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Uvodni slovo $éfredaktora

Vazeni ¢tenafi,

jisté jste v posledni dobé zaznamenali Silenstvi kvili
narizeni GDPR. Rovnéz ja jsem mu, byt nedobrovolné
a nejspis zbytecné, podlehl a Zadal vas o souhlas, Ze smim

shromazd'ovat vasi e-mailovou adresu pro zasilani aktualit
Z redakce tohoto casopisu.

Téch souhlast doslo celkem ke dvéma tisicim, byt
nékteré jisté jsou duplicitni. Nékteri respondenti totiz bud’
Z roztrzitosti, nebo pro jistotu mi ten souhlas poskytli
dvakrat. Pokud nékdo ma zdjem o zasilani téchto aktualit
a mou Zadost o souhlas nedostal ¢i prehlédl, muze tak ucinit
dodatecné ZDE. Ujistuji, Ze adresu budu pouzZivat pouze pro
rozesilani aktudlnich informaci okolo tohoto ¢asopisu (oznameni o zvefejnéni nového cCisla,
pfipominani redakénich uzavérek, novinky okolo Scopusu ¢i impakt-faktoru apod.) a aktualit
souvisejicich s konanim Tydne vyzkumu a inovaci pro praxi a Zivotni prostfedi (TVIP) a symposia
ODPADOVE FORUM. Zkrétka tak, jak jsem to ¢inil dosud.

I kdyZ mi registrace ,,souhlastu“ pridélala dost prace, radost mi udélal jejich pocet a prevazné
pozitivni reakce. Rovnéz chapu ty, ktefi z jakéhokoli divodu mi napsali, Ze o zpravy nemaji
zdajem. Jen nechapu téch par rozhoréenych, vyhroZujicich. V asi dvou pripadech se azZ pisatelum
divim, kolik ¢asu musel vénovat psani takové odpovédi, kdyz stacilo napsat ,,Nesouhlasim*

a nebo taky nenapsat nic. Od cervna totiz nikdo, od koho nebudu mit uvedeny souhlas, jiz zpravy
z redakce dostavat nebude. Znovu pFfipominam, Ze pozZadat dodatecné o zasilani zprav Ize
kdykoliv na www-strankach ¢asopisu. Zrusit zasilani miZete rovnéz kdykoli, a to tak, Ze mi
napiSete na adresu prochazka@cemc.cz.

Na zavér pripominam, Ze redak¢éni uzavérka pristiho cisla je mimoradné jiz 28. 6., dalSiho pak
8. 10. 2018.

Ondrej Prochazka

Editorial

Dear readers,

from now on only those who have given GDPR approval will receive news from the
editorial office. If you have not already done so, you can give us your consent using the
HERE form.

The editorial closure of the nearest number is extremely shifted already on June 28,
2018, the next is October 8, 2018.

Ondfrej Prochadzka
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Pro autory

WASTE FORUM je casopis urCeny pro publikovani puvodnich védeckych praci
souvisejicich s primyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadld a
recyklace, jak by mohl naznaCovat nazev Casopisu, ale i odpadnich vod, emisi, sanaci
ekologickych zatézi atd. Vychazi pouze v elektronické podobé a Cisla jsou zvefejfiovana na volné
pristupnych internetovych strankach www.WasteForum.cz.

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

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

Vydavani Casopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim &asopisu, vybirame publikaéni poplatek ve vysi 200 K& za kazdou stranku u pfispévku
v anglickém jazyce, u ostatnich je 500 K& za stranku. Uvedené &astky jsou bez DPH. V pfipadé
nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato ¢astka polovi¢ni.

Uzavérka nejblizsiho cisla casopisu WASTE FORUM je 28. ¢ervna 2018, dalsi pak 8. rijna
2018.

For authors

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

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

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

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

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

Revenue to cover at least the costs associated with the issuance of the magazine, we select
a publication fee 200 CZK per each new page for articles reviewed part of issue and CZK 500 for
every new page for contributions in the second part of the issue.

The deadline of the next issue is on June 28, 2018, more on October 8, 2018.
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Libor DUSEK, Anna KREJCOVA, Petr HERINK, Dusan KOVAC: The reduction of COD in wash wastewater from
regeneration of sand filters

The reduction of COD in wash wastewater from
regeneration of sand filters

Libor DUSEK®, Anna KREJCOVA?, Petr HERINK®, Dusan KOVAC®

% Institute of Environmental and Chemical Engineering, Faculty of Chemical
Technology, University of Pardubice, Pardubice 53210, Czech Republic
e-mail: libor.dusek@upce.cz

b Glanzstoff Bohemia s.r.o., Terezinské 60, 410 02 Lovosice, Czech Republic

° Department of Technological Equipment of Buildings, Faculty of Engineering,
Czech University of Life Sciences Prague, Kamycka 129, CZ 165 00, Prague 6 —
Suchdol, Czech Republic

Summary

The paper describes the reduction of COD and TOC in wastewater from the production of viscous
fibers produced by the washing of sand filters on a laboratory scale. In addition to a significant
concentration of zinc (8 — 30 mg), these waters also exhibited high values of COD (7 — 10 g/lI) and TOC
(2.5 — 3.1 g/l) respectively. A lot of organic substances, especially hemicellulose, residues of viscose
fibers and non-ionic surfactants, are to be blamed for this. The organic matrix consisted of both solid and
dissolved components, and therefore filtration was used for pre-treatment. The filtration itself has
reduced the organic pollution by about 40 — 50 % depending on the porosity of the filter used. Pre-
treated wastewater was further oxidized by Fenton oxidation using 30% hydrogen peroxide and
electrochemically generated Fe®* ion in a 1:10 and 1: 100 molar ratios. Fenton oxidation has proven to
be a highly effective tool for both COD and TOC reduction during 5 — 7 hours of oxidation, with a COD
decrease by up to 95 % and a TOC decrease by 83 — 91 %. It is obvious that there is a considerable
degree of mineralization of the dissolved organic matter in this case. The subsequent neutralization of
the oxidized water to pH = 7.25 — 7.5 led to the simultaneous precipitation of iron ions and Zn**ions. After
their filtration, the zinc concentration dropped below 1 mg/l.

Ozonation is an appealing way of purifying wastewater, as it allows water to be oxidized without pre-
treatment. However, the output of the available OZONSTAR 100 ozonizer with the hourly production of
1g of O3 was too low. Estimated required ozonizer output for a given type of wastewater is at least 0.1 —
0.2 kg O4/h per 1 m®. Nevertheless, both key group parameters of COD and TOC decreased in this case.

Key words: Waste water oxidation, Filtration pre-treatment, Fenton oxidation and direct ozonation.

Introduction

This work was created thanks to the intention of Glanzstoff Bohemia spol. s r.0. to minimize the
amount of oxidizable organic matrix present in the sand filtration wash wastewater which contributes to
the stable quality of the spinning bath and hence to the quality of the viscose fibers produced. Although
the wastewater is cleaned centrally in a mechanical-biological water treatment plant, which is operated
by another chemical plan on the grounds, the discontinuous wastewater discharges cause due to high
values of COD and TOC local variations of these group parameters at the water treatment plant and may
also be a reason for an exceptional exceeding of permitted maximum values *.
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For the collected samples of wash wastewater from sand filters, the values of CODc;, in the range of
7,600 — 9,500 mg/L and TOC in the range of 2,500 — 3,100 mg/L were characteristic and the total
nitrogen concentration (TN) ranged from 140 to 175 mg/L. The observed proportion of BODs/COD = 0.29
indicates a more difficult biodegradability. The total concentration of Cr ions (below <0.01 mg/L), Ni
(0.055 — 0.086 mg/L), Fe (<0.01 — 0.165 mg/L) and especially Zn* (8.5 — 30 mg/L) was determined by
using ICP-AES analyses of samples.

The high concentration of Zn** is related to the wastewater zinc separation technology, which is
based on separation in two ion exchange columns that alternate in the regeneration and washing cycle 2.
The columns are filled with a strongly acidic Lewatit MonoPlus S108 cation exchanger, working in a Na*-
cycle (after depletion of the useful cation exchanger capacity, the charge is reclaimed with 10 — 14 %
sodium sulphate solution from the calcined sodium sulphate plant). Here, the water from the rinsing of
the viscose fiber is regenerated from the spinning and plastifying bath residues. The wash water use is
contaminated with zinc sulphate, sulfuric acid and cellulose, hemicellulose and surfactant residues.
Before entering the ion exchanger, the wash water is degassed of the decisive proportion of dissolved
carbon disulfide and hydrogen sulphide (these have been catalytically oxidized by the SULFOX
technology since 2004) and then filtered on a sand filter. Here, residues of cellulosic fibers and
hemicellulose are captured, which would otherwise impregnate the ion exchange layer and thus increase
the hydraulic loss.

The washing water analyzed and tested by us comes from the regenerative washing of these sand
filters. Visually, the water was dark brown, slightly smelly, showing the presence of a solid fraction and,
after mixing, also a sign of foaming due to the presence of non-ionic surfactant residues. Our intention
was to find suitable combinations of a separation and cleaning operation that would enable, after the
following optimization, to implement a technologically and economically feasible solution minimizing the
impact of discontinuously discharged wash wastewater from sand filters to the COD value of the
wastewater flowing at the Lovochemie a.s. water treatment plant.

Since the collected samples of the wash wastewater always showed the presence of a solid filterable
fraction, a pH in the range of 4.7 — 5.2, and also a considerable electrolytic conductivity k = 1000 — 1400
mS/m due to the presence of sodium and zinc sulphate, two alternatives were experimentally tested on
a laboratory scale. Both of these alternatives are based on a common pre-treatment of wash wastewater
by filtration or microfiltration , removing the solid fraction of the organic matrix present (mainly fiber
residues and precipitated hemicellulose fraction). The first alternative verified the possibility of applying
Fenton oxidation *, where due to the high conductivity, the electrochemical dissolution of the sacrificial
steel anode as the source of Fe?* ion catalysts can be applied. In this case, sacrificial electrodes from
two materials - stainless steel and structural steel -were tested, see the experimental part. The second
promising alternative was the oxidation of filtered wastewater by ozone. Although this solution is
economically more costly from the point of view of initial investments, the cost of ancillary chemicals is
avoided in the case of ozone production, which is beneficial to operating costs. Also, the previous pH
adjustment necessary for Fenton oxidation and the subsequent neutralization of oxidized water and
filtration of precipitated ferrous-iron sludge containing the fraction of precipitated and adsorbed organic
matrix is avoided. On a laboratory scale, verification of this alternative also had its justification.

Although other oxidizing reagents are also available, their use is either ecologically problematic (e.g.
formation of AOX due to partial halogenation of the organic matrix) >® or their electrochemical potential
does not guarantee sufficient COD reduction ***,

Experimental part

The experiments were carried out on real wastewater, hereinafter referred to as WW1 and WW2
samples, taken 1 minute after the flow from the outlet of both alternately operating sand filters setlled.
For pre-treatment of WW1 and WW?2 by filtration under laboratory pressure, Filpap K2 folded filters with
a 150 mm diameter, designed for coarse and rapid filtration (32s according to CSN 50 0338) and
capturing particles above 8 um, were used.
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After pre-filtration, the WW1 and WW2 wastewaters were oxidized with a continuously generated
Fenton’s reagent. This reagent was prepared from the continuously added 30% hydrogen peroxide,
a flow rate of 1 mL/h and Fe® ions, which were supplied from the electrochemically dissolved sacrificial
anode. The concentration of Fe** was controlled by the current density of the sacrificial anode **. This
anode was either made of austenitic AISI304 stainless steel (C 0.08 max. %, Cr 18 — 20 %, Fe 66.345 —
66.374 %, Mn 2.0 % max., Ni 8 — 10.5 %, P 0.045 %, S 0.03 %, Si 1.0 % max.) or of low-grade steel of
class 11320 (composition C 0.05 %, Mn 0.30 %, Si 0.05 %, P 0.011 %, S 0.011 %). In the case of the
AlSI304 anode, the molar ratio of Fe?* / H,0, was 1 : 100, and for the 11 373 steel anode (DIN USt 37-
2), this ratio was about 1:10. The 6 mm rod cathode used was made of 99.95 Ti (Alfa Aesar supplier).
The distance of both electrodes was 2 cm. The pH of the wastewater was pre-treated to the initial value
of 2.8.

The oxidation was carried out for 5 — 7hours in a 250 mL undivided, stirred, one-chamber electrolyzer
tempered at the temperature of 25 °C. The electrolyzer was powered by a DC Power Supply SDP-2210
switched laboratory power supply unit (Manson, Kwai Chung, N.T., Hong Kong). Thereafter, the oxidized
water was stirred for 2 hours and then alkalified by the addition of 0.5 mol/L sodium hydroxide solution to
pH = 7.25. Subsequently, the precipitated Fe hydrate sludge was filtered off. Any residual hydrogen
peroxide that would influence the results of the COD test was removed by heating the sample to 65 —
70 °C for 15 minutes in the presence of platinum black catalyzing its decomposition. In the treated
wastewater, the conductivity was then measured and the sample was passed to a COD¢,, TOC, TC, IC,
and TN parameter analysis. In addition, the concentration of total residual iron, chromium, nickel and
also zinc was determined by an ICP-AES.

The equipment consisting of an OZONSTAR 100, i.e. an ozone generator using the glow from air
oxygen, an air dryer SV75, ozone destroyer AD60, circulating pump ROS1 and ozonization reactor
RO140 (producer: OZON MORAVIA s.r.o) with an hourly capacity of 1g Os, built-in into a frame
construction, was used for the ozonolysis of wastewater WW1 and WW2. Besides the filtration, the
wastewater used was not pre-treated otherwise. Due to the low ozonizer capacity and the need to
oxidize at least 30 liters of wastewater, the WW1 and WW2 wastewater samples were pre-diluted with
1:10 demineralized water to a total volume of 30 liters. The samples were then exposed to the effects of
ozone for 5 hours, with COD and TOC being continuously determined. The results obtained were then
recalculated to the initial concentration of COD and TOC.

The conductivity of WW1 and WW2 wastewater were controlled by conductometers (WTW Cond 340i
and WTW Cond 3210, Germany). The pH control and adjustment were performed using an automatic
titrator TitraLab 856 (Radiometer analytical, Lyon, France) or a pH meter (Accumet AB15 Basic, Fisher
Scientific, USA). Sulphuric acid (96% H,SO,) and sodium hydroxide, which were used for the adjustment
of pH, were supplied by Lach-Ner, s.r.0. (Czech Republic), with the analytical grade (p.a.) purity.

The determination of the total carbon content, TC, TIC, and TN was performed with the analyzer
TOC/TN Formacs™"™(Skalar Company, Nederland), using CSN EN 1484, Ref. *. The analyzer is
equipped with two detectors: an NDIR detector for determination of carbon dioxide, and
a chemiluminescence detector ND 25 for determination of nitrogen. The analyzer is completely operated
by means of the respective software. The standard solutions for calibration of the TOC/TN analyzer were
prepared according to the rules in the EPA 415.2 and EPA 9060A methods '**°. According to these
standards, the basic solution (containing 1,000 mg C/I) for the determination of TC is prepared from
anhydrous potassium hydrogen phthalate. The stock solution for determination of IC, which contains
1,000 mg Cl, is prepared from anhydrous sodium hydrogen carbonate. The nitrogen standard, which
contains 1,000 mg N/, is prepared from ammonium sulfate and potassium nitrate.

The elemental analysis of chromium, nickel, zinc and iron was carried out with a sequential, radially
viewed ICP (Inductively Coupled Plasma) atomic emission spectrometer INTEGRA XL 2 (GBC,
Dandenong Australia), equipped with the concentric nebulizer and the glass cyclonic spray chamber
(both Glass Expansion, Australia). The analytical lines used were: Cr 284.325 nm, Ni 221.647 nm, Zn
213.856 nm and Fe 259.940 nm. The operation conditions of the ICP-OES analysis were: the sample
flow rate 1.5 mL.min™, plasma power 1,000 W, plasma, auxiliary and nebulizer gas flow rate were 10, 0.6
and 0.65 L.min™, respectively, photomultiplier voltage 600 V, view height 6.5 mm, three replicated
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reading on-peak 1s, fixed point background correction. For an instrumental calibration, the calibration
standards were used: Cr 1 —0.5-0.1 - 0.05-0.01 mg/L, Ni1-0.5-0.1-0.05-0.01 mg/L, Zn (i) 100
-50-10-5-1and (i)1-05-0.1-0.05-0.01 mg/L, Fe () 10-5-1-05-0.1and (i) 1 - 0.5 -
0.1 — 0.05 — 0.01 mg/L. The calibration standards were prepared using commercially available standard
solutions of Cr, Ni, Zn and Fe containing 1 g/L (SCP, Baie D'Urfé, Canada). Limits of detection (the
concentration equal to three times standard deviation in the place of background correction) were 5 ug/L
for Fe and 2 pg/L for Cr, Ni and Zn.

A DR 2800-portable spectrophotometer (Hach Lange GmbH) with 340 to 900 nm wave length range
(tungsten halogen lamp) and referent ray to compensate the lamp wear and power fluctuation was used
to measure COD*®. The devise has an integrated system for barcode reading of the prepared tests, with
ten measurements for rotation and elimination of wrong reading caused by prepared cuvettes wasting.
The method for the determination of COD in wastewater samples using cuvette tests is based on
addition of 2 mL of sample to the cuvette, which is heated in LT 200-thermo-reactor (Hach Lange GmbH)
for 2 h at 148 + 3°C. After cooling, the cuvette is inserted into the spectrophotometer and measured.
Depending on the concentration, cuvette test for COD LCK 914 (5 to 60 g/L) and LCK114 (150 to 1000
mgO,/L) are used. COD Standard Solution of 1000 = 1 mg/L COD (Hach-Lange GmbH) were used for
the validation measurements.

Results and discussion
Analysis of the samples

The WW1la WW2 wastewater samples taken were visually dark brown, slightly smelly and showed the
presence of solids, and after mixing, also a sign of foaming. The initial analysis, which is summarized in
Table 1, shows that the samples contained, in particular, residual zinc at a concentration of
approximately 8.6 — 30.0 mg/L. The concentration of chromium, nickel and iron is either comparable to
the concentration in the Elbe water used or is slightly increased due to corrosion of pipes and machinery.
The samples, however, contain a significant proportion of organic pollutants, also in undissolved form, as
evidenced by the established CODc and TOC values. Simultaneously with the total organic carbon
parameter, total carbon and inorganic carbon were determined, which corresponds to the presence of
carbonates and bicarbonates respectively. The total content of TN nitrogen present only illustrates the
nature of the organic matrix.

Table 1: Summary of results of the WW1 and WW2 wash wastewater analysis from the sand
filters outlet

Samples pH K COD¢;, TC TOC IC TN Ccr Cni Czn Cre
[MS/m] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]

Ww1l 5142 1023 7632 2560 2524 36.07 139.08 <0.01 0.053 8.613 <0.01
WW2 4668 1402 9369 3123 3082 41.02 17433 <0.01 0.086 29.60 0.163

Pre-treatment by filtration

Prior to further treatment of WW1 and WW2, the solid organic fraction was filtered off. After filtering, The
WW1 and WW2 samples were again subjected to analysis to determine the COD¢,, TOC, TC, IC and TN
parameters. By filtration, the COD value was reduced in the WW1 from 7632 mg/L to 4121 mg/L and in the
WW?2 from 9369 mg/L to 4754 mg/L compared to the initial values, which represents a decrease in this
quantitative parameter by 46 % and 50.1 %, respectively. Due to relatively easy implementation, the
results achieved therefore justify the inclusion of wastewater filtration as a pre-treatment. Due to the fact
that no significant pH change during the filtration and no observable precipitation of metal ions
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accompanied by a significant change in conductivity occurred, their concentrations in wastewater were not
determined. The results of the analyses are summarized in Table 2.

Table 2: Summary of results of the WW1 and WW2 initial analyses after pre-treatment by filtration
Samples  pH K CODc;, TC TOC IC TN
[mMS/m] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
Ww1 5.150 1020 4121 1377 1358 195 76
WW2  4.822 1426 4674 15775 1520 575 91.5

Oxidation with Fenton’s reagent

The filtered WW1 and WW2 samples were subjected to oxidation by continuous in-situ-generated
Fenton’s reagent from continuously-dosed 30% hydrogen peroxide and continuously electrochemically
dissolved sacrificial anodes. During the oxidation, changes in pH, electrolytic conductivity, and
temperature were monitored and the corrosion of the sacrificial anode was gravimetrically monitored
together with the hydrogen peroxide dosage. From this corrosion, the total iron concentration in the
oxidized water was calculated as well as the ratio of this concentration to the concentration of hydrogen
peroxide. In the case of the AISI 304 anode, the molar ratio of hydrogen peroxide to total iron was 1:100.
When the carbon steel 11373 anode was used, this ratio was 1:10. The power consumption required to
electrochemically dissolve the sacrificial anode can be calculated using the following equation,

urIe
Vv

E=

where E is the specific energy consumption expressed in kWh/m?, U is the voltage, | is the direct current
flowing in the electrolyzer, t is the time, and V is the volume of wastewater treated *2. The time course of
changes in process parameters during the experiments is summarized in Table 3.

The results obtained by the WW1 and WW2 oxidation pretreated by filtration clearly show that Fenton
oxidation results in both a drastic decrease in COD and a significant decrease in TOC, see Table 4. This
shows that oxidation takes place up to the stage of organic matrix mineralization with CO, release. The
process was tested with two types of sacrificed anodes and with two ratios of H,O, : Fe 100:1 and 10:1.
It is obvious that the ratio of H,O, : Fe 1:10 is more favorable for both samples of wastewater at the
previous pH adjustment to 2.8. For this purpose, it seems more advantageous to feed catalyzing Fe?*
with a continuously sacrificial anode of class 11320 steel which corrodes at a sufficient speed already at
low current densities i = 15 A/m”.

This, in the case of the oxidized WW1 and WW2, represented energy consumption of 0.32 —
0.7 kWh/m?® during the 5-hour oxidation cycle. Following the pH adjustment by neutralizing the oxidized
wastewater to pH = 7.25 — 7.5, iron hydroxides are precipitated and, after filtration, the residual iron
concentration <0.06 mg/L is not an environmental problem. At the same time, iron precipitation also
results in synergic precipitation of Zn®* ion, as evidenced by the ICP-AES analyses. Its concentration
after precipitation also did not exceed the concentration of <0.06 mg/L. To achieve these values, it is,
however, necessary to adjust the pH after oxidation to 7.25 — 7.5.
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Table 3: Time change of operating parameters (pH, conductivity, input potential, instantaneous
current and input), AISI304 and 11320 sacrificed anode losses and corresponding Fe, Ni and Cr
concentrations, and current molar ratio of the continuously dosed 30% hydrogen peroxide to the
total concentration of iron

Time K U | P CE Manode Cke Cni Ccr

thl P" msm] M (Al MW [kWhim® [ [mg/L] [mgiL] [mgi] oA
0 2.80 1023 550 0.095 0.523 0.000 23.5260 0.00 0.00 0.00 -
1 2.90 1133 560 0.102 0.571 2.285 23.5184 20.52 3.19 5.78 107
2 2.99 1112 562 0.100 0.562 4.496 23.5096 44.28 6.89 12.46 99
3 3.05 1119 481 0.100 0.481 5772 23.5041 59.13 9.20 16.64 111
4 3.07 1117 520 0.100 0.520 8.320 23.4965 79.65 12.39 22.42 110
5 3.10 1113 540 0.980 5.292 10.584 23.4881 102.33 15.92 28.80 107
0 2.80 1435 3.60 0.100 0.360 0.000 23.4863 0.00 16.67 30.17 -
1 2.83 1432 3.57 0.098 0.350 1.399 23.4782 21.87 20.08 36.33 100
2 2.88 1431 3.42 0.107 0.366 2.928 23.4699 44.28 23.56 42.64 99
3 2.92 1427 3.67 0.102 0.374 4.492 23.4637 61.02 26.17 47.35 108
4 2.98 1424 3.44 0.098 0.337 5.394 23.4566 80.19 29.15 52.74 109
5 3.06 1427 3.57 0.100 0.357 7.140 23.4476 104.49 32.93 59.58 105
0 2.81 1017 2.84 0.012 0.034 0.000 23.4476 0.00 - - -
1 288 1013 2.77 0.010 0.028 0.111 23.3712 206.28 - - 11
2 2.94 1021 2.69 0.010 0.027 0.215 23.2954 410.94 - - 11
3 3.06 1026 2.82 0.012 0.034 0.406 23.2211 611.55 - - 11
4 3.17 1024 297 0.012 0.036 0.570 23.1392 832.68 - - 11
5 3.24 1021 2.88 0.012 0.035 0.691 23.0471 1081.35 - - 10
0 2.78 1499 1.54 0.012 0.018 0.000 22.6048 0.00 - - -
1 3.27 1426 1.32 0.120 0.158 0.063 22.5194 230.58 - - 9
2 3.21 1428 0.75 0.012 0.009 0.072 22.4447 432.27 - - 10
3 3.22 1429 0.63 0.012 0.008 0.076 22.3717 629.37 - - 10
4 3.23 1428 0.96 0.012 0.012 0.154 22.3005 821.61 - - 11
5 3.27 1432 1.32 0.012 0.016 0.317 22.2392 987.12 - - 11
6 3.21 1418 1.17 0.012 0.014 0.337 22.1640 1190.16 - - 11
7 3.09 1414 1.21 0.012 0.015 0.407 22.1007 1361.07 - - 11

" The test of WW2 wastewater, using an anodized 11320 steel anode, was extended from 5h to 7h after
a 5h continuous evaluation

In view of the degradation of the organic matrix, the decrease in COD¢, and TOC values is decisive.
The initial value of CODc, for WW1 was 4,121 mg/L and for WW2 4,674 mg/L. After 5 hours of oxidation,
the WW1 values dropped to 270 mg/L and the WW?2 values dropped to 1,736 mg/L (apparently, all
hydrogen peroxide was already exhausted). When the oxidation was prolonged to 7 hours in the case of
WW?2, the final decrease in COD was to 432 mg/L. This represents a reduction in COD by 93.4 % for
WW1 and by 63 % for WW2 after 5 hours and about 91% after 7 hours of oxidation. The initial TOC
concentration values for WWV1 were 1,358 mg/L and for WW2 1,520 mg/L. After the 5-hour oxidation,
WW1 decreased to 94 mg/L (93% decrease in TOC). For WW2, TOC decreased to 872 mg/L (42.6 %)
and to 275 mg/L after 7h oxidation (81.9 %). All this assuming a molar ratio of H,O,: Fe 10:1 at pH 2.8.
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Table 4: Summary of results of the analyses after Fenton oxidation of the WW1 and WW2 samples

Samples K COD¢; TC TOC IC TN Cer Cni Czn Cre
[mMS/m] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [m/L]
WW lgeemisizo 1023 2085 870 856 14.0 78.0 28.44 117 11.27 78.03
WWlgeen1320 1021 270 182 94 875 48.5 0.012 0.41 3.011 <0.01
WW2ecinisizo 1463 2349 1101 1076 24.6 79.0 - - - -
WW 21320 1432 1736 937 872 65.0 715 0.014 0.245 0.245 0.020
WW2geen1320 1414 432 339 275 64.0 59.5 <0.01 0.319 0.057 0.056

Oxidation by using an ozonizer

After a 5-hour ozonolysis of 30 | of diluted WW1 or WW?2 wastewater, the OZONSTAR 100 ozonizer
with an hourly capacity of 1g O; achieved a decrease of CODs from 4,576 mg/L to 3,127 mg/L in WW1,
which represents a decrease of 31.6 %. In the case of WW2, a decrease of 32.5% was achieved and the
ozonization was reproducible. At the same time, a partial mineralization of the organic matrix occurred,
as indicated by a decrease in TOC from 1,418 mg/L to 1,269 mg/L (10.5 %) in WW1, respectively by
a decrease of 11.6 % in WW2. It is obvious that the power of the available ozone generator was
inadequate and more efficient equipment would be needed for efficient wastewater oxidation. If it were
necessary to oxidize about 10 m?® of wastewater within 5 hours, a device with an hourly output of about
1 — 2 kg of ozone would be necessary.
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Figure 1: A) Decrease in COD depending on time for WW1 and WW2, B) Decrease in TOC
depending on time for WW1 and WW?2, where —®- is ozonation of WW1, —©—is ozonation of WW2,
—&— js Fentons oxidation of WW1 with sacrificed anode from Steel AISI304, —%— is Fentons
oxidation of WW1 with sacrificed anode from Steel 11373, —&— is oxidation of WW2 with Fenton's
reagent and sacrificed anode from Steel AISI304 and —*— is oxidation of WW2 with Fenton's
reagent and sacrificed anode from Steel11373.

Conclusions

The analysis of wash wastewater from the outlet of sand filters has proven its high organic pollutants
to be probably residual viscose fibers, hemicellulose and non-ionic surfactants, which corresponds to the
high COD value in the range of about 7-10,000mg/l and the TOC value fluctuating in the range of 2.5 —
3.100 mg/L. Also, pH around 4.7 — 5.2 and residual Zn** concentration of 8 — 30 mg/L does not allow this
water to be recycled in the production or discharged without prior treatment. Experimentally, it has been
proven that a significant amount of organic pollutant of about 40 — 50 % is removable by filtration. This is
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an economically advantageous solution to lower the COD indicator, with the TOC parameter that affects
the concentration of organic carbon also decreasing to the same extent, see Table 2.

Ozonization of filtered wastewater is an attractive way of cleaning it, since it allows water to be
oxidized without prior pH adjustment. However, the available ozonizer OZONSTAR 100 with an hourly
output of 1g O3 was too weak. Estimated required ozonizer output for intended operation is at least 0.1 —
0.2 kg Os/h per 1m®. Most such powerful ozonizers, however, do not work with pre-dried air, but with
pure oxygen. This alone increases the initial investment in addition to a powerful ozone generator with a
suitable oxygen source. Nevertheless, it has been experimentally proven that not only a partial oxidation
of the carbon matrix accompanied by a decrease in COD but also its mineralization to carbon dioxide
and water occurs due to ionization. Evidence for this statement is the decrease in the TOC parameter for
both oxidized wastewater samples. In this context, it should be noted that ozonization itself is not
capable of reducing the concentration of Zn?* ions.

The study has clearly demonstrated that the COD parameter can be reduced within 12 hours by up to
95 % by the combination of wastewater pre-treatment by filtration and subsequent treatment by either an
optimized Fenton oxidation or ozonization process. Along with the decrease in COD, the organic carbon
concentration was also reduced, as evidenced by the 83 — 91% decrease in TOC. This allows a highly
effective solution to the problem of COD reduction in wash wastewater of sand filters. In this regard,
Fenton’s reagent oxidation, which achieves a more efficient mineralization of pollutant organic matter
due to the higher electrochemical potential of the hydroxyl ion compared to ozone, seemed to be more
efficient. Fenton’s reagent oxidation, however, requires a prior treatment of the wastewater pH by
acidification with sulfuric acid to a value of 2.5 — 2.8 and, after oxidation, subsequent neutralization and
filtration of the resulting sludge. Concurrently with the iron ions, also residual zinc is precipitated and its
concentration drops below 1 mg/L, which finally enables the recycling of wash wastewater. This side
effect of zinc separation is also welcome, although the original assignment concerned only the reduction
of COD and TOC.

As the source of Fe?" ions, sacrificial anodes made of austenitic AISI 304 stainless steel and grade
11320 carbon steel were tested. During the experiments, the sacrificial carbon steel anode was shown to
be more suitable for reasons of higher current efficiency when being dissolved, or a cheaper source of
Fe*? ions. The stainless steel sacrificial anodes have proven to be worth in cases of a need for high
precision dosing of low Fe?" ion concentrations at low current densities®. In the case of designing
systems that oxidize larger amounts of wastewater with a high COD value, their use in terms of
acquisition and operating costs is uneconomic. In addition, there is no risk of secondary contamination of
purified water by Cr** and Ni** ions.

Although the experiments were carried out for the particular need of the operation in Glanzstoff
Bohemia spol. s r.0. and only on two samples of wastewater WW1 and WW?2 collected, which makes the
statistical processing more difficult, the obtained results can be linked and used, for example, for
wastewater from the production and processing of pulp and cellulose. It is somewhat difficult to compare
the results achieved with other publications, although they describe similar issues on a similar type of
wastewater, but which differ from case to case by the degree of contamination and the required
operating parameters. Yet, the work by Prabir'®, who describes an 88% reduction in COD the initial value
of which was 2,400 mg/l in wastewater from viscose fiber production by the use of electro-Fenton
reaction during 50 minutes, is worth mentioning. However, the applied current density was 45 A/m?,
which required energy consumption of 1.7 kWh/kg of COD. The process described here works with
a current density of 15 A/m?. If we assume that the pre-treatment filtration has an efficiency of about
50 %, the electrode oxidation at a lower current density and the reaction time extended to 5 h consumes
about 0.1 — 0.15 kWh/kg of COD. A more detailed overview of modern trends in electro-Fenton oxidation
application can be found in the work by Nidheesh™.
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Souhrn

Clének je vénovan snizovani CHSK a TOC v odpadnich vodach z vyroby viskéznich viaken,
vznikajicich pfi promyvani piskovych filtrd, v laboratornim méfitku. Tyto vody vykazovaly kromé znacné
koncentrace zinku (8 — 30 mg/L) také vysoké hodnoty CHSK (7 — 10 g/L) respektive TOC (2,5 — 3,1 g/L).
Na viné bylo znaéné mnoZstvi organickych latek, zejména hemicelulézy, zbytk( viskézovych viaken
a neionogennich tenzidd. Organicka matrice tvofila jak pevny, tak i rozpustény podil a proto byla pro
preddpravu vod pouZita filtrace. Ta sama o sobé sniZila organické znecisténi o cca 40-50% v zavislosti
a porozité pouzitého filtru. Pfedupravena odpadni voda byla dale oxidovana pomoci Fentonovy oxidace,
kdy byl pouzit 30% peroxid vodiku a elektrochemicky generovany katalyticky Fe** ion v molérnim
poméru 1:10 a 1:100. Fentonova oxidace se ukazala jako vysoce Ucinny nastroj pro snizeni CHSK
i TOC jiz béhem 5 — 7 h trvani oxidace, kdy bylo dosazeno poklesu CHSK az o0 95 % a TOC o0 83 —
91 %. Je zjevné, Ze v tomto pfipadé dochazi ve znacné mife k mineralizaci rozpu$ténych organickych
latek. Nasledujici neutralizace oxidované vody na pH =7,25 — 7,5 vedla k sou¢asnému srazeni iont
Zeleza a Zn**. Po jejich odfiltrovéni poklesla koncentrace zinku pod 1 mg/L.

Ozonace predstavuje lakavy zpusob Cisténi odpadni vody, nebot umoZriuje oxidovat vodu bez
pfedchozi upravy. Vykon dostupného ozonizéru OZONSTAR 100 s hodinovou produkci 1g Oz byl vSak
prilis nizky. Odhadovany potfebny vykon ozonizéru pro dany typ odpadnich vod je nejméné 0,1 — 0,2 kg
Os/h na 1m®. Presto i v tomto pfipadé doslo k poklesu obou kliovych skupinovych parametri CHSK
a TOC.

Kliéova slova: oxidace odpadnich vod, filtracni pfeduprava, Fentonova oxidace, prima
ozonace
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Abstract

The paper focuses on the simple separation of reactive acid dyes dissolved in agueous solution using
low-melting quaternary ammonium salts (ionic liquids). The effect of bulkiness of quaternary ammonium
cations added in the form of readily applicable ionic liquids on the removal efficiency was studied.
Especially benzyldimethylhexadecylammonium chloride combines acceptable aqueous solubility and
high removal efficiency for all tested dyes. Rapid removal of dyes Reactive Orange 16, Reactive Blue 4,
Reactive Orange 12, Reactive Black 5 and Reactive Black 39 from diluted aqueous solution was
successfully tested using cheap and readily commercially available ionic liquid benzalkonium chloride as
substitute of expensive benzyldimethylhexadecylammonium chloride liquid ion exchanger with co-action
of inorganic coagulant (Al(ll) or Fe(lll) sulfate. The obtained removal efficiency of tested dyes from
model aqueous solutions using aqueous mixture of 0.1 mol L™ benzalkonium chloride and 0.4 mol L*
Aly(SOy); is higher than 88 %, in most cases over 97 %.The removal efficiency of benzalkonium chloride
mixed with aqueous Fe,(S0,); is less effective.

Keywords: reactive acid dye; ion exchange; ion-pair; coagulation; precipitation.

Introduction

The water is most frequently used green solvent applicable for example for the production of anionic
(or acid) azo dyes. Sulfonic acid groups bonded in the structures of anionic dyes make these colorants
water soluble. The main method applied for the isolation of produced acid dyes from the reaction mixture
is the precipitation of produced dye by salting out and subsequent filtration. The produced aqueous
mother liquors contain high loads of refractory COD (Chemical Oxygen Demand) caused by dissolved
polar aromatic compounds, AOX (Adsorbable Organic Halogens) if halogenated starting materials are
used and high salt loads from salting out process (Scheme 1)*.

lonic liquids (ILs) are low melting organic salts composed by large asymmetric organic cations and
inorganic or organic anions (see Figure 1 and Table 2). Some ionic liquids are water soluble, whereas
the others are lipophilic and sparingly soluble?. In general, their solubility depends on the nature of both
cation and anion®. The aqueous solubility of ionic liquids commonly diminishes with growing bulkiness of
cation and anion, see Figure 1.

One of the typical property of ionic liquids is their ion exchange ability which is commonly used for
synthesis of task-specific ionic liquids. The interaction between acid dyes and bulky cations of cationic
surfactants has been described*®.

The investigation of quarternary salt-anionic dye (dye-SO3; R4N") ion pair formation has shown that
the importance of long-range electrical forces is basically to bring the dye anion and the ionic liquid
cation close enough to enable the action of short-range noncoulombic attractive van der Waals forces
and hydrophobic interactions®.
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The cheap commercially available ionic liquids ideal for ion exchange reactions are usually halides
(mostly chlorides) of quarternary ammonium salts. We proved earlier that the anion exchange of halide
(X)) in several ionic liquids using suitable source of larger anion (for example sodium salts of anionic dye,
dye-SO; Na")is very simple even in aqueous solution®®:

R.N*X™ + dye-SO; Na* — dye-SO; RuN* + Na*X"

The effect of pH on the efficiency of the formation of dye-SO; R,N" ion pairs was published
elsewhere”.

As was observed earlier, the most effective molar ratio of used large organic cation (R4N*) and
sulfonic acid anions bound in dye structure (dye-SOsNa) is R;N*: dye-SO;Na =1 : 1*%,

| Ar-NH,, HY, H,O, | Caupling componert som som
NaNO,, ice dkali, HO ’ ’ -
HO3S SOsH HO3S SOsH
| Diazotization | | Dissoling |
L |
0. _NH; ¢
OsH N HN NH,
S oy e
+ N=N
Azo coupling 1038 SOsH \O/
HO3S SOzH
o. . NH, O . NH
Dichlorotriazine | alkal nucleophilic Hﬁ - ¢
derative substitution ” HN N”\(/ N\( c
SOsH Cin N © SOgNa !
N=N . \f N naon N= N N\r N
SenER®EoISo
Y Nk,
1038 SO3H NH;  NaO3S SO3Na
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=waste water stream EFFICIENT
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Scheme 1: Production of reactive acid dyes, formation of RO12 as an example

Experimental part
Methods and materials
Chemicals and reagents

Reactive Blue 4, Reactive Blue 5, Reactive Orange 16 dyes and used ionic liquids (quaternary
ammonium salts) were supplied by Sigma-Aldrich Co. Reactive Black 39 and Reactive Orange 12 was
obtained from Synthesia Co. (Pardubice, Czech Republic). Stock solutions of the dyes (10x10™ M) were
prepared in distilled water. 100 mM stock solutions of ionic liquids were prepared in distilled water. All
above mentioned chemical were obtained of highest available purity without any further purification.

Mixed aqueous solution of 0.1 M benzalkonium chloride together with 0.4 M aqueous Al,(SO,)s (or
Fe,(S0y,)s, respectively) was prepared by addition and dissolution of 42 g (100 mmol) of benzalkonium
chloride in 100 g (400 mmol) of Al,(SO,)3.18H,0 (or 290 g (400 mmol) of Fe,(S0,)3.18H,0, respectively)
dissolved in 700 mL of distilled water and diluting of the obtained solution to exact 1000 mL volume
using distilled water.
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Analytical instruments

A spectrophotometer DR2800 (Hach-Lange, Austria) was used to measure the absorbance values of
the dyes to establish their Anax and concentrations. A magnetic stirrer HeiTEC (Heidolph Instruments
GmbH&Co.) was used for stirring of solutions.

Table 1: Description of used anionic dyes

Anionic dye Chemical structure

Reactive Orange 16

(RO16) o SO;Na o
CAS No.: 12225-83-1 ] OO ]
Color Index No.: 17757 CHg/C\NH = (‘S‘;CHzCHzososNa
OH

M= 617.54 g/mol
Amax= 492 nm

Reactive Blue 4 (RB4) O NHp

CAS No.: 13324-20-4 SO3Na \ %

Color Index No.: 17757 O“ NH{/ \N
M= 637.43 g/mol _

N
)\maxz 597 nm |O NH‘@*SOgéCI

Reactive Orange 12 \

(RO12) HN NH /N Cl
CAS No.: 70161-14-7 SO3Na Q/ T
N=N

Color Index No.: 13248 _ N\KN
M,= 742 g/mol OO NH,
Ama= 415 nm NaOsS SOsNa

Reactive Black 5 (RB5) | NaO3SOCH;CH;SO; OH NH SO,CH,CH,0SO3Na
CAS No.: 17095-24-8 \©\ X : /@
Color Index No.: 20505 N7 N§N

M= 991.82 g/mol

Amax= 596 nm NaO3S SO3Na
1
Reactive Black 39 '\f SN
(RB39) MA
CAS No.: 17095-24-8 NH NH;
Color Index No.: 20507 SO3Na NH, OH
M= 1025.5 g/mol N N
Amax= 610 nm N7 SV
SO3N8
NaO;S NaO3S SO3Na

Precipitation of dyes by ion-pair formation

An aliquot of neat room temperature ionic liquid or of the above-mentioned 100 mM aqueous solution
of ionic liquid was added into a beaker (400 mL) with the same 25 mL of 10x10™> M dye solution, and the
volume of solution in each beaker was replenished up to 200 mL. After 20 hours of stirring at the speed
of 480 rpm and the temperature of 201 °C, after filtration by suction and measuring dye concentration in
filtrates, the maximum removal efficiency (RE %) of dyes was determined from absorbance
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measurements according to the concentration absorbance standard curves at the respective maximum
adsorption wavelength of the individual dye solutions (see Table 1).

Afterwards, RE % was calculated from Eq.1:
RE (%) = (1-A/Ao) x 100 (Eqg. 1)
where A and A, denote the absorbance in the solution after and before precipitation, respectively.

Co-precipitation of reactive dyes using benzalkonium chloride and Al,(SO,); or Fey(SOy)s
flocculant

The aliquot of aqueous 0.1M benzalkonium chloride in 0.4 M Aly(SOy,); solution was added dropwise
into the stirred 100 mL of 1x102 M aqueous dye solution and the volume of reaction mixture was
replenished up to 200 mL. After 15 minutes of stirring at the speed of 480 rpm and the temperature of
201 °C, filtration by suction and measuring dye concentration in filtrates, the maximum RE of dyes was
determined from absorbance measurements (see Results and discussion chapter).

Table 2: Description of used R;N*CI

Ammonium-based ionic liquids Ry;N'CI" | Structure of used R,N*CI’

Cetylpyridinium chloride
cetylpyCl
C21H3sCIN

M, = 340.0 g/mol
M.p.: 80 -84 °C

c1®

S /N®(CH2)150H3

1-methyl-3-octylimidazolium chloride
OMIMCI

M, = 230.78 g/mol
M.p.: below 20 °C

CHs\N/\ﬁ/(CHz)7CH3

"/ ¢

Benzylhexadecyldimethylammonium

S
chloride ?gs Cl
BzC16diMeNCI QCHzN(CHz)wCHs
Average M,=396.1 g/mol CH;,
M.p.: 55 -65 °C
Benzalkonium chlorid Sy €17
enzalkonium chloride
BAC QCHZN(CHZ)nCH3
Average M,=348.4 g/mol CHs
M.p.: below 20 °C n=12and 14

Methyltrioctylammonium chloride
MetriOctNCI
Average M= 404.16 g/mol
M.p.: below 20 °C

cl® ggHz)7CH3
CHz— ’Tl*(C Hz)7CHs

(CH2)7CH3
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n = 2: 1-butyl-3-methylimidazolium salt (BMIM):
Water soluble are BMIMs containing anions:
Crl; HSO4-; CH3OSO3-; BF4-; p-CH3-C6H4-SO3'
Water soluble are BMIMs containing anions:

@
o SRR pe s Gy CH s 0y

\:/ anion®

n = 6: 1-methyl-3-octylimidazolium salt (OMIM):

Water soluble are OMIMs containing anions:
CI; HSOy4

Water soluble are BMIMs containing anions:

BF4’; PFg’; CH3(CH2)7S03 5 p-CH3-CgHy-SO3°

Figure 1: Relationship between aqueous solubility and size of cation and anion of AIkMIM salts
depicted as typical commonly used ionic liquids®.

Results and discussion

Dye precipitation tests

Firstly there were conducted initial experiments to investigate the ability of studied dyes to form
insoluble ion pairs dye-SO3; R4N". For this purpose four ionic liquids (see Table 2) with different aqueous
solubility, hydrophilic hexadecylpyridinium chloride (cetylpyCl, benzyldimethylstearylammonium chloride
(BzC16diMeNCl), lipophilic, sparingly soluble 1-methyl-3-octylimidazolium chloride (OMIMCI) and
practically insoluble trioctylmethylammonium chloride (MetriOctNCI), were tested as liquid ion
exchangers. These ionic liquids were used in equimolar quantity to the number of sulfo groups bound in
the structure of dyes (see Table 1). Trioctylmethylammonium chloride is hydrophobic, in water practically
insoluble ionic liquid and it was applied neat in molten form. The other three ionic liquids were used as
simply applicable 0.1 M aqueous solution. The obtained results are summarized in Figure 2. As could be
seen, the removal efficiency of tested dyes increase with number of alkyl chains bound on quarternary
nitrogen in ionic liquid structure used as liquid ion exchanger.

To complete the separation of produced tarry-like ion pairs the reaction time 20 hours under stirring of
the mixture of diluted aqueous dye solution with added ionic liquid was applied at first. In all cases part of
dissolved dyes was removed, as could be seen in Figure 2. However, even under these conditions the
main observed problem was the common formation of quite stable colloidal systems in case of part of
used ionic liquids. These colloids disable effective isolation of produced dye-SO; R,N" ion pairs from the
aqueous phase by filtration and hereby negatively influenced the observed removal efficiency.
Nevertheless, using ionic liquids containing bulky cation (substituents R in R,N*X™ are long alkyl chain,
MetriOctNCI preferably) we observed practically complete separation of produced dye-SO; R;N" ion
pairs.

To reduce the time for the studied separation procedure, the effect of reaction time for ion exchange
reaction accompanied by decolourization between insoluble MetriOctNCI and dye dissolved in aqueous
solution was investigated. To ensure efficient mass transport the two-phase system composed from
aqueous solution of dye and 1-octanol solution of MetriOctNCI were used. Mentioned kinetics was
studied using two structurally quite different dyes Reactive Orange 16 and Reactive Blue 4.
Nevertheless, in both cases the reaction time was quite similar. After approximately 15 minutes of
vigorous stirring the residual concentration of dye in aqueous solution was stabilized and removal
efficiency higher than 99 % was reached, see Figure 3.

However, the application of MetriOctNCI in organic solvent was abandoned due to the environmental
reasons and our interest was focused on BzC16diMeNCI as the water soluble ionic liquid with bulky
cation. BzC16diMeNCl is quite expensive compound (Sigma-Aldrich Co. price is 5,500 CZK/100 grams’)
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for the waste water treatment. In addition, this ionic liquid sometimes formed colloidal dye-SO; R;N" ion
pairs which significantly reduced removal efficiency of RO12 dye. On the other hand, commonly used
cationic surfactant benzalkonium chloride (alkylbenzyldimethylammonium chloride, BAC) is very similar
ionic liquid which is much cheaper (Sigma-Aldrich Co. price is 4,098 CZK/1 kg or 0.6 — 10 USD/kg from
different Asian suppliers)®*!. To solve problems with potential dye-SO;"R,N" ion pairs colloidal mixture
formation, co-action of cheap inorganic coagulant (aluminium(lll) sulfate) for the removal of dye-
SO; R4N* was tested and compared with co-action of ferric sulfate. After addition of equimolar quantity of
BAC dissolved in excess of aqueous Aly(SOy)s (or Feyx(SO,)s, respectively) the pH of the produced
mixture was adjusted to pH~6 — 6.5 which is accompanied by flocculation of dye-SO; R,N* adsorbed on
precipitated Al(OH); (or Fe,(SO,)s, respectively). The obtained results compared with action of sole
Aly(SO4); and BzC16diMeNCI are depicted in Figure 4. As could be seen, mixture of BAC and ferric

sulfate is not so effective for treatment of model contaminated wastewater in comparison with mixture of
BAC and aluminium sulfate.

100

S

>

% B cetylpyCl

S 8 OMIMCI

@ BzC16diMeNCI
g O MetriOctNCI

=

(0]

o

RO16 RB4 RO12 RB5 RB39
(SO3Na)2  (SO3Na)2  (SO3Na)3  (SO3Na)4  (SO3Na)5

Figure 2: Removal efficiency of 5 tested dyes with different number of bound -SOz;Na groups
using equimolar quantities of 4 different ionic liquids.
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28 - m Reactive Blue 4
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Figure 3: Removal efficiency of two dyes from 2.5 mM aq. solution (500 mL) using 10 mmol of
MetriOctNCI dissolved in 1-octanol (10 mL) under stirring at 480 rpm

20

100 — e
3 - f: -
g % . N N
= 3 g % . g
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é % - ' OBAC+4Fe2(S04)3
2
N

RO16 RB4 RO12 RB5 RB39
(SO3Na)2 (SO3Na)2 (SO3Na)3 (SO3Na)4  (SO3Na)5

Figure 4: Comparison of removal efficiency obtained using mixture of agueous 0.1M BAC in 0.4 M
Alx(S0y)s (or Fey(S0O4)3) with the same quantity of Al,(SO4)sand with action of 0.1M BzC16diMeNCI

Conclusions

In this study the applicability of ion exchange accompanied by precipitation between acid dye anions
and ionic liquid cations was studied using five different commercially available ionic liquids and five
commonly used reactive textile dyes.

It was demonstrated that tested ionic liquids added in equimolar quantity to the sulfo groups bound in
the dye structure enable precipitation of dye-SO; R4;N*. The formation of insoluble ion pairs dye-
S0O; R4N" potentially enables simple removal of studied dyes from the aqueous solution. We proved that
increasing size of cation in used ionic liquid (accompanied with increasing of hydrophobicity of ionic
liquid) improve effective removal of tested reactive acid dyes from the aqueous solution.
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In this point of view ionic liquid benzyldimethylstearylammonium chloride (or much more cheaper
benzalkonium chloride), which are both water soluble and very effective for dye removal, was chosen as
available candidate for optimization of decolourization procedure. Addition of 0.1M benzalkonium
chloride dissolved in 0.4M aqueous Al;(SO,); in the equimolar quantity (with respect to the concentration
of sulfo groups bound in dye structure) is crucial for the almost quantitative precipitation after few
minutes of action and subsequent simple removal of tested dyes from the aqueous solution by
sedimentation/filtration. In comparison, addition of 0.1M benzalkonium chloride dissolved in 0.4M
aqueous Fe,(S0,); in the equimolar quantity (with respect to the concentration of sulfo groups bound in
dye structure) is less effective for removal of tested dyes. The comparable results were obtained by
action of neat hydrophobic methyltrioctylammonium chloride, however, the reaction time is much longer
(around 15 minutes) and the addition of precise quantity of this viscous ionic liquid and subsequent
separation of produced tarry-like ion pair is problematic.

In conclusion, cheap and commercially available agueous benzalkonium chloride solution mixed with
four equivalents of aqueous Al,(SO,4); was proved as the most effective precipitation agent for the tested
dyes.
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Cisténi odpadnich vod kontaminovych reaktivnimi barvivy pomoci
iontovych kapalin

Tomé&s$ WEIDLICH, Tereza FULINOVA, Dagmar KOVAROVA, Jana VACLAVIKOVA

Skupina chemickych technologii, Ustav environmentalniho a chemického inzenyrstvi, Fakulta
chemicko-technologicka, Univerzita Pardubice, Studentska 95, 5632 10 Pardubice, Ceska
republika, e-mail: tomas.weidlich@upce.cz

Souhrn

Tento ¢&lanek shrnuje vysledky laboratorniho vyzkumu zaméreného na problematiku odstrariovani
reaktivnich kyselych barviv ze zfedénych vodnych roztokt pridavkem nizkotajicich kvartérnich
amoniovych soli (iontovych kapalin). Autori srovnavayji viiv velikosti kationtu testovanych amoniovych soli
na ucinnost odstranéni studovanych barviv. Vybornych souhrnnych vysledku Gcinnosti odstrariovani
dosahujicich  pfes 60 % bylo dosazeno pfi  pouZiti  ve vodé  rozpustného
benzyldimethylhexadecylamonium chloridu. Na zakladé vysledkt dosazenych ucinnosti odstranéni
barviv z vod v dusledku tvorby ve vodé malo rozpustnych iontovych pard barvivo-kvartérni amoniovy
kation byl navrzen a uspésné vyzkouSen postup rychlého odstrariovani barviv Reactive Orange 16,
Reactive Blue 4, Ostazinova Zlut H-R, Reactive Black 5 a Ostazinova modr H2-G zaloZeny na aplikaci
levné a komeréné snadno dostupné iontové kapaliny benzalkonium chloridu v kombinaci se siranem
hlinitym nebo Zelezitym pouZitym jako koagulant pro snadnou separaci vznikajicich iontovych pard
filtraci. U vSech testovanych barviv byla pfi pouZiti smésného vodného roztoku obsahujiciho 0,1 mol.I*
benzalkonium chloridu a 0,4 molI* Al,(SO.); dosaZeno Gé&innosti jejich odstranéni z modelovych
vodnych roztokti minimainé 88 %. Ué&innost &inidla obsahujiciho benzalkonium chlorid rozpustény ve
vodném roztoku Fe,(SOy)sje niZsi.

Kli¢ova slova: reaktivni kysela barviva; iontova vyména; iontovy par; koagulace; srazeni.
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Potentiometric signal of the zinc amalgam electrode for the
detection of concentration changes of zinc sulphate due to
its nanofiltration
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Abstract

Basic potentiometric testing of sensitivity and behavior of the advanced zinc amalgam electrode
(ZnAE) in aqueous solutions of ZnSO, was reported. The calibration mixed potential E vs. log ¢
dependencies were obtained exhibiting a reproducibility enabling to obtain the linear concentration range
of 2:10° to 5-10% mol.I"*. It allowed sufficiently sensitive detecting of concentration changes of ZnSO,
(e.g., from 60 mg.I" to 2 mg.I'") corresponding use of nanofiltration. Such potentiometric detection carried
out in model solutions before and after the nanofiltration steps provided data that were in a reasonable
agreement with the analysis of Zn made by ICP-OES.

Keywords: potentiometric detection, zinc amalgam electrode, nandfiltration

Introduction

Study of nanofiltration of aqueous solutions has made much progress during the past 20 years™? One
of the most attractive results is its success in possible separation of ionic heavy metals or other
molecular pollutants, which can be applied, e. g., in the treatment of drinking, waste or industrial waters
and effluents™®,

One of the well-known metallic pollutants® is zinc present in the form of its divalent ions. Zn is an
essential element necessary for living organisms. It is important, e. g., for a proper functioning of the
immune system, enzymes, DNA synthesis or gene expression. On the other hand its uptake by human
above a certain level causes some acute and chronic illness, fever, gastroenteritis, anemia, renal failure,
allergies, and internal organ damage’. The limit for zinc in waste-water according to the National
Secondary drinking Water regulation of the EPA® is 2.61 mg.I"*, which is in good agreement with that of
1.5 to 3 mg.I™" valid in the Czech Republic®. Zinc concentration is rising in the environment. It is released
by electrotechnical industry, electroplating, mining, metallurgical, pharmaceutical and paint production,
coal-power stations as well as from other industrial production and use, e. g., for catalysts.

Recent research’ outlined a good technological applicability of nanofiltration using a pressure-driven
membrane'®**? for separation of zinc**** (or its salts) provided that the proper arrangements and
working parameters (like the type of the thin-film composite membrane, cross-flow velocity, with standing
pressures, temperature, flow-rate, etc.) are experimentally found or verified. It simply means that many
experiments must be accompanied by a lot of analysis focused on determination of the input/output ratio
of the analyte concentrations.

For these purposes (regardless of a need of a good independent analytical background) the rapid,
relatively simple, disposable and low-cost techniques, applicable at (or close to) a place are desirable
bringing reduction of a corresponding effort, time and cost expend it.

Recently®*"’, such methods and arrangements for the described purposes were suggested based on

potentiometry with a modified new generation of the detection metal amalgam electrodes or sensors. As to
zinc, in well-equipped analytical laboratories, the available methods for its determination include inductive
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cm, max. rangecoupled plasma-optical emission spectroscopy (ICP-OES), atomic absorption spectrometry
(AAS), ICP-mass spectrometry (ICP-MS)™*°  potentiometry, and voltammetry®. As it was said,
potentiometry could principally meet the above mentioned demands on condition that the proper detection
electrode is found. However, at present no zinc ion selective electrode is commercially available. On the
other hand the last two decades have brought much progress in application of voltammetry by using a new
generation of solid (or modified) amalgam electrodes®*®. And some recent communications or notes*>*’
concerning the advanced special (or modified) amalgam electrodes AE (incl. AQAE, CuAE, ZnAE etc.)
have outlined their new possibilities in the field of potentiometry, as well. Nevertheless, as to ZnAE the
strong lack of relevant basic experimental data in this respect were up to now.

Thus, the aim of this work, is to present results on basic testing a potentiometric sensitivity of the
mentioned zinc solid amalgam electrode ZnAE (partly in comparison with a zinc electrode) with respect
to concentration changes of ZnSO, in agueous solutions and, among others under the experimental
conditions close to those applied by using the mentioned nanofiltration technologies.

Experimental part

The potentiometric experimental arrangement included a cell and a stand of the Eco-Tribo
Polarograph (Eco-Trend Plus, Prague) and accessories, an industrial digital multimeter IP67 (EXTECH
Instruments, USA; used in mode + 0.1 mV) connected via a special input/output interface®®?’ to the
electrodes (ZnE or ZnAE) and the reference mercury sulphate electrode. All three electrodes,
an electromagnetic stir bar, and a gas-inlet were inserted into the solution in a closed glass cell. The
solutions were prepared from demineralized water (<0.1 uS.cm™, from the Milli-Q Plus water-purification
system Millipore, Bedford, USA) and reagent-grade chemicals. The linear least-square regression in
Origin Pro 7.5 (OriginLab Corporation, USA) was used for fitting calibration curves and the relevant
results (slope and intercept) were reported with a confidence interval of 95 % probability. Nanofiltration
experiments were carried out using a few aqueous samples of 25 to 170 mg.I* ZnSO, and a tubular
nanofiltration arrangement of a cross-flow separation unit described in more detail elsewhere®?.
A commercially available type of membrane made of poly-amid film, AFC 40, PCI Membrane Systems
(Poland), was used. An effective membrane area was 240 cm? (two tubes, each with a length of 30 cm
and an internal diameter of 1.25 cm, max. pH range 1.5 — 9.5, max. temperature 333 K).

Results and discussion

The zinc ZnE was prepared from a zinc wire of 1 mm diameter either by sealing into a conical tapered
glass capillary or by its tight fit in an inert plastic tip?®*° of a micropipette. Cutting and polishing of the
orifice of this electrode resulted in a smooth zinc disk electrode. The zinc amalgam electrode, ZnAE of
diameter 1 mm, was prepared using ZnE by applying an amalgamation of the zinc disc through its direct
contact with liquid mercury under its overpressure about 30 milibars for 15 hours. After a rest period of
about 10 hours and an eventual short polishing a tip of the ZnAE (e. g., by a clean glass plate) or — in
case of a plastic tip arrangement — eventual a fine cutting off its amalgam orifice the ZnAE was ready to
use. The mentioned inert plastic tip versions of ZnE or ZnAE have been given preference to the glass or
the other versions owing to a previous long good experience of one of the authors?®*?° with plastic-tip
electrodes at all. The active surface of the orifice in the form of a disk can be repeatedly renewed by
cutting the plastic tip with a razor blade. Of course, ZnAE-electrodes may also be renewed by polishing
their orifice using, e. g., a glass or polyethylene plate or a 0.3 um suspension of alumina.

Behaviour of both the mentioned electrodes and proper functioning of the whole experimental
arrangement as well as the used procedure were verified by the potential E versus time (t)
measurements at different concentrations ¢ of ZnSO, or by the E vs. log ¢ dependences.

In the first step ZnE was inserted into 1-10° mol.I* ZnS0O,. As it was expected, the obtained E-t
dependence exhibited its strong non-monotonous course reaching a non-stable quasi-steady state after
about 400 s. It is so probably due to the activation a complex of surface processes like a zinc oxidation, its
interaction with other components present in the solution, precipitation of Zn**, etc. As shown in Figure 1, the
potential E did not reach its constant time-independent value even within a period of time more than 3000 s.
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Figurel: Potential E-t dependence on ZnE after its first insertion into 1-10®° mol.I"* ZnSO,

Next or further inserting ZnE into the solution provided rather monotonous E-t dependences of the
type in Figure 2. The most sudden changes of E occurred within the first 10 minutes. Nevertheless, no
equilibrium values of E were reached, even at higher concentrations of ZnSQO,.

A potential role of dissolved air oxygen was tested, as well. Prior to the measurements a reasonable
absence of atmospheric oxygen has been reached by bubbling nitrogen through the solution for
5 minutes. It was partly surprising, that a profile of the obtained E-t dependences corresponding to
measurements under the air atmosphere was much better than that after bubbling-out of oxygen by
nitrogen. It indicated that further measurements can be carried out in presence of dissolved air.
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Figure 2: Profiles of E-t dependences obtained under the air () atmosphere or after bubbling out
of oxygen by nitrogen (¢) for 5 min prior to the measurements

It is worth mentioning, that owing to a reasonable repeatability of the measurements ZnE was
polished prior to each set of experiments. A certain loss of the electrode material ZnE during its
experimental use has been observed, as well as, probably due to its slow parallel background chemical
reactions and its dissolution. As of the ZnAE the analogous potentiometric E-t measurements produced
approximately hyperbolic dependences. A few examples are illustrated in Figure 3 comprising the upper
E-t curve obtained on ZnAE after it's first insertion into 1-10° mol.I* ZnSO, and the lower set of
consecutive six repeated measurements on ZnAE made always immediately after its inserting into the
said solution. As shown in Figure 3, in comparison with ZnE the system with ZnAE reached the quasi-
steady state more rapidly and its stability was much better, too. However, as expected certain
irreproducibility of E-t dependences were observed.
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Figure 3: Potentiometric E-t measurements on ZnSAE in 1-10° mol.I* ZnSO,. The upper curve —
the electrode after its first insertion into the solution; the lower 6 curves — next 6 repeated
measurements

The consecutive E-t plots (in Figure 4) at different concentrations ZnSO, from 1-10* to 1-102 mol.I*
confirmed the mentioned advantages of ZnAE in comparison to ZnE. It implies that after the ZnAE was
inserted into the solutions the measured potentials E reached their quasi-constant values in 250 to
300 s, what can be well analytically utilized.

Therefore, further measurements of E on ZnAE in solutions containing various concentrations of
ZnS0O, were performed in 300 s after the moment when the electrode was inserted into the solution. In
such a way the calibration E-log ¢ dependence (see Table 1 and Figure 5) in a concentration range from
5.10° to 1-102 mol.I* ZnSO, was obtained. A linear relationship between potential E and log ¢ exhibited
an analytically utilizable slope 6§ E/6log ¢ =-35.9 mV.

The reason for the decrease of the E vs. log ¢ dependence is probably connected with a complex of
present interactions and reactions incl. the formation of insoluble salts, hydroxides, oxides, or other
products on the electrode. Consecutively obtained E-log ¢ dependences were shifted a little bit in
potential while maintaining their slope and the linear relationship between potential and the logarithm of
concentration. The finding was confirmed by further data summarized in Table 2 obtained later than

those in Table 1.
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Figure 4: The E-t plot on ZnAE corresponding to concentrations 1-10“ mol.I"*(e), 1-10° mol I @);
1-10"mol.I""@ zZnSO,
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Table 1: Potentiometry on ZnAE in ZnSOy; calibration E-log ¢ data

c/moll* log ¢ E/V

5.10° -4.3010 -1.3245
1.10* -4.0000 -1.3309
2.10* -3.6990 -1.3438
5.10* -3.3010 -1.3555
2.10°% -2.6990 -1.3769
5.103 -2.3010 -1.3932
1.10 -2.0000 -1.4071

E = - (0.0359 + 0.0011) - log ¢ — (1.4761 + 0.0037)

[ )

-1,34 A
>
W 1,38 -

[ ]
-1,42 . . . . . : :
5 -4 -3 -2 -1
log ¢

Figure 5: Calibration E-log ¢ dependence in ZnSO,4 using ZnAE

The repeated results confirmed the values of coefficients of the above given linear dependences
E-log c below Table 1.

Further potentiometric measurements utilizing the mentioned constant slope value of the E-log ¢
calibration curve were employed to estimate the efficiency in nanofiltration applied on five model
samples containing input concentrations ¢; (mg Zn, I'): 26; 51; 101; 151 and 167, respectively. According
to ICP-OES the corresponding output concentrations coy (Mg Zn, I'") were 0.7; 0.7; 1.3; 1.8 and 1.6,
respectively. On the basis of known ci, the mentioned slope of E-log ¢ and the measured differences 4E;
corresponding to every couple of ‘“input-output” samples all the potentiometrically estimated
corresponding output concentrations o were < 2 mg.I™.

All the testing, calibration or other measurements made on ZnAE were performed without any
treatment, maintenance or renewal of its surface during the measurements.

Conclusions

Use of the described potentiometric measurements on ZnAE for the discussed purposes was rapid,
simple, users-friendly and cheap, meeting the corresponding demands. Their application could be
focused, e. g., on testing nanofiltration membranes or devices, experimental conditions and on the
functioning control of the arrangements. Further optimization of the electrode design and preparation as
well as the used procedures will continue.
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Potenciometricky signal zinkové amalgamové elektrody pro detekci
koncentraénich zmén siranu zine¢natého vyvolanych jeho nanofiltraci

Ladislav NOVOTNY, Veronika KOCANOVA, Abraham KABUTEY, Aneta KARASKOVA,
Libor DUSEK, Rendta PETRANKOVA, Petr MIKULASEK

Univerzita Pardubice, Studentska 95, 532 10 Pardubice 2
e-mail: nvt.l@seznam.cz

Souhrn

Bylo referovano zakladni potenciometrické testovani citlivosti a chovani pokrocilé (specialné
inovované) zinkové amalgamové elektrody ve vodnych roztocich ZnSO,. Byly ziskany kalibracni
koncentracni zavislosti smésny potencial E vs. log ¢ vykazujici reprodukovatelnost, umoZriujici ziskat
linearni koncentraéni rozsah mezi 2-10®° a 5-10° mol.I'. To dovolovalo dostateéné citlivou detekci
koncentraénich zmén ZnSO, (napf. mezi 60 mg.l*a 2 mg.I") odpovidajici vyuZiti nanofiltrace. Takova
potenciometricka detekce provadéna v modelovych roztocich pred a po nanofiltranich krocich poskytla
data, ktera byla v pfimérené shodé s analyzou Zn provedenou pomoci ICP-OES.

Klicova slova: potenciometricka detekce, zinkova amalgamova elektroda, nanofiltrace
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Tentative assessment of the agglomeration kinetics of
waste nanopraticles based on its partial similarity to the
electrosorption processes

Ladislav Novotny, Abraham KABUTEY, Katerina HRDA

University of Pardubice, Studentska 95, 532 10 Pardubice, Czech Republic,
e-mail: nvt.l@seznam.cz

Abstract

Tentative assessment of the agglomeration kinetics of waste nanopraticles based on its partial
similarity to the electrosorption processes was discussed. In case of the agglomeration of silver
nanoparticles and the electrosorption of the sodium thiosulfate on the mercury polarizable electrode at
-0.1 V (vs. SCE) a specified useful similarities between both types of the mentioned processes were
presented and applied. Alternative possibilities of fitting and evaluation of some Kkinetic average
parameters of aggregation utilizing the recently proposed relationships and isotherms were described.

Keywords: adsorption/electrosorption, agglomeration of nanoparticles, kinetics of growth, silver
nanoparticles

Introduction

One of the most interesting results of the nanoparticle research is its success in accumulation of
findings from various disciplines and their rapid application in practice. Recent observations (although in
the meantime based on a rather limited amount of data) revealed that agglomeration kinetics, which is
close connected with their respective toxicity, comprises some useful similarities to the electrosorption of
species like sodium thiosulfate. In the past the study of interactions of thiosulfate ions on charged
surfaces was usually associated with their voltammetric determination on the surface of polarized
electrodes. Collection more data and findings on the electrosorption accumulation of the thiosulfate on
the electrode could be utilized, e. g., for its determination by the "cathodic stripping voltammetry" CSV.
The effects like this take place in the potentiostatically initiated electrosorption of thiosulfate and the
formation of products Hg,S,0; at a surface of a mercury electrode®. On the opposite, the application of
a cathodic potential scan results in a reduction of Hg,?* to Hg and therefore in CSV-signal of thiosulfate
useful for its analytical determination. Direct indicative electrocapillary measurements®® proved an
adsorption of thiosulfate at potentials more positive than about —0.35 V (vs. SCE).

More accurate measurements and theoretical considerations®*? led to relationships and models,
which captured much better the complex of present interactions between the particle and the charged
interface and also various present particle-particle interactions, incl. the formation of agglomerates of
nano dimensions.

One of the most up-to-date subjects is the study of formation and behavior of nano-particles, e. g.,
nano silver particles®. Significant toxic effects of the size of silver nanoparticles have been proved
recently. It comprises research on the kinetics of their growth, of its dependence on time, concentration
and experimental conditions. An essential part of this is looking for sensitive and effective ways of fitting
and the evaluation of data. In practice, so far as to the growth of the observed agglomerates, the model
kinetics of the first order is used to be applied. Such a simple model, applied in a large range of
monitored transformable variables, provides only average values of the kinetic parameters. It does not
distinguish, e. g., the initial formation of the initial aggregates from their next steady growth, the
consequences of applying present particle-particle and other interactions, etc. Therefore it turned out
attention to recent findings on describing the adsorption/electro-sorption processes and more or less
closer analogies between adsorption and aggregation acts for the improvement of possibilities of fitting
and evaluation of the (nano)particle agglomeration.
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Experimental part

The adsorption data of sodium thiosulfate at the constant potential E=-0.1 V vs. SCE in
a concentration range of its surface access /" between 0.4-10° and 2:10° mol.m® were obtained by the
improved controlled convection drip-time technique CCDT>? using a glass spindle capillary with drop
time about 70 s. The mentioned CCDT represented a sensitive electrocapillary technique enabling us to
obtain the set of the surface tension y vs. potential E dependences at various concentrations of sodium
thiosulfate. The solution was stirred during the drop-growth to ensure the attainment of adsorption
equilibrium thereby the stirrer was stopped about 10 s before the fall of the drop. The reproducibility of
the CCDT method was better than 0.3 mN.m™. The electrocapillarity measurements were calibrated
assuming that the electrocapillary maximum in the base electrolyte was y= 426.7 mN.m™ at 293.2 K3.

The experimental arrangement included PC-controlled voltammetric analyzer PC-ETP (Eco-Trend
Plus Co., Czech Republic>®), a laboratory-made electrocapillary arrangement and a digital counter for
the drop-time measurements. Evaluation of the obtained data was made using the software program
Excel.

The stock solution was 1 mM nAg, prepared by a modified Tollens process® based on chemical
reduction of silver nitrate (AgNO3) by glucose (CgH1,06) at 293.2 K. The studied solution of nAg* of
a concentration 10 umol.I”* was prepared using dilution of the stock solution by liquid Medium 203 and
its concentration was verified by the optical emission spectroscopy with inductively coupled plasma ICP-
OES. Medium 203 was the agueous solution containing 2 mM CacCl,, 0.5 mM MgSQy, 0.77 mM NaHCO;
and 0.075 mM KCI. Its pH value was 6.8.

The hydrodynamic diameters (Dy) were measured [4] by dynamic light scattering (DLS) with
ZetaPALS Potential Analyzer (Brookhaven Instruments Corp., USA). The experimental set-up for an
optical emission spectrometry with inductively coupled plasma ICP-OES* was the instrument IntegraXL2
(GBC, Dandenong, Australia). pH was measured by the portable laboratory arrangement.

The used solutions were prepared from bidistiled water and reagent grade chemicals (Sigma-
Aldrich). Thiosulfate anions were added in the form of their sodium salt Na,S,03. The aqueous solutions
were stored at laboratory temperature. Working standard solutions were prepared daily by dilution of the
stock solutions.

Results and discussion

On the basis of the previously published findings associated with the study of conditions of
determining thiosulfate ions by using adsorptive voltammetry techniques it can be assumed that on
a mercury polarized electrode at potentials around —0.1 V (vs. the saturated calomel electrode SCE)
specific interactions between the thiosulfate and the electrode surface occurred producing Hg,(S,03).
The extent of this effect would have grown fairly sick with potentials E more positive than —0.1 V (SCE).
The results indicated the presence of strong particle-particle interactions in the adsorbed Hg(S,0s)-
layer.

At a constant potential of —0.1 V therefore, using the above-mentioned electrocapillary CCDT
technique, a dependence of interfacial tension y vs. the logarithm of the concentration log c of the
thiosulfate ions was obtained.
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Figure 1: Adsorption isotherm I"vs. c of the thiosulfate; time dependent changes of diameter D
of nAg

From the Gibbs-Lippmann equation (1) the corresponding adsorption isotherm of the thiosulfate, i.e.
the dependence of its surface concentration 7" on the volume concentrations ¢ (Figure 1) was calculated
and depicted.

dy = —qdE —T'du,and T = —(dy/du)g 1)

where » q, E, 7" and ux denoted the interfacial tension, surface charge density, potential, surface
concentration (relative surface excess) of the adsorbate and the chemical potential, respectively.

Under increasing c the 7'vs. ¢ dependence approached to its maximum (limit) value 77, It allowed to
determine the dependence of the relative surface coverage 0 =I"/I1, VS. €. Using the recent findings, it
could®***? then be expressed (or fitted) mathematically for example by the model relationship (2)

Zexp(—Xio4i6%) = B c, )

where A;, i and g denoted the coefficients, order of the polynomial term and interaction (adsorption)
coefficient. A physical meaning of the terms “A;0'" is connected with the corresponding two-, three-, or
multiparticle interactions.

Equation (2) represents a special case of its more general form (3)>%**

fl(Y)exp[fZ(Y)] = kx Orf(X, Y)1 (3)
which in the general case includes functions of (relative) magnitudes defined as the independent (X) and
dependent (Y) variables in the following way

X = Y=o v

X
or (x —xy)or —; Y =——— or —.
Xm Ym—Yo Ym

X—Xo

Xm—Xo

where X, y, X, Y denote the general or relative magnitudes and Xo, Yo, Xm, Ym the parameters.

The logarithmic and modified equation (2)°*2

9 —
(1-8)c

resulted in equation (4)

Z=1In

n A0t =Ay+ A0 +A,0% + (4)

In case of the thiosulfate the expressions Z vs. 6 at various estimated /,,x values are plotted in
Figure 2.
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Figure 2: Dependence of Zvs. @according to equation (4); adsorption of the sodium thiosulfate at
various Ija-10° mol.m™

The optimum fitting of Z vs. @ at various [« using the quadratic polynomial and based on the
maximum correlation coefficient R provided the optimum at I} = 2.07-10° mol.m?. The resulting
dependence is illustrated in Figure 3.

Z
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11 4v = 1,9889x3 - 3,7147x2 + 3,975x + 11,259
R2 = 0,9991 0
10 n n L] L] L]
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Figure 3: Dependence of Z vs. #according to equation (4); adsorption of the sodium thiosulfate at
Tnax = 2.07-10° mol.m™

According to need the other alternative versions of general relations (3) could be applied, as well.

Thereby this assessment of adsorption data corresponds well to assumption that due to relatively slow

adsorption processes of the discussed analyte at the interface, its concentrations c as well as ¢ are time-
dependent.

Taking into account a simple model the kinetics of increase in @ with time equations (5), (6), (7) and
(8) can be written

dao

C=K(1-6)c (5)
o

ey —din(1—-0) =K cdt (6)
(1-6) , , ,

oy = exp(—K't)or1—60 =exp(—K't), KK =Kc @)

or ((11__:))0 = exp(—K Yo Cit”l), atc = c(t) = cq + X%, c;t'., C; ci—parameters (8)

Assuming a similar model of aggregation of nanopatrticles, where the growth of the relative size of the
dominant particles D/D,, their relative volumes V/V,, etc. reach at the given conditions their limiting
values, and the equations (2) to (8) can also be used for the fitting and description of growth of micro-
and nano-aggregates.
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For electrosorption of the thiosulfate it can be assumed, that the initial aggregation step of adsorption
of the substance is followed by the increase ¢ with an increasing concentration c or with time t. Near c=0
or t=0 the fitting of the obtained dependencies #vs. c or t (esp. at small and medium values of ¢ or t) can
thus reveal whether or not and to what extent the mentioned initial agglomeration processes occurred
and how further process of adsorption continues.

In case of adsorption of the thiosulfate both types of processes — the initial agglomeration one and the
ongoing (steady) adsorption — can be affected by applying electric potential E. Depending on its value,
the extent of initial agglomeration can be significant or negligible, more or less characterized by
parameters of ¢vs. c or t dependences.

Analogously description of the agglomeration process of nanoparticles can also comprise the
formation of the initial aggregates and subsequent growth of nano- or micro-particles (undergoing
atransport mechanism). In case of silver nanoparticles it was schematically illustrated by the
hydrodynamic diameters D vs. t dependence in Figure 1. Its fitting based on equations (2) — (4), (7) and
(8) cab be applied, as well as, producing the size of the initial diameter Dy and the parameters of D=D(t).
As shown in Figures 4 and 5, the equation (9) enabled

Y —
a-ve

— A2 . AD = D — Dy; AD,, = D,, — Dy; x = t or At

Z=1In nLA Y (9)

Y
AD

to estimate the value of Dy~50 nm corresponding to the best linearity of Z vs. Y in the range of Y
between 0.1 and 0.4, and to provide optimum fitting Y vs. t (Figure 5).

0 0,2 0,4 0,6Y

_2 [l [l ]
¢ D0=20nm
-3 - mD0=30nm
. A D0O=40nm
-4 4 N n . ® D0=50nm
H°  m®ge X D0=60nm

54 ¢ etehe 5L
X -
7 5 - X b J

Figure 4: Zvs. Y plot at D,,=400 nm and various values of Dy — see equation (9)
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Figure 5: Fitting Z vs. Y following equation (9) at D,=50 nm and D,,=400 nm
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From the data for 10 uM Ag and at the above estimated Dy=50 nm and D,,=400 nm (see Figure 1) the
dependencies y=In[(D,,—D)/(Dn—Do)] vs. x=t could also be linearized as clear from equation (10)*

(Dm_D) —_
In DrDe) kt. (10)

This linearization y=k;x+q in Excel provided values of the parameters k, q and the correlation
coefficient R? given in Figure 6.

0 50 100 150 200

50
, t(min)

y =-0,0113x - 0,021
2,5 1 R? = 0,9842 >
Y 3

Figure 6: Linearization y=k;x+q following equation (10); 10 uM Ag; Do=50 nm; D,,=400 nm

Then the linearization of experimental data was repeated excluding the value of Dy and starting with
the first experimentally obtained value D, at t;. The parameter values k;, g, R® evaluated from equation
(11) under steady growth conditions nAg (excluding D,) were summarized in Figure 7. For these
purposes, the equation (2) was utilized

(ADy—AD;)

Cooany = kalti —t) = kyAt, (11)

where were AD=D;-D,, 4t= t-t;, 4AD,=D,,—D;. From the experimental data there were subsequently
Yi=In[(4Dm—4D))/(4D—4D;)] vs xi=t—t; determined. Dependencies y; vs X; were then linearized at
progressively different selected values 4Dy, in the range of 320 nm to 400 nm. They indicated that the
best linearization has been achieved at 4D,,=360 nm. At this optimum value 4D, a segmented
linearization was then applied [14] on y; vs. X;. It consisted of linearization of dependency y—x; always
gradually selected sets of groups of five points 1st set (x;y:), i from 0 to 4; 2nd set (x;;y;), i from 1 to 5; 3rd
set (x;y), i from 2 to 6; 4rd set (x;yi), | from 3 to 7; 5th set (x;yi), i from 4 to 8. The results of this
segmented linearization are illustrated in Figure 8.

0 . . . .  [min]
50 100 150 200
_0‘5 L
1 b
(400) y = -0,0054x - 0,0666
R? = 0,9922
-15 b (380)y=-0,0059x - 0,0619
R?=0,9943 D inf=320nm
(360) y = -0,0067x - 0,0534 WD inf = 340nm
2} R? = 0,9956 by L
(340) y = -0,0077x - 0,0379 ADinf=360nm
y R = 00955 eD !nf =380nm
25 L (320) y = -0,0092x - 0,0079 *Dinf = 400nm

R2=0,9918
Figure 7: Linearization of the sets of (x;; y;) data following equation (11); 10 zM Ag; AD,, between
320 nm and 400 nm
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Figure 8: Linearization of the sets of (x;; y;) data following equation (11); 10 uM Ag; 4D,,= 360 nm

It implies that the time constants (by variable x) for individual segments were not quite constant and
were somewhat changing within the progress of agglomeration (and therefore also with t). This fact was
consistent with the discussed assumption on similarities between aggregation and adsorption processes.

Conclusions

A tentative comparison of the observed time-dependent growth of silver nanoparticles nAg in
a solution with the discussed adsorption of the sodium thiosulfate within its limited concentration range
and at the constant potential -0.1 V vs. SCE on a polarized mercury electrode has outlined a partial
model's analogy between the adsorption and the agglomeration effects. It turned out that tat least to
a certain measure the use of recently proposed relationships and isotherms would enable the evaluation
or fitting of the kinetics of agglomeration. In case of solutions containing 10 uM nAg, the evaluated
approximate size of the initial agglomerates was Dy=50 nm, the estimated maximum (limit) diameter
D,=400 nm.
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Pokusny odhad aglomerace odpadnich nanoéastic zalozeny na ¢astec¢né
podobnosti s elektrosorpénimi procesy

Ladislav NOVOTNY, Abraham KABUTEY, Katefina HRDA
Univerzita Pardubice, Studentska 95, 532 10 Pardubice 2, e-mail: nvt.l@seznam.cz

Souhrn

V préaci byl diskutovan pokusny odhad kinetiky aglomerace odpadnich nanocastic zaloZzeny na
caste¢né podobnosti s elektrosorpcnimi procesy. VyuZitelné podobnosti mezi obéma typy zminénych
procesu byly prezentovany a aplikovany na pripadu aglomerace nanocastic stfibra a elektrosorpce
thiosiranu sodného. S vyuZitim nedavno navrzenych vztaht a izoterem byly popsany alternativni
moZznosti prokladani a vyhodnocovani nékterych kinetickych priamérnych parametri agregace.

Klicova slova: adsorbce/elektrosorpce, aglomerace nanocastic, kinetika rustu, nanocastice stfibra
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Economical Efficiency of Biological Reductive
Dechlorination for Decontamination of
Hexachlorocyklohexane-Contaminated Soil
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Summary

Primarily as a consequence of the industrial era, soil in many places is contaminated by various
chemicals. Companies and governments often hesitate in implementing a treatment plan because of
a lack of information on the most economical method. This study aimed to determine and compare the
costs of two ex situ decontamination options for hexachlorocyclohexane-contaminated soil, including the
application of whey and zero valent iron, and incineration of contaminated soil. Based on a classification
analysis of costs for individual activities in the decontamination process, a general cost model was
designed, considering the amount of contaminated soil and duration of biodegradation as the key
parameters. To determine the duration of biodegradation, the laboratory test of the efficiency of whey
and zero valent iron application for the contaminated soil coming from the location Bratislava, Slovakia
was performed.

Keywords: biodegradation, soil, hexachlorocyklohexane, cost calculation, enviromental economics

Introduction

Soil contamination by halogenated substances is an environmental problem mainly caused by the
massive utilization of pesticides and insecticides in agriculture. Halogenated contaminants contain
halogen atoms (fluorine, chlorine, bromine, or iodine) within their molecules. Among halogenated soil
contaminants is hexachlorocyclohexane (HCH), a chlorinated cyclic hydrocarbon that was used in the
past as a pesticide to protect fruit, tobacco, and greenhouse trees or as an insecticide to protect
livestock®. In soils, HCH exhibits low mobility and is adsorbed to soil particles. Owing to its
characteristics—in particular, that it is a relatively stable and non-water-soluble substance—HCH is
classified both as a persistent organic pollutant and a volatile organic substance?. HCH is decomposed
by certain bacteria into tetrachlorocyclohexane, pentachlorocyclohexane, or even carbon dioxide® . It is
suspected to be a human carcinogen. At present, the production and use of HCH is prohibited in the
European Union countries®.

Common soil treatment technologies involve the destruction or modification of contaminants via
thermal, physical, or chemical processes; the extraction or separation of contaminants from soil; or the
immobilization of contaminants®.

Decontamination technologies can be classified by their processing site as follows:

* In situ decontamination methods, which entail decontamination of only underground water. For the
decontamination of soil above this level, methods include venting, biodegradation and bioventing,
and solidification/stabilization™.

* On-site decontamination methods, in which contaminated soil is excavated and processed directly
at the contaminated site within mobile decontamination units**.

* Ex situ decontamination methods, which involve excavation and transport of contaminated soil
from the site and subsequent removal of contaminants using a suitable decontamination
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technology. The most popular decontamination technologies include dumping, incineration in
dangerous waste plants, biodegradation within a biodegradation area, thermal desorption,
solidification/stabilization, and chemical oxidation*?.

Despite HCH’s persistence in the environment, researchers determined in the late 20" century that
bioremediation or biochemical degradation, a process during which contaminants are transformed into
non-toxic and riskless substances by specific microorganisms, is plausible for HCH. The biochemical
degradation method can be applied in shallow and easily accessible contamination sites, or, in the case
of a less permeable, heterogeneous environment, when the soil is excavated and transported to
a decontamination area for treatment.

The main factors in the efficiency of ex situ biodegradation include biological degradability and
concentration of the contaminant, soil permeability, temperature and sufficient aeration of the soil, level
of homogenization, sufficient concentration of microflora with biodegradation potential, humidity,
presence of nutrients for microorganisms, adsorption capacity of the soil, and concentration of organic
carbon™. At present, combined soil decontamination methods using biological reductive dechlorination
are being tested. The main mechanism behind this biodegradation process is dehalorespiration, during
which anaerobic microorganisms naturally present in the soil utilize chlorinated substances as electron
acceptors during metabolic processes, transforming these substances sequentially into non-toxic
substances™.

Biological reductive dechlorination (BRD) can be performed using various additives, including zero-
valent iron (ZV1)*® and organic substrate in the form of whey or molasses'’. BRD combines the effects of
gradual fermentation of generic organic substrate with the reductive effect of ZVI. This method involves
the alternation of anaerobic and aerobic cycles. Within the anaerobic stage, electrons are released as
ZVI is oxidized into ferrous oxide and the organic substrate is concurrently consumed by microorganisms
naturally present in the soil. The released electrons induce reductive dechlorination of the contaminant,
eventually resulting in its complete decomposition.

This study aimed to determine the costs of one ex situ biological reductive dechlorination option for
hexachlorocyklohexane-contaminated soil. This option includes the application of whey and ZVI. Based
on a classification analysis of costs for individual activities in the decontamination process, a general
cost model was designed, considering the amount of contaminated soil and duration of biodegradation
as the key parameters. To determine the duration of biodegradation, a laboratory testing of the efficiency
of whey and ZVI application was performed. The costs of the described option were subsequently
compared with the costs of incineration for the contaminated soil coming from the location Bratislava,
Slovakia.

Materials and methods

Laboratory verification of the efficiency of whey and ZVI application

Laboratory verification of the efficiency of the application of whey and ZVI was carried out for
contaminated soil coming from the location Bratislava, Slovakia (48.1818617N, 17.1369628E). The initial
concentration of HCH isomers in the contaminated soil was 2 103 mg/kg of dry matter. For the
experiment, 5 60L barrels were used, each containing 6 kg of screened, contaminated soil. The soil was
wetted to achieve around 50% of dry mass, and 5 wt. % of whey (5 % dried whey + 95 % water), 5 wt. %
of ZVI (iron powder — 80 % of spherical particles with the diameter ranging from 0,2 to 0,3 mm) was
added in each barrel and the barrels were closed. The initial value of pH was 7.1 and the presence of the
anaerobic and facultative anaerobic bacteria in soil was 1-104 CFU/kg of dry matter. The anaerobic
stage lasted for 10 days and was followed by a 4-day aerobic stage®. In the beginning of each aerobic
stage the soil was stirred with paddle and the barrels were left opened. The stages were carried out at
temperature 22 °C. In total 10 cycles were carried out and the experiment lasted 140 days. For each
barrel, 3 samples were taken per each aerobic cycle. These samples were processed by the certified
laboratory to obtain HCH concentrations.
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Process model of ex situ decontamination using whey and ZVI

The process model of ex situ decontamination is shown in Figure 1.

Whey&ZVI Soil moistening
purchase
\
Transport Transport
P Whey&ZVI P
application
\ \ \
Soil transported from N Ex situ N Soil transported back to
the site decontamination the site
~ ™ ™ ™
Sampling
Soil extraction Soil return

Soil aeration

Figure 1: Process model of ex situ decontamination

First, an excavator was transported to the contaminated site to excavate the soil. The excavated soil
was transported on a truck to the decontamination area. There, the humidity of the contaminated soil
was adjusted to the required level. Subsequently, contaminants were analysed, and whey and ZVI was
applied to the soil using a loader. The soil then underwent the anaerobic and aerobic cycles. During the
transition to aerobic conditions, a soil sample was taken, the soil humidity was adjusted, and the soil was

aerated using an excavator. Finally, the soil was loaded onto a truck using a loader and returned to its
original location.

General cost model of ex situ decontamination using whey and ZVI

Based on the process model of ex situ decontamination using whey and ZVI, a classification cost
analysis was conducted. Costs were divided into fixed costs (C;) and variable costs [C,i(Q) and C,(t)],
the latter determined by two variables: the volume of decontaminated soil Q and the duration of
biodegradation t. The model of the cost function is represented by the following equation:

CQY=C, +3C.Q+XCy0). )

Table 1 shows the values of cost items in the form of expert estimates.
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Table 1: Values of cost items in the form of expert estimates

Activity

Cost item

Cost rate

Cost type

Cost level

Excavation of

€ 1.7 per ton of

€ 1.7 perton-Q

soil

contaminated soil on-site soil Cu(Q) (tons)
Collection of soll _
from site Transport of excavated soil
to decontamination site at | € 3.9 per ton of CoalQ) €3.9perton-Q
a distance of 50 km by 12- | soil vz (tons)
ton truck
Rental of decontamination | € 83,400 per C € 83,400 per year -
area for 3,000 tons of soil | year f t (years)
€ 370 per ton of € 370 per ton - 0.05
Ex situ Purchase of whey whey Cuw3(Q) - Q (tons)
decontamination
€ 494 per ton of € 494 per ton - 0.05
Purchase of ZVI 2V Cu(Q) - Q (tons)
. . . € 36.5 perday -t
Soil moistening € 36.5 per day Cu(t) (days)
Application of whey and € 0.4 per ton of Cus(Q) €04 perton-Q
ZVI using loader soil ve (tons)
€ 133.3 per sample
EX situ . € 133.3 per -t (days) / cycle
decontamination Sampling sample Cualt) duration, i.e. 14
days
. . € 36.5 perday - t
Soil aeration € 36.5 per day Cus(t) (days)
Transport of
decontaminated soil to site | € 3.9 per ton of Cus(Q) €3.9perton-Q
Return of soil to | at a distance of 50 km by | soil ve (tons)
site 12-ton truck
Return of soil to site € 1.7 per ton of Cl(Q) €1.7perton-Q

(tons)

Costs of decontamination via incineration are not dependent on t and can be determined as follows:
C(Q) =P, Q;

where p, is the price of incineration provided by an external supplier as a service. Price of incineration
was estimated to be €463 per ton of soil.

(2)
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Results and Discussion
Efficiency of whey and ZVI application at the laboratory testing

Figure 2 shows efficiency of whey and ZVI application at the laboratory testing.
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Figure 2: HCH concentrations over time

Rapid and significant reduction of HCH concentration occurred in approximately first 40 days of the
laboratory testing. In this period of time the initial HCH concentration decreased from 2 103 mg/kg to
57 mg/kg which represented 97% efficiency. Then, the reduction of HCH concentration slowed down
distinctly reaching the minimal HCH concentration 4 mg/kg after 8 anaerobic/aerobic cycles. To
approximate the evolution of HCH concentrations over time exponential regression was suggested to be
appropriate.

Based on the laboratory testing of the efficiency of whey and ZVI application, the duration of
biodegradation t; equal to 40 days (i.e. the period with rapid and significant HCH reduction) and t, equal
to 112 days (i.e. minimal reached HCH concentration) were considered and the general cost model was
used to assess an economically efficient treatment plan for soil used in laboratory testing. There were
two possible options of the treatment such as:

*  Option 1 — application of whey and ZVI.
*  Option 2 — incineration of contaminated soil.

For Option 1, it was assumed that the contaminated site was located 50 km from the decontamination
area large enough to treat 3 000 tons of soil as the maximum. Soil was transported between the
contaminated site and decontamination area using 12-t trucks. Sampling was conducted at the end of
each aerobic cycle. Based on the cost items (see Table 1) and the duration of biodegradation t the value
C(Q,t) for Option 1 was determined using Equation 1, for the quantities of soil to be treated ranging from
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100 to 3 000 tons. For Option 2, it was assumed to contract an external company for the incineration of
contaminated soil. The value of C(Q) for the quantities of soil to be incinerated ranging from 100 to 3 000
tons was determined using Equation 2.

C(Q,t) and C(Q) for varying Q shows Figure 3.

250 000
200 000
)
g
O 150 000
g " R
0 h——------—--_
100 000 = e === =_=_—_
50 000
0 T T T T T T T
100 150 200 250 300 350 400 450 500
Q (tons)
= QOption 1 -t=40 days = = Option 1-1t=112 days «++++++ Option 2

Figure 3: Change in C(Q,t) and C(Q) in options 1 and 2 for varying Q

For both t; and t, break-even point lied between 200 and 250 tons of soil. It means that when treating
a small amount of soil up to approximately 200 — 250 tons, incineration is more economical than the
application of whey and ZVI.

Conclusion

1. During the laboratory testing of the efficiency of whey and ZVI application in treating HCH
contaminated soil, the most significant reduction of HCH concentration occurred in approximately
first 40 days.

2. The minimal HCH concentration was reached in approximately 112 days and did not
systematically decrease any further.

3. Exponential regression is suggested to describe HCH concentration evolving over time.

During the laboratory testing we did not reach HCH concentration <= 0.1 mg/kg which is the
concentration required by the law No. 13/1994 Sb. in the Czech Republic. From this point of view,
the incineration seems to be better way to treat the contaminated soil.

5. Based on a classification analysis of costs for individual activities in the decontamination process,
a general cost model was designed, considering the amount of contaminated soil and duration of
biodegradation as the key parameters.
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6.

The outputs of the general cost model showed that when treating a small amount of soil up to
approximately 200 — 250 tons the incineration is more economical than the application of whey
and ZVI for both the duration of biodegradation representing the period with rapid and significant
HCH reduction and the time of reaching minimal HCH concentration.
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Ekonomicka efektivita biologické dechlorace zemin kontaminovanych
hexachlorocyklohexanem

Jakub DYNTAR?, Dana STRACHOTOVA', Tereza HNATKOVA?
Y VSCHT Praha, Technicka 5, 166 28 Praha, Ceska republika

2 Dekonta Dretovice, Stehelceves, Ceska republika

Souhrn

V tomto ¢&lanku popisujeme ekonomické srovnani aplikace nulamocného Zeleza a syrovatky
s metodou spalovani pii odstrarfiovani hexachlorocyklohexanu obsaZzeného v zeminach. Na zakladé
procesni analyzy byl navrZzen nakladovy model, jehoZ proménnymi jsou mnoZstvi kontaminované zeminy
a doba trvani biodegradace. Doba trvani biodegradace byla stanovena pomoci laboratorniho testovani.

Klicova slova: biodegradace, puda, hexachlorocyklohexan, kalkulace naklad(, environmentalni
ekonomika.
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Abstract

Radioactive isotopes and fission products represent a serious danger to humans and other living
organisms. The radioisotope Caesium(Cs)-137 has received much attention due to its long half-life, high
solubility in water and similarity to potassium, a metabolically important chemical element. Interestingly,
some groups of microorganisms can interact with Cs through accumulation or sorption and,
consequently, have been suggested as excellent Cs bioremediators. In this study, the effect of different
concentrations of non-radioactive Cs* ions on the survivability of natural anaerobic bacteria was
determined using molecular-biological methods and transmission electron microscopy. Lower Cs
concentration (0.5 mM) promoted bacterial growth (specifically total bacterial biomass and nitrate-
reducing bacteria), while higher concentrations (1 mM) limited bacterial growth, with 5 mM found to be
lethal. These findings corresponded well with the results of TEM.

Keywords: caesium, anaerobic bacteria, radioactive waste repository, molecular-biological methods

Introduction

The majority of waste produced by nuclear power plants and other nuclear-fission based applications
contains radioactive material. A release of radioactive isotopes and fission products into the environment
can cause serious harm to humans and other living organisms. Much attention has been given to the
radioisotope Caesium(Cs)-137 relative to its long half-life, the high solubility of Cs salts in water and its
similarity to potassium (K), a metabolically important chemical element (lvshina et al., 2002). Notably,
Cs-137 was one of the main radioactive materials released from the Fukushima Daiichi nuclear power
plant damaged by the tsunami in March 2011.

Even though it is regarded as a nonessential biological element, Cs* ions can be assimilated by living
organisms such as bacteria, fungi and plants (Kato et al.,, 2016, Gyuricza et al., 2010, White and
Broadley 2000). Some bacterial species can tolerate high Cs* ion concentrations, though it is toxic to
others. As an example, Cupriavidus metallidurans strain CH34, the most Cs” resistant strain discovered
to date, has been shown to grow in the presence of 500 mM CsCI (Dekkar et al., 2014), while growth of
the common soil bacterium Pseudomonas aeruginosa was inhibited by ~0.45 mM Cs* (Kang et al.,
2017). Microorganisms can take up Cs* either through incorporation via the K* transport system thanks
to its chemical similarity to K* (Avery, 1995, Kato et al., 2016), or it can be adsorbed on the surface of
cell walls (Lan et al., 2014). Consequently, microorganisms can prove useful for the removal of Cs from
the contaminated sites (Komoriya et al., 2016).

Generally speaking, high-level radioactive waste is usually disposed in deep, stable, geological
structures, usually by encapsulating in a metal canister surrounded by bentonite buffer and embedding it
in the host rock. The deep geosphere is not a sterile environment, however, microorganisms showing
a diverse metabolic activity may be present in both the buffer material and the host rock (Masurat et al.,
2010a). Moreover, microorganisms could also reach the repository site via flowing groundwater through
bedrock fractures and fissure or be introduced during the repository operation phase. The activity of
anaerobic microorganisms within the repository could conceivably influence and/or compromise the
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safety performance of the whole disposal system. As intact metal containers are the only absolute barrier
to radionuclide transportation (Masurat et al., 2010b), any corrosion or damage to the waste canister
could result in radionuclide release and transportation to the surface biosphere or mobilisation through
groundwater (Stroes-Gascoyne and Sargent, 1998), with Cs® transportation facilitated through ion
bioaccumulation and migration of microorganisms.

Previous studies have shown that bacterial exudates can influence Cs* adsorption on clay minerals
(Wendling et al., 2005), a material proposed as backfill and as a buffer material. Sulphate-reducing
bacteria (SRB) in particular have been shown to decrease Cs" adsorption, thus enhancing the mobility of
Cs’ (Russel et al., 2004). As such, it is vital that interactions between Cs™ and the natural anaerobic
microbial communities present in deep geological radioactive waste repositories are fully understand.

The main aim of this study was to investigate the effect of non-radioactive Cs* on natural anaerobic
microbial consortia sourced from groundwater. Particular focus was directed to the effect of increasing
Cs® concentrations on SRB and nitrate-reducing bacteria (NRB) that could compromise the safety of
deep geological radioactive waste repositories.

Experimental set-up

Natural groundwater was collected at the Josef Underground Research Centre, Czech Republic
(source “VITA”) immediately before performing the experiment. Preliminary characterisation confirmed
a high abundance of anaerobic sulphate-reducing bacteria. For this study, commercially available CsCI
(Lach-Ner, Czech Republic) was used as the caesium source, with Cs™ concentrations set at 0.5 mM,
1 mM and 5 mM, along with a negative control with no Cs*. Sub-samples were collected after 0, 1, 3, 6,
8 and 23 days. The experiment was performed under strictly anaerobic conditions in the anaerobic glove
box (Jacomex GP, France).

In order to determine bacterial viability, bacterial membrane integrity was analysed using Live/Dead
staining, using the Live/Dead® Baclight™ bacterial viability kit (L-7005, ThermoFisher) according to the
manufacturer’s instructions. The kit contains a mixture of nucleic acid binding dyes, SYTO® 9 green-
fluorescent and propidium iodide, with green fluorescence detecting live bacteria and red fluorescence
(propidium iodide) detecting dead bacteria. Samples (10 ml) of differing Cs* concentration were prepared
in duplicate and Live/Dead staining performed after 3 and 8 days. Each sample was first centrifuged at
5000 rpm for 15 min, then the supernatant was discarded and the resultant pellet used for staining
analysis. A 5 yl sample was taken from the pellet and mixed with 3 pl of the probe and incubated under
dark conditions for 15 min before analysis under a fluorescence microscope.

Transmission electron microscopy (TEM) was performed using a JEM-1011 microscope (JEOL,
USA), using 30 ml samples that had been centrifuged at 8000 rpm for 15 min then analysed without
negative contrast colouring. As with Live/Dead staining, TEM was performed after 3 and 8 days.

The remaining sample volume was sterile filtered to concentrate biomass for further microbiological
analysis. Molecular analysis was performed at the beginning of the experiment and at days 1, 6 and 23.
Total DNA was extracted from the filters using the MoBio Power Water DNA extraction kit (MoBio
Laboratories, Inc., USA) following the manufacturer’s protocol. The extracted DNA was then quantified
with a Qubit 2.0 fluorimeter (Life Technologies, USA). A quantitative polymerase chain reaction (QPCR)
was employed to monitor the relative level of SRB (by detecting levels of genes for adenosine-5'-
phosphosulphate reductase apsA and dissimilatory sulfite reductase dsrA2 (Ben-Dov et al., 2007)) and
nitrate-reducing bacteria (NRB) (by detecting relative levels of the nitrite reductase genes nirK and nirS
and the nitrous oxide reductase gene nosZ (Geets et al., 2007)).

In addition, the 16S rDNA gene was used for monitoring changes in total bacterial biomass, using primer
16S rRNA (Clifford et al., 2012). Reaction mixtures were prepared as follows: per 10 pL reaction volume,
5 uL KAPA SYBR FAST gPCR Kit (Kapa Biosystems, Inc., MA, USA), 0.4 pL of 20 uyM forward and
reverse primer mixture (Generi Biotech, Czech Republic, IDT, US) with the addition of 3.6 uL ultra-pure
water (Bioline, UK) and 1 pL of DNA. Each sample was analysed in duplicate with ultra-pure water used
as a template in a negative control. Measurements were performed in duplicate using a LightCycler®
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480 instrument (Roche, Switzerland) under the following reaction conditions: 5 min at 95°C for initial
denaturation, followed by 45 cycles of 10 s at 95 °C, 15 s at 60 °C and 20 s at 72 °C. Finally, a melting
curve was set for 5 s at 95 °C, 1 min at 65 °C and final ranging from 60 to 98 °C, with a temperature
gradient of 40 °C per 10 s. The purity of the amplified fragment was determined through observation of
a single melting peak. Crossing point values were obtained using the ‘second derivative maximum’
method included in the LightCycler® 480 Software. The method uses different amplification efficiencies
for each primer, determined by measuring the slope of curves constructed from a serial dilution of
template DNA from five internal environmental standards. During the evaluation process, a water sample
was normalised to dilution and the total amount of DNA extracted. The relative abundance of the
bacterial 16S rDNA gene and functional genes was calculated and expressed as a fold change between
two states (at a given sampling time and at an initial time) using the delta Cq method. Based on the
approach used, it is necessary to consider each molecular biological marker separately and observe the
trends in relative abundance over time.

Results and discussion

Relative quantification of SRB, NRB and total bacterial biomass

Total bacterial biomass increased significantly in the 0.5 mM Cs* sample after six days and continued
to do so until the end of the experiment (FigurelA). Similarly, bacterial abundance increased after three
days in the control without Cs”. In contrast, not any bacterial growth was observed in both the 1 mM and
5 mM Cs* samples.

w0 A 16 S rRNA gene a2 B SRB-apsA2 gene c SRB-dsrA2 gene
. 6
S B 1 5
g 10 08
] 0.6 4 . 5
: 1 - X >
4 v 04 2
= day0 day1l ‘day3 day6 day8 day23 ®
] 34
g 0.2 = 1
% 04
0 0
day0 day1l day3 day6 day8 day23 day0 dayil day3 day6 day8 day23
0.01
) . F NRB-nosZ gene
D NRB-nir K gene E NRB-nir S gene
1000 1000
1000 . +--0.5mM
Y *»
* 100 100
£ 100 . - 1mM
— v *
- L
8
!:2 10 10 10 é 5 mM
S ‘
1 E 4
= no Cs+
g 2 = 1 - 1 Y : - 2
E day0“.day 1’ day3 day6 day8 day23 day0 day1 day3 day6 day8 day23 day0 day1 day3 day6 day8 day23
7] 3 : a h :
-4

°
=

01 0.1

Figure 1: Relative quantification of specific gene markers at different Cs+ concentrations (0,
0.5, 1, and 5 mM) over 23-days determined using qPCR. Note logarithmic scale of A, D, E, and F

There was no proliferation of SRB in any Cs" treatment, including the control (Figure 1B, C). On the
other hand, all three marker genes for NRB showed enhanced growth at 0.5 mM Cs" after six days, with
the increase of 50, 400 and 160-fold of the relative value detected by nirK, nirS and nosZ genes,
respectively (Figure 1D, E, F). The positive effect of Cs* may be due to changes in environmental
conditions as Cs® quickly oxidises and interacts with oxygen-donor ligands more easily than with
nitrogen-donor ligands (Avery, 1995), which could favour NRB. As a consequence, NRB growth could
decrease the redox potential in the waste repository. Higher concentrations of Cs* (1 and 5 mM) were
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clearly toxic to NRB, most probably due to Cs*-induced K* starvation and impairment of metabolic
pathways comprising K*-dependent enzymes (Avery, 1995).

Live/Dead staining

While living bacteria were present in high numbers at the lowest Cs* concentration (0.5 mM), a much
higher proportion of dead bacteria was detected at the highest Cs* concentration (5 mM) after three and
eight days (igure 2). The results obtained from Live/Dead cell staining analysis correspond well with the
results of the gPCR analysis.

Figure 2: Live/Dead cell staining analysis — the presence of living bacteria is denoted by green
fluorescence at 0.5 mM Cs” concentration (left) and dead bacteria are marked with red
fluorescence at 5 mM Cs* concentration after eight days

TEM analysis

TEM results were consistent with those obtained from qPCR and Live/Dead cell staining analysis.
Numerous bacterial cells were detected using TEM in the 0.5 mM Cs* sample (Figure 3), with lower
numbers observed in the 1 mM Cs” solution. At the highest Cs* concentration (5 mM), a low number of
destroyed bacterial cells were observed.

’ et
500 nm 5 500 nm

Figure 3: TEM image showing the presence of bacteriain 0.5 mM Cs" after eight days
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Conclusion

We described the effect of increasing concentrations of non-radioactive Cs* ions on an anaerobic
microbial consortium from natural underground water. Lower Cs* concentrations (0.5 mM) promoted
bacterial proliferation, especially total biomass and NRB. In contrast, the 1 mM Cs” solution limited
bacterial growth and the 5 mM Cs* solution was lethal to natural bacteria. These findings were supported
by similar observations using Live/Dead cell staining and TEM analysis. Although the highest Cs”
concentration had an inhibitory effect on bacteria, lower concentrations could still induce growth of NRB,
which could influence redox conditions in radioactive waste repositories. Further studies including
physico-chemical measurements and sequencing techniques could reveal more information on the
influence of Cs on natural microbial communities and its relevance for radioactive waste repository
safety.
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Vliv cesnych iontu na pfrirozené spolec¢enstvo anaerobnich bakterii
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Souhrn

Radioaktivni isotopy a $tépné produkty pfedstavuji vazné nebezpeci pro lidi a ostatni Zivé organismy.
Radioisotopu cesia (Cs) 137 je pfikladana velka pozornost zejména kvuli jeho dlouhému poloCasu
rozpadu, vysoké rozpustnosti ve vodé a chemické podobnosti s draslikem — metabolicky dilezitym
biogennim prvkem. Na zakladé toho mohou nékteré skupiny mikroorganismi cesium akumulovat nebo
sorbovat, a diky tomu jsou vhodné pro bioremediaci. V této praci byl studovan vliv riznych koncentraci
neradioaktivnich iontl cesia na preziti pfirozené se vyskytujicich anaerobnich bakterii pomoci
molekularné-biologickych metod a ftransmisni elektronové mikroskopie. Bylo pozorovano, Ze nizsi
koncentrace cesia (0.5 mM) podporuji bakterialni rast (celkovou bakterialni biomasu a nitrat-redukujici
bakterie), zatimco vy$§8i koncentrace (1 mM) rdst bakterii omezuji a koncentrace 5 mM je pro bakterie
letalni. Tato zjiSténi koresponduji s vysledky ziskanymi pomoci transmisni elektronové mikroskopie.

Kli¢ova slova: cesium, anaerobni bakterie, tloZisté radioaktivnich odpadu, molekularné-biologické
metody
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Abstract

The study is focused on reduction of anthropogenic carbon dioxide emissions from the atmosphere,
which are created mainly due to fossil fuels incineration. Removal of CO, by post-combustion process,
realized via adsorption on a suitable solid material can be considered as promising way in comparison
with currently applied absorption processes. A wide range of materials, both natural and synthetic, is
tested for these purposes. In this study, fly ashes, collected from the ESPs of power and heating plants
were chosen as an experimental material for CO, capture. Potential application of fly ashes as well as
bottom ashes provides in fact no material costs, since these materials are usually disposed as wastes.
Tested materials were characterized by different methods, namely: XRF, BET surface, pore size
distribution and TG analysis. Sorption properties were tested in two markedly different temperature
ranges using two flow-through apparatuses and by static adsorption method. The aim of the study was to
verify capacities of physical and chemical CO, sorption for each fly ash at different conditions. Based on
the results it can be stated that only physical sorption is not sufficient for CO, sorption and chemical
sorption mechanism is therefore more important for this process. The highest sorption capacity
(5.78 g-100 g*), which was reached in high temperature sorption, documents that these waste materials
are able to be competitive to other e.g. synthetic sorbents.

Keywords: fly ash, surface characterization, CO, capture, high-temperature sorption

Introduction

Combustion of fossil fuels together with cement industry is considered as the main contributor to
anthropogenic emissions of carbon dioxide to the Earth’s atmosphere. These emissions are partly
captured by ecosystems and oceans. However, the residual amount of CO, has probably a negative
impact on global warming associated with climate change®. U.S. Energy Information Administration (EIA)
predicts an increase of CO, emissions by ca. 3.3 billion metric tons between years 2012 and 2020.
According to this trend, the global CO, emissions will reach 25.6 billion metric tons in the year 2020 and
further growth is projected to exceed 43 billion metric tons till the year 2040. These predictions do not
include those plans in the United States that will accomplish the goals of Clean Power Plan (CPP)
regulation and will decrease CO, emissions by ca. 0.5 billion tons till the year 2040. However, large part
of the emissions growth is attributed to developing countries, which are not involved within Organisation
for Economic Co-operation and Development (OECD). Developing countries have often no alternative to
burning fossil fuels to satisfy high energy demands®.

According to EIA the emissions, generated by industry in developing countries, will increase by about
51 % between the years 2012 and 2040. This trend can be compared with the OECD member states,
which assumed emissions growth only 8 % within the same time interval. At present time global energy
consumption is covered by fossil fuels from 84 %. In the case the increase in usage of renewable
sources and also nuclear power will meet the predictions, the share of fossil fuels should decrease to
approximately 78 %. Contribution of the individual fuels would therefore change proportionally. For
instance the share of black coal and lignite in the energetic mix should decrease from 28 % (2012) to
22 % in the year 2040. During the same time period decrease in application of liquid fuels is expected in
the range from 33 % to 30 %. Meanwhile the use of natural gas should increase by 3 %, which means
the final percentage will be 26 %?.

Based on these scenarios, fossil fuels will be still important for energy production and therefore CO,
emissions will still represent the environmental risk for the next few decades. There is an ambition to
develop such technologies, which would be able to decrease CO, emissions at industrial scale and will
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be economically acceptable. Adsorption of carbon dioxide on solid materials is considered as one of the
possible solutions. However, it is necessary to find a low-cost sorbent having high selectivity for CO,
under specific conditions and being stable and reusable. Flue gases exiting the combustion chamber
reach temperatures in the range of 400 — 600 °C. It is desirable to capture CO, at these temperatures to
make the process more feasible and advantageous. Cooling down the flue gases before CO, sorption is
not energetically preferable. A wide range of adsorbents are generally capable to separate CO,, e.g.
activated carbon, zeolites, CaO- or MgO-based sorbents, silica gel, various hydrotalcite-like compounds
etc. Based on the prediction that the significant part of energy production in two to three decades will be
still covered by fossil fuels (mainly by coal), the possibility to use the wastes, generated by the power
industry, is considered. The suitable waste should be primarily fly ash, which is stable at high
temperatures and contains inert aluminosilicates®”.

Nowadays, the most used technology for energy production is combustion of coal in pulverized form.
Pulverized coal burners often incinerate medium to high quality bituminous coal. This technology has
been in use for almost one century and therefore is well proven and optimized. However, in the last
several years new coal burning technology has arisen: circulating fluidized-bed (CFB). Before
combustion in the fluidized-bed reactors the coal must be ground to relatively large grain size 3 — 6 mm.
Thus installation of the CFB combustors brings savings in the cost of time, energy and equipment
compared to the conventional pulverized combustion (PC). The main difference between these two
systems is that the CFB technology prolong the residence time of hot solid unburnt substances in
a boiler due to recirculation of the particles in the system. This effect leads to better conversion of carbon
and homogenous heat flow through the whole boiler and also in the recirculation system. Two
advantages result from this. At first the ability of the system to combust wider range of fuels is enhanced
and se(,;ondarily better tolerance to changes in the fuel quality during the incineration process is
ensured”.

Indeed, both of these combustion technologies produce solid wastes. The solid waste, which
utilisation is discussed within this study, is called fly ash (FA). FA is composed mostly of inorganic non-
combustible compounds from coal and is captured from flue gas by electrostatic precipitators or
baghouse filters. FA has a form of heterogeneous powder whose particles have spherical shape with
diameter in the range from micro to millimetres. In some cases the particles can have high reactivity. The
quality and physicochemical properties of fly ash are based on the quality of incineration and combustion
technology. Fly ash coming from fluidized combustion contains a part of unreacted CaO. Calcium oxide
is used for flue gas desulphurization (FGD) and in fluidized technology SO, is captured directly in the
combustion chamber. On the contrary, pulverized combustion uses FGD behind the combustion
chamber, respectively behind the capture of solid particles and therefore fly ash from this type of process
does not contain free CaO’ >,

Fly ash is usually disposed as waste, but recently it is more frequently used in various industrial
sectors, which proportionally decreases its environmental impact. About 20 % of fly ashes is used in the
building industry for concrete production, where is applied as low-cost binder. In addition to cement
replacement for concrete production, fly ash has been used in the processes of water treatment or for
zeolite synthesis. Portland cements and polymers syntheses or as a backfill after mining are examples of
another FA utilization. In spite of its application in various sectors FA production is much higher than
commercial demand. This negative fact leads to the problem that there is still large amount of fly ash,
which has to be deposited as waste to lagoons, ponds or landfills. Due to declared tightening of
requirements for landfilling reduction of possible areas for the future FA storage should be expected.
Due to the above mentioned limitations it is necessary to develop new technologies for fly ash recycling®
1 One of the possibilities is its application for carbon dioxide separation from flue gas. Adsorption of
carbon dioxide occurs at the surface of ash particles, where strong interaction between CO, molecules
and substances in fly ash takes place. For this purpose, large specific surface of the sorbent is required.
When CO, reacts with CaO present in fly ash CaCO; is formed and carbon dioxide is captured
permanently. In this case CO, cannot be released to the air without dramatically changed conditions (pH,
temperature). The important advantage is in lowering the CaO content in fly ash, which negatively affects
properties of cement. Other applications of fly ash, which development is in progress, are in ceramic
industry, catalysis, metal ions removal or hydrotalcite-like compounds synthesis” %,
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It is commonly assumed that the use of fly ashes in various industry sectors would increase in future.
Moreover, growth of potential synergies in industry is expected. On the other hand, almost all of the
above mentioned technologies are actually in the early stages of development. Commercialization of
these methods therefore requires to be supported by research activities®.

The paper provides partial outcomes, obtained due to the presently realized international project
addressing the use of fly ashes, separated by ESPs of power plants and heating plants, for reduction of
carbon dioxide emissions. The consortium of participants includes research organizations from Greece,
Czech Republic, Germany and Poland. The sample base is continuously collected across the listed
countries. In the later stage of this project the sample base will include more than 100 of different
samples. For the purposes of this study three representative fly ashes were selected from the group of
20 materials, supplied by the facilities located in the Czech Republic. The main aim of this study was to
find cost-effective sorbent for CO, capture and to verify its sorption properties.

Experimental part
Materials and their identification

Fundamental data about the selected samples are specified in Table 1. The samples K31 and K32
came from the same technology but were generated at different thermodynamic conditions. K31
combustor is designed with higher nominal heat output (120 MW,) and steam production (150 t-h™ at
9.6 MPa and 540 °C) than K32. It has nominal heat output 100 MW, and steam production 125 t-h™ at
9.6 MPa and 535 °C. The sample B6 comes from a combustor, which has been in the testing regime
since 2017. The unit has nominal heat output 1,286 MW, and steam production 1,684 t-h™ at 28 MPa
and 600 °C.

Table 1: Basic information about the samples

_Sampl_e : Technology of combustor Type of combusted Specification of facility
identification coal
Fluidised bed combustor K31,  Lignite, black coal, Alpiq Generation (CZ) s.r.o.;
K31 . . : co )
commissioned in 1996 biomass Zlin city heating plant
K32 Fluidised bed combustor K32,  Lignite, black coal, Alpiqg Generation (CZ) s.r.o.;
commissioned in 2002 biomass Zlin city heating plant
B6 supercritical pulverized coal Lignite CEZ, a. s.; Ledvice power plant

combustor B6, in trial regime

Testing methods

Wide range of instrumental methods, to which the sample base is subjected, can be divided into three
categories. The first of them includes analyses, applied in order to provide basic characterisation of the
materials. The specific methods within this category are describes in hereinafter paragraphs.

Material characterization

The elemental composition of samples was measured using the XRF analyser ARL 9400 XP+
(producer Thermo Fisher Scientific, United States) with evaluation software UniQuant 4. Evaluation of
BET surface and pore size distribution was realized using the automatic analyser Coulter SA 3100
(producer Beckman Coulter, Inc., United States). This measurement is done by reversible adsorption of
N, at 77 K and then evaluated mathematically using BET adsorption theory.

Thermogravimetry was used to detect if the samples undergo thermal decomposition and therefore
they can be potentially used for high temperature sorption. The tests were provided under nitrogen
atmosphere using the automated analyser TGA-2000 (producer Navas Instruments, United States).
Tests performed via the TG analyser consisted of the following three consecutive steps. The procedure
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started with drying the samples up to 105 °C with heating rate of 12 °C-min™. The second step was
calcination, realized by heating up to 400 °C with temperature ramp of 5 °C-min™. The purpose of this
step was to determine whether the material releases crystal water, water inserted into the lattice
structure, or any adsorbed gases, respectively. The third step was high temperature calcination,
continuing to the temperature of 900 °C and using the same heating rate as applied for the second step.

Adsorption apparatus and experiments

Evaluation of sorption properties at low temperatures was provided by static adsorption method.
Static adsorption was carried out in a desiccator (without any adsorbent at the bottom) connected with
Tedlar gas sampling bag filled with pure CO,. 10 g of each sample was weighed into a porcelain crucible
and placed to the desiccator. Then the desiccator was heated up in a climate chamber to 200 °C under
vacuum. After this preparatory phase the temperature was set down to the desired level, the gas
sampling bag with CO, was connected with the desiccator and a valve was open to fill the whole
desiccator with the gas. All tested samples were in contact with CO, until the constant weight was
reached. The crucibles were weighed each three days. After each weighing the whole system was
evacuated and subsequently filled with pure CO, before placing back to the climate chamber. Three
independent experiments were performed at different temperatures. The chosen temperatures were 30,
40 and 50 °C.

Sorption capacities at high temperatures were determined using self-constructed fluidized-bed and
fixed-bed apparatuses in ten cycles of sorption/desorption. These apparatuses were developed for the
purposes of evaluation of sorption properties of various substrates and their comparison. The results of
the high temperature experiments provided with limestones were published within the years 2015 — 1722,
Schematic drawing of the fluidized bed apparatus is shown in Figure 1.

12 A

Figure 1: Sorption apparatus with fluidized bed reactor (1, 2 — pressure cylinders with inert gas
and mixture simulating desulfurized flue gas, 3 — needle valve, 4 — thermal mass flow
meter/controller Bronkhorst EL-FLOW Prestige, 5 — thermometer Greisinger GMH 3250 with Ni-
NiCr thermocouple, 6 — spiral air coolers, 7 — quartz reactor in tubular furnace, 8 — glycerol-filled
manostat, 9 — IR spectrometer Siemens Ultramat 23, 10 — drum gas meter, 11 — PC for data
collection)

The principle of measurement on the fixed bed and fluidized bed apparatus was, however, very
similar and therefore allowed mutual comparison of obtained results. Thus the experimental procedure is
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described only once. About 30 g of a sample was weighted to a reactor and the gas flowrate was set at
1 dm*min™. First step was thermal decomposition of the sample (known as calcination). Calcination was
carried out under nitrogen atmosphere up to 900 °C. When the desired temperature was reached, the
measurement continued under isothermal conditions until zero content of CO, was detected by the IR
analyser at the reactor output. Calcination phase was followed by cooling down under N, until reaching
carbonation temperature 650 °C. Then the gas flow was switched from nitrogen to model gas mixture
and carbonation started at isothermal conditions. Two model gas mixtures were used in order to simulate
desulfurized flue gas from standard coal fired power plant. The two different mixtures were applied,
which composition was as follows: 14 mol. % CO, in N, or alternatively 12 mol. % CO, + 7 mol. % O, in
N,. Carbonation was carried out until establishing chemical equilibrium when the inlet and outlet CO,
concentrations became identical.

Finally, the furnace was switched off and the reactor cooled down to the ambient temperature
spontaneously. Then the system was ready for the next cycle, beginning with a new calcination step.

Correct evaluation of all experiments requests, among other things, recording of the time delay
between switching on the gas input and displaying the corresponding response by the IR analyser. This
delay that can be so called “dead volume” distorts the results because it represents unreal contribution to
the sorption capacity. Measurements of blank were carried out at laboratory temperature and using the
sample, which was previously completely saturated by CO,. Then the apparatus was purged with
nitrogen until zero CO, concentration was displayed. After that N, was replaced by the corresponding
model gas mixture and the response of the IR analyser was recorded continuously until reaching the
same CO, concentration at the apparatus inlet and outlet. The value of this apparent sorption capacity
was deducted from the all values of capacities, measured within the same series.

Results and discussion
XRF analysis

No suitable calibration standard is available to fit completely the elemental composition of fly ashes.
Therefore, the measured values must be understood as semi-quantitative only. Due to commonly known
limitations of the XRF method some elements, including carbon and oxygen, cannot be detected. The
analytical data are thus normalized to 100 % of the sample weight and expressed as elements. Table 2
contains only selected elements, which are the most significant and considered important for potential
utilization of the material.

Table 2: Data from XRF analysis

i 0
Element Content in the sample (% wt.)

K31 K32 B6
Na 0.993 0.717 0.285
Mg 2.130 1.380 0.601
Al 18.250 15.380 33.040
Si 17.420 14.490 46.470
Py 0.205 0.123 0.196
Sy 6.000 8.930 0.268
Cl 0.046 0.185 <50 mg.kg™
K 0.854 0.733 1.600
Ca 41.890 47.640 2.380
Ti 1.700 1.410 5.430
V 0.116 0.061 0.121
Mn 0.170 0.117 0.061
Fe 9.580 8.660 8.800
Sr 0.169 0.044 0.156
Ba 0.238 0.102 0.140
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Based on these data it can be clearly said that there are two big differences between fly ashes from
fluidization technology (K31 and K32) and pulverized combustion (B6). For fly ash B6 Al and Si are
dominating elements, while K31 and K32 contain elevated concentrations of Ca. Due to the application
of dry limestone FGD method meaningful part of Ca is present in the form of CaSO,. Below described
TGA measurements, however, verified that relatively significant part of Ca is still remaining in reactive
form of CaCOg;. Thus, it can be utilized for CO, capture. The sample B6 does not contain enough
thermolabile carbonates and therefore is not favourable for high temperature CO, sorption. For this
reason B6 was used only for low temperature static adsorption testing.

BET surface and pore size distribution

The sample from pulverized coal burner B6 exhibited very low specific surface as it can be seen in
Figure 2. Thus, no measurable capacity for physical adsorption could be expected. Moreover it
contained no significant concentrations of thermolabile carbonates that could make it useable for high
temperature chemisorption as stated above. Taking into account these facts, the sample B6 was
subjected to several chemical treatments in order to enhance its porosity. Summary of the modifications
applied to the sample B6 is presented in Table 3.

Table 3: Summarization of chemical modifications of the fly ash B6

_Sampl_e . Method of sample treatment

identification

B6 Fly ash B6 in its raw form (without any treatment)

B6 KS B6 boiled in H,SO,4 (40 % solution), then washed in distilled water and dried at 200 °C
B6 NaOH B6 boiled in NaOH (40 % solution), then washed in distilled water and dried at 200 °C
B6 P B6 calcined at 850 °C under nitrogen and then activated by steam at 350 °C

B6 SL B6 calcined at 1,000 °C under air, then shock-chilled by dry ice

B6 V B6 calcined at 1,000 °C under air, then shock-chilled by tap water and dried at 200 °C

BET surface as well as pore size distribution were determined for all of the modified forms of B6 and
for the fly ashes K31 and K32. The obtained data are listed in Figure 2 and Figure 3.

From the first chart it can be seen that K31 shows the highest BET surface in comparison with others
unmodified fly ashes. Boiling in NaOH increased the specific surface of B6 markedly. Other treatment
procedures did not lead to useful increase in BET surface. On the contrary, some of them can even
reduce it. Based on these measurements the samples B6 SL and B6 V were not tested for CO, sorption.
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Figure 2: Comparison of BET surfaces of the overall sample base

The largest pore volumes were formed by the pores with the diameters in the range between 20 — 80
and over 80 nm. Fly ash B6, modified by NaOH exhibited the highest total pore volume almost in every
pore diameter range. Based on these data the sample B6 was tested by static adsorption method,
proposed for physical sorption of CO,.
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Figure 3: Comparison of pore size distribution of the modified and raw samples

TG analysis

This type of analysis was chosen only as additional or supporting method in order to obtain
information if the samples can undergo thermal decomposition and so they can be used in high
temperature process. The temperature range, within which the measurements were performed, started
at laboratory temperature and finished at 900 °C. Results from this analysis are shown in Figure 4. All
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values in the chart are expressed for dry sample. As one can see in the graph, a curve for B6 shows only
minor downward trend in comparison with K31 and K32. It is obvious that B6 achieves weight change
lower by order of magnitude than the two samples containing unreacted CaCOs;. However, the whole
sample base exhibits a similar pattern in the range between 450 — 600 °C, where the weight loss is
clearly visible. This temperature is too low to correspond with decomposition of carbonates. For that
reason, verification of applicability of reversible sorption within the discussed temperature range is
planned for near future.
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Figure 4: Recorded TGA curves (relative weight changes)

Static adsorption method

To evaluate the equilibrium adsorption capacities static adsorption method was chosen. The principle
of this method is not complicated. The sample is placed into a suitable vessel and then exposed to CO,
at isothermal conditions and atmospheric pressure. The term “static method” refers to a fact that CO,
does not flow through the system but it is filled in a gas sampling bag connected with the vessel via
a hose. The aim was to test physical sorption of CO,. Two modified samples (B6 V, B6 SL) from the
sample base were not tested because they achieved even significantly lower surface area than
unmodified sample B6. The evaluated data are summarized in graphic form in Figure 5. The highest
sorption capacity was reached by the sample B6 boiled in NaOH. Explanation of this effect is following.
Hydroxide reacted with SiO,, representing dominating substance in the ash particles. Removal of Si from
the crystalline structure causes increase in pore volume as well as specific surface. B6 had the highest
BET surface and therefore it was expected that the sample would provide high physical sorption
capacity. The graph shows sorption capacities for temperature 30 °C because at this temperature the
samples provided the highest values for CO, capture. Except the sample B6 NaOH, all the others do not
give satisfactory sorption capacities for potential industrial application.
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Figure 5: Sorption capacities for the whole sample base at 30 °C

High temperature tests in flow-through apparatus

The results presented above pointed out that only physical sorption of CO, does not provide
sufficiently high sorption capacities to be applied in any industrial sector. Accordingly to this, the
experiments at high temperatures were performed to test both physical and chemical sorption. However,
these conditions are only applicable on the fly ash containing elevated concentrations of unreacted
CaCOs, undergoing decomposition to CaO at high temperature. If this happens, the material is suitable
for the 2?igrzlilar reversible capture process as described for natural limestones in previously published
studies™ .

For these experiments only two samples from the sample base were chosen (K31 and K32). They
were tested in a fixed-bed apparatus and a fluidized-bed apparatus. One full set of cyclical
measurements consisted of ten cycles of calcination/carbonation. Before starting the cyclical
measurement, 30 g of the given sample was weighed and placed into the reactor. The reactor was kept
closed during the whole one experiment. Achieved capacities from the experiments are shown in
Figure 6 and Figure 7. These graphs demonstrate that two different reactors provide various physical
conditions which have an impact on decline of the sorption properties. The corresponding behaviour was
already observed during the same experiments with natural limestones®. The effect, which is known as
sintering, can be explained by SEM photos of the surface of materials exposed to a certain number of
cycles. Sintering is a process where particles react together and create solid pieces which clogged
pores. Furthermore, available literary sources report that fast heating has a negative impact on sintering
and blockage of the pores, which affects sorption kinetics and capacity for CO, capture. This issue will
appear more in the fluidized-bed reactor, where heat exchange and temperature raise during cycles is
more intensive.
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Figure 6: Evolution of sorption capacities at 650 °C, measured for the sample K32 using fluidized-
bed apparatus

H Carbonation Calcination
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Figure 7: Evolution of sorption capacities at 650 °C, measured for the sample K31 using fluidized-
bed apparatus

Conclusion

The sample base consisted of three samples from fluidized and pulverized technology of coal/lignite
combustion. The sample B6, which was taken from the ESP of pulverized coal burner contained low
amount of thermolabile carbonates. This indicated negligible capacities available for high temperature
CO, chemisorption. For that reason, the B6 sample was subjected to some chemical modifications,
which aim was increasing its sorption properties. Outcomes of testing under static sorption conditions
show that only contribution of physical adsorption is not capable to meet requirements of industrial
application. Treatment with boiling NaOH solution seems to be the only approach that theoretically leads
to industrially promising capacities. For instance, the sample B6 treated with NaOH reached at 30 °C the
capacity almost 2.8 wt. %. The samples K31 and K32, collected from the fluidized bed combustor,
contained elevated amounts of unreacted CaCO; or CaO, respectively, which allows preferentially
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chemical sorption at high temperatures. High temperature testing of fly ashes K31 and K32 offered good
capacities for CO, capture, corresponding with standard conditions of the carbonate looping process.
Based on the results presented in this study, fly ashes from fluidized incineration technology (equipped
with the dry limestone FGD) are more appropriate than fly ashes from pulverized coal burners. The main
reason is in the sufficient content of unreacted carbonates that allow capturing significantly higher
amount of CO,.
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Uletovy popel jako novy sorbent pro snizovani emisi CO,

Barbora MIKLOVA, Marek STAF

Vysoké $kola chemicko-technologicka v Praze, Ustav plynnych a pevnych paliv a ochrany
ovzdusi, Technicka 5, 166 28 Praha 6, e-mail: miklovab@vscht.cz

Souhrn

Studie se zaméruje na sniZzovani antropogennich emisi oxidu uhli¢itého do atmosfeéry, vznikajicich
prfevazné v didsledku spalovani fosilnich paliv. Odstrariovani CO, post-combustion procesem,
realizovanym prostfednictvim adsorpce na vhodném tuhém materidlu muze byt povazovano za
perspektivni cestu v porovnéni s absorpénimi procesy, které jsou pouZivané v soucasné dobé. Siroké
spektrum matrialt prirodniho i syntetického puvodu je ve svété testovano za timto ucelem. Ve zde
prezentovaném vyzkumu byly jako experimentalni material pro zachyt CO, vybrany uletové popilky
zachycované elektrostatickymi odlucovaci elektraren a teplaren. Vzhledem k tomu, Ze zkoumané popilky
jsou obvykle deponovany jako odpad, nevyZaduje potencialni vyuZiti téchto uletovych popilku, ale stejné
tak i vhodné zvolenych loZovych popeld, v podstaté Zadné porizovaci naklady. Testované materialy byly
charakterizovany riznymi metodami, jmenovité: XRF, stanoveni BET povrchu, distribuce velikosti port
a TG analyza. Sorpéni vlastnosti byly stanovovany na dvou diametralné odlisnych teplotnich trovnich.
K méreni byla vyuZivana dvojice pritoénych vysokoteplotnich aparatur a pro nizké teploty téZ metoda
statické sorpce. Cilem studie bylo za riznych teplotnich podminek ovéfit rovnovazné kapacity, a to
sumarné v ramci fyzikalni sorpce i chemisorpce. Za vysokych teplot byly sorpéni kapacity méreny
paralelné v pevném loZi a ve stacionarni fluidni vrstvé. V zavislosti na ziskanych vysledcich Ize
konstatovat, Ze jen fyzikalni sorpce neni dostate¢na pro zachyt CO, a mechanismus chemické sorpce je
pro tento proces mnohem dilezitéj$i. Nejvy$si sorpéni kapacita (5,78 g-100 g*), které bylo dosazeno pfi
vysokoteplotni sorpci, dokumentuje, Ze tento odpadni material je schopen konkurovat jinym materialiim,
napr. syntetickym sorbentiim.

Kli¢ova slova: uletovy popel, charakterizace povrchu, zachyt CO,, vysokoteplotni sorpce
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Abstract

From 2015 onwards, the parameters of the end-of-waste status for waste-derived fuels are defined in
the Slovak environmental legislation. These parameters were adopted with regard to the increasing
number of pyrolysis and gasification technologies producing liquid and gaseous energy carriers from
different types of waste. The aim of this article is to provide an overview of the extent of these end-of-
waste parameters for gaseous and liquid fuels produced from waste as well as the levels of threshold
values defined for each of these parameters. The review also includes the identification of parameters
which do not have threshold values established. The main part of the article is focused on the
comparison of the values of these parameters available from the existing different pyrolysis facilities
(only for liquid secondary fuels) as well as values of these parameters for both — liquid and gaseous fuels
from upcoming pyrolysis facilities, (currently under development), with the threshold values established
in the first part of the article. In the final section, problem parameters are identified (those, whose actual
values most often exceed the threshold values defined in the first part of the article). Finally, summary of
all parameters, for which the current legislative definition needs to be critically adjusted, is given.

Keywords: pyrolysis, gasification, technologies, waste

Introduction

Pyrolysis of various wastes is a technology that generates three outputs: pyrolysis gas, pyrolysis oil and
pyrolysis coke. From among them, pyrolysis oil is of particular interest and it could be used as a fuel *.
Pyrolysis oils are completely different from petroleum fuels and other bio-fuels available on the market 2°.
Especially pyrolytic oil from the biomass contains too high levels of oxygen with its tendency to polymerize
when exposed to air’. As well, there is a great interest in producing liquid fuels by the pyrolysis process
of waste in Slovakia. However, several problems are connected with it which are also being studied in
other countries®. It is also important to note that pyrolysis gas is not a trouble-free fuel.

Existing and prepared pyrolysis facilities in relation to defined requirements for
secondary fuels

Within the Slovak Republic projects considering the use of so-called alternative thermal methods and
facilities (including the pyrolysis technologies discussed in this article) began to appear about 10 years
ago where interest in these technologies has increased significantly since then. Historically, with validity
for the whole territory of the Slovak Republic, out of a total of 32 such projects which have received
a favorable Final Opinion from the EIA process, only 7 of them were authorized to operate (trial
operation — with a time threshold or permanent operation — without a time threshold).

Taking into account the requirements laid down under the Decree of the Ministry of Environment of
the Slovak Republic No. 228/2014 Coll., the operators of these existing devices have two possible
modes of operation:
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¢ the facility produces fuel from the waste that demonstrably achieves end-of-waste parameters. The
use of such fuels in subsequent combustion plants is subject to the same environmental
requirements as for the use of standard fuel (in particular with regard to the extent of the
established emission limits applied to such an incinerator, with certain limitations in relation to their
nominal heat input),

o the facility produces "fuel" that does not reach the end-of-waste parameters. Such an output
"product" remains waste and its subsequent use in combustion plants is subject to the same
requirements as to waste incinerators.

The exception to this rule is the use of a gaseous phase for the heating of own reactors for practically
all currently authorized pyrolysis plants as they were put into operation before that the quality
requirements for secondary fuel have entered into force in accordance with the Decree No. 228/2014
Coll. Each of them has a valid, licensed approval for the operation of the source of air pollution for
combustion of the gas phase, where a combination of emission limits for combustion is established. This
combination of emission limits relates to the combustion of "standard" fuel (mostly for NO, and CO) and
to the waste incineration (residual pollutants including heavy metals, PCDD;) without imposing
an obligation to demonstrate the quality of the gaseous phase as a secondary fuel. The professional
community currently express the opinion that until such time, when the local authorities concerned (as
state administration authorities in the field of air protection) will not change the approval given on their
own initiative, these operations do not include the obligation to prove the end-of-waste status of the gas
phase (used to heat the plant itself).

Therefore, no existing and operating pyrolysis facility has so far demonstrated in practice the
fulfillment of the threshold values for the quality of gaseous secondary fuel produced from the waste.

A slightly different situation applies to newly developed technologies based on alternative thermal
methods which are required to demonstrate the compliance of the threshold values of particular
parameters of liquid and gaseous components with the requirements of the cited Decree. Moreover, at
present, before that the devices in question are released and put into service, it is required to
demonstrate this compliance as much as possible already at the EIA stage. Demonstration of
compliance with these requirements at the EIA stage is required on a suitable reference facility if this
exists and it is in the proposer's possibilities.

Legislative framework of secondary fuels for pyrolysis technologies and its
consequences

On November 3, 2015 the amendment to the Decree No. 228/2014 Coll. on fuel quality requirements
and keeping operating records on fuels, entered into force in Slovakia. This amendment (No. 367/2015
Coll.) entered into force on January 1st., 2016 (some provisions have been postponed until January 1st.,
2017). It also sets out detailed requirements for the end-of-waste status of fuels produced from waste
materials.

In accordance with § 2, letter t) of the amended Decree, the concept of "secondary fuel" was
introduced into the Slovak environmental legislation. It concerns a fuel produced from waste which
meets the requirements of § 6b and 9, Article 11, letter ¢), which it has reached the end-of-waste status
according to the special Decree (Decree No. 79/2015 Coll. on waste) and which is not considered as
waste, but as a substance, mixture or product. For the combustion of such secondary fuels, the
requirements for combustion facilities apply.

Quality requirements for liquid secondary fuels

To achieve the end-of-waste status of liquid outputs produced by pyrolysis equipment in the Slovak
Republic for the purpose of their commercial placement with the energy carriers, they must comply with
established legislative requirements, expressed as the threshold values of the pollutant content referred
to in the Point 2, Part I, Annex no. 3 of the Decree of the Ministry of Environment of the Slovak Republic
No. 228/2014 Coll. (see Table 1).
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In the event that any of the pollutant values in the liquid secondary fuel is not in accordance with the
requirement in § 6b, Article 6, letter b); Paragraph 6b, Article 8 of the Decree of the Ministry of
Environment of the Slovak Republic No. 228/2014 Coll. applies, which states:

»Fuel produced from wastes which does not meet the requirements in accordance with the Article 1 to
6 shall remain waste and shall not be mixed with a suitable secondary fuel. Requirements applicable to
waste incineration plants or waste co-incineration plants apply to its incineration®,

Table 1: Requirements for solid secondary fuels or liquid secondary fuels (threshold values)®

Threshold values for pollutant content [mg.MJ™]?
Pollutant : -
Median 80th percentile
Sb 0.5 0.75
As 0.8 1.2
Pb 4 6
Cd 0.05 0.075
Cr 1.4 2.1
Co 0.7 1.05
Ni 1.6 2.4
Hg 0.02 0.03
Polycyclic hydrocarbons (PAHS) 15 2.5
Secondary Fuels except
cl Regenera‘%’ed Heating gil 100 150
Class A <0.1wt. % -
S Liquid Secondary Fuels Class B 201%and<1w. % -
Class C2) 21%and <3 w.t% -

Y Threshold values are related to the calorific value of the secondary fuel produced
2 The fuel concerned has thresholded use in accordance with § 6, Article 2 of the Decree 228/2014 Coll.

Quality requirements of gaseous secondary fuels

In order to achieve the end-of-waste status of gaseous outups which are used as a source of heat for
the pyrolysis process by pyrolysis operations in the Slovak Republic, they must meet the statutory
requirements, expressed as the threshold values of the pollutant content defined in Point 3, Part I, Annex
no. 3 of the Decree of the Ministry of Environment of the Slovak Republic No. 228/2014 Coll. (Table 2).

Table 2: Requirements in accordance with the Annex no. 3a, Part | of the Decree No. 228/2014
Coll. for gaseous secondary fuels (threshold values) °

Pollutant Threshold values for_3 .
pollutant content [mg.m"
Particles / Aerosols Analysis ?
Total sulfur 10
Sulfan (H,S) 5
Carbonyl sulfide (COS) 5
Compounds of chlorine expressed as HCI 1
Compounds of fluorine expressed as HF 1
Hg and its compounds 0,05
Cd + Tl and their compounds 0,05
Other metals and their compounds Analysis ?
Persistent Organic Compounds (POP’s) Analysis %

1) Standard state conditions: temperature 0 °C, pressure 101,3 kPa.

2) If the measurement result is < LOD, state methodology and threshold of determination (LOD); technical standards for
analysis of gas purity for heating gases, technical gases, technical standards for air analysis in the working environment
or eligible emission measurement methodologies in accordance with § 20, Article 13 of the Air Act (137/2010 Coll).
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In the event that any of the pollutant values in the gaseous secondary fuel is not in accordance with
the requirements of § 6b, Article 6, letter b); § 6b Article 8 of the Decree of the Ministry of Environment of
the Slovak Republic No. 228/2014 Z.z. Coll. applies, which states:

,Fuel produced from wastes which does not meet the requirements of paragraphs 1 to 6 shall remain
waste and shall not be mixed with a suitable secondary fuel. For its incineration requirements applicable

to waste incineration plants or co-incineration plants apply.

Proposed but problematic parameters

The threshold values for maximum permissible concentrations of pollutants in liquid secondary fuels
according to the mentioned Decree No. 228/2014 Coll. are, except for sulfur, established as median and
80th percentile. It concerns a formulation which is identical with the formulation of threshold values in
Austrian Decree No. 389/2002 on waste incineration.(Verordnung des Bundesministers fur Land- und
Forstwirtschaft, Umwelt und Wasserwirtschaft und des Bundesministers fur Wirtschaft, Familie und
Jugend Uber die Verbrennung von Abfallen, AVV StF. BGBI. Il Nr. 389/2002), from which the Slovak
legislative partly arises®. The Slovak standard defines the threshold values for the total of 9 parameters
(see Table 1).

The relevant parts of the Decree stipulate that the threshold value of the pollutant content is
considered to be met, if no median value and no 80th percentile value from the series of measurements
of representative samples from the five consecutive batches continuously evaluated, exceeds the
established value*®.

The formulation is proposed but problematic parameters for the following reasons:

* in the case where the median and the 80th percentile value relates to a set of measurement results
of five consecutive batches continuously evaluated, the result is one median value and one 80th
percentile value, but the formulation which uses the term median and the 80th percentile is
indicated in the plural,

* in case that the median and the 80th percentile values refer to the measurement result of each
batch (only in this case it is possible to use the formulation "no median value and 80th percentile"),
the result of the measurement of each representative sample shall take the form of a set of results
from which it is then possible to derive the median and the 80th percentile for the representative
sample. Nevertheless, the mentioned Decree in this case does not specify the number of these
files (we note that the specifications of this type are not defined by the relevant standards).

Whilst the end-of-waste status parameters for liquid secondary fuels produced from waste are
characterized by fully defined threshold value, three parameters of end-of-waste status for gaseous
secondary fuels produced from waste are defined as follows (Table 3).

Table 3: Parameters defining the end-of-waste status for gaseous secondary fuels with explicitly
undefined threshold values

Threshold values for the

Pollutant 3

pollutant content [mg.m™]
Particles / aerosols Analysis”
Other metals and their compounds Analysis”
Persistent organic compounds (POP’s) Analysis”

Y If the result of measurement is < LOD, to state methodology and threshold of determination (LOD); technical
standards for analysis of gas purity for heating gases, technical gases, technical standards for air analysis in
the working environment or eligible emission measurement methodologies in accordance with § 20,
Article 13 of the Air Act (137/2010 Coll).
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From the above-mentioned formulation it is not clear whether the LOD (as defined in note ? below the
table) should be considered as the threshold value. In the case of the parameter "Other metals and their
compounds" it is not even explicitly clear, to what extent this parameter should be determined (i.e. which
concrete metals and their compounds) as well as whether it concernes a group form of determination
(and if so, in which groups).

The main objective of this contribution is to identify the most problematic end-of-waste status
parameters for gaseous and liquid fuels produced by pyrolysis technologies in the Slovak Republic. More
over, the unresolved environmental problems of the operation of pyrolysis plants are analyzed — the
obligation to prove the end-of-waste status for the gaseous and liquid secondary fuels produced.

Materials and methods

Historically, there were seven pyrolysis plants in operation in Slovakia. For various reasons, only four
pyrolysis installations are currently operating (Tab. 4) and two new facilities are prepared to which the
requirements of the new Fuel Decree will apply. Different samples of pyrolysis oil were taken on selected
operating facilities and pyrolysis oil samples and pyrolysis gas samples were taken on newly prepared
facility.

Table 4: Currently operated pyrolysis technology®

Year of
Operator achlevemgnt of | Type pf Technology Country of origin Input wgste
the operational | operation | Process type Capacity
phase
Dron Industries, DSSC/SCA . .
Ltd rolysis (thermal Slovakia tires, waste
) 2009 permanent PYIoly . (Slovak University of rubber
(Dron Sklady, decomposition Technology) 15 000 tr
Ltd.) without catalyst) %
PCP700/EUREX | Hungary/Poland /1 e plastics

EKO Slovakia (PINTER &
RDB, Ltd. 2011 permanent rolysis (catalytic TOKARZ T-
pyroly YU TECHNOLOGY/PCP

(PE, PP,
mixed plastics)

depolymerization) Invest) 13 500 t/r
Hungary / Poland /
PWR, Inc. PCP700 Slovakia waste plastics
(MILENIUN 2012 permanent |pyrolysis (catalytic| (PINTER & TOKARZ T- (PE, PP)
TRADING, Inc.) depolymerization)| TECHNOLOGY/PCP 17 280 t/r
Invest)

PCP700/PCP1000 Hungary / Poland /

AMPLE /EUREX | Slovakia (PINTER & | VaSte plastics

PCP Invest, Ltd. 2013 permanent EKO TOKARZ T- mix(:dE, IZsPt’ics)
pyrolysis (catalytic/ TECHNOLOGY/PCP P
. 8 400 t/r
depolymerization) Invest)

Upcoming new pyrolysis technology:

e Leitner Technologies, Ltd.
Company based in Nové Mesto nad Vahom which develops a depolymerization plant for plastics
on a pyrolysis principle, without the use of a catalyst. It relates a two-stage thermal degradation
without the use of a catalyst, while the first stage is operated at temperatures up to 300 °C and the
second stage is in the range of 300 — 420 °C°.
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e WP Tech, Ltd.
Since 2015, company operates in the municipality of 1za pri Komarne a research and testing facility
for the pyrolysis of various types of waste with the WP type labeling. It relates a two-stage catalytic
depolymerization process, with a first reactor stage operating in the temperature range of 200 —
300 °C and serving to remove volatile, especially halogenated compounds?®.

Sampling and analysis of samples

The results presented with regard to the existing facilities are outputs from the sampling performed on
the existing facilities no. 1, 2 and 3 during standard operation. In all cases, sampling and analysis were
performed by an accredited laboratory. Determinations of the individual values of the tested parameters
were realized according to the methods given in the Tables 5 and 6.

Gas sampling methods

Sampling was carried out using so-called Tedlar bags with a volume of 1 liter and 10 liters, which
were previously helium-purified several-times and vacuum-treated after each cleaning. The sampling
itself was carried out due to overpressure through direct filling of the bag.

Sampling for POPs determination was performed on a filter (45mm filter holder and PU foam). The
glass apparatus was used within the sampling procedure and about 10 m® of gas were taken.

Samples collection for metal determination (except for Hg) was performed using two series-filled
impingers, filled with HNOj3 solution.

Sampling for Hg determination was performed using two series-filled impingers, filled with KMnQO, solution.
Sampling for H,S determination was performed using two series-filled impingers filled with zinc
acetate solution.

Table 5: Overview of applied methods for the demonstration of the quality of gaseous secondary fuels

Pollutant Stgndgrd / Name of the standard
directive
Particles / AIPP 211 General Methods for Sampling and Gravimetric Analysis of Respirable,
Aerosols MDHS 14/4 Thoracic and Inhalable Aerosols.
Total sulfur A STN EN 1457 Waste Characterization. Halogen and Sulfur Content. Combustion with

STN EN 14582

Oxygen in Closed Systems and Determination Methods.

Hydrogen sulfid
(H2S)

A IPP 104
STN 83 4712-4

Air Protection. Determination of Hydrogen Sulphide Emissions from
Stationary Sources. Method of Measurement.

Carbonyl sulfide
(COoSs)

A ASTM D7652
ASTM D7652-11

Standard Test Method for Determination of Trace Hydrogen Sulfide,
Carbonyl Sulfide, Methyl Mercaptan, Carbon Disulfide and Total Sulfur
in Hydrogen Fuel by Gas Chromatography and Sulfur
Chemiluminescence Detection.

Chlorine
compounds
expressed as HCI

A STN EN 1457
STN EN 14582

Waste Characterization. Halogen and Sulfur Content. Oxygen
Combustion in Closed Systems and Determination Methods.

Fluorine

A STN EN 1457

Waste Characterization. Halogen and Sulfur Content. Oxygen

compounds STN EN 14582 Combustion in Closed Systems and Determination Methods.
expressed as HF

Hg and its A IPP 253 Air Protection. Stationary Sources of Pollution. Manual Method for
compounds STN EN 13211 Determining Total Mercury Concentration.

Cd + Tl and their | A IPP 253 Air Protection. Stationary Sources of Pollution. Determination of Total
compounds STN EN 14385 Emissions As, Cd, Cr, Co, Cu, Mn, Ni, Pb, Sb, Tl and V.

Other metals and | A IPP 253 Air Protection. Stationary Sources of Pollution. Determination of Total

their compounds

STN EN 14385

Emissions As, Cd, Cr, Co, Cu, Mn, Ni, Pb, Sb, Tl and V.

Persistent Air protection. Stationary emission sources. Determination of the mass
organic STN EN 1948 conce_ntr_atic_)n of polychlc_>rinated _dibenzo-p-dioxins and Qibenzofurans
compounds and dioxin-like polychlorinated biphenyls. Part 1: Sampling of

(POP’s) polychlorinated dibenzo-p-dioxins and dibenzofurans.
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Table 6: Overview of applied methods for the demonstration of the quality of liquid secondary fuels

Indicator Standard / Method
Directive
Antimony PP VURUP ¥ Determination of metal content in used and unused plastic lubricants
through the flame atomic absorption spectrometry.
Arsenic PP VURUP ¥ Determination of arsenic content in organic solvents soluble in organic
solvents through the flame atomic absorption spectrometry.
Cadmium, PP VURUP ¥ Determination of the metal content of petroleum products insoluble in
cobalt, organic solvents through the flame atomic absorption spectrometry.

chromium, lead

Nickel

STN EN 13131
(65 6117)

Liquid petroleum products. Determination of nickel and vanadium
content. Atomic absorption spectrometric method (determined for Ni
concentrations> 5mg / kg).

STN EN 15944
(65 6118)

Liquid petroleum products. Determination of nickel and vanadium
content. Optical emission spectrometry method with inductively
coupled plasma (ICP-OES) (determined for Ni concentrations of
4 -5 mg/kg)

STN EN ISO 14597

Petroleum products. Determination of vanadium and nickel. Wave
dispersion X-ray spectrometry (ISO 14597: 1997)

(65 6116) (determined for Ni concentrations of 5 — 100 mg / kQ).
Determination of the metal content of petroleum products insoluble in
PP VURUP ) . :
organic solvents through the flame atomic absorption spectrometry.
Mercury Determination of the metal content in petroleum products insoluble in
PP VURUP ) . )
organic solvents through the flame atomic absorption spectrometry.
PAH Petroleum products. Determination of benzo (a) pyrene (BaP) and
selected polycyclic aromatic hydrocarbons (PAH) in process oils.
Procedure using double purification by liquid chromatography and GC /
MS analysis.
Analyzes of:
STN EN 16143 e benzo(a)pyrene — CAS: 50-32-8
(65 6096) e benzo(e)pyrene — CAS: 192-97-2
e benzo(a)anthracene — CAS: 56-55-3
e benzo(b)fluoranthene — CAS: 205-99-2
e benzo(j)fluoranthene — CAS: 205-82-3
e benzo(k)fluoranthene — CAS: 207-08-9
e dibenzo(a,h)anthracene — CAS: 53-70-3)
TNI CR 13840 Petroleum products. Determination of polycyclic aromatic
(65 6086) hydrocarbons. Ultraviolet (UV) spectrometric method.
Chlorine 1SO 15597 Egrt]rtglrium and similar products. Determination of chlorine and bromine
Sulfur STN 65 6174 (65 | Liquid fuels and technical gasoline. Test for sulfur compounds
6174) (Doctor test).
Petroleum products. Determination of sulfur content. Wavelength
STN 532 :331?54596 dispgrsive X-ray fluorescen_ce spectrometry (ISO 14596: 2007)
(Designed for S concentrations in the range of 0.001 — 2.5 wt. %).
STN EN ISO 16591 | Petroleum products. Determination of sulfur content. Method of
(65 6119) Oxidation Microcoulometry (ISO 16951: 2010).
STN EN ISO 8754 | Petroleum products. Determination of sulfur content. Energy-dispersive
(65 6114) X-ray fluorescence spectrometry (ISO 8754: 2003).
STN EN ISO Petroleum products. Determination of sulfur content. Energy-dispersive

8754/01 (65 6114)

X-ray fluorescence spectrometry (ISO 8754: 2003).

D

PP VURUP - Integrated workplace Research Institute for Oil and Hydrocarbon Gases
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Results and discussion

Table 7 provides available parameters data about actual values defining the end-of-waste status for
liquid secondary fuels produced from waste in selected existing pyrolysis plants in the Slovak Republic.

Table 8 provides available data about actual parameter values defining the end-of-waste status for
liquid secondary fuels produced from waste in selected new pyrolysis facilities in the Slovak Republic.

Table 9 provides available data about actual parameter values defining the end-of-waste status for
gaseous secondary fuels produced from waste in selected new pyrolysis facilities in the Slovak Republic.

For all the actually measured values of liquid secondary fuel, the fact that they are stated as the
values of one determination (and therefore, neither the median nor the 80th percentile is established for
them) applies. All actual values exceeding the established threshold values are highlighted in bold.

Given the fact that these are sensitive data, the data shown in all tables are anonymised (i.e. without
specifying to which particular plant they apply).
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Table 7: Actual values of end-of-waste status parameters of liquid secondary fuels for selected existing pyrolysis facilities

plastic waste

UAAEEIE e VIS @l PO Facility n.1 Facility n. 1 Facility n. 2 Facility n. 5
content [mg/MJ] . ) : .
Pollutant 80Mh Analysis Analysis Analysis Analysis
Median un 11/2014 03/2015 02/2016 02/2017
percentile
Sb 0.5 0.75 0.0263 0.3997 <0.0120 <0.012
As 0.8 1.2 - - <0.0240 <0.0073
Pb 4 6 0.0525 0.0014 <0.0014 <0.073
Cd 0.05 0.075 0.0158 <0.0007 <0.012
Cr 14 2.1 0.0788 0,0680 <0.0014 <0,049
Co 0.7 1.05 - - <0.0014 <0.073
Ni 1.6 2.4 - - <0.0014 <0.12
Hg 0.02 0.03 - - 0.0001 0.0003
Polycyclic hydrocarbons i )
(PAH) 15 2.5 528.73 3202
Cl 100 150 2.63 <2.27 1.56 2.50
<0.1wt. %
S 20.1%and < 1wt % - 0.78 wt. % 0.42 wt. % 0.0054 wt. % 0.83 %
21% and < 3wt. %
Input material Waste tires Waste tires Unspecified Waste tires
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Table 8: Actual values of parameters defining the end-of-waste status of liquid secondary fuels for selected forthcoming pyrolysis

facilities
Thresi%'gt;ﬁ![uﬁi o/fN;I)JciIIutant Facility n. 3 | Facility n. 3 | Facility n. 3 | Facility n. 3 | Facility n. 4 | Facility n. 4
Pollutant g Analysis Analysis Analysis Analysis Analysis Analysis
Median 80th 05/2015 09/2015 10/2015 4/2017 02/2017 04/2017
percentil
Sh 0.5 0.75 <0.2 - - <0.1 <0.1 <0.1
As 0.8 1.2 <0.05 - - <0.05 <0.05 <0.05
Pb 4 6 <0.05 - - <0.05 <0.05 <0.05
Cd 0.05 0.075 <0.01 - - <0.01 <0.01 <0.01
Cr 1.4 2.1 <0.05 - - <0.02 <0.02 <0.02
Co 0.7 1.05 <0.05 - - <0.05 0.05 0.05
Ni 1.6 2.4 <0.1 - - <0.08 <0.08 <0.08
Hg 0.02 0.03 <0.03 - - <0.01 <0.01 <0.01
Polycyclic i ) i
hydrocarbons (PAH) 1.5 2.5 20 29.28 19.51
Cl 100 150 28 <1.42 - 4 3.7 <1.0
< 0.1 wt%
s >0.1%a<1wt% . 0.0003 w% | 0.0061 Wi% | 0.0012wt% | 002 000 0008
>1%a<3 W% ° ° °
Unspecified | Sterilized VY;;Ei Sterilized V\I/;sitii
Input material RDF plastic hospital Pt hospital Pl
waste waste (mixture waste (mixture
HDPE+PP) SPE+PP)
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Table 9: Actual values of parameters defining the end-of-waste status of gaseous secondary fuels for selected forthcoming pyrolysis

facilities

Pollutant

Threshold values
of pollutant
content [mg/m?”

Facility n. 3
Analysis 05/2015

Facility n. 3
Analysis 4/2017

Facility n. 4
Analysis 04/2017

Facility n. 4
Analysis 04/2017

Particles/aerosols Not determined 1.30 1.90 <1.0 <1.0
Total sulfur 10 8.70 7.06 70.27 6.73
Sulfan (H,S) 5 2.30 1.41 9.00 0.63
Carbon dioxide sulphide (COS) 5 - <1 100.07 <1.00
Compounds of chiorine 1 140.86 351.84 536.91 122.21
expressed as HCI
Compounds of fluorine expressed 1 i 1579 0.105 0.105
as HF
Hg and its compounds 0.05 - <0.001 <0.001 <0.001
Cd + Tl and their compounds 0.05 0.01 +<0.01 <0.010 + <0.010 <0.01+<0.01 <0.01+<0.01
Other metals and their
compounds (Sb + As + Pb + Cr + Not determined - <LOD <LOD <LOD
Co+Cu+Mn+Ni+V)
Persistent Organic Compounds
(POP’s) Not determined - <0.008 - -
(PCDD + PCDF)

Waste plastic - , .
Input material RDF (mixture Ster|llfl\<le;js:1eosp|tal (n\1/i\§<?$(ee ggitgp)

HDPE+PP)
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Evaluation of compliance with the threshold values and summary of proposed but
problematic threshold values of pollutant parameters

Proposed but problematic threshold values of pollutant parameters of liquid secondary fuels

From available analyzes demonstrating the extent to which threshold values of liquid secondary fuels
from waste are met, there are visible problems with meeting the following parameters:

e polycyclic hydrocarbons,

e total sulfur content expressed as wt. %.

Polycyclic hydrocarbons

It concerns a parameter establishing the maximum permitted content of polycyclic aromatic
compounds (diaromates, triaromates and higher aromatics) in liquid secondary fuel.

By the Decree No. 228/2014 Coll. the threshold value is determined at the level of 1.5 mg.MJ*
(median) and 2.5 mg.MJ™ (80th percentile). Notwithstanding the problematic definition of the median and
the 80th percentile, from the available actual values of this parameter — shown in the Table 5 it is clear
that the threshold values are significantly exceeded in all cases.

In relation to these exceedances it should be noted that the threshold value of the same parameter for
diesel motor fuel is established at the level of 8 wt. % (in accordnce with the Annex No. 2 of the Decree
No. 228/2014 Coll.)

If we convert the actual values for secondary fuels to the weight percentage, in order to compare
them with the threshold value established for diesel motor fuel, we obtain the following Table 10.

Table 10: Comparison of Measured PAH values with a valid threshold value for diesel motor fuel

Polvevelic salvevelie Threshold Threshold value of tested
Equipment yey yey value liquid secondary fuel -
: hydrocarbons | hydrocarbons . :
Date of analysis [m MJ-l] [Wt%] of automotive calculated for median
9- ° gas oil [wt%] [Wt%]
Facility n. 2
Analysis 02/2016 528.78 220 8 0.0062
Facility n. 3
Analysis 02/2017 3202 13.20 8 0.0062
Facility n. 3
Analysis 4/2017 20 0.08 8 0.0057
Facility n. 4 “ "
Analysis 02/2017 29.28 ) 8 -
Facility n. 4
Analysis 04/2017 19.51 0.09 8 0.0067

! The measured value could not be converted because the heat of the secondary fuel has not been reported in
the available protocol.

From the values reported in Table 10 it is clear that threshold values of liquid secondary fuel produced
from waste compared to a similar threshold value of diesel motor fuel, are set at the level more than
1000 times more stringent. The actual values of this parameter for individual liquid secondary fuels are
(with the sole exception of liquid secondary fuel produced from waste tires) well below the threshold
value of diesel motor fuel.

Since the tested liquid secondary fuels from waste are intentionally produced and modified by the
operators in order to approximate their properties to the properties of diesel motor fuel, we would say
that the threshold value of the parameter PAH is not adequate and it is necessary to modify it at the
subsequent amendment of the Decree No. 228/2014 Coll. to the state which will take into account the
real character of the liquid secondary fuel produced (in particular their relationship with conventional
fuels based on diesel).
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Total sulfur content

It concernes a parameter whose threshold value for liquid secondary fuels from waste is defined in
three classes (Class A with a total sulfur content below 0.1 wt%, Class B with a total sulfur content of
0.1 wt. % to 1 wt. % and Class C with a total sulfur content above 1 wt. %), while restrictions on the use
of class B and class C fuels are in full compliance with the general restrictions on fuels within the
meaning of § 6 of Decree No. 228/2014 Coll. and Decree No. 410/2012 Coll.

The restrictions are following °°:

+ Class A — In accordance with Decree No. 410/2012 Z.z., Annex n. 4, Sections 111.5.1.2, IV.4.1.2
and V.5.1.2, it is possible to combust only gaseous fuels and liquid fuels with a sulfur content
< 0.1 wt. % in stationary combustion engines.

+ Class B — For other medium and large combustion plants (other than gas turbines and piston
combustion engines), in accordance with the Decree No. 410/2012 Coll. Annex n. 4, Sections
IV.2.1.3 and V.2.1.2,, restriction to a maximum sulfur content of 1 wt. % applies,

* Class C — In accordance with Decree No. 228/2014 Coll. it is permitted to exceed the threshold
value of 1 wt. % for the parameter Total Sulfur Content only in case of heavy fuel oil and marine
fuels.

From Table 7 and 8 it is evident that from the point of view of compliance with the established
threshold value, pyrolysis facilities processing waste tire and waste rubber for the production of liquid
secondary fuel are problematic, where, due to the high sulfur content of the input materials, also the high
sulfur content of the untreated liquid product is natural.

Due to the fact that liquid secondary fuels produced in pyrolysis plants within the Slovak Republic are
used in our conditions practically exclusively for combustion in cogeneration units (i.e. piston combustion
engines) the energy utilization of fuels from the production of waste tires and rubber, within the Slovak
market, without the application of a suitable cleaning method is practically excluded.

Proposed but problematic threshold values of pollutant parameters of gaseous secondary fuels

From available analyzes demonstrating the degree of compliance with the threshold values of
gaseous secondary fuel from the waste we can state that problems arise only in case of the parameter
»~Compounds Cl expressed as HCI.

In the case of one identified parameter overrun of the ,Compounds F expressed as HF* it was highly
probable that the test device was contaminated with the previously tested doses of waste since the
tested feed material did not contain fluorine in a detectable amount.

The case of one identified overrun of the parameter "total sulfur" ,H,S“ and ,COS* concernes the
specificity of the tested hospital waste. The standard plastic waste from municipal waste (or plastic waste
of related origin) do not present problems with the threshold values exceeding of the above mentioned
parameters.

Compounds Cl expressed as HCI

Due to the fact that the vast majority of existing and upcoming pyrolysis facilities within the Slovak
Republic processes or considers to process the waste plastics with a different degree of separation and
purity, it is legitimate to assume that the presence of a significant amount of chlorine in the input waste
will be the rule rather than an exception.

In connection with the above and given the fact that:

* in the pyrolysis process, most of the chlorine present in the plastic waste passes into the gas
phase (predominantly as HCI)*,
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+ chlorine in gaseous secondary fuel increases the risk of presence of PCDD / PCDF-based
pollutants in discharged flue gases and contributes to increased corrosive wear of used
combustion plants,

» the threshold value for this parameter is established to an extremely strict level according to the
"Pollution at the natural gas level" principle,

the fulfillment of the threshold value of parameter "Compounds Cl expressed as HCI" is one of the most
important problems that pyrolysis plants in Slovakia face, since the period of validity of the legislation
governing the end-of-waste status of secondary fuels.

From the data shown in Table 9, it is clear that all available analyzes of gaseous secondary fuels
produced from plastic waste significantly exceed the established threshold value without any exception.
In order to mitigate the seriousness of this fact, it can be stated that both available cases were performed
on test reference facilities which which are not equipped with the adequate purification of the off gas to
remove the halogen components, as well as the fact that (since Cl in the gaseous secondary fuel should
be practically exclusively in the form of HCI) the removal of inorganic Cl in the gas phase is relatively
trouble free issue.

Conclusions

At the present time, any projects for the energy recovery of waste in the so-called "Classical
incinerators” (as probably the most environmentally and economically efficient ways of energy recovery)
are in the conditions of the Slovak Republic practically not applicable because of massive public
opposition. Therefore, it is legitimate to consider projects based on alternative thermal methods for the
processing of wastes (pyrolysis and gasification) as potentially interesting and important part of the
waste management hierarchy if such facilities would solve to most important environmental problems
which are analyzed in this paper.

The key requirements and unresolved environmental problems include the obligation to demonstrate
the end-of-waste status of gaseous and liquid secondary fuels produced:

+ detailed defined particular requirements for each pyrolysis equipment,

+ filling, resp. failure to meet requirements has a direct effect on the intensity of negative
environmental impact of individual pyrolysis devices,

+ failure to meet these requirements implies the need for significant technology interventions in the
equipment and in the proposed processes in order to contribute significantly to the overall quality
of outputs of the particular technology.

Demonstration of the fulfilment of these requirements for existing as well as for all pyrolysis
technologies being developed is thus becoming one of the priority issues with which operators and
suppliers of new technologies have to deal with.

Our analysis follows the logical steps that we plan to solve at a later stage:

* to submit a proposal in relation to particular threshold values for the parameters which are not
explicitly defined and which are currently in force under the Decree No. 228/2014Coll. (while
respecting the basic principles on which the end-of-waste status parameters for secondary fuels
were designed),

* toidentify parameters whose legislatively established threshold value is inconvenient and it should
be (at the most recent amendment to the Decree No. 228/2014 Coll.) approved with the proposal
for such an adaptation in order that new threshold values will reflect the real nature of the
secondary fuels produced,

+ to verify the feasibility of technological adjustments of individual existing pyrolysis equipments in
order to meet the threshold values for the other non-fulfilled threshold values of parameters
identified in this work.
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Prehlad problematickych poziadaviek na kvalitu druhotného paliva
z pyrolyznych technolégii

Juraj MUSIL®?, Emilia HRONCOVA, Juraj LADOMERSKY, Anna BOHERS

& Katedra Zivotného prostredia, Fakulta prirodnych vied Univerzita Mateja Bela v Banskej
Bystrici, Tajovského 40, 974 01 Banska Bystrica, e-mail: musiljuraj@gmail.com,
emilia.hroncova@umb.sk, juraj.ladomersky@umb.sk, anna.bohers@umb.sk

® INECO, s.r.0., Mladych budovatelov 2, 974 11 Banské Bystrica
Sdahrn

Od roku 2015 su v slovenskej legislative zadefinované parametre stavu konca odpadu pre paliva
vyrobené z odpadu. Uvedené parametre boli prijaté najmé s ohladom na rastuci pocet pyrolyznych
a splyriovacich technoldgii produkujucich kvapalné a plynné energonosi¢e z réznych druhov odpadu.
Cielom tohto &lanku je poskytnut prehfad o rozsahu navrhnutych parametrov definujucich stav konca
odpadu pre plynné a kvapalné paliva vyrobené z odpadu ako aj urovniach hranicnych hodnét
definovanych pre jednotlivé parametre. Stucastou prehladu je aj identifikacia parametrov, pre ktoré nie
su legislativne ustanovené hraniéné hodnoty.

Hlavnou ¢&astou élanku je porovnanie dostupnych hodnét tychto parametrov pre druhotné paliva
(kvapalné) produkované vo vybranych jestvujucich zariadeniach pyrolyzneho typu ako aj pre druhotné
paliva (kvapalné aj plynné) v pripravovanych zariadeniach pyrolyzneho typu v ramci SR s hranicnymi
hodnotami parametrov definovanymi v prvej ¢asti ¢lanku.

V zavereénej Casti su identifikované problémové parametre, ktorych skuto¢né hodnoty najéastejSie
prekracuju hraniéné hodnoty definované v prvej ¢asti ¢lanku a zhrnuté vsetky parametre, pri ktorych je
vhodné v stcasnosti platnt legislativnu definiciu podrobit’ kritickej uprave.

Kruacové slova: pyrolyza, splyriovanie, technologie, odpad
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Black liquor gasification as means of efficient cogeneration
technology — a model study

Miroslav VARINY, Michal HRUSKA, Otto MIERKA

Slovak University of Technology, Faculty of Chemical and Food Technology,
Radlinskeho 9, 812 37 Bratislava 1, Slovak Republic,
e-mail: miroslav.variny@stuba.sk

Summary

Black liquor (BL) combustion represents a traditional BL processing technology implemented in pulp
and papermaking. Alternative ones include BL gasification + combined cycle (=IGCC) among others with
literature survey indicating potential of higher electric energy production and lower overall CO, emissions
compared to BL combustion. To verify this indication we set up material and energy balances for BAT
combustion and gasification technology processing BL amounts corresponding to its production in
a middle to large size paper mill. The resulting net heat and power productions were compared.
Investment costs estimation for both technologies enabled us to calculate the incremental simple
payback period of the IGCC. Under current electric energy prices it exceeds 10 years. However the
IGCC technology could be economically feasible for pulp and paper industry in case of state support in
investment phase or via RES-based produced electric energy bonus. The complex CO, emissions
evaluation favours the gasification technology.

Keywords: black liquor, combined cycle, gasification, payback period, CO, emissions

List of symbols and abbreviations used

BAT Best available technology

BFW Boiler feedwater

BL Black liquor

CcC Combustion chamber

CSPP Combined steam and power plant

DS Dry solids (content in BL in % wit.)

FGC Flue gas cooler

GT Gas turbine

HDS High dry solids (concentrator)

HP High pressure (steam; 2 MPa)

HRSG Heat recovery steam generator

IGCC Integrated gasification and combined cycle
IP Intermediate pressure (steam; 1.2 MPa)
LP Low pressure (steam; 0.6 MPa)

RES Renewable energy sources

SE Slovenské elektrarne, a.s.

TZL Solid particulate pollutants

VHP Very high pressure (steam; 6 MPa and above)
VLP Very low pressure (steam; 0.2 MPa)
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Introduction

More than 70 % of total pulp production in European Union stems from chemical pulping®, where
wood chips are cooked in digesters under pressure in an aqueous solution of cooking chemicals that
dissolve lignin and hemicellulose, leaving the cellulose fibers for further treatment. Spent chemicals are
recovered in the recovery cycle that includes weak spent solution (weak black liquor) evaporation,
combustion, quench of chemicals smelt exiting the boiler and lastly the recaustification step. Traditionally
the black liquor combustion is carried out in recovery boilers that in turn produce high quality water
steam to drive backpressure or condensing-extraction steam turbines. Thus the black liquor combustion
provides the majority of steam (and heat) needs of a standard integrated pulp and paper mill with the
cogenerated electric energy lowering the necessary power import from outer grid. A paper mill commonly
consumes steam at two pressure levels — at a middle pressure level (around 1 MPa) and at a low
pressure level (around 0.5 MPa)*?.

Starting from early concepts in the 1980’s through pilot plant testing and first commercial scale plants
in the early 2000’s” a novel technology for black liquor processing has emerged — its gasification either at
atmospheric or elevated pressure, either with air or pure oxygen®*°.The up to date accumulated
experiences with biomass gasifiers operation (including black liquor gasifiers) coupled with combined
cycle units — the so called Integrated Gasification Combined Cycle (IGCC) confirm that it has the
potential to increase the cogenerated electric energy production compared to that obtained with boilers
and steam turbines with some compromise in plant availability’. The syngas produced by black liquor
gasification contains hydrogen and carbon dioxide among others, offering perspectives for hydrogen
separation and purification as well as for carbon dioxide sequestration. Composition of the syngas can
vary by changing conditions (operational parameters) in gasifier as demonstrated in papers by Carlsson
et al.* and Wiinikka et al.>. Modelling of black liquor gasifiers and syngas cleaning and utilization gains
continuous attention in research projects’® as well as a topic of master and doctoral theses worldwide®*°.
The aim of all this effort is to analyze most efficient ways of black liquor processing in terms of
polygeneration, e.g. simultaneous materials and energies production. Besides the anticipated positive
economic effect the polygeneration can also contribute to lowering the global CO, emissions.

Our study strives to present an objective independent energy production efficiency analysis of black
liqguor combustion and gasification process, taking into account latest commercially available
development. The system understudy corresponds to a medium to large size integrated pulp and paper
mill, producing 1600 tps/day of 75 % wt. dry solids black liquor. Balances for both systems are set up and
their gross and net electric energy production is calculated, while fulfilling the condition of mandatory MP
and LP steam export in pre-defined amounts. Difference in electric energy production is then transposed
into anticipated national emissions change.

Model systems layout and parameters
Black liquor combined steam and power plant (CSPP)

The best available technology (BAT) recovery boiler technology includes a modern recovery boiler
with enhanced heat recuperation from flue gas, with enhanced regenerative heating of boiler feedwater
(BFW) and combustion air, producing very high quality steam with parameters nearly equal to those of
power plant live steam™. In accordance with this, following boiler parameters were considered:

e Fired black liquor 1600 tps/day (DS = dry solids), 85 % wt. solids that represents around
7 PJlyear fuel energy based on lower heating value

e Liguor concentration from 75 to 85 % wt. solids performed in an High DS evaporator (HDS)
consuming 1.2 MPa (a) steam from steam turbine

e Very high pressure steam (VHP) production 4.25 t/tps, Steam parameters at boiler exit 10 MPa,
510 °C
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e Combustion air consumption 4 t/tps; all air preheated stepwise to final temperature of 210 °C by
high-pressure (HP), intermediate-pressure (IP) and low-pressure (LP) steam

e Direct HP steam use for sootblowing in amount of 5 % of produced VHP steam

e 2 % boiler blowdown rate at 11 MPa; led to blowdown expander and steam utilized in deaerator

Energy system coupled with the boiler encompasses following key components and features:

e Extraction-condensing steam turbine; extractions at 2.3 (a); 1.2 (a) and 0.6 MPa (a); condensing
pressure 8 kPa (a); isentropic expansion efficiencies 85, 80 and 70 % considering high pressure,
intermediate pressure and low pressure turbine part; mechanic efficiency 95 %

e VHP steam entering the turbine has, due to anticipated heat and pressure losses a by 5 kJ/kg
lower enthalpy and a by 0.5 MPa lower pressure compared to state at boiler exit

o Vented deaerator working at 158 °C utilizing LP steam and flash steam with maximum allowed
inlet water temperature 138 °C to ensure good deaeration; water heating to 138 °C stepwise by
waste heats from paper mill, HDS evaporator condenser and boiler flue gas cooler

e HP, MP and LP steam condensates from BFW and combustion air heating and from HDS
condenser are collected in condensates tank, flashed to 0.6 MPa and flash steam is used in
deaerator to cover part of its steam need

e BFW pump with total efficiency of 70 %, delivering deaerated water to the boiler at 12 MPa

e Combustion air and flue gas fans with total Ap of 1.5 kPa and 0.7 kPa respectively and total
efficiency of 70 %

e Cooling water pump for steam turbine condenser with overall efficiency of 70 % and total Ap of
300 kPa with maximum allowable cooling water At of 15 °C

e Cooling tower fans with total Ap of 250 Pa and total efficiency of 70 %

Schematic process flow diagram is depicted in Figure 1.

| Superheated steam
\H HHLJ' 10 MPa, 500°C

Air inlet
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85% dry matter
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Figure 1: Schematic layout of considered BAT BL CSPP
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Black liquor integrated gasification and combined cycle (IGCC)

General pressurized oxygen-blown gasifier layout and parameters were obtained from study by
Berglin and Berntsson'® with minor corrections in syngas composition according to Viinikka et al.”> and
with own equipment changes leading to higher plant efficiency. Syngas exiting the gasifier after flash is
available at 3 MPa and 200 °C and is saturated with water steam. It is stepwise cooled down to 40 °C by
producing saturated 0.6 MPa (a) low pressure (LP) steam and 0.16 MPa (a) very low pressure (VLP)
steam and giving away the rest of its heat content to cooling water. Cold syngas is cleaned the same
way as in the paper from Berglin and Berntsson? : it is led to a chemisorber capturing the contained
H,S, with white liquor as strongly caustic absorbent. Thereby sulphides are formed from captured H,S,
and cooking chemicals amount and composition in exiting white liquor led to Cooker very closely
resembles that in traditional recovery boiler technology. Possible white liquor composition differences
and their impact on overall process and its economics was not subject of our analysis as they are
deemed negligible as documented by successful pilot plant operation equipped with this process in
Berglin and Berntsson®. Cleaned syngas is heated to 100 °C with VLP steam and led to GT combustion
chamber. Key features of the combined cycle and auxiliaries are as follows:

e Assumed GT compressor and GT expander isoentropic efficiency is 88 %; its mechanic
efficiency is 96 %

¢ Flue gas leave the combustion chamber at 2.8 MPa (a) and 1300 °C

e Expanded flue gas enters a dual pressure heat recovery steam generator (HRSG) and is
contacted with heat exchangers aligned in this order: VHP superheater, VHP evaporator, VHP
economizer Il, LP superheater, LP evaporator, VHP economizer |, LP economizer, hot water
section and exits to stack

e Pinch values of 10 °C assumed generally
e Heat losses of 2 % assumed from each HRSG section

e Produced VHP steam parameters are 6.2 MPa (a) / 450 °C and produced LP steam parameters
are 0.6 MPa (a) / 200 °C

o Assumed blowdown rate of 2 % from VHP and LP evaporator as well as from LP and VLP steam
generators; blowdown expanded at 0.13 MPa (a) and flash steam used in adjacent deaerator to
cover part of its steam needs

e Extraction-condensing steam turbine; extractions at 1.2 (a) and 0.6 MPa (a); condensing
pressure 8 kPa (a); isentropic expansion efficiencies 85, 80 and 70 % considering high pressure,
intermediate pressure and low pressure turbine part; mechanic efficiency 95 %

e VHP steam entering the turbine has, due to anticipated heat and pressure losses a by 5 kJ/kg
lower enthalpy and a by 0.2 MPa lower pressure compared to state at HRSG exit

e Vented deaerator working at 105 °C, utilizing VLP steam and flash steam, with maximum allowed
inlet water temperature 85 °C to ensure good deaeration; water heating to 85 °C by heat obtained
in the HRSG hot water section

e Produced VLP steam is used in deaerator, in absorbent regeneration column reboiler and the
rest is compressed in a steam compressor to 0.6 MPa (a) with total compressor efficiency of 60
% and desuperheated to 200 °C with deaerated boiler feedwater

e BFW pump with total efficiency of 70 %, delivering deaerated water to the HRSG and steam
generators at 8 MPa (VHP steam) and 1 MPa (LP and VLP steam)

e Black liquor feed pump to gasifier with total Ap of 3500 kPa and total efficiency of 70 %
e Cooling water pump and cooling tower fans with the same parameters as in the recovery boiler case

e Oxygen production plant with energy consumption 0.5 kWh/Nm? oxygen®®, oxygen consumption 0.3 t/tps°.
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Schematic process flow diagram is depicted in Figure 2.
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Figure 2: Schematic layout of considered black liquor IGCC

Emissions from power production in Slovak republic

Slovak republic produces nearly the same amount of electric energy as it consumes last years.
Slovenské Elektrarne, a.s. (SE, a.s.) are traditionally the largest domestic power producer with total
market share above 60 %, as documented in Table 1. Sources of electric energy produced by SE, a.s.
are the following (rounded up): 80 % nuclear, 10 % water, 10 % fossil fuel (mostly coal).

We decided therefore to implement specific electric energy emission factors of the energy mix of this
power producer in our study, obtained from SE, a.s. 2014 to 2016 annual reports'® '8, An alternative
approach considers fossil fuel based marginal power production source that lowers it power production if
an increase in power production is achieved by IGCC compared to BL CSPP and applies its specific
electric energy emission factors. A substantial difference in emission factors shown in Table 2
emphasizes that the true to be expected emissions change is somewhere within the presented emission
factors interval.

Table 1: Key parameters characterizing power production and consumption in Slovakia in the
years 2014 — 2016

Year | Delivered power to Brutto annual power Share of SE on brutto
grid from SE, GWh consumption in Slovakia, GWh consumption, %

2014 20215 28355 713

2015 17892 29579 60.5

2016 17242 30103 57.3
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Table 2: Specific emissions from SE, a.s. power production in the years 2014 — 20162

Year Specific emissions
CO,, t/GWh | CO, kg/GWh | SOx, kg/GWh | NOx, kg/GWh | TZL, kg/GWh
2014 121 34.97 1244.2 166.86 15.48
2015 142 39.57 2641.7 217.14 29.79
2016 134 66.35* 370.8* 109.44* 9.80*
Marginal fossil 900 110 500 650 18
fuel fired source

* - change in specific emissions in 2016 due to improvement in flue gas cleaning system at brown
coal fired power plant Novaky

Emissions released by BL CSPP and by BL IGCC must also be taken into account. For new modern
black liquor boilers following figures serve as good approximation for 8 % vol. oxygen in flue gas: NOx
50 ppmv, SOx 5 ppmv, TZL 37 mg/m®. For BAT burners for gas turbines NOx emissions are as low as
a few ppmv at 15 % vol. oxygen; however 50 ppmv is considered as BAT value in our calculations. SOx
emissions are considered zero in the IGCC case as the syngas undergoes cleaning prior combustion in
the gas turbine. In both cases the CO, emissions are considered the same due to pre-set amount of
black liquor to be processed.

Results and discussion

Material and energy balances for both systems have been calculated using the inputs from the
preceding chapter. Calculation results are summed up in Table 3, stressing higher power production
efficiency of the BL IGCC compared to BL CSPP. On the other hand we see significant amount of steam
serving for condensing power production in the CSPP case, meaning that more steam could be exported
to the paper mill with a small penalty in electric energy production. With IGCC only small decrease in
condensing power production is possible; if more steam is needed in the paper mill it has to be produced
in another source a standard paper mill operates — either in a biomass boiler or in a gas boiler, with
a conseguent economic and ecologic penalty. This aspect is worth further analysis which is a part of our
future plans to be done.

Internal electric energy consumption reflects the need for power to drive larger pumps and boiler fans
in the CSPP system than in that of IGCC, however more than 80 % of IGCC internal power consumption
falls upon the air separation unit that produces oxygen for gasification. Therefore the total internal power
consumption is substantially higher in the IGCC system.

What deserves attention as well is the significantly higher steam production in the CSPP system,
partly resulting from higher own steam consumption and partly from higher heat efficiency of the system.
Higher stack losses are associated with IGCC operation and there is an around 15 % difference between
the LHV of the black liquor and the total energy content of the gases exiting the gasifier that indicates
quite low energetic efficiency of the gasifier (as mentioned above, the gasifier has not been modelled but
the composition and parameters of the exiting gas have been adopted from available literature*®).

Environmental assessment took into account both emissions produced by the systems themselves as
well as those produced in order to deliver the remaining needed electric energy to the paper mill.
Obtained figures are shown in Table 4. We can conclude that the overall annual emissions decrease in
the case of IGCC system compared to the CSPP one is in the order of several tens of thousands tons of
CO,, around 10 tons of CO, nearly 100 tons of SOx, around 1 ton of TZL and the NOx production is
almost the same in both cases. The uncertainty in results stems from two possible definitions of the base
case for electric energy production — either it is the energy mix of the SE, a.s. or a fossil fuel fired
marginal power source.
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Table 3: Energetic comparison of CSPP and IGCC systems

Parameter/Studied system CSPP IGCC
Total steam production incl. flash steam, t/h 288 144
Internal steam consumption + losses, t/h 92 12
Steam for condensing power production, t/h 83 19
Exported steam LP + MP, t/h 76 + 37 76 + 37
Power produced by gas turbine, MW - 61.1
Power produced by steam turbine, MW 50.0 9.9
Total gross power production, MW 50.0 71
Internal power consumption, MW 2.6 11.2
Net power production, MW 47.4 59.8 (= +12.2 MW)
Net power production efficiency, % 19.2 24.2 (=+5 %)

Table 4: Environmental assessment of both systems operation, *¥assumed 8400 h/year and
70 MW as the total average power consumption of the paper mill

System understudy CSPP IGCC Difference
paF;"eVrV?nri;{f‘é‘&V”ﬁ,‘jé‘;r* 190 87.4 -102.6
Emissions released by SE mix / by marginal source for power production, t/year
CO, 25460/ 171 000 11712/ 78 660 -13748/-92 340
CoO 12.61/20.90 5.80/9.62 -6.81/-11.28
SOx 70.45/95.00 32.41/43.70 -38.04/-51.30
NOXx 20.79/123.50 9.56 / 56.81 -11.23 /- 66.69
TZL 1.86/3.42 0.86/1.57 -1.00/-1.85
Emissions released by BL CSPP and by BL IGCC, t/year
SOx 45.02 Nearly zero -45
NOx 319.2 356.2 + 37

The difference in net power production of around 100 GWh/year means an increase in the IGCC
income compared to Combustion case between 3 to 10 mil. €/year considering electric energy price
span of 30 to 100 €/ MWh. Obviously the IGCC technology is more costly than the traditional one. Our
total investment cost estimate yielded around 80 mil. € for CSPP and 190 mil. € for IGCC system. The
difference between those two exceeds 100 mil. € meaning that the marginal simple payback period of
the IGCC exceeds 10 years which is a too long period to be economically attractive for industry. This
period might be shortened by state support either in form of direct co-financing of the IGCC project or in
form of IGCC electric energy bonification. This however deserves further study.
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Conclusions

The aim of our study has been to present an objective method for power production potential
evaluation for BAT CSPP and IGCC technology applied to black liquor processing in amount of
1600 tps/day. As demonstrated here, for pre-set amount and quality of available black liquor and for pre-
set mandatory amounts of steam to be delivered to the paper mill, the IGCC solution offers by around
12 MW (+25 %) higher power production compared to traditional combined steam and power solution.
Environmental assessment revealed positive overall effect of IGCC technology in nearly all evaluated
items except NOx that seem to be emitted in nearly the same amounts regardless of the technology.
A brief economic evaluation showed that the actual difference between the estimated IGCC and
traditional technology total investment costs is substantial and the net benefit of +12 MW power
production does not ensure attractive IGCC investment pay back period without some additional
incentive.
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Splynovanie €éierneho luhu ako efektivha kogeneraéna technolégia —
modelova studia
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Slovenska technicka univerzita, Fakulta chemickej a potravinarskej technolégie, Radlinského 9,
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Souhrn

Spalovanie &ierneho luhu (CL) predstavuje tradiéni technoldgiu jeho spracovania, uplatriujicu sa
v papierenskom priemysle. Medzi alternativne technoldgie patri jeho splyriovanie s vyuZitim ziskaného
plynu v paroplynovej elektrarni, pri ktorom literarna resSers vedie k predpokladu vyS§Sej vyroby elektrickej
energie a nasledne k nizSim globalnym emisiam CO, oproti jeho spalovaniu. Pre overenie tohto
predpokladu sme pre BAT technolégie spalovania aj splyriovania CL v mnozZstve, odpovedajicom jeho
produkcii v stredne velkej papierni, spracovali materialové a energetické bilancie a porovnali sme
vyslednu vyrobu elektrickej energie a tepla so zohladnenim viastnych spotrieb. Po odhade investi¢nych
nakladov na obe technolégie bolo mozné vypocitat inkrementalnu jednoducht navratnost investicie do
splyriovania oproti spalovaniu CL, ktoré pri suéasnych cenach elektrickej energie presahuje 10 rokov.
V pripade obdrzania $tatnej podpory pri investicii alebo formou vysSej vykupnej ceny elektrickej energie
z OZE, by implementécia splyriovania CL v papierenskom priemysle vsak mohla byt ekonomicky
atraktivna. Z hladiska environmentalneho hodnotenia vy3$Sia netto vyroba elektrickej energie pri
splyriovani CL znamena nizsie emisie CO, a inych Skodlivin.

Klicova slova: Cierny luh, paroplynovy cyklus, splyriovanie, doba navratnosti, emisie CO,
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Abstract

Low-temperature plasma generated by the gliding arc has been tested as a potential technology for
the disposal of liquid organic waste. The conventional solvents such as toluene were used for the
experimental part. Low-temperature plasma technology was operated at atmospheric pressure in both
oxygen and inert atmosphere (argon). The choice of operating conditions significantly affected the
composition of the output current. The highest conversion of toluene was achieved using an argon
carrier gas with 5 % of pure oxygen. Under these conditions, toluene conversion was more than 85 %
irrespective of the input concentration (350-1,400 ppm). The power consumption of the device reached
up to 2.5 kW at the highest load. Without the presence of oxygen, and therefore oxygen radicals,
conversion was a little lower, but there was a significant change in the composition of products, among
hydrogen, acetylene and soot prevailed. After some time the gliding arc discharge was interrupted due to
emerging soot and the device had to be shut down. If the processing gas argon wit oxygen was replaced
by air, undesirable radical reactions occur between oxygen and nitrogen, resulting in NO, at
concentrations of several thousand ppm. This fact is partly limiting for the industrial application, since
most gases containing VOC contains the majority of the air. Nevertheless, this technology can be used,
for example, for purging synthesis gas from gasification.

Keywords: Gliding Arc Plasma, toluene

Introduction

More than 300 groups VOCs according to chemical structures could be mentioned. Emissions of
Volatile Organic Compounds (VOCs) usually arise in the processing of raw materials in chemical
factories, especially during work with lacquers, paints, and solvents in general. Road traffic is also
among the main contributors of VOCs in the atmosphere. The occurrence of VOC in the exhaust gases
must be reduced to meet the emission limits for their release into the atmosphere because they are not
only harmful to human health but also destructive to the urban environment*. Additionally, once released
into the atmosphere, VOCs might act as a predecessor for photochemical smog and aerosols formation?.
There are many technological methods of these substances disposal. Among different frequently used
removal technologies thermal and catalytic combustion, biofiltration, and absorption with water or
chemical scrubbers, and activated carbon adsorption could be stated®. The most common are
combustion (oxidation) or catalytic oxidation®. These processes are suitable for high VOC concentrations
but in case of bigger gas flow rates and low concentrations (even < 100 ppm) of gaseous compounds
the using of above mentioned methods becomes disadvantageous®. Recently, at least in the field of
applied research, advanced oxidation processes or the low-temperature plasma generated by the gliding
discharge are being used. Generally, two types of plasma can be distinguished. The equilibrium plasma,
commonly named thermal plasma is high energy-consuming and its energy consumption must be taken
into consideration in relation to the benefits reachable by the process with respect to the process
duration.

The second type non-equilibrium plasma, also called non-thermal or low-temperature plasma, is
generated by a gliding arc discharge. This method of generating plasma at atmospheric pressure is
relatively simple and not too costly process of plasma generation. lonized processes induced by the
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electric field produce a high temperature of both electrons and excited ions. During plasma evolution,
local gas temperature increases up to 3,000 K°®. Such plasma is particularly reactive and capable of
converting different compounds in secondary products with a simpler chemical structure, until forming
the final oxidation products’. Plasma is produced in an arc discharge between two conductive materials,
which can be metallic but also carbon-based. The electrons, which are pulled from the electrode by arc
discharge, break up complex polycyclic organic molecules into simpler aliphatic hydrocarbons, in the
case of an inert argon atmosphere up to hydrogen, methane, and optionally carbon black (elemental
carbon). Free radicals (OH- and H-), which are known for their high reactivity, lead to easier
destabilization and decomposition of VOCs molecules. Other radical and ionic reactions result in
conversion of VOCs into CO,, H,O and others®.

Low-temperature plasma equipment is often used as an end-of-pipe method to decompose a wide
variety of contaminants, for example propane and isopropyl®, acetylene, toluene, cyclohexene,
benzene and xylene'?, naphthalene®. An increasing trend in plasma utilization is due to the
compactness of the device, rapid overtaking and immediate reaction with high reduction efficiency.
However these technologies often face serious challenges, including incomplete oxidation, low
mineralization degree or poor energy efficiency in engineering applications. Low conversion is the
biggest problem for decomposition of organic matter in an inert atmosphere. To increase the conversion,
oxygen (eventually water vapor) can be added to the inert carrier gas. For both the oxygen and water
vapor the gliding arc discharge create radicals, which improve significant the decomposition of organic
matter. In this way, conversion up to 100 % can be achieved. Nitrogen cannot be used as an inert for
oxidative plasma processes, because considerable amount of NOy is formed. In such case argon is
mostly used as an inert. The plasma process depends on wide range of process parameters. The effect
of the flow rate of carrier gas or the size of the inlet concentration of the removed substance (toluene)
was determined in the process optimization.

The course of the decomposition process of toluene in the plasma field is described in the literature™.
Sufficient analytical equipment is necessary to verify undesirable by-products of the decomposition
reactions. In this study low-temperature plasma generated by the gliding arc has been tested as
a potential technology for the disposal of liquid organic waste.

Experimental part
Measuring equipment

Scheme of the experimental apparatus is shown in figure 1. The main part consists of three units -
heated mixer for preparation of the mixture, plasma reactor for generating low-temperature plasma by
the gliding arc and finally cooler and gas samples for analysis.

A gliding arc is generated between three electrodes. To initiate the ignition, the fourth auxiliary
electrode is located at the nozzle close to the electrodes. The generated discharge then slides along the
electrodes from the narrowest to widest point in the same direction as the gas flow which is blown
between the electrodes through the nozzle. The length of the electrodes is 150 mm, the gap between the
electrodes was set to 3 mm. This distance was chosen based on the literature research™. Working
electrode voltage was 1.4 kV and supply current on working electrodes was 5 A on each of the
electrodes, frequency was 50 Hz. The electrodes are placed in a stainless-steel reactor with a diameter
of 150 mm and a length of 800 mm. Individual gases have passed through a mass flow meter and
regulator into a heated mixer. A mixture of argon and toluene was heated to 150 °C to facilitate the
conversion of liquid toluene to steam and dispersion into the carrier gas. For some experiments argon as
carrier gas was replaced by air. Pure oxygen, which was added to argon for most experiments, was
conducted without preheating directly into the reactor nozzle. The gas leaving the plasma reactor was
cooled in a tube cooler and collected into Tedlar bags. Samples were then analyzed on the gas
chromatograph and also on the FTIR.
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Figure 1: Scheme of experimental apparatus with gliding arc plasma between electrodes (photo)

Experimental conditions

- argon/air flow 10 — 30 dm®*/min

- oxygen flow 0 - 5 dm*min

- toluene flow (liquid) 0.07 — 0.35 cm*min
- plasma power 1-35kw

- preheating temperature 150 °C

- time of individual measurements 60 min

Products analysis

The Agilent 7890A gas chromatograph with a FID detector was used to determine conversion of
toluene. A Chrompack wcot fused silica column (25 m x 0.32 mm) was used to separate the substances.
Other organic compounds such as benzene, styrene, benzaldehyde and acetone were also detected on
this chromatograph.

The Agilent 7890A with a FID detector and a TCD detector was used to detect inorganic gases (H,,
CO, CO,) and light hydrocarbons. A Micropacked column (2 m x 0.53 mm) was used to separate the
substances.

Fourier transform infrared (FTIR) analyzer (Antaris IGS Analyzer, Spectral Resolution 0.5 cm™,
Spectrum Range 7800 — 600 cm™, 10 m Gas Cell with ZnSe Window, Nicolet) was used to analyze the
products from the measurements in the air. The Czech Republic Fire Science commercial method for TQ
Analyst software was used to evaluate the data.

Patronem tohoto &isla je Ustav environmentalniho a chemického inZenyrstvi Fakulty chemicko-technologické Univerzity Pardubice
WASTE FORUM 2018, &islo 2, strana 1 85



Pavel LESTINSKY, Barbora GRYCOVA, Adrian PRYSZCZ: Decomposition of toluene by using low-temperature
plasma discharge

Results and discussion

Disposal of toluene is shown in figure 2 with argon flow 30 dm*/min, oxygen flow 5 dm®min and inlet
concentration of toluene 1,394 ppm. Increasing of conversion is noticeable and the process was
stabilized roughly after 30 minutes.
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Figure 2: Time section of the toluene disposal experiment using low-temperature plasma

Conversion data was generated from measurement between 30 and 60 minutes. These average
conversions are shown in the results below.

Figure 3 shows that the conversion of the concentration changes very little - in the range from 85 to
88 %. The experimental conditions listed below in table 1 then show that the input power of the device
depends mainly on the flow of the carrier gas, which has to be ionized. The amount of inlet concentration
of toluene changes the input power in tenths of kW. This was confirmed by further measurements with
a constant toluene concentration and different carrier gas flow rates. With decreasing amount of carrier
gas the power consumption decreased from 2.48 to 1.85 kW.
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Figure 3: Effect of toluene concentration on conversion at constant flow rate of Ar 30 dm®min

and O, 5dm®min
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Table 1: Effect of toluene concentration on conversion and power input of device

Ar flow O, flow Input . Conversion Power_
concentration consumption
dm®*min dm®*min ppm % kW
30 5 350 88 2.27
30 5 600 86 2.37
30 5 1,394 85 2.48

Destruction of toluene with oxygen radicals takes place without significant amounts of by-products
(benzene, acetone, butadiene) as can be seen in table 2. Simple hydrocarbons such as methane,
ethane, etc. were not detected. The CO, concentration in output was 0.63 vol. % and it was several
times higher than the CO concentration, which was 0.21 vol. %. A similar ratio between CO, and CO was
also measured by Chun et al."® Due to the short residence time in the gliding arc, all carbon molecules
do not react with oxygen radicals, and CO may occur.

Table 2: Plasma output compaosition (in ppm) of toluene in Ar with O,

Toluene input 1,394
Toluene output 208
Benzene 18
Butadiene 15
Acetone 6
Benzaldehyde 4
CO 2,100
CO, 6,300

In addition to the disposal of toluene under recommended low-temperature plasma conditions (Ar +
O, mixture), the plasma decomposition of toluene was tested in the presence of air. From the principle of
VOC plasma decomposition it is clear that without the presence of oxygen (oxygen radicals) the process
will be less effective. This was confirmed by the experiment itself, when the decomposition conversion of
toluene was only about 35 — 48 %, with a declining trend. The composition of the output gas without
oxygen is listed in table 3. The plasma power at these conditions was 1.6 kW.

Table 3: Plasma output compaosition (in ppm) of toluene in Ar (without O,)

Toluene input 1,526 H, 839
Toluene output 875 CH,4 67
Benzene 148 C,H, 802
Butadiene 41 C,oH,4 15
C — carbon black ol C,Hg 14

*** Amount of carbon black wasn’t weighted

After approximately 45 min, plasma generation was interrupted (indicated at zero power). After the
reactor was opened a large amount of carbon black were found (in the form of "feathers"). Carbon black
covered the entire surface of the electrodes and the walls of the reactor. The specific surface for carbon
black was Sger = 169 m?/g, with a significant proportion of mesopores (Smeso = 121 m?/g). From
measured average concentrations of gasses stoichiometry for the plasma decomposition of toluene in
the absence of oxygen can be assumed.

C/Hg>2H,+2C,H, +3C
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The amount of carbon black can be reduced by steam®. Water vapor decomposes into an arc to
a hydroxyl radical that is stronger than the oxygen radical. In addition to reducing carbon black, there
was a slight increase in VOC conversion. Further, the hydrogen concentration increased significantly.
However, these experiments have not been performed in our condition.

Another experiment demonstrating the limiting behavior of the technology is the use of air as a carrier
medium. Air contains both elements that can form both oxygen and nitrogen radicals. Both of these
radicals are important for VOC destruction, however, high plasma temperatures support their
interactions, leading to the production of nitrogen oxides, predominantly NO,. This was also confirmed by
our measurement when the gaseous product was analyzed by FTIR (see Table 4). The average
conversion achieved in the atmosphere was 83 %. The power consumption was the highest around
3.6 kW from all experiments (almost 1.5 times higher than when using a mixture of Ar and O5).

Table 4: Plasma output composition (ppm), when the toluene is injected into the air

Toluene input 1,302 CO; 5,821
Toluene output 245 ({0 451
Benzene 11 NO, 4,218
H,O 5,221 NO 320

Conclusions

It can be concluded that the destruction of toluene by low-temperature plasma generated by the
gliding discharge has removal efficiency from 80 to 90 %. Literature sources suggests that almost 100 %
can be achieved, but it requires optimization of the operating parameters (apart from the flows of the
carrier gas and the pollutant, also the effect of the length, thickness and geometric shape of the
electrodes, the influence of the gap size between the edges of the electrodes, the influence of the
applied voltage and current, etc.). The implementation of this method into industrial conditions have
many obstacles, such as high specific power consumption, plasma processes require an inert
atmosphere, gliding arc plasma is technology-intensive equipment, maximum inlet VOCs concentration
for abatement is limited.

During the decomposition of toluene in the air atmosphere, undesirable reactions and new pollutants
occurred. The main products of toluene plasma decomposition are carbon dioxide and water. In addition
to these products, many unwanted products such as nitrogen oxides or carbon monoxide are formed.
Combustion at temperatures above 1,000 °C produces a relatively large amount of NO,. As the gas
temperature in the discharge is up to 3,000 K, the nitrogen oxides will be unmistakable. This was also
confirmed by our experiment. Formation of NOy in the presence of air makes it impossible to use for
common operations, such as painting and dyeing.

Decomposition of toluene in an inert atmosphere without oxygen leads to interesting products (gas
and solid), although the conversion is not too high. In addition, emerging soot prevent long-term
experiment. However, these problems could be new challenges and ideas to continue with low-
temperature plasma generated gliding discharge. However, compared to conventional VOC reduction
technologies such as combustion or catalytic oxidation, it is still uncompetitive.
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Rozklad VOC za pomoci nizkoteplotniho plazmového vyboje
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Institut environmetalnich technologii, VSB-TU Ostrava, 17. listopadu 15/2172, Ostrava-Poruba
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Souhrn

Nizkoteplotni plazma generovana klouzavym obloukem byla zkouSena jako potencialni technologie
pro likvidaci kapalnych organickych odpadi. Pro experimentalni ¢ast bylo pouzito bézné rozpoustédio
toluen. Technologie nizkoteplotniho plazmatu byla provozovana pfi atmosférickém tlaku jak v Kyslikove,
tak i inertni atmosfére (v argonu). Pravé volba provoznich podminek vyrazné ovliviiuje sloZeni
vystupniho proudu. Nejvy3Si konverze toluenu bylo dosaZeno pii pouZiti inertniho nosného média
argonu s primési 5 % cistého kysliku. Pri t&échto podminkach byla konverze toluenu vice nez 85 % bez
ohledu na vstupni koncentraci (350 — 1400 ppm). Prikon zafizeni dosahoval pfi nejvy$§im zatizeni az
2,6 kW. Bez pfitomnosti kysliku, a tedy i kyslikatych radikali byla konverze o trochu nizsi, ale doslo
k vyrazné zméné slozZeni produktu, kdy pfeviadal vodik, acetylen a saze. Pravé vznikajici saze po urcité
dobé prerusily klouzavy obloukovy vyboj a zafizeni muselo byt odstaveno. Pokud byl nosny inertni plyn
argon nahrazen vzduchem, doslo k neZzadoucim radikalovym reakcim mezi kyslikem a dusikem, které
vedly ke vzniku NO, Vv koncentracich fadové nékolik tisic ppm. Tento fakt je pro pramyslovou
aplikovatelnost trochu limitujici, nebot vétsina odpadnich plynt obsahujici VOC obsahuje z majoritni
Casti vzduch. Presto tato technologie muize byt pouzita napr. pro docistovani syntézniho plynu ze
zplyriovani.

Klic¢ova slova: Plazmovy klouzavy obloukovy vyboj, toluen
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Abstract

Oils of different origin and use are ranked among frequent pollutants of the environment, especially of
the aquatic one. When estimating risk of effect of contaminants as environmental elements, chemical
methods should be supplemented with biological and toxicological tests. The paper deals with the
assessment of oils toxicity by terrestrial and aquatic tests in model samples of surface water
contaminated by oils and sensitivity of the test in relation to the oil origin (mineral, vegetable and
synthetic oils). Increased sensitivity of test organisms of Lemna minor to oils as the contaminants in
model samples was found out experimentally. The effect of oil origin on the aquatic environment toxicity
was confirmed. However, the effect of origin was not significant in the test of growth inhibition of the root
of Sinapis alba and samples in the preliminary test were negative.

Keywords: oil, surface water, terrestrial test, aquatic test, contamination, toxicity

Introduction

Chemical data that characterises contaminated environment is not sufficient to evaluate toxic effects
of contaminants, because they are not able to provide information on the effects of chemical compounds
and do not take into consideration interactions among contaminants, matrix and biota. When estimating
risk of contaminants and contaminated environmental elements, chemical and other analytical methods
[1, 2] should be supplemented with biological and toxicological methods. Toxicity assessment is an
environmental contribution to possible load in life cycle, as presented by [3]. Environmental pollution,
especially due to anthropogenic activities, is caused to a large extent by oil products. Small, but
scontinual sources* of petroleum products are transport, different construction mechanisms, mechanisms
for raw material extraction or for logging and wood processing etc. [4, 5]

Petroleum products are one of the most monitored chemical substances. They are liquid organic
compounds of fat nature, lighter specifically than water and are almost insoluble in water. Except for
petroleum (mineral) oils, there are also synthetic, vegetable and animal oils. Mineral (or petroleum) oils
are hydrocarbons compounds, obtained predominantly from oil [6]. They are serious contaminants and
get in the environment through the activities related to the oil extraction and processing, storage,
transport or use of petroleum products in production processes or households.

Despite valid legislative regulations, accidental pollution can happen, as well as long-term less
intensive contamination. Consequences of contamination are long-term, their remediation is difficult,
protracted and expensive [7]. Synthetic oils consist of narrow fraction of hydrocarbons, which is obtained
by their synthesis. They are prepared by processing suitable chemical compounds. Their properties are
very similar to the properties of petroleum lubricants, they are more resistant to high temperatures,
higher liquidity at lower temperatures and higher viscous index than petroleum oils. Industrial lubricants
are used to reduce friction and wearing of materials. They play a very important role in protection from
corrosion of inner and outer surfaces of semi-finished and finished products [8].

Seeds (sprouts), fruits and fleshes contain vegetable oils [9] divides vegetable oils into three basic
groups: non-drying or lightly drying oils (olive, peanut, ricin oils), semi-drying oils (rapeseed, sunflower,
soya oils) and drying oils, which contain less than 10% unsaturated fatty acids (flaxseed, hempseed and
poppy seed oil). They are used as processing aids in textile and engineering industries, as well as
additives in mineral lubricants.
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The composition of petroleum products is variable and often characterised by generally limited water
solubility. These attributes represent significant problems in assessment of dangerousness of these
products for aquatic life. Moreover, differences in construction of toxicity study for aquatic environment
often cause problems in comparison and correct use of data from the toxicity tests [10-12]. The complex
nature and limited water solubility of petroleum products are the challenge for consistent characteristics
of expositions in risk assessment of the aquatic environment [13]. The aim of this paper is to present
information on effect of oil origin to the toxicity in the aquatic environment and to assess sensitivity and
suitability of the use of selected bio-tests.

Experimental part
Preparation of model samples

The tests were performed using model samples, which were prepared in the laboratory by
contamination of the surface water with selected types of oils: synthetic oil, mineral oil and vegetable oil.
Their physical and chemical properties are shown in Table 1.

Table 1: Basic physical and chemical properties of oils

. Oil
Properties Synthetic | Mineral | Vegetable
Kinematic viscosity at 40 °C | mm?. s™ 46.0 31.2 37.0
Density at 15 °C kg.m™ 875 865 920

Vegetable oil is oil used for lubrication of a chain of chainsaw and its main component is rapeseed oil.
Synthetic oil is saturated oil produced on the base of unsaturated synthetic esters. It is used in transport
and extraction processes in hydraulic system. Mineral oil is hydraulic oil made from high-quality
hydrogen refined oil bases and additives to improve lubricating and frictional properties, resistance to
oxidation, protecting properties against corrosion. It is used as a fluid in hydrodynamic mechanisms of
fixed and mobile machines.

Concentration of oils in all model samples was 1g of oil/litre of water. The samples were prepared by
weighing 1 g of oil into 1 litre of surface water. Oil-water samples were mixed on digital stir plates for
20 hours, followed by a 4-hour-settling period [14, 15]. The level of presence of oil substances in the
environment is usually connected with the occurrence of non-polar extractable substances (NES). Oil
products are defined as hydrocarbons and their compounds, especially gasoline, benzene and its
derivates, diesel oil, kerosene, heating oil and tar oil [16]. Water-accommodated fraction (WAF) were
determined as NES.

The surface water for the model samples was from a flowing natural stream. In order to analyse
contamination of the environment by petroleum products, non-polar extractable substances (NES) as
a group indicator are used. In sampled surface water the content of NES was controlled and it did not
exceed the value of 0.1 mg.I" in accordance with the Regulation of the Government of the Slovak
Republic No. 269/2010 Coll. (Annexe B) [17].

Determination of non-polar extractable substances

NES was determined spectrophotometrically in infrared sphere of spectrum in compliance with STN
8300530-36. The method is based on extraction of petroleum substances from acidified sample using
the solvent S-316 (polychlorotrifluoroetylen (-SF2-CFCI-)n). Consequently the extract is dewatered by
adding 5 g of anhydrous sodium sulphate (calcined before) for a period of 30 minutes. The rest of polar
substances is removed by the adsorption on silica gel (silica gel for chromatography, dried and
activated at 150 °C for 4 hours). To measure the IR spectrum samples in the sphere from 3150 cm™ to
2750 cm™ after calibration and evaluation of NES using the software. We used the FTIR
spectrophotometer ATI MATSON GENESIS. The measurement was performed in comparison with
blank determination (use of solvent instead of sample, the procedure remains the same) [18].
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Ecotoxicological tests

Higher plants were not commonly used for the risk assessment for a long time, because there were
no available standardised test systems. International Organisation for Standardisation (ISO) and
Organisation for Economic Cooperation and Development (OECD) developed standards [19]. Toxicity
tests (ecotoxicological tests) are experimental (usually laboratory) methods for determining toxic effects
of stressors (toxic substances) on natural organisms [20]. To determine the ecotoxicological properties of

the oils as surface water contaminants in the models, the following bio-tests were used:

- test of growth inhibition (stimulation) of common duckweed — biological test and

- test of the growth inhibition of the root of higher plant.

In both ecotoxicological tests the preliminary test was carried out with the same oil concentration in

the sample.

Test of growth inhibition (stimulation) of common duckweed (Lemna minor)

The test is used to test toxicity of solutions and suspensions to representatives of higher aquatic
plants of common duckweed (Lemna minor). Conditions of the test are presented in Table 2 [21].

Table 2: Conditions for the test of growth inhibition of common duckweed

Test organism

Test parameters

Incubation
temperature

Lighting
Exposure

Control sample

Number of
repetition

Reference
substance

Criterion of validity

Preliminary test

Monitored
parameters

Other conditions

Lemna minor L. (Monocotyledonopsida, Lemnacae family)

Glass beaker, type high, volume 100 ml, 70 ml sample, covered with parafilm,
12 -15 leaves at the beginning

25 °C £ 2 °C, thermostatic cabinets ST FOT (Eko Pol Poland)

Continually, min. intensity of 6 500 lux
7 days

Z-Medium
Four

3,5-dichlorophenol, ECs, = 2.9 mg.I™* (limit 2.2 — 3.8 mg.I™)

Average number of leaves in control has to be increased eight times during the
test

12 —-15 leaves in 70 ml undiluted sample

The number of leaves is counted and the appearance of the leaves is evaluated
(chlorosis, necrosis) at least three times during the test; growth inhibition
EL (effective loading) in %, diluted O, (at the begin of the test O,>7.5 mg.I™")

No aeration

Z-Medium was used as the nutrient solution [22, 23] and prepared in accordance with the instructions
from its supplier (Culture Collection of Autotrophic Organisms - CCALA, Tiebon, the Czech Republic).
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Test of the growth inhibition of the root of higher plant (Sinapis alba)

The effect of water on germination of seeds and the growth of roots of Sinapis alba in the initial
development phases is tested. The test consists of the cultivation of seeds on pads soaked in the
solutions of the sample under test and comparison with the control (seeds growing on a pad soaked in
reconstituted water) [24].

Table 3: Conditions for the test of Sinapis alba growth inhibition

Test organism Sinapis alba (Brassicales, Brassicaceae)

ochre yellow, size 1.5 — 2 mm, 30 seeds in Petri dish (glass, size 120 mm x 20

Test parameters mm), covered with parafilm, 10 ml sample, 72 hours - exposure period

;Ii'gm?negrature, 20 °C £ 1 °C, incubator TS 606 CZ/2-Var (WTW, Germany), in the dark
Control sample Reconstituted water

Validity o _ o/ (it 0

of the test Germination in control sample = 97.9 % (limit = 90 %)

Reference a4 e )

sUbstance K>Cr,07, 1Cs0, 72 hours = 35.75 mg.I™ (limit 4.1 — 85 mg.I™)

Measuring : L

root length Steel calibrated measuring instrument

30 seeds on the filter paper soaked in 10 ml of the undiluted sample / under the

Preliminary test same control (reconstituted water) conditions

Monitored response | Root growth inhibition compared to control, IL (inhibition loading)

The reconstituted water is prepared from the solutions and according to the procedure in the standard
STN 83 8303 [24].

Processing the results: The software STATISTICA (Version 10, StatSoft Company, Tulsa, USA).

Results and discussion

Test of growth of Lemna minor L., as a representative of freshwater vascular plants, allows simple
studies of time dependence on toxicity of substances in the aquatic environment. Lemna minor L.,
together with other representatives of Lemnaceae, is an attractive test organism — not only due to its
important ecological functions (source of food for birds and fish, stand for invertebrates), but also to its
widespread occurrence. Plants are easily cultivated and manipulated; they have a high rate of growth
under laboratory conditions and are very sensitive to different pollutants. Even if Lemna minor L. plants
are very small, their leaves are big enough and macroscopically easily identified. It enables non-
destructive repeated measurements of these model plants in testing [25]. A lot of publications using
phytotoxic effect of Sinapis alba seed [10, 20, 26 — 29] in relation to the toxicity of metals are known. For
this reason we assessed sensitivity of these test organisms in the process of toxicity determination in
comparison with easily accessible seeds of higher cultural plant Sinapis alba, with the focus on the
influence of origin of oil contaminating surface water in model samples.
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Assessment of the preliminary test of the growth inhibition (stimulation) of common
duckweed (Lemna minor)

The results of the preliminary test are shown in Table 4. Basic statistical characteristics. It follows
from the results that the highest determined inhibition of 44.15 % was in water contaminated with the
mineral oil and the lowest one of 29.42 % was in surface water contaminated with synthetic oil [21]. The
change of the content of dissolved oxygen in samples and in control is shown in Table 5. Decrease of
oxygen at the end of the test was of 9.3 % in control and in the interval of 14.3 — 24.7 % in samples.

Table 4: Basic statistical characteristics of the preliminary test

Sample NES EL, % Number
oil g™ SD Average SD of repetition
Synthetic 0.68 0.14 29.40 1.81 4
Mineral 0.72 0.13 44.15 5.97 4
Vegetable 0.75 0.11 38.56 7.01 4

Note. SD - Standard deviation, * - average

Table 5: Monitored parameters dissolved oxygen

Dissolved oxygen*[mg.I"] in samples
Start End
Control 8.60 7.80
Synthetic oil 8.50 6.40
Mineral oil 8.40 7.20
Vegetable oil 8.50 6.80

Note: * - average

From the point of view of oil origin, the test organism Lemna minor was the most sensitive to the
presence of mineral oil in the model sample with the inhibition of 44.15 %. Vegetable oil had higher
inhibition effect (38.56 %) than the synthetic oil with the inhibition of 29.40 %. At the end of the test, signs
of initial necrosis of leaves were observed in all samples.

Forth et al. [30] and Redmann et al. [31] tested toxicity of petroleum (mineral) oils in water samples
using the standard aquatic toxicity tests and observed changes in the size of oil droplets, too. At the
beginning of the test the average droplet size was 5-10 um (a few were > 30 ym) and after 96 hours of
testing, that size was reduced to 3-5 pm. This data provides significant information for measurements,
which were important for determining the effects of oils on the aquatic organisms that were used in these
aquatic tests. We suppose that differences in toxicity of individual oils in model samples were caused by
the differences in physical and chemical parameters (Tab. 1), but also by their biological degradability,
as presented in the monograph [30]. Determined inhibition corresponds in the following way:
biodegradability of mineral oil of 92.0 % with EL of 29.40 %, vegetable oil with biodegradability of 61.9 %
with of 38.56 % and mineral (petroleum) oil with the lowest determined biodegradability of 33.0 % and
inhibition value of 44.15 %. It is a semichronic exposure, because immediate effect of introducing
organism into the test is involved, as well as long-lasting influence, which is demonstrated in the growth
inhibition of new generations. We consider this test to be sensitive and suitable, as declared also by
Hubalek et al. [29] in their study of oil contaminated samples.
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Assessment of the test of growth inhibition of higher plant (Sinapis alba) root

It was found from the preliminary test (Table 6) that the highest inhibition loading of 39.95 % was
determined in the sample of surface water contaminated with the synthetic oil. There was no significant
difference between the values in the samples with vegetable oil and mineral oil. Based on the preliminary
test results (inhibition of root growth = 30 % and < 50 % inhibition [24]) further testing was not required.
The effect of origin of oil on test organism of Sinapis alba seeds was not considerably confirmed. Neither
the size of oil droplets, nor other indicators (Tablel, or biodegradability [32]) did not influence the
inhibition results in model samples to such an extent like in the case of aquatic test of Lemna minor
effective loading.

Table 6: Basic statistical characteristics of the preliminary test

Sample NES IL, % Number
oil gl” | SD | Average | Standard deviation | Of repetition
Synthetic 0.64 0.18 39.55 2.43 4
Mineral 0.69 0.15 32.37 1.27 4
Vegetable | 0.78 0.10 32.87 3.93 4

Note: SD - Standard deviation, * - average

Conclusions

The aim of the paper was to provide information on sensitivity of toxicity aquatic test using test
organism Lemna minor and terrestrial test of growth inhibition of root of Sinapis alba seed and, at the
same time, to assess influence of oil origin to toxicity. It was found out experimentally that inhibitory
effect on test organisms in all models samples with some differences. In this case, the most toxic effect
of mineral oil with the effective loading of 44.15 % was observed. The effect of oil origin was not
statistically significant when we were testing toxicity by terrestrial test on seeds of Sinapis alba.
Therefore it is recommended and well-founded to use the test of growth inhibition of common duckweed
(Lemna minor) to test toxicity of oils as contaminants, especially of the aquatic environment.
Determination of toxicity is an important indicator in environmental risk assessment, as well as in safe
use of ails in practice. In many cases there is no determination of ecotoxicity in safety data sheets.
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Testovanie toxicity vody kontaminovanej olejmi
Helena HYBSKA, Ivana KNAPCOVA, Jarmila FIALOVA, Darina VEVERKOVA

Department of Environmental Engineering, Faculty of Ecology and Environmental Sciences,
Technical University in Zvolen, Zvolen 960 01, Slovakia, e-mail: hybska@tuzvo.sk

Suhrn

Oleje rézneho pdévodu a vyuZitia patria medzi Casté znecistujuce latky Zivotného prostredia,
predovsetkym vodného prostredia. Pri odhadovani miery rizika vplyvu kontaminantov ako
environmentéalnych prvkov by mali byt chemické metédy doplnené biologickymi a toxikologickymi
skuskami. Clanok sa zaobera postdenim toxicity olejov pomocou terestrického a akvatického testu
v modelovych vzorkach povrchovej vody kontaminovanej olejmi a citlivostou testu vo vztahu k pévodu
oleja (minerélny, rastlinny a synteticky olej). Experimentalne sa zistila zvysena citlivost' testovacich
organizmov Lemna minor na oleje ako kontaminanty v modelovych vzorkach. Potvrdil sa vplyv pévodu
oleja na toxicitu vodného prostredia. V teste inhibicie rastu koreria Sinapis alba vplyv p6évodu nebol
signifikantny a vzorky v predbeZznom teste boli negativne.

Kracové slova: olej, povrchova voda, terestricky test, akvaticky test, kontaminacia, toxicita
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Abstract

Acid sludge is an industrial waste generated during petroleum oils refining with chemical agents,
especially sulfuric acid. It is toxic, cancer-causing, teratogenic, mutagenic and it is classified as
hazardous waste. 30 years ago acid sludge was placed in pre-explored pitches without any security
measures against its penetration into the environment. It is urgent to eliminate this kind of waste with
appropriate technology. Thermal desorption has been chosen as possible option of its processing, which
uses oxygen-free heat treatment to reduce emissions to as low level as possible. Tests on the thermal
desorption unit were performed to indicate the technology effectiveness during acid sludge processing
and the change in weight of the before stabilized waste in relation to the desorbed matrix as residual
material after the processing. The secondary objective during acid tar processing was to obtain different
samples of oil fractions at different temperature-pressure conditions.

Keywords: acid tar, thermal desorption, acid sludge stabilization.

Introduction

Acid tar is waste generated between 1964 and 1984 — period of industrial production, when its impact
to the environment was not considered what was related to complete lack of environmental policies
and legislation at European level. Therefore, the emphasis was not placed on waste management
methods. That is the reason why this hazardous waste was placed in pre-excavated pitches without any
consideration of possible negative future consequences to the environment. This is also the case of
environmental contamination by acid tar in Predajna in Slovakia caused by a former refinery-
petrochemical plant, whose activity was oil processing by sulfonation and adsorption technologies in
order to produce lubricating and special oils, synthetic detergents and special white oils for cosmetic and
medical purposes. Waste in this locality was depositated in two disposal sites — acid tar lagoons. The
depth of lagoons is from 4 to 10 m and total amount of depositated waste is 160 000 m* with total lagoon
surface 229 211 m?.

Figure 1: Acid Tar Lagoon in Predajna. Source: Authors
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The complex chemical composition of acid sludge, their ability to change properties and composition
under the influence of external factors does not allow to create universal methods of their processing. On
the other hand, acid sludge can be considered a powerful source of secondary raw materials for various
useful products®.

Figure 2: Acid Tar Lagoon in Predajna. Source: Authors

The chemical composition of acid tar from each individual process differs significantly owing to the
different starting material and final product. Therefore the chemical characteristics of acid tar cannot be
closely specified. However, the basic characteristics of acid tar remain similar across the three major
processes. Acid tar is a complex mixture of hydrocarbon, sulphuric acid, water and a various range of
co-disposed materials. The chemicals inside acid tar can be grouped into the following categories:
aliphatic hydrocarbons, aromatic hydrocarbons, phenols, metals, organic acids, sulphonated
hydrocarbons, and gases such as hydrogen sulphide, sulphur dioxide and methane. Disturbed acid tars
may thus give rise to significant odour problems.

The typical major contaminants found within acid tar are polycyclic aromatic hydrocarbons (PAHS),
petroleum hydrocarbons, phenols, benzene, toluene, xylene (BTEX), acid, heavy metals and sulphate,
all of which can cause environmental problems if they migrate into the surrounding soil and groundwater
environment. Air pollution may be caused by both volatile organic compounds (VOCSs), sulphur dioxide,
and dusts from the weathering of exposed acid tar surfaces?.

Due to their high acidity, none of tested methods for their remediation and therefore removal have yet
been verified. Therefore, for their treatment a thermal process without the presence of oxygen has been
chosen. The term ,thermal method of waste recovery® or in wider terms ,thermal methods of waste
management® (application of thermal treatment, recovery and disposal of waste) may be applied to those
techniques in which the waste is treated with a temperature that is above its thermal stability®.

That is the reason why thermal desorption was chosen as a technological process which represents
an innovative treatment technology where the contaminated soil is extracted, sorted, heated to release
the petroleum component from the soil>. By heating the contaminated medium, water and organic
components are released, which are separated from the solid matrix by the transporting gas or vacuum
system for later processing or disposal’. Innovative technologies are defined as alternative treatment
technologies that have a limited number of applications and limited data on cost and performance.
Innovative technologies have the potential for providing more cost-effective and reliable alternatives for
clean-up, or may offer a solution to an environmental problem historically considered impossible to treat®.

Patronem tohoto &isla je Ustav environmentalniho a chemického inZenyrstvi Fakulty chemicko-technologické Univerzity Pardubice
WASTE FORUM 2018, &islo 2, strana 1 99



Anna BOHERS, Emilia HRONCOVA, Juraj LADOMERSKY: Thermal Desorption of Pretreated Acid Tar

Within studying suitability for acid sludge remediation, thermal desorption technology has been
chosen also for reasons not least the most important: the economy. Baker et al. present three case
studies, showing that thermal remediation utilizing In Situ Thermal Desorption (ISTD) is often less
expensive than alternatives’.

Various residuals are always generated as part of the thermal desorption process, regardless of the
type. Some of these are non-hazardous whereas others are likely to be hazardous i.e. the condensed,
concentrated liquid form of the desorbed contaminants. Other typical wastes resulting from thermal
desorption processes include over-sized materials, spent carbon, condensed water, process water,
treated solid waste material, dusts from particulate control systems, used filters and catalysts®. Our
experiment was focused on following outcomes:

e treated solid waste material as desorbed matrix and

e condensed, concentrated liquid form as oil fraction.

The motivation of the experiment consisted of establishing the effectiveness of thermal desorption
technology in relation to the mass balance of outgoing material — material which leaves the drum after
processing — oil fraction and desorbed matrix.

Incoming material present a sample of acid sludge with its characteristics of high acidity and high
volume of aqueous part. To achieve pH and agueous phase volume decrease, acid sludge sample has
been pre-treated with 4% CaO. In this way a plastic mass from sludgy material has been achieved.
Obtained mass was entered into the rotary dryer and consequently it was processed.

Experimental part

The experiment was primarily aimed on the feasibility of thermal desorption of acid tar in order to
obtain a liquid fraction containing an oil component. Subsequent experiments will be focused on
chemical analysis of products obtained after thermal desorption of acid tar.

Material

The main material represented the sample of acid tar taken from 1 m depth and 2 m distance from
the shore of the lagoon. In order to ensure the sludge in most conspicuous consistency possible, the
aqueous phase was removed on the sampling point. The samples have been poured into five plastic
drums with a capacity of 10 | and subsequently transferred to the laboratory. One liter have been
analysed in order to obtain data about the level of representation of selected pollutants.

Table 4: Acid tar analyses. Source: Authors

POLLUTANT MEASURED VALUES
Sh <5,0 mg/kg
As <5,0 mg/kg
Pb 23,1 mg/kg
Cd <1 mg/kg

Cr 5,26 mg/kg
Co 1 mg/kg

Ni 1,90 mg/kg
Hg 0,40 mg/kg
PAH 228 mg/kg

Cl 0,05 %

S 3,75 % (m/m)

The process was done on AVA Thermal Desorption Laboratory Unit (Dekonta Plc., Slany, Czech
Republic).
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Figure 3: AVA Thermal Desorption Laboratory Unit. Source: Authors

The facility consists of the following components:

e vacuum rotary dryer feeded by waste where the desorption takes place under the influence of heat.
Gross volume of the unit is 140 | however working volume represent 90 I. Maximum temperature
thermal oil is 400 °C. Dryer is made of carbon steel and material mixing shovels inside the dryer is
made of hard metal alloy. The unit include the items: vacuum-tight inlet and outlet flap, vapour filter
with filter elements, measuring device for temperature and pressure, steel support and insulation,

e associated facility unit comprising of heat exchanging device, vacuum pump, activated carbon filter,
miscellaneous small parts (mountings, fittings, instrumentation, etc.) and pipeline construction,
assembling, carbon steel framework, insulation completely assembled, including all necessary piping
and

e thermal oil heating unit.

As the solidification/neutralisation means 4 % CaO was used.
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Figure 4: Rotary Dryer Profile Section®

Procedure in the laboratory
At the beginning of the procedure the sample had a weight of 35.12 kg.

Solidification/neutralisation

Solidification/neutralisation was ensured by mean of 4% CaO in quantity of 1.61 kg. CaO have been
mixed into the waste by a hand-held electric mixer in time interval of 10 min. In addition to the extrusion
of the aqueous phase in quantity 2.72 kg, addition of CaO caused as well an increase in temperature
from the original 25 °C which represented a temperature of the sludge without CaO at 43 °C. 32.4 kg of
the sludge weight remained and its consistency changed into the plastic. Also, the pH was increased
from the original value of 2 to the value of 12.86.

Figure 5: Acid Sludge Consistency before (A) and after (B) Solidification/Neutralisation.
Source: Authors
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At this stage the solidified sample (Fig. 5, B) was ready to undergo the following stages of processing.
This consisted in two basic stages: in heating the material to evaporate the organic constituents and in
the condensation and subsequent collection of the liquid oil phase. At the very end of the process
desorbed matrix have been withdrawn.

Thermal desorption

Within setting the conditions for the thermal desorption process, pressure was first set to the desired
initial value of 800 mbar. Once this has been achieved, the temperature setting process began to reach
the required value of 240 °C, which is a relatively elevated temperature. This procedure was chosen in
order to evaporate the water phase as quickly as possible at the beginning of the process. Subsequently,
the pressure could be reduced to 100 mbar and the jacket temperature to less than 200 °C. At this stage,
the sample was obtained with the lowest possible proportion of the aqueous phase, and the process of
thermal desorption began with the vision of obtaining the oil fraction as the outlet from the condensing
unit of the technology, into which vaporized components enter from the dryer.

Condensation

Condensation occurs when the cooling water temperature does not exceed the boiling point of
condensed vapour.

Figure 6: Part of Thermal Desorption Technology - Condensing Unit and Collection of
Compounds in Liquid Phase. Source: Authors

During thermal desorption, the temperature-pressure conditions were changed, while 5 samples were
taken to obtain 5 different oil fractions.
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Results and discussion

The whole thermal desorption process with 5 samples taken are shown in the figure below.

SAMPLE 1 SAMPLE 2 SAMPLE 3 SAMPLE 4 SAMPLE 5

[mbaé
8

Temperature (°C)
S
=]

Bressure
S
S

=1
=}
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- 600

. .
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Figure 7: Thermal Desorption Process with Five Sampling Conditions. Source: Authors

The graph in Fig. 7 shows that before thermal desorption itself it was necessary to prepare the
environment in the rotary dryer and thus to expel oxygen with nitrogen, which was associated with
considerable pressure fluctuations in the rotary dryer in a short time. 20 minutes from the rotary dryer
activation pressure fluctuation between minimum value of 24 mbar and maximum value of 920 mbar
occurred. The temperature pressure fluctuation was performed three times and 25 minutes from the
activation at the pressure of 793 mbar the rotary dryer was prepared to process the material. At this time
and pressure conditions, a rapid increase in the jacket temperature was triggered.

Within 33 minutes, the heating jacked temperature increased from 21 °C to 236 °C. This temperature
was stabilised in two hours and 17 minutes from rotary dryer activation. Temperature increase of the
heating jacked over this time interval - in the course of two hours and 17 minutes, caused a gradual
increase in temperature of the sample in the rotary dryer. This rapid temperature rise in the first
desorption step was chosen in order to evaporate as much of aqueous phase as possible what is
important from two points of view: to obtain the highest quality of the oil phase at the outlet of the
condensing unit and due to the fact that the presence of water causes the need for increased heating
with which the operating costs are related, especially during long-term operation.

As the agueous outputs, single samples of the oil fraction have been obtained by condensation of
those components which had relevant boiling points. Outputs from the condensing unit - the oil fraction
and the waste water were discharged at intervals that were determined based on the temperature of the
waste material inside the rotary dryer.
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Table 2: Mass balance of acid tar products obtained after thermal desorption process.
Source: Authors

Physical Sample Waste temperature in Sample weight

state rotary dryer (‘c) (kg)
N. 1 107 4,62

Liquid N. 2 196 1,78

fraction N. 3 234 0,14
N. 4 310 0,30
N. 5 351 1,18

Solid

fraction N. 6 i 14,4

Gas

fraction* N. 7 *x 9,98

* the value of sample weight have been derived
** in the given case the temperature have not been determined

It is demonstrated that the first sample has the highest mass value, what is the consequence of the
before set procedure — rapid temperature increase before desorption itself.

This effect is possible to observe also visually - at the volume and colour of the solution (Figure 8).
The sample was taken, at the waste temperature in the rotary dryer was 107 °C, a little elevated than the
boiling temperature of the waster 100 °C. It is shown that the volume is the highest and the solution
colour is the brightest among all 5 samples.

Figure 8: Sample N. 1. Source: Authors

When the water fraction has been removed, all other samples had been characterized by lower
volume and dark colour, what represent the presence of concentrated oil fraction (Figure 9).

As the solid output, desorbed matrix has been obtained (Figure 10). The efficiency of the process
consisted of mass and weight reduction after the process. The input material had a weight of 32.4 kg.
Through the process of thermal desorption it was possible to reduce the waste to the weight of 14.4 kg
with its consistency of cinder conglomerates.
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Figure 10: Desorbed Matrix. Source: Authors

Conclusions

Processing of acid tar sample has been tested on AVA Thermal Desorption Unit with the scope to
assess the technology efficiency in obtaining oil fraction and desorbed matrix for application of further
reserach focused on chemical composition.

The sample of acid tar was taken from one point — 2 m distance from the coast and from 1 m depth.

The sample has was pre-treated through 4 % CaO in order to remove the water in as much content
as possible and to reduce waste acidity. Results of mesured mass balance of before set outcomes
provide us with verification that through tested technology it was possible to remove from 35.12 kg of
acid tar 2.72 kg of water which represent 7.75 % of aqueous phase.
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Subsequently the pre-treaded material was processed through thermal desorption. At the beginning of
the process a sudden increase in temperature was performed, through which the primary objective — to
remove as much water as possible at the beginning of the process has been achieved. The
consequence of this process was demonstrated on the first sample containing the highest quantity of the
water which was proved by the brightest colour and it was characterized by the highest volume among
all 5 samples taken during whole the process.

Through chosen procedure it was possible to obtain 5 samples of the oil fraction and the desorbed
matrix with reduced mass volume to the value from 32.4 kg to 14.4 kg.

In relation to the follow-up activities it is possible to note, that through tested procedure on thermal
desorption unit it was possible to obtain from the hazardous acid tarry waste the oil fraction and the
desorbed matrix in sufficient quantity for performing chemical composition analyses under the
subsequent research.
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Termicka desorpcia predupravenych kyslych ropnych kalov
Anna BOHERS, Emilia HRONCOVA, Juraj LADOMERSKY

Katedra zZivotného prostredia, Fakulta prirodnych vied Univerzita Mateja Bela v Banskej Bystrici,
Tajovskeho 40, 974 01 Banska Bystrica,
e-mail: anna.bohers@umb.sk, emilia.hroncova@umb.sk, juraj.ladomersky@umb.sk

Suhrn

Kyslé ropné kaly predstavuja priemyselny odpad, ktory vznika pri rafinacii ropy chemickymi Cinidlami,
najmé kyselinou sirovou. Su toxické, rakovinotvorné, teratogénne, mutagénne a su klasifikované ako
nebezpeény odpad. Tento bol pred tridsiatimi rokmi umiestriovany do vyhibenych jam bez akychkolvek
bezpecnostnych opatreni vodi ich prenikaniu do Zivotného prostredia. Je naliehavé tento druh odpadu
odstranit, a to vhodnym technologickym pristupom. Pre znizenie emisii na ¢o najniZSiu Groveri ako
mozZna alternativa na otestovanie vhodnosti spracovania bola zvolena technolégia termickej desorpcie,
ktorej princip spociva v tepelnom spracovani materialu bez pritomnosti Kyslika. Testy uskutoénené na
Jednotke termickej desorpcie boli vykonané za ucelom poukazania na zmenu hmotnosti predupraveného
odpadu pred procesom termickej desorpcie so vzhladom na desorbovanu matricu ziskanud po jeho
ukonéeni. Sucasne, cielom testov bolo ucelové nastavenie podmienok termickej desorpcie tak, aby bola
ziskana olejova frakcia ako jeden z vystupov po ukonéeni procesu. Kvoli presnejSiemu obrazu
0 chemickom zloZeni jednotlivych vzoriek olejovej frakcie bol uskutocneny odber vzoriek v piatich
réznych teplotnotlakovych podmienkach, ktoré v nasledujucom kroku vyskumu podaju informaciu
0 zastupeni jednotlivych znedcistujucich latok vo vzorkach a teda mieru suladu ich zloZenia s prislusnymi
pravnymi predpismi o palivach.

Kruacové slova: kysly ropny kal, termicka desorpcia, stabilizacia kyslych kalov
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Souhrn

Prace popsala vysledky zmén nernstovského potenciometrického chovani stfibrné (SE) a pevné
stfibrné amalgamové (PSAE) elektrody béhem iontoméni¢ovych Gprav vody VE. jejich pfeduprav. Po
pfidavku AgNO; do sledované posloupnosti vzorkd vody Vi byly zméfeny prubéhu potencialu E vs. Vi
pro SE a PSAE. Na rozdil od SE poskytla PSAE prijatelné reprodukovatelné vysledky, vyuZitelné pro
dal§i vyzkum i praxi napfiklad v oblasti sledovani tpravy vod.

Klicova slova: potenciometrie, stfibrna elektroda, stfibrna amalgamova elektroda, uprava vod,
iontoménice

Uvod

Mezi nejvyznamnéjSi prednosti potenciometrie v oblasti vodniho a odpadového hospodarstvi
napfiklad pfi sledovani pH nebo obsahu kovu je jeji relativni jednoduchost, dostupnost a operativni
vyuzitelnost'®. O nové poznatky s jejim vyuZitim je proto trvaly zajem, zejména mohou-li byt dfive nebo
pozdéji uplatnény i v béznych (provoznich) podminkach. Zpusob cisténi vod a kontrolnich postupt je
cela fada. Pomineme-li laboratorni rozbory, byva pro kontrolni ucely zejména u ,Cistych® vod nejCastéji
uzivana konduktometrie’™. Obecné vzato Ize fici, Ze v principu jde pfi sledovani procesu UGprav vody
kontrolnim systémem zejména o vyvojovy diagram v posloupnosti jednotlivych Cisticich krok pfi
pfechodu od vzorku z jednoho Cisticiho kroku ke vzorku z kroku nasledujiciho. Pokud je charakter
takového diagramu dostatecné vyrazny a opakovatelny, stoji kontrolni systém za dalsi pozornost
vyzkumu. Tim spiSe, Ze pouZité postupy Cidténi vod mohou byt zvlasté u jiz pomérné Cistych vod
doprovazeny uvolfiovanim relativhé stopovych mnozstvi latek, na néz je urcita jedna kontrolni metoda —
byt jinak Siroce vyuzitelna — malo citliva. Zalezi-li na tom, byva v takovych pfipadech doporuovano
vyuziti dvou kontrolnich metod (systému) fungujicich na vzajemné nezavislych principech.

Takova situace mulze nastavat napfiklad pfi upravé resp. dociStovani vod s vyuzitim organickych
po dlouhou dobu, mohou byt malo polarnimi latkami s nizkou nebo nevyhovujici detekéni
konduktometrickou citlivosti. Pro takové ucgely bylo proto nedavno navrzeno®® vyzkou$et chovani
upravenych modifikovanych novych typli pevnych amalgamovych elektrod®* b&hem uplynulych 20 let
Uspé&sné zavedenych ve voltametrii®*® a dosud jen ojedinéle testovanych téZ v oblasti potenciometrie®*°.

Experimentalni ¢ast

Potenciometricka méfeni byla provadéna v obvodu tvofeném mérnou stfibrnou nebo stfibrnou
amalgamovou elektrodou, referentni Ag/AgCl (3M KCI) elektrodou se solnym mustkem 0,1 M KNOj;
(Elektrochemické detektory, s.r.o., Turnov, Ceska republika) a voltmetrem BM 551 (Laboratorni pfistroje,
Praha, Ceska republika) pouzity v reZzimu presnosti +1 mV s pfipojenym potenciometrickym modulem
znazornénym v cit.!"*®. Elektrody byly zasunuty do stojanu a nadobky poéitadového Eco-Tribo
Polarografu (Eco-Trend Plus s.r.o., Praha, Ceska republika) v sestavé dle cit."***. Mé&rna stfibrna
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elektroda SE méla podobu disku o priméru cca 0,6 mm, ktery byl vytvofen zabrouSenim stfibrného
dratu v plastovém obalu. Byla leSténa pomoci emulze aluminy 0,3 um (Elektrochemické detektory, s.r.o.,
Turnov, Ceska republika). Pevna stfibrna amalgamova elektroda PSAE v plastové $picce od
mikropipety, angl. ,plastic tip“®** (podobné& jako dfive ,plastic tip“ rtutové®) &ili PT-PSAE, byla
pfipravena®’'* po napéchovani stfibrného prasku o velikosti éastic 2 um a jeho amalgamaci zasunutim
Spicky na cca 8 hod. do suché rtuti. Pfiprava elektrody byla zakonéena lehkym zarovnanim usti a jeho
otfenim, bez lesténi usti elektrody.

Pro postupné cisténi byla pouzita voda z nadrze pfirodni vody po dekantaci (VD), obsahujici cca
0,1 mg-I* C10-C40, 41 mg-I* Ca, 14 mg-I* Mg, 5 pgI* Cu, 1 pg-I™ Cd, 39 mg-I* Cl, 7 mg-I* NOg, 57 mg-I*
S04%, 12 mg-I* Si0,, 75 pgI* AOX, pH ~7,5. VD pak byla upravena koagulaci a filtraci (VKF), po té
katexovou kolonou (VK), anexovou kolonou (VA), nadez byla shromazdovana a uchovavana
v zasobniku (VZ). Jako katex slouzil Lewatit S 100 (Lanxess, Kolin nad Tynem, Némecko) o stfedni
velikosti ¢astic ccca 640 um. Anexova kolona obsahovala slabé bazicky anex Lewatit MonoPlus MP 64
(Lanxess, Kolin nad Tynem, Némecko) o stfedni velikosti ¢astic cca 600 um, smiseny v poméru 1:1 se
silné bazickym anexem Lewatit MonoPlus M 600 (Lanxess, Kolin nad Tynem, Némecko) o stfedni
velikosti ¢astic cca 610 um. V tmavé nadobce uchovavany zasobni roztok 0,1 M AgNO; (Merck,
Né&mecko), i dalsi roztoky byly pfipraveny s pouzitim demineralizované vody o vodivosti < 0,1 puS-cm™.
Pfed méfenim byl roztok probublavan dusikem zarovkové Cistoty po dobu 5 minut a béhem méreni byl
dusik pfivadén nad roztok. Méfeni probihala pfi laboratorni teploté 293 K.

Vysledky a diskuse

V8echna potenciometricka méfeni byla provadéna tak, ze byl vzdy k 10 ml vzorku odebrané vody
pfidan 1 ml zasobniho roztoku 0,1 M AgNO;, takze z popsaného fedéni vychazel obsah AgNO; ve
vzorku na Urovni 0,009 mol-I*. Vzorky byly sefazeny v sekvenci po&inaje dekantovanou vodou VD,
vodou po koagulaci a filtrovani VKF, vodou po pouziti katexu VK, po pouziti anexu VA a vodou ze
zasobniku VZ. Jelikoz se vzorky od sebe slozenim vyrazné liSily, pusobily pfitomné anionty, kationty
i organické latky v nich obsaZzené riznou mérou na ionty Ag” a tedy riznou mérou aktivitu téchto iontd
snizovaly. V pfipadé amalgamové elektrody PSAE se mohlo uplatfiovat soubézné i pusobeni slozek
roztoku na ionty Hg,*" p¥ip. Hg®" pfitomné v blizkosti povrchu elektrody. Pfi pfechodu od jednoho vzorku
k jinému bylo tudiz mozno ocCekavat vétsi ¢i menSi zmény smésnych potenciali E u stfibrné SE
i u elektrody PSAE. Cilem méfeni bylo zjistit, jak citlivé budou SE a PSAE na tyto zmény, s jakou
opakovatelnosti, jaké budou rozdily mezi uvedenymi elektrodami co do chovani apod.

Typické vysledky* pozorovani, ziskané pfi opakovaném ponoteni pracovnich elektrod do sledovanych
vodnych roztokd, dokumentuji nasledujici obrazky. Na obrazku 1 jsou znazornény prubéhy tfi
opakovanych méreni E u vzork( v poradi V1, V2, V3, V4 a V5 pro odpovidajici VD, VKF, VK, VA a VZ
a pro SE. Diagramy E vs. Vi vykazovaly Spatné opakovatelné prabéhy, které nemély charakteristické
prubéhy pfi postupu v posloupnosti od V1do V5.
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Obrazek 1: Prubéhy tri opakovanych méreni potencialu E na stfibrné elektrodé SE u vzorku vod
v poradi V1, V2, V3, V4 a V5 pro vody VD, VKF, VK, VA aVZ

Patronem tohoto &isla je Ustav environmentalniho a chemického inZenyrstvi Fakulty chemicko-technologické Univerzity Pardubice
WASTE FORUM 2018, &islo 2, strana 210



Ladislav NOVOTNY, Abraham KABUTEY, Renéata PETRANKOVA, Petr LANGASEK: Zmény nernstovského
potenciometrického chovani stfibrné a stfibrné amalgamové elektrody béhem iontoméni¢ovych tprav vody

V pfipadé PSAE na obrazku 2 byl v8ak prub&h E vs. V; vyrazné odliSny. Ziskané diagramy mély
vyhovujici opakovatelnost a rovnéz charakter jejich pribéhu byl pomérné reprodukovatelny.
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Obrazek 2: Prubéhy tfi opakovanych méreni potencialu E na stfibrné amalgamové elektrodé
PSAE u vzorku vod v poradi V1, V2, V3, V4 a V5 pro vody VD, VKF, VK, VA aVZ

Jednim z davodl popsaného chovani SE mlze byt fakt, ze ionty Ag+ vykazuji vyraznou interakcni
aktivitu v roztoku nejen vi&i mnoha aniontiim ale i organickym slozkam. Aplikace katexu i anexu mohla
sice puUsobit i jako filtr vici vétSiné rusSivych organickych slozek pfitomnych ve vzorcich V1 a V2, nicméné
tato aplikace sama Casto pfinasi jiné slozky do sledovanych roztokl, na néz muze byt SE rovnéz citliva.
Jedna se napfiklad o oxidacni napadeni silné kyselého katexu dle schématu na obrazku 3
doprovazeného hydrolyzou a uvolfiovanim molekularnich segment(?.

| \2 ﬂ "
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OH.

I 2
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- H+
—
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Obrazek 3. Oxidaéni napadeni silné kyselého katexu

Mezi dal$i d&je, které se uplatfiuji v anexu, je dealkylace jeho funk&nich skupin® ptisobenim teploty
dle schématu na obrazku 4.
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Obrazek 4: Dealkylace funkéni skupiny anexu
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Podobné muzZe dochazet k uvolfiovani stop organickych latek v pfitomnosti huminovych kyselin pfi
jejich interakci®® se silné bazickym anexem podle obrazku 5.

—~-oH—cizf—

CH,
n-1 interakce ; | +
77 2 CH;N—CH,
cd T
+—CHj “o™"cH,
elstat. interakce
OH

T

Obrazek 5. Interakce huminové kyseliny se silné bazickym anexem

Zminéné interakce i s organickymi slozkami roztoku se mohou uplatiiovat i na PSAE. Nicméné jak
vysledky méfeni ukazaly, rozsah projevu rusivych déju na této elektrodé byl ve srovnani s SE znac¢né
omezenym. Vedle rozdilt v materialovém slozeni mohly k tomu pfispét i velké rozdily v kvalité povrchu,
ktery je na dobfe pfipravené PSAE vyrazné hladsi (v porovnani s le§ténim zdrsnénou SE) a izotropnéjsi
nez povrch SE.

Schematicky Ize potencialové zmény E (cit.”) v pfipadé SE odvozovat zejm. z prispévkd dle rovnic (1) a (2)
Eng = Egy + RF—TlnaAg+ (1)
RT
Epg/agy = Ef(l)g/AgY y Inay-, (2)

kde Y znaci slozku roztoku integrujici s Ag™; R, T a F univerzalni plynovou konstantu, absolutni teplotu
a Faradayovu konstantu.

Obdobné Ize pro prispévky ke smésnému potencialu E elektrody PSAE psat rovnice (3), (4) a (5)

RT
Epg(ngy = Egg(Hg) + ?l”aAg+ 3)
RT
EHg = E,(_’,g + ElnaHg%+ (4)
— 0 RT
Eng/ng,v, = Eng/ug,v, = FZnaY-- (5)

Kromé jiz diskutovanych atributd nebylo tfeba povrch obnovovat dfive nez za 1 az 2 tydny, na rozdil
od SE, kterad byla mechanicky obnovovana prakticky pfed kazdou sérii méfeni. K obnoveni povrchu
PSAE pfitom Casto postaCilo otfit lehce Celo elektrody. Ziskané vysledky naznacily, Ze pokraCovani
vyzkumu v diskutovaném sméru muze pfinést jejich dalsi zlepSeni.

Zaveéry

Ziskané dil¢i vysledky ukazaly rozdily v nernstovském potenciometrickém chovani stfibrné SE
a stfibrné amalgamové PSAE elektrody ve vzorcich vody odebranych béhem zminénych kroku jeji
predupravy a iontoménocové Upravy, za pfidavku AgNO;. Diagram zavislosti potencialu E v postupné
odebranych vzorcich vod Vi na neménné posloupnosti V1 az V5 téchto vzorkl byl v pfipadé SE znacné
nereprodukovatelnym. Obdobné (zatim dil¢i) vysledky ziskané s PSAE ukazaly pfijatelnou
opakovatelnost charakteru a pribéhu diagramu E vs. Vi, ktery pfi pokracovani vyzkumu v tomto sméru
naznacuje napfiklad i mozné vyuziti popsanych méreni v oblasti upravy vod apod.
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Changes in Nernstian potentiometric behavior of the silver and silver
amalgam electrode within the ion-exchanged treatment of water
Ladislav NOVOTNY, Abraham KABUTEY, Renata PETRANKOVA, Petr LANGASEK

University of Pardubice, Studentska 95, 532 10 Pardubice, Czech Repubilic,
e-mail: nvt.l@seznam.cz

Summary

The work described introductory results on changes in Nernstian potentiometric behavior of the silver
(SE) and solid silver amalgam (PSAE) electrode within the ion-exchanged treatment of water incl. its pre-
treatment. After adding AgNO3 into the sequence of the water samples Vi, potentials E vs. Vi in case of
SE or PSAE were measured. Contrary to SE, PSAE provided reasonably reproducible results winch can
be used in the field of a research or, e. g., a control of the water treatment.

Keywords: potentiometry, silver electrode, silver amalgam electrode, water treatment, ion-exchange
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Abstrakt

Prisakové vody ze skladek komunalnich odpadu jsou velmi slozZity systém, ktery obsahuje
ruzné latky v zavislosti na stari skladky, sezénnich klimatickych podminkach a typu odpadu.
V dusledku toho jsou skladkové vyluhy toxické a nebezpecné pro Zivotni prostredi. Jejich
Zpracovani je komplikované a vzdy vyZzaduje kombinaci nékolika separacnich metod. Tato
prace se zabyva zanaSenim membran a tvorbu usad (scalingem) pfi zpracovani skladkového
vyluhu pomoci elektrodialyzy a reverzni osmézy. Pro experimenty byla pouZita realna voda
z komunalni skladky Svéborice. Pro modelovani a vyhodnoceni saturacnich indexu byly pouZity
komeréni programy ROSA (Dow Filmtec) a Design Systems (Toray). Vysledky experimentt
ukazuji, Ze elektrodialyza integrovana do systému zpracovani skladkovych vyluht dcéinné
Snizuje jejich solnost. A nasledna reverzni osmbza tak muzZe byt provozovana pfi nizkych
tlakovych rozdilech a vysokych konverznich pomérech kolem 80 %. Prubéh membranové
separace byl vyznamné ovlivnén predupravou vyluhu. Byla navrzena a ovérena ucinna metoda
odstranéni pripadného fyzikalniho a chemického reverzibilniho znecisténi pomoci alkalického
cisténi.

Klicova slova: skladkovy vyluh, reverzni osmdza, elektrodialyza, fouling, scaling, saturacni

index

Uvod

Skladkovani tuhého komunalniho odpadu je jeden z €asto vyuzivanych a relativné nejméné
narocnych zplsobl likvidace odpadu. Provoz skladek vSak s sebou pfinasi fadu problém(, z nichz
nejzavaznéjSi jsou napfiklad vytoky prisakovych vod (skladkovych vyluhl) z télesa skladky, vyvin
skladkoveho plynu, stabilita télesa skladky, jeho sedani, splachy, prasnost, ulety materialu, pachy,
popfipadé nadmérny vyskyt hlodavcl a ptakd a hlu€nost provozu. Zdrojem prlisakovych vod jsou
prevazné destové srazky, voda vznikajici pfi biodegradaci organické hmoty a voda vytlaovana z poér(
v dusledku zatiZeni vlastnim télesem skladky. Zpo¢atku probiha tzv. nasyceni vodni kapacity skladky
a po jejim prekroceni, zpravidla po 1 — 3 letech provozu, dochazi k vyronu prisakovych vod. Prisakové
vody ze skladek tuhé komunalniho odpadu maji velmi proménlivé slozeni. Kazdy druh ukladaného
odpadu mlze pfinést do télesa skladky jiné druhy latek, jejichz pfitomnost se nasledné promitne do
slozeni skladkovych vyluhll. Zalezi také na stafi skladky, zpusobu ukladani, vnitfni stavbé, klimatickych
pomeérech (srazkach, teploté), pfitoku vody z vnéjsich zdrojl (injektaz spodni vodou a destém) a rozsahu
a zpusobu recirkulace prisakovych vod®.

Prisakové vody obsahuji latky organické i anorganické, oboji pfedevS§im v rozpustné formé.
Vyznacuji se vysokymi hodnotami CHSK, az nékolik desitek tisic mg/l a se zvySujicim se stafim skladky
klesa pomér BSKs ku CHSK prisakové odpadni vody. Snizuje se tedy biologicka rozlozitelnost
skladkového vyluhu. Prisakova voda obsahuje ¢asto huminové latky a u starSich skladek (vice nez 5 let)
se ve vyluzich uz skoro jiné organicke latky nevyskytuji. Z anorganickych latek se v prisakovych vodach
také ve zvySené mife mohou objevovat vy$Si koncentrace rdznych kovd, v€etné rizikovych prvka.
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Prlsaky obsahuji i znaéna mnozstvi amoniakalnich soli, dusi¢nant a popfipadé i dusitand, které
vznikaji diky pfitomnosti nitrifikadnich a denitrifikadnich bakterii’>. Z méné& zavadnych prvka pro Zivotni
prostiedi je tfeba zminit vy$Si obsahy iontll vapniku, hof¢iku, stroncia, barya, Zelezitych iontu, uhli¢itanu
a boru. | pfes spInéni limitd pro vypousténi téchto prvkl a slou€enin do povrchovych vod, je nezbytné
jejich koncentrace sledovat, jelikoz mohou za ur€itych podminek vytvaret omezené rozpustné srazeniny
a ovlivhovat nasledné zpracovani prisakovych vod. Vysoky je samoziejmé i obsah jednomocnych iontu
a béznych aniontd.

Obecné pouzivané metody pro nakladani s odpadnimi vodami (napfiklad aerobni nebo anaerobni
biologicky rozklad a standardni fyzikalné-chemicka Uprava) neumoznuji dosazeni pozadovanych limitd
uréenych na$i legislativou pro vypousténi vycisténych skladkovych vyluhl do recipientu. Jedno
z moznych feSeni pro pfislusné cisténi skladkové prisakové vody nabizeji membranové separacni
procesy, z nichz pak obzvlasté ultrafiltrace, nanofiltrace a reverzni osméza. Své uplatnéni by mohla
nalézt i elektrodialyza. Proveditelnost téchto procesl je v8ak velmi ovlivnéna prvotnim zpracovanim
skladkového vyluhu.

V na$i predchozi praci® jsme se zaméiili na studium predgisténi skladkového prisaku ze skladky
komunalniho odpadu upravou pH a pfFidavky rlznych srazecich, koagulacnich a flokulaénich Cinidel.
Vysledky provedenych experimentl ukazuji, ze Uprava prUsakovych vod ze skladek tuhych odpadi
studovanymi ¢inidly® je efektivnim zptsobem, jak sniZit hodnotu celkového uhliku a v nékterych
pfipadech i dusiku a tézkych kovl v odpadni skladkové vodé. Huminové kyseliny jsou nerozpustné
v kyselinach a jejich mnozstvi v testované vodé lze snizit upravou pH na hodnotu nizsi nez 3, napfiklad
pomoci kyseliny sirové. Dulezitou vlastnosti huminovych latek je téz jejich schopnost vytvaret riizné
komplexy, pfedevSim s vicemocnymi kationty. Schopnost tvorby komplex(l se pfitom zvySuje se
vzrastajici hodnotou pH a mocenstvim iontu. To je pFi€inou toho, ze i pfi vy$Sich hodnotach pH dochazi
v piitomnosti Ca®*, A" a Fe* iontil k tvorb& nerozpustnych humatovych komplexd, které Ize odstranit
napfiklad sedimentaci a filtraci.

Srazeci proces mlze byt dale umocnén tvorbou nerozpustnych ¢astic siranu a uhli¢itanu vapenatého,
hydroxidu hlinitétho a hydroxidu Zelezitého. Vznikajici jemné &astice anorganické srazeniny mohou
pusobit flokulacné a zvySovat tak ucinnost odstranéni nékterych huminovych latek. Pfidavek zeolitu
vnesl do systému vétsi, nerozpustné Castice s velkym mérnym povrchem, které napomohly k lepSi
sedimentaci a shlukovani malych agregati huminovych latek, které nebyly schopny samy sedimentovat
v pribéhu experimentu. Zlepsila se tak ucinnost odstranéni koloidniho organického znecisténi dané
pravdépodobné nejmensi frakci koagulovanych huminovych kyselin. V neutralnim a zasaditém prostredi
se téz projevily iontové vymeénné schopnosti zeolitu.

Vyuziti membranovych separaci, zejména reverzni osmézy pro Cisténi (zakoncentrovavani)
skladkovych vyluhu je v poslednich letech standardnim procesem patficim do Sirokého portfolia procesu
vyuzivanych pfi zpracovani skladkovych vyluhl. V sou€asné dobé je v Evropé (zejména v Némecku,
Francii, Nizozemi, Belgii a Spanélsku) v provozu vice nez stovka RO jednotek, mnohé z nich po dobu
deldi nez 10 rokd. Typické priklady lze nalézt naptiklad v literatufe®>®. Pfi realizaci procesu jsou
vyuzivany riizné RO moduly zahrnujici napfiklad upravené trubkové moduly, spiralové vinuté moduly,
moduly z dutych vlaken a pro tuto aplikaci specialné vyvinuté DT (disc-tube) moduly. Dulezity je vybér
takového modulu a celkové technologie, aby se omezilo zanaSeni membrany dispergovanymi latkami
a tvorbé& usazenin a srazenin na jejim povrchu.

Zaroven je nezbytné, aby konstrukce modulu (zejména uchyceni membrany) umoznovala aplikaci
vysokych transmembranovych tlakovych rozdilG pfesahujicich v nékterych pfipadech i hodnoty 100 bar.
Reverzné osmotické membrany maji obvykle retenci pro vétSinu znedistujicich latek (v€etné
jednomocnych iontd) vySSi nez 98%. Nékteré jednotky jsou konstruovany jako dvoustuphoveé s retenci
vysSi nez 99,6%. Produktem tak je permeat (vyCiSténa voda), ktery splfiuje ty nepfisn&jSi normy pro
vypousténi do vodotece. Dllezitym parametrem ovliviiujicim ekonomii provozu RO jednotky je konverzni
pomér (stupen vyuZiti nastfiku, vytézek). Ten udava procenticky vyjadfeny pomér mezi mnozstvim
permeatu (vycisténé skladkové vody) a mnozZstvim nastfikové (zpracovavané) skladkové vody. Dobfe
navrzené a provozované systémy pracuji s konverznim pomé&rem 60 az 90%. Cim vy$$i hodnota, tim
vySSi uCinnost procesu. Na druhé strané je pfi vy88ich hodnotach konverzniho poméru vy8si osmoticky
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tlak systému a vysSi riziko scalingu a zanadeni membran. Proto musi byt volba vhodného konverzniho
pomeéru predmétem optimalizaénich vypoctu a jejich experimentalniho ovéreni.

PFi zanaSeni membrany (foulingu) dochazi k zachytu makromolekul, biologickych materiald a/nebo
koloidnich latek na membrané. V pfipadé skladkovych vyluhu se jedna zejména o latky huminového
charakteru. Fouling mGzeme rozdélit na tvorbu tzv. koncentracni polarizace, ,gelové vrstvy“ na povrchu
membrany a na zanaseni vnitfnich pérd membrany. Dale v zavislost na obtiznosti odstranéni pusobeni
téchto jevl na reverzibilni a ireverzibilni zanaSeni. Reverzibilni (vratny) fouling znamena, Ze nanos Ize
odstranit vhodnou zménou, napfiklad hydrodynamickych, podminek v membranovém modulu.
chemickym nebo mechanickym ¢isténim. V nékterych pfipadech (zejména pfi zaneseni vnitinich péra
membrany) je dokonce odstranéni ireverzibilnich nanosid nemozné. Miru zanaseni Ize pro konkrétni
nastfik membranové jednotky odhadnout napfiklad na zakladé hodnoty SDI (silt density index). Ten se
stanovuje uzan&nim postupem pfi vyuziti mikrofiltradni membrany o velikosti port 0,45 um’.

DalSim faktorem limitujicim navrh a provoz RO jednotky je rozpustnost soli. Srazeni soli (scaling)
v systému (zejména na povrchu membrany) je nepfijatelné. Pfitom je tfeba mit na zfeteli, Ze vlivem
koncentraéni polarizace jsou nejvy$si koncentrace vSech latek v tésné blizkosti povrchu membrany.
Zaroven, s ohledem na modularni navrh RO jednotek, je nejvy8si koncentrace v retentatu z posledniho
modulu membranové jednotky. Scalingem se rozumi ukladani ¢astic na povrchu membrany vlivem jejich
vysrazeni. Tento jev je pfi€inou snizeni prutoku permeatu, vySsi spotfeby energie a snizeni zivotnosti
membran, protoze je nezbytné jejich Castéjsi Cisténi.

Stupefi nasyceni vody uhli¢Gitanem vapenatym udava index LS| (Langelieriv satura¢ni index),
popfipadé index SDSI (Stiff-Davistv satura¢ni index). Langelierlv saturacni index je detailné popsan
v ISO normé& CSN ISO 6107-2. Udava stabilitu roztoku na zakladé rozdilu skuteéného pH a pH roztoku,
ktery je za dané teploty v rovnovaze se srazeninou CaCOj;. Je-li LS| vétsi nez 0, ma voda sklon
k vyluCovani srazeniny uhli¢itanu vapenatého; pokud je zaporné, ma naopak sklon k jejimu rozpousténi
a nasledné pripadné korozi kovovych &asti aparatury. V praxi se navrhuje LS| mirné pod rovnovahu,
tedy na hodnotu rovnou pfiblizné (- 0,2). Stiff-Davistuv index se vyhodnocuje obdobné, ale ve vypoctech
se pocitd i siontovou silou roztoku. Kromé& CaCOj; jsou sledovany i rozpustnosti dalSich Spatné
rozpustnych soli. Jedna se zejména o CaSQO,, BaSO,, SrSO,4, Mg(OH),, CaF, a Cas(PO,),. Pfi navrzich
se rozpustnost udava jako % saturace. Hodnota by tedy neméla prekroc€it 100%. Procento saturace Ize
v nékterych pfipadech posunout zmé&nou pH nebo pfidavkem antiscalantd’.

Tato prace se zabyva zanasenim membran a scalingem pfi zpracovani skladkového vyluhu pomoci
elektrodialyzy a reverzni osmoézy. Pro experimenty byla pouzita realna voda z komunalni skladky
Svébofice. Navrzené usporadani experimentl je patrné z obrazku 1. Elektrodialyza je vyuzivana ke
snizeni solnosti skladkového vyluhu (diluat), ktery je poté zakoncentrovan pomoci nizkotlaké reverzni
osmoézy. Retentat s nizkym obsahem soli a vysokym obsahem organickych latek se vraci na skladku,
zatimco permeat Ize pfimo vypoustét do vodoteCe, nebo vyuzivat jako kvalitni procesni vodu (fedéni,
zalévani apod). Vznikly koncentrat z elektrodialyzy je odpadni produkt, ktery by dale mohl byt likvidovan
ve spalovnach nebezpetného odpadu. Nebo, diky vysokému obsahu amoniakalniho dusiku
a dusitnanu, je mozné v nékterych pfipadech pfidavat koncentrat spolu se splaskovou vodou do
technologie biologickych Cistiren odpadnich vod. Pro modelovani a vyhodnoceni osmotickych tlak
a saturacnich indext byly pouzity komeréni programy ROSA (Dow Filmtec) a Design Systems (Toray).
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Obrazek 1: Zaclenéni reverzni osmozy a elektrodialyzy do zpracovani skladkovych vyluhu

Experimentalni ¢ast

K experimentiim byla pouzita prisakova voda z komunalni skladky Svébofice (EKOSERVIS RALSKO
s.r.o.). Skladka je v provozu od roku 1996. V roce 2004 byla naplnéna kapacita puvodniho télesa
skladky a probéhla jeji rekultivace a nasledné byly otevfena nova sekce (2005), ktera ma podle
dokumentu EIA GloZnou kapacitu 185000 m®. Na skladce se uklada komunalni odpad z Mimoné& a okoli.
Odpady ukladané na skladce vtomto pfipadé neprochazi Zadnou biomechanickou pFedupravou,
vytfidénim ani drcenim.

Vyluhy pouzité pfi experimentech byly erpany z retenéni nadrze, ktera slouzi k separaci prlisakovych
vod z nové sekce. Tento vyluh byl pfimo na skladce podroben biologické prfedupravé. Nejprve byl
nacerpan do dvou bioreaktort, denitrifikacniho a nitrifikacniho, a pak pres prepad pretékal do nadrze, ve
které byl umistén mokrad - vegetace s kacirkovym podlozim. Celou tuto technologii spravovala externi
firma [AQUATEST a.s.]. V této praci je biologicky upraveny vyluh, tj. vystup z mokfadu oznacovan jako
vyluh surovy, protoZze analyticka data nezbytna pro zhodnoceni vlivu biologického stupné upravy vyluhu,
nebyla k dispozici.

Poté se se vyluh pfepadem svadél do IBC kontejner, které byly pfevazeny do laboratore k vlastnim
experimentum (v objemech pfiblizné 500 litrd na jeden experiment).

V laboratofi probéhla neutralizace (okyseleni) vyluhu na pH pfiblizné 7 pomoci 96% kyseliny sirové
(Penta s.r.o.) za stalého aeraéniho promichavani vsadky vzduchem. Skladkovy vyluh byl dale
prefiltrovan pomoci filtracnich polymernich sviek o velikosti pord 10 a 5 um a veden do externi nadrze
s kénickym dnem, ktera slouZila jako vychozi zasobni nadrz pro testovani membranovych technologii.

Jako prvni stupef Upravy byla pouzita elektrodialyza. Pro odsolovani vyluhu se pouzivala pilotni
elektrodialyzaéni jednotka P1 EDR-Y/4 (MemBrain s.r.o, CR) provozovana ve vsadkovém reZimu.
Méfeny a zaznamenavany byly vSechny dulezité provozni veli€iny (pratok, tlak, teplota, vodivost, pH). Pri
experimentech byly pouZity dva sériové zapojené membranové svazky. Kazdy membranovy svazek
obsahoval 50 paru iontové — vyménnych membran (katexové CMH-PES a anexové AMH-PES
membrany, MEGA a.s., CR) s celkovou aktivni plochou 4 m?. lonty soli pfechazely pfes membrany pFi
konstantnim vioZzeném napéti 55 V z diludtového do koncentratového okruhu. Do koncentratové nadrze
byl na poc¢atku experimentu predlozen permeat z RO v objemu 9 I. Odsolovani vyluhu (diluatu) bylo
ukon&eno pfi dosazeni vodivosti 2 mS/cm v tomto procesnim proudu. V koncentratu byla udrzovana
konduktivita na hodnoté maximalné 60 mS/cm a pH na hodnoté nizSi nez 8. Pokud v pribéhu
experimentu byl néktery z téchto limitl prekrocen, zacal se davkovat do koncentratu permeat (produkt
RO), popfipadé kyselina sirova.
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Po ukonéeni kazdého experimentu byly provedeny solné testy pomoci roztoku siranu sodného
(o koncentraci 20 g/l). Pokud, byla zaznamenana zmeéna prubéhu odsoleni ve srovnanim s prvnim
(nepouzité membrany) nebo pfedchozim solnym testem, bylo nutné provést Cisténi jednotky (CIP, fj.
clean in place). To probéhlo nejprve promyvanim destilovanou vodou, pfi kterém byly odstranény hrubé
nedistoty nezachycené na povrchu membran. Nasledné byl pouzit roztok hydroxidu sodného
o koncentraci 10 g/l (Penta), ktery cirkuloval v systému po dobu 30 minut; po hydroxidovém c&isténi opét
probéhlo vymyvani vodou a neutralizace pomoci zfedéné kyseliny dusi¢né (Penta) o koncentraci, ktera
byla nutna pro navraceni pH do neutralni oblasti. Pro ovéfeni kvality kazdého stupné cCisténi byly
provedeny opét solné testy pro jednotlivé svazky a vysledky porovnany s udaji pro nepouzité membrany.

Ve druhém stupni navrzené technologie - reverzni osmoéze - byl zpracovavan diluat z elektrodialyzy.
Jednotka se skladala z vicestupriového odstfedivého Cerpadla (max. tlak na vystupu do 15 bar)
a spiralové vinutého modulu s polyamidovou membranou RE2540-BE (CSM, Saehan, Korea).
Experimenty probihaly vsadkové pfi konstantnim tlakovém rozdilu, teploté a cirkulaéni rychlosti
permeatu. Sledovanymi parametry byla ¢asova zména hodnoty intenzity toku permeéatu, konverzni
pomeér (vytézek) a slozeni procesnich proudd. Po ukonéeni kazdého experimentu byl proveden solny
test podle instrukci danych vyrobcem membran, za pouziti vodného roztoku chloridu sodného
koncentraci 2 g/l (Penta). Pokud byla zaznamenana zména pracovnich tlakd pfi konstantnich pritocich
permeatu a retentatu oproti pfedchozim solnym testiim, bylo provedeno CIP ¢isténi obdobnymi Cinidly
jako v pfipadé elektrodialyzy. Nasledny solny test ovéfil pfipadné nevratné zanaseni modulu.

Vzorky pro charakterizaci slozeni jednotlivych procesnich proudd byly odebirany v kazdém stupni
technologie. Celkovy uhlik (TC), celkovy organicky uhlik (TOC), celkovy anorganicky uhlik (TIC) a dusik
(TN) byly méfeny podle CSN EN 1484 s vyuzitim TOC-TN analyser (Skalar, NL). Celkové rozpusténé
latky (TDS) byly stanoveny podle normy CSN EN 15216. Koncentrace vybranych kationti a aniont(i byly
stanoveny pomoci ICP analyzy (Integra XL2 a Avanta Ultra Z, GBC Australie) a iontové chromatografu
(DIONEX ICS-5000, Thermo Scientific).

Vysledky a diskuze

Aby byl ovéfen vliv proménlivosti sloZeni skladkového vyluhu na studované procesy, byly provedeny
experimenty s vyluhy oznaCenymi jako €. 1, €. 2 a €. 3, které se liSily dobou odbéru ze skladky. Tabulka
€. 1 obsahuje nejdllezitéjSi parametry téchto vod v ruznych fazich zpracovani vzorki vyluhd Pro
posouzeni ucinnosti elektrodialyzy je v tabulkach uveden i vyluh & 3, ktery pFfedupravou pomoci
elektrodialyzy neprosel. Procentualni hodnoty uvedené u jednotlivych RO retentatd uvadéji miru
konverze membranoveho procesu, tj. mnozstvi ziskaného permeatu vzhledem k celkovému objemu
zpracovaného vyluhu. Z tabulky je zfejmé, Ze slozeni vzorku surového vyluhu se vyrazné nelisi. Pouze
vyluh €. 1 obsahoval niz§i mnozstvi anorganického uhliku a vyluh €. 2 niz§i mnozstvi sirand.

Ve studovanych skladkovych vyluzich se pfekvapivé vyskytuje vy8Si mnozstvi boru v koncentracich
v rozmezi od 8,35 do 10,7 mg/l. Z tabulky je patrné, Zze v produktech elektrodialyzy (diluat a koncentrat)
je jejich koncentrace blizka koncentraci v surovém vyluhu. Pfi reverzni osméze je v8ak bér Castecné
zachytavan. To znamena, Ze jeho koncentrace v retentatu se zvySuje, zatimco v permeatu se snizuje.
Rejekce membrany pro bér se pohybuje v zavislosti na konverznim poméru od 46 do 70,5 %, coz jsou
hodnoty vyrazné niz§i nez pro bézné jednomocné i vicemocné ionty. Je to zplsobeno jeho vysSi
prostupnosti RO membranami (aktivni vrstvou polyamidu) a omezenou mobilitou vicemocnych kationtt
bort a boritanovych aniontll ED membranami. Vypousténi vody s vy$Simi obsahy boru neni sice v ramci
povrchovych vod legislativné stanoveno, tyka se jen vod pitnych, ale pfesto by tento problém nemél byt
dlouhodobé pfehlizen.

DalSim prvkem, ktery z dlouhodobého hlediska mize zpusobovat nevratné zanaSeni membran, je
Zelezo, v uvedeném pFipadé dominantné Fe®*". Ve vyluzich se vyskytuje Zelezo o koncentracich do péti
miligram0 na litr. | tato pocate¢ni hodnota mize zpusobovat z dlouhodobého hlediska zanaseni pérd,
tvorbu povlakli a snizovani separacni uc€innosti membran, a to v pfipadech obou pouzitych
membranovych technologii. V ramci membranovych technologii je podle zkuSenosti z dlouhodobych
provozU stanovena maximalni koncentrace Zeleza ve zpracovavanych vodach na hodnoty kolem
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0,3 mg/I®. Studované vyluhy piekraduiji jiz ve své surové podobé tuto hodnotu az 15krat. Na zakladé
nasich predchozich méFeni® se ukazuje, Ze mnozstvi Zzeleza v odpadni vodé Ize sniZit cilenou chemickou

pfedupravou zakoncenou

tvorbou nerozpustnych humatovych komplextd s vicemocnymi

ionty.

Alternativou je moznost pfedfazeni odzZelezfovacich filtrd. Zde je vSak riziko jejich zanaSeni nékterymi,
zejména vysokomolekularnimi huminovymi latkami.

Tabulka 1: Analyzy sloZeni vyluht a procesnich proudu v ramci technologické upravy

Svébofice, oteviena pH |Vodivost] TDS | TC TIC |TOC| TN | B Ba | Ca| Fe | Mg sr | so,?
sekce mSicm| gl | mg/l | mgl | mg/l | mgh | mg/| mg/l | mg/l| mgl | mgl | mgl | mg/l

Surovy vyluh €. 1 901 | 121 941 | 924 | 236 | 689 | 466 | 10,7] 0,25 | 89,1| 3,26 | 113 | 0,637 | 330
Surovy wyluh €. 2 8,86 | 119 86 | 1260 | 501 | 760 | 527 |8,35] 0,25 | 89 | 3,94 | 112 | 0,653 | 270
Surovy vyluh €. 3 9,02 | 12,13 | 8,76 | 1157 | 421 | 736 | 365 |8,57| 0,25 | 94,3| 4,36 | 113 | 0,661 | 364
Okyseleny vyluh ¢.1 716 | 124 957 | 776 | 113 | 663 | 414 19,83] 0,25 | 91 | 3,83 | 109 | 0,689 | 1092
Okyseleny vyluh &. 2 7,43 12,6 9,08 | 908 212 | 696 | 499 |845| 0,25 | 95,3| 4,12 | 110 | 0,654 | 1020
Okyseleny vyluh €. 3 7,36 12,4 8,95 | 1070 | 347 | 721 | 346 | 8,251 0,253 | 96,8 | 4,23 | 110 | 0,723 | 1058
Vyluh €. 1 diluat 6,56 | 2,25 261 | 606 | 21,7 | 584 | 114 | 94| 0,25 | 204 | 435 | 19 | 0,25 | 530,26
Vyluh €. 2 diluat 708 | 2,26 256 | 614 | 488 | 565 | 102 | 7,6 | 0,25 | 19 | 451 | 158 | 0,25 | 524,24
Wluh €. 1 koncentrat 751 | 64,3 519 | 1450 | 574 | 872 | 276019,27]1 0,539 | 375 | 0,25 | 550 | 2,52 | 7519,4
Wluh €. 2 koncentrat 8,33 58,2 444 1 2360 | 1720 | 637 | 2080 | 6,15 0,25 | 89,4 0,25 | 526 | 1,49 | 5422,4
Wluh €. 1 retentat (81 %) | 7,5 9,47 128 | 2810 | 46,3 | 2760 | 393 | 21,7] 041 | 934 20,7 | 90,5 | 0,579 | 2642,3
Wiuh €. 2 retentdt (81 %) | 7,62 9,36 12,2 | 2970 | 220 | 2750 | 465 | 16,6]0,391| 90 | 23,2 | 79,1 | 0,503 | 2579,4
Vyluh €. 3 retentat (41 %) | 7,56 | 20,7 158 | 1560 | 421 | 1140| 849 | 115] 0,33 | 171 | 6,56 | 199 | 1,09 | 1968,2
Wiuh €. 1 permeat 6,76 | 0,047 | 0,171 | 3,2 14 171 28 168]005]02]005]| 01 | 0,05 0,5
Wluh €. 2 permeat 7,1 0,051 | 0,122 2 09 1 16 1491005 04| 01 0,1 0,1 1
Wluh €. 3 permeat 6,84 | 0652 | 037 | 113 | 69 42 1279]62(0333] 05 01 | 01 0,1 11

DalSimi sledovanymi prvky, jejichz pfitomnost ve skladkovych vyluzich mize zplsobovat snizovani
vykonu jak RO, tak i ED jsou Ca?*, Ba** Mg?* a Sr** ionty. Tabulka ¢&. 2 uvadi vysledky vypo&ta saturaénich
indext téchto latek a v pfipadé uhliitanu vapenatého hodnoty LSI. Vypodty byly provedeny s vyuzitim
modelovacich programu pro provoz membranovych separaci.

Tabulka 2: Vypocty a modelovani satura¢nich parametr pro membranové separace vyluhu

Svéborice, oteviena Limitni modelové [ Namodelované LSI| TDS g/l | Mg(OH), CaSO, BaSO, SrS0,
sekce pH = St pH pro niz$iLSI | pfi modelovém pH | skuténé | saturace % | saturace % | saturace % | saturace %
Surovy wyluh €. 1 9,01 2,16 1,94 6,4 -0,2 9,41 0,0033 1,75 398,4 1
Surovy wyluh €. 2 8,86 2,54 2,194 6,2 -0,2 8,6 0,0031 15 343,1 1
Surovy wyluh ¢. 3 9,02 2,48 2,25 6,3 -0,2 8,76 0,0034 2,13 464,1 1
Okyseleny vyluh .1 7,16 [ -013 | -0434 7 -0,29 9,57 0,0025 53 1128 2
Okyseleny vyluh €. 2 7,43 0,42 0,086 6,8 -0,21 9,08 0,0026 5,51 1187 2
Okyseleny vyluh €. 3 7,36 0,57 0,34 6,6 -0,2 8,95 0,0028 N5, 1209 2
Wyluh €. 1 diluat 6,56 -1,83 | -1,793 8 -0,43 2,61 0,00001 1,89 2300 2
Wluh €. 2 diluat 7,08 -1,5 -0,732 8 -0,5 2,56 0,00008 1,75 2301 2
Vyluh €. 1 koncentrat 7,51 1,66 0,724 57 -0,2 51,9 0,8 41,75 4011,13 10
Vyluh €. 2 koncentrat 8,33 2,27 1,478 5,9 -0,18 44,4 0,82 8,03 1650 5
Wluh €. 1 retentat (81 %) 7,5 -0,17 -2,1 74 -0,29 12,8 0,0038 14,79 5236 5
Wiluh €. 2 retentat (81 %) | 7,62 0,6 0,523 6,8 -0,2 12,2 0,0043 13,7 4824 4
Wluh €. 3 retentat (41 %) | 7,56 1,05 0,748 6,3 -0,21 15,8 0,009 12,53 1836 3
Vyluh €. 1 permeat 6,76 -456 | -3,929 10,3 -0,28 0,171 0 0 1,35 0
Vyluh €. 2 permeat 7,1 -4,09 | -3,236 10,2 -0,21 0,122 0 0 2,72 0
Wiuh ¢&. 3 permeat 6,84 | -346 | -2,828 9,8 -0,21 0,37 0 0 17,4 0
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Langeliertv satura¢ni Index (LSI) a Stiff-Davis index (SDSI) popisuji riziko vysrazeni uhli¢itanu
vapenatého. Z tabulky 2 je zfejmé, ze v pfipadé studovanych skladkovych vyluhd, je riziko vysrazeni
uhli¢itant vapenatého velké uz v surovych vyluzich, nebot hodnota LSI je kladna a dosahuje az hodnotu
2,5. Hodnoty LSI po neutralizaci (okyseleni) se sice pfiblizovaly nule, ale pro dosazeni hodnoty LSI -0,2
je nutné dalSi snizeni pH az na hodnoty uvedené v tabulce 2 jako ,limitni modelové pH®. Diluat z ED
a permeat z RO vykazovaly ve vSech pfipadech vyrazné zaporné hodnoty LSI, coz znamena, ze riziko
zanaSeni membran srazeninou uhliCitanu vapenatého je zanedbatelné. Na druhé strané, v koncentratu
(ED) a retentatu (RO) jiz srazeni hrozi a je tedy nezbytné peclivé monitorovat a upravovat hodnotu pH
téchto procesnich proudll. Modelovy experiment s neokyselenym koncentratem ED prokazal, Ze pfi
vodivosti koncentratu pfesahujici 70 mS/cm se vytvari v systému bila krystalicka srazenina obsahujici
pfevazné uhli¢itan vapenaty, ionty hof&iku, chloridy a ve velmi nizkém zastoupeni i nékteré tézké kovy
(viz obrazek 2).
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Obrazek 2: Zastoupeni prvku ve sraZzeniné a obrazek vzniklé sraZeniny, analyzovano pomoci
elektronového mikroskopu

V pfipadé dalSich vySe zminénych slou€enin, je ve vyluzich vysoce prekroCen saturaéni index pouze
pro siran barnaty. Diky velmi nizkému souginu rozpustnosti (1,08x107'°) dochazi k jeho srazeni jiz pfi
extrémné& nizkych koncentracich. Navic k dalSimu posunu jeho sraZeni dochazi i vlivem zvySené
koncentrace siranovych iontll v systému. Vysledkem je predikce srazeni siranu barnatého ve vSech
procesnich proudech. Pfesto ve srazeniné (viz obrazek 2) nebylo baryum experimentalné prokazano. To
mulze byt zapfiCinéno mezi detekce pouZité analytické metody, anebo, coz je pravdépodobnéjsi,
pritomnosti fulvickych kyselin, které diky své afinité ke koviim, mohou ionty barya vazat na své funkéni
skupiny a diky tomu branit vzniku vazby se sirany. Obdobné chovani bylo dfive potvrzeno napfiklad
u sloucenin olova. Pokud bude tato hypotéza potvrzena dalSimi experimenty Ize povazovat pfitomné
fulvické kyseliny za pfirozeny antiscalant, ktery posunuje srazeci rovnovahu a zabrafuje pfi
zvazovanych koncentracich srazeni siranu barnatého na povrchu membran. Dale Ize doporudit k pfimé
upravé pH v cirkulaénim okruhu membranové jednotky pfidavek kyseliny chlorovodikové namisto
kyseliny sirové, aby se zbyte¢né neposunovaly srazeci rovnovahy pfidavkem siranu.

Typicky prabéh elektrodialyzanich odsolovacich experimentd je uvedeny na obrazku 3. Pro oba
vzorky vyluhu probihalo odsoleni obdobné. Koncentrace soli (vyjadfeno vodivosti) v diluatu klesala.
Pfiblizné po 3 hodinach dosahla vodivost své hrani¢ni hodnoty (2 mS/cm). V koncentratovém proudu
bylo b&éhem nékolika desitek minut dosazeno maximalni vodivosti 60 mS/cm a proto se zacal se do
tohoto okruhu davkovat permeat, aby byla udrZzena tato hodnota vodivosti a nedochazelo k tvorbé dfive
diskutovanych srazZenin. Pfi poZadavku dosazeni vySSich koncentraci soli, respektive vysSich vodivosti,
v koncentratu by byla nezbytna uprava pH (viz tabulka 2)
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Obrazek 3: Procesni charakteristiky odsoleni skladkovych vyluhu ¢. 1 a 2 pomoci elektrodialyzy

Rychlost odsoleni vyluhu zavisi pfedevsim na teploté, odporu membrany a zmény proudovych hustot
vramci zvySujiciho se rozdilu koncentraci iontl v jednotlivych okruzich. Dale muaze byt rychlost
ovlivnéna vySe popsanym zanasenim membran a scalingem. V ramci provedenych experimentl bylo
vizualné pozorovano pouze zanaSeni pomoci organického znecisténi. Jak uz bylo uvedeno, vyluhy
mohou obsahovat huminové latky, které se déli podle své molekulové hmotnosti na huminové kyseliny
a fulvické kyseliny. Tyto latky si nesou obvykle zaporny naboj (zeta potencial kolem 20 mV). Diky nému
jsou schopné tvofit na elektrodialyza¢nich membranach vrstvu Castic, ktera zpomaluje proces odsoleni.
Priklad takového chovani je zobrazen na obrazku 4. V pfipadé fulvickych kyselin, které maji nizsi
molekulovou hmotnost byl pozorovan i jejich prichod membranou do koncentratu. Diky zapornému
naboji fulvické kyseliny prochazi pfedevsim pfes aniontové vyménné membrany, v nichz mohou byt
CasteCné zachytavany a zplsobovat jejich Zluté zabarveni. Proto bylo po ukonéeni odsoleni vyluhu
aplikovano cisténi membran 1 % roztokem hydroxidu sodného. Vysledky referennich solnych test(,
které charakterizuji miru vycisténi membran, jsou znazornény na obrazku 4.

| pfes Zzluté zbarveni aniontové vyménnych membran se zatim v kratSim casovém horizontu
nepotvrdilo nevratné zanaseni membran dané pfitomnosti fulvickych kyselin ve vyluhu. Obrazek 3 také
ukazuje vyrazné zpomaleni pribéhu solného testu uskutenéného po odsoleni vyluhu &. 2 (bez CIP)
a nasledné navraceni k puvodnim hodnotam, které vyjadfuje kfivka pribéhu solného testu vyluh &. 2 po
CIP. V grafu je také znazornén pribéh solného testu na nepouzité membrané, ktery je bran jako vychozi
parametr k porovnani miry zanaseni.
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Obrazek 4: Solné testy pro ovéreni zanaseni membran a jejich €isténi po elektrodialyze
(experimenty s vyluhy €. 1 a 2)

Vliv organického znecisténi na zanaseni reverzné osmotickych membran byl oproti elektrodialyze
minimalni. Diky zapornému naboji aktivni polyamidové vrstvy membrany, byly huminové latky od
povrchu membrany odpuzovany. Prabéh reverzni osmozy byl tak limitovan ve velké mife jen stoupajicim
osmotickym tlakem, ktery naruUstal diky zakoncentrovani anorganickych latek v retentatu (zvySovani
vytézku). Po kazdém experimentu prokazal solny test urcitou miru zanaseni svazku; ve vSech pfipadech
vSak stacilo pouze modul vymyt kontinualné destilovanou vodou, aby bylo dosazeno plvodnich hodnot
solného testu, ktery byl proveden pro nepouzitou membranu. Na obrazku 5 je zobrazen prubéh reverzni
osmozy pro tfi skladkoveé vyluhy. Vyluhy €. 1 a 2 byly pfed procesem upraveny elektrodialyzou
a k experimentim byl pouzit diluat. Vyluh €. 3 upravou pomoci elektrodialyzy neprosel.
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Obrazek 5: Prabéh reverzni osmézy za konstantniho tlakového rozdilu pfi separaci odsolenych
(€. 1 a 2) a paivodnich (€. 3) skladkovych vyluhu
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Z obrazku 5 je patrné, Ze u odsolenych skladkovych vyluhl bylo mozné nastavit jiz od poCatku vySSi
hodnotu intenzity toku permeatu (fluxu) a jejich separace byla provadéna pfi nizSich tlacich, nez
u neodsoleného vyluhu &. 3. Poc¢ate¢ni intenzita toku permeatu pfi zpracovani vyluhu €. 3 (bez ED) byla
limitovana charakteristikou pouZitého Cerpadla, které zvladalo nastaveni maximalniho pracovniho tlaku
pouze do 15 bar. U odsolenych vyluhu, zejména diky nizké hodnoté osmotického tlaku byly dosazeny
vyrazné vysSi hodnoty intenzity toku permeatu, a to i pfi téméf dvojnasobném stupni konverze (vytézku
permeatu) ve srovnani s neodsolenym vyluhem.

Zaver

Byla vyvinuta integrovana technologie zpracovani odpadnich vod ze skladek komunalniho odpadu,
ktera kombinuje pokroCilé membranoveé procesy s uinnymi konvenénimi metodami pfedbé&zné upravy.
V navrzeném systému elektrodialyza snizuje solnost skladkovych vyluhl, které jsou nasledné
zpracovany reverzni osmozou. Permeat Ize pfimo vypoustét do vodoteCe, nebo vyuzivat jako kvalitni

procesni vodu. Retentat RO mUize byt recyklovan zpét do télesa skladky, nebot ma pfi vysokém obsahu
organickych latek nizkou solnost.

Za ucelem ovéreni této technologie byly provadény vsadkové experimenty s realnym skladkovym
vyluhem z komunalni skladky Svébofice. Vysledky Ize shrnout do nasledujicich bodu:

* bylo ovéfeno, Ze pfi zpracovani skladkovych vyluhl lze ucinné vyuzit elektrodialyzu i reverzni
osmozu; heterogenni iontové selektivni membrany vyrabéné spoleCnosti Mega a.s. a polyamidové
reverzné osmotické membrany RE2540-BE (CSM, Saehan, Korea) prokazaly dobrou selektivitu
a odolnost proti nevratnému zanaseni;

* zapojenim elektrodialyzy do procesu doslo ke sniZzeni obsahu celkovych rozpusténych latek na
18 % jejich ptvodni hodnoty; z vyluhu byly G&inné odseparovany kationty K*, Na*, Mg®, NH,"
a Ca?*, jakoz i anionty CI, COs* a SO,*; separace vicemocnych iontd, zejména Fe*, Ba®*, Sr**
a B®" a organickych latek méla nizkou Gginnost;

* nasledna reverzni osméza muize byt vzhledem k nizké solnosti nastfiku provozovana pfi nizkych
pracovnich tlakovych rozdilech, obvykle do 15 bar, a vysokych konverznich pomérech okolo 80 %;

* pribéh obou membranovych procesu je ovliviiovan zanasenim membran huminovymi latkami
a pfipadnym srazenim nékterych anorganickych sloucenin. Pfitom nejvySSi nachylnost k zanaseni
vykazuji aniontové vymeénné elektrodialyzaéni membrany;

*  srazeci rovnovahy jsou ovliviiovany zejména hodnotou pH; pro odhad saturacnich indexu Ize vyuzit
standardni SW dodavany vyrobci membran; riziko vysrazeni uhliitant vapenatého je velké jiz
v surovych vyluzich, nebot hodnota LSI je kladna a dosahuje az hodnotu 2,5; pro dosazeni hodnoty
LSI <-0,2 je obvykle nutné snizeni pH vSech procesnich proudu; ve vyluzich byl vysoce pfekrocen
saturacni index pro siran barnaty, avSak pfitomné fulvické kyseliny Ize povazovat za pfirozeny
antiscalant, ktery posunuje srazeci rovnovahu a zabrafiuje pfi zvazovanych koncentracich srazeni
siranu barnatého na povrchu membran; vyluhy obsahovaly zvySené mnozstvi Zelezitych iontu, které
pfesahovalo doporuované limity, téZ rejekce reverzné& osmotické membrany pro bér se pohybovala
v zavislosti na konverznim poméru od 46 do 70,5 %, coz jsou hodnoty vyrazné niz$i nez pro bézné
jednomocné i vicemocne ionty;

* byla navrZzena a ovéfena uc€innd metoda odstranéni pfipadného fyzikalniho a chemického
reverzibilniho znecisténi pomoci alkalického Cisténi.
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Abstract

Leachate from municipal waste landfills is a very complex system that contains a large number of
different substances depending on the age of the landfill, the seasonal climatic conditions, and the type
of waste. As a result, landfill leachates can be toxic and environmentally hazardous. Their treatment is
complicated and always requires a combination of several separation methods. This work deals with
membrane fouling and scaling in the treatment of landfill leachate by means of electrodialysis and
reverse osmosis. Real wastewater from the Svéborice municipal landfill was used for experiments. For
modelling and evaluation of saturation indexes commercial programs ROSA (Dow Filmtec) and Systems
Design (Toray) were used. The results of the experiments demonstrate that the electrodialysis integrated
into the treatment system allows for achieving high conversion ratios (80 %). In addition, the reverse
osmosis can be operated at low pressure differences. The progress of the membrane separation has
been significantly affected by the leachate pre-treatment. An effective method to recover the systems
from physical and chemical reversible fouling using alkaline clean in place was found and verified.

Keywords: Landfill leachate, Reverse Osmosis, Electrodialysis, Fouling, Scaling, Saturation Index
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Odstranovani rezidui lIé¢iv z vodnych roztokli pomoci
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Souhrn

Prace je zamérena na vyuZziti nandfiltrace pfi odstrariovani IéCiv (diklofenak a ibuprofen) z vod.
Nejprve byla vybrana komeréné dostupna nanofiltracni membrana (AFC 40) charakterizovana pomoci
demineralizované vody a nasledné i testovana vzhledem k jeji schopnosti zvolena léCiva zachytit.
Zkouman byl vliv provoznich podminek, tj. pfedevsim vliv tlakového rozdilu (5 — 30 bar), iontové sily
(0 — 10 g.I'* NaCl) a objemového pritoku nastfiku (5 — 15 I.min™), na rejekci a intezitu toku permeatu.
Bylo prokazéano, Ze s rostoucim tlakovym rozdilem roste intenzita toku permeatu a zaroveri i rejekce
lIéCiv. Rejekce IéCiv roste zaroverni i s rostoucim objemovym prutokem nastfiku, naopak klesa s rostouci
iontovou silou (koncentraci NaCl v nastriku). Z vysledkl je ziejmé, Ze membrana AFC 40 je vhodna pro
separaci uvedenych léciv z vod.

Klicova slova: nandfiltrace, odstrariovani, léCiva, diklofenak, ibuprofen.

Uvod

Mezi léCiva je mozné fadit latky raznych chemickych struktur a fyzikalnich vlastnosti. Tyto latky jsou
navrhovany vétSinou tak, aby mély vysokou biologickou aktivitu jiz v malych mnozstvich a byly
rezistentni k biodegradaci. Do Zivotniho prostfedi (ZP) se primarné dostavaji po pouziti konednymi
spottebiteli, nejéasté&ji prostfednictvim odpadnich vod® 2.

Odpadni vody (OV) jsou v CR prevazné gistény na &istirnach odpadnich vod (COV), zahrnuijici
standardni operace v ramci mechanického a biologického stupné ¢isténi. Uginnost eliminace nékterych
farmak v téchto zafizenich muZe pfi optimalizaci procesu &isténi dosahovat az ,100 %*“. Zadny proces
v8ak neni u€inny pro vdechna IéCiva, ktera jsou béZné pFitomna v OV. Béhem procesu odbouravani 1é€iv
dochazi k jejich transformaci na strukturné rdzné i podobné slouceniny, které mohou mit stejnou, nizsi
nebo dokonce vySSi biologickou aktivitu, nez puvodni molekula. Néktera léCiva jsou diky svym
vlastnostem a sklonem k bioakumulaci a perzistenci na COV odstranéna jen malo, nebo dokonce
vibec®.

Pokud légivo a jeho produkty rozkladu nejsou uplné eliminovany na COV, dostavaji se v niz$ich
koncentracich s ,vyc€isténou“ vodou do Fi¢niho recipientu, kde primarné pusobi na vodni organismy
a dalsi slozky ZP. Zemé&dé&lskou vyrobou a také upravovanim povrchovych vod na dolnich tocich fek na
pitnou vodu se dostavaiji zpét k &lovéku a tim se jejich kolob&h uzavira®.

Problematikou co nejuginnéjsi eliminace 1é&iv z ZP se v sougasnosti zabyva mnoho praci a je mozné
ji provadét mnoha technikami. Jedna se zejména o jiz zminéné &isténi na COV, adsorpce na aktivnim
uhli, rizné zplsoby chemické oxidace apod*®. Mezi nimi maji své misto membranové tlakové procesy,
zvlasté pak ultrafiltrace, nanofiltrace a reverzni osméza. Nanofiltrace a reverzni osméza se vyznacuji
vysokou G&innosti oddéleni 1é8iv z OV, ktera se pro vétsinu légiv pohybuje v rozmezi 75— 99 %*°°.
Nanofiltrace ma proti reverzni osmoéze pfijatelngjsi naklady na provoz. V této praci byla nanofiltrace
zvolena i z toho ddvodu, Ze vyZaduje nizSi tlakovy rozdil nez reverzni osmoéza, a diky tomu vykazuje
i niz8i spotfebu energie’.
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Separacni schopnost membrany je mozné vyjadfit pomoci rejekce membrany (R,), ktera je
definovana jako podil latky zadrzené membranou k podilu latky pfivedenému na membranu. Rejekci Ize
tedy vyjadfit v obecném tvaru:

Cp
Ry=1-——
0 cr
kde cp znaci koncentraci latky v permeatu a cr jeji koncentraci v nastfiku.

JelikoZz béhem membranového procesu dochazi k hromadéni zadrzované latky u membrany (tzv.
koncentracni polarizaci) je definovana i tzv. skute€na rejekce membrany. Skuteénou rejekci muzeme
zapsat v obecném tvaru:

Ry =1——
sk Cy
Koncentrace cy je koncentrace dané latky u membrany.

Na zakladé filmového modelu, ktery popisuje vliv koncentraéni polarizace, mizeme zapsat vztah mezi
skute&nou rejekci a pozorovanou rejekci ve tvaru®:

_ Roexp (]/k)
- ew )

Koeficient pfestupu hmoty, k, Ize pro dané podminky urcit z kriterialni rovnice ve tvaru:

_0,023Re%¥755¢c%23D;
= a
Dalsim zakladnim parametrem popisujicim membranu je jeji vlastni vykon, ktery lze popsat pomoci
tzv. intenzity toku permeatu (J). Je to objemovy pritok permeatu vztazeny na aktivni plochu membrany
(A). Intenzitu toku pemeatu Ize vyjadfit ve tvaru:

_1dVp
T Adr

Rsk

Experimentalni ¢ast
Nanofiltraéni membrany

V experimentech byla pouzita tubularni NF membrana AFC 40 od vyrobce PCl Membrane, PL.
Membrana ma vnitfni pramér 1,25 cm, délku 30 cm a efektivni separaéni plochu 240 cm?. Rejekce CaCl,
je pro tuto membranu 0,76. Maximalni teplota nastfiku mdze byt az 60 °C a pH v rozmezi 1,5 — 9,5°.

Nanofiltraéni aparatura

Nanofiltrace roztoku IéCiv byla provedena na aparatufe FT18 od firmy Armfield, GB ve vsadkovém
usporadani (viz Obrazek 1). Nastfik byl Cerpan z nadrze o maximalnim objemu 12 | pomoci pistového
Cerpadla P20/15-160 RE, Speck-Kolbenpumpenfabrick, G, do membranového modulu micro 240,
PCI Membranes, PL, ve kterém byly sériové umistény dvé tubularni NF membrany AFC 40 (efektivni
separacni plocha 240 cmz). Retentat byl veden membranovym ventilem, Thomson Valve Ltd, GB, do
deskového chladie, spojeného s chladicim zafizenim TAE evo, Armfield, GB, a zpét do nadrze
s nastfikem. Permeat byl z membranového modulu jiman do kadinky umisténé na predvazkach pro
méFeni hmotnosti permeatu KERN 572-37, VERKON, CR, propojenych se SW pro snimani toku
permeatu. Software pro snimani toku permeatu je program, navrzeny pro experimenty s membranovymi
procesy na Ustavu environmentalniho a chemického inZenyrstvi (FChT, Univerzita Pardubice). V
programu je mozné nastavit aktivni separaéni plochu membrany, €asovy interval snimani hmotnosti
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permeatu, hustotu permeatu v g.cm™. Program poskytuje Gdaje o intenzité toku permeatu vI.m?2h™ v
zavislosti na Case experimentu.

Pro zachovani konstantni koncentrace léCiva v nastfiku byl permeat (po ziskani 200 g) vracen zpét do
nadrze s nastfikem. Teplotni Cidlo je umisténo pfed membranovym modulem, tlakova cidla jsou
umisténa pfed a za membranovym modulem. Nastaveny tlakovy rozdil a teplota byly kontrolované
pomoci software FT18 Reverse Osmosis/Ultrafiltration Unit, Armfield, GB. Experimentalni data byla
vyhodnocena pomoci Microsoft Office Excel, Microsoft Corporation, USA.

Nastiik

Chladici
. |iednotka

Objemové Cerpadlo

e
R

Vypousténi nadrze

Obrazek 1: Schéma nanofiltracni aparatury FT18, Armfield, GB

Podminky méreni a odbéru vzorku

NF membrany byly vioZzeny na 24 h do demi vody. Poté byly umistény do membranového modulu
a pro zabranéni zmén struktury byly promyvany demi vodou 2 h pfi tlakovém rozdilu 31 bar. Po
stabilizovani struktury membran byl proméfen tok Cisté vody membranou v rozmezi tlakovych rozdill
5 — 30 bar pfi teploté 25 £ 0,5 °C a pH cca 6,5 (standardni podminky).

Nastriky, které obsahovaly ibuprofen (IBU) a diklofenak (DIC), byly proméfeny oddélené. Pfed kazdou
vyménou nastfiku s obsahem IéCiv (nebo nastfik s IBU za nastfik s DIC), byl z aparatury puvodni nastfik
vypustén, aparatura byla nékolikrat promyta demi vodou a nasledné byla napusténa druhym nastfikem
s obsahem léCiva. Nastiik IBU byl pfipraven rozmélnénim poloviny tablety 1éCiva, nasledné preveden
pomoci NaOH na svoji sodnou sUl, rozpustén v demi vodé a prefiltrovan na 0,7 um filtru. U DIC byly
pouzity dvé tablety a na rozdil od IBU nebylo nutné ho pfevadét na sodnou sul. Timto postupem byly
pfipraveny nastfiky o pfiblizné koncentraci 20 mg.I*. U obou légiv byla zjistovana jejich rejekce
v zavislosti na tlakovém rozdilu v rozmezi 5 — 30 bar pfi standardnich podminkach.

Pro ustaleni koncentrace |éCiva v permeatu byla aparatura novym nastfikem promyvana minimalné
4 h pfi 5bar. Poté byla membrana ponechana v pfitomnosti permeatu po dobu 72 h pfed dalSim
méfenim. Pfed méfenim vlivu tlakového rozdilu byla aparatura promyvana nastfikem minimalné 2 h pfi
5 bar. Po dvou hodinach byl odebran vzorek nastfiku (cca 10 ml) a vzorek permeatu (cca 250 ml). Po
odbéru byl nastfik doplnén pfiblizné 250 ml demi vody a tlakovy rozdil byl zvySen na 10 bar. Po hodiné
byl odebran dalSi vzorek permeatu (cca 250 ml), nastfik doplnén pfiblizné 250 ml demi vody a tlakovy
rozdil byl opét zvySen o 5 bar. Po hodiné byl stejnym zplusobem odebran dalsi vzorek permeatu. Tento
postup byl zachovan az do dosaZzeni tlakového rozdilu 30 bar, pfi kterém byl odebran jak vzorek
permeatu (cca 250 ml), tak i vzorek nastfiku (cca 10 ml). Vzorky byly pfed dalSim zpracovanim
a analyzou na HPLC uchovavany pfi teploté 4 °C.

U vzorku DIC byl zjiStovan vliv razné iontové sily na jeho rejekci pfi standardnich podminkach.
ZvySovani iontové sily v nastfiku bylo dosaZeno pfidavkem NaCl nejprve na koncentraci cca 5 g.I*
v nastfiku a po proméfeni rejekce v zavislosti na tlakovém rozdilu 5 — 30 bar, byla iontova sila zvy$ena
dal$im pridavkem NaCl na koneénou koncentraci cca 10 g.I" v nastfiku. P¥i této koncentraci byla opét
proméfena rejekce v zavislosti na tlakovém rozdilu 5 — 30 bar. Experimenty byly vzdy proméfeny po
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ustaleni koncentrace soli v permeatu (3 hodnoty vodivosti stejné). Kontrola vodivosti byla provedena
pomoci konduktometru Cond 340i + Tetracon 325, Fisher Scientific, G.

U vzorku IBU byl pfi pouziti membrany AFC 40 zkouman vliv rychlosti proudéni nastfiku. Zavislost
rejekce IBU na objemovém pratoku nastfiku byla zkoumana v rozmezi 5 — 15 .min™ pfi aplikovaném
tlakovém rozdilu 20 bar za standardnich podminek. Odbér vzorku permeatu byl po hodiné po zméné
rychlosti pratoku nastfiku. Vzorek nastfiku byl odebran pfi méfeni s pritokem nastfiku 5 a 15 I.min™.

Pouzité chemikalie a standardy
Chemikalie

Demineralizovana voda, vodivost 2 — 8 uS.cm™ (dale ,demi voda*)

Acetonitril HiPerSolv CHROMANORM pro LC, VWR International, CR

Metanol HiPerSolv CHROMANORM pro LC, VWR International, CR

85 % kyselina mravenci, Lachema, CR

35 % kyselina chlorovodikova, Penta, CR

Hydroxid sodny p.a., Penta, CR

Chlorid sodny p.a., Lach-Ner, CR

Diclofenac AL Retarded — tablety s prodlouzenym uvolfiovanim Ié€iva, jedna tableta obsahuje
100 mg sodné soli diklofenaku, ALIUD® PHARMA GmbH, G

o |buprofen Dr.Max 400 mg — potahované tablety, jedna tableta obsahuje 400 mg ibuprofenu,
Dr. Max Pharma Ltd, GB

Standardy

¢ Diklofenak sodna sul, Sigma-Aldrich Chemie GmbH, D (viz tabulka 1)
e () Ibuprofen (70280; > 99 %), Cayman Chemical Company, USA (viz tabulka 1)

Tabulka 1: Charakteristiky zkoumanych Iéciv

(g.mol™) (x10° m2.s™) (x10° m)
Diklofenak 296,15 4,08 zaporny 0,76 0,321
Ibuprofen 206,28 4,47 zaporny 0,57 0,432

Identifikace a kvantifikace analytu

Nastfiky a koncentraty |éCiv pfipravenych metodou extrakce na pevné fazi (SPE) byly analyzovany
pomoci HPLC s detektorem diodového pole (DAD). Analyty byly identifikovany porovnanim retenénich
Casu (t) se standardy a kvantifikovany byly metodou externi kalibrace. Pro tento ucel byly pfipraveny
kalibraéni roztoky s koncentraci analytu v rozsahu 100 - 0,1 mg.I*, fed&nim z&asobniho roztoku
standardu o koncentraci 100 — 0,1 mg.I™* fedénim zasobniho roztoku standardu o koncentraci 100 mg.I*
a kalibragni roztoky s koncentraci analytu 1,5—0,05mg.I*, které byly pfed aplikaci do HPLC
zkoncentrovany SPE metodou stejné jako vzorky permeatu.

Izolace analyti

Sledovana léCiva byla izolovana metodou extrakce na pevné fazi (SPE). K tomu ucelu byly pouzity
SPE kolonky Oasis HLB 3CCC Cartridge, Waters, USA. Extrakce byla provedena na manifoldu
CHROMABOND®, MACHERY-NAGEL, G, pfipojeného na vyvévu MF 2C, VACUUMBRAND GmBh, G.
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Objemy permeatl a zpUsob extrakce byly zvoleny na zakladé doporuéeni od vyrobce kolonek Oasis
HLB'® a prace, zabyvajici se stanovenim IBU a DIC v povrchovych a odpadnich vodach'. Mirna
modifikace postupu byla provedena na zakladé pfedchozich zkousek. Obé IéCiva byla extrahovana
z 200 ml permeatu, ze kterého byly ziskany 2 ml koncentratu v metanolu (MeOH). Postup pro extrakci
byl nasleduijici:

aktivace kolonky 6 ml MeOH

e promyti 3 ml 0,01M HCI

e okyseleni vzorku 0,1M HCI na pH pfiblizné 2

e extrakce vzorku

o promyti kolonky 10 ml demi vody

e eluce kolonky MeOH se zachytem do dvou zkumavek: 2 ml (eluce A) + 2 ml (eluce D)

e koncentrat s IBU byl navic suSen na tfepacce Rotamax 120, Heidolph, G, pfes noc pfi teploté
20 °C
Pfesny objem eluéniho &inidla byl stanoven diferenénim vazenim zkumavek pfed a po eluci, popf.
pfed eluci a po suseni.

Vysledky a diskuse
Vliv tlakového rozdilu na intenzitu toku permeatu a rejekci IéCiv

Nejprve byl promérfen vliv tlakového rozdilu na intenzitu toku permeatu demineralizované vody.
Smérnice této zavislosti (pfimky) nam udava permeabilitu membrany Lr. Permeabilita demineralizované
vody pro membranu AFC 40 byla béhem 14 dni stanovena 3x (odchylka byla do 5 %) a primérna
hodnota byla 7,1 .m2.h™.bar™.

250 -
200 A

150 +

J(l.m2.hY)

—VODA
O DIC
< IBU

0 5 10 15 20 25 30 35
AP (bar)

Obrazek 2: Zavislost intenzity toku permeatu na tlakovém rozdilu

V dalSim kroku byly proméfovany roztoky obsahujici IBU a DIC. Diky nizkym koncentracim se
neprojevil vliv osmotického tlaku a pfipadné zanaSeni membrany a zjisténé intenzity toku permeétu IBU
a DIC se vyrazné neliSily od intenzity toku Cisté vody. Vliv tlakového rozdilu na skute€nou a pozorovanou
rejekci IBU a DIC je uveden na obrazcich 3 a 4. Z nich je patrné, Ze skute¢né rejekce IBU a DIC jsou
vySSi, nez jsou jejich pozorované rejekce. Rozdil mezi jednotlivymi body predstavuje vliv koncentrani
polarizace.

Ibuprofen byl na membrané AFC 40 nejlépe zadrzen pfi tlakovém rozdilu v rozmezi 15 — 20 bar. DalSi
zvySovani tlakového rozdilu zplsobovalo vysSi vliv koncentrani polarizace, ktery se projevil snizovanim
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pozorované rejekce. SkuteCna rejekce se vzrlstajicim tlakovym rozdilem stale roste. Pozorovana
rejekce dosahuje max. hodnotu 98,6 % pfi optimalnim tlakovém rozdilu (15 — 20 bar).

1 1
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e * * *
* * .
0,98 -
=
0,97 1
0,96 -
+ RO
< Rsk
0,95 T T T T T T ]
0 5 10 15 20 25 30 35
AP (bar)

Obrazek 3 Zavislost pozorované a skutecné rejekce ibuprofenu na tlakovém rozdilu

Diklofenak byl membranou AFC 40 velmi dobfe zadrzen jiz pfi tlakovém rozdilu 5 bar (pozorovana
rejekce byla vy$si nez 99 %). DalSi zvySovani tlakového rozdilu nezpusobilo vyraznou zménu v rejekci
DIC. Maximalni hodnota pozorované rejekce je 99,7 % a nachazi se opét vrozmezi aplikovaného
tlakového rozdilu 15 — 20 bar.

i [m] a (]
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Obrazek 4: Zavislost pozorované a skutecné rejekce diklofenaku na tlakovém rozdilu

Vliv rychlosti proudéni nastriku na rejekci ibuprofenu

Vliv objemového prutoku, resp. rychlosti proudéni nastfiku, byl zkouman na membrané AFC 40 pfi
tlakovém rozdilu 20 bar. Objemovy pratok byl zvolen v rozsahu 5 — 15 I.min™, coZ odpovida rychlostem
proudéni nastfiku (u) 0,7 — 2 m.s*. Z téchto hodnot je mozné urcit hodnotu Re v rozmezi 9,5 — 28,5.10°.
Z urCenych hodnot Re vyplyva, Ze méfeni probihala v turbulentni oblasti proudéni.

Z obrazku 5 je patrny relativné vyznamny pokles pozorované rejekce z cca 98,2 % pfi prutoku
10 L.min™ na hodnotu 95,7 % pfi 51l.min®. Tento pokles byl op&t zpUsoben vlivem koncentraéni
polarizace. Hodnota skutecné rejekce, kterou neovlivituje koncentracni polarizace, zlUstala konstantni
(byla v rozmezi 99 — 99,3 % pfi pratocich nastfiku od 5 — 15 L.min™).
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Obrazek 5: Zavislost pozorované a skutecné rejekce ibuprofenu na rychlosti proudéni nastriku

Vliv iontové sily na rejekci diklofenaku

U DIC byl zjistovan vliv iontové sily. Vzrlstajici iontova sila nastfiku byla simulovana zvySujici se
koncentraci NaCl v nastfiku. Byly mé&Feny roztoky prosté NaCl a roztoky s koncentraci 5 a 10 g.I*. Tento
typ experimentu pfiblizuje nastfik realnym podminkam. Rostouci iontova sila roztoku pusobila pokles jak
intenzity toku permeatu, tak i rejekce léciva membranou AFC 40. Nejvyraznéjsi pokles intenzity toku
permeatu i rejekce byl pfi zméné obsahu NaCl z 0 g.I"" NaCl na 5 g.I'* NaCl (viz Obrazek 6). Rozdil mezi
kfivkami pfedstavuje vliv iontové sily. Z pfedchozi &asti je zifejmé, Ze rejekce roste s rostouci intenzitou
toku permeatu (s rostoucim tlakovym rozdilem). Pokles rejekce by bylo mozné pfisuzovat snizeni
intenzity toku permeatu s rostouci iontovou silou. Tento pokles intenzity toku permeatu je zpusoben
vzrustajici koncentraci NaCl a tedy rostoucim osmotickym tlakem, ktery snizuje hnaci silu.
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Obrazek 6: Zavislost pozorované rejekce diklofenaku na tlakovém rozdilu pro ruzné
koncentrace NaCl v nastriku

Z obrazku 7 je ale patrné, Ze sniZeni intenzity toku permeétu nema takovy vliv na snizeni pozorované
rejekce léCiva. Pfi zvySeni iontové sily se uplatni ,stinici® efekt, kdy ionty v roztoku pFekryji naboj
membrany™. Diky tomu klesa vliv elektrostatického odpuzovani mezi zaporné nabitou membranou
AFC 40 a zaporné nabitym léCivem. PF¥i nejvysSi koncentraci NaCl v nastfiku Ize pravdépodobné jiz
zanedbat vliv elektrostatického efektu. Z porovnani hodnot pozorovanych rejekci bez pfidavku soli a pfi
koncentraci NaCl 10 g.I" (99,7 vs. 98 %) je zfejmé, Ze hlavnim separaénim mechanismem pro separaci
diklofenaku je sitovy efekt.
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Obrazek 7: Zavislost pozorované rejekce diklofenaku na intenzité toku permeatu pro ruzné
koncentrace NaCl v nastriku

Zavéry

Prace byla zaméfena na testovani moznosti uplatnéni nanofiltratni membrany AFC 40 pfi
odstrafiovani rezidui lé€iv zvody. Za timto ucelem byly testovany vodné roztoky ibuprofenu
a diklofenaku. Testovani bylo provadéno pfi tlakovych rozdilech od 5 do 30 bar. Bylo prokazano, Ze
intenzita toku permeatu a skuteéna rejekce roste s rostoucim tlakovym rozdilem. Pfi zvolenych
podminkach je nejvyhodnéjSi pouzit tlakovy rozdil v rozmezi 15— 20 bar, nad touto hodnotou se
vyraznéji projevi koncentracni polarizace a pozorovana rejekce za¢ne klesat. Bylo dosaZzeno maximalni
hodnoty pozorované rejekce 98,6 % v pfipadé ibuprofenu a 99,7 % u diklofenaku. Dale byl zkouman vliv
iontové sily na rejekci diklofenaku. Zde bylo prokazano, ze s rostouci koncentraci soli klesa rejekce
membrany, i kdyz tento pokles neni vyrazny (napf. pfi tlakovém rozdilu 20 bar se rejekce snizi z 99,3 %
na hodnotu 98 % pfi koncentraci NaCl v nastfiku 10 g.I"). S ohledem na stanovené vysoké hodnoty
rejekce membrany pro zvolena IéCiva a relativné vysoké hodnoty intenzity toku permeatu je mozné tuto
membranu doporudit pro odstrafiovani rezidui uvedenych IéCiv z vod.

Seznam symbolu a zkratek

Zkratky

UF ultrafiltrace

NF nanofiltrace

RO reverzni osmdza

IBU ibuprofen

DIC diklofenak

Veli¢iny a jednotky

A plocha membrany (m?)

c koncentrace (g.I'"
dh hydraulicky pramér (m)

Di » difuzni koeficient slozky (lé&iva) pfi nekoneéném zfedéni (m%.s™)
J intenzita toku permeétu (.m2h™
K koeficient pfestupu hmoty (m.s™)
Ro pozorovana rejekce ()

Rsk skute€na rejekce ()

Re Reynoldsovo kritérium )

Sc Schmidtovo kritérium )

Sh Sherwoodovo kritérium )

n dynamicka viskozita vody (Pa.s)
® hustota vody (kg.m™)
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indexy

F nastfik

M membrana (u membrany)
P permeat

R retentat
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Removal of Drug Residues from Aqueous Solutions by Nanofiltration
Jifi CUHORKA, Markéta KASPAROVA, Petr MIKULASEK

Institute of Environmental and Chemical Engineering, Faculty of Chemical Technology,
University of Pardubice, Studentska 573, 532 10 Pardubice

Summary

The work is focused on the use of nanofiltration in the removal of drugs (diclofenac and ibuprofen) from
water. First, the commercially available nanofiltration membrane (AFC 40) has been characterized by
demineralised water and the ability of the membrane to reject these drugs was then tested. The effect of
operating conditions on the rejection and the permeate flux is evaluated. Operating condition are mainly
the effect of pressure difference (5 — 30 bar), ionic strength (0 — 10 g.I'* NaCl) and volumetric flow rate
(5 - 15 I.min™). It has been shown that increasing the pressure difference increases the intensity of the
permeate flow and also the drug rejection. Drug rejection also increases with increasing bulk feed flow
rates, but decreases with increasing ionic strength (NaCl concentration in feed). It is clear from the
results that the AFC 40 membrane is suitable for separating drugs from water.

Keywords: Nanofiltration, removal, drugs, diclofenac, ibuprofen.
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Sledovani pesticidi ve vodach s vyuzitim voltametrickych
metod

Rendta SELESOVSKA, Lenka JANIKOVA, Jaromira CHYLKOVA

Ustav environmentalniho a chemického inzenyrstvi, Univerzita Pardubice,
Studentska 573, 532 10 Pardubice,
e-mail: renata.selesovska@upce.cz

Souhrn

Pesticidy jsou latky celosvétové hojné vyuZivané zejména v zemédélstvi, které ale mohou mit i radu
negativnich dopadu na kvalitu Zivotniho prostredi, vodni organismy, rostliny, ZivoCichy i ¢lovéka. Proto je
tfreba mit k dispozici citlivé analytické metody pro jejich stanoveni v jednotlivych sloZkach prostfedi.
Vhledem k tomu, Ze fada pesticidnich latek je elektrochemicky aktivni, je mozné pro jejich monitorovani
pouZit voltametrii. Cilem této prace je shrnuti moznosti voltametrickych metod s vyuzitim stribrné pevné
amalgamové a borem dopované diamantové elektrody pri stanoveni pesticidnich latek na zakladé
sledovani jejich redukénich nebo oxidacnich reakci. Byly vyvinuty konkrétni metody a optimalizovany
parametry stanoveni herbicidt linuronu, metamitronu, metribuzinu, picloramu, terbutrynu, triasulfuronu
a triclopyru a insekticid( imidaclopridu, methiocarbu a pymetrozinu.

Klicova slova: Pesticidy, monitoring, voltametrie, stfibrna pevna amalgamova elektroda, borem
dopovana diamantova elektroda.

Uvod

Pesticidy jsou prostfedky chemického nebo biologického charakteru, které se pouzivaji zejména na
ochranu zemédélskych plodin proti rostlinnym a zivo¢iSnym Skidcim, a jejich aplikace vede k ristu
zemeédélskeé produkce i jeji kvality. Vyuzivaji se rovnéz pfi prevenci, potlaceni, odpuzeni nebo kontrole
riznych Skddcl béhem vyroby, skladovani, transportu &i distribuce potravin, zemédélskych komodit
a krmiv. Obecné se jedna o latky anorganického nebo organického puvodu pouzivané na ochranu
uzitkovych rostlin v zemeédélstvi a lesnictvi, proti plevelim, houbam a zivo&iSnym Skadcim. Pesticidy
nalezly uplatnéni i ve vodnim hospodarstvi, kde slouzi napfiklad k likvidaci nékterych vodnich rostlin,
redukci zooplanktonu apod. V neposledni fadé brani Sifeni nékterych onemocnéni, ktera jsou pfenasena
napf. komary, klistaty a jinym hmyzem. Celosvétové mnozstvi pouzivanych pesticidnich latek neustale
roste, coz souvisi se zvySujicim se rizikem znecisténi pidy, vod a ovzdusi, intoxikace zemédélskych
produktl nebo ohrozZeni vegetace a ZivoCichu vyskytujicich se volné v pfirodé. Pesticidy jsou obvykle
t&Zko rozlozitelné, u &lovéka se mohou kumulovat v organismu a zpGsobovat chronicka onemocnéni*=.

Vzhledem k moznym negativhim dopadim pesticidd je nutné mit k dispozici citlivé a selektivni
metody pro jejich stanoveni v jednotlivych slozkach Zivotniho prostfedi i v biologickém materialu.
Nejéastéji se pro tyto ugely vyuzivaji chromatografické metody s rdznymi detekénimi systémy*®. Tyto
metody jsou obvykle instrumentalné i ¢asové naro¢né a vyzaduji Casto slozitou upravu vzorku pfed
vlastni analyzou” 8. Vzhledem k tomu, Ze fada pesticidnich latek je elektroaktivni, nabizi se pro jejich
stanoveni rovnéz elektrochemické, napF. voltametrické metody®. Jejich vyhodou je mala instrumentalni
I Casova narocnost, jednoducha obsluha a rovnéz moznost vyuziti pfi analyzach pfimo v terénu pomoci
pfenosnych analyzatord. Rovnéz nakladani se vzorkem pfed analyzou je €asto velmi jednoduché, napf.
pfi analyze vod stali obvykle pouze pfidavek zakladniho elektrolytu pro zajisténi vodivosti prostfedi.
Voltametrie byla v minulosti spojovana zejména se rtutovymi elektrodami, jejichz vyuzivani v praxi je
vSak v souCasnosti omezovano v souvislosti s obavami z toxicity rtuti, resp., jejich par a organokovovych
slougenin'® . Jednim z hlavnich trendd v sougasné elektroanalytické chemii je proto vyvoj novych
elektrodovych materiall pfipadné modifikace stavajicich, které by jednak mohly nahradit rtutoveé
elektrody pfi sledovani redukénich reakci nebo by pfinaSely vylepSeni nékterych konkrétnich
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analytickych parametr(, zejm. citlivosti, selektivity, mezi detekce a stanovitelnosti. Dllezita je i jejich
slucitelnost s tzv. zelenou analytickou chemii, ktera pozaduje minimalni toxicitu elektrodovych materiald.

Mezi elektrodové materialy, jez mohou nahradit rtut pfi sledovani redukénich reakci biologicky
aktivnich latek, mezi néz se fadi i pesticidy, patfi stfibrna pevna amalgamova elektroda (silver solid
amalgam electrode, AgSAE)'. AgSAE predstavuje uréity kompromis mezi rtutovymi a pevnymi
elektrodami. Vzhledem k pfitomnosti rtuti v elektrodovém materialu si zachova velice dobré
elektrochemické vlastnosti, zejména vysoké prepéti vodiku a moznost elektrochemické regenerace
povrchu. ProtoZe se jedna o pevnou elektrodu, je také dostate¢né mechanicky odolna, stabilni a maze
na rozdil od rtutovych elektrod slouzit i v priitokovych systémech nebo terénnich analyzatorech. Navic
material elektrody je netoxicky. V praxi se pouziva nejCastéji le§téna (polished, p-) AGSAE, jejiz povrch
je pevny bez pfitomnosti kapalné rtuti, nebo varianta s povrchem modifikovanym rtutovym meniskem
(m-AgSAE), jejiz vlastnosti jsou diky malému mnozstvi rtuti na povrchu nejblize elektrodam
rtufovym™ ™. Amalgamové elektrody nasly $iroké uplatnéni jak pfi stanoveni anorganickych®* *°
i organickych latek™® ', tak v oblasti analyzy DNA'® a proteinG™. Elektrodovym materidlem, ktery pfinasi
nové moznosti v oblasti elektroanalytické chemie, je borem dopovany diamant (BDD)®, jenz se
pfipravuje chemickou depozici par. Elektrody ztohoto materialu umoznuji méfeni v Sirokém
potencialovém rozsahu a tedy sledovani jak oxidacnich, tak redukénich reakci. Dale vykazuji maly Sum,
jejich povrch ma parafinicky charakter, takZze obvykle nedochazi k adsorpci latek, €imZ jsou
minimalizovany problémy s pasivaci elektrody®:. V praxi se BDDE pouzivaji nejéast&ji pti analyze
organickych latek®*?.

Pfedmétem této prace je studium moznosti voltametrickych metod ve spojeni s AQSAE a BDDE
v oblasti monitorovani obsahu pesticidi v prostfedi, zejména ve vodach. Byla vyvinuta fada metod
zalozenych na redukci nebo oxidaci vybranych pesticidnich latek (obrazek 1), které byly uspésné pouzity
pfi analyze komer¢né dostupnych pesticidnich pfipravku a pfirodnich vod.
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Obrazek 1: Strukturni vzorce analyzovanych pesticidi: A — imidacloprid, B — linuron,
C — metamitron, D — methiocarb, E — metribuzin, F — picloram, G — pymetrozin, H — terbutryn,
CH —triasulfuron, | —triclopyr
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Experimentalni ¢ast
Chemikalie

VSechny chemikalie pouzité pro pfipravu zakladnich elektrolyti a standardnich roztoku byly &istoty
p.a. (pokud neni uvedeno jinak). Brittonlv-Robinsonav pufr (BRB) v rozsahu pH 2-12 byl pfipravovan
misenim kyselé a alkalické slozky pod pH-metrem. Kyselou sloZku pfedstavoval roztok 0,04M H3PO,,
0,04M H3BO; a 0,04M CHsCOOH, alkalickou slozkou byl roztok 0,2M NaOH (vSe Lachema, CR).
Roztoky H,SO,4 o riznych koncentracich byly pfipravovany fedénim koncentrované kyseliny (Ing. Petr
Svec — PENTA, CR) destilovanou vodou (vodivost < 0.05 pS cm™, Milli-Q-Gradient, Millipore, CR).
Organicka rozpoustédla pouzivana na pfipravu zasobnich roztokd analyzovanych pesticidi (methanol,
ethanol, acetonitril) pochéazela od firmy Ing. Petr Svec — PENTA, CR. Standardni roztoky jednotlivych
pesticidd o koncentraci 0,01 nebo 0,001 M (imidacloprid, linuron, metamitron, methiocarb, metribuzin,
picloram, pymetrozin, terbutryn, triasulfuron a triclopyr; véechny Sigma-Aldrich, CR) byly pfipraveny
rozpusténim ve vhodném rozpoustédle v zavislosti na rozpustnosti latek, konkrétné v destilované vodg,
methanolu, ethanolu nebo acetonitrilu. Pfipravené zasobni roztoky byly uchovavany v lednici bez
pristupu svétla. Roztoky o nizSich koncentracich byly pfipravovany denné Cerstvé fedénim pfisluSnym
elektrolytem.

Instrumentalni vybaveni

Eco-Tribo polarograf (Polaro-Sensors, CR) se softwarem POLAR.PRO 5.1%° a AUTOLAB PGSTAT
12 (Metrohm Autolab, Nizozemi) se softwarem NOVA 1.11 byly pouzity pro vSechna realizovana
voltametricka méfeni. Tfielektrodovy elektrochemicky ¢lanek byl tvofen m-, p-AgSAE (Eco-Trend Plus,
CR) nebo BDDE (Windsor Scientific, UK) jako pracovnimi elektrodami, nasycenou argentchloridovou
(Ag|AgCI(KCI), nasyc.) referentni elektrodou a platinovym dratkem jako pomocnou elektrodou (obé
Monokrystaly, CR).

Pro méfeni pH byl vyuzivan Accumet pH-meter AB150 (Fisher Scientific, CR) a pro usnadnéni
rozpousténi analytd slouzila ultrazvukova lazen Bandelin Sonorex (Schalltec GmbH, SRN). V pfipadé
redukénich méfeni s vyuzitim amalgamovych elektrod byl z roztoku vzorku se zakladnim elektrolytem
pred méFenim odstrariovan kyslik probublavanim dusikem (tfida &istoty 4,0; Linde, CR). V8echna méfeni
probihala pfi laboratorni teploté (2312 °C).

Pracovni postupy

Pro studium voltametrického chovani analyzovanych latek byla vzdy pouzita cyklicka (CV) nebo
stejnosmérna voltametrie (DCV) a byly méfeny zavislosti proudovych signall na pH elektrolytu a
rychlosti polarizace elektrody. Pro vlastni vyvoj voltametrické metody stanoveni latek byla obvykle
optimalizovana diferencni pulzni voltametrie (DPV) a v nékterych pfipadech se ukazala vhodnéjsi square
wave voltametrie (SWV). VZdy byly testovany zakladni parametry jako pocate¢ni (Eyoz) @ konecny (Exon)
potencial, rychlost polarizace (v), vySka a §itka pulzu u DPV a potencialovy krok, amplituda (A) a
frekvence (f) u SWV. V pfipadé AgSAE byly optimalizovany podminky regenerace povrchu mezi
méfenimi a u BDDE jeji elektrochemicka pfeduprava. S vyuzitim metod s navrzenymi parametry byly
proméfeny koncentracni zavislosti pro jednotlivé studované latky a byly vypocteny zakladni statistické
parametry jako linearni dynamicky rozsah (LDR), limit detekce (LOD), relativni smérodatna odchylka
opakovaného méfeni (RSDy) nebo RSD opakovaného stanoveni (RSDs). Parametry kalibranich pfimek
a intervaly spolehlivosti byly vypo&teny pomoci programu OriginPro9 (OriginLab Corporation, USA) na
hladiné vyznamnosti 0,05. LOD byly vypogitany jako 3x smérodatna odchylka useku délena smérnici
kalibraéni pfimky?’.

Realné vzorky byly pro analyzu pfipravovany ve vSech pfipadech stejné. Vhodna navazka
pesticidnich pfipravk byla pomoci ultrazvukové lazné rozpusténa ve vhodném organickém
rozpoustédle. Vzhledem k tomu, Ze v analyzovanych vzorcich pfirodnich vod se uvedené pesticidy
béZné nevyskytovaly, byly tyto vody obohaceny pfidavky standard( jednotlivych latek na znamou
koncentraci. Pfed analyzou byly vzorky pouze nafedény zakladnim elektrolytem. Vlastni stanoveni
probihalo metodou standardniho pfidavku, kdy byly ke vzorku do polarografické nadobky vzdy pfidany
minimalné 2 — 3 pfidavky standardniho roztoku o znamé koncentraci analytu.
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Vysledky a diskuse

Na uvod kazdé studie byly zméfeny cyklické voltamogramy jednotlivych analyzovanych latek a byla
ovéfena jejich elektroaktivita, tedy zda poskytuji analyticky vyuzitelné redoxni signaly na vybranych
pracovnich elektrodach. Vzhledem k pouzitym elektrodovym materialim se vzdy jednalo o sledovani
reduk&nich reakci analytd na AgSAE a oxidacnich procest na BDDE. Nékteré pesticidy poskytovaly jak
redukeni, tak oxidacni signal, a proto byly vyvinuty metody stanoveni s vyuzitim jak BDDE, tak AgSAE.
Co se tyCe AgSAE, nékteré analyty poskytovaly proudovou odezvu na pevném povrchu p-AgSAE bez
pfitomnosti kapalné rtuti i na m-AgSAE, jiné pouze na elektrodé s povrchem modifikovanym rtuti.
PFehled pesticidd, jez byly na naem pracovisti analyzovany, je uveden v tabulce 1 (cit. **%).

Volba zakladniho elektrolytu je velmi dulezita, protoze prostredi (zejm. pH) vyznamné ovliviiuje
probihajici redoxni reakce, tvar a polohu odpovidajicich proudovych signalid. Na obrazku 2 je pro
ilustraci uveden priklad voltamogram( herbicidu metamitronu (1,0x10> M) naméfenych na m-AgSAE
v prostfedi BRB v rozsahu pH 2 — 12. Je vidét, Zze vySka piku (l,) postupné klesala s rostoucim pH
a soucasné se signal posouval smérem k negativnéjSim potencialim. Pro vyvoj metody stanoveni
metamitronu bylo proto zvoleno prostfedi BRB o pH 2. Obdobné studie byly provedeny pro vSechny
testované pesticidni latky a ziskané vysledky jsou shrnuty vtabulce 1. S vyjimkou insekticidu
imidaclopridu, ktery poskytoval nejlepsi redukéni signal v alkalickém prostfedi (BRB o pH 10), bylo pro
vSechny latky vhodné kyselé prostiedi BRB (pH 2 — 3) nebo ziedéné H,SO, (0,05 — 1,0 M).

-150

I[nA]

-100

0 -500 -1000 rmy] 1500

Obréazek 2: DC voltamogramy 1,0x10° M metamitronu naméfené na m-AgSAE v zévislosti na pH (A)
a zavislost I, na pH (B);
Epoc = 0 MV, Eyon = —1500 mV, v =50 mV s, elektrolyt — BRB (pH 2 — 13)

DalSim parametrem, jenz mize pomoci pfi specifikaci probihajici elektrodové reakce, resp., pfi uréeni
fidiciho procesu, je rychlost polarizace (v). Na obrazku 3 je uveden pfiklad DC voltamogramd 4,0x10 > M
terbutrynu naméfenych na BDDE v zavislosti na v (25 — 500 mV s™). Z obrazku je zfejmé, Ze I, rostla
s rostouci rychlosti polarizace, ale tento narlist nebyl linearni. Naopak linearni pribéh vykazovala
zavislost |, na v”?, coz svédéi o difuzi Fizené elektrodové reakci. Stejné tomu bylo u vSech analytd pii
méfeni na BDDE, coz odpovida charakteru elektrodového materialu, tedy minimalni adsorpci latek na
BDD povrchu. Podle predpokladu tedy nebylo mozné zvysit citlivost stanoveni ani snizit hodnoty LOD
(LOQ) téchto latek nahromadénim analytu adsorpci na povrchu BDDE. PFi studiu vlivu v na
voltametrické chovani pesticidd na AQSAE byly v nékterych pfipadech ziskany linearni zavislosti I, na v,
a to zejména pro m-AgSAE, coz by svédCilo o adsorpci fizené elektrodové reakci nebo alespon
0 vyznamném vlivu adsorpce na pribéh sledované reakce. Nasledné se ale ukazalo, Zze ani v pfipadé
amalgamovych elektrod nelze vyuzit adsorpci k vyznamnému zakoncentrovani analytu na povrchu
elektrody a zafazeni akumulaéniho kroku tak nevede k dosazeni vyrazné nizSich hodnot LOD.
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Obrédzek 3: DC voltamogramy 4,0x10°M terbutrynu naméfené na BDDE v zévislosti na v (A)

a zdvislost I, na v'” (B);

Epoc = +900 mV, Eyon = +2400 mV, v = 25 — 500 mV s, elektrolyt — BRB (pH 2)

Pro vyvoj voltametrické metody stanoveni konkrétnich latek je zasadni volba vhodné techniky. Mezi
nejcitlivéj§i patfi diferenéni pulzni (DPV) a square wave (SWV) voltametrie. Na obrazku 4 je uveden
M) naméfenych na BDDE
naméfeny s vyuzitim DPV.
Z vlozenych zavislosti I, na ¢, je evidentni, Ze hodnota smérnice (1j. citlivost) je rovnéz vysSi pro tuto
metodu. Proto byly pro stanoveni linuronu optimalizovany parametry DPV stejné jako pro vétsinu
ukazala vhodnéjsi SWV pfi

zaméfeny na optimalizaci

priklad voltametrickych kfivek pro herbicid linuron (5,0x107° — 2,5x107°
pomoci DPV i SWV. Z obrazku je zfejmé, ze vySsSi proudové signaly byly

pesticidu, které byly pfedmétem studia. Pouze v pfipadé metamitronu se
praci s BDDE a DCV pfi méfeni na p-AgSAE. DalSi experimenty byly
parametrt DPV, resp., SWV pro stanoveni jednotlivych analytu.
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Obrazek 4: Voltamogramy linuronu namérené na BDDE metodou DPV a SWV (A)

a zavislosti I, na c_\ (B);

elektrolyt —BRB (pH 2), ¢y = 5,0%107° = 2,5%107° M. DPV: Epos = +400 MV, Eyon =+1600 mV, v=50mV s,
vyska pulzu +70 mV, Sitka pulzu 40 ms, SWV: Epes = +400 mV, Eon = +1600 mV, A=70mV, f =25 Hz
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Pro DPV byly testovany nasledujici parametry - rychlost polarizace, vyska a Sifka pulzu. U SWV se
jednalo o potencialovy krok, amplitudu a frekvenci. Vzhledem k tomu, Ze méfeni probihala na pevnych
pracovnich elektrodach, byla poté testovana opakovatelnost méfeni pfi nastavenych optimalnich
podminkach a bylo zjisténo, Ze v pfipadé amalgamovych elektrod je tfeba zafazeni elektrochemického
regeneracniho kroku mezi jednotliva méfeni, aby byl eliminovan vliv pasivace elektrodového povrchu na
namérené vysledky. Konkrétni podminky regenerace byly rizné pro jednotlivé analyzované latky. Po
vloZeni vhodného potencialového regeneraéniho kroku bylo proméfeno vZzdy 11 opakovanych kfivek pfi
stejné koncentraci latek v roztoku, byla vyhodnocena vyska signali a vypoctena hodnota RSDyy
(tabulka 1). Z vysledk( vyplyva, Zze méfeni byla velice dobfe opakovatelna. V pfipadé BDDE nebylo
nutné elektrodovy povrch mezi jednotlivymi méfenimi regenerovat vhledem k minimalni adsorpci na
povrch a hodnoty dosazenych RSDyu1y byly ve vSech pfipadech < 3 %. Poté byly znova testovany
moznosti nakoncentrovani analytd na povrchu elektrody, ale jak jiz bylo uvedeno vySe, nedochazelo
k vyznamné adsorpci a zafazeni rozpou$téci voltametrie tak nevedlo ke sniZzeni hodnot LOD.

Na obrazku 5 jsou uvedeny pfiklady koncentra&nich zavislosti pro herbicidy triclopyr (1,0x107¢ —
1,1x10™* M) a picloram (5,0x107" — 9,0x10™> M) naméfené na BDDE a m-AgSAE pfi nastavenych
optimalnich parametrech DPV. Obdobné zavislosti byly proméfeny pro vSechny studované herbicidy
a insekticidy a byly z nich vypocteny zakladni statistické parametry. V tabulce 1 jsou shrnuty hodnoty
LOD a vyuzitelné koncentracni rozsahy (LDR) pro jednotlivé vyvinuté metody a analyty. Navrzené
metody byly nejdfive verifikovany pfi analyze modelovych roztokGh o znamé koncentraci jednotlivych
latek. Vzdy byly pfipraveny roztoky o dvou riznych koncentracich a analyzovany metodou standardniho
pfidavku. Stanoveni bylo zopakovano 5x a byly vypocéteny priimérné koncentrace s pfisluSnymi intervaly
spolehlivosti na hladiné vyznamnosti 0,05 a RSDgs). VSechny stanovené koncentrace byly spravné (tzn.
pfipravena koncentrace roztoku lezela v intervalu spolehlivosti stanovené primérné koncentrace latky)
a stanoveni byla velmi dobfe opakovatelna (RSDs) < 5 %, tabulka 1).

Na zavér byly vypracovany interferencni studie, které potvrdily, ze voltametrické stanoveni pesticida
je do znacné miry i selektivni a mlze tedy byt uspésné vyuzivano v praxi pfi analyze realnych vzorku.
V ramci této studie byly navrzené metody aplikovany pfi analyze komeréné dostupnych pesticidnich
pripravkl (obrazek 6), kde vzhledem ke slozeni téchto vzork(l nebyly zaznamenany zadné negativni
vlivy pfipadnych interferujicich latek. Stanovené obsahy ucinnych latek v pfipravcich odpovidaly
hodnotam deklarovanym vyrobci. Velmi dobré vysledky byly dosaZeny i pfi analyze pfirodnich vod, které
byly obohaceny o pesticidy na znamou koncentraci, jez byla poté stanovovana. Vysledky byly opét
spravné a velmi dobfe opakovatelné.
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Obrazek 5: DP voltamogramy triclopyru namérené na BDDE v zavislosti na ccp (A),
detail kfivek pro nizké koncentrace (B) a zavislost I, na ccp (C); Epos = +1000 mV, Eyon = +2200 mV,

v =20mV s™, vyska pulzu +75 mV, Sitka pulzu 25 ms, elektrolyt— BRB (pH 2), crcp = 1,0x107° — 1,1%10™ M.
DP voltamogramy picloramu namérené na m-AgSAE v zavislosti na cec. (D) a zavislost I, na Cpc.
(E); Epos = =300 mV, E,,, = =900 mV, v = 20 mVs™, vyska pulzu -50 mV, Sifka pulzu 50 ms,
elektrolyt — 0,1M H,SOy, Cpc, = 5,0%107" — 9,0%107° M.
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Tabulka 1: Zakladni parametry metod navrzenych pro stanoveni vybranych pesticidnich latek s vyuzitim voltametrické analyzy

28-38

Latka Red/Ox Elektroda Metoda Elektrolyt LOD [M] LDR [M] RSDwman [% (M)] RSDgi) [%]  Vzorek Cit.
imidacloprid ~ red m-AgSAE  DPV  BRB (pH 10) 3,6x107° 2,5x107" —2,0x10° 0,9 (2,5x107°) <3,1 Fiénivoda 28
(insekticid) pFipravek
linuron ox BDDE DPV BRB(pH2) 1,4x107" 5,0x107"-1,2x10" 0,8 (1,0x10™) <2,0  Ffiénivoda 29
(herbicid)
metamitron red p-AgSAE DCV  0,06M H,SO, 1,0x10" 5,0x107"—1,1x10™* 1,9 (5,0x107°) <35 fiéni voda 30
(herbicid) pFipravek
red m-AgSAE  DPV BRB (pH2) 3,6x107° 5,0x10°-2,0x10" 1,4 (1,0x107) <3,1 Fiénivoda 30
pfipravek
ox BDDE SWV  BRB(pH2) 9,8x1077 2,5x107°-2,0x10"* 0,7 (5,0x107°) <35  Fiénivoda 30
pripravek
methiocarb ox BDDE DPV  0,AMH,SO, 6,7x107" 4,4x10°-2,4x10™* pripravek 31
(insekticid) 10% MetOH
metribuzin red p-AgSAE  DPV BRB (pH2) 7,5%x107° 2,5x107"-9,0x10° 2,1 (7,5%x107) <38  fitnivoda 32
(herbicid) pFipravek
red m-AgSAE  DPV BRB (pH3) 6,0x10® 2,5x107"—1,3x10° 4,1 (7,5%x107) <16  fiénivoda 32
pfipravek
picloram red m-AgSAE  DPV  0,IMH,SO, 8,8x107° 1,010 -8,0x10™ 1,6 (5,0x10™°) <38  fiénivoda 33
(herbicid)
ox BDDE DPV 1M H,SO,  7,0x10° 5,0x107"-4,8x10™° 2,6 (1,0x107) <45  Fiénivoda 34
pymetrozin red m-AgSAE ~ DPV BRB (pH3) 5,4x10° 2,0x107"—1,0x10™ 0,68 (1,0x10™) <2,3 Fénivoda 35
(insekticid)
terbutryn red p-AgSAE  DPV BRB (pH2) 4,3x10° 2,0x10°-5,0x10"> 0,2 (1,0x107) <2,3 pitndvoda 36
(herbicid) ficni voda
red m-AgSAE  DPV BRB (pH2) 2,9x107® 1,010 —=1,0x10™ 0,2 (1,0x107) <29 pitnavoda 36
fiéni voda
ox BDDE DPV BRB (pH2) 1,8x107" 5,0x107"-5,0x10" 0,1 (1,0x107) <13 pitndvoda 36
ficni voda
triasulfuron red m-AgSAE  DPV BRB (pH3) 6,4x10° 8,0x10°—-5,0x10"> 0,5 (1,0x10™°) <35  fiénivoda 37
(herbicid) pripravek
triclopyr ox BDDE DPV BRB (pH2) 8,2x107" 1,0x10°-1,1x10" 0,98 (5,0x107°) <2,0  Fiénivoda 38
(herbicid) pfipravek
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Obrazek 6: DP voltamogramy stanoveni pymetrozinu v pesticidnim pfipravku ,,Ninja“ s vyuzitim
m-AgSAE (A) a grafické vyhodnoceni metody standardniho pridavku (B);
Epos = 0 MV, Exon = 1100 mV, v = 30 mV s, vyska pulzu —60 mV, $irka pulzu 20 ms, elektrolyt
BRB (pH 3), standardni pfidavky — 10 ul standardniho roztoku o koncentraci 1107 M.

Zavery

V ramci pfedloZzené prace bylo studovano voltametrické chovani vybranych pesticidnich latek a byly
navrzeny metody jejich stanoveni. Ukazalo se, ze cela fada herbicidl i insekticidd jsou latky
elektrochemicky aktivni a mohou byt redukovany nebo oxidovany. Pro sledovani redukcénich reakci byly
pouzity amalgamové elektrody jako netoxicka alternativa k elektrodam rtutovym a oxidacni signaly byly
méfeny pomoci BDDE. Kyselé prostfedi se jevi jako optimalni pro stanoveni vSech studovanych latek
s vyjimkou imidaclopridu, ktery sice poskytoval nejvysSi signaly v BRB o pH 10, ale rovnéz v kyselém
prostfedi byl zaznamenan vyznamny redukéni pik vyuzitelny k analytickym Gcelim. DPV po optimalizaci
parametrll umoznila dosazeni velmi nizkych hodnot LOD a Sirokych LDR pro stanoveni pesticidl a byla
rovnéz Uspésné vyuzita pfi analyze vzorku pesticidnich pfipravkd a fi¢nich vod.
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Monitoring of pesticides in water using voltammetric methods
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Summary

Pesticides are commonly applied as useful agricultural substances. On the other hand, several
negative impacts on the aquatic environment and organisms, flora, fauna, and humans were observed.
Considering their biological activity, sensitive analytical tools suitable for their detection directly in the
components of the environment are required. Due to the fact that large humber of pesticides could be
found as electrochemically active compounds, electrochemistry, specifically voltammetry could be
employed for their monitoring. The target of the present paper is to summarize our proposed
voltammetric methods utilizing silver solid amalgam electrode and boron-doped diamond electrode,
respectively, as a sensitive tools for various pesticide determination based on the recording of their
reduction or oxidation responses. Specific voltammetric methods were developed and the conditions of
the determinations were optimized for analysis of herbicides metamitron, metribuzin, picloram, terbutryn,
triasulfuron, and triclopyr and insecticides imidacloprid, methiocarb, and pymetrozine.

Keywords: Pesticides, monitoring, voltammetry, silver solid amalgam electrode, boron-doped diamond
electrode.
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Prabézna kontrola oxidacéni stability primyslovych paliv
a maziv — cesta vedouci ke snizovani produkce odpad
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Ustav environmentalniho a chemického inzenyrstvi, Univerzita Pardubice,
Studentska 573, 532 10 Pardubice,
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Souhrn

Cilem tohoto clanku je shrnout moznosti voltametrického stanoveni antioxidant( v prumyslovych
palivech a mazivech. Analyza antioxidanti v palivech a mazivech je dulezita z hlediska vznikt odpadi
zejména proto, Ze zbyte¢né Casta vyména oleji vede k nadbyteéné produkci odpadnich oleji a naopak
jejich nedostatecna vyména muze zapfiCinit az poSkozeni mazanych soucasti.

Voltametrické techniky umozriuji rychlé, precizni, spravné, a na rozdil od jinych dosud pouZivanych
analytickych pfistupt, i pomérné levné stanoveni téchto elektrochemicky aktivnich latek. Voltametricka
analyza antioxidant( je zaloZena na sledovani jejich elektrochemické oxidace v prostredi kyseliny sirové.
Pro jejich monitoring byly vyuZivany pracovni elektrody na bazi zlata a borem dopovaného diamantu.
V ramci této publikace jsou shrnuty moznosti stanoveni bézné pouzZivanych antioxidantt a to konkrétné
2,6-di-terc-butyl-4-methylfenolu (butylhydroxytoluenu, BHT), 2-terc-butylfenolu (2-TBF), 2- a 3-terc-
butylhydroxyanisolu (smés izomert, BHA), terc-butylhydrochinonu (TBHQ), propylgalatu (PG),
pyrogalolu (PY) a N-fenyl-1-naftylaminu (PNA). Kromé stanoveni jednotlivych antioxidanti byly také
vypracovany postupy pro analyzu jejich smési. Navrzené metody byly uspésné aplikovany na analyzu
vzorkd maziv a paliv s velmi dobrymi vysledky.

Klicova slova: Antioxidant, analyza, voltametrie, zlata elektroda, béorem dopovana diamantova
elektroda, bionafta, olej.

Uvod

Hlavni pfi¢inou degradace mazacich oleju a paliv je jejich oxidace. Ta je zpusobena plsobenim
vzdusného kysliku a je urychlena zvySenou teplotou a pfitomnosti otérovych kovl, které funguji jako
katalyzatory. Produkty oxidace jsou razné kyslikaté latky typu keton(, aldehydd, étert, kyselin €i ester(.
Ty dale podléhaji kondenzacnim a polymera¢nim reakcim, coz vede ke zvySovani kyselosti a viskozity
mazacich oleju. Oxidacné degradované oleje rychle ztraci své uzitné vlastnosti a nasledkem muize byt
poskozeni mazanych sougasti™*. K hodnoceni oxidacni stability primyslovych oleju se v praxi nejéasté;i
pouziva oxidaéni test RPVOT (Rotation Pressure Vessel Oxidation Test) podle normy ASTM 2272°" 3
zalozeny na sledovani spotifeby kysliku na ur€itou hodnotu za pfesné definovanych podminek. Doba
trvani testu je 3 — 20 hod podle stability oleje®. Mezi nejnovéjsi metody stanoveni oxidaéni stability patfi
pouZiti testru PetroOxy*. Tato metoda je uréena pro rdzné typy vzorkil od paliv pfes mazaci oleje aZ po
plasticka maziva. Vzorek se oxiduje v uzaviené cele pfi teploté 160 °C a tlaku kysliku 600 kPa tak
dlouho, az poklesne tlak v bomb& o 10 %. Mé&fitkem oxidadni stability je doba zkousky®. Daldim
pfistupem ke kontrole oxidac¢ni stability olejl je zjiStovani aktualni koncentrace antioxidantld. To se
zpravidla provadi pomoci infraCervené spektroskopie (FTIR). Hodnoti se intenzita absorp&niho pasu
fenolické skupiny v oblasti vino&td okolo 3600 cm™ nebo intenzita signalu karbonylové skupiny
oxidaénich produktd, ktera se nachazi v oblasti od 1750 do 1700 cm™. Sledovani aminickych
antioxidantu je v8ak pomoci FTIR spektrometrie velmi problematické?.

Omezeni oxidaCnich procesu je tfeba feSit také u paliv. Zvlasté pak u smési obsahujicich metylestery
mastnych kyselin (FAME), které obsahuje zejména bionafta, jejiz pfimichani do motorové nafty
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v soudasné dobé vyzaduje zakon®. Oxidaéni stabilita je ovlivnéna predevsim slozenim FAME. Zasadnimi
Ciniteli ovliviujicimi oxidaéni procesy jsou teplota, svétlo nebo oxidaéni Cinidla pfitomna v palivu (kovy,
peroxidy). Oxidaéni procesy vedou opét ke zvySovani kyselosti, hustoty a k tvorbé& usazenin v palivovém
systému. Navic mohou tyto latky snizovat vykon samotného motoru. Pro zvySeni oxidacni kapacity paliv
i mazacich olejli se pfidavaji antioxidanty. Mezi nejCastéji pouzivané patfi napf. 2,6-di-terc-butyl-4-
methylfenol (butylhydroxytoluen, BHT), 2- a 3-terc-butylhydroxyanisol (BHA), terc-butylhydrochinon
(TBHQ), propylgalat (PG) nebo pyrogalol (PY)®*.

K hodnoceni oxida¢ni stability se v praxi pouzivaji Casové narocné metody jako tlakova diferencialni
skenovaci kalorimetrie (DSC)**? a Rancimat®® test nebo jiz diskutovana metoda PetroOxy*, kdy se
vzorky podrobi zvysené teploté a vlivu kysliku. Metoda DSC**? detekuje a kvantifikuje tepelné efekty,
jichz se G&astni hodnoceny vzorek, u metody Rancimat test® jsou oxidaéni produkty sorbovany
v destilované vodé, jejiz vodivost se neustale méfi. Zkouska je ukonfena po dosazeni vodivosti
200 uS cm™ et 13,

Voltametricky pfistup zjiStovani obsahu antioxidantl v oleji je zalozen na jejich elektrochemické
oxidaci a je napf. obsahem normy ASTM D6971-09 “* *. Na tomto principu pracuje pfenosny pfistroj
RULER®. Analyza probiha v prostfedi rtizné zbarvenych roztokil neznamého slozeni, které si musi
uzivatel kupovat. K odstranéni olejové matrice se uziva specialni pisek. Obsah antioxidantl se zjistuje
na zakladé porovnani odezev tohoto pfistroje z opotfebovaného oleje a nového oleje. Pracuje se
s uhlikovou indikaéni elektrodou™.

Z vySe uvedenych divodu je zfejmé, ze kontrola antioxidantl v palivech a mazivech je dllezita,
zejména z hlediska snizovani odpadd mazacich oleju resp. pfedchazeni nadmérného opotrebeni
motoru. V ramci naseho dlouholetého vyzkumu byly vyvijeny jednoduché voltametrické metody s cilem
spolehlivého stanoveni jednotlivych €asto uzivanych antioxidantd v mazacich olejich a biopalivech.
Zameéfili jsme se také na moznost jejich rozliSeni pfi analyzach smési. Indikacni elektrody byly voleny
tak, aby mély co nejsirSi uplatnéni a nevyzadovaly mechanické oSetfeni povrchu, nebot toto je velky
zasah, ktery vzdy vyznamné ovlivni elektrochemické reakce na povrchu pracovni elektrody a nasledné
proudovou odezvu meéficiho ¢lanku. Cilem této publikace je pfiblizit ¢tenaflm voltametrické metody
aplikovatelné pro monitorovani hladiny riznych antioxidantd, konkrétné BHT, 2-terc-butylfenolu (2-TBF),
BHA, TBHQ, PG, PY a N-fenyl-1-naftylaminu (PNA) ve vzorcich mineralnich a syntetickych olejl resp.
bionafty.

Experimentalni ¢ast

Standardni roztoky jednotlivych antioxidantd byly pfipraveny rozpusténim definované navazky jejich
pevné formy (vSechny Sigma Aldrich) v ethanolu do 25ml odmérné bariky. Roztoky byly uchovavany
viemnu a chladu pfi 4 °C. Analyzované roztoky pfipravené zfedénim standardniho roztoku byly
pripravovany denné Cerstvé. Roztoky pouzivané na pfipravu zakladnich elektrolytd, které tvofila smés
zfedéné H,SO, pfipadné s pfidavkem organického rozpoustédla (ethanol, isopropanol, acetonitril), byly
Cistoty p.a. a pochazely od spolecnosti Penta.

VSechna voltametrickd méfeni byla provedena na voltametrickém analyzatoru EP 100 (HSC servis
Bratislava, obrazek 1) v tfielektrodovém zapojeni. Jako mérna elektroda byla vyuzivana bud zlata
diskova pracovni elektroda (AuDE, HSC servis Bratislava) nebo bérem dopovana diamantova elektroda
(BDDE, Windsor Scientific, UK). Tyto elektrody jsou chemicky inertni, mérny povrch vyZaduje pouze
kratké oSetfeni vhodnym potencialem obvykle pfed zapocetim prace. Potencial pracovni elektrody byl
vztahovan k referentni nasycené argentchloridové elektrodé (Ag/AgCl, Monokrystaly, Turnov). Jako
pomocna elektroda slouzil platinovy plisek (Monokrystaly, Turnov). Pro samotné stanoveni byla
vyuzivana metoda voltametrie s linedrnim skenem (LSV).

V pfipadé analyzy oleju je tfeba antioxidanty z matrice extrahovat ethanolem za kratkého
spolupusobeni ultrazvukovych vin. Horni ethanolicka vrstva, ktera se pouziva k analyze se, zbavi zbytku
oleje pridavkem inertni soli Na,SO, a naslednou filtraci skrz suchy filtracni papir. Tento postup je
detailné popsan v publikaci®®.
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Obrazek 1: Pouzity elektrochemicky analyzator EP 100
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Vysledky a diskuse

Voltametrické stanoveni BHT ve smési s dalSimi fenolickymi antioxidanty v mineralnich
a syntetickych olejich

Pro zdarny prubéh stanoveni je tfeba pouzit vhodny zakladni elektrolyt, ktery zajiStuje dobry prabéh
oxidacnich reakci, vodivé prostfedi mezi elektrodami pouzitého elektrochemického ¢lanku a také dobrou
rozpustnost analyzovanych latek, popfipadé matrice vzorku. V pfipadé BHT, ale i dalSich studovanych
antioxidantl tato kritéria splfioval roztok 0,1M H,SO, s pfidavkem isopropanolu, ktery kvantitativné
rozpousti biopaliva, takze je mozna jejich pfima analyza bez jakékoliv Upravy vzorkd. Podrobny popis
podminek voltametrického stanoveni BHT v redlnych vzorcich biopaliv uvadi nase pfedchozi prace®®.
BHT poskytoval jeden anodicky signal vyuZitelny pro jeho stanoveni. Po optimalizaci podminek byla
navrzena metoda vyuzita pro analyzu modelovych vzork( a bylo dosazeno nizkého limitu detekce (LD =
3 mg/l). Navic byly analyzovany realné vzorky biopaliva obsahujici tento antioxidant a vysledky byly ve
shodé s vysledky dosazenymi metodou FTIR, coz potvrzuje vhodnost metody ke sledovani mnozstvi
antioxidantl v uvedenych slozitych matricich. Ve srovnani s FTIR je voltametrie pomérné jednoducha,
snadn4, levna a rychla'®.

Uvedeny zékladni elektrolyt slouzi také ke stanoveni BHA'®, smési BHT a BHAY, popfipadé BHT
a TBHQ'® v matricich, jako jsou mineralni a syntetické oleje, popf. Ekodiesel (smé&sna motorova nafta —
smés motorové nafty a methylesterd mastnych kyselin). V pfipadé analyzy smési antioxidantd BHA
a BHT se viny jednotlivych analyti ¢astecné prekryvaji (obrazek 2), nebot maximum BHA ma polohu
okolo +895mV a pro BHT je maximum pfi potencialu +1075 mV. To ovliviiuje pfedevSim vysku
nasledné odezvy pfislusici BHT. Obsah BHA ve smési lze vyhodnotit z proudové odezvy vzorku
a naslednych pridavka standardu s respektovanim nelinearity (tento problém byl detailné popsan v nasi
publikaci®® a pro spravné vyhodnoceni byl navrzen jednoduchy program Nonlinear diskutovany tamtéz).
Pro vyhodnoceni obsahu BHT a ureni spravné vysky viny byl navrzen specificky postup, kdy je ¢ast
voltametrické kfivky, ktera se nachazi mezi maximem pro BHA a nasledujicim minimem linearizovana, tj.
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aproximuje se te¢nou v pfislusném inflexnim bodé. Z maxima pro BHT (oznaCovano jako bod T) se
spusti kolmice na tuto te¢nu, kterou protina v tzv. bodé P. Skute€¢na vyska viny BHT se pak urci jako
vzajemna vzdalenost bodl P a T. Pro uzivatele byl vytvofen vypocetni algoritmus zahrnujici vSechny
potfebné kroky. Experimentator pouze zada naméfené hodnoty zavislosti | = f(E) v pFislusné oblasti®.
Vysledky obsahu BHT se vyhodnoti metodou standardniho pfidavku na zakladé linearni zavislosti 1= f(c).
Ziskané vysledky byly i pro analyzu smési reprodukovatelné a spravné, coz bylo potvrzeno opakovanymi
stanovenimi jak v modelovych tak realnych vzorcich. Vysledky z analyzy modelovych vzork( mineralnich
a syntetickych olejl jsou shrnuty v tabulce 1.
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Obrazek 2: Zaznam krivek anodické oxidace smési antioxidantii BHA a BHT v zakladnim
elektrolytu na AuDE
Experimentalni podminky: metoda LSV, zakladni elektrolyt: 0,1M H,SO, + 15 ml isopropanolu
(Krivka 0); rychlost polarizace (v) = 40 mV/s; pocatecni potencial (E;,) = +600 mV; konceny potencial
(Efin) = +1300 mV; c(BHA) = 7,2 — 21,6 ug/ml; c(BHT) = 14,5 ug/ml; kfivka 1 — BHT; kfivky 2-5 - smés
BHA a BHT v poméru: kiivka 2 — 0,5:1; kiivka 3 — 1:1; kfivka 4 — 1,5:1 a kfivka 5 — 2:1.

Tabulka 1: Vysledky simultanniho stanoveni antioxidantit BHA a BHT v modelovych vzorcich
mineralnich (MO) a syntetickych oleji (SO) s vyuzZitim AuDE
Deklarované koncentrace: vzorek 1 — 3: 2,6 g/kg BHA a 2,7 g/kg BHT; vzorek 4: 2,5 g/kg BHA a 2,5 g/kg
BHT; vzorek 5: 1,2 g/kg BHA a 2,3 g/kg BHT. Experimentalni podminky stanoveni jsou uvedeny
v legendé obrazku 2.

. BHA BHT
Cislo Specifikace
vzorku vzorku Stanoveno Chyba Stanoveno Chyba
[9/kg] [%0] [9/kg] [%]

1 MO 2,61+0,067 +0,4 2,840,240 +5,2
2 MO 2,590,051 -0,4 2,73+0,187 +1,1
3 MO 2,57+0,128 -1,2 2,74+0,163 +1,5
4 SO 2,55+0,125 +2,0 2,47+0,150 -1,2
5 SO 1,120,035 -6,7 2,49+0,038 +8,3
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V praktickych vzorcich ropnych produktl se €asto vyskytuje smés antioxidantd TBHQ a BHT, a to
obvykle ve srovnatelné koncentraci. Jejich stanoveni v navrzeném zakladnim elektrolytu nepfedstavuje
zadny problém, protoze viny jsou od sebe dostateéné vzdaleny (obrazek 3). Maximum pro TBHQ se
nachazi pfi +755 mV a pro BHT lezi v tomto pfipadé u +1070 mV. Analyzuje-li se vSak tato smés
v ethanolickém extraktu realné olejové matrice, dochazi k ovlivnéni elektrodového systému a viny
diskutovanych analytl se posunou smérem k vy$$im pozitivnim potencialim. Dojde k tomu, Zze zaznam
pfislusici oxidaci BHT se superponuje na kfivku rozkladu zakladniho elektrolytu a uréeni jeho vysky
v maximu je nespolehlivé. V tomto pfipadé lze pouzit matematické operace, které umoziiuje software
pouzitého analyzatoru. Ty spodivaji v odecteni kfivky pozadi a v nasledné derivaci vzestupné casti
voltametrickych kfivek'®. Kromé& fady analyz provedenych na modelovych roztocich, byl studovan
I obsah téchto latek ve smésné motorové nafté SMN30, vysledky ziskané nami navrzenym postupem
jsou shrnuty v tabulce 2.

3,0

IpA
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Obrazek 3 Zaznam krivek anodické oxidace a voltametrického stanoveni smési antioxidantu
TBHQ a BHT v zakladnim elektrolytu na AuDE
Experimentalni podminky: metoda LSV; zakladni elektrolyt: 0,1M H,SO, a 15 ml isopropanolu (kfivka 0);
v =40 mV/s; E;, = +500 mV; Es, = +1300 mV; kiivka 1— smés antioxidant TBHQ a BHT - ¢(TBHQ) = 15,3 ug/mi;
C(BHT) = 16,5 ug/mi; kiivky 2 a 3 (plna ¢ara) — pridavky standardniho roztoku BHT o ¢(BHT) =16,7 ug/mi;
kiivky 4 a 5 (pferuSovana cara) — pridavky standardniho roztoku TBHQ o c(TBHQ) = 15,5 ug/ml.

Tabulka 2 Vysledky voltametrického stanoveni smési antioxidanti v modelovych vzorcich SMN30
s vyuzitim AuDE

Deklarované koncentrace c(TBHQ) = 2,25 g/kg a ¢(BHT) = 2,51 g/kg. Experimentalni podminky jsou
uvedeny v legendé obrazku 3.

TBHQ BHT
Cislo méfeni Stanoveno Chyba Stanoveno Chyba

[9/kg] [%] [9/kg] [%]
1 2,25 0,0 2,32 -7,6
2 2,18 -3,1 2,57 +2,5
3 2,11 -6,3 2,40 -4.4
4 2,18 -3.1 2,59 +3,2
5 2,34 +4,0 2,61 +3,9
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Daldim analyzovanym antioxidantem byl 2-TBF, ktery na AuDE poskytoval jeden voltametricky signal
okolo potencialu +1150 mV v prostfedi ethanolického roztoku kyseliny sirové (86 % ethanolu, 0,16M
H,SO,). Za podminek analyzy bylo mozné jednoznacné odlisit signal BHT (okolo potencialu +950 mV,
obrazek 4), cehoz bylo opét vyuZito pro jeho stanoveni nejen v modelovych ale i realnych vzorcich (napf.
olej OL-J3) s velmi dobrou reprodukovatelnosti a spravnosti®.

= 6
T 35
= 2-TBF >
3 4
2,5 3
2
2
15
BHT
1
0,5 1
0
0,6 0,7 0,8 0,9 1 1,1 1,2
E[V]

Obrazek 4 Zaznam krivek anodické oxidace BHT s naslednymi pfidavky 2-TBF v zakladnim
elektrolytu na AuDE
Experimentalni podminky: metoda LSV; zakladni elektrolyt: 0,16M H,SO, v prostredi 86% ethanolu; v =
40 mV/s; E;, = 0 mV; Eg, = +1200 mV; kfivka 1 — kfivka BHT o c(BHT) = 22,74 ug/ml; kiivky 2-6 — kfivky
smési antioxidantu BHT a 2-TBF, ¢(BHT) = 22,74 ug/ml, c(2-TBF) = 16,35 — 81,13 ug/mi.

Voltametrické stanoveni fenolickych antioxidantl vykazujicich rozpustnost ve vodé

Oxidacni stabilita biopaliv je €asto zajiStovana i pomoci antioxidantl typu vicemocnych fenolud jako je
pyrogalol (PY) a propylgalat (PG). Jedna se o latky, které jsou bud dobfe (PY) nebo ¢asteCné (PG)
rozpustné ve vodé. Jejich elektrochemickou oxidaci Ize opét provést v prostfedi zfedéné kyseliny sirové
(0,18M roztok). U PY se nachazi maximum voltametrické kfivky v daném prostfedi az u potencialu
+1270 mV, coz vyzaduje indikaci pomoci bérem dopované diamantové elektrody (BDDE), ktera ma
nejSirdi potencialové okno z bézné dostupnych pevnych pracovnich elektrod a to jak v anodické tak
i v katodické oblasti, vice informaci napt. v ptehledovych &lancich??.

Oxidace PG probiha postupné, coz se projevi kfivkou se dvéma maximy pfi potencialech +880
a +1050 mV. Jako pracovni elektroda muze byt vzhledem ke svému potencialovému oknu v kyselém
prostiedi vyuzita AuDE. Zavislost proudu na koncentraci je u obou analytl linearni, coz umoznuje pfi
vyhodnoceni pouziti metody standardnich pfidavkd. Matrice jako je Ekodiesel Ize analyzovat pfimo
davkovanim do zakladniho elektrolytu. Intenzivnim michani heterogenni smési se zajisti pfechod analytu
do vodné faze, popfipadé je mozné vzorky biopaliv pfedem extrahovat vodou?*?*. S vyuzitim navrzené
voltametrické techniky bylo dosaZeno velmi dobrych vysledkd. Jako pfiklad Ize uvést ty uvedené
v tabulce 3.

Patronem tohoto &isla je Ustav environmentalniho a chemického inZenyrstvi Fakulty chemicko-technologické Univerzity Pardubice
WASTE FORUM 2018, &islo 2, strana 290



Jaromira CHYLKOVA, Lenka JANIKOVA, Renata SELESOVSKA: Pribézna kontrola oxidaéni stability
pramyslovych paliv a maziv — cesta vedouci ke sniZzovani produkce odpadu

Tabulka 3 Vysledky voltametrického stanoveni PY v Ekodieselu a bionafté s vyuZitim BDDE
Podminky analyzy: metoda — LSV, E;, = +300 mV, Eg, = +1300 mV, v = 40mV/s, zakladni elektrolyt —
0,18M H,SO..

Ekodiesel®
Koncentrace PY [%] Stanoveno [%)] Chyba [%]
0,240 0,241 +0,42
0,050 0,048 -4,00
0,0100 0,0104 +4,00
0,00500 0,00479 -4,20
Bionafta
0,230 0,222 -3,50
0,050 0,048 -4,00

Voltametrické stanoveni fenolickych a aminickych antioxidanta

Ke zvysSeni antioxidacnich U€inkU se pfidavaji do nékterych oleju smési antioxidanti rizné povahy,
napfiklad ze skupiny fenolll a aromatickych aminl(. V ramci analyzy je tfeba rozliSit pfitomnost
jednotlivych typu téchto latek. Voltametricka analyza toto za urcitych podminek umozniuje. Provadi-li se
stanoveni napfiklad smési N-fenyl-1-naftylaminu (PNA) a BHT v zakladnim elektrolytu obsahujicim 0,1M
H,SO, za pfitomnosti smési ethanolu a acetonitrilu v poméru 2,5:1, nachazi se viny anodické oxidace
v dostateéné vzdalenosti, a to pro PNA v intervalu od +880 mV do +855 mV (s vySSi koncentraci se
maximum posouva k niz§im kladnym potencialim) a pro BHT v intervalu +1110 az +1140 mV podle
aktualni koncentrace. Pfi vy8Si koncentraci se maximum viny BHT posouva smérem k pozitivhéjSim
potencialiim.

Tato skuteCnost vede k tomu, Ze je mozné pfimé stanoveni obou latek bez jakékoliv upravy vzorku po
postupné aplikaci standardnich pfidavku jednotlivych analytd, a to az do poméru PNA:BHT pfiblizné 10:1
(tabulka 4). Je-li obsah aminického antioxidantu vys8i nez desetinasobek ve vztahu k BHT, dochazi pfi
pfimém stanoveni k ovlivnéni odezvy tohoto fenolického antioxidantu, coz vede k chybnym negativnim
vysledkum. V tomto pfipadé se nejdfive stanovi obsah PNA a poté je tfeba snizit jeho obsah pomoci
reakce s kyselinou dusitou. Pfidava se nadbytek dusitanu sodného do ethanolického roztoku
obsahujiciho 0,02M H,SO, a analyzovanou smés. Reakce je velmi rychla, k eliminaci dostatecného
mnois’g{i ruSivého aminu sta¢i 5 minut. Nasleduje stanoveni BHT. Podrobnosti postupu jsou uvedeny
Vv praci.

Tabulka 4: Stanoveni BHT v pritomnosti rizného mnoZstvi PNA s vyuZitim AuDE
Podminky analyzy: metoda — LSV, E;, = +400 mV, Eg, = +1300 mV, v = 40mV/s, zakladni elektrolyt —
0,1M H,SO,+ethanol+acetonitril

Pomér PNA:BHT
1:1 2:1 3:1 4:1 5:1 10:1
Stanovené mnozstvi  ,, .,  ; gg 11,07 11,92 12,50 838
BHT [mg/l]
Chyba [%] -0,6 -2,0 -1,9 -2,3 +2.4 -31,2
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Zaveéry

Cilem této prace bylo pfiblizit dosazené vysledky v oblasti analyzy antioxidantd v olejich a palivech
s vyuzitim voltametrie jako alternativy k dosud aplikovanym analytickym metodam. Bylo zjisténo, ze
voltametricka analyza predstavuje spolehlivy a presny nastroj pro stanoveni vybranych sedmi bézné
pouzivanych antioxidant(. Da se pfedpokladat, Ze nami navrzené postupy jsou vhodné i pro dalsi latky
s antioxida¢nimi vlastnostmi. Samotné stanoveni bylo zaloZzeno na sledovani elektrochemické oxidace
v prostfedi zfedéné kyseliny sirové pfipadné s pfidavkem organického rozpoustédla pro zajisténi lepsi
rozpustnosti konkrétniho analytu pfipadné matrice vzorku. Kromé stanoveni jednotlivych individui byly

nalezeny vhodné podminky i pro analyzy smési, coz potvrzuje dostateCnou selektivitu voltametrické
analyzy.

Seznam symboll

BHT 2,6-di-terc-butyl-4-methylfenol (butylhydroxytoluen)
2-TBF 2-terc-butylfenol

BHA butylhydroxyanisol

TBHQ terc-butylhydrochinon

PG propylgalat

PY pyrogalol

PNA N-fenyl-1-naftylamin

RPVOT  Rotation Pressure Vessel Oxidation Test

FTIR InfraCervena spektroskopie s Fourierovou transformaci
FAME methyl estery mastnych kyselin

DSC diferencialni skenovaci kalorimetrie

AuDE zlata diskova elektroda

BDDE borem dopovana diamantova elektroda

LSV voltametrie s linearnim skenem (linear sweep voltammetry)
LD limit detekce [mol/l]

MO mineralni olej

SO synteticky olej

I elektricky proud [A]

E potencial [V]

% rychlost polarizace [V/s]

Ei pocatedni potencial [V]

Eiin konecny potencial [V]

c koncentrace analytu

Podékovani

Tato prace byla financovana z prostfedkt  Univerzity — Pardubice v ramci projektu
SD373001/82/30350(2016).
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Continuous control of fuels and oils oxidation stability — way of waste
reduction

Jaromira CHYLKOVA, Lenka JANIKOVA, Rendta SELESOVSKA

Institute of Environmental and Chemical Engineering, University of Pardubice, Studentska 573,
532 10 Pardubice, Czech Republic

Summary

The aim of this paper is to summarize possibilities of voltammetric determination of antioxidants in
fuels and oils. Voltammetric techniques provide fast, precise, proper, and in comparison with so far
applied analytical tools, relatively low cost analytical approach for determination of these electroactive
compounds. Considering the waste production, analysis of antioxidants provides important information
about oxidation stability and prevents unnecessarily frequent change of oils leading to the waste
generation. Moreover, the exhaustion of antioxidants in the particular oil or fuel could lead to the damage
or even to the destruction of lubricated components or engines.

Voltammetric analysis of antioxidants is based on monitoring of their electro-oxidation in acidic media
namely in the diluted sulfuric acid. Gold disc and boron-doped diamond electrode, respectively, was
employed as a working electrode for monitoring of the followed commonly applied antioxidants: 2,6-di-
tert-butyl-4-methylphenole (butylhydroxytoluen, BHT), 2-tert-butylphenol (2-TBF), 2- and 3-terc-
butylhydroxyanisoles (mixture of isomers, BHA), terc-butylhydroquinone (TBHQ), propyl gallate (PG),
pyrogallol (PY), and N-phenyl-1-naphthylamine (PNA). Besides determination of the individuals, the
proposed method was successfully applied for analysis of the antioxidant mixtures. Samples of the
mineral and synthetic oils and the biofuels were analyzed with excellent results as well.

Keywords: Antioxidant, analysis, voltammetry, gold electrode, boron-doped diamond electrode, biofuel, oil.
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Vysokoteplotné spracovanie a zhodnocovanie vyradenych
elektrochemickych €lankov a batérii plazmovym tavenim

Maria CARNOGURSKA, Marian LAZAR, Peter KURILLA, Tomas BRESTOVIC,
Natalia JASMINSKA, Peter LUKAC, Romana DOBAKOVA

Faculty of Mechanical Engineering, TUKE, VysokoSkolska 4, 042 00 Kosice,
e-mail: maria.carnogurska@tuke.sk

Suhrn

V Clanku su prezentované vysledky z procesu tavenia elektrochemickych NiMH ¢lankov a batérii po
dobe ich Zivotnosti. Proces tavenia prebiehal v redukcénej atmosfére. Experiment sa uskutocCnil s troma
vzorkami o hmotnostiach 15, 20 a 40 kg. Troskotvornou prisadou bol CaO a pouzitym redukcénym
Cinidlom uhlik. Vysledky experimentov, realizovanych na 80 kVA plazmovom reaktore, preukazali, ze
vyradené elektrochemické NiMH ¢lanky a batérie je mozZné likvidovat technolégiou plazmového tavenia.
Vytazitelnost’ Ni do kovovej fazy je nad 99,3 %. V ¢lanku su uvedené aj chemické analyzy ziskanej
zliatiny, vitrifikovanej trosky, dletu a syntézneho plynu.

Kl'icové slova: elektrochemické ¢lanky, elektrochemické batérie, plazmové tavenie.

Uvod

Spracovaniu réznych druhov odpadov technolégiou vysokoteplotného plazmového tavenia
a splynovania sa v suc€asnosti venuje uz viacero prac. Danou technolégiou mozno eliminovat problém
spojeny so skladkovanim odpadov atiez zhodnotit materidlovy a energeticky obsah odpadu.
Technologia plazmového tavenia predstavuje tzv. BAT technolégiu (Best Available Techniques) a bol
fiou uz spracovavany napr. popoléek z komunalneho odpadu?, elektronicky $rot® & azbest'. Autori
¢lanku maju z vykonanych experimentalnych skusok na 80 kVA plazmovom reaktore aj prvé vysledky
z vysokoteplotného spracovania takych odpadov, akymi su katalyzatory s obsahom striebra, katalyzatory
s Cu promotorom, autokatalyzatory, aj elektrochemické akumulatory — batérie a ¢lanky.

Prispevok je venovany elektrochemickym akumulatorom, ktoré po skonc€eni zivotnosti predstavuju
odpad, ktory ma byt zlikvidovany alebo materialovo a energeticky vyuZzity environmentalne dostupnou
metddou. Do recyklaénej spolo¢nosti tento odpad prichadza v triedenej forme (podla typu) v uzavretych
nadobach — obrazok 1. Vyradené elektrochemické ¢lanky (NiMH) su v katalégu odpadov radené medzi
ostatné odpady — nie nebezpecné.

Obrazok 1: Pohlad’ na spracovavané NiMH c¢lanky a batérie
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Termodynamicky rozbor tavenia a splynovania NiMH akumulatorov

Opotrebované elektrochemické €lanky a batérie predstavuju multikomponentnu heterogénnu zmes,
ktora obsahuje: kovy a ich zlu€eniny, uhlik, plasty, elektrolyt a nekovy.

Pri termodynamickych uvahach sa vychadzalo z predpokladu, ze opotrebované elektrochemické
Clanky a batérie sa budu tavit v plazmovom reaktore, bez predchadzajucej upravy v silne redukénych
podmienkach. Pri taveni opotrebovanych elektrochemickych akumulatorov sa na redukciu oxidov kovov
pouzije ako redukéné cinidlo uhlik, ktory:

- sa mOZe pridat do vsadzky priamo,
- sa nachadza v opotrebovanych batériach vo forme grafitu,

- vznikne termickym rozkladom plastov, papiera a elektrolytov, nachadzajicich sa
v opotrebovanych elektrochemickych ¢lankoch, ktoré sa pocas tavenia v plazmovom reaktore pri
teplote okolo 1600 °C termicky rozlozia na jednoduché plynné zlu€eniny a uhlik podla obecnej
chemickej reakcie®

C.H,0.CI,S, Nf(s) = xCO(g) + sz(g) + zNz(g) + WHZO(Q) + VSZ(g) + rCIz(g) + sC(S) (1)

v ktorej C,H,O.Cl3ScN; predstavuje obecny chemicky vzorec plastov, papiera a elektrolytov.

Pri termickom rozklade plastov, papiera a elektrolytov vznikne pyrolyzny plyn (syntézny plyn)
s vy8Sou koncentraciou oxidu uholnatého a vodika a nizkou koncentraciou vodnej pary, siry a chléru,
ktory sa primarne vyuzije na redukciu oxidov kovov. Dalej sa predpokladalo, Ze zlugeniny kovov
nachédzag‘t]ce sa v elektrochemickych ¢lankoch, sa budu pri taveni v plazmovom reaktore termicky
rozkladat

» Priohrevu oxidu manganicitého (MnO,) prebiehaju nasledovné reakcie:
= pri teplote 525 °C

4 MnO, ' — 2 Mn,03 + O, (2)
. pri teplote okolo 1000 °C
6 Mn,03 ' — 4 Mn;0, + O, (3)
= pri teplote nad 1180 °C
2 Mn;0, ' — 6 MnO + O, 4)
» Hydroxid nikelnaty (Ni(OH),) sa uz pri teplote 230 °C rozlozi podla reakcie:
Ni(OH), = NiO + H,0(qg) (5)

Vznikajuce oxidy kovov, obecne oznaCenych ako MeO, sa budu redukovat pomocou uhlika alebo
oxidu uholnatého podfla obecnych reakcii:

MeO + C = Me + CO (6)
MeO + CO = Me + CO, (7)

Za predpokladu, ze pri redukénom taveni opotrebovanych elektrochemickych ¢&lankov a batérii
v plazmovom reaktore sa na redukciu oxidov kovov pouZzije pevné redukéné cinidlo - uhlik, ustali sa pri
danej teplote v pracovnom priestore plazmového reaktora rovnovazne zloZenie plynnej fazy, ktorej

pomer Pco, I pe, odpoveda rovnovaznemu zlozeniu Boudouardovej reakcie™’
CO,+C=2CO (8)
za predpokladu, Ze pco + Pco, =101325Pa.
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Pre Boudouardovu reakciu plati rovnovazna konstanta:

2
Pco

K. .. —_FPco 9)

#8) Pco,- 4c

kde p; je parcialny tlak i-tej zlozky v sustave (CO, CO,, O, a pod.) (Pa), ac — aktivita uhlika v sustave (ak
sa v sustave nachadza redukovadlo v tuhom stave, potom ac = 1). Pre Boudouardovu reakciu plati, Ze
so zvySovanim teploty koncentracia oxidu uholnatého v plynnej faze rastie, to znamena, Ze pri teplote
tavenia asi 1600 °C sa budeme nachadzat v oblasti vysokého parcialneho tlaku oxidu uhofnatého. Pri
tychto silne redukénych podmienkach bude dochadzat nielen k roztaveniu vsadzky, ale aj k redukcii
vacésiny oxidov uvazovanych kovov nachadzajucich sa v opotrebovanych &lankoch a batériach?®.

Vytavené a vyredukované kovy s vysokym bodom varu sa budd koncentrovat na dne plazmového
reaktora ako samostatna kvapalna faza - zliatina kovov. Hlavnymi komponentmi vyredukovanej zliatiny,
vzhfadom na chemické zloZenie elektrochemickych akumulatorov, bude Fe, Ni a Co, zatial ¢o ostatné
kovy, ako Cu, Sn, Mn a pod., budu tvorit v kovovej zliatine minoritné zlozky. Z rovnovaznych fazovych
diagramov pre sustavy Fe-Ni a Co-Fe vyplyva®, Ze teplota redukcie by sa mala pohybovat v rozmedzi
1500 — 1600 °C, pri ktorej sa bude zliatina Fe-Ni-Co nachadzat v kvapalnom stave. Teplota topenia
vyredukovanej zliatiny Fe-Ni-Co sa v désledku rozpustania uhlika v tavenine moéze znizit. Maximalne
mnozstvo uhlika rozpustené v roztavenom Zeleze, pri danej teplote tavenia, mozno teoreticky stanovit
z rovnovazneho fazového diagramu Fe-Fe;C™.

Z chemického zloZenia opotrebovanych elektrochemickych ¢lankov a chemického zloZenia
pridavanych tavidiel — oxidu vapenatého (CaO), a redukéného ¢inidla, mozno uréit chemické zlozenie
a teplotu tavenia trosiek tak, aby bola pri danej teplote tavenia dobre tekuta a nespdsobovala pri taveni
technologické problémy.

Zo struéného termodynamického rozboru vyplyva, Ze pri redukénom taveni elektrochemickych
Clankov a batérii v plazmovom reaktore pomocou uhlika vzniknu tieto produkty:

» Zliatina, v ktorej sa budu na dne plazmového reaktora v samostatnej kvapalnej faze koncentrovat
vSetky kovy s vysokym bodom varu, ktoré sa vyredukuju uhlikom alebo oxidom uhofnatym.

» Troska, v ktorej sa budu koncentrovat vsetky oxidy kovov s vysokou afinitou ku kysliku
a troskotvorné prisady a nezreagované oxidy kovov. Tieto nezreagované oxidy kovov spolu so
strhnutymi nesedimentovanymi vyredukovanymi CiastoCkami kovov budu tvorit’ hlavné straty kovov
v troske. Prudko ochladena troska by mala, pri spravnom zloZeni, spifiat’ poZiadavky technoldgie
BAT (Best Available Technology).

> Ulet bude tvorit zmes mechanicky strhnutych giastodiek vsadzky a odparenych
a skondenzovanych alebo reoxidovanych par kovov a ich zlu¢enin, ktoré maju nizky bod varu
a vysoky tlak nasytenych par.

» Syntézny plyn bude tvorit hlavhe zmes dusika (plazmotvorny plyn), oxidu uhofnatého a vodika
s nizkou koncentraciou vodnej pary, siry a chloéru. Plyn, ktory sa nespotrebuje pri redukcii oxidov
kovov, je mozné po jeho vycisteni pouzit v kogeneracnej jednotke na vyrobu elektrickej energie
atepla. Ak sa v kogeneratnom zariadeni pouZije mikroturbina, potom spaliny vypustané do
ovzdusia, spifiaju pozadované emisné limity.

Experimentalna ¢ast’

Pre experiment popisany v uvode cClanku boli pouzité vyCerpané NiMH elektrochemické CcClanky
a batérie zo separovaného zberu kolektivnych systémov Ceskej republiky. Predmetny odpad pozostaval
v rovhakom pomere z monoclankov i batériovych kompaktov v plastovych puzdrach od réznych
vyrobcov. Na =zaklade toho mozno konStatovat, ze vzorka pre experimentalne skusky bola
reprezentativna a odrazala skutocné priemerné chemické zloZenie separovaného odpadu NiMH ¢&lankov.
Tavenie NiMH ¢lankov prebiehalo v 80 kVA plazmovom reaktore. Pri taveni sa kontinualne
vyhodnocovali vystupné kvalitativhe a kvantitativne data syntézneho plynu.
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Pomery vsadzkovych surovin, pre jednotlivé experimenty tavenia a splynovania, su v tabulke 1 spolu
s dobou trvania, priemernymi hodnotami spotreby elektrickej energie plazmového reaktora a hodnotami
spotreby plazmotvorného plynu — dusika.

Tabulka 1: Zakladné data vstupnych surovin po¢as experimentu tavenia NiMH ¢lankov a batérii

NiMH | Troskotvorné | Redukéné | Doba trvania | Spotreba el. g‘;?gﬁ\?gr
Experiment | €lanky prisady ¢inidlo | experimentu energie P lvnu N '
(kg) (kg) (kg) (min) (kWh) S B
(I'min™)
1 15,0 5,00 0,50 285 61,78 8,5
20,0 10,00 4,00 250 64,27 8,5
40,0 20,00 6,50 340 62,77 8,5

Vysledky a diskusia

V tabulke 2 su uvedené chemické analyzy ziskanych produktov tavenia a splynovania vy&erpanych
NiMH elektrochemickych &lankov a batérii. Z vysledkov analyz vyplyva, ze do zliatiny sa vyredukovali:
Fe, Ni, Co, Cr, Cu ale aj €ast Si a Mn. Kremik sa vyredukoval z troskovej taveniny vplyvom silnych
redukénych podmienok a miestneho prehriatia taveniny priamo pod plazmovym oblukom.

Tabulka 2: Chemické analyzy a hmotnost’ zliatin ziskanych z tavenia NiMH ¢lankov a batérii

Zliatina Chemické zlozenie (%)
Experiment FeNiCo zliatina (kg) Fe Ni Co Cr Cu Si Mn
1 8,15 35,00 | 55,00 | 7,30 | 0,043 | 1,70 | 0,027 | 0,483
2 12,50 36,40 | 54,30 | 6,90 | 0,005 | 2,20 | 0,001 | 0,056
3 25,20 35,00 | 58,00 | 5,70 | 0,012 | 1,00 | 0,052 | 0,095
Chemické zloZenie trosiek z tavenia a splynovania odpadnych NiMH elektrochemickych ¢lankov

a batérii je uvedené v tabulke 3, z ktorej vidiet, Zze v troske sa koncentrovali vSetky prvky s vysokou
afinitou ku kysliku ako Ca, Si, Mg, Al, ale aj ¢ast Fe vo forme oxidov FeO a taktieZ kovy zo skupiny
lantanoidov (Ce, La, Pr a Nd). Strata Ni a Co v troske bola velmi nizka.

Okrem nevyredukovaného Fe sa v troske nachadzali aj nesedimentované Ciastocky FeNiCo zliatiny, ktoré
predstavuju mechanické straty tohto kovu v troske, ako to dokumentuje mikrofotografia nabrusu trosky na
obrazku 2. Trosky s vysokymi mechanickymi stratami zliatiny je potrebné recyklovat pretavenim. Troska
s pomerne vysokym obsahom kovov lantanovej skupiny by sa mala recyklovat hydrometalurgickymi
postupmi za u€elom ziskania La, Ce ale aj Pr a Nd, ktoré su v su€asnosti deficitnymi kovmi.

Tabulka 3: Chemické analyzy a hmotnost’ trosiek ziskanych z tavenia NiMH ¢lankov a batérii

TROSKA Chemické zlozenie (%)
Experiment | Troska (kg) CaO SiO; MgO Al;,O3 Ni 2 Lantanoidy | Fecex
1 9,00 28,87 | 22,76 0,71 15,57 | 0,08 26,26 1,02
2 15,60 29,59 | 26,48 0,83 18,95 | 0,13 20,51 1,78
3 29,20 31,96 | 23,18 0,35 10,49 | 0,17 29,93 0,88
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L%

Obrazok 2: Mikrofotografia trosky z tavby NiMH ¢lankov

Ulety sa zachytavali v cyklénovom odluovadi a nasledne iv dal$ich filtraénych zariadeniach.
Syntézny plyn, zbaveny uletu, sa chladil zteploty 1450 az 1500 °C na teplotu 160 °C. Chemické
zloZenie zachytavanych uletov je uvedené v tabulke 4, z ktorej vyplyva, Ze ulet okrem oxidov CaO, SiO,,
MgO a Al,O3;, mechanicky strhnutych zo vsadzky, a nezreagovaného uhlika pridavaného k vsadzke,
obsahoval aj skondenzované pary kovov Na, K, Cu, Ni aj Fe. Ulet je mozné bez vacsich problémov
recyklovat, ¢im sa celkova vytaznost kovov zvysi.

Tabul'ka 4: Chemické analyzy a hmotnost’ uletov vznikajucich pri taveni NiMH ¢lankov a batérii

ULET Chemické zlozenie (%)
. Ulet . . Strata
Experiment (kg) CaO | MgO | SiO;, | Al,Os Na K Cu Ni 3ihanim
1 0,25 9,22 0,69 | 14,24 | 0,36 | 17,97 | 12,59 | 17,98 | 0,81 20,90
2 0,97 9,13 1,03 | 17,35 | 0,42 15,14 | 11,60 | 19,21 | 1,14 18,80
3 1,30 8,70 1,07 | 22,19 | 0,55 15,00 | 11,42 | 17,67 | 3,10 18,12

Koncentracie hlavnych zloziek syntézneho plynu z jeho chromatografickej analyzy na CO, CO,, H,, N,
a CH,4, ktory vznikal pri taveni a splynovani NiMH ¢&lankov a batérii su sumarne uvedené v tabulke 5.
Zlozky syntézneho plynu boli po€as experimentu merané kontinualne. V tabufke 5 su ich stredné hodnoty.

Tabul'ka 5: Priemerné hodnoty zloZiek syntézneho plynu

SYNTEZNY PLYN Priemerna chromatograficka analyza (obj. %)
Experiment Syngas (m*h?) H, co CO, CH, N,
12,03 6,41 11,41 1,06 0,00 81,12
19,07 5,40 10,67 4,02 0,00 79,91
13,30 16,90 19,57 0,44 0,00 63,09
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Od uletu vycisteny syntézny plyn (SP) sa spaloval v kogeneracnej jednotke s mikroturbinou
CAPSTONE C65, v ktorej sa vyrabala elektricka a tepelna energia. Kogeneraéna jednotka pracovala
s pevnym nastavenim pozadovaného elektrického vykonu (55 kW).

Celkova vytaznost zaujmoveého nezelezného kovu — niklu, zo spracovanych NiMH ¢lankov a batérii
do kovovej fazy, pri ich taveni a splynovani v plazmovom reaktore, je sumarne uvedena v tabulke 6.

Tabul'ka 6: Vyhodnotenie experimentov tavenia a splynovania NiMH ¢lankov a batérii z pohladu
materialového a energetického vyuZitia odpadu

Suhrnné hodnotenie experimentov tavenia a splynovania NiMH élankov

V)’/t’aNiinost’ Energetické vyuzitie syntézneho plynu v kogeneraénej mikroturbine
_ do Priemerna Priemerna Priemerna | Vyhrevnost Relativna
Experiment Kovovej spotreba | spotreba ZP | obj. nahrada | ZP (pévod: | vypoéitana
fazy ZP bez SP so SP SP za ZP Rusko) vyhrevnost
(%) (mh?) (mh?) (m*h™) (MJ-m) SP (MJ-m?)
1 99,80 22,00 21,42 0,58 38,231 1,843
2 99,54 22,00 21,12 0,88 38,231 1,764
99,39 22,00 19,94 2,06 38,231 5,921
Zaver

Ciefom prispevku bolo poukazat na mozZnost pyrometalurgického spracovania plazmovym tavenim
takého odpadu, akym su opotrebované elektrochemické NiMH &lanky a batérie.

Vytazitelnost Ni do kovovej fazy predstavuje u spracovavanych NiMH clankov a batérii az 99 %.
Ziskana inertna troska, ktora sa v plazmovom reaktore koncentruje ako samostatna faza na povrchu
kovovej fazy, obsahuje neziaduce kovy a ich primesi a méze sa vyuzit v stavebnictve alebo ukladat na
skladky.

Okrem chemického zloZenia zliatiny, trosky a uletu sa pri experimente tavenia NiMh ¢lankov a batérii
sledovalo aj zloZenie vznikajuceho syntézneho plynu. Syntézny plyn bol odvadzany z plazmového
reaktora do systému Cistenia a chladenia. Po ochladeni v systéme chladi€ov sa syntézny plyn znovu
ohrial nad rosny bod, zmieSal sa so zemnym plynom a nasledne sa spalil v kogeneracnej jednotke
s mikroturbinou. V kogeneracnej jednotke sa vyrobila elektricka a tepelna energia. Tepelna energia sa
ziskavala vo forme vykurovacej vody prostrednictvom vymennika obtekaného spalinami. Kogeneracna
jednotka pracovala s pevnym nastavenim pozadovaného elektrického vykonu (55 kW).
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High-temperature processing and recovery of rejected electrochemical cells
and batteries

Maria CVARI\(OGURSKA, Marian LAZAR, Peter KURILLA, Tomas BRESTOVIC, Natalia
JASMINSKA, Peter LUKAC, Romana DOBAKOVA

Technical University of KoSice, Faculty of Mechanical Engineering, Department of Power
Engineering, VysokoSkolska 4, 042 00 KoSice, Slovakia
e-mail: maria.carnogurska@tuke.sk

Summary

The following article presents the results of the smelting process of electrochemical NiMH cells and
batteries after their lifetime. The smelting process occurs in reducing atmosphere. The experiment was
carried out with three samples of 15, 20 and 40 kg. CaO was used as slag-agent and carbon was used
as the reducing agent. The results of experiments, carried out in the 80 kVA plasma reactor have shown
that rejected electrochemical NiMH cells and batteries can be disposed by plasma smelting technology.
Recovery of the Ni by this method in the metal phase is over 99.3%.The article also contains chemical
analyzes of acquired alloy, vitrified slag, fly and synthesis gas.

Keywords: electrochemical cells, electrochemical batteries, plasma smelting
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Souhrn

Clanek se vénuje problematice recyklace betonu. Konkrétné se zabyvé vyuZitim mikromletého betonu
vznikajiciho pfi zpracovani starého betonu a Zelezobetonu jako ¢astecné nahrady cementu a mikroplniva
v cementovych kompozitech. V ramci experimentu je vyuZito dvou variant mikromletého betonu, ktery se
lisi predevsim puvodem a jemnosti mleti. Pro srovnani je také vyuZzita mikromleta mramorova moucka,
ktera by se méla podle CSN EN 206-1 chovat inertné. Clanek se zaméfuje jednak na vliv pouzitého
materialu na vyvin hydratacniho tepla, ale také na mechanické viastnosti cementové pasty s 50 % hm.
obsahem mikromletého betonu nebo mramorové moucky.

Kli¢ova slova: Cementova pasta, mikromlety beton, mikromlety mramor, mechanické viastnosti.

Uvod

V bézZné stavebni praxi se recyklovany beton, ve formé drti, pouziva na zasypy a upravy terénu, dale
pro podkladni vrstvy silnic [1, 2] nebo pro povrchy nezpevnénych komunikaci [3, 4]. Pfi vyuziti tFidéni je
mozné recyklat vyuzit i do nového betonu, nejbéznéjsi je vyuziti hrubSich frakci recyklovaného betonu
jako kameniva. V menSim mnozstvi se pak obdobné zpracovavaji jemné frakce betonového recyklatu.
Problém ovSem nastava pfi zpracovani velmi jemné frakce (< 1 mm). Zpracovani této velmi jemné frakce
sebou nese mnoho komplikaci a ¢asto bohuzel i dalsi finanni naklady. Z literatury jsou znamé pfipady
vyuziti této jemné frakce recyklovaného betonu jako termalné aktivované nahrady pojiva [5], jako smési
pro vyrobu cementu [6] nebo jako soucast pojiv na bazi geopolymert [7]. Vzhledem k vysokym narokim
na spotfebu energie a produkci CO, se jako udrzitelné a environmentalné Setrné jevi hlavné metody, kdy
je velmi jemna frakce recyklovaného betonu vyuzivana ve své surové podobé. Lze mezi né uvazovat
pouziti v pojivech na bazi geopolymeru, jako mikrofileru cementovych smési nebo jako &astecné
nahrady cementu.

Moznost nahrady pojiva jemnou frakci recyklovaného betonu byla feSena v nékolika pracich [8, 9],
pfimo bylo pojivo nahrazeno ve smési malt v mnozstvi do 25 hm. %. Vysledkem bylo sniZeni pevnosti
v tlaku az o 20 %. Clanek, oproti jiz publikovanym, se pfimo zabyva vyuzitim mozného hydrataéniho
potencialu mikromletého betonu. Rozemleti staré cementové pasty na jemné Castice by mohlo mit za
nasledek odhaleni nezhydratovaného jadra cementovych zrn, které mohou pfi styku s vodou dale
hydratovat. Pro srovnani je také vyuZita mikromletd mramorova moucka, ktera by se méla podle CSN
EN 206-1 a dalSich autori chovat inertné [10, 11].

Experimentalni ¢ast

Vzorky cementové pasty byly vyrobeny z cementu CEM | 42,5 R (Radotin) a mikromletého betonu
nebo mikromleté mramorové moucky. Mikromlety beton vznikl za pouziti vysokorychlostniho mlynu od
firmy LAVARIS s.r.o. ze starych Zelezni¢nich prazcd (P) a z betonovych odvodfiovacich Zlabd (Z)
zniCenych béhem vyroby. Mikromleta mramorova moucka (M) byla taktéz mikromleta vysokorychlostnim
mlynem a vznikla pomletim mramorovych kall, které vznikly jako odpad ze zpracovani vapencového
mramoru v CR (Beroun, JeZ s.r.0.). Mramorovy kal vznikla pfi zpracovani mramoru a to pfimo v prabéhu
procesu fezani a brouseni mramoru.
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SloZeni testovanych vzorku je zfejmé z tabulky 1. Vodni soucinitel vyjadfuje pomér vody k celkové
hmotnosti suché smési (cement plus recyklat). Vodni soucinitel byl navrzen tak, aby mokra smés méla
shodnou zpracovatelnost, ktera byla kontrolovana zkouskou rozlivu kuzele. Vzorky cementové pasty byly
po jednom dni odformovany a nasledné uloZeny do vody. ZkouSeni mechanickych vlastnosti probihalo
pfi stari 28 dnu. Vzorky meély rozmér 40 x 40 x 160 mm a kazda sada vzdy obsahovala 6 vzork(.

Granulometrické méfeni mikromletého betonu a mikromleté mramorové moucky bylo provedeno
laserovym granulometrem Fritsch Anlysette 22 MicroTec plus. Méfeni vyvinu hydrataéniho tepla bylo
provadéno na isotermnim kalorimetru TAM Air. Pro méfeni bylo pouzito celkem 8 komor (pro kazdou
smeés dveé komory). U vzorkl byl sledovan 7 denni vyvin hydrataéniho tepla pfi stalé teploté 20 °C. Smési
byly ulozeny v plastovych uzaviratelnych nadobkach, které byly pfed viozenim do kalorimetru popsany,
zvazeny a nakonec zhutnény. Kazda nadobka obsahovala pfiblizné 31 az 33 g smési. Vystupem
Z kalorimetrického mérfeni byl tepelny tok ve W. Vysledky z kalorimetrického méfeni byly na zakladé
hmotnosti Portlandského cementu prepocéteny na hodnoty vztazené na 1 g cementu (tedy referencni
cement byl podélen celkovou hmotnosti suché smési a smési, kde bylo 50 hm. % cementu nahrazeno
recyklatem, byly podéleny pulkou celkové hmotnosti). Uvedeny pfepocet byl proveden pro zvyraznéni
rozdili v tepelném toku vlivem recyklatu. Pro zjis§téni sloZzeni material( byla provedena mikroskopicka
mikroanalyza. Pro mikroskopickou prvkovou analyzu byl pouzit elektronovy mikroskop ZEISS Merlin
FEG SEM, umistény v Univerzitnim centru energeticky efektivnich budov, s energodisperznim (EDS)
a vinové disperznim analyzatorem (WDS). V prabéhu analyzy bylo pouzito urychlovaci napéti 10 kV
a proud ve velikosti 70 pA. Pracovni vzdalenost stolku byla 8,5 mm a doba ziskavani spektra z bodove
analyzy byla 180 sekund.

Mechanické zkousky ztvrdlych vzork( byly provadény na lisu FP100 Heckert. Pevnost v tahu za
ohybu byla vyhodnocena z tfibodové zkousky. Podpéry vzorku byly ve vzdalenosti 100 mm a rychlost
zatéZovani byla dana posunem 0,1 mm/s. Pevnost v tlaku byla zkouSena na zlomcich z ohybové
zkousky. Rychlost zatéZzovani byla dana posunem 0,3 mm/s.

Tabulka 1: SloZeni vzorku

Slozeni
Cement | Mikromlety | Mikromlety | Mikromleta | Vodni | Objemova | Zpracovatelnost
Ozn CEM I betonovy betonovy | mramorova | souéinit | hmotnost | —rozliv[mm]
" | 42,5R[g] | prazec [g] zlab [g] moucka [g] el [-] [kgm™]

CEM1 3000 0 0 0 0,35 | 2085+ 18 179
(ref)

P 1500 1500 0 0 0,42 1957+ 3 180

Z 1500 0 1500 0 0,42 1840+ 8 177

M 1500 0 0 1500 0,31 1760 + 8 180

Vysledky a diskuse

Z vysledkl laserové granulometrie (obrazek 1) je ziejmé, Ze vzorky mikromletého recyklatu maji

srovnatelnou nebo mensi velikost zrn nez pouzity referenéni cement. Vzhledem k tomu je mozné, ze
u betonu doSlo k rozdrceni cementovych zrn a odhaleni nezhydratovaného jadra. Navic muze
mikromlety beton a mramorova moucka fungovat jako mikroplnivo. Nejjemnéji je namleta mramorova
moucka (M) a poté betonovy Zlab (Z). Betonovy prazec je namlet podobné jako pouzity cement.
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Obrazek 1: Kumulativni kfivka zrnitosti

Z obrazku 2 je vidét, Ze nejvice tepla (pfepocCteného na 1 gram cementu) produkovala smés cementu
a mikromletého betonového prazce (P). DalSi dvé smési s recyklatem produkovaly obdobné mnoZstvi
tepla (mikromlety betonovy Zlab a mikromletda mramorova moucka). Aby byl vylou€en vliv alkalii, byla
zméfena hodnota pH (tabulka 2). Z vysledk( je patrné, ze smés s mikromletym prazcem a smés
s mikromletym Zlabem ma pfiblizné stejnou hodnotu pH. ProtoZe vzorek Zlabu ma obdobny vyvin
hydrata¢niho tepla a jemnost jako mramorova moucka, Ize prfedpokladat, Ze v prubéhu hydratace se
bude chovat inertné [10, 11] a bude pouze vytvaret nukleacni centra pro rast krystalll portlanditu.

mechanické vlastnosti.

Tabulka 2: Hodnoty pH testovanych materiald.

Vzorek Hodnota pH
CEM1425R 12,54 £ 0,04
Mikromlety betonovy prazec s cementem 1:1 12,11 £ 0,09
Mikromlety betonovy Zlab s cementem 1:1 12,20 + 0,13
Mramorova moucka s cementem 1:1 11,23+ 0,10
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Obrazek 2: Vyvin hydrata¢niho tepla po dobu 7 dni

Vysledky z prvkové analyzy provedené pomoci elektronové mikroskopie a EDS detektoru jsou
zobrazeny v tabulce 3. Smérodatna odchylka naméfenych vysledkl byla do velikosti 10 % z hodnoty.
Z vysledkl je patrné, ze recyklaty neobsahuji latky, které by mohly mit v cementovém kompozitu
negativni vliv na uzitné vlastnosti. Dale bylo zji§téno, Ze v pribéhu recyklace pomoci vysokorychlostniho
mleti dochazi nejen k pomleti zhydratované cementové matrice, ktera by CasteCné mohla plnit funkci
pojiva a plniva, ale také k pomleti pavodniho plniva, které v budoucim kompozitu bude plnit pouze funkci
plniva. Nakonec bylo zjisténo, Ze mramorovy recyklat je tvofen z vétSiny z kalcitu a proto se jedna
0 vapencovy mramor.

Tabulka 3: Vysledky z prvkové analyzy pomoci EDS

Mnozstvi [%]

Prvek Cement Prazec (P) Zlab (B) Mramor (M)
Ca 49,4 55 2,3 54,6
@) 33,7 49,0 48,2 45,3
Si 8,7 35,0 37,6 -
Al 3,5 5,0 53 -
Fe 24 19 1,6 -
Mg 15 <1 <1 <1
K <1 1,3 2,3 -
S <1 <1 <1 -
Na <1 <1 1,7 -

Vysledky pevnosti v tahu za ohybu a pevnosti v tlaku jsou zobrazené na obrazku 3. Pevnost v tahu za
ohybu cementové pasty s recyklovanym betonem a mramorem se oproti referenénimu cementu zvysila.
Nejlepsi vlastnosti vykazuje vzorek obsahujici mikromlety beton z prazce (P). O néco niZSi pevnost
v tahu za ohybu méa vzorek (Z). | v pfipadé pouziti mramorové moucky (M) doslo k narGstu pevnosti
v tahu. Narust pevnosti vtahu za ohybu u vzorkll s recyklatem byl z nejvétSi pravdépodobnosti
zplUsoben vznikem mensiho mnozstvi mikrotrhlin, z dvodu vlivu plniva a mensiho mnozstvi uvolnéného
celkového hydrataéniho tepla. Pevnost v tlaku se pfidanim recyklatu znaéné snizila. Je to zplsobeno
pfilis vysokym mnoZstvim nahrady cementu. Velké nahrazeni cementu umoziuje rozliSit rozdily mezi
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jednotlivymi recyklaty. PFi porovnani vzorku (P), (Z) a (M) je zfejmé, Ze trend je obdobny jako u pevnosti
v tahu za ohybu. Pevnost v tlaku je u vzorkl (P), (Z) a (M) redukovana vlivem nizsiho obsahu cementu.
Mechanické vlastnosti u vzorku s recyklatem byly nejvétSi v pfipadé pouziti mikromletého betonového
prazce (P).

Smés s betonovym prazcem dosahla nejvysSi pevnosti v tahu za ohybu a nejvétsi pevnosti v tlaku.
Uvedeny efekt byl zptisoben pfedevsim uzitnymi vlastnostmi ptvodniho materialu. Zelezniéni prazce se
vyrabéji jako prefabrikat a také z betonu vysSich pevnosti, oproti betonovym Zlabum, které se vyrabéji
z betonU o nizSich pevnostech. DalSi vliv na vy3Si pevnost v tlaku smési s betonovym prazcem muze byt
vliv recyklatu v pribéhu hydratace, kde podle kalorimetrie dochazi k uvolfiovani vét§iho mnozstvi tepla.
Muze se jednat o efekt hydratace nezhydratovanych slink(l v puvodnim recyklatu, které byly odhaleny
pomoci mikromleti. Vysledky jsou ve shodé s vysledky nahrady pojiva v maltové smési [9].
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Obrazek 3: Pevnost v tahu za ohybu (vlevo) a pevnost v tlaku (vpravo) testovanych vzorku

Zavéry

Z provedenych zkouSek je ziejmé, Ze druh pouzitého mikromletého betonu ma vliv na vysledné
mechanické vlastnosti. Zaroven je zfejmy kladny vliv na zvySeni pevnosti v tahu za ohybu. V pfipadé
vzorkl (P) byla pevnost v tahu za ohybu zvy$ena témér 2,5% a u vzorkua (M) 1,5%. Pevnost v tlaku je
snizena u vzorku (P) o cca 30 % a u vzorkd M o 60 %. VySSi pevnosti v tlaku by mohlo byt dosazeno
pouzitim mens8iho mnozstvi mikromletého betonu a mramorové moucky v rozmezi od 20 do 30 hm. %
anebo upravenim velikosti vodniho soucinitele pomoci plastifikatort nebo superplastifikatori. Zkoumané
materialy maji potencial hlavné s ohledem na ekologicka a ekonomicka kritéria, kde by mikromleté
betonové recyklaty mohly tvofit plnohodnotnou nahradu za bézné vyuzivana mikroplniva, ktera jsou
z pfirodnich zdroju.

V navazujici vyzkumu se zaméfime na mozZnost zapojeni mikromletého betonového recyklatu
v pribéhu hydratace, kde bude zkouman vliv mikromletého betonového prazce na vysledné mechanické
vlastnosti na mikro urovni a na fazové slozeni vyslednych cementovych past.
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Comparison between the impact of micronized waste concrete and marble
additions on mechanical properties of cementitious pastes

Zdenék PROSEK, Jaroslav TOPIC, Jakub DUREJE, Jan TREJBAL

Czech technical university in Prague, Faculty of Civil Engineering, Thakurova 7, 166 29 Praha 6,
Czech Republic

Summary

This paper deals with recycling of concrete. Specifically, it discusses the use of micronized concrete,
produced during the processing of old concrete, as a partial cement replacement and filler in the cement-
based composites. As part of the experiment a several variations of micronized concrete that differed by
origin and fineness. For comparison, the micronized marble powder, because it does not have hydrating
properties. Thanks to this the possible effects on hydration can be distinguish from other influences
during hydration process. The paper focuses on the influence of the applied material on the hydration
heat as well as on the mechanical properties of cement paste with 50% content of micronized concrete
or micronized marble powder.

Keywords: Cement paste, micronized concrete, micronized marble, mechanical properties.
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Vliv jemnosti recyklované betonové moucky na vyvin
hydratacniho tepla a vliv jejiho mnozstvi na mechanicko-
fyzikalni vlastnosti cementové pasty

Jaroslav TOPIC, Zdenék PROSEK, Josef FLADR, Pavel TESAREK

Ceské vysokeé uceni technické v Praze, Fakulta stavebni, Thakurova 7, 166 29 Praha 6,
e-mail: jaroslav.topic@fsv.cvut.cz

Souhrn

Clanek se zabyvéa problematikou zpracovani jemné frakce betonu (RCP), kterd vznika po recyklaci
betonu. Konkrétné byl pro experimenty vyuZzit stary beton ziskany z konstrukénich vrstev dalnice D1.
Stary beton byl upraven vysokorychlostnim mlynem na 4 varianty (materialy) s riznou jemnosti mleti.
V prvni fazi zkousek byla na jednotlivych typech recyklatu zkouSena reaktivita/lhydratace v zavislosti na
jemnosti mleti. Ve druhé fazi byla nejperspektivnéjSi varianta (z pohledu reaktivity/hydratace)
recyklované betonové moucky ,RCP INV* vyuZita k dal§imu testovani vlivu mnoZstvi na mechanické
viastnosti cementové pasty. Nejvy$Si hodnoty hydrataéniho tepla byly naméreny pro betonovou
recyklovanou moucku s nejvy$§im mérnym povrchem. Nejvhodnéj$i mnozstvi RCP v cementové pasté
Z hlediska testovanych mechanickych vlastnosti je od 15 do 20 hm. %.

Klicova slova: Cementova pasta, recyklovana betonova moucka, jemnost mleti, hydratacni proces,
mechanické viastnosti.

Uvod

Pfi rozdéleni produkce odpadniho materialu dle jednotlivych ekonomickych odvétvi je pravé
stavebnictvi, zahrnujici demoli¢ni prace, odvétvim s nejvétsi produkci odpadu. V EU tvofi stavebni
a demoli¢ni odpad téméF 33 % z celkovych 2,5 miliard tun odpadu [1]. Proto je pravé stavebni primysl
odvétvim s velkym potencidlem na recyklaci materialQ, které mohou byt zaroven v ramci téhoz odvétvi
pouzity — zrecyklovany. Dle smérnice Evropského Parlamentu a rady [2] by prvnim cilem jakékoli
odpadové politiky méla byt minimalizace nepfiznivych U&inkd vzniku odpadl a nakladani s nimi na lidské
zdravi a zivotni prostfedi. Beton je nejvyuzivanéjSim stavebnim materidlem, a proto jsou i zdroje
betonového recyklatu pomérné snadno dostupné. AvSak kvuli rozdilnym vlastnostem starého betonu se
vyroba a nasledné kvalita recyklatu velmi liSi. Ve stavebnictvi jsou tfi hlavni oblasti, ze kterych je
betonovy recyklat ziskavan, silniéni stavby, Zelezni€ni stavby a pozemni stavby. Recyklace je prozatim
feSena predevsim v souvislosti se silni¢nimi stavbami. Stavajici konstrukci vozovky Ize pfimo na stavbé
zpracovat za pomoci mobilnich recyklagnich jednotek a znovu zpracovat [3, 4]. Je to pfedevsim proto, Ze
material je homogenni a neni potfeba ho pfili$ tfidit a upravovat. Kdyz stary beton neni znovu pouzit pfi
rekonstrukci vozovky, je odvezen na skladku nebo do recyklacniho zafizeni.

Materialy z recyklaénich stfedisek se dale nejCastéji vyuzivaji jako hrubé popf. jemné kamenivo do
nového betonu [5, 6]. Co se tyCe kompletni recyklace betonu, tak je zde stale jeden zasadni problém.
Hrubsi frakce Ize zpracovat ve formé recyklovaného kameniva, ale v pfipadé velmi jemné frakce
(moucky < 1 mm) doposud neexistuje idealni feSeni, které by umoznilo pouziti v Sir§im méfitku.
V souCasnosti se zkouma nékolik moznych smérd uplatnéni tohoto materidlu v cementovych
kompozitech [7, 8, 9, 10]. Clanek se z uvedenych ddvodi zaméFuje na vyuZiti jemné frakce recyklované
moucky ziskané z konstrukénich vrstev dalnice D1. Oproti jinym vyzkumdm je vyuZivan beton upraveny
pouze mletim bez dalSich energeticky naro¢nych uprav nebo pomocnych pfisad.
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Experimentalni ¢ast

Experimentalni vzorky byly vyrobeny z cementu CEM | 42,5 R z Radotina a recyklovaného betonu.
Recyklovana betonova moucka (RCP) byla vyrobena za pouziti vysokorychlostniho mlynu od firmy
LAVARIS s.r.o. Pro vyrobu recyklované betonové moucky byl pouzit stary beton ziskany rozdrcenim
a pomletim konstruk&nich vrstev krytu modernizované dalnice D1 v useku 9, dale je tento material (resp.
jeho ¢tyfi varianty) oznacovan jako ,RCP I“ az ,RCP IV*.

V prvni fazi zkousek byla na jednotlivych typech recyklatu zkouSena reaktivita v zavislosti na jemnosti
mleti. Jednotlivé druhy recyklované betonové mouéky byly smichany s cementem v poméru 50:50
(pojmenovany jako ,CEM+RCP I-IV¥) a pouzity na méfeni vyvinu hydratacniho tepla. Jako referencni
material byl pouzit samotny cement. VSechny vzorky mély shodny vodni soucinitel (voda/sucha smés)
0,45. Pfi pfipravé byl cement s RCP zhomogenizovan a nasledné smichan s vodou. Poté byla
cementova pasta nalita do plastové ampule, vzorky byly zhutnény a zvazeny a nasledné umistény do
kalorimetru TAM Air.

Ve druhé fazi byla nejperspektivngjsi varianta (z pohledu reaktivity v pfedchozim testovani)
recyklované betonové moucky ,RCP I vyuzita k dalSimu testovani. Proto byly vyrobeny vzorky
cementové pasty s rlznym obsahem RCP o rozmérech 40%x40x160 mm (viz tabulka 1). MnoZstvi
recyklované betonové moucky bylo omezeno na 25 hm. %, protoze pfi vy§Sim obsahu by dochazelo
k pfili§ velkym poklesim mechanickych vlastnosti [8]. Vzorky byly dale podrobeny zkouSkam
mechanickych vlastnosti.

Tabulka 1: SloZeni vzorkiu cementové pasty s recyklovanou betonovou mouckou ,,RCP I

Smés Cleérlgent (CEM RCP [g] Pomérv Zkouska zpljacovatelnosti
.5 R) [4g] voda/smés —rozliv [mm]
CEM (ref.) 1000 - 0,350 130 a 132
RCP 15 (5hm. % RCP) 950 50 0,354 131a134
RCP 110 (10 hm. % RCP) 900 100 0,355 130 a 135
RCP 1 15 (15 hm. % RCP) 850 150 0,358 135a 133
RCP | 20 (20 hm. % RCP) 800 200 0,361 132 a 132
RCP | 25 (25 hm. % RCP) 750 250 0,365 133 a134

Mérny povrch dvou vzorkl byl stanoven zafizenim Matest E009 pomoci Blainovy metody a u zbylych
vzorkil byl stanoven laserovou difrakci. Vzhledem k tomu, Ze byly ziskany hodnoty v g/m® (Blain)
acm?®/cm?® (laserova difrakce), byl nutné na zakladé hustoty vSechny hodnoty pfepoéitat na cm?cm?.
Mé&Feni vyvinu hydratacniho tepla cementové pasty bylo provadéno na isotermnim kalorimetru TAM Air.
Méfeni probihalo po dobu 7 dni. Dynamicky modul pruznosti vzork(i z cementové pasty byl uren
pomoci nedestruktivni rezonanéni metody, ktera je zalozena na méreni specifické rezonanéni frekvence
vzorku. Pro méfeni byla pouzita méfici sestava firmy Briel & Kjaer. Pevnost v tahu za ohybu byla
méfena na zkuSebnich vzorcich starych 28 dni. Méfeni pevnosti v tlaku a pevnosti v tahu za ohybu bylo
provadéno na stroji Heckert model FP100. Vzdalenost podpor pfi méfeni byla 100 mm. Pevnost v tlaku
byla méfena na zlomenych vzorcich ze zkousky pevnosti v tahu za ohybu.
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Vysledky a diskuse

Z méfeni mérného povrch (tabulka 2) je zfejmy stupen mleti jednotlivych recyklovanych betonovych
moucek. Nejjemnéji namlety je vzorek ,RCP IV a nejhrubéji mlety je vzorek ,RCPI“. Mérny povrch
moucky ,RCP IV* je oproti vzorku ,RCP |* pfiblizné trojnasobny. Vzorek ,RCP | je z hlediska mérného
povrchu srovnatelny s referenénim cementem. Dle pfedpokladl by mély vzorky s nejvétSim mérnym
povrchem vykazovat nejvétsi vyvin hydratacniho tepla.

Tabulka 2: Mérny povrch RCP — tprava rozdilnym zpusobem mleti

CEM RCP | RCP Il RCP Il RCP IV

Mérny povrch

23 11 749 12 350 21 837 20 768 31 056
[cm“/cm’]

Z vysledku kalorimetrického méfeni (viz obr. 1) je téméf u vSech vzorkl s recyklovanym betonem ve
srovnani s referenénim cementem zfejmy narlst vyvinu hydrata¢niho tepla po dobu prvnich 48 hodin.
Vysledky jsou pfepoéteny na 1 gram cementu, tedy hodnoty vys3i nez u referenéniho vzorku prezentuji
zvyseni/zapojeni RCP do hydrataéniho procesu. Po 48 hodinach az do konce méfeni, je vyvin
hydrataniho tepla vys$Si u vSech vzorkl s obsahem recyklované betonové moucky ve srovnani
s referenénim cementem. Smés ,CEM+RCP I vykazuje vlastnosti podobné referenénimu cementu. Na
zakladé tab. 3 je zfejmé, ze vSechny pasty obsahujici recyklovanou betonovou moucku vyprodukovaly
vySSi mnozstvi hydrataéniho tepla. AvSak rozdil mezi referen¢nim cementem a vzorky ,CEM+RCP [
a ,CEM+RCP II* je téméf zanedbatelny. Dle prezentovanych vysledk( materiald s recyklovanou
betonovou mouckou ,RCP I-IV* je zfejmé, ze vySSi jemnost zajiStuje vySSi vyvin hydrata¢niho tepla asi
0 10 %. Jinymi slovy, dojde k odhaleni vétSiho mnozstvi nezhydratovanych zrn, ktera zacinaji znovu
reagovat, a zaroven dojde ke vzniku vétsi nukleacni plochy. Jako nejvhodnéjsi pro daldi testovani byla
vybrana recyklovana betonova moucka s oznacenim ,CEM+RCP IV*, u které byl zifejmy vySSi narlst
vyvinu hydratacniho tepla v oblasti, kdy u bézného portlandského cementu reaguje CsS a CsA.
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Obrazek 1: Tepelny tok po dobu 7 dni
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Tabulka 3: Porovnani hodnot celkového hydratacniho tepla po 7 dnech

CEM (ref.) | CEM+RCP I CEM+RCP Il | CEM+RCP Il | CEM+RCP IV

Celkové hydratacni

teplo [W.s/g cementul] 373

352 365 367 386

Jak je vidét na obr. 2, nahrada cementu recyklatem ,RCP IV* méla za nasledek pokles modulu
pruznosti o 35 % ve srovnani s referencnim cementem. Pokles dynamického modulu pruznosti je zavisly
na klesajici objemové hmotnosti vzorkl (viz tab. 4). Objemova hmotnost vzork( byla primarné ovlivnéna
mnozstvim RCP a také vy$Sim vodnim soucinitelem, které zpUsobily vznik vét§iho mnozstvi port u
vzorkd s RCP.
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Obrazek 2: Zavislost dynamického modulu pruznosti na obsahu RCP IV

Tabulka 4: Objemova hmotnost vzorku

vzorek CEM CEM+5% |CEM+10% | CEM+15% |CEM+20% | CEM + 25 %
(ref.) RCP IV RCP IV RCP IV RCP IV RCP IV
Objemova
hmotngst 2050+5 | 1910+ 20 1890 + 2 1840 + 15 1840+ 5 1800 = 10
[kg/m’]

Na obr. 3 je jasné patrna zavislost nahrady cementu RCP na pevnosti v tahu za ohybu. V tomto
pfipadé je trend jiny nez v pfipadé vySe sledovanych modull. Vzorky s 5 hm. % RCP maji pevnost oproti
referenénimu vzorku vys8i cca o 7 %. V pfipadé 15 hm. % nahrady byl nartst pevnosti téméfr 25 %.
Av&ak pfi nahradé nad 20 hm. % dochazi jiz k poklesu pevnosti. Pfesto je nutné brat vysledky s rezervou
vzhledem k velikosti smérodatné odchylky. Narust pevnosti v tahu za ohybu je pravdépodobné ¢asteéné
zpUsoben pojivovymi vlastnostmi nezhydratovanych cementovych zrn, ale pfedevsim funkci RCP jako
mikroplniva, tvoficiho pevnéjSi matrici s niz8§im mnozstvim smrstovacich trhlin. Vy38i obsah recyklované
betonové moucky zpusobuje pokles pevnosti v tahu za ohybu z divodu nedostate¢ného mnozstvi
cementu mezi jemnymi zrny RCP, ktera jsou pak nedostatecné spojena.
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Obrazek 3: Zavislost pevnosti v tahu za ohybu na obsahu RCP IV

Vysledky zkouSek pevnosti v tlaku jsou prezentovany na obr. 4. Pozitivni vliv ndhrady cementu na
pevnost v tlaku je obdobny jako u pevnosti v tahu za ohybu. Pfi nahradé do 5 % dochazi k narustu
pevnosti o cca 10 %. PFi vy$Si nahradé cementu RCP jiz k narlistu pevnosti nedochazi, ale pevnosti jsou
i pfi 25 % nahradé srovnatelné s referenénim cementem. Pokles pevnosti v tlaku u téchto vzorku byl
pouze 4 %. NavySeni pevnosti souvisi pfedevsim s funkci recyklatu jako aktivniho mikroplniva. Dochazi
k vyplnéni malych pord jemnymi ¢asticemi starého kameniva a cementové pasty obsazené v RCP.
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Obrazek 5: Zavislost pevnosti v tlaku na obsahu RCP IV

PFi srovnani dosazenych vysledk( s pracemi ostatnich autor(l je mozné vyvodit, Ze uvedené zavéry
jsou s jejich vysledky v souladu. Kim a kol. [10] doporucuji omezit pouziti RCP do 15 hm. % pfi navrhu
cementovych malt s RCP, protoze potom jiz dochazi k vyraznému poklesu hodnot pevnosti v tlaku.
K obdobnym vysledkim dospél Shui a kol. [8]. Lidmila a Seps [11-12] ve svych pracich vyuZivaji velmi
jemnou frakci recyklovaného betonu ze starych Zelezni€nich prazci. Ukazali, ze diky pomleti Ize
dosahnout reaktivnich vlastnosti betonového recyklatu zplsobenych pravdépodobné odhalenim
nezhydratovanych zrn, mnozstvi RPC doporucuji v obdobnych mezich. Liu a kol. [13] se ve své praci
vénuje zkoumani pucolanovych vlastnosti hybridni moucky sloZzené z betonového a cihelného
demoli¢niho odpadu. Moucka je tvofena prachovymi ¢asticemi produkovanymi recyklacni linkou, tento
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hybridni prasek vyrazné ovliviiuje mikrostrukturu cementové pasty. Nejvice se vSak na pucolanove
aktivité podileji cihelna zrna. Na zavér shrnuje, ze pfi vhodném poméru cihelné a betonové faze a pfi
vhodném davkovani (do 30 hm. %) je mozné vyuzit tento hybridni prach jako nahradu cementu
v betonu. Srovnani vybranych praci je spiSe orientaCni, protoZze kazdy material RPC je odliSny
a v citovanych pracich byly pouzity materialy s vétSimi zrny, resp. jinou kfivkou zrnitosti.

Zavery

Z hlediska provedenych zkousek je zfejmé, ze cementova pasta s 50 hm. % recyklované betonove
mleté moucky upravené mikromletim, produkuje vy3Si mnozstvi hydrataCniho tepla na jeden gram
cementu nez cement samotny. Nejvice hydratacniho tepla vydavaji jemnéji namleté betony ,RCP II, lli
a IV“. Je to pravdépodobné zplisobeno odhalenim vétSiho mnozstvi nezhydratovanych cementovych zrn
v recyklované betonové moucce upravené mikromletim a zaroven vlivem zvétSeni nukleacni plochy pro
reakci cementovych zrn. Pokles dynamického modulu pruznosti vzorkl s obsahem RCP az o 35 % je
zpusoben klesajici objemovou hmotnosti vzork(, ktera byla primarné ovlivnéna mnozstvim RCP a také
vys$8im vodnim soucinitelem, které zpusobil vznik vét§iho mnozstvi p6rtd u vzorkG s RCP. PFi nahradé
cementu 15 hm. % RCP dochazi k nartstu pevnosti v tahu za ohybu o cca 7 %. Pfi nahradé cementu
5 hm. % RCP dochazi k narustu pevnosti v tlaku o pfiblizné 10 %. Zminény narust pevnosti je zpusoben
hydrata¢ni a mikroplnivovou funkci recyklované betonové moucky. V kazdém pfipadé je zapotfebi pred
pouzitim recyklované betonové moucky zjistit co nejvice informaci o pivodu starého betonu a proveézt
zkous$ky, které pfiblizné stanovi hydratac¢ni, popf. mikroplnivové schopnosti pouzitého materialu. Jako
nejvhodnéjsi mnozstvi RCP v cementové pasté z hlediska mechanickych vlastnosti se pohybuje od 15
do 20 hm. %.

Podékovani
Tohoto vystupu bylo dosazeno s finanéni podporou GA CR pod & 17-06771S.
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Influence of fineness of recycled concrete powder on the heat evolution and
influence of its amount on mechanical-physical properties of cement paste

Jaroslav TOPIC, Zdenék PROSEK, Josef FLADR, Pavel TESAREK

Czech Technical University in Prague, Faculty of Civil Engineering, Thakurova 7, 166 29
Praha 6, Czech Republic.

Summary

The paper deals with the problem of processing of a fine fraction of concrete, which occurs after the
recycling of old concrete. In this case the old concrete obtained from the construction layers of the D1
motorway was used for experiments. Old concrete was modified by a high-speed milling on 4 types of
recycled concrete powder with different fineness. In the first phase of the tests, reactivity was tested on
mentioned types of recycled material, depending on its fineness. In the second phase, the most
promising recycled concrete powder (from the viewpoint of reactivity in previous testing) was the
recycled concrete detonate "RCP IV" used to further test the effect of the amount on the mechanical
properties of cement paste. The highest amount of hydration heat is produced by recycled concrete
powder with the highest specific surface. As the most suitable amount of RCP in the cement paste in
terms of mechanical properties it varies from 15 to 20 wt. %.

Keywords: Cement paste, recycled concrete powder, fineness, hydration process, mechanical
properties.
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Smuteéni oznameni
VSechno ma uréenou chvili a veSkeré déni pod nebem svuj ¢as: Je ¢as rozeni i ¢as umirani, ...

Dne 11. kvétna 2018 nas nahle opustila doc. RNDr. Jana Kotovicova, Ph.D. ve véku pouhych
62 let. Odbornice, po které zlstala fada realizovanych projektu CistSi produkce, ucitelka s vice
nez padesati uspésné obhajenymi zavéreCnymi pracemi a kolegyné, ktera uméla stfizlivé
rozliSit dulezité od nedulezitého. Zejména vSak matka, babi¢ka a pritelkyné, ktera pro kazdého
méla slovo povzbuzeni, pohotovou pomocnou ruku nebo chvili tichého naslouchani
a porozumeni.

Posledni rozlou€eni probéhlo v patek 18. 5. 2018 v obfadni sini krematoria mésta Brna.
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Védecko-vyzkumna cinnost Oddéleni chemického inzenyrstvi:

Védecko-vyzkumna cinnost je realizovana v ramci zakladniho a aplikovaného vyzkumu, formou doplikové cinnosti
i v ramci konzultaénich poradenskych sluzeb v nasledujicich oblastech:

I. Membranové separacni procesy

e Charakterizace separac¢nich membran
Studium a vyvoj novych metod pro charakterizaci filtracnich prepazek a mikrofiltracnich membran
(distribuce velikosti por, integrity test, prutokové charakteristiky tekutin).

e Mikro- a ultrafiltrace
Stanoveni a studium procesnich charakteristik, intenzifikacni metody (napfr. vliv rotace membrany, fluidni vrstvy,
statickych vestaveb, dvoufazového toku kapalina-plyn a zpétného promyvani membrany na retenci membrany
a intenzitu toku permeatu), matematické modelovani procesu zejména se zamérenim na separaci
ve vicekandlovych keramickych membranach.

e Nanofiltrace a reverzni osméza
Stanoveni a studium zakladnich procesnich charakteristik, diafiltrace, priprava velmi Cisté vody, zaclenéni téchto
procest do slozitéjsich technologickych celkd.

e Difuzni dialyza a elektrodialyza
Separace anorganickych kyselin ze smési obsahujicich anorganické kyseliny a jejich soli, stanoveni zakladnich
transportnich charakteristik, matematické modelovani difuzni dialyzy. Studium transportu organickych kyselin
iontové vyménnymi membranami.Vyzkum rovnovahy roztok/membrana v binarnich a ternarnich systémech.
Zakladni procesni charakteristiky elektrodialyzy.

2. Hydromechanické procesy

Stanoveni filtraénich charakteristik zarizeni pro kolacovou filtraci tuhych éastic z newtonské i nenewtonské kapaliny.
3. Cisténi odpadnich vod

Kombinované systémy cisténi odpadnich vod se zamérenim na membranové separace a biotechnologické procesy.

Pristrojové a softwarové vybaveni:
e experimentalni zarizeni pro testovani membran a software pro vyhodnoceni distribuce velikosti pér
@ michané mikrofiltracni cely
e cross-flow jednotky pro ultrafiltraci a mikrofiltraci disperznich systému
e mikrofiltracni jednotka se zpétnym promyvanim membran
@ jednotka pro nanofiltraci a reverzni osmoézu Armfield
e univerzalni testovaci jednotka pro tlakové membranové separacni procesy Rhodia
® pristroje pro méreni zeta potencialu a distribuce velikosti ¢astic v disperznich soustavach
(Brookhaven Bl-Zeta PALS, Malvern Zetasizer Nano ZS)
e vsadkové dialyzacni cely
@ laboratorni kontinualni dialyzér
® laboratorni elektrodialyzér



Védecko-vyzkumna cinnost Oddéleni ochrany zivotniho prostredi:

(ers Ll g Y

Vyvoj spektralnich metod prvkové analyzy se zamérenim na analyzu slozek Zivotniho prostredi, biologickych
materiald, materialovou chemii a vzorkd malych rozmérd zahrnuijici:
— metody statistického planovani a vyhodnoceni laboratorniho experimentu s ohledem na resenou problematiku
— postupy pripravy vzorku pro roztokové i nedestruktivni analytické metody (kryogenni mleti, taveni, lisovani,
mikrovinny rozklad)
— vyuziti optické emisni spektrometrie s buzenim v indukéné vazaném plazmatu (ICP OES), hmotnostni
spektrometrie s ionizaci v indukéné vazaném plazmatu (ICP MS), atomové absorpcni spektrometrie
s elektrotermickou atomizaci (ETA AAS), spektroskopie lasem indukovaného mikroplazmatu (LIBS)
a rentgenfluorescencni spektrometrie (XRF)

Osud latek v Zivotnim prostiedi (studium chovani kontrastnich latek na bazi gadolinia a j6du pouzivanych
v medicinskych zobrazovacich technikach)

Vyvoj metodik pro testovani ekotoxicity nanomaterialt na padnich organismech

Vyvoj metodik kryogenniho mleti material( pro analytické a technologické tGcely

Toxikologické hodnoceni |éCiv — vypocet parametrl pro validaci cisténi (PDE)

Testovani novych elektrodovych material pro voltametrickd méreni. Studium voltametrického chovani biologicky

aktivnich latek a kontaminantl Zivotniho prostredi. Vyvoj novych elektroanalytickych metod pro stanoveni
Skodlivych latek v Zivotnim prostredi a bioaktivnich latek jako jsou léciva, vitaminy, pesticidy, aj.

Monitoring vodnich ploch pomoci druzicového dalkového prizkumu Zemé.

Pristrojové a softwarové vybaveni:

® Opticky emisni spektrometr s buzenim v indukcné vazaném plazmatu (Integra XL, GBC Australie)
@® Hmotnostni spektrometr s ionizaci v indukéné vazaném plazmatu
(Optimass 9500 a Optimass 8000, GBC Australie)
® Atomovy absorpcni spektrometr s elektrotermickou atomizaci (UltraZ, GBC Australie)
® Rentgenfluorescencni spektrometr (ElvaX, Elvatech)
® LIBS spektrometr (Lea S500, Solar TII)
® Priprava vzorku k analyze: tavicka (LeNeo, Claise), Analytické pristroje:
® Analyzator AOX Multi X 2500 se softwarem Multivin
® Kryogenni mlyn (Freezer/Mill 6875, Spex),
® mikrovinny rozklad vzorku (Speedway Xpert, Berghof)
® Polarografické analyzatory Eco-Tribo Polarograph se softwarem POLAR.PRO
® Potenciostaty/galvanostaty AUTOLAB PGSTAT 12 se softwarem NOVA
® Spektrofotometricky analyzator Libra S22, UV/VIS

Pracovisté poskytuje servisni a poradenské sluzby v oblasti prvkové analyzy.





