Univerzita Palackého v Olomouci

REAKTIVITA A MIGRACNI VLASTNOSTI
NANOCASTIC ZELEZA V TECHNOLOGIiCH CISTENI
PODZEMNICH VOD

Mgr. Petra Skacelova

DISERTACNI PRACE

Vedouci: prof. RNDr. Radek Zboftil, Ph.D.
Konzultant: Mgr. Jan Filip, Ph.D.

Katedra fyzikalni chemie

Olomouc 2021






PROHLASENI AUTORA

Prohlasuji, Ze jsem predkladanou dizertacni praci na téma Reaktivita a migracni vlastnosti
nanocastic Zeleza v technologiich cisténi podzemnich vod vypracovala samostatné, pod vedenim
prof. RNDr. Radka Zboftila, Ph.D., za pouziti literarnich zdroji uvedenych v seznamu literatury.
Vysledkova cast disertacni prace je vypracovana na zakladé vysledki dosud nepublikovanych
i té&ch publikovanych v odbornych casopisech a v knize, které jsou dostupné jako pfiilohy.

Nemam zadnych namitek k vyuZiti této prace v ramci autorského zékona ¢. 121/2000 Sb.

V Olomouci dne 16. 7. 2021

Mgr. Petra Skécelova






PODEKOVANI

Timto bych chtéla podékovat svému skoliteli prof. RNDr. Radku Zboftilovi, Ph.D. za odborné
vedeni disertacni prace a cenné rady, které¢ mi poskytl béhem mého doktorského studia. Dale
bych rada podékovala Mgr. Janu Filipovi, Ph.D. za konzultace a pomoc se sepisovanim textu.
Velice deékuji vSem pracovnikiim Regionalniho centra pokrocilych technologii a materiald za
spolupraci béhem celého studia a za provedena mikroskopickd a hmotnostné-spektrometricka
méfeni, jmenovit¢ Mgr. Josefu Kaslikovi, Ph.D. za tfadu provedenych analyz a jejich
vyhodnoceni (rentgenova difrakce a Mossbauerova spektroskopie) a Ing. Jané Oborné, Ph.D. a
Mgr. Ivu Medtikovi za vydatnou pomoc pii praci v laboratofi. Podékovani patii také zastupciim
sanacnich firem Mgr. Vojtéchu Stejskalovi (AQUATEST a.s.), Ing. Ondfeji Lhotskému
(Dekonta a.s.), Ing. Petru Lacinovi a RNDr. Otakaru Pazdirkovi (GEOtest, a.s.) a vV neposledni
fad¢ Ing. Janu Slunskému (NANO IRON, s.r.0.) za moznost kombinovaného studia a podporu
pii psani této prace. Financni podpory se mi dostalo z interniho studenstského grantu Univerzity
Palackého v Olomouci (IGA PrF 2016_010, 2017_007 a 2018 015), a také zgrantu
Technologické agentury CR ,,Centrum kompetence® (TE01020218). Velky dik patfi mé roding,

za to, Ze pii mn¢ celou dobu stala a dodavala mi silu a motivaci ke studiu.






Bibliograficka identifikace:

Jméno a pfijmeni autora: Petra Skéacelova

Nazev prace: Reaktivita a migracni vlastnosti nanocastic zeleza v technologiich ¢isténi
podzemnich vod

Typ prace: Disertaéni

Pracoviste: Katedra fyzikalni chemie

Vedouci prace: prof. RNDr. Radek Zbotil, Ph.D.

Rok obhajoby prace: 2021

Klic¢ova slova: nanocastice kovového zeleza, €isténi podzemnich vod, sledovani nanocastic,
analytické metody, zvoden, aplikace, migrace, transformace

Pocet stran: 103

Pocet ptiloh: 3

Jazyk: CeStina

Abstrakt:

Cilem této prace byl vyzkum osudu nanocastic kovového Zeleza po jejich aplikaci pfi sanaci
podzemnich vod a posouzeni analytickych metod vhodnych pro sledovani nZVI. Nanocastice
byly injektovany do zvodné na tfech lokalitich v Ceské republice. Disertaéni prace shrnuje
vysledky téchto sana¢nich praci, tj. transformaci, migraci a Zivotnost nanocastic, jakoz i jejich
pusobeni na mikroorganismy a celkové vyhodnoceni ucinnosti zisaku. Pfimé a nepiimé
analytické techniky, vhodné pro sledovani nZVI, byly nejprve testovany v laboratofi, a poté byla
porovnana vhodnost jejich aplikace v terénu. Mimo jiné je také vénovana pozornost vyhoddm a
nevyhoddam analytickych ptistupli, pouzitelnych pro sledovani nanocastic, a jsou uvedeny
podrobnosti o jejich praktické implementaci se zvlastnim dirazem na postup odbéru a piipravy

vzorku.






Bibliographical identification:

Author: Petra Skacelova

Title: Reactivity and migration properties of zero-valent iron nanoparticles in groundwater
treatment technologies

Type: Dissertation

Department: Department of Physical Chemistry

Supervisor: prof. RNDr. Radek Zbotil, Ph.D.

Published: 2021

Keywords: zero-valent iron nanoparticles, groundwater treatment, monitoring of nanoparticles,
analytical methods, aquifer, application, migration, transformation

Pages: 103

Annexes: 3

Language: Czech

Abstract:

The aim of this work was the investigation of the fate of nzZVI after its application in
groundwater remediation and appraisal of the analytical methods suitable for nZVI tracing.
Nanoparticles were injected into the aquifer in three localities in the Czech Republic. Results of
these remediation events are shown, including nZV1 transformation, migration, and longevity as
well as the evaluation of remediation efficiency. The direct and indirect analytical techniques
were tested in the laboratory and subsequently used in the field and their applicability was
compared. The advantages and disadvantages of these approaches are discussed and details of
their practical implementation are provided, with special emphasis on the sampling procedure

and sample preparation.






1. SEZNAM ZIKRATEK ..ottt r et r e nn et n e nr e r e nr e n e nr e enenne e 2
2. V0D ... 4
3. TEORETICKA CAST .....ccoooiiiiiiiiiiieieeceeie e 6
3.1. Piiprava a pouZiti CAStic NZVL ...t 6
3.2. Aplikace astic NZVI Ve SVEE 2 V CR ..o se ettt 11
3.3. Sledovani migrace a transformace ¢astic nZVI pomoci nepfimych metod.................c.ccovvviinnnnne, 20
3.3.1. Méfeni fyzikalné-chemickych parametril ............cccoovviiiiiiiiiiiee e 20
3.3.2. VYVO] VOIKU ...t r e 21
3.3.3. Sledovani vyvoje odbourani kontaminace pomoci ¢astic nZVI...............ccooeviiiiiiiiiiiiciene 22
3.3.4. Vliv éastic nZVI na mikroorganismy v podzemni vodeé .................cooeiiiiiiniicnicneee e, 22
3.3.5. Koncentrace rozpusténého a celkového Zeleza..................ccceoiriiiiiiiinicic e 24
3.3.6. Magneticka susceptibilita a Konduktivita................ccooooiiiiiiii 24

3.4. Sledovani migrace a transformace ¢astic nZVI pomoci primych metod..................c.ccoooeviiiiinnnnn, 26
3.4.1. Hmotnostni spektrometrie s indukéné-vazanym plazmatem ................ccocoovoiiiniennnnicnenn, 26
3.4.2. Rentgenové difrakeéni Metody ............cccooviiiiiiiiiiii e 27
3.4.3. Mossbauerova SPERLrOSKOPIE ...........cccooiiiiiiiiiiciicre e 28
3.4.4. Elektronova miKroSKOPIe............cccooiiiiiiiiiiiiii e 29

4. EXPERIMENTALNI CAST ..ottt 31
4.1. 1YL (o T o] [0 - OSSR 31
4.1.1. Vsadkové testy a simulovany zasak ¢astic nZVI v umeélé 3D zvodni..............cooevviiieicnnnnnn, 31
4.1.2. LoKalita SPOICREMUE .......cciiiicee ettt be e e nnes 34
4.1.3. LOKAITA FAIMAK......cooiiiiiiece et 36
4.1.4. LOKAITA ZEEOK ..o 38

4.2. Seznam pouZitych analytickych metod.................cccooiiiiiiiiin 40
4.2.1. Seznam pouzitych nepiimych metod sledovani ¢astic nZVI................ccoovviiiiiiiiie 40
4.22. Seznam pouzitych primych metod sledovani ¢astic NZVI...............c..cocoeiiiiniiniie 41

5. VYSLEDKOVA CAST ....ostivimiiiiiiiitiiesise st 43
5.1. Transformace ¢astic nZVI béhem vSadkovych testil .............ccccoriiiiiiiniiiic e 43
5.2. Analyza ¢astic nZVI pii simulovaném zasaku v umélé 3D zvodni ..............cccccooiviiiiiiinic 47
5.3. Migrace a transformace ¢astic nZVI na lokalité Spolchemie...................cccooiiinininiice, 49
5.4. Migrace a transformace ¢astic nZVI na lokalit€ Farmak...................cccoooiiiiin, 63
5.5. Migrace a transformace ¢astic nZVI na lokalit€ Zetor ....................ccocoviniiiiiiiiiiie e, 71

B.  ZAVER ...t 74
7. SUMMARY .ot bbb e b e bt b e bR e R R E R R R Rt R e h et R Rt r e n e r e 76
8. SEZNAM LITERATURY ...ttt sttt sttt b e st b e bbbk s b e e et sb e st ebesbe e ebeseeseabeneenea 78
9. PRILOHY ...oiiiii s 104



1. SEZNAM ZKRATEK

AAS — atomova absorp¢ni spektrometrie (atomic absorption spectrometry)
CFU — kolonii tvofici jednotky (colony-forming unit)

CHC — chlorované uhlovodiky

CLD — chlordecon

DCE - dichloreteny

DDT - 1,1,1-trichlor-2,2-bisethan

DO - rozpustény kyslik (dissolved oxygen)

EDS — energiové disperzni spektroskopie (energy-dispersive spectroscopy)
FFF — frakcionace tokem v poli (field-flow fractionation)

GC-MS — plynova chromatografie s hmotnostni spektrometrii (gass chromatography mass

spectrometry)

GR — bez ¢eského ptekladu, mineral (green rust)
HCA — hexachloretan

HCB — hexachlorbenzen

HCBD — hexachlorbutadien

HCH — hexachlorocyklohexany

ICP-MS — hmotnostni spektrometrie s indukéné vazanym plazmatem (inductively coupled

plasma mass spectrometry)

ICP-OES — opticka emisni spektrometrie s indukéné vazanym plazmatem (inductively coupled

plasma optical emission spectrometry)
MIP — bez ¢eského piekladu, metoda prizkumu kontaminace (membrane interface probe)
ORP — oxidaéné-reduk¢ni neboli readox potencial (oxidation-reduction potential)

PCA — analyza hlavnich komponent (principle component analysis) nebo pentachloretan



PCB — polychlorované bifenyly

PCE — tetrachloreten

PE — polyethylen

PeCB — pentachlorbenzen

PLFA — analyza fosfolipidovych mastnych kyselin (phospholipid fatty acids)

PRB — propustna reaktivni bariéra (permeable reactive barrier)

gPCR — kvantitativni polymerazova fetézova reakce (real-time polymerase chain reaction)
SEM — skenovaci/fadkovaci elektronovéa mikroskopie (scanning electron microscopy)

SpICP-MS — bez c¢eského piekladu (single-particle inductively coupled plasma mass

spectrometry)

S| — mezinarodni systém jednotek (Le Systéme International d'Unités)

SSA - specificka plocha povrchu (specific surface area)

TCA — trichloretan

TCE — trichloreten

TeCA — tetrachloretany

TEM — transmisni elektronovéa mikroskopie (transmission electron microscopy)
VC — vinylchlorid

VT-XRD - vysokoteplotni rentgenova difrakce (variable temperature X-ray diffraction)
XRD - rentgenova difrakce (X-ray diffraction)

XRF — rentgenova fluorescence (X-ray fluorescence)

mMZV1 — mikro¢astice kovového Zeleza (micro zero-valent iron)

nZV1 — nanocastice kovového Zeleza (nano zero-valent iron)

ZV1 — kovové zelezo (zero-valent iron)



2. UVOD

Nanocastice kovového zeleza, obdobné¢ jako jiné syntetické nanocastice, patfi mezi materidly,
jejichz potencial byl objeven a rozvijen teprve v poslednich dvou dekadach. Jedna se tedy o
material s kratkou historii, ale jeho studiu byl jiz vénovan velky prostor a v akademické oblasti je
stale povazovan za atraktivni pfedmét vyzkumu. Kazdy rok jsou v odbornych periodikach
publikovany desitky ¢lankt, zabyvajicich se syntézou, charakterizaci, toxicitou a potencialnim
vyuzitim rtiznych variant tohoto nanomaterialu. I pfesto si nanoc¢astice kovového Zeleza teprve
hledaji uplatnéni v praxi, pfi¢emz hlavnimi pfekazkami jsou nizké povédomi o jejich existenci a
malé nebo zadné zkuSenosti s jejich aplikaci. Dal§imi faktory, negativné ovlivitujicimi pfijeti
nanocastic podnikatelskym sektorem i spole¢nosti, jsou obavy z jejich potencialni Skodlivosti a
vysoka cena nanocastic (ve srovnani s konvenénimi materialy). VSechny vySe uvedené aspekty,
potvrzuji, Ze dalsi vyzkum téchto novych materialii je nezbytny, a to predevsim z pohledu jejich

komeréni aplikace a souvisejiciho ptsobeni na ¢lovéka a na Zivotni prostiedi.

Pravdépodobné nejvyssi potencidl pro uplatnéni v praxi maji nanocéstice kovového Zeleza
V oblasti dekontaminace podzemnich vod a pid. V poslednich desetiletich byly pouzity v fadé
pilotnich 1 plnoprovoznich sanaci, predev§im ve Spojenych statech americkych a v Evropé.
Kromé nékolika odbornych c¢lankd, spojenych s ¢ist€ vyzkumnymi aplikacemi nanocastic
kovového zZeleza do kontaminované zvodné, vSak chybi relevantni informace 0 migraci a
transformaci nanoc€astic v Zivotnim prostedi. Firmy, realizujici dekontaminaci pomoci tohoto
materialu, sice provadi kompletni vyhodnoceni sanace, ale smyslem téchto reportii je prokazat
zadavateli (statni spravé, vlastnikovi pozemku) ucinnost sana¢nich praci. Proto monitoring

lokality obndsi pfedevsim sledovéni cilovych kontaminantt, nikoliv nanocastic.

Tato disertacni préace si klade za cil ukazat teoretické 1 praktické moznosti sledovani nanoc¢astic
kovového zeleza poté, co byly aplikovany do podzemni vody a/nebo pudy. Text je Clenén na
teoretickou a experimentalni c¢ast. Prvni dvé kapitoly teoretické Casti se zabyvaji zakladnimi
vlastnostmi kovového Zeleza a jeho uplatnénim v sanacni praxi, druhé dveé kapitoly predkladaji
souhrn analytickych pfistupii, pouzitelnych pro sledovani nanocastic v zivotnim prostiedi. V
prvni kapitole experimentalni ¢asti je pak popsana metodika provedenych laboratornich testl a
pilotnich sanaci na lokalitdch, rozmisténi aplikanich a monitorovacich vrti a odbér vzorki.

Také je v ni podan souhrn pouZzitych analytickych metod a podminek méteni. Druha kapitola



experimentalni ¢asti predklada a diskutuje ziskané poznatky o transformaci a migraci nanocastic
pii laboratornich testech a na lokalitach. Cast vysledkd, predstavenych na nasledujicich stranach,
byla publikovana jako soucést prvoautorského ¢lanku a kapitoly v knize, nikdy vSak nebyla
shrnuta v takto ucelené podobé a vyhodnocena v souvislostech. Nékteré analyzy byly provedeny
V laboratofich sana¢nich firem nebo projektovych partnert, tato skutecCnost je uvedena
v metodologii a v seznamu pouzitych metod. Stejné tak jsou vzdy fadné uvedeny citace a

pfipojeno autorstvi obrazkii a schémat.



3. TEORETICKA CAST

Zelezo je &tvrtym nejroziifendjsim prvkem zemské kiiry, tvoii 4,2 % jejiho celkového slozeni.!
Jedna se o ptfechodny kov z 8. skupiny a 4. periody, ktery v atomovém jadru obsahuje nejcastéji
56 nukleont a jehoZ elektronova konfigurace v zékladnim stavu je [Ar] 3d® 4s®. Kromé
obvyklych oxida¢nich &isel II a III se miiZe vyskytovat v oxidaénim stavu Fe’, tj. v podobg
kovového zeleza (ZVI).Z'3 Nanocastice kovového zeleza (nZVI) piedstavuji ucinné redukéni
¢inidlo (redoxni potencial E° redukéni poloreakce Fe?* na Fe® = -0,44 V) 4 Kinetika redoxnich
déji je odlisna v pripadé nanocastic zeleza a makroskopického zeleza, ackoliv obé formy této
latky maji stejné chemické slozeni (Fe®). U obou t&chto forem dochézi v anaerobnim prostiedi za

laboratorni teploty k reakci s vodou:>®
Fe + 2H,0 - Fe(OH), + H, (1)

Rychlost této reakce je dadna mj. velikosti specifické plochy povrchu (SSA), kterd je pro
nanoGastice asi 1000x v&tsi, neZ pro mikro&astice.” Timto lze vysvétlit rozdil v experimentalng
uréenych rozsazich anaerobni reakce Fe? s vodou, které jsou pro nZVI asi 145 mmol.kg™.den™ a
pro mikroc¢astice kovového zeleza (mZVI) méné nez 0,2 mmol.kg’l.den'l. Z téchto udaji lze
vypocitat predpokladanou Zzivotnost materiald ve vodé, kterd je pro nZVI asi 120 dnti a pro

mZVI az 250 let.®
3.1. Priprava a pouZiti ¢astic nZVI

Pro syntézu castic nZVI lze pouzit nékolik riznych pfistupd, obecné rozlisSujeme tii syntetické

strategie: i) top-down, ii) bottom-up, a iii) solid-state reaction.’

3

) Prvni metoda (z anglického top-down, tj. shora-doli) spociva v ,rozbijeni‘
(mleti/drceni/mélnéni) makroskopického zeleza az do mikroskopické (mZVI),

anasledng nanoskopické (nZVI) podoby.'*

Na prvni pohled se tento zplsob jevi
jako jednoduchy a snadno rozsifitelny z laboratoie do primyslu, jeho realné
provedeni vSak skryva fadu nev;’/hod.lzf14 Jednou je Casova naro¢nost top-down
procesu, ktery obvykle trva hodiny i dny. Dalsi nevyhodou jsou pak energetické a
konstrukéni naroky, kladené na pouzita zafizeni — ta totiz musi byt fesena tak, aby

bylo dosazeno co nejmensich vyslednych ¢astic a s ohledem na vysokou reaktivitu



castic nZVI, které pii prechodu ze submikronovych do nanorozmért ziskavaji

15,16

pyroforické vlastnosti. Z téchto davodi neni top-down syntéza v praxi

uplatiiovana, s vyjimkou experimentdlnich Sarzi, pfipravenych v ramci projektu

NanoRem (vice informaci o projektu viz kapitola 3.2).'%*%1/

ii) Druhy pfistup (z anglického bottom-up, tj. zespoda vzhiru) v sobé zahrnuje veskeré
formy chemické syntézy v roztoku, v piipadé ¢astic nZVI redukei rozpustnych soli
zeleza (napt. FeCls) vhodnym redukénim Cinidlem (nejcastéji NaBH4), a nasledné
vysrazeni vznikajiciho Fe® do podoby nanoéastic.’® Vyhodami této metody jsou jeji
rychlost, snadné proveditelnost a kontrola velikosti vznikajicich ¢astic nZVI. Proto se
borohydridova syntéza stala nejcastéjSim zplsobem piipravy castic nZVI
v laboratornich podminkach.*?" Itato metoda ma své stinné stranky — témi
nejproblematiét&j$imi jsou vysoké vyrobni naklady (pres 200,- USD/kg'®) a toxicita
pouZitého borohydridu i jeho rezidui ve vznikajici suspenzi.?** Z tohoto diivodu byla
navrzena rizné alternativni redukéni &inidla (tzv. green-synthesis).?*?° V USA byly
castice nZVI, pfipravené borohydridovou syntézou, pouzity v mnoha pilotnich 1
plnoprovoznich aplikacich (Tabulka 2 v kapitole 3.2), v Evropé se v§ak do komer¢ni

sféry nerozsitily (Tabulka 3 v kapitole 3.2).

iii) Treti typ syntézy (z anglického solid-state, tj. v pevné fazi) spociva
v termické redukci nanocastic oxidii zeleza pod vhodnou atmosférou, nejcastéji

vodikem 33

Také tuto technologii 1ze snadno rozsifit z laboratornich podminek
do pri’lmyslu,34 na rozdil od top-down metody je rychlejsi, energeticky méné narocna
a technicky snadngji fesitelna.’® Prvni na trhu dostupné &astice nZVI, pripravované
solid-state syntézou, byl material s komer¢nim nazvem RNIP od japonské spolecnosti
Toda Kogyo Corp.*** V soudasnosti se tento produkt nevyrabi a je nahrazen
vyrobkem NANOFER od &eské firmy NANO IRON, s.r.0.>” Oba tyto materialy byly
pouzity pii pilotnich i plnoprovoznich aplikacich v USA, Evropé i Asii (Tabulka 2,
Tabulka 3 a Tabulka 4 kapitole 3.2).

Kromé jiz zminéné reakce s vodou® podléha Fe® také vzdusné oxidaci, tj. korozi zpiisobené
reakci s kyslikem. Rychlost oxidace je opét diametralné odliSnd pro makro-/mikroskopicke

Castice Zeleza a pro Castice nZVI1.%® Zatimco &astice mZVI koroduji pomaleji o n€kolik fadi (10

7



— 1000 X)8, Castice nZVI vykazuji pyroforické vlastnosti, tj. podléhaji samovzniceni na
vzduchu.*® Pyroforicky prasek nZVI proto musi byt uchovavan a zpracovavan pod inertni
atmosférou®, a to az do chvile, kdy je dispergovan (smisen) svodou.** Takto pfipravena
disperze je ovSem vysoce reaktivni (vhodnd k okamzité aplikaci do podzemnich vod) a

nanocastice s Casem agreguji a oxiduji.40le Rychlost téchto degrada¢nich d&ji je ovlivnéna

43,44 44,45
pH,

koncentraci suspenze, teplotou44 a pritomnosti dalSich latek, jako jsou anorganické

A3-47

ionty nebo organickd hmota.*®>° Jednou z moznosti, jak prodlouzit Zivotnost nZVI suspenze,

3451 axilatu

(PAA),> 2 karboxymethylcelulozy (CMC),>*** polysacharidu (skrob)®**? nebo tenzidu (MSJ).*?

je pridavek stabiliza¢niho ¢inidla, nejcastéji polymeru, napt. polysorbatu (Tween 80),

DalSim zptsobem stabilizace pyroforickych ¢astic nZVI je fizena oxidace jejich praskové formy,
vedouci K vytvofeni tenké slupky oxidl na povrchu nanocastic. Takto vzniklé ¢astice nZVI jsou
na vzduchu stabilni, a pfitom si zachovavaji vysokou reaktivitu, kterou lze snadno obnovit jejich

. . N . . 37,55-57
dispergaci a ,,aktivaci* takto ziskané suspenze.

Redukéni vlastnosti ¢astic nZVI 1ze obecné vyuzit v reakcich s latkami, jejichZ redox potencial
Eh je vyssi nez -0,44 V. Tato definice zahrnuje $irokou skupinu slougenin, z nichz ndkteré patii
do kategorie akutné a/nebo chronicky toxickych a/nebo bioakumulativnich.”® Reakce takovychto
kontaminantd/polutantd s ¢asticemi nZVI ve vodé a pid¢ za ucelem jejich destrukce (chemické
pfemény) a/nebo imobilizace spada do oblasti ¢isténi vod a p1°1d.59‘60 V tomto oboru maji Castice
nZVI nejéastéjsi vyuziti, ackoliv potencial pro aplikaci ¢astic nZVI lze nalézt i v oblastech
katal}'lzy39 nebo energetického prﬁmyslu.m‘62 Z povrchovych, podzemnich a odpadnich vod nebo
piid miZe byt za pomoci Castic nZVI odstranéna fada zneéistujicich latek.*® Podle mechanismu
piisobeni s &asticemi nZVI rozliSujeme kontaminanty i) redukovatelné®*®® a/nebo ii)

sorbovatelné®®”:

) Redukce slou¢enin (napfi. chlorovanych latek, R-Cl) pfi reakci s ¢asticemi nZVI miize
probihat n€kolika moznymi zplsoby; mezi dosud navrzené dehalogenacni reakcni
mechanismy patii piima vyména elektroni (B-eliminace, reakce (2)),%® redukce
prostiednictvim vody (hydrogenolyza, reakce (3))69 a redukce s pomoci Fe®* "0 které

vznika reakci (1) (hydrogenolyza, reakce (4)):

Fe®+Cl—R=R-Cl-> Fe?* +R=R+2Cl” )}



Fe®+R—Cl+ H,0 - Fe?*+R—H+OH™ +Cl~ (3)
2Fe?* +R—Cl+ H,0 > 2Fe3*+R—H+ OH™ + Cl” (4)

Mezi latky redukovatelné pomoci ¢astic nZVI patii chlorované uhlovodiky (CHC,

reduktivni dechlorace), anionty a kationty n&kterych kovi.® Souhrn typickych

kontaminantd, redukovatelnych pomoci ¢astic nZVI, podava Tabulka 1.

Tabulka 1: Kontaminanty reagujici s ¢asticemi nZVI

nazev kontaminantu vzorec nebo zkratka reference
tetrachlormetan CCl, 71-75
chloroform CH4CI 71,73-75
hexachloretan HCA 76
pentachloretan PCA 76
tetrachloretany 1,1,2,2-TeCA, 1,1,1,2-TeCA 76
1,1,1-trichloretan TCA 76-78
tetrachloreten PCE 79-82
trichloreten TCE 22,36,89-91,81-88
dichloreteny cis-1,2-DCE, trans-1,2-DCE, 1,1-DCE | 81,82
vinylchlorid VvC 82,92
hexachlorocyklohexany, HCH, HCB, HCBD, PeCB, CLD 93-96
hexachlorbenzen, hexachlorbutadien,
pentachlorbenzen, chlordecon
polychlorované bifenyly PCB 97-100
1,1,1-trichlor-2,2-bisethan DDT 101-103
arseni¢nany H,AsO, , HASO42’ 66,104,113-115,105-112
chromany a dichromany CrO4~, Cr,0,” 66,67,116-119
dusi¢nany NO3 120-122
rtut’ Hg™ 112,113
med cu* 55,91,117,118,123
nikl Ni** 66,118
kadmium cd* 118,124,125
i) K sorpci latek (napf. kovil) na povrchu ¢astic nZVI dochazi v disledku strukturni

transformace Castic nZVI na oxidy a oxyhydroxidy zeleza, kterd je zplisobena
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plsobenim vody a v ni rozpusténého, nebo atmosférického, kysliku.”™ Mechanismy
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sorpce kovil na povrchu nanocastice nazorné ukazuje schéma (Obrazek 1), pievzaté

od Ling et al.®®

Cr(Vl) @

@As(V)

Cr(OH),

Fe-Cr hydroxides \ * _%:;:

/,zm&

Zn(OH),

Zn(ll) @ //»3“ s

Cs() @

Obriazek 1: Schéma ukazujici reakce a naslednou sorpci kovii na povrchu ¢astice nZVI (pievzato z 66)
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3.2.  Aplikace &astic nZVI ve svété a v CR

Dosud nejrozsitenéjsi pouziti maji ¢astice nZVI v oblasti reduktivnich technologii pro in-situ
sanaci podzemnich vod. Jednd se o metodu, pii niz je reduk¢ni ¢inidlo vpraveno pomoci
permanentnich vrtti nebo metodou direct-push (tzv. na ztraceny hrot) do kontaminované zvodné,
kde nasledné dochazi k jeho reakci s polutanty. Cilem in-situ sanace je redukce skodlivych latek
piimo v podzemi, bez nutnosti energeticky i Casové narocného cerpani vody na povrch.59 Castice
nZVI se ukézaly pro tyto ucely vhodnymi nejen diky vysoké reaktivité s fadou redukovatelnych
a/nebo sorbovatelnych latek, ale také pro své malé rozméry, umoziiujici snadné vpraveni ¢astic
nZV1 do horninového prostiedi. Pro srovnani — injektdz mikro¢astic kovového zeleza probiha
obvykle metodami ,,soil mixing*“ nebo hydraulicko/pneumatickym Stépenim (73 % aplikaci),
zasak nanocastic kovového zeleza se vétSinou provadi tlakové nebo gravitaéné (78 %
aplikaci)."®’ Bylo by viak chybou opomenout skute¢nost, Ze pravé &astice mZ VL, coby vyvojovy
predchiidce c¢astic nZVI, byly dfive objevenym redukénim materidlem, vhodnym k sanaci

podzemnich vod.®70

Prvni zminky o pouziti ¢astic mZVI v sana¢ni praxi pochazeji z 90. let 20.
stoleti.?®** Warner et al. popisuji pilotni konstrukci propustné reaktivni bariéry (PRB), kterou
provedli védci z University of Waterloo vroce 1991, a komeréni PRB z let 1994 a 1995.
Posledni z téchto bariér byla sledovana po dobu deseti let a slouzila k odstranéni TCE, DCE
a Freonu 113 z kontaminované podzemni vody, protékajici skrz PRB rychlosti necelych
6 m/den.'*®® B&hem nékolika dalsich let nasledovalo minimalng 19 pilotnich a 20 plnoprovoznich
aplikaci ¢astic mZVI v podobé PRB, podrobné popsanych v dokumetu U.S. EPA z roku 2002.
V této zprave je také konstrukce PRB doporucena jako standardni remediacni metoda. ™! Autory
prvni publikace, dokumentujici pouziti nanocastic namisto mikroc¢éstic v roce 2001, jsou Daniel
W. Elliott a Wei-Xian Zhang. Tyto vyzkumniky z Lehigh University v Bethlehemu v
Pensylvanii lze povazovat za prukopniky technologie sanace na principu nZVI. Kazdy z nich
publikoval v letech 2001 — 2020 nékolik desitek praci, zabyvajicich se vyzkumem ¢astic nZVI
V laboratornich podminkéch 1 aplikaci tohoto materidlu do podzemnich vod. Jejich prace
podnitily zajem o pouziti ¢astic nZVI, ktery se v USA brzy rozsifil i mezi sanacni geology,
konzultanty a ostatni specialisty, a ktery vedl k velkému mnoZstvi remediac¢nich zasahli pomoci
castic nZVI. Jejich souhrn podava Tabulka 2, ptevzata ze stranek U.S.EPA (https:/clu-
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in.org/download/remed/nano-site-list.pdf)*** a od Mueller et al.*** Bohuzel jen n&které z t&chto

aplikaci byly podrobnéji popsany ve védeckych ¢lancich, pozdéji publikovanych Vv nékterém z
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odbornych periodik (viz ptifazené reference). Comba et al. uvadi, ze v letech 2000 — 2010 bylo
jen v USA provedeno 112 pilotnich a/nebo plnoprovoznich remediaci pomoci ZVI (aplikace
astic mZVI do PRB nejsou zapo&itany).?’ Zatimco v USA zaZivalo pouziti &astic nZVI
v dekontaminacnich technologiich boom, v Evropé byla prvni pilotni aplikace realizovéna az
v roce 2004, a to na Gizemi CR. Pilotni zkousku provedla americka firma Golder Associates ve
spolupraci s ¢eskou sanacni spolecnosti AQUATEST, a.5."3 V t¢ dob¢ také zadina spoluprace
AQUATESTuU s Technickou univerzitou v Liberci, Univerzitou Palackého v Olomouci,
Masarykovou univerzitou v Brné a Ustavem fyziky materiala AV CR v Brné, ktera se dale
rozviji v ramci projektu “Vyzkum vyroby a pouZiti nano¢astic na bazi nulamocného Zeleza pro
sanace kontaminovanych podzemnich vod”.B* Na prvnich aplikacich ¢astic nZVI v EU mimo
tizemi CR se opét podili firma Golder Associates, tentokrat spolu s némeckymi subjekty Alenco
GmbH a Bundesanstalt fiir Geowissenschaften und Rohstoffe.**>**® Tyto pilotni testy probihaji v
letech 2005 a 2006 v Némecku. Brzy nasleduje plnoprovozni aplikace v némeckém
Bornheimu.™*® V EU se &astice nZVI dostavaji do SirSiho povédomi védecké komunity diky
projektu NanoRem (Taking Nanotechnological Remediation Processes from Lab Scale to End
User Applications for the Restoration of a Clean Environment),"* ktery v letech 2013 — 2017
spojil celkem 31 evropskych partneri ze soukromého i vefejného sektoru.”*® Také v CR
pokracuje vyzkum c¢astic nZVI na akademické pidé, podpofeny spolupraci se soukromymi
subjekty. K naprosto unikatnimu spojeni 5 firem a 3 vyzkumnych organizaci doSlo v ramci
projektu Nanobiowat (Ekologicky Setrné nanotechnologie a biotechnologie pro CiSténi vod a
pad), ktery probihal v letech 2012 — 2019.* Pilotni 1 plnoprovozni aplikace ¢astic nZVI pro
¢isténi podzemnich vod, provedené v EU (nejen) v ramci vySe zminénych projekti, shrnuje
Tabulka 3. V poslednich letech zazivaji &astice nZVI zvyseny zéjem také v asijskych zemich.*? |
zde si tento material nachazi cestu z laboratofi do praxe, prvni pilotni aplikace provedené v Asii

uvadi Tabulka 4.
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Tabulka 2: Prehled lokalit s pouzitim ¢astic nZVI v USA

rok nazev lokality stat, zemé typ nZVI (modifikator) typ aplikace | mnozZstvi ZVI | aplika¢ni metoda | cilové kontaminanty | reference
1998 Middlesex New Jersey, | neuvedeno pilotni 408 kg neuvedeno TCE 141
USA
2000 Trenton New Jersey, | bimetalické borohydridové pilotni 1.7 kg gravitacné pies TCE 142
USA nZVI s palladiem permanentni vrty
2002 Research Triangle North bimetalické borohydridové pilotni 11 kg tlakovou injektazi | PCE, TCE, DCE, VC | 143
Park Carolina, nZVI s palladiem pfes permanentni
USA vrty
2002/2006 Cape Canaveral Air | Florida, EZVI pilotni/ 431 kg/ tlakovou, TCE 144
Force Station, USA plnoprovozni | neuvedeno pneumatickou,
Launch Complex pulzni a drop tip
34 injektazi pres
permanentni vrty
2004 Rochester New York, borohydridové nZVI pilotni 100 kg gravitané pies DCM, 1,2-DCP, 60
USA permanentni vty | 1,2-DCA
2004 Picatinny Arsenal New Jersey, | imobilizované nZVI pilotni 54 kg pies permanentni | PCM, TCE 145
Superfund Site USA (ferragel) vrty
2004 Jacksonville Florida, bimetalické borohydridové plnoprovozni | 136 kg vysokotlakou TCE 146
USA nZVI1 s palladiem (polymer) pneumatickou
injektazi
2005 - 2006 Lakehurst New Jersey, | bimetalické borohydridové plnoprovozni | 136 kg direct-push PCE, TCE, TCA, 147
USA nZVI1 s palladiem (polymer) injektazi cis-1,2-DCE, VC
2005 Patrick AFB Florida, EzVI plnoprovozni | neuvedeno vysokotlakou TCE 148
USA pneumatickou

injektazi
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rok nazev lokality stat, zemé typ nZVI (modifikator) typ aplikace | mnozstvi ZVI | aplika¢ni metoda | cilové kontaminanty | reference
2005 Passaic New Jersey, | neuvedeno pilotni neuvedeno pomoci TCE 149
USA pneumatického
a hydraulického
Sté€peni
2005 Winslow Township | New Jersey, | borohydridové nZVI pilotni 150 kg gravitaéné pres PCE, TCE, DCE nedostupné
USA permanentni vrty
2006/2008/2010 | Phoenix Goodyear | Arizona, PolyMetallix™ pilotni celkem asi gravitatné TCE, PCE, 150,151
Airport - North USA 700 g a pomoci pakra chloristany
pfes permanentni
vrty
2006 Parris Island South RNIP (kukufiény olej) pilotni 275 kg pomoci PCE, TCE, DCE, VC | 152,153
Carolina, pneumatického
USA $tépeni a direct-
push injektaze
2006 Nease Chemical Ohio, USA bimetalické borohydridové pilotni 100 kg neuvedeno PCE, TCE, DCE, VC | 154
Salem nZVI s palladiem (s6ja)
2006 Prudhoe Bay Unit Alaska, USA | bimetalické borohydridové pilotni neuvedeno tlakovou injektazi | TCA, Pb 155
nZVl pres permanentni
vrty
2006 Alabama Site Alabama, bimetalické borohydridové pilotni 114 ¢ gravitané pies PCE, TCE, PCB 156
USA nZVI s palladiem (CMC) permanentni vrty
2006 Valcartier Garrison | Quebec, bimetalické borohydridové pilotni 4550 kg pomoci pakra TCE, DCE, VC 157
Canada nZVI s palladiem (soja) pies permanentni
vrty
2006 Ford Aerospace California, borohydridové nZVI a pilotni 248 ¢ recirkulacni test PCE, TCE, Freon 158
Site Palo Alto USA bimetalické borohydridové Vv jednom vrtu

nZVI s palladiem (CMC)
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rok nazev lokality stat, zemé typ nZVI (modifikator) typ aplikace | mnozstvi ZVI | aplika¢ni metoda | cilové kontaminanty | reference
2007 Sheffield Alabama, bimetalické borohydridové pilotni 256 ¢ gravitaéné pies PCB, PCE, TCE, 159
USA nZVI s palladiem (CMC) permanentni vity | DCE, VC
2008/2009 Vandenberg Air California, BOS100® (aktivni uhli pilotni minimalné direct-push TCE, DCE 160
Force Base Santa USA impregnované nZVI) 330 kg injektazi
Maria BOS100®
2009 OU-2B Installation | California, Z-Loy™ (bimetalické pilotni 5000 litra pomoci TCE 161
Restoration Site 4, USA Castice s palladiem disperze pneumatického
Alameda Point a propylen glykolem) Z-Loy™ S$tépeni a direct-
push injektaze
2009 - 2010 Penn-Michigan Ohio, USA Iron-Osorb™ (hybridni pilotni celkem 96 kg | direct-push TCE 162
Manufacturing Site, nanocastice nZVI+SiO, injektazi
West Lafayette s laurethsulfatem sodnym)
2010 Hill Air Force Base | Utah, USA bimetalické borohydridové pilotni 5 kg recirkulaéni test TCE nedostupné
nZVI s palladiem (CMC) Vv jednom vrtu
2010/2014 Sarnia Ontario, borohydridové nZVI pilotni 750 g/50 g gravitané pies PCE, TCE 163-165
Kanada (CMC)/borohydridové permanentni vrty
sulfidované nZVI (CMC)
2011 London Ontario, borohydridové nZVI (CMC) | pilotni 142 g gravitané pies TCE 166
Kanada permanentni vrty
2011 Parris Island South NANOFER pilotni 152 kg direct-push TCE, cis-1,2-DCE, 167
Carolina, injektazi VC
USA

15




Tabulka 3: Prehled lokalit s pouZitim ¢astic nZVI v Evropé

rok nazev lokality | stat, zemé typ nZVI (modifikator) typ aplikace | mnozstvi ZVI aplika¢ni metoda cilové kontaminanty reference
2004/2009 Spolchemie Ceska borohydridové nZVI/NANOFER | pilotni 20 kg gravita¢né pies chlorované etheny 133
republika permanentni vrty
2005 Schonebeck Neémecko RNIP pilotni 70 kg tlakovou injektazi VvC 133
pies permanentni vrty
2005/2006 Kufivody Ceska borohydridové nZVI/RNIP pilotni 50 kg gravita¢né pies chlorované etheny 133
republika permanentni vrty
2005 Piestany Ceska borohydridové nZVI pilotni 20 kg gravita¢né pres chlorované etheny 133
republika permanentni vrty
2005 Biella Italie Neuvedeno pilotni 10 kg gravitaéné pies TCE, DCE 168
permanentni vrty
2006 Thuringia Némecko Neuvedeno pilotni 120 kg neuvedeno chlorované etany, 133
Cr(VI), Ni, dusi¢nany
2006 Asperg Neémecko RNIP pilotni 44 kg sleeve-pipe injektazi | chlorované etheny 133
2006 Gaggenau Neémecko RNIP pilotni 47 kg sleeve-pipe injektazi | PCE 133
2006 Permon Ceska RNIP pilotni 7kg gravitaéné pres Cr(VI) 133
republika permanentni vrty
2007 Hannover Némecko Neuvedeno pilotni 1 kg gravitaéné pres CHC 169
permanentni vrty
2007 - 2008 | Hluk Ceska RNIP/NANOFER pilotni celkem 150 kg | gravita¢né pies chlorované etheny 133
republika permanentni vrty
2007 - 2009 | Rozmital Ceska RNIP/NANOFER pilotni celkem 150 kg | gravitaéné pies PCB 170
republika permanentni vrty
2007 Bornheim- Némecko RNIP (mzVI) plnoprovozni | 1000 sleeve-pipe injektazi | PCE 133
Roisdorf (2000) kg
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rok nazev lokality | stat, zemé typ nZVI (modifikator) typ aplikace | mnoZstvi ZVI aplika¢ni metoda cilové kontaminanty reference
2008 Uhersky Brod Ceska NANOFER pilotni 50 kg gravitacn¢ pres chlorované etheny 133
republika permanentni vrty
2008 - 2009 | Hoftice Ceska RNIP+DC/NANOFER 25S/ pilotni/ 49/2450 kg direct-push injektazi | PCE, TCE, DCE 171-173
republika NANOFER STAR (+ el. proud) plnoprovozni
2009 - 2010 | Pisecna Ceska RNIP/NANOFER 25S pilotni/ 300/2660 kg tlakovou injektazi chlorované etheny 173-175
republika a NANOFER STAR (+ el. proud) | plnoprovozni pfes permanentni vrty
2010 Blehovsko Ceska NANOFER 25S a NANOFER pilotni/ 10/540 kg neuvedeno PCE 173,176
republika STAR (+ el. proud) plnoprovozni
neuvedeno Bordeaux Francie NANOFER STAR DC pilotni 80 kg neuvedeno neuvedeno 173
(+ el. proud)
2017 Aargau Svycarsko | NANOFER STAR DC pilotni 250 kg pomoci pakrt pres PCE, TCE 140,173
(+ el. proud) permanentni vrty
2011/ KARA Trutnov | Ceska NANOFER 25S pilotni/ 200/20 000 kg | gravitané pies chlorované etheny, nedostupné
2012 - 2017 republika plnoprovozni permanentni vrty Cr(VI)
2011 -2012 | Barreiro Spanélsko | NANOFER 25S pilotni neuvedeno direct-push injektazi | t&zké kovy, dusik 177
v riznych formach
2012 Kortan, Hradek | Ceska NANOFER 25 (syrovatka) pilotni 120 kg tlakovou injektazi Cr(VI) 178,179
nad Nisou republika pfes permanentni vrty
neuvedeno neuvedeno Ceska NANOFER 25S, NANOFER pilotni 40 kg direct-push injektazi | Cr(VI), TCE, 180
republika STAR (syrovatka) cis-1,2-DCE
2012 Braunschweig Némecko FerMEG plnoprovozni 280 kg tlakovou injektazi PCE 16
pies permanentni vrty
2012 - 2013 | MARS Svratka | Ceska NANOFER STAR DC plnoprovozni 2000 kg tlakovou injektazi chlorované etheny 173,181
republika (+ el. proud) pfes permanentni vrty
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rok nazev lokality | stat, zemé typ nZVI (modifikator) typ aplikace | mnoZstvi ZVI aplika¢ni metoda cilové kontaminanty reference
2014 - 2016 | HruSevo Slovinsko | NANOFER 25, NANOFER pilotni 0d 0,5do 5 g/l | ¢isténi odpadnich vod | t&Zké kovy, dusik 182
STAR, borohydridové nZVI v dynamickém | z provozované COV | v riznych formach,
opera¢nim bakterie
modu
2014/1015 Spolchemie Ceska NANOFER 25S/NANOFER pilotni 200/300 kg direct-push injektazi | PCE 137,140,183
republika STAR -185
2015 neuvedeno Ceska NANOFER STAR pilotni celkem 30 kg | gravitaéné pies PCE, TCE 186
republika (uhlik, CMC, MSJ) permanentni vrty
2015 Azkoitia Spanélsko | NANOFER 25S (kompost) pilotni 2 kg smichani tézké kovy 187
s kontaminovanou
pudou a kompostem
2015/2016 Solvay Svycarsko | FerMEG12/ NANOFER STAR pilotni 100/500 kg pomoci pakril pies PCE, TCE, HCA 137,185,188
permanentni vrty
2015 Balassagyarmat | Mad’arsko | Carbo-Iron® pilotni 177 kg direct-push injektazi | PCE, TCE, DCE 137,189
2015 Neot Hovav Izrael Carbo-Iron® pilotni 5 kg pomoci pakri pies TCE, cis-1,2-DCE, 137,190
permanentni vrty toluen
2016 Nitrastur Spanélsko | NANOFER STAR pilotni 250 kg pomoci pakrl pies tézké kovy 137,191
permanentni vrty
2016/2018 Farmak Ceska NANOFER 25/NANOFER 25DS | pilotni 150/150 kg direct-push injektazi TCE 185,192
republika
2018 Zetor Ceska NANOFER STAR/NANOFER pilotni/ 15/90 kg pomoci pakril pies Cr(VI) 193,194
republika 25DS plnoprovozni permanentni vrty
201 »CRI1“ Ceska NANOFER 25DS pilotni 5550 kg pomoci PCE 195
republika (mZVI, pisek, syrovatka) Stépici hydraulického/pneum
suspenze atického Stépeni a

direct-push injektaze
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rok nazev lokality | stat, zemé typ nZVI (modifikator) typ aplikace | mnoZstvi ZVI aplika¢ni metoda cilové kontaminanty reference
2019 Mieres Spanélsko | NANOFER 25S pilotni 4 kg smichani tézké kovy 196
s kontaminovanou
pudou
Tabulka 4: Piehled lokalit s pouzitim ¢astic nZVI v Asii
rok nazev lokality stat, zemé | typ nZVI (modifikator) | typ aplikace mnoZzstvi ZVI aplika¢ni metoda cilové kontaminanty | reference
neuvedeno | Kaohsiung Taiwan bimetalické pilotni 60 kg gravitacn¢ pies VC 92
borohydridové nZVI permanentni vrty
s palladiem
2012 Wonju Jizni Korea NANOFER 25S pilotni 30 kg pomoci pakrt pres TCE 197
permanentni vrty
2012 Jiangxi Cina borohydridové nZVI pilotni asi 0,462 g/L reaktory s nZVI tézké kovy 198
v kontinualnim ptipojené
opera¢nim moédu k provozované COV
(po dobu 120 dni)
2017 neuvedeno Cina NANOFER STAR pilotni 300 kg pomoci pakrl pies PCE, TCE, 1,1-DCE, | 199
(aktivni uhli) permanentni vrty PCA, TCA, DCA,
chloroform
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3.3. Sledovani migrace a transformace ¢astic nZVI pomoci neprimych metod

Nepiimé techniky sledovani castic nZVI neslouzi k jasné identifikaci nanocastic, ale ukazuji
dasledky jejich plisobeni v podzemni vod¢ a pudé. Pro svou jednoduchost a levnéjsi provedeni
(v porovnani s pfimou charakterizaci nZVI) jsou na lokalitach v praxi hojné vyuzivany a staly se

’ 7 7 . ’ . e ~ 200
standardni soucasti metodologie pro vyhodnoceni vlivu ¢astic nZVI na sanovanou zvoden.

3.3.1. Méreni fyzikalné-chemickych parametri

Prakticky kazdy sanacni technolog je vybaven nckterym typem multimetru pro méfeni
zakladnich fyzikalné-chemickych parametrii vody, jako jsou pH, polni redoxni potencial (ORP),
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konduktivita a koncentrace rozpusténého kysliku (DO).”” VSechny tyto parametry mohou byt

vice ¢1 méné ovlivnény piitomnosti ¢astic nZVI ve sledované zvodni. Mira ovlivnéni zavisi na

rozsahu reakce &astic nZVI s podzemni vodou a na pufra¢ni kapacité zvodng.®®

Pro méteni pH se
pouziva sklenéna iontové-selektivni elektroda a argentchloridova referencni elektroda, ORP je
méfen platinovou elektrodou a argentchloridovou referenéni elektrodou, konduktivita pomoci
soustavy dvou platinovych nebo uhlikovych elektrod a ke stanoveni DO lze vyuzit
membranovou platinovou elektrodu a referen¢ni argentchloridovou elektrodu. Méteni se provadi
Vv dynamickém modu, tj. v prato¢né cele, do niz je z vrtu ¢erpana podzemni voda az do ustaleni
hodnot fyzikaln&-chemickych parametri, teprve poté je odeCtena hodnota veli¢iny z multimetru.
*8 Zména pH podzemni vody vychazi z jeji reakce s &asticemi nZVI (reakee (1) v kapitole 3), pfi
niZ vznikaji OH 1ionty, zplsobujici ndrGst pH. V blizkosti aplikace castic nZVI muze byt
zaznamenana zména pH o 1 aZ 3 jednotky.?2#1314618% Hsdnota polniho ORP naopak klesa
vlivem ustaveni redukéniho prostiedi, podle ptuvodni hladiny ORP se jeho hodnota po aplikaci

142,146,147,159,165
V.

¢astic nZVI miZe ustalit na -200 az -500 m Také DO je siln€ ovlivnén zdsakem

castic nZVI, jeho ubytek je rapidni, ale dochazi k nému pouze v bezprosttednim okoli

X2 op: o 142,146,147,159,1
nano&astic, 142146:147.19.165

Zmeény fyzikalné-chemickych parametri jsou vysoce citlivym
indikatorem pfitomnosti Cerstvych €astic nZVI, jsou vSak kratkodobé a souvisi pouze s reakci
castic nZVI s podzemni vodou — pfitomnost zoxidovanych (“zreagovanych”) ¢astic nZVI tudiz
nelze timto méfenim odhalit.?*® Dalim problémem je skute¢nost, Ze transport podzemni vody,
ovlivnéné reakci s ¢asticemi nZVI, je v pudé a v horninovém prostiedi jednodussi, neZ migrace

castic nZVI jako takovych. Vyznamnd zména fyzikalné-chemickych parametrii tedy neni

o v . e roax vv - 68
ditkazem pfitomnosti nanoc¢astic v misté¢ méfeni.
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3.3.2. Vyvoj vodiku

Vedle vzniku OH" iontli doprovazi anaerobni reakci ¢astic nZVI s vodou také vyvoj Hy (reakce
(1) v kapitole 3). Zvysené koncentrace vodiku jsou tedy nepifimym dikazem piitomnosti ¢astic
nZVI v blizkosti monitorovaciho vrtu, zvIasté proto, ze ptirodni procesy generujici zvysSené
mnozstvi H, jsou vétSinou zanedbatelné.?® Acgkoliv pHimé méfeni rozpusténého vodiku
V podzemni vod€ se obvykle neprovadi, pfitomnost H ma vliv na hodnotu ORP.” Mgfeni
vyvoje vodiku lze vyuzit také pii kontrole kvality pouzitych ¢astic nZVI. Tato metoda vyuziva
predpoklad, Ze H; je v kyselém prostiedi generovan pouze reakci Fe®, oxidy obsazené v &astici
nZVI objem vyvinutého plynu zvysit nemohou.® Vzniku vodiku lze rychle dosdhnout napf.
ptidavkem ztfedéné kyseliny chlorovodikové, dusi¢né nebo sirové, koncentrované kyseliny
chlorovodikové nebo roztokii soli téchto kyselin s kationty slabych zasad. Metoda zaloZend na

méfeni objemu takto vygenerovaného vodiku byla uspésné implementovana do komeréni sféry

(Obrazek 2).2%

Obrazek 2: Zarizeni pro méfeni vodiku vyvinutého pfi reakci ¢astic nZVI s kyselinou; pristroj je ukazan v
rozloZeném stavu (vlevo) a sloZeny k pouZziti (vpravo)202
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3.3.3. Sledovani vyvoje odbourani kontaminace pomoci ¢astic nZVI

Dalsim uziteCnym ndastrojem, umoziujicim nepiimo sledovat ucinky aplikace ¢astic nZVI
do kontaminované zvodné, je méfeni vyvoje koncentrace cilovych polutanti a jejich
predpokladanych degrada¢nich produktl. Tento pfistup nejenze odhali pfitomnost ¢astic nZVI
v blizkosti monitorovanych vrtii, ale pomiZe také vyhodnotit dopad a G&innost sanace.?*® Jsou-li
pozorovanymi kontaminanty toxické kovy, probihd analyza odebranych vzorka v laboratofi
pomoci spektroskopickych nebo spektrofotometrickych metod, ¥ pokud je sledovan vyvoj
kontaminace chlorovanymi uhlovodiky, miize byt monitoring provadén pfimo na lokalité pomoci

tzv. MIP*® a/nebo v laboratofi s pouzitim plynového chromatografu (GC-MS).2%

Vyhodnoceni
zasaku cCastic nZVI prostiednictvim monitoringu zne€iStujicich latek v sobé skryva tadu
problému. Jedna se pfedevsim o abiotické i biotické reak¢éni mechanismy vedouci k transformaci
kontaminace, které jsou Casto slozité a komplexni, coZ znemoznuje jasnou interpretaci téchto

d&ja jako piimého disledku aplikace &astic nZVI.?%

Kromé& pisobeni ¢astic nZVI mohou
k odstranéni polutanti ptispét také zmény horninového prostiedi, zplisobené pouzitou injektazni

technikou, a/nebo zasak velkého mnozstvi vody, ktera je nedilnou soucésti suspenze nZV1.%
3.3.4. Vliv ¢astic nZVI na mikroorganismy v podzemni vodé

Vedle sledovani pusobeni ¢astic nZVI pii reakcich s podzemni vodou a pidou a cilovou
kontaminaci je dal§Sim vhodnym néstrojem pro hodnoceni aplikace ¢astic nZVI vyzkum jejich
vlivu na mikrobialni osidleni zvodn&.**® To miiZe existovat i pies piitomnost znec€iSt'ujicich latek,
nebot’ nékteré mikroorganismy v podzemni vod¢€ a v pad¢ jsou schopné se toxickym podminkdm
ptizpusobit, a dokonce z nich profitovat, pokud dokazi vyuzit polutanty k pfeméné ve svych
metabolickych procesech. Takovéto procesy jsou znamy pod pojmem biotickd degradace (napf.
dehalogenace chlorovanych uhlovodiki).”® Ackoliv &astice nZVI v prvé fadé zpiisobuji
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oxidativni stres vedouci az k zaniku bunky,”" v dlouhodobém pisobeni miize aplikace

nanocastic do zvodné zmeénit geochemické podminky a zmirnit plisobeni kontaminantd, takze ve

vysledku piisp&je k rozsifeni bioty.?*

Této skutecnosti je casto vyuzivano v praxi pfi
kombinovani abiotickych a biotickych procesii, napt. pomoci sekvencni aplikace ¢astic nZVI a
vhodného organického substratu, ktery podpofi mnozeni a rGst mikroorganismi

178-180

vV kontaminované zvodni. Vliv ¢astic nZVI na mikrobiologickou populaci lze zkoumat

riznymi zpusoby, ale vSechny jsou zaloZeny na kvantifikaci bioty pted aplikaci ¢astic nZVI a
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srovnani s poCty mikroorganismti bezprostfedné, resp. dlouhodobé po zasaku. Nejjednodussi
metodou je zjisténi poctu kolonii kultivovatelnych organismti (CFU), které je zalozeno na

206 74kladnim nedostatkem tohoto

predpokladu, ze z kazdé bunky vzdy vznikéd jedna kolonie.
postupu je fakt, ze Ize kultivovat pouze 0,1 — 2 % mikroorganismt. Jednou ze skupin bungk,
které jsou kultivovatelné na citradtovém agaru, jsou ty, které patii bakteriim oxidujicim
a redukujicim zelezo. Jejich pocty mohou byt aplikaci ¢astic nZVI ovlivnény, a to jak negativneé,
tak i pozitivng.**® Dalsi metody, fluorescenéni mikroskopie a pritokova cytometrie, nachézeji
pouziti predev§im pii zkoumani Castic nZVI v laboratornich podminkdch. Umoziuji spocitat
celkové mnozstvi buné€k, urcit, které znich jsou zivotaschopné, a dokonce rozlisit, kterému
kmenu nélezi.?®®" Pro kvantifikaci mikroorganisml ve vzorcich redlnych podzemnich vod a
pud je vhodngjsi tzv. analyza fosfolipidovych mastnych kyselin (PLFA). Jedna se o nepiimou
techniku, zalozenou na méfeni koncentrace fosfolipidovych mastnych kyselin, které jsou
nedilnou slozkou bunéénych membran, a které lze ve vzorku analyzovat napf. pomoci GC-
MS.2% Na zaklads poméri jednotlivych mastnych kyselin je moZzné urcit typ mikroorganismu, ze
kterého pochézeji, a jeho mnozstvi ve vzorku. Vyhodou této metody muize byt jeji schopnost
kvantifikovat pouze ptezivajici buitkky — bunécna smrt totiz vede k rozpadu membran, a nasledné

i fosfolipidovych mastnych kyselin.*°

Nejvyznamnéj$i mikrobiologickou technikou, pouzivanou
pro zkoumani vlivu c¢astic nZVI na bakteridlni populace v podzemni vodé a pidé, je
v soudasnosti kvantitativni polymerdzova fetézova reakce (qPCR).?® Tato reakce podava
informaci o kvantité a typu tzv. DNA primert, které jsou specifické pro urcité¢ cilové geny.

Prehled zakladnich cilovych genii shrnuje Tabulka 5, prevzata od Dolinovd et al.:*®°

Tabulka 5: Piehled pouZivanych cilovych genii pi‘i qPCR a priklady k nim naleZejicich bakterialnich kmenii

pceA Dehalospirillum, Desulfitobacterium, Dehalobacter, Desulfitobacterium,
Sulfurospirillum, Dehalococcoides, Desulfomonile, Desulfuromonas, Shimwellia

tceA Dehalobacter, Dehalococcoides, Desulfitobacterium, Desulfuromonas, Geobacter,
Sulfurospirillum, mikroorganismy z kultur ANAS a KB-1, Desulfomonile

VCrA Dehalobacter Dehalococcoides, Desulfitobacterium, Desulfuromonas, Geobacter,
Sulfurospirillum, mikroorganismy z kultur ANAS a KB-1, Desulfomonile

bvcA Dehalobacter, Dehalococcoides, Desulfitobacterium, Desulfuromonas, Geobacter,
Sulfurospirillum, mikroorganismy z kultur ANAS a KB-1, Desulfomonile

etnC VC-asimilujici bakterie

etnE VC-asimilujici bakterie

SDIMO ruzné bakterie
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3.3.5. Koncentrace rozpusténého a celkového Zeleza

Jak jiz bylo feceno, Castice nZVI se 1 v anaerobnich podminkédch zvodné rozpousti za vzniku
Fe?*, které miize byt dale oxidovano na nerozpustné slouceniny Fe** . Disledkem tohoto
procesu jsou zvysené lokéalni koncentrace celkového, resp. rozpusténého zeleza v blizkosti
aplikac¢nich vrti. Méfeni koncentrace rozpusténého a/nebo celkového zeleza v podzemni vod¢ a

20 neho

pudé muze probihat pfimo na lokalit¢ (napf. jednoduchou kolorimetrickou metodou)
V laboratofi po kyselém rozkladu odebranych vzorkl (pomoci atomové absorpéni spektrometrie,
tj. AAS, nebo jinych sofistikovanych spektrometrickych metod, napi. optické emisni
spektrometrie s indukéné vazanym plazmatem, tj. ICP-OES, nebo hmotnostni spektrometrie s
indukén& vazanym plazmatem, tj. ICP-MS).?° Pro separaci rozpusténého Fe?* se obvykle
pouziva 0,2um PES stfikackovy mikrofiltr, ptes ktery je vzorek zfiltrovan.®® Castice nZVI se ve
zvodni vyskytuji ve form¢ agregati, a tak je mozno timto postupem odstranit vétSinu nanocastic.
Nelze viak tvrdit, Ze je takto odseparovano veskeré nerozpu§téné Zelezo.”™ Analyza
rozpusténého a/nebo celkového Zeleza je vhodnd pro lokality s nizkymi pozadovymi
koncentracemi Fe, ve zvodnich se zvySenym obsahem Zeleza nelze rozeznat Fe?*

. . X XA 192
uvoliiované rozpousténim ¢astic nZVI. ’

3.3.6. Magneticka susceptibilita a konduktivita

Magnetické a elektrické chovani castic nZVI se vyznamné li§i od vlastnosti jinych, béZné se
vyskytujicich, hornin a minerald. Méfeni magnetické susceptibility pidy uvniti a/nebo v okoli
vrtu je tak vhodnym zplisobem detekce aplikovanych nano&astic.?% V praxi nejcastéji
pouzivanou geofyzikalni metodou je zdznam elektrické konduktivity horninového prostiedi,
provadény pii karotaZnich méfenich.?*  Elektrickd konduktivita charakterizuje velikost
polarizace ndboje, ke které dochazi na rozhrani materidli (napf. voda-pida) pfedevSim pfi
pouziti nizkych frekvenci vysilaného signélu.212 Bézn¢ pouzivanou finalni jednotkou
(vychazejici ze vzorce pro tzv. komplexni konduktivitu) této veliCiny jsou miliradiany (mrad).
Zatimco pro vétSinu piirodnich prostiedi ¢ini elektrickd konduktivita 10 — 20 mrad, pro castice
nZVI miiZe jeji hodnota pieséhnout 100 mrad.?*®* Na zakladé udaji o pozad'ovych hodnotach a
pii znalosti odezvy signalu v laboratornich podminkéch lze vytvofit zjednodusenou kalibraci,
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umoziujici piibliznou kvantifikaci ¢astic nZVI v okoli karotdzniho vrtu.”™ Méfeni komplexni

konduktivity zvodné na lokalité¢ Spolchemie bylo vyuZzito pfi vyhodnoceni zasaku oxidl Zeleza
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vV ramci projektu NanoRem.??!® Na téze lokalitd byl také testovan systém on-line zdznamu
hodnot magnetické susceptibility prostedi pied a po aplikaci suspenze nZV1.182 Magneticka
susceptibilta je dalsi (bezrozmérnou) veli¢inou, kterd se vyznamné li$i pro ¢astice nZVI (pies
100 miliontin jednotek) a pro b&né horninové prostiedi (0 — 10 miliontin jednotek).*® Jeji
méfeni je zalozeno na soustavé dvou civek, pficemz vnéj$i (primarni) civka indukuje
elektromagnetické pole, které je modulovano okolnim prostiedim, a nasledné pfijiméno vnitini
(sekundarni) civkou. Vlastnosti tohoto elektromagnetického pole odrazi vlastnosti okoli, v tomto
ptipadé horninového prostiedi v bezprostiednim okoli vrtu.”*” Horizontalni a vertikalni dosah
pfistroje k méfeni magnetické susceptibility zavisi na vzajemném umisténi obou civek.?® Kromé
in-situ méfeni byva toto zafizeni pouzivano i v laboratofi, kde je realizovano v podobé

pohybujici se soustavy civek, do nichz Ize vlozit zkoumané vrtné jadro, odebrané na lokalité,
140,219,220

nebo modelovou kolonu, skrz kterou protéka zkoumana suspenze nZVI (Obrazek 3).

Obrazek 3: Laboratorni piistroj pro méreni magnetické susceptibility vyvinuty Ing. Petrem Parmou
(TU Liberec) a instalovany v prostorach spole¢nosti Dekonta, a.s.
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3.4.  Sledovani migrace a transformace ¢astic nZVI pomoci primych metod

Mezi ptimé techniky analyzy tfadime takové, které umoznuji identifikaci castic nZVI. To
znamena, ze jsou schopny spolehlivé rozeznat aplikované nanocastice od okolniho prostiedi,
pfipadné od jinych ptirodnich koloidli. Teprve pokud jsou toho analytické metody schopny, je
mozné provadét monitoring $ifeni a osudu nano&astic v podzemni vodé a pud&.?** Vzhledem
k instrumentalni naro¢nosti niZze popsanych technik, nejsou tyto pfistroje pienosné, a nelze je

tedy pouzit pfimo na lokalit¢.
3.4.1. Hmotnostni spektrometrie s indukéné-vazanym plazmatem

Stejné jako ostatni metody, popsané dale v této kapitole, vyZaduje hmotnostné-spektrometricka
analyza slozité a finan¢n¢ nakladné instrumentalni vybaveni a klade vysoké profesionalni naroky
jak na operatora pfistroje, tak na interpretaci dat.??> Sohledem na anorganickou povahu
analyzovaného materialu je indukéné-vazané plazma (ICP-MS) nejvhodnéjsi ionizacni technikou
(tj. zpisob generovani iontll) pro vzorky vod a pid. Z prvki, obsazenych ve vzorku, jsou
V plazmatu vytvoreny nabité astice, které vstupuji do hmotnostniho analyzatoru. Ten ma za ukol
rozdéglit ionty napf. pomoci vnéjSiho elektromagnetického pole (kvadrupolovy analyzator nebo
iontova past) nebo na zakladé doby pruletu, kterd je funkci jejich hmotnosti (priletovy

analyzeitor).223

Hmotnostni spektra prvkil (na rozdil od organickych slou€enin) jsou jednoducha a
jednoznacénd, pti soucasném dosazeni velice nizkych limitd detekce. ICP-MS ve standardnim
provedeni umoznuje kvalitativni 1 kvantitativni prvkovou analyzu, ale nedovoluje odliSit
nanocastice od ostatnich slozek o stejném prvkovém slozeni, nebo nulamocné Zelezo od jeho
slou¢enin.”* V ptfipadé monitoringu ¢astic nZVI ve zvodni se nabizeji tfi moZna feSeni tohoto
problému. Prvnim je kombinace ICP-MS s vhodnou separacni technikou, napt. frakcionaci
tokem v poli (FFF). FFF nejprve rozdéli vzorek na jednotlivé velikostni frakce, ICP-MS
nasledn¢ poskytne jejich prvkové slozeni.?® Druhou moZnosti je pouziti spICP-MS. Tato
technika je schopna urcit velikost ¢astice 1 jeji prvkové sloZeni v ramci jedné analyzy. Pouziti
SpICP-MS pro identifikaci syntetickych nanocastic v pfirodni matrici navrhuji uz von der
Kammer et al.??® Monitoring nanocastic TiO, a CeQO, Vv zivotnim prostiedi pomoci tohoto
pFistupu Gsp&iné demonstrovali Gondikas et al. a Praetorius et al.??"*?® To, e je tato metoda
pouzitelna i v piipadé ¢astic nZVI, doklada prace Vidmar et al., v niz byly pomoci spICP-MS

analyzovany ve vzorcich odpadni vody nejen nanocastice kovového Zeleza, ale i jejich
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transformac¢ni produkty spolu s adsorbovanym Cd.*® Tretim moznym piistupem je identifikace
castic nZVI pomoci jejich unikatniho prvkového profilu. Tato myslenka byla navrzena v ramci
projektu NanoRem®?®, experimentalng ovéfena ve &lanku'®

Vv kapitolach 4.1.1 az 4.1.3.

a podrobnéji bude diskutovana

3.4.2. Rentgenové difrakéni metody

Princip rentgenové difrakce (XRD) spociva v rozptylu, a nasledné interferenci rentgenového

zéafeni na miizce (krystalické struktufe) zkoumaného krystalického vzorku. Vzorek miize byt

230

V podobé& monokrystalu nebo prasku (praskova XRD).”™ Tato technika je vhodna pro kvalitativni

a kvantitativni analyzu krystalickych pevnych fzi, jako jsou rizné materidly na bazi zeleza: a-

14,31,32,34,231-233 (

nebo y-Fe krystalické nulamocné Zelezo a austenit), magnetit, hematit, maghemit,

wiistit, lepidokrocit, goethit, ferihydri‘[,S‘14‘31'32’34’115’234’235

235-238

nebo dalsi zelezné krystalické faze

Dokéaze také z rozSifeni difrakénich linii uréit velikost
230,232

(siderit, pyrit, green rust, apod.).

Na zaznamu vSak nejsou
31,32,237,239

zkoumanych c¢astic a odhalit pfipadné defekty v jejich struktute.
viditelné amorfni Castice, tj. napiiklad amorfni oxyhydroxidy Zeleza nebo faze se
Spatné vyvinutou krystalickou strukturou, napt. nékteré ¢astice nZVI ptipravené borohydridovou
nebo ,,green* syntézou.25’26’29’2397241 Z tohoto divodu je vhodné kombinovat XRD s nékterou
Z komplementarnich technik (napf. Mdssbauerovou spektroskopii), protoze XRD nedokaze ¢ast
slozek vzorku zobrazit. Dal§Sim omezenim této techniky jsou pomérné¢ vysoké naroky na
prediipravu a stabilizaci nestalych vzorki.®” Pro dosazeni maximalni &istoty je vhodné nejdiive
vyseparovat ze vzorku zkoumané krystalické faze, v pfipad€ ¢astic nZVI a jinych magnetickych
Castic lze pouZzit separaci pomoci magnetu. Probiha-li analyza za standardnich laboratornich
podminek, hrozi degradace cCastic nZVI v disledku ptfitomnosti vzdusného kysliku ptimo
V pribéhu méteni, jednotlivé XRD skeny (tj. zaznamy ziskané postupné v rizném case) potom
mohou davat rozdilné V}'/sledky.140 Snimani XRD skenli nastésti probiha rychle, pii vhodné
upravé vzorku a jeho prekryti folii se tedy lze tomuto problému Gsp&$né vyhnout.>*” V pripads
on-line sledovani transformace fazi je naopak pfemény castic nZVI vyuzito zdmérné, tato
modifikace XRD analyzy se nazyva VT-XRD a po pfipojeni reakéni komory nabizi také
moznost fizenych zmén tlaku a slozeni okolni atmosféry a ‘[eplo‘[y.5’37’55 Z divodu vysokych
experimentalnich narokl, zminénych uz v kapitole 3.4.1, neni XRD bézné vyuzivano pii

hodnoceni sanagnich zasahii na lokalitach.®®?% Vyjimkou byl pilotni zasak RNIP nanocastic

27



emulgovanych v kukufi¢ném oleji na lokalit¢ Parris Island (viz Tabulka 2). Védecka studie,
zabyvajici se timto sana¢nim zasahem, detailné popisuje pouziti XRD pro analyzu sedimentt,
odebranych z monitorovacich i aplikacnich vrti pfed a po aplikaci Castic nZVI. Za hlavni
produkty transformace RNIP nano&astic oznafuje magnetit, lepidokrocit a goethit.*®
V laboratornich studiich, zabyvajicich se ¢asticemi nZVI, se naopak XRD pouziva standardné.
Obvykle slouzi k charakterizaci krystalické struktury piipravenych ¢astic nZVI a vyhodnoceni
jejich transformace v priibdhu experimentd.**® Typicky XRD zéznam komerénich nano&astic
NANOFER STAR je ukazan nize (Obrazek 4).

— NANOFER STAR
197 _aktivovany
— kryci folie

66%

I o-Fe
[ Fe,0,

Intenzita (a.).)

- I JL

| | (| | | [ [ N Il [ Fe;0,

| | | o-Fe
10 20 30 40 50 60 70 80 90 100
20Co K_ (°)

Obrazek 4: Typicky XRD zdznam ¢astic komercéniho nZVI, NANOFER STAR (vyrobce NANO IRON, s.r.0.);
a-Fe = nulamocné Zelezo, Fe;O, = magnetit

3.4.3. Maoéssbauerova spektroskopie

Tato méné znama spektroskopickd metoda funguje na principu tzv. Mdssbauerova jevu.242 Jeji

vyhodou je selektivita pro atomy °'Fe v ptipadé, Ze je jako zdroj y-zateni pouzit °’Co v Rh
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matrici. Nejen, Ze je schopna tyto atomy rozeznat a kvantifikovat, ale podle pozice (izomerni
posun) a tvaru spektra (kvadrupolové a magnetické Stépeni) Ize z hyperjemnych parametrti urcit
také jejich oxidacni stav. V Mdossbauerové spektru jsou navic viditelné krystalické i amorfni
faze. Pro zlepSeni rozliSeni jednotlivych fazi se pouzivd métfeni za nizkych teplot nebo ve

vn&j§im magnetickém poli.?*

Zatimco subspektrum nalezejici o-Fe miva podobu
sextetu,> 3104100244245 "a(y) 3 Fe(I1l) v magnetitu se mohou projevit jako dva vzajemnd
posunuté sextety, %4244 Fe(11) a Fe(l1l) v hydroxidech a v green rust (GR) jako dublety
sriznymi izomernimi posuny,>?*?#*#%® Fe(1l) ve wiistitu nebo Fe(Ill) v lepidokrocitu jako
dublety,*®?* opét s odlisSnymi hyperjemnymi parametry oproti ostatnim dfive jmenovanym
fazim, apod. S ptihlédnutim ke slozitosti Mossbauerovy spektroskopie vyzaduje interpretace
takto naméfenym dat vysokou odbornost a zkusenosti, a proto Mossbauerovym spektroskopem
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disponuje v CR jen velmi malo laboratoti.”*’ Diky selektivité pro Zelezo je Mossbauerova

spektroskopie obzvlasté vhodna pro studium ¢éstic nZVI, stejné jako XRD se ovSem pouziva
(je vhodné magnetické zakoncentrovani zeleznych fazi) a stabilni podminky v pribéhu méteni.
Na rozdil od XRD trvé zaznam spektra pomoci Mdssbauerovy spektroskopie nékolik hodin az
dni, takze hrozi degradace vzorku v pribéhu méfeni. Casto se proto pouzivéa analyza pod inertni

atmosférou nebo za sniZené teploty (tj. az 4 K).>3

3.4.4. Elektronova mikroskopie

Mikroskopické techniky, které na rozdil od optické mikroskopie vyuzivaji k zobrazeni materialti
namisto elektromagnetického zafeni svazek elektrontll, se souhrnn€ oznacuji jako elektronova
mikroskopie. Nejcastéji pouzivanymi typy této metody jsou tzv. skenovaci elektronova
mikroskopie (SEM) a transmisni elektronova mikroskopie (TEM). SEM a TEM se vzijemné
dopliiuji, nebot’ prvni z nich zpracovava signal elektroni sekundarnich nebo odrazenych od
vzorku, a tak zobrazuje 3D obraz zkoumaného povrchu, a druhd zachycuje elektrony,
prochazejici ultra tenkym fezem a poskytuje jeho kontrastni snimek. Zatimco v SEM se obraz
tvofi postupné, tj. skenovanim povrchu svazkem fokusovanych elektronti, v TEM vznika snimek
ve vSech mistech zaroven, ,,prosvicenim* vzorku Sirokym proudem elektronti. Oba zminéné typy
elektronové mikroskopie vyzaduji vysoce sofistikovanou technologii, zahrnujici nejen vykonny

zdroj elektrického napéti pro generaci elektronil z katodového hrotu, ale také silnou vakuovou
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vyvévu, zajistujici v celém systému vakuum minimalné 102 Pa.?*® Zaroven musi byt zafizeni
piipojeno ke kvalitni pocitaCové jednotce, ktera slouzi ke zpracovani vysledného obrazu.
Elektronovy mikroskop je rozmérny pfistroj, jehoz cena se pohybuje v fadu desitek miliont
CZK.*® Nepatii proto ke standardnimu vybaveni kazdé laboratofe a fada technologi i védci v
této oblasti vyuziva zakazkova méfeni.’® Pro studium morfologie a transformace castic nZVI
jsou vSak SEM a TEM velmi vyznamné, nebot’ jejich bézné rozliSeni je v jednotkdch nm. Stejné
jako v ptipadé XRD a Mossbauerovy spektroskopie, neobejde se ptiprava vzorku pro SEM/TEM
bez dostatecného zakoncentrovani nanocastic, v idealnim piipadé€ uplného odstranéni matrice. To
lze opét provést magnetickou separaci. Pro méfeni je potieba nejdiive vzorek dokonale vysusit,
coz oviem mize vést k jeho degradaci. Re$enim je manipulace se vzorkem pod inertni
atmosférou a/nebo za sniZené teploty (tzv. kryofixace).”*® Pfi spojeni SEM/TEM s nékterou
z technik elementarni/strukturni analyzy (napt. EDS nebo XRF) je mozné studovat nejen velikost

a morfologii vzorku, ale i jeho strukturni a prvkové sloZeni ve vybraném mistg.*®
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4. EXPERIMENTALNI CAST
4.1. Metodologie
4.1.1. Vsadkové testy a simulovany zasak ¢astic nZVI v umélé 3D

zvodni
Chemikalie a pristrojové vybaveni

- kontaminovanéa podzemni voda odebrana do PE vzorkovnic (1 1) nebo PE barelu (25 I); box
s kontaminovanou padou (5 kg); vrtné jadro se sedimentem obsahujicim ,,zreagované Castice
nZVI; 240 g/1 suspenze nZVI (aktivovany NANOFER STAR ¢. 197 a 586, NANO IRON, s.r.o.,

Zidlochovice); destilovana voda; kapalny dusik

- PE sito; PE odmérky a odmérné valce; PE vzorkovnice 500 a 1000 ml; sklenéné kadinky

250 ml; tmavé sklenéné vialky 20 ml; 0,2um PES stiikackové mikrofiltry

- vahy (Kern&Sohn GmbH, Némecko); tiepacka (PluNoTech, s.r.o., Liberec); uméla 3D zvoden
ve VEGAS (Research Facility for Subsurface Remediation, Univerzita ve Stuttgartu, Némecko)

Pracovni postup

Vsadkové testy s podzemni vodou z lokality Spolchemie byly provadény v utésnénych, po okraj
naplnénych, 500ml PE vzorkovnicich, do kterych byla odebrana redlna podzemni voda
ze zkoumané zvodné (bez filtrace po promichani), a poté bylo pfidano pozadované mnozstvi
Cerstvych nebo ,,zreagovanych® castic nZVI (vzdy ve formé& vodné suspenze). Takto bylo
vytvoteno celkem 8x4 reakénich smési (vzdy 2 opakovani pro koncentrace ¢astic nZVI 0,4; 0,8;
1,1 a 1,6 g/l). Polovina z nich byla tfepana systémem ,hlava-pata” bez pfistupu svétla za
pokojové teploty, polovina byla ponechéna bez tfepani a bez ptistupu svétla pii 13°C. Cela sada

experimentl byla doplnéna 4x2 blanky, tj. smési ¢astic nZVI a kohoutkové a destilované vody.

Vsadkové testy byly provedeny také se ,,zreagovanymi‘ ¢asticemi nZVI, odebranymi na lokalité
Spolchemie. Materidl pochazel z vrtnych jader odebranych zvrtu, ktery byl vyhlouben
spoleCnosti Aquatest a.s. dne 22. zati 2016. Vrtna jadra byla pfepravena do prostor firmy
Dekonta a.s. v Dtetovicich, kde byla studovana vizualn¢ a pomoci méfeni magnetické
susceptibility za ucelem identifikace loZisek c¢astic nZVI. Profil magnetické susceptibility a

loziska pouzita pro odbér vzorkd jsou do detailu popsany v kapitole 5.3. Odebrany vlhky
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sediment, obsahujici ,,zreagované* ¢astice nZVI, byl podroben analyze celkového Zeleza pomoci
AAS. Sklenéné kadinky byly naplnény 100 ml zasobniho roztoku chromu (koncentrace Cr(VI) =
6 nebo 10 mg/l) a vlhkym sedimentem ,,zreagovanych* ¢astic nZVI nebo cerstvou aktivovanou
suspenzi NANOFER STAR. Kadinky byly michdny magnetickym michadlem po dobu 136
hodin. V pravidelnych ¢asovych intervalech byly odebirany vzorky pro analyzu, z nichz byly
magneticky odseparovany pevné Castice, a které byly nésledné zfiltrovany pies 0,2um PES
stiikackovy mikrofiltr. Takto odebrané vzorky (300 ul) byly zifedény 2,5 ml vody a podrobeny
analyze rozpusténého Cr pomoci spektrofotometrie. Vzorky zasobniho roztoku Cr(VI) a
reakénich smési, odebrané po ukonceni reakce, byly analyzovany za tucelem stanoveni
koncentrace rozpuStén¢ho a celkového Cr a celkového Fe. Vlhky sediment ,zreagovanych®
castic nZVI nebo cCerstva aktivované suspenze NANOFER STAR byly také smichény s realnou
podzemni vodou, odebranou na lokalit¢ Farmak. V 20 ml tmavych vialkdch bylo pfipraveno
celkem 8x3 reakénich smési, do kterych bylo pfidano vypocitané mnozstvi ,,zreagovanych*
castic nZVI (vzdy 3 opakovéni pro koncentrace Fe = 0; 0,17; 0,35 a 0,87 g/lI). Reak¢éni smési
byly nasledné tiepany 7 nebo 14 dni a poté analyzovany pomoci GC-MS (provadéno na
Technické univerzit¢ v Liberci). U téchto vzorkd byly také pravidelné méfeny fyzikalné-

chemické parametry.

V piipad¢ lokality Zetor byla pro vsadkové testy pouzita podzemni voda (bez filtrace po
promichani) i kontaminovand ptda, kterd byla pfed pouzitim homogenizovdna a nasledné
prosévana pies sito. V 500ml PE vzorkovnicich bylo vytvofeno celkem 4x3 reakénich smési pro
testovani kontaminované vody (vzdy 3 opakovani pro koncentrace ¢astic nZVI0; 1; 5a 10 g/l) a
4x2 reakEnich smési pro testovani smési kontaminované vody s ptidou v poméru 2:1 (vzdy 2
opakovani pro koncentrace ¢astic nZVI 0; 1; 5 a 10 g/l). Paraleln¢ byla také testovana
vyluhovatelnost Cr z kontaminované pidy do destilované vody (2x2 smeési voda:zemina Vv
poméru 2:1 a 10:1). Smési byly umistény na tfepacku a tfepany systémem ,hlava-pata®. Ve
vybranych smésich bylo méfeno pH. Po 0, 6, 24 a 48 hodinach byly z kazdé smési odebirany
homogenni vzorky (cca 10 ml), tyto byly zfiltrovany pifes 0,2pum PES stfikackovy mikrofiltr a
podrobeny analyze celkového Cr na AAS.

Uméla 3D zvodenn ve VEGAS byla pouzita k ovéfeni metodiky stopovani ¢astic nZVI pomoci

ICP-MS. Odbér vzorkt byl proveden za kontrolovanych laboratornich podminek jako soucast
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migrac¢niho testu, pfi kterém bylo aplikovano 10 kg ¢astic nZVI (NANOFER STAR ve formé
aktivované vodné suspenze) do nadrze naplnéné homogennim piskem o rozmérech 16 x 1 x 3 m

(délka x sitka x vyska). 2

Pro zvySeni jejich migracnich schopnosti byly nanocastice
suspendovany v roztoku karboxymethylcelulozy (CMC, konecna koncentrace CMC 5 g/l a
koncentrace castic nZVI 10 g/l).251 Pted, béhem a po tomto migra¢nim testu byly odebrany
vzorky vody, pisku, suspenze nZVI a smési pisku s ¢asticemi nZVI z odbérovych portl, které
jsou zakresleny na schématu nize (Obrazek 5). Pevné vzorky byly okamzit¢ zamrazeny
kapalnym dusikem, a nasledné ve zmrzlém stavu transportovany do CR k analyze pomoci XRD.
Kapalné vzorky byly uchovany pii teploté 4 °C, a také byly pfevezeny do CR k analyze pomoci
ICP-MS.

aplikace nZVI
A
zdroj PCE O O
O odbérové
3Im O porty
N
smér simulovaného v
v proudéni vody C> 1 m
< >

6 m

Obrazek 5: Schéma aplikace suspenze nZVI a vzorkovani pii simulovaném zasaku ve 3D zvodni
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4.1.2. Lokalita Spolchemie

Chemicka spole¢nost Spolchemie je jednim z prednich vyrobet syntetickych pryskytic v Ceské
republice. Areal tovarny se nachazi v centru mésta Usti nad Labem. Zavod zadal vyrabét v 50.
letech 20. stoleti pryskyfice a freony na bazi perchlormetanu (PCM) a tetrachloretenu (PCE).
Jejich vyroba, zpracovani, skladovani a distribuce vedly k rozsdhlé kontaminaci chlorovanymi
etheny a metany, kterd se v mnoha mistech zacala Sifit dale z piivodnich zdrojovych oblasti.
Zkoumana pilotni lokalita je velka pfiblizn¢ 10 x 20 m a nachazi se v jihozdpadnim rohu
tovarny. Mapa (Obrazek 6) ukazuje rozmisténi monitorovacich a aplikacnich vrt, hloubkovy
profil (Obrazek 7) znazornuje geologii pilotni lokality. Koncentrace hlavniho kontaminantu (tj.
PCE) v podzemni vodg¢, byla stanovena az na 40 mg/l. Primarnim vodnim recipientem je pro tuto
oblast feka Bilina vzdalend asi 500 m. Geologicky profil tvofi kvartérni pisky a Stérky o
Mocnosti piiblizné 10 m, ukoncené jilovitym podlozim. Kvartérni piskova a $térkova terasa je
jedinou hydrogeologickou jednotkou, v niz byla zjis§téna kontaminace chlorovanymi uhlovodiky.
Hladina podzemni vody je lokalizovana asi 4 m pod povrchem, takze neukoncéena zvodent ma
mocnost 6-7 m. Rychlost proudéni podzemni vody ma jihovychodni smér a ¢ini pfiblizné
0,2 m/den. Pilotni lokalita je od zbytku aredlu oddélena propustnou reaktivni bariérou, ktera
uzavira zdrojovou zonu DNAPL. Tato lokalita byla za poslednich Sest let dvakrat sanovéana
firmou Aquatest, a.s., pomoci nZVI, aplikovaného metodou direct-push. Prvni dekontaminacni
zasah byl proveden v listopadu 2014 a celkem bylo aplikovano 200 kg organicky stabilizovanych
castic nZVI (NANOFER 25S, NANO IRON, s.r.0.). V fijnu 2015 zde bylo pouzito dalSich 300
kg na vzduchu stabilniho pragku nZVI (aktivovany NANOFER STAR, NANO IRON, s.r.0.)'®
Ob¢ aplikace predchazela alesponi dvé kola predsanacniho monitoringu a nasledovalo alespon 9
kol posana¢niho monitoringu (1x za mésic). Vzorky byly odebirdny ze tfi permanentnich
vystrojenych vrti (PV-112, PV-129 a PV-130) a ze tii vrtd vybavenych mikrosondami (AW2-22,
AW2-23 a AW2-24), které umoznuji odbér z riznych hloubkovych horizontt (6,5; 8; 9,5 a 11
m). V podzemni vodé¢ byly sledovany fyzikalné-chemické parametry, vyvoj kontaminace a
koncentrace Fe. Zaroven byly odebirany vzorky sedimentu pro strukturni analyzu. Tyto vzorky
byly konzervovany piidavkem 0,1 % HCl a v co nejkrat§i dobé znich byla separovdna
magnetickd frakce, kterd byla az do doby analyzy uchovavéana ve zmrazeném stavu. Na lokalité

bylo také odebrano vrtné jadro, viz kapitola 5.3. Pro ucely analyzy ICP-MS byla vzorkovana
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podzemni voda a sediment (tyto vzorky byly konzervovany ptidavkem 0,1 % HNO3). Pravidelné

byl provadén odbér podzemni vody pro analyzu PLFA.

PV-130
N\ D |
3 \r’\ H\ Legenda:
N \
° o o ‘\ I\ \\ "\ vystrojeny vrt D
'» »
AW2-22€9* $ AW2-23 | \ \ \ vrt s mikrosondami @

|

OPV-129 || |

| direct-push
o ¢ UL injekdzni bod ®

O AW2-24 |
propustna D

N\ reaktivni bariéra

O | ] N B
PV-112 b smér proudéni \ L
0 1 2m podzemni vody N\ /
N y

Obrazek 6: Mapa aplika¢niho a monitorovaciho systému na lokalité Spolchemie

zdroj PV-130  AW2-23
kontaminace PV-129 AW2-24
om AW2-20 AW2-21

AW2-22 PV-112
SIS N I navazka

spras
Sm
Stérky
10 m
jily

T — ' smér proudéni PRB
0m 10m 20m  podzemni vody

Obrazek 7: Hloubkovy geologicky profil lokality Spolchemie se zakreslenim monitorovaciho systému;
h.p.v. = hladina podzemni vody, PRB = propustna reaktivni bariéra®

35



4.1.3. Lokalita Farmak

Druhd monitorovana lokalita je situovana v aredlu chemické a farmaceutické spoleCnosti
Farmak, a.s., kterd se nachazi v okrajové &asti Olomouce (Ceskd republika). Spoleénost
se zaméfuje na vyzkum, vyvoj avyrobu aktivnich farmaceutickych ptisad, predevSim
heterocyklickych sloucenin. Studovana pilotni lokalita se nachazi ve stfedu primyslového aredlu,
podél pln¢ vyuzivaného vyrobniho objektu, a rozprostira se na plose asi 20 x 20 m. Rozmisténi
monitorovacich a aplika¢nich vrtli a rozsah kontaminace jsou zaznaceny na mapkach (Obrazek 8
a Obrazek 9). Lokalita se vyznacuje predevSim zvysSenou koncentraci trichloretylenu (TCE)
V podzemni vod¢ (az stovky mg/l). Geologicky profil v tomto misté je znacné heterogenni. Pod
uzkou vrstvou navazky (asi 1 m) se nachazi Stérky a pisky s podilem jilovych frakei (do cca 9 m
pod povrchem) a nasleduji jilovité pisky (do 15 az 20 m pod povrchem). Podlozi se nachézi
V hloubce okolo 20 m, hladina podzemnich vod asi 4 m pod povrchem, takze mocnost zvodné je
az 16 m. Proudéni podzemni vody mé jihozdpadni smér a hodnota hydraulické konduktivity se
pohybuje mezi 2,2 x 10 az 1,4 x 10 m/s. Recipient, feka Morava, je vzdalen od lokality
ptiblizné 600 m. V popsaném misté bylo v zafi 2016 metodou direct-push injektovano 150 kg
nestabilizovanych ¢astic nZVI v podobé suspenze o koncentraci 20 g/l (NANOFER 25, NANO

IRON, s.r.0.). Aplikaci provedla firma Dekonta, a.s.”*

Zasaku castic nZVI predchazela dve kola
pfedsanacniho monitoringu a nasledovalo 12 kol posana¢niho monitoringu (1x za mésic).
Vzorky byly odebirany ze ¢tyt permanentnich vystrojenych vrti (VS-1, VS-2, VS-3 a VS-4) a ze
tii vrti vybavenych mikrosondami (MS-1, MS-2 a MS-3), které umoznuji odbér z riznych
hloubkovych horizontt (5; 7,8; 11; 12,5 a 16,8 m). Odbér probihal také z podzemniho objektu
»studna®, ktery byl aplikaci nZVI silné ovlivnén. V podzemni vodé byly sledovéany fyzikalné-
chemické parametry, vyvoj kontaminace a koncentrace Fe. Zaroven byly odebirany vzorky
sedimentu pro strukturni analyzu. Tyto vzorky byly konzervovany ptidavkem 0,1 % HCl a v co
nejkrat§i dobé znich byla separovdana magneticka frakce, kterd byla az do doby analyzy
uchovavana ve zmrazeném stavu. Pro ucely analyzy ICP-MS byla vzorkovana podzemni voda a

sediment (tyto vzorky byly konzervovany piidavkem 0,1 % HNOs3). Pravidelné byl také

provadén odbér z pasivnich vzorkovact pro analyzu qPCR.
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Obrazek 9: Zachyceni odezvy XSD (detektor pro analyzu halogenovanych organickych latek) na lokalité
Farmak v hloubce 11 m pod povrchem; vlevo je znazornéna barevna $§kala odezvy XSD v pV, aplikaéni a
monitorovaci systém z Obrazku 3 se nachazi v ¢erveno-oranZovém ohnisku kontaminace. Prevzato z 252.
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414, Lokalita Zetor

Lokalita Zetor je situovana na tzemi mésta Brna a od 60. let 20. stoleti zde v ramci
strojirenského podniku byla v Cinnosti chromovna, jejiz provoz byl ukoncen v roce 2000.
Hydrogeologické poméry kvartérnich uloZenin jsou v Sir§Sim okoli pfedmétné lokality pomérné
slozité, coz je dano existenci n¢kolika hydrogeologickych kolektori. Kontaminovana zvoden lezi
v kvartérnich piscich a $tércich s jilovitymi pfimésemi. Nepropustna jilova baze byla nalezena
v hloubce cca 21 m a je ukonéena granodioritovym skalnim podlozim. Hladina podzemni vody
kolisd mezi 15 a 20 m pod urovni terénu, takze kvartérni zvodnéld vrstva ma mocnost az 5 m.
V blizkosti lokality se nachdzi ochranné pasmo hlubinnych podzemnich vod, které¢ je
povazovano za oblast s rizikem kontaminace hlubinné zvodné kvalitnich neogennich vod, ve
které chybi nadlozni izolator neogennich jili zabezpecujici pfirozenou ochranu proti priniku
kontaminace. Rychlost proudéni podzemni vody byla uréena na cca 3,5 m/den. Pred aplikaci
Castic nZVI nejdiive doslo k demolici objektu chromovny, a poté k fizené odtézbé silné
kontaminované piidy. Podzemni voda na lokalit¢ je charakterizovdna neutrdlnim az mirné
zasaditym pH (7,0 — 7,5), vysokym ORP (250 — 350 mV) a koncentraci rozpusténého kysliku 1,5
— 3,9 mg/l. Koncentrace Cr(VI) se pohybuji v rozmezi 5 — 600 mg/kg v piadé a 0,9 — 15 mg/l v
podzemni vod&.'® Rozmisténi monitorovacich a aplikacnich vrtl na lokalité Zetor ukazuje mapa
(Obrazek 10). Veskeré dekontaminacni prace provadéla firma GEOtest, a.s. Také zde doslo
k opakovanému zasaku castic nZVI. Pilotni aplikace prob&hla v bieznu 2018 a bylo pfi ni do
podzemi pomoci pakrii skrz vystrojené aplikacni vrty vpraveno 15 kg ¢astic nZVI (aktivovany
NANOFER STAR, NANO IRON, s.r.o.). Fotografie nize (Obrazek 11) zachycuje tento
remediacni zésah. V pribéhu jednoho tydne pied aplikaci probéhla 2 kola pfedsanacniho
monitoringu a V nasledujicich dvou mésicich 5 kol posana¢niho monitoringu. Plnoprovozni
aplikace nasledovala v ¢ervnu 2018, kdy bylo do zvodné stejnym zplisobem zasdknuto celkem
90 kg nZVI (NANOFER 25DS, NANO IRON, s.r.0.). Tuto udalost opét ptedchazela 2 kola
piedsanacniho a nasledovala 3 kola posana¢niho monitoringu. Vzorkovana byla podzemni voda
v aplikacnich 1 monitorovacich vrtech a sledovany byly fyzikalné-chemické parametry a vyvoj

kontaminace Cr(VI) a celkového Cr.>

Ve vybranych vrtech byla spolu se standardnim
vzorkovanim provadéna geofyzikalni meéfeni na principu in-situ sledovani magnetické

susceptibility v bezprostiednim okoli vrtu.
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Obrazek 11: Fotografie z pilotni aplikace nZVI v bfeznu 2018 na lokalité Zetor
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4.2. Seznam pouzitych analytickych metod

4.2.1. Seznam pouzitych nepirimych metod sledovani ¢astic nZVI

- Méfeni fyzikalné-chemickych parametrii vody probihalo pomoci multimetru pro méfeni pH
a ORP (WTW s.r.0.). Piistroj byl pravideln¢ kalibrovan za pomoci technickych pufri pH = 4,01
a 7,02 (WTW s.r.0.). Odecet hodnot byl provadén v ptipadé vsadkovych testl po jejich ustaleni
Vv kontinudln€¢ michaném systému, v pripadé méteni na lokalité po jejich ustaleni v priitoéné cele.

Spolu s pH a ORP byly zaznamenavany také konduktivita a teplota vody.

Koncentrace celkového a rozpusténého zeleza byly méfeny atomovym absorpcnim
spektrometrem ContrAA 300 (AnalytikJena AG, Némecko). Analyze rozpusténého zeleza
ptedchézela filtrace kapalného vzorku pomoci 0,2um PES stiikackového mikrofiltru a fedéni
vzorku na koncentraci v pozadovaném rozsahu. Pro stanoveni celkového zeleza byl vzorek
podroben uplnému kyselému rozkladu s 10% HCI (po dobu 5 min pti 100 °C), poté filtrovan pies
0,2um PES stfikackovy mikrofiltr a fedén na koncentraci v pozadovaném rozsahu. Méfeni
probihalo pti vinové délce 248 nm. Pro sestrojeni kalibra¢ni ptimky byly pouzity standardni

roztoky Fe pro AAS (Merck KGaA, Némecko).

- Zmény v koncentraci kontaminantli pfi laboratornich experimentech byly zkoumany pomoci
UV-VIS spektrofotometrie, AAS a GC-MS. Odbourani Cr(VI) pii vsadkovych testech bylo
sledovdno pomoci spektrofotometrie ve viditelné oblasti elektromagnetického spektra a AAS.
Spektrofotometrie vyuziva vznik barevného komplexu, viz Petala et al. ?*2. Komplexace Cr(VI)
probihd po ptidavku 120 pl 1,5-difenylkarbazidu (25 mg v 10 ml acetonu) a 60 pl kyseliny
chlorovodikové nebo kyseliny fosforecné (5%) a dochazi k ni béhem asi péti minut. Nasledné je
zaznamenano absorpéni spektrum a hodnota absorbance v absorpénim maximu (A = 541,5 nm).
Pro sestrojeni kalibra¢ni pfimky byly pouzity standardni roztoky Cr(VI). Veskeré pouzité
chemikalie dodala Sigma-Aldrich, USA. Analyza celkového chromu probihala na pfistroji
ContrAA 300 (AnalytikJena AG, Némecko), vzorky byly métfeny bez jakékoliv pifedchozi
Upravy. Méfeni probihalo pfi vinové délce 357.9 nm. Pro sestrojeni kalibra¢ni pfimky byly
pouzity standardni roztoky Cr pro AAS (Merck KGaA, Némecko). Degradace chlorovanych
uhlovodikt pti vsadkovych testech byla testovana pomoci plynového chromatografu Varian CP-

3800 na Technické univerzité v Liberci. Vyvoj kontaminace na lokalitach byl vzdy sledovan
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sanacnimi firmami, které provadély aplikaci ¢astic nZVI, a proto neni soucasti vysledkové ¢asti

této prace.

- Kvalita suspenzi nZVI pouzitych na lokalitach byla kontrolovéana tzv. nZVI testerem (NANO

rrrrr

Fe(0) s roztokem NaHSO, (viz kapitola 3.3.2).

- M¢éteni magnetické susceptibility probihalo jak ex-situ na vrtném jadru, tak in-situ piimo
V monitorovacich vrtech. V obou piipadech se jednalo o pfistroje vyvinuté na zakézku. Pro ex-
situ test byl pouzit stolni detektor pattici firmé Dekonta, a.s., pfi in-situ monitoringu (karotaz
ve vybranych vrtech) pfenosny pfistroj od firmy W & R - instruments, s.r.o. Jednalo se o sondu
sestavajici ze dvou civek ve vzajemné vzdalenosti 25 cm, vysilajici na frekvenci asi 2 kHz
a s méficim rozsahem 10> a7 0,5 jednotky. KarotdZ na lokalité provadéla sanacni firma
GEOtest, a.s. Podminky karotaznich méteni byly nasledujici: hloubkovy méfici interval 5 cm,

rychlost méfeni 100 — 350 m za hodinu, lateralni dosah 50 — 100 cm.

- Vliv aplikace ¢astic nZVI na vodni mikroorganismy byl studovan metodou PLFA na pfistroji
456-GC, SCION SQmass detektor, Bruker, USA) podle Némecek et al. *™®. Analyzy byly
provedeny v Mikrobiologickém tustavu AV CR v Praze. Vliv aplikace ¢astic nZVI na genové
markery mikrobiologické populace, rostouci na pasivnich piskovych vzorkovacich, byl sledovan
metodou qPCR na piistroji LightCycler® 480 (Roche, Svycarsko) podle Dolinovdi et al. >

Analyzy byly provedeny na Technické univerzité v Liberci.
4.2.2. Seznam pouzitych pfimych metod sledovani ¢astic nZVI

- Profil stopovych prvkil v ¢asticich nZVI byl uréen analyzami na piistrojich 7700x ICP-MS a
8800 Triple Quadrupole ICP-MS (oba od Agilent Technologies, USA). Méfeni predchazela
Uprava vzorkll mikrovlnnym rozkladem (v pfipadé zasaku nZVI v umélé 3D zvodni) a uplnym
kyselym rozkladem s 50% HNOj3; po dobu 3 hodin pii 90 °C (v ptipadé vzorkd z lokalit
Spolchemie a Farmak). Celkem bylo sledovano 39 prvka v kazdém vzorku. Za ucelem
minimalizace spektralnich interferenci byly pouZity tfi rtizné kolizni plyny a proménné hodnoty
hmotnostniho posunu mezi dvéma kvadrupdly. Externi kalibrace byla provedena za pouziti

komplexni smési standardi ICP-MS (Merck KGaA, Némecko). Ke vSem kalibracnim roztokiim
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byl pfidan interni standard (0,025 mg/l In), po kazdych 10 méfenich byl kontrolovan posun

zékladni linie a ziskana data byla korigovana s ohledem na posun signalu blanku.

- Ke studiu transformace ¢astic nZVI byly pouzity metody XRD a Mdssbauerova spektroskopie.
Vzorky odebran¢ho sedimentu byly pfed méfenim magneticky separovany, aby obsahovaly co
nejvyssi podil fazi zeleza a co nejméné ostatniho materialu (predevsim oxidu kiemiku). Anylyza
pomoci XRD probéhla na pftistroji X’Pert PRO MPD (PANalytical B.V., Nizozemsko),
vybaveném Brag-Brentanovou méfici geometrii, zdrojem CoKa rentgenového zéteni, polohové
citlivym detektorem X’Celerator a programovatelnou clonou. Vznikl¢ zaznamy byly
vyhodnoceny v programu High Score Plus (pomoci PDF-4+ a ICSD databazi). Piiprava vzorku
probihala tak, aby byl minimalizovan jeho kontakt se vzduchem, béhem méteni byl piekryt
polyimidovou folii Kapton®, transparentni pro rentgenovo zafeni. Mdssbauerova spektroskopie
probéhla na pfistroji MS96 (RCPTM) s >"Co(Rh) zdrojem vy-zafeni a scintilatnim YAlO3:Ce
detektorem. Izomerni posun byl kalibrovan pomoci a-Fe folie. Ke zpracovani naméfenych dat
byl pouzit program MossWin. Pfed i béhem méfeni byly vzorky udrzovany zmrazeny v

kapalném dusiku a v kryostatu piti 100 — 200 K.

- Transformacni produkty ¢astic nZVI byly zkoumany za pouZiti elektronové mikroskopie. K
zobrazeni morfologie sedimentl a jejich prvkového sloZeni poslouzily SEM a EDS, pfistroj SU
6600 (Hitachi, Japonsko). TEM a EDS byly provedeny na pfistroji JEM-2100 (JEOL, Japonsko).

Vzorky byly pro méfeni naneseny na médénou miizku s uhlikovou folii a ususeny na vzduchu.
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5. VYSLEDKOVA CAST

5.1. Transformace ¢astic nZVI béhem vsadkovych testi

Pro vsadkovy experiment starnuti Cerstvych c¢astic nZVI v redlné kontaminované vod¢ za
laboratornich podminek byla pouzita voda, odebrana z vrtu PV-129 na lokalit¢ Spolchemie.
Aktivovana suspenze NANOFER STAR byla smichana s touto vodou, v niz v dobé odbéru (215
dni po zasaku castic nZVI) dominovala kontaminace 1,2-Cis-DCE (pifes 10 mg/l) nad
kontaminaci PCE (necelé 4 mg/l). V podzemni vod¢ byla zvySena hladina rozp. Fe (ptes 100
mg/l) a obvykla konduktivita (2,7 mS/cm), pH 7,6 a ORP blizky 0. Prvni polovina reak¢nich
systémil byla tfepana bez pristupu svétla za pokojové teploty, druha polovina reakénich systémut
byla ponechdna bez tfepani a bez piistupu svétla pii 13 °C. Analyza vSech experimentalnich
systémil pomoci XRD ukazala, Ze zatimco ve vzorcich sedimentu odebiranych na lokalité
prevlada uhlic¢itanovy green rust (CO3-GR) jako hlavni produkt transformace Castic nZVI,
v experimentalné vytvorenych podminkach dominuje jiny produkt pfemény ¢astic nZVI —
chukanovit (Fe;(OH),CO3). Ten narozdil od CO3-GR neobsahuje ve své struktuie Fe(IlI).”®
Diivodem jeho dominantniho vzniku by mohla byt zvySena koncentrace Zeleza v uzavieném
systému vsadkového testu (0,4 — 1,6 g/l), ktera zpusobila lokalni zakoncentrovani Fe?*, k némuz
v realné zvodni nedochazi. Chukanovit vznika pii vySSich koncentracich zeleza a uhli¢itant
(oboje > 0,5 g/l) ptimym sloucenim Fe?*, OH a CO5%.**! CO3-GR pfevlada v podminkéch s nizsi

koncentraci Zeleza (50 — 100 mg/l) a uhli¢itand (100 — 200 mg/I).%*

V piipadé experimentl
probihajicich za snizené teploty a bez tiepani byl rozsah pfemény a-Fe na chukanovit nizsi, nez
v piipadé vzorkl tfepanych za pokojové teploty. Pti vsadkovych experimentech byly navic
identifikovany dalSi neZelezné uhli¢itanové fadze — aragonit, kalcit a dolomit. Tyto mineraly
nebyly nalezeny v zadné z magnetickych frakci sedimentti, odebranych na lokalité¢ Spolchemie.
Dtivodem jejich vzniku mtze byt vyrazny lokalni nartist pH v bezprostfednim okoli nanocastic,
ke kterému na lokalité¢ nedochazelo, ale ve vsadkovém uspofaddani ano. Za takovych podminek
byl nékterymi vyzkumniky zaznamendn narist krystali neZeleznych uhli¢itanovych fazi na

povrchu elementarniho Zeleza, konkrétné se jednalo o kalcit®' a aragonitzsg.

Ve vsadkovych testech byl pouzit také sediment z lokality Spolchemie, z néhoz byly magneticky
odseparovany ,,zreagované* ¢astice nZVI (NANOFER STAR po 1 roce po aplikaci). Tento

material byl nejdiive podroben materidlové charakterizaci, ktera prokazala ptitomnost dosud
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nezreagovan¢ho a-Fe. Obrazek 12 ukazuje mikroskopicky snimek a XRD zdznam pouzitého

materialu.
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Obrazek 12: XRD zaznam ,zreagovanych“ ¢astic nZVI pouzitych pii vsadkovych experimentech
(NANOFER STAR aplikovany na lokalité Spolchemie a odebrany o rok pozdéji v sedimentu z vrtného
jadra); identifikovany byly tyto fiaze Zeleza: a-Fe = nulamocné Zelezo, Fe;O, = magnetit, a-Fe,O; = hematit,
FeO = wiistit; vpravo nahoie vloZzZen TEM snimek ,zreagovanych* c¢astic pouZitych pri vsadkovych
experimentech, ukazujici oxidované nanocastice obklopené degrada¢nimi produkty

Pak byla testovédna reaktivita tohoto vzorku vi¢i Cr(VI) a CHC (PCE, TCE a VC). Pii pocatecni
koncentraci Cr(VI) = 6 mg/l odstranily ,,zreagované* ¢astice nZVI pii davece 0,2 g/l az 94 %
chromu (po dobu 24 hod), mnozstvi aktivovaného NANOFER STAR, potiebného pro dosazeni
srovnatelné tc¢innosti (> 80 % za 24 hod), presahuje 1 g/L. Tento zavér je ve shod¢€ s vétSinou
publikovanych praci, které uvadi 100% uc¢innost odstranéni Cr(VI) z vody nebo pidy pii davce
1 g Fe/10 mg Cro7116259 5 priblizn€ 20% uc¢innost odstranéni Cr(VI) z vody nebo ptdy pii davce
50 — 100 mg Fe/10 mg Cr2%° Uginnost odstranéni Cr(VI) z vody nebo pidy pomoci &stic
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nZVI je také vyrazné ovlivnéna koncentraci chromu, nebot’ pii obsahu Cr(VI) 100 mg/L jiz
dochazi k pasivaci povrchu nanocéastic a nelze dosdhnout 100% tucinnosti odstranéni.®’
wZreagované™ Castice nZVI tedy vykazovaly lepsi schopnost odstranéni Cr(VI), nez ptivodni
castice nZVI (100% ucinnost byla dosazena jiz pti davce 200 mg Fe/10 mg Cr). To mohlo byt
zpusobeno skutecnosti, Ze ve vzorku odebraném na lokalit¢ byly identifikovany transformacni
produkty ¢astic nZVI, jez maji vynikajici sorpéni kapacitu (hematit, magnetit a wiistit),
umoziiujici adsorpci kovu na povrch nano&astic.” Tuto teorii potvrzuje i fakt, e v testech
odstranéni CHC, kde hraje hlavni roli schopnost dechlorace kontaminantu, 1ze pozorovat opacny
trend. Pii stejné davce Fe (5 g/I) dokédzal cerstvy NANOFER STAR odstranit z realné
kontaminované vody v praméru 54 % PCE (Obrazek 13), 73 % TCE (Obrazek 14) a 94 % VC
(Obrazek 15), zatimco ,,zreagované® Castice nZVI pouze 38 % PCE, 31% TCE a 24 % VC.
Témito testy bylo prokazano, Ze i po roce od aplikace se ve zvodni nalézaji nanocastice, které
nepodlehly tuplné degradaci/transformaci, a které obsahuji vyznamny podil o-Fe. Takto

»Zreagované® Castice nZVI vykazuji vysokou sorpéni kapacitu pro Cr(VI), ale nizké redukéni

schopnosti viaci CHC.
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Obrazek 13: Odbourani PCE z reilné Kkontaminované vody pomoci NANOFER STAR (vlevo)
a "zreagovanych" ¢astic nZVI (vpravo)
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Obrazek 14: Odbourani TCE z realné kontaminované vody pomoci NANOFER STAR (vlevo)
a "zreagovanych" ¢astic nZVI (vpravo)
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Obrazek 15: Odbourini VC z reilné kontaminované vody pomoci NANOFER STAR (vlevo) a

w

"zreagovanych" ¢astic nZVI (vpravo)

Experimenty ve vsadkovém uspoiadani byly provedeny také s vodou z lokality Zetor. V tomto
piipadé byla testovana jak podzemni voda (Cr(VI) = 11 mg/l), tak ptida (Cr(VI) = 30 mg/kg).
Koncentrace 1 g/l ¢astic nZVI (aktivovany NANOFER STAR) pouzitd ve smési se samotnou
podzemni vodou byla dostate¢na k odbourani > 99,9 % celkového Cr. Pfi reakci castic nZVI se
smési vody a pudy v poméru 2 : 1 dochazelo k postupnému vyluhovani Cr z piidy a zvySovani
koncentrace celkového Cr v systému (potvrzeno také v testech vyluhovatelnosti ptidy). Uginnost
odstranéni chromu v tomto pfipadé pii koncentraci 1 g/l ¢astic nZVI doséhla pouze 98,5 %,
pravdépodobné v dasledku piekroceni reakéni kapacity castic nZVI. Tento vysledek je
v naprosté shodé s tim, &eho dosahli Reginatto et al."*®, ktefi uvadi 98% ucinnost odstranéni

chromu z kontaminované zeminy pfi pouziti | g NANOFER na 11 mg Cr(VI).
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5.2. Analyza ¢astic nZVI pri simulovaném zasaku v umélé 3D zvodni

Analyza castic nZVI (aktivovany NANOFER STAR) v pribé¢hu simulovaného zasaku v umélé
3D zvodni poslouzila k ovéfeni experimentalniho pfistupu a metodiky zpracovani dat pfii
sledovani ¢astic nZVI pomoci jejich ICP-MS prvkového profilu. Uméla 3D zvoden obsahuje, na
rozdil od redlnych lokalit, zcela homogenni matrici (jednodruhovy pisek s definovanou zrnitosti),
metoda tedy byla testovdna pouze na nckolika stopovych prvcich: Mn, Sc, Sr, In a Y. Zména
koncentrace téchto prvkil po injektazi ¢astic nZVI je zndzornéna na obrazku (Obrazek 16, casti A
a C). Zatimco u nékterych prvkt doslo ke snizeni jejich koncentrace (Sc, Sr, Y), mnozstvi
dalsich prvkl se zvySilo (Mn, In). Snizeni koncentrace bylo disledkem zfedéni pudy velkym
objemem vody, injektované spolu s nZVI. Zvyseni koncentrace bylo zpusobeno pfitomnosti
pouzitych ¢astic nZVI. Tyto informace mohou byt statisticky reprezentovany pomoci analyzy
hlavnich komponent (PCA) s pouzitim udaji o pomeérech koncentraci jednotlivych prvki.
Obrazek 16, ¢ast B, ukazuje zmény v prvkovém profilu pisku po aplikaci ¢astic nZVI. Dva
vzorky pisku pted zasakem (VEGAS pisek 1 a VEGAS pisek 2) jsou porovnany se vzorkem
injektovaného materidlu (nZVI + CMC) a se vzorkem odebranym z umélé 3D zvodné po aplikaci
castic nZVI (nZVI1 + CMC + pisek). Prvkové profily pisku pted aplikaci (C, D) se po injektazi
castic nZVI (B) posunuly smérem k profilu aplikovanych ¢astic nZVI (A). Obrazek 16, ¢ast D,
ukazuje specifickou korelaci mezi vSemi péti prvky, pfi¢emz prvky, jejich koncentrace poklesla
(Sc, Sr a Y), a prvky, jejichz koncentrace narostla (Mn a In), vytvofily dvé jasné oddélené
skupiny. Tyto jednoduché grafy ukazuji, jak PCA slouZi k vizualizaci vice proménnych (pomeéry
koncentraci) a ptipadt (prvkt). Test v umélé 3D zvodni také prokazal, ze za pomoci prvkovych
profilll 1ze spravné popsat jednoduchy jev zied'ovani a koncentrovani prvkl v matrici. Ackoli
vtomto piipadé¢ hlavni komponenta ¢. 1 vysvétluje 99,5 % rozptylu dat, tudiz pouziti
vicerozmérné analyzy je zde nadbytecné, test poslouzil k validaci metodologie ICP-MS

prvkovych profili.
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Obrazek 16: Grafy (A a C) ukazujici koncentrace prvki ve vzorcich vody a sedimentu pied a po aplikaci
nanocdastic; rozptylovy graf skore hlavnich komponent (B) zobrazujici prvkové profily nanocastic
(nZVI+CMC) a vzorku po aplikaci nanoéastic (nZVI+CMC+pisek) v levé poloviné a profily vzorkia pred
aplikaci nanocastic (VEGAS pisek 1, VEGAS pisek 2) v pravé poloviné grafu; PCA arrow plot (D)

48




5.3. Migrace a transformace ¢astic nZVI na lokalité Spolchemie

Monitoring chovani ¢astic nZVI aplikovaného na lokalité probihal po dobu celkem dvou let, od
srpna 2014 do srpna 2016. Béhem tohoto obdobi bylo provedeno 23 kol monitoringu
v pravidelnych ¢asovych rozestupech (obvykle jeden mésic, v blizkosti zasaku castéji), z toho 2
odbéry probéhly pted prvni aplikaci ¢astic nZVI, 10 mezi prvnim a druhym zasakem a 11
nasledovalo po druhé aplikaci ¢astic nZVI. V ramci odbéri byly vzdy méfeny: hladina a
fyzikaln¢é-chemické parametry podzemni vody, koncentrace rozpusténého a celkového zeleza a
rozsah kontaminace. Vzdy byly také odebrany vzorky sedimentu pro strukturni analyzu a ve
vétsiné pripadi byla provedena PLFA odebranych vzorkd. S vyjimkou poslednich 5

vzorkovacich kol byly vzdy soucasné odebrany vzorky pro Gplny chemicky rozbor vody.

Vysledky méfeni fyzikalné-chemickych parametri ve vystrojenych vrtech jsou shrnuty v grafech
nize (Obrazek 17 a Obrazek 18). Po prvni aplikaci ¢astic nZVI byl v monitorovacich vrtech PV-
129 (v bezprostiedni blizkosti direct-push injektaze ¢astic nZVI), PV-130 (cca 2 m proti sméru
proudéni podzemni vody) a PV-112 (cca 3 m po sméru proudéni podzemni vody) zaznamenan
prudky nartst pH o 2 — 3 jednotky a pokles ORP o 600 mV. Tato zména nebyla trvald, pH se
vratilo k piivodnim hodnotam jiZ po 2 mésicich od aplikace, ORP se po 200 dnech od aplikace
ustalil na 0 — 200 mV, coz je o 100 az 300 mV mén¢, neZ byl ptivodni redox potencial podzemni
vody na lokalité. Jednalo se o zménu trvalého charakteru, nebot’ ORP se do pivodni hladiny
nevratil ani po roce od aplikace ¢astic nZVI. Pfi druhém zésaku byl v monitorovacich vrtech PV-
129 a PV-130 zaznamenan prudky nartst pH o 2 jednotky a opét pokles ORP do zapornych
hodnot. V monitorovacim vrtu PV-112 se hodnota pH zvysila o 1 jednotku a ORP klesl tésné
pod nulovou hodnotu. Zména fyzikalné-chemickych parametri byla kratkodoba a 150 dni po
aplikaci ¢astic nZVI dosdhly oba popisované parametry (pH 1 ORP) ptedaplikac¢nich hodnot.
Z té&chto vysledku lze usuzovat, ze vrt PV-112 byl prvnim zasakem ovlivnén vice, nez tomu bylo

pfi druhém zasaku.
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Obrazek 17: Vyvoj pH ve vystrojenych vrtech po 1. zasaku (vlevo) a po 2. zasaku (vpravo) na lokalité
Spolchemie
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Obrazek 18: Vyvoj ORP ve vystrojenych vrtech po 1. zasaku (vlevo) a po 2. zasaku (vpravo) na lokalité
Spolchemie

Pii obou aplikacich castic nZVI jako diikkaz migracnich schopnosti nanocéstic poslouZily
stopovaci test s LiCl (informace poskytnutd firmou AQUATEST, a.s.) a méfeni koncentrace
celkového a rozpusténého zeleza. Pii obou aplikacich se ve vrtech PV-129 a PV-130 objevily
zvysSené koncentrace lithia a celkového zeleza okamzité po injektdzi ¢astic nZVI. Ve vrtu PV-
112 nebylo zaznamendno vyznamné zvySeni koncentrace celkového zeleza, ale 60 dnl (prvni
zasak), respektive 20 dnl (druhy zédsak) po injektazi zde byla prokdzana piitomnost lithia.
Z tohoto zjisténi je patrné, ze Castice nZVI ani v jednom ptipad¢ nedosdhly monitorovaciho vrtu
ve vzdalenosti 3 m po sméru proudéni podzemni vody, avSak podzemni voda byla v tomto misté
ovlivnéna kapalinou pochézejici ze zasakované suspenze. V monitorovacich vrtech vybavenych

mikrosondami (AW2-22, AW2-23 a AW2-24) vedla prvni aplikace ¢astic nZVI k prudkému
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naruastu celkovych koncentraci Zeleza a lithia pouze v hloubkach 6,5 a 8 m pod povrchem. Druha
aplikace rozsifila skupinu vrti se zvySenym obsahem Zeleza a lithia 1 o horizont 9 m pod
povrchem. Tento vysledek ukazuje, ze nZVI nedoséhlo nejhlubsich monitorovacich horizontl

(po prvnim zésaku 9 a 11 m, po druhém zasaku 11 m).

Vysledky méteni koncentrace rozpusténého zeleza ve vystrojenych vrtech (PV-129, PV-130 a
PV-112) jsou zobrazeny v grafech (Obrazek 19). Tato méfeni ukazuji, Ze reakce ¢astic nZVI s
kontaminanty a vodou byla doprovazena uvoliiovanim iontd Fe, které se v ptipadé NANOFER
25S (prvni zasak) v podzemni vodé poprvé objevily uz po 50 — 100 dnech, zatimco v ptipadé
NANOFER STAR (druhy zasak) az 150 — 200 dni po aplikaci ¢astic nZVI. Toto pozorovani je
ve shodé¢ s vlastnostmi téchto dvou typtt nZVI. NANOFER 25S je ptipravovan z pyroforického
prasku bez vrstvy oxidd zeleza, NANOFER STAR je na vzduchu stabilni prasek nZVI s tenkou

slupkou oxidii Zeleza, které brani jeho rychlému rozpou§téni v podzemni vods.>
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Obrazek 19: Vyvoj koncentrace rozpusténého Zeleza ve vystrojenych vrtech po 1. zasaku (vlevo) a po 2.
zasaku (vpravo) ) na lokalité Spolchemie

Vyvoj odbourani kontaminace pomoci ¢astic nZVI na lokalit¢ Spolchemie zde neni uveden,
protoze nebyl predmétem této prace, avSak byl do detailu prostudovan v ramci projektu

NanoRem®&3,

Jo 4

V zafi 2016 bylo v blizkosti aplikacnich bodli odebrano vrtné jadro za ucelem potvrzeni
pfitomnosti “zreagovanych” ¢astic nZVI v pide. Presné misto odbéru vrtného jadra je zakresleno

v mapce lokality (Obrazek 20, 52 cm od vrtu PVV-129 a 80 cm od vrtu AW2-24). Toto vrtné jadro
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bylo podrobeno analyze pomoci detektoru magnetické susceptibility a byla v ném potvrzena
pritomnost frakci s vysokou hodnotou magnetické susceptibility. Profil jadra ukazuje Obrazek
21. Z vysoce magnetickych frakci byly odebrany vzorky, které byly analyzovany pomoci XRD.
Vysledky potvrdily pfitomnost nezoxidovanych c¢astic nZVI v pide rok po jeho aplikaci ve
form¢ suspenze NANOFER STAR. Tento vysledek je ve shodé s pozorovanim Ahn et al., ktefi
také nalezli malé mnozstvi nezreagovaného a-Fe v podzemni vod¢ vice nez 100 dnti po aplikaci

nZVI (NANOFER 25S, NANO IRON, s.r.0.)."¥’

PV-130
CD [ ] T
. B Legenda:
° °® @ "‘.1 ““‘. “g vystrojeny vrt O
AW2-22$ dQ AW2-23 :“;\ ‘\_ :",‘ vrt s mikrosondami
odebrané © py.129 L W
vrtné jaidrog @ | I direct-push °
® & & injektazni bod
O AW2-24 ,
propustna ]
N\ reaktivni bariéra -
O | y " 7
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Obrazek 20: Umisténi odbéru vrtného jadra na lokalité Spolchemie
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Obrazek 21: Hloubkovy profil vrtného jadra s popisem a se zakreslenou polohou odbéru vzorka pro XRD )
na lokalité Spolchemie

Za ucelem posouzeni celkového dopadu aplikace castic nZVI na mikrobidlni populaci v
monitorovacich vrtech byla provedena analyza PLFA. Byl sledovan vyvoj poctli mikrobialnich
bungk, patticich anaerobnim bakteriim (celkové mnoZstvi kyseliny cyklopropan-heptadekanové
a kyseliny olejové ve vzorcich) a gram-pozitivnim bakteriim (celkové mnoZstvi kyseliny 12-
methyltridekanové, 12-methyltetradekanové, 13-methyltetradekanové, 14-methylpentadekanové,
14-methylpalmitové a 15-methylpalmitové) v podzemni vod& Mnozstvi bioty v cCase je
zaznamenano v grafu (Obrazek 22). Okamzité po aplikaci Castic nZVI klesla celkova biomasa
témét na nulu, s nejveétsi pravdépodobnosti v disledku vyplachnuti a/nebo natedéni podzemni
vody velkym objemem injektované kapaliny. Ekosystém se vSak zacal rychle zotavovat, takze o
mésic pozdé€ji se hladina PLFA znovu zvySila a tfi mésice po injektazi se hodnoty PLFA
pfiblizily hodnotam pted aplikaci. Po 250 — 300 dnech byl zaznamenan vyznamny nartst pocti
buné¢k. To bylo pravdépodobné zplsobeno zvySenim teploty podzemni vody béhem letnich

mésicl a celkové pfiznivymi podminkami pro mikrobilni rast.
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Obrazek 22: Vyvoj bioty v Case ve vystrojeném vrtu PV-130 ) na lokalité Spolchemie

Spolchemie byla prvni lokalitou, na niz byl pouzit novy pfistup ke sledovani ¢astic nZVI pomoci
jejich ICP-MS prvkovych profild. Tato metodika uz byla v té dobé ovéfena v umélé 3D zvodni
(kapitola 4.1.1) a rozsifena na vzorky z vystrojenych vrti (PV-112, PV-129 a PV-130), které
umoznily odbér smési podzemni vody spolu se sedimentem. Pti zatazeni vSech 39 sledovanych
stopovych prvkil do analyzy PCA lze spolehlivé rozlisit profil ve vrtech pfed a po aplikaci ¢astic
nZV1 (Obrazek 23). Tento posun vysvétluji hlavni komponenty 1 a 2 (celkem 91,2 % rozptylu),
treti hlavni komponenta ptispiva k objasnéni rozptylu jen malo (4,8 %). Prvkovy profil vzorkt ze
vSech ti1 vrtd se vSak nepodoba prvkovému profilu ¢astic nZVI (NANOFER STAR). Zuzime-li
PCA pouze nalanthanoidy, zjistime silnou korelaci mezi posunem profilu vzorkli smérem
k profilu ¢astic nZVTI a zjisténym obsahem lanthanu a ceru (Obrazek 24). Toto chovani je ptitom
spojeno s 95,3 % vysvétleného rozptylu. Pro potvrzeni souvislosti mezi La, Ce a ¢asticemi nZVI
byl sledovan vyvoj koncentrace Fe, La a Ce v podzemni vodé ve vrtu PV-129 v pribéhu zasaku

nanocastic, ktery potvrdil pfitomnost zvySené koncentrace La a Ce v podzemni vodé€ cca mésic

po aplikaci ¢astic nZVI.
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Obrazek 23: Rozptylovy graf skére hlavnich komponent s pouzitim vSech 39 prvki (nahoi‘e), zobrazujici
prvkové profily vzorki pred aplikaci nanocastic v levém dolnim kvadrantu (A), vzorka po aplikaci
nanocastic v pravych kvadrantech (B) a nanocastic (Cerveny bod) pro ruzné vystrojené body (rizna
barevnost)
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Obrazek 24: Rozptylovy graf skore hlavnich komponent s pouZitim lanthanoidd (nahote), zobrazujici

prvkové profily vzorki pred aplikaci nanocastic vpravo (zelené), vzorki po aplikaci nanocastic vlevo
(¢ervené) a nanocastic (modie) pro veskeré vzorky odebrané z vystrojenych vrti; PCA arrow plot (dole)
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Hlavnimi produkty transformace c¢astic nZVI, odebranych v monitorovacich vrtech a
podrobenych XRD analyzam, byly precipitaty green rust (GR). GR patii do pyroauritové skupiny
minerdlii a jsou tvofeny oktaedralnimi vrstvami smésného hydroxidu dvojmocného a
trojmocného Zeleza, stfidajicimi se s anionty (zde uhli¢itany) a molekulami vody. Jedna se o
obvyklé produkty koroze Zeleza, piedev§im za anaerobnich podminek. Méfeni XRD potvrdilo
pritomnost CO3-GR ve vsech vzorcich s vyjimkou vzorkl odebranych jeden rok po aplikaci
¢astic nZVI, kde jiz nad dal$imi pevnymi fazemi silné pfevladal magnetit. Tyto vysledky jsou v
dobré shod& s tim, co uvadi Phillips et al. a Roh et al.®*"?®' Zatimco CO3;-GR byl jediny
uhli¢itanovy mineral nalezeny ve vzorcich z lokality, pti vsadkovych experimentech vznikal také
chukanovit (Fe,(OH),COg), viz kapitola b.5. Refait et al. prokazali koexistenci CO3-GR a
chukanovitu pfi pokojové teploté a zjistili, ze pomér OH(-) a CO3(2-) ve vod¢ hraje klicovou roli
pii tvorbé uhligitani.?®> CO3-GR je nestabilni a i za anaerobnich podminek snadno degraduje za
vzniku jinych bé&znych oxidi Zeleza, zejména maghemitu (oxid trojmocného Zzeleza) nebo
magnetitu (smésny oxid dvojmocného a trojmocného zeleza). To by mohlo byt mozné vysvétleni
rostouciho mnoZstvi magnetitu s Gasem.”® Ve vzorcich bylo také detekovano zvySené mnoZstvi
SiO,, které jiz nebylo mozné dale magneticky odseparovat. Tento jev mize byt zpusoben
adsorpci a polymeraci kiemiku na povrchu CO3-GR.**® Kromé& CO3-GR a magnetitu prokazala
XRD analyza v nékterych vzorcich pfitomnost hydroxidu zeleznatého Fe(OH),. Tato sloucenina
je obvyklym primarnim produktem koroze ¢astic nZVI. Fe(OH); vSak patfi mezi metastabilni
faze, takze béhem odbéru vzorkl a samotné analyzy podléhéd snadné oxidaci pifes CO3-GR az na

magnetit.

Vysledky Mossbauerovy spektroskopie jsou v dobré shodé se zavéry XRD analyz (viz Obrazek
25 a Obrazek 26). MS potvrdila pfitomnost dubleth Fe(Il) a Fe(Ill) ve vSech analyzovanych
vzorcich, které mohou patfit jak CO3-GR, tak i1 oxyhydroxidim Zeleza. Magnetit lze
Vv Mossbaueroveé spektru identifikovat jako dvojice vzajemné posunutych sextetd.?* Mezi
oxidovanymi fazemi bylo na ziklad¢ intenzity odpovidajiciho sextetu detekovano také velké

263

mnozstvi nezoxidovaného nZVI (a-Fe).”> Kvalitativni analyza zalozena na Maossbaueroveé

spektroskopii je pouze orientacni, nebot’ CO3-GR tvofii obvykle siln¢ defektni struktury.
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Obrazek 25: XRD zidznam magnetického podilu vzorku sedimentu, odebraného z vrtu PV-129 vice nez 8
mésici po prvnim ziasaku nZVI (o-Fe = nulamocné Zelezo, FesO4 = magnetit, SiO, = oxid kiemicity)
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Obrazek 26: Mossbauerovo spektrum magnetického podilu vzorku sedimentu, odebraného z vrtu PV-129
vice nez 8 mésici po prvnim zasaku nZVI (o-Fe = nulamocné Zelezo, y-Fe,0O; = maghemit, Fe;O, = magnetit,
GR = green rust); méieno pri 100 K.
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Struktura odebranych vzorkii aplikovanych suspenzi nZVI a sedimentl, obsahujicich jejich
transformacni produkty, byla zobrazena pomoci elektronové mikroskopie (Obrazek 27, Obrazek
28 a Obrazek 29). Faze obsahujici zelezo byly identifikovany metodou EDS. Zatimco

oxyhydroxidy zeleza (FeOOH), krystalizujici v koso¢tvere¢né soustave, jsou spiSe izometrické,
264-267

CO3-GR se formuje do Sestitthelnikovych plochych krystalu.

Obrazek 28: Snimek Sestithelnikovych krystalii GR pofizeny TEM (vlevo) a SEM (vpravo)

59



S1UVE s B -/ 12007 10.0kV 6.0mm x10.0k

Obrazek 29: Snimek izometrickych struktur oxyhydroxidu Zeleza porizeny TEM (vlevo) a SEM (vpravo)

Vsechny vySe uvedené sledované parametry byly pouzity také v analyze PCA za Ucelem
zhodnoceni vlivu zdsaku ¢astic nZVI na lokalitu Spolchemie. Nejdiive byl zkouman vrt PV-129,
ktery byl s pfihlédnutim ke vSem pouzitym parametrim siln€¢ ovlivnén remediacnim zasahem po

dobu az 9 mésict (

Obrazek 30). Hlavni komponenty 1 a 2 (vysvétlujici celkem 62,6 % rozptylu) ukézaly, ze
sledované parametry podzemni vody a sedimentu Ize rozdélit na ty, jejichz zmény bezprostfedné
souviseji s aplikaci ¢astic nZVI, a na ty, jejichz zmény jsou dlouhodobé¢ ovlivnény remedia¢nim
zasahem. Do prvni skupiny patii fyzikalné-chemické parametry vody a urovenn kontaminace
(okamzit¢ silné ovlivnény injektazi suspenze nZVI), do druhé skupiny patii koncentrace
degradacnich produkttit CHC, koncentrace celkového zeleza a mikrobidlni populace (dlouhodoba
odezva na remedia¢ni zasah). Také vrt PV-130, s ohledem na pouZité proménné, siln€¢ reagoval
na remediacni zasah, béhem nasledujicich 9 mésich se vSak témét vratil do plivodniho stavu
(Obrazek 31). Podle hlavnich komponent 1 a 2 (vysvétlujicich celkem 58,9 % rozptylu dat) doslo
V tomto vrtu okamzité ke zménam v mikrobialni populaci. Vliv na fyzikéalné-chemické parametry

vody, koncentraci kontaminace a piislusnych dehalogenacnich produkt byl naopak pomalejsi a

dlouhodobé;si.
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Obrazek 30: Rozptylovy graf skére hlavnich komponent (nahore), zobrazujici zmény v souhrnnych
vlastnostech vzorki, odebranych z vrtu PV-129 v priibéhu remedia¢niho zasahu (znazornén je posun profilu
vzorki v 2D-prostoru rozptylového grafu s casem); PCA arrow plot (dole)
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Obrazek 31: Rozptylovy graf skére hlavnich komponent (nahofe), zobrazujici zmény v souhrnnych
vlastnostech vzorki, odebranych z vrtu PV-130 v pribéhu remediac¢niho zasahu (zniazornén je posun profilu
vzorki v 2D-prostoru rozptylového grafu s ¢asem); PCA arrow plot (dole)

62



5.4. Migrace a transformace ¢astic nZVI na lokalité Farmak

Lokalita Farmak byla sledovana jeden rok, tj. od zaii 2016, kdy doslo k zasaku ¢astic nZVI, do
srpna 2017, kdy byl monitoring ukoncen z divodu pokracujicich sana¢nich praci na lokalité
(recirkulace podzemni vody spolu s ex-situ aplikaci syrovatky pro oziveni mikrobidlni
komunity). Celkem bylo provedeno 9 vzorkovacich kol, pii prvnich 2 byla zaznamenana situace
na lokalité pred aplikaci ¢asstic nZVI, dalSich 7 nasledovalo po ni. Rozestup mezi vzorkovanim
byl obvykle jeden mésic, v blizkosti zasaku ¢astéji. V ramcei odbért byly vzdy méfeny: hladina a
fyzikdlné-chemické parametry podzemni vody, koncentrace rozpusténého zeleza a rozsah
kontaminace. Vzdy byly také odebrany vzorky sedimentu pro strukturni analyzu. Pasivni piskové
vzorkovace, umisténé v nékterych vrtech, byly pravidelné podrobeny reakci qPCR. Z kazdého

monitorovaciho vrtu byly nékolikrat odebrany vzorky pro tplny chemicky rozbor vody.

V bezprostiedni blizkosti direct-push injektdznich bodii se nachazel objekt ,studna®“, stary
podzemni zasobnik o priméru asi 3 m a hloubce 9 m. Ten se stal primarnim recipientem
zasdknutych nanocastic a zaroven nejvyraznéji zasazenym monitorovacim bodem. Okamzité
po zasaku byl v tomto objektu zaznamenan narist pH o 2,5 jednotky a pokles ORP o 500 mV
(az k vyslednym -550 mV). Tyto parametry se ani po 8 mésicich od zasaku nevratily k ptivodnim
hodnotdm. Dal§im silné¢ ovlivnénym monitorovacim vrtem byl vrt SM-8 (leZici asi 4 m proti
sméru proudéni podzemni vody), v némz byl zaznamenan prudky narist pH o 0,7 jednotky a
pokles ORP o 500 mV (obdobné jako v ptipadé objektu ,,studna*). Na rozdil od podzemniho
zasobniku v8ak nedoslo u vrtu SM-8 k dlouhodobému ovlivnéni a po 2 mésicich se v tomto bodé
vratily fyzikalné-chemické parametry k pfedaplikacnim hodnotdm. Vyvoj fyzikaln&-chemickych
parametr v téchto dvou silné¢ ovlivnénych vrtech je zachycen v grafu (Obrazek 32). Veskeré
ostatni monitorovaci vrty nijak nereagovaly na zasak ¢astic nZVI ve smyslu zmén pH a ORP.
Vyjimkami jsou pouze vrty VS-1 (asi 2 m od aplikacniho bodu ve sméru proudéni podzemni
vody) a MS-2 (nejvyse polozeny horizont v hloubce 7,8 m, nachazejici se uprostied aplika¢niho
polygonu, ve vzdalenosti asi 2,5 m od vSech tii aplikac¢nich bodl). V obou téchto vrtech byl

zaznamenan mirny kratkodoby narast pH (o 0,5 jednotky) a pokles ORP (o 100 mV).
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Obrazek 32: Vyvoj pH a ORP ve vrtu SM-8 (vlevo) a v objektu ,,studna" (vpravo) na lokalité Farmak

Me¢fteni rozpusténého zeleza poukazalo na vysokou heterogenitu podlozi, ktera pii direct-push
injektazi umoznila tvorbu preferen¢nich migra¢nich cest, spojujicich aplika¢ni bod(y) s objektem
,studna“ a s monitorovacim vrtem SM-8. Castice nZVI s jistotou dosahly podzemniho objektu
,studna®, na dné kterého se akumulovaly ve velkém mnozstvi. Doslo tak spise k simulaci
nepravdépodobnych podminek, v nichz jsou ¢astice nZVI koncentrovany ve velkém uzavieném
tanku, bez moznosti dalsiho Sifeni v prostfedi. V objektu ,studna“ prokazala analyza
rozpusténého zeleza postupné rozpousSténi nanocastic, koncentrace rozp. Fe kulminovala 2
mésice po aplikaci. Castice nZVI také migrovaly do monitorovaciho vrtu SM-8, kde doslo
k okamzitému zaznamenani vysokych koncentraci celkového Zeleza a mésic po aplikaci také
k nardstu rozp. Fe. Pfitomnost malého mnozstvi Zeleza se podafilo prokazat pouze v jediném
z vystrojenych vrtu (VS-1). Vysledky méfeni ve vystrojenych vrtech (VS-1, VS-2, VS-3 a VS-4)
byly ovlivnény vysokymi pozad'ovymi koncentracemi rozp. Fe, které v téchto vrtech dosahovaly
stovek mg/l. Tyto vysledky jsou shrnuty v grafu nize (Obrazek 33). Jedinym vrtem, vybavenym
mikrosondami, ktery byl ovlivnén aplikaci ¢astic nZVI, se stal vit MS-2 (pouze horizont 7,8 m
pod povrchem). Zde byly bezprostiedné¢ po zasaku naméfeny mirn€ zvysSené koncentrace
celkového 1 rozpusténého Zeleza. Z vysledkli sledovani piitomnosti ¢astic nZVI
Vv monitorovacich vrtech lze soudit, Ze ptfi direct-push aplikaci castic nZVI vznikaly
V heterogenni zvodni preferen¢ni migracni cesty. Tento fenomén vysvétluje migraci ¢astic nZVI
do pomérn¢ vzdaleného vrtu SM-8, a zaroven absenci Castic nZVI v monitorovacich vrtech,
umisténych v blizkosti aplikacniho polygonu (MS-1, VS-3) a pouze mirné ovlivnéni vrti,

umisténych uprostted (MS-2) a bezprostiedné vedle aplika¢nich bodu (VS-1).
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Obrazek 33: Vyvoj koncentrace rozpusténého Zeleza ve vystrojenych vrtech a v objektu ,,studna" na lokalité
Farmak
Vliv c¢astice nZVI na odstranéni kontaminace na lokalit¢ Farmak neni diskutovan, nebot’ nebyl

v v r , PR r r v v O SR s w 252
pfedmétem této prace, lze jej vSak nalézt v souhrnné podob¢ v pfislusné zavérecné zprave.

Aplikace ¢astic nZVI méla pozitivni vliv na rist dehalogenujicich bakterii na pevném substratu
(pasivni vzorkovace naplnéné piskem). Tento zavér ptinesla qPCR analyza markert jednotlivych
mikroorganismd, rostoucich na pasivnich vzorkovacich v monitorovacich vrtech ,,studna®, VS-1,
VS-2, MS-1, MS-2 a MS-3. Metoda qPCR poslouzila k uréeni relativniho mnozstvi roda
Dehalococcoides, Dehalobacter a Desulfitobacterium a gent 16S rRNA (celkova bakterialni
biomasa), vcrA a bvcA (geny VC reduktazy zodpovédné za tplnou dehalogenaci cis-DCE

na ethen). Mnozstvi bioty v Case je zaznamenano v grafu (Obrazek 34).
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Obrazek 34: Vyvoj bioty v ¢ase ve vrtu MS-1 na pasivnim vzorkovaci umisténém v hloubce 12,5 m na lokalité
Farmak

Sledovani c¢astic nZVI pomoci ICP-MS probihalo také na lokalit¢ Farmak. Tato metoda byla
pouzita ve vrtech, vybavenych mikrosondami (MS-1, MS-2 a MS-3), a ve vrtech s prokazanou
pritomnosti ¢astic nZVI (tj. SM-8 a ,,studna®). Ve vSech sledovanych vrtech byl po injektazi
¢astic nZVI pozorovan vyznamny posun ICP-MS prvkovych profili. Ve vrtech s mikrosondami
vSak tento posun nijak nesouvisel s profilem nanoc¢éstic. Patrné byla tedy tato zména zpiisobena
remedia¢nim zasahem jako takovym, zfedénim zpisobenym injektdzi velkého mnozstvi kapaliny
a/nebo misenim podzemni vody vlivem vysokého tlaku pii pouziti direct-push. V bodech SM-8 a
»studna® doslo po zasaku castic nZVI k nivelizaci do té doby rozdilnych prvkovych profili. Lze
profild ve sméru profilu ¢astic nZVI byl opét nejlépe vystizen vyvojem koncentraci lanthanu a

ceru v podzemni vod¢ a v sedimentu (viz Obrazek 35).

Stejné jako na lokalit¢ Spolchemie byly i v sedimentu z lokality Farmak nalezeny piedev§im
produkty transformace Castic nZVI uhliitanovy green rust a oxidy Zeleza. Moznost existence
CO3-GR Vv podzemni vod¢ lze potvrdit také teoreticky pii pouziti Pourbaixova diagramu pro tuto

krystalickou fazi. 2%

Kysela neutralizacni kapacita (KNKa5) se naptiklad ve vrtu SM-8 pohybuje
kolem 7 mmol/l (s vyjimkou odbéru bezprostiedné¢ po zasaku, kdy vlivem vzniku velkého
mnozstvi OH™ doc¢asné vystoupala az na 9 mmol/l). Z kombinace KNK,5 a pH lze spocitat
pfibliznou koncentraci uhli¢itani v podzemni vodé na 300 — 500 mg/l. Pfi téchto podminkach

vymezuje stabilitu CO3-GR hodnota pH mezi 6,5 a 10,5 a hodnota ORP mezi -250 a -500 mV.
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Obé tyto podminky byly splnény po dobu nékolika mésicti po aplikaci nZVI, ve vzorcich tedy
bylo mozné ocekavat pritomnost CO3-GR. Pfi navraceni pH k hodnoté 6,5 — 7 a ustadleni ORP
nad -200 mV lze spiSe ocekavat ptitomnost oxyhydroxidi FeOOH. XRD i Mgssbauerova
spektroskopie potvrdily pritomnost CO3-GR ve vzorcich sedimentu jeden a dva meésice po
zasaku Castic nZVI a ptitomnost magnetitu pul roku poté (viz Obrazek 36 a Obrazek 37). Tento
vysledek naznacuje pfeménu CO3z-GR na magnetit v podzemni vodé za anaerobnich
podminek.?*® Obdobné vysledky byly ziskany i pfi studiu magnetické frakce sedimentu pod
elektronovym mikroskopem (TEM i SEM). Obé metody v kombinaci s EDS odhalily pfitomnost
vice ¢i méné zoxidovanych nanocastic ve vzorcich sedimentu z vrtit SM-8 a VS-1 a z objektu

,,studna“ (Obrazek 38).
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Obrazek 35: Rozptylovy graf skore hlavnich komponent (nahoi'e) s pouZitim lanthanoidi, zobrazujici
prvkové profily vzorki z objektu ,,studna” (Cervené) a z vrtu SM-8 (modie) a jejich posun po aplikaci ve

sméru profilu nanocastic (zelené); PCA arrow plot (dole)
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Obrazek 36: XRD zaznam magnetického podilu vzorku sedimentu, odebraného z objektu ,,studna“ tyden po

zasaku ¢astic nZVI (o-Fe = nulamocné Zelezo, FesO4 = magnetit, GR = green rust, SiO, = oxid kiemicity)
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Obrazek 38: SnimKky nanocastic obklopenych degrada¢nimi produkty porizené TEM (vlevo) a SEM (vpravo)
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5.5. Migrace a transformace ¢astic nZVI na lokalité Zetor

Vysledky pilotniho i plnoprovozniho zasaku castic nZVI na lokalité¢ Zetor jsou podrobné
popsany ve ¢lanku od Brumovsky et al. 23V ramci této dizertadni prace lokalita Zetor poslouzila
k validaci dal$i inovativni metody sledovani osudu castic nZVI po jejich aplikaci do
kontaminované zvodné. Ve vybranych vrtech byla pouzita in-situ geofyzikalni metoda, ktera
umoznila vertikalni zjisténi hodnot magnetické susceptibility v bezprostfednim okoli vrti (vice
viz kapitola 3.3.6). Tato méfeni probihala vzdy jednou pied aplikaci ¢astic nZVI (pozadové
hodnoty), a pak v pravidelnych tydennich intervalech po dobu jednoho mésice po aplikaci. Po
druhém (plnoprovoznim) zasaku ¢astic nZVI prob¢hla jesté dalsi tii dodatecna méteni (2, 4 a 8
mésict po aplikaci). Mé&fici interval byl 5 cm (v hloubce mezi 15 az 22 m pod povrchem),
rychlost méteni 100 — 350 m za hodinu a metoda byla schopna zaznamenat hodnotu magnetické

susceptibility az do vzdalenosti 100 cm od vrtu.

Aplikaéni vrt AP-1 byl pouzit k zdsaku nanocastic jak pti pilotni, tak i pfi plnoprovozni aplikaci.
V bfeznu 2018 do néj bylo gravitaéné¢ vpraveno 5 kg NANOFER STAR (pilotni zasak).
Geofyzikdlni méfeni zaznamenalo ve vrtu okamzitou odezvu v podobé zvySenych hodnot
magnetické susceptibility z pavodnich 10 jednotek SI na hodnoty piesahujici 2-107 jednotek
(Obrazek 39). Takovato odezva nemohla byt zptisobena lokalnimi anomaliemi, je tedy nutné ji
pficitat pfitomnosti ¢astic nZVI v aplikaénim vrtu a jeho okoli. S kazdym dalSim tydnem se
odezva detektoru snizovala, avSak i1 po mésici byly hodnoty magnetické susceptibility ve vrtu az
1,5-10% Tento vyvoj je mozné vysvétlit pomalou oxidaci ¢astic nZVI na méné magnetické oxidy
zeleza a/nebo jeho migraci z bezprostiedni blizkosti vrtu. Také fyzikalné-chemické parametry
podzemni vody ve vrtu AP-1 (Obrazek 41) béhem pilotniho zasaku odpovidaji pfitomnosti
velkého mnozstvi nZVI — pH vystoupalo z pivodnich 7 na 10 a zistalo po cely mésic nad
hodnotou 9, ORP klesl z ptivodnich 90 mV az na -400 mV a i po mésici si udrzovalo zapornou
hodnotu. Plnoprovozni zasak, pfi némz bylo v ¢ervnu 2018 do vrtu AP-1 zapuSténo 10 kg
sulfidovaného produktu NANOFER 25DS, tak probihal v jiz siln¢ reduk¢nim prostifedi. Hodnota
magnetické susceptibility stoupla jen velmi malo (z predaplikaénich 1,5-102 opét aZ na hodnoty
pies 2-107 jednotek), i jeji pokles byl malo vyznamny. Ani po 8 mésicich od aplikace nedoslo ke
snizeni nejvys§ich hodnot ve vrtu pod 1,7-107 SI. Vysvétlenim miiZe byt ,stabilizace” astic

nZV1 v redukénich podminkéch, a dasledkem toho pouze maly rozsah pfremény Fe(0) na oxidy.
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Zaroven neprobihala migrace ¢astic nZVI smérem od vrtu AP-1. Odpovida tomu také hodnota
pH, ktera dosahla 9,5 a klesla pod 7,7 teprve pil roku po aplikaci. Taktéz ORP klesl pod -400

mV a Vv nasledujicim ptlroce nedosahlo ani -200 mV.
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Obrazek 39: Vyvoj magnetické susceptibility v ¢ase v aplikaénim vrtu AP-1 po pilotnim zisaku €astic nZVI
(vlevo) a po plnoprovoznim zasaku ¢aastic nZVI (vpravo); ¢erna linie = pozad’ové hodnoty

Vrt HB-3 (asi 5 m severné od vrtu AP-1) nebyl pii pilotnim zasaku pouzit k aplikaci ¢astic nZVI
a nelezi po sméru proudéni podzemni vody. Castice nZVI do n&j tudiz nedoputovaly, coZ
potvrzuji jak méfeni magnetické susceptibility (Obrazek 40), tak stabilni pH a ORP (Obrazek
41). Pti dplnoprovoznim zasaku jiz byly do vrtu HB-1 aplikovany sulfidované Castice nZVI,
které zptsobily okamzity narist magnetické susceptibility az na hodnoty ptesahujici 102 Na
rozdil od vrtu AP-1 vSak nebyla tato zména trvald a 8 mésict po zasaku lze pozorovat odezvu
shodnou s predaplikacni. Tento pokles magnetické susceptibility 1ze pficitat oxidaci ¢astic nZVI
na mén¢ magnetické oxidy Zeleza a/nebo jejich migraci z bezprostiedniho okoli vrtu. Pfi¢inou
byly pravdépodobné fyzikalné-chemické podminky ve vrtu, které t€sné pred zasakem odpovidaly
oxida¢nimu prostiedi (pH cca 7, kladny ORP). Ackoliv doslo k jejich do¢asné zméné zpiisobené
ptitomnosti ¢astic nZVI (nartst pH nad 7,5 a pokles ORP pod -300 mV), oba parametry se

béhem pil roku po zasaku vratily k piivodnim hodnotam.
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Obrazek 40: Vyvoj magnetické susceptibility v ¢ase ve vrtu HB-3 po pilotnim zasaku ¢astic nZVI (vlevo) a po
plnoprovoznim zasaku ¢aastic nZVI (vpravo); ¢erna linie = pozad’ové hodnoty
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Obrazek 41: Vyvoj fyzikalné-chemickych parametri podzemni vody v ¢ase v aplikaénim vrtu AP-1 (vlevo)
a ve vrtu HB-3 (vpravo); ¢erné svislé ¢ary oznacuji datum pilotniho a plnoprovozniho zasaku ¢astic nZVI
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6. ZAVER

Cilem této dizertatni prace bylo ovéfit moznosti sledovani osudu (migrace a transformace)
nanocastic kovového Zeleza pfti jeho aplikaci do kontaminované zvodné. Nejprve byly jednotlivé
metody a jejich pouziti popsany v teoretické Casti, v experimetdlni a ve vysledkové casti
nasledovalo ptedstaveni praktickych poznatkl z laboratornich testli, z umélé zvodné a z realnych
lokalit. Analytické¢ techniky, vhodné pro vyzkum chovani nanocastic kovového Zzeleza
V zivotnim prostfedi, 1ze rozdé€lit do dvou hlavnich skupin. Prvni zahrnuje nepfimé techniky,
které jsou jednodussi, a tudiz Casto pouzivané v praxi, avSak vypovidaji pouze o reakcich a
plsobeni nanocastic kovového zeleza, aniz by piimo prokazovaly jejich pfitomnost ve vrtech,
firmami malo pouzivané metody, které jsou schopny piimo identifikovat a charakterizovat

nanocastice kovového zeleza a jejich transformacéni produkty.

V ramci vsadkovych testl bylo potvrzeno, Ze v laboratornich podminkéch vznikaji jiné oxidacni
produkty nanocastic kovového Zeleza, nez na lokalité. Tyto rozdily poukazaly na to, Ze i pies
snahu simulovat podminky ve zvodni (stejné slozeni vody, teplota, apod.), je problematické
dosahnout stejnych geochemickych poméri, jaké panuji na lokalité. Dalsi vsadkové testy pak
prokézaly reaktivitu ,,zreagovanych® nanocastic kovového Zeleza rok poté, co byly pouZzity pfi
sanaci kontaminované zvodné. Zpusob odbourdni polutantii je vSak pravdépodobné rozdilny
oproti mechanismiim puasobeni ¢erstvych nanocastic. Pti testu v umélé 3D zvodni byl validovan
nové navrzeny pfistup ke sledovani nanocastic kovového Zeleza pomoci jejich ICP-MS

prvkového profilu, tato metodika byla dale rozvijena pfti pilotnich sanacich.

Monitoring osudu nanocastic kovového Zeleza na lokalitich nejenZze umozZnil urcit jejich
transformacni produkty a sledovat migraci v podzemni vod¢ a pidé, ale také pomohl zhodnotit
vhodnost pouziti navrzenych analytickych technik. Méteni fyzikalné-chemickych parametra je
rychlym a citlivym néstrojem pro okamzité zhodnoceni injektdze a dosahu ptsobeni zasaknutych
nanocastic kovového zeleza. Ve spojeni s analyzou rozpusténého zeleza a koncentrace
kontaminanti umoziuje urcit efekt aplikace nanocastic kovového Zeleza a priblizné odhadnout
dobu aktivity nanocastic ve zvodni. Tyto metody v praxi potvrdily vyznamny vliv geologického
profilu zvodng. Zatimco na lokalit¢ Spolchemie bylo Sifeni nanocastic v dobfe propustnych

Stércich spiSe homogenni (rovnomérné ve vSech smérech od aplika¢niho polygonu pftiblizn€ do
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vzdalenosti 2 m), na lokalit¢ Farmak dochazelo vlivem heterogenity prostiedi k tvorbé

preferencich cest a nerovnomérné distribuci nanocastic kovového zeleza.

Na lokalitach Spolchemie a Farmak bylo ptisobeni nanocastic kovového Zeleza dlouhodobé,
podminky zvodné byly zménény po dobl ptl az jednoho roku po zéasaku. Komplementarni
technikou Kk vySe uvedenym analyzam je méfeni magnetické susceptibility, které je schopno
velmi presn¢ zaznamenat §ifeni a stabilitu nanoc¢astic v bezprostfednim okoli vrti. Na lokalité
Zetor pomohla karotaz v aplikacnich a monitorovacich vrtech prokazat Zivotnost nanocastic
kovového Zeleza (v fadu mésicit), kterd se lisi v pfipad¢ raznych geochemickych podminek.
Zatimco oxidacni prostiedi podporuje rychlou degradaci nanocastic, vytvoreni redukcnich
podminek pted aplikaci nanoc¢astic kovového Zeleza miize pomoci zvysit dobu jejich plisobeni

V kontaminované zvodni.

Mikrobiologické metody ukazuji vliv sana¢niho zdsahu na biotu v podzemni vodé a pudé.
V ptipadé lokalit Spolchemie a Farmak doslo po prvotni redukci bakterialni populace k jejimu
postupnému nartistu, aplikace nanocastic kovového zeleza tedy neméla vyznamné negativni vliv
na mikroorganismy. Piimé zplsoby sledovani nanocéstic kovového zeleza doplnily vyse
uvedené poznatky z lokalit. ICP-MS dokéazala sledovat nanocastice kovového Zeleza v riznych
vrtech v rizném ¢ase pomoci jejich charakteristického prvkového profilu. XRD a Mossbauerova
spektroskopie identifikovaly nanocastice a jejich transformaéni produkty v monitorovacich
vrtech. Mikroskopické techniky ve spojeni s prvkovou analyzou uptesnily morfologii a sloZeni
téchto fazi. Kompletni vysledky analyz zlokalit lze vyhodnotit také pomoci pokroc€ilych
statistych metod, napt. PCA muize pomoci dat do souvislosti jednotlivé sledované parametry a

zobrazit jejich vyvoj v Case.
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7. SUMMARY

The aim of this work was to demonstrate the possibilities how to monitor the zero-valent iron
nanoparticles fate (migration and transformation) during their application in a contaminated
aquifer. First, the individual methods and their usage are described in the theoretical part;
subsequently the practical results from laboratory tests, artificial 3D-aquifer and from the real
sites are presented in the experimental and results sections. Analytical techniques suitable for
research of the zero-valent iron nanoparticles behaviour in the environment can be divided into
two main groups. The first one involves indirect techniques that are simpler and therefore often
used in practice, but only show the reactions and effects of zero-valent iron nanoparticles,
without direct demonstration of their presence in wells or its further description. The second
group includes instrumentally demanding direct methods, rarely employed by remediation
companies. These techniques are able to identify and characterize zero-valent iron nanoparticles

and their transformation products unequivocally.

In the laboratory batch test, zero-valent iron nanoparticles oxidation products — different from
those formed at the site — were confirmed. These differences indicated that despite to the effort to
simulate the conditions in the aquifer (the same water composition, temperature, etc.), it is
problematic to achieve the identical geochemical conditions that prevail on the locality. Other
laboratory experiments demonstrated the reactivity of the "aged" zero-valent iron nanoparticles a
year after they were used for remediation of the contaminated aquifer. However, the degradation
mechanisms of pollutants are probably diverse from those of fresh nanoparticles. During the test
in an artificial 3D-aquifer, the newly proposed approach using ICP-MS elemental profile of
nanoparticles was validated for monitoring of zero-valent iron nanoparticles. This methodology

was further developed in the pilot remediations.

Monitoring the fate of nanoparticles at localities not only enabled identification of their
transformation products and determination of their migration in groundwater and soil, but also
helped to evaluate the suitability of the proposed analytical techniques. The measurement of
physical-chemical parameters is a fast and sensitive tool for immediate assessment of the
injection technique and the range of action of the injected nanoparticles. In combination with the
analysis of concentration of contaminants, their degradation products and dissolved iron, it

allows to examine the effect of application of zero-valent iron nanoparticles and approximately
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estimate the longevity of nanoparticles in the aquifer. These methods in practice confirmed the
significant influence of the geological profile of the aquifer on mobility of zero-valent iron
nanoparticles. While the distribution of nanoparticles in well-permeable gravels was rather
homogeneous at Spolchemie site (equally in all directions from the application polygon to

a distance of approximately 2 m), there was the formation of preferential pathways and uneven
distribution of zero-valent iron nanoparticles due to the heterogeneity of the environment in

the Farmak locality.

On both the sites (Spolchemie and Farmak), the long-term effect of zero-valent iron
nanoparticles was proven — the conditions in the aquifer were changed for half to one year after
the injection. A complementary technique to the above-described analyses is the measurement of
magnetic susceptibility, which enables very accurate recording of the spreading and lifetime of
nanoparticles in the immediate vicinity of wells. At the Zetor site, logging in application as well
as in monitoring wells helped to prove the longevity of zero-valent iron nanoparticles (in

the order of months), which varies for the various geochemical conditions. While the oxidising
environment promotes the rapid nanoparticles degradation, creation of the reduction conditions
prior to the application of zero-valent iron nanoparticles can help increase its durability and

effectivity in a contaminated aquifer.

Microbiological methods show the effect of remediation on the groundwater and soil biota. In

the case of Spolchemie and Farmak localities, after the initial reduction the bacterial population
gradually increased, so the application of zero-valent iron nanoparticles did not have a significant
negative effect on growth of microorganisms. Direct methods of nanoparticles monitoring
complemented the above findings from the sites. ICP-MS was able to monitor zero-valent iron
nanoparticles in different wells at different times using their characteristic elemental profile.
XRD and Maéssbauer spectroscopy identified nanoparticles and their transformation products

in the monitoring wells. Microscopic techniques in combination with elemental analysis
specified the morphology and composition of these phases. Complete results of analyses from
the localities can also be evaluated using advanced statistical methods. E.g., PCA can help to

show relationships of the monitored parameters and display their evolution over time.
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Nano-scale zero-valent iron (nZVI) is highly-attractive material that is widely studied and used for pollution
abatement, and thus it is one of the most abundant types of engineered nanoparticles introduced into the
environment. Nevertheless, there is still a lack of information about the extent of nZVI migration and fate in
real groundwater conditions and associated environmental impact and risks related to its introduction into
the groundwater/soil. The present paper proposes a new analytical approach based on a multi-elemental
signatures (ICP-MS analyses of trace elements in particular nZVI type and soil/groundwater samples) enabling
easy tracing of nZVI and their transformation products, as well as their distinguishing from background
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colloids. A multi-elemental signatures approach was verified under laboratory conditions (in a large-scale
sand-filled tank) and subsequently verified at three contaminated sites remediated with nZVI. Multivariate
data analysis on 39 elements, such as principle component analysis (PCA), demonstrates that the method
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can be used to observe changes in signatures over time and it enabled us to confirm the presence of nZVI in
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monitoring wells. PCA analysis indicated that lanthanides are particularly suitable for tracing nZVI particles.

Remediation techniques based on zero-valent iron nanoparticles have been attracting the interest of both scientists as well as practitioners. However, little
is known about the fate and distribution of nZVI in the aquifer. Despite promising technical results, concerns about environmental side-effects can impact
the acceptability of nanoremediation by public and regulatory bodies. Therefore, selective and robust techniques for nZVI tracing within the environment
can support evaluation of their environmental impact. The application of ICP-MS multi-elemental signatures, enables the signatures of nanoparticles to be

distinguished from those of the soil background. Tests at remediation sites, with the support of multivariate statistics, such as principle component
analysis (PCA), demonstrates that the method can be used to observe changes in signatures over time. The method should support technical evaluation of
the efficiency of nZVI application as well as to (dis)prove any impact on the environment.

Introduction

Nano-scale zero-valent iron (nZVI) has a great potential
within water and soil remediation’™ and is one of the most
abundant types of engineered nanoparticles (ENPs)
deliberately released to the environment.” The past two
decades have seen a number of pilot tests as well as full-scale
remediation applications, however there has also been
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their concentrations) as mentioned in the text. See DOI: 10.1039/c9en00799g

This journal is © The Royal Society of Chemistry 2020

increased concern about the possible side effects of zero-
valent iron (ZVI).*” Compared to micro-scale ZVI (mZVI),
nZVI is highly mobile and more reactive than its micron-
sized counterparts due to its nano-dimension and high
surface area-to-volume ratio. The combination of its reductive
properties and capacity for sorption of degradation/reduction
products have made nZVI an attractive choice in the
treatment of polluted groundwater/soil; and the usefulness of
remediation techniques based on nZVI has been supported
by a number of the successful pilot- and full-scale
applications mainly in the USA and Europe.>®

In order to evaluate the transport behaviour and fate of
nZVI in the environment and to optimize the remediation
technology performance, there is a need for precise and
reliable monitoring data. Such data are also necessary to
evaluate the potential for negative environmental impact and
risk-assessment.” Although some studies concluded that nZvI
in low concentrations would not be harmful to bacteria and
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aqueous organisms,'* "> others showed that nzZVI could
represent a potential risk as they can cause oxidative stress
and cell membrane disruption.®™® A recent review
concluded that there is still a lack of information about the
broader ecological impacts of nanoparticles, particularly
considering the more extensive use of nZVI in the near
future."®

Identification and characterisation of nanoparticles is a
challenging task in any natural media, and especially so for
nZVl due to the ubiquitous presence of natural Fe and
colloids."” Current methods for on-site evaluation of nZzZvl
migration and remediation efficiency are indirect and based
on the measurement of water chemistry parameters. For
example, the pH, ORP, total Fe and dissolved Fe*' or H,
evolution can be measured within a system of monitoring
wells following an injection of nZVI into the subsurface.
Alternatively, the presence of an artificially added tracer or a
decrease in the concentration of target contaminants can be
also used as a marker of nZVI migration. However, all the
above mentioned monitoring methods only evaluate the
impact of the remediation process and do not directly
determine the presence of nZVI particles (and their reaction
products) in the treated aquifer."® Alternative analytical
methods such as microscopic (SEM, TEM) and spectroscopic
techniques (AAS, ICP-MS, Mdssbauer spectroscopy, XRD) or a
combination of spectroscopy and separation methods (FFF-
ICP-MS, single particle ICP-MS) could provide more direct
evidence of nZVI in collected samples.*"*!

The majority of techniques described in the literature as
applicable for the analysis of ENPs in complex matrix suffer
from an inability to distinguish ENPs from naturally
occurring colloids in the environmental background. A
number of ENPs labelling techniques have been proposed,*
including radiolabelling,>*** isotope labelling®?® and
fluorescence labelling,”” however all pose some risk of
physical/chemical modification of the ENPs and are limited
mostly to (eco)toxicological studies under well-defined
experimental conditions.>*> Moreover, only a subsample of
nanoparticles from total amount of injected nZVI can be
labelled and this does not necessarily represent the general
behaviour of nZVI in the subsurface. Alternative techniques
make use of the ratios of elements naturally present in ENPs
as a non-invasive tracing approach. Gondikas et al*® and
Praetorius et al®’ developed a method based on single
particle ICP-MS, originally proposed by von der Kammer
et al.*>® The method has been applied to distinguish between
artificially introduced and naturally occurring NPs, initially to
trace TiO, nanoparticles in natural lake samples*® and in the
latter case for soil samples artificially spiked by CeO,
nanoparticles.”® Building on this approach, Vidmar et al.*°
demonstrated that single particle ICP-MS could be used to
determine nZVI in Milli-Q water as well as in the effluent
water from a small biological wastewater treatment plant.
Their study introduced a new analytical methodology, that
addressed the sedimentation/aggregation and oxidation of
commercial nZVI in comparison to Cd*>" removal efficiency in
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three different types of water.>® Other research teams have
developed and tested detection of ENPs using their stable
isotopic ratios®"** within an ecotoxicological study. However,
a signatures-based analysis utilising the properties of existing
nZVI could be both more representative and reliable than
labelling techniques since it can be used to study the overall
behaviour of the bulk material, and without risk of
modification of the chemical properties of the nanoparticles.

In the present study, we combine detailed elemental
analysis with a multivariate analysis using principal
component analysis (PCA) in order to track nZVI during and
after remediation. Instead of a simple measurement of total
iron, 39 trace elements contained in nZVI and/or background
soils were measured in samples of the groundwater +
sediment mixture (the full list is detailed in Table S1 in
ESIT). The main objective was to develop a robust analytical
method for nZVI tracing that is independent of a) nZvl
aggregation, surface oxidation and structural transformation
after its introduction into the environment and b)
background characteristics, i.e. soil and water chemistry and
hydrogeological parameters, as well as highly variable
geological environment with elevated concentration of Fe.
Our hypothesis was that the combination of elemental
signature measurement and multivariate analysis by means
of PCA would provide a powerful tool for differentiation
between natural and artificially introduced ENPs. The
method was first tested during a large-scale tank test, and
then applied at three different field sites where nZVI particles
had been applied for full-scale remediation. To the best of
our knowledge, this is the first time that such an analytical
approach has been applied for monitoring of nZVI during
field-scale remediation activity.

Materials and methods
Iron particles

Three different types of commercial iron particles were used
during the study; two types of nano-scale ZVI (NANOFER 25P
and NANOFER STAR from NANOIRON, Zidlochovice, Czech
Republic) and one type of micro-scale ZVI (Ferox Flow from
Hepure, Flemington, US). Both types of the nZVI particles
have been previously characterized in detail by Soukupova
et al®® and Kaslik et al®* Pyrophoric nZVI nanoparticles
(NANOFER 25P) and air-stable nZVI nanoparticles (NANOFER
STAR) showed size distribution of 30-80 nm for both types,
and surface area of 27 m> g ' and 13 m”* g, respectively.>***
Micro-scale ZVI particles consisted of 100-150 um large
particles with a BET surface area of 0.97 + 0.01 m®> g™
(information provided by the producer).

Large-scale laboratory test in a sand-filled tank

The proposed methodology of nZVI tracing was first tested
under controlled laboratory conditions at the VEGAS tank
facility (Research Facility for Subsurface Remediation,
University of Stuttgart, Germany). Briefly, pore-water was
sampled before, during and after a migration test in which

This journal is © The Royal Society of Chemistry 2020
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10 kg of nZVI (NANOFER STAR) was injected into a 16 x 1 x
3 m (I x w x h) sand-filled tank.>>*® To enhance nzvI
migration ability, nanoparticles were suspended in
carboxymethyl cellulose solution (CMC; final CMC
concentration equal to 5 ¢ L™ and nZVI concentration equal
to 10 g L™"). After the application, samples of the sand
matrix, nZVI suspension and sand/nZVI mixtures were
collected and stored in a cooling room at 4 °C prior to their
handling and analysis. The sampling procedure is
documented in Fig. S1 (ESIf).

Field tests

The field samples of groundwater + sediment mixtures were
taken during the period from 2014 to 2016 at the following
three sites remediated by nZVI and nZVI + mZVI mixture. An
overview of the field sites is provided in Table 1. Fig. 1 shows
maps of the sites with the location of injection points and
monitoring wells.

The first site “Spolchemie 1” is situated in the
southwestern part of a chemical factory in Usti nad Labem,
the Czech Republic. The water table is 4 m below ground
level (bgl) at this location and the groundwater stream flows
into the river Bilina with a velocity of ~0.2 m per day. The
aquifer consists of quaternary sand and gravel with a
thickness of about 10 m. Groundwater and soil are
characterized by a high concentration of chlorinated
hydrocarbons (CHCs), primarily perchloroethylene (PCE),
reaching up to 40 mg L™". The site has been remediated twice
using nZVI in last five years. The first injection of 200 kg of
surface stabilized nZVI (NANOFER 25S which is produced by
dispersion of NANOFER 25P with an organic stabilizer;
suspension concentration 2.2 g L") was performed in
November 2014. In October 2015 a further 300 kg of activated
nZVl with an oxidic layer (NANOFER STAR, suspension
concentration 5 g L) without surface stabilization was
applied at the same location.?”

The second site “Solvay” is situated in the area of a former
mercury cell chlor-alkali plant in Bad Zurzach, Switzerland.
The site is contaminated predominantly by CHC that strongly
affects its primary groundwater receptor - the river Rhine -
which is approx. 200 m downstream. The geological profile is
characterized by 16.5 m of alluvial sand and gravel with the
groundwater level about 13 m bgl. The locality was treated
using a water-suspended mixture of NANOFER STAR and
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Fig. 1 Locations of the monitoring and application wells at (A)
Spolchemie 1, (B) Solvay and (C) Farmak treated sites.

The third site “Farmak” is situated in the chemical factory
in Olomouc, the Czech Republic, where 150 kg of non-
stabilized nZVI (NANOFER 25 which is produced by dispersion

micron-sized ZVI (nZVI + mZVI) in October 2016. of NANOFER 25P without stabilization; suspension
Table 1 List of remediated sites used for sampling in this study
Site
Spolchemie 1 Solvay Farmak
Contaminant CHCs (particularly PCE) CHCs (particularly PCE, TCE, and HCA)  CHCs (particularly TCE)
Remediation year 2014/2015 2016 2016
ENPs used NANOFER 25S/NANOFER STAR NANOFER STAR + ZVI (nZVI + mZVI) NANOFER 25
Injected ENPs mass 200 kg/300 kg 500 kg 150 kg
Concentration of injected suspension 2.2 gL '/5gL™" 10gL™ 20g L7"

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 A and B - bar graphs showing changes in elemental concentration within the samples; C - PCA scatter plot displaying elemental signatures
of ENPs (nZVI + CMC) and sample after the injection (nZVI + CMC + sand) in left quadrants far from elemental signatures of VEGAS matrix (sand)

in right quadrants; D - PCA arrow plot.

concentration 20 g L") was applied in September 2016. The
locality is polluted by CHCs, mainly trichloroethene (TCE), in
concentrations of up to hundreds of mg L™'. The sediment
(with thickness exceeding 20 m) is formed by quaternary sand
and gravel with clay fractions.

Sampling procedures and sample treatment

The samples collected from the tank experiment in VEGAS
were preserved by the addition of 0.1% nitric acid and
transported/stored in a cool box. Subsequently, they were
dried at 105 °C and digested in an MLS 1200 Mega
microwave (Milestone, Shelton, US). The microwave digestion
was performed following the method ISO 11466:1995 “Soil
quality—Extraction of trace elements soluble in aqua regia”.
Concentration levels of five selected elements (Sc, Sr, Y, Mn,
In) were measured using a 7700x ICP-MS (Agilent
Technologies, Santa Clara, US). These particular elements
were chosen on the basis that they are abundant trace

626 | Environ. Sci.: Nano, 2020, 7, 623-633

elements in nZVI particles (Mn, In) or in the VEGAS sand
matrix (Sc, Sr, Y).

Groundwater containing suspended particulate matter was
sampled from the saturated zone of monitoring wells at the
field sites using automatic or manual peristaltic pumps (from
the bottom of the wells, depth 5-15 m bgl), immediately
preserved with 0.1% nitric acid (Spolchemie 1 site, Solvay
site) or 0.1% hydrochloric acid (Farmak site) and stored in 1
L polyethylene bottles at 4 °C. Samples of the ENPs
suspensions applied at the sites were handled and stored in
the same way. Sample digestion was carried out according to
a standard procedure:®® the samples (ie., non-filtered
samples of water with suspended particulate matter) were
homogenized and a 1 mL fraction was digested employing an
acid digestion. The sample fraction was mixed with 1 mL of
ultrapure HNO; and 100 pL of internal standard solution (2.5
mg L™ In) and placed into the oven for 3 hours at 90 °C.
Subsequently, the mixture was diluted to 10 mL and analysed
by inductively coupled plasma mass spectrometry (ICP-MS).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Multi-elemental signatures of nZVI after dissolution and multi-elemental signature of nZVI leachate (bottom-right pie graph). All the

materials were used at the studied field sites.

The volume of all the collected samples was from 0.5 to 1 L;
all the ICP-MS measurements were performed in triplicates.

Further laboratory experiments were carried out on
NANOFER 25P particles (i.e., powder precursor of NANOFER
255 and NANOFER 25 suspensions) to evaluate possible
changes in ENPs signatures during leaching (partial
dissolution of nanoparticles). The particles were shaken with
deionised water for 7 days under ambient conditions and the
obtained leachate was filtrated through a 0.22 pm PES
syringe filter (Lubitech Technologies, Shanghai, China). Since
at given concentrations the nanoparticles will be highly
aggregated in deionised water, the 0.22 pm cut-off is
sufficient to be representative of dissolved elements. Then, 1
mL of leachate was mixed with 1 mL of ultrapure HNO; and
10 pL in the internal standard solution. All the chemicals
used during sample preparation and analysis were ICP-MS
grade quality.

ICP-MS measurement

ICP-MS trace analysis of all field samples was carried out
using an 8800 Triple Quadrupole ICP-MS (Agilent
Technologies, Santa Clara, US). The ICP-MS method enabled
the consequent evaluation of concentrations of a total

This journal is © The Royal Society of Chemistry 2020

number of 39 elements in each sample. In order to minimize
spectral interferences, three different collision gases (helium,
oxygen and ammonia) and variable mass shift values between
the two quadrupoles were used. For all the three gas modes,
the following parameters of the plasma were set: RF power
1.6 kW, RF voltage 1.8 V and carrier gas flow rate 1.05 L
min~".

External calibration was performed using a complex
mixture of ICP-MS standards (Merck Darmstadt, Germany),
diluted in 10% solution of HNO;. To control for sample
matrix and instrumental drift an internal standard (0.025 mg
L™ of In) was added to all the calibration solutions as well as
to all samples measured. Moreover, the baseline drift was
checked after every 10 measurements and the data obtained
were corrected with respect to the shift of the blank signal.
The limit of detection (LOD) and limit of quantification
(LOQ) were calculated according to the equation:*

S.D.

LOD/LOQ = F x =5 (1)
where F is a factor of 3.3 or 10 for LOD and LOQ), respectively;
S.D. is the standard deviation of the blanks and b is the slope
of the regression line. Measurement characteristics for each
element of interest are summarized in Table S1.7
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Statistical analysis

Statistical analysis was performed by applying JMP software
(SAS Campus Drive, Cary, US). The multivariate data analysis,
namely principal component analysis, was accomplished in
order to investigate trends and changes within the
monitoring wells (or sampling ports of the tank experiment)
before and after the application of ENPs at the studied sites.
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Firstly, ratios of the measured trace elements concentrations
in the samples of groundwater + sediment mixtures
(elemental signatures) were established based on the
equation:

L*l
Elemental Ratio [%] = 100 x ”Q?mgi}, (2)

2 celug 17

where ¢, is concentration of the particular element in the
39

sample and ) ¢, is sum of concentrations of all 39 measured
e=1

trace elements.

Subsequently, the matrix containing these ratios
(variables) depending on sample origin and dating
(observations) was created and principle components (PCs)
were generated. The PCA quality evaluation was based on
eigenvalues and scree plot. For data context and dependence
assessment, the 2D/3D scatter plots, as well as matrix
characteristics, were analysed.

Results and discussion
The elemental changes in a sand-filled tank

The experimental approach and data analysis methodology
were first tested under controlled and well-defined conditions
in a sand-filled tank. Since the tank contained a much more
homogeneous matrix than that at the field sites, the method
was tested with only a few selected elements: Mn, Sc, Sr, In
and Y. The change in concentration of these elements
following nZVI injection is shown in Fig. 2, parts A and B.
Two main trends could be observed: concentrations of some
elements decreased (Sc, Sr, Y) and some elements increased
(Mn, In) in the treated sand. The first change was a
consequence of soil dilution caused by the volume of water
injected and the second change was due to the presence of
the nanomaterial used. This information could be better
represented by applying PCA using proportional
concentration data (ESLj Table S2) of the same elements as
described by the eqn (2). Fig. 2C shows changes in the
elemental signature of the VEGAS matrix after nZVI injection.
Two samples of the matrix (VEGAS sand 1 and VEGAS sand
2) are compared with the sample of the injected material
(nZVI + CMC) and with the sample collected from the tank
(nZVI + CMC + sand). As expected, the signatures of sand
before treatment (C, D) shifted towards the signature of
injected nanoparticles (A) after treatment (B). Fig. 2D shows
the specific correlation between the five elements, wherein
the decreasing elements Sc, Sr and Y and increasing elements
Mn and In formed two clear and opposing groups. These
simple graphs demonstrate how PCA acts as a visual aid to
interpret multiple responses (multiple elements) and also to
test whether the approach could correctly describe a simple
phenomenon such as that tested. Although in this case, the
variance accumulated by component 1 (99.5%) made the use
of a multivariate analysis approach unnecessary, it is
presented as a methodology validation.

This journal is © The Royal Society of Chemistry 2020
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Elemental signatures of ZVI-materials

The basic requirement needed to be met when tracing ENPs
in the environment is an elemental signature different to that
of the background matrix. The ICP-MS analysis of the
different ZVI-materials applied at the sites, and the resultant
trace-elemental ratios (elemental signatures) for these
materials are shown in Fig. 3. For each sample, the sum of
concentrations of 39 analyzed elements was calculated. Based
on this value, relative percentages of particulate trace
elements were established. In the pie graphs, only the
elements accounting for >5% are listed (the rest of the 39
elements accounting for <5% are included as “others”).

The elemental signature of NANOFER STAR (produced in
2015) differs from the other iron-based materials - NANOFER
25P and nZVI + mZVI mixture (prepared in 2016) - that show
very similar trace-element signatures. The dominant trace
elements in all kinds of nZVI were found to be copper and
chromium together with manganese and aluminium (albeit
in varying ratios).

Comparison of the signatures of pristine nZVI particle
against leachates (ie., after 7 days of nZVI corrosion in
deionized water) showed contrasting behaviour of some
elements. Relative concentrations of V, Cr, As, Mo, Sn and Pb
were lower in leachates compared to pristine particles, while
Al, Mn, Cu and Ba were higher in leachates. This indicate
preferential dissolution of Al, Mn, Cu and Ba from the
nanoparticle surface during nZVvI corrosion (see Fig. 3 and
Table S3 in ESIf) and conversely increasing concentration of
some other elements (mainly V, Cr, As, Mo, Sn and Pb) in the
remaining solid particles. Therefore, such gradual changes in
nanoparticle trace-element chemistry has to be taken into

This journal is © The Royal Society of Chemistry 2020

account during long-term monitoring on nZVI migration,
even though that the nanoparticle oxidation and dissolution
is typically slow in groundwater.’®*' Nevertheless, the
proposed method could be used also for monitoring of
partially corroded nZVI particles (i.e., with volume-dominant
unchanged iron core) with some limitation.

Elemental signatures of the background at the field sites

The elemental signatures of groundwater collected from the
monitoring  wells prior to nanoparticle application
(background) showed a clear difference from those of nZVvl,
with a small number of trace elements prevailing over others.
Unsurprisingly, Al, Mn, Sr and Ba dominate in all the
background samples and vary in their respective ratios (Fig. 4).
These elements are typical for groundwater and natural
sediments, Al originating from aluminium silicates and Mn, Sr,
Ba arising most probably from sedimentary oxides and
carbonates.*” For each sample, the sum of concentrations of 39
analysed elements was calculated and, based on this value, the
relative percentage of each trace element was established. In
the pie graphs, only the elements accounting for >5% are
shown (the remaining elements are included as “others” but
they still play an important role in PCA, see below).

Distinguishing of ENPs from the background

Differentiation of groundwater containing ENPs from the
background of environmentally indigenous colloids requires
a significantly different signature between the two materials,
and the larger the difference, the larger the distance within
the 2D/3D data space generated using PCA. As shown in
Fig. 5, PCA of the elemental signatures of groundwater +
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sediment mixtures taken at sites before remediation event
are clearly distinct from those of nZVI. The signatures of
various commercially available nZVI (A, C, F, G in Fig. 5) were
mutually comparable but far from background signatures (B,
D, E, H in the same Fig. 5).

Tracing of ENPs using lanthanides

Although lanthanides represented a relatively low fraction of
the total elemental concentration in used nZVI particles, PCA
analysis indicated that they proved to be particularly suitable
for tracing nZVI. For validation of the methodology, the
monitoring wells situated close to the nZVI injection points
(horizontal distance up to 3 m; Fig. 1) were chosen for
sampling. We could expect that these wells would be
significantly influenced by the nZVI injection, and results
could be compared to the changes in total and dissolved Fe
concentration immediately after the nZVI injection (Fig. S2 in
ESIT). A summary of results obtained at the three different
sites is given in Fig. 6. The PCA matrix was created whereby
the data from samples collected before/after the nZvl
application as particular observations and the element ratios
(signatures) represent the matrix variables. For all sites, a
combination of the first three PCs (Component 1, 2 and 3)
explains more than 85% of data variance in case of all the
sites. Therefore, 3D scatter plots were investigated and 2D
scatter plots are presented in order to simplify the
visualisation of the PCA results. A significant shift of
observations in the direction of nZVI signature confirms the
presence and traceability of nZVI within the sampled wells.

Despite the complexity of groundwater chemistry changes
caused by the nZVI injection (the higher extent of data set
variability is beneficial for the PCs generation since the more
variable the data set, the stronger the statistics), the
transformation of sample signatures in the direction of nZvI
signature is dominated by the changes in lanthanum and
cerium concentrations. For all the monitoring wells used in
Fig. 6, a rapid increase in the La/Ce level was registered. As a
result, the La and Ce percentage contribute strongly to the
component 1, which represents more than 90% of the
clarified variance for monitoring well PV-129 (site Spolchemie
1, data combined from two injection events). Therefore,
lanthanide signatures could be used more effectively for nZvI
tracking in groundwater compared to signatures based on 39
elements (see the previous section).

Changes in multi-elemental signatures during site
remediation

PCA using all 39 measured elemental ratios without further
selection illustrates the complexity of a remediation event.
This statistical analysis was performed for all the monitoring
wells sampled (including the close-in wells presented in
Fig. 6) at three remediated sites. A significant change in
multi-elemental signatures after the nZVI application was
observed within the wells close to injection points as well as
within the remote wells (more than 10 m downstream;

This journal is © The Royal Society of Chemistry 2020
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Fig. 1). However, the transformation of signatures was not in
the direction of injected nZVI signatures. This suggests that:
a) nZVI did not reach the studied well in a pristine form;
and/or b) that there are other predominant changes in
groundwater chemistry due to the remediation (e.g
groundwater dilution and perturbation caused by the direct-
push injection of nZVI suspension). This highlights the value
of a multi-elemental signatures approach rather than
analyses of Fe alone, or one or two elemental ratios.

Conclusion

The detailed monitoring of changes in elemental signatures
of groundwater + sediment samples collected from
monitoring wells before, during and after application of iron-
based nanomaterials could represent an innovative and
efficient tool for nZVI tracing. The distinct elemental
signatures (mainly in terms of lanthanides) of the ENPs as
compared to the background mean that the presence of the
ENPs can be determined by using elemental signatures of
groundwater + sediment mixtures at the remediation sites.
The signatures approach was verified at three various field
remediation sites proving its robustness and versatility. When
employing PCA for data interpretation, investigation of 2D/
3D scatter plots can provide essential information about the
impact of remediation event. Furthermore, we were able to
distinguish between the changes corresponding to a presence
of nZVI and effects caused by the application of the
remediation material in general.

The methodology proposed for iron-based nanoparticles
can be transferred to other industrial nanomaterials, on the
assumption that the synthetic materials bear characteristic
elemental signatures influenced by precursors as well as their
production process. Migration of nanoparticles is different in
various (hydro)geological environments and it is beneficial to
have a broader analytical tool-box enabling tracing of nZvI
for the purposes of remediation consultants. Moreover, being
able to document the absence, or below detection limit
presence of ENPs in remote monitoring wells, can support
both environmental and human risk assessment of the
remediation process.
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Chapter 33 )
Tool IV: Monitoring of nZVI Migration s
and Fate in the Groundwater Conditions

Petra Skacelova and Jan Filip

Abstract An analytical toolbox suitable for monitoring of fate and transformation
of nZVI after its application into the groundwater is suggested in the following
chapter. The methods are assorted into two main groups classified as “indirect” and
“direct”. Each technique is described in detail and discussed with respect to its
employment for tracing iron nanoparticles.

Keywords nZVI - In-situ remediation - Monitoring - Fate - Transformation -
Analytical toolbox

33.1 Introduction

When industrial nanoparticles are injected into the environment, including nanoscale
zero-valent iron (nZVI) particles used for groundwater remediation, their fast and
precise tracking in the groundwater flowing through porous media is vital for two
different reasons. Firstly, despite the unquestionable benefits of nanoremediation,
complete risk assessment is required, as it is in the case of other remediation
techniques (Shi et al. 2015). While considering the pros and cons of nZVI usage,
the following aspects should be taken into account: the influence of nanoparticles
(NPs) on the environment and indigenous biota; the scope of the impact; the
potential risk of NPs spreading into drinking water sources. Secondly, the
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information about nZVI behavior, migration, and fate below the ground serves as a
tool for the evaluation of their remediation efficiency.

Nanoscale zero-valent iron is a progressive material for in situ remediation of
contaminated sites. Besides testing the reactivity of iron nanoparticles with a broad
range of diverse contaminants, e.g., Cr(VI), chlorinated ethenes, lindane, heavy
metals, it is equally important to find out how far the nanoparticles are able to
migrate to ensure contact with the contaminant in the subsurface. Migration of zero-
valent iron in groundwater is a task that is investigated from different points of view.
The experimental equipment is usually arranged as a one-dimensional assignment
(laboratory column) in various setups with different ways of detecting migrating
substances (see Chap. 30)

The two- and three-dimensional experimental equipment (VEGAS research facil-
ity, University of Stuttgart), preferably with large-scale dimension, enables to
conduct a detailed study of the migration of nZVI particles in a homogeneous
artificial aquifer under conditions simulating real situations. The experimental
setup at VEGAS has a scale from 1 x 0.12 x 0.7mto 8 x 1 x 3m (L x W x H)
(Peskova et al. 2016) enabling the visualization of nZVI migration by injecting the
nanoparticles into the source zone of contamination (direct-push), as well as com-
paring the migration properties of different nZVI particles. Moreover, such a large-
scale 3D experiment allows a calculation of the spread efficiency of the particles in
the subsurface and, in particular, the quantification of the whole remedial action.

The basic steps in all studies focused on the evaluation of fate and migration of
nZVI during groundwater remediation include detailed field research and proper
design of the monitoring system. In order to explore hydrological and geological
profile of the remediated site, it is necessary to create a sufficient number of
monitoring wells of the appropriate depth and position. Another crucial step of
nZVI tracing is groundwater/soil/sediment sampling itself. A detailed sampling
plan has to be proposed in advance, considering the main targets and outputs of
nZVI tracing analysis (Laborda et al. 2016).

Distinguishing between injected nZVI particles (including their transformation
products) and naturally occurring iron-bearing colloids represents perhaps the most
complex problem in the whole process described (Cernik 2010).

In the next paragraphs, we focus on technical solutions for reliable and practically
usable tracing of nZVI particles in the environment during/after the nanoremediation
action. Different methods and approaches are discussed and experience of their
on-site application is presented.

33.2 Sampling Procedure

In order to precisely track the injected nZVI particles at the remediated site, a
complex system of monitoring wells is needed. The specific number and position
of the wells depends on a particular (hydro)geological profile, groundwater flow
direction and velocity as well as general site situation. Nevertheless, special attention
should always be paid to designing and constructing the monitoring system.
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Fig. 33.1 Example of treated site (Spolchemie Site I, Czech Republic) with an array of application
and monitoring wells (both open-screen wells and wells equipped with micropumping and magnetic
susceptibility measurement)

There are two different types of monitoring wells that can be prepared for the
purpose of groundwater/sediment sampling (see Fig. 33.1). The open-screen wells
enable the sampling of large volumes of groundwater and sediment samples but the
setback is the impossibility of differentiating (sampling) various groundwater levels.
In a simplified way, a mixture of groundwater from all the horizons situated above
the well bottom is sampled from the open-screen well. Conversely, the second type
of monitoring wells, equipped with micropumps, enables the sampling of ground-
water from various horizons below the ground level. Unfortunately, this type of
wells is not suitable for sediment sampling and does not make pumping of larger
volume of groundwater possible.

Although the particulate monitoring plan must be established in accordance with
the application arrangement and temporal order of remediation, there are a few
general rules that should be followed, e.g., (a) more than one sampling event before
nZVI injection is necessary to create the baseline of the studied characteristics,
(b) sampling period should be constant over long-term monitoring but the period
of sampling should be shortened right after the nZVI injection.

Sampling in a dynamic mode is usually performed using peristaltic or submers-
ible automatic pumps (Fig. 33.2). After a specific volume of groundwater is pumped
from the well, different physicochemical parameters such as pH, oxidation-reduction
potential (ORP), conductivity, dissolved oxygen, and temperature can be measured
on site. The samplers designed for sampling in static mode are typically mechanical
and simple in terms of construction and use (Fig. 33.3). Static sampling of
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groundwater/sediment is sufficient for identification of nZVI particles at laboratories
(i.e., using combination of microscopic, diffraction, and/or spectroscopic tech-
niques) and observation of their structural transformation (see Sect. 33.3).

Fig. 33.2 Peristaltic pumps for dynamic sampling: (a) manual 4-head peristaltic pump connectable
to a micropump system and (b) automatic battery-powered peristaltic pump

Fig. 33.3 Stainless steel bailer for sampling of groundwater and sediment in (a) a static mode and
(b) its usage on site
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33.3 Methods for Nzvi Tracing

Methods suitable for nZVI fate and migration monitoring can be divided into two main
groups. Indirect methods, such as pH, ORP, H,, and dissolved Fe or tracer concen-
tration measurement, provide a fast and reliable insight into the current situation at the
site and enable to monitor rapid changes in groundwater chemistry. However, they are
lacking in the ability to reliably distinguish between the changes caused by injected
nZVI and the natural fluctuations of the measured parameters or divergences caused
by other factors. By contrast, direct methods, such as spectroscopic, diffraction, and
microscopic techniques, serve for a confident identification of nZVI within the
subsurface. These methods are usually more demanding and costly.

33.3.1 Indirect Methods
333.1.1 pH

Concentration of OH™ ions in groundwater is influenced by nZVI due to its reaction
with water. Therefore, a rapid increase in pH can be observed in the area of direct
contact of nZVI with groundwater. Depending on the buffering capacity of a
particular aquifer, the pH values can raise by 1-3 units in the vicinity of nZVI
injection. Moreover, pH tends to drop down slowly to the original values when all
the active nZVI particles are fully oxidized or their surface is passivated. pH should
be measured in a dynamic sampling mode, requiring pumping of elevated amount of
groundwater prior to the measurement.

33.3.1.2 ORP

Similarly to pH, decrease in redox potential, as a response to the reducing conditions
caused by nZVI introduction, is typically fast. Immediately after the nZVI applica-
tion, ORP can decrease by 100-400 mV, even in the distant monitoring wells.
Nevertheless, ORP tends to increase back to the original value after partial nZVI
consumption. Similarly to the case of pH, ORP measurements require dynamic
sampling and the values should not be taken into account before their complete
stabilization.

33.3.1.3 Magnetic Susceptibility

Magnetic susceptibility probes proved to be suitable for indirect nZVI tracing at a
larger scale (Shi et al. 2015). Measurements can be performed by gradually mea-
suring a single borehole (Fig. 33.4) or by placing the field probes into the ground
(Fig. 33.5). The subsurface sensors allow monitoring the changes in magnetic
properties in the vicinity of the susceptibility probe in a continuous mode. This
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Fig. 33.4 Magnetic susceptibility measurement on the boreholes drilled on Spolchemie Site I

Fig. 33.5 Susceptibility measurement employing underground probes at (a) the Spolchemie Site I
and (b) Spolchemie Site II

monitoring system can also bring unique information about distribution of the
injected liquids on the basis of measuring the temperature. A disadvantage of the
susceptibility method is its inclination to the falsely positive signals caused by pieces
of magnetically susceptible rocks, e.g., basalts, and magnetite-containing rocks. A
complex in situ system of susceptibility probes was developed at University Stuttgart
(Wiener et al. 2016) and tested at Spolchemie sites (see Fig. 33.5 and Chap. 5).

33.3.1.4 X-Ray Fluorescence

X-ray fluorescence spectroscopy (XRF) belongs to the elemental analysis methods.
It is based on the interaction of X-rays with the solid material and detection of
secondary X-rays, which is characteristic for each particular element. XRF can serve
for qualitative as well as quantitative analysis of majority of chemical elements and
can be designed not only for laboratory usage (e.g., desktop instruments) but also for
on-site analysis (e.g., portable spectrometers, see Fig. 33.6).
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Fig. 33.6 Portable XRF
analyzer used for
investigation of the
boreholes drilled on
Spolchemie Site I

Fig. 33.7 nZVI tester can be transported either (a) disassembled in a case or (b) assembled and
used for indirect measurement of Fe content in the sample

33.3.1.5 Hydrogen Evolution

Hydrogen gas measurement can be used for in situ detection of nZVI reaction
directly within the monitoring wells as well as for characterization of nZVI slurry
or nZVI transformation products after their acid digestion (Filip et al. 2018).
Sophisticated portable gas detectors can serve for in situ H, concentration measure-
ments. Evaluation of H, content in the wells is an easy and fast method but the
drawback is the low sensitivity and the fact that it can be influenced by microbial
activity resulting in hydrogen production. On the other hand, simple gas volumetric
apparatus (nZVI tester developed by NANO IRON s.r.o., Czech Republic) enables
volumetric measurements of the gas evolved from the reaction of nZVI with acids
(Fig. 33.7).

Jan.Filip@UPOI.Cz



640 P. Skacelova and J. Filip

33.3.1.6 Fe Concentration

Determination of concentration of total and dissolved iron in groundwater (or in
sediment collected from the bottom of monitoring/injection wells) is probably the
most straightforward method for tracing the nZVI distribution in the aquifer. It can
immediately show the elevated amount of nanoparticles under the assumption that
the background Fe concentration is low. On-site Fe determination can be performed
by portable spectrophotometer for measurement absorbance of Fe® and Fe?* in
groundwater after complexation reaction with ferrozine and phenanthroline, respec-
tively. If higher precision and more reliable results are needed, iron content can be
measured using atomic absorption spectrometry (AAS) or inductively coupled
plasma (ICP) spectroscopic techniques in laboratories. In this case, additional steps
as sample conservation, transport, and pretreatment are required. The samples are
usually processed according to a standard EPA method 3005. Prior to the determi-
nation of dissolved Fe, nZVI and its transformation products can be removed
magnetically and the sample is then filtered through 0.2 pm syringe filter.

33.3.1.7 Tracer Concentration

Another way to elucidate the impact of nZVI application is the use of a conservative
tracer. An inert substance (usually lithium iodide, bromide ions, or contrast dye, e.g.,
fluorescein) is added to the nZVI suspension prior to its injection and the concen-
tration of this element in groundwater is subsequently determined. An ideal tracer is
highly soluble in the water and does not undergo substantial transformation or
sorption to the soil and rocks. Due to the fact that this substance is dissolved in a
liquid part of nZVI suspension, its migration does not exactly follow the migration of
nanoparticles, but it rather reflects movement of the injected fluid and displays
changes in the flow of groundwater within the aquifer.

33.3.1.8 Concentration of Contaminants and Their Degradation
Products

The position of reactive nanoparticles within the aquifer can also be deduced
indirectly from measuring the levels of target contaminants and/or their degradation
products. It is possible to monitor the total concentration of the target contaminant as
well as its speciation (e.g., oxidation states of metals). In the case of chlorinated
hydrocarbons (CHCs), particular pollutants as well as their sum can be measured.
Concentration of volatile organic compounds (VOCs, common pollutants treated by
nZVI) can be determined directly at the site using membrane interface probe—MIP
(find more in Chap. 31). Nevertheless, much more common protocol involves
groundwater sampling and its subsequent analysis in a laboratory employing gas
chromatography—mass spectrometry (GC-MS, Fig. 33.8). Therefore, special
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Fig. 33.8 (a) Sampling of groundwater containing CHCs at Spolchemie Site I, Czech Republic,
and (b) subsequent analyzing by HS-GC-MS

attention should be paid to the sampling procedure and subsequent handling of the
sample. Groundwater samples containing volatile compounds, including CHCs and
their degradation products, must be treated with particular care. The best practice of
VOCs-containing samples processing encompasses, besides other things, transport
in glass vials and direct introduction of the headspace (HS) into the gas
chromatograph.

33.3.2 Direct Methods

Unlike all the previously discussed (indirect) methods, the analytical characteriza-
tion of the collected samples presented below cannot be performed directly at the site
because it requires usage of sophisticated analytical devices (microscopes, diffrac-
tometers, and/or spectroscopes).

33.3.2.1 ICP-MS-Based Techniques

Inductively coupled plasma mass spectrometry (ICP-MS) seems to be a promis-
ing direct method for nZVI tracing, as it is able to distinguish between industrial
nanoparticles and naturally occurring colloids and/or minerals. There are three
suggested approaches to differentiating the injected particles from those of
natural origin. Field-flow fractionation belongs to the standard separation tech-
niques and if coupled with ICP-MS (FFF-ICP-MS), this technique sorts
nanoparticles into size fractions and analyzes their chemical composition subse-
quently. Single-particle ICP-MS (sp-ICP-MS) enables to perform both of the
above-mentioned steps (size separation and chemical analysis) at once. The
instrument collects MS-signal for each single particle and the signal intensity
correlates with the size and mass fraction of analyzed nanoparticles. Another
option to recognize the injected nZVI particles is to utilize their “trace-element
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fingerprint”, i.e., identification of a characteristic chemical profile based on the
content of the selected elements and their mutual ratios.

33.3.2.2 Electron Microscopy

The advanced microscopic techniques, such as field emission gun scanning electron
microscopy (FE-SEM) and transmission electron microscopy (TEM), enable the
visualization of nZVI particles and their transformation products directly after their
separation from sediment (see Figs. 33.9 and 33.10). For SEM/TEM as well as for

Fig. 33.9 FE-SEM
micrograph of the sediment
sample showing nZVI
transformation products

Fig. 33.10 TEM
micrograph of the sediment
sample displaying nZVI
particles surrounded by their
transformation products
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Fig. 33.11 Typical XRD Monitoring well PV130 12.1.2016
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the other methods mentioned hereafter, nanoparticles must be isolated from the
sample in order to avoid analysis of ballast material. Magnetic separation proved
to be simple and suitable for samples of groundwater-sediment mixture containing
nZVTI and its transformation products. This additional step in the sample preparation
procedure allows easy identification of nanoparticles and their particle-size and
morphology characterization. Additional instrumental tools coupled with micro-
scope (e.g., energy-dispersive spectroscopy, EDS) can serve for chemical analysis
of the solid sample. Further investigation can be performed employing other sophis-
ticated extensions such as high-resolution techniques (HR-TEM, HR-SEM).

33.3.2.3 X-Ray Powder Diffraction

X-ray powder diffraction (XRD) measurements are crucial in terms of qualitative
and quantitative analysis of (nano)crystalline solid samples. XRD is suitable for fast
identification and structural characterization of nZVI particles and their transforma-
tion products (Fig. 33.11) that can be easily distinguished from an amorphous
matrix. They also enable to estimate a mean size of particles according to the
width of diffraction peaks. Moreover, for reliable data collection, it is necessary to
avoid sample oxidation/transformation during the XRD measurement by, e.g., fast
collection of successive scans, protecting the sample with transparent foil, or mea-
surements in special chambers with protective inert atmosphere. For the subsequent
phase analysis utilizing full-profile fitting (i.e., Rietveld refinement), either the first
fast scan or a sum of all recorded scans (i.e., if no phase change took place in the
course of successive XRD measurements) is processed.

33.3.2.4 Mbossbauer Spectroscopy
Massbauer spectroscopy on isotope ~'Fe is based on a Mossbauer effect and uses

gamma radiation to identify valence state and speciation of Fe atoms and quantify
each form of Fe in particular sample. Due to its high selectivity, this analytical
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Fig. 33.12 Typical Monitoring well PV129 20.10.2015
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method has proved to be a useful tool for the characterisation of nZVI nanoparticles
and it represents a unique technique for determination of the Fe®/Fe, ratio in the
solid samples, including the identification of nZVI in complex environmental
matrices (Fig. 33.12). The main disadvantage of Mossbauer spectroscopy lies in
relatively long data-collection time—it usually takes 1 day to analyze fresh nZVI
particles but it can take up to 1 week for environmental samples with a low Fe
content. Therefore, gradual oxidation of Fe” during the data collection becomes an
imminent issue and the samples need to be analyzed in a protective atmosphere or
deep-frozen. For these reasons, the Mossbauer spectrometer is not used directly on
site, despite being compact and portable.
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Chapter 2 ®)
Nanoscale Zero-Valent Iron Particles Siechio
for Water Treatment: From Basic

Principles to Field-Scale Applications

Tanapon Phenrat, Petra Skacelova, Eleni Petala, Adriana Velosa,
and Jan Filip

Abstract Reductive technologies of groundwater and soil treatment, based on
nanoscale zero-valent iron (nZVI) particles, have been recognized and generally
accepted as modern remediation tools for elimination of broad range of both organic
and inorganic environmental contaminants, mainly at sites where fast and efficient
removal of persistent and emerging organic and inorganic pollutants is needed. In
this chapter, we summarize the basic principles and chemical pathways of the nZVI
interaction with water and contaminants, recent approaches to nZVI modifications
enhancing their reactivity and longevity (including electrostatic and steric stabiliza-
tion of nZVI, synthesis and applicability of bimetallic particles and nZVI-based
nanocomposites, emulsification of nZVI particles, and combination of nZVI with
electrokinetics), and present an overview on field-scale applications of nZVI for
remediation purposes all over the world. The main aim is to demonstrate the diverse
properties of nZVI particles and their possible limitations for water treatment.

Keywords Nanoparticles - Iron - nZVI - Groundwater - Surface and chemical
modification - Nanocomposites - Reaction mechanisms - Field-scale applications
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Fig. 2.1 Prevalence of soil and groundwater contaminants in Europe (adapted from Panagos et al.
2013 with permission)

2.1 Groundwater and Soil Contamination as a Worldwide
Problem and Opportunity for Nanotechnologies

Groundwater and soil contamination caused by various toxic substances has posed a
serious threat to human and ecological health while it has been of great concern to
the general public worldwide for more than 40 years. In 2011, approximately
1.17 million potentially contaminated sites and 0.127 million contaminated sites
were identified in the European Economic Area (European Environment Agency
2014). Figure 2.1 illustrates the statistics on the prevalence of soil and groundwater
contaminants in Europe (Panagos et al. 2013). Over the last three decades, several
European countries have introduced national policies and practices for the manage-
ment of contaminated sites (Rodrigues et al. 2009). Although, in 2002, the EU
Thematic Strategy for Soil Protection was proposed by the European Commission
with the objective to protect soils across the EU, no specific regulations for soil
protection at the EU level have been introduced so far. “While the Commission in
May 2014 decided to withdraw the proposal for a Soil Framework Directive, the
Seventh Environment Action Programme, which entered into force on 17 January
2014, recognizes that soil degradation is a serious challenge (European Commission
2019). However, remediation activities in European countries are still going on. By
2018, 58,340 sites had been remediated (European Environment Agency 2014). A
substantial budget is used for contaminated site management. For example, annual
national expenditures for managing contaminated sites are, on average, EUR 10.7
per capita (an average of 0.041% of the national gross domestic product—GDP). Out
of this, 42% comes from public budgets and around 81% is used for remediation
measures, while 15% is used for sites.

Similarly, in the US, soil and groundwater contamination is a serious issue.
Infamous contamination cases, such as Times Beach, Love Canal, Woburn, and
the Valley of Drums, as well as their health effects (US EPA 2000, 2018a; Swartjes
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Table 2.1 Prevalent contaminants of concern (COC) at National Priorities List (NPL) sites
(adapted from Siegrist et al. 2011 with permission)

Prevalence at US NPL sites Us
Number of drinking
Priority as a COC at US | NPL sites Sites with COC water

Contaminant of hazardous waste sites with COC present as a % of | standard
concern (COC) (ATSDR® ranking) present total NPL sites (ng/L)
Arsenic 1 1149 68 10
Lead 2 1272 76 15
Mercury 3 714 49 2
Vinyl chloride 4 616 37 2
Polychlorinated 5 500 31 0.5
biphenyls
Benzene 6 1000 59 5
Cadmium 7 1014 61 5
Polycyclic aro- 8 600 42 -
matic
hydrocarbons
Benzo(a)pyrene 9 - - 0.2
Chloroform 11 717 50 100
Trichloroethene 16 852 60 5
Chromium 18 1127 68 100
Tetrachloroethene | 33 771 54 5
Pentachlorophenol | 45 313 20
Carbon 47 425 26 5
tetrachloride
Xylene (total) 58 840 51 10,000
Toluene 71 959 60 1000
Methylene 80 882 56 5
chloride
1,1,1- 97 823 50 200
trichloroethane
Ethylbenzene 99 829 49 700

“ATSDR Agency for Toxic Substances and Disease Registry

2011) generated environmental cleanup regulations, including the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA) for aban-
doned sites and corrective action of the Resource Conservation and Recovery Act
(RCRA) for active sites and generated remediation engineering (Applegate and
Laitos 2006; US EPA 2018a). Progressively, hundreds of thousands of sites with
different degrees of contamination have been identified in the US. Table 2.1 sum-
marizes prevalent contaminants of concern (COCs) at National Priorities List (NPL)
sites. In 2018, the NPL featured 1566 contaminated sites. 381 of them have been
sufficiently restored, posing a minimal risk, and proposed for site deletion (US EPA
2018b). Nevertheless, over the next decades, cleanup research and business will still
be active in restoring the remainder as well as newly spilled sites. The US EPA
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(2011) estimated that between the years 2004 and 2033 the cost for remediation may
be as high as US$209 billion, while the number of cleanup sites could be as high as
294,000.

For Asian countries, remediation is at an infant stage, although soil and ground-
water contamination has long been threatening the quality of life. For example, in
China, according to the Ministry of Land Resources, in 2007, over 10% of cultivated
land was substantially contaminated with heavy metals from mining and metallic
smelting (approx. two million ha), oil extraction and refining (approx. five million
ha), solid-waste stockpiles (i.e., open dumps; approx. 50,000 h.), improper handling
of industry gaseous emission, wastewater discharge, and processing residue (approx.
ten million ha), and sewage irrigation (approx. 3.3 million ha) (Li et al. 2015). In
2014, the Chinese government published a national soil survey report showing that
16.1% of all soil and 19.4% of cultivated land was contaminated with both organic
and inorganic chemical contaminants. The total area of contaminated soil was
roughly 25 million ha, while 3.5 million ha of farmland was so contaminated that
no agriculture should be allowed on it (The Economist 2017). Cadmium and arsenic
were found in 40% of the affected land. China undertook 28, 40, and 32 remediation
projects for the years 2013, 2014, and 2015, respectively. The government estimated
that, with 3.33 million ha of contaminated farmland already identified, the total
budget remediation could reach as much as US$ 157,000 million (based on 2018
USD) (Gu and Stanway 2017).

Currently, more than 59 remediation technologies based on at least one of
14 different types of treatment processes are available in various stages of develop-
ment and application (Van Deuren et al. 2002). Nevertheless, there is always enough
room for nanotechnology to step in as an innovative in situ remediation technology.
This gives birth to nanoscale zerovalent iron particle (nZVI), one of the nanotech-
nologies that is most frequently applied for groundwater and soil remediation. The
primary utilization of ZVI is a passive remediation technology called permeable
reactive barrier (Fig. 2.2). For this technique, bulk zerovalent iron (ZVI) in the form

PRB (ZVI)

SRt

AN

Chemical Reduction Zone

Fig. 2.2 Permeable reactive barrier using bulk ZVI
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Table 2.2 Contaminants of concern amendable by ZVI and nZVI as well as their standard redox
potentials (E®% in aqueous solution at 25 °C (Bard et al. 1985; O’Carroll et al. 2013)

Aqueous solution Half reactions E% (V)
Chromium (Cr) CrO?™ 4 8H' +3e™ « Cr*" 4+ 4H,0 1.51
Chromium (Cr) CrO2™ + 14H' 4 6e~ « 2Cr*" + TH,0 1.36
Platinum (Pt) Pt + 2¢” < Pt 1.19
Palladium (P) Pd>* +2¢” « Pd 0.92
Mercury (Hg) Hg”* + 2¢” — Hg 0.86
Silver (Ag) Agt+e — Ag 0.80
Arsenic (AsY) H3As0, + 2H" + 2¢” + HAsO, + 4H,0 0.56
Copper (Cu) Cu** +2¢” < Cu 0.34
Uranium (U) UO3" 4+ 4H* + 2¢™ « U* +2H,0 0.27
Arsenic (As'™) H;AsO; + 3H' + 3¢~ « As + 3H,0 0.24
Copper (Cu) Cu** +e < Cut 0.16
Lead (Pb) Pb>* + 2¢” < Pb —0.13
Nickel (Ni) Ni** +2¢” < Ni —0.25
Cadmium (Cd) Cd* +2¢ — Cd —0.40
Iron (Fe) Fe?* + 2 < Fe —0.44
Zinc (Zn) Zn** +2¢” — Zn —0.76
Barium (Ba) Ba®* +2¢” < Ba -2.92
1,2-Dichloroethane CIH,C — CH,CI + 2¢” +— H,C = CH, + 2CI~ 0.74
Carbon tetrachloride (CT) CCl, + H" + 2¢” < CHCl; + CI” 0.67
Tetrachloroethylene (PCE) Cl,C = CHCI + H" + 2¢” + CI,C = CH, + CI” 0.57
Trichloroethylene (TCE) Cl,C = CHCI + H" + 2¢” + CI,C = CH, + CI” 0.53
Vinyl chloride (VC) CIHC = CH, + H* + 2¢” <> H,C = CH, + CI” 0.45
1,1-Dichloroethane (1,1-DCE) Cl,C = CH, + H" + 2¢” & CIHC = CH, + CI” 0.42

of iron filings has been used as a reducing agent to build permeable reactive barriers
(PRB) since 1994 (Reynolds et al. 1990; Gillham and O’Hannesin 1994).

The fundamental chemistry of ZVI in an aqueous environment from a reaction
viewpoint is summarized in Eqgs. (2.1-2.3). For environmental remediation pur-
poses, Fe® can be oxidized by contaminants of concerns (COCs) (such as
trichloroethene—TCE) in Eq. (2.1)) (as electron acceptors) as long as COCs have
an Ey” greater than —0.447 V (see Table 2.2 for more examples of COCs treatable
by ZVI and nZVI). As a result of the electron transfer, in most cases, ZVI transforms
such COCs to more environmentally benign by-products or immobilized state. This
transformation involves reductive dechlorination of chlorinated organics (trichloro-
ethylene [TCE], tetrachloroethylene [PCE], and vinyl chloride [VC]) and immobi-
lization of metals. In the meantime, Fe® can also react with water (or H*) to produce
H, gas (Eq. 2.3), which is a competing reaction to the reductive treatment and is
strongly controlled by the availability of H* (i.e., pH).

Fe?t +2e~ — Fe',

E), = —0.447V (2.1)
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TCE + ne~ + (n — 3)H" — product + 3Cl~ (2.2)
H' +e” — Hx — %H, (2.3)

Although the oxidation of Fe° to Fe** (Eq. 2.1) is usually assumed, in environ-
mentally relevant applications (i.e., groundwater at a natural pH), the transformation
of Fe® core to the iron oxide shell, such as magnetite (Fe;04) (Eq. 2.4) and
maghemite (Fe,03), is often observed (Liu et al. 2005; Reinsch et al. 2010).

3Fe” + 4H,0 — Fe304 + 8H' + 8¢~ (2.4)

PRB is an established and effective technique to intercept contaminant plume;
however, it is a passive technique meaning that the site owner has to maintain the
PRB as long as the contaminant source exists and keeps generating toxic plume,
which can last decades or even a century. This situation called for an active
technique which can actively manage the source zone and expedite site closure.
As shown in Fig. 2.3, the nanoscale conceptually allows ZVI to become an active
technique that can be intentionally delivered to attack the source zone, thus speeding
up the remediation.

The small size of nZVI not only offers the potential for injection into the
subsurface for in situ remediation (Elliott and Zhang 2001; Schrick et al. 2004)
but also results in an increasing fraction of atoms at the surface, excess surface
energy, and high surface area (Wang and Zhang 1997). These properties lead to
higher contaminant degradation/immobilization rates per mass of the remediation
agents compared to bulk materials. Moreover, polymeric surface modification and
supporting materials can be used to modify nZVI in order to enhance dispersion
stability as well as to selectively target some specific COCs such as dense
non-aqueous phase liquid (chlorinated organics). NZVI-focused research has
progressed, over the past two decades, from laboratory development to field scale
applications. This historical perspective has recently been reviewed by Phenrat and
Lowry (2019). They divide the nZVI research and development into eight major
topics, including (1) nZVI synthesis and reactivity, (2) aggregation/agglomeration,
(3) transport/delivery/deposition, (4) polymer modification, (5) CMC modification,
(6) toxicity, (7) sulfidation, and (8) weak magnetic/electromagnetic field, all of
which are essential vehicles for effective in situ subsurface remediation. Figure 2.4
shows statistical results of peer-reviewed journal papers and the total citations of
each major field. Noticeably, the number of peer-reviewed papers and citations in
this field has increased quadratically so far. In 2017 alone, there were 262 peer-
reviewed journal papers and 8094 citations in the nZVI field of study. Obviously,
nanotechnology for subsurface remediation has been an active field of study for two
decades and will continue to be active as long as contamination exists.

This chapter aims to summarize the recent development of nZVI technology
including chemical pathways of pollutants treated by nZVI, modification and
enhancement of nZVI, and pilot applications of nZVI as published in the scientific
literature before 2018. For more details on nZVI research and development see the
recently published book dealing with this topic Phenrat and Lowry (2019).
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Fig. 2.3 Idealized conceptual mode of delivering nZVI for in situ non-aqueous phase liquid
(DAPL) source-zone remediation. Particle mobility and contaminant targetability are needed for
effective remediation (adapted from Phenrat and Lowry 2019 with permission)
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Fig. 2.4 (a) Total number of peer-reviewed papers and (b) total citations per year for each major
field of nZVI research based on the Web of Science Database from 2001 to 2018 (February)
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2.2 Chemical Pathways of Pollutants Removal by
Zerovalent Iron

Under anaerobic conditions, Fe can be oxidized by H,O or H* yielding Fe** and H,,
both of which are also potential reducing agents for contaminants. There are two
main dehalogenation reactions by which the organic compounds can be reduced by
ZVTI: hydrogenolysis (replacement of a halogen atom by a hydrogen) and reductive
elimination, in which two halide ions are released. In both reactions, there is a net
transfer of two electrons and they can be mediated either by atomic hydrogen
transfer or by direct electron transfer.

The mechanism and reactivity of chlorinated compounds reduction by ZVI is
somewhat controversial and still not very well understood. While some papers show
an increased reactivity with an increasing number of halogen atoms in the organic
compounds, others show the opposite trend. It seems that these conflicting data result
from differences in the materials—ZVI produced by borohydride reduction versus
ZVI produced by hydrogen reduction from iron minerals—as well as from differ-
ences in the experimental conditions (Elsner and Hofstetter 2011).

Wang and Farrell (2003), for example, observed that TCE reduction occurred
almost exclusively by atomic hydrogen transfer at low pH values and by atomic
hydrogen transfer and direct electron transfer at neutral pH values, while PCE
reacted mainly via direct electron transfer at both low and neutral pH values.
However, in acid conditions and micromolar concentrations, TCE reaction rates
were faster than those of PCE due to faster reduction of TCE by atomic hydrogen
transfer, while in neutral environment and millimolar concentrations, PCE reaction
rates were faster than those of TCE. This variation of relative reaction rates was
explained by a lower contribution of the atomic hydrogen reaction mechanism with
increasing pH values and pollutant concentrations.

In the case of chlorinated methanes, the degradation pathways by reaction with
zerovalent iron may differ from the chlorinated ethenes. Song and Carraway (2006),
for example, observed that CCl, (CT), CHCl;, and CH,Cl, degradation rates were
not affected by changing the hydrogen concentration in water or reaction atmo-
sphere. So, in contrast to TCE degradation by nano ZVI synthesized by borohydride
(Liu et al. 2005), no catalytic hydrogenation was found to be the degradation route
for any of these compounds. Actually, CH,Cl, is the main degradation product
during CCly reduction by ZVI and it is considered a as the final product since no
degradation was observed by ZVI reaction. However, CH, is also produced but in
very low amounts and is claimed to be generated directly through CCl, via a
concerted elimination steps mechanism mediated by carbon radicals and carbanions.

Li and Farrell (2001) published an electrochemical investigation of the rate
limiting mechanisms for TCE and CCl, reduction and concluded that rates of CT
reduction were limited by the rate of outer-sphere electron transfer, while rates of
TCE reduction were not limited by rates of electron transfer. Reduction via an outer-
sphere mechanism requires only physical adsorption of CT on or near the ZVI
surface. Then the production of chlorinated byproducts from chloroalkanes would

Jan.Filip@UPOI.Cz



2 Nanoscale Zero-Valent Iron Particles for Water Treatment: From Basic. . . 27

be explained by a stepwise dechlorination process in which a brief interaction of this
compound with the ZVI surface would promote an electron transfer one at time. On
the other hand, the TCE reduction mechanism starts with a chemisorption step that
controls the overall rate of reaction before the electron transfer.

The degradation of chlorinated ethanes has been observed to be dependent on the
number of chlorine atoms as well as on their position in the molecule. Song and
Carraway (2005) studied the degradation of a series of chlorinated ethanes and
observed that the reactivity increased by increasing chlorination. They also reported
that among tri and tetrasubstituted compounds, the reactivity was higher for com-
pounds with chlorine atoms more localized in only one carbon, e.g., 1,1,1-
TCA > 1,1,2-TCA. The proposed explanation for this difference in the reactivity is
the shifting of the mechanism, in which the 1,1,1-TCA reacts by a concerted
pathway involving a-elimination and hydrogenolysis, while 1,1,2-TCA reduction
would proceed by p-elimination.

With the aim of increasing the reactivity; mobility; and transport in subsurface,
along with the inhibition of ZVI passivation, many research groups have been
studying the effect of adding metal catalysts (Schrick et al. 2004); coating
nanoparticles with polymers/surfactants (Wang et al. 2010); supporting
nanoparticles on different substrates (Jia et al. 2011); and applying ZVI in water-
in-oil emulsions (Berge and Ramsburg 2009).

Schrick et al. (2004), using Fe/Ni bimetallic nanoparticles, observed a TCE
degradation rate constant that was 50 times faster than pure ZVI, indicating that
the bimetallic nanoparticles were more efficient in degrading TCE when compared
to the monometallic iron nanoparticles.

The introduction of a second catalytic metal could also prevent toxic byproduct
formation by dehalogenating TCE via hydrogen reduction rather than via electron
transfer and even enables the reduction of persistent compounds like
monochlorophenols, which cannot be reduced by ZVI itself (Morales et al. 2002).
On the other hand, the presence of different metals increases water promoted
corrosion of iron, which can result in lower reactivity and lifetime. Yan et al.
(2010) observed that Pd-doped ZVI nanoparticles immersed in water for 24 h did
not exhibit any metallic iron component in the XPS spectrum, while the Fe” peak,
although with decreased intensity, remained observable for pure ZVI nanoparticles
kept on the same conditions. Besides, in a reactivity TCE reduction study with
Pd-ZVI nanoparticles, the apparent reaction rate constant decreased from 5.7 1/h for
the fresh particles to 0.96 1/h upon 24 h aging.

In bimetallic systems, the atomic hydrogen adsorbed on the reductant surface
(H,qs) is postulated to be responsible for bimetal reactivity and the generation of H,4
species has been proposed by different ways. It could be produced by the dissocia-
tive chemisorption of H,, itself generated by water reduction, or as an intermediate to
H, generation. It is also suggested that absorbed atomic hydrogen (H,,s) within the
metal additive lattice, instead of surface-adsorbed atomic hydrogen (H,qs), would
represent the reactive entity in iron-based bimetallic systems (Cook 2009).

ZVI can also be used for oxidative degradation of organic compounds, either
providing Fe** to Fenton process (Eq. 2.5) or by reacting with oxygen itself through
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a superoxide radical (O,7") intermediate leading to the production of hydrogen
peroxide in situ (Eq. 2.6).

Fe*" + H,0, — Fe*" + OH +'OH (2.5)
Fe’ + 0, + 2H" — Fe** 4+ H,0, (2.6)

It is expected that during the oxidative process the compounds are not only
dehalogenated but mineralized as well. The degradation process at this time is
claimed to be promoted by hydroxyl radical ("(OH), which is a non-specific and
powerful oxidant (E° =2.73 V).

Keenan and Sedlak (2008) evaluated the effect of different ligands (oxalate,
nitrilotriacetic acid (NTA), or ethylenediaminetetracetic acid (EDTA) on nZVI/
H,0/0, system and observed that all of them promoted an increase in the oxidant
yield by limiting iron precipitation and accelerating the rates of key reactions like
ferrous iron oxidation by oxygen and hydrogen peroxide.

On the other hand, Correia de Velosa and Pupo Nogueira (2013) also evaluated
the effect of some ligands (EDTA, glycine, citrate, oxalate and DTPA) on
2,4-Dichlorophenoxyacetic acid (2,4-D) degradation by nZVI/H,0/O, and reported
that the only effective ligands on the catalysis of 2,4-D oxidation were EDTA and
DTPA. They also postulate that the catalysis process is run by the ligand-Fe(Il)
species at pH values lower than 5 and by Fe(I) species at pH higher than this.

Presenting a standard potential of —440 mV, ZVI is considered a potential
reductant agent for any other metal holding reduction potentials more positive than
it. This property makes ZVI an interesting material for removal of heavy metals like
Ni(II), Cu(Il), Cr(VI), Pb(Il), e.g., from groundwater or wastewater matrices.

The main mechanisms by which heavy metals are removed from solution in the
ZVI/H,O system are reduction, adsorption, and precipitation/co-precipitation,
according to the metal. For example, the reduction of Cu(Il) (Egs. 2.7 and 2.8) or
As(V) (Eq. 2.9) by ZVI is more thermodynamically favorable than precipitation and
sorption, as well as it is less affected by pH change and the presence of ligands
(Li et al. 2017).

Cu*" + Fe — Fe*™ 4 Cu (2.7)
2Cu*" 4 Fe 4 H,0 — Fe*™ + Cu,0 4 2H" (2.8)
H,AsO; + Fe + 3H" — Fe?* + H3AsO;3 + H,0 (2.9)

On the other hand, if the metal/metalloid is present like an oxyanion, such as
AsO,*~ or SeO4>, then the precipitation by Fe** (Eq. 2.10) becomes important.
This can be even the main cause of As removal, for example.

3Fe’" + 2HAsO™ — Fes3(AsOy),(s) + 2HT (2.10)
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It is postulated that the Cr(VI) removal by ZVI occurs via immediate adsorption on the
surface of the materials followed by electron transfer (reduction) through the oxidation of
Fe? to Fe** (Eq. 2.11). The just generated ions (Fe>* and Cr’*) are then removed from the
solution by precipitation of mixed hydroxides (Eq. 2.12) (Fu et al. 2014).

Cry03™ + 2Fe + 14H" — 2Cr*" + 2Fe*™ 4 7H,0 (2.11)
Cr’" + Fe*™ + 60H™ — Cr(OH),(s) + Fe(OH),(s) (2.12)

Ling et al. (2017) followed the removal of several metals (Ag(I), Ni(I), Cr(VI),
As(V), Cs(I) and Zn(Il)) by nZVI via high-sensitivity X-ray energy-dispersive
spectroscopy-scanning transmission electron microscopy (XEDS-STEM). Since
the studied metals presented very different electrochemical and coordination prop-
erties, they were used like probes, in order to understand the reactive pathways.
Some of their conclusions are the following: strong oxidizing agents like Cr
(VI) react by diffusion and encapsulation in the core of nZVI, while metal cations
with a reduction potential close to or more negative than that of ZVI, such as Cs
(D and Zn(II), are removed by sorption or surface-complex formation.

From the application point of view, it is important to evaluate the effect of
common ions on metal/metalloid removal by ZVI. Smedley and Kinniburgh
(2002), for example, reported that high concentrations of phosphate in groundwater
can inhibit As(V) removal by sorption since phosphate competes for sites on hydrous
ferric oxides. The presence of Ca** or humic acid alone did not affect the Cr
(VI) removal by ZVI in batch studies; however, the presence of bicarbonate ions
increased it (Liu et al. 2009b).

The presence of nitrate, an oxidant usually reduced by ZVI, on Pb>* solutions
influences drastically its removal. At a low concentration of nitrate, the removal of
Pb>* by precipitation is increased by the pH increase promoted by nitrate reduction.
However, in excess of nitrate (in relation to ZVI), the ferrite particles responsible for
adsorption of Pb** are dissolved by the nitrate driven oxidation of Fe** and Pb**
cations are remobilized to solution (Su et al. 2014).

Actually, nitrate can impact the performance of ZVI-driven reductions by two
main ways: since it can also be reduced by ZVI, it competes with the target
compounds for the reactive sites on iron particles and it works like a passivating
agent, which leads to the generation of an Fe(IIl) (oxyhydr)oxide shell that inhibits
the reactivity and decreases the lifetime of ZVI. Liu et al. (2007), for example,
reported that an increase in the nitrate concentration led to the inhibition of TCE
reduction up to seven-fold when the nitrate concentration reached 5 mM.

Other anions, like silicate or bicarbonate, also inhibit the degradation processes.
Although these anions cannot be reduced by ZVI, they can complex to iron surface
generating compounds like FeH;SiO,4, FeH,Si0, ", and =FeHSi0,*> or FeCOs,
decreasing the access of target compound to iron surface by forming a film or
protective layer. On the other hand, chlorine and sulfate ions play corrosive roles
in attacking and breaking the iron oxide layers and exposing the bare metal to the
target compounds. Then, these anions usually increase the reactivity of ZVI system
(Sun et al. 2016).
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2.3 Modification of nZ VI Particles and Enhancement
of Their Reactivity

In spite of their high surface activity and remarkable environmental uptake capacity,
most synthetic ZVI nanoparticles display some significant disadvantages from the
technological/chemical engineering and cost/benefit perspectives. Therefore, draw-
backs such as the strong tendency towards aggregation, fast oxidation, and rapid
sedimentation can eliminate their long-term reactivity and decrease their maximum
capacity.

Generally, it has been reported that the limited mobility of nZVI particles in
saturated porous media is attributed to two reasons; firstly, nZVI can be filtered from
the solution by attaching to aquifer materials and secondly, agglomeration and
aggregation remarkably immobilize the particles (Phenrat et al. 2007). Agglomera-
tion and aggregation phenomena decrease the specific surface area, and in turn,
affects the reactivity and mobility in the subsurface and porous media, such as sand
and soil (Ponder et al. 2000; Sun et al. 2007). The strong tendency towards nZVI
aggregation is to a large extent attributed to their unstable colloidal nature and long-
ranged attractive magnetic interactions between the particles (Phenrat et al. 2009).

Gravitational sedimentation of nZVI particles is a result of the aggregation effect
and can be a good indicator of the colloidal stability of the particles. When
nanoparticles are dispersed in a media, they can remain stable for very long time
under some conditions. These conditions demand that the diffusion flux of
nanoparticles overcomes the sedimentation flux. The diffusion flux of nanoparticles,
that opposes gravity, is inversely proportional to the particle size, while the sedi-
mentation flux is proportional to the square of the particle radius (Phenrat et al.
2008). When nanoparticles start to aggregate to bigger clusters in the range of
micrometers, they settle as a result of the fact that the sedimentation flux turns to
be bigger than the diffusion flux. Thus, their delivery and mobility is limited.

The effects of the fast oxidation of nZVI particles include a gradual loss of
reactivity and permeability (Keum and Li 2004). While metallic iron exists in an
aqueous environment, dissolved oxygen (DO) and water initialize its oxidation-
dissolution. The whole reaction involves the formation of soluble ionic products or
insoluble oxides/hydroxides. In other words, in aqueous environment, the nZVI
oxidation creates species such as soluble Fe2+(aq), H, and various precipitates, e.g.,
Fe(OH),, Fe(OH)3, Fe;04, Fe,03, FeOOH, FesHOg-4H,0, and green rusts (Crane
and Scott 2012). In this manner, when the precipitates are formed as a layer on the
surface of nZVI and reach a critical thickness, the reactivity of nZVI is inhibited. In
this point, the reactivity is eliminated while the surface of metallic iron is blocked to
interact with any media or with the pollutants. These factors concerning the oxida-
tion of the particles can be critical for the overall efficacy of this material since nZVI
can react, be oxidized, consumed, or blocked before it reaches the target and
remediates a desired site.

For all the above-mentioned reasons, the modification and/or stabilization of the
nZVI nanoparticles, which can lead to steady or even enhanced remediation ability

Jan.Filip@UPOI.Cz



2 Nanoscale Zero-Valent Iron Particles for Water Treatment: From Basic. . . 31

and improved mobility, is deemed necessary. In the past few years, different
approaches and a large number of research works have led to a new field of
modification of nZVI particles. Therefore, new various methods have been devel-
oped in order to synthesize more active (Wu and Ritchie 2006), stable (Sun et al.
2007; Siskova et al. 2012), and mobile nZVI particles (Tiraferri et al. 2008; Kim
et al. 2009) to simplify the synthetic procedure; reduce the cost; and finally enhance
the efficacy (Zhang et al. 2012; Alessi and Li 2001), availability, and applicability to
large-scale (Chen et al. 2012) and delivery capabilities (Kanel and Choi 2007).

Surface modification by electrostatic and steric stabilization, such as coating with
polyelectrolytes or nonionic surfactants (Alessi and Li 2001), dispersing the particles
in oil-water emulsions (Quinn et al. 2005), use of a support material for their
synthesis (Wu et al. 2012; Ponder et al. 2001) and bimetallic particles with iron
and a second less reactive metal, are strategies that have been investigated thor-
oughly. These methods have proved that it is possible to overcome the magnetic
attraction between the iron nanoparticles, change the surface or interfacial properties,
increase mobility and stability, minimize aggregation, and significantly increase the
reactivity.

2.3.1 Electrostatic and Steric Stabilization

Surface modification by electrostatic and steric stabilization can provide conditions
that overcome the magnetic attraction between the iron nanoparticles and change the
surface or interfacial properties (Fig. 2.5), thus enhancing the colloidal stability and
mobility. By electrostatic stabilization the surface charge is changed and repulsive
forces overcome the affinity of aggregation. On the other hand, steric stabilization is
typically attained by the adsorption of long-chain hydrophilic polymers whose long
loops and tails extend out into the solution (e.g., surfactants) (Tiraferri et al. 2008).
Combined electro-steric stabilization is also promising in terms of the use of ionic
polymeric molecules that provide good dispersion and high efficacy (Sun et al.
2007). Such ionic polyelectrolytes have been applied successfully in the past (see
Fig. 2.6) including polyaspartate (PAP), carboxymethyl cellulose (CMC), and poly-
styrene sulfonate (PSS). The modified nZVI particles in these cases have exhibited
mobility in porous media due to slow desorption of polymeric surface modifiers.
Every time, according to the contaminant that is targeted, the election and usage of

Fig. 2.5 Schematic
representation of
electrostatic, steric and
electrosteric stabilization of
nanoparticles (adapted

from Tang and Lo 2013 with
permission)

Electrostatic Steric Electrosteric
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Fig. 2.6 Examples of nZVI surface modified by different surfactants (a) methoxyethoxyethoxyacetic
acid (MEEA) (adapted from Kharisov et al. 2012 with permission), (b) 3-aminopropyltriethoxysilane
(APS) (adapted from Liu et al. 2009a with permission), (c) carboxymethyl cellulose (CMC) (adapted
from Zhao and He 2011 with permission), (d) aromatic diazonium salts (ADSs) (adapted from
Guselnikova et al. 2015 with permission)

the appropriate surfactant can dramatically enhance the capacity and the colloidal
stability. The higher efficiency is attributed not only to the lower extent of agglom-
eration of the iron particles, but also to the increased local concentration and sorption
of the contaminant on the surface of iron (Alessi and Li 2001; Zhang et al. 2002). It
has been reported that even the hydrodynamic diameter of the modified particles was
increased after modification, their colloidal stability was enhanced, and the activa-
tion energy in the transformation of toxic compounds was decreased (Li et al. 2006;
Saleh et al. 2005; Lien and Zhang 1999).

2.3.2 Bimetallic Particles

Bimetallic particles of iron with a second less reactive, i.e., usually noble, metal, e.g.,
Pd/Fe, Ni/Fe, Pt/Fe, Ag/Fe, Cu/Fe, have exhibited a significantly high efficacy for
the degradation of many compounds (Chen et al. 2008). The incorporated metal,
even in a small amount, can substantially enhance the overall nZVI reaction rate by
acting as a catalyst for electron transfer and hydrogenation (Li et al. 2006). The
additive metal lowers the activation energy of the reaction and increases the reaction
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rate. Thus, bimetallic particles have been involved in applications where bare nZVI
usually shows a slow reaction rate, e.g., aromatics and polychlorinated biphenyls
(PCBs) (O’Carroll et al. 2013). The doped metals that are chosen in these systems
have a much higher redox potential (E®) than iron. In that way a galvanic cell is
formed, i.e., iron acts as an anode, and electron release reactions are accelerated, i.e.,
the reduction of pollutants is promoted in a higher rate (Elliott and Zhang 2001).
Moreover, the additive metal can play an important role in prevention of the surface
precipitation of iron oxide products, thus hindering the inhibition of the reactivity of
iron. Thereby, iron particles can be more stable on air while those that have lost their
surface activity by the degradation of toxic contaminants can be reactivated.
Bimetallic particles can be formed through different methods and different
structures can be obtained as it is depicted in the Fig. 2.7. Among the most popular
ways of synthesis are counted coating and growing of metal ions around nZVI
particles by co-reduction, electrochemical synthesis and inverse micelles, indepen-
dent nucleation and growth of two kinds of metal species, and the deposition of the
noble metal onto the surface of nZVI particles (Liu et al. 2014; Ferrando et al. 2008).
However, a critical point in their application is their potential structural change
over the time and the potential environmental risk concerning the addition of one
more metal in the aquifer horizon, especially in the case of Ni/Fe nanoparticles.

2.3.3 Emulsification

When there is a need of nZVI application to treatment of dense nonaqueous phase
liquid (DNALP) source zones, the best way to be delivered is in emulsified oil-water
suspensions (Fig. 2.8). Emulsified nano zerovalent iron (EnZVI) is a biodegradable
emulsion, composed of a surfactant, biodegradable vegetable oil, water, and

Fig. 2.7 (a) Schematic
representation of bimetallic
NPs with severe possible
structures (/) core—shell
segregated structures (2)
heterostructure (3)
intermetallic or alloyed
structures and (4) multishell
structures (adapted from Liu
et al. 2014; Ferrando et al.
2008 with permission) and
examples of dimetallic
particles based on nZVI (b)
Si/Fe (adapted

from Fernandez-Pacheco

et al. 2006 with permission),
(c) Ag/Fe (adapted

from Markov4 et al.

2013 with permission)

Jan.Filip@UPOI.Cz



34 T. Phenrat et al.

a)

b)

et
s water . s
/ s waler
S e - . " waler
4

. MR ./_‘
v |
—
— TCE | ; TCE -Eif.'vri;TCE
A B C

Fig. 2.8 (a) Magnified image and schematic illustration of EnZVI (Su et al. 2012) (b) Photos
showing the dispersion of ZVI and EnZVI in a mixture of water and trichloroethene, TCE, solution
dyed with Sudan IV, (A) are shown the two distinct phases of water and TCE, (B) distinct phases of
water and TCE while the ZVI that was added remains separated from the TCE phase, (C) distinct
phases of water and TCE but EZVI is dispersed in the TCE phase (adapted from Quinn et al.
2005 with permission)

nanoscale or micro-scale zerovalent iron particles in an emulsion (Su et al. 2012;
Yang and Chang 2011). In that case, nZVI dispersed in water is surrounded by a
liquid oil membrane forming droplets; the droplets then shield nZVI from direct
contact with the media into which it is applied to. EnZVI possesses hydrophobic
properties, making it miscible with DNALP contaminants. In that context, when the
oil emulsion droplet comes in contact with DNALP, DNALP can easily diffuse into
the interior place of the droplet where it can interact with nZVI and be degraded. The
degradation by-products subsequently diffuse from the droplet out to the aqueous
phase (O’Hara et al. 2006). In these systems, vegetable oil and surfactants sequesters
some of the organic contaminants and can further serve as electron donors facilitat-
ing the total degradation process (Su et al. 2012; Singh and Misra 2015). Application
of EnZVI on a large scale has been reported in several real cleanup scenarios mainly
focused on organochlorine contaminants. For example, volatile organic compounds,
e.g., trichloroethylene (TCE) and tetrachroroethylene (PCE) (Lee et al. 2007), and
pesticides, e.g., atrazine and cyanazine (Waria et al. 2009), have been successfully
and efficiently removed from subsurface aqueous systems. Namely, in USA almost
10% of the applied nZVI processes is related to the EnZ VI, while, in Europe, no such
a field application has been reported so far (Mueller et al. 2012). Su et al. (2012)
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described the pneumatic and direct injection as two different delivery methods of
EnZVI, providing promising results relating to the dechlorination and reductive
dechlorination of chlorinated ethenes. Extensive tests by O’Hara et al. (2006)
revealed the synergetic removal effect of EnZVI, while the combination of seques-
tration and abiotic degradation mechanisms driven by the oil emulsion and nZVI,
respectively, was found. Moreover, there have been promising results relating to the
stability and targetability of nZVI (Sheu et al. 2015). Dong et al. (2015) showed that
nZVI in emulsion appears to form fewer aggregates in comparison with bare nZVI,
while the oil concentration can be optimized, which leads to an efficient and long-
term reactivity toward toxic compounds removal. Furthermore, in a pilot-scale study
where a nZVI-emulsified colloidal substrate was used for PCE degradation, Sheu
et al. (2016) not only observed the efficient dechlorination after 130 days of
operation, but also noticed that the use of the nZVI-emulsified colloidal substrate
increased the popolutation of Dehalococcoides spp. (DHC) and Desulfitobacterium
spp- (DSB). The increase of DHC and DSB population promotes the PCE dechlo-
rination process (Grostern and Edwards 2006). It has to be noted that there are some
challenges that have to be dealt with in relation to the injection of such particles to a
subsurface, e.g., due to the viscosity of these emulsions (Bhattacharjee and Ghoshal
2016). The type of surfactant and the concentrations of all the components, e.g., oil,
could be tuned in order to maintain the highest remediation performance. For
instance, it was found that ionic surfactants are more preferable than nonionic
surfactants since they can lead, to some extent, to the enhancement of the degrada-
tion ability of nZVI (Cook 2009).

2.3.4 Using Electrokinetics

Electrokinetic (EK) remediation technology has been applied successfully to many
pilot-scale sites for soil and underwater treatment of various organic and inorganic
contaminants (Virkutyte et al. 2002; Gomes et al. 2012). An electrokinetic system
includes a pair of electrodes and direct-current power imbedded in the soil. A low
intensity electric current passes between a cathode and an anode. In that way,
different ions, charged particles, and water are moving towards the opposite charged
electrode. Mechanisms such as electro-migration, electro-osmosis, electrophoresis,
and electrolysis take place (Mulligan et al. 2001; Weng et al. 2006). The contami-
nants and their byproducts can be collected by electroplating or precipitation/co-
precipitation at the electrodesby the generated H, and OH ™. In Fig. 2.9a are depicted
the electrokinetic phenomena that can occur involving the movement of electricity,
charged particles and fluids.

The integration of both techniques, electrokinetics and nZVI, can couple the
advantages and increase the benefits regarding water remediation. Among the
overall reactions that occur during the application of the electrokinetics, electrolysis
reaction of water causes the creation of H* and OH™ ions, with the first one to be
more mobile. The protons (H*) are very beneficial to the reaction with ferrous ions
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Fig. 2.9 (a) Basics of electrokinetic phenomena (adapted from Glendinning et al. (2007) with
permission), (b) Model of the combination of nZVI and electrokinetics process setup (adapted
from Weng et al. (2007) with permission), (¢) Total iron distribution on the electrophoretic cell
(adapted from Gomes et al. (2013) with permission) (d) The effect of electrokinetics on water
chemistry (adapted from Chang and Cheng (2006) with permission) (e) The effect of electrokinetics
on TCE removal (adapted from Yang and Chang (2011) with permission)

and in that way they eliminate formation of the iron oxide-passivation layer on nZVI
surface, thus extending the operational life of nZVI (Chang and Cheng 2006).
Moreover, electro-migration phenomena provide inhibition of sedimentation and
aggregation of nZVI, i.e., their mobility and advection is increased (Cernik et al.
2019). Subsequently, long-term and high reactivity of nZVI is guaranteed. In
Fig. 2.9b is depicted a model example of the merge of the two techniques for
hexavalent chromium (Cr(VI)) removal, where nZVI is positioned as a reactive
wall and constant electric potential gradient was applied in order to move the
electrolyte solution within the soil cell. Weng et al. (2007) showed the successful
incorporation of nZVI and EK by presenting the synergetic effect of this combina-
tion in hexavalent chromium reduction. Chowdhury et al. (2012) investigated the
impact of an external electric field on nZVI mobility in two different porous media.
Due to the surface properties of nZVI, the nZVI injection into the media was
preferably applied near the cathode. The obtained results revealed the potential of
the minimization of nZVI oxidation and the enhancement of nZVI migration when
electrokinetics was applied.

Moreover, electrokinetics offers the flexibilty to involve any nZVI based material
in such processes. For instance, Reddy et al. (2011) studied the transport and
reactivity of aluminum lactate modified nZVI in dinitrotoluene contaminated soils
under applied electric potential, showing the altered properties both in mobility and
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reactivity terms. Yang and Chang (2011) analyzed the removal efficiency of emul-
sified nZVI combined with electrokinetic remediation technique, providing promis-
ing insights into the application of such integrated methods. Gomes et al. (2013)
tested the transport properties of polymer coated nZVI when it is combined with EK,
indicating that nZVI mobility in various porous media can be enhanced with the use
of direct current.

2.3.5 nZVI Supported on Various Materials

Immobilization and stabilization of highly active nZVI can be achieved by synthet-
ically entrapping them onto a matrix. Aggregation phenomena are reported to be
considerably reduced when a matrix or the support material is used for the synthesis
of nZVL In this case, nZVI possesses a higher specific area, colloidal stability,
homogeneous dispersion, and narrower size distribution (Ponder et al. 2000). There-
fore, supported nZVI display higher activity compared with non-supported systems
(Ponder et al. 2001). Additionally, a support material can serve as a “host” for the
byproducts that are formed during the nZVI reaction with the pollutants, e.g.,
degraded pollutant/Fe(Ill) hydroxides precipitates. Thus, the surface of nZVI
remains longer and highly active.

The synthesis and investigation of the stability and mobility of nZVI has been
achieved with great results in the presence of various support materials such as clays
(Zhang et al. 2012; Uziim et al. 2009; Wu et al. 2012; Olson et al. 2012), polymer
resins (Ponder et al. 2000, 2001), amorphous silica and silica sand (Oh et al. 2007,
Dorathi and Kandasamy 2012), exfoliated graphite (Zhang et al. 2006), water-
soluble starch (He and Zhao 2005), cationic exchange membranes (Kim et al.
2008), cellulose acetate membranes (Meyer et al. 2004), alginate bead (Kim et al.
2010), activated carbon (Mackenzie et al. 2012), mesoporous silica (OMS) (Li et al.
2011), mesoporous silica microspheres (Qiu et al. 2011), nanostructured silica
SBA-15 (Saad et al. 2010), zeolites (Zhang et al. 2002), chitosan (Geng et al.
2009; Liu et al. 2012), graphene, and ordered mesoporous carbon (Ling et al.
2012). In Table 2.3 are listed some of the support materials and their functions
that have been used according the literature; in Fig. 2.10 are shown some results that
compare the efficacy of bare nZVI with supported nZVIL.

Besides the benefits that arise from limiting the aggregation of nZVI, synergetic
effects can boost the total degradation ability of these materials even more
(Table 2.4). When an appropriate support material is used, absorption; reduction;
or photocatalytic properties can be added and multiply the effects. Thus, the use of a
support material is a matter of high technological importance because it can extend
the use and sustainability of nZVI. Moreover, the range of the targeted pollutants can
be widened, involving nZVI in a larger variety of environmental scenarios.
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Table 2.3 Various nZVI support

materials and their function (Zhou et al. 2016)

Modified material Function

Silica Protect the particles from intersystem dipolar interactions;
provide numerous hydroxyl groups on the surface as active
sites

Quercetin Form complexes with some metal ions

Silver zeolite

High reactivity (e.g., antimicrobial activity) and good thermal
stability; cation exchange and adsorption

Bifunctional polymer (outer
PEO and inner PPO)

Outer hydrophilic region for colloidal stability and an inner
hydrophobic region for solubilization of organic compounds

AMT-TMSPT

To form a stable complex with soft transition metal ions (e.g.,
Ag and Cd).

CTAB and CPC

Retain analytes by strong hydrophobic and electrostatic
interactions

PV3A

Reduce particle size, {-potential, isoelectric point

Graphene

Have excellent mechanical, electrical, thermal, and optical
properties and very high specific surface area; to form a strong
n-m stacking interaction with the benzene ring

PDA

Offer biocompatibility, dispersibility in water, multifunctional
groups (amino and catechol groups), and provide z-z stacking
interaction to targets

PDMS

Full of functional groups such as hydrocarbyl, high biocom-
patibility, hydrophobic

PNIPAM

Thermosensitive, change the morphology by controlling tem-
perature to accomplish the release of target compounds

MOFs

Possess extremely large surface area, low density, micropo-
rosity, easily designed or modified to have different pore sizes,
and regarded as promising candidates for storage, separation,
and catalysis

Chitosan

Hydrophilic, biocompatible, and biodegradable; full of amino
groups, can form a chelate complexes with heavy metal ions

Clay

Large surface area, hydrophilic, widely available, inexpensive
and safe
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Table 2.4 Summary of examples of the nZVI modifications and their properties

Modified nZVI

Beneficial features/added properties

nZVI supported on mesoporous silica (Petala
et al. 2013)

Elimination of agglomeration, high surface
area and reactivity

nZVI supported on biochar (Dong et al. 2017)

Alleviation of passivation, biochar acts as a
scavenger for byproducts such as Cr(III)/Fe
(IIT) hydroxides, enhanced remediation ability

nZVI modified with sodium dodecyl sulfate
(SDS, an anionic surfactant) (Huang et al. 2015)

High stabilization (less aggregation and sedi-
mentation), higher remediation ability

nZVI/chitosan (Jin et al. 2016)

Avoidance of agglomeration and air-oxidation

nZVI/titanium oxide (Petala et al. 2016)

Synergetic photocatalytic and reductive
properties

nZVl/activated carbon (Tseng et al. 2011)

Combination of physical adsorption capacity
and dechlorination destructive capacities

nZVI/amphiphilic polysiloxane graft copoly-

Higher remediation ability, higher

mers (Krajangpan et al. 2012) dispersibility, colloidal stability

2.4 Remediation Using nZVI

While nZVT has been widely used for site remediation in USA since the beginning of the
new millennium, the number of full-scale remediations employing nZVI is lower in
Europe (Mueller et al. 2012). Nevertheless, there is an increasing tendency to use nZVI
as a novel in situ reduction technology and this material has become a well-known reagent
for many environmental consultants. Although RNIP particles (Toda Kogyo Corp., Japan)
have been applied to a few pilot-scale applications over the past 20 years, NANOFER
nZVI (NANO IRON s.r.0., Czech Republic) is the only commercially produced nanoscale
ZVT used for groundwater remediation in Europe nowadays. It has been used to treat over
twenty sites, mainly in Belgium, France, Switzerland, Spain, Portugal, Italy, Denmark and
the Czech Republic (Bardos et al. 2018).

Despite the great number of laboratory studies focused on pollutant removal by
nZVI published in the form of scientific papers, the number of the articles
documenting the full-scale or at least pilot-scale applications of nZVI is much
smaller. Their summary is provided in Table 2.5. What can account for such a
lack of literary sources could be the (hydro)geological as well as geochemical
complexity of groundwater and soil on site (i.e., leading to much higher degree of
uncertainty than in case of laboratory tests under the well-defined conditions)
complicating interpretation of the observed results (Litter et al. 2018).

The first documented pilot application of nZVI (in form of Fe/Pd bimetallic
nanoparticles) was performed by the pioneers of this technology, D. W. Elliott and
W. Zhang, in 2001 (Elliott and Zhang 2001). In the area of an active industrial zone
in Trenton, New Jersey, 1.7 kg of nZVI was fed by gravity through infiltration wells
within 2 days. The concentration of PCE (target contaminant; initial concentration
up to 800 pg/L) was reduced by 96% in 1 month after the application. Since that
time, bimetallic or bare nZVI has been used in plenty of pilot tests in USA but only

Jan.Filip@UPOI.Cz



40 T. Phenrat et al.

some of them have been summarized with the results published in scientific journals
(see Table 2.5). In most cases, nanoparticles were prepared directly on site using
reduction of ferric salt by borohydride and only small amount of nZVI (less than
20 kg) was applied. The researchers focused not only on the remediation efficiency
of nanoparticles (Glazier et al. 2003; Bennett et al. 2010; Chowdhury et al. 2015) but
also on their migration ability and influence on microbial communities (Bennett et al.
2010; Kocur et al. 2014, 2015).

A pilot-scale application of nZVI in Marine Corps Depot former dry cleaners on
Parris Island, South Carolina, was unique by its scale among other published pilot
tests. Total amount of 275 kg of RNIP nZVI was emulsified with corn oil and
surfactant in order to enhance its mobility in the subsurface. The emulsion was
applied deploying two methods—pneumatic injection and direct injection. The
authors described the effects of nZVI on CHCs levels in the first paper (Su et al.
2012), and transport and transformation of the nanoparticles in the second one
(Su et al. 2013).

The use of nZVI for Cr(VI) reduction in a pilot in situ remediation was recently
reported (Némecek et al. 2015). The polluted site is located in the northern part of the
Czech Republic where potassium dichromate spread from the leather processing
plant. Prior to the treatment of the site, the Cr(VI) concentration in the soil,
accounting for up to 46 mg/kg, prevailed over those in the groundwater (3 mg/L).
The contaminated aquifer is situated in the quaternary sands and gravels with clayey
admixtures and the water table was found 4.5-5.5 m bgl (aquifer thickness about
5 m). The groundwater flows with a velocity 0.2-2 m per day and discharges into a
river 500 m away. In August 2012, 120 kg of nZVI (NANOFER 25 from NANO
IRON s.r.0., Czech Republic) was applied to the saturated contaminated zone
through three injection wells situated perpendicularly to the groundwater flow with
spacing of 2.8 m (i.e., configuration of the injected geochemical barrier). Another
four monitoring wells (1 of them up-gradient and 3 down-gradient) has been drilled
at the site and the evolution of selected physico-chemical parameters and changes in
Cr(VI) contamination level were monitored before and after the nZVI. The nZVI
application resulted in an immediate decrease in the redox potential down to
—484 mV (within 1 day), followed by a rapid decrease in the concentration of
both Cr(VI) and total Cr. The rapid reductive effect of nZVI was observed at a
distance of 7 m down-gradient.

A similar approach, which seems to be highly promising due to the partial
regeneration of the applied nZVI through successive abiotic and biotic reduction
steps, was applied by the same authors at another site in the Czech Republic
(Némecek et al. 2016). In this case, the aquifer is located in quaternary sandy gravel
with silty admixtures and overlaid by clay and clayey loam. It is approx. 4 m thick
and drained by the groundwater flow equal to 1.5 m per day into a river at the
distance of 430 m. The groundwater was contaminated with Cr(VI) (4-57 mg/L) and
TCE/cis-DCE (400-6000 pg/L of sum of CHCs) as a consequence of the historical
chromium coating industrial activities. Two types of nZVI particles (20 kg of
NANOFER STAR followed by another 20 kg of NANOFER 25S, both from
NANO IRON s.r.o., Czech Republic) were applied by direct push technology during
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Fig. 2.11 Evolution of chlorinated VOCs (CHCs) concentration in the groundwater (a) before and
(b) after the first nZVI application (adapted from Némecek et al. 2016 with permission)
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Fig. 2.12 Evolution of CVOCs (CHCs) concentration in the groundwater (a) before and (b) after
the second nZVI application (adapted from Némecek et al. 2016 with permission)

the period of 4 months into the three boreholes situated perpendicularly to the
groundwater flow. In the second step, the whey was applied a few months later
using a circulation system resulting in 60 mg/L. of TOC in the groundwater. The
application of nZVI caused a decrease in the redox to below —400 mV, subsequently
stabilized at 50—100 mV after the injection of whey. The evolution of chlorinated
volatile organic compounds concentration during the pilot test is presented in
Figs. 2.11 and 2.12.

Another pilot application of NANOFER particles was performed in South Korea
(Ahn et al. 2016). nZVI was injected into the groundwater in order to treat TCE
source in the aquifer of the Road Maintenance Office. Except the evaluation of the
nZVI effectivity in the groundwater, the authors focused on the effect of nitrate and
DO on TCE reduction and studied also reactive lifetime of injected nZVI particles.
The application resulted in removal of >95% of the total TCE in 60 days. The
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undesirable reactions of nZVI with dissolved oxygen and nitrates were identified as
contributing to Fe(0) consumption to a large extent. The reactive lifetime of the
nanoparticles at the site was found to be at least 103 days but some residual Fe
(0) was proved to be present on site even after 165 days.

Not only were pilot trials on the in situ groundwater remediation reported, but
also the usage of nZVI for waste water treatment was documented. A Slovenian
research team investigated the effects of different nZVI particles (NANOFER
25, NANOFER STAR and borohydride-nZVI) on metal, bacteria and content of
nitrogen in a real effluent water from a small biological wastewater treatment plant
(Oprckal et al. 2017). This work showed that there can be a risk of releasing trace
elements into the water if these are bound to nZVI particles. Therefore, careful
optimization of the iron load, and of the mixing and settling times, is necessary for
the efficient process optimization. Despite in-house nZVI being the most efficient at
inactivating pathogenic bacteria, these nanoparticles are not appropriate for remedi-
ation since it was found that the high levels of B and Na, originating from the NaBH,
used for their synthesis, contaminated the remediated water. The NANOFER
25 slurry most effectively removed potentially toxic elements and at optimal mixing
and settling times (400 and 180 min, respectively) effectively disinfected effluent
water at a low (0.5 g/L) iron load.

In another study, a full-scale application of nZVI for heavy metal removal from
waste water of the Jiangxi Copper Company, China, has been reported (Li et al.
2017). The waste water was contaminated predominantly with Cu, Ni, Zn, Pb, As, Se
and Sb. Borohydride-reduced nZVI was applied in 5 m x 5 m x 3 m separated
modules connected to the existing waste water treatment plant. The performance of
the technology over 120 days proved that nZVI acted as a highly efficient reagent
(>99.5% removal of key metals with capacities of 245 mg and 226 mg of As and Cu
per 1 g of nZVI, respectively) providing a low redox potential and subsequent
separation of metals. The advantage of such a technology lies in the fact that nZVI
keeps a low redox condition in the closed reactors, lowering the required nZVI
demand over time (>12 months) with partial recycling of nZVI.
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1. UVOD

Nanocastice kovového zeleza, obdobné jako jiné syntetické nanocastice, patfi mezi materialy,
jejichz potencial byl objeven a rozvijen teprve v poslednich dvou dekadach. Jedna se tedy o
material s kratkou historii, ale jeho studiu byl jiz vénovan velky prostor a v akademické oblasti je
stale povazovan za atraktivni pfedmét vyzkumu. Kazdy rok jsou v odbornych periodikach
publikovany ¢lanky, zabyvajici se syntézou, charakterizaci, toxicitou a potencidlnim vyuzitim
ruznych variant tohoto nanomateridlu. I piesto si nanocastice kovového zeleza teprve hledaji
uplatnéni v praxi, pficemz hlavnimi prekdzkami jsou nizké povédomi o jejich existenci a malé
nebo zadné zkusenosti s jejich aplikaci. Dalsimi faktory, negativné ovlivitujicimi pfijeti nanocastic
podnikatelskym sektorem i spole¢nosti, jsou obavy z jejich potencialni Skodlivosti a z vysoké ceny
(ve srovndni s konven¢nimi materidly). VSechny vySe uvedené negativni aspekty, spojené s
komercionalizaci nanocastic, jsou ditkazem toho, Ze dal$i vyzkum téchto novych materiall je
nezbytny, a to piedevsim z pohledu jejich aplikace a s nim spojeného ptisobeni na ¢lovéka a na

zivotni prostiedi.

Pravdépodobné nejvyssi potencidl pro uplatnéni v praxi maji nanocéstice kovového Zeleza
Vv oblasti dekontaminace podzemnich vod a pud. V poslednich desetiletich byly pouzity v fadé
pilotnich 1 plnoprovoznich sanaci, predev§im ve Spojenych statech americkych a v Evropé. Kromé
nékolika odbornych ¢lanktl, spojenych s Cisté vyzkumnymi aplikacemi nanocastic kovového
zeleza do kontaminované zvodné, vSak chybi zpravy o migraci a transformaci nanocastic

V Zivotnim prostredi.

Tato disertacni prace si klade za cil ukéazat teoretické i1 praktické moZnosti sledovani nanoc¢astic
kovového zeleza poté, co byly aplikovany do podzemni vody a/nebo pudy. Text je ¢lenén na
teoretickou a experimentalni ¢ast. Prvni dvé kapitoly teoretické Casti se zabyvaji zakladnimi
vlastnostmi kovového zeleza a jeho uplatnénim v sanacni praxi, druhé dvé kapitoly predkladaji
souhrn analytickych ptistupti, pouzitelnych pro sledovani nanoc¢éstic v zivotnim prostiedi. V prvni
kapitole experimentalni ¢asti je popsana metodika provedenych laboratornich testi a pilotnich
sanaci na lokalitach, rozmisténi aplikacnich a monitorovacich vrti a odbér vzorkil. Také je v ni
podan souhrn pouzitych analytickych metod a podminek méfeni. Druha kapitola experimentalni
casti predklada a diskutuje ziskané poznatky o transformaci a migraci nanocastic pii laboratornich

testech a na lokalitach.



2. TEORETICKA CAST

Zelezo je &tvrtym nejrozsifendjsim prvkem zemské kiry, tvoii 4,2 % jejiho celkového slozeni.?

Jedna se o pfechodny kov z 8. skupiny a 4. periody, ktery v atomovém jadru obsahuje nejcastéji
56 nukleonii a jehoz elektronové konfigurace v zakladnim stavu je [Ar] 3d® 4s%. Kromé obvyklych
oxidacnich ¢&isel I a III (absence 2 nebo 3 elektrontl) se mize vyskytovat v oxida¢nim stavu Fe?,
tj. v podobé kovového Zeleza (ZVI).2® Nanoéastice kovového Zeleza (nZVI) vynikaji redoxnim
chovanim (redoxni potencial E° redukéni poloreakce Fe?* na Fe® = -0,44 V), které z nich &ini
G¢inné redukéni ¢inidlo.* Toto chovani je odlisné v piipadé Zeleznych nanogastic

a makroskopického Zeleza, ackoliv obé formy této latky maji stejné chemické slozeni (Fe).

Redukeni vlastnosti ¢astic nZVI 1ze obecné vyuzit v reakcich s latkami, jejichz redox potencidl Eh
je vyssi nez -0,44 V.* Tato definice zahrnuje Sirokou skupinu sloucenin, z nichZ nékteré patii
do kategorie zne&istujicich, tj. akutn& a/nebo chronicky toxickych a/nebo bioakumulativnich.®
Reakce takovychto kontaminanti/polutantl s ¢asticemi nZVI ve vodé a pidé za ucelem jejich
destrukce (chemické pfemény) a/nebo imobilizace spada do oblasti ¢isténi vod a pid.®” V tomto
oboru maji ¢astice nZVI nejcastéjsi vyuziti, ackoliv potencial pro aplikaci ¢astic nZVI Ize nalézt i
v oblastech katalyzy® nebo energetického priimyslu.®® Z povrchovych, podzemnich a odpadnich

vod nebo ptid miize byt za pomoci ¢astic nZVI odstranéna fada znecistujicich latek. !
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Cr(VI) @A)

Cr(OH), /: A.Z(;)\ As(V) o
\
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Obriazek 1: Schéma ukazujici reakce a naslednou sorpci kovi na povrchu &astice nZVI (prevzato z %)



2.1.  Aplikace &astic nZVI ve svété a v CR

Dosud nejrozsifenéjsi pouziti maji ¢astice nZVI v oblasti reduktivnich technologii pro in-situ
sanaci podzemnich vod. Jednd se o metodu, pfi niz je redukéni ¢inidlo vpraveno pomoci
permanentnich vrtti nebo metodou direct-push (tzv. na ztraceny hrot) do kontaminované zvodné,
kde nasledné dochazi k jeho reakci s polutanty. Cilem in-situ sanace je redukce skodlivych latek
piimo v podzemi, bez nutnosti energeticky i ¢asové naroéného erpani vody na povrch.® Castice
nZVI se ukézaly pro tyto ucely vhodnymi nejen diky vysoké reaktivité s fadou redukovatelnych
a/nebo sorbovatelnych latek, ale také pro své malé rozméry, umozilujici snadné vpraveni Castic
nZV1 do horninového prostiedi. Pro srovnani — injektaz mikrocastic kovového zeleza probiha
obvykle metodami ,,soil mixing* nebo hydraulicko/pneumatickym Stépenim (73 % aplikaci), zdsak
nanodastic kovového Zeleza se vétsinou provadi tlakové nebo gravitaéné (78 % aplikaci).™® Bylo
by vSak chybou opomenout skute¢nost, ze prave ¢astice mZVI, coby vyvojovy predchiidce castic
nZVI, byly dfive objevenym redukénim materialem, vhodnym k sanaci podzemnich vod.***® Prvni
zminky o pouziti ¢astic mZVI v sanaéni praxi pochézeji z 90. let 20. stoleti.’®” Warner et al.
popisuji pilotni konstrukci propustné reaktivni bariéry (PRB), kterou provedli védci z University
of Waterloo vroce 1991, a komeréni PRB z let 1994 a 1995. Posledni z téchto bariér byla
sledovana po dobu deseti let a slouzila k odstranéni TCE, DCE a Freonu 113 z kontaminované
podzemni vody, protékajici skrz PRB rychlosti necelych 6 m/den.'® Béhem nékolika dalich let
nasledovalo minimalné 19 pilotnich a 20 plnoprovoznich aplikaci ¢astic mZVI v podobé PRB,
podrobné popsanych v dokumetu U.S. EPA z roku 2002. V této zpravé je také konstrukce PRB
doporucena jako standardni remedia¢ni metoda.'® Autory prvni publikace, dokumentujici pouziti
nanocastic namisto mikroc¢astic v roce 2001, jsou Daniel W. Elliott a Wei-Xian Zhang. Tyto
vyzkumniky z Lehigh University v Bethlehemu v Pensylvéanii lze povazovat za prikopniky
technologie sanace na principu nZVI. Jejich prace podnitily zajem o pouZiti ¢astic nZVI, ktery se
v USA brzy rozsifil 1 mezi sanacni geology, konzultanty a ostatni specialisty, a ktery vedl
k velkému mnozstvi remediacnich zasahi pomoci Castic nZVI. Bohuzel jen nékteré z téchto
aplikaci byly podrobnéji popsany ve védeckych ¢lancich, pozdéji publikovanych Vv nékterém z
odbornych periodik (viz ptifazené reference). Comba et al. uvadi, ze v letech 2000 — 2010 bylo
jen ve Spojenych statech americkych provedeno 112 pilotnich a/nebo plnoprovoznich remediaci
pomoci ZVI (aplikace ¢astic mZVI do PRB nejsou zapoditany).'® Zatimco v USA zaziva pouziti

¢astic nZVI v dekontaminacnich technologiich boom, v Evropé je prvni pilotni aplikace
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realizovana aZ v roce 2004, a to na uzemi CR. Pilotni zkousku provedla americk4 firma Golder
Associates ve spolupraci s ¢eskou sanaéni spoleénosti AQUATEST, a.5.2° V té dobé také zadina
spoluprace AQUATESTu s Technickou univerzitou v Liberci, Univerzitou Palackého v Olomouci,
Masarykovou univerzitou v Brné a Ustavem fyziky materiali AV CR v Brng, ktera se dale rozviji
Vv ramci projektu “Vyzkum vyroby a pouziti nanoc¢astic na bazi nulamocného Zeleza pro sanace
kontaminovanych podzemnich vod”.?! Na prvnich aplikacich ¢astic nZVI v EU mimo tizemi CR
se opét podili firma Golder Associates, tentokrat spolu s némeckymi subjekty Alenco GmbH a
Bundesanstalt fiir Geowissenschaften und Rohstoffe.?2?® Tyto pilotni testy probihaji v letech 2005
a 2006 v Némecku. Brzy nasleduje plnoprovozni aplikace v némeckém Bornheimu.?? V EU se
castice nZVI dostavaji do Sir§itho povédomi védecké komunity diky projektu NanoRem (Taking
Nanotechnological Remediation Processes from Lab Scale to End User Applications for the
Restoration of a Clean Environment),?* ktery v letech 2013 — 2017 spojil celkem 31 evropskych
partnerti ze soukromého i vefejného sektoru.?® Také v CR pokraduje vyzkum &astic nZVI na
akademické ptid€, podpoteny spolupraci se soukromymi subjekty. K naprosto unikatnimu spojeni
5 firem a 3 vyzkumnych organizaci doslo v ramci projektu Nanobiowat (Ekologicky Setrné
nanotechnologie a biotechnologie pro ¢isténi vod a pud), ktery probihal v letech 2012 — 2019.%5

V poslednich letech zazivaji ¢astice nZVI zvyseny zajem v asijskych zemich.?’
2.2. Sledovani migrace a transformace ¢astic nZVI pomoci nepifimych metod

Neptimé techniky sledovani Castic nZVI neslouZzi k jasné identifikaci nanocastic, ale ukazuji
disledky jejich ptisobeni v podzemni vode a pidé€. Pro svou jednoduchost a levnéjsi provedeni
(v porovnani s ptimou charakterizaci nZVI) jsou na lokalitach v praxi hojné vyuzivany a staly se

standardni sou¢asti metodologie pro vyhodnoceni vlivu &astic nZVI na sanovanou zvode.?®
2.3. Sledovani migrace a transformace ¢astic nZVI pomoci pfimych metod

Mezi piimé techniky analyzy fadime takové, které¢ umoznuji identifikaci ¢astic nZVI. To znamena,
ze jsou schopny spolehlivé rozeznat aplikované nanocéstice od okolniho prostiedi, ptipadné
od jinych piirodnich koloidi. Teprve pokud jsou toho analytické metody schopny, je mozné
provadét monitoring $ifeni a osudu nanocastic v podzemni vodé a padé.?® Vzhledem
k instrumentalni naro¢nosti nize popsanych technik, nejsou tyto pfistroje pfenosné, a nelze je tedy

pouzit pfimo na lokalité&.



3. EXPERIMENTALNI{ CAST
3.1. Seznam pouzitych analytickych metod

3.1.1. Seznam pouzitych nepirimych metod sledovani ¢astic nZVI

- Méfeni fyzikalné-chemickych parametrii vody probihalo pomoci multimetru pro méfeni pH
a ORP (WTW s.r.0.). Pfistroj byl pravideln¢ kalibrovan za pomoci technickych pufra pH =4,01 a
7,02 (WTW s.r.0.). Odecet hodnot byl provadén v ptipadé vsadkovych testl po jejich ustaleni
V kontinualné michaném systému, v pfipadé¢ méteni na lokalité po jejich ustaleni v pritocné cele.

Spolu s pH a ORP byly zaznamenavany také konduktivita a teplota vody.

Koncentrace celkového a rozpusténého zeleza byly méfeny atomovym absorpcnim
spektrometrem ContrAA 300 (AnalytikJena AG, Némecko). Analyze rozpusténého Zzeleza
ptedchézela filtrace kapalného vzorku pomoci 0,2um PES stiikackového mikrofiltru a fedéni
vzorku na koncentraci v pozadovaném rozsahu. Pro stanoveni celkového zeleza byl vzorek
podroben tplnému kyselému rozkladu s 10% HCI (po dobu 5 min pti 100 °C), poté filtrovan pies
0,2um PES stfikackovy mikrofiltr a fedén na koncentraci v poZadovaném rozsahu. Méteni
probihalo pfi vinové délce 248 nm. Pro sestrojeni kalibra¢ni pfimky byly pouzity standardni
roztoky Fe pro AAS (Merck KGaA, Némecko).

- Zmény v koncentraci kontaminantti pti laboratornich experimentech byly zkoumany pomoci UV-
VIS spektrofotometrie, AAS a GC-MS. Odbourani Cr(VI) pti vsadkovych testech bylo sledovano
pomoci spektrofotometriec ve viditelné oblasti elektromagnetického spektra a AAS.
Spektrofotometrie vyuziva vznik barevného komplexu, viz Petala et al. *°. Komplexace Cr(V1)
probiha po ptidavku 120 pl 1,5-difenylkarbazidu (25 mg v 10 ml acetonu) a 60 ul kyseliny
chlorovodikové nebo kyseliny fosforecné (5%) a dochazi k ni béhem asi péti minut. Nasledné je
zaznamenano absorp¢ni spektrum a hodnota absorbance v absorpénim maximu (A = 541,5 nm).
Pro sestrojeni kalibra¢ni pfimky byly pouZity standardni roztoky Cr(VI). Veskeré pouzité
chemikalie dodala Sigma-Aldrich, USA. Analyza celkového chromu probihala na pfistroji
ContrAA 300 (AnalytikJena AG, Némecko), vzorky byly méteny bez jakékoliv pfedchozi upravy.
Me¢éteni probihalo pfi vlnové délce 357.9 nm. Pro sestrojeni kalibrani pfimky byly pouZity
standardni roztoky Cr pro AAS (Merck KGaA, Némecko). Degradace chlorovanych uhlovodiki

pii vsadkovych testech byla testovana pomoci plynového chromatografu Varian CP-3800 na



Technické univerzité v Liberci. Vyvoj kontaminace na lokalitdich byl vzdy sledovan sana¢nimi

firmami, které provadély aplikaci ¢astic nZ VI, a proto neni soucasti vysledkové Casti této prace.

- Kvalita suspenzi nZVI pouzitych na lokalitach byla kontrolovana tzv. nZVI testerem (NANO

rrrrr

Fe(0) s roztokem NaHSOa.

- Méfeni magnetické susceptibility probihalo jak ex-situ na vrtném jadru, tak in-situ pf¥imo
Vv monitorovacich vrtech. V obou pfipadech se jednalo o pfistroje vyvinuté na zakazku. Pro ex-situ
test byl pouzit stolni detektor patfici firmé Dekonta, a.s., pfi in-Situ monitoringu (karotaz
ve vybranych vrtech) pfenosny pfistroj od firmy W & R - instruments, s.r.o. Jednalo se o sondu
sestavajici ze dvou civek ve vzdjemné vzdalenosti 25 cm, vysilajici na frekvenci asi 2 kHz
a s méficim rozsahem 10° az 0,5 jednotky. Karotdz na lokalité provadéla sanacni firma
GEOtest, a.s. Podminky karotaznich méteni byly nasledujici: hloubkovy méfici interval 5 cm,

rychlost méfeni 100 — 350 m za hodinu, lateralni dosah 50 — 100 cm.

- Vliv aplikace ¢astic nZVI na vodni mikroorganismy byl studovan metodou PLFA na pfistroji
456-GC, SCION SQmass detektor, Bruker, USA) podle Némecek et al. 3. Analyzy byly provedeny
v Mikrobiologickém ustavu AV CR v Praze. Vliv aplikace &astic nZVI na genové markery
mikrobiologické populace, rostouci na pasivnich piskovych vzorkovacich, byl sledovan metodou
qPCR na piistroji LightCycler® 480 (Roche, Svycarsko) podle Dolinova et al. *2. Analyzy byly

provedeny na Technické univerzité v Liberci.
3.1.2. Seznam pouzitych pfimych metod sledovani ¢astic nZVI

- Profil stopovych prvkil v ¢asticich nZVI byl ur¢en analyzami na pfistrojich 7700x ICP-MS a
8800 Triple Quadrupole ICP-MS (oba od Agilent Technologies, USA). Méfeni ptedchazela uprava
vzorkli mikrovlnnym rozkladem (v ptfipad€ zdsaku nZVI v umélé 3D zvodni) a uplnym kyselym
rozkladem s 50% HNO3 po dobu 3 hodin pii 90 °C (v piipadé vzorku z lokalit Spolchemie
a Farmak). Celkem bylo sledovano 39 prvka v kazdém vzorku. Za tucelem minimalizace
spektralnich interferenci byly pouzity tfi rizné kolizni plyny a proménné hodnoty hmotnostniho
posunu mezi dvéma kvadrupdly. Externi kalibrace byla provedena za pouziti komplexni smési

standardii ICP-MS (Merck KGaA, Némecko). Ke vSem kalibraénim roztoklim byl pfidan interni



standard (0,025 mg/1 In), po kazdych 10 métenich byl kontrolovan posun zékladni linie a ziskana

data byla korigovana s ohledem na posun signdlu blanku.

- Ke studiu transformace ¢astic nZVI byly pouzity metody XRD a Mdssbauerova spektroskopie.
Vzorky odebrané¢ho sedimentu byly pfed méfenim magneticky separovany, aby obsahovaly co
nejvyssi podil fazi zeleza a co nejméné ostatniho materialu (predev§im oxidu kiemiku). Anylyza
pomoci XRD probéhla na pfistroji X’Pert PRO MPD (PANalytical B.V., Nizozemsko),
vybaveném Brag-Brentanovou méfici geometrii, zdrojem CoKa rentgenového zafeni, polohové
citlivym detektorem X’Celerator a programovatelnou clonou. Vzniklé zdznamy byly vyhodnoceny
v programu High Score Plus (pomoci PDF-4+ a ICSD databdzi). Ptiprava vzorku probihala tak,
aby byl minimalizovan jeho kontakt se vzduchem, béhem méfeni byl prekryt polyimidovou folii
Kapton®, transparentni pro rentgenovo zaieni. Mdssbauerova spektroskopie probéhla na pfistroji
MS96 (RCPTM) s °’Co(Rh) zdrojem y-zéafeni a scintilaénim YAIlOs:Ce detektorem. Izomerni
posun byl kalibrovan pomoci a-Fe folie. Ke zpracovani namétenych dat byl pouZzit program
MossWin. Pfed i béhem méteni byly vzorky udrzovany zmrazeny v kapalném dusiku a v Kryostatu

pii 100 — 200 K.

- Transformacni produkty Castic nZVI byly zkoumany za pouziti elektronové mikroskopie.
K zobrazeni morfologie sedimenti a jejich prvkového slozeni poslouzily SEM a EDS, pfistroj SU
6600 (Hitachi, Japonsko). TEM a EDS byly provedeny na pfistroji JEM-2100 (JEOL, Japonsko).

Vzorky byly pro méfeni naneseny na médénou miizku s uhlikovou folii a usuSeny na vzduchu.
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4. VYSLEDKOVA CAST

4.1. Transformace ¢astic nZVI béhem vsadkovych testi

Pro vsadkovy experiment starnuti Cerstvych castic nZVI v redlné kontaminované vod¢é za
laboratornich podminek byla pouzita voda, odebrana z vrtu PV-129 na lokalit¢ Spolchemie.
Aktivovana suspenze NANOFER STAR byla smichana s touto vodou, v niz v dobé odbéru
dominovala kontaminace 1,2-cis-DCE nad kontaminaci PCE. V podzemni vodé byla zvySena
hladina rozp. Fe (pfes 100 mg/l) a obvykla konduktivita (2,7 mS/cm), pH 7,6 a ORP blizky 0.
Prvni polovina reak¢nich systémi byla tiepana bez pristupu svétla za pokojové teploty, druha
polovina reakénich systémil byla ponechana bez tfepani a bez ptistupu svétla pti 13 °C. Analyza
vSech experimentalnich systémi pomoci XRD ukézala, Ze zatimco ve vzorcich sedimentu
odebiranych na lokalit¢ prevlada uhlic¢itanovy green rust (COs3-GR) jako hlavni produkt
transformace castic nZVI, v experimentalné vytvoienych podminkdch dominuje jiny produkt
pfemény ¢astic nZVI — chukanovit (Fe2(OH)2COz). Divodem jeho dominantniho vzniku by mohla
byt zvysend koncentrace zeleza v uzavieném systému vsadkového testu (0,4 — 1,6 g/l), ktera
zpusobila lokalni zakoncentrovani F e?*, k némuz v realné zvodni nedochazi. Chukanovit vznika
pii vyssich koncentracich Zeleza a uhligitand (oboje > 0,5 g/1) pfimym slou¢enim Fe?*, OH-a CO3>
33 COs-GR prevlada v podminkach s nizsi koncentraci Zeleza (50 — 100 mg/1) a uhligitand (100 —
200 mg/1).3* V ptipadé experimentll probihajicich za sniZené teploty a bez tiepani byl rozsah
pfemény o-Fe na chukanovit niz8i, nez v pfipad¢é vzorki tfepanych za pokojové teploty. Pfi
vsadkovych experimentech byly navic identifikovany dal$i nezelezné uhli¢itanové faze — aragonit,
kalcit a dolomit. Tyto mineradly nebyly nalezeny v zadné z magnetickych frakci sedimentd,
odebranych na lokalit¢ Spolchemie. Diivodem jejich vzniku miiZze byt vyrazny lokalni nartst pH
V bezprosttednim okoli nanocéstic, ke kterému na lokalit¢ nedochazelo, ale ve vsadkovém
uspofadani ano. Za takovych podminek byl nékterymi vyzkumniky zaznamendn narist krystali
nezeleznych uhli¢itanovych fazi na povrchu elementarniho Zeleza, konkrétné se jednalo o kalcit®

a aragonit®®,

Ve vsadkovych testech byl pouzit také sediment z lokality Spolchemie, z néhoz byly magneticky
odseparovany ,,zreagované® castice nZVI (NANOFER STAR po 1 roce po aplikaci). Pak byla
testovana reaktivita tohoto vzorku viici Cr(VI) a CHC (PCE, TCE a VC). Pii pocatecni
koncentraci Cr(VI) = 6 mg/l odstranily ,,zreagované* ¢astice nZVI pii davce 0,2 g/l az 94 %
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chromu (po dobu 24 hod), mnozstvi aktivovaného NANOFER STAR, potiebného pro dosazeni
srovnatelné Gc¢innosti (> 80 % za 24 hod), ptesahuje 1 g/L. Tento zavér je ve shodé€ s vétSinou
publikovanych praci, které uvadi 100% uc¢innost odstranéni Cr(VI) z vody nebo pidy pii davce
1 g Fe/10 mg Cr3"-° a piiblizné 20% tGc¢innost odstranéni Cr(VI) z vody nebo piidy pii davee 50 —
100 mg Fe/10 mg Cr3%4°. U¢innost odstranéni Cr(VI) z vody nebo pidy pomoci &astic nZVI je
také vyrazn¢ ovlivnéna koncentraci chromu, nebot’ pii obsahu Cr(VI) 100 mg/L jiz dochazi
K pasivaci povrchu nanoéastic a nelze dosahnout 100% tuginnosti odstranéni.3’ | Zreagované*
castice nZVI tedy vykazovaly lepsi schopnost odstranéni Cr(VI), nez ptivodni ¢astice nZVI (100%
ucinnost byla dosazena jiz pti davce 200 mg Fe/10 mg Cr). To mohlo byt zptisobeno skutecnosti,
ze ve vzorku odebraném na lokalité byly identifikovany transformacni produkty ¢astic nZVI, jez
maji vynikajici sorpéni kapacitu (hematit, magnetit a wiistit), umoznujici adsorpci kovu na povrch
nanoéastic.** Tuto teorii potvrzuje i fakt, ze v testech odstranéni CHC, kde hraje hlavni roli
schopnost dechlorace kontaminantu, 1ze pozorovat opa¢ny trend. Pii stejné davce Fe (5 g/l)
dokazal cerstvy NANOFER STAR odstranit z redlné kontaminované vody v priméru 54 % PCE
(Obrazek 2), 73 % TCE (Obrazek 3) a 94 % VC (Obrazek 4), zatimco ,,zreagované* ¢astice nZVI
pouze 38 % PCE, 31% TCE a 24 % VC. Témito testy bylo prokazano, ze i po roce od aplikace se
ve zvodni nalézaji nanocastice, které nepodlehly uplné degradaci/transformaci, a které obsahuji
vyznamny podil a-Fe. Takto ,,zreagované* Castice nZVI vykazuji vysokou sorp¢ni kapacitu pro

Cr(VI), ale nizké redukéni schopnosti viaci CHC.

100 - 100
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Obrazek 2: Odbourani PCE z realné kontaminované vody pomoci NANOFER STAR (vlevo) a "zreagovanych"
¢astic nZVI (vpravo)
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Obrazek 3: Odbourani TCE z reilné kontaminované vody pomoci NANOFER STAR (vlevo) a "zreagovanych"
¢astic nZVI (vpravo)
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Obrazek 4: Odbourani VC z realné kontaminované vody pomoci NANOFER STAR (vlevo) a "zreagovanych"
¢astic nZVI (vpravo)

Experimenty ve vsadkovém uspotadani byly provedeny také s vodou z lokality Zetor. V tomto
piipad¢ byla testovana jak podzemni voda (Cr(VI) = 11 mg/l), tak puda (Cr(VI) = 30 mg/kg).
Koncentrace 1 g/l ¢astic nZVI (aktivovany NANOFER STAR) pouzitd ve smési se samotnou
podzemni vodou byla dostate¢na k odbourani > 99,9 % celkového Cr. Pfi reakci castic nZVI se
smési vody a pidy v poméru 2 : 1 dochazelo k postupnému vyluhovani Cr z plidy a zvySovani
koncentrace celkového Cr v systému (potvrzeno také v testech vyluhovatelnosti ptidy). Uginnost
odstranéni chromu v tomto ptipad€ pii koncentraci 1 g/l ¢astic nZVI dosahla pouze 98,5 %,
pravdépodobné v diisledku piekroceni reakéni kapacity ¢astic nZVI. Tento vysledek je v naprosté
shodé stim, ¢eho dosahli Reginatto et al.®°, ktefi uvadi 98% 0¢innost odstranéni chromu

Z kontaminované zeminy pii pouziti 1 g NANOFER na 11 mg Cr(VI).
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4.2. Analyza ¢astic nZVI pri simulovaném zasaku v umélé 3D zvodni

Analyza ¢astic nZVI (aktivovany NANOFER STAR) v prabéhu simulovaného zasaku v umélé 3D
zvodni poslouzila k ovéfeni experimentalniho piistupu a metodiky zpracovani dat pii sledovani
castic nZVI pomoci jejich ICP-MS prvkového profilu. Uméla 3D zvoden obsahuje, na rozdil od
realnych lokalit, zcela homogenni matrici (jednodruhovy pisek s definovanou zrnitosti), metoda
tedy byla testovana pouze na nékolika stopovych prvcich: Mn, Sc, Sr, In a Y. Zména koncentrace
u nékterych prvki doslo ke snizeni jejich koncentrace (Sc, Sr, Y), mnozstvi dalSich prvka se
zvySilo (Mn, In). Snizeni koncentrace bylo disledkem zfedéni pudy velkym objemem vody,
injektované spolu s nZVI. ZvySeni koncentrace bylo zplsobeno pfitomnosti pouZitych ¢astic
nZVI. Tyto informace mohou byt statisticky reprezentovany pomoci analyzy hlavnich komponent
(PCA) s pouzitim udajii o pomérech koncentraci jednotlivych prvkl. Obrazek 5, ¢ast B, ukazuje
zmény v prvkovém profilu pisku po aplikaci ¢astic nZVI. Dva vzorky pisku pred zasakem
(VEGAS pisek 1 a VEGAS pisek 2) jsou porovnany se vzorkem injektovaného materidlu (nZVI +
CMC) a se vzorkem odebranym z umé&lé 3D zvodné po aplikaci ¢astic nZVI (nZVI + CMC +
pisek). Prvkové profily pisku pied aplikaci (C, D) se po injektazi ¢astic nZVI (B) posunuly smérem
k profilu aplikovanych castic nZVI (A). Obrazek 5, ¢ast D, ukazuje specifickou korelaci mezi
vSemi péti prvky, pficemZ prvky, jejich koncentrace poklesla (Sc, Sr a Y), a prvky, jejichz
koncentrace narostla (Mn a In), vytvorily dvé€ jasn€ oddélené skupiny. Tyto jednoduché grafy
ukazuji, jak PCA slouzi k vizualizaci vice proménnych (poméry koncentraci) a ptipada (prvka).
Test vumélé 3D zvodni také prokazal, Ze za pomoci prvkovych profill 1ze spravné popsat
jednoduchy jev zfedovani a koncentrovani prvkli v matrici. Ackoli v tomto piipad¢ hlavni
komponenta ¢. 1 vysvétluje 99,5 % rozptylu dat, tudiz pouziti vicerozmérné analyzy je zde

nadbytecné, test poslouzil k validaci metodologie ICP-MS prvkovych profilt.
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4.3. Migrace a transformace ¢astic nZVI na lokalité Spolchemie

Monitoring chovani ¢astic nZVI aplikovaného na lokalité probihal po dobu celkem dvou let, od
srpna 2014 do srpna 2016. Béhem tohoto obdobi bylo provedeno 23 kol monitoringu
v pravidelnych ¢asovych rozestupech (obvykle jeden mésic, v blizkosti zasaku castéji), z toho 2
odbéry probéhly pted prvni aplikaci castic nZVI, 10 mezi prvnim a druhym zésakem a 11
nasledovalo po druh¢ aplikaci ¢astic nZVI. V ramci odbért byly vZdy méfeny: hladina a fyzikalné-
chemické parametry podzemni vody, koncentrace rozpusténého a celkového zeleza a rozsah
kontaminace. Vzdy byly také odebrany vzorky sedimentu pro strukturni analyzu a ve vétSiné
ptipadt byla provedena PLFA odebranych vzorka. S vyjimkou poslednich 5 vzorkovacich kol

byly vzdy soucasné odebrany vzorky pro uplny chemicky rozbor vody.

Vysledky méfeni fyzikalné-chemickych parametri ve vystrojenych vrtech jsou shrnuty v grafech
nize (Obréazek 6 a Obrazek 7). Po prvni aplikaci ¢astic nZVI byl v monitorovacich vrtech PV-129
(v bezprosttedni blizkosti direct-push injektaze castic nZVI), PV-130 (cca 2 m proti sméru
proudéni podzemni vody) a PV-112 (cca 3 m po sméru proudéni podzemni vody) zaznamenan
prudky nartst pH o 2 — 3 jednotky a pokles ORP o 600 mV. Tato zména nebyla trvald, pH se
vratilo k pivodnim hodnotam jiz po 2 mésicich od aplikace, ORP se po 200 dnech od aplikace
ustalil na 0 — 200 mV, coz je o 100 az 300 mV méné, neZ byl pivodni redox potencidl podzemni
vody na lokalité. Jednalo se o zménu trvalého charakteru, nebot’ ORP se do pivodni hladiny
nevratil ani po roce od aplikace Castic nZVI1. Pii druhém zésaku byl v monitorovacich vrtech PV-
129 a PV-130 zaznamenan prudky nartst pH o 2 jednotky a opét pokles ORP do zapornych hodnot.
V monitorovacim vrtu PV-112 se hodnota pH zvysila o 1 jednotku a ORP klesl tésn€ pod nulovou
hodnotu. Zména fyzikalné-chemickych parametrti byla kratkodoba a 150 dni po aplikaci castic
nZVI dosahly oba popisované parametry (pH 1 ORP) ptfedaplikac¢nich hodnot. Z téchto vysledkl

lze usuzovat, Ze vrt PV-112 byl prvnim zésakem ovlivnén vice, nez tomu bylo pfi druhém zasaku.

Pti obou aplikacich ¢astic nZVI jako diikaz migra¢nich schopnosti nanoc¢astic poslouzily stopovaci
test s LiCl (informace poskytnutd firmou AQUATEST, a.s.) a méfeni koncentrace celkového a
rozpusténého Zeleza. Pti obou aplikacich se ve vrtech PV-129 a PV-130 objevily zvysené
koncentrace lithia a celkového zeleza okamzité po injektazi ¢astic nZVI. Ve vrtu PV-112 nebylo
zaznamenano vyznamné zvySeni koncentrace celkového Zeleza, ale 60 dnl (prvni zéasak),

respektive 20 dnli (druhy zasak) po injektazi zde byla prokazéana ptitomnost lithia. Z tohoto zjisténi
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je patrné, ze Castice nZVI ani v jednom piipad€ nedosahly monitorovaciho vrtu ve vzdalenosti 3

m po sméru proudéni podzemni vody, avSak podzemni voda byla v tomto misté¢ ovlivnéna

kapalinou pochazejici ze zasakované suspenze.
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Obrazek 6: Vyvoj pH ve vystrojenych vrtech po 1. zasaku (vlevo) a po 2. zasaku (vpravo)
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Obrazek 7: Vyvoj ORP ve vystrojenych vrtech po 1. zasaku (vlevo) a po 2. zasaku (vpravo)

V monitorovacich vrtech vybavenych mikrosondami (AW2-22, AW2-23 a AW2-24) vedla prvni

aplikace ¢astic nZVI k prudkému nariistu celkovych koncentraci Zeleza a lithia pouze v hloubkach

6,5 a 8 m pod povrchem. Druha aplikace rozsifila skupinu vrtl se zvySenym obsahem Zeleza a

lithia 1 o horizont 9 m pod povrchem. Tento vysledek ukazuje, ze nZVI nedoséhlo nejhlubSich

monitorovacich horizontd (po prvnim zasaku 9 a 11 m, po druhém zasaku 11 m).

Vysledky méfeni koncentrace rozpusténého Zeleza ve vystrojenych vrtech (PV-129, PV-130 a PV-

112) jsou zobrazeny v grafech (Obrazek 8). Tato méfeni ukazuji, ze reakce Castic nZVI s
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kontaminanty a vodou byla doprovazena uvoliiovanim iontli Fe, které se v pfipadé NANOFER
25S (prvni zasak) v podzemni vod¢ poprvé objevily uz po 50 — 100 dnech, zatimco v ptipadé
NANOFER STAR (druhy zasak) az 150 — 200 dni po aplikaci ¢astic nZVI. Toto pozorovani je ve
shodé s vlastnostmi téchto dvou typt nZVI. NANOFER 25S je pfipravovan z pyroforického
prasku bez vrstvy oxidu zeleza, NANOFER STAR je na vzduchu stabilni prasek nZVI s tenkou

slupkou oxidi Zeleza, které brani jeho rychlému rozpousténi v podzemni vodé.*?
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Obrazek 8: Vyvoj koncentrace rozpusténého Zeleza ve vystrojenych vrtech po 1. zasaku (vlevo) a po 2. zasaku
(vpravo) na lokalité Spolchemie

Za Ucelem posouzeni celkového dopadu aplikace castic nZVI na mikrobidlni populaci v
monitorovacich vrtech byla provedena analyza PLFA. Byl sledovan vyvoj po¢tl mikrobialnich
bunék, patficich anaerobnim bakteriim a gram-pozitivnim bakteriim v podzemni vod¢. Okamzité
po aplikaci ¢astic nZVI klesla celkova biomasa témét na nulu, s nejvétsi pravdépodobnosti v
disledku vyplachnuti a/nebo nafedéni podzemni vody velkym objemem injektované kapaliny.
Ekosystém se vSak zacal rychle zotavovat, takze o mésic pozdé&ji se hladina PLFA znovu zvysila
a tii mésice po injektazi se hodnoty PLFA pfiblizily hodnotam pted aplikaci. Po 250 — 300 dnech
byl zaznamenan vyznamny nartist pocti bun¢k. To bylo pravdépodobné zplisobeno zvySenim
teploty podzemni vody béhem letnich mésicti a celkové pfiznivymi podminkami pro mikrobialni

rast.

Spolchemie byla prvni lokalitou, na niZ byl pouzit novy pfistup ke sledovani castic nZVI pomoci
jejich ICP-MS prvkovych profil. Tato metodika uz byla v té dob& ovétena v umélé 3D zvodni a

roz$ifena na vzorky z vystrojenych vrtt (PV-112, PV-129 a PV-130), které umoznily odbér smési
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podzemni vody spolu se sedimentem. Zuzime-li PCA pouze na lanthanoidy, zjistime silnou
korelaci mezi posunem profilu vzork smérem k profilu ¢astic nZVI a zjisténym obsahem lanthanu
a ceru (Obrazek 9). Toto chovani je pfitom spojeno s 95,3 % vysvétleného rozptylu. Pro potvrzeni
souvislosti mezi La, Ce a ¢asticemi nZVI byl sledovan vyvoj koncentrace Fe, La a Ce v podzemni
vodé ve vrtu PV-129 v pribéhu zasaku nanocastic, ktery potvrdil pfitomnost zvySené koncentrace

La a Ce v podzemni vodé cca mésic po aplikaci ¢astic nZVI.

; Cas
24 : A 0 hod

{ B 3hod
C Shod
D 12.10.2015
E 19.10.2015
K F NANOFER 25P(2014)
G NANOFER 255(2014)
CJ ....................... H \J_\‘\()}'R :SS‘:(H.“
| NANOFER 255(2016)
: J refl(2014)
14 & 0 K ref2(2014)

(3.71 %)
2

\
—

(4

Komponenta

Typ

® nZVi

& H ® poaplikoci
® pred aplikasci

T T T
-10 -5 ] 5 10

0.5 : \Lu

(5,71 %)

—
1
T
|
|
|

..... | . SR - Eu.
04 ', J—Q;" = —

11,54

Komponenta
-
=] g

-
-1 0,5 0 0.5 I

Komponenta | (89,6 %)

Obrazek 9: Rozptylovy graf skore hlavnich komponent s pouzitim lanthanoidii (nahote), zobrazujici prvkové
profily vzorki pred aplikaci nanocastic vpravo (zelené), vzorki po aplikaci nanocastic vlevo (Cervené)
a nanocastic (modie) pro veSkeré vzorky odebrané z vystrojenych vrti; PCA arrow plot (dole)
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Hlavnimi produkty transformace ¢astic nZVI, odebranych v monitorovacich vrtech a podrobenych
XRD analyzam, byly precipitaty green rust (GR). GR patii do pyroauritové skupiny mineralt a
jsou tvoreny oktaedralnimi vrstvami smésného hydroxidu dvojmocného a trojmocného Zeleza,
stiidajicimi se s anionty (zde uhli¢itany) a molekulami vody. Jedna se o obvyklé produkty koroze
zeleza, ptedevsim za anaerobnich podminek. Méfeni XRD potvrdilo pfitomnost CO3-GR ve vSech
vzorcich s vyjimkou vzorkli odebranych jeden rok po aplikaci ¢astic nZVI, kde jiz nad dalsimi
pevnymi fazemi silné prevladal magnetit. Tyto vysledky jsou v dobré shodé s tim, co uvadi Phillips
et al. a Roh et al.***. Zatimco CO3-GR byl jediny uhli¢itanovy minerdl nalezeny ve vzorcich z
lokality, pfi vsadkovych experimentech vznikal také chukanovit (Fe2(OH)2COz). Refait et al.
prokazali koexistenci CO3-GR a chukanovitu pii pokojové teploté a zjistili, ze pomér OH(-) a
CO3(2-) ve vodé hraje kli¢ovou roli pfi tvorbé uhligitant.*® CO3-GR je nestabilni a i za anaerobnich
podminek snadno degraduje za vzniku jinych béznych oxidi Zeleza, zejména maghemitu (oxid
trojmocného Zeleza) nebo magnetitu (smésny oxid dvojmocného a trojmocného zeleza). To by
mohlo byt mozné vysvétleni rostouciho mnozstvi magnetitu s ¢asem.*® Ve vzorcich bylo také
detekovéano zvySené mnozstvi SiOg, které jiz nebylo mozné dale magneticky odseparovat. Tento
jev miize byt zptisoben adsorpci a polymeraci kfemiku na povrchu CO3-GR.*’ Kromé& CO3-GR a
magnetitu prokdzala XRD analyza v nékterych vzorcich pfitomnost hydroxidu Zeleznatého
Fe(OH).. Tato sloucenina je obvyklym primarnim produktem koroze ¢astic nZVI. Fe(OH)2 vSak
patii mezi metastabilni faze, takze beéhem odbéru vzorklti a samotné analyzy podléha snadné

oxidaci ptes CO3-GR aZ na magnetit.**

Vysledky Mossbauerovy spektroskopie jsou v dobré shodé se zavéry XRD analyz. MS potvrdila
ptitomnost dubleti Fe(Il) a Fe(IIl) ve v§ech analyzovanych vzorcich, které mohou patfit jak COs3-
GR, tak i oxyhydroxidim Zeleza. Magnetit 1ze v Mdssbauerové spektru identifikovat jako dvojice

48

vzajemné posunutych sextetd.” Mezi oxidovanymi fazemi bylo na zaklad€é intenzity

odpovidajiciho sextetu detekovano také velké mmozstvi nezoxidovaného nZVI (a-Fe).*°
Kvalitativni analyza zaloZzena na Mdssbauerove spektroskopii je pouze orienta¢ni, nebot’ CO3-GR
tvoii obvykle siln€¢ defektni struktury. Struktura odebranych vzorki aplikovanych suspenzi nZVI
a sedimentli, obsahujicich jejich transformacéni produkty, byla zobrazena pomoci elektronové
mikroskopie. Faze obsahujici Zelezo byly identifikovany metodou EDS. Zatimco oxyhydroxidy
zeleza (FeOOH), krystalizujici v koso¢tverecné soustave, jsou spise izometrické, CO3-GR se

formuje do sestitthelnikovych plochych krystali. >3
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4.4. Migrace a transformace ¢astic nZVI na lokalité Farmak

Lokalita Farmak byla sledovana jeden rok, tj. od zati 2016, kdy doslo k zasaku castic nZVI, do
srpna 2017, kdy byl monitoring ukoncen z divodu pokracujicich sana¢nich praci na lokalité
(recirkulace podzemni vody spolu s ex-situ aplikaci syrovatky pro oziveni mikrobialni komunity).
Celkem bylo provedeno 9 vzorkovacich kol, pfi prvnich 2 byla zaznamenana situace na lokalité
pied aplikaci ¢asstic nZVI, dalSich 7 nasledovalo po ni. Rozestup mezi vzorkovanim byl obvykle
jeden mésic, v blizkosti zasaku Castéji. V ramci odbéra byly vzdy métfeny: hladina a fyzikalné-
chemické parametry podzemni vody, koncentrace rozpusténého zeleza a rozsah kontaminace.
Vzdy byly také odebrany vzorky sedimentu pro strukturni analyzu. Pasivni piskové vzorkovace,
umisténé v nekterych vrtech, byly pravidelné podrobeny reakci qPCR. Z kazdého monitorovaciho

vrtu byly nékolikrat odebrany vzorky pro uplny chemicky rozbor vody.

V bezprostiedni blizkosti direct-push injektdznich bodii se nachdzel objekt ,studna“, stary
podzemni zasobnik o primeéru asi 3 m a hloubce 9 m. Ten se stal primarnim recipientem
zasaknutych nanocastic a zaroven nejvyraznéji zasazenym monitorovacim bodem. Okamzité
po zasaku byl v tomto objektu zaznamenan nartust pH o 2,5 jednotky a pokles ORP o 500 mV
(az k vyslednym -550 mV). Tyto parametry se ani po 8 mésicich od zasaku nevratily k piivodnim
hodnotam. Dal§im siln€ ovlivnénym monitorovacim vrtem byl vrit SM-8 (lezici asi 4 m proti sméru
proudéni podzemni vody), v némz byl zaznamenan prudky nartist pH o 0,7 jednotky a pokles ORP
0 500 mV (obdobné¢ jako v ptipadé objektu ,,studna*). Na rozdil od podzemniho zasobniku vSak
nedoslo u vrtu SM-8 k dlouhodobému ovlivnéni a po 2 mésicich se v tomto bod¢ vratily fyzikalné-
chemické parametry K ptedaplikaénim hodnotam. Vyvoj fyzikalné-chemickych parametrt
v téchto dvou siln¢ ovlivnénych vrtech je zachycen v grafu (Obrazek 10). Veskeré ostatni
monitorovaci vrty nijak nereagovaly na zasak ¢astic nZVI ve smyslu zmén pH a ORP. Vyjimkami
jsou pouze vrty VS-1 (asi 2 m od aplika¢niho bodu ve sméru proudéni podzemni vody) a MS-2
(nejvyse polozeny horizont v hloubce 7,8 m, nachézejici se uprostied aplikacniho polygonu, ve
vzdalenosti asi 2,5 m od vSech tii aplikacnich bod). V obou téchto vrtech byl zaznamenan mirny

kratkodoby nartst pH (o 0,5 jednotky) a pokles ORP (o 100 mV).
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Obrazek 10: Vyvoj pH a ORP ve vrtu SM-8 (vlevo) a v objektu ,,studna" (vpravo) na lokalité Farmak

Mg¢feni rozpusténého zeleza poukazalo na vysokou heterogenitu podlozi, ktera pii direct-push
injektazi umoznila tvorbu preferenénich migra¢nich cest, spojujicich aplika¢ni bod(y) s objektem
,studna“ a s monitorovacim vrtem SM-8. Castice nZVI s jistotou dosahly podzemniho objektu
,»studna®, na dné kterého se akumulovaly ve velkém mnozstvi. Doslo tak spiSe k simulaci
nepravdépodobnych podminek, v nichz jsou ¢astice nZVI koncentrovany ve velkém uzavieném
tanku, bez moznosti dal$iho Sifeni v prostfedi. V objektu ,,studna“ prokazala analyza rozpusténého
Zeleza postupné rozpousténi nanocastic, koncentrace rozp. Fe kulminovala 2 mésice po aplikaci.
Castice nZVI také migrovaly do monitorovaciho vrtu SM-8, kde doslo k okamzZitému zaznamenani
vysokych koncentraci celkového zeleza a mésic po aplikaci také k nartstu rozp. Fe. Pritomnost
malého mnozstvi Zeleza se podafilo prokazat pouze v jediném z vystrojenych vrtd (VS-1).
Vysledky méfeni ve vystrojenych vrtech (VS-1, VS-2, VS-3 a VS-4) byly ovlivnény vysokymi
pozadovymi koncentracemi rozp. Fe, které v téchto vrtech dosahovaly stovek mg/l. Jedinym
vrtem, vybavenym mikrosondami, ktery byl ovlivnén aplikaci ¢astic nZVI, se stal vrt MS-2 (pouze
horizont 7,8 m pod povrchem). Zde byly bezprostiedné po zasaku naméfeny mirné zvysené
koncentrace celkového i1 rozpusténého Zeleza. Z vysledkii sledovani pfitomnosti ¢astic nZVI
V monitorovacich vrtech Ize soudit, Ze pfi direct-push aplikaci ¢astic nZVI vznikaly v heterogenni
zvodni preferen¢ni migracni cesty. Tento fenomén vysvétluje migraci ¢astic nZVI do pomérné
vzdalen¢ho vrtu SM-8, a zaroven absenci ¢astic nZVI v monitorovacich vrtech, umisténych
v blizkosti aplika¢niho polygonu (MS-1, VS-3) a pouze mirné ovlivnéni vrtl, umisténych

uprostied (MS-2) a bezprostiedné vedle aplika¢nich bodu (VS-1).
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Aplikace ¢astic nZVI méla pozitivni vliv na rist dehalogenujicich bakterii na pevném substratu
(pasivni vzorkovace naplnéné piskem). Tento zavér piinesla qPCR analyza markert jednotlivych
mikroorganismu, rostoucich na pasivnich vzorkovacich v monitorovacich vrtech ,,studna®, VS-1,
VS-2, MS-1, MS-2 a MS-3. Metoda qPCR poslouzila k urceni relativniho mnozstvi roda
Dehalococcoides, Dehalobacter a Desulfitobacterium a geni 16S rRNA (celkova bakterialni
biomasa), vcrA a bvcA (geny VC reduktazy zodpovédné za tplnou dehalogenaci cis-DCE

na ethen).

Sledovani castic nZVI pomoci ICP-MS probihalo také na lokalit¢ Farmak. Tato metoda byla
pouzita ve vrtech, vybavenych mikrosondami (MS-1, MS-2 a MS-3), a ve vrtech s prokazanou
pfitomnosti ¢astic nZVI (tj. SM-8 a ,,studna‘®). Ve vSech sledovanych vrtech byl po injektazi ¢astic
nZVI pozorovan vyznamny posun ICP-MS prvkovych profili. Ve vrtech s mikrosondami vSak
tento posun nijak nesouvisel s profilem nanocastic. Patrné byla tedy tato zména zpisobena
remedia¢nim zasahem jako takovym, zfedénim zpiisobenym injektazi velkého mnozstvi kapaliny
a/nebo misenim podzemni vody vlivem vysokého tlaku pii pouziti direct-push. V bodech SM-8 a
»studna®“ doslo po zasaku ¢astic nZVI k nivelizaci do té doby rozdilnych prvkovych profilt. Lze
profild ve sméru profilu ¢astic nZVI byl opét nejlépe vystizen vyvojem koncentraci lanthanu a

ceru v podzemni vodé a v sedimentu.

Stejné jako na lokalité Spolchemie byly i v sedimentu z lokality Farmak nalezeny piedevs$im
produkty transformace ¢astic nZVI uhli¢itanovy green rust a oxidy zeleza. MoZnost existence CO3-
GR v podzemni vodé¢ lze potvrdit také teoreticky pii pouziti Pourbaixova diagramu pro tuto
krystalickou f4zi.>* Kysela neutralizadni kapacita (KNK4s) se naptiklad ve vrtu SM-8 pohybuije
kolem 7 mmol/l (s vyjimkou odbéru bezprostiedné¢ po zasaku, kdy vlivem vzniku velkého
mnozstvi OH™ doCasné vystoupala az na 9 mmol/l). Z kombinace KNK4s5 a pH lze spoditat
pfibliznou koncentraci uhli¢itani v podzemni vodé na 300 — 500 mg/l. Pfi téchto podminkach
vymezuje stabilitu CO3-GR hodnota pH mezi 6,5 a 10,5 a hodnota ORP mezi -250 a -500 mV.
Obe tyto podminky byly splnény po dobu n€kolika mésicti po aplikaci nZV1, ve vzorcich tedy bylo
mozné o¢ekavat pritomnost CO3-GR. Pfi navraceni pH k hodnoté 6,5 — 7 a ustaleni ORP nad -200
mV lze spiSe ocekavat pritomnost oxyhydroxidi FeOOH. XRD i Mdssbauerova spektroskopie

potvrdily pfitomnost CO3-GR ve vzorcich sedimentu jeden a dva mésice po zasaku ¢astic nZVI
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a piitomnost magnetitu pul roku poté (Obrazek 11 a Obrazek 12). Tento vysledek naznacuje

preménu CO3-GR na magnetit v podzemni vodé za anaerobnich podminek.*® Obdobné vysledky

byly ziskdny i pfi studiu magnetické frakce sedimentu pod elektronovym mikroskopem (TEM

i SEM). Obé metody v kombinaci s EDS odhalily pfitomnost vice ¢i méné zoxidovanych

nanocastic ve vzorcich sedimentu z vrti SM-8 a VS-1 a z objektu ,,studna®.
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Obrazek 11: XRD zaznam magnetického podilu vzorku sedimentu, odebraného z objektu ,,studna“ tyden po
zasaku ¢astic nZVI (o-Fe = nulamocné Zelezo, FesO4 = magnetit, GR = green rust, SiOz = oxid ki‘'emi¢ity)
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Obrazek 12: Méssbauerovo spektrum magnetického podilu vzorku sedimentu, odebraného z objektu ,,studna*
bezprostiedné po zasaku ¢astic nZVI (a-Fe = nulamocné Zelezo, GR = green rust); méfeno pii 200 K.
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4.5. Migrace a transformace ¢astic nZVI na lokalité Zetor

Vysledky pilotniho i plnoprovozniho zasaku ¢astic nZVI na lokalité Zetor jsou podrobné popsany

1.5V ramci této dizertaéni prace lokalita Zetor poslouzila k validaci

ve ¢lanku od Brumovsky et a
dalsi inovativni metody sledovani osudu ¢astic nZVI po jejich aplikaci do kontaminované zvodné.
Ve vybranych vrtech byla pouzita in-situ geofyzikalni metoda, ktera umoznila vertikalni zjisténi
hodnot magnetické susceptibility v bezprostfednim okoli vrti. Tato méfeni probihala vzdy jednou
pied aplikaci castic nZVI (pozad’ové hodnoty), a pak v pravidelnych tydennich intervalech po
dobu jednoho mésice po aplikaci. Po druhém (plnoprovoznim) zasaku ¢astic nZVI probéhla jesté
dalsi tfi dodate¢na méteni (2, 4 a 8 mésicii po aplikaci). Méfici interval byl 5 cm (v hloubce mezi
15 az 22 m pod povrchem), rychlost méfeni 100 — 350 m za hodinu a metoda byla schopna

zaznamenat hodnotu magnetické susceptibility az do vzdéalenosti 100 cm od vrtu.

Aplikaéni vrt AP-1 byl pouzit k zdsaku nanocastic jak pfi pilotni, tak i pfi plnoprovozni aplikaci.
V bieznu 2018 do ng bylo gravitatné¢ vpraveno 5 kg NANOFER STAR (pilotni zasak).
Geofyzikdlni méfeni zaznamenalo ve vrtu okamzitou odezvu v podobé zvysSenych hodnot
magnetické susceptibility z piivodnich 107 jednotek SI na hodnoty piesahujici 2-102 jednotek
(Obrazek 13). Takovato odezva nemohla byt zptisobena lokalnimi anomaliemi, je tedy nutné ji
pficitat pfitomnosti ¢astic nZVI v aplika¢nim vrtu a jeho okoli. S kazdym dal§im tydnem se odezva
detektoru snizovala, av$ak i po mésici byly hodnoty magnetické susceptibility ve vrtu az 1,5-1072.
Tento vyvoj je mozné vysvétlit pomalou oxidaci ¢astic nZVI na méné magnetické oxidy Zeleza
a/nebo jeho migraci z bezprosttedni blizkosti vrtu. Také fyzikalné-chemické parametry podzemni
vody ve vrtu AP-1 (Obrazek 15) béhem pilotniho zasaku odpovidaji pfitomnosti velkého mnozstvi
nZV1 — pH vystoupalo z pivodnich 7 na 10 a zistalo po cely mésic nad hodnotou 9, ORP klesl
Z ptivodnich 90 mV az na -400 mV a i po mésici si udrZzovalo zapornou hodnotu. Plnoprovozni
zasak, pii némZ bylo v ¢ervnu 2018 do vrtu AP-1 zapusténo 10 kg sulfidovaného produktu
NANOFER 25DS,; tak probihal v jiz siln€ redukénim prostfedi. Hodnota magnetické susceptibility
stoupla jen velmi malo (z predaplika¢nich 1,5-107 opét az na hodnoty pies 2-107 jednotek), i jeji
pokles byl mélo vyznamny. Ani po 8 mésicich od aplikace nedoslo ke sniZeni nejvyssich hodnot
ve vrtu pod 1,7 102 SI. Vysvétlenim mulze byt ,stabilizace” castic nZVI v redukénich
podminkach, a diisledkem toho pouze maly rozsah premény Fe(0) na oxidy. Zaroven neprobihala

migrace ¢astic nZVI smérem od vrtu AP-1. Odpovida tomu také hodnota pH, kterd dosahla 9,5 a
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klesla pod 7,7 teprve pul roku po aplikaci. Taktéz ORP klesl pod -400 mV a v nésledujicim piilroce
nedosahlo ani -200 mV.
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Obrazek 13: Vyvoj magnetické susceptibility v ¢ase v aplikaénim vrtu AP-1 po pilotnim zisaku €astic nZVI
(vlevo) a po plnoprovoznim zasaku ¢aastic nZVI (vpravo); ¢erna linie = pozad’ové hodnoty

Vrt HB-3 (asi 5 m severné od vrtu AP-1) nebyl pii pilotnim zasaku pouzit k aplikaci ¢astic nZVI
anelezi po sméru proudéni podzemni vody. Castice nZVI do n&j tudiz nedoputovaly, coz potvrzuji
jak méfeni magnetické susceptibility (Obrazek 14), tak stabilni pH a ORP (Obrazek 15). Pfi
dplnoprovoznim zésaku jiz byly do vrtu HB-1 aplikovany sulfidované castice nZVI, které
zpuisobily okamzity narGist magnetické susceptibility az na hodnoty piesahujici 102, Na rozdil od
vrtu AP-1 vSak nebyla tato zména trvala a 8 mésicti po zasaku lze pozorovat odezvu shodnou
s predaplika¢ni. Tento pokles magnetické susceptibility 1ze pticitat oxidaci ¢astic nZVI na méné
magnetické oxidy zeleza a/nebo jejich migraci z bezprostiedniho okoli vrtu. Pti¢inou byly
pravdépodobné fyzikalné-chemické podminky ve vrtu, které tésné¢ pred zasakem odpovidaly
oxida¢nimu prostfedi (pH cca 7, kladny ORP). Ackoliv doslo k jejich do¢asné zméné zptisobené
piitomnosti ¢astic nZVI (nariast pH nad 7,5 a pokles ORP pod -300 mV), oba parametry se béhem

pul roku po zéasaku vratily k ptivodnim hodnotam.
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Obrazek 14: Vyvoj magnetické susceptibility v ¢ase ve vrtu HB-3 po pilotnim zasaku ¢astic nZVI (vlevo) a po
plnoprovoznim zasaku ¢aastic nZVI (vpravo); ¢erna linie = pozad’ové hodnoty
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Obrazek 15: Vyvoj fyzikalné-chemickych parametri podzemni vody v ¢ase v aplika¢nim vrtu AP-1 (vlevo)
a ve vrtu HB-3 (vpravo); €erné svislé ¢ary oznacuji datum pilotniho a plnoprovozniho zasaku ¢astic nZVI
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5. ZAVER

Cilem této dizertacni prace bylo ovéfit moznosti sledovani osudu (migrace a transformace)
nanocastic kovového Zeleza pii jeho aplikaci do kontaminované zvodné. Nejprve byly jednotlivé
metody a jejich pouziti popsany V teoretické Casti, v experimetdlni a ve vysledkové casti
nasledovalo ptedstaveni praktickych poznatkl z laboratornich testli, z umélé zvodné a z redlnych
lokalit. Analytické techniky, vhodné pro vyzkum chovani nanoc¢astic kovového Zeleza v zivotnim
prostiedi, 1ze rozde€lit do dvou hlavnich skupin. Prvni zahrnuje nepiimé techniky, které jsou
jednodussi, a tudiz Casto pouzivané v praxi, avSak vypovidaji pouze o reakcich a ptsobeni
nanocastic kovového Zeleza, aniz by piimo prokazovaly jejich ptitomnost ve vrtech, nebo
malo pouzivané metody, které jsou schopny piimo identifikovat a charakterizovat nanocastice

kovového Zeleza a jejich transformacni produkty.

V ramci vsadkovych testl bylo potvrzeno, Ze v laboratornich podminkéach vznikaji jiné oxidacni
produkty nanocastic kovového zeleza, nez na lokalité. Tyto rozdily poukazaly na to, Ze i pfes snahu
simulovat podminky ve zvodni (stejné slozeni vody, teplota, apod.), je problematické dosahnout
stejnych geochemickych pomérl, jaké panuji na lokalité. Dalsi vsadkové testy pak prokéazaly
reaktivitu ,,zreagovanych® nanocastic kovového Zeleza rok poté, co byly pouzity pifi sanaci
kontaminované zvodné. Zpusob odbourani polutantii je vSak pravdépodobné rozdilny oproti
mechanismim ptisobeni Cerstvych nanocastic. Pii testu v umélé 3D zvodni byl validovan nové
navrzeny piistup ke sledovani nanocastic kovového Zeleza pomoci jejich ICP-MS prvkového

profilu, tato metodika byla dale rozvijena pii pilotnich sanacich.

Monitoring osudu nanocastic kovového Zeleza na lokalitich nejenZe umoznil urcit jejich
transformacéni produkty a sledovat migraci v podzemni vodé a pideé, ale také pomohl zhodnotit
vhodnost pouziti navrzenych analytickych technik. Méfeni fyzikalné-chemickych parametri je
rychlym a citlivym nastrojem pro okamzité zhodnoceni injektdze a dosahu plsobeni zasdknutych
nanocastic kovového zeleza. Ve spojeni s analyzou rozpusténého Zeleza a koncentrace
kontaminantli umoZznuje urcit efekt aplikace nanocastic kovového Zeleza a ptiblizné¢ odhadnout
dobu aktivity nanocastic ve zvodni. Tyto metody v praxi potvrdily vyznamny vliv geologického
profilu zvodné. Zatimco na lokalit¢ Spolchemie bylo Sifeni nanocastic v dobtfe propustnych

Stércich spiSe homogenni (rovnomérné ve vSech smérech od aplika¢niho polygonu piiblizné do
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vzdalenosti 2 m), na lokalit¢ Farmak dochazelo vlivem heterogenity prostfedi k tvorbé

preferencich cest a nerovnomérné distribuci nanocastic kovového Zeleza.

Na lokalitach Spolchemie a Farmak bylo ptsobeni nanocastic kovového zeleza dlouhodobé,
podminky zvodné byly zménény po dobu pll az jednoho roku po zasaku. Komplementarni
technikou k vyse uvedenym analyzam je méfeni magnetické susceptibility, které je schopno velmi
pfesné zaznamenat Sifeni a stabilitu nanocCastic v bezprostfednim okoli vrti. Na lokalité Zetor
pomohla karotaz v aplikacnich a monitorovacich vrtech prokéazat zivotnost nanocastic kovového
zeleza (v tadu mésici), kterd se lisSi v piipadé rtznych geochemickych podminek. Zatimco
oxidaéni prostedi podporuje rychlou degradaci nanocastic, vytvoreni redukénich podminek pied
aplikaci nanocastic kovového zeleza mize pomoci zvysit dobu jejich ptsobeni v kontaminované

zvodni.

Mikrobiologické metody ukazuji vliv sana¢niho zasahu na biotu v podzemni vod¢ a pudé.
V ptipadé lokalit Spolchemie a Farmak doslo po prvotni redukci bakterialni populace k jejimu
postupnému narustu, aplikace nanoc¢astic kovového zZeleza tedy neméla vyznamné negativni vliv
na mikroorganismy. Pfimé zptsoby sledovani nanocastic kovového zeleza doplnily vySe uvedené
poznatky z lokalit. ICP-MS dokazala sledovat nanocastice kovového Zeleza v riznych vrtech
Vruzném cCase pomoci jejich charakteristického prvkového profilu. XRD a Mdssbauerova
spektroskopie identifikovaly nanocastice a jejich transformac¢ni produkty v monitorovacich vrtech.
Mikroskopické techniky ve spojeni s prvkovou analyzou uptesnily morfologii a sloZeni téchto fazi.
Kompletni vysledky analyz z lokalit 1ze vyhodnotit také pomoci pokrocilych statistych metod,
napi. PCA miiZze pomoci dat do souvislosti jednotlivé sledované parametry a zobrazit jejich vyvoj

V Case.
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6. SUMMARY

The aim of this work was to demonstrate the possibilities how to monitor the zero-valent iron
nanoparticles fate (migration and transformation) during their application in a contaminated
aquifer. First, the individual methods and their usage are described in the theoretical part;
subsequently the practical results from laboratory tests, artificial 3D-aquifer and from the real sites
are presented in the experimental and results sections. Analytical techniques suitable for research
of the zero-valent iron nanoparticles behaviour in the environment can be divided into two main
groups. The first one involves indirect techniques that are simpler and therefore often used in
practice, but only show the reactions and effects of zero-valent iron nanoparticles, without direct
demonstration of their presence in wells or its further description. The second group includes
instrumentally demanding direct methods, rarely employed by remediation companies. These
techniques are able to identify and characterize zero-valent iron nanoparticles and their

transformation products unequivocally.

In the laboratory batch test, zero-valent iron nanoparticles oxidation products — different from
those formed at the site — were confirmed. These differences indicated that despite to the effort to
simulate the conditions in the aquifer (the same water composition, temperature, etc.), it is
problematic to achieve the identical geochemical conditions that prevail on the locality. Other
laboratory experiments demonstrated the reactivity of the "aged" zero-valent iron nanoparticles a
year after they were used for remediation of the contaminated aquifer. However, the degradation
mechanisms of pollutants are probably diverse from those of fresh nanoparticles. During the test
in an artificial 3D-aquifer, the newly proposed approach using ICP-MS elemental profile of
nanoparticles was validated for monitoring of zero-valent iron nanoparticles. This methodology

was further developed in the pilot remediations.

Monitoring the fate of nanoparticles at localities not only enabled identification of their
transformation products and determination of their migration in groundwater and soil, but also
helped to evaluate the suitability of the proposed analytical techniques. The measurement of
physical-chemical parameters is a fast and sensitive tool for immediate assessment of the
injection technique and the range of action of the injected nanoparticles. In combination with the
analysis of concentration of contaminants and their degradation products and dissolved iron, it

allows to examine the effect of application of zero-valent iron nanoparticles and approximately
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estimate the longevity of nanoparticles in the aquifer. These methods in practice confirmed the
significant influence of the geological profile of the aquifer on mobility of zero-valent iron
nanoparticles. While the distribution of nanoparticles in well-permeable gravels was rather
homogeneous at Spolchemie site (equally in all directions from the application polygon to

a distance of approximately 2 m), there was the formation of preferential pathways and uneven
distribution of zero-valent iron nanoparticles due to the heterogeneity of the environment in

the Farmak locality.

On both the sites (Spolchemie and Farmak), the long-term effect of zero-valent iron
nanoparticles was proven — the conditions in the aquifer were changed for half to one year after
the injection. A complementary technique to the above-described analyses is the measurement of
magnetic susceptibility, which enables very accurate recording of the spreading and lifetime of
nanoparticles in the immediate vicinity of wells. At the Zetor site, logging in application as well
as in monitoring wells helped to prove the longevity of zero-valent iron nanoparticles (in

the order of months), which varies for the various geochemical conditions. While the oxidising
environment promotes the rapid nanoparticles degradation, creation of the reduction conditions
prior to the application of zero-valent iron nanoparticles can help increase its durability and

effectivity in a contaminated aquifer.

Microbiological methods show the effect of remediation on the groundwater and soil biota. In
the case of Spolchemie and Farmak localities, after the initial reduction the bacterial population
gradually increased, so the application of zero-valent iron nanoparticles did not have a significant
negative effect on growth of microorganisms. Direct methods of nanoparticles monitoring
complemented the above findings from the sites. ICP-MS was able to monitor zero-valent iron
nanoparticles in different wells at different times using their characteristic elemental profile.
XRD and Maéssbauer spectroscopy identified nanoparticles and their transformation products

in the monitoring wells. Microscopic techniques in combination with elemental analysis
specified the morphology and composition of these phases. Complete results of analyses from
the localities can also be evaluated using advanced statistical methods. E.g., PCA can help to

show relationships of the monitored parameters and display their evolution over time.
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