu materialu. Tim se ponékud stira hlavni vyhoda vapencl, kterou jsou nizké pofizovaci
naklady ve srovnani s jinymi sorbenty. Otazka financni rentability byla jednim z faktord, které vedly
autory zde prezentované studie k upfednostnéni vapenct v pfirodni, nemodifikované podobé.
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Obrézek 3: Priinikové krivky vzorku Certovy schody pFi fluidnim reZzimu a uZiti smési s SO,

Obsah CO, na vystupu apar.; [% obj.]
D

Vliv pritomnosti oxidu sificitého v simulovanych spalinach

Z vysledku testl je zfejmé, Ze jiz relativné nizky obsah (0,3 % mol.) v simulovanych spalinach ma
velmi negativni vliv na zjisténé kapacity. Toto bylo prokazano jiz pfi pfedchazejicich testech v pevné
vrstvé. Ukolem zde prezentované studie pak bylo ovéfit, jak se tento efekt projevi v pfipadé pouziti
stejné plynné smési pfi fluidni cyklické sorpci. Vizualné je mozné porovnat obé série méfeni na
obrazku 5. Tabulka 3 pfinasi konkrétni Ciselné hodnoty kapacit, doplnéné o rozdily kalkulované jednak
mezi pevnym a fluidnim loZem a jednak vztaZzené na teoretickou kapacitu.
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Z poklesu kapacit pfi fluidnim rezimu Ize dovodit dva zavéry. PfedevSim dle oCekavani se soubéh
dvou negativnich faktort projevil dalSim snizenim kapacity pfi fluidnich experimentech. Tento soubéh
vSak byl ponékud nizsi, nez Cisté aditivni. V pfipadé zcela aditivniho pusobeni (tj. se¢teni vlivu SO,
a vlivu rychlosti ohfevu, proméfenych samostatné) by vzorek jizZ po Sesti cyklech ve fluidnim rezimu
a za pritomnosti SO, nemél vykazovat zadnou sorpéni kapacitu. Pfesto byla zaznamenana rovnovazna
kapacita ve vy$i 2,7 g.100 g*. Ani tato hodnota v8ak neni uspokojivd a problematice omezovani
negativniho plsobeni SO, je tfeba se intenzivné vénovat.

Tabulka 3: Zmény sorpcnich kapacit v prvnich Sesti cyklech testu s pritomnosti SO, ve smési

Rovnovazna kapacita; [g.100 g™]
Cislo cyklu Pevné loze, Fluidni vrstva, Rozdil
pritomnost SO, pritomnost SO,

cyklus 1 31,4 255 -5,9
cyklus 2 20,1 19,8 -0,3
cyklus 3 14,3 10,3 -4,0
cyklus 4 9,6 9,2 -0,4
cyklus 5 7,5 4,0 -3,5
cyklus 6 53 2,7 -2,6
Celkovy pokles v cyklech 1 — 6 26,1 22,8 -3,3
Pokles viici teoretické kapacité 38,5 41,1 -2,6
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Obrazek 4: Srovnani patych cyklu kalcinace pfi ruznych reZimech testu
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Obrazek 5: Zmény dosahovanych rovnovaznych kapacit pri riznych podminkdch karbonatace

Az dosud byly diskutovany pouze rovnovazné sorpCni kapacity. Jednalo se tedy o hodnoty,
kalkulované z pranikovych kfivek méfenych az do okamziku, kdy se koncentrace CO, na vystupu
z reaktoru vyrovnala koncentraci vstupni a ve vzorku byla ustavena chemicka rovnovaha.

Pro praktické vyuziti pfi praimyslovém zachytu ale nelze s takto vysokymi kapacitami poditat. V jisté
fazi sorpéniho procesu se fidicim déjem stava difuze do zrn sorbentu a sorpce poté probiha pouze velmi
malou, prakticky nevyuzitelnou rychlosti. Z prinikovych kfivek Ize tento okamzik urcit bud’ graficky, nebo
jejich derivovanim dle Casu. Jestlize se od rovnovazné kapacity odecte kapacita, dosahovana v dobé,
kdy Fidicim déjem je difuze, ziska se udaj s mnohem vétsi vypovidaci hodnotou pro uvazované praktické
nasazeni. Pfiklad grafického uréeni prdmyslové vyuZzitelné kapacity je patrny na obrazku 6.

Obsah CO, na vystupu apar.; [% obij.]
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Obrazek 6: Vizualizace rozdilu mezi stanovenim rovnovazné vyuzZitelné sorpéni kapacity
(druhy cyklus, fluidni rezim, karbonatace smési s obsahem SO,)
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Zaveéry

Z popsanych laboratornich testl je patrné, Zze provadéni cyklického vysokoteplotniho zachytu CO,
s pouzitim fluidniho zafizeni vede ve srovnani s realizaci ve fixni vrstvé k rychlejSimu opotfebeni vsazky,
projevujicimu se vyraznéj§im poklesem vychozich sorpénich kapacit. Divodem je mnohem
progresivnéjsi sintrace materialu, jejiz podrobné studium je pfedmétem sou€asné& probihajici faze
navazujiciho vyzkumu. Byl popsan velmi destruktivni efekt oxidu sifi€itého na sorpCni kapacitu, ktery se
ve zvySené mife projevuje, je-li sorpce provozovana ve fluidni vrstvé. V souladu s dfive provadénymi
méfenimi je tfeba uvést, Ze méfeni BET povrchu ani distribuce velikosti porl, nejsou dostateCnym
indikatorem predpovidajicim miru poklesu kapacity. Naopak jako velmi prikazna metoda, jiz je hojné
pouzivano v soucasné probihajici vyzkumné fazi, se ukazalo SEM snimkovani &astic s vysokym
rozliSenim. Pro praktické vyuziti metody karbonatové smycky z dosavadnich experimentd vyplyva, Ze jeji
implementace vyzaduje provést dlouhodobé testy na pilotnim zafizeni, pfi nichz budou dukladné
ovéreny postupy zamezovani sintraci a potlacovani vlivu oxidu sifi¢itého na kapacitu substratu a kinetiku
procesu.

Podékovani
Financovani vyzkumu bylo podporeno grantem z Norska, ¢. projektu: NF-CZ08-OV-1-005-2015.

Literatura

1. Staf M.: Paliva 1, 33 (2017).

2. http://scrippsco2.ucsd.edu/data/mlo, stazeno 1. srpna 2016.

3. http://www.esf.org/index.php?id=855, stazeno 1. srpna 2016.

4. Stainforth D. A., Aina T., Christensen C., Collins M., Faull N., Frame D. J., Kettleborough J. A.,
Knight S., Martin A., Murphy J. M., Piani C., Sexton D., Smith L. A., Spicer R. A., Thorpe A. J., Allen
M. R.: Nature 433, 403 (2005).

5. Salinas C. X., Mendieta J.: Mitigation and Adaptation Strategies for Global Change 5, 551 (2013).

6. Armah F. A., Odoi J. O., Yengoh G. T., Obiri S., Yawson D. O., Afrifa E. K. A.: Mitigation and
Adaptation Strategies for Global Change 3, 291 (2011).

7. Misra A. K.: Mitigation and Adaptation Strategies for Global Change 5, 673 (2013).

8. Kirch W., Menne B., Bertollini R. (Eds.): Extreme Weather Events and Public Health Responses.

Springer-Verlag, Heidelberg 2005.

9. Powell J. P, Reinhard S.: Weather and Climate Extremes 12, 69 (2016).

10. Lelieveld J., Proestos Y., Hadjinicolaou P., Tanarhte M., Tyrlis E., Zittis G.: Climatic Change 1, 245
(2016).

11. Spigarelli B. P., Kawatra S. K.: Journal of CO2 Utilization 1, 69 (2013).

12. Borgwardt H. R.: Chem. Eng. Sci. 44, 53 (1989).

13. Fennell P. S., Pacciani R., Dennis J. S., Davidson J. F., Hayhurst A. N.: Energy Fuels 21, 2072
(2007).

14. Chen H., Zhao C., Yang Y., Zhang P.: Applied Energy 91, 334 (2012).

15. Jia L., Hughes R., Lu D., Anthony E. J., Lau I.: Ind. Eng. Chem. Res. 46, 5199 (2007).

16. LiL., King D. L., Nie Z., Li X. S., Howard C.: Energy Fuels 24, 3698 (2010).

17. Reddy E. P., Smirniotis P. G.: J. Phys. Chem. B 108, 7794 (2004).

18. Strohle J., Lasheras A., Galloy A., Epple B.: Chem. Eng. Technol. 3, 435 (2009).

19. Stréhle J., Galloy A., Epple B.: Energy Procedia 1, 1313 (2009).

20. Kremer J., Galloy A., Strohle J., Epple B.: Chem. Eng. Technol. 9, 1518 (2013).

21. Strohle J., Junk M., Kremer J., Galloy A., Epple B.: Fuel 127, 13 (2014).

22. Hawthorne C., Dieter H., Bidwe A., Schuster A., Scheffknecht G., Unterberger S., Kal3 M.: Energy
Procedia 4, 441 (2011).

23. Arias B., Diego M. E., Abanades J. C., Lorenzo M., Diaz L., Martinez D., Alvarez J., Sanchez-
Biezma A.: Int. J. Greenhouse Gas Control 18, 237 (2013).

Patronem tohoto &isla je INSTITUT ENVIRONMENTALNICH TECHNOLOGII, VSB-TU Ostrava, www.ietech.eu
WASTE FORUM 2017, &islo 2, strana 100



Marek STAF, Karel CIAHOTNY: Testovani vysokoteplotni sorpce CO, v laboratorni fluidni aparature

24. Staf M., Vrbova V., Jilkova L., Miklova B.: Paliva 2, 67 (2016).

25. Ciahotny K., Staf M., Hlin€ik T., Vrbova V., Jilkova J., Randakova S.: Paliva 3, 84 (2015).

26. Vejvoda J., Buryan P., Chalupa P.: Objasnéni pficin prekracovani emisniho limitu pro oxid sifiCity na
kotlich K4 a K5 o vykonu 356 t.h-1. VSCHT Praha, Praha 2004.

27. Manovic V., Anthony E. J.: Environ. Sci. Technol. 43, 7117 (2009).

28. LiL., King D. L., Nie Z., Li X. S., Howard, C.: Energy Fuels 24, 3698 (2010).

29. Lu H., Reddy E. P., Smirniotis P. G.: Ind. Eng. Chem. Res. 45, 3944 (2006).

30. Liu W., Feng B., Wu Y., Wang G., Barry J., da Costa J. C. D.: Environ. Sci. Technol. 44, 3093
(2010).

31. Vieille L., Govin A., Grosseau P.: Powder Technology 228, 319 (2012).

Testing of high temperature CO, sorption in the laboratory fluidised bed

apparatus

Marek STAF, Karel CIAHOTNY

University of Chemistry and Technology, Prague, Department of Gaseous and Solid Fuels and
Air Protection.

Summary

The paper summarizes current results of research concerned with regenerative method for carbon
dioxide capture, so-called carbonate loop. Under laboratory conditions, the processes of cyclically
repeated decarbonations and carbonations were compared both for a fixed bed and the fluidized bed
reactor. Comparative tests were evaluated with respect to several aspects that are important for further
industrial implementation of this method. It has been shown that changes in capacity as well as changes
in the kinetics of the process depend on the conditions of sorption and desorption process. Experiments
in the apparatus with the fixed bed and the fluidized bed of sorbent were performed with samples of the
identical limestone and using the same model gas mixtures so that the results were comparable. The
main importance of the tests was investigation of the two factors, influencing the changes in sorption
capacities, namely: the presence or absence of sulphur dioxide during the carbonation step and different
heating rate of the sample in the fixed bed and during fluidisation.

Keywords: carbon dioxide, high temperature sorption, capacity, regeneration, fluidised bed.
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Souhrn

Socio-demografické zmény, které v soudasnosti v Ceské republice stejné jako v dal$ich vyspélych
zemich probihaji, ovliviiuji celou Fadu oblasti Zivota spolecnosti, véetné praktickych otazek odpadového
hospodarstvi. Tento ¢lanek se zaméfuje na vztah socio-demografickych charakteristik obyvatel v obcich
a produkce oddélené sbiranych sloZzek komunalniho odpadu. Za timto ucelem bylo vybrano 13
proménnych popisujicich obyvatelstvo, domacnosti a bydleni v 4 897 &eskych obcich, které mohou mit
dle zahraniCnich zkusenosti vliv na produkci oddélené sbiranych sloZek odpadu. Data byla analyzovana
s pomoci vicerozmérné linearni regrese. Ackoli vysledny model vysvétluje pouze 9 %, je statisticky
vyznamny a nhaznacuje, Ze socio-demografické proménné mohou pfispét k vysvétleni produkce
tridénych slozek komunalniho odpadu. Vyznamnymi proménnymi z tohoto pohledu jsou prumérna
velikost domacnosti, podil osob s vysokoskolskym vzdélanim, podil rodinnych domda, parita kupni sily,
podil osob zaméstnanych v zemédélstvi a index maskulinity.

Klicova slova: Socio-demograficky vyvoj, oddélené sbirané sloZzky odpadu, primérna velikost
domacnosti, vicerozmérna linearni regrese

Uvod

Vyznamné zmény v parametrech demografické reprodukce jsou v soucasnosti velmi diskutovanym
fenoménem. Jiz v pribéhu 20. stoleti dochazelo v disledku snizovani plodnosti a zvySovani nadéje
doziti ve vétSiné vyspélych zemi k narustani primérného véku obyvatelstva a také k absolutnimu
i relativnimu zvySovani poctu osob v dichodovém véku v populaci, a to doposud predevSim na ukor
osob v détském véku, jejichz absolutni i relativni zastoupeni v populaci klesa.

PokraCovani nastoupenych trendl Ize oCekavat i v pribéhu 21. stoleti. Do duchodového véku se
zacinaji dostavat silné rocniky narozené v letech po skonceni 2. svétové valky, které nebudou v populaci
dostatecné nahrazovany mladSimi roCniky vstupujicimi do ekonomicky aktivniho véku. Zaroven bude
celkové klesat i podil osob v ekonomicky aktivnim véku.

Dlouhodobé je mozné pozorovat také zmény ve velikosti a struktufe domacnosti. Zatimco absolutni
pocet domacnosti pribézné narustd, klesa jejich primérna velikost. Podle vysledkd Séitani lidu, doml a
byt 2001 se v Ceské republice poprvé staly nejéast&jsim typem domacnosti domacnosti jednotlivcd®.
Vysledky S¢itani lidu, domd a bytd 2011 pak pokraCovani tohoto trendu potvrzuji a domacnosti
jednotlivel jiz tvofi témér tretinu vSech hospodaficich domacnosti. Zastoupeni domacnosti jednotlivcu
roste téméf ve vSech vékovych skupinach, ale nejvyraznéji rostou pocty jednoclennych domacnosti u

osob v nejvyssi vékové skupiné?. Zarover se zvysuje i pocet netiplnych domacnosti.

Nastoupeny demograficky vyvoj na celostatni i regionalni urovni vyznamné ovliviiuje celou fadu
dalSich oblasti fungovani spole¢nosti. At uz se jedna o nabidku pracovni sily, vefejné rozpocty,
zdravotnické i socialni sluzby a také infrastrukturu®. Soudasny socio-demograficky vyvoj vyrazné
ovliviiuje také poskytovani fady environmentélnich sluzeb na lokalni urovni vcetné odpadového
hospodarstvi. Domacnosti a chovani jejich &lenl totiz spoluurduji produkci komunalniho odpadu,
nakladani s komunalnim odpadem (vCetné recyklace) a efektivitu poplatkovych systému.
Environmentalné orientované chovani (v€etné chovani v oblasti recyklace) je samoziejmé vice Ci méné
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ovlivnéno také fadou dalSich vnitfnich i vnéjSich faktord. Pro lepSi pochopeni celé problematiky je nutné
analyzovat a pokud mozno nazorné kvantifikovat konkrétni vliv jednotlivych faktoru.

Vztah mezi socio-demografickymi charakteristikami obyvatelstva a domacnosti na jedné strané
a odpadovym hospodarstvim, respektive tfidénim komunalniho odpadu na strané druhé byl jiZ zkouman
v fadé zahrani¢nich studii, které ¢asto dospivaji k protikladnym zavérim, zda vibec, pfipadné jakou roli
demografie hraje pfi vysvétleni produkce komunalniho odpadu a zvlasté produkce tfidéného sbéru
komunalniho odpadu. Ze zahrani¢nich vysledkd se zda, Ze nejvyznamnéjSimi socio-demografickymi
faktory jsou vtomto ohledu primérna velikost domacnosti, vék, pohlavi a ukonené vzdélani. Pro
specifické podminky Ceské republiky je zatim obdobnych analyz malo, a to i pfes to, Ze socio-
demograficky vyvoj od zacatku 90. let probiha velmi dynamicky a podobny vyvoj Ize oekavat i do
budoucnosti. Podstatné vétdi pozornost byla v Ceské odborné literatufe vénovana vztahu odpadového
hospodafstvi a situadnich charakteristik, jako je napf. nastaveni poplatkovych systémii*, zptsob sbéru
odpadu®, vliv dochazkové vzdalenosti ke sbé&rnym mistdm apod. Zatimco faktory, které se tykaji pfimo
osob produkujicich komunalni odpad, jsou studovany spiSe okrajové.

Ve vztahu primérné velikosti doméacnosti k mife recyklace je situace nejednoznadna. Zadny
statisticky vyznamny vztah mezi témito charakteristikami nebyl zji§tén dle Terry® a Martin et al.”. Abbott
et al.® odhalili pozitivni vztah mezi velikosti domacnosti a mirou recyklace pouze v pfipadé biologického
odpadu, u vSech ostatnich tfidénych slozek odpadu nebyl vztah vyznamny. Statisticky vyznamny
pozitivni vliv velikosti domacnosti na miru recyklace odhalila studie Jenkins et al.’ i D’Elia’®, to by
znamenalo, ze vétSi domacnosti v priméru vice tfidi nez domacnosti s mensim poctem ¢lend.

Sidique et al.'* odhalili pozitivni vztah mezi mirou recyklace a vékem. Jeho zavéry podporuji
i vysledky publikované Kipperbergem', podle kterych ma vék signifikantni vliv na tfidéni papiru, skla
a kovl. Vysvétleni tohoto zavéru neni jednoznacné. Na jednu stranu jsou starSi lidé pravdépodobné na
tfidéni méné zvykli, na druhou stranu ale jsou s jejich Casem spojeny niz8i naklady obétované pfileZitosti
nez v pfipadé mladych lidi**. TFfidéni odpadu je &asto pomé&rné& &asové naroéné, proto se osoby
s vysokymi naklady obétované prilezitosti mohou rozhodnout, zda svUj ¢as chtéji vénovat jinym
aktivitam. To doklada i studie Sterner, Bartelingsl“, podle které v pfipadé, Ze je tfidéni Casové narocné,
lidé jsou méné ochotni se mu vénovat a produkuji vice smé&sného odpadu. Terry® zjistil pozitivni vztah
mezi mirou recyklace a zastoupenim obyvatel ve véku 25 — 44 let. Naopak zZadny vliv véku na recyklacni
chovani nepozorovali autofi dalich studii, napf. D’Elia’® a Hage, Séderholm®. Podle Sterner,
Bartelings™* nehraje vék vyznamnou roli pfi rozhodovani obyvatel, zda kompostovat bioodpad nebo ne.

DalSi analyzovanou demografickou charakteristikou byva v nékterych pfFipadech pohlavi. Tuto
promé&nnou analyzovala na drovni doméacnosti studie D’Elia®® a na urovni obci Hage, Séderholm™. Ani
jedna z téchto studii neuvadi Zadny signifikantni vztah pohlavi a mnozstvi produkovaného komunalniho
odpadu. V metaanalyze dal$ich studii tento zavér podporuje i Schultz*®.

Je mozné, ze s chovanim domacnosti ve vztahu k produkci odpadu nesouvisi primarné pohlavi ¢lent
domacnosti ale to, zda néktery z jejich €lenl travi velkou ¢ast svého €asu v domacnosti. V. domacnosti
zUstavaji &astgji zeny. Bach et al.'” doklada, Ze obce s vysokym podilem osob v doméacnosti v populaci
produkuji v priméru statisticky vyznamné méné odpadu papiru. Osoba v domacnosti je v této studii
definovana jako muz nebo Zena, ktera vykonava domaci prace pro svou rodinu bez naroku na plat®’.
Autofi v8ak nepfedpokladaji pfimou kauzalitu, podil osob v domacnosti pravdépodobné slouzi jako
indikator pro socialni strukturu dané obce. Podobné& dokazali Sterner, Bartelings™, Ze v domacnostech,
kde je alespori Cast dne néktery z jejich Clenu pfitomen v byté, je vy8Si mira kompostovani bioodpadu
a tyto domacnosti produkuji také méné odpadu.

Sidique et al."* dokazali, ze &im vy$si je podil obyvatel v obci, ktefi studovali alespori 4 roky na
vysoké Skole, tim vysSi je mira recyklace komunalniho odpadu. Uvedeny zavér potvrzuji i vysledky
studie Miller et al.'®: pokud podil obyvatel stargich 25 let s bakalafskym nebo vy$$im vzdélanim vzroste
01 %, zvySi se mnozstvi separované sebranych tfidénych slozek komunalniho odpadu o 0,7 %. Na
arovni doméacnosti dospéli ke stejnému zavéru i Jenkins et al.’, a to Ze vySe vzd&lani u osoby
s nejvysSim dosazenym vzdélanim v domacnosti ma signifikantni, i kdyZz maly vliv na miru recyklace.
Pokud se uroven vzdélani u této osoby zvysi ze vzdélani stfedoSkolského na vysokoSkolské, vzroste
pravdépodobnost, Zze domacnost bude tfidit vice nez 95 % produkovaného hlinikového odpadu o 0,1 %,
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v pfipadé papiru o 1,5 %. Opaény statisticky vyznamny vztah v3ak prezentuje studie Hage, Séderholm™,
podle jejich vysledkl v analyzovaném souboru naopak s rostouci Urovni vzdélani klesa mira recyklace
plastd. Autofi tuto skute¢nost vysvétluji vySSimi naklady obétované prilezitosti v pfipadé domacnosti
s vy38im vzdélanim. Zadny vliv vzdélani na miru recyklace nezjistili Sauer et al.™.

Pfi vysvétleni produkce komunalniho odpadu a urovné tfidéni odpadu muze urcitou roli hrat takeé
pritomnost zavislych déti v domacnosti. Situace vdak neni jednoznaéna. Martin et al.” dospéli k zavéru,
Ze domacnosti osob ve stfednim véku se zavislymi détmi tfidi Castéji nez domacnosti mladSich osob bez
ohledu na to, zda maji nebo nemaji déti. Zadny vztah mezi mnoZstvim tfidéného odpadu a podtem
zavislych déti v domacnosti neodhalil D’Elia™®.

Vztah hustoty osidleni a miry tfidéni odpadu zkoumal ve své studii Kipperberg®? ktery dospél
k zavéru, Ze hustota osidleni ma statisticky vyznamny zaporny vliv na tfidéni kovl, plastu a bioodpadu.
Hage, Sdderholm™ jeho zavér potvrdili pro Svédsko na prikladu plastt, kdyZ konstatovali, Ze osoby
v hustéji osidlenych velkych méstech tfidi v priméru o 530 g plastovych odpadl ro¢né méné nez
obyvatelé mengich mést. Pro potfeby své studie definovali Hage, Séderholm™ velké mésto jako mésto
s hustotou osidleni rovnou nebo vy$3i nez 800 obyvatel na km? v roce 2002. Zadny signifikantni vztah
mezi hustotou osidleni a mirou recyklace neodhalil Sidique et al.**.

Vztah mezi pfijmem domacnosti a tfidénim odpadu je rovnéZz nejednoznacny. Pozitivni, ale
nesignifikantni vztah mezi vy$i pfijmu a mirou recyklace prokazal Terry®, signifikantni vztah vysel ve
studii Jenkins et al.’ pouze v pfipadé tfidéni papiru. K opaénému zavéru dospéli Sidique et al.™*, odhadli
pro Minnesotu, Ze pfi nartstu pfijmu o 1000 $ na osobu ro¢né klesne mira recyklace o 0,2 procentniho
bodu. Zadny nebo velmi slaby vztah mezi pfijmem a mirou recyklace nepozorovali Abbott et al.®, Hage,
Soderholm®®, Mazzanti et al.™® a Hockett et al.?°.

Pro analyzu vztahu mezi socio-demografickymi charakteristikami a tfidénim odpadu Ize pouzit
jednorozmérné i vicerozmérné statistické metody, jako je napfiklad korelaéni analyza (nap¥. Dennison et
al.?"), jednoducha regresni analyza (mimo jiné ve studii Beigl et al.??), analyza &asovych fad nebo input-
output analyza. NejCastéji vyuZzivanou metodou je vSak vicerozménra regrese, kterou pouzili napf. Beigl
et al.?, Hage a Soderholm®®, Johnstone a Labonne®, Lebersorger a Beigl** nebo Sterner a Bartelings™*.

Hlavnim cilem pfedkladaného ¢&lanku je pfiblizit, jaky vliv maji na sbér tfidéného odpadu socio-
demografické charakteristiky populace a jaky trend Ize vzhledem k o¢ekavanému demografickému vyvoji
predpokladat do budoucnosti. Za timto ucelem byly pro analyzu na urovni ¢eskych obci pouzity podobné
proménné i statistické metody, které byly zminény v citovanych studiich. Kromé toho jsme ke zminénym
proménnym pfidali také nékolik jinych, jako napf. podil osob zaméstnanych v zemédélstvi, protoze
vzhledem k velmi rozdrobené sidelni struktufe v Ceské republice mGZeme piedpokladat, Ze zejména
v malych obcich mize jistou roli hrat i takovato proménna.

Clanek se sklada ze 4 &asti, po seznameni se se souasnym staveb poznani navazuje
v experimentalni ¢asti pfedstaveni konstruovaného regresniho modelu, ktery se snazi vysvétlit rozdily
v produkci tfidéného sbéru komunalniho odpadu. Ziskané vysledky jsou nasledné predstaveny a
diskutovany se zahraniéni literaturou.

Experimentalni ¢ast

Pro vytvofeni databaze promé&nnych na zakladé reSer$e zahraniéni literatury a dat, ktera jsou v Ceské
republice dostupna na urovni obci, bylo nutné propojit dva datové zdroje — prvni zdroj pro informace
k socio-demografickym charakteristikdm obyvatel v obcich a druhy k produkci tfidéného sbéru
komunalniho odpadu. Udaje ziskané z obou zdroji musi byt dostupné pro stejné izemni jednotky a pro
stejny rok, aby bylo mozné je propojit a vyuzit pro dalsi analyzu.

Vzhledem k tomu, Ze jsme se snazili pouzit srovnatelné socio-demografické proménné jako ve vyse
zminénych studiich (napf. primérna velikost domacnosti nebo vzdélanostni struktura obyvatelstva),
které nejsou na Grovni obci v Ceské republice predmétem bézné statistiky obyvatelstva sledované
Ceskym statistickym uFadem nebo jinou instituci, bylo nutné vyjit z vysledkd sé&itani lidu, doma a byta,
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které na naSem uUzemi probiha pouze jednou za deset let. Pro analyzu proto byly vyuzity vysledky
Z posledniho scitani, které bylo uskute&néno v roce 2011.

Data k produkci tfidéného sbéru odpadu byla ¢erpana z databaze Informaéni systém odpadového
hospodafrstvi (ISOH). Obce stejné jako ostatni puvodci odpadu jsou povinny hlasit Udaje do systému
ISOH, pokud jejich ro¢ni produkce nebo nakladani s odpady pfesahne zakonem stanoveny limit 100 kg
nebezpeéného nebo 100 tun ostatniho odpadu®. Diky takto nastavené hranici pro pdvodce nema &ast
Ceskych obci ohlaSovaci povinnost. Pro srovnatelnost dat o produkci odpadu se socio-demografickymi
daty byly pouzity udaje za rok 2011. V tomto roce nehlasila udaje do databaze ISOH 4 % obci, vzhledem
k tomu, Ze se vSak jedna o obce s malym poctem obyvatel, nebyla hlaSena produkce odpadu za 1 %
obyvatel Ceské republiky.

Pro vysvétleni produkce tfidéného sbéru komunalniho odpadu byly zvoleny nasledujici nezavislé
proménné:

- primérna velikost domacnosti v obci,

- podil domacnosti se zavislymi détmi (v %),

- podil obyvatel se stfedogkolskym vzdélanim (SS) z obyvatel starich 15 let v obci (v %),

- podil obyvatel s vysoko$kolskym vzdélanim (VS) z obyvatel starSich 15 let v obci (v %),

- podil rodinnych domu na celkovém poctu obydlenych domu v obci (v %),

- podil byt s kotlem na pevna paliva na celkovém poctu bytd v obci (v %),

- podil obyvatel ve véku 65 a vice let na celkovém poctu obyvatel v obci (v %),

- medianovy Vveék,

- index maskulinity - index maskulinity byl vypocten jako poCet muzi na 100 Zen v populaci dané
obce,

- podil nezaméstnanych osob v obci (v %),

- hustota osidleni (v obyvatelich na km?),

- parita kupni sily (v €),

- podil osob zaméstnanych v zemédélstvi na celkovém poctu ekonomicky aktivnich obyvatel v obci
(v %).

Jako zavisle proménna byla pouzita celkova produkce oddélené sbiranych sloZek v kilogramech na
osobu. Oddélené sbirany odpad byl vypoéten jako soucet produkce oddélené sbiraného papiru, plastu a
skla v podskupinach 15 01 a 20 01 Katalogu odpadl. Celkova produkce v obci pak byla vydélena
poctem obyvatel a pfepoltena na osobu, aby byl odstranén vliv rizné populaéni velikosti obci.

Vlastni analyza se potom skladala z prizkumové analyzy dat a vicenasobné regresni analyzy dat na
obecni urovni pro rok 2011. V8echny vypocty byly provedeny v programu IBM SPSS Statistics 20.

Cilem prlizkumové analyzy dat byl zakladni popis udaju a kontrola pfedpokladd pro regresni analyzu.
Z dalSi analyzy byla vyjmuta odlehld pozorovani, ktera se li§i o vice nez trojnasobek smérodatné
odchylky od priméru. Zavisla proménna ma normalni rozloZeni. Pfedpoklady pro linearni regresi
(linearita vztahu mezi zavislou a nezavislymi proménnymi, homoskedasticita, multikolinearita a normalita
rozdéleni rezidui).

Po odstranéni odlehlych pozorovani a obci, které do systému ISOH svou produkci odpadu nehlasily
vubec nebo nahlasily nulovou produkci ve vSech séitanych podskupinach 15 01 a 20 01, znazorfiuje
vysledny pocet pozorovani a primérnou produkci oddélené sbiraného odpadu tabulka 1.

Vysledny model byl po€itan pro 4 897 obci, coz je vice nez 80 % Ceskych obci. Primérna produkce
oddélené sbiranych slozek komunalniho odpadu v roce 2011 v téchto obcich byla 35 kg na osobu.
Z tabulky je také patrné, ze v produkci tohoto odpadu jsou mezi obcemi vyrazné rozdily. Tyto rozdily se
dale pokusime vysvétlit pomoci rozdilné socio-demografické situace jednotlivych obci.
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Tabulka 1: Deskriptivni statistika pro oddélené sbirané slozky komunalniho odpadu v obcich
Ceské republiky vroce 2011

Produkce Pocet . Dolni | Horni ) . .. Smérodatna
. . |Minimum . . Maximum | Primér |Median

odpadu pozorovani kvartil |kvartil odchylka

V kg/osoba 4897 2,0 23,2 442 124,7 35,1 32,0 17,9

Zdroj: ISOH, 2016

Pfi vypoCtu vicerozmérné linearni regrese byla vyuzita metoda Stepwise, ktera do modelu postupné
pfidava pouze ty proménné, které statisticky vyznamné pfispivaji k podilu modelem vysvétlené
variability.

Vysledky a diskuse

Vysledny regresni model je znazornén v tabulce 2. Tabulka obsahuje odhady regresnich koeficientl a
jejich statistickou vyznamnost, vybrany jsou zde pouze ty proménnée, které statisticky vyznamné
pfispivaji k vysvétleni meziobecni variability. Z vysledk( je patrné, ze ne vSechny navrzené vysvétlujici
proménné maiji statisticky vyznamny vztah k produkci oddélené sbiranych odpadl v €eskych obcich.
Z 13 navrzenych proménnych je vyznamnych pouze 6, a to pramérna velikost domacnosti, podil osob
s vysokoSkolskym vzdélanim, podil rodinnych domd, parita kupni sily, podil osob zaméstnanych
v zemé&délstvi na 1% hladiné vyznamnosti a na 5% hladiné vyznamnosti potom také index maskulinity.
Celkové je tento model statisticky vyznamny, ackoli vysvétluje pouze necelych 9 % celkové meziobecni
variability v produkci tfidéného sbéru odpadu.

Tabulka 2: Regresni model pro produkci tfidéného sbéru komunalniho odpadu (kg/osoba), 2011

Beta
Konstanta 46,900
Primérna velikost domacnosti -10,801***
Podil osob s VS vzdélanim 0,456%**
Podil rodinnych domi -0,130***
Parita kupni sily 0,004 ***
Podil osob zaméstnanych v zemédélstvi 0,313***
Index maskulinity -0,030**
Pocet pozorovani 4897
R® 0,087
Adj. R* 0,086

*** pro statisticky vyznamny vysledek na hladiné 1 %, ** pro 5 %

Nejvice ovliviiuje produkci tfidéného sbéru odpadu primérna velikost domacnosti. Pokud se
domacnost zvétsi o jednoho €lena, primérna produkce odpadu na osobu klesne témér o 11 kilogramd.
VétSi domacnosti tedy produkuji v priméru méné odpadu na jednu osobu. Samoziejmé to mize byt
zpUsobeno mensim tfidénim, ale tento vztah se ukazuje i obecné u celkové produkce odpadu®.

Domacnosti €asto nékteré vyrobky spotfebovavaji bez ohledu na svou velikost, napf. potraviny,
noviny, obaly i Fadu spotfebniho zbozi******. Poznatky o vztahu mezi produkci odd&len& sbiranych
slozek komunalniho odpadu a velikosti domacnosti jsou dullezité pro zastupce mést pfi nastaveni
velikosti kontejnerd na tfidény odpad. Vyznam tohoto vztahu déle poroste se zmenSujici se velikosti
domacnosti, které vSak budou v priméru na jednoho ¢lena produkovat vétsi mnozstvi odpadu

NizSi produkce oddélené sbiranych sloZzek odpadu je zaroven také v obcich s vySSim podilem
rodinnych domU a s vyS§Sim zastoupenim muzl v populaci. Naopak vétsi produkce oddélené sbiranych
slozek odpadu je v obcich s vy38im podilem osob s vysokoSkolskym vzdélanim, s vy$Sim podilem osob
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zaméstnanych v zemédélstvi a také s vy$3i paritou kupni sily. V souladu s vysledky D’Elia*® nebo Hage,
Soéderholm™ nevysel vyznamny vliv véku na produkci oddélené sbiranych slozek odpadu. Nepodafilo se
tedy prokazat, ze mladsi lidé tfidi vice nez lidé starsi.

I.ll |.18

V souladu s Sidique et al.*, Miller et al.'® a Jenkins et al.’ byl potvrzen vztah mezi vzdélanim
a recyklaci odpadu. Pokud se podil vysokoskolsky vzdélanych obyvatel v obci zvySi o 1 %, zvysi se
prumérna produkce oddélené sbiranych slozek na jednu osobu o 0,5 kilogramd. Na tomto misté je nutné
upozornit na fakt, Ze pozitivni vztah mezi zastoupenim osob s vysokoSkolskym vzdélanim v obci a
produkci tfidéného sbéru komunalniho odpadu nutné neznamena, Ze by tato skupina obyvatel
vykazovala vyS$Si miru ekologického chovani. Vzhledem k tomu, ze jde Casto o osoby s vySSim pfijmem
produkuji i vice komunalniho odpadu celkem?®. Zajimavé vsak je, Ze u niz8iho neZ vysokoskolského
vzdélani nebyl zadny statisticky vyznamny vztah pozorovan. Zaroven byly potvrzeny zavéry Schultze et
al.’®, Ze recyklaéni chovani je typitt&jsi pro Zeny nez pro muze, ackoli vztah neni vétSinou statisticky
vyznamny, tzn. v naSem pfipadé v obcich s niZzS§im indexem maskulinity je shromazdén vy3si objem
recyklovatelného odpadu.

Pomérné prekvapivy je vysledek v pfipadé podilu rodinnych doma v obci, ktery naznacuje nizSi miru
tfidéni v obcich s vy§§im podilem rodinnych domu. Obce s vy$88im podilem rodinnych dom( maiji
vétdinou nizsi hustotu osidleni, takZe by bylo mozné predpokladat, Ze je v nich mira recyklace vy$si***.
Obyvatelé rodinnych domud maiji zaroven vice prostoru na umisténi sbérnych nadob na oddéleny sbér na
svém pozemku, coz by také naznacovalo vy$Si miru tfidéni. Na druhou stranu je vice rodinnych domu
také na vesnicich, kde muize byt vétsi dochazkova vzdalenost ke sbérnym mistiim.

VétSi mnozstvi oddéleného sbéru produkuji také osoby pracujici v zemédélstvi a osoby z bohatSich
obci. Parita kupni sily jisté souvisi s vysi vzdélani, protoze vysokoSkolsky vzdélani lidé maji v priiméru i
vySSi pfijem a proto Ize pfedpokladat i vySsi paritu kupni sily. U osob pracujicich v zemédélstvi jsme
predpokladali spiSe nizsi mnozstvi produkovaného tfidéného odpadu, protoze vzhledem k charakteru
svého zaméstnani mohou &ast pfedevsim potravin ziskavat pfimo v zaméstnani a vétsinou bez obald.

Zavéry

Cilem predkladaného ¢&lanku bylo zhodnotit vliv socio-demografickych charakteristik na produkci
oddélené sbiranych slozek komunalniho odpadu a jaké trendy lze ocCekavat vzhledem k dalSimu
demografickému vyvoji. Vzhledem k tomu, e v Ceské republice nemame k dispozici data na Grovni
jednotlived nebo domacnosti, byla analyza provadéna pro obce. Tento pfistup samoziejmé vede
k ur€itym zjednoduSenim pfi posuzovani chovani obyvatel v oblasti environmentalniho chovani, ale je to
vtomto pfipadé jedina varianta umoznujici statistickou analyzu a byla jiz vyuzita vfadé dalSich
védeckych studii*>#2*,

Na zakladé reSerSovanych studii jsme vytvofili soubor 13 socio-demografickych proménnych, které by
mohly pfispét k vysvétleni meziobecni variability v produkci oddélené sbiranych sloZzek komunalniho
odpadu. Pro analyzu jsme vyuZili metodu vicerozmérné linearni regrese'**>?%2* \/ysledny model
vysvétluje necelych 9 % meziobecni variability v produkci tfidéného sbéru. To znamena, Zze musi
existovat jesté dalSi faktory, které maji na produkci analyzovanych druhG odpadu vétsi vliv (napf.
ekonomické a politické nastroje, vnitfni pfesvédceni) a je diky nim tedy mozné vysvétlit znacné rozdily
v produkci tfidéného sbéru komunalniho odpadu mezi obcemi. Zaroveni je v8ak vliv socio-
demografickych charakteristik statisticky vyznamny a nelze ho proto opomijet.

Ze 13 analyzovanych nezavislych proménnych bylo statisticky vyznamnych 6: primérna velikost
domacnosti, podil osob s vysokoskolskym vzdélanim, podil rodinnych doma, parita kupni sily, podil osob
zaméstnanych v zemédélstvi a index maskulinity. Nebylo potvrzeno, ze by na produkci tfidéného sbéru
odpadu mél vliv vék.

V souladu se zahraniénimi studiemi je nejvyznamnéjsi socio-demografickou proménnou priimérna

velikost domacnosti* #2324 s rostouci velikosti domacnosti klesa primérna produkce odpadu na osobu.
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Jiz v sou€asnosti pozorujeme v Ceské spolenosti zmensovani primérné velikosti domacnosti a narust
poc¢tu domacnosti jednotlivcll, pokracovani tohoto trendu Ize oekavat i do budoucnosti.

Ke zménam dochazi i v pfipadé dalSich proménnych, které pfispivaji k vy§Si produkci oddéleného
sbéru komunalniho odpadu, a to v pfipadé podilu vysokoSkolsky vzdélanych osob a parity kupni sily.
Oba tyto ukazatele v Cesku pozvolna narCstaji. Pro odpadové hospodafstvi, véetné produkce tfidéného
sbéru komunalniho odpadu, tak tento dlouhodoby trend mlze znamenat narlst prGmérné produkce
odpadu na osobu a vzhledem ktomu, Ze v nejblizSich letech by nemélo dochazet k ubytku poctu
obyvatel, mize dochazet i k celkovému narlstu objemu produkovaného odpadu. Naopak pomeérné
stabilni jsou ty proménné, které jsou asociovany s nizSi produkci oddélené sbiranych slozek odpadu
(podil rodinnych domu a index maskulinity). Ac¢koli se vystavba rodinnych domu rozsifuje, v celkovém
méfitku neni tento vyvoj tak vyznamny. Z hlediska socio-demografického vyvoje tedy previadaji spise
trendy, které mohou pfispét k dalSimu rustu objemu tfidéného sbéru.

Celkové lze shrnout, ze v Ceskych podminkach maiji socio-demografické proménné statisticky
vyznamny vliv na produkci oddélené sbiranych slozek odpadu, ackoli ve srovnani se zahranic¢nimi
studiemi je vysvétlena &ast meziobecni variability spise mala. Vétsi vliv v Ceské republice tedy hraji jiné
faktory v ramci organizace a logistiky odpadového hospodarstvi. Vysledky predkladané analyzy tak
ukazuji, Zze by bylo vhodné pfidat do modelu dal$i nezavislé proménnég, pfipadné zaméfit se napf. na
regionalni analyzy produkce odpadu.
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How do socio-demographic characteristics influence separate collection of
municipal waste? Case study of the Czech Republic

Kristyna RYBOVA
Department of Demography and Geodemography, Faculty of Science, Charles University

Summary

Socio-demographic development currently ongoing in the Czech Republic and other developed
countries influence broad range of aspects of social life including practicel questions of waste
management. This article aims at relation between socio-demographic characteristics of inhabitants in
municipalities and production of recaclables. For this purpose, 13 variables describing inhabitants,
households and housing in 4 897 Czech municipalities were selected that can influence the production of
recyclables accroding to foreign studies. Data was analysed using multidimensional linear regression.
Eventhough the resulting model explains only 9%, it is statistically significant and implies that socio-
demographic variables can help with explaining of production of recyclables. From this point of view,
important variables are average household size, share of tertiary educated people, share of family
houses, purchasing power per person, percentage of people employed in agriculture and sex ratio.

Keywords: socio-demographic development, recyclables, average household size, multidimensional
linear regression
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INSTITUT o
ENVIRONMENTALNiICH
TECHNOLOG

Energetické vyuziti odpadii — poloprovozni spalovna odpadi s kontinualni dvoukomorovou spalovaci peci
se systémem cCisténi spalin a kontinualnim monitoringem spalin, modulova pyrolyzné-plazmova jednotka,
poloprovozni anaerobni reaktory (modely bioplynové stanice) pro mokrou a suchou (ko)fermentaci.

Cisténi odpadnich plynii a ovzdusi — vjzkum v oblasti katalytického snizeni emisi N,0, NOx, VOG, CO,
NH,, adsorpce VOC a dalSich latek, testovani katalyzatordi rizného méfitka pro reakce v plynné fazi,
fotokatalytické €isténi vnitiniho a vnéjSiho prostredi.

Cisténi odpadnich vod.

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

Matematické modelovani — modelovani Sifeni polutanti v ZP. emisné-imisnich vztahd a hlukovych zatézi,
GIS.

Letova (bezpilotni) méreni kvality ovzdusi.
Poradenstvi v oblasti ZP (odpady, ovzdusi, energetika), EIA, BAT.

Studium dopadii primyslovych technologii na Zivotni prostiedi — testy toxicity, mutagenity, testovani
odolnosti vyslechténych odriid rostlin viici abiotickym strestim atd.

www.ietech.eu

VSB - Technicka univerzita Ostrava, Institut environmentalnich technologii, 17. listopadu 15/2172, 708 33 Ostrava - Poruba, e-mail: iet@vsb.cz
Ostravska univerzita v Ostrave, Prirodovédecka fakulta, Environmentalni centrum, 30. dubna 22, 701 03 Ostrava, e-mail: info@osu.cz

p 3 N =
EVROPSKA UNIE Q
EVROPSKY FOND PRO REGIONALNI ROZVO) o 2007-13
: OP V§zkum a v§voj
s MINISTERSTVO SKOLSTV INVESTICE DO VASi BUDOUCNOSTI '
OSTRAVIERSES / J',LI s ,.LL? ELOVYC :‘x’ : pro inovace




