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ABSTRAKT

Metalurgické provozy piedstavuji riziko kontaminace pro jednotlivé slozky zivotniho
prostiedi predevsSim pii nevhodném zachézeni s odpadnimi produkty obsahujicimi smeés
riznych potencialné Skodlivych prvkd. Zejména pudy v blizkosti hutnich provozii jsou
hlavnim cilovym rezervoarem pro takto emitované kontaminanty. Tato prace zkouma
reaktivitu popilki a strusek z hutniho provozu na vyrobu médi ve vodném a pidnim prostiedi
pomoci laboratornich i polnich (in situ) experiment.

Vzorky strusek vykazovaly vysoké koncentrace As (az 0,95 hm.%), Cu (az 2,4 hm.%), Pb
(az 1,02 hm.%), Sb (az 0,37 hm.%) a Zn (az 2,45 hm.%). Hlavnimi fazemi s obsahem Cu a
ostatnich (polo)kovl byly sulfidy, zejména bornit, digenit, chalkozin a galenit. V popilku
ze zachytu spalin v hutnim provozu pievladala rozpustna faze As>Os (arsenolit a claudetit),
dale byl zastoupen sadrovec, galenit, kiemen a covellin. Hlavnim kontaminantem v popilku
byl zejména As (53,3 hm.%), a déale Pb (3,41 hm.%), Sb (1,26 hm.%), Zn (1,41 hm.%),
Cu (1,07 hm.%) a Bi (0,80 hm.%).

Louzici testy provedené na téchto metalurgickych odpadech v rozmezi pH 3-12 prokazaly
silnou zavislost uvoliiovani kovii/polokovii na pH. Pii louZeni v deionizované vodé
dosahovalo mnozstvi uvolnéného As az 42 mg/kg u strusek a az 52,6 g/kg u popilku; zejména
Vv piipadé popilku tato koncentrace prekraovala limitni hodnoty EU pro nebezpecné odpady.

Kratkodoba stabilita velmi reaktivniho popilku v osmi kontrastnich typech pad byla
studovana pomoci laboratorniho nddobového experimentu probihajiciho po dobu 504 hodin, a
u vybranych pid aZz 1008 hodin. Primérny ubytek hmotnosti popilku po ukonceni
nadobového experimentu se pohyboval v rozmezi 1844 % s nejvétsim hmotnostnim tbytkem
v pudach s nizkym pH. Pidy po inkubaci popilku vykazovaly koncentrace az 2570 mg/kg As
a pérové vody az 1820 mg/I.

Ttilety polni zvétravaci experiment ukézal, Ze inkubace strusky v plidé nevedla k vétSim
hmotnostnim zméndm tohoto materidlu, ani nezptsobila kontaminaci ptady oproti pozad’ovym
hodnotdm. Naopak transformace popilku byla velmi vyraznd uz pfiprvnim vzorkovani
po 6 mésicich, kdy mira rozpusténi dosahla az 35 % a zvySovala se s dobou jeho expozice
(az 60 %). 1 pifes vysokou rozpustnost predstavoval primarni arsenolit pievazujici slozku
popilku i po inkubaci v ptdach; z novotvofenych mineralti ¢asteéné urcujicich mobilitu As
byly pozorovany napiiklad Pb-arseni¢nany, zejména mimetit. Dynamika uvolfovani
kovti/polokovll byla zavisld na pH a typu pudy, ale svoji roli hrél také vodni rezim a mira
nasyceni piidy ovlivnéné pfitomnou vegetaci ¢i obsahem jilové slozky. NejvyS$si rozpustnost
popilku byla zaznamenéna v kysel¢ dystrické kambizemi vyvinuté pod bukovym porostem,
kde bylo zjisténo az 980 mg/kg As v pudé a az 13,1 mg/l As v pérové vodé.

Vysledky provedenych experimentd ukazuji, ze strusky jsou v pudach relativné stabilni
i v dlouhodobém casovém horizontu, zatimco popilek vykazoval vysokou reaktivitu za vSech
studovanych podminek. Tato prace ukazuje vhodnost polniho experimentu pro ucely
zjiStovani dlouhodobé reaktivity metalurgickych odpadl v redlnych pudach a zaroven
podtrhuje nutnost efektivniho ¢isténi spalin v hutnich provozech vramci prevence
kontaminace slozek Zivotniho prostiedi.



UvVOoD

Tézba nerostnych surovin a jejich zpracovani vede k redistribuci nejriznéjsich prvka v ramei
zemského povrchu a jeho prilehlych sfér. Vyrazny dopad mé v tomto ohledu ptedevsim
produkce hlavnich barevnych kovli Cu, Pb a Zn (Dudka a Adriano 1997). Jedna se zejména
0 emise plyntli a Castic s obsahem kontaminantii vznikajicich béhem zpracovani rud a eroze
pusobici na materidl ulozeny na haldach nebo odkalistich, a pidy pak ptedstavuji cilovy
rezervoar, ve kterém se tyto kontaminanty zachytavaji (Douay a kol. 2008, Ettler 2016).

V soucasné dobé zejména v rozvojovych zemich predstavuji metalurgické provozy vyznamny
zdroj kontaminace zivotniho prostfedi. Rizikové muze byt nevhodné uloZeni odpadnich
produktli zejména na voln¢ dostupnych deponiich, kde by mohly byt vystaveny intenzivnim
zvétravacim procestim. Mezi hlavni odpadni produkty metalurgického procesu se fadi popilky
(prachy z ¢isténi spalin), strusky a kaly, které Casto obsahuji smés riznych potencialné
Skodlivych prvki.

Predlozena studie byla zaméfena na transformaci metalurgickych odpadi béhem jejich
expozice v pudé, ataké na dynamiku uvoliiovani kovi/polokovli z odpadnich materidlii
(popilku a strusek) z hutniho provozu navyrobu médi zpracovavajiciho As-bohaté
koncentraty.

Cilem této prace bylo stanovit reaktivitu metalurgickych odpadt a posoudit jejich potencialni
riziko pro zivotni prostiedi pomoci

a) série louzicich testi
b) nadobovych experimentl s riznymi typy pud

Cc) viceletého in situ experimentu na nékolika lokalitach s riiznym typem pud a odlisnym
vegetacnim pokryvem



MATERIAL A METODIKA

Strusky a popilky byly vzorkovany v huti Tsumeb (severni Namibie) zpracovavajici prevazné
koncentraty obsahujici Cu-bohaty pyrit (FeSz), chalkopyrit (CuFeS2) a Cu-As sulfosole.
Pfed zahajenim experiment byly stanoveny zdkladni parametry vSech typd pid vyuzitych
pro terénni i laboratorni pokusy: pH, granulometrie, kationtova vyménna kapacita (CEC),
bazicka saturace (BS), organicky uhlik, celkova sira a obsah (hydr)oxidi Fe.

Pro stanoveni vyluhovatelnosti kovii a polokovli byl zvolen standardizovany vsadkovy test
CSN EN 12457-2. Stabilita popilku v rozmezi pH 3—12 byla zjiiténa pomoci 48hodinového
pH-statického louziciho testu (dle normy CEN/TS 14997).

Kinetika rozpousténi popilku a ¢asova zavislost uvoliiovani kontaminanti z popilku do ptad
a pudnich roztokli za kontrolovanych podminek byla zkoumdna pomoci nadobového
experimentu v ¢asovém horizontu 504 hodin ve tfech rtznych typech semiaridnich pud
(¢ernozem, luvizem, arenozem) a Vv péti kontrastnich ptidach mirného pasma (téi kambizem¢,
cernicky horizont Cernozemé [Ac, mollic horizon] a puadotvorny substrat cernozemé
[C] — spras).

V ramci polniho in situ zvétravaciho pokusu byly experimentalni polyamidové sacky
obsahujici popilek ¢i strusku na kazdé lokalité¢ horizontdlné¢ umistény do plidnich profili
v ruznych hloubkach zvolenych podle charakteru vyvoje jednotlivych horizonti. Experiment
probihal po dobu 4 let na étyfech lokalitach v Ceské republice v kontrastnich ptidach
Sriznym typem vegetacniho pokryvu: dystricka kambizem vyvinutd pod bukem
(pH 3,5-3,8), dystricka kambizem vyvinutd pod smrkem (pH 3,1-3,8), kambizem
(pH 6,2—6,6) a modalni ¢ernozem vyvinuta na sprasi (pH 7,2-8,2); vzorkovani inkubovanych
odpadovych materialti (popilku a strusek) a okolnich ptid probihalo kazdych 6 mésict. Byla
provedena téZ jednoleta in situ inkubace odpadl v semiaridnich pidach (Namibie, Afrika):
kalcicka ¢ernozem (pH 7,15) a chromicka luvizem (pH 6,64).

Experimentalni sacky odebrané po ptislusné expozi¢ni dobé z pid z nddobovych 1 polnich
pokust byly podrobeny nasledné analyze mineralogického a chemického slozeni (XRD,
SEM/EDS, TEM, EPMA, Ramanova mikrospektrometrie). Vzorky pid po inkubacich byly
presitovany, namlety a rozlozeny pro méteni prvkového slozeni (ICP-MS, ICP-OES, AAS).
Vzorky pérové vody v pudach byly ziskédny z bezprostiedniho okoli experimentalnich sacku
pomoci terénnich lyzimetri. Obsah aniontd byl stanoven pomoci HPLC, méteni As Speciace
bylo provedeno pomoci HPLC-ICP-MS. Anorganicka analyza prvkt v pudach z nadobového
experimentu byla provedena pomoci ED XRF. Pro speciatni modelovani bylo vyuZito
programu PHREEQC-3.

U vybranych vzorkli pid a odpadi byla provedena mikrotoxikologicka analyza vyluht
Vv destilované vodé (pomér L/S = 10 1/kg), a to za pouziti bakterie E. coli s proteinem ArsR,
ktery slouzil jako aktivator luminiscence (van der Meer a Belkin 2010). Kvantitativni méteni
toxicity/luminiscence prob¢hlo na pfistroji Perkin Elmer Wallac 1420 VICTOR2.



VYSLEDKY A DISKUSE

Vyluhové charakteristiky strusek

Strusky z riznych stadii hutniho procesu zpracovavajiciho As-bohaté médéné koncentraty
vykazovaly vysoké koncentrace kontaminanti (az 0,95 hm.% As, 2,5 hm.% Cu, 1,4 hm% Pb)
a komplikované mineralogické slozeni, kde vyznamnymi koncentraty kontaminantii byly
nejen sulfidy, ale i struskové sklo. Uvolnovani kontaminanti bylo silné zavislé na pH,
nejvyssi vyluhovatelnosti Cd, Cu, Pb a Zn byly pozorovany pii nizkém pH. Vyluhovatelnost
kovli vSak byla celkové velmi nizka a vyrazné pod limitnimi hodnotami pro ostatni odpady
definovanymi evropskou legislativou. Naopak vyluhovatelnost As byla vysoka i piesto, ze AS
byl castecné imobilizovan prostiednictvim novotvofenych Ca-Cu-Pb arseni¢nanti a
oxyhydroxidi Fe. Nejvice As bylo vylouzeno ze strusky z pece typu Ausmelt pifi pH 3
(173 mg/kg). Vyluhovatelnost As v piirozeném pH (7,9-9,0) ve vSech struskach piekrocila
limit EU pro ostatni odpad (2 mg/kg), a u strusky zpece typu Ausmelt 1,7% limit
pro nebezpeény odpad (tj. 25 mg/kg). (Jarosikova a kol. 2017a).

Vyluhové charakteristiky popilku

Popilek vykazoval vysoké koncentrace As (>50 hm.% As), zejména ve formé arsenolitu
(As203). Ostatni kontaminanty byly vazany zejména v sulfidech, Ca-Pb-Fe arseni¢nanech,
slitindch a kovovych slou¢enindch, nebo ve struskovych ¢asticich. Ptiblizné 10 % z celkového
mnozstvi As se uvolnilo v pribéhu 24hodinového louziciho testu v pfirozeném pH (~5,2)
z popilku. Popilek piekro¢il EU limity vyluhovatelnosti pro skladkovani nebezpecnych
odpadtl v ptipadé As (2104x), Cd (2,4%), Sb (22,6x) a Zn (4,7x). pH-staticky test ukazal, ze
zatimco As, Sb a Pb se nejvice uvoliovaly v alkalickych podminkéach pii pH 11-12, ostatni
kovy naopak pifi pH 3 a vyluhovatelnost Bi nebyla z4visld na pH. Mineralogické studium a
termodynamické modelovani vSak potvrdily, ze Ca, Pb a Ca-Pb arseni¢nany (napf. mimetit,
Pbs(AsO4)Cl) mohou Castetné urovat mobilitu As a dalSich kontaminanti
(JaroSikova a kol. 2017b).

Kratkodoba stabilita popilku z ¢iSténi spalin v piidach — nadobovy experiment

Kratkodoba stabilita popilku v kontrastnich ptidach byla studovdna pomoci nadobového
experimentu probihajictho po dobu 504 hodin, a v pfipad¢ africkych pud 1008 hodin.
Primérny ubytek hmotnosti popilku po ukonceni nadobového experimentu se pohyboval
vrozmezi 1844 %. Nejvétsi hmotnostni ubytek byl pozorovan v pudach s nizkym pH.
Minimalné€ se uvoliiovaly Pb, Cu a Zn v porovnani s pozad'ovymi hodnotami. Ve vét§i mife se
rozpoustél Sb (az 20,6 = 7,11 mg/kg) a nejvyssi rozpustnost byla pozorovana u As:
60,5-2570 mg/kg v ¢eskych a 144-2210 mg/kg v africkych piadach. Ve vsech pripadech byly
hodnoty As nejvyssi ve svrchni vrstvé ptidy odebrané nad popilkem a s hloubkou klesaly.

Z métenych kontaminant dosahoval nejvysSich koncentraci v porovych vodach As.
V priibéhu experimentu byl pozorovan postupny nariist koncentraci As s ¢asem. V zavéru
experimentu bylo naméteno az 263 mg/l As v ceskych ptidach (kysela kambizem pod bukem)
a 1820 mg/l As v africkych pidach (arenozem).



Dlouhodoba stabilita popilku z ¢iSténi spalin v pidach — in situ experiment

Dlouhodoba stabilita As-bohatého popilku a strusky z pece typu Ausmelt v pudach byla
studovana pomoci terénniho experimentu ve Ctyfech kontrastnich pidach CR (vzorkovani
kazdych 6 mésicit) a ve dvou puidach africkych (vzorkovani po 12 mésicich).

Z hlediska hmotnostni bilance doslo v pfipad¢ strusky jen k minimalnim zménam (pokles
hmotnosti <1,5 %). V nékterych pfipadech hmotnost strusky mirné narostla (azo 0,5 %),
pravdépodobné disledkem srazeni sekundarnich minerald, napt. oxidi Fe na jejim povrchu.
Popilek naopak vykazoval zvySujici se rozpustnost v prubéhu experimentu: v ¢eskych pidach
5-35 % (6 mésici), 23-46 % (12 mésich), 29-51 % (18 mesich), 30-52 % (24 mésicn),
28-52 % (30 mésich), 31-58 % (36 mésich), 34-60 % (42 mésich), v ptipadé africkych pud
35-56 % (12 mésicu). Pravdépodobna pti¢ina vyrazného ubytku popilku béhem prvniho roku
experimentu souvisi s vysokou rozpustnosti primarniho sadrovce a zejména arsenolitu
(Nordstrom a kol. 2014, Drahota a Filippi 2009).

Z hlavnich kontaminantd obsazenych v popilku se nejvice uvoliioval As (po 24 mésicich
inkubace az 72 %) jako dusledek rozpousténi arsenolitu, a dile v mensi mife Bi (8 %),
Cu(38%), Pb (15 %), Sb (33%) a Zn (40 %). Nejvyssi rozpustnost popilku byla
zaznamenana v dystrické kambizemi vyvinuté pod bukem (Jarosikova a kol. 2016, JaroSikova
a kol. 2017c), a to pravdépodobné z divodu zvySené pudni vlhkosti ptisobici v kombinaci
S uspofaddanim kotenového systému bukového porostu, ktery piivadi zvySené mnozstvi vody
do hlubsich ¢asti padniho profilu (Schwiarzel a kol. 2012). 1 pfes vysokou rozpustnost
primarniho arsenolitu ziistavala tato faze dominantnim koncentratorem As v popilku a
ukazuje na jeji dlouhodobou persistenci v pudé (Bromstad a kol. 2017).

Arsen v pud¢ vykazoval relativni mobilitu, a to zejména v lesnich ptidach, kde se okolo
poloviny vodou vyluhovatelného As vyskytovalo ve formé¢ As(lll). Koncentrace As
Vv porovych vodach dosahovaly v zavislosti na typu piady hodnot az 180 mg/l
(Jarosikové a kol. 2017c).

Toxicita odpadi a pad

Toxicita vyluhti vybranych vzorkt pid a jednotlivych metalurgickych odpada v DI vodé byla
stanovena pomoci efektivni koncentrace EC50, kterd byla vypocitand programem Prism 6
Z namétené bioluminiscencni odezvy bakterii na As. Mira toxicity vyjadiena jako ,toxicity
units® (TU =100/EC50) u pud i strusek byla shodné zatazena do druhé kategorie,
tj. vyznamné toxické (1 < TU < 10). T ze Ctyi popilkd dosahovaly kategorie velmi vysoké
akutni toxicity (TU > 100).



ZAVERY

Reaktivita odpadnich materialti (popilku a strusek) z hutniho provozu na vyrobu Cu a jejich
potencialni riziko pro zivotni prostfedi byly studovany pomoci série laboratornich louzicich
testti, nadobovych experimentli a viceletych polnich (in situ) experimentd Vv kontrastnich
pudach.

Dynamika uvoliiovani kovi/polokovii z metalurgickych odpadii byla zéavisld na pH,
a Vv pripadé experimentli v pudach téz na parametrech jednotlivych pid, zejména obsahu
oxyhydroxida Fe a jilové slozky. V ptipadé polnich experimentt hrél roli také druh pfitomné
vegetace; zejména bukovy porost nejvice ovliviioval vodni rezim, coz vedlo
K nejvyrazngjiimu rozpousténi popilku (az 60 %). Ubytek hmotnosti popilku se nejvice
projevil v piadach snizkym pH, a zaroven v pudach s nejvétsi retenci/prutoc¢nosti vody.
Nejvyssi narist koncentrace v pudé byl pozorovan u As (az 980 = 125 mg/kg po 24mésicni
inkubaci).

Transformace popilku béhem jeho expozice v pid¢ byla velmi vyraznd, coz se projevilo jeho
rozpousténim a naslednym uvolnénim kontaminantii do okolniho prostiedi. Hmotnost strusky
ani po viceleté expozici v pud¢é nedosahla vétSsich zmén, ani nebyl zjistén vyznamny nardst
znecisténi pudy Vv blizkosti inkubované strusky, avsak z toxikologického hlediska vykazoval i
tento material vyznamnou miru toxicity. Ve vSech typech pouzitych experimentii popilek
vykazoval vysokou reaktivitu a miru uvolnitelnosti kontaminantti a tim i vyznamné riziko
pro jednotlivé slozky Zivotniho prostedi (zejména pudy).



SUMMARY

Metallurgical activities are one of the important sources of environmental pollution,
especially due to inappropriate treatment of waste materials containing potentially harmful
elements. Soils in the vicinity of smelting operations are the main target reservoirs for these
emitted contaminants. The aim of this study was to depict reactivity of copper smelter flue
dusts and slags in aqueous and soil environments using laboratory and field experiments.

Slags exhibited high concentrations of As (up to 0.95 wt.%), Cu (up to 2.4 wt.%),
Pb (up to 1.02 wt.%), Sb (up to 0.37 wt.%), and Zn (up to 2.45 wt.%). Copper and other
metal(loid)s were predominantly bound in sulphides, especially bornite, digenite, chalcocite,
and galena. Flue dusts were mainly composed of As2O3 phase (arsenolite and claudetite), with
minor amounts of gypsum, galena, quartz, and covellite. The main contaminants in the dust
were As (53.3 wt.%), Pb (3.41 wt.%), Sb (1.26 wt.%), Zn (1.41 wt.%), Cu (1.07 wt.%) and
Bi (0.80 hm.%).

The leaching tests performed in the pH range of 3—12 indicated that the release of metal(loid)s
from both types of metallurgical wastes was highly pH-dependent. During the leaching
in deionised water, up to 42 mg/kg As was released from slags and up to 52.6 g/kg was
leached from the flue dust; the latter highly exceeding EU limit values for hazardous wastes.

Short-term reactivity of the flue dust was investigated via laboratory pot experiments in eight
different soil types in the time frame of 504 hours and, in some cases, of 1008 hours. Average
mass losses of the dust at the end of the experiment were in the range 18-44 % with the
maximum values obtained after weathering in acidic soils. Soils after dust incubation
exhibited up to 2570 mg/kg As and pore water up to 1820 mg/I.

Field experiment indicated that mass losses were rather low for slags and no significant soil
contamination has been observed after long-term (3-year) incubation. In contrast, flue dust
transformation was rather fast (35 % dissolved after first 6 months of incubation) and further
increased with time (mass loss up to 60 %). Despite high solubility of arsenolite, this primary
phase was persistent in the material even after the long-term incubation; newly formed
arsenates, especially mimetite, partly controlled the mobility of the released As. The dynamics
of metal(loid)s release was not only dependent on soil pH, but also on water regime and soil
saturation affected by the vegetation cover and clay content. The highest dust solubility was
observed in acidic Dystric Cambisol developed under the beech cover: up to 980 mg/kg As
was observed in soil and up to 13.1 mg/l As was found in pore water.

The results indicate that, in the long-term perspective, slags were relatively stable in soils, but
flue dust was highly reactive under all the studied conditions. This study highlights
the usefulness of long-term field experiments for understanding reactivity of metallurgical
wastes in real systems and underlines the crucial role of the flue gas cleaning in smelting
industries for preventing large-scale environmental contaminations.



INTRODUCTION AND AIMS OF THE STUDY

Mining and processing of ores lead to redistribution of various elements within the Earth's
surface. The production of non-ferrous metals (e.g., Cu, Pb, and Zn) has a significant impact
on the environment mainly due to gaseous emissions and dispersal of particles containing
contaminants and originating from metallurgical processes as well as erosion of materials
deposited on disposal sites (Dudka and Adriano 1997). Soils then represent the target
reservoir where these contaminants can be accumulated (Douay et al. 2008, Ettler 2016).

Especially in developing countries, metallurgical plants represent a significant source
of environmental contamination. Inappropriate storage of waste products can represent a risk
especially in the case, where disposal sites can be eroded by wind and water. Fly ash (dust
from flue gas cleaning), slag and sludge are the main waste products of individual stages
of a metallurgical process, usually containing a mixture of various potentially harmful
elements.

This study was focused on the transformation of metallurgical wastes during their exposure
in soils and on the dynamics of the release of metal/metalloid contaminants from waste
materials (flue dust and slag) originating from a copper smelter processing As-rich
concentrates.

The aim of this study was to determine the reactivity of metallurgical wastes and to assess
their potential risk for the environment using

a) aseries of leaching tests
b) pot experiments with different soil types

c) long-term in situ experiment carried out at several localities with different types of soil
and different vegetation cover



MATERIALS AND METHODS

Slags and flue dust were sampled in the Tsumeb copper smelter (northern Namibia) where
concentrates containing mainly Cu-rich pyrite (FeS2), chalcopyrite (CuFeS;) and Cu-As
sulfosalts have been processed. Prior to the experiments, basic parameters of all soil types
used for the field and laboratory experiments have been determined: pH, granulometry, cation
exchange capacity (CEC), basic saturation (BS), organic carbon, total sulphur and
Fe (oxy)hydroxides content.

Determination of the leachability of metals and semi-metals was performed
by the standardized batch test (CSN EN 12457-2). The ash stability in pH range 3-12 was
determined using a 48-hour pH-static leaching test (CEN/TS 14997).

The dissolution kinetics of the flue dust dissolution in soils under controlled conditions was
investigated using a 504-hour pot experiment in three contrasting types of semiarid soils
(Chernozem, Luvisol, Arenosol) and five temperate soils (three Cambisols, Chernozem
[Ac, mollic horizon], and Chernozem developed on loess [horizon C]).

Within the field in situ experiment, experimental polyamide bags containing flue dust or slag
were horizontally placed at each site into soil profiles at various depths chosen according
to the development of individual soil horizons. The experiment was carried out for 4 years
at 4 sites in the Czech Republic in contrasting soils with different vegetation covers: Dystric
Cambisols developed under the beech (pH 3.5-3.8) and under the spruce (pH 3.1-3.8),
Cambisol with grassland cover (pH 6.2-6.6) and Modal Chernozem with grassland cover
(pH 7.2-8.2); incubated waste materials (flue dust and slag) and surrounding soils were
sampled every 6 months. In addition, one-year in situ incubation experiment was carried out
in semiarid soils (Kombat, Namibia): Calcic Chernozem (pH 7.15) and Chromic Luvisol
(pH 6.64).

Experimental bags collected after the appropriate exposure time from soils from in situ and
pot experiments were analyzed for mineralogical and chemical composition (XRD,
SEM/EDS, TEM, EPMA, Raman microspectroscopy). Samples of soils were sieved, milled
and decomposed before measuring of elemental composition (ICP-MS, ICP-OES, AAS). Soil
pore water from the closest vicinity of experimental bags was collected using field lysimeters.
The anions in pore waters were determined by HPLC, major and trace elements by ICP-MS
and As speciation measurements were performed by HPLC-ICP-MS. Bulk analysis
of selected soils after the incubation in soil pots was performed using handheld XRF.
For speciation-solubility modelling, we used PHREEQC-3 software.

Leachates obtained from selected samples of soils and wastes (distilled water extraction;
L/S =10 I/kg) were subjected to microtoxicological tests using E. coli with ArsR protein,
which served as a luminescence activator (van der Meer and Belkin 2010). Quantitative
measurement of toxicity/luminescence was performed on a Perkin Elmer Wallac 1420
VICTORZ2 instrument.



RESULTS AND DISCUSSION

Slags leaching characteristics

Slags originating from different stages of a technological process within one copper smelter
(processing As-rich copper concentrates) exhibited high contaminants concentrations
(up to 0.95 wt% As, 2.5 wt% Cu, 1.4 wt% Pb). The mineralogical composition of slags was
rather complex and major contaminant hosts were sulphides and glassy phase. Contaminant
release in aqueous solutions was strongly pH-dependent. The highest Cd, Cu, Pb and Zn
leaching was observed under low pH conditions. However, the overall leachability of these
metals was very low and far below the limits for non-hazardous wastes defined
by the EU legislation. In contrast, As leachability was much higher despite the fact that As
was partly immobilized by the newly-formed Ca-Cu-Pb arsenates and Fe oxyhydroxides.
The highest As leaching was recorded for Ausmelt slag at pH 3 (173 mg/kg). In the case of all
studied slag materials, the As leachability at natural pH (7.9-9.0) exceeded the EU limit
for non-hazardous wastes (2 mg/kg) and for Ausmelt slag, even the limit for hazardous waste
(25 mg/kg) was exceeded 1.7x (Jarosikova et al., 2017a).

Dust leaching characteristics

The flue dust from flue gas cleaning in a copper smelter contained high levels of As
(>50 wt% As), especially in the form of arsenolite (As203). Other contaminants were mainly
bound in sulphides, Ca-Pb-Fe arsenates, alloys and metallic compounds, or in slag-like
particles. Approximately 10% of the total amount of As was released from the flue dust
during the 24-hour leaching test at a natural pH (~5.2). The flue dust leachates exceeded
EU limits for landfilling of hazardous waste for numerous contaminants: As (2104x),
Cd (2.4x), Sb (22.6x) and Zn (4.7x). According to pH-static leaching data, As, Sb and Pb
were the most released under alkaline conditions at pH 11-12, whereas other contaminants
were highly leached at pH 3; the leaching of Bi was not pH-dependent. Mineralogical
investigation coupled to thermodynamic modelling indicated that newly-formed Ca-, Pb- and
Ca-Pb arsenates [e.g., mimetite, Pbs(AsO4)CI] can partly control the mobility of As and other
contaminants and will be of key importance for the fate of smelter-derived contamination
in soils or when stabilization technology is employed (Jarosikova et al. 2017b).

Short-term reactivity of smelter flue dust in soils — pot experiments

The short-term reactivity of smelter flue dust in contrasting soils was studied using a 504-hour
(Czech soils) and 1008-hour (African soils) pot experiment. The average mass loss of flue
dust after the experiment was in the range 18-44%. The largest mass loss was observed
in acidic soils. Lead, Cu and Zn concentrations in soils after incubation were comparable
to background values. In contrast, Sb (with up to 20.6 = 7.11 mg/kg in soil) and As were
largely released, the latter exhibiting concentrations in the range 60.5-2570 mg/kg (Czech
soils) and 144-2210 mg/kg (African soils), respectively. In all cases, As concentrations were
the highest in the upper layer of soil just above the experimental bag position and decreased
with the depth. In addition, As exhibited the highest concentrations in pore water samples and
during the experiment, a gradual increase in As concentrations was observed over time;
up to 263 mg/l was in porewater from acidic cambisol and 1820 mg/l in African arenosol.
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Long-term reactivity of smelter flue dust in soils — in situ experiments

Long-term reactivity of As-rich flue dust and smelter slag studied by means of field
experiments in temperate and semi-arid soils indicated that only minor mass changes in slag
material were observed (mass loss <1.5%). In some cases, mass values increased
(up to 0.5 %), probably due to secondary minerals (eg. Fe oxides) precipitated on its surface.
In contrast, flue dust exhibited increasing solubility during the experiment: 5-35 %
(6 months), 23-46 % (12 months), 29-51 % (18 months), 30-52 % (24 months), 28-52 %
(30 months), 31-58 % (36 months), 34-60 % (42 months) for Czech soils; 35-56 %
(12 months) for African soils. The probable cause of significant mass loss of flue dust during
the first year of the experiment is related to the high solubility of primary gypsum and
arsenolite (Nordstrom et al. 2009, Drahota and Filippi 2009).

The most released contaminant from the flue dust was As (up to 72% after 24 months
of incubation) as a result of the arsenolite dissolution. Other released contaminants were
Bi (8%), Cu (38%), Pb (15% (33%) and Zn (40%). The highest flue dust reactivity was
observed in Dystric Cambisol developed under the beech (Jarosikova et al. 2016,
Jarosikova et al. 2017c), probably due to higher permanent humidity of subsurface soil,
caused by funnelling effect of stemflow and root architecture (Schwirzel et al. 2012). Despite
the high solubility of primary arsenolite, this phase remained the dominant As host
in the weathered flue dust and indicated its long-term persistence in the soil systems
(Bromstad et al. 2017).

Arsenic was relatively mobile in soils, especially in forest soils. About one half
of the water-extractable As occurred in the form of As(I11). Moreover, As concentrations were
up to 180 mg/l in pore waters, depending on soil type (Jarosikova et al. 2017¢).

Toxicity of wastes and soils

Toxicity of water leachates (L/S =10) obtained from selected soil samples after flue dust
incubations and individual metallurgical wastes was determined using the effective
concentration (EC50) calculated by Prism 6 from the measured bioluminescence response
of bacteria to As. The toxicity level was expressed as "toxicity units" (TU = 100/EC50).
Polluted soils and slags were consistently classified as significantly toxic (1 <TU < 10).
Three of the four flue dust materials corresponded to the category of very high acute toxicity
(TU > 100).
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CONCLUSIONS

The reactivity of waste materials (flue dusts and slags) originated from copper smelter and
their potential environmental risk were studied through a series of laboratory leaching tests,
pot experiments and long-term field (in situ) experiments in contrasting soils.

The dynamics of metals/metalloids release from smelter wastes was pH-dependent.
In the case of experiments in soils, parameters of individual soils (such as Fe oxyhydroxides
and clay components content, type of vegetation) also played a role in the release and
mobility of As and other contaminants. Mass loss of the flue dust was the highest in acidic
soils, as well as in soils with the highest water retention/flow (up to 60%). Arsenic exhibited
the highest concentration increase in soil after flue dust incubation.

In contrast to substantial flue dust transformations in soils, the exposure of slag materials did
not lead to significant contaminant release even in the long-term. However,
from the toxicological point of view, slags also exhibited significant toxicity. Our experiments
indicate that the flue dust exhibits high reactivity leading to a significant release of As and
other contaminants, and thus represents a significant risk for individual environmental
compartments (especially soils).

12



POUZITA LITERATURA/ REFERENCES

Bromstad M.J., Wrye L.A. a Jamieson H.E., 2017. The characterization, mobility, and
persistence of roaster-derived arsenic in soils at Giant Mine, NWT. Appl. Geochem., 82:
102-118.

Douay F., Pruvot C., Roussel H. Ciesielski H., Fourrier H., Proix N. a Waterlot C., 2008.
Contamination of Urban Soils in an Area of Northern France Polluted by Dust Emissions
of Two Smelters. Water Air Soil Pollut., 188: 247.

Drahota P. a Filippi M., 2009. Secondary arsenic minerals in the environment: A review.
Environ. Int., 35: 1243-1255.

Ettler V., 2016. Soil contamination near non-ferrous metal smelters: A review.
Appl. Geochem., 64: 56-74.

Jarosikova A., Ettler V., Mihaljevi¢c M., Penizek V. a Matousek T. (2016): Reactivity
of As-rich smelter dust in contrasting soils — a 2-year in situ experimental study.
In: Bhattacharya P., Vahter M., Jarsjo J., Kumpiene J., Ahmad A., Sparrenbom Ch., Jacks G.,
Donselaar M. E., Bundschuh J., Naidu R. Arsenic Research and Global Sustainability:
Proceedings of the Sixth International Congress on Arsenic in the Environment (As2016),
Stockholm, str. 219-220. (ISBN 9781138029415).

Jarosikova A., Ettler V., Mihaljevi¢ M., Kiibek B. a Mapani B. (2017a). The pH-dependent
leaching behavior of slags from various stages of a copper smelting process: Environmental
implications. Journal of Environmental Management 187: 178-186.

JaroSikova A., Ettler V., Mihaljevic M., Drahota P., Culka A. a Racek M. (2017b).
Characterization and pH-dependent environmental stability of arsenic trioxide-containing
copper smelter flue dust. Pfedlozeno do Journal of Environmental Management.

Jarosikova A., Ettler V., Mihaljevi¢ M., Penizek V., Matousek T., Culka A. a Drahota P.
(2017c). Transformation of arsenic-rich copper smelter flue dust in contrasting soils: a 2-year
field experiment. Pfedlozeno do Environmental Pollution.

Nordstrom D. K., Majzlan J., a Koenigsberger E., 2014. Thermodynamic Properties
for Arsenic Minerals and Aqueous Species. In: Bowell R. J., Alpers C. N., Jamieson H. E.,
Nordstrom D. K. a Majzlan J. (eds.) Arsenic: Environmental Geochemistry, Mineralogy, and
Microbiology. Volume 79 — Mineralogical society of America, Virginia, str. 217-256.

Schwirzel K., Ebermann S. a Schalling N., 2012. Evidence of double-funneling effect
of beech trees by visualization of flow pathways using dye tracers. J. Hydrol., 470-471.:
184-192.

van der Meer J. R. a Belkin S., 2010. Where microbiology meets microengineering: design
and applications of reporter bacteria. Nat. Rev. Microbiol., 8: 511-522.

13



CURRICULUM VITAE

Name Alice JaroSikova
Date of birth 3.9.1987 (Prague)
EDUCATION

Since 2013 PhD studies in Geology
Faculty of Science, Charles University
Thesis topic: Experimental in situ transformation of smelting wastes in soil systems
(Supervisor: prof. RNDr. Vojtéch Ettler, Ph.D.)

2011 -2013  Master’s (post-Bachelor) degree in Geology,
Faculty of Science, Charles University of Prague
Diploma thesis topic: Tree rings dendrochemistry near Cu smelter
(Supervisor: prof. RNDr. Martin Mihaljevi¢, CSc.)

2009 — 2011  Bachelor’s degree in Geology, Management of natural resources
Faculty of Science, Charles University of Prague
Bachelor’s thesis topic: In situ weathering experiments of sulphides and silicates
(Supervisor: prof. RNDr. Martin Mihaljevi¢, CSc.)

WORK EXPERTISE

2013 -2017 Researcher at Institute of Geochemistry, Mineralogy and Mineral Resources
(IGMMR), Faculty of Science, Charles University; student project GAUK (principal
investigator)

CONFERENCES CONTRIBUTION

Jarosikova A., Ettler V., Mihaljevi¢ M., Penizek V. (2013): Design of the in situ investigation of long-
term reactivity/transformation of smelting wastes in soils. Geochémia 2013, 5-6 December 2013,
Bratislava, Slovakia. (poster)

Jarosikova A., Ettler V., Mihaljevi¢ M., Penizek V. (2014): The pH-dependent contaminant leaching
from the copper smelter fly ash and slag. European Geosciences Union, General Assembly 2014, 27
April-2 May 2014, Vienna, Austria. (poster)

Jarosikova A., Ettler V., Mihaljevi¢ M., Sebek O., Kiibek B. (2014): The pH-static leaching behaviour
of metallurgical wastes from the Tsumeb Copper Smelter (Namibia). Closing Workshop of the
IGCP/SIDA Projects 594 and 606, Adressing environmental and health impacts of active and
abandoned mines in Sub-saharan Africa, 26-27 May 2014, Prague, Czech Republic. (poster)

Jarosikova A., Ettler V., Mihaljevic M., Penizek V. (2014): Reactivity of As-rich fly ash
from Cu smelting in different soil types. Geochémia 2014, 4-5 December 2014, Bratislava, Slovakia.
(poster)

Jarosikova A., Ettler V., Mihaljevi¢ M., Penizek V. (2015): Reactivity of As-rich fly ash from Cu
smelting in different soil types. Environmental impacts of mining and smelting, 8-9 January 2015,
Orsay, France. (poster)

Jarosikova A., Ettler V., Mihaljevi¢ M., Penizek V. (2015): Reactivity of As-rich smelter fly ash
in different soils — 6 and 12 months in situ investigation. Goldschmidt2015, 16-21 August 2015,
Prague, Czech Republic. (poster)

Jarosikova A., Ettler V., Mihaljevic M., Penizek V. (2015): Reactivity of As-rich smelter
fly ash in different soils (6 and 12 months in situ investigation). The 22nd International Symposium
on Environmental Biogeochemistry, Dynamics of Biogeochemical Systems: Processes and Modelling,
27 September—2 October 2015, Portoroz, Slovenia. (poster)

14



Jaro$ikova A., Ettler V., Mihaljevi¢ M., Penizek V., Matousek T. (2016) Reactivity of As-rich smelter
dust in contrasting soils — a 2-year in situ experimental study. 6th International Congress on Arsenic
in the Environment (As2016) in Stockholm, 19-23 June 2016, Stockholm, Sweden. (oral presentation)

Jarosikova A., Mihaljevi¢ M., Penizek V., Ettler V. (2016) Arsenic-rich smelter dust transformation
in contrasting soils: a long-term in situ study. 32nd International Conference on Environmental
Geochemistry and Health, 4-8 July 2016, Brussels, Belgium. (poster)

Best poster award (http://segh.net/articles/fate_of smelter_dusts_in_soils/)

PUBLICATIONS

Jarosikova A., Ettler V., Mihaljevi¢ M., Penizek V., Matousek T. (2016): Reactivity of As-rich smelter
dust in contrasting soils — a 2-year in situ experimental study. In: Bhattacharya P., Vahter M., Jarsjo J.,
Kumpiene J., Ahmad A., Sparrenbom Ch., Jacks G., Donselaar M. E., Bundschuh J., Naidu R. Arsenic
Research and Global Sustainability: Proceedings of the Sixth International Congress on Arsenic
in the Environment (As2016), Stockholm, str. 219-220. (ISBN 9781138029415)

Jarosikova A., Ettler V., Mihaljevi¢ M., Kiibek B., Mapani B. (2017). The pH-dependent leaching
behavior of slags from various stages of a copper smelting process: Environmental implications.
Journal of Environmental Management 187: 178-186.

(DOI: 10.1016/j.jenvman.2016.11.037)

Mihaljevi¢ M., Jarosikova A., Ettler V., Van¢k A., Penizek V., Kiibek B., Chrastny V., Sracek O.,
Trubac J., Svoboda M. a Nyambe 1., 2018. Copper isotopic record in soils and tree rings near a copper
smelter, Copperbelt, Zambia. Science of The Total Environment 621: 9-17.

(DOI: 10.1016/j.scitotenv.2017.11.114)

Jarosikova A., Ettler V., Mihaljevi¢ M., Drahota P., Culka A., Racek M. Characterization and
pH-dependent environmental stability of arsenic trioxide-containing copper smelter flue dust. Journal
of Environmental Management (after first review, re-submitted)

Jarosikova A., Mihaljevi¢c M., Penizek V., Matousek T., Culka A., Ettler V. Transformation
of arsenic-rich smelter dust in contrasting soils: a 2-year field experiment. Environmental Pollution
(submitted).

CERTIFICATES

FCE Certificate (August 2014)

Using PHREEQC and PHREEPLOT to Model Arsenic Geochemistry course (Stockholm,
17-19 June 2016)

Summer school ADVANCEEGS3, Advanced Environmental Geology 3 — The Environmental
Technologies in Mining and Waste Management (30 July-11 July 2013, KoSice, Slovakia)
(ECTS Certificate)

OTHERS

Erasmus+ study stay (Israel, Faculty of Life Sciences, the Hebrew University in Jerusalem, 4 months,
2017)

Life sciences popularisation — contributing writer in Charles University editorial office Pfirodovéda
popularné (since May 2011)

Assistant job at international conferences — Goldschmidt 2011 and 2015 (Prague); Natural stone
for cultural heritage: local resources with a global impact (2017, Prague).

15



