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Abstrakt

Pro praktické vyuziti nanocastic nulamocného zeleza (nZVI) v redlnych aplikacich
je nezbytna relativné jednoduchd a spolehlivd metoda ptipravy, kterd je zéaroven
proveditelna a cenové dostupnd vzhledem k mnoZstvi materidlu potfebného pro pouziti
pfi aplikaci. Tyto podminky spliluji metody ptipravy v pevné fazi vyuZzivajici termické
redukce oxidd nebo oxyhydroxidi zeleza. V této materidlové zamétené disertacni praci
jsou proto predstaveny mechanismy termicky indukovanych transformaci vybranych
forem oxida Zeleza, které byly in situ monitorovany pomoci vysokoteplotni rentgenové
difrakce, se specidlnim zamétenim na reduk¢ni experimenty vedouci k piipravé nZVI.
Soucésti mechanismu transformace maghemitu na nZVI je také jeho postupnd redukce
na magnetit, jedna kapitola se proto vénuje také tomuto tématu a je v ni prezentovana
pfiprava a charakterizace nestechiometrickych magnetiti (tj. s riznou mirou oxidace
Fe®"). StéZejni Cast prace se oviem vénuje piipravé nZVI &astic stabilizovanych pomoci
cilené¢ho vytvoreni oxidické slupky s kontrolovanou tloustkou mezi 4 a 10 nm, jejich
vlastnostem a pouZiti. Je predstaven vliv tlouStky a charakteru slupky na fyzikalné-
chemické charakteristiky nZVI a zejména aplikac¢ni potencial Castic se 7 az 10 nm
slupkou. V zavéru prace je potom prezentovdno praktické vyuziti termicky
indukovanych procestt pro piipravu nékterych aplikacné zajimavych materidlt
zahrnujicich nanocastice magnetitu s unikatni morfologii, nanoc¢éstice Haggova karbidu

nebo kompozitni materialy na bazi nZVI ve vapenaté matrici.
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Abstract

For practical usage of nanoscale zero valent iron (nZVI) particles in real applications
is essential relatively simple and reliable preparation method, which is also applicable
and cost effective with respect to the amount of material needed for application. These
conditions can be successfully satisfied by the solid state methods based on thermally
induced reduction of iron oxides or oxyhydroxides. In this materially oriented thesis are
therefore introduced mechanisms of thermally induced transformations of selected iron
oxides, which were in situ monitored by variable temperature X-ray diffraction, with
a special focus on reduction experiments leading to preparation of nZVI. A part of
maghemite transformation to nZVI is also its gradual reduction to magnetite. One
chapter of the thesis therefore deals with this topic and covers preparation and
characterization of nonstoichiometric magnetites (i.e., with different levels of Fe*™
oxidation). However the main part of this work presents the preparation of nZVI
stabilized by targeted creation of oxide shell with controllable thickness between 4 and
10 nm, their properties and usage. The influence of shell thickness and its character on
physical-chemical characteristics and especially application potential of particles with
7 to 10 nm oxide shell are introduced. The latter part of the work shows the utilization
of thermally induced processes for preparation of materials interesting from application
point of view covering magnetite nanoparticles with unique morphology, nanoparticles

of Hégg's carbide and composite materials based on nZVI in calcium matrix.
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Uvod

Nanotechnologie je relativné novy védni obor, ktery zaziva v poslednich desetiletich
obrovsky rozmach. Zabyva se piipravou a vlastnostmi materidlll, jejichz rozméry se
pohybuji vtadu jednotek nebo desitek nanometri. Takové materidly maji diky
kvantovym jeviim a jevim spojenym s konecnym rozmérem castic specifické vlastnosti,
které je odliSuji od jejich makroskopickych protéjskti. Vyuziti nanotechnologii v praxi
je proto stale SirSi a v soucasnosti je lze nalézt napfi¢ téméi vSemi pramyslovymi
odvétvimi.

Oxidy zeleza patii mezi latky, které se hojné vyskytuji v ptirodé. Jejich nejbézné;si
formy jsou lidstvu znamy jiz n€kolik tisicileti a v priabéhu této doby byly také
vyuzivany, naptiklad jako pigmenty. S rozvojem védy a prlimyslu se ovSem jejich
vyuziti vyrazné rozsitilo a v soucasné dob¢ nachazeji uplatnéni v celém spektru mnoha
pramyslovych aplikaci, mezi néz patii napiiklad biomedicinské aplikace, senzory nebo
jejich pouziti jako prekurzorii pii vyrobé kovového Zeleza termicky indukovanou
redukci.

Kovové Zelezo lze efektivn€ vyuzit napfiklad k reduktivnimu odbourani
kontaminanti z podzemnich vod, coz je technologie, kterd byla pfedstavena jiz
v pribéhu 90. let minulého stoleti. Céstice kovového (nulamocného) Zeleza jsou pii ni
aplikovany do podzemi, kde vytvéfeji statickou bariéru, v niz dochdzi k degradaci
kontaminantu obsazeného v protékajici vod€. Tato technologie je relativné levna
a vdanych podminkach efektivni, neni vSak pouZitelna pro likvidaci ohnisek
kontaminace. A pravé zde lze vyuZzit obrovského potencidlu nanotechnologii. Oproti
mikrocasticim nebo Spondm kovového Zeleza jsou nanocéastice mnohem reaktivnéjsi.
Jsou také na rozdil od mikrocastic schopny v podzemni vod€ migrovat a lze je pouzit
1 klikvidaci ohnisek kontaminace. Pii kontaktu s atmosférickym kyslikem ale
nanocastice nulamocného Zeleza velmi prudce oxiduji, coZz zvySuje naklady na
manipulaci a skladovani. Pomoci rtiznych modifikaci je ale mozné je stabilizovat.
Jednou z moZnosti je pasivace, tj. vytvotreni tenké oxidické slupky na povrchu ¢astic,
ktera ale zaroven mtiZze negativné ovlivnit degradaci kontaminantt.

Jednim z hlavnich cild této prace je proto zmapovat aktudlné vyuzivané metody
pfipravy nanoc¢astic nulamocného zeleza, jejich vlastnosti a moznosti jejich modifikace.
Jelikoz pro jejich praktické aplikace je nejvyuzivanéjsi metodou piipravy redukce oxida

nebo oxyhydroxidi zeleza v pevné fazi, ¢ast prace se vénuje také tomuto tématu. Jejim

21



cilem je pfedstavit mechanismy termicky indukovanych transformaci rtiznych forem
oxidi zeleza v rliznych atmosférach se specidlnim zaméfenim pravé na piipravu
nanocastic nulamocného zeleza. Stézejnim cilem této prace je ale pfipravit na vzduchu
stabilni material na bazi modifikovanych nanocastic nulamocného Zzeleza, ktery by si
zaroven zachoval vybornou schopnost degradace polutantt.

Tato disertaéni prace je clenéna na tii Casti, teoretickou, experimentalni
a vysledkovou. Teoreticka ¢ast piinasi nahled na aktualni stav problematiky nejen oxida
zeleza, jejich strukturné-magnetickych vlastnosti a termicky indukovanych
transformaci, ale zejména nanocastic nulamocného zeleza, jejich ptipravy, modifikaci,
vlastnosti a vyuziti v environmentalnich aplikacich. Experimentalni ¢ast prace obsahuje
samostatnou kapitolu vénovanou aplikaci rentgenové difrakce pro in situ monitorovani
termicky indukovanych transformaci a piehled pouzitych experimentalnich technik
a pouzitych chemikalii a plynt. Vysledkova ¢ast prace je potom ¢lenéna do tii na sebe
navazujicich podkapitol (Materialy a procesy predchazejici pripravé nZVI; Priprava
nZVI, jejich vlastnosti a modifikace; a Vyuziti nanomateridalit na bazi Fe a termickych
procesii v praxi) a obsahuje komentafe ke dvéma jiz publikovanym prvoautorskym
¢lanktim, jedné vznikajici publikaci, kterd je v dobé odevzdani této prace prakticky
pripravena k odeslani do impaktovaného periodika, a ¢tyfem spoluautorskym ¢lankim.
Jednotlivé kapitoly na sebe logicky navazuji, pficemZ reprezentuji postupnou cestu od
termicky indukovanych transformaci rliznych forem oxidi Zeleza smérem k piipravé
nanocastic nulamocného zeleza, jejich vlastnostem, modifikacim a praktickému vyuZiti.
Ziskané poznatky jsou potom vyuzity v zavéreénych podkapitolach pii pfiprave
aplika¢né zajimavych materiald.

Prvoautorské c¢lanky jsou vétSinovym dilem autora této prace a jsou proto
predstaveny komplexné (kapitoly 3.1.1, 3.2.2 a 3.3.3). Kapitoly ke spoluautorskym
publikacim (kapitoly 3.1.2, 3.2.1, 3.3.1 a 3.3.2) jsou stru¢néjsi a obsahuji pouze Casti,
které jsou dilem autora této prace (tj. navrh, optimalizaci a provedeni transformacnich
experimentll, véetné jejich vyhodnoceni). Pro komplexni pfedstaveni transformacnich
experimentll, pfipadné pfipravenych materidlli, je uvedena v téchto kapitolach také

relevantni materidlova charakterizace, na jejimz vzniku se autor také podilel.
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1. Teoreticka Cast

1.1. Oxidy Zeleza

Oxidy Zeleza jsou chemické latky, které jsou tvofeny kationty zeleza (Fe se muze
vyskytovat v rliznych valen¢nich stavech) a anionty kysliku nebo hydroxylové
skupiny.'? Na zaklad& toho je lze rozd&lit na nehydratované a hydratované formy.
Protoze se tato disertatni prace zabyva pouze nehydratovanymi formami, budou
v nésledujicich podkapitolach predstaveny jen oxidy Zeleza spadajici do této skupiny.
Nehydratované formy oxida zeleza lze dale rozdé¢lit podle toho, v jakém valen¢nim
stavu atomy Fe obsahuji:

(i) pouze ionty Fe™'; zahrnuje pouze FeO (wiistit);'

(ii) ionty Fe*" i Fe’"; zahrnuje pouze Fe;04 (magnetit);'

(iii) pouze ionty Fe’"; zahrnuje 5 krystalickych polymorfi: a-Fe,O; (hematit),

B-Fe,03, y-Fe,O3 (maghemit), e-Fe,O3 a (-Fe,03, a amorfni oxid Zelezity.l’3 A

Nékteré z uvedenych forem se v ptirodé vyskytuji jako minerdly, a proto pro né
existuje také mineralogické oznaceni (vySe uvedeno vzdy v zavorce). Jiné formy nejsou
v ptirod¢ zndmy a napiiklad polymorfy B-Fe,Os;, &-Fe,O; a (-Fe,Os mohou patrné
existovat pouze ve form¢é nanocastic. Ve svych pfirodnich nebo syntetickych forméch
nachazeji oxidy Zeleza Siroké uplatnéni v mnoha aplikacich.

V dalsi kapitole budou kratce piredstaveny strukturni a magnetické vlastnosti
jednotlivych forem oxidi zeleza, které jsou relevantni pro tuto disertacni praci (tj. FeO,

Fe;04, a-Fe 03, B-Fe,03, y-Fe,03), a jejich praktické vyuziti.

1.1.1. Vlastnosti a vyuziti vybranych forem oxidi Zeleza

FeO —Wiistit

Wiistit je jedinou krystalickou formou oxidl Zeleza obsahujici v idedlnim ptipadé
pouze ionty Fe**. Ve své stechiometrické formé (tj. FeO) nemize existovat pii nizkych
tlacich a tlacich piesahujicich 10 MPa.! V nestechiometrické formé, v niz je &ast iontd
Fe’" zoxidovana na Fe’* (coZ je doprovazeno vznikem adekvatniho poétu vakanci), je
wiistit (tj. Fe;,O, kde 1-x je v intervalu od 0,83 do 0,95) za bézného tlaku pfti teplotach
nad 567 °C stabilni faze." P¥i pomalém ochlazovani pod tuto teplotu dochazi k jeho
disproporcionaci na Fe a Fe;Os. Prudké ochlazeni mutze nicméné vést ke vzniku

metastabilni faze 1 pti pokojové teploté.
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Wiistit krystalizuje v defektni plosné centrované kubické struktuie s prostorovou
grupou Fm3m.>® Zatimco ionty Fe* se nachzeji vyhradng v oktaedrickych pozicich,
ionty Fe’ v nestechiometrické formé wiistitu mohou obsazovat jak oktaedrické, tak
i tetraedrické pozice.” V zavislosti na mnozstvi vakanci se m¥izkovy parametr pohybuje
vrozsahu od 0,428 az do 0431 nm." Pfi nizkych teplotach dochdzi vlivem
antiferomagnetického  uspofadani  k redukci symetrie krystalové mfize na
monoklinickou (s prostorovou grupou C2/m).’

Pii pokojové teploté vykazuje wiistit paramagnetické chovani.! Pfechod do
magneticky uspofddaného stavu nastava v zdvislosti na stechiometrii pii teplot¢ pod
priblizné¢ —78 az—62 °C (195-211K), pod niz vykazuje wiistit antiferomagnetické
chovani."”

Vyuziti wiistitu v praxi je diky jeho magnetickym vlastnostem a jeho limitované
stabilit¢ v béznych podminkach znacné omezené. Lze jej vyuzit naptiklad ve formé

bimetalickych &astic v oblasti senzoru.®

Fe;04 — Magnetit

Magnetit také patii mezi oxidy Zeleza béZzné se vyskytujici v ptirodé. I diky tomu
byly dostatecné studovany jeho vlastnosti a moznosti praktického vyuziti. Stal se
dokonce jednim z prvnich materialdi, jejichz struktura byla popsana pomoci rentgenové
difrakce.’ Magnetit je jedinou krystalickou formou oxida Zeleza, kterd obsahuje ionty

v ’ . 4 ~ + +
Fe se smiSenou valenci (tj. zaroven Fe’™ a Fe’").'

Krystalizuje v plosné centrované
kubické struktufe s prostorovou grupou Fd3m, vniz se kationty nachazeji
v tetraedrickych a oktaedrickych pozicich.! ProtoZe se jedna o strukturu typu inverzniho
spinelu, v niz jsou tetraedrické pozice obsazovany trojmocnymi ionty (tedy Fe’")
a oktaedrické pozice ionty dvoj- i trojmocnymi (tedy Fe** i Fe'"), lze jeho strukturni
vzorec v idealnim piipadé zapsat jako [Fe''] {Fez+,Fe3+}(Oz')4, kde [] reprezentuji
tetraedrické a {} oktaedrické pozice.'' V ptipadé idealniho magnetitu je tedy pomdr
Fe*" : Fe'™ roven 1:2, coz znamena, Ze tetraedrické i oktaedrické pozice jsou plné
obsazeny a struktura neobsahuje Zadné vakance. Vlivem jevu elektronového pieskoku
(tzv. “electron hopping™ efektu), kdy Sesté 3d elektrony velmi rychle (s relaxa¢nim
Gasem ~ 107 s) a nahodné preskakuji mezi oktaedrickymi ionty Fe, je rozlozeni Fe*™
aFe’" v oktaedrickych pozicich v &ase proménlivé.!" Typickd hodnota miizkového
parametru je a = 0,8396 nm,"'? nicméné miZe se mirnd ménit v zavislosti na velikosti

&astic (jejich krystalinit&), a kationtovych substitucich.'>!”
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Magnetit vykazuje pii pokojové teploté ferimagnetické usporadani, které ma pivod
v pfitomnosti tetraedrickych a oktaedrickych pozic obsazenych ionty Fe tvoficich
vinverzni spinelové struktufe dv€é podmiize s antiparalelnim uspofddanim
magnetickych momentd."" Hodnota saturaéni magnetizace se pohybuje v rozmezi
M, ~90— 100 Am*/kg."™"® Curicova teplota (7.) charakterizujici pfechod do
paramagnetického stavu je okolo 580 az 590 °C.*° P teploté T, ~—149 °C (~ 124 K),
ktera je siln¢ zavisla na velikosti ¢astic a kationtovych substitucich, dochéazi k tzv.
Verweyovu prechodu, ktery se mimo jiné projevuje vyraznym snizenim elektrické
vodivosti a anomalnim chovanim tepelné kapacity v okoli ptechodu.”' > Ze strukturniho
pohledu je piechod spojen s redukei krystalové symetrie z kubické na monoklinickou. "
Nanocéstice mohou pod kritickou velikosti vykazovat superparamagnetické chovani.'

Ackoliv je magnetit zndm a vyuzivan diky svym magnetickym vlastnostem jiz
dlouhou dobu, s rozvojem nanotechnologii a moznosti piipravit jej ve formé nanocéstic
doglo k vyznamnému rozsifeni jeho aplikaci. Siroké pramyslové uplatnéni nachéazi

o 2526
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napiiklad v oblastech  magnetické separace, senzort, ferrofluid

a environmentélnich aplikaci, kde jej 1ze vyuzit k efektivnimu odbourani polutanti.**>>

v r v . ’ 4- v
Nanoéastice s velkou plochou povrchu Ize také vyuzit v oblasti katalyzy.>*>’ Povrchové
. , T . . . ., 4
modifikované nano&astice magnetitu lze nalézt v mnoha oblastech biomediciny,’*~**
zejména pii fizené dopravé 1éCiv a fizené hypertermii nebo jako kontrastni latky pfi

zobrazovani magnetickou rezonanci (MRI).

a-Fe,O3; — Hematit

Hematit patfi mezi oxidy Zzeleza vyskytujici se v hojném mnozstvi v pfirodé.
Z termodynamického pohledu je nejstabilnéjsi formou oxidu Zelezitého a proto tvoii
findlni produkt termicky indukovanych transformaci vSech forem oxida zeleza

v oxidagnich podminkach.*'**

Krystalizuje v romboedricky centrované hexagonalni
struktufe s prostorovou grupou R3c a mifizZkovymi parametry a=0,5036 nm
ac=13749 nm."! Oktaedrické pozice, v nichz se nachazeji pravideln& uspotadané
kationty Fe’", jsou zaplnény ze 2/3, zbyvajici 1/3 pozic je vakantnich.'

Pti pokojové teploté se hematit chova jako slab& feromagneticky material." Toto
chovani je ohrani¢eno dvéma teplotami: (i) teplotou pfechodu do paramagnetického
stavu (tzv. Néelovou teplotou) ~ 683 °C;' a (ii) teplotou Morinova prechodu Ty, ~—

13°C (260 K).*** Hematit se pod touto teplotou chova jako antiferomagneticky

materidl. Teplota Morinova pfechodu je zavisla na mnoha faktorech, z nichz mezi
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nejdilezitéjsi patii velikost Castic a jejich morfologie, popiipadé kationtové
substituce.*"*** Nano&astice pod kritickou velikosti (pfi pokojové teplotd ~ 8 nm)
vykazuji superparamagnetické chovani.'

Praktické vyuziti hematitu je limitovano jeho magnetickymi vlastnostmi, nicméné
1 tak jej lze obvykle ve formé nanocastic vyuzit v mnoha prumyslovych aplikacich.
Siroké uplatnéni nachazi napiiklad jako pigment pifi vyrob& barev.! Nano&astice

hematitu s velkou plochou povrchu lze efektivnd vyuZit jako Kkatalyzatory,*®*’

senzory, ™" piipadn& v environmentalnich aplikacich.’'* V poslednich letech se velmi

53-57

rychle rozviji jeho pouziti zejména v oblastech solarniho §tépeni vody a lithium-

. ’ ., 48.49.58-
iontovych baterif.****%¢

B-F9203

B-Fe,O; patii mezi vzacné polymorfy oxidu Zzelezitého, ktery je zndm pouze ve
form& nanoéastic.*! Vzhledem k tomu, Ze prvni zminka pochézi z padesatych let 20.
stoleti, jedna se o relativn& novy polymorf.®! Krystalizuje v t&lesové centrované kubické
struktufe s prostorovou grupou Ia3 a miizkovym parametrem a ~ 0,940 nm.*>% lonty
Fe’" se ve struktufe nachazeji v poméru 1 : 3 ve dvou krystalograficky neekvivalentnich
oktaedrickych pozicich s rtiznou mirou symetrie okoli (tj. C3i a (), které byvaji
oznacovany jako b- a d-pozice.*"**

B-Fe,O; je jedinym polymorfem Fe,Os, ktery pii pokojové teploté vykazuje
paramagnetické chovani. Prechod do magneticky uspofddaného stavu je
charakterizovan Néelovou teplotou (7,), jejiz hodnota se pohybuje v rozmezi —173 az
~154 °C (100 — 119 K) a pod niZ se p-Fe,03 chova antiferomagneticky.**®

Vzhledem ke svym magnetickym vlastnostem pii pokojové teploté jsou moznosti
praktického vyuziti tohoto vzécného polymorfu Fe,Os; omezené. Nicméné 1 tak lze

B-Fe,03 vyuzZit v oblastech fotokatalyzy,*®®®

senzori a detektorit chemickych latek
(napf. amoniaku, chloroformu),”® optoelektroniky®® a vyroby lithium iontovych

., 70
baterii.

v-Fe, O3 —Maghemit

Maghemit je dalS$im polymorfem Fe,Os3;, ktery se hojné vyskytuje v ptirodé.
Spolecné s magnetitem tvofi izostrukturni materialy (tzn. ze krystalizuje také v plosné
centrované kubické struktuie s prostorovou grupou Fd3m a miizkovym parametrem

a = 0,835 nm)."* Nicméné na rozdil od n&j obsahuje ve své struktufe pouze ionty Fe".
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Zatimco tetraedrické pozice jsou jimi plné obsazeny, 1/6 oktaedrickych pozic zlstava
pro zachovani ndbojové neutrality vakantnich (distribuce vakanci a iontd Fe’' je
obvykle ndhodna, ale mize dojit k uspotadavani). Strukturni vzorec Ize potom zapsat ve
tvaru [Fe’ 1{(Fe’)s/6,01/6} (04, kde [] reprezentuji tetraedrické a {} oktaedrické pozice
a symbol o vakance.”’ V piipads, 7e dochazi k uspofadavani vakanci v oktaedrickych
pozicich, dochazi také ke zméndm v symetrii krystalové mfize. V zavislosti na mife
jejich uspotadani pak mohou nastat nasledujici piipady:*!

(1) vakance bez uspotadani — kubicka struktura s prostorovou grupou Fd3m;

(i) vakance casteéné¢ usporddané — kubicka struktura s prostorovymi grupami

P45;32 nebo P4,32;
(i) vakance zcela uspofadané — tetragondlni (super)struktura s prostorovou grupou
P452,2, kde ¢ ~ 3a.

Ferimagentické usporadani maghemitu ma stejné jako v pripadé¢ magnetitu ptivod
v pritomnosti tetraedrickych a oktaedrickych pozic tvoficich podmfiize s antiparalelnim
usporddanim magnetickych momentt. Curiovu teplotu reprezentujici piechod do
paramagnetického stavu nelze vzhledem k termicky indukovanym strukturnim
transformacim experimentalné¢ zméfit, nicméné jeji hodnota byla odhadnuta na
510 a7 710 °C.”""* Hodnota saturaéni magnetizace se pro makroskopicky material
pohybuje mezi 60 az 80 Am*/kg'® a v piipadé nanocasticovych systémii dochazi
k jejimu sniZeni vlivem povrchovych jevli a jevl spojenych s kone¢nym rozmérem
&astic.' U nano&asticovych systémi se vyznamné projevuje superparamagnetismus.

Vzhledem kblizkym strukturnim a magnetickym vlastnostem maghemitu
a magnetitu nachdzeji ob& faze velmi podobné uplatnéni. Obdobné& jako magnetit 1ze
tedy maghemit vyuZzit zejména v oblastech magnetické separace, senzort, katalyzy,

a biomediciny.

1.1.2. Transformacni procesy oxidi Zeleza

Transformacni procesy v oxidech Zeleza jsou obecné zavislé na mnoha faktorech,

které mohou ovlivnit nejen kinetiku, ale také mechanismus transformaci. Mezi

vvvvvv

1 ; . v e 4173
(i) velikost a morfologie &astic;*"*7°

(ii) kationtové substituce;*"’**

(iii) prostiedi, v némz k transformaci dochazi.*"***
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Vzhledem ktomu, Ze znaCnou cast této prace tvofi termicky indukované
transformacni procesy v pevné fazi, bude se dalsi ¢ast této kapitoly vénovat praveé jim.
Na jejich pribéh mohou mit kromé vyse zminénych parametrii vyrazny vliv také
konkrétni experimentalni podminky (tj. mnozstvi materidlu, zpisob ohfevu a jeho
rychlost nebo okolni atmosféra). Termicky indukované procesy v pevné fazi lze zaroven
efektivné vyuzit pro pfipravu (nano)materiali. Vhodnym piikladem v rdmci této
disertacni prace je piiprava nanocastic nulamocného Zeleza termickou redukci oxida
nebo oxyhydroxidl Zeleza. Dale bude proto uveden strucny piehled transformacnich
mechanismi pro tuto praci relevantnich oxidi Zzeleza (tj. magnetitu, B-Fe;Os;

a maghemitu) v rGznych okolnich atmosférach.

Transformacni mechanismy v oxida¢nich podminkach

Termicky indukované transformace oxidi Zeleza obsahujicich ionty Fe*" (tj. wiistitu
a magnetitu) vedou v oxidacnich podminkach ke vzniku Fe,O;. Termodynamicky
nejstabilnéjsim polymorfem Fe,Os je hematit a je proto obvykle findlnim produktem jak
téchto oxidacnich procest, tak i1 termicky indukovanych strukturnich transformaci
jednotlivych polymorfii Fe,0.*!#¢

Transformacni mechanismus magnetitu zahrnuje obvykle dva kroky; prvnim je
oxidace na maghemit a druhym néslednd strukturni transformace na hematit (tj.
Fe;04 — v-Fe,03 — a—Fezog).81’87’88 Jak jiz bylo zminéno, transformacni mechanismy
jsou zavislé na mnoha faktorech. Rlizny mechanismus oxidace magnetitu byl pozorovan
napiiklad v zavislosti na velikosti ¢astic.*” Zatimco &astice mensi nez 300 nm byly
transformovany dvoukrokové dle vySe uvedeného schématu, vétsi Castice byly
transformovany pfimo na hematit (tj. Fes04 — a-Fe,03).

V ptipadé transformaci B-Fe,Os; v oxidac¢nich podminkidch se jiz jednd pouze
o strukturni pfechod, ktery neni spojen se zménou valen¢niho stavu. Ve vétsiné piipadi
uvedenych v literatufe spocivd mechanismus v pfimé transformaci na hematit (tj.
B-Fe,O3 — a-Fe203).62’90’9] Nicméné bylo zjiSténo, ze nanocastice B-Fe,O; usporadané
do sférické morfologie jsou misto na hematit transformovany na maghemit (t;.
B-Fe,03 — y-Fe,03).%

U maghemitu, ktery patii mezi nejvice studované a vyuZzivané oxidy zZeleza, mohou
transformaéni mechanismy smérem k hematitu vést riznymi cestami.*' Nejjednodussi
znich plati pro nanocéastice maghemitu bez pfitomnosti matrice, kdy transformace

probiha ptimo (tj. y-Fe,03 — a-Fe,03).”>** Slozit&jsi je situace v piipadé inkorporace
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maghemitu do matrice tvofené¢ SiO,. Ta nejen ze vyrazné zvysSuje teplotu stability

95,96

maghemitu, " ale méni zaroven i mechanismus transformace tim, Ze zabranuje sintraci

¢astic maghemitu, ¢imz umoziuje vznik &-Fe,O3; namisto hematitu (tj. y-Fe,Os; —
indukovaného rozkladu siranu Zeleznatého, kdy byly dokonce pozorovany postupné

(V:tyf‘l polymorfy Fe,O5 (t_] 'Y-F€203 — e-Fe,O; — B-FCzOg, — (I-F6203).90
Transformacni mechanismy v reduk¢nich podminkach

Zatimco termickd stabilita v oxidacnich podminkach byla pomérné dobfe popsana
pro vétsinu forem oxidi zeleza, jejich stabilit¢ v redukénich podminkéch jiz tolik
pozornosti vénovano nebylo. Naptiklad pro B-Fe,O; dostupné informace neexistuji.
Nejcastéji vyuzivanymi prostfedimi pro redukéni transformacni procesy jsou atmosféry
vodiku nebo oxidu uhelnatého, popiipadé jejich rtizné smési.”® ! Na priibsh
transformace (tj. na jeji kinetiku i teplotni intervaly, v nichz k transformacim dochézi)
ma také vyznamny vliv tlak redukéni atmosféry, pficemz plati, Ze s nartstajicim tlakem
klesa transformacni teplota. Dal§im parametrem, ktery miZe ovlivnit prib&h
transformace, je v piipadé vyuziti smési plynii koncentrace redukéniho plynu.”

Mechanismus redukce oxidi zeleza ve vodiku (nebo smési vodiku s inertnim
plynem) byl studovan zejména u hematitu. Jeho transformacéni proces predstavuje
postupnou redukci na magnetit a elementarni zelezo (tj. a-Fe;O3 — Fe;O4 — a-Fe; viz
Obr. 1.1.2.1).%%1%19% pozorovan byl také tiikrokovy mechanismus postupné redukce
zahrnujici jako meziprodukt 1 wiistit (tj. a-Fe,O; — Fe;04 — FeO — a-Fe), jehoz
pritomnost byla vysvétlena teplotou pfesahujici 570 °C (nad niZ je wiistit stabilni).”*'*?
Podobné schéma transformacniho procesu, v némz byl wiistit nahrazen c¢astené
zredukovanou formou magnetitu Fes.,,O4, bylo zaznamendno pii redukci hematitu pfi
teplotach pod 400 °C (j. a-Fe,03 — Fe;04 — FesyO4 — 0-Fe).!” Je dilezité zminit,
ze pii redukcnich procesech nebyly zaznamendny strukturni transformace mezi
redukce hematitu probiha pfes maghemit jako meziprodukt mezi hematitem
a magnetitem,'” na piimou redukci hematitu na magnetit poukazuji experimenty
vyuzivajici technik teplotné¢ programovatelné redukce (TPR) a termogravimetrické
analyzy (TGA).'""™'™ Popsat detailn® mechanismus redukce maghemitu je znadng

obtizné vzhledem kjeho izostrukturnimu charakteru s magnetitem. Lze ovSem
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ocekavat, ze v navaznosti na vySe uvedené mechanismy redukce hematitu bude probihat
dvou- nebo tiikrokové v zavislosti na podminkach (tj. bud’ y-Fe,O; — Fe;04 — a-Fe,
nebo y-Fe,O3; — Fe;04 — FeO — a-Fe). Nicméné pro redukci probihajici pii nizké
teploté (pod 400 °C) byl popsan mechanismus dokonce jako Ctyikrokovy, i pfes absenci

wiistitu (t_] v-Fe,O3 — Fes ,04 — Fe;04 — FesyO4 — (I-Fe).loo

V ptipadé¢ magnetitu
a wistitu byly popsany redukéni mechanismy v zavislosti na teploté, zatimco pii
teplotach nad 570 °C probihéd redukce magnetitu na a-Fe bud’ pifimo nebo skrz wiistit,
pH niz§ich teplotich probihd pouze pfimo.”® U wiistitu je nutné vzit v avahu také
disproporcionaci na magnetit a a-Fe. Redukce potom miize probihat bud’ pfimo, nebo

pravé s disproporcionaci skrz magnetit.”®

Hemaltite:

Fe,03 — Fe304 — Fe (below 570 °C)

Fe;03 — FesOy — FeO — Fe (below and above370°C)
Magnetite:

Fe;04 — Fe (below 570°C)

Fe;04 — FeO — Fe (below and above 570°C)

Wiistite:

FeO — Fe304 — Fe (below 570°C)

FeO — Fe304 — FeO — Fe (below and above 570°C)
FeO — Fe (below and above 570°C)

Obr. 1.1.2.1. Schéma transformaénich mechanismt pii termicky indukované redukci
riiznych forem oxidi Zeleza ve vodikové atmosféte. Prevzato z.”®

Zatimco ve vodiku vedou transformace pii pouziti dostatecné vysoké teploty ke
vzniku elementarniho (kovového) zeleza jako findlniho produktu, v prostiedi oxidu

uhelnatého jsou finalnimi produkty obvykle karbidy Zeleza spolu s uhlikem.”®**!%

Byly
nicméné zaznamenany piipady, kdy finalni produkt stidle obsahoval kromé& zminénych
karbidd Zeleza a uhliku také elementarni Zelezo.'” Mechanismus transformace spo&iva
v ivodni redukci Fe,O3; na o-Fe ndsledované nauhlicenim materidlu projevujicim se
vznikem karbidi Zeleza, popiipad€ cistého uhliku. Redukce Fe,Os; na a-Fe muze

probihat vice zpiisoby v zavislosti na pouzité teplots.'®

Zatimco pfi vysSich teplotach
(nad 600 °C) dochazi k redukci Fe,Os3 na wiistit a nasledné a-Fe (tj. Fe;O3 — FeO —
a-Fe), pii nizSich teplotach dochazi kredukci Fe,O; nejdiive na magnetit (4.
Fe,0; — Fe;04 — FeO — a-Fe).'” Nasledné nauhli¢eni potom op&t probihd
v zavislosti na teplotd a mnozstvi dostupného uhliku.”® Vznikajici karbidy Zeleza byly
identifikovany zejména jako Fe;C, ptfipadné FesC, (mechanismus lze v tomto piipadé

schematicky zaznamenat jako a-Fe — Fes;C + (FesC, + C).'?
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Transformaéni mechanismy v dalSich prostredich

Jesté méné pozornosti bylo vénovano transformacim oxidu zeleza v jinych nez vyse
uvedenych prostredich. Lze sem zaradit naptiklad atmosféry dusiku, oxidu uhli¢itého
anebo prostiedi vakua. Informace dostupné z literatury se tykaji zejména stability
modifikovanych oxidd Zeleza (napf. povrchovou modifikaci, imobilizaci v rtiznych
matricich, atd.) v inertnich podminkach.'””'® Obecn& lIze Fici, Ze jejich stabilita se
modifikaci zvySuje. Existuji nicméné i studie zaméfené na stabilitu oxidi ve vakuu.
Napftiklad mechanismus transformace Fe;O4 ve vakuu byl popsan jako dvoukrokovy
a zahrnuje nejprve transformaci na maghemit a nasledné na hematit (tj. Fe;O4 —
y-Fe,03 — 0-Fe,05).'” Transformace ve vakuu byla studovéana také pro nanodastice
oxidu Zeleza se slupkou tvofenou SiO,,'"° nicméné pozorovany redukéni mechanismus
konc¢ici az ua-Fe je pfisuzovan reakci nanocastic s uhlikovou folii reakéni cely.
Celkové jsou ale dostupné informace velmi omezené a nelze proto uvést kompletni

ptehled jako v pfedchozich ptipadech.

1.1.3. Stechiometrie v systému magnetit/maghemit

Stechiometrie

Stechiometrie (x) je v systémech magnetit-maghemit definovdna jako pomér iontl
veleza x =Fe”"/Fe’, tzn. 7e pro idealni stechiometricky magnetit plati, ze x=0,5,
zatimco pro maghemit je x = 0 (magnetit, jehoZ stechiometrie je v rozsahu od 0 do 0,5,

je oznadovén jako nestechiometricky).'"'

Ackoliv magnetit v idedlnim ptipadé obsahuje
ionty Fe*" a Fe’™ v poméru 1 : 2, v redlnych systémech dochazi &asto k odchylkam od
této hodnoty a mnozstvi iontd Fe* je mensi nez v idealnim piipadé. To muze byt
zpusobeno nasledujicimi faktory:

(i) &astecnou oxidaci iontt Fe’" na Fe'* za soucasného vzniku adekvatniho poctu

vakanci: 4112113
(ii) substitucemi iontd Fe*" ionty jinych prvki (napf. Zn, Mn, Al) se srovnatelnym
iontovym polomérem."'*!>-114115

Stechiometrie je také nepiimo ovlivnéna velikosti Castic, a to vlivem spontinni

oxidace iontii Fe*" na Fe’" v povrchovych vrstvach &astic, ktera se projevuje zejména

u velmi malych nanog&astic o rozmérech pod 15 nm.'">!é117
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Vliv stechiometrie na fyzikalné-chemické vlastnosti

Stechiometrie magnetitu ma vyznamny vliv na jeho fyzikalni a chemické vlastnosti.
Dokaze napiiklad ovlivnit morfologii a velikost nanocastic nestechiometrickych
magnetiti piipravenych koprecipitaci v zasaditém prostiedi (stechiometrie iontd Fe**
a Fe’" v roztoku zistava zachovana i ve vzniklych nestechiometrickych magnetitech).''®
Dalsim ptikladem je ovlivnéni elektrickych vlastnosti. Vyrazné snizeni teploty
Verweyova prechodu nebo jeho uplné vymizeni bylo pozorovéno jiz pifi mirné
nestechiometrii magnetitu.''”"?' Ze strukturniho a magnetického pohledu ovliviiuje
stechiometrie velikost miizkového parametru a saturacni magnetizaci, jejichz hodnoty
se pohybuji mezi hodnotami pro magnetit a maghemit.'"® P¥ praktickém pouziti
nestechiometrickych magnetitd byl pozorovan vliv stechiometrie na mechanismus

I -~ —_ . . o 112,122,123
a kinetiku odbourédni anorganickych 1 organickych polutantd.” =~

Ve vsech
ptikladech vyse je ale nezbytné zohlednit moznost souc¢asného ovlivnéni uvedenych
vlastnosti  nanocasticovym  charakterem materidl, popfipadé¢ kationtovymi

substitucemi.

Moznosti stanoveni stechiometrie

Stechiometrii systému magnetit-maghemit lze zkoumat z riznych thli pohledu vice
experimentalnimi technikami. Mezi nejvyuzivan&jsi z nich patii >’Fe Mdssbauerova
spektroskopie,*> !SI renteenova (RTG) praskova difrakce (XRD)® 124125

. wexs 111,112,118,123
a selektivni rozpous§téni. "

Urcitou informaci o stechiometrii mohou piinést
také dal$i metody, mezi néz patii naptiklad infracervend spektroskopie s Fourierovou
transformaci (FTIR),"*® RTG magneticky cirkularni dichroismus'?’ nebo RTG absorp&ni
a emisni spektroskopie.'”® Pro kvalitni a pfesné zhodnoceni stechiometrie je nicméng
nezbytné netvofit zavéry na zaklad¢ vysledkl pouze jedné experimentalni techniky, ale
vzdy vyuzit jejich kombinaci. Dale budou i s ohledem na prezentované vysledky v této
praci uvedeny moznosti stanoveni stechiometrie pomoci XRD, magnetickych méteni
a Mossbauerovy spektroskopie.

Izostrukturni charakter magnetitu a maghemitu zplsobuje, Ze jejich difrakeni
zaznamy jsou prakticky totozné. Jedinym rozdilem jsou difrakce, které vznikaji
v ptipad® alespoii &asteéného usporadavani vakanci v maghemitu.'”® Na hodnotu
stechiometrie nicméné ukazuje miizkovy parametr, pficemz mezi jeho velikosti

1

a stechiometrii existuje pfiblizn¢ linearni zavislost.'"! Zde je ale treba znacna
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obezietnost, protoze obdobné byla pozorovana linearni zavislost velikosti mfizkového

v ’ . sy . o 15,114
parametru na mnoZstvi substituujicich iontd.'

Navic je velikost mfizkového
parametru ovlivnéna také krystalinitou materialu a v piipadé vyrazné nanokrystalickych
¢astic miize byt stanoveni stechiometrie velmi obtizné.

Magneticka méteni mohou pfinést informaci o stechiometrii prostfednictvim zmény
magnetickych vlastnosti (tj. saturatni magnetizace a pifitomnosti/absence Verweyova
pirechodu). Saturaéni magnetizace se bude v nestechiometrickych magnetitech
pohybovat mezi hodnotami idealniho magnetitu a maghemitu, tzn. Ze s narustajici
nestechiometrii se bude snizovat.'® Teplota Verweyova piechodu je mimo velikosti
Castic a pritomnosti kationtovych substituci zavisla pravé na stechiometrii. Jiz mala
odchylka od idealniho stavu zplisobuje vyrazné snizeni teploty pfechodu a vyznamné;jsi
nestechiometrie ma za nasledek jeji posun pod hodnotu 268,95 °C (4,2 K).!19120

Vedle jinych experimentélnich technik, které jsou schopné zhodnotit stechiometrii,
dokéaze Mossbauerova spektroskopie na jadrech *’Fe také kvantifikovat obsazeni atomil
Fe v tetraedrickych a oktaedrickych pozicich a navic urcit jejich valen¢ni stav.
Vzhledem k jiz zminénému jevu elektronového preskoku, jehoz charakteristicky Cas je
srovnatelny s charakteristickym casem méfeni Mdssbauerovy spektroskopie, je
spektrum magnetitu métené pii teplotach nad Verweyovym piechodem tvofeno dvéma

124129 (3) sextetem reprezentujicim Fe’™ ionty v tetraedrickych pozicich; a (ii)

sextety:

sextetem s efektivni valenci 2,5+ pochézejicim od iontd Fe*" a Fe’" v oktaedrickych

pozicich. U nestechiometrickych magnetitl je situace ale komplikovanéjsi a v literatute

1ze nalézt nékolik modeli fitovani Mdssbauerovskych spekter:'"!

(i) model reprezentujici smés magnetitu a maghemitu,'>* v némz jsou spektralni
komponenty magnetitu a maghemitu fitovany nezavisle;

(1)) model predpokladajici delokalizaci valen¢nich elektronti, které jsou sdileny
okolnimi atomy Fe; oktaedricky sextet potom reprezentuje atomy Zeleza se
smisenou valenci Fe”', kde 2,5 <z < 3:

111,112,125 Xy 2+ 3+
e vnémz ionty Fe“'a Fe

(ii1)) model parové lokalizace elektront,
v oktaedrickych pozicich tvofi pary (ve spektru jsou potom reprezentovany
sextetem s efektivni valenci Fe™"); zbyvajici ionty Fe’" v oktaedrickych
pozicich se nepodileji na jevu elektronového preskoku a v Mdssbauerovském
spektru se bez pfitomnosti vné&jstho magnetického pole projevuji dalSim
sextetem s hyperjemnymi parametry velmi blizkymi sextetu reprezentujicimu

“Ee (tzn. Ze “'Fe** a zbyvajici *“'Fe** jsou fitovany jako jedna komponenta;
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viz Obr. 1.1.3.1); v tomto modelu Ize potom kvantifikovat stechiometrii xp
(stechiometrie stanovena pomoci Mdssbauerovy spektroskopie) jako:''''?
1/2 Oktp 2,5+

B 1/2 oktRa2,5+ 4 tetpa3+

Xm

Xq = 0.49, x,; = 0.45

X, = 0.36, X, = 0.39

Normalized Absorption

X4 = 0.00, x, = 0.00

-i\\/-\
v
T

=140 K

1 I3
"\ /
]
T T T T |

-10 -5 0 5 10
Velocity (mm/s)

Oct_ 2.5+
m Fe

Oct,Tet 3
= Fe

Obr. 1.1.3.1. Mossbauerovska spektra magnetitll s riznou mirou stechiometrie méfena
pfi teploté —133,15 °C (140 K) fitovana s pouZzitim modelu parové lokalizace elektroni.

" 111
Prevzato z.
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1.2. (nano)Castice nulamocného %eleza

Castice nulamocného (elementarniho, kovového) Zeleza (ZVI, z anglického terminu
zero-valent iron) jsou, jak uz napovidad jejich nazev, tvofeny hlavné atomy Zzeleza
v nulamocném stavu. V dalSich ¢astech této kapitoly budou s ohledem na obsah této
prace predstaveny rizné metody pfipravy zejména nanocastic nulamocného Zeleza
(nZV1), moznosti jejich charakterizace, jejich vlastnosti, modifikace a praktické vyuziti

zejména v environmentalnich aplikacich.
1.2.1. Metody piipravy

v . croaNe 1 oo w7 v sr10 sr ol
Obecné existuji tii zakladni piistupy k piipravé nanomaterial zahrnujici:'*°

(i) tzv. top-down metody;

(i) tzv. bottom-up metody;

(iii) tzv. ptipravu v pevné fazi (z anglického ,,solid-state®).

Vsechny tii uvedené pristupy lze vyuzit také pii vyrobé nZVI, znacna Ccast
konkrétnich zplsobu piipravy mé ovSem sva uskali, a proto neni jejich praktické pouziti
prili§ Casté. V nasledujici ¢asti budou jednotlivé piistupy vyuzitelné k ptipravé nZVI

stru¢né predstaveny.

Top-down metody

Zjednodusen¢ lze fici, Ze tyto metody jsou zalozeny na zmensovani rozméri ¢astic
v priibéhu procesu piipravy. Jako prekurzory mohou byt pouZzity materidly tvofené

vétsimi asticemi (napf. mikro&asticemi) nebo granulemi.*' Ty jsou potom vhodnymi

132-134 135,136

fyzikalng-chemickymi  procesy zahrnujicimi  mleti, leptani nebo

sonochemicky indukovany rozklad">""** zmengovany az do rozmérii v fadech jednotek
a desitek nanometri.”' Agkoliv vyuziti napiiklad mleti nabizi levny zptisob p¥ipravy
nZVI, ktery lze navic relativné snadno pievést do vétsSiho objemu (tzv. up-scale),
samotny proces piipravy je Casoveé naro¢ny (mleti obvykle trva desitky hodin nebo

133,134

1 dny). Proto nejsou tyto metody v soucasnosti vyuzivany pro piipravu nZVI ve

vétSich objemech, které jsou nezbytné pro realné aplikace.

Bottom-up metody

Metody na principu bottom-up jsou zalozeny na pfipravé nanocastic, které¢ vznikaji

z malych strukturnich jednotek (obvykle atomli nebo molekul). Lze sem zatadit
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140,141 142-144

napiiklad elektrodepozici, kondenzaci v inertnim plynu, chemickou

145,146 147,148

kondenzaci z plynné faze, nebo mikroemulzni metody. Jejich typickym
a nejCastéji vyuzivanym zastupcem jsou ale roztokové chemické reakce, pifi nichz
dochazi k redukci iontl Zeleza zrozpusténych zeleznatych nebo zelezitych soli za
vzniku nanocastic elementdrniho zeleza. Jako redukcni Cinidlo se obvykle vyuziva
borohydrid sodny nebo draselny (z toho vzniklo oznageni Fe®').!#-15!

Tato metoda pripravy je relativné jednoducha'' a umozituje Sasteéné Fidit fyzikalng-
chemické vlastnosti pfipravenych castic a zaroven je povrchové modifikovat béhem
nebo ihned po ukonéeni piipravy.'”*'>> Na druhou stranu jeji praktické vyuziti pii
ptipravé nZVI pro redlné aplikace neni vhodné kvili produkci velkého mnozstvi
vodiku, vysoké cené borohydridu a obsahu toxického boru v pfipravenych
nano&asticich.”***"*" I ptesto viak bylo této metody vyuZito pii nékterych pilotnich
aplikacich nZVL">* S cilem eliminovat pfitomnost boru v &sticich nZVI byla testovana
také dalsi redukéni Cinidla, kterd zahrnuji extrakty pochézejici z riznych rostlin (napf.
extrakty z Cajovych listkd, listd eukalyptu, slupek z mandarinek, pomeranci nebo

159-163

hroznového vina). Zatimco v n&kterych studiich'®'®* ziistava tvrzeni, Ze

pfipraveny material je opravdu Fe’, nedostateéné podlozené vhodnou fyzikalng-
. . roseo 7 ;oqxir v r + r rv
chemickou charakterizaci, jiné uvadgji, Ze namisto redukce Fe* na Fe’ dochazi spise ke

vzniku Fe-polyfenolovych komplexi.''%

Metody pripravy v pevné fazi

Metody ptipravy nZVI v pevné fazi mohou zahrnovat termicky indukovany rozklad

nebo redukci vhodnych Zelezo obsahujicich prekurzort. Typickym piikladem

prekurzoru pro termicky indukovany rozklad je pentakarbonyl Zeleza (Fe(CO)s).'*" %

Nevyhodou této piipravy je ovSem toxicita a nestabilita pentakarbonylu a znacna
produkce oxidu uhelnatého.'®'" Cast&ji neZ rozklad je ale vyuzivana redukce Zelezo

obsahujicich prekurzori za zvySené teploty. Jako redukéniho cinidla lze vyuzit

98,106

naptiklad oxid uhelnaty, nicméné¢ nejCastéji vyuzivany je vodik (pro takto

. , . . . « s TraH2y 98,149,171-173
ptipravené nZVI se v literatuie Casto vyskytuje oznaceni Fe ). ™

Tento zpusob
piipravy nZVI je vyuzivan i v komeréni sféfe.'”* Jako prvni dostupné se na trhu objevilo
nZVI s komerénim ndzvem RNIP (zorigindlu reactive nanoscale iron particles)
dodavané firmou Toda Kogyo Corp. (v souCasnosti jiz neni produkt na trhu

149,157,175

k dispozici). To bylo nésledné nahrazeno rliznymi produkty nZVI vyrdbénymi

firmou NANO IRON."*'7® Jako prekurzory mohou byt pouZity riizné formy oxidd
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149,172 5

nebo oxyhydroxidi zeleza, napiiklad hematit, amorfni oxid Zelezity,'”

171,179 149,180-182

ferihydrit nebo goethit.

1.2.2. Charakterizace nZVI

Pro praktické pouziti nZVI (obzvlasté v environmentélnich aplikacich) je dulezité
znat nejen jejich velikost, morfologii a fazové slozeni, ale také dalsi fyzikalné-chemické
charakteristiky zahrnujici napfiklad obsah Fe’, specifickou plochu povrchu (SSA),
chemické slozeni povrchu castic nebo sedimentacni vlastnosti. Pii praktickych
aplikacich je potom nezbytné posuzovat vhodnost zvoleného nZVI vzdy jednotlivé
v zavislosti na konkrétnich pozadavcich. Vyuziti kombinace experimentalnich technik
pro ziskani komplexnich informaci je proto zcela nezbytné. Dale budou v kratkosti
pfestaveny nejvyznamné;jsi charakteristiky ¢astic nZVI a zpisoby jejich stanoveni.

Mezi nejzékladnéj$i znich patii velikost castic, jejich morfologie a SSA.
Zaznamenat je Ize skenovacimi a transmisnimi elektronovymi mikroskopy a méfenim
SSA pomoci BET izotermy. Aby bylo viibec mozné oznacit ¢astici za nanocastici, jeji
rozméry by mély byt vrozsahu 1aZ 100 nm.'"™ nZVI pfipravené vyse uvedenymi
metodami tuto podminku obvykle splituji, pficemz jejich typickéa velikost se pohybuje
mezi 10 a 100 nm (v omezeném mnozstvi se mohou samoziejmée vyskytovat 1 ¢astice
vetsi).!™ Zaroven lze fici, e Gastice této velikosti maji SSA vétdinou v rozsahu
10 a7 50 m*/g."® Nicméné plocha povrchu stejné jako velikost a tvar &astic jsou
vyznamné ovlivnény metodou piipravy.'®® Zatimco &astice pripravené borohydridovou

. o / 186,1
cestou jsou sférického tvaru,'®*'®

nZVI ptipravené termickou redukci oxidii nebo
oxyhydroxidl zeleza pomoci vodiku si obvykle zachovéavaji morfologické vlastnosti
prekurzoru (pokud neni pouZita pfili§ vysoka teplota) a jeho volbou 1ze ovlivnit velikost

a tvar piipravenych ¢astic.'”* Byly zaznamenany také metody piipravy nZVI vedouci

k nano¢asticim s unikatnimi morfologiemi, tvofené napiiklad krychlemi'™ nebo
vlo¢kami (Obr. 1.2.2.1)."%*

°:' LB s

!:.. . ‘... ‘v.
Obr. 1.2.2.1. Castice nZVI s (vlevo) krychlovou a (vpravo) vlo¢kovitou morfologii.

" 134,188
Prevzato z. "



Z pohledu reduk¢ni kapacity ma zna¢ny vyznam znalost fdzového slozeni Céstic
a celkového obsahu Fe’ vnZVI. 1 vtomto pripadé plati, 7e jak fazové slozeni, tak
i obsah Fe” jsou zavislé na metods piipravy.'**'®* Ke stanoveni uvedenych vlastnosti lze
vyuzit vice experimentalnich technik, z nichZ nejvyuzivanéjsi jsou XRD, Mdssbauerova
spektroskopie a selektivni rozpousténi.'”* Vzdy, kdyz to situace umozni, je ale vhodné
vyuzit jejich kombinaci, protoze kazda z metod poskytuje informace o fazovém slozeni
a/nebo obsahu Fe” viigi celkovému Fe z jiného pohledu. Pomoci XRD lze identifikovat
krystalické faze a také je velmi presné kvantifikovat.'® Neni ale vhodna pro nékteré
typy nZVI, které byly oznateny za amorfni Fe” (pfipravené napi. pomoci redukce
borohydridem nebo extrakty z raznych rostlin).'®*'*!7>%% Jako obtizna se jevi také
analyza u rizn¢ modifikovanych ¢astic (napft. stabilizovanych tenkou organickou nebo
anorganickou slupkou, kterd nemusi byt dostatecné krystalickd pro detekci pomoci
XRD)."""'** Naproti tomu Méssbauerova spektroskopie na jadrech *'Fe je metoda, ktera
je selektivng citlivdA pouze na atomy Zeleza.'”* Dokaze tedy identifikovat Zelezo
obsahujici faze v krystalické i1 amorfni formé a kvantifikovat jejich relativni

r 152,195,196
zastoupeni. =7

Na druhou stranu ale nepfinaS§i Zadnou informaci o fazich
neobsahujicich Zelezo. Metoda selektivniho rozpousténi piedstavuje jednoduchy
arychly zpusob kvantifikace Fe vigi celkovému Fe."”””"*"" Na rozdil od
Mossbauerovy spektroskopie a XRD Ize provést méfeni i ve znaéné omezenych
podminkach a neni ktomu tfeba specidlniho pfistrojového vybaveni. Lze ji také
efektivng vyuzit na sledovani zmén obsahu Fe’ pii starnuti nZVIL'” Existuji
samoziejmé i daldi techniky citlivé na fizové slozeni a obsah Fe’, mezi n&z patii
napiiklad RTG fotoelektronova spektroskopie (XPS) a RTG absorpcni spektroskopie
(XAS). Jejich vyuziti ke kvantifikaci Fe® ovem neni vhodné vzhledem k faktu, Ze
poskytuji pouze lokélni informaci (napf. citlivost XPS je omezena hloubkou piiblizné
10 nm) a/nebo k jejich realizaci je tieba synchrotron.'’*!7-19%:199

Dal§im dilezitym parametrem, ktery ovliviluje jak reaktivitu, tak 1 agregacni
a sedimentacni vlastnosti, je chemické slozeni povrchu castic. Obecné mohou byt
castice bud nemodifikované, nebo rlznymi zplsoby modifikované, nejcastéji
povrchové (detailné viz kapitola 1.2.4). Relativné jednoduchou metodou pro stanoveni
prvkového slozeni povrchovych vrstev je energiové dispersni spektroskopie (EDS),
kterd pii vyuziti mapovani umoZiluje zobrazit rozlozeni prvki v &asticich.?***"!
Sofistikovanéjsi piistup nabizi XPS, jejiz vyuziti je vtomto piipadé¢ naopak velice

vhodné, pravé diky selektivni povrchové citlivosti a schopnosti urCit nejen prvkové
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slozeni a oxida¢ni stavy atomd, ale také jejich lokalni chemické okoli.

Nevyhodou
ovSem je, ze analyza probihd v ultravysokém vakuu a tudiz je nezbytné méfit suchy
vzorek. Pfi vyuziti iontového odprasovani lze tuto metodu pouzit také ke stanoveni
tloustky povrchové slupky.'”® Dalsi metodou, kterda mize poskytnout detailni informace
o oxida¢nich stavech Fe a jejich okolich je XAS."*2"2% Oproti XPS je jeji vyhodou
moznost provedeni analyzy materidlu v prakticky libovolném prostiedi (zahrnuje také
moZnost analyzovat suspenze),® nevyhodou je ale uz zmindny zdroj zafeni v podob&
synchrotronu.

Posledni z charakteristik nZVI, kterd bude v ramci této kapitoly predstavena, jsou
sedimentacni vlastnosti. Rychlost sedimentace ¢astic nZVI, respektive jejich koloidni
stabilita, jsou vyznamnymi parametry, které pti redlnych aplikacich ovliviiuji migracni
vlastnosti astic nZVI v horninovém prostiedi.'®* Tyto parametry jsou vyznamng zavislé
na povrchovém chemismu ¢éstic, jejich koncentraci, distribuci jejich velikosti a jejich
tendenci k agregaci.’***” Pro zhodnoceni distribuce velikosti Gastic a agrega¢nich
vlastnosti je nejcastéji vyuzivand metoda dynamického rozptylu svétla (DLS), ovSem

154,198,204-206

lze vyuzit také napiiklad akustické spektroskopie. DLS je vSak metodou,

ktera neni piili§ vhodna pro polydisperzni systémy.”*” To je zpiisobeno jeji citlivosti
vicéi velkym casticim, které rozptyluji mnohem vice svétla nez malé ¢astice, mohou
rychle sedimentovat a tim ovlivnit vysledky probihajici analyzy.'”® Tato metoda navic
nerozliSuje mezi aglomeraty a jednotlivymi ¢asticemi. Naproti tomu metoda akustické

spektroskopie je v porovnani s DLS spolehlivejsi a presngjsi.”

1.2.3. Vlastnosti nZVI

Zatimco v pfedchozi kapitole byly piedstaveny zékladni vlastnosti nZVI z pohledu
fyzikéalné-chemické charakterizace a experimentalnich metod, které jsou pro ni
vyuzivany, tato kapitola pfinasi pfehled vlastnosti tykajicich se chovani nZVI.

Prvni takovou zde uvedenou vlastnosti je stabilita ¢astic nZVI na vzduchu a ve
vodném prostfedi. Je vSeobecné¢ znamo, ze vystaveni kovového Zeleza oxidacnim
podminkdm (tj. i okolni atmosféfe) zplsobuje i pifi pokojové teploté jeho rychlou
povrchovou oxidaci.**®*% Rychlost takové oxidace zalezi zejména na teplots a plose, na
niz k ni dochazi. Proto s klesajicim rozmérem c¢astic (a tim nartistajici plochou povrchu)
dochazi ke zrychlovani oxidace a nanocastice ZVI tudiz oxiduji rychleji nez

mikro&astice.”'**!! Oxidace je v pfipadé nano&astic dokonce tak prudka, e pii kontaktu

s atmosférickym kyslikem dochazi vlivem exotermického charakteru reakce
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k rozzhaveni materialu (Obr. 1.2.3.1).!7#21%214

To vyrazné zvysuje technické i finanéni
naroky na skladovani materialu. Existuje ale n€kolik zplisobt, které umoznuji oxidaci
¢astic nZVI omezit nebo ji zcela eliminovat. Patii mezi né: (i) skladovani a transport
v inertnich podminkach;'”**" (ii) skladovani a transport ve vodném prostiedi, tj.
vsuspenzi (to ovSem vyrazné zvétSuje objem skladovaného a transportovaného
materialu; v suspenzi zarovenn dochazi k postupné degradaci nZVI, coz omezuje délku

skladovéni na jednotky dni);""'"

a (ii1) stabilizace castic nZVI vytvofenim vhodné
anorganické a/nebo organické slupky na povrchu &astic (viz kap. 1.2.4)." Zde je
vhodné zdiiraznit, Ze tento problém se tyka zejména nZVI ptipraveného redukci v pevné
fazi. Borohydridové nZVI je na vzduchu obvykle stabilni diky spontdnnimu vytvoteni
obvykle 2 az 4 nm oxidické slupky béhem vysouseni.*'® Pii vystaveni nZVI &astic
kontaktu s vodou neni reakce tak prudkd jako na vzduchu, nicméné také dochazi k jejich
postupnému starnuti, které se projevuje vytvorenim slupky. Jeji charakter se potom
odviji od pfitomnosti kysliku ve vodé. Zatimco v anaerobnich podminkach je slupka
tvotena FeOOH/Fe(OH),,'”® v aerobnim prostiedi dochazi ke vzniku v-FeOOH/Fe, Oy

slupky.?"’

Obr. 1.2.3.1. Prudké oxidace nZVI ¢astic pii kontaktu s atmosférickym kyslikem.

Dalsi vlastnosti nZVI &stic je jejich tendence k agregaci.>*'®*!” Agregace ¢astic

ma pluvod v pfitazlivych magnetickych a van der Waalsovych interakcich. 2>

Negativné ovliviiuje schopnost ¢astic migrovat skrz horninové prostiedi a zpiisobuje

149,219,221

vyznamné snizeni plochy povrchu ¢astic, ¢imz omezuje efektivni prostor, na

222,223

némz muze dochéazet k redukci kontaminantu. Je ovlivnéna mnoha faktory, z nichz

mezi nejvyznamnéjSi patii koncentrace cCastic (pficemz s rostouci koncentraci se

198,222,224

zvétSuje tendence k agregaci), vlastnosti povrhu ¢astic (zahrnujici povrchové
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219,225

modifikace), distribuce velikosti Castic (u vétSich Castic se vice projevuji

220

magnetické interakce),”*’ pH prostedi'*® nebo {-potencial.'****

Pti praktickém vyuziti nZVI v redlnych aplikacich je jednou z kliCovych vlastnosti
schopnost ¢astic migrovat skrz horninové prostiedi. Migracni vlastnosti jsou potom
ovlivnény jak parametry nZVI castic (agregace, koncentrace, velikost a modifikace
povrchu &astic), tak i prostfedi.”'® Mezi vyznamné parametry prostfedi lze zafadit

naptiklad mnozstvi a obsah rozpusténych iontti, pH, mnozstvi rozpusténé¢ho kysliku,

ptitomnost piirodnich organickych latek nebo hydraulickou vodivost prostredi.'””!*%7

Ackoliv agregace a adhese Castic nZVI k ¢asticim prostiedi jsou primarnimi faktory

224,228

ovlivitujicimi pohyblivost nZVI v horninovém prostiedsi, mnozstvi aplikovaného

. . o .y . .. 229
materialu a porozita horninového prostiedi mohou jejich transport pozitivné ovlivnit.

oy g y ‘ . 158,230-232
To muze vést ke schopnosti ¢astic migrovat az do vzdalenosti 5 m. ™™

Nezbytnou vlastnosti, kterou musi nZVI pro své praktické vyuziti disponovat, je
reaktivita. Ta je stejné¢ jako vSechny ostatni uvedené vlastnosti ovlivnéna jak
charakteristikami ¢astic (napf. SSA, obsahem Fe’, chemickou &istotou, poptipadé
cilenou dopaci €astic, povrchovymi vlastnostmi, velikosti a morfologii, agrega¢nimi

233-236

vlastnostmi, koncentraci), tak 1 parametry prostfedi, v némzZ k reakci dochazi

y o X . w1 oy 2352 . L
(napf. pH, mnozstvi rozpusténého kysliku nebo dalich iontt).>>*** Asi neni Gplnym
y - NP C o L0236
ptekvapenim, Ze se zvétSujici se plochou povrchu bude reaktivita nardstat,”” a naopak,
s klesajicim obsahem Fe” se bude vlivem snizené redukéni kapacity zhorsovat."’ Stejné

tak parametry prostfedi dokadzi ovlivnit chemismus povrchu castic a tim zpusobit

¥ 238
€

vyrazné zmeény v jejich reaktivité.”” Krom¢ téchto uvedenych vlastnosti miize hrat

239

vyznamnou roli také pfitomnost mikroorganismi.” Byl prokdzan synergicky efekt

nZVI castic naptiklad s bakteriemi rodu Dehalococcoides spp. pii degradaci

240

polychlorovanych uhlovodiki®™ nebo s bakteriemi Alcaligenes eutrophus pii redukci

nitrat. "'

Vzhledem k aplikacim nZVI ¢astic do Zivotniho prostfedi je jejich dulezitou
vlastnosti také toxicita vi¢i zivym organismim. Zatimco znacnd pozornost byla
vénovana vlivu nZVI na sladkovodni a moiské organismy, jen malo studii bylo
provedeno na padnich organismech.”* Obecng plati, Ze se zvySujici se koncentraci
nZVI roste také jejich toxicita.”'® Je ale nezbytné brat v uvahu i tendenci &astic
agregovat a sedimentovat, kterd se pii vysSich koncentracich naopak projevuje snizenim
toxicity.”'® Zaroveri plati, Ze koncentrace, p¥i nichz se nZVI stavaji toxické, se vyraznd

243

lisi v zavislosti na druhu organismu.”” Vyznamny vliv maji také piirodni organické
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244

latky*** nebo povrchova modifikace nZVI,**® pricemz plati, 7e nemodifikované &astice

vvvvv r 243

jsou nejtoxictéjsi Snizeni toxicity bylo prokdzdno u Castic s organickou

245,246

slupkou, nejlepsich vysledkti ovSem bylo dosazeno pii pouziti slupky anorganické,

konkrétng oxidické.”?*** Navic byl zaznamenan vliv i samotné tloustky oxidické
slupky na toxicitu &astic nZVI.**’

Posledni zde ptedstavenou charakteristikou bude environmentdlni aspekt vyuziti
nZVI. nZVI je povazovano za environmentaln¢ pratelsky materidl, ktery po realné
aplikaci do zivotniho prostiedi at’ uz samovolné starnutim nebo vlivem kontaktu
s polutantem postupné oxiduje a rozpousti se. Produkty téchto zmén jsou v zavislosti na
podminkach oxidy a/nebo oxyhydroxidy zeleza, které jsou netoxické a navic se bézné

o1 131,248,249
vyskytuji v ptirode.”” >

1.2.4. Modifikace nZVI

Jak bylo uvedeno v predchozi kapitole, nZVI maji také fadu vlastnosti, které limituji
jejich praktické vyuziti v redlnych aplikacich. VétSinu z nich lze ovSem efektivné
ovlivnit riznymi zplsoby modifikace, mezi néz patii modifikace povrchu ¢astic
vytvofenim anorganické nebo organické slupky, dopovani nZVI dal§im (vzacnym)
kovem nebo zabudovani ¢astic na nebo do vhodné matrice. Vzhledem k prudkému
rozvoji technologii na bazi nZVI béhem poslednich dvou desitek let a mnozstvi studii,
které se jimi zabyvaji, asi neni uplnym piekvapenim, Ze jiz vzniklo nékolik

prehledovych studii, které se zabyvaji pravé rlznymi zplsoby modifikace
N7V 130.170.199.250-252

1.2.4.1. Povrchové modifikace

Anorganicka slupka

Prvni modifikace, které budou v rdmci této kapitoly predstaveny, jsou modifikace
anorganickou slupkou. Ta se pouziva zejména jako stabiliza¢ni, protoze jeji vytvoreni
umoziuje ¢astice skladovat nebo je transportovat za piistupu atmosférického kysliku.
Nevyhodou takto stabilizovanych c¢astic je ovSem obvykle jejich sniZzena reaktivita,
protoze slupka tvofi bariéru mezi jadry castic tvofenymi nulamocnym zelezem
a polutantem, ¢imz vyrazné¢ omezuje moznost transferu elektronli. Ne&které typy
anorganickych slupek ovSem tuto vlastnost nemaji a mohou naopak reaktivitu ¢astic

zvySovat. Postupné budou predstaveny nasledujici typy anorganickych slupek:

42



(1) oxidicka slupka;
(i1) slupka tvofena hydroxidy kovi alkalickych zemin;

(i11) sulfidicka slupka.

Nejvyuzivanéj§im zpusobem anorganické stabilizace nZVI ¢astic je vytvofeni
oxidické slupky. Dle Cabrera-Mottovy teorie oxidace kovl totiz na povrchu Castic
dochazi i pii pokojové teploté k rychlému vytvoteni tenké kompaktni slupky, ktera za
danych podminek cCastice stabilizuje, aniz by doSlo k nartstu teploty zapficinujicimu

2% yzhledem k exotermickému charakteru oxidagniho procesu je

dalsi rast slupky.
v pripad¢€ nanocasticovych systémi proto pro jeji vznik klicovym faktorem dostate¢né
omezeni dostupného kysliku. Pasivace oxidickou slupkou miize byt bud’ cilend, nebo
spontanni. Typickym piikladem spontanniho vytvoteni slupky je prosté vysuSeni nZVI
pfipraveného borohydridovou cestou. Castice maji nasledné tzv. “core-shell* strukturu,
vniz je jadro tvorené nulamocnym zelezem a slupka oxidy nebo oxyhydroxidy
zeleza.'**1>%> Toto spontanni vytvofeni slupky je umozn&no postupnym vysychanim,

215216254 s % Y
" Zatimeo tlouSt’ka slupky vytvorené

144,171

které zabraniuje rychlé oxidaci celych ¢astic.
cilenou pasivaci se pohybuje obvykle v rozmezi 2 — 5 nm, spontanné vytvoiena
slupka muze dosahovat tloustky az 25 nm.*">*'® Spontann& vytvorena slupka se navic
neformuje jen kolem jednotlivych Castic, ale mlze vytvaret kompaktni obal celych
jejich agregati.”'> Cilené vytvofeni oxidické slupky bylo piedstaveno zejména na
157,197,214

¢asticich nZVI ptipravenych pomoci redukce borohydridem, nicmén¢ l1ze vyuzit

nZVI pripravené také dal§imi zptsoby, napiiklad kondenzaci z plynné faze,''”'***>
vakuovym rozprasovanim'** nebo termicky indukovanymi procesy.'”*® Ag&koliv je
posledni uvedeny zplsob vyuzivan pii pfipravé nZVI pro redlné aplikace, jeho pouziti
k vytvoteni slupky bylo doposud vénovano relativné¢ malo pozornosti. Jiz bylo zminéno,
Ze pro uspéSnou pasivaci castic oxidickou slupkou je nezbytné dostatecné omezeni
piistupu kysliku k ¢asticim nZVI, toho lze pfi cileném provedeni pasivace dosdhnout

157,171,214

napiiklad postupnym pfipousténim vzduchu, pouzitim smési plynl

"7 Bylo také

s definovanym obsahem kysliku®>® nebo ¢istého kysliku za snizeného tlaku.
zaznamenano vyuZiti inertnich nebo pseudoinertnich plynéi (Ar, N, nebo CO,)."’
V tomto piipadé¢ je vSak pasivace ziejm¢ zplsobena kontaminaci pouzitych plyna
kyslikem. Charakter a fazové slozeni cilen¢ vytvofené slupky potom zavisi jak na

metod¢ pripravy nZV], tak i na zplsobu pasivace.130 Muze byt tvorena bud’ amorfnim
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oxidem Zelezitym nebo krystalickymi formami oxidé, tj. wiistitem,*’

(ne)stechiometrickym magnetitem a/nebo maghemitem.'!”-!#+25¢

Dalsi moznosti, ktera ovSem neni z praktickych diivodi zminéna ve vySe uvedeném
prehledu, je vytvofeni slupky tvofené uhlikem a/nebo karbidy Zeleza.'>> Tento typ
slupky by mél casticim zajisStovat stabilitu na vzduchu v kombinaci se sorpénimi
vlastnostmi uhliku. Jeji vytvofeni se ovSem ukazalo jako velmi obtizné, protoze diive,
nez dochdzi k deponaci uhliku na povrch castic, probihd v celém jejich objemu
transformace elementarniho Zeleza na karbidy Zeleza.”*'%®

Ackoliv je oxidickd slupka nejvyuzivanéjsi metodou pasivace Castic, dal$i typ
modifikace, tj. slupka tvofena hydroxidy kovi alkalickych zemin (Mg(OH), nebo
Ca(OH),),”**% piinasi i jiné vyhody. Jednou z nich je znaéné omezeni magnetickych
interakci mezi ¢asticemi, coz vede k vyraznému potlaceni jejich agregace a sedimentace
a zlepeni migracnich vlastnosti.”® Slupka zarovei omezuje oxidaci Fe’ ve vodném
prosttedi i na vzduchu.*** Dalsi vyhodou hydroxidové slupky miize byt jeji postupné
samovolné rozpusténi ve vod¢, coz umoznuje opétovné vyuziti redukéniho potencidlu
Fe %% Navic lze mnozstvim hydroxidu tvoriciho slupku kontrolovat reaktivitu ¢astic
diky jeho postupnému rozpouiténi.>® Posledni zde uvedenou vyhodou je vyrazna
zména pH prostiedi do zasaditych hodnot.*®® Obecnd plati, ze schopnost nZVI
redukovat polutanty s nartstajicim pH klesa,'” nicméné se miize zait projevovat také
synergie redukcnich vlastnosti a koprecipitace polutanti do jejich netoxickych
slougenin. ™’

Posledni zde ptfedstavenou anorganickou modifikaci povrchu je sulfidickd slupka.
Jeji vyuziti je relativné novou zaleZitosti, protoze ackoliv prvni zminka o sulfidaci

262
6,

zeleza v literatufe pochdzi z roku 200 vice pozornosti ji bylo vénovano teprve

v poslednich letech. Toto téma se ale rychle stalo velice popularni, protoze
v soucasnosti I1ze nalézt jiz n€kolik desitek védeckych praci zabyvajicich se sulfidaci
nZVI. Sulfidicka slupka ptredstavuje vyhodu hned ve dvou smérech: (i) je zodpoveédna
za selektivni reaktivitu nZVI, protoze omezuje jejich korozi ve vodném prostiedi, ¢imz
zéroveti zachovava vice Fe’ pro reakci s polutanty;251 a (i1) zvySuje rychlost
degradacnich procesti, naptiklad dechloraci polychlorovanych uhlovodikli, degradaci

° : 251,263-2 . . ’ o o s .
chromanti, barviv a hexabromocyklododekanu.””'%%% Existuje vice zptsobi, jak je

mozné sulfidaci provést.”' Mezi nejéast&jsi z nich patii vyuziti dithionigitanu**’*%

nebo sulfidu.’®?"° Lze ale pouzit také sulfat,””"  thiosulfat,’”” oxid sifiéity,273

274
d

thioacetami nebo elementarni siru.>”

44



Organicka slupka

Dalsi moznosti modifikace povrchu nZVI je vytvofeni organické slupky. Ta muize
mit v zavislosti na jejim sloZeni jak stabiliza&ni, tak i aktiva&ni charakter.”’® P¥i pokryti
povrchu castic organickym surfaktantem dochdzi k nartstu odpudivych sil mezi
Casticemi zpusobenych elektrostatickym a osmotickym odpuzovanim, coz vede ke
znaénému potlaceni jejich agregace a sedimentace, zvysuje jejich efektivitu a kinetiku
pfi odbourani polutanti a umoZiuje &asticim lépe migrovat.”’?’® Organick4 slupka
muze také slouzit jako zdroj uhliku pro mikroorganismy pii kombinované bio-nZVI
remediaci.””**  Vyuziti raznych typti ptirodnich i syntetickych surfaktantt
a makromolekul se stalo pfedmétem mnoha studii zamétenych na zlepSeni vlastnosti

nZVL'>*"  Testovany byly modifikace  provedené  napiiklad  pomoci

151,204,281-284 281,284-286

karboxymethylcelulozy,
281,287

polyakrylové  kyseliny,
204,281

polyakryl-

204,220 polyvinylpyrolidonu,***

173,292 223
0, 0,

amidu, polystyrensulfonatu,

151

polyaspartatu,

o 289-291

tribloku kopolymert, polymethylmetakrylatu, Tween 2

3

Tween 8

219,297-302

X 192,203,294 1 . 295,296 . . 03
Skrobu, chitosanu, guarové a xantanové gumy, aspartamu’ nebo

huminové kyseliny.****%°

Vliv slupky na stabilitu a reaktivitu nZVI

Vytvofeni anorganické nebo organické slupky na povrchu ¢astic nZVI slouzi ke
zlepSeni jejich vlastnosti. Organické slupka obvykle snizuje tendenci Castic agregovat,
¢imz zlepSuje jejich mobilitu v redlném prostfedi, a v zavislosti na vlastnostech
pouzitého modifikatoru mize zptsobovat jak zvyseni, tak i snizeni reaktivity.”’®*"’
Vyuziva se ovSem prakticky vyhradné pro nZVI nachdzejici se v suspenzi. Naproti
tomu modifikaci anorganickou slupkou lze provést v zavislosti na typu slupky jak
v suchém, tak i mokrém stavu. Sulfidickd slupka naptiklad zajistuje nZVI selektivni
reaktivitu tim, Ze znan& omezuje korozi ve vodném prostiedi.”' Navic také zajistuje

rychlej$i odbourani polutantii.>'

Slupky tvofené hydroxidy kova alkalickych zemin
slouzi ke zlepSeni mobility a jejich rozpusténim ve vodé dochazi ke zméné fyzikalné-
chemickych parametrt prostiedi (to miiZze vést ke sniZeni reaktivity vlivem zmény pH,
ale také k synergickému efektu redukce a precipitace iontil polutantu).261

Ackoli je oxidickd slupka nejpouzivanéjSim zpusobem modifikace, jeji pasivacni
charakter se projevuje také negativnim vlivem na reaktivitu. To je zpilisobeno omezenim

moznosti elektronového transferu mezi jadrem castic nZVI a polutantem, coz mé za
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, ixr .o, . 157.186.256.306-308
nasledek diléi deaktivaci ¢astic. >80

To je z pohledu realnych aplikaci nZVI
nezadouci projev stabilizace, ktery lze ale opétovnym naruSenim nebo eliminaci slupky
nekolika zpiisoby odstranit a obnovit tak ptivodni reaktivitu ¢astic. Prvni moznosti je
vyuziti ultrazvuku pro lepsi dispergaci castic a naruseni slupky vlivem jejiho
popraskani.’”>'" Tato metoda je ale pro pouziti pfi realnych aplikacich neprakticka
kviili naro¢nosti technického provedeni. Dal$i moznosti, kterd je naopak vhodna pro
pouziti vrealnych aplikacich, je chemickd aktivace castic  spocivajici
v naruSeni/rozpusténi slupky ve vodném prostredi. Jeji studium zapocalo diky
pozorovani pifechodného zvyseni reaktivity pasivovanych ¢astic nZVI po jednom az

189,311

dvou dnech po aplikaci. V soucasnosti jiz bylo prokazéano, ze k aktivaci castic

zpusobené rozrusenim slupky, coz se projevuje opetovnym zvysenim reaktivity, dochazi

oy . . 212
v silné koncentrované suspenzi.

1.2.4.2. Bimetalické Castice

Vedle vySe zminénych povrchovych modifikaci 1ze nZVI ¢astice modifikovat také
dopaci dal§imi, obvykle vzacnymi kovy (napi. Ag, Pd, Pt, Ni, Cu).**"?'**" Jiz jejich
malé mnozstvi totiZ dokaze zabranit pasivaci Castic a zdroveinl katalyzovat elektronovy
transfer, ¢imZz dochdzi k vyraznému zlepSeni jejich reaktivity, napiiklad vici

157,185,314,316

polychlorovanym uhlovodikiim. Na druhou stranu, zelezo a pfidany vzacny

kov se mohou chovat jako galvanicky ¢lanek, coz zplisobuje rychlejsi stdrnuti materialu

oproti b&znym nZVI.*"

Ackoliv se dopace vzacnymi kovy (Pd, Pt) pohybuji obvykle
v fadech setin nebo desetin hm.%,”'®**" byly zaznamenany i experimenty s vyrazné
vy$simi koncentracemi (az 1,5 hm.%).*! Vyuziti takto pfipravenych materiali je ale
v praxi znatné¢ omezené kvuli jejich vysoké potfizovaci cené. 1 presto ale byly
bimetalické &astice pouzity pii realné aplikaci na lokalitd."*® Bimetalické &astice tvofené
Zelezem a méné vzacnymi kovy (Ni, Cu) byvaji pfipraveny s vysSimi koncentracemi
dopanti dosahujicimi jednotek nebo dokonce desitek hm.%.*'***'** Nicmén& ackoliv
se tyto materidly ukéazaly jako efektivni pro odbourani riznych polutantd, jejich vyuziti
pro praktické aplikace je nevhodné také vzhledem k jejich moZnému negativnimu vlivu
na Zivotni prostiedi.'”’?* Bimetalické &astice Fe-Ag maji navic krom& redukénich

vlastnosti také antimikrobialni 1'1(“:inky.312
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1.2.4.3. Kompozitni materialy

Dal$i moznosti modifikace nZVI jsou kompozitni materidly. Vzhledem k jejich
charakteru jsou ovSem spisSe nez na Cisténi podzemnich vod vhodné na vody povrchové

3 ale

a odpadni. Jejich vyhoda spo¢iva nejen v zamezeni tendence &astic k agregaci,’
také v kombinaci redukcénich vlastnosti nZVI a specifickych vlastnosti matrice.
Nejcastéji se v tomto piipadé jednd o sorpcni vlastnosti zajisténé poréznosti matrice
nebo obecné velkou plochou povrchu, které umoznuji rychlou imobilizaci polutantu
a jeho naslednou redukci zelezem. Typickymi zastupci téchto kompozitnich materialt

324-327

jsou nZVI suhlikem. Jako matrice mohou slouzit tieba aktivni uhli nebo

biochar.***** Dalgimi zastupci jsou napiiklad kompozitni materialy na bazi nZVI &astic

- 334-336 337

imobilizovanych na porézni kiemikové matrici, na matrici tvorené zeolity,

338,339

., , . . L1 252 vr .. . . 340 .
jilovymi mineraly,” naptiklad kaolinitem, montmorillonitem,”™ nebo znich

tvofenymi horninami, napiiklad bentonitem.**'***

Dalsi moznosti, jak miize matrice
ovlivnit degradaci polutantl, je kromé sorpénich vlastnosti také zména fyzikalné-
chemickych parametri prostfedi (pH, oxidacné-redukéni potencial (ORP)). To miize
vést k synergickému efektu nejen sorpcnich a redukénich vlastnosti matrice a nZVI, ale
také navic k chemické precipitaci polutanti do jejich netoxickych forem.”' Jako
matrice lze v tomto piipadé vyuzit oxidi kovu alkalickych zemin (které pti kontaktu
s vodou reaguji za vzniku jejich hydroxida), napiiklad Ca0,** nebo pfimo hydroxidii

kovii alkalickych zemin, napiiklad Mg(OH),,”' nebo podvojnych hydroxidi.>**

1.2.5. Vyuziti (n)ZVI

Pocatky technologii zaméfenych na reduktivni odbourdni polutantli pomoci castic
elementarniho Zeleza jsou datovany na zaatek 90.let.* Vté dob& se nejednalo
o zelezo ve formé nanocastic, s jejichz vyuzivanim se zacalo az o nékolik let pozdéji,
ale o mikrocastice, Spony nebo granulované zelezo. Potencidl ZVI se brzy stal
pfedmétem vice studii, coz vyustilo v jejich praktické vyuziti kin situ degradaci
kontaminanti v permeabilnich reaktivnich bariérach (PRB),””'****" kterych zagalo brzy
rychle piibyvat."!

Mezi prvni laboratorni studie, v nichz byly pouZzity nanoc¢éstice ZVI, potom pattily
experimenty zaméfené na dechloraci trichloretylenu a polychlorovanych bifenylﬁ.155

Mnozstvi studii zaméfenych na vyuziti nZVI pro degradaci kontaminantti velmi rychle

narGstalo a v soucasnosti je seznam latek, k jejichz odbourdni/degradaci lze vyuzit
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nZVI, velmi obsahly a zahrnuje naptiklad tézké kovy, dusi¢nany, chemické bojové
latky, polychlorované uhlovodiky, pesticidy, organickd barviva, nékteré druhy
antibiotik, kontrastni latky a viry.'>!!72233236348352 74:5ven byly publikovany rozsahlé
studie zabyvajici se mechanismy odbouréani vétsiny kontaminanti, napt.'>'>>¢**

nZVI mohou byt stejné jako mikrocastice nebo Spony pouzity jako statickd napli
PRB. Jejich vyhodou je ale jejich maly rozmér, diky némuz mohou byt také aplikovany
pod tlakem nebo pouze vlivem gravitace jako suspenze piimo k ohniskiim kontaminace,

B! Mezi prvni takové aplikace patfilo

kde nésledné migruji spolu s tekouci vodou.
pouziti bimetalickych &astic Fe-Pd."® Pi dalsich aplikacich rtizné modifikovanych
astic bylo pouzito nZVI modifikované naptiklad karboxymethylcelulézou™ nebo
surfaktantem Tween 80.'” V soucasnosti je vyuZiti nZVI (v&etné riznych modifikaci)
jiz zavedenou technologii, ktera byla aplikovdna na mnoha lokalitdich k odbourani

. . o 4
celého spektra kontaminantd.*”
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2. Experimentalni ¢ast

Tato kapitola se vénuje experimentalnim technikam, chemikéliim a plyntim, které
byly pouzity ve studiich obsazenych v disertani praci. Zejména je zde piedstavena
vysokoteplotni XRD (VT-XRD), kterd umoziiuje in situ monitorovat termicky
indukované transformacni procesy v pevné fazi, a proto tvoii vyznamnou cast této
prace. Jsou zde uvedeny také experimentalni podminky VT-XRD spolecné pro vsechny
prezentované experimenty. Odchylky od téchto podminek jsou potom uvedeny pfimo
v experimentalni Casti odpovidajici kapitoly vysledki. Déle je zde uveden piehled
experimentalnich technik, které byly vyuzity pii studiu vstupnich nebo pfipravenych
materiald. Na zavér kapitoly jsou potom shrnuty veskeré chemikalie a plyny, které byly

pouzity v prezentovanych studiich a jsou relevantni vzhledem k obsahu této prace.
2.1. Vyuziti XRD pro studium termicky indukovanych transformaci

XRD je experimentalni metodou s tradici dlouhou vice nez 100 let. V pribéhu této
doby se moznosti jejiho praktického vyuZiti rozSifovaly a v soucasnosti ji lze pouZit
nejen k rutinnim charakterizacim a kontrole strukturnich vlastnosti a faizového sloZeni,
ale také k tad€ specialnich aplikaci. Jednou z nich je také VT-XRD. VT-XRD nabizi
moznost sledovéani termicky indukovanych transformacnich procesii v redlném case
(tzv. in situ) pfi riznych podminkach (slozeni okolni atmosféry, jeji tlak, zpisob
pfedani tepla, mnozstvi transformovaného materidlu, atd.). Nespornou vyhodnou této
metody je navic relativné rychlé nacitani dat (v porovnani s jinymi experimentalnimi

metodami), umoziujici sledovat prab¢eh i relativné rychlych transformaci.

Experimentalni usporadani

Veskeré experimenty VT-XRD prezentované v této praci byly provedeny s vyuZzitim
difraktometru X Pert Pro operujicim v Bragg-Brentanové parafokusujici geometrii (viz
kapitola 2.2), knémuz byla piipojena reakéni komora XRK900 (Anton Paar)
umoznujici méfeni XRD v rozsahu teplot 25 az 900 °C v atmosférach rliznych plynt az
do tlaku 10 bar. Drzak na praskové vzorky je umistén uprostfed reakéni komory tak,
aby byl zajistén rovnomérny ohfev salanim (Obr. 2.1.1); tzn. ze nedochdzi k primému
kontaktu materidlu s topnym télesem, které¢ je umisténo na vnitini strané plasté nebo

piimo v plasti reak¢éni komory. Takovy zplGsob ohfevu je pro materidl Setrnéjsi
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s ohledem na homogenitu podminek v celém jeho objemu nez piimy ohiev na platinové
pasce (pfi ohfevu na platinové pasce dochazi ke vzniku vyrazného teplotniho gradientu
uvnitt materidlu). Navic se také ukazuje, ze v pfipad¢ termicky indukované ptipravy
materidlu Ize pfi pouziti tohoto zplisobu ohievu snadné€ji optimalizovat podminky pfi

ptfenosu technologie z laboratorniho (tj. malého) do vétsiho méfitka.

topné tileso

driék
8o vzorkem

Obr. 2.1.1. Ilustrativni uk4zka ohfevu vzorku saldnim pfi VT-XRD.

Uskali VT-XRD

Ackoliv vyuziti VT-XRD poskytuje pfi in situ monitorovanych transformac¢nich
experimentech nepochybné fadu vyhod, je tfeba mit na paméti také obtize, které mohou
pfi méfeni nastat. Patfi mezi né niZe uvedené body:

e nacitani difrakéniho zdznamu probiha postupné od niZSich thla 26 k vysSim;
pii déle trvajicim nacitani by proto mohlo dojit k transformaci materidlu, coz
by samoziejmé znehodnotilo celé méfeni; proto je snaha nacist zdznamy co
nejrychleji (pii1 pouZzité konfiguraci bylo 10 min naprosto dostate¢nych); kazdy
znich byl navic rozdélen do tii opakujicich se kratkych méteni, ktera jsou
nasledné¢ kontrolovdna, zda nedochdzi k transformaci materidlu v pribéhu
jejich nacitéani;

e krystalinita materidlu; pfi termicky indukovanych procesech lze z principu
XRD sledovat transformace pouze v krystalickych materialech, fazové zmény
v rentgeno-amorfnich materialech nelze zaznamenat, jak doklada kapitola 3.3.1
této prace, 1ze ovSem pozorovat krystalizaci takového materialu;

e tepelnd roztaZznost drzaku vzorkil zplisobujici zménu vysky povrchu vzorku; pii
zahtivani vzorku je zaroven také zahfivan drzak vzorki, néasledkem cehoZz
dochazi kjeho dilataci; tu lze ovSem kompenzovat automatizovanym
vertikalnim posunem reak¢ni komory v zavislosti na teploté a reak¢énim plynu;

e zmény objemu vzorku vlivem probihajicich reakci (Obr. 2.1.2); zmény objemu

vzorku v pribéhu experimentu mohou probihat obéma sméry v zavislosti na
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typu experimentu; pokud se jedna o termicky indukovany rozklad nebo tteba
konkrétnéji, redukci oxidi Zeleza na a-Fe, obvykle dochdzi k transformaci
materidlu spojené s uvolnénim casti hmoty, coz se obvykle projevuje
zmenSenim objemu (viz Obr. 2.1.2b); k tomu mize navic dojit také pouzitim
vysoké teploty zpusobujici sintraci ¢astic; opaénym piipadem je nartstani
objemu materidlu (Obr. 2.1.2¢), jehoz typickym piikladem jsou experimenty,
pii nichz dochazi k nauhli¢eni materidlu; jak zmenSeni, tak 1 zvétSeni objemu
se projevuje posunem difrak¢niho zaznamu podél thlové osy vlivem zmény
vysky povrchu vzorku; v extrémnim ptipadé¢ maze pii zvétSeni objemu vzorku

dojit dokonce k iplnému zaclonéni svazku zateni.

()

Obr. 2.1.2. Tlustrativni ukdzka zmén objemu materidlu pfi VT-XRD experimentech,

drzék se vzorkem (a) pfed experimentem, (b) po zmenSeni objemu, (c) po zvétSeni

objemu.

Podminky spole¢né pro vSechny experimenty

Pokud neni uvedeno v piislusné kapitole jinak, niZe uvedené experimentalni

podminky byly pouzity pro vSechny VT-XRD experimenty prezentované v této praci:

experimenty probihaly pfi kontinualnim proplachu reak¢ni komory pouZzitym
plynem s pratokem 30 ml/min;

experimenty probihaly za atmosférického tlaku pouzitého plynu;

reakéni komora se vzorkem byla vzdy na pocatku a na konci kazdého
experimentu (tj. pfed zacatkem a po ukonceni proplachu reakénim plynem)
kontinualn¢ promyvéana nejméné 5 min dusikem, aby byla zajiSténa dostate¢na

Cistota reak¢ni atmosféry ihned od pocatku experimentu a aby byl reakéni plyn
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bezpeéné¢ odveden zreakéni komory pifed jejim otevienim po ukonceni

experimentu;
ohtev vzorkl byl proveden s nartistem teploty 40 °C/min,;

nacitani difrakcnich zdznama pii zvySenych teplotach trvalo pfiblizn€ 10 min;

52



2.2. Prehled pouZitych charakterizacnich metod

Rentgenova praskova difrakce (XRD) byla méfena na piistrojich X Pert Pro
a Empyrean (oba Malvern Panalytical) vybavenych zdroji CoK, =zafeni,
programovatelnymi clonami a pozi¢né citlivymi detektory. Ke zpracovani zdznamu byl
pouzit program High Score Plus ve spojeni s PDF-4+ a ICSD databazemi.

BET specifickd plocha povrchu (SSA) a teplotné programovatelna oxidace
(TPO) byly méfeny na pristroji Autosorb iQ (Quantachrome). Pro stanoveni plochy
povrchu byla pouzita BET3 metoda, distribuce pérti byla spocitdna z desorpéni
izotermy s vyuzitim BJH metody. Vzorky byly pfed méfenim vakuovany po dobu
nejméné 12 hod. Pro monitorovani TPO byl k pfistroji pfipojen ovlada¢ Autosorb TCD.

Mossbauerova spektroskopie na jadrech *’Fe byla mé&fena v médu konstantniho
zrychleni na pfistrojich MS96 nebo MS2006 vybavenych °’Co(Rh) zdrojem
a scintilacnim detektorem s YAIO;:Ce krystalem. Ke zpracovani naméfenych spekter
byl pouzit program Mosswin. Hodnota izomerniho posunu byla kalibrovana vzhledem
k hodnotam a-Fe folie pti pokojové teplote.

Magneticka méfeni zahrnujici hysterezni smycky a magnetiza¢ni kiivky (ZFC-FC
kiivky) byla méfena s vyuZzitim supravodivého kvantoveé interferenéniho zatizeni
(SQUID, MPMS XL-7, Quantum Design) a syst¢ému na méfeni fyzikalnich vlastnosti
(PPMS, Quantum Design). Vzhledem ktomu, Ze magnetickd méfeni mohou byt
provadéna pii velmi nizkych teplotach, je zvykem vyuZivat jednotku Kelvin. Proto jsou
v této praci v relevantnich grafech teploty uvadény v jednotkach Kelvin.

Skenovaci elektronova mikroskopie (SEM) a energiové disperzni spektroskopie
(EDS) byly vyuzity k zobrazeni morfologie materialii a prvkového sloZeni/mapovani.
K pofizeni snimkl a/nebo mapovani byl vyuzit pfistroj Hitachi SU 6600.

Transmisni elektronova mikroskopie (TEM) byla méfena na pfistroji JEOL JEM-
2100 vybaveném LaBg katodou s vyuzitim urychlovaciho napéti 160 az 200 kV. Pro
odecitani velikosti Castic a povrchovych slupek z TEM snimkl byl vyuzit program
ImageJ. Navic pro potieby detailniho zobrazeni a prvkového mapovani byl ve
vybranych ptipadech vyuzit ptistroj FEI Titan G2 60-300 umoziiujici zobrazeni pomoci
elektronové mikroskopie s vysokym rozliSenim (HR-TEM).

Termogravimetricka analyza (TGA) byla vyuzita k monitorovani ristu oxidické
slupky na nZVI a také k odhadnuti teploty stability nZVI a sledovani naristti hmotnosti
pii jejich oxidaci. Méfeni byla provedena na pfistroji STA 449C Jupiter (Netzsch).
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Rentgenova fotoelektronova spektroskopie (XPS) byla méfena na pfistroji PHI
5000 VersaProbe II (Physical Electronics) vybaveném zdrojem AlK, zafeni. Spektra
byla vyhodnocena v programu MultiPak (Ulvac — PHI). Vazebné energie byly vztazeny
k ¢afe uhliku Cl1s (284,80 eV).

Rentgenova fluorescencni spektroskopie (XRF) byla méfena s vyuzitim vinové
disperzniho spektrometru S4 Pioneer (Bruker AXS) vybaveného proporcionalnim
a scintilacnim detektorem.

Atomova absorpcni spektroskopie (AAS) s elektro-termalni atomizaci byla
vyuzita ke stanoveni ptivodnich a zbytkovych koncentraci Cu a Cr pii testovani nZVI
materiald. Méfeni byla provedena na spektrometru ContrAA 600 (Analytik Jena AG)
vybaveném kontinudlnim zdrojem Xe zafeni a Echelle dvojitym monochrométorem.

Opticka emisni spektrometrie s indukéné vazanou plasmou (ICP-OES) byla
vyuzita ke stanoveni ptvodni a zbytkové koncentrace kovii v kontaminované dilni
vod¢. Méfeni byla provedena na pfistroji iCAP 6000 Series (Thermo Fisher Scientific)
v akreditované laboratofi firmy GEOtest.

pH a oxida¢né redukéni potencial (ORP) byly méfeny v aerobnich podminkach
s vyuZitim pH metru InoLab® Multi 9420 (WTW) vybaveném pH a ORP elektrodami
(SenTix® 940 gelova elektroda a SenTix® ORP-T 900 Pt elektroda).
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2.3. Piehled pouZitych chemikalii a plynit
Pouzité chemikalie

Nize je uveden piehled veskerych chemikalii, které byly vyuzity v relevantnich

castech studii uvedenych v této disertacni praci.

(CsHsNO), Sigma Aldrich
CgHsO7Nas - 2H,0 Sigma Aldrich
CH4N,0O Sigma Aldrich
CuSOy4 - 5H,0 Sigma Aldrich
Fe,03(NanoTek®™ Iron Oxide) Nanophase Technologies Corporation
Fex(S04); - SH,O Sigma Aldrich
FeCl; - 6H,O Sigma Aldrich
HCI Penta

K,CrOq4 Sigma Aldrich
NaCl Sigma Aldrich
NANOFER 25 NANO IRON
NANOFER STAR NANO IRON

Pouzité plyny a smési plyni

Ve studiich, na nichz je zalozena tato prace, byly pouzity nasledujici plyny:
e vodik (Hy), Cistota 5.0, vyrobce: Messer Technogas
e synteticky vzduch (bez uhlovodiki), istota 5.0, vyrobce: Air Products
e dusik (N,), ¢istota 5.9, vyrobce: Linde Gas
e oxid uhlicity (CO,), Cistota 3.0, vyrobce: Messer Technogas
e oxid uhelnaty (CO), Cistota 1.8, vyrobce: Messer Technogas

e smés O, v Ny v molarnim poméru 2:98, vyrobce: Air Products
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3. Vysledkova ¢ast

Vysledky, které jsou v této casti disertatni prace uvedeny, jsou zaloZzeny na
publikac¢nich vystupech [i], [vi], [xiv], [xv], [xvii] a [xix] uvedenych v seznamu
autorovych publikaci na zacatku této prace. Jsou zde prezentovany pouze vysledky, na
kterych se autor podilel rozhodujici ¢asti. V podkapitolach komentujicich spoluatorské
publikace (kapitoly 3.1.2, 3.2.1, 3.3.1 a 3.3.2) jsou proto prezentovany pouze
mechanismy termicky indukovanych transformaci a termicky indukovana piiprava
materiald  véetné¢ jejich strucné relevantni charakterizace. Dalsi vyuziti takto
pfipravenych materiadlti jiz nebylo myslenkou autora, a proto zde neni uvedeno.
Podkapitoly komentujici jiz opublikované nebo pfipravované prvoautorské publikace
autora (kapitoly 3.1.1, 3.2.2 a 3.3.3) jsou pojaty komplexné a je v nich prezentovdna
vzdy cela publikace. V téchto studiich ma autor vétSinovy podil, ktery zahrnuje nejen
prevaznou ¢ast materidlové sekce (tj. pfipravu materialt a jejich komplexni fyzikalné-
chemickou charakterizaci) a myslenku aplikace, ale také tvorbu textové casti.

Cela vysledkova ¢ast je rozdélena na tfi na sebe navazujici podkapitoly, které jsou
dale Clenény po jednotlivych studiich. Prvni podkapitola (3.1. Materialy a procesy
predchazejici pripravé nZVI) zahrnuje dvé studie predchézejici ptipravé nZVI. Prvni
prezentuje pripravu a vlastnosti magnetitd s kontrolovanou mirou stechiometrie a druha
termicky indukované transformace [-Fe,O; v oxidacnich, inertnich a redukénich
podminkéch riznych atmosfér. Jiz v obou téchto studiich lze nalézt procesy, které
mohou vést az k pfipravé nZVI. Druhd podkapitola (3.2. Priprava nZVI, jejich
vilastnosti a modifikace) se jiz zabyva vlastni pfipravou, vlastnostmi a modifikaci nZVI
a opét zahrnuje dvé studie. Prvni z nich prezentuje zplsob pfipravy nanocastic ZVI se
sférickou 3D architekturou. Druha studie, kterd je z pohledu autora nejvyznamnéjsi,
prezentuje mechanismus ristu oxidické slupky na povrchu ¢astic nZVI a dale zptsob
pfipravy, detailni charakterizaci a vyuziti nZVI stabilizovanych pomoci oxidické slupky
s kontrolovanou tloustkou. Tteti podkapitola (3.3. Vyuziti nanomaterialii na bazi Fe
a termickych procesii v praxi) je zamétena na praktické vyuziti termickych procest, tzn.
na jejich cilené vyuZiti k ptipraveé aplikacné zajimavych materiali. Tato podkapitola
zahrnuje tii studie, z nichZ prvni se zabyva piipravou magnetitu s unikatni morfologii
pro vyuziti v katalyze, druha prezentuje pfipravu metastabilniho karbidu Zeleza FesC,
(tzv. Haggliv karbid) a tfeti prezentuje pfipravu a vlastnosti kompozitnich materiali na

bazi nZVI ve vapenaté matrici a jejich vyuziti v environmentalnich aplikacich.
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3.1. Materidaly a procesy piedchazejici pripravé nZVI

3.1.1. Priprava a vlastnosti nestechiometrickych magnetiti s kontrolovanou mirou

stechiometrie

3.1.1.1. Cile

Magnetit a maghemit patii mezi bézné oxidy zeleza vyskytujici se v ptirod¢. Tvori
izostrukturni materidly, které se 1i8i pfitomnosti (u Fe;O4) ¢i absenci (u y-Fe,O3) Fe?*
iontli ve struktufe, a v nanocasticové form¢, kde hraji vyznamnou roli povrchové jevy
a jevy spojené s kone€nym rozmérem castic, je nemusi byt snadné rozlisit. Navic Ize jen
tézko stanovit, kde se nachdzi hranice mezi obéma fazemi, kdyz struktura obsahuje jen
uréité (neuplné) mnozstvi iontdt Fe’". Pravé mnozstvi Fe*” v poméru k Fe'* vyjadiuje
stechiometrii systému, a proto jsou takovéto struktury zndmy jako nestechiometrické
magnetity. Tato kapitola si proto klade za cil pfedstavit zpiisob ptfipravy a vlastnosti
nestechiometrickych magnetiti s kontrolovanou mirou stechiometrie a moznosti jejiho

stanoveni pomoci riznych experimentalnich technik.

3.1.1.2. Experimentalni ¢ast

K pfipravé nestechiometrickych magnetiti byl pouZzit komeréni maghemit
s oznatenim NanoTek® Iron Oxide (Fe-0800-007-025, Nanophase Technologies
Corporation; déale oznacen jako NAN PR). Tento materidl vykazuje SSA piiblizné
50 m*/g a je tvofen nanoasticemi s Sirokou distribuci velikosti v rozsahu od 5 do cca
100 nm, se stiedni velikosti 22 nm. Pro pochopeni mechanismu redukce maghemitu
a kodvozeni podminek pfipravy nestechiometrickych magnetiti byla provedena
VT-XRD v redukéni vodikové atmosféie se skokovym nartistem teploty na 100 °C,
naslednym krokovym zvySovanim teploty po 25 °C a méfenim difrak¢énich zaznami
v kazdém kroku (viz Obr. 3.1.1.1a). Vzorky nestechiometrickych magnetiti byly
pfipraveny prudkym zahtatim ptiblizné 30 mg vstupniho materidlu na teplotu 125 °C
anaslednym krokovym ohfevem na pozadovanou teplotu (viz Obr. 3.1.1.1b
aTab.3.1.1.1) vredukénich podminkach vodikové atmosféry. K charakterizaci
pfipravenych materialti byly pouzity XRD, Mssbauerova spektroskopie a magneticka

meéfeni.
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Tab. 3.1.1.1. Podminky piipravy vzorkil nestechiometrickych magnetitt.

Vzorek Tm (°C) AT (°C/min)
NAN 01 145 0,50
NAN 03 145 0,43
NAN 05 160 0,43
NAN 06 200 0,47
a b —— NAN_01
( 2150- ( 200_ NAN_03
400 - __qg0] —NAN_0S
g_) 350 ] g_) 160 NAN_06
5300' E 140 _J :
O 250 9 420 |—’—
& 2001 [ 4
o 2 100 |
150 804
100 + 60 -
50 40 -
0 r . . . ’ r ’ r 20 y ' . . . T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 _80 100 120 140 160
Cas (min) Cas (min)

Obr. 3.1.1.1. Profily méfeni VT-XRD pfi (a) monitorovani transformaéniho procesu
v-Fe,O3 ve vodikové atmosféie a (b) ptipravé vzorkl nestechiometrickych magnetiti.
V oblasti stabilni teploty vzdy probiha méfeni difrakéniho zdznamu.

3.1.1.3. Vysledky

Mechanismus redukce maghemitu ve vodikové atmosfére

Mechanismus redukce maghemitu ve vodikové atmosféfe monitorovany pomoci
VT-XRD je zndzornén na Obr. 3.1.1.2a,b. Vyrazna strukturni zména pozorovana pfi
vysSich teplotach (v intervalu 275 — 400 °C) reprezentuje redukci maghemitu/magnetitu
na elementarni Zelezo (a-Fe, bcc struktura). Vzhledem k izostrukturnimu charakteru
maghemitu a magnetitu neni fazovy piechod mezi t€émito fazemi z vyvoje difrakénich
zdznamu ani z kvantifikace fdzového zastoupeni na prvni pohled patrny. Nicméné je
znamo, 7e maghemit a magnetit se mirng lisi hodnotou mtizkového parametru,'>*' ktera
se v difrakénim zaznamu projevuje mirné odliSnymi pozicemi sob& odpovidajicich
difrakénich ¢ar. Obr. 3.1.1.2¢c proto zndzorfiuje polohu difrakénitho maxima
pfislusejiciho difrakcim na strukturnich rovinach 311 (nejintenzivnéj$i difrakce
maghemitu/magnetitu). Na zakladé tohoto vyvoje byl odhadnut teplotni interval
transformace y-Fe,O; — Fe;O4 na 125 — 200 °C, ktery byl déale upiesnén na 145 az
160 °C (pticemz pii 160 °C se transformacni proces jevi z pohledu XRD za ukonceny)
pomoci experimentu VT-XRD s jemnéjSim krokem (odpovidé profilu vzorku NAN 06
na Obr. 3.1.1.1b).
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Obr. 3.1.1.2. (a) Vyvoj RTG difrak¢énich zaznamii v prubéhu transformace y-Fe,O3; ve
vodikové atmosféte, (b) kvantifikace fazového zastoupeni s naznacenym ptrechodem
v-Fe;O3 — Fe;04 a (c) poloha difrakce na strukturnich rovinach 311 kubické struktury
v-Fe,03/Fes;0y4, kterd umoznila odhadnout teplotu prechodu.

Strukturni a magneticka charakterizace nestechiometrickych magnetiti

Materidl pouzity k ptipravé nestechiometrickych magnetiti (NAN_PR) i pfipravené
nestechiometrické magnetity vykazuji c¢éaste€né strukturni uspofadavani vakanci.
Nejvyraznéjs$i je situace u maghemitu NAN PR, jenZ v porovnani s ostatnimi
pfipravenymi vzorky obsahuje vakanci nejvice. Jejich (Castecné) uspotradani se
projevuje vznikem tetragonalni superstruktury (kde c~3a) s prostorovou grupou
P452,2, ktera se objevuje v difrakénich zdznamech vedle typické kubické struktury
s prostorovou grupou Fd3m (viz Obr. 3.1.1.3). Z ptiblizn¢ stejného obsahu obou
struktur v pivodnim maghemitu zastoupeni tetragonalni superstruktury ve vzorcich
nestechiometrickych magnetitii rychle klesa ve sméru redukce s ubyvajicim mnozstvim
vakanci (viz Obr. 3.1.1.4). Poloha difrakce na strukturnich rovinach 311 (vloZeny graf
v Obr. 3.1.1.3) a naristajici velikost mfizkovych parametr u pfipravenych vzorka ve
sméru redukce (Obr. 3.1.1.4a) ukazuji na rist zdkladni bunky zpisobeny narlstajicim
mnozstvim iontd Fe’" ve struktufe. Tento rist zpisobuje v&ti iontovy polomér Fe*"
(0,078 nm) v porovnani s Fe’* (0,065 nm) v oktaedrickych pozicich.3 > Stiedni velikost
koherentnich domén (MCL) se v prubéhu pfipravy nestechiometrickych magnetitii
vyraznéji nemeni a pohybuje se okolo 30 nm, coz je ziejmée zptusobeno relativné nizkou

teplotou transformace nedostatecnou pro rekrystalizaci nebo sintraci nanocastic.
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Obr. 3.1.1.3. RTG difrakéni zaznamy vzorkd nestechiometrickych magnetitd a jejich
prekurzoru.
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Obr. 3.1.14. (a) Mrtizkové parametry a (b) kvantifikace zastoupeni kubické
a tetragondlni struktury maghemitu/magnetitu u prekurzoru a vzorkidi magnetitl s riznou
mirou stechiometrie.

Mossbauerovska spektra prekurzoru i pfipravenych vzorki méfena pii pokojové
teploté (Obr. 3.1.1.5) jsou tvofena vyhradné magneticky rozstépenymi komponentami,
coz naznacuje magnetické usporadani (tj. zablokovany stav) ¢astic pii pokojové teploté.
Spektra pivodniho a nejméné redukovaného maghemitu vykazuji asymetrii naznacujici
pfitomnost vice nez jednoho sextetu (spravné dva; jeden pro Fe v tetraedrickych a druhy
v oktaedrickych pozicich).”? Nicméné& vzhledem k blizkosti jejich hyperjemnych
parametrii pii danych podminkéach a Siroké distribuci velikosti Castic projevujici se

nejednotnou hodnotou hyperjemného magnetického pole bylo spektrum fitovano
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pomoci jednoho sextetu s vyuzitim distribuce hyperjemného magnetického pole.
Izomerni posun fitovaného sextetu se pohybuje prakticky ptesné uprostied hodnot
typickych pro sextety reprezentujici Fe v tetraedrickych a oktaedrickych pozicich
maghemitu.”> Hyperjemné magnetické pole vykazuje vlivem kolektivnich
magnetickych excitaci mirn¢ snizenou hodnotu oproti makroskopickému maghemitu.
Vice redukované vzorky byly fitovany pomoci dvou sexteti (viz Tab. 3.1.1.2):''"1% (4)
sextet piifazeny atomim Zeleza s efektivni valenci 2,5+ (tj. parované Fe®™ a Fe'
v oktaedrickych pozicich); (ii) sextet pfifazeny tetraedrickym a neparovym
oktaedrickym iontim Fe’*. Ve sméru postupujici redukce nartstd relativni plocha

sextetu reprezentujiciho “‘Fe**" na tukor "““*“Fe’" sextetu (Obr. 3.1.1.5).
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Obr. 3.1.1.5. Mdssbauerovska spektra vzorkli nestechiometrickych magnetiti a jejich
prekurzoru méfena pii pokojové teploté. Vpravo jsou uvedeny distribuce hyperjemného
magnetického pole pro vzorky NAN PR a NAN 01.

61



Tab. 3.1.1.2. Hyperjemné parametry Mossbauerovskych spekter pii pokojové teploté;
Xm je stechiometrie vypocitana z relativnich ploch (RA) spektralnich komponent;
*vyuziti distribuce hyperjemného magnetického pole.
5 AE, Bur T RA
Vzorek Komp. +0,01 +0,01 +0,3 +0,01 +1 Piifazeni
(mm/s)  (mm/s) (D) (mm/s) (%)
NAN PR Sextet 0,32 0,01  44,5% 0,41 100 -oMpe 0

NAN 01  Sextet 0,32 0,00  47,0% 0,38 100 -oMpe
Sextet 1 0,31 -0,02 49,1 0,48 53 ‘ehoMpe”

NAN_03 Sextet2 0,62 0,01 455 0,58 47 oktpe2-5* 0,31
Sextet1 0,30 -0,02 48.9 0,40 43 et oktpgdt
NAN 05 ’ ’ ’ ’ 0,40
- Sextet2 0,63 0,01 45,7 0,58 57 okipg2-5+ ’
tet, okt~ 3+
NAN 06 Sextet 1 0,30 0,02 48,7 0,35 38 Fe 0,45

Sextet2 0,63 -0,02 45,6 0,55 62 okipg2-5+

Globalni magnetické vlastnosti piipravenych material a pivodniho maghemitu byly
charakterizovany pomoci hystereznich smycek a ZFC-FC kiivek (Obr. 3.1.1.6).
S postupujici redukeci maghemitu je patrny trend zvySovani hodnoty saturacni
magnetizace. Vzhledem k nanocasticovému charakteru materidli, projevujicimu se
snizenim hodnoty saturaéni magnetizace oproti makroskopickym protéjskiim, koreluji
naméfené hodnoty velmi dobfe sjiz publikovanymi hodnotami pro maghemit
(M, ~ 60— 80 Am*/kg) a magnetit (M;~92—100 Am*/kg).'""* Navic asymetrie
hystereznich smycek, kterou lze wvysvétlit pfitomnosti tenké slupky defektniho
maghemitu a/nebo magnetitu s mirn¢ odliSnym magnetickym uspotadanim oproti jadru
Castice, naznacuje, Ze redukce postupuje smérem k jadrim castic. ZFC kiivky
naznacuji, Ze se materialy nachazi z pohledu magnetickych méteni (Casové okno ~10 s)
v celém teplotnim intervalu v magneticky zablokovaném stavu. Verweyuv piechod,
ktery muize byt ovlivnén jak velikosti Castic, tak 1 stechiometrii pfipravenych
materiald,” byl pozorovan pouze u vice redukovanych vzork (poginaje NAN_ 03)

v intervalu od —183 do —153 °C (tj. od 90 do 120 K).
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Obr. 3.1.1.6. (a) Hysterezni smycky vzorkd nestechiometrickych magnetiti a jejich
prekurzoru métené pii teplot¢ 268 °C (5K), (b) ZFC-FC kiivky vzorkd
nestechiometrickych magnetitii a jejich prekurzoru pfi aplikaci vnéjsitho magnetického
pole (Bext) 0,1 T.

Korelace metod p¥i stanoveni stechiometrie

Vysledky ziskané pomoci vSech tii experimentalnich technik jsou ve velmi dobré
korelaci. Nicméné vzhledem k tomu, Ze jak hodnoty mfizkového parametru, tak
1 saturacni magnetizace jsou zavislé nejen na stechiometrii, ale také na velikosti ¢astic
(se zmenSujici se velikosti Castic se sniZuje miizkovy parametr 1 hodnota satura¢ni
magnetizace), pfimé stanoveni stechiometrie z téchto metod by bylo obtizné.**® Grafy
zavislosti mfiZzkového parametru a saturani magnetizace na stechiometrii x,, stanovené
pomoci Mdssbauerovy spektroskopie (Obr. 3.1.1.7; neni zahrnut vzorek NAN 01, jehoz
Maossbauerovské spektrum bylo fitovano pomoci jednoho sextetu) prezentuji v obou
pfipadech pfiblizné linearni zavislost mezi porovnavanymi veli¢inami. Pro miiZkovy
parametr je pozorovana zavislost v souladu s diive zjisténymi skute¢nostmi.®'!
V ptipadé¢ magnetickych dat jsou hodnoty vyrazn€¢ ovlivnény nanocasticovym

charakterem materialdi, a proto srovnani s literaturou neni relevantni.
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Obr. 3.1.1.7. Korelace (a) miizkového parametru z XRD a (b) saturacni magnetizace
z magnetickych méfeni se stechiometrii x, uréenou pomoci Maossbauerovy
spektroskopie.

3.1.1.4. Zavér

Cilem této kapitoly bylo predstavit metodu piipravy a strukturné-magnetické
vlastnosti série nestechiometrickych magnetitii s riiznou mirou stechiometrie
pfipravenych termicky indukovanou redukci maghemitu. Bylo pozorovano, ze
v prezentovaném nanocasticovém systému dochéazi k redukci maghemitu na magnetit
v teplotnim intervalu od 145 do 160 °C. Pii zhodnoceni stechiometrie pfipravenych
materidld vykazovaly pouZité charakterizatni metody (tj. XRD, Maossbauerova
spektroskopie a magnetizacni méfeni) velice srovnatelné vysledky. Byla pozorovana
pfiblizn€ linearni zéavislost miizkového parametru 1 saturaéni magnetizace na

stechiometrii stanovené pomoci Mossbauerovy spektroskopie.
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3.1.2. Termicky indukované transformace p-Fe,O; v riznych atmosférach

3.1.2.1. Cile

B-Fe,Os patii mezi vzacné polymorfy oxidu zelezitého. Stabilita tohoto vzacného
polymorfu za zvySené teploty nebyla dosud komplexné studovana a v odborné literatuie
se objevuji pouze neucelené informace, z nichz plynou vyrazné rozdily v pouzitych
experimentalnich podminkach, které ¢ini srovnani transformacnich procestt znacné
obtizné. Tato kapitola si proto klade za cil pfinést komplexni detailni nahled do
problematiky termicky indukovanych transformaci B-Fe,O; v oxidacnich, redukénich
1 inertnich podminkach zahrnujicich atmosféry syntetického vzduchu, vodiku, dusiku,
oxidu uhli¢itého a oxidu uhelnatého a shrnout transformacni procesy a podminky, pfi

nichZ k nim dochéazi.

3.1.2.2. Experimentalni ¢ast

Jako vstupni materidl pro experimenty zaméfené na sledovani termicky
indukovanych transformaci B-Fe,Os v riznych atmosférach byl pouzit vzorek B-Fe,O;
pfipraveny termicky indukovanym rozkladem Fex(SO4);-5H,O za piitomnosti
NaCl,°>***7 kdy Fey(SO4); - 5H,O (Sigma-Aldrich) byl smichan s NaCl a Zihan pfi
teploté 400 °C po dobu 1 hod. Za ucelem predstaveni vlastnosti vzorku B-Fe,Os v této
studii byla vyuzita charakterizace materidlu pomoci TEM, XRD a Mdssbauerovy
spektroskopie z publikace,* na niz se autor této disertaéni prace podilel pravé
materialovou charakterizaci.

Termicky indukované transformace B-Fe,Os v atmosférach syntetického vzduchu
a vodiku byly provedeny podle teplotniho profilu uvedeného na Obr. 3.1.2.1a, t;.
material byl krokoveé zahtfivan v intervalu 60 az 900 °C, pticemz kazdych 20 °C byl
izotermicky méten difrakéni zdznam (redlny profil méfeni odpovida linedrnimu naristu
1,47 °C/min). Transformace v atmosférach dusiku, oxidu uhli¢itého a oxidu uhelnatého
byly provedeny podle profilu na Obr. 3.1.2.1b, tj. material byl krokové zahiivan
vintervalu 75 az 900 °C, pfi¢emz kazdych 25 °C byl izotermicky méfen difrakéni
zaznam (redlny profil métfeni odpovida linedrnimu nartstu 1,70 °C/min). Ve vSech
experimentech bylo pouzito pfiblizné¢ 40 mg vstupniho materidlu. Pfipravené materialy

byly charakterizovany pomoci XRD.
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Obr. 3.1.2.1. Profily méfeni VT-XRD pifi monitorovani transformacniho procesu
B-Fe,O; v atmosférach (a) H, a syntetického vzduchu, (b) N,, CO, a CO. V oblasti
stabilni teploty probihalo vzdy méfeni difrakéniho zdznamu.

3.1.2.3. Vysledky

Vlastnosti vzorku -Fe, O3 pouzitého k termickym transformacim

Snimky potfizené pomoci TEM (Obr. 3.1.2.2) a nasledné vypocitand distribuce
velikosti ¢astic naznacuji, ze vzorek B-Fe,Os je tvofen dvéma frakcemi Castic (jejichz
distribuce velikosti splituji log-normalni rozd€leni) se stiedni velikosti pfiblizné
14 a 51 nm. Cistota vzorku p-Fe,Os3 byla potvrzena také fazovou analyzou provedenou
pomoci XRD (Obr. 3.1.2.3a). Vesker¢ difrakce v difrakénim zdznamu byly jednoznaéné
pfitazeny fizi B-Fe,O; krystalizujici v kubické struktuie s prostorovou grupou Ia3
a miizkovym parametrem «=0,942nm. Zidné dalsi polymorfy Fe,Os; nebyly
experimentalné detekovany. Mossbauerovské spektrum méfené pii pokojové teplote

(Obr. 3.1.2.3b) je tvofeno dvéma dublety, které piisluseji iontim Fe®* v krystalograficky

neekvivalentnich b- a d-pozicich B-Fe,0s.

Obr. 3.1.2.2. TEM snimky vzorku B-Fe,O3 pouzitého k transformacnim experimentim.
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Obr. 3.1.2.3. (a) RTG difrakéni zdznam a (b) Mossbauerovské spektrum meétené pfi
pokojové teploté vzorku B-Fe,Os pouzitého k transformacnim experimentim.

Transformace p-Fe,O; v atmosfére syntetického vzduchu

Transformace B-Fe,O3 v oxidaéni atmosféie syntetického vzduchu neni doprovazena
zménou valenéniho stavu Fe’', ale pouze strukturni transformaci. Vyvoj difrakénich
zaznaml a fazového zastoupeni (Obr. 3.1.2.4a,b) ukazuje transformaci B-Fe,O; na
hematit (0-Fe,03), coz je vsouladu sdfive publikovanymi vysledky." Tato
transformace probiha v relativné zkém teplotnim intervalu 700 az 760 °C. Vyslednym

produktem je Cisty dobfe krystalicky hematit (Obr. 3.1.2.4c¢).
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Obr. 3.1.2.4. (a) Vyvoj RTG difrakénich zaznami a (b) kvantifikace fazového
zastoupeni v prubéhu transformace B-Fe,O; v atmosféie syntetického vzduchu, (c)
difrakéni zaznam vysledného materilu.
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Transformace p-Fe,O3; v atmosféi‘e oxidu uhlicitého

Transformacni mechanismus B-Fe,O; v atmosféfe oxidu uhliitého se sklada ze
dvou fazovych piechodi (Obr. 3.1.2.5a,b). Prvnim znich je stejné jako v piipadé
syntetického vzduchu strukturni transformace na hematit, ke které dochazi v teplotnim
intervalu od 475 do 575 °C. Pti 575 °C hematit dosahuje maximalniho zastoupeni
priblizné 85 hm.%. Nicméné zaroven s postupujicim prechodem na hematit dochazi od
teploty 500 °C k transformaci na maghemit/magnetit, kterd je ukoncena pii teploté
700 °C. Vzhledem k jejich izostrukturnimu charakteru je ovSem velmi obtizné ob¢ tyto
faze od sebe v prezentovanych vysokoteplotnich experimentech rozlisit, nicméné
difrakéni zaznam finalniho produktu transformace (Obr. 3.1.2.5¢) ukazuje dle hodnot
miizkového parametru na mirn€ nestechiometricky magnetit. Z uvedené¢ho nelze
nicméné rozli$it, jestli dochazi k ¢aste¢né redukci jiz pfi transformaci z hematitu na
maghemit/magnetit nebo az pti vyssich teplotdich z maghemitu na nestechiometricky

magnetit.
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Obr. 3.1.2.5. (a) Vyvoj RTG difrak¢nich zaznamii v pribéhu transformace B-Fe;Os
v atmosféfe CO,, (b) kvantifikace fazového zastoupeni, (c) difrakéni zaznam
vysledného materialu.

Transformace B-Fe, O3 v atmosfére dusiku

V dusikové atmosfére se transformacni mechanismus B-Fe,Os jevi ponékud slozitéji
nez v predchozich piipadech. Ackoliv je dusik povazovan za inertni plyn, finalnim

produktem transformace je wiistit (FeO). V pribéhu celého teplotniho intervalu dochézi
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k celkem tfem transformacim (viz Obr. 3.1.2.6a,b), z nichz dvé jsou spojeny také se
zménou valen¢niho stavu Fe. Prvni transformaci je strukturni ptfechod p-Fe,O; na
hematit v teplotnim intervalu 625 az 700 °C. Pii dosazeni 700 °C tvoii hematit
prakticky jedinou krystalickou fazi ve studovaném systému. Druhou je potom
transformace hematitu na kubickou spinelovou strukturu typickou pro
maghemit/magnetit. Ta jiz velmi pravdépodobné souvisi se zménou valen¢niho stavu Fe
a zacCina pii teplotach nad 675 °C. Transformace probihd v relativné Sirokém teplotnim
intervalu a maghemit/magnetit dosahuje svého maximalniho zastoupeni pti 825 °C. Jak
bylo zminéno, rozliSeni maghemitu a magnetitu je v téchto experimentech velmi
obtizné, nicmén¢ dalsi vyvoj fazového =zastoupeni smérem k wiistitu (a tudiz
k naristajicimu  zastoupeni Fe’” na tkor Fe’") naznaduje, Ze se s velkou
pravdépodobnosti jedna o (nestechiometricky) magnetit. Od teploty 825 °C dochazi také
k redukci na wiistit, ktery tvofi pii findlni teploté 900 °C jedinou krystalickou fazi.
V difrakénim zaznamu findlniho produktu méfeného pii  pokojové teplote
(Obr. 3.1.2.6¢) bylo krom¢ majoritniho wiistitu zaznamenano také piiblizn€ 1 — 2 hm.%
a-Fe. Tyto vysledky naznacuji, Ze inertni dusikova atmosféra se ve spojeni s vysokymi
teplotami chova jako mirné reduk¢ni prostfedi. Jednim z moZnych vysvétleni je, Ze
dodand termicka energie projevujici se zesilenim vibraci atomt v krystalické mftizi

dokéze zplsobit odtrzeni kysliku ze struktury, ¢imz dojde k redukci materidlu.
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Obr. 3.1.2.6. (a) Vyvoj RTG difrakénich zdznaml v prabéhu transformace B-Fe,Os;
v atmosféte N,, (b) kvantifikace fdzového zastoupeni, (¢) difrakéni zaznam vysledného
materialu.
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Transformace p-Fe,O; ve vodikové atmosféie

Transformace B-Fe,Os v redukéni vodikové atmosféte probihd pii vyrazné nizsich
teplotdich nez ve vSech ptedchozich piipadech. Mechanismus transformace je tvoifen
dvéma fazovymi ptechody (Obr. 3.1.2.7a,b), pficemz oba souviseji také se zménou
valen¢niho stavu Fe. Prvnim je redukce B-Fe,O; na magnetit (v tomto silné¢ redukénim
prostfedi lze ptredpokladat, ze se opravdu jednd oredukci na magnetit, nikoli
o strukturni pfechod na maghemit) probihajici pii teplotich nad 280 °C. Zastoupeni
magnetitu dosahuje svého maxima pfi teploté 340 °C, pti¢emz pfi této teploté zaroven
zacina dochazet k uplné redukci na elementarni zelezo (a-Fe). Cely redukéni proces je
ukonéen pii teplot¢ 420 °C, kdy je vzorek tvofen vyhradné a-Fe, coz potvrzuje

1 difrakéni zaznam finalniho produktu (Obr. 3.1.2.7¢).
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Obr. 3.1.2.7. (a) Vyvoj RTG difrakénich zdznaml v prabéhu transformace B-Fe,Os;
v atmosféte H,, (b) kvantifikace fdzového zastoupeni, (¢) difrakéni zaznam vysledného
materialu.

Transformace B-Fe;O; v atmosféie oxidu uhelnatého

Jako nejkomplexngjsi se jevi mechanismus transformace B-Fe,O; v atmosféte oxidu
uhelnatého. Obdobné jako ve vodiku tvoii prvni dva kroky celého transformaéniho
mechanismu nejprve redukce B-Fe,O3; na magnetit a nasledné na a-Fe (Obr. 3.1.2.8a,b).
K redukci na magnetit dochazi v teplotnim intervalu 225 az 350 °C. Pti 350 °C tvoii
magnetit jedinou krystalickou fazi, pfi¢emz pii dal$im narGstu teploty dochazi

k pozvolné redukci na a-Fe, které dosahuje maximalniho zastoupeni pii 525 °C. Pti
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dal§im zvySovani teploty jiz transformacni procesy ovliviluje zejména nauhlieni
a naslednd tvorba karbidl zeleza. Jako prvni se objevuje pii 550 °C karbid Fe;C, ktery
jiz pii 625 °C tvoii jedinou krystalickou fazi. S nartstajicim nauhlicenim dochézi také
ke vzniku metastabilniho karbidu FesC, (Hagglv karbid) dosahujiciho maximéalniho
zastoupeni pii 700 az 725 °C. Jeho obsah nasledné opét klesa na ukor Fes;C. Pii dalSim
zvySovani teploty nad 775 °C dochazi k deponaci cCistého uhliku ve strukturni formé
grafitu. Vzhledem k nartistu objemu materialu vlivem nauhli¢eni byl experiment
ukoncen pii teploté¢ 825 °C (tzn. ze nebylo dosazeno findlni teploty 900 °C jako
v ostatnich ptipadech). Finalni produkt je tvofen z pohledu krystalickych fazi zejména
karbidem Fe;C, uhlikem, a velmi malym mnozstvim a-Fe (Obr. 3.1.2.8c).
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Obr. 3.1.2.8. (a) Vyvoj RTG difrakénich zdznamt v priabéhu transformace B-Fe,O;
v atmosféte CO, (b) kvantifikace fdzového zastoupeni, (c) difrakéni zdznam vysledného
materialu.

3.1.2.4. Zavér

Cilem této kapitoly bylo komplexné ptedstavit a shrnout termicky indukované
transformace [-Fe,O; vriznych oxida¢nich, redukénich 1 inertnich podminkéach
zahrnujicich atmosféry syntetického vzduchu, oxidu uhli¢itého, dusiku, vodiku a oxidu
uhelnatého. Tab. 3.1.2.1 prezentuje schéma transformacnich mechanismi p-Fe,O3
v pouzitych atmosférach, vcetné¢ pfibliznych teplotnich intervalG, pfi nichz
k transformacim dochazi. Zatimco atmosféra syntetického vzduchu se projevila dle

ocekavani oxidacnimi a atmosféra vodiku naopak siln¢ redukénimi vlastnostmi,
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atmosféry oxidu uhli¢itého a dusiku se v kombinaci s vysokou teplotou projevily jako
mirné redukéni prostiedi. Zvlastni pozornost pak bylo tfeba vénovat atmosfére oxidu
uhelnatého, ktera tvotila pii nizsich teplotach redukéni prostiedi a pii vyssich teplotach

prostiedi vhodné k nauhli¢eni materialu.

Tab 3.1.2.1. Ptehled termicky indukovanych transformaénich mechanismi vzorku
B-Fe,05; v atmosférach syntetického vzduchu, oxidu uhli¢itého, dusiku, vodiku a oxidu
uhelnatého.

Atmosféral| Mechanismus transformace

Synteticky 700-760°C
vzduch | B-Fe;0,— a-Fe,0,

475-575°C 500-700°C
co, | B-Fe,0,— a-Fe,0,— Fe,0,

625-700°C 675-825°C 825-900°C
N, B-Fe,0,— a-Fe,0,— Fe,0,— FeO

280-340°C 340-420°C
H, B-Fe,0,— Fe,0,— a-Fe

225-350°C 350-525°C  550-625°C 625-725°C 725-775°C nad 775°C
CO B-Fe,0,— Fe,0,— a-Fe— Fe,C—Fe,C,—Fe,C—Fe,C +C
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3.2. Priprava nZV1, jejich vlastnosti a modifikace

3.2.1. Priprava nZVI se sférickou 3D architekturou

3.2.1.1. Cile

Bézné zpiisoby pripravy nZVI castic zahrnujici termicky indukovanou redukci
Zelezo obsahujicich prekurzori a redukci Fe*™ a Fe'™ jontil ve vodném prosttedi pomoci
borohydridu vedou obvykle k ¢asticim s ptiblizné sférickou morfologii (pfi termicky
indukované redukci si Castice vétSinou zachovaji morfologické vlastnosti prekurzoru,
ktery je nejCastéji tvofen piiblizn€ sférickymi ¢asticemi). Takové ¢astice maji tendenci
k agregaci, coz muze vést ke snizeni jejich efektivity pii odbourdvani polutanti.
Z tohoto divodu jsou také hledany castice nZVI s jinou nez sférickou morfologii,
u nichZ by byla agregace potlacena. Cilem této kapitoly bylo sledovani vlivu morfologie
na mechanismus redukce nanocastic Fe;O4 se sférickou 3D architekturou a optimalizace
podminek ptipravy nZVI tak, aby nedoSlo k naruSeni sférické architektury nanocastic.

Takovy material by mél nasledné velky potencial pro odbourani polutanta.

3.2.1.2. Experimentalni ¢ast

Piiprava nZVI ¢astic se sférickou 3D architekturou byla provedena izotermickym
zthanim pfiblizné 40 mg nanocastic Fe;O4 uspotfadanych v 3D sférické morfologii
(ptipraveny hydrotermalni cestou z FeCls-6H,O za pfitomnosti citratu sodného,
mocoviny a polyakrylamidu) v redukéni vodikové atmosfére pii teploté 300 °C a tlaku
vodiku 2 bar po dobu 200 min. Difrakéni zdznamy byly opakované¢ méteny kazdych
10 min. Pfipraveny material byl pro ucely této studie charakterizovan pomoci SEM,

TEM, XRD a Mossbauerovy spektroskopie.

3.2.1.3. Vysledky

Klastry magnetitu se sférickou morfologii o celkové velikosti pfiblizn€ 280 nm jsou
tvofeny nanocasticemi s MCL o velikosti 18 nm (hodnota ziskdna vypoctem pomoci
Rietveldovy analyzy). Vzhledem ke snaze o zachovani morfologie pfipravovanych
nZVI castic byla zvolena co moznd nejnizs$i teplota redukce v kombinaci spolu
se zvySenym tlakem vodiku, ktery proces redukce urychluje. Izotermicka redukce
probihajici pii teploté¢ 300 °C (Obr. 3.2.1.1) se skladd ze dvou procest: (i) z Castecné

redukce magnetitu na wiistit, kterd zacina velmi brzy po dosazeni teploty 300 °C; a (ii)
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z nasledné redukce na a-Fe, které se v difrak¢énich zdznamech objevuje po 70 minutach
izotermického zihani. Ubytek magnetitu je pozvolny a trva 180 min. S nariistajicim
zastoupenim o-Fe postupné klesa mnozstvi wiistitu. To naznacuje, Ze wiistit tvoii
rozhrani mezi magnetitem a o-Fe, které se s postupujici redukci zmensSuje. Po
160 minutach, kdy material jest¢ obsahuje malé mnozstvi magnetitu, dokonce mizi
wistit z difrakénich zaznami zcela a zbyvajici magnetit je redukovan bud’ s velmi

malym rozhranim wiistitu (které neni dostatecné krystalické pro detekci pomoci XRD)

nebo pfimo na a-Fe.
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Obr. 3.2.1.1. (a) Vyvoj difrakénich zdznaml a (b) kvantifikace fazového zastoupeni

v prib¢hu transformace Fe;O4 se specidlni 3D sférickou morfologii nanocéstic
v atmosfére H,.

Z pohledu fazového slozeni (Obr. 3.2.1.2a) je pfipraveny material tvofen Cistym
o-Fe s mirné zvétsenymi MCL (25 nm) oproti pouzitému magnetitu. Cistotu o-Fe
zpohledu zelezo obsahujicich fazi potvrdilo také Mdssbauerovské spektrum
(Obr. 3.2.1.2b), vnémz sextet reprezentujici o-Fe tvofil jedinou komponentu.
Ptipraveny material si zarovenn zachovava morfologické vlastnosti pouzitého magnetitu,

coZ potvrzuji snimky z elektronové mikroskopie (Obr. 3.2.1.3).
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Obr. 3.2.1.2. (a) Difrakéni zdznam a (b) Mossbauerovské spektrum métené pii

pokojové teploté vzorku nZVI se sférickou 3D architekturou.

Obr. 3.2.1.3. Snimky potizené pomoci SEM (vlevo) a TEM (vpravo) vzorku (a)
magnetitu a (b) ptipravenych nZVI ¢astic se sférickou 3D architekturou.

3.2.1.4. Zavér

Cilem této kapitoly bylo popsat pfipravu nanocastic ZVI uspotfadanych do klastra se
sférickou 3D architekturou. Termicky indukovana redukce klastrii nano¢astic magnetitu
se ukazala jako vhodna metoda pfipravy, ktera pti volbé relativné nizké teploty redukce
v kombinaci se zvySenym tlakem vodiku vedla k ptipravé nZVI se zachovanymi
morfologickymi vlastnostmi. Charakterizace piipravenych ¢astic nZVI pomoci XRD
a Mossbauerovy spektroskopie potvrdila fAzovou Cistotu materialu, ktery je vzhledem

k velké plose povrchu aplika¢né zajimavy v oblasti €isténi vod.
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3.2.2. Castice nZVI stabilizované oxidickou slupkou s kontrolovanou tlou$t’kou:

priprava, vlastnosti a pouZziti

3.2.2.1. Cile

V soucasné dobé patii nZVI v oblasti cisténi podzemnich vod a pid mezi
nejvyuzivanéj§i primyslové materidly s redukénimi vlastnostmi. Nemodifikované
¢astice nZVI jsou pyroforické, coz zvysSuje naroky na jejich skladovani a piepravu.
Z tohoto diivodu lze povrch castic stabilizovat (pasivovat) anorganickou slupkou,
v tomto pripad¢ oxidickou, kterd zajiStuje materidlu stabilitu na vzduchu. Ackoliv
zpusoby modifikace povrchu castic oxidickou slupkou jsou jiz znamy, mechanismus
jejiho vzniku a moznost fizeni jeji tlouStky nebyly dosud objasnény. Bézné zpiisoby
pasivace ale zaroven negativné ovliviiuji reaktivitu materidlu, coz vedlo ke studiu
moznosti reaktivace pasivovanych nZVI pied jejich pouzitim, mezi néz patii napiiklad
sonifikace, a zejména proces oznacovany jako aktivace nZVI. Na rozdil od ptechozich
kapitol, kde byly mimo jiné pfedstaveny cesty termicky indukovanych reakei vedouci
k ptipravé nZVI (a-Fe), se tato kapitola zabyva modifikaci povrchu jiz pfipravenych
castic. Jejim cilem je objasnéni mechanismu vzniku slupky, moZnosti fizeni jeji
tloustky vhodnou volbou podminek pfipravy a jejiho vlivu na fyzikalné-chemické
charakteristiky pfipravenych castic. Dal§im cilem je piiprava takového materialu, ktery
by byl stabilni na vzduchu a zaroven by si zachoval své vyhody v oblasti reaktivity (tj.

nebyla by nutnd jeho reaktivace).

3.2.2.2. Experimentalni ¢ast

Nemodifikované nZVI, které bylo pouZito k monitorovani ristu oxidické slupky na
povrchu nZVI a k pfipravé nZVI s kontrolovanou tloustkou slupky, bylo pfipraveno
termicky indukovanou redukci oxidu Zelezitého ve vodikové atmosféie.'”'’® Takto
pfipravené Castice jsou analogické komeréné dostupnému nemodifikovanému nZVI
NANOFER 25 (NANO IRON, CR). Pfipravené nemodifikované nZVI bylo ozna¢eno
jako nZVI 0. Pro tcely porovnani reaktivity materiali byly v ramci studie vyuzity také
komeréni nemodifikované nZVI NANOFER 25, sarze 655 (dale oznaceno jako NF_25)
a stabilizované nZVI NANOFER STAR, Sarze 197 (dale oznaceno jako NF_STAR) od
firmy NANO IRON (CR). Pro experimenty zaméfené na kinetiku odbourani Cr(VI) byl

navic pouzit také NE_STAR aktivovany podle publikované procedury aktivace nZVI.*'?
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Ptimy nahled do problematiky ristu oxidické slupky na povrchu nZVI ¢astic byl
proveden pomoci tfi experimentalnich technik: VT-XRD, TGA a TPO. Pouzit¢ nZVI
bylo pfipraveno vzdy pifimo v piistroji, ktery byl dale vyuzit k monitorovani ristu
slupky tak, aby byla co nejvice eliminovana moznost kontaktu ¢astic nZVI
s atmosférickym kyslikem. VSechny experimenty byly provedeny ve smési 2 mol% O,
v Ny,. Dva experimenty byly provedeny s vyuzitim VT-XRD podle teplotnich profili na
Obr. 3.2.2.1: (a) krokové zahiivani Castic nZVI az do teploty 250 °C s nacitanim
difrak¢nich zdznamta kazdych 25 °C (tj. 25, 50, 75, ..., 250 °C; realny profil méteni
odpovida linedrnimu nartstu teploty 1,67 °C/min); (b) izotermické zihani ¢astic nZVI
pti 150 °C po dobu 360 min s opakovanym nacitdnim difrakénich zaznamti. TGA byla
vyuzita k monitorovani ristu oxidické slupky také pfi dvou experimentech: (i) pii
izotermickém experimentu pii pokojové teploté trvajicim 600 min; a (ii) pfi
izotermickém zihani pifi teplot¢ 150 °C po dobu 360 min s nariistem teploty na
pozadovanou hodnotu 10 °C/min. Podobn¢ také TPO byla vyuzita pro dva experimenty,
které byly provedené pii pokojové teploté a pii 160 °C.

Materialy, které byly pouZzity pro naslednou komplexni charakterizaci (zahrnujici
TEM, HR-TEM, XRD, Mdssbauerovu spektroskopii, magnetickd méfeni, BET SSA
a porozitu), a testovani reaktivity, byly pfipraveny ve vétsim métitku (desitky gramii) na
zaklad¢ dat a informaci ziskanych z pfimého monitorovani rastu oxidické slupky.
Nemodifikované nZVI bylo stabilizovdno pomoci oxidické slupky s kontrolovanou
tloustkou, jiz bylo dosaZzeno vhodnym nastavenim teploty pasivace. Stabilizace byla
provedena v laboratorni peci pii teplotach 25, 100, 115 a 150 °C (vzorky pojmenované
nZVI 4, nZVI 5, nZVI 7 anZVI 10) udrZzovanych po dobu 240 min ve smési 2 mol%
O, v N,.

Experimenty zaméfené na reaktivitu pfipravenych materialtt vaci Cu(Il) a Cr(VI)
byly provedeny v anaerobnich podminkach. Zasobni roztoky Cu(Il) a Cr(VI) byly
pfipraveny z pentahydratu siranu Zeleznatého (CuSOs-5H,0, p.a., Sigma-Aldrich)
a chromanu draselného (K,CrO4, p.a., Sigma-Aldrich) s pouzitim odkysli¢ené
deionizované vody. Vstupni koncentrace Cu(Il) a Cr(VI) byly 1 mg/l jako Cu a Cr ve
findlnim objemu 310 ml. V experimentech zaméfenych na zhodnoceni efektivity byly
roztoky Cu(Il) a Cr(VI) smichény s riznymi mnozstvimi nZVI v rozsahu 60 az 300 mg
(vysledna koncentrace v rozsahu piiblizné 200 az 900 mg/l), pH bylo upraveno na 7
pomoci 2 % roztoku HCI. Pfipravené vzorky byly sonifikovany jednu minutu a nasledné

ttepany 24 hod na rotacni tiepacce. V experimentech zaméfenych na kinetiku reakce
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byly roztoky Cu a Cr smichany se 100 mg nZVI vzorkd (odpovida finalni koncentraci
Fe 322 mg/l). Thned po smichani nZVI s roztoky Cu a Cr byly pfipravené vzorky
sonifikovany po dobu jedné minuty a pH bylo upraveno na hodnotu 7 pomoci 2 %
roztoku HCI. Vzorky byly nepfetrzité¢ tiepany na rotacni tfepacce a analyzovany po
1,2,5,7,14 a 21 dnech. Vzorky odebrané k analyze byly zfiltrovany ptes 0,45 um
stiikackové filtry a zbytkova koncentrace Cu a Cr byla stanovena pomoci AAS.
Analyza byla provedena pomoci absorp¢nich car 324,8 a 357,9 nm pro Cu a Cr.
Standardy Cu a Cr roztokti byly pfipraveny s pouzitim komercnich standarda
TraceCERT (Fluka). Rozsah kalibra¢nich kiivek byl mezi 5 a 50 mg/l Cu a Cr. Limit
detekce (LOD) a limit kvantifikace (LOQ) byly spocitany na 1,66/1,55 ng/l (LOD)
a 6,75/6,05 pg/l (LOQ) pro Cu a Cr.

(a) —— Naprogr. profil (b) —— Naprogr. profil
250] 7 Realny profil 150 —— Realny profil
O 2001 O'1254 [
3 I
<] o 100 -
- = 754
100
50 4
50 4
T T T T T T T T 25- T T T T T T T T T
0 20 40 60 80 100 120 140 0 50 100 150 200 250 300 350 400
Cas (min) Cas (min)

Obr. 3.2.2.1. Profily méfeni VT-XRD pouZité pifi monitorovani rastu slupky na
¢asticich nZVI (a) pii krokovém zahtivani a (b) pii izotermickém Zzihani v atmosféie
smési 2 mol.% O, v No.

3.2.2.3. Vysledky

In situ pozorovani povrchové oxidace nZVI

Vystaveni nemodifikovanych ¢astic nZVI kontaktu s atmosférickym kyslikem vede
k jejich velmi prudké oxidaci. To je zplsobeno prakticky neomezenou dostupnosti
atmosférického kysliku v kombinaci s nanocasticovym charakterem nZVI, kdy velka
plocha povrchu poskytuje reakéni prostor pro oxidaci velkého mnozstvi atomil Fe
soucasné. Z tohoto diivodu je pro rychlost oxidace nZVI klic¢ové mnozstvi dostupného
kysliku. In situ monitorovand oxidace povrchu nemodifikovanych nZVI byla proto
provedena pomoci tfi komplementarnich experimentalnich technik (tj. VT-XRD, TGA

a TPO) v prostiedi s vyrazné¢ omezenym mnozstvi kysliku.
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Nahled na strukturni zmény souvisejici s oxidaci ¢astic nZVI umoznila VT-XRD.
Na Obr. 3.2.2.2 je zndzornén vyvoj difrakénich zaznaml a fazového zastoupeni pii
experimentu s krokovym zahiivanim materialu az do teploty 250 °C. Jiz pii relativné
nizkych teplotach (okolo 75 °C) zacina dochazet k oxidaci a-Fe na wiistit (FeO). Navic
pfi teplotach od 100 °C je v difrakénich zdznamech pozorovana také kubicka spinelova
struktura patfici magnetitu/maghemitu. Vzhledem k tomu, Ze zastoupeni wiistitu
dosahuje 3 —4 hm.% v pribéhu celého zbytku experimentu a mnoZzstvi magnetitu dale
nariistd az na finalnich 37 hm.% pfti 250 °C, lze ptedpokladat, ze wiistit tvoii rozhrani
mezi jadry nanocéstic tvofenymi o-Fe a magnetitovou slupkou na jejich povrchu.
Kromé zminénych procesti dochazi pii teplotach nad 175 °C k dalsi oxidaci na hematit.
V priibéhu celého experimentu pokleslo relativni zastoupeni a-Fe na tkor pfitomnych

oxidl z pivodnich 100 na finalnich 30 hm.%.
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Obr. 3.2.2.2. (a) Vyvoj RTG difrakénich zaznami a (b) kvantifikace fazového
zastoupeni béhem rastu oxidické slupky na nanocasticich ZVI pti krokovém zahtivani
materidlu v atmosféfe smési 2 mol.% O, v N,. V ¢asti (b) jsou uvedeny teploty, které
byly nésledné pouzity pfi izotermické pfipravé stabilnich nZVI s riiznou tloustkou
oxidické slupky.

Izotermické zihani nZVI pii 150 °C monitorované pomoci VT-XRD (Obr. 3.2.2.3)
poukazalo na oxidaci ¢astic nZVI pfimo na magnetit, tj. bez pfitomnosti krystalické¢ho
wiistitu. To naznacuje, Ze rozhrani mezi jadry nZVI a magnetitovou slupkou neni
dostateCné krystalické, aby jej bylo mozné pozorovat pomoci XRD. Zastoupeni
magnetitu, ktery je zaroven jedinou krystalickou formou oxidii Zeleza pozorovanou pfti

tomto experimentu, nartistd linearné a po 360 min zihani dosahuje 17 hm.%.
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Obr. 3.2.2.3. (a) Vyvoj difrakénich zaznamia a (b) kvantifikace fazového zastoupeni
béhem rastu oxidické slupky na nanocasticich ZVI pii izotermickém zihani materialu
pti 150 °C v atmosféte smési 2 mol.% O, v Nj.

Pro hlubsi porozuméni procesu tvorby oxidické slupky, kterou je obtizné
kvantifikovat pomoci XRD, byla zapojena také TGA. Oxidace nZVI (Cistého
a-Fe) na Fe;O4 nebo Fe,Oj; je teoreticky spojena s nartistem hmotnosti 38,2, respektive
43,0 %. Tento narGst zahrnuje zaclenéni potfebného mnoZzstvi atomit kysliku do
struktury nZVI. Oba provedené experimenty (tj. pii pokojové teploté 1 pii 150 °C,
Obr. 3.2.2.4a) ukazuji na prudké zvyseni hmotnosti béhem prvnich 15 min od zacatku
experimentu (tj. promyvani reakéni komory smési 2 mol% O, v N,). Ackoliv pii
pokojové teploté €inil celkovy narist hmotnosti 2,5 % (odpovida 6,5 hm.% magnetitu),
vice nez 1,5 % bylo dosaZzeno pravé béhem prvnich 15 min. Pti teplot€¢ 150 °C se
celkova hmotnost zvétsila o 7,7 %, coz odpovida obsahu magnetitu 20,4 hm.%. V tomto
ptipad¢ byl narGist hmotnosti rozdélen do dvou intervalii: (i) do jiZ zminénych prvnich
15 min zahrnujicich ohfev na poZadovanou teplotu, béhem né&jz doslo ke zvySeni
hmotnosti 0 5,5 %; a (i1) k naslednému pozvolnéjSimu nartistu probihajicimu po celou
zbyvajici dobu experimentu. Podle Cabrera-Mottovy teorie oxidace kovil lze prudky
nartist hmotnosti na po¢atku experimentu vysvétlit vytvorenim velmi tenké vrstvy oxidi
eleza na povrchu &astic.”” Jeho nasledné zpomaleni je zptisobeno snizenou schopnosti
ionttl Zeleza difundovat skrz oxidickou slupku z jader na povrch &astic.>>® Jako velmi
zajimavé se navic jevi srovnani experimenti TGA a VT-XRD pii 150 °C. MnoZstvi
magnetitu kvantifikované z difrakénich zaznamii po 360 min velmi dobie koreluje
s vypocitanym mnoZzstvim magnetitu obsaZzenym po 360 min experimentu (je nutno vzit
také v uvahu, ze cast slupky, zejména jeji Uplny povrch na rozhranich, bude vzdy

rentgeno-amorfni; z XRD 17 hm.%., z TGA 19,8 hm.%).
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Tteti pouzitd technika, TPO, umoznila ndhled na mechanismus rastu slupky skrz
mnozstvi spotfebovaného kysliku reprezentovaného intenzitou signalu (Obr. 3.2.2.4b,c¢).
Prudky nartist signalu v obou provedenych experimentech (tj. pti pokojové teploté a pii
160 °C) potvrzuje vytvoreni monovrstvy atomu kysliku na povrchu nanocéstic. Rozdil
je ovSem v kinetice tvorby oxidické slupky, kterd je fizena teplotn¢ zavislou rychlosti
difuize atoma Zzeleza. Zatimco v experimentu pii pokojové teplot¢ dochazelo
k pozvolnému poklesu intenzity signdlu k nulovym hodnotdam po dobu 150 min,
v experimentu pii 160 °C zlstala intenzita signalu blizko svého maxima pfiblizné
10 min, poté byl pozorovan prudky pokles nasledovany pozvolnym piiblizenim
k nulové hodnoté. Tento vyvoj opét reflektuje Cabrera-Mottovu teorii oxidace kovd,
kdy pokles intenzity signalu reprezentuje nastavajici saturaci kysliku v povrchovych
vrstvach slupky, zatimco fluktuace signdlu mirné¢ nad nulovou hodnotou reprezentuje
dosazeni rovnovahy mezi nové adsorbovanym kyslikem a kyslikem zaclenénym do

struktury oxidi Zeleza.
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Obr. 3.2.2.4. Rist oxidické slupky na povrchu nZVI ¢astic pii izotermickém Zihani
v atmosféte smési 2 mol.% O, v N, zachycen pomoci (a) TGA pii 30 a 150 °C, (b) TPO
pti 30 °C a (c) TPO pii 160 °C.

Vlastnosti pripravenych na vzduchu stabilnich nZVI

Zatimco experimenty zaméfené na in situ monitorovani rastu oxidické slupky byly
provedeny s pouzitim pouze malého mnozstvi materialu (v fddu jednotek az desitek
mg), nZVI materidly s kontrolovanymi tlouStkami slupek na povrchu castic byly
pfipraveny v mnozstvich desitek gramil. Ackoliv s sebou tento pfechod pfinasi nutnost
optimalizace podminek ptipravy, je to prvni a nezbytny krok na cesté k potencidlnimu
pouziti materiala pii realnych aplikacich.

Z morfologického pohledu tvoii nZVI piipravené termicky indukovanymi procesy

obvykle klastry agregovanych nanocéstic, coz potvrzuje reprezentativni snimek z TEM
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1 vtomto pripad¢ (Obr. 3.2.2.5a). Jednotlivé castice jsou piiblizné sférického tvaru,
nicmén¢ mohou byt specené dohromady. Stredni velikost Castic se pohybuje okolo
73 nm (hodnota zahrnuje jadra i slupku; velikostni distribuce odpovida log-normalnimu
rozdéleni; Obr. 3.2.2.5b) a vzhledem k mnozstvi hodnot potfebnému k dosazeni
dostate¢né statistické kvality byla stanovena ze vzorkli nZVI se 4 a 5 nm slupkou
(teplota pripravy nZVI byla v obou piipadech stejné a zaroven vyrazné vyssi nez teplota
pasivace, proto lze predpokladat, Ze soucasné vyuziti obou vzorkt k vypoctu distribuce

velikosti ¢astic 1ze pouzit, aniz by doslo ke zkresleni skute¢nych hodnot).

(b) n=728+1,1 nm

0 20 40 60 80 100 120 140 160 180 200
» Velikost ¢astic (nm)

Obr. 3.2.2.5. (a) Snimek agregovanych ¢astic nZVI potizeny pomoci TEM, (b)
distribuce velikosti ¢astic spoc¢itana ze vzorkii nZVI 4 anZVI 5.

Schopnosti fidit tlouSt’ku pasivacni oxidické slupky na ¢asticich nZVI bylo dosazeno
parametrem piipravy je ovSem dostate¢né omezeni mnoZzstvi dostupného kysliku, které
nejen ze brani nekontrolované oxidaci ¢astic nZVI, ale také umoziuje vytvoreni slupky
s relativné uzkou distribuci tloustky (Obr. 3.2.2.6). Zatimco pro Castice s nejtenci
slupkou 4 nm byla distribuce tloustky slupky velmi uzka (v intervalu 2,0 — 5,4 nm), pro
Castice s 10 nm slupkou se mirn€ rozsitila (v intervalu 6,8 — 14,6 nm). Nicméné
intervaly, v nichZ se tloustka vytvotené slupky pohybovala, jsou u vSech piipravenych
vzorkii nZVI vyrazné uz§i v porovnani s diive publikovanymi daty.'”*'® Stedni
velikosti tloustky slupek se u pfipravenych vzorkt pohybuji v rozsahu od 4,0 do 9,9 nm
(viz Obr.3.2.2.6 a Tab.3.2.2.1). Navic se kromé¢ tlouStky slupky meéni také jeji
charakter. Zatimco u vzorki nZVI s tenkymi slupkami (4 a 5 nm) jsou celé Castice
homogenné pokryty kompaktni slupkou bez viditelnych trhlin a defekta, u Castic se

7 nm slupkou je jiz jeji naruSeni zfetelné. Trhliny a defekty ve slupce jsou potom

82



vyrazné Cast¢jsi u ¢astic s 10 nm slupkou. Toto pozorovani potvrzuji i snimky potizené
pomoci HR-TEM doplnéné o prvkové mapovani (Obr. 3.2.2.7). Tyto snimky naznacuji,
Ze charakter naruSeni slupky u vzorku nZVI &astic s 10 nm slupkou je obdobny jako
u ¢astic, které podstoupily proces aktivace nZVIL.*'"? Prvkové mapovani potvrzuje, Ze
jadra jsou dominantné tvofena kovovym zelezem, zatimco slupky zelezem a kyslikem
ve form¢ oxidu. Relativné uzké rozhrani mezi jadry a slupkou naznacuje, ze ptechodova

vrstva je velmi tenkd, a tim padem také ne pfili§ krystalicka.
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Obr. 3.2.2.6. Reprezentativni snimky piipravenych ¢astic nZVI s oxidickou slupkou
o tloustce (a) 4, (b) 5, (c) 7 a (d) 10 nm pofizené pomoci TEM, vcetné teploty piipravy
a distribuce tloustky oxidické slupky.
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Charakter oxidické slupky také vyrazné ovlivituje SSA a porozitu. Ackoliv se SSA
unZVI pfipravenych borohydridovou cestou pohybuje typicky okolo 40 az 50 m%/g,'"’
unZVI piipravenych termicky indukovanymi procesy je mensi.'” Pfipravené nZVI
Castice s kontrolovanou tloustkou oxidické slupky vykazuji SSA v rozsahu od 18,4 do
24,4 m%/g, pficemz SSA nartista s naristajici tloustkou slupky vlivem jeji zv&tsujici se

porozity (to je potvrzeno plochou povrchu port; viz Tab. 3.2.2.1.).

Tab. 3.2.2.1. Vlastnosti vzorkii nZVI ziskané¢ pomoci TEM (tloustka slupky), BET
SSA (SSA, plocha povrchu pori (SA pori)), PPMS (saturaéni magnetizace, M),
Maossbauerovy spektroskopie (relativni plochy subspekter, RA) a TGA (vypocitany
obsah a-Fe a Fe;04 a teplota stability).

TEM | BET SSA | PPMS Mossbauerova spektroskopie TGA
Vzorek Slup SSA pS(,;?ﬁ Ms RASl RA52 RAs3 RADl RAGl o-Fe Fe304 Stab.
(nm) | (m'g) | (Am’/kg) (%) (hm.%)  (°C)

nZVI1 0 - - - 201,9 89 - - 1 10 | --- -—- -—-

nZVI 4 | 4,0 |184 11,9| 186,9 81 — e - 19 | 80,1 19,9 120
nZVI 5 | 49 |18,8 13,7| 188,1 79 - - 3 18 | 79,9 20,1 120
nZV1 7 | 7,3 |23,3 16,6 | 168,2 69 2 3 - 26 69,8 30,2 160
nZVI 10| 9,9 [244 18,1| 160,2 61 4 6 - 29 |61,6 384 180

20nm

“'HAADF

Obr. 3.2.2.7. HR-TEM snimky a prvkové mapovani Fe a O (a) 4nm a (b) 10 nm
oxidické slupky na povrchu ¢astic vzorku nZVI 4 anZVI 10.
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Ze strukturniho a fazového pohledu jsou materidly tvofeny zejména o-Fe
(Obr. 3.2.2.8). Uzké difrakéni &ary reprezentujici difrakce na strukturnich rovinach 110
a 200 naznacuji dobrou krystalinitu faze. S nartstajici tloustkou oxidické slupky klesa
MCL z ptuvodnich 69,6 nm pro nemodifikované ¢astice nZVI az na 55,9 nm pro nZVI
castice s 10 nm slupkou (Tab. 3.2.2.2; odchylky MCL od klesajiciho trendu jsou
v ramci experimentalni chyby). V difrakénich zaznamech modifikovanych ¢astic nZVI
(tzn. nZVI se slupkami) jsou pfitomny také Siroké difrakéni cary piislusejici strukturnim
rovindm 220 a 311 kubické spinelové struktury magnetitu/maghemitu (viz Obr. 3.2.2.8),
jejichz intenzita narGsta se zvétSujici se tloustkou oxidické slupky. Navic, protoze
nejsou pritomné v difrakénim zaznamu nemodifikovanych ¢astic nZVI, je ziejmé, ze
reprezentuji oxidickou slupku na povrchu nanocastic. Velka sitka téchto difrakénich Car
naznacuje nizkou krystalinitu magnetitu/maghemitu, kterd je ovlivnéna nejen vlastni
tloustkou slupky, ale také povrchovymi jevy. Krystalinita nicméné kopiruje trend
nartistajici tloustky slupky pozorovany pomoci TEM. Z pohledu zastoupeni fazi
dochdzi k narGistu mnoZstvi magnetitu/maghemitu z 2,8 hm.% unZVI ¢astic se 4 nm
slupkou az na 21,3 hm.% u nZVI &astic s 10 nm slupkou. Z hlediska rozliSeni magnetitu
a maghemitu ukazuje v tomto pfipad¢ miizkovy parametr na prakticky stechiometricky

magnetit (Tab. 3.2.2.2).
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Obr. 3.2.2.8. RTG difrakéni zaznamy nemodifikovanych ¢astic nZVI a nZVI ¢astic
s kontrolovanou tloustkou oxidické slupky s detailem vyznamnych difrakci magnetitu.
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Tab. 3.2.2.2. Strukturni a fazové charakteristiky Cerstvé pfipravenych a jeden rok
zestarlych nZVI materialt ziskané pomoci Rietveldovy analyzy.

Cerstvé materialy Materialy zestarlé jeden rok

Vzorek o-Fe Fe;0, o-Fe Fe;0,

Zast. MCL | Zast. MCL a Zast. MCL | Zast. MCL a
(hm.%) (nm) |(hm%) (nm) (nm) | (hm.%) (nm) | (hm.%) (nm) (nm)

nZVI 0 | 100,0 69,6 - - -
nZVI1 4 97,2 64,3 2,8 33 0,8413| 94,2 67,6 5,8 3,2 0,8410
nZVI 5 96,0 64,8 | 4,0 3,5 08411 944 67,6 5,6 3,5 0,8390
nZVI1 7 87,2 56,7 | 12,8 57 08389 84,8 60,2 15,2 6,0 0,8390
nZVI 10 | 78,7 559 | 21,3 93 0,8390| 76,2 56,1 23,8 9,5 10,8389

Dalsi vyznamnou charakteristikou nZVI jsou jejich magnetické vlastnosti. Typické
hodnoty saturacni magnetizace pro o-Fe a Fe;O4 v jejich makroskopickych formach
jsou M, ~215—220 Am*/kg’” a M, ~90—100 Am’/kg.'"'® Proto Ize u ptipravenych
materiali ocekavat trend snizujici se saturaéni magnetizace s nariistajici tloustkou
slupky. Navic lze ptedpoklddat, ze nanocasticovy charakter pfipravenych materiali
bude mit za nasledek celkové snizeni hodnot saturaéni magnetizace. Oba vySe uvedené
pfedpoklady byly experimentalné potvrzeny (Obr.3.2.2.9 a Tab. 3.2.2.1). Zatimco
nejvyssi hodnota saturacni magnetizace byla zaznamenana pro nemodifikované nZVI
(201,9 Am?/kg), uvzorki modifikovanych &astic dochazelo s narfistajici tloustkou
slupky k jejimu poklesu. Vyjimku tvofi pouze materidly stenkymi slupkami, kde
hodnota satura¢ni magnetizace pro nZVI s 5 nm slupkou je mirn¢ vyS$si nez pro nZVI se

4 nm slupkou, coZ je zfejmé zplisobeno strukturnim uspotadanim slupky.
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Obr. 3.2.2.9. Hysterezni smycky nemodifikovaného nZVI a nZVI s kontrolovanou
tloustkou oxidické slupky ziskané pomoci PPMS pii 27 °C (300 K).
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V Maéssbauerovskych spektrech ptipravenych nZVI c¢astic (Obr. 3.2.2.10) byl jako
hlavni komponenta identifikovan sextet S1 s hyperjemnymi parametry odpovidajicimi
a-Fe (relativni plochy jednotlivych komponent jsou uvedeny v Tab. 3.2.2.1). Jeho
relativni plocha klesala s rostouci tloustkou oxidické slupky z pivodnich 89 % pro
nemodifikované nZVI az na 61 % pro nZVI s 10 nm slupkou. Vedle sextetu S1 byla ve
vSech spektrech piitomna také relaxacni komponenta G1 (singlet), kterd reprezentuje
strukturné neuspotradané atomy zeleza v oxidické slupce a na rozhranich mezi jadry
a slupkami. Ackoliv izomerni posun naznacuje, ze komponenta reprezentuje zejména
ionty Zeleza ve stavu Fe’*, ionty Fe*" a atomy Fe” do ni mohou také piispivat. Jeji
relativni plocha nartistd s rostouci tloustkou slupky z 10 % pro nemodifikované nZVI
az na 29 % pro nZVI s 10 nm slupkou. Kromé téchto komponent se ve vzorcich nZVI
se silnéjSimi slupkami (tj. 7 a 10 nm) objevuji také sextety S2 a S3, jeZ vzhledem ke
svym hyperjemnym parametriim reprezentuji tetraedrické (T) a oktaedrické (O) pozice
magnetitu (hyperjemné parametry se sice mirn¢ odlisuji od téch uvedenych v literatute,
nicméné tento rozdil je zplsoben nedostateCnou krystalinitou a defekty v oxidické
slupce zplsobujicimi neekvivalentni magnetické okoli a poruchy ve sférickém rozlozeni
naboje okolo atomt Fe). Jejich souhrnna relativni plocha dosahuje maximaln€ 10 % (viz
Tab. 3.2.2.1). Ve vzorcich nemodifikovanych ¢astic nZVI a nZVI ¢astic s 5 nm slupkou
se navic v minoritnim mnozZstvi objevuje dublet D1 (do 3 %), ktery reprezentuje

. 94 r +
magneticky neuspoiadané Fe’.
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Obr. 3.2.2.10. Mossbauerovska spektra (a) vzorku nZVI bez stabilizace a nZVI vzorkt
stabilizovanych (b) 4, (c) 5, (d) 7 a (e) 10 nm oxidickou slupkou.

Termicka a dlouhodoba stabilita

Dlouhodobé stabilita nZVI materidli pii zachovani jejich vlastnosti je jednim
z vyznamnych parametrii ovliviiyjicich jejich praktickou pouzitelnost. Za timto ucelem
byly materidly jeden rok skladovany v béznych podminkidch (tj. za pfistupu
atmosférického kysliku) a nasledné charakterizovany z pohledu strukturnich a fazovych
zmén (Obr. 3.2.2.11a). Vysledek je velmi uspokojivy, protoze zestarlé materialy
vykazuji velmi podobné fazové slozeni jako plvodni (Cerstvé) materidly (viz
Tab. 3.2.2.2). V zadném ze zestarlych materiald nebyl pozorovan vznik wiistitu.*%*

Relativni zastoupeni a-Fe pokleslo na ukor magnetitu nezavisle na tloust’ce oxidické

slupky maximalné¢ o 3 hm.%. To poukazuje na aplikovatelnost ptipravenych nZVI
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castic v obdobi minimaln¢ jednoho roku od jejich vyroby bez zvySenych narokll na
skladovéani. V prubéhu sledovaného obdobi navic téméf nedochdzi ke zméndm ve
velikosti MCL, coz poukazuje na fakt, ze jadra nZVI castic si zachovavaji velikost
a slupka svou tloustku.

Kromé dlouhodobé stability byla ovéiena také termicka stabilita ptipravenych nZVIL.
Pii pouziti jiz uvedeného teoretického nartistu hmotnosti pfi oxidaci o-Fe na Fe;O4
(narast 38,2 %) a modelovém piedpokladu, Ze castice stabilizovanych nZVI jsou
tvofeny jadry z Fe’ a slupkou z Fe;04, lze pomoci nartistu hmotnosti spogitat celkovy
obsah kovového zeleza. U vzorkli stabilizovanych nZVI c¢astic se tento nardst
pohyboval v rozmezi od 35,1 % pro nZVI se 4 nm slupkou do 27,8 % pro nZVIs 10 nm
slupkou, coz odpovidd obsahu kovového Zeleza 80,1 a 61,6 hm.% (viz Tab. 3.2.2.1
a Obr. 3.2.2.11b). Obecné lze pozorovat, ze obsah Fe’ stanoveny pomoci TGA je
ptiblizn€ o 15 % mensi v porovnani s obsahem a-Fe stanovenym pomoci XRD. Tento
rozdil je zfejm¢ zpusoben rentgeno-amorfnimi formami oxidl Zeleza na povrchu castic,
které nelze pomoci XRD detekovat. Zkiivky narGstu hmotnosti lze
u charakterizovanych materiali odhadnout také teplotu stability (tj. teplotu, pii niz
zacina dochazet k naristu hmotnosti reprezentujici oxidaci a-Fe v jadrech). Tato teplota
je okolo 120 °C pro nZVI s tenkymi slupkami a zvySuje se s narlstajici tloustkou

slupky az na 180 °C pro nZVI s 10 nm slupkou.
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Obr. 3.2.2.11. (a) RTG difrakéni zdznamy stabilizovanych nZVI méfené po jednom
roce od piipravy, (b) TGA kiivky stabilizovanych nZVI s riiznou tloustkou oxidické
slupky, v€etné naznacené teploty stability.

Zhodnoceni reaktivity

Reaktivita pfipravenych materialii byla testovana s pouzitim dvou anorganickych
kontaminantti, jmenovité Cu(Il) a Cr(VI). Tyto kontaminanty byvaji Casto vybrany pro

laboratorni experimenty, protoze mechanismus a kinetika jejich odbourdni pomoci
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360y, Pfipravené nZVI materidly rozsSitené pro tyto ucely

redoxnich podminek (napf.
o komer¢ni nemodifikované nZVI NF 25 a stabilizované nZVI NF_STAR (pro Cr(VI)
veetn¢ zahrnuti aktivovaného nZVI) byly testovany pro zhodnoceni jak kinetiky
odbourani uvedenych polutantd, tak i jejich efektivity.

Jednodussi je situace v pripadé experimentt s Cu(Il), které prezentuje Obr. 3.2.2.12.
Z pohledu kinetiky nebyly pfi pouziti koncentrace Fe 322 mg/l a vstupni koncentraci
Cu(Il) 1 mg/l v ptipravenych vzorcich patrné vyraznéjsi rozdily — vSechny vzorky
dokazaly odbourat vice nez 98 % rozpusténého Cu(Il) béhem prvnich 24 hod. Pouze
komeréni stabilizované zelezo potiebovalo vyrazné delsi ¢as. Efektivita testovanych
materiald byla také velice podobna — k uplnému odstranéni Cu(Il) kontaminace bylo

tteba koncentrace Fe vrozsahu 350400 mg/l (vyjimku tvofilo opét komeréni

stabilizované nZVI).
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Obr. 3.2.2.12. Odstranéni Cu(Il) pomoci castic nZVI sriznou tloustkou slupky
v anaerobnim prostfedi. (a) Kinetika reakce pii pouziti koncentrace Fe 322 mg/l a (b)
efektivita odstranéni Cu(Il) po 24 hodinéch.

v

Zajimavéjsi je ovSem situace v piipadé¢ kontaminace Cr(VI) (Obr. 3.2.2.13). Pii
experimentu zaméifeném na kinetiku reakce lze materidly rozdélit do 4 skupin:
(1) materidly s rychlou kinetikou (nemodifikované nZVI bez stabilizace); (i1) materialy
s pomalou kinetikou (¢astice nZVI s tenkou slupkou 4 a 5 nm); (iii) materidly se stfedni
kinetikou (zahrnuje pfipravené materialy se 7 a 10 nm slupkami na ¢ésticich nZVI);
(iv) komer¢ni stabilizované nZVI materidly, které vykazuji také stfedni kinetiku

(zahrnuje komerc¢ni stabilizované nZVI Castice bez a s aktivaci). NejvyznamnéjSim
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pozorovanim tohoto experimentu ale je, ze pfipravené nZVI materidly se slupkami 7
a 10nm maji stile vysokou schopnost reagovat s kontaminantem. To je ziejmé
zpusobeno pritomnosti defektti ve slupce. Naopak c¢astice s tenkou slupkou, ktera je
kompaktni a bez defektii, se vtomto porovnani jevi jako mnohem mén¢ reaktivni.
Podobny trend ukazuji také data z kapacitniho experimentu. Jediny rozdil je v tom, ze

komer¢ni stabilizované nZVI vykazuje vyrazné mensi efektivitu v porovnéni s ostatnimi

materialy.
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Obr. 3.2.2.13. Odstranéni Cr(VI) pomoci c¢astic nZVI sriznou tlouStkou slupky

v anaerobnim prostfedi. (a) Kinetika reakce pii pouziti koncentrace Fe 322 mg/l a (b)
efektivita odstranéni Cr(VI) po 24 hodinach.

Pro prokdzani redukéniho mechanismu odstranéni Cr(VI) z kontaminované vody
byla provedena charakterizace pouzitého materialu po reakei trvajici 7 dni. Pomoci XPS
bylo potvrzeno, Ze veskery chrom obsaZeny v pevném podilu materidlu ziskaného po
reakci je ve stavu Cr(Ill), tzn. ze byl zredukovdn zplvodniho Cr(VI) (viz
Obr. 3.2.2.14). Toto pozorovani potvrzuji také Mossbauerovska spektra, v nichZz je
patrna caste€na oxidace nZVI. Hyperjemné parametry jednotlivych komponent ve
spektrech zlstaly prakticky beze zmény v porovndni s témi pied reakci. Viditelnou
zménou je ale piiblizné 10 % tubytek relativni plochy sextetu reprezentujiciho a-Fe na
ukor relaxani komponenty. Na zaklad¢ téchto uvedenych vysledka tedy bylo mozné

potvrdit, Ze doslo k redukci Cr(VI) na Cr(IIl) u vSech testovanych materiali.
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Obr. 3.2.2.14. Spektra nZVI vzorki (a) bez stabilizace a nZVI vzorkt stabilizovanych
(b) 4, (¢) 5, (d) 7 a (¢) 10 nm oxidickou slupkou po reakci s Cr(VI) ziskand pomoci
XPS. Maxima Cr(III) reprezentuji rizny spin-orbitalni stav Cr(III).

3.2.2.4. Zavér

Cilem této kapitoly bylo ptredstavit problematiku anorganické stabilizace nZVI
pomoci vytvotreni oxidické slupky na povrchu castic. Kromé poskytnuti detailniho
nahledu na proces stabilizace nZVI a na mechanismus rastu oxidické slupky byl v této
kapitole prezentovan zplsob piipravy nZVI &astic stabilizovanych pomoci cileného
vytvoteni oxidické slupky s ftizenou tloustkou mezi 4 a 10 nm. Detailn¢ byly
predstaveny morfologické, strukturni a magnetické vlastnosti pfipravenych materiald,
vcetné ovéeieni stability dlouhodobym vystavenim materiali atmosférickému kysliku,

které¢ potvrdilo, Ze po dobu jednoho roku prakticky nedochazi k degradaci materiala
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vlivem strukturnich nebo fazovych zmén. Materialy byly cileny pro pouziti v oblasti
reduk¢nich technologii €isténi podzemnich vod a pld. Jak ukazaly experimenty na
zhodnoceni reaktivity, tloustka a charakter slupky na povrchu c¢astic vyznamné
ovliviiuji schopnost nZVI odstranit kontaminaci. Vysledkem je, ze materialy s tlustSimi
slupkami mezi 7 a 10 nm mohou bez nutnosti dals§i aktivace poslouzit jako vhodna
alternativa k v soucasnosti bézn¢ pouzivanému na vzduchu stabilnimu nZVI, které je
ovSem nutné pred pouzitim jesté aktivovat po dobu optimélné 48 hodin (viz priloha D

této prace).
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3.3. VyuZiti nanomaterialit na bazi Fe a termickych procesii v praxi
3.3.1. Priprava magnetitu s unikatni morfologii pro katalytické aplikace

3.3.1.1. Cile

Magnetit patfi mezi materidly svelmi Sirokym spektrem aplikaci. Ve své
nanocasticové podob¢ nachazi v poslednich letech uplatnéni zejména v katalytickych
procesech, kde se obvykle s vyhodou vyuziva materidlti s velkou plochou povrchu.
Cilem této kapitoly je pfedstavit termicky indukovanou piipravu magnetitu, jez si diky
vhodné volbé reakénich podminek zachovédva specidlni morfologii amorfniho oxidu
zelezitého pouzitého jako prekurzoru. Takto pfipraveny magnetit vykazuje efektivni

vysledky v oblasti katalytické redukce nitroarent.

3.3.1.2. Experimentalni ¢ast

Ptiprava Fe;O4 s unikatni morfologii byla provedena zihanim amorfniho oxidu
zelezitého v redukéni vodikové atmosféte podle teplotniho profilu na Obr. 3.3.1.1, tj.
prudkym zahtatim na teplotu 100 °C a naslednym krokovym ohfevem s izotermickym
méfenim difrak¢énich zaznami pfi teplotach 125, 150, 160 a dale kazdych 10 °C az do
teploty 220 °C. Po dosazeni teploty 220 °C byl dale material zihan izotermicky po dobu
60 min. Pfipraveny material byl pro ucely této studie charakterizovan pomoci SEM,

XRD a Mossbauerovy spektroskopie.
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Obr. 3.3.1.1. Profil méteni VT-XRD v atmosféfe H, pfi piipravé Fe;O4 s unikatni
morfologii.

3.3.1.3. Vysledky

Obdobné¢ jako v kapitole 3.2.1 (Priprava nZVI se sférickou 3D architekturou) 1 zde

bylo nezbytné zachovat pfi transformacnim procesu morfologii pouzitého prekurzoru.
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V tomto ptipad¢ ovSem nebylo cilem provést tiplnou redukci oxidu zelezitého na a-Fe,
ale pouze CasteCnou na magnetit. Z tohoto divodu bylo mozné vyuzit jesté vyrazné
nizsi teplotu (maximaln¢ 220 °C) i pii zachovani atmosférického tlaku vodiku.

Z vyvoje difrakénich zaznamu (Obr. 3.3.1.2) je ziejmé, ze vstupni material pouzity
pro piipravu magnetitu je rentgeno-amorfni (z Mdssbauerovskych spekter plyne, Ze se
jednd o amorfni oxid zelezity), tzn. neobsahuje zadné krystalické faze, coz se
v difrak¢nich zdznamech typicky projevuje pfitomnosti dvou Sirokych maxim (v tomto
konkrétnim piipadé okolo uhli 40° a 70° 26). Od teploty 200 °C zacina dochazet ke
krystalizaci materidlu, nicméné z difrakénich zaznamu nelze rozlisit, zda je krystalizace
amorfniho oxidu zelezitého pouzitého jako prekurzoru doprovazena také jeho redukci
na magnetit. Optimalizaci experimentdlnich podminek byla teplota izotermického Zihéni
trvajictho 60 min nastavena na 220 °C. Tato teplota se nasledné ukazala jako idealni pro
zachovani morfologickych vlastnosti prekurzoru a zéaroven dostate¢na pro jeho

transformaci spojenou s redukci na magnetit.

Intenzita (a.j.)

220,50 min
220,30 min _

20 30 40 50 60 70 80
20CoK,, (°)

Obr. 3.3.1.2. Vyvoj RTG difrakénich zaznamii v pribéhu piipravy Fe;Os s unikétni
morfologii z amorfniho Fe,O3 v redukéni vodikové atmosfére.

Strukturné-fazova analyza pfipraveného materidlu (Obr. 3.3.1.3a) potvrdila
pritomnost pouze kubické spinelové struktury s prostorovou grupou Fd3m typické pro

magnetit/maghemit. Zadné dal§i fize nebyly identifikovany. Ackoliv miizkovy
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parametr @ =0,8394nm poukazuje na prakticky stechiometricky magnetit,
Mossbauerovské spektrum (Obr. 3.3.1.3b) naznacuje, ze se jedna spiSe o magnetit
s mirnou nestechiometrii. Pfipraveny material si zadroven zachovava unikatni morfologii

prekurzoru (viz Obr. 3.3.1.4).
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Obr. 3.3.1.3. (a) RTG difrakéni zdznam a (b) Mdossbauerovské spektrum métfené pii
pokojové teploté ptipravené¢ho vzorku Fe;Os,.

Obr. 3.3.1.4. Snimek pfipravené¢ho Fe;Oy4 s unikatni morfologii potfizeny pomoci SEM.

3.3.1.4. Zavér

Cilem této kapitoly bylo pfedstavit podminky pfipravy magnetitu termicky
indukovanou redukci a krystalizaci amorfniho oxidu zelezitého ve vodikové atmosfére
tak, aby byla zachovana unikatni morfologie prekurzoru. Proto byla zvolena relativné
nizka teplota, ktera ale zaroven byla dostate¢nd k redukci oxidu Zelezitého na magnetit.

Takto pfipraveny material je vhodny pro katalytické aplikace (viz PFiloha E této prace).
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3.3.2. Piiprava nanocastic Higgova karbidu pro elektrochemické aplikace

3.3.2.1. Cile

Karbidy zeleza obecné nejsou z pohledu svych vlastnosti a pouziti ve véd¢ novymi
materidly. Jejich vyzkum jako makroskopickych materiali probihal jiz v druhé poloviné
20. stoleti, s rozvojem nanotechnologii se ovSem v poslednich letech staly karbidy
zeleza opét zajimavym tématem. To je zpisobeno moznosti produkovat je ve formé
nanocastic, které vykazuji specifické vlastnosti a nabizeji nové aplikace napt. v oblasti
elektrochemickych senzort. Tato kapitola si klade za cil pfedstavit pfipravu nanocastic
karbidli Zeleza s vysokym obsahem karbidu y-FesC, (tzv. Hdggova karbidu), ktery je

vhodny napftiklad pro detekci antibiotik na bazi metrodiazolu.

3.3.2.2. Experimentalni ¢ast

Termicky indukovana pfiprava vysoce Cist¢tho Haggova karbidu byla provedena
zihanim pfiblizné¢ 100 mg B-Fe,Os (pfiprava B-Fe,Os je uvedena v kapitole 3.1.2.2)
v atmosféfe oxidu uhelnatého podle teplotniho profilu na Obr. 3.3.2.1, tj. material byl
krokové zahtivan v intervalu 75 az 700 °C, pficemz kazdych 25 °C byl izotermicky
méten difrakéni zadznam (redlny profil méfeni odpovidd linedrnimu nartistu teploty
1,70 °C/min). Piipraveny material byl pro ucely této prace charakterizovan pomoci

SEM, XRD a Mossbauerovy spektroskopie.
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Obr. 3.3.2.1. Profil méfeni VT-XRD pouzity pii ptipravé Higgova karbidu.

3.3.2.3. Vysledky

K ptipravé metastabilniho Haggova karbidu bylo vyuzito poznatkl prezentovanych
v kapitole 3.1.2 (Termicky indukované transformace p-Fe;O; v riiznych atmosférach),

konkrétné transformacniho experimentu B-Fe,O3; v atmosféte oxidu uhelnatého. Jelikoz
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se v tomto experimentu objevil Higglv karbid pfi teplotach 700 a 725 °C v mnozstvi
témer 70 hm.%, byl zvolen stejny postup piipravy, pouze stim rozdilem, ze byl
experiment ukonen po 10 min zihdni po dosazeni teploty 700 °C. Ackoliv
mechanismus transformace obsahuje nékolik na sebe vzajemné navazujicich krokt a je
tedy pomérné slozity a tudiz logicky citlivéjsi i na drobné zmény experimentalnich
podminek (napt. fluktuace pritoku plynu, rychlost ohfevu, stabilizace teploty, atd.),
dochazi pii opakovani ¢asti experimentu pouze k mirnému zpomaleni kinetiky
transformac¢niho mechanismu (zejména pii nizSich teplotach). Takovy rozdil lze
vysvétlit mnozstvim materidlu pouzitého k experimentim VT-XRD. Zatimco pfi
experimentech zaméfenych na transformacni mechanismy (viz kapitola 3.1.2) bylo
pouzito pouze 40 mg vzorku, pifi pfipravé Héiggova karbidu (tato kapitola) bylo
mnozstvi materidlu 100 mg. V&St mnozstvi  materidlu - zplisobuje  zpozdéni
transformacénich procesi (viz Obr. 3.3.2.2), coz bylo potvrzeno i dal§imi (zde
neprezentovanymi) experimenty. Mnozstvi materidlu navic ovlivnilo kinetiku reakce
natolik, Ze pfipravovany vzorek obsahoval vyrazné vice Higgova karbidu, nez v ptipadé

studia reakénich mechanismau.
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Obr. 3.3.2.2. (a) Vyvoj RTG difrakénich zaznamt a (b) kvantifikace fazového
zastoupeni v pribéhu piipravy Higgova karbidu v atmosfétre CO.

Ptipraveny materidl je zpohledu fdzového =zastoupeni (Obr. 3.3.2.3a) tvofen
dominantné¢ Higgovym karbidem (95 hm.%) a malym mnozstvim cementitu (Fe;C,
5 hm.%). Mnozstvi Higgova karbidu ve vzorku navic naznacuje, Ze jeho relativni
zastoupeni v pribéhu chlazeni pti VT-XRD neklesalo, spiSe naopak, vlivem dobihajici
reakce jeSt¢ nardstalo. Pozorované skutecnosti potvrzuje také Mossbauerovské
spektrum se 4 komponentami, z nichZ tfi reprezentuji neekvivalentni pozice atomt Fe

v Haggové karbidu a jedna atomy Fe v cementitu (Obr. 3.3.2.3b). Z morfologického
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pohledu je material tvofen Céaste¢né sintrovanymi ¢ésticemi s velikosti v rozsahu od

n¢kolika desitek az po nékolik stovek nanometrt (Obr. 3.3.2.4).
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Obr. 3.3.2.3. (a) RTG difrakéni zaznam vcetné kvantifikace fazového zastoupeni a (b)
Mossbauerovské spektrum meétené pti pokojové teploté pripraveného materialu.

Obr. 3.3.2.4. Snimek pfipraveného materialu potizeny pomoci SEM.

3.3.2.4. Zavér

Cilem této kapitoly bylo pfedstavit termicky indukovanou piipravu Héggova
karbidu. K pfipravé byly vyuzity diive ziskané poznatky, které spolu s dalsi
optimalizaci podminek vedly k pfipravé materidlu s obsahem Héggova karbidu az
95 hm.%. Byla také ovéfena reprodukovatelnost VT-XRD experimentd a diskutovany
parametry, které ji ovliviluji. Pfipraveny materidl byl pouzit pro detekci nékterych

antibiotik, napiiklad t€ch na bazi metrodiazolu (viz PFiloha F této prace).
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3.3.3. Piiprava a vlastnosti kompozitnich materiali na bazi nZVI ve vapenaté

matrici

3.3.3.1. Cile

Kompozitni materidly na bazi elementdrniho Zeleza imobilizovaného v matrici
mohou byt znaénym piinosem v oblasti ¢isténi kontaminovanych odpadnich
a povrchovych vod. Vyhodou takovych materiali je kombinace redukcnich vlastnosti
elementarniho Zeleza a specifickych vlastnosti matrice. Cilem této kapitoly je
prezentovat pfipravu a vlastnosti kompozitnich materiali na bazi nZVI ve véapenaté
matrici (CaO, CaCOs) piipravenych termicky indukovanou redukei odpadniho kalu

a jejich nasledné pouziti k odstranéni nebezpecnych kovii z redlné dulni vody.

3.3.3.2. Experimentalni ¢ast

Jako vstupni material pro ptipravu kompozitnich materiali na bazi Fe/Ca byl pouzit
odpadni kal z ¢isticky ddlnich vod (Oslavany, CR). Pro srovnani jejich efektivity pii
odbourani nebezpecnych kovil z kontaminované vody byly v rdmci studie pouzity také
komeréni stabilizované ¢astice nZVI NANOFER STAR, 3arze 197 (NANO IRON, CR).
Redlnd kontaminovana voda pouzitd k experimentiim byla ziskdna z jednoho z vytokl
dilnich sachet dolu v Artan¢ (Novo Brdo, Kosovo).

Kompozitni materidly na bazi Fe/Ca byly pfipraveny izotermickym Zihdnim 100 g
odpadniho kalu, ktery byl vysusen a homogenizovan tak, aby vysledna velikost zrn byla
mensi nez 2 mm. Zihani probihalo v redukéni vodikové atmosféte pti pretlaku 0,2 bar
a s kontinudlnim proplachem 10 I/hod. Po ohfevu na pozadovanou teplotu trvajicim
vzdy 1 hod byly materiadly nasledné izotermicky zihany po dobu 6 hod pii teplotach
v rozmezi 350 az 600 °C. Pfipravené vzorky byly pojmenovany nZVI@Ca X, kde X
reprezentuje teplotu izotermického zihani (napt. nZVI@Ca 350, nZVI@Ca_ 400, atd.).
Takto pfipravené materidly byly charakterizovany z pohledu fadzového zastoupeni
a identifikace zelezo obsahujicich fazi pomoci XRD a Mdossbauerovy spektroskopie.
Kompozitni materidly vybrané pro dalsi testovani efektivity odbourani nebezpecnych
kovil z kontaminované dilni vody byly déle analyzovany z pohledu SEM v kombinaci
s EDS a vyvoje zmén pH a ORP.

Experimenty zaméfené na odbourani nebezpecnych kovli z kontaminované dualni
vody byly provedeny v aerobnich podminkach. Na poc¢atku experimentu byly stanoveny

hodnoty pH a ORP, které byly pouzity jako vstupni parametry testované vody. Vybrané
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kompozitni materidly (nZVI@CaCOs;, nZVI@CaO) a komeréni NF STAR
v koncentraci 2 g/l byly pfiddny do reak¢énich nadob s 500 ml kontaminované vody.
Nadoby byly po uzavieni intenzivné tiepany po dobu 30 min a poté byly zméfeny
zmény pH a ORP. Nasledné byly naddoby umistény na rotacni tfepacku (GLF 3040,
Verkon, CR) s vertikalni rotaci a tfepany rychlosti 3 —4 ot./min po dobu 24 hod. Po
4, 12 a 24 hodinach bylo vzdy odebrano 40 ml tekutiny z kazdé reakéni nadoby. Pred
vlastni analyzou probéhlo odseparovani magnetického kalu a 25 ml supernatantu bylo
zfiltrovano skrz 0,45 pm polyethersulfonovy stiikackovy filtr (Labicom, CR). Nasledné
bylo stanoveno pH, ORP a byly méfeny koncentrace vybranych kovti pomoci ICP-OES.

3.3.3.3. Vysledky

Charakterizace odpadniho kalu pouzitého k piipravé kompozitnich materiali

Vyhodou kalu pouzitého k ptipravé kompozitnich materialti je jeho dostupnost ve
velkém mnozstvi. Materidly tohoto typu jsou produkovédny jako odpadni kaly po
neutralizaci vody vytékajici z dilnich Sachet a obvykle dochazi k jejich skladkovani,
protoze pro né neexistuje dostateCné praktické vyuziti. Tyto materialy jsou také obvykle
bohaté na obsah Zeleza a vapniku (Fe z dllnich vod a Ca z procesu neutralizace vody
s vyuzitim CaO), coZ potvrzuje 1 prvkova analyza kalu pouZzitého v této studii (obsah Fe
8,2hm.% a Ca 29.7 hm.%; stanoveni pomoci XRF). Jelikoz kal vznika zejména
srazenim v kapalném prostiedi, které obvykle vede ke vzniku nekrystalickych nebo
malo krystalickych fazi, strukturné-fazova analyza odhalila pfitomnost pouze CaCOj;
(Obr. 3.3.3.1a). Analyza Zelezo obsahujicich fazi pomoci Mdssbauerovy spektroskopie
(Obr. 3.3.3.1b), provedend vzhledem k relativné vysokému obsahu Fe, odhalila
pfitomnost amorfniho (oxy-)hydroxidu Zelezit¢ho. Z morfologického pohledu je
materidl tvofen mikrokrystaly CaCOs, jejichz povrch je pokryt vloCkovitymi utvary

typickymi pro (oxy-)hydroxidy Fe (Obr. 3.3.3.1c,d).
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Obr. 3.3.3.1. (a) RTG difrakéni zaznam, (b) Mdssbauerovské spektrum a (¢,d) SEM
snimky odpadniho kalu pouzitého jako prekurzor pro pfipravu kompozitnich materiala.

Piiprava kompozitnich materiali na bazi nZVI ve vapenaté matrici

Hlavnim cilem termicky indukované ptipravy kompozitnich materialti v redukcni
atmosféte bylo docilit redukce (oxy-)hydroxidi Zeleza na a-Fe. Teplotni podminky, pfi
nichz dochazi kredukci né&kterych polymorfi oxidi Fe,Os; ve vodiku, jiz byly
v predchozich kapitolach této prace uvedeny, nicméné v tomto konkrétnim ptipadé se
jedna o material tvofeny (oxy-)hydroxidem, ktery navic obsahuje také velké mnozstvi
CaCOs. Proto byla pfipravena série materiald, které byly redukovany pii rGznych
teplotach (viz kapitola 3.3.3.2). Uvedeny zpisob piipravy zaroven umoznuje relativné
snadno zvétSit objem piipravovaného materidlu optimalizaci reakénich podminek (pro
mnozstvi viadu jednotek kg byla jiz moznost ptipravy vybranych kompoziti
experimentalné ovérena) a bylo by mozné jej nasledné vyuzit pii ptipravé vybranych
materiali vhodnych pro realné aplikace.

Zmény ve fazovém sloZeni pripravenych kompozitnich materidlt (difrakéni
zdznamy, Mossbauerovska spektra a kvantifikace relativniho zastoupeni krystalickych
a zelezo obsahujicich fazi zndzorfiuje Obr. 3.3.3.2) jsou patrné ve vSech pfipravenych
vzorcich. Nejvyznamnéjsi je pfitomnost o-Fe naznacujici, Ze redukce (oxy-)hydroxidu

zelezitého probiha jiz pii teploté 350 °C. S jejim zvySovanim dochdzi k dalSimu nérastu
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zastoupeni a-Fe na tkor Fe(Ill). Pfi nizSich transformacnich teplotach vznikd o-Fe ve
formé nanocéstic s MCL mezi 40 a 70 nm, které se se zvysujici se teplotou vyrazné
zvetsuji (Obr. 3.3.3.2d). Vedle redukce Fe(IIl) na a-Fe dochazi pii teplotach od 450 °C
k rozkladu CaCOs; na CaO. Tato teplota je sice znacn¢ nizsi, nez je typické pro rozklad
CaCO; ve vakuu nebo inertni atmosféfe,361 nicméné¢ vzhledem k pouziti redukéni
atmosféry je v souladu s dfive publikovanymi daty.’***®* Rozklad CaCOj je doprovazen
produkci CO a CO,, znichz zejména CO funguje jako zdroj uhliku pro tvorbu
krystalického karbidu Zeleza FesC pii teplotach 450 a 500 °C.'” Karbidy Zeleza
v nekrystalické formé ziejmé tvoii tenkou slupku na povrchu nZVI a jsou proto

zodpovédné za stabilitu piipravenych kompozitnich materiali na vzduchu.
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Obr. 3.3.3.2. (a) RTG difrak¢ni zaznamy a (b) Mossbauerovska spektra piipravenych
kompozitnich materiald, (c) kvantifikace fdzového zastoupeni (z XRD), (d) vyvoj] MCL
pro o-Fe a (e) kvantifikace relativniho zastoupeni Zelezo obsahujicich fazi
(z Mdssbauerovy spektroskopie).
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Fyzikalné-chemicka charakterizace vybranych kompozitnich materiali

Na zéklad¢ provedené detailni fazové analyzy pfipravenych kompozitnich materiala
byly pro dalsi studium fyzikalné-chemickych vlastnosti a efektivity odbourani
nebezpecnych kova vybrany dva, které se vyrazné liSily ve slozeni vapenaté matrice.
Jednalo se o materidly pfipravené pii teplotach 400 a 550 °C, jejichz matrice byla
dominantné tvoiena CaCOj (pii 400 °C, déle oznacen jako nZVI@CaCOs3) a CaO (pfi
550 °C, dale oznacen jako nZVI@CaO).

Z morfologického pohledu jsou oba kompozitni materialy tvofeny mikrokrystaly, na
jejichz povrchu se nachazeji nanocastice (Obr. 3.3.3.3). Prvkova analyza z rtznych
vybranych oblasti (reprezentativni EDS spektra jsou na Obr. 3.3.3.3) byla provedena
s cilem zachytit mista s mikrokrystaly bez nanocastic a naopak s vysokym obsahem
nanocastic. Vysoky obsah Zeleza v oblastech s nanocasticemi podpoieny piredchozi
fazovou analyzou vede k zavéru, Ze nanocastice jsou tvoreny zejména a-Fe, zatimco
mikrokrystaly CaCOj; a/nebo CaO v zavislosti na podminkach ptipravy materialu.

Vzhledem kpovaze kompozitnich materidli obsahujicich zejména o-Fe
a CaCOs/CaO byl pted jejich pouzitim pro odstranéni kontaminace z redlné dilni vody
testovan také jejich vliv na fyzikalné-chemické parametry vodného prostiedi (tj. ORP
a pH). Pfi tomto testovani byly kompozitni materialy doplnény o NF _STAR. Vyvoj
ORP a pH v pribéhu 24 hod je patrny z Obr. 3.3.3.4a,b. Dle ocekavani byla hodnota
ORP ovlivnéna zejména mnozstvim a-Fe, protoZze nejvétsi pokles zaznamenal
NF_STAR, jenz zpisobil vyrazny pokles ORP z pivodnich 620 az na —430 mV.
Kompozitni materidly zaznamenaly mensi pokles (na hodnoty —50, respektive
—100 mV), coz je evidentné zplisobeno menSim obsahem o-Fe. Vedle zmény ORP
materidly vyrazné ovlivnily také pH, které u vstupni vody Ccinilo 2,3. Nejvyraznéji
ovlivnil hodnotu pH (az na hodnotu 12,3) kompozit obsahujici matrici tvofenou
zejména CaO, nicméné ostatni materidly zplisobily také ztetelny nartist (na hodnoty

mezi 6 a 7).
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Obr. 3.3.3.3. SEM snimky zobrazujici kompozitni materialy (a) nZVI@CaCO3 a (b)
nZVI@CaO a EDS spektra z oblasti s vyskytem nanoc¢astic nebo matrice.

Odstranéni nebezpe¢nych kovi z kontaminované dilni vody

Pti testovani zaméfeném na odbourani nebezpeénych kovli z kontaminované dilni
vody byla sledovana zejména celkova efektivita kompozitnich materidli, ptfi¢emz
mozné mechanismy odbourani kontaminantli jsou zde pouze nastinény. Zde je dilezité
zduraznit, Ze mechanismus odbourani nebezpecnych kovl v redlné vod€ obsahujici
nekolik kovl soucasné je znacné slozita zalezitost, protoze reakce pouzitého materialu

s konkrétnim sledovanym kovem muize byt ovlivnéna i ostatnimi pfitomnymi kovy.
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Celkova koncentrace sledovanych kovu (Al, Cd, Cr, Cu, Ni, Pb, Zn) v redlné vode
Cinila témer 52 mg/l, z této hodnoty tvofil témét 40 mg/l zinek. Efektivita odstranéni
kovl se u testovanych materidlti vyrazné lisila a pohybovala se v rozmezi od 28 % pro
kompozit nZVI@CaCO; do 99 % pro kompozit nZVI@CaO (Obr. 3.3.3.4c). Je oviem
dilezité zduraznit, Ze vyznamnou roli pfi stanoveni celkové efektivity hraje jiz zminény
zinek. Komeréni NF_STAR dokazal odstranit 84 % z celkové kontaminace. Efektivitu
odbourani nebezpecnych kovii jednotlivymi testovanymi materialy ovliviuji tfi zakladni
procesy: (i) pfirozeny vyvoj koncentrace rozpustnych iontt v ¢ase; (ii) redukce a/nebo
sorpce iontl nebezpecnych kovi pomoci nZVI; (iii) chemické srazeni nebezpecnych
kovi zpisobené vyraznou zménou okolnich podminek (zvySenim pH a snizenim ORP),
pficemz mechanismus precipitace rozpusténych iontl zvySenim pH do zasaditéjSich
hodnot obvykle vede ke vzniku nerozpustnych (oxy-)hydroxidi, uhli¢itanti, a dalSich

fazi (v zavislosti na aniontech pfitomnych v testované vode).

(a?m_ PR R N (b) (c) NF_STAR Cd
121 - - !
\ +— Blank 4— Blank Cr
400 —e—NF_STAR 104 —e— NF_STAR nZVI@CaCO, - Cu
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Obr. 3.3.3.4. Vyvoj (a) ORP a (b) pH béhem 24 hod po smichani Fe-nanokompoziti
a materidlu NF_STAR s kontaminovanou vodou, (¢) zbytkova koncentrace polutantt
v kontaminované dulni vodé po 24 hod bez (Blank) a po aplikaci NF _STAR a
nanokompozitl nZVI@CaCO; a nZVI@CaO.

3.3.3.4. Zavér

Tato kapitola se zabyvala vyuZitim odpadniho kalu k pfipravé kompozitnich
materidld na bdzi nZVI ve vdpenaté matrici a jejich fyzikaln€-chemickymi
charakteristikami. Na zdklad¢ téchto vysledkl byly vybrany dva kompozitni materialy
sruznym fazovym slozenim matrice, které byly dale pouzity k testovani efektivity
odbourani nebezpecnych kovii z kontaminované dilni vody. Jako velmi efektivni pro
odbourani Siroké skaly nebezpecnych kovli obsazenych v dilni vodé se jevil kompozitni
materidl nZVI v matrici tvofené CaO, jenz dokézal odstranit az 99 % kontaminace.
Ackoliv byla v ramci kapitoly sledovdna zejména efektivita odbourani nebezpecnych

kovti, stru¢né byly nastinény také mozné mechanismy jejich odbourani.
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Zaveér

Tato disertacni prace je zaméfena na materialové aspekty nanocastic kovového
zeleza—nZVI: jejich pfipravu, vlastnosti, modifikace a vyuziti v oblasti
environmentalnich aplikaci. Jednim z hlavnich cilii této prace bylo shrnout aktudlné
vyuzivané zpusoby piipravy a modifikaci nZVI. Vzhledem k tomu, ze pii redlnych
environmentalnich aplikacich se vyuzivd hlavné nZVI pfipravené termicky
indukovanou redukci oxidl nebo oxyhydroxidi zeleza, je témto procestim vénovana
podstatna cast této prace. Stézejni technikou, ktera byla vyuzita pro in situ monitorovani
pribéhu transformacnich procesi v ramci celé disertacni prace, je vysokoteplotni RTG
praskova difrakce.

Uvodni kapitoly vysledkové ¢&asti se vénuji pravé termicky indukovanym
transformacnim procesim vybranych forem oxidi Zeleza v rGznych atmosférach se
specialnim zaméfenim na reduk¢ni procesy vedouci k ptipravé nZVI. Piedstaveny jsou
mechanismy jednotlivych transformaci v atmosférach riiznych plynt. JelikoZ redukce
maghemitu na elementarni Zelezo ve vodikové atmosféfe probihd pies magnetit, je
v této praci uvedena také kapitola zabyvajici se strukturnimi aspekty transformace
maghemitu na magnetit. Jsou vni uvedeny zplsob pfipravy a detailni fyzikéalné
chemicka charakterizace série magnetitii s riznou mirou stechiometrie. Bylo prokazano,
ze vysledky z Mossbauerovy spektroskopie, RTG difrakce a magnetiza¢nich méfeni
jsou ve velmi dobré korelaci a vlastnosti pfipravenych materialti se méni v zavislosti na
mife stechiometrie.

StéZejni Cast disertacni prace je zameéfena na piipravu na vzduchu stabilnich nZVI,
které by si zachovaly schopnost efektivné degradovat polutanty. Za timto ucelem je
pfedstavena piiprava nZVI ¢Eastic stabilizovanych pomoci cileného vytvoreni oxidické
slupky s kontrolovanou tloustkou mezi 4 a 10 nm. Slupka vyznamné ovliviluje
morfologické, strukturni i magnetické vlastnosti pfipravenych materidlli a stabilizuje je
pted vzdusnou oxidaci, coz bylo prokdzano nezavisle na jeji tlouSt’ce. Na reaktivitu ma
potom vliv nejen tloustka slupky, ale také, a to prevazng, jeji charakter. Zatimco tenka
slupka je kompaktni na povrchu celé Castice, siln€j$i slupky jsou defektni, diky cemuz
muze k transferu elektronli dojit mnohem snadnéji. Tato studie tak popisuje material,
ktery lze s vyhodou pouzit alternativné ke konvencné pouzivanému nZVI s tenkou

oxidickou slupkou, ktery je ovSem potieba pted aplikaci reaktivovat, coz je proces

107



trvajici nejméné 24 hodin a je nezbytné jej provést idedlné piimo na dané lokalité, kde
bude probihat pouziti nZVI k dekontaminaci vod.

V posledni ¢asti disertacni prace je piedstavena termicky indukovana piiprava
ne¢kolika aplikacné zajimavych nanomateriall (zahrnujicich c¢astice magnetitu se
specialni morfologii, nanocastice Higgova karbidu nebo kompozitni materidly na bazi
nZVI imobilizovaného ve vapenaté matrici), pfi niz byly vyuzity poznatky plynouci
zuvodnich kapitol vysledkové ¢asti. Z pohledu této prace jsou nejvyznamnéjSimi
zastupci uvedené casti kompozitni materialy na bazi nZVI ve véapenaté matrici,
obzvlasté material nZVI@CaO. Pti aplikaci materidlu pro dekontaminaci realné dilni
vody totiz dochazi k synergickému efektu redukcnich schopnosti nZVI, sorpénich
vlastnosti matrice a zmény podminek v prostiedi (vyrazné zvySeni pH) zplsobujici
precipitaci iontii nékterych nebezpecnych kovil do jejich netoxickych forem. Diky tomu
je tento kompozitni material velice efektivni pravé na redlné dilni vody kontaminované

soucasn¢ Sirokou skalou rtiznych nebezpecnych kovi.
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Summary

This dissertation thesis is focused on material aspects of nanoscale zero valent iron —
nZVI: their preparation, properties, modifications and usage in the field of
environmental applications. One of the main objectives of the thesis was to summarize
commonly used ways of nZVI preparation and modification. With respect to the fact,
that for real environmental applications is used especially nZVI prepared by thermally
induced reduction of iron oxides or oxyhydroxides, a considerable part of this thesis is
devoted to these processes. The key technique throughout the thesis, which was utilized
for in situ monitoring of course of thermally induced transformations, was variable
temperature X-ray powder diffraction.

The initial chapters of the results section are devoted to these thermally induced
transformation processes of selected iron oxides forms in various atmospheres with
a special focus on reductive processes leading to preparation of nZVI. The mechanisms
of individual transformations in atmospheres of various gasses are introduced. Because
the reduction of maghemite to elementary iron in hydrogen atmosphere goes through
magnetite, a chapter is devoted to structural aspects of maghemite to magnetite
transformation. It contains the way of preparation and detailed physical-chemical
characterization of series of magnetites with different rate of stoichiometry. It has been
proved that results from Mdossbauer spectroscopy, X-ray diffraction and magnetic
measurements are very well correlated and properties of prepared materials vary
depending on stoichiometry.

However, the key part of the thesis is focused on preparation of air stable nZVI,
which would keep its ability of effective pollutants degradation. For this purpose, the
preparation of nZVI stabilized with targeted creation of oxide shell with controllable
thickness between 4 and 10 nm is introduced. The shells significantly influence the
morphological, structural and magnetic properties of the prepared materials and
stabilize them against air oxidation, which was proved independently of its thickness.
The reactivity of the nZVI is then influenced not only by the thickness of the shell, but
also, and more significantly, by its character. While the thin layer is compact around the
whole particles, the thicker shells contain various defects making the electron transfer
much easier. Therefore, this study describes a material that can serve as an alternative to

conventionally used nZVI with thin oxide shell, but which needs to be reactivated prior
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its application. The reactivation is process lasting for 24 hours at least, which has to be
done ideally directly on site, where the nZVI will be used for decontamination of water.

The last part of the thesis introduces the thermally induced preparation of several
nanomaterials interesting from application point of view (covering magnetite particles
with special morphology, nanoparticles of Higg's carbide, or composite materials based
on nZVI immobilized in the calcium based matrix) based on experiences gained in the
first chapters of results section. With respect to the topic of this dissertation, the most
significant representatives of this part of the thesis are composite materials based on
nZVI in calcium matrix, especially nZVI@CaO. When this material is applied for
decontamination of real mine water, the synergistic effect of reductive abilities of nZVI,
sorption properties of matrix, and changes of conditions in the environment (significant
increase of pH), which can cause precipitation of ions of specific hazardous metal into
their insoluble compounds, occurs. Because of that, this composite material is very
effective for such mine waters contaminated by wide range of different hazardous

metals.
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Pouzité zkratky a symboly

a,c
a.j.
AAS
Bt

AEg
DLS
EDS
FTIR

HR-TEM
ICP-OES
LOD
LOQ
MCL
MRI
nZVI
ORP

PPMS

PRB
RA

RTG
SEM
SQUID

miizkové parametry

autentickych jednotek

atomova absorpéni spektroskopie

hyperjemné magnetické pole

isomerni posun

Sitka ¢ary v Mossbauerovském spektru

kvadrupodlové Stépeni

dynamicky rozptyl svétla (dynamic light scattering)

energiové disperzni spektroskopie

infraCervena spektroskopie s Fourierovou transformaci (Fourier
transformed infrared spectroscopy)

trasmisni elektronova mikroskopie s vysokym rozlisenim (high
resolution-transmission electron microscopy)

opticka emisni spektrometrie s indukéné vazanym plasmatem
(inductively coupled plasma atomic emission spectroscopy)
limit detekce (limit of detection)

limit kvantifikace (limit of quantification)

sttedni velikost koherentnich domén (mean X-ray coherence
length)

zobrazeni magentickou rezonanci (magnetic resonance imaging)
saturacni magnetizace

nanocastice nulamocného zeleza (nanoscale zero-valent iron)
oxidacné redukéni potencial

piistroj pro méfeni fyzikalnich vlastnosti (physical properties
measurement system)

permeabilni reaktivni bariéra

relativni plocha subspekter v Mossbauerovskych spektrech
(relative area)

rentgenova/rentgenovy

skenovaci elektronova mikroskopie

supravodivé kvantové interferencni zafizeni (superconducting

quantum interference device)
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Xm

XPS

XRD
XRF
ZFC-FC
ZV1

specificka plocha povrchu (specific surface area)

Curieova teplota

transmisni elektronova mikroskopie

termogravimetrickd analyza

teplota Morinova pfechodu

Néelova teplota

teplotn¢ programovatelna oxidace

teplotné programovatelna redukce

teplota Verweyova prechodu

vysokoteplotni RTG praskova difrakce (variable temperature
X-ray powder diffraction)

RTG absorp¢ni spektroskopie (X-ray absorption spectroscopy)
stechiometrie

stechiometrie stanovena pomoci Mdssbauerovy spektroskopie
RTG fotoelektronova spektroskopie (X-ray photoelectron
spectroscopy)

RTG praskova difrakce (X-ray powder diffraction)

RTG fluorescencni spektroskopie (X-ray fluorescence)
magnetizacni kiivky (zero field cooled-field cooled curves)

castice nulamocného Zeleza (zero valent iron)
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Thermally Induced Solid-State Route toward
Magnetite Nanoparticles with Controlled
Stoichiometry

J. Kaslik, J. Filip, V. Sedénkov4, J. Tuéek, J. Cuda and R. Zboil

Regional Centre of Advanced Technologies and Materials, Departments of Experimental Physics and
Physical Chemistry, Faculty of Science, Palacky University, 17. listopadu 1192/12, 771 46 Olomouc,
Czech Republic

Abstract. Nonstoichiometric magnetites can potentially play significant role in many physical,
chemical, and biomedical applications due to their variable and controllable magnetic properties.
We carried out thermally induced solid-state preparation of nonstoichiometric magnetites with
various degree of stoichiometry using high-temperature reaction chamber of an X-ray powder
diffractometer by maghemite reduction by hydrogen gas in the temperature range between 145
and 200 °C. Subsequently, the prepared samples were characterized in details by >’Fe Massbauer
spectroscopy, X-ray powder diffraction, and magnetization measurements. > Fe Mdssbauer
spectroscopy served as atool for the stoichiometry quantification of the prepared samples
comparing the relative areas of subspectra components. Stoichiometry of the prepared magnetite
samples varied between 0.31 and 0.45. Cubic (53 wt.%) and tetragonal (47 wt.%) maghemite
substructures were identified in X-ray powder diffraction patterns of the precursor maghemite
sample. The amount of tetragonal structure decreased and lattice parameter of cubic structure
linearly increased along with varying degree of nonstoichiometry. Similarly, saturation
magnetization was also found to be linearly dependent on degree of nonstoichiometry. The
Verwey transition was observed in all nonstoichiometric magnetites, except the maghemite
sample, in the temperature range of 95-120 K depending on the degree of nonstoichiometry.

Keywords: Stoichiometry, magnetite, maghemite, >'Fe Mossbauer spectroscopy, X-ray powder
diffraction, magnetization measurements, solid-state reaction.
PACS: 75.50.Tt, 76.80.+y, 78.67.Bf, 78.70.Ck

INTRODUCTION

Magnetite (i.e., Fe;O4) and maghemite (i.e., y-Fe,Os3) are naturally widespread
minerals as well as common synthetic materials with diverse fields of applications.
Their chemical (especially biochemical) and physical (especially magnetic) properties
strengthen their dominant position in various industrial fields including ferrofluids
[1,2], magnetic field sensors [3], and remediation of many environmental pollutants
[4-7]. Magnetite and/or maghemite nanoparticles having a high specific surface area
are exploited as a suitable catalyst for many chemical reactions [8,9]. Surface
modified magnetite and maghemite nanoparticles exhibiting superparamagnetic
behavior are currently widely used in biomedical applications such as contrast agents
for MRI, controlled hyperthermia, and drug delivery [10—14].

Mossbauer Spectroscopy in Materials Science - 2012
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Nonstoichiometric form of magnetite is supposed to have differences in magnetic
properties compared to the stoichiometric counterpart [15]. Thus, maghemite and
magnetite nanoparticles with a controlled nonstoichiometry might attract a significant
attention as a promising material in various technological and biomedical applications
requiring desired material’s magnetic characteristics. Furthermore, nonstoichiometric
forms of both maghemite and magnetite nature are frequently encountered in the
thermally-driven maghemite-to-magnetite reduction under hydrogen. This synthetic
strategy is often employed for production of zero-valent iron (ZVI) nanoparticles; the
understanding of this process with nonstoichiometric phases present may shed light on
their roles on the physicochemical features of the formed ZVI nanoparticles.

Both magnetite and maghemite exhibit an inverse spinel structure [16]. There are
two nonequivalent cation sites with tetrahedral and octahedral coordination. Magnetite
crystallizes in a cubic close-packing ordering (Fd3m space group) [17] with a typical
value of unit cell parameter a =8.39 A [16]. Iron ions occupy the tetrahedral and
octahedral crystallographic position in the relative ratio of 1:2, leaving no cationic
vacant sites.'”'® Basic unit cell is composed of 8 Fe’" atoms fully occupying the
tetrahedral sites, and 8 Fe’" and 8 Fe*" atoms randomly distributed over the octahedral
sites'” (i.e., "'Fe’" °“[Fe’"Fe?"]0,). Moreover, the positive charge of Fe ions in the
octahedral sites is time-variable because the electron hopping of the sixth 3d electron
is observed between the octahedral iron ions with relaxation time of ~107 s [18]. At
~124 K, the so-called Verwey transition appears; this transition is manifested by the
reduction in symmetry to monoclinic structure, and is demonstrated by an abrupt fall
in the electric conductivity (~100x%) and anomalous behavior of the heat capacity in the
proximity of the transition temperature [19,20].

Maghemite typically crystallizes in cubic close-packed structure (Fd3m space
group) with a unit cell parameter value close to @ = 8.35 A [16,21,22]. Compared to
magnetite, the absence of Fe’" ions in the maghemite crystal structure causes the
vacancy generation compensating an increase in the Fe’™ positive charge in the
octahedral sites [21]. Stoichiometric formula of maghemite is commonly written as
Tetped* OCt[Fe3+5/3D1/3]O4, where the symbol "o" denotes octahedral vacancies.”!
Ordering of vacancies over the octahedral sites may lead to formation of
a superstructure; a crystal symmetry is reduced from cubic to tetragonal (P432,2 space
group) with unit cell parameters a = 8.33 A and ¢ = 25.01 A [22-24].

Magnetite often contains less Fe’™ ions than given by the ideal stoichiometric
formula. It is caused by either partial oxidation of some Fe*" to Fe’" [7,17,25-27] or
substitution of Fe ions by other elements of comparable ionic radii and chemical
properties (e.g., Zn2+, Mn2+, A13+) [22,28,29]. Then, the ratio of Fe** to Fe** ions (i.e.,
x = Fe’"/Fe’) can be used to determine the stoichiometry of magnetite (x=0.5 for
stoichiometric magnetite and x =0 for stoichiometric maghemite) [17]. Magnetites
with stoichiometry falling into the range of 0<x<0.5 are classified as
nonstoichiometric magnetites. Stoichiometry can be further influenced by particle
size; Mazo-Zuluaga et al. [30] observed that nonstoichiometry noticeably increases in
maghemite nanoparticles with diameter of less than 5 nm compared to larger crystals.

Magnetite stoichiometry dramatically affects its physical and chemical properties.
For example, the temperature of the Verwey transition rapidly falls or completely
disappears even with slightly increased magnetite nonstoichiometry [31,32]. Also
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magnetite and maghemite magnetic properties (e.g., saturation magnetization,
remanent magnetization, and coercivity) are strongly dependent on stoichiometry [15].
Nonstoichiometric magnetites can be prepared by two basic approaches: (i)
chemical synthesis in liquid medium (e.g., co-precipitation method mixing Fe*"/Fe®”
containing salts in aqueous solution in Fe’"/Fe’” =1:2 under anoxic conditions)
[5,7,17]; and (ii) thermally induced solid-state reaction (e.g., partial oxidation of
magnetite, partial reduction of maghemite or hematite) [27,33,34].
Magnetite/maghemite stoichiometry can be investigated by several physical and
chemical techniques. The most common techniques employed include °’Fe Mdssbauer
spectroscopy [17,33,35-37], X-ray powder diffraction [17,33,35,36], and acidic
dissolution [5,17,37]. Moreover, the magnetite/maghemite stoichiometry can be
assessed by soft X-ray spectroscopy [38], Fourier transform infrared spectroscopy
[23], and X-ray magnetic circular dichroism [39]. However, multi-analytical approach
is always necessary for correct and precise evaluation of the magnetite stoichiometry.

Out of possible techniques sensitive to magnetite/maghemite stoichiometry, >'Fe

Mossbauer spectroscopy allows precise quantification of iron atoms assigned to
tetrahedral and octahedral structural sites and determination of their valence state
(especially at low temperature and/or under external magnetic fields). Moreover,
magnetite exhibits an electron hopping between Fe*™ and Fe’™ ions [29,35]; this
phenomenon is clearly resolved in its Mdssbauer spectra above the Verwey transition
temperature as the characteristic time of Mossbauer spectroscopy measurement
(~10%s) is comparable with the time an electron stays in one of octahedral sites
involved in the hopping process [33,40]. Thus, above the Verwey transition
temperature, two sextet components are observed: (i) a sextet originating from Fe**
ions sitting at the tetrahedral positions; and (ii) a sextet with an effective valence state
of 2.5+ from Fe’" and Fe’* ions at the octahedral sites. In the case of
nonstoichiometric magnetites, the Mossbauer spectra, recorded above the Verwey
transition temperature, are more complicated and several different fitting models have
been proposed to interpret the spectra [17]:

(i) The model of magnetite and maghemite mixture [33], when the spectral
components of magnetite and maghemite are fitted independently (the material
is expected to be composed of separate magnetite and maghemite phases);

(i1)) The model supposing delocalization of valence electrons, when the valence
electrons are shared by neighbouring Fe atoms. The octahedral sextet then
reflects the mixed valence of Fe', where 2.5 <z < 3;

(iii)) The model of the electron pair localization [7,17,36], when certain Fe*" and
Fe’ ions in the octahedral sites form pairs (i.e., sextet component with the
effective valence state of 2.5+, “Fe?*") leaving some O'Ee’" jons not involved
in the electron hopping process (i.e., additional sextet component with
hyperfine parameter values close to those of '"“'Fe’” sextet in absence of
applied external magnetic field). In this model, the stoichiometry, x,
(i.e., stoichiometry quantified by Mdssbauer spectroscopy), is calculated as
[7,17]

% Oct FeZASJr

X, = . (D)

Oct 2.5+ , Oct,Tet 3+
1P Fe™ "+ ' Fe
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Contrary to Mossbauer spectroscopy, the X-ray powder diffraction patterns of
magnetite and maghemite are nearly identical (due to their isostructural nature),
complicating thus their identification [23]. The only differences include the exact
diffraction peak positions and extra tetragonal maghemite peaks which are absent in
the magnetite diffraction pattern [23]. The magnetite stoichiometry can be quantified
by values of unit cell parameter. Gorski and Scherer [17] reported approximately
linear dependence of unit cell parameter on the degree of stoichiometry. Similarly,
linear dependence of unit cell parameter on the amount of substituting ions (Zn®",
AI’") was observed for substituted nonstoichiometric magnetites [28,29].

Additionally, magnetization measurements can also provide information on
stoichiometry via change in magnetic characteristics. Firstly, the saturation
magnetization decrease along with stoichiometry (i.e., the value of saturation
magnetization is higher for magnetite than for maghemite) [15]. Secondly, the
temperature of Verwey transition is strongly dependent on stoichiometry: a small
deviation from stoichiometry causes lowering in the Verwey transition temperature,
and a significant loss in stoichiometry suppresses the Verwey transition to
temperatures far below 4.2 K [31,32].

In this work, we used a simple thermally-induced solid-state reduction of
maghemite in order to prepare a series of nonstoichiometric magnetites with varying
degree of nonstoichiometry. It turns out that the varying degree of stoichiometry
affects the structural and magnetic properties of the prepared samples. The possibility
to control these properties (especially magnetic) may thus yield a nanomaterial with
desired characteristics required for a given application (e.g., in biomedicine).

EXPERIMENTAL DETAILS

Preparation of Nonstoichiometric Magnetite Samples

Samples of nonstoichiometric magnetite were prepared by thermally-induced solid-
state reduction of commercial maghemite sold under the name “NanoTek®™ Iron
Oxide” (Fe-0800-007-025, Nanophase Technologies Corporation). It has a specific
surface area of ~50 m°g”" and consists of an assembly of nanoparticles with a broad
particle size (lognormal) distribution ranging from 5 to 100 nm and with a mean
particle diameter d ~22 nm. Maghemite reduction was carried out in an XRK900
high-temperature (HT) reaction chamber (Anton Paar, GmbH) of an X-ray powder
diffractometer in hydrogen gas (purity of 5.0, flow rate of 30 ml/min) at the
atmospheric pressure in the temperature range of 145-200°C (rapid heating
(40 °C/min) up to 125 °C followed by slow temperature increase to desired maximum

TABLE 1. The details of preparation of nonstoichiometric magnetites where 7, is the maximum
temperature of preparation and Ar is the temperature increase after achieving the temperature of 125 °C.
Sample Twm (°C) A7 (°C/min)

NAN 01 145 0.50
NAN 03 145 0.43
NAN 05 160 0.43
NAN 06 200 0.47
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temperature (see Table 1 for more details)); 30 mg of maghemite sample was used for
each experimental run. This approach ensured a direct in-situ monitoring of
maghemite reduction with X-ray powder diffraction (XRD) with a possibility to stop
the reduction process at any required stage.

Characterization Techniques

The XRD patterns of all samples were recorded with a PANalytical X’Pert PRO
MPD diffractometer (iron-filtered CoK,, radiation: 4 = 0.178901 nm, 40 kV, and 30
mA) in the Bragg-Brentano geometry, equipped with an X'Celerator detector and
programmable divergence and diffracted beam anti-scatter slits. Samples were placed
on a zero-background Si slide and scanned in the 26 range of 5—120° (resolution of
0.017° in 26). SRM640 (Si) and SRM660 (LaBg) commercial standards from NIST
(National Institute of Standards and Technology) were used for evaluation of the line
positions and instrumental line broadening, respectively. Identification of crystalline
phases and Rietveld refinement were performed using the High Score Plus
(PANalytical) software in conjunction with the PDF-4+ and ICSD databases (ICSD
collection codes: y-Fe,O3 — 00-039-1346, Fe;04 — 01-089-0691, a-Fe — 01-085-1410).

Transmission ' Fe Mdssbauer spectra were measured in a constant acceleration
mode using a >’Co(Rh) source (1.85 GBq). Samples were prepared into the form of
conventional absorber (~5 mg of Fe per cm?) and measured at room temperature. The
values of the derived hyperfine Mdssbauer parameters are referred to the metallic iron
(o-Fe) at room temperature. Zero-field Mossbauer spectra were fitted by means of the
Lorentzian line shapes using the least squares method incorporated in the MossWinn
computer program. The effects of non-ideal absorber thickness and variable recoil-free
fractions for iron atoms in nonequivalent structural sites were expected to be within
the experimental errors.

A superconducting quantum interference device (SQUID, MPMS XL-7, Quantum
Design) was employed for magnetization measurements. The hysteresis loops of the
investigated samples were collected at a temperature of 300 K in external magnetic
fields ranging from — 7 to + 7 T. The zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves were recorded on warming in the temperature range from 5 to
300 K and in an external magnetic field of 0.1 T after cooling in a zero magnetic field
and a field of 0.1 T, respectively.

RESULTS AND DISCUSSION

Mechanism of Maghemite Reduction in Hydrogen

The process of maghemite reduction in hydrogen was in-situ monitored by high-
temperature X-ray powder diffraction (diffraction patterns collected at each 25 °C
increase starting from 100 °C up to 425 °C) and quantified employing the Rietveld
refinement (see Fig. 1a). The initial reduction of maghemite to magnetite (at the
temperature range of 125-200 °C) is manifested by a sudden shift in all diffraction
peaks towards lower d-values (see Fig. 1b). A more dramatic change in phase
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composition is observed at higher temperatures when the reduction of
maghemite/magnetite to elemental iron (a-Fe with BCC structure) takes place. Fig. 1a
shows that maghemite-to-magnetite reduction occurs between 125 and 200 °C (see
dashed lines in Fig. 1a). In order to get more precise information on the temperature
interval of maghemite-to-magnetite reduction, we repeated the experiment measuring
the XRD patterns between 125 and 200 °C with a 5 °C step. The analysis of the
collected XRD pattern showed that maghemite reduction starts at a temperature of
140 °C and is terminated at 160 °C when no traces of the original maghemite are
detected in XRD profiles.
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FIGURE 1. (a) Evolution of the phase composition during the thermal treatment of maghemite
nanoparticles in hydrogen, in-situ monitored by X-ray powder diffraction. Dashed lines represent
presumable temperature range of maghemite-to-magnetite phase transition; (b) Visualization of the shift
of 113 diffraction during the thermal reduction of maghemite to magnetite.

Characterization of Nonstoichiometric Magnetite Samples
by ’Fe Méssbauer Spectroscopy

Room-temperature (RT) °’Fe Mossbauer spectra of untreated maghemite and
reduced samples (see Fig.2) consist exclusively of magnetically-split components,
indicating that all particles are magnetically ordered (i.e., in the blocked state) at room
temperature with absence of any doublet component characteristic for
superparamagnetic particles.

RT Mossbauer spectrum of untreated maghemite (i.e, NAN PR sample) is
asymmetric, implying a presence of more than one spectral component (see Fig. 2).
The Mossbauer spectrum should be correctly fitted by two sextets; each sextet
originating from iron ions sitting at the tetrahedral and octahedral sites [41]. However,
the Mdssbauer hyperfine parameters of both sextets are nearly identical and the two
spectral components are practically undistinguishable without applying an external
magnetic field [41]. Moreover, the profile of the resonant lines (especially the outer
ones) does not resemble that of the Lorentzian curve. This implies a presence of
collective magnetic excitations when a nanoparticle magnetic moment is not frozen
along the definite easy axis of magnetization and rotates along it [41]. They cause a
decrease in the value of the hyperfine magnetic field compared to the value expected
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for the bulk counterpart. Since the magnetic nanoparticles in the system exhibit a
particle size distribution, the nanoparticle assembly is not well characterized by a
single value of the hyperfine magnetic field. Thus, we fit the spectrum by one sextet
with a distribution of the hyperfine magnetic field. Zero value of the quadrupole
splitting parameter implies a spherically symmetric distribution of the electronic
charge around the probed Fe nucleus as expected in magnetite [41]. The isomer shift
value of magnetically-split component (see Table 2) is found to lie exactly in the
middle of the typical values expected for sextets corresponding to iron ions occupying
the tetrahedral and octahedral sites in the maghemite crystal structure [41]. The most
probable hyperfine magnetic field value is ~49 T (see Fig. 2). It is slightly lower
compared to the value for bulk maghemite due to presence of collective magnetic
excitations [41].
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FIGURE 2. RT *"Fe Mossbauer spectra of untreated maghemite (NAN_PR) and of thermally-treated
samples (i.e., the NAN 0X samples, X = 1, 3, 5, and 6). The hyperfine magnetic field distribution for
the NAN_PR and NAN_01 sample is given at the right side of the figure.

TABLE 2. Values of the Mssbauer hyperfine parameters, derived from RT *’Fe Méssbauer spectra of
the studied samples, where ¢ is the isomer shift (+ 0.01), AE, is the quadrupole splitting (£ 0.01), By is
the hyperfine magnetic field (= 0.3), I is the linewidth (+ 0.01), RA is the relative area of individual
spectral component (£ 2%), and x,, is calculated stoichiometry value from the relative areas of the
spectral components; * value obtained using the hyperfine magnetic field distribution.

Sample Compo- A AE, By r RA Assignment  x,,
nent (mm/s) (mm/s) (T) (mm/s) (%)
NAN_PR Sextet 0.32 —0.01 44.5%  0.41 100 Tet. Octpe 37 0
NAN 01 Sextet 0.32 0.00 47.0% 038 100 Tet Octped® .
NAN 03  Sextet | 0.31 -0.02 49.1 0.48 53 Tet. Octpg*
Sextet 2 0.62 -0.01 455 0.58 47 oupegzse 031
NAN 05  Sextet 1 0.30 -0.02 48.9 0.40 43 Tet, Octprg3*
Sextet 2 0.63 —-0.01 457 0.58 57 Octpg?3* 0.39
NAN 06  Sextet 1 0.30 -0.02 48.7 0.35 38 Tet, Octpe3*
Sextet 2 0.63 -0.02 45.6 0.55 62 Octpg?3* 0.45
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Accordingly, the Mossbauer spectrum of the less reduced sample (i.e., the NAN 01
sample) was fitted with the same model as it was applied for the untreated maghemite.
For both samples, we got comparable hyperfine parameters indicating close
similarities in both structural and local magnetic properties.

The more reduced samples were fitted with two sextets (see Table 2): (i) one sextet
ascribed to iron atoms with an effective valence of 2.5+ (i.e., paired Fe*” and Fe’" ions
at the octahedral sites) [17,37]; and (ii) one sextet corresponding to Fe’" jons at both
tetrahedral and octahedral (i.e., unpaired Fe’" ions) sites. On the way to stoichiometric
magnetite, the progressive increase of Fe’™ ions at the octahedral sites can be well
correlated with the °Fe*>" relative sextet area. The more “““Fe*" ions are reduced to
Fe’", the more Fe’* ions are paired with Fe* to contribute to the ““‘Fe*”" sextet.
Interestingly, the decrease in Fe* ions contributing to '**%/Fe’" sextet is accompanied
with narrowing of the resonant lines of "*°“/Fe’" sextet (see Fig. 2).

Characterization of Nonstoichiometric Magnetite Samples by XRD

In the XRD pattern of the untreated sample (i.e., the NAN PR sample), we
identified exclusively maghemite with both tetragonal (47 wt.%) and cubic (53 wt.%)
lattices (according to the Rietveld refinement; see Fig.3 and Table 3) and evident
partial vacancy ordering manifested by two diffraction peaks between 26° and 32° of
20 (= superstructure). We found that a=8.352 A for the cubic structure and
a=18.353 A and c = 25.009 A for the tetragonal structure (see Table 3).
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FIGURE 3. XRD patterns of the untreated maghemite (i.e., the NAN_ PR sample) and thermally-
treated samples (i.e., the NAN_0X samples, X =1, 3, 5, and 6). The inset on the left side illustrates the
details of the 26 position of 113 diffraction; the inset in the middle shows the changes in the intensity of
the most intense tetragonal diffractions during the thermal treatment of maghemite in hydrogen.

-l;[(




In the course of reduction, the vacancies are replaced by Fe*" ions and the amount
of calculated tetragonal lattice rapidly decreases. The partially reduced maghemite
(i.e., the NAN 03 sample) contains less than 10 wt.% of tetragonal maghemite
structure.

The observed sudden shift in all diffraction peaks to lower 26 angles (see Fig. 3)
accompanied by the expansion of the unit cell (see Table 3) is caused by increasing
amount of Fe?" ions with larger effective ionic radius compared to Fe’" (0.78 A and
0.65 A for Fe*" and Fe'", respectively) at the octahedral sites [42]. When the reduction
is completed (i.e., the NAN_06 sample), a = 8.387 A, which is slightly lower than the
a value for magnetite (a = 8.396 A) [16].

TABLE 3. Values of the Structural parameters for the studied samples (from Rietveld refinement),
where a and ¢ are the cell parameters and MCL is the mean X-ray coherence length (MCL value
determined by fitting the pattern only with the cubic structure).

Sample MCL Cubic structure (Fd3m) Tetragonal structure (P4;2,2)
(nm) Quantity a Quantity a c

(wt.%) A) (wt.%) A (A)
NAN_PR 30 53 8.352 47 8.353 25.009
NAN 01 28 65 8.358 35 8.355 25.046
NAN 03 25 91 8.378 9 8.373 25.163
NAN 05 31 96 8.382 4 8.379 25.167
NAN 06 32 100 8.387 s- e e

The diffraction lines of the untreated sample are not significantly broadened,
suggesting well crystalline maghemite. The mean X-ray coherence length (MCL)
value, obtained from the Rietveld refinement, is ~30 nm. During the reduction, the
MCL value is nearly constant (see Fig. 3) with only minor fluctuations given probably
by changes in the cell parameters.

Characterization of Nonstoichiometric Magnetite Samples by
Magnetization Measurements

With respect to nanoparticle character of all studied samples, the values of
saturation magnetization, Ms (see Table 4), are smaller than the Ms value expected for
bulk maghemite (Ms=60-80 Amzkg'l) or magnetite (Ms=92-100 Am2kg'1) [15].
From Fig. 4, it is evident that the Mg value increases with progressive maghemite
reduction. Moreover, as the reduction progressed, the hysteresis loops became less
symmetric as demonstrated by values of remanent magnetization and coercivity (see
Table 4). The observed asymmetry can be explained by the presence of a thin surface
layer of defect maghemite and/or magnetite, having a slightly different magnetic
arrangement than that exhibited by nanoparticle core of maghemite origin. This
implies that the reduction process advances toward the nanoparticle core that can
produce an exchange field between the surface layer and the core. As it is well known,
the exchange field shifts the hysteresis loop along the field axis.

From non-zero values of coercivity (see Fig.4a) and the nature of the ZFC
magnetization curves (see Fig. 4b), we can conclude that the nanoparticles are in
a magnetically blocked state in the whole measurement temperature interval (i.e., from
the viewpoint of characteristic measuring time window of SQUID magnetometer,
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~10s). With increasing temperature, a gradual rise in ZFC magnetization values
reflects a rather broad particle size distribution in all studied samples. As there is no
sign of maximum in the ZFC magnetization curve within the measurement
temperature interval, the average blocking temperature is estimated to be higher than
300 K meaning that the majority of magnetic nanoparticles are in the blocked
magnetic state even at 300 K.

TABLE 4. Values of the hysteresis loop parameters for the studied samples at a temperature of 5 K,
where Mg, (7 T) is the saturation magnetization at 7 T (£ 0.01), Ms_ (=7 T) is saturation magnetization
at =7 T (£ 0.01), Bc. is the positive coercivity (= 0.01), Bc_ is the negative coercivity (+ 0.01), My, is
the positive remanent magnetization (+ 0.01), and My_ is the negative remanent magnetization (+ 0.01).

Sample Mg, (7T) Ms_(-7T) B, Bc_ My, My
(Am’kg")  (Am’kg")  (mT) mT)  (Am’kg')  (Am’kg")
NAN_PR 72.27 —72.26 27.61 -27.96 21.75 —2232
NAN 01 74.40 —74.46 39.42 —43.06 24.75 -25.02
NAN_03 80.06 —80.04 45.38 -51.28 36.23 -33.33
NAN_05 82.10 —82.13 52.18 —57.60 39.32 —36.42
NAN 06 84.16 —84.14 52.80 —-61.35 39.90 ~36.71

The temperature of Verwey transition, 7y, appearing as a sudden change in the
trend on the ZFC magnetization curve, can be influenced by both particle size and
nonstoichiometry of the investigated nanoparticles [43]. In the case of nearly
stoichiometric maghemite (i.e., NAN PR and NAN 01 samples), there is no Verwey
transition or if present due to some existing Fe*'-Fe’* pairs in the octahedral sites, it is
suppressed below 5 K. For other investigated samples, the Verwey transition is
detectable well above 5 K and 7y increases from ~90 K (NAN_ 03 sample) to ~120 K
(NAN_06 sample) along with the progression of maghemite reduction (i.e., from more
nonstoichiometric to less nonstoichiometric magnetite samples; see Fig. 4b).
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FIGURE 4. (a) Hysteresis loops of the studied samples, measured at 5 K and in external magnetic
fields ranging from = 7 T; (b) ZFC and FC magnetization curves, recorded in an applied magnetic field
of 0.1 T.
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Correlation of Results from Measuring Methods Used for
Stoichiometry Evaluation

The results from all three techniques employed for monitoring the magnetite
stoichiometry are obviously in a good correlation. However, the exact quantification
of stoichiometry based solely on the values of cell parameters or saturation
magnetization is not straightforward with respect to the nanoparticle character of all
investigated samples. This is due to the fact that both values are dependent also on
particle size (both saturation magnetization and cell parameters values decrease with
the reduction of the particle size) [44]. In order to evaluate the effect of stoichiometry,
Xn (determined from °’Fe Mbssbauer spectroscopy), on a and Ms, we constructed
graphs of a vs. xyn and Ms vs. xy, using results obtained for the samples with x,, = 0,
0.31, 0.39, and 0.45. (The NAN_ 01 sample was excluded as its Mossbauer spectrum
was fitted only with one sextet and data from XRD and SQUID magnetometer are
similar to those acquired for the NAN PR sample, see above.)

The dependence of a on x,, (see Fig. 5a) is approximately linear as expected from
earlier studies [17,35,36]. Although XRD data evidence that the reduction of
maghemite should be completed in the case of the NAN 06 sample, the stoichiometry
obtained from ’Fe Mossbauer spectroscopy (x, = 0.45) still points to weakly
nonstoichiometric magnetite. Such kind of inconsistency may be explained by either
nanoparticle character of the samples or by the presence of a thin surface layer where
magnetite nanoparticles are always partly nonstoichiometric.
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Similarly, we observe a linear dependence of Ms on x, (see Fig. 5b). If we know
exactly the saturation magnetization values of a given maghemite and/or magnetite
nanosystem, we could assess the nonstoichiometry of any nanoparticle system of
maghemite/magnetite nature. However, knowledge of saturation magnetization values
for stoichiometric maghemite (x =0) and magnetite (x = 0.5) of a nanosystem with
given particle size and size distribution is of crucial importance since they are
significantly affected by finite-size character of such nanosystems. The changes in the
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temperature of Verwey transition, observed for samples with x,>0.31 in the
temperature range from ~90 to ~120 K, also support the validity of the used model.

CONCLUSIONS

In this work, we exploited a thermally-induced solid-state reduction of commercial
maghemite nanoparticles to prepare a series of nonstoichiometric magnetite samples.
All techniques employed for stoichiometry evaluation (*'Fe Mdssbauer spectroscopy,
X-ray powder diffraction, and magnetization measurements) yielded highly
comparable results. We found that dependence of both the lattice parameter, a, and
saturation magnetization, Ms, on stoichiometry parameter, x,,, can be well described
by a linear relationship. As the classification of nonstoichiometric forms of maghemite
and magnetite nature is not well cleared up in the literature, the future works may
address the question of finding the critical value of x,, (e.g., X, ) defining a boundary
between nonstoichiometric maghemite and magnetite (i.e., nonstoichiometric
maghemite if x<x,, and nonstoichiometric magnetite if x>x,.). From the
application viewpoint, the presented synthetic approach can be applied for preparation
of magnetic nanoparticles (e.g., carriers for targeted drug delivery system or magnetic
agents for hyperthermia treatment) with tailored magnetic properties.
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Abstract. To date, iron oxides have become one of the most studied nanomaterials due to their interesting and aaplication
appealing physical, chemical, and biological properties in comparison with their bulk counterparts. In general, four forms
of iron(Ill) oxide can be distinguished depending on their crystallographic and magnetic properties. In this work, one of
the rare phases of iron(Ill) oxide, B-Fe,O; prepared by the solid state reaction was explored for the thermal
transformations in various ambient atmospheres, including O,, N,, and CO, atmospheres. The thermally treated products
were investigated employing X-ray powder diffraction and *’Fe Méssbauer spectroscopy.

Keywords: p-Fe,0, nanoparticles, >’Fe Mossbauer spectroscopy, X-ray powder diffraction, thermal transformation, O,,
N,, CO,.
PACS: 76.80.+y, 81.07.Bc, 81.30.Hd.

INTRODUCTION

The main purpose of the investigation of nanocrystalline iron oxides is related to either their utilization in many
scientific fields or in the basic research. From the industrial point of view, they play a very important role in many
branches such as bionanotechnology, magnetic fluids, and magnetic recording media or as catalysts [1-5]. On the
other hand, the examination of their fundamental properties is also desired due to the finite-size and surface effects,
which lead to emergence of new features in nanomaterials (i.e., superparamagnetism, etc.) [6].

Basically, iron(IIl) oxide exists in four crystalline polymorphs, differing in a crystal structure, which governs
their physical (electrical, magnetic, transport, efc.) properties. Two crystalline polymorphs, a-Fe,O; and y-Fe,0s,
exist in a bulk form as well, can be found very often in nature and are mineralogically known as hematite and
maghemite, respectively. The two other iron(Ill) oxide polymorphs, B-Fe,O; and &-Fe,O; are very rare and exist
only in a nanosized form due to their low surface energy [7].

B-Fe,0s;, firstly discovered by Bonnevie-Svensen in 1956 [8], crystallizes in a body-centered cubic crystal
structure of a “bixbyite” type with the lattice constant @ = 9.393 A [9]. In this type of cubic crystal structure, Fe’"
ions in a high-spin state (S = 5/2) occupy two crystallographically nonequivalent octahedral cation sites, commonly
known as b-sites and d-sites. These sites can be easily recognized due to the different degree of local symmetry; the
b-sites belong to the C;; symmetry group while d-sites show the C, symmetry. The ratio between d-sites and b-sites
is equal to 3:1 in favor of d-sites [9-12].

Although the three other crystalline iron(III) oxide polymorphs are magnetically ordered at room temperature, f3-
Fe, 05 is the only iron(IIl) oxide phase that exhibits room-temperature paramagnetic behavior. The Néel temperature
representing the transition to the low-temperature magnetically ordered state is around 7y~ 110 K [9,10]. Below the
Néel temperature, 3-Fe,O; phase behaves as an antiferromagnetic material [10].

The main aim of this work is to investigate a thermally induced transformation process of B-Fe,O; phase not
merely in an oxidative ambient atmosphere (i.e., synthetic air) as has been explored earlier [13], but also in various
inert atmospheres, including nitrogen (N,) and carbon dioxide (CO,). To the best of our knowledge, such a study has
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never been performed yet. To date, many works focused on transformation of other iron(Ill) oxide polymorphs have
been published [14—-16]. The biggest effort was devoted especially to the reduction of the most stable phase, i.e.,
hematite. Varanda et al. [14] studied a reduction mechanism of a-Fe,O; to a-Fe in hydrogen gas with a constant flow
rate through the reaction furnace, as well as the influence of temperature and gas flow rate on the crystallinity of the
resulting particles. Jozwiak et al. [15] explained and compared two and three-step mechanism of reduction of
hematite, and also performed a transformation of other forms of iron oxide in reduction atmospheres, including
transformation of FeO (wiistite) and Fe;O,4 (magnetite). Fan et al. [16] prepared magnetite nanorings/nanotubes
directly by thermal reduction of hollow hematite templates. Further oxidation of as-prepared magnetite nanotubes in
air resulted in cation-deficient spinel y-Fe,O; nanotubes with retained single-crystalline nature and tubular
morphology.

EXPERIMENTAL DETAILS

For the preparation of [-Fe,O; nanoparticles, we used already reported thermal decomposition of
Fe,(SO4);-5H,0 in the presence of NaCl [17,18].

All the diffraction patterns were captured employing the X’Pert PRO MRD diffractometer (PANalytical) in the
Bragg-Brentano geometry (used wavelength: iron filtered Co K,). The high-temperature experiments were
performed in an XRK900 reaction chamber (Anton Paar) mounted to the diffractometer. The experiments were
carried out in the temperature range between 75 and 900 °C (capturing patterns at a stable temperature every 25 °C,
which is equivalent to a linear heating rate of 1.86 °C/min) in various high purity gasses (nitrogen, carbon dioxide,
synthetic air) with a constant flow rate of 30 ml/min. 40 mg of the material was slightly pressed into a ceramic
sample holder and the chamber was purified with nitrogen gas for 5 min before each experiment. For the
characterization under ambient conditions, the powder samples were equally spread and pressed on a zero-
background Si slide.

The *"Fe zero-field Méssbauer spectra were recorded at 300 K employing a MS2007 Mossbauer spectrometer
based on virtual instrumentation technique [19,20], operating in a constant acceleration mode and equipped with a
50 mCi *’Co(Rh) source. The values of the derived Mdssbauer hyperfine parameters are referred to the metallic iron
(a-Fe) at room temperature. The acquired Mossbauer spectra were fitted by Lorentzian line shapes using the least
squares method in the MossWinn software program [21].

RESULTS AND DISCUSSION

Characterization of Initial p-Fe,O; Sample

The room-temperature X-ray diffraction pattern of the initial B-Fe,O; sample is depicted in Fig. 1. All the
diffraction lines well correspond to B-Fe,O; (JCPDS code 04-003-1027) without any resulting unidentified lines
indicating presence of impurities or admixtures in the form of other iron(Ill) oxide polymorphs (hematite or
maghemite). Relatively sharp diffraction lines indicate fair crystallinity of the sample, which is proved in a mean X-
ray coherence length (MCL) equal to 32 nm. Although the cell parameter is slightly higher (a = 8.403 A) than that
previously reported in literature [13], no cation substitutions are presented.

Thermally-Induced Transformation of B-Fe;O; in Synthetic Air Atmosphere

The pure B-Fe,O; nanoparticulate system was continuously heated in the oxidative atmosphere (synthetic air). As
it was previously reported in literature, f-Fe,O; transforms directly to hematite in oxidative condition (see Fig. 2)
[13]. Although this phase transition is not connected with oxidation of iron(III) ions to higher valence state, the body
centered cubic structure of B-Fe,Oj; is transformed to rhombohedrally centered hexagonal structure of hematite [13].
The structural transition takes place in the temperature range between 700 and 750 °C.

The zero-field >"Fe Méssbauer spectra of initial B-Fe,Os and resulting hematite (i.e., a-Fe,O;) after heating in the
synthetic air are depicted in Fig. 3. The values of the obtained Mdssbauer hyperfine parameters are listed in Table 1.
The spectral profile of B-Fe,O; consists of two well-distinguished doublet components, corresponding to the two
crystallographically nonequivalent iron cation sites, b-sites and d-sites. The relative spectral areas of the doublets are

90



ideally equal to 1:3 in favor of the d-sites. The ratio reflects the number of atoms in each site in the cubic crystal
structure. Moreover, the profile of the *’Fe Mossbauer spectrum of B-Fe,O; sample can be viewed as another
evidence demonstrating the purity of the sample because any other phase(s) was (were) not detected (see Fig. 3a).
Furthermore, the room-temperature *'Fe Mossbauer spectrum of hematite is depicted in Fig. 3b as a final product of
the transformation in the synthetic air. It is clearly seen that the spectrum manifests itself by one sextet component
and the values of the Mdssbauer hyperfine parameters (see Table 1) corresponds well to those expected for
octahedral sites of Fe’" ions in the crystal structure of hematite [22].

XRD pattern of
B-Fe,O, sample
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FIGURE 1. XRD pattern of the initial B-Fe,O5; sample with depicted diffraction lines of B-Fe,O3; (JCPDS code 04-003-1027).
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FIGURE 2. Temperature dependence of the relative phase abundance during thermally-induced transformation of f-Fe,O3 phase
in synthetic air.
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FIGURE 3. °'Fe Mossbauer spectra of (a) initial B-Fe,O5 nanoparticles and (b) hematite (a-Fe,05).
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Thermally-Induced Transformation of B-Fe,O; in Nitrogen Atmosphere

During the in situ experiment carried out in nitrogen atmosphere, situation is more complicated than in the case
of previous experiment performed in synthetic air. Although the nitrogen atmosphere is considered to be inert, the
final product of the transformation is pure wiistite (FeO), which firstly appears in the diffraction patterns at a
temperature of 825 °C (see Fig. 4). In situ monitoring allowed to prepare not only the final product, but also to bring
light to the whole transformation mechanism. During the transformation process from B-Fe,O; phase to wustite, the
sample undergoes three structural changes: (i) the first transition is only structural (i.e., not connected with iron
valence state changes), and occurs at the temperature range between 625 and 700 °C (supplied thermal energy
initiated recrystallization of the body centered cubic structure of B-Fe,O; to rhombohedrally centered hexagonal
hematite structure); (ii) at 700 °C, very slow transition of hematite to cubic spinel structure appears and it is well
known, that the cubic spinel structure is typical for maghemite and magnetite [23]. While it is hard to distinguish
these two phases by XRD under ambient conditions, it is almost impossible to do it under non-ambient conditions
(i.e., high temperature). This intermediate phase achieves its maximum content at temperature 825 °C, where the
wiistite phase firstly occurs; (iii) above 825 °C, only wiistite appears. Neither hematite nor magnetite exists in
diffraction patterns as a single phase during any point of the experiment.

The results implies that nitrogen atmosphere in conjunction with high temperatures behaves in slightly reducing
manner. One of the possible explanations is that the added thermal energy increases diffusion of oxygen ions
through the structure of the studied material. Moreover, with the aim of equalization of partial oxygen pressure in
the pure nitrogen atmosphere, it may cause even oxygen release from the structure.
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FIGURE 4. Temperature dependence of the relative phase abundance during thermally-induced transformation of f-Fe,O3 phase
in nitrogen gas.

To obtained deeper information about transformation mechanism, the experiments were repeated a few times and
stopped precisely at the time when each of the partial products reached its maximum relative content. These
materials were characterized by °’Fe Mdssbauer spectroscopy in details (see Fig. 5). It is evident (see Fig. 5) that all
the N, transformation products contain some admixture. Mdssbauer spectrum of the first measured product (N, at
700 °C, see Fig. 5b) was fitted by one sextet, which belongs to hematite, and by one doublet. The hyperfine
parameters of the doublet correspond to the B-Fe,O; (see Table 1) which indicates that the transformation to
hematite is incomplete and signifies that f-Fe,O; phase is still present in the sample. Due to the low amount of the
B-Fe,O; phase in the sample, it is impossible to fit this spectrum correctly by the two doublets as expected (see Fig.
3a). The spectral profile of the second intermediate product measured after heating up to 825 °C can be decomposed
to two sextet components and one doublet component (see Fig. 5¢) with derived values of the Mossbauer hyperfine
parameters listed in Table 1. The two sextets belongs to magnetite, where the sextet with the higher magnetic
hyperfine field belongs to the Fe’™ ions in the tetrahedral sites, while the other sextet with the lower values of the
magnetic hyperfine field is typical for the Fe*" and Fe’* ions occupying the octahedral sites in Fe;O, spinel crystal
structure. Magnetite is not perfectly stoichiometric, because the portion of Fe*'/Fe*’, calculated from the relative
area values, is not equal to 0.5 (assuming that recoilless factor for the tetrahedral and octahedral sites is almost
identical). The doublet component in Fig. 5¢ corresponds to Fe*" ions, which indicates formation of wiistite at this
temperature. °'Fe Mossbauer spectrum of the final product of the transformation of p-Fe,O; nanoparticles in the N,
atmosphere is depicted in Fig. 5d. Two doublets can be clearly distinguished due to different values of the isomer
shift (6) and quadrupole splitting (AE,). The doublet with 6 = 0.60 mm/s and AEG = 0.67 mm/s is ascribed to the
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mixed valence of Fe*" and Fe*" ions in the surface layers of the nanoparticles, while the doublet with 6 = 0.84 mm/s
and AEg = 0.58 mm/s corresponds to Fe?' ions in the core of the sample. Beyond these two doublets, there is also

clearly seen the presence of one sextet. According to its hyperfine parameters, the sextet shows a minor formation of
zerovalent iron in the sample.
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FIGURE 5. 'Fe Mossbauer spectra of (a) initial p-Fe,O; nanoparticles and the products of transformation in nitrogen
atmosphere: (b) hematite, (c) magnetite, and (d) wiistite.

Thermally-Induced Transformation of B-Fe,O; in Carbon Dioxide Atmosphere

To compare the previous experiments, we performed also the thermally-induced transformation of p-Fe,Os in
carbon dioxide, which is considered to be inert gas too. Generally, the basic scheme of the transformation process is
very similar to the scheme in nitrogen atmosphere. However, the main difference is in the final transformation
product which is pure magnetite (see Fig. 6). The recrystallization process of B-Fe,O; to hematite takes place at the
temperature range between 475 and 575 °C, and is directly accompanied with a slightly delayed transformation to
cubic spinel structure of magnetite/maghemite nature. The problem of distinguishing these two phases employing
XRD is discussed in detail in previous experiment with nitrogen atmosphere. The maximum content of hematite in
the diffraction patterns comes at 575 °C. Above this temperature, the transformation to cubic spinel structure (i.e.,
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maghemite or magnetite) increases its rate and is completely finished at 700 °C. No other structural changes are
visible with progressive heating up to 900 °C.

The results imply similar conclusions as in the case of the B-Fe,O; transformation in nitrogen atmosphere. The
carbon dioxide atmosphere together with high temperatures provide slightly reducing conditions for iron(III) oxides.
This is documented by the presence of magnetite.
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FIGURE 6. Temperature dependence of the relative phase abundance during thermally-induced transformation of f-Fe,O; phase
in carbon dioxide gas.

TABLE 1. Values of the Mossbauer hyperfine parameters derived from the zero-field *’Fe Mossbauer spectra of various
intermediate and final transformation products of B-Fe,O; in various atmospheres, where 7' is the temperature of the
measurement, J is the center shift, AEy is the quadrupole splitting, By is the magnetic hyperfine field, and RA is the relative
spectral area of each component.

Sample Atmosphere T Component 0+0.01 AEp£0.01 By,+03 RA+1 Assignment
(K) (mm/s) (mm/s) (T) (%)
B-Fe, 05 300 Doublet 1 0.38 1.08 - 25 b-sites
(initial sample) Doublet 2 0.37 0.73 - 75 d-sites
a-Fe,0; synthetic air 300 Sextet 0.37 -0.21 51.7 100 O-sites
0-Fe, 03 N, 300 Sextet 0.37 -0.21 514 96 O-sites
Doublet 0.36 074 e 4 Fe*
Fe;0,4 N, 300 Sextet 1 0.28 0.01 48.9 32 T-sites
Sextet 2 0.66 0.00 45.6 62 O-sites
Doublet 1.15 098 e 6 Fe*'
FeO N, 300  Doublet 1 0.60 0.67 - 58 Fe*', Fe*™
Doublet 2 0.84 058 - 40 Fe?
Sextet 0.00 0.00 34.5 2 Fe’
0-Fe, 03 CO, 300 Sextet 0.37 -0.21 51.4 95 O-sites
Doublet 0.39 074 e 5 Fe*
Fe;04 CO, 300 Sextet 1 0.66 0.00 46.0 66 O-sites
Sextet 2 0.29 0.01 49.3 34 T-sites

’Fe Mossbauer spectra of transformation products in CO, atmosphere are depicted in Fig. 7. The spectrum
recorded after heating up to ~575 °C is composed of one sextet and one doublet component (see Fig. 7b). Mossbauer
hyperfine parameters of the sextet are in good agreement with those known for hematite [22] (see Table 1). The
presence of hematite is a consequence of recrystallization process of the precursor material. However, the precursor
is still present in this sample as evidenced by the doublet component. The b-sites and d-sites cannot be distinguished
due to a low amount of B-Fe,O; phase in the sample.

"Fe Mossbauer spectrum of the final product can be fitted by two sextet components (see Fig. 7c). The first
sextet belongs to iron ions in the tetrahedral sites and the second sextet belongs to iron ions in the octahedral sites of
the Fe;O4 spinel crystal structure. As it was mentioned above, in an ideal stoichiometric magnetite, the portion of
iron in the valence state of 2+ to the valence state of 3+ are equal to 0.5 (i.e., Fe*"/Fe’" = 0.5) [23], and therefore, the
intensity ratio of the corresponding sextets must be also 0.5 (assuming that the recoilless factors for the tetrahedral
and octahedral sites are almost identical). From the analysis of the Mossbauer spectrum of the final transformation
product, it turns out that the ratio of the relative areas of the two sextets is equal ~0.515. Thus, magnetite formed
after the transformation of -Fe,O; nanoparticles in CO, atmosphere is not precisely of stoichiometric character.
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FIGURE 7. *’Fe Méssbauer spectra of (a) initial B-Fe,0O5 nanoparticles, and the products of transformation in carbon dioxide
atmosphere: (b) hematite and (c) magnetite.

CONCLUSIONS

In the present work, we examined in situ monitored thermally-induced transformation processes of pure f-Fe,O;
nanoparticles in various ambient atmospheres, including oxidative (i.e., synthetic air) and inert (i.e., nitrogen and
carbon dioxide), and characterized resulting products employing °’Fe Mdssbauer spectroscopy. The transformation
in oxidative atmosphere in the presence of synthetic air (O,) confirmed a well-known direct transformation of -
Fe,O; nanoparticles to hematite. Nitrogen atmosphere (N,) influenced nanoparticles in a slightly reduction way,
when the final product was a nonstoichiometric wiistite, with a very low concentration of zerovalent iron, and with
two intermediate products occurring during the synthesis. In carbon dioxide atmosphere (CO,), B-Fe,O; is also
slightly reduced, but not so much as in the case of N,. The final product is stoichiometric magnetite as a pure phase.
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ABSTRACT: The large-scale preparation of spherical condensed-type superstructures of zero-
valent iron (nZVI), obtained by controlled solid-state reaction through a morphologically
conserved transformation of a magnetite precursor, is herein reported. The formed 3D
nanoarchitectures (S-nZVI) exhibit enhanced entrapment efficiency of heavy metal pollutants,
such as copper, compared to all previously tested materials reported in the literature, thus
unveiling the relevance in the material’'s design of the morphological variable. The superior
removal efficiency of these mesoporous S-nZVI superstructures is linked to their extraordinary
ability to couple effectively processes such as reduction and sorption of the metal pollutant.

KEYWORDS: Spherical superstructures, Zero-valent iron, Metal entrapment, Solid-state synthesis, Groundwater treatment,

Nanostructured materials

B INTRODUCTION

The growing accumulation of toxic materials in the environ-
ment, in both water and soil, represents one of the major risk
factors for the public health faced by nations worldwide. In this
context, synthetic nanotechnology stands as the forefront of
research in the field, aiming to provide sustainable answers to
the quest of environmental remediation. Following the
extensive research effort of the nanotech-community in the
last two decades, a number of functional nanoarchitectures have
been ex novo engineered in a way to combine properties such
as redox capability, sorption, and entrapment proclivity of toxic
inorganic/organic pollutants. Among the highly promising
nanostructured materials tested in real world scenarios, the
nanoscale zero-valent iron (nZVI) stands as one of the best
examples of cost-effective, efficient, and versatile systems. The
use of nZVI has been extensively validated in green chemical
processes for the removal of toxic molecules, such as
halogenated organic compounds,’ microorganisms involving
cyanobacteria,2 organic dyes,3’4 warfare agents,5 inorganic salts,®
and heavy metals,”” including radioactive waste materials.'’
However, several operational limitations still hold and hamper
the broad application of nZVI, limitations that can only be
circumvented by encoding in the material a more thoughtful
synthetic design. The redox and entrapment efliciency of nZVI
particles are known to be strongly linked to the (i) particle
dimensions, (ii) their size distribution, (iii) overall morpholo-
gies, and (iv) their surface chemistry. Controlling the mutual
interplay of these factors in a way to tailor reactivity and
stability of nZVI remains a difficult task to accomplish through

-4 ACS Publications  © 2016 American Chemical Society
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synthesis. Generally, nZVI particles exhibit higher surface area
compared to microscale ZVI, and thus, nZVI are prone to react
against toxic pollutants faster than microscale ZVL."" However,
nZVI particles show a higher tendency of aggregation, and this
property is highly detrimental since it drives nanoparticle
sedimentation and inactivation more rapidly in comparison to
micrometer-scale ZVL'> To circumvent the problem and to
delay the inactivation process, nZVI has been trapped into host
materials such as polymers, porous solids, clays, graphite sheets,
and cellulose.'*™"® The generation of these new hybrid nZVI
composites has led to an improvement of the nZVI stability and
performances. The nanoparticles morphological factor is
considered as another key feature that drives nZVI activity
and stability, and yet the chemical ability to control and devise
morphologically homogeneous nZVI architectures remains up
to now poorly explored. So far, three different types of synthetic
routes for the production of nZVI have been pursued: (i)
bottom-up, (ii) top-down, and (iii) thermal reduction. The
bottom-up approach (i) is a process that creates nZVI from
smaller particles through agglomeration, deposition, or
precipitation of metal salt precursors. The emerging nZVI
particles are highly polydispersed, with a significant tendency to
agglomerate.'” The top-down approach (ii) is a method in
which nZVI particles are obtained by ball milling and laser
ablation techniques, starting from larger ZVI aggregates
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(micrometer-scale ZVI).'® The thermal reduction of powdered
iron oxide precursor in hydrogen (iii) allows preparation of
nZVI in an industrial scale, and the particle size and
morphology is dictated by both forms of precursor and high-
temperature regime.’ The bottom-up technique is known to be
operationally easy and uses borohydride reduction of ferrous
salts to generate highly reactive nZVL.” The top-down approach
uses mechanical attrition of macroscale Fe® in planetary ball
mill systems, a route that requires high energy inputs and forms
particles that are also prone to aggregation with little control of
the final morphology. To the best of our knowledge, the other
known methodology used to modify the shape of nZVI
particles employs ultrasound waves during borohydride
reduction of the metal salt precursors, a process that allows
formation of plate, needle, and chain-like nanostructures.'”?° In
this work, we describe the material synthesis, physical
properties, and superior metal-entrapment proclivity of the
new generation of nZVI architecture, obtained via a
morphologically controlled solid-state process, which gives
precisely shaped and narrowly polydispersed condensed
spherical superstructures of nZVI nanoparticles (termed
thereafter S-nZVI). The capability of this advanced S-nZVI
3D arrangement to safely remove harmful pollutants was
validated against copper salt (CuSO,) dispersed in water, taken
as a model element for d-block metal contaminations. We
clearly show that the pollutant sequestration carried out by S-
nZVI is boosted by both processes, metal adsorption (Cu*")
and metal reduction, featuring an efficiency in the Cu removal
much higher compared to all previously known systems
reported in the literature. Furthermore, our work demonstrates
the importance of tailoring the material’'s morphological
variable as the key element for the engineering of highly
effective and sustainable systems to be applied in water
remediation technologies.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were purchased from Sigma-Aldrich and
were used as received (except for CuSO, X SH,O, which was
purchased from PENTA). Distilled water (2 uS/cm) was used in the
entrapment of copper experiments (pH 7.1).

Preparation of Spherical 3D Condensed-Clustered Fe;O,
Nanoparticles. Hollow Fe;O, spheres were prepared adopting the
following protocol: 1.08 g of FeCl; X 6H,O was dissolved in 80 mL of
deionized H,0; then, 2.35 g of sodium citrate (CqH;O,Na; X 2H,0)
was added. After dissolution of sodium citrate, 0.72 g of urea
(CH,4N,0) followed by 0.6 g of polyacrylamide (PAM, (C;H;NO),)
were added to the water mixture. When all flakes of PAM dissolved
(roughly after 1 h under vigorous stirring), the whole solution was
transferred to a 100 mL Teflon-lined autoclave and treated for 10 h in
a preheated oven at 200 °C. After that, the oven is turned off with the
autoclave left inside overnight while cooling. The black-brown product
was thoroughly washed several times with ethanol and water (with the
use of magnetic separation) and then dried in a vacuum oven at 60 °C
overnight.

Preparation of Spherical 3D Condensed-Clustered Zero-
Valent Iron Nanoparticles (S-nZVI). Thermally induced trans-
formation of Fe;0, to S-nZVI was performed in a reaction chamber
XRK900 (Anton Paar) mounted to the XRD diffractometer. Here, 90
mg of Fe;O, 3D condensed-clustered nanoparticles was isothermally
annealed at a temperature of 300 °C under continuous flow of
hydrogen gas (99.999%; 30 mL/min) with pressure of 2 bar for 200
min. The in situ diffraction patterns were captured every 10 min. The
chamber was purified with nitrogen gas for 5 min before the
experiment. The captured data were processed in High Score Plus
software in conjunction with PDF4+ and ICSD databases.

2749

Characterization Techniques. X-ray diffraction (XRD) patterns
of the samples were recorded on a PANanalytical XPert PRO
diffractometer in Bragg—Brentano geometry with iron filtered Co K,
radiation (40 kV, 30 mA) equipped with an Xcelerator detector and
programmable divergence and diffracted beam anti scatter slits.

Field emission scanning electron microscopy (FESEM) images were
taken on a Hitachi 6600 FEG microscope operating in the secondary
electron mode with an accelerating voltage of 5 kV. The sample—
detector distance was set to 7.3 mm.

Transmission electron microscopy (TEM) investigations were
performed at 80 kV accelerating voltage on a FEI TitanG2 60—300
transmission electron microscope equipped with X-FEG electron gun,
objective lens image spherical aberration corrector, and chemiSTEM
EDS detector. In addition, TEM was performed using a JEOL JEM-
2010 instrument equipped with a LaBg cathode, using accelerating
voltage of 160 kV with point-to-point resolution 0.194 nm. A drop of
highly diluted sample was dispersed in various solvents, such as
hexane, ethanol, or water, and then was placed onto a holey-carbon
film supported by a copper mesh TEM grid and dried in vacuum.

Nitrogen adsorption—desorption isotherms at 77.4 K were
measured up to the saturation pressure of nitrogen (molecular cross-
sectional area of 0.162 nm?) and obtained by the static volumetric
technique on an Autosorb-iQ-C analyzer (Quantachrome). Prior to
the measurement, samples were degassed at room temperature for 12
h to reach pressure below 0.001 Torr. Specific surface areas were
calculated using the multipoint BET (Brunauer—Emmet—Teller)
model. The best fits were obtained using adsorption data in the
relative pressures of 0.08—0.25 (p/p,).

The *"Fe Mossbauer spectra were recorded with 512 channels and
measured at room temperature employing a MS2006 Mdssbauer
spectrometer based on the virtual instrumentation technique,
operating at a constant acceleration mode and equipped with a
’Co(Rh) source. The acquired Mossbauer spectra were processed
(i.e., noise filtering and fitting) using the MossWinn software program.
The isomer shift values were referred to an a-Fe foil sample at room
temperature.

Bulk magnetic susceptibility/magnetic saturation used a super-
conducting quantum interference device (SQUID, MPMS XL-7,
Quantum Design). The hysteresis loops were collected at a
temperatures of 300 K and under external magnetic fields ranging
from =S to +5 T.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out with the PHI 5000 VersaProbe II XPS system (Physical
Electronics) with a monochromatic Al K, source (15 kV, S0 W) and
photon energy of 1486.7 eV. All the spectra were measured in a
vacuum of 1.2 X 1077 Pa and at a room temperature of 22 °C. The
spectra were evaluated with the MultiPak (Ulvac PHI, Inc.) software.

Particle size distributions were determined by a dynamic light
scattering (DLS) instrument (Zetasizer, Malvern, U.K.). The samples
were prepared by dispersing the S-nZVI in EtOH and treated in an
ultrasound water bath for few minutes. About 2 mL of the sample was
taken in a cuvette, and particle sizes and size distributions were
measured by DLS Nano-ZS software and distribution analyzed using a
LogNorm function.

Determination of CuSO, Removal from Water Solution. The
batch experiments for removal of Cu** from double-distilled water
(pH 7.1) in air were performed in 150 mL conical flasks at room
temperature. In a typical procedure, a precise amount of S-nZVI was
added to 50 mL of solution with the Cu** concentration equal to 100
mg L™, Then, it was briefly sonicated and immediately transferred
onto a shaker at 250 rpm. After §, 10, 15, 20, 30, 50, and 90 min, the
samples were magnetically separated, and 40 uL aliquots (of sample-
free solution) were taken and used for spectrophotometric
determination of Cu®" concentration. For the last value (after 90
min), filtration through a 0.4 ym filter was used before determination
of Cu* concentration. The maximum removal capacity of S-nZVI
particles was calculated from the values obtained 90 min after addition
of S-nZVI to the aqueous solution of Cu**. All removal experiments
were performed in duplicate, and the average data are shown in Figure
S1 of the Supporting Information. The spectroscopic determination of
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Cu® was performed though complexation with cuprizone (bis-
(cyclohexanone)oxaldihydrazone). Typically, 320 uL of deionized
water was mixed with 40 L of ammonium citrate (¢ = 0.26 mol L™),
32 pL of ammonium solution (¢ = 0.52 mol L), and 120 uL of
bis(cyclohexanone)oxal dihydrazone (c 3.6 mmol L) in the
measurement cell. Subsequently, 40 uL of Cu’* solution with a
concentration of Cu®* ranging from 0 to 100 mg L™" was added and
diluted with 448 uL of deionized water. The blank solution was
prepared with 40 uL of deionized water instead of 40 L of Cu®". After
15 min, when the color was completely developed, its absorbance was
measured at 1 = 600 nm. The concentration of Cu®* was calculated
from a calibration curve, which was obtained from measurements of 10
samples with a known Cu®* concentration.

B RESULTS AND DISCUSSION

Synthesis, Morphological Organization, and Physical
Properties of the S-nZVI Nanoarchitecture. The assembly
of S-nZVI superstructures is obtained using a two-step
synthetic approach. In the first step, magnetite condensed-
clustered spheres (Fe;O,) are prepared by hydrothermal
treatment of ferric chloride (FeCly X 6H,0),”" in the presence
of sodium citrate, urea, and polyacrylamide. The synthetic
details are given in the Experimental Section. The magnetite
precursor was characterized for assessing phase purity and
morphology by X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM). Representative SEM and TEM micro-
graphs of these nanomagnetite spheres are given in Figure la
and b, respectively. The so-obtained spheres consist of pure
Fe;0, (magnetite), encoding a mean coherent domain of 18 +
3 nm, as derived from the Rietveld analysis. The magnetite
nanoparticles, upon assembling together, form the building
constituents of the condensed 3D architectures, which encode
an averaged diameter of 280 + 32 nm in the superclusters. The
specific surface area of these 3D magnetite spheres, measured
by N, adsorption/desorption isotherms, accounts for 32 m* g™*
(Figure S2, Supporting Information). In the second step,
magnetite spheres are reduced in a high-temperature XRD
chamber at 300 °C using hydrogen gas and quantitatively yield
the final zero-valent iron product, S-nZVI. The SEM and TEM
micrographs of S-nZVI are shown in Figure lc and d,
respectively, and the structural stability of S-nZVI in different
liquid media (hexane, EtOH, water) is highlighted by the
micrographs given in Figures S3—S6 of the Supporting
Information. The reaction pathway of magnetite reduction to
S-nZVI follows a two-step process as unveiled by in situ high-
temperature XRD measurements. The time evolution of the
XRD diffraction patterns collected during isothermal annealing
of Fe;0, is illustrated in Figure le; Figure 1f describes the
relative percentage of all species being detected during the
solid-state transformation versus annealing time. The amount
of magnetite is found to decrease slowly during the annealing,
at the expense of the wiistite phase (FeO), regarded here as a
reaction intermediate. After more than 50 min of reduction, the
diffraction lines at 52° and 78°, arising from the formation of
zero-valent iron in the BCC crystal arrangement (i.e., a-Fe),
gradually emerge. All three crystalline phases are present
together after 100 min of annealing (see the highlighted XRD
pattern shown in yellow in Figure le). Although the
transformation process is almost completed after 150 min,
the residuals of magnetite and wiistite remained detectable for
more 30 min.

After only 200 min of annealing, the Fe;O, condensed-
clustered spheres are fully converted to pure S-nZVI (a-Fe),
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Figure 1. (a) SEM and (b) TEM image of precursor magnetite
nanoparticles (Fe;O,) organized into spherical condensed clusters. (c)
SEM image of the S-nZVI superstructures and (d) their TEM
micrographs. (e) XRD patterns showing the evolution of S-nZVI from
the magnetite precursor recorded during the solid-state transformation
process at 300 °C every 10 min. (f) Phase composition plot derived
from the high-temperature reduction of magnetite to S-nZVI as
obtained through analysis of the XRD patterns.

without additional signs of other crystalline Fe phases. The S-
nZVI product remarkably shows a narrow size distribution,
likewise the magnetite precursor, with a hydrodynamic size of
285 =+ 45 nm, as determined by DLS analysis in EtOH (Figure
S3, Supporting Information). Most importantly, S-nZVI retains
well the initial morphology encoded in the magnetite precursor.
The phase composition of S-nZVI as well as its high-phase
purity is also confirmed by “’Fe Mossbauer spectroscopy,
recorded at room temperature (Figure 2b). The observed
spectrum profile consists of a clean sextet, with Mdssbauer
hyperfine parameters typical for a-Fe, containing an isomer
shift, 6, of ~0.00 mm/s, quadrupole splitting, AEq, of
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Figure 2. (a) N, adsorption/desorption isotherms for S-nZVIL (b) The "Fe Mossbauer spectrum of as prepared S-nZVI, recorded at room
temperature in zero external magnetic field. (c) The ’"Fe Méssbauer spectrum of S-nZVI measured after Cu®* removal (S-nZVI/Cu) recorded at
room temperature in zero external magnetic field. The spectrum shows about 15% of the oxidized phase after S-nZVI reaction with Cu*".

~0.00 mm/s, and hyperfine magnetic field, By, of ~33.0 T
(Table S1, Supporting Information). It should be pointed out
that the physical characterizations of S-nZVI described so far
were performed under a N, atmosphere in order to prevent the
self-oxidation of S-nZVI by atmospheric oxygen. In this way,
the effectiveness of our synthetic method for generating phase
pure material was unambiguously validated. S-nZVI has a
specific surface area of 36.5 m* g~' (Figure 2a), a value that is
larger than that known for commercially available powdered
nZVI particles (Nanofer 25P, ~20—25 m?*/g). The pore size
distribution derived from the desorption isotherm, using the
BJH method, is typically found for mesoporous materials
(Figure S7, Supporting Information) and has a maximum pore
volume (V) of 15.45 nm. Following the Rietveld analysis, the
mean coherent domain of the individual nZVI particles in S-
nZVI increased slightly, up to 25 + 4 nm, compared to those
forming the 3D spherical assembly of the magnetite precursor.
This effect originates from the partial coalescence of the
nanoparticles during their reduction process in the high-
temperature reaction chamber.

The magnetic properties of S-nZVI were then analyzed in
terms of the hysteretic behavior at 300 K (Figure S8 and Table
S2, Supporting Information) and reveal the presence of a
strong magnetic response, with saturation magnetization that
reaches the value of 165 Am®/kg at very low applied magnetic
field (1.5 T). This magnetic behavior is expected for zero-valent
iron nanoparticles in a ferromagnetic state. It should be
underlined that the magnetization profile observed around the
origin was found asymmetric and shifted to the right part of the
hysteresis loop. This type of asymmetry is often attributed to
the presence of an exchange bias interaction, a phenomenon
that emerges when two magnetically ordered systems are in
intimate contact with each other.”® We speculate that the
strong ferromagnetic interaction among building components is
key for preserving the 3D morphology of Fe;O, to S-nZVI
during the heating and reduction processes in the reaction
chamber.

Environmental Application in Water Remediation
Technologies of S-nZVI and Its Capability for Seques-
tration of Heavy Metal Pollutants. We addressed the
efficiency of the condensed-clustered 3D architecture on
pollutant sequestration and screened the S-nZVI performance
against the removal of Cu®* ions from aqueous solution under
anaerobic conditions. Copper is a known ground contaminant
for water and soil from the group of heavy metals, and here, it
has been chosen as an element model for the d-block metals.

2751

Copper is produced worldwide in ionic form by many industrial
branches, such as electroplating, fertilizer industries, and
mining. The safe amount of copper for the U.S. Environmental
Protection Agency’s Maximum Contaminant Level (MCL) in
drinking water is set to as low as 1.3 mg L™" or as 2 mg L™ for
the World Health Organization (WHO). The usual removal
capacity (often equal to the adsorption capacity) found for
many materials reported in the literature that are used against
copper pollution ranges from units of a few hundreds mg of
Cu® per gram of used material. Previously, many diverse
materials have been exploited for removal of Cu®" ions from
aqueous solution, such as natural materials (e.g., Valonia tannin
resin, 4424 mg g'),” functional materials (e.g, aminated
polyacrylonitrile fibers, 31.45 mg g™'),”* industrial wastes (e.g,,
newspaper pulp, 30 mg g_l),25 inorganic materials (e.g, nZVI,
250 mg g~'), biomass (e.g, bacterial consortium, 450 mg
g™"),”° and carbon-based adsorbents (e.g, high density 3-D
graphene, 3820 mg g').”” The removal capacities of other
materials are reviewed thoroughly in Table S3 of the
Supporting Information. For the S-nZVI system, the extra-
ordinary removal capacity of copper is found as high as 623
mg/g S-nZVI, a value obtained after just one reaction cycle and
after 90 min of incubation time for the copper pollutant (Figure
S1, Supporting Information). The removal capacity of S-nZVI
for Cu is thus the second highest reported so far (Table S3,
Supporting Information) with 3-D graphene in a leading
position;2 however, in our case, the removal involves both
adsorption and reduction of Cu** and subsequent magnetic
separation, which is viewed as a technological advantage of the
S-nZVI system. To explain the mechanism of this superior
copper uptake with S-nZVI, we performed advanced HRTEM/
STEM-HAADEF chemical mapping and XPS analysis of the
solid product obtained after the copper entrapment. Figure 3a
and b shows the HR-TEM and STEM-HAADF images of the
S-nZVI material obtained after incubation with a Cu*'-
containing solution, complemented by X-ray electron dispersive
spectroscopy (XEDS) analysis with the elemental mapping
(Figure 3c—f). Additional XEDS mapping is shown in Figure
S9 of the Supporting Information.

The micrographs not only illustrate the clear preservation of
the condensed-clustered superstructures but highlight also the
even distribution of the copper pollutant over the surface and
the inner core of the S-nZVI material (Figure 3d and Figure S9,
Supporting Information). Further knowledge concerning the
oxidation state of the sequestered pollutant and the
modification of the oxidation state of S-nZVI comes from X-
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Figure 3. (a) HR-TEM of S-nZVI recorded after 90 min of copper
entrapment (S-nZV1/Cu), (b) STEM-HAADF of S-nZV1/Cu, and (c)
STEM-XEDS mapping with overlay of elemental Fe (red), Cu (blue),
and O (green). Panels (d) to (f) show individual STEM-XEDS images
of Cu, Fe, and O, respectively. Panel (g) shows the STEM-XEDS line
profile evidencing the spatial distribution of elemental Fe, Cu, and O.
Panel (h) shows the XPS spectrum of S-nZVI recorded along the Cu
2p energy window.

ray photoelectron spectroscopy (XPS) analysis. The presence
of two doublets in the Cu 2p;, region (Figure 3h) indicates the
existence of reduced Cu and adsorbed Cu®* species being
trapped by S-nZVI, with signals corresponding to the Cu’/Cu'*
at binding energies of 932.39 and 952.19 €V and to the Cu’* at
the binding energies of 934.26 and 954.06 eV, respectively. The
Cu’ and Cu'" XPS patterns are strongly overlapping;
nevertheless, their appearance still proves the reduction effect.
For the Cu®*-consisting system, it was published earlier that
nZVI reduces Cu®* to Cu’’ however, here, the exact valence
state could not be exactly determined. Other satellite features
are detected as well, around 943 eV, and those are commonly
found for Cu®" ions.”® According to the quantification of the
Cu species, the copper entrapment accounted for 66.6% of
reduced Cu and 33.4% of Cu*".

Therefore, the pollutant removal is driven by both processes,
reduction of Cu®* and simple adsorption of Cu®" ions. These
results confirm the importance of the spherical 3D architecture
of S-nZVI by maintaining a high specific surface area and
mesoporosity in the liquid environment, providing binding sites
for metal adsorption. Consequently, the improved contact with
the copper pollutant leads to the efficient adsorption/reduction
onto the highly reactive S-nZVI surface. Finally, the *'Fe
Mossbauer spectrum measured after Cu** removal is shown in
Figure 2c and reveals clearly that the S-nZVI material contains
still ~85% of Fe’ together with oxidized iron, in the form of y-
Fe,0; (maghemite, § = 0.31 mm/s, AEq = 0.00 mm/s, and By
442 T), Fe;O, (magnetit, 6 = 028 mm/s, AE, =
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0.00 mm/s, and By = 49.0 T for the tetrahedral sites and § =
0.66 mm/s, AE; = 0.00 mm/s, and By = 452 T for the
octahedral sites of Fe;O, crystal structure), and super-
paramagnetic iron(III) phase (6 = 0.38 mm/s, AE, = 0.69
mm/s). The detailed analysis of the hyperfine Mdssbauer
parameters is given in Table S1 of the Supporting Information.

H CONCLUSION

This work showed the facile preparation of a novel 3D
architecture for nanoscale zero-valent iron particles, assembled
for the first time into condensed spherical superstructures. The
synthetic key to achieve this type of innovative structural
organization is based on the morphologically conserved
transformation of the magnetite condensed-clustered spherical
precursor, subjected to the solid-state process during the high-
temperature reduction. The efficiency of S-nZVI for the water
remediation from heavy metal confirmed the excellent trapping
proclivity of this material in comparison to all previously tested
systems and thus shows a true technological potential in the
field of environmental remediation.

In particular, the record efliciency of copper removal is
clearly due to the enhanced reduction capacity and sorption
capability of the mesoporous 3D superstructure. Also thanks to
the simple possibility to scale up the solid-state thermal
synthesis, we believe that such 3D S-nZVI superstructures will
exhibit similar record efliciencies in reduction/sorption-based
remediation technologies of other highly toxic metals (e.g,
Cr6+, U6+, Pb2+).
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ARTICLE INFO ABSTRACT
Keywords: The optimization of nanoscale zero-valent iron (nZVI) for groundwater remediation applications requires con-
Nanoscale zero-valent iron sideration of properties that influence its longevity and transport in porous media and reactivity with con-
Cofe'Sheu nanoparticles taminants. Here, we report on the stabilization of nZVI by controlled growth of oxide shells of varying thickness
Oxide shell and characterization of the resulting materials’ structure and reactivity. Using a thermal oxidation method, nZVI

Controlled reactivity

Chromium removal was prepared with shell thickness varying between 4 and 10 nm. These nZVI materials, together with pyrophoric

nZVI (without a passivating oxide coating) and two commercial nZVI materials (NANOFER STAR and NANOFER
25), were characterized in detail with respect to morphology, shell thickness, structure, magnetism, stability,
and reactivity. The results show that increasing oxidation temperature results in thicker oxide coatings on the
particles, but these coatings also have more fractures and other defects. The reactivity of these particles, de-
monstrated on Cr(VI) and Cu(II) removal, increases with increasing shell thickness, probably as a result of higher
extent of defects in thicker shell. Therefore the ability to control thickness and character of the shell leads to
possibility to controlling reactivity while keeping comparable content of Fe(0) in the material. These nZVI
materials with 7 and 10 nm oxide shell prepared via simple solid-gas synthesis can be used as a suitable alter-
native to common air-stable nZVI without additional activation steps.
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1. Introduction

Nanoscale zero valent iron (nZVI) is among the most widely studied
types of nanomaterials mainly because of the interest in using nZVI for
water treatment, originally with anaerobic groundwaters, but increas-
ingly with aerobic surface and process waters [1-5]. Advantages of
nZVI in these processes include easy delivery due to the small particle
size, high reactivity with many contaminants resulting from its high
surface area, and sustainability due to the environmental compatibility
of the iron-containing reaction products. Contaminants that can be re-
moved from water by nZVI include inorganic compounds like heavy
metals, metal oxyanions, and nitrate [6-11], as well as organic com-
pounds like halogenated aliphatics (e.g., trichloroethylene [12]), ha-
logenated aromatics (e.g., polychlorinated dibenzodioxins [13]), ni-
troaromatics (e.g., trinitrotoluene [14,15]), and azo dyes (e.g., Orange [
[16]). More novel contaminants that have been targeted with nZVI
include chemical warfare agents [17], antibiotics [18], contrast agents
[19], and viruses [20].

Despite the promise of nZVI based remediation technologies, there
are disadvantages that have limited their application at the full-scale.
One major issue is that nZVI in aqueous media forms agglomerates due
to intrinsic magnetic and van der Waals attractive interactions [21],
which decreases the availability of the particle surface area to con-
taminants, thereby decreasing their reactivity. To prevent their ag-
glomeration, stabilization of nZVI particles has been achieved with
various organic and/or inorganic amendments [22,23]. Another issue is
the high reactivity of nZVI in air, where the unprotected material can be
pyrophoric [24], and in water, where much of the nZVI’s reducing
equivalents can be wasted on reduction of H,O to H, [25]. These issues
must be overcome for storage, transportation, handling, and deploy-
ment in routine application of the nanoparticles. Two possible ways to
overcome these limitations have been invented: firstly, transportation
and handling of nZVI as a slurry, though this causes aging and increases
the cost of nZVI [26], and secondly, surface stabilization via creation of
organic or inorganic shell.

Organic coatings on nZVI, which can be activating or passivating
with respect to redox reactions at particle-solution interface [23],
prevent agglomeration and sedimentation of nZVI particles [27]. Bio-
degradable surfactants like carboxymethyl cellulose, starch, and guar
gum are very popular for nZVI stabilization due to functional groups
(e.g., -OH, -CO-, —-COOH) [28]. For example, on-site modification of
nZVI by Tween 80 and consequent full-scale application on real locality
was investigated e.g., by Soukupova et al. [29].

Inorganic nZVI stabilization includes carbon based coatings (i.e.,
carbon and/or iron carbide shells [30]) and surface passivation (i.e.,
creation of oxide shell). Considering the impossibility of absolute
oxygen elimination even with maximal effort to keep anoxic conditions
during storage and characterization, several authors have reported
oxide shells even though they intended to use pristine nZVI [9,31,32].
Whereas the thickness of the shell created by targeted passivation is
typically in the range 2-5nm [33,34], the spontaneously created shell
varies significantly up to 25nm [9,31]. The essential condition for
successful passivation arising from the exothermal nature of ZVI oxi-
dation is a sufficient limitation of oxygen in the system. According to
the Cabrera-Mott theory of metal oxidation [35], thin compact shell
stabilizing particles under given conditions is created without increase
of temperature preventing consequent grow of the shell. Already re-
ported ways of oxygen limitation and preparation of stable nZVI include
gradual supply of oxygen from ambient atmosphere [12,24,34], or
defined oxygen containing gas mixtures [36], or eventually pure
oxygen gas [37] under reduced pressure. Additionally, usage of inert/
pseudoinert gasses including argon, nitrogen, and carbon dioxide for
nZVI stabilization has been reported [38].

Although the shell offers benefits during manipulation and storage,
a lack of electron transfer through the shell decreases the reduction
capability of nZVI [39]. Several methods have been proposed to
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disruption/elimination of the shell, thereby restoring the reactivity of
nZVI. One method uses ultrasound to provide better dispersion of na-
noparticles and disruption of the shell by its fracturing [40,41]. How-
ever, the implementation of ultrasound for field scale applications is
impractical. The second method is based on chemical activation; i.e.,
disruption/elimination of the shell in water environment. The exposure
of nZVI to water induces aging manifested by creation of a surface shell
whose nature is driven by the presence of oxygen; i.e., anaerobic en-
vironment leads to FeOOH/Fe(OH), shell [42], whereas aerobic to
Fe,Oy/y-FeOOH shell [43]. The negative effect of the shell on reactivity
has been studied [12,44-46], however a few authors have noted a
transient increase in reactivity on the time-scale of 1-2 days [47,48].
That observation motivated our previous detailed study focused on
nZVI activation process which can increase reactivity up to 5 times
compared to their non-activated counterparts [49].

Although several authors have already investigated the creation of
oxide shells on nZVI particles [31], to our best knowledge, no study has
focused on direct in situ monitoring of the shell formation process on
dry nZVI (i.e., nZVI prepared by thermally-induced solid-gas reaction)
or demonstrated the ability to control the shell thickness and character
via optimization of the synthesis conditions. We report on detailed
characterization of nZVI materials extended with two commercial
products (i.e., NANOFER STAR, and NANOFER 25) including particle
size and morphology, shell thickness, structure, magnetism and stability
quantification. The long-term reactivity evaluation revealed the ability
to control kinetics through the shell thickness. Moreover, we in-
vestigated the positive influence of the thicker shell on the reactivity
(i.e., 7 and 10 nm) driven by fractures and other defects in the shell
resulting in the effect similar to nZVI activation [49]. The nZVI mate-
rials with 7-10 nm oxide shell exhibit a similar ability in pollutant re-
moval demonstrated on Cr(VI) and Cu(Il) like activated nZVI. There-
fore, they offer application of air-stable nZVI without the need of time-
consuming activation. The advantage of the proposed synthesis of air-
stable nZVI also consists in the possibility of upscaling the procedure
into industrial scale in an easy way.

2. Materials and methods
2.1. nZVI synthesis

The bare nZVI particles were prepared by thermal reduction of iron
oxide powder in hydrogen gas (for details see: [17,42]), which resulted
in nZVI particles similar to the commercially available product NA-
NOFER 25 (NANO IRON s.r.o, Czech Republic). The bare nZVI particles
were labelled as nZVI_0. For purpose of comparison, two commercial
nZVI materials NANOFER 25, batch 655 (pyrophoric nZVI without
stabilization, labelled as NF_25) and NANOFER STAR, batch 197 (air-
stable nZVI, labelled as NF_STAR) from NANO IRON were utilized
within this study. Additionally, for the reactivity comparison, NF_STAR
activated following the procedure of nZVI activation [49] was included.

2.2. Direct investigation of oxide shell creation

Three experimental methods were used for in situ monitoring of
oxide shell creation: variable temperature X-ray powder diffraction
(VT-XRD), thermogravimetric analysis (TGA), and temperature pro-
grammed oxidation (TPO). All experiments were performed in the
mixture of 2 mol% of oxygen in nitrogen.

The VT-XRD was performed with reaction chamber XRK 900 (Anton
Paar) mounted to the X-ray diffractometer (see Section 2.5.). The two
independent experiments were performed: firstly, progressive heating
of the bare nZVI particles with collection of XRD patterns each 25 °C
(i.e., at room temperature (RT), 50, 75, ..., 250 °C) for 10 min (total
increment equals to 2.35 °C/min of continuous heating), and secondly,
isothermal annealing of the bare nZVI particles at 150 °C for 360 min
with repetitive collection of XRD patterns each 10 min. The patterns
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were captured in 20 range from 20 to 80° (26 resolution 0.0167°, scan
speed 6°/min).

Two independent experiments were performed employing TGA (see
Section 2.5.) for monitoring of oxide shell grow. Firstly, isothermal
treatment of bare nZVI at RT for 600 min; and secondly, isothermal
treatment of bare nZVI at 150 °C for 360 min with increment of 10 °C/
min to reach required temperature.

Similarly, for the in situ monitoring of the oxide shell creation on
nZVI by TPO, Autosorb TCD controller accessory was employed in
conjunction with Autosorb iQ machine (Quantachrome). Two experi-
ments were conducted, at RT and 160 °C, respectively.

2.3. Preparation of nZVI materials for detailed characterization and
reactivity evaluation

Following the preliminary in situ experiments (see Section 2.2.), the
“large-scale” stabilization of the nZVI particles (i.e., in terms of several
grams) was performed by controlled formation of oxide shells with
varied thicknesses. The targeted thickness of the shell was achieved via
varied temperatures of passivation. The treatment of nZVI was per-
formed in a laboratory furnace at temperatures (selected on the basis of
a large set of preliminary experiments; data not shown): 25, 100, 115,
and 150 °C (samples labelled as nZVI_4, nZVI_5, nZVI 7, and nZVI_10,
respectively) for 240 min in the mixture of 2mol% of oxygen in ni-
trogen.

2.4. Reactivity evaluation

The reactivity of nZVI particles was evaluated in anaerobic batch
experiments using Cu(II) and Cr(VI), which were selected, in part, be-
cause their suitability as model contaminants for ZVI testing has been
systematically investigated in previous work [50]. The stock solutions
of Cu(Il) and Cr(VI) were prepared from copper sulfate pentahydrate
(CuS045H,0, p.a., Sigma-Aldrich) and potassium chromate (K;CrO,,
p-a., Sigma-Aldrich) using deoxygenized DI water. The initial Cu(II) and
Cr(VI) concentrations were 1mg/L as Cu or Cr in final volume of
310 mL. The experiments were performed in hermetically-closed glass
bottles. In the efficiency experiments, Cu(II) and Cr(VI) solutions were
mixed with different amounts of nZVI ranging between ca. 60 and
300 mg (i.e., with final concentration ranging between ca. 200 and
900 mg/L), the pH was adjusted to 7 by 2% solution of hydrochloric
acid, the samples were sonicated for 1 min and subsequently shaken on
a rotary shaker for 24 h. In the kinetic experiments, Cu(II) and Cr(VI)
solutions were mixed with 100 mg of nZVI samples (i.e., final con-
centration of 322 mg/L as Fe). Immediately after mixing the Cu(II) and
Cr(VI) solutions with nZVI, the samples were sonicated for 1 min and
the pH of the solutions was adjusted to 7 by 2% solution of hydrochloric
acid. The samples were continuously shaken on a rotary shaker and
measured after 1, 2, 5, 7, 10, 14, 21 days. The measured samples were
filtered through 0.45 um syringe filters. Subsequently, the residual total
concentrations of Cu and Cr were determined by the atomic absorption
spectroscopy with electro thermal atomization (AAS-ETA) with gra-
phite furnace using ContrAA 600 spectrometer (Analytik Jena AG)
equipped with a high-resolution Echelle double monochromator
(spectral band width of 2 pm at 200 nm) and with a continuum radia-
tion source (Xe lamp). The absorption lines used for analyses were
324.8 and 357.9nm for Cu and Cr, respectively. Standard Cu and Cr
solutions were prepared using commercial standards TraceCERT pur-
chased from Fluka. The range of calibration curves of the standards was
between 5 and 50 pg/L of Cr and Cu. The limit of detection (LOD) and
the limit of quantification (LOQ) were calculated to be 1.66/1.55 pg/L
(LOD) and 6.75/6.05 pg/L (LOQ) for Cr/Cu, respectively.

2.5. Characterization techniques

The XRD was measured employing X‘Pert PRO MPD powder
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diffractometer (PANalytical). The diffractometer operates in Brag-
Brentano geometry and is equipped with CoK, radiation source, posi-
tion sensitive X‘Celerator detector and programmable divergence and
diffracted beam antiscatter slits. The diffraction patterns were captured
typically at 26 range from 10 to 105° (20 resolution 0.0167°, scan
speed 0.31°/min) at RT. The commercially available standards SRM640
(Si) and SRM660 (LaBg) were used for the evaluation of the line posi-
tions and experimental line broadening, respectively. Phase identifica-
tion and Rietveld refinement were carried out using High Score plus
software in conjunction with PDF-4+ and ICSD databases.

TGA was performed on STA 449C Jupiter (Netzsch). The thermal
stability of the nZVI particles with variable thicknesses of the oxide
shell was performed by continuous heating approximately 20 mg of
each sample up to 500 °C (heat rate 10 °C/min) in synthetic air with
flow rate of 10 mL/min.

BET specific surface area (SSA) measurements were performed on
Autosorb iQ (Quantachrome) machine. For determination of SSA, BET3
method was used in the range of p/po between 0 and 0.5. The pore size
distribution was calculated using BJH method from desorption curve.
The samples were degassed before the measurement at RT for at least
12h to eliminate redundant water and humidity. Nitrogen was used as
an adsorption gas.

High-resolution transmission electron microscopy (HR-TEM) images
with elemental mapping were captured employing FEI Titan G2 60-300
microscope equipped with X-FEG electron gun, objective lens image
spherical aberration corrector, and chemiSTEM EDS detector.
Accelerating voltage 160kV was wused for capturing images.
Additionally, routine TEM images used for determination of the shell
thickness were captured on microscope JEOL JEM-2100 with point to
point resolution 0.19 nm at accelerating voltage 200 kV. The particle
size and the shell thickness distributions were evaluated using the
ImageJ software.

57Fe Mossbauer spectra of the nZVI samples were captured before
and after the batch experiments in constant acceleration mode in ve-
locity range from —10 to 10 mm/s. The spectrometer MS96 [51] was
equipped with ®”Co(Rh) radiation source and fast scintillation detector
with YAIO3:Ce crystal. Mosswin software was used for data processing.
The isomer shift was calibrated against a-Fe foil at RT.

The magnetic data were collected using a Quantum Design physical
properties measurement system (PPMS Dynacool system) with the VSM
option. The experimental data were corrected for the diamagnetism and
the signal of the sample holder. The hysteresis loops were recorded at a
temperature of 300K in external magnetic fields ranging from -9
to +9T.

The X-ray photoelectron spectroscopy (XPS) measurements were
carried out with the PHI 5000 VersaProbe II XPS system (Physical
Electronics) with monochromatic AlK, source (15kV, 50 W) and
photon energy of 1486.7 eV. The powder samples were mounted to the
holder by double-sided tape. All spectra were measured in the vacuum
of 1.4 x 107 Pa. The analyzed area on each sample was spot of 200 um
in diameter. The survey spectra were measured with pass energy of
187.850 eV and electronvolt step of 0.8 eV, while for the high resolu-
tion spectra pass energy of 23.500 eV and electronvolt step of 0.2 eV
were used. Dual beam charge compensation was used for all measure-
ments. The spectra were evaluated with the MultiPak (Ulvac - PHI)
software. All binding energy (BE) values were referenced to the ad-
ventitious carbon peak Cls at 284.80 eV.

3. Results and discussion
3.1. In situ monitoring of nZVI-surface oxidation

Three complementary experimental methods were employed for
detailed in situ investigation of nZVI surface oxidation. Fig. 1 represents

the evolution of the diffraction patterns (VT-XRD) and the phase
abundances during the oxidation of bare ZVI nanoparticles based on a
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Fig. 1. (a) Evolution of X-ray diffraction patterns, and (b) relative phase abundance during oxide shell grow on nZVI particles investigated at progressive heating
(according to profile inserted in the patterns evolution, (a)). Temperatures used for subsequent isothermal preparation of air-stable nZVI materials are highlighted.

progressive heating. Formation of wiistite (i.e., FeO) crystalizing in a
defect fcc structure of NaCl type [52] was observed at a relatively low
temperature (75 °C). Additionally, a cubic spinel structure of magne-
tite/maghemite phase occurs at 100 °C. Considering that the wiistite
reaches equilibrium achieving 3 or 4 wt% and the amount of magnetite
grows up to 37 wt% at 250 °C, we propose that the wiistite creates the
interface between the ZVI cores and the magnetite shell during the
nZVI <> magnetite transformation [53]. Moreover, at a temperature
above 175 °C the nZVI oxidation to hematite occurred (Table S1). The
total amount of nZVI decreased to the detriment of iron oxides from 100
to 30 wt% after heating to 250 °C.

Additionally to the progressive heating experiment, we investigated
isothermal annealing of nZVI at 150 °C (Fig. 2a,b) for 360 min. The
creation of the oxide shell composed of magnetite/maghemite was
observed immediately; i.e., after the first 10 min of annealing. The
amount of magnetite/maghemite grew to 17 wt% nearly linearly
through the whole monitored period of time. No other iron oxide
phases were observed in the patterns.

For deeper understanding of the oxide shell creation, which is dif-
ficult to quantify by XRD due to its nanocrystalline character, we uti-
lized TGA. Oxidation of pristine ZVI nanoparticles to Fe;04 or Fe;05 is
theoretically accompanied by weight increase of 38.19, and 42.97 wt%
because of the incorporation of the oxygen into ZVI nanoparticles. We
observed a rapid mass increment during the first few minutes of the
flushing reaction volume with oxygen containing gas mixture (Fig. 2c).
Although the total weight increase after 600 min was 2.5% (corre-
sponding to 6.5 wt% of magnetite) for the RT experiment, more than
1.5% mass increment was achieved within the first 15 min. The total
weight gain of 7.8% corresponding to 20.4 wt% of magnetite in the
experiment at 150 °C was received during two separate temperature
intervals (Fig. 2¢). Although more than 5.5% of the weight increase was
achieved within the first 15 min of heating the nZVI particles to the set
temperature, further weight growth was gradual over the whole period.
According to the Cabrera-Mott theory of oxidation of metals [35] this
rapid weight increase immediately after the start of the experiment is
caused by fast formation of a very thin layer of iron oxides on the
surface of the particles. Subsequently, the weight gain slows as a result
of limited iron diffusion through the oxide layer to the surface of the
nanoparticles as demonstrated by Bardeen et al. [54], who proposed
that metal ions diffuse from the nanoparticle cores to the surface in-
stead of oxygen diffusing from the surface to the cores.

Similarly, pronounced differences in the signal intensity re-
presenting gas consumption were observed during the TPO experiments
(Fig. 2d,e). The rapid increase in the signal intensity indicates the
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creation of the oxygen monolayer on the surface of the nanoparticles
immediately after the start of both RT and 160 °C experiments [35]. The
difference is in the kinetics of the oxide shell creation driven by a
temperature dependent diffusion rate of iron atoms. A gradual decrease
in the signal intensity from its maximum stretched to almost 150 min
before reaching nearly zero value in the RT experiment, which follows
the Cabrera-Mott theory of metal oxidation by exhibiting forthcoming
oxygen saturation in the shell layer. Equilibrium of newly adsorbed
oxygen and oxygen incorporated into iron oxide represents a fluctu-
ating signal slightly above zero level. On the other side, during the
experiment performed at 160 °C, the gas consumption rose quickly to its
maximum value and remained nearly stable for 10 min. Subsequently, a
rapid drop in consumed gas occurred followed by a slight decrease to
zero much faster than in the RT experiment. This observed evolution is
fully consistent with the above-presented TGA results supporting thus
the validity of the proposed interpretation of nZVI-surface oxidation
according to the Cabrera-Mott theory.

3.2. Properties of advanced air-stable ZVI nanoparticles

Although only lab scale quantities of the material was used for in
situ monitored creation of oxide layer on the surface of nanoscale ZVI
particles, the conditions for preparation of nZVI particles with con-
trolled oxide shell thickness were optimized for production in the scale
of dozens of grams (see Section 2.3.). Repeated experiments focused on
preparation of all materials verified satisfying reproducibility (data not
shown).

3.2.1. Structural, morphological and magnetic aspects

Structural and phase characterization clearly revealed the presence
of bec structure of elementary iron (i.e., zero-valent, a-Fe; Fig. 3) re-
presented by lines belonging to 110 and 200 structural planes in all
XRD patterns. Their relatively narrow shape points to good crystallinity
with mean X-ray coherence length (MCL) varying between 69.6 and
55.9 nm for the materials nZVI_0 and nZVI_10, respectively (Table 1).
Moreover, in conjunction with samples nZVI 4 (64.3nm), nZVL5
(64.8 nm), and nZVI_ 7 (56.7 nm), we observed the tendency of the MCL
to decrease as the shell thickness increased (slight deviations from this
trend are within experimental error; see Table 1). The cell parameter
0.2867 nm determined for all samples was in agreement with the re-
ported values for a-Fe [55]. The XRD patterns of the samples with the
shell contained broad diffraction lines belonging to 220 and 311
structural planes of magnetite/maghemite structure (see inset in Fig. 3),
the intensity of which grew as the shell thickness increased.
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Fig. 3. X-ray diffraction patterns of nZVI with controlled shell thickness with
detailed view on the most intensive lines of magnetite.

Additionally, these lines were not observable for non-stabilized sample
nZVI_ 0 because of the absence of the shell. The broadness of the mag-
netite/maghemite lines is a result of very low crystallinity of the shell
caused by the thickness of the shell itself as well as by the surface ef-
fects. Nevertheless, the oxide crystallinity follows the trend determined
by TEM; i.e., the crystallinity grows along with the increasing shell
thickness from 3.3 to 9.3 nm for nZVI_ 4 and nZVI_10. From the phase
quantification point of view, the amount of magnetite/maghemite in-
creases with the increasing shell thickness from 2.8 to 21.3 wt% for
nZVI_ 4 and nZVI 10, respectively (Table 1). Concerning the magnetite/
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maghemite identification, their isostructural character makes them
hardly distinguishable by XRD. However, the cell parameters as high as
0.8351 and 0.8396 nm for maghemite and magnetite, respectively
[56-58], provide an evidence of nearly stoichiometric magnetite
structure in this particular case (see Table 1).

Additionally, the structural and the phase characterization of
NF_STAR and NF_25 was carried out (Fig. Sla). In NF_STAR, two
crystalline phases were observed; firstly, elementary (i.e., zero-valent)
iron with MCL 67.1 nm, cell parameter 0.2867 nm, and relative content
91.0 wt%; and secondly magnetite. In this case, the situation was more
complicated because the magnetite XRD lines had to be fitted by two
structures with different crystallinity 27.7 and 3.4nm, respectively.
Considering the observation of the shell in TEM images and the cal-
culated shell thickness (see Table 2, where the shell thickness is slightly
higher than MCL of magnetite for all air stable samples), we propose
that the structure with smaller crystallites represents the shell. On the
other hand, the structure with larger crystallites, which is observed only
in the commercial materials, including non-stabilized NF_ 25 (see
Table 2), could represent remaining non-reduced iron oxides from
manufacturing process of material. The cell parameters for both mag-
netite structures were close to the values reported for stoichiometric
magnetite [57]. In the pattern of NF_25, three crystalline phases were
identified. In addition to elementary iron and magnetite, a small
amount of wiistite was observed (0.8 wt%) that presumably also ori-
ginated from an incomplete reduction of iron oxides during the man-
ufacturing process (see also [17,42]). The parameters calculated for
elementary iron and magnetite were close to those previously observed:
MCL 72.5nm, cell parameter 0.2867 nm, and relative content 92.6 wt
%. The MCL 27.5 nm for magnetite with abundance 6.6 wt% points to
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Table 1
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Structural and phase characteristics of fresh and one-year aged nZVI samples derived from Rietveld refinement of XRD patterns.

Sample Fresh materials Materials aged for 1 year

a-Fe Fe304 a-Fe Fe304

(wt.%) MCL (nm) (wt.%) MCL (nm) a (nm) (wt.%) MCL (nm) (wt.%) MCL (nm) a (nm)
NF_25 92.6 71.5 6.6 27.5 0.8396
nZVI 0 100.0 69.6 — — —
nZvl 4 97.2 64.3 2.8 3.3 0.8413 94.2 67.6 5.8 3.2 0.8410
nZvVl5 96.0 64.8 4.0 3.5 0.8411 94.4 67.6 5.6 3.5 0.8390
nZv17 87.2 56.7 12.8 5.7 0.8389 84.8 60.2 15.2 6.0 0.8390
nzvi_ 10 78.7 55.9 21.3 9.3 0.8390 76.2 56.1 23.8 9.5 0.8389
NF_STAR 91.0 67.1 6.1 3.4 0.8388 89.4 67.5 7.2 3.4 0.8388

2.9 27.7 0.8410 3.4 27.7 0.8408

* Standard deviation of MCL calculated for a-Fe is 0.5 nm.
** Sample NF_25 contains additional 0.8 wt% of wiistite.

non-reduced iron oxides from manufacturing process.

A typical TEM image of nZVI (Fig. S2) contains a cluster of ag-
gregated nanoparticles. The separate particles are nearly spherical in
shape, but some of them are obviously firmly fused together. Ribas et al.
[49] suggested creation of aggregates via intergrowth of individual
particles through the passivation shell. Mean particle size
72.8 = 1.1 nm calculated using log-normal distribution function (Fig.
S2) was determined from samples nZVI_4 and nZVL_5 considering good
statistical quality and similar preparation conditions and the shell
thickness for both samples (temperature used for preparation of bare
nZVI is much higher than that used for passivation). Within the values,
the cores as well as the shells were included.

The ability to control the shell thickness was achieved by optimizing
the preparation conditions (mainly temperature and gas) out of which
the most crucial was the limitation of oxygen in the system. This pre-
vented uncontrolled oxidation and resulted in the possibility of con-
trolling the shell thickness, and additionally in a relatively narrow
distribution of the shell (Fig. 4). While the distribution is very narrow
for sample nZVI_4 (shell thickness between 2.0 and 5.4 nm), it becomes
slightly broader for the thicker layers (between 6.8 and 14.6 nm for
sample nZVI_10). However, the distribution is still narrow compared to
previously reported interval 1 to 25 nm [9,38]. The mean values of shell
thicknesses are 4.0, 4.9, 7.3, and 9.9 nm for samples nZVI 4, nZVL 5,
nZVI_7, and nZVI_10 (Table 2). Moreover, the character of the shell
changes alongside the shell thickness. In samples nZVI_4 and nZVI_5,
and additionally NF_STAR, the shell covers homogeneously the whole
particle without any observed fractures or disruptions, which is in
agreement with the previous studies dealing with thin shell [9]. HR-
TEM image with detailed elemental mapping of sample nZVI 4 (Fig. 5)
confirmed that observation. However, the areas with disrupted com-
pactness of the shell are typical for nZVI_7 sample and are far more

Table 2

frequent in the nZVI_10 sample. Moreover, HR-TEM revealed fractures
and disruptions of the shell in nZVI_10 sample analogous to activated
nZVI [49]. The elemental mapping proved that the cores contain mostly
metallic iron whereas the shells iron and oxygen in any form of iron
oxides. However, changes in stoichiometry of oxygen and iron in the
shell pointing to location of wiistite were not observed [34]. Moreover,
the relatively sharp interface between the cores and the shells points to
a very thin and therefore poorly crystalline Fe-Fe,O, transition layer.

The character of the shell also affects the specific surface area and
the porosity. Although nZVI materials can typically reach SSA 40 or
50 m?/g when synthesized via borohydride method [38], the SSA of
nZVI prepared by thermal reduction is lower [11]. The prepared stable
materials exhibit SSA in the range between 18.4 and 24.4 m?/g where
the SSA increases as the shell thickness does (Table 2) because of the
porosity of the shell. This confirms that both the pore size distribution
(Fig. S3) and the derived pore surface area (Table 2) increase almost
simultaneously with the SSA of the materials.

Another important characteristic of nZVI is its magnetic properties
[59,60]. Typical values of saturation magnetization (M) for ZVI and
magnetite in bulk form at room temperature are 215-220 and
90-100 emu/g [61,62], respectively. Therefore, we expect decreasing in
M; with increasing shell thickness. Additionally, considering the nano-
particulate character of the samples and its reducing effect on M; in
general, we expect lowered M compared to their bulk counterparts [63].
The highest M (201.9 emu/g) was observed for sample nZVI 0 as ex-
pected (Table 2, Fig. S4). The samples nZVI_ 4 and nZVI 5 exhibited close
values of M; 186.9 and 188.1 emu/g. We suggest that the higher value for
sample nZVL5 is caused by better ordering of the shell. However, the
lowest Mg of the prepared samples (160.2emu/g) was observed for
nZVI_10 as a result of the high magnetite content. Overall, the trend is for
decreasing M; with increasing shell thickness. In the commercial samples

Properties of nZVI samples derived from TEM (shell thickness), BET SSA (SSA and Pore SA), PPMS (saturation magnetization — M), Mossbauer spectroscopy (relative
spectral areas of all subspectra; see the text for the interpretation of particular spectral components S, D and G), and TGA (calculated content of a-Fe and Fe;0,4, and

threshold temperature of stability).

Sample TEM BET SSA PPMS MS TGA

Shell SSA Pore SA M Slpa S2graA S3gra Dlga Glga a-Fe Fes0,4 Stab.

(nm) (m?%/g) (emu/g) (%) (Wt%) o)
NF_25 — — — 189.4 80 2 3 1 14 — — —
nZVI1_0 — — — 201.9 89 — — 1 10 — — —
nzZvl 4 4.0 18.4 119 186.9 81 — — — 19 80.1 19.9 120
nZVL5 4.9 18.8 13.7 188.1 79 — — 3 18 79.9 20.1 120
nZv1.7 7.3 23.3 16.6 168.2 69 2 3 — 26 69.8 30.2 160
nZvi 10 9.9 24.4 18.1 160.2 61 4 6 — 29 61.6 38.4 180
NF_STAR 4.8 18.5 13.6 175.5 76 1 2 2 19 74.9 25.1 120
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Fig. 4. Representative TEM images of prepared nZVI particles with (a) 4, (b) 5,
() 7, and (d) 10 nm thick oxide shell and (e) particles of commercial NF_STAR
with calculated shell thickness distribution. The specific temperatures of pre-
paration are also shown.

the M; values decreased to 189.4 and 175.5emu/g for NF 25 and
NF_STAR, respectively, this resulted from the content of non-reduced
magnetite and wiistite from manufacturing process (see above; [17,42]).
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In RT Mossbauer spectra of all samples (Fig. S5), sextet S1 with
hyperfine parameters § = 0.00 mm/s and Bg, close to 33.0 T (Table 2,
and Table S2) representing a-Fe was observed as a major component
[17]. Its amount decreased with increasing shell thickness from 89 at.%
to 61 at.% for nZVI_0 and nZVI_10 samples, respectively. The relaxing
component (G1) representing magnetically non-ordered Fe in the shell
and in the interface between shells and cores was another significant
component observed in all spectra. Although its isomer shift points that
majority of iron is in Fe** state, Fe>* and Fe® may also contribute to
this subspectrum. The relative spectral area of the relaxing component
increased from 10% for nZVI_0 to 29% for nZVI_10 with increasing shell
thickness. In the samples with 7 and 10-nm-thick oxide shell, sextets S2
and S3 were additionally observed (for hyperfine parameters see Table
S2), which can be ascribed to tetrahedral (T-sites) and octahedral (O-
sites) sites of iron in magnetite [61]. With respect to the shell thickness
and the structural defects resulting in distorted and non-equivalent
neighbourhood of iron atoms, the non-zero quadrupole splitting and the
lowered hyperfine magnetic field compared to its bulk counterparts are
correct. The spectral area for S2 and S3 together is 5% for sample
nZVI_7 and 10% for nZVI_10. In samples nZVI_0 and nZVI_5, doublet D1
with isomer shift close to 0.3 mm/s and quadrupole splitting close to
0.9 mm/s representing magnetically non-ordered Fe** was observed.
Its relative spectral area is 3% at the most. In the case of commercial
samples NF 25 and NF_STAR, the content of a-Fe is slightly lower
compared to samples nZVI_0, nZVI_4 and nZVI_5, which is due to the
presence of the magnetite represented by sextets S2 and S3. The hy-
perfine parameters of sextets S2 and S3 correspond with the parameters
reported for magnetite [52] in the case of the commercial samples, but
not in the case of the samples with 7 and 10-nm-thick shell layer. This
observation supports the assumption that commercial materials contain
non-reduced magnetite resulting from manufacturing process. In both
samples also the doublet D1 representing Fe>* with a relative area of
2% at the most was observed.

3.2.2. Thermal and long-term stability

Thermal stability of the air-stable materials was investigated em-
ploying TGA. Theoretical weight gain related to oxidation of Fe and Fe304
to Fe,O3; mentioned in Section 3.1. was used for the calculation of metallic
iron content. For this purpose, the assumption that the particles contain
only metallic iron and magnetite has to be taken into account. The weight
gain varied in the range between 35.1% for sample nZVI 4 and 27.8% for
nZVI 10 (Fig. 6, Table 2) which corresponds to 80.1 and 61.6 wt% of
metallic iron, respectively. The smaller weight gain (i.e., 33.1%) observed
for NF_STAR supports the idea of residual iron oxides from manufacturing
process. Generally, the content of metallic iron is about 15 wt% lower
compared to XRD independently on the sample. We propose that such
discrepancy originates in the surface layers formed by non-crystalline
oxides, which are therefore not detectable by XRD. In addition to phase
composition, we estimated the temperature of material stability; i.e., the
temperature at which the oxidation of ZVI to any form of iron oxides
starts. Depending on the shell thickness, the temperature varied from
120 °C for materials with a thin shell (i.e., nZVI_4, nZVI_5, and NF_STAR)
to 180 °C for nZVI with a thick shell (nZVI_10).

The other important aspect of ZVI materials is their long-term sta-
bility in air. From the structural and the phase composition point of
view (Table 1), the characteristics of one-year aged materials are nearly
identical to their fresh counterparts. Contrary to Kim et al. [64], no
wiistite was observed in the diffraction patterns of aged prepared and
commercial air-stable samples (Fig. S1b). Independently of the shell
thickness, the materials contained in maximum about 3 wt% less of a-
Fe to the detriment of magnetite, which points to preservation of their
applicability for the monitored period of time. Moreover, the observed
MCL of a-Fe and magnetite were almost unchanged for all aged samples
(Table 1), leading to the assumption that the cores keep their size as
well as the shells keep their thickness.
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Fig. 5. HR-TEM images and elemental mapping of Fe and O showing (a) 4 and (b) 10 nm oxide shell on the surface of the particles in samples nZVI_4 and nZVI_10,

respectively.
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Fig. 6. TGA curves of nZVI materials with different shell thickness enriched
with NF_STAR heated under oxygen conditions.

3.3. Reactivity evaluation

While many contaminants can be degraded or sequestered by ZVI, a
few are particularly attractive for preliminary reactivity assays. Two
such probe compounds are Cu(II) and Cr(VI), both of which are readily
reduced and sequestered by ZVI, resulting in the disappearance of the
parent compounds from solution that is easily and unambiguously
monitored. The mechanisms, kinetics, and practical utility of these re-
actions have been studied extensively in previous works (e.g., [65]),
and their representativeness when used as reactivity assays has been
systematically evaluated [50]. In the latter study, it was shown that Cu
(I) and Cr(VI) were removed very fast and moderately fast, respectively
(compared with a wide range of contaminants); the rates of Cu(Il) se-
questration correlated surprisingly well with the rates of TCE reduction
(considering that the two reactions are fundamentally different in many
ways); and the rates of Cr(VI) sequestration were greatest with impure
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ZVI that was coated with significant iron oxide (in contrast to non-
oxyanion contaminants, which are generally are more rapidly reduced
by ZVI that is more pure Fe(0)).

The results of reactivity assay experiments performed on the nZVIs
included in this study are shown in Fig. 7 for Cr(VI) and Fig. S6 for Cu
(ID. The kinetic experiments (Fig. 7a and Fig. S6a) involved measuring
contaminant concentration vs. time, all starting with 332 mg/L of nZVI,
which falls in the range of nZVI concentrations used in prior lab studies
[66-68]. The capacity experiments (Fig. 7b and Fig. S6b) involved
measuring contaminant concentration vs. dose of nZVI, all with 24 h of
contact time, which was chosen mainly as a typical and convenient
exposure time for laboratory-based reactivity assays. The time series
data in the kinetics experiments and the dose series data in the capacity
experiments exhibit a variety of complications that make them un-
suitable for fitting to a comprehensive model, and even the method of
fitting initial rates, which is often used for these reactions [50,65],
could not be applied reliably to these data. However, there are quali-
tative trends in the data that are clear and consistent and with sig-
nificant implications for the design of nZVI with optimal properties for
water treatment.

The kinetic data for Cr(VI) can be divided into four groups: the
fastest removal was by nZVI without protective oxide (nZVI.0 and
NF_25), the slowest removal was by nZVI with thin oxide layers
(nZVIL_4, nZVI_5); and intermediate removal rates were obtained with
nZVI that has thick oxide coatings (nZVI_7, nZVI_10). Intermediate ki-
netics of Cr(VI) removal were also produced by two NF_STAR samples
(NF_STAR and NF_STAR activated). The overall and most significant
implication of these results is that air-stable nZVI prepared with a thick
oxide coating can still have high reactivity toward contaminants, pre-
sumably because of the high prevalence of defects in the oxide layer, as
evidenced by the material characterization data presented above. In
contrast, nZVI with thin oxide coatings can be relatively unreactive
with contaminants because the oxide layer tends to be more compact
and free of defects.

The capacity data for Cr(VI), in Fig. 7b, shows that the same overall
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Fig. 7. Removal of Cr(VI) by nZVI in well mixed anaerobic batch reactors: (a) vs. time with 322 mg/L of each nZVI and (b) vs. dose of each nZVI with 24 hr of
exposure time. All experiments were done in unbuffered DI water with initial pH adjusted to 7.0. The nominal initial concentration of Cr(VI) was used for co.

trend seen in the kinetic data applies at lower doses of nZVI (i.e., nZVI
with thin oxide coatings are least reactive, while nZVI with thick oxide
coatings can be as reactive with contaminants as oxide-free nZVI). One
notable difference is that the capacity data for NF_STAR is lower re-
lative to NF_25 and the other nZVIs when compared to the trend in the
kinetic data (cf. Fig. 7a). This is likely due to the short exposure time of
the capacity experiments (24 h), as it has been noted previously that
NF_STAR needs an activation period of 24-48 h to achieve full re-
activity [49].

The products of Cr(VI) removal by the nZVI samples were verified
by surface and structural characterization of the solids collected by
filtration after 7-days of reaction. XPS measurements indicated that
100% of Cr(VI) adsorbed to nZVI particles was reduced to Cr(III) in all
samples (Fig. S7), and Mossbauer spectroscopy showed that nZVI was
partly oxidized to Fe(Ill) containing phases during the reaction (Fig.
S8). However, fitting the Mossbauer spectra gave hyperfine parameters
for a-Fe (Table S3) that generally did not change significantly over the
course of the reaction. Only the spectral area meaning that the total
content of ZVI in the materials was reduced by 10% (in the case of
NF_25 by 20%) to the detriment of relaxing component representing
mostly Fe(IIl). Considering these results, reduction of Cr(VI) to Cr(III)
was confirmed for all tested materials, and additionally, with different
absorption efficiency of Cr(VI) removal.

4. Conclusion

Air stability and high reactivity are the two key points of nZVI
materials. We introduced a simple way of nZVI passivation by creation
of oxide shell with controlled thickness. The preparation conditions
control the shell thickness as well as its character, which significantly
influences the kinetic rates of materials demonstrated towards Cr(VI)
removal. Therefore, the ability to control the shell characteristic pro-
vides the ability to control nZVI reactivity. The appropriate choice of
synthesis conditions leads to preparation of air-stable nZVI materials
with reactivity comparable to activated NF_STAR without the necessary
activation step. Such nZVI material exhibits long term air stability for
one year without loss of Fe® making the handling and storage easier
while keeping its immediate high reactivity without need of activation.
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A facile approach for the synthesis of magnetite microspheres with flower-like morphology is reported
that proceeds via the reduction of iron(lll) oxide under a hydrogen atmosphere. The ensuing magnetic
catalyst is well characterized by XRD, FE-SEM, TEM, N, adsorption-desorption isotherm, and
Mossbauer spectroscopy and explored for a simple yet efficient transfer hydrogenation reduction of a
variety of nitroarenes to respective anilines in good to excellent yields (up to 98%) employing hydrazine
hydrate. The catalyst could be easily separated at the end of a reaction using an external magnet and
can be recycled up to 10 times without any loss in catalytic activity.

The selective reduction of nitroarenes has attracted a great deal of attention as the resulting anilines are impor-
tant intermediates for the manufacture of pharmaceuticals, dyes, polymers, and fine chemicals'>. Generally,
the synthesis of anilines entails catalytic*-® and non-catalytic methods employing different reducing agents”~°.
The non-catalytic processes use either Bechamp or sulphide reduction technology which generates large
: amounts of undesirable waste that is detrimental to the environment'?. On the other hand, catalytic process is a
. well-established technology but relies on mainly expensive precious metal catalysts, namely Pd, Pt, and Ru which
. lack chemoselectivity in the presence of other common reducible functional groups® !'-!*, Furthermore, when
hydrogen is used as the reducing agent, high temperature and pressure are usually needed with requirement of
the specialized equipment. These limitations can be circumvented using various hydrogen donors such as formic
. acid*®, hydrazine hydrate® 1*-!, ammonium salts?’, and sodium borohydride?!, among others, in presence of
: various metal catalysts.

Amongst hydrogen donors, hydrazine monohydrate is particularly noteworthy as it produces only harmless
by-products, such as nitrogen gas and water, and is relatively safe and easy to handle compared to its anhydrous
form. From a sustainability perspective, substitution of precious metals by earth-abundant base metals is a highly
desirable pursuit for heterogeneous catalysis. In this aspect, magnetic materials especially iron-based catalysts in
organic synthesis have received significant attention, as iron is plentiful, cost effective, and relatively environmen-
tally benign element®>-?’. Consequently, it is not surprising that the reduction of nitroarenes has been reported uti-
lizing a combination of hydrazine and iron catalysts namely various iron salts, its complexes, and oxide forms and
as a supported catalysts® 1> 177192829 The readily available magnetic iron oxide nanoparticles stand out to be very
attractive candidates as they are cost-effective nanocatalysts;**-*¢ being recoverable effortlessly with an external
magnet due to the paramagnetic behaviour thus avoiding cumbersome filtration/separation processes'® 2% 3773,
This strategy could significantly improve the catalytic efficiency and decrease the operational cost which is crucial
for practical applications.

Herein, we report a simple approach for the synthesis of magnetite via thermally induced solid state reaction
of iron (IIT) oxide under hydrogen a atmosphere (Fig. 1). It is interesting to note that the flower/rod like mor-
phology of the precursor is well preserved even after the hydrogen treatment. The as-prepared magnetite catalyst
is characterized by several techniques, namely XRD, FE-SEM, TEM, nitrogen adsorption-desorption isotherm
and Mossbauer spectroscopy. The magnetite acts as a catalyst for the transfer hydrogenation of nitroarenes with
hydrazine hydrate as the reducing agent in a microwave reactor affording nearly quantitative yields. The salient
features of this work are the excellent catalytic performance, simple procedure, easy separation, and the excellent
reusability of the catalyst.
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Figure 1. Schematic illustration of the synthesis of Fe;O, nanoflower.
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Figure 2. Evolution of X-ray diffraction patterns during in situ monitored thermally induced transformation of
iron(III) oxide with ultra-small particles to magnetite in hydrogen gas atmosphere.

Results and Discussion

The preparation of magnetite microspheres by reduction of iron(III) oxide under a hydrogen atmosphere has been
well investigated'® *!. Herein, we report a novel method for the synthesis of magnetite with a unique flower-like
morphology from iron(III) oxalate via a simple two-step approach. Firstly, thermally induced solid state decom-
position of iron oxalate was used to produce iron(III) oxide (Fe,0;) with ultra-small nanostructured particles;
and secondly, the subsequent thermally induced reduction of the prepared iron(III) oxide under a hydrogen
atmosphere afforded magnetite (Fe;O,). Figure 2 depicts the stepwise transformation of iron(III) oxide to mag-
netite by hydrogen reduction process via in situ monitoring by XRD. The two shoulders (around 40° and 74° of
20) are clearly visible in the diffraction patterns up to 210 °C confirming that the material is iron(III) oxide with
ultra-small particles. At 220 °C, the diffraction lines belonging to fcc structure of magnetite/maghemite start to
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Figure 3. (a) XRD pattern and (b) Mossbauer spectrum of magnetite.

emerge and their intensities gradually increased during the 60 min period of isothermal treatment. Thus, we
choose temperature 220 °C for 2 hours as the optimum condition for the preparation of magnetite from iron(III)
oxide with ultra-small particles using a tube furnace under a hydrogen atmosphere.

Figure 3a depicts XRD pattern of magnetite sample. All of the diffraction lines can be clearly ascribed to
standard face-centered cubic (fcc) structure of Fe;O, (space group: Fd3m (227), JCPDS card No. 01-089-3854).
Although the isostructural character of magnetite and maghemite cause difficulties in direct and precise iden-
tification of these phases by XRD point of view, the cell parameter indicates correct suggestion; it varies from
0.8351 nm for maghemite and 0.8396 nm for stoichiometric magnetite?>*. The cell parameter of cubic structure
in the prepared sample is a=0.8394 nm, which is in good agreement with values described for magnetite in
the literature*!. Nevertheless, the Mossbauer spectroscopy is a powerful experimental technique which provides
precise identification of valence state of iron atoms and cations distribution and more specifically, for the iden-
tification of iron compounds. Consequently, Mossbauer spectroscopy was used for direct identification of iron
oxide’s state (Fig. 2b). The acquired spectrum is composed of two magnetically split subspectra (i.e., sextets). The
first sextet component with an isomer shift (6) value of 0.27 mm s~!, quadrupole shift (¢,) value of —0.01 mm/s
and hyperfine magnetic field (B,,) value of 49.0 T corresponds to Fe** ions occupying all the tetrahedral positions
in the Fe;O, crystal structure and with a contribution from Fe** ions sitting in the octahedral sites having Fe**
ions as the nearest neighbours (i.e. Fe>*-O-Fe** pathway). On the other hand, the second sextet with §=0.67
mm/s, £ =0.00 mm/s, and B;;=46.0'T is ascribed to Fe’" and Fe’* ions occupying the octahedral positions in
the Fe;O, crystal structure among which the electron hopping occurs (i.e., an Fe*" ion with a neighbouring Fe**
ion and vice versa; Fe?"~O-Fe*" pathway) with a frequency faster than the characteristic time of the Mdssbauer
technique and thus manifested as a component with ¢ value lying in the range typical of an average valence state
of 4 2.5%. Relative spectral area of Fe>* and Fe?*" sextet is 41 and 59%, respectively. This difference from ideal
spectral area of 33 (Fe** sextet) and 67% (Fe*>* sextet) for stoichiometric magnetite indicates a nonstoichiometry
in magnetite. In particular, Fe*™ ions having Fe*>" as the nearest neighbours in the octahedral sites, which thus do
not participate in the electron hopping process, forms their own subspectrum with hyperfine parameters values
very close to those of the subspectrum representing Fe*' in the tetrahedral sites. Therefore, these two subspectra
with nearly identical parameters are fitted as one and its relative area is increased to the detriment of subspectra
representing mixed valence Fe>" in octahedral sites.
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The morphology of the prepared samples was obtained using scanning electron microscope (SEM) and trans-
mission electron microscope (TEM). The SEM image (Fig. 4a) of magnetite revealed the retention of rod/flower
like pattern as found in the case of iron(III) oxide*®. From the TEM image (Fig. 4b), it can be seen that the indi-
vidual nanorods possess an average breadth of size 300 nm while the self-assembled floral pattern has a diameter
of about 3 pm.

TEM image (Fig. 4b) also showed the porous nature of the rods composed of interconnected microspheres.
The sharp diffraction spot due to various planes of Fe;O, in selected area electron diffraction (SAED) pattern
(Fig. 4b inset) of the particles reveals well crystalline nature of materials. The width of the nanorods forming rod/
flower like pattern was found to be uniform along its entire length as evidenced from the TEM image. The pores
might be formed during recrystallization process or from the elimination of water during the reduction process.

The N, adsorption-desorption isotherms show Type II isotherm for the magnetite with a small hysteresis
(Fig. 5) which reveal macroporous nature with cylindrical pores. The specific surface area obtained from BET
method is 20 m%/g.

Furthermore to examine the efficiency of the catalyst, we evaluated its reduction prowess for a variety of nitro
compounds to their corresponding industrially important amine derivatives in ethanol under microwave (MW)
irradiation. Initially, to optimize the reaction conditions, various parameters such as effect of temperature, cata-
lyst loading, solvent, and different hydrogen source including the amount of hydrazine hydrate were studied by
choosing nitrobenzene as a model substrate. As expected, no reaction occurred in the absence of magnetite and
hydrazine hydrate (Table 1, entries 1-3). Firstly, the reaction was carried out under conventional heating condi-
tion using magnetite (30 mg) as a catalyst and 150 pL hydrazine hydrate as hydrogen source in ethanol at 90°C;
complete conversion occurred in 3h (Table 1, entry 14). Interestingly, when the reaction was performed under
MW irradiation condition, the complete conversion could be achieved within 15min (Table 1, entry 7) and no
trace of substrate, intermediates or side product was evident by GC analysis. To explore the optimum amount of
needed catalyst, different catalyst loadings (10, 20, and 30 mg) were investigated which revealed that 30 mg cata-
lyst was the optimum loading that afforded > 99% conversion of nitrobenzene (Table 1, entry 5). The quantity of
hydrazine hydrate did impact the conversion rate; reaction using 60 pL resulted in only 90% conversion (Table 1,
entry 9), while 100 pL delivered quantitative conversion (Table 1, entry 7).
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Figure 5. N, adsorption-desorption isotherm of magnetite.

NOZ Fe304 NH2
>
Ethanol, N2H4.H20
MW, 90 °C
1 ---- e 90 30 0 0
2 |- ---- 150 90 30 0 0
3 |Fe0, |30 90 30 0 0
4 Fe;O, 10 150 90 30 >97 95
5 Fe;0, 30 150 90 30 >99 98
6 | Fe0, |30 150 90 15 >99 98
7 Fe;0, 30 100 90 15 >99 98
8 Fe;0, 20 100 90 15 93 89
9 Fe;0, 30 60 90 15 >90 87
10 Fe;0, 30 100 50 15 35 25
11 |Fe0, |30 100 70 15 72 66
12 Fe;0, 30 100 90 10 >94 91
13 | Fe,0, |30 |- . 90 15 0 e
14 |Fe0, |30 100 90 180 99 974
15 |Fe,0, |30 100 rt 360

Table 1. Magnetite catalyzed catalytic reduction of nitrobenzene under microwave irradiation®. *Reaction
conditions: Nitrobenzene (0.5 mmol), Hydrazine hydrate (100 uL), Fe;O, (30 mg), EtOH (1.5 mL), Temp 90°C.
Determined by GC using dodecane as an internal standard, “Isopropyl alcohol, “Conventional heating.

Next, the effect of temperature on reduction reactions was determined and at 50 °C, 35% conversion and at
70°C, 72% conversion was observed (Table 1, entries 10, and 11); increasing the temperature to 90 °C, however,
afforded quantitative conversion within 15 min (Table 1, entry 7). Time variation, a crucial factor, was investigated
next for complete conversion; 10 minutes delivered 94% conversion and 91% yield (Table 1, entry 12). Notably,
with isopropyl alcohol as a hydrogen donor, no reaction occurred (Table 1, entry 13). The catalyst could catalyse
the reaction under conventional heating conditions as well; however, an extended reaction time was required
up to 240 min (Table 1, entry 14). Further, we observed that the reaction did not occur at room temperature and
heating was essential for accomplishing this reaction (Table 1, entry 15).

The effect of different solvents on the reduction of nitrobenzene was also investigated and it was discerned that
ethanol, 2-propanol, and acetonitrile afforded good conversion and yields (Table 2, entries 1, 3, and 5). For THE,
the efficiency of the reduction significantly decreased and only 4% conversion was obtained while a mixture of
EtOH:H,O0 (1:1) showed moderate conversion (Table 2, entry 2).

Assorted iron catalysts for the reduction of nitrobenzene with hydrazine hydrate were also examined under
the optimized conditions. Notably, commercial Fe powder, FeSO,.7H,0, FeCl,;.6H,O (Table 3, entries 1, 2 and 4)

SCIENTIFICREPORTS |7: 11585 | DOI:10.1038/s41598-017-09477-7 5



www.nature.com/scientificreports/

N 02 Fe304 N H2
’

SOIVent, N2H4.H20
MW, 90 °C,15 min

Entry Solvents bConversion (%) bYield (%)
1 Ethanol >99 98

2 EtOH:H,0 80 74

3 ACN 95 92

4 THE 4

5 2-propanol 95 91

Table 2. Evaluation of different solvents for the reduction of nitrobenzene®. *Reaction conditions:
Nitrobenzene (0.5 mmol), Hydrazine hydrate (100 pL), Fe;O, (30 mg), solvent (1.5 mL), temperature (90 °C),
time (15 min). ®Determined by GC using dodecane as an internal standard.

Iron catalyst NH;
' o

EthanOI, N2H4.H20
MW, 90 °C,15 min

Entry Catalyst bConversion (%) bYield (%)
1 Fe powder 0 0
2 FeSO,.7H,0 0 0
3 Fe(acac), >99 98
4 FeCL,.6H,0 0 0
5 FeCl,.4H,0 18 14
6 Fe;0, >99 98

Table 3. Comparative evaluation of different iron species for the reduction of nitrobenzene®. *Reaction
conditions: Nitrobenzene (0.5 mmol), Hydrazine hydrate (100 pL), catalyst (30 mg), EtOH (1.5 mL),
temperature (90 °C), time (15 min). *Determined by GC using dodecane as an internal standard.

did not show any activity under these conditions, while FeCl;.4H,0, Fe(acac); and magnetite exhibited
18%, > 99%, and > 99% conversion, respectively (Table 3, entries 3, 5, and 6). Although, as-prepared magnetite
and Fe(acac); have the same conversion and selectivity, but due to the homogeneous nature of Fe(acac),, it cannot
be recycled which limits its applications. In contrast, magnetite is a heterogeneous catalyst and has shown superi-
ority due to its magnetic separation property and importantly, the ease of recyclability.

These optimized reaction conditions were then applied to an array of selected substituted nitroarenes bearing
additional reducible groups to ascertain the chemoselectivity aspect and wider scope of the catalyst (Table 4). In
most of the cases, quantitative (> 99%) conversion of the substrates to the desired amine derivatives occurred
within 15 min.

It was observed that for 5-nitro-1H-indole, sterically hindered 1-methyl-2-nitrobenzene and
6-nitro-2,3-dihydrobenzo[1,4]dioxine, the reactions were completed in 25 min (Table 4, entries 4, 9, and 15),
while 3-fluoro nitrobenzene 4-methoxy nitrobenzene, and 4-methyl nitrobenzene exhibited 99% conversion in
22 min (Table 4, entries 10, 13 and 14). The sole exception was 4-nitrobenzamide which showed 42% conver-
sion in 25 min (Table 4, entry 7) presumably due to the polar nature of the amidic compound. Interestingly,
halogenated nitroarenes such as 2-chloro-4-iodo-1-nitrobenzene, 3-fluoro nitrobenzene, 4-bromo nitroben-
zene, and 4-chloro nitrobenzene showed excellent conversions (Table 4, entries 1, 10, 11, and 12) without any
dehalogenated product being observed. Easily reducible ester groups were well accommodated in this catalytic
system (Table 4, entries 5 and 6). The catalytic prowess became apparent in the reduction of 4-nitrobenzonitrile,
6-nitroquinoline, and methyl (4-nitrophenyl)sulfane with excellent yield of the corresponding desired products
(Table 4, entries 2, 3, and 8).

The catalyst recycling is certainly very essential in heterogeneous catalytic reactions. Therefore, we examined
the recyclability of our developed catalyst for reduction reaction by using nitrobenzene as a model substrate
under the optimized conditions. After completion of the reaction, the catalyst could be easily separated using an
external magnet. The separated spent catalyst was then washed with ethanol and dried before reuse. This process
was repeated 10 times successfully without any noticeable decrease in catalytic activity (Fig. 6) suggesting that the
catalyst could find application in the practical reduction of nitroarenes on industrial scale. The leaching aspect of
any iron after recycling was examined by determining the metal content of reaction solution using AAS (atomic
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e X NO, 3Ya . o7 AN 2
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NO, NH,
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Cl Cl
NO, NH,
13 © © 9 96¢
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14 © © 99 95¢
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Table 4. Catalytic reduction of nitro compounds®. *Reaction conditions: Nitrobenzene (0.5 mmol),
Hydrazine hydrate (100 pL), Fe;O, (30 mg), EtOH (1.5mL), temperature (90 °C), time (15 min).
Determined by GC using dodecane as an internal standard. ‘reaction time (25 min), Yreaction time
(20 min), éreaction time (22 min), fisolated yield.

I conversion
I yield

Recycle runs

Figure 6. Reaction conditions: Nitrobenzene (1 mmol), Hydrazine hydrate (200 uL), Fe;O, (60 mg), EtOH
(3mL), temperature (90 °C), MW. Determined by GC using dodecane as an internal standard.

absorption spectroscopy) after removing of the catalyst; metal content was found to be 0.0735 £20% mg/L, which
shows negligible leaching of iron from the catalyst which bodes well for its robustness and reusability.

As mentioned in previous reports, that reduction of nitroarenes can proceed via two common routes'® 4745,
The first direct route proceeds via nitrosobenzene and N-phenylhydroxylamine intermediates, (Fig. 7a). In con-
trast, the second route involves the condensation of nitrosobenzene and N-phenylhydroxylamine which advances
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Figure 7. Schematics of (a) direct reaction route for reduction of nitroarene to anilines and (b) mechanism of
nitroarenes reduction over the surface of magnetite via direct route using hydrazine hydrate as hydrogen source.

through the intermediacy of azoxybenzene, azobenzene, and hydrazobenzene. In order to determine the exact
route for this reduction of nitrobenzene, a reaction under identical reaction conditions was conducted for
azobenzene. At the end of reaction, only hydroazobenzene could be isolated and no trace of aniline was detected
which confirmed that reduction of nitroarene proceeded via first direct route.

In view of experimental validation of the direct route and on the basis of previous literature reports, a plausible
mechanism is proposed*->2. The reaction initiates with the adsorption of hydrazine on the surface of magnet-
ite nanoflowers followed by bond dissociation which produces nitrogen and surface-bound hydrogen as metal
hydride. The nitroarenes adsorbed on the surface of magnetite thus get transformed to nitrosoarenes after reac-
tion with surface adsorbed hydrogen. These highly active nitroso moieties further react with hydrogen to form
stable hydroxylamine; hydrogenation of hydroxylamine is slow and the rate determining step. In the next step,
two proton transfers produce the desired aniline derivatives (Fig. 7).

Conclusion

In summary, we have established a robust, chemoselective and magnetically reusable catalyst for the reduction
of industrially valuable nitroarenes substrates in the presence of other sensitive reducible functional groups. A
diverse range of amines derivatives could be obtained expeditiously (15 min) in excellent yields under the MW
heating conditions at 90 °C using hydrazine hydrate as a hydrogen source which precludes the use of a precious
metal catalysts and hydrogen gas in the preparation of amines derivatives. The magnetite with a unique morphol-
ogy prepared by our method was found to be very stable and could be used ten times successfully with minor
decrease in its catalytic activity. The excellent catalytic performance, simple and a safe procedure, easy separation,
and the recyclability make this environmentally benign catalytic system a remarkable and useful alternative to
other Fe-based catalytic systems.

Methods

Materials. All solvents, hydrazine hydrate (50-60%), iron (II) chloride tetrahydrate (99.99%), oxalic acid
(98%), N,N-dimethylacetamide (DMA) (> 99%), were purchased from Aldrich as analytical grade and were used
without further purification.

Preparation of the magnetite catalyst. In a typical synthesis protocol, 1 mmol (0.126 g) of oxalic acid
(H,C,0,.2H,0) was dissolved in 10 mL of DM A under continuous magnetic stirring and admixed with an equal
mole ratio (0.198 g) of aqueous iron chloride (FeCl,.4H,0) followed by addition of 12mL deionised water. After
stirring for 10 min, the as-obtained yellow coloured product (iron oxalate) was separated by centrifugation and
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washed with ethanol several times and dried at 333 K for 12 h. The as-prepared iron oxalate was thermally treated
in air at the conversion temperature of 448 K for 12 h to obtain mesoporous iron(III) oxide (Fe,0,)*. Further,
magnetite (Fe;O,) was prepared by thermally induced solid state reaction of iron(III) oxide in hydrogen gas at
220°Cfor2h.

General procedure for the reduction of nitrobenzene. Into a 10 mL microwave vial equipped with
a magnetic stir bar, was placed 0.5 mmol of nitro compound in ethanol (1.5mL), 100 uL of hydrazine hydrate
followed by 30 mg catalyst. The vial was sealed with a Teflon-lined septum and irradiated with microwaves in a
Monowave 300 single-mode MW reactor (Anton Paar GmbH, Graz, Austria) at 90 °C for 15 min. Progress of the
reaction was monitored by TLC (silica gel; hexane/ethyl acetate) and the conversion and yield were determined
by GC (gas chromatography) using #-hexadecane as an internal standard.

Characterization. XRD patterns of materials were recorded on an X’Pert PRO diffractometer
(PANanalytical) in Bragg-Brentano geometry with iron-filtered Co-Ka radiation (A =1.7903 A) equipped
with fast X'celerator detector. The reaction chamber XRK900 (Anton Paar) mounted to the diffractometer was
employed for in situ monitoring of the preparation of the magnetite sample. Data were processed in High Score
Plus Software in conjunction with PDF-4 4 and ICSD databases.

The 5’Fe Mossbauer Spectroscopy measurements were carried out to investigate iron-bearing phase compo-
sitions in the studied samples. Mossbauer spectra were recorded with 1024 channels and measured at room tem-
perature employing MS2006 Mdssbauer spectrometer based on virtual instrumentation technique® >4, operating
at a constant acceleration mode and equipped with a >’Co(Rh) source. The acquired Mossbauer spectra were
processed (i.e., noise filtering and fitting) using the MossWinn software program®. The isomer shift values were
referred against a-Fe foil sample at room temperature.

FESEM images were recorded on a Hitachi 6600 FEG microscope operating in the secondary electron mode
and using an accelerating voltage of 5kV. Detailed particle size and morphological studies of solid samples were
performed by TEM on a JEOL JEM-2010 instrument equipped by a LaB cathode (accelerating voltage of 160kV;
point-to-point resolution of 0.194 nm). A drop of high-purity ethanol was placed onto a holey carbon film sup-
ported by a copper-mesh TEM grid (SPI Supplies, USA) and air-dried at room temperature. The dimensions of
the microspheres were measured using ITEM software.

Nitrogen adsorption-desorption isotherms at 77.4 K were measured up to the saturation pressure of
nitrogen (molecular cross-sectional area 0.162 nm?), and obtained by the static volumetric technique on an
Autosorb-1Q-C analyzer (Quantachrome). Prior to the measurements, samples were degassed at room temper-
ature for 12 h to reach pressure below 0.001 torr. Specific surface areas were calculated using the multipoint
BET (Brunauer-Emmett-Teller) model. The best fits were obtained using adsorption data in the relative pres-
sures of 0.08/0.25 (P/P,). The analysis and evaluations were performed with the ASiQwin 2.0 software package
(Quantachrome). For the reaction, 10 mL glass vial equipped with Teflon-lined cap was irradiated in a Monowave
300 single-mode microwave reactor (Anton Paar GmbH, Graz, Austria) having auto adjusting MW power to
maintain the reaction temperature.

The nitroarenes reduction products were analyzed using an Agilent 6820 GC equipped with an Agilent DB-5
capillary column (30 m x 0.32 mm, 0.5 m) under the operation parameters: inlet temperature of 100 °C, temper-
ature of flame ionization detector of 250 °C, temperature ramp of the oven from 100 to 250 °C at a rate of 10°C

min~ L.
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A simple high-yield synthesis of high-purity Hagg
carbide (y-FesC,) nanoparticles with extraordinary
electrochemical properties+

Ondfej Malina,t Petr Jakubec,} Josef Kaslik, Jifi Tucek € * and Radek Zboril £ *

Iron carbides are of eminent interest in both fundamental scientific research and in the industry owing to
their properties such as excellent mechanical strength and chemical inertness. They have been found
very effective in Fischer—Tropsch synthesis exploring heterogeneous catalysis for the production of
chemicals such as liquid fuel and they have also been employed as successful promoters for the oxygen
reduction reaction (ORR) and hydrogen evolution reaction (HER). However, so far there have been only a
few reports on the application of iron carbide nanoparticles in the field of electrochemical sensing. Here,
we present a stable form of Hagg carbide nanoparticles synthesized from a rare form of iron(i) oxide
(B-Fe,0O3). The as-prepared nanomaterial was characterized employing X-ray powder diffraction and
M&ssbauer spectroscopy to prove its composition as well as an extraordinary high purity level. It turned
out that Hagg carbide nanoparticles prepared by thermally treated B-Fe,Oz exhibited excellent electro-
chemical properties including low charge transfer resistivity (R.;) compared to the other tested materials.
Moreover, the Hagg carbide nanoparticles were tested as a promising electrocatalyst for voltammetric

rsc.li/nanoscale

Introduction

Antibiotics belong to a group of the most useful chemical com-
pounds for both human therapy and animal farming pur-
poses. However, the fabrication of tons of antibiotics over the
past few decades has caused many issues such as bacterial
resistance’™ or contamination of the environment.>”
Therefore, selective, sensitive, and cost-effective analytical
methods for detection of these compounds have to be develo-
ped. Metronidazole (2-methyl-5-nitroimidazole-1-ethanol) is an
antibiotic with remarkable activity against anaerobic protozoa
and bacteria.® A growing number of publications have shown
that metronidazole can be helpful in the treatment of
Helicobacter pylori infections,’ trichomoniasis,'® and Crohn’s
disease;'" however, it is regarded as hazardous for the human
health.”” The presence of a nitro group within the chemical
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detection of the antibiotic metronidazole proving its practical applicability.

structure of metronidazole facilitates employing electro-
chemical methods for its determination.”® *® However, electro-
chemical sensing of metronidazole using conventional electro-
des suffers from a lack of sensitivity and reproducibility.
Thus, catalysts such as DNA,'® silver nanoparticles/sulfonate
functionalized graphene,'” 3D gold nanotube ensembles,'®
and single-walled carbon nanotubes (SWCNTs)'® have been
used to avoid problems with sensitivity and reproducibility.
While their application can improve the sensitivity issue, the
problem with reproducibility, simplicity or price is not effec-
tively solved.

Iron carbides have gained interest in both fundamental
scientific research and in industry owing to their properties,
such as an excellent mechanical strength and chemical
inertness.>>*> Moreover, it has been found that they exhibit
some unique features compared to iron oxide nanoparticles
such as an extraordinary saturation magnetization*® or chemi-
cal stability.>* Usually, they are classified with respect to the
positions of carbon atoms in trigonal-prismatic interstices
(i.e., cementite, 6-Fe;C; Hégg carbide, y-Fe;C,; and Eckstrom-
Adcock carbide, Fe,C;) or in octahedral interstices including
e- and n-iron carbide (i.e., Fe, ,C and Fe,C).>® The synthesis and
potential applications of Hégg carbide have been rarely investi-
gated so far. It is worth noting that the Higg carbide was suc-
cessfully tested as an active sacrificial support for the Fischer-
Tropsch synthesis*** or it has been found as an admixture in

This journal is © The Royal Society of Chemistry 2017
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various alloys or austenitic stainless steels.*>** Another poten-
tial applications of Higg carbide nanoparticles have been
reported recently. For example, Jin et al’® reported that
x-FesC, nanoparticles can exhibit excellent antibacterial capa-
bility toward both Gram-negative Escherichia coli and Gram-
positive Staphylococcus aureus under near-infrared (NIR)
irradiation. Cowger et al.’® and Huang et al.*’ proposed that
x-FesC, nanoparticles can serve as effective T2 contrast agents
for magnetic resonance imaging (MRI). Photochemothermal
cancer therapy as well as a targeted theranostic platform for
MRI mediated by Hégg carbide nanoparticles have also been
reported.*®*? However, so far, there has been no report on the
application of y-FesC, nanoparticles in the field of electro-
chemical sensing.

Herein, we report a novel route for the synthesis of high
purity Hégg carbide nanoparticles that involves the reaction of
B-Fe,O; in the presence of a CO atmosphere at mild tempera-
tures (up to 700 °C). The morphology, chemical and phase
composition of Hiagg carbide have been monitored by scan-
ning electron microscopy (SEM), X-ray powder diffraction
(XRD), and Mdssbauer spectroscopy. The electrochemical pro-
perties of glassy carbon electrodes modified with y-FesC, were
characterized by cyclic voltammetry (CV), square wave voltam-
metry (SWV), and electrochemical impedance spectroscopy
(EIS). As a proof of concept, the as-prepared Hégg carbide was
tested as a promising electrocatalyst for voltammetric detec-
tion of the antibiotic metronidazole.

Experimental
Reagents and materials

Potassium phosphate dibasic, potassium hexacyanoferrate(ir),
potassium hexacyanoferrate(m), and metronidazole were pur-
chased from Sigma-Aldrich. Potassium phosphate monobasic
was purchased from Penta. All chemicals were of analytical
reagent grade and were used without further purification.
All stock solutions were prepared using deionized water
(18 MQ cm™).

Synthesis of Higg carbide

Firstly, p-Fe,O; was prepared by thermal decomposition of
Fe,(S04)3-5H,0 in the presence of NaCl. Briefly,
Fe,(S04)3-5H,0 was mixed with NaCl and subsequently
annealed for 1 h at 400 °C. The details of the p-Fe,O; synthetic
protocol can be found elsewhere.***" Subsequently, 100 mg of
the p-Fe,O; sample were slightly pressed into a ceramic
sample holder and inserted into an XRK900 reaction chamber
(Anton Paar, GmbH) mounted on an X-ray powder diffracto-
meter. Nitrogen gas as the purifying agent was used for 5 min
prior to each measurement. The experiments were carried out
in the temperature range of 75 to 700 °C (capturing XRD pat-
terns at stable temperatures with a 25 °C difference, which is
equivalent to a linear heating rate of 1.86 °C min™') in the
presence of a carbon monoxide atmosphere (CO) with a con-

stant flow rate of 30 ml min™.

This journal is © The Royal Society of Chemistry 2017
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Modification of GCE with iron oxides and carbides

Glassy carbon electrodes (GCE, 3 mm in diameter, 2Theta
Company: Czech Republic) were first polished on a wet silicon
carbide paper using 1 and 0.05 pm Al,O3; powder sequentially
and then washed with water and ethanol for a few minutes,
respectively. The modification of GCE was performed by using
a drop-coating technique: 10 pl drop of a Higg carbide suspen-
sion (5 g L") was coated onto the GCE surface and allowed to
dry at ambient temperature to form a thin film.

Characterization techniques

Scanning electron microscopy (SEM) images were captured on
a HITACHI SU6600 FEG microscope with an accelerating
voltage of 5.0 keV. The sample-detector distance was 7.3 mm.

All the XRD patterns were recorded employing the X'Pert
PRO MPD diffractometer (PANalytical, B. V.) in the Bragg-
Brentano geometry equipped with a Co X-ray tube (iron filtered
CoK, radiation: 4 = 0.178901 nm), a fast X’Celerator detector
and programmable divergence and diffracted beam antiscatter
slits. The room temperature patterns were recorded in the 26
range of 5-120° (26 resolution of 0.017°). Commercially avail-
able standards, SRM640 (Si) and SRM660 (LaBg) standards,
from the NIST (National Institute of Standard and
Technologies) were used for line positions and instrumental
line broadening evaluation, respectively. The crystalline phase
identification and Rietveld refinement were performed
employing High Score Plus software in conjunction with the
PDF-4+ and ICSD databases.

Zero-field *’Fe Mossbauer spectrum was recorded at room
temperature employing a Mossbauer spectrometer (MS2007)
operating in a constant acceleration mode and equipped with a
50 mCi *’Co(Rh) source.*>** The acquired *’Fe Mossbauer spec-
trum were processed (i.e., noise filtering and fitting) using the
MossWinn software program.** The values of the isomer shift
are referenced to an o-Fe foil sample at room temperature.

All electrochemical experiments were performed using a
PGSTAT128N potentiostat (Metrohm Autolab B.V.) monitored by
using NOVA software. A conventional three-electrode cell con-
figuration was employed. Bare or iron oxide nanoparticle as well
as iron carbide modified glassy carbon electrodes were used as
working electrodes, a saturated Ag/AgCl (2Theta, Czech
Republic) and a platinum wire were used as the reference and
counter electrodes, respectively. Electrochemical impedance
spectroscopy (EIS) measurements were performed in 0.1 mol
L™ KCI containing a 5 mmol L™ [Fe(CN)s]>*™*~ redox probe,
and as additional parameters, 5 mV AC amplitude, a bias poten-
tial of 220 mV and the frequency ranging from 0.1 Hz to 100
kHz were used; otherwise 0.1 mol L™ phosphate buffer solution
(pH = 7.0) was used as a supporting electrolyte.

Results and discussion
Characterization of Higg carbide nanoparticles

A representative SEM image of the Hégg carbide and its large
magnification are depicted in Fig. 1A and B, respectively. The
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Fig. 1 (A, B) Representative SEM images of Hagg carbide nanoparticles
after synthesis under a CO atmosphere.

mean X-ray coherent length (MCL) determined by the Rietveld
refinement of diffraction patterns is equal to ~77 nm, which is
higher than that observed for the p-Fe,O; precursor (~27 nm).
The increase in the MCL can be attributed to sintering of
nanoparticles during the thermal processes. In our previous
work, we have explored the origin and properties of pure
f-Fe,O; nanoparticles and we have pointed out that the system
consists of two different fraction sizes.*” The presence of nano-
particles with two different size fractions is also observable
after the synthesis under a CO atmosphere and could be con-
sidered as one of the crucial factors for the formation of stable
Héagg carbide nanoparticles.

The purity of the as-prepared Higg carbide sample was
characterized employing the XRD technique (see Fig. 2). The
diffraction lines correspond to well-crystalized y-FesC, phase
with a small amount (~5%) of 6-Fe;C phase as an admixture.

The temperature evolution of the XRD diffraction patterns
collected during the heating of p-Fe,O; nanoparticles under a
CO atmosphere is depicted in Fig. 3A; Fig. 3B shows the rela-
tive percentage of all the intermediates detected during the
solid-state transformation upon increasing the temperature.
A graphical representation of the crystal structure of p-Fe,O3,
Fe;0,, a-Fe, 0-Fe;C, and yx-FesC, is shown in Fig. 3C. The
thorough XRD monitoring sheds light on the understanding

x-Fe,C,: 95 %

&S

0-Fe,C:5%

Intensity [a. u.]

FEAE T TE LR 1L | e i | 4 e-Fe,C
r N e 1-FeC,
20 30 40 50 60 70 80

26CoK_[°]

Fig. 2 XRD pattern of the sample prepared by the thermal treatment of
B-Fe,O3 under a CO atmosphere with peaks corresponding to y-FesC,
and 0-FesC.
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Fig. 3 (A) The temperature evolution of XRD diffraction patterns col-
lected during the heating of p-Fe,Os nanoparticles under a CO atmo-
sphere. (B) Relative percentage of all the intermediates detected during
the solid-state transformation upon increasing the temperature. (C)
Graphical representation of the crystal structure of p-Fe,Os, Fez0,, a-Fe,
6-FesC, and yx-FesC, (from left to right).

of the transformation mechanism and allows us to set up the
proper conditions during the heating process. It should be
noted that the thermal transformation of p-Fe,O; in the pres-
ence of CO is a combination of reduction and carburizing pro-
cesses, respectively. It is evident that several intermediate
products such as a-Fe and 6-Fe;C were formed around temp-
eratures close to ~700 °C before obtaining the final product
(x-FesC,). A similar mechanism including the thermal
decomposition of Fe(CO)s and further carburization of a-Fe
has been observed by Yao et al.*® However, the phase trans-
formation of p-Fe,O; nanoparticles to metastable y-FesC, is
very unusual and such a transformation pathway has been
observed for the first time. The transformation is probably
associated with the rare structural and physical features of the
starting material, f-Fe,O;. It is well known that f-Fe,O; can
exist only in the nanoworld due to the role of surface and free
(Gibbs) energies.”” The Gibbs energy of nanoparticles can be
written as follows: G(i) = Gg(i) + (6Vim/d)Gs(i), where Gy is the
free energy in the bulk, Gs is the surface energy, V;, is the
molar volume, d is the diameter of the nanoparticle, and 7 rep-
resents the particular phase.*® Hence, it can be predicted that
increasing the size as well as the presence of two size fractions
of nanoparticles can induce the formation of the yx-FesC,
phase.

>’Fe Mossbauer spectroscopy was used to confirm the
purity of the as-prepared y-FesC, nanoparticles in more detail.
The room-temperature °’Fe Mossbauer spectrum can be
deconvoluted into four sextet spectral components (see Fig. 4)
with the derived values of the hyperfine Mossbauer parameters
listed in Table S1 in the ESL{ Three sextets, which comprise
95% of the relative spectral area, belong to three nonequiva-
lent cation sites in the crystal structure of y-FesC,; the last
sextet component reflects the presence of 6-Fe;C. The distinct

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Zero-field room-temperature °’Fe Mossbauer spectrum of the
sample prepared by the thermal decomposition of p-Fe,Oz at 700 °C
under a CO atmosphere with sextet components identified for y-FesC,
and 0-FezC (for details, see Table S1 in the ESIT).

recognition of each sextet is based on the values of the hyper-
fine magnetic field and different values of quadrupole
splitting.*’

Electrochemical properties of Higg carbide nanoparticles

The electrochemical features and impedance changes on elec-
trode surfaces modified by p-Fe,O; as well as iron carbides
were studied by the EIS technique. All obtained data have been
fitted using a modified Randles circuit (see the inset of
Fig. 5A); here, R, is the uncompensated resistance presented
as the sum of the resistance of the electrolyte solution and
that of the different tested modifiers, Cs is the stray capaci-
tance which develops between wires connecting the working
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=~ 06}°GCE . o
9 * GCE/p-Fe,0, b-site Fe
— = GCE/-Fe,C o
wg 4 GCEly-Fe,C,,
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Fig. 5 (A) Nyquist plots of bare GCE (®), GCE/B-Fe,Os3 (+), GCE/0-FesC
(m), and GCE/y-FesC;, (A). All measurements were performed in 0.1 mol
L™ KCl containing 5 mmol L™ [Fe(CN)g]>’#~ as a redox probe at an
applied frequency ranging from 0.1 Hz to 100 kHz with an AC amplitude
of 5 mV. The inset shows the Randles equivalent circuit for data fitting.
The crystal structure of (B) p-Fe,Os, (C) 0-FesC, and (D) x-FesCy; the
direction of projection and symbols for different atoms are illustrated for
clarity as well.
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electrode to a current transducer, R, is the charge transfer
resistance, and Z,, is the diffusion known as Warburg impe-
dance. The constant phase element (CPE) describes the inter-
facial irregularities such as roughness, porosity and/or
changes in the electrode geometry.>>>! The impedance of CPE
can be expressed as Zcpg = Qai '(jw) ™", where j is the imagin-
ary unit, w is the angular frequency, and Qg is the double-layer
pseudo capacitance of a non-stationary interface. Hence, CPE
was used instead of classical double-layer capacitance to
express the electrochemical system more properly. Fig. 5A
shows the Nyquist plots of bare GCE and GCE modified with
different modifiers, labeled as GCE/B-Fe,03;, GCE/6-Fe;C, and
GCE/x-FesC,, respectively. It should be noted that the diameter
of the semicircle in the EIS spectrum is equal to the charge
transfer resistance (R..) which describes the electron transfer
kinetics behavior of the redox probe at the electrode interface.
The lowest value of R, was observed for a bare glassy carbon
electrode (GCE) indicating no significant obstacle for the elec-
tron transfer reaction. Conversely to the bare GCE, when
B-Fe,O; as a precursor for the synthesis of Hiagg carbide was
tested, the value of R rapidly increased up to 1580 Q. Such an
increase in the charge transfer resistance could be explained
by the structural properties of f-Fe,O;. It is known that this
iron(m) oxide polymorph exhibits a body-centered cubic “bix-
byite” structure with the Ia3 space group.”>*’ In the f-Fe,O;
unit cell, there are three times more d-sites than b-sites (24
Fe" d-site cations and 8 Fe*" b-site cations), with all the cation
sites filled and no free vacant positions remaining (Fig. 5B).*
Hence, the optical bandgap of p-Fe,0; was found to be around
1.8 eV showing the semiconducting properties. It can be con-
cluded that the f-Fe,O; nanoparticles present on the electrode
surface form a barrier decreasing the electron transfer kinetics
towards the electrode surface. A significant decrease in the R
value occurred after the modification of GCE with cementite
(1205 Q) or Higg carbide (682 Q). Such a change in the charge
transfer resistance can be explained by the crystal structure of
both carbides. Cementite (6-Fe;C) has a complex orthorhombic
crystal structure (Pnma space group) with 12 Fe atoms and 4 C
atoms per unit cell, where eight atoms (labelled as Fe') are in
“general” positions, four iron atoms (Fe") are in “special” posi-
tions (Wyckoff sites 84 and 4c, respectively) and four atoms of
carbon can be found in the interstices (see Fig. 5C).** The
crystal structure of Hégg carbide is not explored well but
monoclinic*®>® or pseudo-monoclinic®®®” structures have
been proposed so far. The monoclinic structure (C2/c space
group) consists of 28 atoms in the unit cell, where Fe atoms
occupy the Wyckoff positions 8f, 8f, and 4e, while carbon
atoms can be found in the Wyckoff position 8f (see Fig. 5D). It
has been shown that the intercalation of carbon atoms can sig-
nificantly enhance the electronic properties of carbon-doped
materials.’®®" The expansion of the metal lattice is usually
associated with the broadening of the metal d-band, which
can change the density of states (DOS) near the Fermi level if
compared to the parent metal. Then, the redistribution of the
DOS is responsible for the electro-catalytic properties resem-
bling noble metals.®” The influence of the intercalation of
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atoms into the inner structure of transition metal carbides
and/or carbonitrides on electronic properties has also been
well described by Naguib et al.®*®* A lower R value of the
Hégg carbide than that of cementite probably results from the
presence of three nonequivalent iron atoms as well as the pres-
ence of a higher amount of carbon atoms in the crystal struc-
ture of Hagg carbide.

Electrochemical response of metronidazole at the glassy
carbon electrode modified with Higg carbide

As a proof of concept, GCE modified with Hégg carbide was
used for the determination of the antibiotic metronidazole.
Fig. 6A depicts typical cyclic voltammograms recorded using
GCE modified with B-Fe,0s, 6-Fe;C, and y-FesC, in the phos-
phate buffer solution (PBS, pH 7.0) containing 1.0 mmol L™*
metronidazole at a scan rate of 50 mV s . As can be seen, one
well-defined cathodic peak around —0.7 V was observed for all
the tested modifiers. The electrochemical reduction of
nitroaromatic compounds on the electrode surface is usually a
complex process involving a number of nitro groups, their
positions on rings as well as other substituents, which can be
found as the components of the aromatic system. In the case
of metronidazole, two main reaction processes can be recog-
nized. Firstly, a direct electrochemical reduction of metronida-
zole on GCE/y-Fe;C, occurs which is then accompanied by a
four-electron reduction of the nitro group into hydroxylamine
and subsequent two-electron reduction of the hydroxylamine
group into an amino derivative®>°® (for details of the mechan-
ism, see Fig. 6B). As shown in Fig. 6A, the current response
obtained for GCE/y-FesC, is significantly higher than that
observed for other modifiers. Such an observation is in perfect
agreement with those obtained by electrochemical impedance.

In order to identify analytical parameters such as limit of
detection (LoD), limit of quantification (LoQ), reproducibility,
etc., the square wave voltammetry (SWV) method was selected
and used for further investigation. Fig. 7 shows a set of square
wave voltammograms (after the background subtraction) of
GCE modified with Héigg carbide nanoparticles in the pres-
ence of different concentrations of metronidazole. As can be
seen, the SWV curves exhibit a clear cathodic peak around

>
w

1 mmol L' MET

Current [uA]
: 8

o /
-- GCE A x . /,,'L\'\o
120 W GCE/p-Fe,0, R A A
GCE/0-Fe.C 0% -
-160 M GCEl-Fe,C, h
40 08 -06 04 -02 00 &
Potential vs. Ag/AgCI [V] » GCE

Fig. 6 (A) Cyclic voltammograms of bare GCE (black dashed line) and
GCE modified with B-Fe,O3 (black line), 6-FesC (blue line), and y-FesC,
(green line) in the presence of 1 mmol L~ metronidazole. All CV experi-
ments were performed in the phosphate buffer (0.1 mol L™%; pH = 7.0) at
a scan rate of 50 mV s~%. (B) The mechanism of the electrochemical be-
haviour of metronidazole.
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Fig. 7 Square wave voltammograms (after the background subtraction)
of GCE/y-FesC, in PBS buffer solution (pH = 7.0) containing different
concentrations of metronidazole (amplitude = 25 mV, step height =
5 mV, and frequency = 25 Hz). The inset shows the dependence of the
metronidazole concentration vs. current for GCE modified with x-FesC,.

—0.65 V confirming the presence of metronidazole in PBS
buffer solution (pH = 7.0). The calibration plot (see inset in
Fig. 7) indicates a perfect linear relationship between the peak
currents and the concentration of metronidazole in the range
of 10 umol L™ to 100 pmol L™". The values of LoD and LoQ
can be calculated from the equations given as 3o/k and 100/k,
respectively, where ¢ is the standard deviation of the y-inter-
cept and £ is the slope of the calibration plot. Under the given
conditions, the calculated values of LoD and LoQ were found
to be equal to 2.8 x 107® mol L™" and 9.3 x 107® mol L,
respectively. For testing the repeatability of GCE/yx-FesC,, a
10 pmol L™ solution of metronidazole in PBS buffer (pH =
7.0) was used 10 times with a modified electrode regenerated
after each determination. The value of the relative standard
deviation (RSD) was found to be 3.01%. Moreover, a 10 umol
L~ solution of metronidazole was determined using five modi-
fied GCEs measured under the same conditions as those in
the repeatability test in order to gain information on the repro-
ducibility. Then, RSD of the peak current was found to be
4.48%. Moreover, Table S2 in the ESIT shows that the detection
limit of the present GCE/y-Fe;C, system with the SWV method
is comparable to those of the previously reported systems
employed for the determination of metronidazole. Here, it
should be highlighted that a simple experimental setup and
also the great repeatability/reproducibility of the developed
GCE/y-FesC, platform enable us to overcome the inconveni-
ence associated with complicated systems including, e.g., bio-
compounds such as DNA.

Conclusions

In summary, we presented a new synthetic strategy to prepare
stable Hagg carbide nanoparticles from a rare form of iron(ur)
oxide (p-Fe,O;) at an extraordinary high purity level. The as-
prepared nanomaterial was characterized employing the XRD

This journal is © The Royal Society of Chemistry 2017
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technique and Mossbauer spectroscopy to prove its compo-
sition as well as its purity. We found that the Higg carbide
nanoparticles prepared by the thermal treatment of p-Fe,O3
under a CO atmosphere exhibited excellent electrochemical
properties including, for example, low charge transfer resis-
tivity compared to that of other tested materials. Such a
decrease in the R, value was explained in terms of intercala-
tion of carbon atoms to the metal lattice when the expansion
of metal lattice is usually associated with the broadening of
the metal d-band, changing thus DOS near the Fermi level
compared to the parent metal. Moreover, the Hégg carbide
nanoparticles were tested as a promising electrocatalyst for vol-
tammetric detection of the antibiotic metronidazole proving
its practical applicability.
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Abstrakt

Pro praktické vyuziti nano¢astic nulamocného zeleza (nZVI) v redlnych aplikacich je
nezbytna relativné jednoduchd a cenové dostupnd metoda ptipravy. Tyto podminky spliuji
metody piipravy v pevné fazi vyuzivajici termické redukce oxidii nebo oxyhydroxidi zeleza.
V této materidlové zaméiené disertacni praci jsou proto piedstaveny mechanismy termicky
indukovanych transformaci vybranych forem oxid Zeleza monitorované pomoci
vysokoteplotni rentgenové difrakce se zaméfenim na redukéni experimenty vedouci
k ptipravé nZVI. Soucasti mechanismu transformace maghemitu na nZVI je také jeho
redukce na magnetit, proto se jedna kapitola zabyva pfipravou a charakterizaci
nestechiometrickych magnetitd. StéZejni Cast prace se ovSem vénuje piipravé nZVI ¢astic
stabilizovanych pomoci cileného vytvoteni oxidické slupky s kontrolovanou tloustkou mezi
4 a 10 nm, jejich vlastnostem a pouziti. Je pfedstaven vliv tloustky a charakteru slupky na
fyzikalné-chemické charakteristiky nZVI a zejména aplikacni potencial ¢astic se 7 az 10 nm
slupkou. V zavéru prace je potom prezentovano praktické vyuziti termicky indukovanych
procest pro piipravu nékterych aplikacné zajimavych materidli zahrnujicich nanocastice

magnetitu, Haggova karbidu nebo kompozitni materialy na bazi nZVI ve vapenaté matrici.

Abstract

For practical usage of nanoscale zero valent iron (nZVI) particles in real applications is
essential relatively simple and cost effective preparation method. These conditions can be
successfully satisfied by the solid state methods based on thermally induced reduction of iron
oxides or oxyhydroxides. In this materially oriented thesis are therefore introduced
mechanisms of thermally induced transformations of selected iron oxides in situ monitored
by variable temperature X-ray diffraction with a focus on reduction experiments leading to
preparation of nZVI. A part of maghemite transformation to nZVI is also its reduction to
magnetite, one chapter therefore covers preparation and characterization of nonstoichiometric
magnetites. However the main part of this work presents the preparation of nZVI stabilized
by targeted creation of oxide shell with controllable thickness between 4 and 10 nm, their
properties and usage. The influence of shell thickness and its character on physical-chemical
characteristics and especially application potential of particles with 7 to 10 nm oxide shell are
introduced. The latter part of the work shows the utilization of thermally induced processes
for preparation of materials interesting from application point of view covering magnetite and

Hagg's carbide nanoparticles and composite materials based on nZVI in calcium matrix.
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Uvod

Nanotechnologie je relativné novy védni obor, ktery zaziva v poslednich desetiletich
obrovsky rozmach. Zabyva se pfipravou a vlastnostmi materiald, jejichz rozméry se pohybuji
v fadu jednotek nebo desitek nanometrti. Takové materidly maji diky kvantovym jevim
a jevim spojenym s kone¢nym rozmeérem castic specifické vlastnosti, které je odliSuji od
jejich makroskopickych protéjski. Vyuziti nanotechnologii v praxi je proto stale Sirsi
a v soucasnosti je Ize nalézt napfi¢ témef vSemi primyslovymi odvétvimi.

Oxidy Zeleza patii mezi latky, které se hojn€ vyskytuji v ptirod€. Jejich nejbéznéjsi formy
jsou lidstvu znamy jiz né€kolik tisicileti a v prib&hu této doby byly také vyuzivany, naptiklad
jako pigmenty. Srozvojem védy a primyslu se ovSem jejich vyuziti vyrazné€ rozsifilo a
v soucasné dob¢ nachazeji uplatnéni v celém spektru mnoha primyslovych aplikaci, mezi
néz patii naptiklad biomedicinské aplikace, senzory nebo jejich pouziti jako prekurzort pii
vyrobé kovového zeleza termicky indukovanou redukei.

Kovové zZelezo lze efektivné vyuzit napiiklad v technologiich reduktivniho odbourdni
kontaminantii z podzemnich vod. Céstice kovového (nulamocného) Zeleza jsou v nich
aplikovany do podzemi, kde wvytvafeji statickou bariéru, vniz dochazi k degradaci
kontaminantu obsazeného v protékajici vodé. Nanocastice nulamocného Zeleza jsou navic
oproti mikrocasticim nebo Spondm kovového zeleza mnohem reaktivnéjsi. Jsou také na rozdil
od mikroc¢astic schopny v podzemni vod¢é migrovat. Pii kontaktu s atmosférickym kyslikem
ale velmi prudce oxiduji, coz zvySuje ndklady na manipulaci a skladovani. Pomoci raznych
modifikaci je ale mozné je stabilizovat. Jednou z moZnosti je pasivace, tj. vytvoieni tenké
oxidické slupky na povrchu castic, ktera ale zaroven miliZze negativn€ ovlivnit degradaci
kontaminantt.

Jednim z hlavnich cila této prace je proto zmapovat aktudlné vyuzivané metody piipravy
nanocastic nulamocného Zeleza, jejich vlastnosti a moZnosti jejich modifikace. JelikoZ pro
jejich praktické aplikace je nejvyuzivangj$i metodou piipravy redukce oxidd nebo
oxyhydroxida zeleza v pevné fézi, ¢ast prace se vénuje také tomuto tématu. Jejim cilem je
pfedstavit mechanismy termicky indukovanych transformaci riznych forem oxidd Zeleza
v riznych atmosférach se specidlnim zamétenim praveé na piipravu nanocastic nulamocného
Zeleza. Stézejnim cilem této prace je ale pfipravit na vzduchu stabilni material na bazi
modifikovanych nanocastic nulamocného Zeleza, ktery by si zaroven zachoval vybornou

schopnost degradace polutantt.



1. Teoreticka ¢ast

1.1. Oxidy Zeleza

Oxidy zeleza jsou chemické latky, které jsou tvofeny kationty Zeleza a anionty kysliku
nebo hydroxylové skupiny.'* Na zaklad toho je lze rozdélit na nehydratované a hydratované
formy. Protoze se tato disertatni prace zabyva pouze nehydratovanymi formami, budou
v nasledujicich podkapitolach piedstaveny jen oxidy zZeleza spadajici do této skupiny.
Nehydratované formy oxidi zeleza lze dale rozdélit podle toho, v jakém valen¢nim stavu
atomy Fe obsahuji:

(i) pouze ionty Fe™'; zahrnuje pouze FeO (wiistit);'

(i) ionty Fe*" i Fe’"; zahrnuje pouze Fe;O4 (magnetit);l

(iii) pouze ionty Fe’"; zahrnuje 5 krystalickych polymorfi: a-Fe,O; (hematit),

B-Fe,03, y-Fe,O3 (maghemit), e-Fe,O3 a (-Fe,03, a amorfni oxid 2elezit§/.1’3 A
Dalsi kapitoly se budou vénovat jiz pouze oxidim zeleza, které jsou relevantni pro tuto

disertacni praci (tj. FeO, Fe;04, a-Fe 03, B-Fe,0s, y-Fe,03).

1.1.1. Transformacni procesy oxidi Zeleza

Transformacni procesy v oxidech Zeleza jsou obecné zavislé na mnoha faktorech jako
napiiklad velikost a morfologie &astic,”® kationtové substituce,””* prostfedi, v némz

k transformaci dochazi.>’

Transformaéni mechanismy v oxida¢nich podminkach

Termicky indukované transformace oxidl zeleza vedou v oxidacnich podminkach ke
vzniku Fe,Os3. Termodynamicky nejstabilnéjSim polymorfem Fe,Os je hematit a je proto
obvykle findlnim produktem jak oxidacnich procest wiistitu a magnetitu, tak i termicky
indukovanych strukturnich transformaci jednotlivych polymorfi Fe,Os.” Mechanismy
transformaci mohou byt bud pfimé, nebo mohou zahrnovat vice krokl v zavislosti na

podminkach a prostiedi.
Transformaéni mechanismy v redukénich podminkach

Zatimco termicka stabilita v oxida¢nich podminkach byla pomémé dobfe popsana pro
vétsinu forem oxida Zeleza, jejich stabilité v redukénich podminkach jiz tolik pozornosti

vénovano nebylo. Nejcastéji vyuzivanymi prostfedimi pro redukéni transformacni procesy



jsou atmosféry vodiku nebo oxidu uhelnatého, popiipadé jejich rizné smési.'”'? Na pribsh
transformace (tj. na jeji kinetiku i teplotni intervaly, v nichz k transformacim dochazi) ma
také vyznamny vliv tlak redukéni atmosféry, pfiCemz plati, ze s narGstajicim tlakem klesa
transformacni teplota. DalSim parametrem, ktery muze ovlivnit pribé¢h transformace, je
v piipadé vyuziti smési plyni koncentrace redukéniho plynu. '

Mechanismus redukce oxida Zeleza ve vodiku (nebo smési vodiku s inertnim plynem) byl
studovan zejména u hematitu. Jeho transformac¢ni proces predstavuje postupnou redukci na
magnetit a elementarni Zelezo (tj. o-Fe,03; — FesO4 — o-Fe).'™'"™* Pozorovan byl také
ttikrokovy mechanismus postupné redukce zahrnujici jako meziprodukt i1 wiistit (tj.
a-Fe;O3 — Fe;04 — FeO — a-Fe), jehoz ptitomnost byla vysvétlena teplotou presahujici

570 °C (nad niz je wiistit stabilni).'*"

Podobné schéma transformacéniho procesu, v némz byl
wiistit nahrazen ¢astecné zredukovanou formou magnetitu Fes.,O4, bylo zaznamenano pii
redukci hematitu pti teplotach pod 400 °C (4j. a-Fe,O3 — Fe;04 — Fes Oy — ()L-Fe).11

Popsat detailné mechanismus redukce maghemitu je znacné obtizné vzhledem k jeho
izostrukturnimu charakteru s magnetitem. Lze ovSem ocekavat, Ze v ndvaznosti na uvedené
mechanismy redukce hematitu bude probihat dvou- nebo tiikrokové v zavislosti na
podminkach (tj. bud’ y-Fe,Os; — Fe;O4 — a-Fe, nebo y-Fe,O3; — Fe;04 — FeO — a-Fe).
V ptipadé magnetitu a wiistitu byly popsany redukéni mechanismy v zavislosti na teplot¢,
zatimco pfi teplotach nad 570 °C probihd redukce magnetitu na a-Fe bud’ pfimo nebo skrz
wiistit, pii niz§ich teplotach probiha pouze p¥imo.'® U wiistitu miize redukce probihat bud
ptimo, nebo s disproporcionaci skrz magnetit.'’

Zatimco ve vodiku vedou transformace pii pouziti dostatecné vysoké teploty ke vzniku
elementarniho (kovového) Zeleza jako findlniho produktu, v prostifedi oxidu uhelnatého jsou

finalnimi produkty obvykle karbidy Zeleza spolu s uhlikem.'*'*

Byly nicméné zaznamenany
ptipady, kdy finalni produkt stale obsahoval kromé zminénych karbidi Zeleza a uhliku také
elementarni Zelezo.'”” Mechanismus transformace spo&iva v Gvodni redukci Fe,Os na o-Fe
nasledované nauhliC¢enim materidlu projevujicim se vznikem karbidl zeleza, popiipadé
¢istého uhliku. Redukce Fe;O; na a-Fe miiZze probihat vice zplisoby v zévislosti na pouzité
teplots.”® Zatimco pii vysich teplotach (nad 600 °C) dochézi k redukci Fe,O3 na wiistit
a nasledné o-Fe (tj. Fe,O;3 — FeO — a-Fe), pii nizSich teplotach dochazi k redukci Fe;Os
nejdiive na magnetit (tj. Fe;O3 — Fe;04 — FeO — oz-Fe).]5 Nasledné nauhli¢eni potom opét
probihd v zavislosti na teploté a mnozstvi dostupného uhliku.'® Vznikajici karbidy Zeleza
byly identifikovany zejména jako Fe;C, pfipadné FesC, (mechanismus lze v tomto piipadé

schematicky zaznamenat jako o-Fe — Fes;C + (FesC, + C).!



Transformaéni mechanismy v dalSich prostredich

Jest¢ méné pozornosti bylo vénovano transformacim oxidi zeleza v jinych nez vyse
uvedenych prostfedich. Lze sem zaradit napiiklad atmosféry dusiku, oxidu uhli¢it¢ho anebo
prostiedi vakua. Informace dostupné z literatury se tykaji zejména stability modifikovanych
oxidu zeleza (napt. povrchovou modifikaci, imobilizaci v riznych matricich, atd.) v inertnich

podminkéch.'® Obecné 1ze Fici, Ze jejich stabilita se modifikaci zvysuje.

1.1.2. Stechiometrie v systému magnetit/maghemit

Stechiometrie (x) je v systémech magnetit-maghemit definovana jako pomér iontl Zeleza
x=Fe*"/Fe’", tzn. Ze pro idedlni stechiometricky magnetit plati, e x =0,5, zatimco pro
maghemit je x = 0 (magnetit, jehoz stechiometrie je v rozsahu od 0 do 0,5, je oznacovan jako
nestechiometricky).'” Stechiometrii systému magnetit-maghemit lze zkoumat z riiznych Ghla
pohledu vice experimentalnimi technikami. Mezi nejvyuZivangjsi znich patfi >'Fe
Mossbauerova  spektroskopie,”'”?° rentgenova (RTG) praskova difrakce (XRD)™'""
a selektivni rozpousténi.'”!

V XRD ukazuje na hodnotu stechiometrie miizkovy parametr, pfi€emZz mezi jeho
velikosti a stechiometrii existuje pfiblizné linearni zavislost.'” Magnetickd méfeni mohou
pfinést informaci o stechiometrii prostfednictvim zmény magnetickych vlastnosti (tj.
saturaéni magnetizace a pritomnosti/absence Verweyova prechodu).”** Mossbauerova
spektroskopie nabizi nékolik modelt fitovani nestechiometrickych magnetitd.'®!”'-2
Kvantifikaci stechiometrie nabizi model parové lokalizace elektronil, v némz ionty Fe*"a Fe**
v oktaedrickych pozicich tvoii pary; neparové ionty Fe’™ v oktaedrickych pozicich
a tetraedrické Fe’ jsou potom fitovany jako jedna komponenta; v tomto modelu lze potom

kvantifikovat stechiometrii x,, jako:'""*’

k
_ 1/2 o tFe2,5+
1/2 Oktpa2,5+ 4 tetpa3+
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1.2. (nano)Castice nulamocného %eleza

Castice nulamocného Zeleza (ZVI) jsou, jak uZz napovida jejich nazev, tvofeny hlavné
atomy zeleza v nulamocném stavu. V dalSich ¢astech této kapitoly budou s ohledem na obsah
této prace predstaveny zejména nanocastice nulamocného zeleza (nZVI), jejich vlastnosti,

modifikace a praktické vyuziti zejména v environmentdlnich aplikacich.

1.2.1. Piiprava nZVI

Castice nZVI Ize pfipravit viemi tfemi obecné znamymi piistupy, tj. ,,top-down®, ,,bottom
up“ a ,,solid state reakcemi®. Znac¢na ¢ast konkrétnich zptsobu piipravy ma ovsem sva uskali,
a proto neni jejich praktické pouziti pfili§ Casté.

Pro ptipravu nZVI pro realné aplikace je vyuZivana zejména piiprava v pevné fazi. Ta
obvykle zahrnuje redukci Zelezo obsahujicich prekurzort (typicky oxidl nebo oxyhydroxida
eleza) za zvysené teploty. Jako redukéniho &inidla lze vyuZit napiiklad oxid uhelnaty,'®"
nicméné nejlastdji vyuzivany je vodik.'®** Tento zpiisob ptipravy nZVI je vyuzivan
i v komer¢ni sféte.”> Jako prvni dostupné se na trhu objevilo nZVI s komerénim nazvem

RNIP dodavané firmou Toda Kogyo Corp. (v soudasnosti jiz neni produkt k dispozici).*®*’

To bylo nasledné nahrazeno rtiznymi produkty nZVI vyrabénymi firmou NANO IRON.***

1.2.2. Vlastnosti nZVI

Pti vystaveni kovového zeleza oxida¢nim podminkdm (tj. i okolni atmosféte) dochazi
1 pfi pokojové teplot¢ kjeho rychlé povrchové oxidaci.” Rychlost oxidace narlsta
s klesajicim rozmérem &astic.”' V pripadé nano&astic je dokonce tak prudké, Ze pii kontaktu
s atmosférickym kyslikem dochéazi vlivem exotermického charakteru reakce k rozzhaveni
materidlu.***® To vyrazn& zvySuje naroky na skladovani materialu. Existuje ale nékolik
zpusob, které umoziuji oxidaci ¢astic nZVI omezit: (i) skladovani a transport v inertnich
podminkach;*>** (ii) skladovéni a transport v suspenzi (to oviem vyrazné zvétsuje objem
materialu; v suspenzi zarovet dochazi k postupné degradaci nZVI);*® a (iii) stabilizace &astic
nZVI vytvorenim vhodné slupky na povrchu &stic (viz kapitola 1.2.3).%

Dalsi vlastnosti nZVI ¢astic, kterd je klicova pti redlnych aplikacich, je jejich tendence

3336 Ta ma piivod v piitazlivych magnetickych a van der Waalsovych interakcich®’

k agregaci.
a negativn¢ ovlivituje schopnost Castic migrovat skrz horninové prostiedi a zpusobuje
, . iy <z ,: 36,38 Y - , "
vyznamné snizeni plochy povrchu castic. Migracni vlastnosti jsou navic ovlivnény

parametry prostiedi.”



Nezbytnou vlastnosti, kterou musi nZVI pro své praktick¢é vyuziti disponovat, je

reaktivita. Ta je ovlivnéna jak charakteristikami ¢astic,**’

. (. 40,41
k reakci dochazi.™

tak 1 parametry prostfedi, v némz

Vzhledem k aplikacim nZVI ¢astic do zivotniho prostfedi je jejich dulezitou vlastnosti

také toxicita vici zivym organismim. Obecné plati, Ze se zvySujici se koncentraci nZVI roste

vvvvv r

také jejich toxicita.”> Nemodifikované &stice jsou nejtoxict&jsi.** Modifikace &astic sniZuje
jejich toxicitu, pfidemz nejlepsich vysledki bylo dosaZeno pii pouziti slupky oxidické.*

Navic byl zaznamenan vliv i samotné tloustky oxidické slupky na toxicitu &astic nZVL™*

1.2.3. Modifikace nZVI

Jak bylo uvedeno v ptedchozi kapitole, nZVI maji fadu vlastnosti, které¢ limituji jejich
praktické vyuziti v redlnych aplikacich. VétSinu z nich lze ovSem efektivné ovlivnit riznymi

zpusoby modifikace, mezi néz patii modifikace povrchu ¢astic vytvofenim anorganické nebo

organické slupky,”*® dopovani nZVI dalsim (vzacnym) kovem (bimetalické &astice)*’*

R , . . ., , . 4
nebo zabudovani &astic na nebo do vhodné matrice (kompozitni materialy na bazi nZVI).*~°

Nejvyuzivangj$im zpiisobem anorganické stabilizace nZVI ¢astic je vytvotfeni oxidické
slupky. Dle Cabrera-Mottovy teorie oxidace kovli dochédzi na povrchu ¢astic 1 pti pokojové
teploté k rychlému vytvofeni tenké kompaktni slupky, kterd za danych podminek Céstice
stabilizuje.” Vzhledem k exotermickému charakteru oxidaniho procesu je v piipadd
nanocasticovych systéml proto pro jeji vznik klicovym faktorem dostatecné omezeni
dostupného kysliku. Pasivace oxidickou slupkou muize byt bud’ cilend, nebo spontdnni.
Typickym ptikladem spontanniho vytvoteni slupky je postupné vysuSeni nZVI piipravené¢ho

borohydridovou cestou. Zatimco tloustka slupky vytvofené cilenou pasivaci se pohybuje

24,52

obvykle v rozmezi 2 —5 nm, spontanné vytvorend slupka muze dosahovat tlouStky az

25nm.** Cilené vytvoreni oxidické slupky bylo piedstaveno zejména na &asticich

26,33

ptipravenych pomoci redukce borohydridem, nicméné lze vyuzit nZVI ptipravené také

52,53

wvro . o vy ’ Lo ’ x o 2
dalSimi zpusoby, napiiklad kondenzaci z plynné faze, vakuovym rozprasovanim®> nebo

24,54

termicky indukovanymi procesy. Dostatecného omezeni ptistupu kysliku k ¢asticim nZVI

lze pii cileném provedeni pasivace dosahnout napiiklad postupnym piipousténim

242633
vzduchu,”"

pouzitim smési plyni s definovanym obsahem kysliku’® nebo ¢istého kysliku
za snizeného tlaku.” Charakter a fazové sloZeni cilend vytvorené slupky potom zavisi jak na
metod& pripravy nZVI, tak i na zptsobu pasivace.* Mize byt tvotena bud’ amorfnim oxidem
zelezitym nebo krystalickymi formami oxidd, tj. wiistitem, > (ne)stechiometrickym

magnetitem a/nebo maghemitem.*>™>*
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Vliv slupky na stabilitu a reaktivitu nZVI

Ackoli je oxidicka slupka nejpouzivanéjSim zpiisobem modifikace, jeji pasivacéni
charakter se projevuje také negativnim vlivem na reaktivitu. To je zplisobeno omezenim
mozZnosti elektronového transferu mezi jadrem &astic nZVI a polutantem.’*>* Z pohledu
realnych aplikaci nZVI se jedna o nezéddouci projev stabilizace, ktery Ize ale opétovnym
narusenim nebo eliminaci slupky nékolika zplisoby odstranit a obnovit tak ptivodni reaktivitu
¢astic. Prvni moznosti je vyuziti ultrazvuku pro lepsi dispergaci ¢astic a naruseni slupky
vlivem jejiho popraskani.’” Tato metoda je ale pfi realnych aplikacich neprakticka kvili
narocnosti technického provedeni. DalSi moznosti, kterd je naopak vhodna pro pouziti
v redlnych aplikacich, je chemicka aktivace ¢astic spocivajici v naruSeni a/nebo rozpusténi

1w 7 . r I ’ v r Y ’ oos 32
slupky v silné koncentrované suspenzi, které ma za nasledek opétovné zvyseni reaktivity.

1.2.4. Vyuziti (n)ZVI

Pocatky technologii zaméfenych na reduktivni odbourdni polutanti pomoci Céstic
elementarniho Zeleza jsou datovany na zaGatek 90. let.”® V té dob& se nejednalo o Zelezo ve
formé& nanocastic, s jejichz vyuZivanim se zacalo aZ o n€kolik let pozdéji, ale o mikrocastice,
Spony nebo granulované Zelezo. Potencial ZVI se brzy stal predmétem vice studii, coz
vyustilo v jejich praktické vyuziti kin situ degradaci kontaminantli v permeabilnich
reaktivnich bariérach (PRB),” kterych zagalo brzy rychle ptibyvat.*

Mezi prvni laboratorni studie, v nichz byly pouZity nanocastice ZVI, potom patfily
experimenty zaméfené na dechloraci trichloretylenu a polychlorovanych bifenylii.®' Mnozstvi
studii zaméfenych na vyuziti nZVI pro degradaci kontaminantli velmi rychle naristalo
a vsoucasnosti je seznam latek, k jejichz odbourdni/degradaci lze vyuzit nZVI, velmi
obsahly a zahrnuje napftiklad t€zké kovy, dusi¢nany, polychlorované uhlovodiky, pesticidy,
organicka barviva, nékteré druhy antibiotik, kontrastni latky a viry,?*~*¢0-6263

nZVI mohou byt stejné jako mikrocastice nebo Spony pouzity jako statickd naplit PRB.
Jejich vyhodou je ale jejich maly rozmér, diky némuz mohou byt také aplikovany pod tlakem
nebo pouze vlivem gravitace jako suspenze piimo k ohniskiim kontaminace, kde nasledné
migruji spolu s tekouci vodou.®® Mezi prvni takové aplikace patiilo pouziti bimetalickych
Gastic Fe-Pd.*® V soucasnosti je vyuziti nZVI (véetné riznych modifikaci) jiz zavedenou
technologii, kterd byla aplikovana na mnoha lokalitich k odbourani celého spektra

kontaminantt.**
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2. Vysledkova ¢ast
2.1. Materialy a procesy piedchazejici pripravé nZVI
2.1.1. Priprava a vlastnosti magnetitii s kontrolovanou mirou stechiometrie

Magnetit a maghemit tvofi izostrukturni materialy, které se 1i$i pfitomnosti (u Fe;O4) ¢i
absenci (u y-Fe,03) Fe*” iontd ve struktufe, a v nano&asticové formé, kde hraji vyznamnou
roli povrchové jevy ajevy spojené s koneCnym rozmérem castic, je nemusi byt snadné
rozli§it. Navic lze jen tézko stanovit, kde se nachdzi hranice mezi obéma fazemi, kdyz
struktura obsahuje jen uréité (neuplné) mnozstvi iontdt Fe*". Pravé mnozstvi Fe*™ v poméru
k Fe’™ vyjadiuje stechiometrii systému, a proto jsou takovéto struktury znamy jako
nestechiometrické magnetity. V této kapitole jsou proto piedstaveny zpiisob piipravy
a vlastnosti nestechiometrickych magnetiti s kontrolovanou mirou stechiometrie a moznosti

jejiho stanoveni pomoci riiznych experimentalnich technik.

Mechanismus redukce maghemitu ve vodikové atmosfére

Mechanismus redukce maghemitu ve vodikové atmosféfe monitorovany pomoci
rentgenové difrakce za raznych teplot (VT-XRD) je znazornén na Obr. 2.1.1.1a,b. Vyrazna
strukturni zména pozorovana pii vysSich teplotach (v intervalu 275 — 400 °C) reprezentuje
redukci maghemitu/magnetitu na elementarni Zelezo (o-Fe, bcc struktura). Vzhledem
k izostrukturnimu charakteru maghemitu a magnetitu neni fadzovy pfechod mezi témito
fazemi z vyvoje difrak¢nich zaznami ani z kvantifikace fadzového zastoupeni na prvni pohled
patrny. Nicméné je zndmo, Ze maghemit a magnetit se mirné¢ 1i§i hodnotou miizkového
parametru,”® ktera se v difrakénim zdznamu projevuje mirn& odlisnymi pozicemi sobé
odpovidajicich difrakénich car. Na zéklad¢ polohy difrakéniho maxima pftisluSejiciho
difrakcim na strukturnich rovindch 311 (Obr. 2.1.1.1¢) byl proto odhadnut teplotni interval
transformace y-Fe,O3; — Fe;O4 na 125 — 200 °C, ktery byl dale uptesnén na 145 az 160 °C
(pficemz pii 160 °C se transformacéni proces jevi z pohledu XRD za ukonéeny) pomoci

experimentu VT-XRD korkem 5 °C.
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Obr. 2.1.1.1. (a) Vyvoj RTG difrakénich zaznamu v pribéhu transformace y-Fe,Os ve
vodikové atmosféfe, (b) kvantifikace fazového zastoupeni a naznaCenym pirechodem
v-Fe;0O3—Fe;04 a (c) poloha difrakce na strukturnich rovindch 311 kubické struktury
v-Fe,03/Fes;0y4, kterd umoznila odhadnout teplotu prechodu.

Strukturni a magneticka charakterizace nestechiometrickych magnetiti

Casteéné  usporadavani vakanci ve struktufe maghemitu i pfipravenych
nestechiometrickych magnetitii se projevuje vznikem tetragonalni superstruktury (kde ¢ ~ 3a)
s prostorovou grupou P432,2, ktera se objevuje v difrakénich zaznamech vedle typické
kubické struktury s prostorovou grupou Fd3m (viz Obr. 2.1.1.2). Z ptiblizné stejného obsahu
obou struktur v plivodnim maghemitu zastoupeni tetragonalni superstruktury ve vzorcich
nestechiometrickych magnetitli rychle klesd ve sméru redukce s ubyvajicim mnoZstvim
vakanci. Poloha difrakce na strukturnich rovinach 311 (vloZeny graf v Obr. 2.1.1.2)
a naristajici velikost mfizkovych parametrti u ptipravenych vzorkli ve sméru redukce ukazuji
na rist zdkladni buiiky zptisobeny nartistajicim mnoZstvim iontii Fe** ve struktufe. Tento riist
zpiisobuje V&Sl iontovy polomér Fe*™ (0,078 nm) v porovnani sFe’* (0,065 nm)
v oktaedrickych pozicich.°® Stiedni velikost koherentnich domén (MCL) se v pribéhu
ptipravy nestechiometrickych magnetitli vyraznéji neméni a pohybuje se okolo 30 nm, coz je
ziejmé zpusobeno relativné nizkou teplotou transformace nedostate¢nou pro rekrystalizaci

nebo sintraci nanod¢astic.
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Obr. 2.1.1.2. RTG difrakéni zadznamy vzorkd nestechiometrickych magnetitd a jejich
prekurzoru.

Mossbauerovska spektra prekurzoru i pfipravenych vzorkti méfena pii pokojové teploté
(Obr. 2.1.1.3) jsou tvofena vyhradné magneticky rozst€épenymi komponentami, coZ naznacuje
magnetické uspofadani c¢astic pii pokojové teploté. Spektra plvodniho a nejméné
redukovaného maghemitu vykazuji asymetrii naznacujici pfitomnost vice neZz jednoho
sextetu (spravné dva; jeden pro Fe v tetraedrickych a druhy v oktaedrickych pozicich).®’
Nicméné vzhledem k blizkosti jejich hyperjemnych parametri pii danych podminkéach
a Siroké distribuci velikosti ¢astic projevujici se nejednotnou hodnotou hyperjemného
magnetického pole byla spektra fitovana pomoci jednoho sextetu s vyuzitim distribuce
hyperjemného magnetického pole. Izomerni posun fitovaného sextetu se pohybuje presné
uprostifed hodnot typickych pro sextety reprezentujici Fe v tetraedrickych a oktaedrickych
pozicich maghemitu.®’ Vice redukované vzorky byly fitovany pomoci dvou sextetd (viz
Tab. 2.1.1.1):'7 (i) sextet piifazeny atomim zeleza s efektivni valenci 2,5+ (tj. parované Fe*
a Fe’™ v oktaedrickych pozicich); (ii) sextet piifazeny tetraedrickym a neparovym
oktaedrickym iontim Fe®". Ve sméru postupujici redukce dochazi k nariistu relativni plochy

OktFez,SJr

sextetu reprezentujiciho na ukor sextetu reprezentujiciho “"**'Fe** (viz Obr. 2.1.1.3).
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Obr. 2.1.1.3. Mdssbauerovskd spektra vzorkli nestechiometrickych magnetitii a jejich
prekurzoru méfend pii pokojové teploté. Vpravo jsou uvedeny distribuce hyperjemného
magnetického pole pro vzorky NAN PR a NAN 01.

Tab. 2.1.1.1. Hyperjemné parametry Mossbauerovskych spekter pii pokojové teploté; x, je
stechiometrie vypocitand z relativnich ploch (RA) spektralnich komponent; *vyuZiti
distribuce hyperjemného magnetického pole.
B AE, By r RA
Vzorek Komp. +0,01 +0,01 +0,3 +0,01 +1 Ptifazeni
(mm/s)  (mm/s) (T) (mm/s) (%)
NAN_PR  Sextet 0,32 0,01  445% 041 100 “°Fe’ 0

NAN 01  Sextet 0,32 0,00 47,0% 0,38 100 boktpet
Sextet1 031 -0,02 49,1 0,48 53 tebokipgdt

A 1
NANO3  gextet 2 0,62 0,01 455 0,58 47 opgasr 03
Sextet1 0,30 0,02 48,9 0,40 43 tetokipgdt
NAN 05 ’ ’ ’ ’ . 0,40
- Sextet2 0,63 -0,01 457 0,58 57 oktpg?:3
tet, okty~ 3+
NAN 06 Sextet 1 0,30 -0,02 48,7 0,35 38 Fe 0.45

Sextet2 0,63 -0,02 45,6 0,55 62 oktpg2-3*
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Globalni magnetické vlastnosti pfipravenych materidli a ptivodniho maghemitu byly
charakterizovany pomoci hystereznich smycek a ZFC-FC ktivek (Obr. 2.1.1.4). S postupujici
redukci maghemitu je patrny trend zvySovani hodnoty saturatni magnetizace. Vzhledem
k nanocasticovému charakteru materiall projevujicimu se snizenim hodnoty saturacni
magnetizace oproti makroskopickym proté¢jskim koreluji naméfené hodnoty velmi dobfe s jiz
publikovanymi  hodnotami  pro  maghemit (M~ 60— 80 Amz/kg) a  magnetit
(M~ 92 — 100 Am*/kg).”*®® Navic asymetrie hystereznich smyéek, kterou lze vysvétlit
pritomnosti tenké slupky defektniho maghemitu a/nebo magnetitu s mirn€¢ odliSnym
magnetickym uspotfadanim oproti jadru Castice, naznacuje, ze redukce postupuje smérem
k jadrim ¢astic. ZFC kiivky naznacuji, ze se materidly nachazi z pohledu magnetickych
meteni (Casové okno ~ 10 s) v celém teplotnim intervalu v magneticky zablokovaném stavu.
Verweytiv prechod, ktery milize byt ovlivnén jak velikosti castic, tak i stechiometrii
pripravenych materiala,” byl pozorovan pouze u vice redukovanych vzorki (podinaje

NAN_03) v intervalu od —183 do —153 °C (tj. od 90 do 120 K).
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Obr. 2.1.1.4. (a) Hysterezni smycky vzorkli nestechiometrickych magnetiti a jejich
prekurzoru meéfené pifi  teploté -268°C (5K), (b) ZFC-FC kiivky vzorkl
nestechiometrickych magnetitd a jejich prekurzoru pii aplikaci vnéjSiho magnetického pole
(Bext) 0,1 T.

Korelace metod pri stanoveni stechiometrie

Vysledky ziskané pomoci vSech tfi experimentdlnich technik jsou ve velmi dobré
korelaci. Nicméné vzhledem k tomu, Ze jak hodnoty miizkového parametru, tak i saturacni

magnetizace jsou zavislé nejen na stechiometrii, ale také na velikosti ¢astic (se zmensujici se
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velikosti Castic se snizuje miizkovy parametr i hodnota saturatni magnetizace), piimé
stanoveni stechiometrie z tdchto metod by bylo obtizné.”® Grafy zavislosti miizkového
parametru a satura¢ni magnetizace na stechiometrii x,, stanovené pomoci Mossbauerovy
spektroskopie (Obr. 2.1.1.5; neni zahrnut vzorek NAN 01, jehoz Mossbauerovské spektrum
bylo fitovdno pomoci jednoho sextetu) prezentuji v obou ptipadech pfiblizn€ linearni
zavislost mezi porovndvanymi veli¢inami. Pro mfizkovy parametr je pozorovana zavislost
v souladu s dfive zjisténymi skutecnostmi.”'” V p¥ipadd magnetickych dat jsou hodnoty

vyrazné ovlivnény nanoc¢asticovym charakterem materialli, a proto srovnani s literaturou neni

relevantni.
(a) ® Data (b) | ® Data
-------- Linearni fit "_,. S 844 Linearni fit 4
- (R*=0,997) < (R*=0,996)
£ ® ~ ;
£.0,838 L 5 82 s
E > 3
£ g 801 ¢
(1] N
= 0,837 4 N
@ ° 4 .
2 "
S ©
=) 76 4
25 0,836 E
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= [-IEah I
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- 1@
0,835 (g 72
— —
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
Stechiometrie x| Stechiometrie x|

Obr. 2.1.1.5. Korelace (a) miizkového parametru z XRD a (b) saturaéni magnetizace
z magnetickych méfeni se stechiometrii x,, urc¢enou pomoci Mdssbauerovy spektroskopie.

Zavér

Cilem této kapitoly bylo pfedstavit metodu piipravy a strukturné-magnetické vlastnosti
série nestechiometrickych magnetitl s riznou mirou stechiometrie pfipravenych termicky
indukovanou redukci maghemitu. Bylo pozorovano, ze v prezentovaném nanocasticovém
systému dochézi k redukci maghemitu na magnetit v teplotnim intervalu od 145 do 160 °C.
Pti zhodnoceni stechiometrie pfipravenych materidlll vykazovaly pouzité charakterizacni
metody (tj. XRD, Mdossbauerova spektroskopie a magnetizacni méteni) velice srovnatelné
vysledky. Byla pozorovéana piiblizn¢ linedrni zavislost mfizkového parametru i saturacni

magnetizace na stechiometrii stanovené pomoci Mdssbauerovy spektroskopie.
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2.1.2. Termicky indukované transformace p-Fe,O3 v riiznych atmosférach

B-Fe,Os patii mezi vzacné polymorfy oxidu zelezit¢ho. Jeho termickd stabilita nebyla
dosud komplexné studovdna a v odborné literatufe se objevuji pouze neucelené informace,
znichz plynou vyrazné rozdily v pouzitych experimentalnich podminkach, které cini
srovnani transformacnich procesti zna¢né obtizné. Tato kapitola proto piinasi komplexni
nahled do problematiky termicky indukovanych transformaci B-Fe,O; v riznych podminkéach
zahrnujicich atmosféry syntetického vzduchu, vodiku, dusiku, oxidu uhli¢it¢ho a oxidu

uhelnatého a shrnout transformacni procesy a podminky, pfi nichz k nim dochazi.

Transformace p-Fe,O; v atmosféi‘e syntetického vzduchu

Transformace B-Fe,O; v oxida¢ni atmosféie syntetického vzduchu zahrnuje pouze

strukturni transformaci na hematit v teplotnim intervalu 700 az 760 °C (viz Obr. 2.1.2.1a).

Transformace B-Fe,0; v atmosféi‘e oxidu uhlicitého

V atmosféie oxidu uhli¢itého se sklada transformacni mechanismus ze dvou fazovych
prechodt (Obr. 2.1.2.1b). Prvnim z nich je strukturni transformace na hematit v teplotnim
intervalu od 475 do 575 °C. Pti 575 °C hematit dosahuje maximalniho zastoupeni piiblizné
85 hm.%. Nicméné od teploty 500 °C dochazi dale k transformaci na maghemit/magnetit,
ktera je ukoncena pfi teploté 700 °C. Vzhledem k jejich izostrukturnimu charakteru je ovSem
velmi obtizné obé tyto faze od sebe v prezentovanych vysokoteplotnich experimentech
rozli§it, nicméné miizkovy parametr ziskany z difrakéniho zaznamu findlniho produktu

ukazuje na mirn€ nestechiometricky magnetit.

Transformace B-Fe, O3 v atmosfére dusiku

Cely mechanismus se sklada ze tii transformaci (viz Obr. 2.1.2.1c), z nichZz dvé jsou
spojeny také se zmeénou valen¢niho stavu Fe. Prvni je strukturni pfechod B-Fe,Os na hematit
v teplotnim intervalu 625 az 700 °C. Druhou je potom transformace hematitu na kubickou
spinelovou strukturu typickou pro maghemit/magnetit. Ta zacind pii teplotdch nad 675 °C
a vzhledem k dalSimu vyvoji fazového zastoupeni smérem k wiistitu (a tudiz k nartistajicimu
zastoupeni Fe’™ na ukor Fe’") lze predpokladat, Ze se s velkou pravd&podobnosti jedna
o (nestechiometricky) magnetit. Od teploty 825 °C dochazi také k redukci na wiistit, ktery
tvoii pfi findlni teplot¢ 900 °C jedinou krystalickou fazi. V difrakénim zdznamu finalniho

produktu bylo krom¢ majoritniho wiistitu zaznamenano také ptiblizn¢ 1 — 2 hm.% a-Fe.
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Transformace p-Fe,O; ve vodikové atmosféie

V redukéni vodikové atmosféie probiha transformace pii vyrazné nizsich teplotach nez ve

vSech pfedchozich piipadech. Mechanismus transformace je tvofen dvéma fazovymi

piechody (Obr. 2.1.2.1d), pficemz oba souviseji také se zménou valenc¢niho stavu Fe. Prvnim

je redukce B-Fe,O; na magnetit (v tomto siln¢ redukénim prostredi 1ze predpokladat, ze se

opravdu jednd o redukci na magnetit, nikoli o strukturni pfechod na maghemit) probihajici pii

teplotach nad 280 °C. Zastoupeni magnetitu dosahuje svého maxima pii teploté 340 °C,

pficemz pii této teploté zaroven zalind dochazet k uplné redukci na elementarni zelezo

(a-Fe). Redukéni proces je ukoncéen pii teploté 420 °C, kdy je vzorek tvoien vyhradné a-Fe.

—
Q

-
(=

60 +

40 -

20 4

Relativni zast. (hm.%)

(=]
_*
y

synteticky vzduch

0 300

o4 @

100 2

400 500 600 700 800 900

Teplota (°C)

-
o ~—"

o
1

80 4

60 +

404

20 4

Relativni zast. (hm.%) ’8‘

o
1

100 200 300

400 500 600 700 800 900

Teplota (°C)

—_—
®
O

-
o
1

80 +

60 4

40 +

20 4

Relativni zast. (hm.%)

co

100 200 300

400 500 600 700 800 900

Teplota (°C)

—_
o)
S ~—

-
o
1

Relativni zast. (hm.%)

Relativni zast. (hm.%)

—_
o
S ~—"

-

80 4

60 +

40 -

20 4

co,

100 200 300 400 500 600 700 800 900

Teplota (°C)

o
|

80 4

60 +

404

20 4

—=— pB-Fe O,

——Fe,0,

»— o-Fe

100 200 300 400 500 600 700 800 900

Teplota (°C)

Obr. 2.1.2.1. Kvantifikace faizového zastoupeni v pribéhu transformace B-Fe,Os; v atmosféte
(a) syntetického vzduchu, (b) oxidu uhli¢itého, (c) dusiku, (d) vodiku, a (e) oxidu uhelnatého.
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Transformace p-Fe,O; v atmosféie oxidu uhelnatého

Jako nejkomplexngjsi se jevi mechanismus transformace B-Fe,Os; v atmosféfe oxidu
uhelnatého. Obdobn¢é jako ve vodiku tvofi prvni dva kroky celého transformacniho
mechanismu nejprve redukce PB-Fe,O; na magnetit a nasledné¢ na o-Fe (Obr. 2.1.2.1e).
K redukci na magnetit dochazi v teplotnim intervalu 225 az 350 °C. Pfi dal§im nérGstu
teploty dochazi k pozvolné redukci na a-Fe, které dosahuje maximalniho zastoupeni pii
525 °C. Pii dal$im zvySovani teploty jiz transformacni procesy ovliviiuje zejména nauhliceni
anaslednd tvorba karbidi Zeleza. Jako prvni se objevuje pii 550 °C karbid Fes;C.
S narstajicim nauhli¢enim dochazi také k vzniku metastabilniho karbidu FesC, (Haggav
karbid) dosahujiciho maximalniho zastoupeni pti 700 az 725 °C. Jeho obsah nasledné opét
klesa na ukor Fe;C. Pfi dal§im zvySovani teploty nad 775 °C dochdzi k deponaci cistého
uhliku ve strukturni formé grafitu. Findlni produkt je tvofen z pohledu krystalickych fazi

zejména karbidem Fe;C, uhlikem, a velmi malym mnozstvim a-Fe.
Zavér

V této kapitole byly komplexné pfedstaveny a shrnuty termicky indukované transformace
B-Fe,Os3 v riznych oxidaénich, redukénich i inertnich podminkach zahrnujicich atmosféry
syntetického vzduchu, oxidu uhli¢itého, dusiku, vodiku a oxidu uhelnatého. Tab. 2.1.2.1
prezentuje schéma transformacnich mechanismi B-Fe,O3; v pouzitych atmosférach, véetné
pfibliznych teplotnich intervald, pfi nichZ k transformacim dochézi. Zatimco atmosféra
syntetického vzduchu se projevila dle o¢ekavani oxidacnimi a atmosféra vodiku naopak silné
redukénimi vlastnostmi, atmosféry oxidu uhli¢it¢tho a dusiku se v kombinaci s vysokou
teplotou projevily jako mirné redukéni prostredi. Zvlastni pozornost pak bylo tieba vénovat
atmosféte oxidu uhelnatého, ktera tvofila pii niz8ich teplotach redukéni prostiedi a pfii

vyssich teplotach prostfedi vhodné k nauhli¢eni materidlu.

Tab. 2.1.2.1. Pfehled termicky indukovanych transformacnich mechanismi [-Fe;O;
v atmosférach syntetického vzduchu, oxidu uhli¢itého, dusiku, vodiku a oxidu uhelnatého.

Atmosféra| Mechanismus transformace
Synteticky 700-760°C
vzduch B-Fe,0,— a-Fe,O,
475-575°C 500-700°C
CO, B-Fe,0,— o-Fe,0,— Fe,0,
625-700°C 675-825°C 825-900°C
N, B-Fe,0,— o-Fe,0,— Fe,0,— FeO
280-340°C 340-420°C
H, B-Fe,0,— Fe,0,— a-Fe
225-350°C 350-525°C  550-625°C 625-725°C 725-775°C nad 775°C
CcO B-Fe,0,— Fe,0,— a-Fe— Fe,C—>Fe,C,—Fe,C—>Fe,C +C
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2.2. Priprava nZV1, jejich vlastnosti a modifikace
2.2.1. Priprava nZVI se sférickou 3D architekturou

Bézné zplisoby piipravy nZVI cCastic zahrnujici termicky indukovanou redukci zelezo
obsahujicich prekurzori (s asticemi piiblizng sférického tvaru) a redukci Fe** a Fe** iontd
ve vodném prostiedi vedou obvykle k Casticim s pfiblizn¢ sférickou morfologii. Takové
Castice maji tendenci k agregaci, coz muze vést ke snizeni jejich efektivity pfi odbouravani
polutantii. Z tohoto diivodu jsou hledany také castice nZVI s jinou nez sférickou morfologii,
unichz by byla agregace potlacena. V této kapitole bude predstaven vliv morfologie na
mechanismus redukce nanocéstic Fe;O4 se sférickou 3D architekturou a optimalizace

podminek piipravy nZVI tak, aby nedoslo k naruSeni sférické architektury nanocastic.

Mechanismus redukce klastri Fe;O4 se sférickou 3D architekturou

Klastry magnetitu se sférickou morfologii o celkové velikosti pfiblizn¢ 280 nm jsou
tvofeny nanoc¢asticemi s MCL o velikosti 18 nm. Vzhledem ke snaze zachovani morfologie
spolu se zvySenym tlakem vodiku, ktery proces redukce urychluje. Izotermickd redukce
probihajici pti teploté 300 °C (Obr. 2.2.1.1) se sklada z dvou procest: (i) z ¢astecné redukce
magnetitu na wiistit, ktera zacina velmi brzy po dosazeni teploty 300 °C; a (ii) z nasledné
redukce na a-Fe, které se v difrakénich zaznamech objevuje po 70 minutach izotermického
zihani. Ubytek magnetitu je pozvolny a trvd 180 min. S nariistajicim zastoupenim o-Fe
postupné klesd mnozstvi wiistitu. To naznacuje, Ze wiistit tvofi rozhrani mezi magnetitem

a a-Fe, které se s postupujici redukci zmensuje.
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Obr. 2.2.1.1. Kvantifikace fazového zastoupeni v prubéhu transformace Fe;O4 se specidlni
3D sférickou morfologii nanocéstic v atmosféie Hy.
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Z pohledu fazového slozeni je pfipraveny material tvofen Cistym a-Fe s mirné zvétSenymi
MCL (25 nm) oproti pouzitému magnetitu. Cistotu o-Fe z pohledu Zelezo obsahujicich fazi
potvrdilo také Mossbauerovské spektrum v némz sextet reprezentujici a-Fe tvoftil jedinou
komponentu. Pfipraveny materidl si zdrovenn zachovava morfologické vlastnosti pouzitého

magnetitu, coz potvrzuji snimky z elektronové mikroskopie (Obr. 2.2.1.2).

Obr. 2.2.1.2. Snimky poiizené¢ pomoci SEM (vlevo) a TEM (vpravo) vzorku (a) magnetitu
a (b) pripravenych nZVI ¢astic se sférickou 3D architekturou.

Zavér

Tato kapitola pfedstavila pfipravu nanocastic ZVI usporadanych do klastrii se sférickou
3D architekturou. Termicky indukovana redukce klastrii nanoCastic magnetitu se ukazala
jako vhodné metoda piipravy, ktera pii volbé relativné nizké teploty redukce v kombinaci se
zvySenym tlakem vodiku vedla k pfipravé nZVI se zachovanymi morfologickymi
vlastnostmi. Charakterizace pfipravenych c¢astic nZVI pomoci XRD a Mossbauerovy

spektroskopie potvrdila fazovou cCistotu materidlu, ktery je vzhledem k velké plose povrchu

aplika¢né zajimavy v oblasti ¢isténi vod.
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2.2.2. Castice nZVI stabilizované oxidickou slupkou s kontrolovanou tloust’kou

V soucasné dobé¢ patii nZVI v oblasti ¢isténi podzemnich vod a piid mezi nejvyuzivanéjsi
pramyslové materidly s redukénimi vlastnostmi. Nemodifikované castice nZVI jsou
pyroforické, coz zvySuje naroky na jejich skladovani a piepravu. Z tohoto diivodu lze povrch
Castic stabilizovat (pasivovat) anorganickou slupkou, v tomto piipadé oxidickou, ktera
zajisStuje materidlu stabilitu na vzduchu. Ackoliv zplisoby modifikace povrchu Ccastic
oxidickou slupkou jsou jiz znamy, mechanismus jejiho vzniku a moZznost fizeni jeji tloustky
nebyly dosud objasnény. BéZné zplisoby pasivace ale zaroven negativné ovliviiuji reaktivitu
materidlu, coz vedlo ke studiu moznosti reaktivace pasivovanych nZVI pted jejich pouzitim,
mezi n¢z patii naptiklad sonifikace, a zejména proces oznaCovany jako aktivace nZVI. Na
rozdil od ptfechozich kapitol se tato Cast prace zabyva modifikaci povrchu jiz pfipravenych
¢astic. Jejim cilem je objasnéni mechanismu vzniku slupky, mozZnosti fizeni jeji tloustky
vhodnou volbou podminek pfipravy a jeji vliv na fyzikalné-chemické charakteristiky
pripravenych Castic. DalSim cilem je ptiprava takového materidlu, ktery by byl stabilni na
vzduchu a zaroveil by si zachoval své vyhody v oblasti reaktivity (tj. nebyla by nutné jeho

reaktivace).

In situ pozorovani povrchové oxidace nZVI

Vystaveni nemodifikovanych ¢astic nZVI kontaktu s atmosférickym kyslikem vede
k jejich velmi prudké oxidaci. To je zplsobeno prakticky neomezenou dostupnosti
atmosférického kysliku v kombinaci s nanoc¢éasticovym charakterem nZVI, kdy velka plocha
povrchu poskytuje reakéni prostor pro oxidaci velkého mnozstvi atomi Fe soucasné.
Z tohoto diivodu je pro rychlost oxidace nZVI klicové mnoZstvi dostupného kysliku. In situ
monitorovana oxidace povrchu nemodifikovanych nZVI byla proto provedena pomoci tii
komplementarnich experimentalnich technik (tj. VT-XRD, TGA aTPO) v prostfedi
s vyrazné omezenym mnozstvi kysliku.

Nahled na strukturni zmény souvisejici s oxidaci ¢astic nZVI umoznila VT-XRD. Na
Obr. 2.2.2.1 je znazornén vyvoj difrakénich zdznamu a fazového zastoupeni pii experimentu
s krokovym zahfivanim materidlu az do teploty 250 °C. Jiz pfi relativné nizkych teplotach
(okolo 75 °C) zacina dochazet k oxidaci a-Fe na wiistit (FeO). Navic pfi teplotdch od 100 °C
je vdifrakénich zdznamech pozorovana také kubickd spinelova struktura patiici
magnetitu/maghemitu. Vzhledem ktomu, Ze zastoupeni wiistitu dosahuje 3 —4 hm.%

v prubéhu celého zbytku experimentu a mnozstvi magnetitu dale naristd az na findlnich
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37 hm.% pii 250 °C, lze piedpokladat, ze wiistit tvoii rozhrani mezi jadry nanocéstic
tvofenymi o-Fe a magnetitovou slupkou na jejich povrchu. Kromé zminénych procest
dochazi pti teplotach nad 175 °C k dalsi oxidaci na hematit. V pribéhu celého experimentu
pokleslo relativni zastoupeni a-Fe na ukor pfitomnych oxidi z pivodnich 100 na finalnich

30 hm.%.
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—>— Fe,0,/v-Fe, 0,
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lzotermické
syntézy

a-Fe

60
50
40-
30-
20
104

a-Fe,0, Fe,0,

Intenzita (a.j.)
Relativni zastoupeni (hm.%

<2 50 100 150 200 250
Teplota (°C)

70 80

20 30 40 50 60
20CoK_, (°)

Obr. 2.2.2.1. (a) Vyvoj RTG difrakénich zaznamt a (b) kvantifikace fazového zastoupeni
béhem ristu oxidické slupky na nanocasticich ZVI pii krokovém =zahiivani materidlu
v atmosféfe smeési 2 mol.% O, v N,. V ¢asti (b) jsou uvedeny teploty, které¢ byly nasledné
pouzity pfi izotermické piiprave stabilnich nZVI s riznou tloustkou oxidické slupky.

Pro hlubsi porozuméni procesu tvorby oxidické slupky, kterou je obtiZzné kvantifikovat
pomoci XRD, byla zapojena také TGA. Oxidace nZVI (Cistého a-Fe) na Fe;04 nebo Fe O3 je
teoreticky spojena s naristem hmotnosti 38,2, respektive 43,0 %. Oba provedené
experimenty (tj. pfi pokojové teploté i pti 150 °C, Obr. 2.2.2.2a) ukazuji na prudké zvySeni
hmotnosti béhem prvnich 15 min od zacatku experimentu (tj. promyvani reakéni komory
smési 2 mol% O, v N»). Ackoliv pii pokojové teploté Cinil celkovy nartist hmotnosti 2,5 %
(odpovida 6,5 hm.% magnetitu), vice nez 1,5 % bylo dosazeno pravé béhem prvnich 15 min.
Pii teplote 150 °C se celkova hmotnost zvétsila o 7,7 % (odpovidda obsahu magnetitu
20,4 hm.%), z nichz znacné ¢ast (5,5 %) byla opét dosaZzena béhem prvnich 15 min. Podle
Cabrera-Mottovy teorie oxidace kovl 1ze prudky narGist hmotnosti na pocatku experimentu
vysvétlit vytvorenim velmi tenké vrstvy oxidi Zeleza na povrchu &astic.”' Jeho nasledné
zpomaleni je zplisobeno sniZzenou schopnosti iontl Zeleza difundovat skrz oxidickou slupku
z jader na povrch &astic.”' Jako velmi zajimavé se navic jevi srovnani experimentti TGA
a VT-XRD pifi 150 °C. Mnozstvi magnetitu kvantifikované z difrakénich zaznami po

360 min velmi dobte koreluje s vypocitanym mnozstvim magnetitu obsazenym po 360 min
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experimentu (je nutno vzit také v uvahu, ze cast slupky, zejména jeji uplny povrch na
rozhranich, bude vzdy rentgeno-amorfni; z XRD 17 hm.%., z TGA 19,8 hm.%).

Tieti pouzita technika, TPO, umoznila nahled na mechanismus rastu slupky skrz
mnozstvi spotfebovaného kysliku reprezentovaného intenzitou signalu (Obr. 2.2.2.2b,c).
Prudky nértst signdlu v obou provedenych experimentech (tj. pii pokojové teploté a pfii
160 °C) potvrzuje vytvoieni monovrstvy atomi kysliku na povrchu nanoc¢éstic. Rozdil je
ovsem vV kinetice tvorby oxidické slupky, kterd je fizena teplotné zavislou rychlosti difuze
atomu Zeleza. Zatimco v experimentu pii pokojové teploté dochazelo k pozvolnému poklesu
intenzity signalu k nulovym hodnotdm po dobu 150 min, v experimentu pti 160 °C zistala
intenzita signalu blizko svého maxima pfiblizn¢ 10 min, poté byl pozorovan prudky pokles
nasledovany pozvolnym piiblizenim k nulové hodnoté. Tento vyvoj opét reflektuje Cabrera-
Mottovu teorii oxidace kovi, kdy pokles intenzity signdlu reprezentuje nastavajici saturaci
kysliku v povrchovych vrstvach slupky, zatimco fluktuace signdlu mirné nad nulovou
hodnotou reprezentuje dosazeni rovnovahy mezi nové adsorbovanym kyslikem a kyslikem

zaclenénym do struktury oxidi Zeleza.
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Obr. 2.2.2.2. Rust oxidické slupky na povrchu nZVI ¢&astic pfi izotermickém Zihani
v atmosféte smési 2 mol.% O, v N, zachycen pomoci (a) TGA pii 30 a 150 °C, (b) TPO pii
30 °C a (c) TPO piti 160 °C.

Vlastnosti pripravenych na vzduchu stabilnich nZVI

Zatimco experimenty zaméfené na in situ monitorovani ristu oxidické slupky byly
provedeny s pouZitim pouze malého mnoZstvi materidlu (v fddu jednotek aZ desitek mg),
nZVI s kontrolovanymi tloustkami slupek byly pfipraveny v mnozstvich desitek grama.

Z morfologického pohledu tvofi nZVI pfipravené termicky indukovanymi procesy
obvykle klastry agregovanych nanocastic(Obr. 2.2.2.3a). Stfedni velikost ¢astic se pohybuje
okolo 73 nm (hodnota zahrnuje jadra i slupku; velikostni distribuce odpovidad log-

normalnimu rozdéleni; Obr. 2.2.2.3b) a vzhledem k mnozZstvi hodnot potiebnému k dosaZeni
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dostate¢né statistické kvality byla stanovena ze vzorkd nZVI se 4 a 5 nm slupkou (teplota
ptipravy nZVI byla v obou piipadech stejnd a zaroven vyrazné vyssi nez teplota pasivace,
proto Ize ptedpokladat, Ze soucasné vyuziti obou vzorki k vypoctu distribuce velikosti ¢astic

1ze pouzit, aniz by doslo ke zkresleni skute¢nych hodnot).

p=728+1,1 nm

20

40 60 80 100 120 140 160 180 200

Velikost ¢astic (nm)

Obr. 2.2.2.3. (a) Snimek agregovanych ¢astic nZVI potizeny pomoci TEM, (b) distribuce
velikosti ¢astic spocitand ze vzorki nZVI 4 anZVI 5.

Schopnosti fidit tloustku pasivaéni oxidické slupky na casticich nZVI bylo dosazeno
pripravy je ovSem dostatecné omezeni mnozstvi dostupného kysliku, které nejen, Ze brani
nekontrolované oxidaci ¢astic nZVI, ale také umoznuje vytvoreni slupky s relativné uzkou
distribuci tloustky. Stfedni velikosti tloustky slupek se u pfipravenych vzorkli potom
pohybuji vrozsahu od 4,0 do 9,9 nm (viz Obr.2.2.2.4 a Tab.2.2.2.1). Navic se kromé
tloustky slupky meéni také jeji charakter. Zatimco u vzorkd nZVI stenkymi slupkami
(4 a 5nm) jsou celé Castice homogenné pokryty kompaktni slupkou bez viditelnych trhlin
a defektli, u castic se 7 nm slupkou je jiz jeji naruSeni zietelné. Trhliny a defekty ve slupce

jsou potom vyrazné ¢astéjsi u ¢astic s 10 nm slupkou.
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Obr. 2.2.2.4. Reprezentativni snimky pfipravenych castic nZVI s oxidickou slupkou
o tloust’ce (a) 4, (b) 5, (¢) 7 a (d) 10 nm pofizené¢ pomoci TEM vcetné teploty ptipravy

a distribuce tloustky oxidické slupky.

Charakter oxidické slupky také vyrazné ovlivituje SSA a porozitu. Ackoliv se SSA
u nZVI ptipravenych borohydridovou cestou pohybuje typicky okolo 40 az 50 m*/g,”* u nZVI
ptipravenych termicky indukovanymi procesy je mensi.”
s kontrolovanou tloustkou oxidické slupky vykazuji SSA v rozsahu od 18,4 do 24,4 m*/g,

pricemz SSA narista s nartstajici tloustkou slupky vlivem jeji zvétSujici se porozity (to je

potvrzeno plochou povrchu pori; viz Tab. 2.2.2.1.).
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Tab. 2.2.2.1. Vlastnosti vzorkti nZVI ziskané pomoci TEM (tloustka slupky), BET SSA
(SSA, plocha povrchu pérd (SA poért)), Mossbauerovy spektroskopie (relativni plochy
subspekter, RA).

TEM BET SSA Mossbauerova spektroskopie
Vzorek Slup. SSA SA port |RAs; RAg; RAg; RAp; RAg

(nm) (m’/g) (%)
nZVI 0 -—- -—- -—- 8 - - 1 10
nZVI 4 4,0 18,4 11,9 81 — = - 19
nZVI 5 4,9 18,8 13,7 79 - - 3 18
nZVI1 7 7,3 23,3 16,6 69 2 3 - 26
nZVI 10 9,9 24.4 18,1 61 4 6 - 29

Ze strukturniho a fazového pohledu jsou materialy tvoieny zejména a-Fe (Obr. 2.2.2.5).
S narustajici tloustkou oxidické slupky klesd MCL z ptivodnich 69,6 nm pro nemodifikované
¢astice nZVI az na 55,9 nm pro nZVI c¢astice s 10 nm slupkou (Tab. 2.2.2.2; odchylky MCL
od klesajiciho trendu jsou vramci experimentdlni chyby). V difrakénich zaznamech
modifikovanych ¢astic nZVI (tzn. nZVI se slupkami) jsou pfitomny také Siroké difrakéni
Cary pfislusejici strukturnim rovindm 220 a 311 kubické spinelové struktury
magnetitu/maghemitu (viz Obr. 2.2.2.5), jejichZ intenzita nartstala se zvétSujici se tlouStkou
oxidické slupky. Navic, protoze nejsou ptitomné v difrakénim zaznamu nemodifikovanych
¢astic nZVI, je ziejmé, ze reprezentuji oxidickou slupku na povrchu nanocéstic. Velka Sitka
téchto difrakcnich Car naznacuje nizkou krystalinitu magnetitu/maghemitu, ktera je ovlivnéna
nejen vlastni tloustkou slupky, ale také povrchovymi jevy. Krystalinita nicméné kopiruje
trend narUstajici tloustky slupky pozorovany pomoci TEM. Z pohledu zastoupeni fazi
dochazi k nariistu mnozstvi magnetitu/maghemitu z 2,8 hm.% u nZVI ¢astic se 4 nm slupkou
az na 21,3 hm.% unZVI s 10 nm slupkou. Z hlediska rozliSeni magnetitu a maghemitu
ukazuje vtomto pfipad¢ miizkovy parametr na prakticky stechiometricky magnetit

(Tab. 2.2.2.2).
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Obr. 2.2.2.5. RTG difrakéni zédznamy nemodifikovanych castic nZVI a nZVI ¢astic
s kontrolovanou tloustkou oxidické slupky s detailem vyznamnych difrakci magnetitu.

Tab. 2.2.2.2. Strukturni a fazové charakteristiky cerstvé pfipravenych a jeden rok zestarlych
nZVI materiali ziskané pomoci Rietveldovy analyzy.

Cerstvé material Materialy zestarlé jeden rok
y y J

Vzorek o-Fe Fe;04 o-Fe Fe;04
Zast. MCL | Zast. MCL a Zast. MCL | Zast. MCL a
(hm.%) (nm) |(hm%) (nm) (nm) | (hm.%) (nm) | (hm.%) (nm) (nm)

nZVI 0 | 100,0 69,6 - - -—-
nZVI1 4 97,2 64,3 2,8 33 0,8413| 94,2 67,6 5,8 3,2 0,8410
nZVI1 5 96,0 64,8 4,0 3,5 0,8411| 94,4 67,6 5,6 3,5 0,8390
nZVI1 7 87,2 56,7 | 12,8 5,7 0,8389| 84,8 60,2 15,2 6,0 0,8390
nZVI_ 10 | 78,7 55,9 | 21,3 93 0,8390| 76,2 56,1 23,8 9,5 0,8389

V Mossbauerovskych spektrech ptipravenych nZVI castic (Obr. 2.2.2.6) byl jako hlavni
komponenta identifikovan sextet S1 s hyperjemnymi parametry odpovidajicimi a-Fe
(relativni plochy jednotlivych komponent jsou uvedeny v Tab. 2.2.2.1). Jeho relativni plocha
klesala s rostouci tloustkou oxidické slupky z ptivodnich 89 % pro nemodifikované nZVI az
na 61 % pro nZVI s 10 nm slupkou. Vedle sextetu S1 byla ve vSech spektrech pfitomna také
relaxacni komponenta G1 (singlet), ktera reprezentuje strukturné neusporadané atomy zZeleza
v oxidické slupce a na rozhranich mezi jadry a slupkami. Ackoliv izomerni posun poukazuje,
ze komponenta reprezentuje zejména ionty zeleza ve stavu Fe*, ionty Fe’' a atomy Fe” do ni

mohou také pfispivat. Jeji relativni plocha nartistd s rostouci tlouStkou slupky z 10 % pro
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nemodifikované nZVI az na 29 % pro nZVI s 10 nm slupkou. Kromé téchto komponent se ve
vzorcich nZVI se siln¢jSimi slupkami (tj. 7 a 10 nm) objevuji také sextety S2 a S3, jez
vzhledem ke svym hyperjemnym parametriim reprezentuji tetraedrické a oktaedrické pozice
magnetitu (hyperjemné parametry se sice mirn¢ odliSuji od téch uvedenych v literatute,
nicmén¢ tento rozdil je zplisoben nedostateCnou krystalinitou a defekty v oxidické slupce
zpuisobujicimi neekvivalentni magnetické okoli a poruchy ve sférickém rozlozeni néboje
okolo atomt Fe). Jejich souhrnnd relativni plocha dosahuje maximalné 10 % (viz
Tab. 2.2.2.1). Ve vzorcich nemodifikovanych ¢astic nZVI a nZVI ¢astic s 5 nm slupkou se
navic v minoritnim mnozstvi objevuje dublet D1 (do 3 %), ktery reprezentuje magneticky

N7 r +
neuspotadané Fe®*.
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Obr. 2.2.2.6. Mossbauerovska spektra (a) vzorku nZVI bez stabilizace a nZVI vzorka
stabilizovanych (b) 4, (c) 5, (d) 7 a (¢) 10 nm oxidickou slupkou.
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Dlouhodoba stabilita

Dlouhodobé stabilita nZVI materidld pii zachovani jejich vlastnosti je jednim
z vyznamnych parametra ovlivitujicich jejich praktickou pouzitelnost. Za timto ucelem byly
materidly jeden rok skladovany v béznych podminkach (tj. za pfistupu atmosférického
kysliku) a nasledn€ charakterizovany z pohledu strukturnich a fazovych zmén. Vysledek je
velmi uspokojivy, protoze zestarlé materialy vykazuji velmi podobné fazové slozeni jako
puvodni (Cerstvé) materialy (viz Tab. 2.2.2.2). V zddném ze zestarlych materidlti nebyl
pozorovéan vznik wiistitu.”* Relativni zastoupeni o-Fe pokleslo na ukor magnetitu nezavisle
na tloustce oxidické slupky maximéalné o3 hm.%. To poukazuje na aplikovatelnost
pripravenych nZVI ¢astic v obdobi minimaln¢ jednoho roku od jejich vyroby bez zvysSenych
narokl na skladovani. V pribéhu sledovaného obdobi navic témér nedochazi ke zménam ve
velikosti MCL, coZ poukazuje na fakt, ze jddra nZVI castic si zachovavaji velikost a slupka

svou tloust’ku.

Zhodnoceni reaktivity

Reaktivita pfipravenych materidll byla testovdna s pouZzitim dvou anorganickych
kontaminantli, jmenovit¢ Cu(Il) a Cr(VI)—zde uvedeny experimenty s Cr(VI). Tyto
kontaminanty byvaji Casto vybrany pro laboratorni experimenty, protoZze mechanismus
dobra “citlivost® na zménu redoxnich podminek (napt.””). Pfipravené nZVI materidly
rozsifené pro tyto ucely o komercni nemodifikované nZVI NF 25 a stabilizované nZVI
NF _STAR (pro Cr(VI) v€etné zahrnuti aktivovaného nZVI) byly testovany pro zhodnoceni
jak kinetiky odbourani uvedenych polutantti, tak 1 jejich efektivity.

Pfi experimentu zaméfeném na kinetiku reakce nZVI s Cr(VI) 1ze materidly rozdélit do
4 skupin (Obr. 2.2.2.7): (i) materidly srychlou kinetikou (nemodifikované nZVI bez
stabilizace); (i1) materiadly s pomalou kinetikou (Castice nZVI s tenkou slupkou 4 a 5 nm);
(111) materidly se stfedni kinetikou (zahrnuje pfipravené materialy se 7 a 10 nm slupkami na
¢asticich nZVI); (iv) komercni stabilizované nZVI, které vykazuji také stfedni kinetiku
(zahrnuje komerc¢ni stabilizované nZVI ¢&astice bez a s aktivaci). NejvyznamnéjSim
pozorovanim tohoto experimentu ale je, Ze pfipravené nZVI materialy se slupkami 7 a 10 nm
mayji stale vysokou schopnost reagovat s kontaminantem. To je zfejmé zptisobeno piitomnosti
defektti ve slupce. Naopak castice s tenkou slupkou, kterd je kompaktni a bez defekti, se

v tomto porovnani jevi jako mnohem méné reaktivni. Podobny trend ukazuji také data

31



z kapacitniho experimentu. Jediny rozdil je v tom, ze komer¢ni stabilizované nZVI vykazuje

vyrazné mensi efektivitu v porovnani s ostatnimi materialy.
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Obr. 2.2.2.7. Odstranéni Cr(VI) pomoci ¢astic nZVI s riznou tloustkou slupky v anaerobnim

prostiedi. (a) Kinetika reakce pfi pouziti koncentrace Fe 322 mg/l a (b) efektivita odstranéni
Cr(VI) po 24 hodinach.

Pro prokazani redukéniho mechanismu odstranéni Cr(VI) z kontaminované vody, byla
provedena charakterizace pouzitého materidlu po reakci trvajici 7 dni. Pomoci XPS bylo
potvrzeno, Ze veskery chrom obsaZeny v pevném podilu materidlu ziskaného po reakci je ve
stavu Cr(IIl), tzn. ze byl zredukovan z ptivodniho Cr(VI). Toto pozorovani potvrzuji také
Maossbauerovska spektra, v nichZ je patrnd ¢astecnd oxidace nZVI. Hyperjemné parametry
jednotlivych komponent ve spektrech ziistaly prakticky beze zmé&ny v porovnani s témi pred
reakci. Viditelnou zménou je ale piiblizné 10 % tubytek relativni plochy sextetu
reprezentujiciho a-Fe na tkor relaxacni komponenty. Na zékladé téchto uvedenych vysledki

tedy bylo mozné potvrdit, ze doslo k redukci Cr(VI) na Cr(III) u vSech testovanych materiala
a navic s rtiznou efektivitou.

Zavér

Cilem této kapitoly bylo pifedstavit problematiku anorganické stabilizace nZVI pomoci
vytvoreni oxidické slupky na povrchu Castic. Kromé poskytnuti detailniho nahledu na proces
stabilizace nZVI a na mechanismus ristu oxidické slupky byl v této kapitole prezentovan
zpiisob piipravy nZVI &astic stabilizovanych pomoci vytvofeni oxidické slupky s fizenou
tloustkou mezi 4 a 10 nm. Detailné byly pfedstaveny morfologické, strukturni a magnetické

vlastnosti piipravenych materiali, vcetné¢ ovéfeni stability dlouhodobym vystavenim
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materiali atmosférickému kysliku, které potvrdilo, ze po dobu jednoho roku prakticky
nedochazi k degradaci materialt vlivem strukturnich nebo fazovych zmén. Materidly byly
cileny pro pouziti v oblasti reduk¢nich technologii ¢isténi podzemnich vod a pud. Jak ukézaly
experimenty na zhodnoceni reaktivity, tlouStka a charakter slupky na povrchu céstic
vyznamné ovliviiuji schopnost nZVI odstranit kontaminaci. Vysledkem je, ze materialy
s tlustSimi slupkami mezi 7 a 10 nm mohou bez nutnosti dalsi aktivace poslouzit jako vhodna
alternativa k v soucasnosti bézn¢ pouzivanému na vzduchu stabilnimu nZVI, které je ovSem

nutné pied pouzitim jesté aktivovat po dobu optimaln¢ 48 hodin.
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2.3. VyuZiti nanomaterialit na bazi Fe a termickych procesii v praxi
2.3.1. Priprava magnetitu s unikatni morfologii pro katalytické aplikace

Magnetit patfi mezi materialy s velmi Sirokym spektrem aplikaci. Ve své nanocasticové
podobé nachézi v poslednich letech uplatnéni zejména v katalytickych procesech, kde se
obvykle s vyhodou vyuzivd materiali s velkou plochou povrchu. Cilem této kapitoly je
predstavit termicky indukovanou piipravu magnetitu, jez si diky vhodné volbé reakcnich
podminek zachovava specialni morfologii amorfniho oxidu zelezitého pouzitého jako
prekurzoru. Takto pfipraveny magnetit vykazuje efektivni vysledky v oblasti katalytické

redukce nitroarend.

Strukturni zmény amorfniho Fe,O3 v reduk¢énim prostiedi indukované teplotou

Obdobné¢ jako v kapitole 2.2.1 (Priprava nZVI se sférickou 3D architekturou) 1 zde bylo
nezbytné zachovat pfi transformaénim procesu morfologii pouzitého prekurzoru. V tomto
ptipadé ovSem nebylo cilem provést Uplnou redukci oxidu zelezit¢ho na a-Fe, ale pouze
¢astecnou na magnetit. Z tohoto divodu bylo mozné vyuZzit jeSt¢ vyrazn€ niZsi teplotu
(maximalné¢ 220 °C) i pii zachovani atmosférického tlaku vodiku.

Z vyvoje difrak¢nich zdznami (Obr. 2.3.1.1) je ziejmé, Ze vstupni material pouzity pro
pripravu magnetitu je rentgeno-amorfni (z Mdossbauerovskych spekter plyne, Ze se jedna
o amorfni oxid Zelezity), tzn. neobsahuje zadné krystalické faze, coz se v difrakénich
zaznamech projevuje pfitomnosti dvou Sirokych maxim (v tomto konkrétnim piipad€ okolo
uhlt 40 a 70° 26). Od teploty 200 °C zacina dochéazet ke krystalizaci materialu, z difrakénich
zaznamu ale nelze rozlisit, zda je krystalizace amorfniho oxidu zelezitého pouzité¢ho jako
prekurzoru doprovdzena také jeho redukci na magnetit. Optimalizaci experimentalnich
podminek byla teplota izotermického zihdni trvajictho 60 min nastavena na 220 °C. Tato
teplota se nasledné ukazala jako idedlni pro zachovéani morfologickych vlastnosti prekurzoru
a zaroven dostate¢na pro jeho transformaci spojenou s redukci na magnetit.

Strukturné-fazova analyza pfipravené¢ho materidlu potvrdila pfitomnost pouze kubické
spinelové struktury s prostorovou grupou Fd3m typické pro magnetit/maghemit. Zadné dalsi
faze nebyly identifikovany. Ackoliv miizkovy parametr a=0,8394 nm poukazuje na
prakticky stechiometricky magnetit, Mossbauerovské spektrum poukazuje spiSe na magnetit
s mirnou nestechiometrii. Pfipraveny material si zaroven zachovavad unikatni morfologii

prekurzoru (viz Obr. 2.3.1.2).
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Obr. 2.3.1.1. Vyvoj RTG difrakénich zdznam® v pribc¢hu ptipravy Fe;O4 s unikétni

morfologii z amorfniho Fe;Os v redukéni vodikové atmosfére.

Obr. 2.3.1.2. Snimek pfipravené¢ho Fe;Oy4 s unikatni morfologii potfizeny pomoci SEM.

Zavér

Cilem této kapitoly bylo pfedstavit podminky pfipravy magnetitu termicky indukovanou
redukci a krystalizaci amorfniho oxidu Zelezit¢tho ve vodikové atmosféfe tak, aby byla
zachovana unikatni morfologie prekurzoru. Proto byla zvolena relativné nizka teplota, ktera

ale zaroven byla dostatecnd k redukci oxidu zelezit¢tho na magnetit. Takto pfipraveny

material je vhodny pro katalytické aplikace.
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2.3.2. Priprava nanocastic Higgova karbidu pro elektrochemické aplikace

Ackoliv karbidy zeleza obecné nejsou z pohledu svych vlastnosti a pouziti ve veéde
novymi materialy, s rozvojem nanotechnologii se v poslednich letech staly opét zajimavym
tématem. To je zplsobeno mozZnosti produkovat je ve formé& nanocastic, které¢ vykazuji
specifické vlastnosti a nabizeji nové aplikace napft. v oblasti elektrochemickych senzord. Tato
kapitola si klade za cil pfedstavit pfipravu nanocastic karbidi Zeleza obsahujicich az
95 hm.% karbidu y-FesC, (tzv. Hiaggova karbidu), ktery je vhodny naptiklad pro detekci

antibiotik na bazi metrodiazolu.

Piiprava Higgova karbidu

K ptipravé metastabilniho Higgova karbidu bylo vyuzito poznatki prezentovanych
v kapitole 2.1.2 (Termicky indukované transformace [-Fe;Os v riiznych atmosférach),
konkrétné transformacniho experimentu B-Fe,O; v atmosféfe oxidu uhelnatého. Jelikoz se
v tomto experimentu objevil Hagglv karbid pii teplotach 700 a 725 °C v mnozstvi témer
70 hm.%, byl zvolen stejny postup ptipravy, ktery byl ale ukoncen po 10 min zihani po
dosazeni teploty 700 °C. Ackoliv mechanismus transformace obsahuje nékolik na sebe
vzajemné navazujicich krokl a je tedy pomémé slozity a tudiz logicky citlivéjsi 1 na drobné
zmény experimentalnich podminek (napf. fluktuace pritoku plynu, rychlost ohfevu,
stabilizace teploty, atd.), dochazi pii opakovani ¢asti experimentu pouze k mirnému
zpomaleni kinetiky transforma¢niho mechanismu (zejména pii niZSich teplotach). Takovy
rozdil 1ze vysvétlit mnoZzstvim materidlu pouZzitého k experimentim VT-XRD. Zatimco pfi
experimentech zaméfenych na transformacni mechanismy (viz kapitola 2.1.2) bylo pouzito
pouze 40 mg vzorku, pii ptipravé Hiaggova karbidu (tato kapitola) bylo mnozstvi materialu
100 mg. Vétsi mnozstvi materidlu zplisobuje zpozdéni transformacnich procestt (viz
Obr. 2.3.2.1), coz bylo potvrzeno i1 dal§imi (zde neprezentovanymi) experimenty. Mnozstvi
materidlu navic ovlivnilo kinetiku reakce natolik, Ze pfipravovany vzorek obsahoval vyrazné

vice Hiaggova karbidu, nez v pfipad¢ studia reakénich mechanismil.
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Obr. 2.3.2.1. (a) Vyvoj RTG difrakénich zdznamut a (b) kvantifikace fazového zastoupeni
v prubehu ptipravy Higgova karbidu v atmosféte CO.

Ptipraveny materidl je z pohledu fazového zastoupeni (Obr. 2.3.2.2a) tvofen dominantné
Haggovym karbidem (95 hm.%) a malym mnozstvim cementitu (FesC, 5 hm.%). Mnozstvi
Héggova karbidu ve vzorku navic naznacuje, Ze jeho relativni zastoupeni v pribéhu chlazeni
pii VT-XRD neklesalo, spiSe naopak, vlivem dobihajici reakce jesté nariistalo, coz potvrzuje

1 Mossbauerovské spektrum (Obr. 2.3.2.2b).
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Obr. 2.3.2.2. (a) RTG difrakéni zdznam vcetné kvantifikace fazového zastoupeni a (b)
Mossbauerovské spektrum méfené pii pokojové teploté pfipraveného materidlu.

Zavér

Cilem této kapitoly bylo predstavit termicky indukovanou pifipravu Higgova karbidu.
K ptipravé byly vyuzity diive ziskané poznatky, které spolu s dalsi optimalizaci podminek
vedly k pfipravé materidlu s obsahem Héggova karbidu az 95 hm.%. Byla také ovéfena
reprodukovatelnost VT-XRD experimentil a diskutovany parametry, které¢ ji ovliviuji.

Ptipraveny material byl pouzit pro detekci nékterych antibiotik, naptiklad téch na bazi

metrodiazolu.
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2.3.3. Kompozitni materialy na bazi nZVI ve vapenaté matrici

Kompozitni materidly na bazi elementarniho Zeleza imobilizovaného v matrici mohou byt
znaCnym piinosem v oblasti c¢iSténi kontaminovanych odpadnich a povrchovych vod.
Vyhodou takovych materidli je kombinace redukcnich vlastnosti elementarniho Zzeleza
a specifickych vlastnosti matrice. Cilem této kapitoly je prezentovat pfipravu a vlastnosti
kompozitnich materiald na bazi nZVI ve vapenaté matrici (CaO, CaCOs3) pfipravenych
termicky indukovanou redukci odpadniho kalu, ajejich nasledného pouziti k odstranéni

nebezpecnych kovil z redlné dilni vody.

Charakterizace odpadniho kalu pouzitého k piipravé kompozitnich materiali

Vyhodou kalu pouzitého k piipravé kompozitnich materiald je jeho dostupnost ve velkém
mnozstvi. Materialy tohoto typu jsou produkovany jako odpadni kaly po neutralizaci vody
vytékajici z dllnich Sachet a obvykle dochézi k jejich sklddkovani, protoZze pro né neexistuje
dostate¢né praktické vyuziti. Tyto materidly k pfipravé kompozitnich materialii jsou také
obvykle bohaté na obsah Zeleza a vapniku (Fe z dilnich vod a Ca z procesu neutralizace vody
s vyuzitim CaO), coz potvrzuje i prvkova analyza kalu pouzitého v této studii (obsah Fe
8,2 hm.% a Ca 29,7 hm.%; stanoveni pomoci RTG fluorescencni spektroskopie). JelikozZ kal
vznikd zejména srdZenim v kapalném prostfedi, které obvykle vede ke vzniku
nekrystalickych nebo malo krystalickych fazi, strukturné-fazova analyza odhalila pfitomnost
pouze CaCO; (Obr.2.3.3.1a). Analyza Zelezo obsahujicich fazi pomoci Mdssbauerovy
spektroskopie (Obr. 2.3.3.1b), provedena vzhledem k relativné€ vysokému obsahu Fe, odhalila
pfitomnost amorfniho (oxy-)hydroxidu Zelezitého. Z morfologického pohledu je material
tvofen mikrokrystaly CaCOs, jejichz povrch je pokryt vlockovitymi utvary typickymi pro
(oxy-)hydroxidy Fe (Obr. 2.3.3.1c,d).
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Obr. 2.3.3.1. (a) RTG difrakéni zaznam, (b) Mossbauerovské spektrum a (c,d) SEM snimky
odpadniho kalu pouzitého jako prekurzor pro pripravu kompozitnich materiali.

Piiprava kompozitnich materiali na bazi nZVI ve vapenaté matrici

Hlavnim cilem termicky indukované pfipravy kompozitnich materiali v redukéni
atmosféte bylo docilit redukce (oxy-)hydroxidii Zeleza na a-Fe. Teplotni podminky, pfi nichZ
dochdzi k redukci nékterych polymorfli oxidl Fe,O; ve vodiku, jiz byly v pfedchozich
kapitolach této prace uvedeny, nicméné v tomto konkrétnim ptipadé se jedna o material
tvofeny (oxy-)hydroxidem, ktery navic obsahuje také velké mnozstvi CaCOs. Proto byla
pfipravena série materialii, které byly redukovany pii rtiznych teplotach. Uvedeny zpusob
pfipravy zaroven umoziluje relativné snadno zvétsit objem pfipravovaného materidlu
optimalizaci reak¢nich podminek (pro mnozstvi v fadu jednotek kg byla jiz moznost pfipravy
vybranych kompozitii experimentalné ovéfena) a bylo by mozné jej nésledné vyuzit pii
piipravé vybranych materialti vhodnych pro realné aplikace.

Zmény ve fazovém slozeni pfipravenych kompozitnich materiala (difrakéni zdznamy,
Maossbauerovskd spektra a kvantifikace relativniho zastoupeni krystalickych a zelezo
obsahujicich fazi znazorniuje Obr. 2.3.3.2) jsou patrné ve vSech pfipravenych vzorcich.
Nejvyznamnéjs$i je pfitomnost o-Fe naznacujici, ze redukce (oxy-)hydroxidu Zzelezitého
probiha jiz pfi teploté 350 °C. S jejim zvySovanim dochézi k dal§imu naridstu zastoupeni a-Fe

na ukor Fe(Ill). Pfi nizSich transformacnich teplotach vznikd a-Fe ve formé¢ nanocastic
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s MCL mezi 40 a 70 nm, které se se zvysujici se teplotou vyrazné zvétsuji (Obr. 2.3.3.2d).
Vedle redukce Fe(Ill) na a-Fe dochazi pii teplotich od 450 °C k rozkladu CaCOs na CaO.
Ten je doprovazen produkci CO a CO;, z nichz zejména CO funguje jako zdroj uhliku pro
tvorbu krystalického karbidu Zeleza Fe;C pii teplotach 450 a 500 °C.'"* Karbidy Zeleza
v nekrystalické formé ziejmé tvofti tenkou slupku na povrchu nZVI a jsou proto zodpovédné

za stabilitu pfipravenych kompozitnich materidli na vzduchu.
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Obr. 2.3.3.2. (a) RTG difrakéni zdznamy a (b) Mdssbauerovska spektra piipravenych
kompozitnich materiali, (c¢) kvantifikace fazového zastoupeni (z XRD), (d) vyvoj MCL pro
a-Fe a(e) kvantifikace relativniho zastoupeni zelezo obsahujicich fazi (z Mdssbauerovy
spektroskopie).

Fyzikalné-chemicka chrakterizace vybranych kompozitnich materiald

Na zékladé¢ provedené detailni fazové analyzy piipravenych kompozitnich materiali byly

pro dalsi studium fyzikalné-chemickych vlastnosti a efektivity odbourani nebezpecnych kovt
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vybrany dva, které se vyrazné liSily ve slozeni vapenaté matrice. Jednalo se o materidly
ptipravené pii teplotach 400 a 550 °C, jejichz matrice byla dominantné tvoiena CaCO; (pfi
400 °C, dale oznacen jako nZVI@CaCO;) a CaO (pii 550 °C, dale oznacen jako
nZVIi@CaO).

Vzhledem k povaze kompozitnich materiali obsahujicich zejména a-Fe a CaCO3/CaO byl
pted jejich pouzitim pro odstranéni kontaminace z redlné dulni vody testovan také jejich vliv
na fyzikalné-chemické parametry vodného prostiedi (tj. ORP a pH). Pii tomto testovani byly
kompozitni materidly doplnény o NF _STAR. Vyvoj OPR a pH v prtib¢hu 24 hod je patrny
z Obr. 2.3.3.3a,b. Dle ocekavani byla hodnota ORP ovlivnéna zejména mnozstvim a-Fe,
protoze nejveétsi pokles zaznamenal NF_STAR, konkrétné z ptivodnich 620 az na —430 mV.
Kompozitni materidly zaznamenaly mensi pokles (na hodnoty —50, respektive —100 mV), coz
je evidentné zpiisobeno mensim obsahem o-Fe. Vedle zmény ORP materidly vyrazné
ovlivnily také pH, které u vstupni vody c¢inilo 2,3. Nejvyraznéji ovlivnil hodnotu pH (az na
hodnotu 12,3) kompozit obsahujici matrici tvofenou zejména CaO, nicméné ostatni materialy

zpusobily také zietelny nartst (na hodnoty mezi 6 a 7).

Odstranéni nebezpe¢nych kovii z kontaminované diilni vody

Pti testovani zaméfeném na odbourani nebezpecnych kovl z kontaminované dilni vody
byla sledovana zejména celkovd efektivita kompozitnich materidld, pficemz mozné
mechanismy odbourani kontaminantii jsou zde pouze nastinény. Zde je dilezité zdlraznit, ze
mechanismus odbourani nebezpec¢nych kovill v redlné vodé obsahujici n€kolik kovli soucasné
je znaéné slozitd zalezitost, protoze reakce pouzitého materidlu s konkrétnim sledovanym
kovem muze byt ovlivnéna 1 ostatnimi pfitomnymi kovy.

Celkova koncentrace sledovanych kovu (Al, Cd, Cr, Cu, Ni, Pb, Zn) v redlné vod¢ Cinila
témeét 52 mg/l, z této hodnoty tvofil témét 40 mg/l zinek. Efektivita odstranéni kovl se
u testovanych materidlti vyrazné liSila a pohybovala se v rozmezi od 28 % pro kompozit
nZVI@CaCOs; do 99 % pro kompozit nZVI@CaO (Obr. 2.3.3.3¢). Je ovSem dulezité
zdaraznit, ze vyznamnou roli pfi stanoveni celkové efektivity hraje jiz zminény zinek.
Komer¢ni NF_STAR dokazal odstranit 84 % z celkové kontaminace. Efektivitu odbourani
nebezpecnych kovl jednotlivymi testovanymi materidly ovliviiuji tii zékladni procesy:
(1) ptirozeny vyvoj koncentrace rozpustnych iont v €ase; (ii) redukce a/nebo sorpce ionti
nebezpecnych kovli pomoci nZVI; (iii) chemické srdzeni nebezpecnych kovi zplisobené
vyraznou zménou okolnich podminek (zvySenim pH a sniZenim ORP), pficemZ mechanismus

v

precipitace rozpusténych iontli zvySenim pH do zasaditéjSich hodnot obvykle vede ke vzniku
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nerozpustnych (oxy-)hydroxidd, uhlicitanti, a dalSich fazi (v zavislosti na aniontech

ptitomnych v testované vodg¢).

(a?m_ P, . N (b) (C) NF_STAR Cd
121 - i
‘ 4 Blank 4— Blank ] Cr
4001 —e—NF_STAR 10 ~e— NF_STAR nZVI@CaCo, I Cu
S 200l | —+— nZVI@Caco, —*— nZVI@Caco, B Fo
E 00 < nZVI@Ca0 8 | nZVi@Ca0 .
Ml 2l B
i [ ) : [ Al
© 200 4l [ 12zn
(R ]
-600 1 . . . r 0l . I e
0 20 25 20 25 0,0 10 20 30 40 50

*25 Polutanta (mgiL)

Obr. 2.3.3.3. Vyvoj (a) ORP a (b) pH behem 24 hod po smichidni Fe-nanokompoziti
s kontaminovanou vodou, (c) zbytkova koncentrace polutantli v kontaminované dalni vodé
po 24hod bez (Blank) a po aplikaci NF STAR a nanokompoziti nZVI@CaCOj;
anZVI@CaO.

5 _10 15 5 _10 15
Cas (hod) Cas (hod)

Zavér

Tato kapitola se zabyvala vyuzitim odpadniho kalu k pfipravé kompozitnich materialii na
bazi nZVI ve véapenaté matrici a jejich fyzikdlné-chemickymi charakteristikami. Na zakladé
téchto vysledkl byly vybrany dva kompozitni materidly s riznym fazovym slozenim matrice,
které byly dale pouZity k testovani efektivity odbourani nebezpec¢nych kovi z kontaminované
dilni vody. Jako velmi efektivni pro odbourani Siroké $kaly nebezpecnych kovl obsaZenych
v dilni vodé se jevil kompozitni materidl nZVI v matrici tvoiené CaO, jenz dokazal odstranit
az 99 % kontaminace. Ackoliv byla v ramci kapitoly sledovana zejména efektivita odbourani

nebezpecnych kovi, stru¢né byly nastinény také mozné mechanismy jejich odbourani.
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Zaveér

Tato disertacni prace je zaméfena na materialové aspekty nanocastic kovového zeleza —
nZVI: jejich ptipravu, vlastnosti, modifikace a vyuziti v oblasti environmentalnich aplikaci.
Jednim z hlavnich cili této prace bylo shrnout aktudlné¢ vyuzivané zpusoby piipravy
a modifikaci nZVI. Vzhledem k tomu, Ze pifi redlnych environmentalnich aplikacich se
vyuziva hlavné nZVI piipravené termicky indukovanou redukci oxidli nebo oxyhydroxida
zeleza, je témto procesim vénovana podstatna ¢ast této prace. Stézejni technikou, ktera byla
vyuzita pro in situ monitorovani pribéhu transformac¢nich procesti v ramci celé disertacni
prace, je vysokoteplotni RTG préaskova difrakce.

Uvodni kapitoly vysledkové ¢asti se vénuji pravé termicky indukovanym transformaénim
procesim vybranych forem oxidil Zeleza v riznych atmosférach se specidlnim zamétenim na
redukéni procesy vedouci k pripravé nZVI. Predstaveny jsou mechanismy jednotlivych
transformaci v atmosférach riznych plyniti. Jelikoz redukce maghemitu na elementarni zelezo
ve vodikové atmosféfe probiha pfes magnetit, je v této praci uvedena také kapitola zabyvajici
se strukturnimi aspekty transformace maghemitu na magnetit. Jsou v ni uvedeny zptisob
ptipravy a detailni fyzikdlné chemicka charakterizace série magnetitl s rtiznou mirou
stechiometrie. Bylo prokazano, Ze vysledky z Mdssbauerovy spektroskopie, RTG difrakce
a magnetizacnich méteni jsou ve velmi dobré korelaci a vlastnosti pfipravenych materiall se
meni v zavislosti na mife stechiometrie.

Stézejni Cast disertacni prace je zaméfena na piipravu na vzduchu stabilnich nZVI, které
by si zachovaly schopnost efektivné degradovat polutanty. Za timto Gcelem je piedstavena
pfiprava nZVI C¢astic stabilizovanych pomoci cileného vytvofeni oxidické slupky
s kontrolovanou tloustkou mezi 4 a 10 nm. Slupka vyznamné ovliviiuje morfologické,
strukturni 1 magnetické vlastnosti pfipravenych materidli a stabilizuje je pied vzdu$nou
oxidaci, coz bylo prokdzano nezavisle na jeji tlouStce. Na reaktivitu ma potom vliv nejen
tloustka slupky, ale také, a to prevazné, jeji charakter. Zatimco tenkd slupka je kompaktni na
povrchu celé Castice, siln€jsi slupky jsou defektni, diky ¢emuz miize k transferu elektronti
dojit mnohem snadnégji. Tato studie tak popisuje materidl, ktery lze s vyhodou pouzit
alternativné ke konven¢né pouzivanému nZVI s tenkou oxidickou slupkou, ktery je ovSem
potieba pired aplikaci reaktivovat, coz je proces trvajici nejméné 24 hodin a je nezbytné jej
provést idedlné ptimo na dané lokalité, kde bude probihat pouziti nZVI k dekontaminaci vod.

V posledni casti disertacni prace je predstavena termicky indukovana piiprava nékolika

aplikacné zajimavych nanomaterial (zahrnujicich ¢astice magnetitu se specialni morfologii,
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nanocastice Haggova karbidu nebo kompozitni materialy na bazi nZVI imobilizované¢ho ve
vapenaté matrici), pfi niz byly vyuzity poznatky plynouci z tvodnich kapitol vysledkové
¢asti. Z pohledu této prace jsou nejvyznamnéjSimi zastupci uvedené c¢asti kompozitni
materidly na bazi nZVI ve vépenaté matrici, obzvlast¢ material nZVI@CaO. Pii aplikaci
materidlu pro dekontaminaci redlné dalni vody totiz dochdzi k synergickému efektu
redukénich schopnosti nZVI, sorpcnich vlastnosti matrice a zmény podminek v prostiedi
(vyrazné zvySeni pH) zplsobujici precipitaci iontti nékterych nebezpecnych kovi do jejich
netoxickych forem. Diky tomu je tento kompozitni material velice efektivni pravé na realné

dilni vody kontaminované soucasné Sirokou Skalou riiznych nebezpecnych kovi.

44



Seznam publikaci, na nichZ se autor této diserta’ni prace podilel jako

hlavni autor nebo spoluautor v obdobi 2012 az 2018

[i]

[iii]

[v]

Kaslik, J., Filip, J., Sedénkova, V., Tugek, J., Cuda, J., Zbofil, R., 2012. Thermally
induced solid-state route towards magnetite nanoparticles with controlled
stoichiometry. In: AIP conference proceedings: Mossbauer Spectroscopy in Materials
Science — 2012: June 11— 15, 2012, Olomouc, Ceskd republika. Mellvile, American
Institute of Physics, s. 75-87.

Petr, M., Siskova, K., Machala, L., Kaslik, J., Safatové, K., Zbotil, R., 2012. Laser-
Induced Transformations of Zero-Valent Iron Particles. In: AIP conference
proceedings: Mossbauer Spectroscopy in Materials Science — 2012: June 11—
15,2012, Olomouc, Ceskda republika. Mellvile, American Institute of Physics,
s. 47-55.

Mashlan, M., Martinec, P., KaSlik, J., Kovarova, E., Scucka, J., 2012. Mossbauer
Study of Transformation of Fe Cations during Thermal Treatment of Glauconite in
Air. In: AIP conference proceedings: Mossbauer Spectroscopy in Materials Science —
2012: June 11— 15, 2012, Olomouc, Ceskd republika. Mellvile, American Institute of
Physics, s. 169-173.

Kozak, O., Datta, K.K.R., Greplova, M., Ranc, V., Kaslik, J., Zboftil, R., 2013.
Surfactant-Derived Amphiphilic Carbon Dots with Tunable Photoluminescence. The

Journal of Physical Chemistry C. 117(47), 24991-24996.

Siskova, K.M., Machala, L., Tugek, J., Kaslik, J., Mojzes, P., Zboftil, R., 2013.
Mixtures of 1-Amino Acids as Reaction Medium for Formation of Iron Nanoparticles:
The Order of Addition into a Ferrous Salt Solution Matters. International Journal of

Molecular Sciences. 14(10), 19452-19473.

Malina, O., Kaslik, J., Tuéek, J., Cuda, J., Mediik, 1., Zbofil, R., 2014, Thermally-
induced solid state transformation of B-Fe,O3; nanoparticles in various atmospheres.
In: AIP conference proceedings: Mossbauer Spectroscopy in Materials Science —
2014: May 26 — 30, 2014, Hlohovec u Breclavi, Ceskad republika. Mellvile, American
Institute of Physics, s. 89-96.

45



[vii]

[viii]

[xii]

[xiii]

[xiv]

Markova, Z., Novék, P., Kaslik, J., Plachtova, P., Brazdova, M., Janéula, D., Siskova,
K.M., Machala, L., Marsalek, B., Zbofil, R., Varma, R., 2014. Iron(IL,III)-Polyphenol
Complex Nanoparticles Derived from Green Tea with Remarkable Ecotoxicological

Impact. ACS Sustainable Chemistry & Engineering. 2(7), 1674-1680.

Magro, M., Baratella, D., Salviulo, G., Poldkova, K., Zoppellaro, G., Tucek, J.,
Kaslik, J., Zboftil, R., Vianello, F., 2014. Synthesis, characterization, and properties of
core-shell nanoparticles based on Prussian Blue coating on Surface Active Maghemite

Nanoparticles. Biosensors & Bioelectronics. 52, 159-165.

Ranc, V., Markova, Z., Hajduch, M., Prucek, R., Kvitek, L., Kaslik, J., Safafova, K.,
Zbotil, R., 2014. Magnetically Assisted Surface-Enhanced Raman Scattering Selective
Determination of Dopamine in an Artificial Cerebrospinal Fluid and a Mouse Striatum

Using Fe;04/Ag Nanocomposite. Analytical Chemistry. 86(6), 2939-2946.

Kohout, T., Cuda, J., Filip, J., Britt, D., Bradley, T., Tucek, J., Skala, R., Kletetchska,
G., Kaslik, J., Malina, O., Siskova, K., Zbofil, R., 2014. Space weathering
simulations through controlled growth of iron nanoparticles on olivine. Icarus. 237,

75-83.

Malina, O., Tucek, J., Jakubec, P., Kaslik, J., Mediik, 1., Tokoro, H., Yoshikiyo, M.,
Namai, A., Ohkoshi, S., Zbofil, R., 2015. Magnetic ground state of nanosized -Fe,O;
and its remarkable electronic features. RSC Advances. 5(61), 49719-49727.

Sabikoglu, 1., Parali, L., Malina, O., Novak, P., Kaslik, J., Tucek, J., Pechousek, J.,
Navaiik, J., Schneeweiss, O., 2015. The effect of neodymium substitution on the

structural and magnetic properties of nickel ferrite. Progress in Natural Science-

Materials International. 25(3), 215-221.

Smrcka, D., Prochazka, V., Novak, P., Kaslik, J., Vrba, V., 2016. Iron Oxalate
Decomposition Process by Means of Mossbauer Spectroscopy and Nuclear Forward
Scattering. In: AIP conference proceedings: Mossbauer Spectroscopy in Materials
Science — 2016: May 23 — 27, 2016, Liptovsky Jan, Slovensko. Mellvile, American
Institute of Physics, 020012.

Slovédk, P., Malina, O., Kaslik, J., Tomanec, O., Tucek, J., Petr, M., Filip, J.,
Zoppellaro, G., Zboftil, R., 2016. Zero-Valent Iron Nanoparticles with Unique

46



[xvi]

[xvii]

Spherical 3D Architectures Encode Superior Efficiency in Copper Entrapment. ACS
Sustainable Chemistry & Engineering. 4(5), 2748—2753.

Malina, O., Jakubec, P., Kaslik, J., Tucek, J., Zbofil, R., 2017. A simple high-yield
synthesis of high-purity Hégg carbide (y-FesC,) nanoparticles with extraordinary
electrochemical properties. Nanoscale. 9(29), 10440-10446.

Lhotsky, O., Krékorova, E., Masin, P., Zebrak, R., Linhartova, L., Kiesinova, Z.,
Kaslik, J., Steinova, J., Rodsand, T., Filipova, A., Petra, K., Kroupova, K., Cajthaml,
T., 2017. Pharmaceuticals, benzene, toluene and chlorobenzene removal from
contaminated groundwater by combined UV/H,O, photo-oxidation and aeration.

Water Research. 120, 245-255.

Datta, K.J., Rathi, A.K., Kumar, P., KaSlik, J., Medrik, 1., Ranc, V., Varma, R.S.,
Zboril, R., Gawande, M.B., 2017. Synthesis of flower-like magnetite nanoassembly:

Application in the efficient reduction of nitroarenes. Scientific Reports. 7, 11585.

[xviii] Filip, J., Soukupova, J., Kaslik, J., Slunsky, J., Zbofil, R., 2018. Nano Zerovalent Iron

[xix]

[xxi]

(nZVI) Particles for Groundwater and Soil Treatment: Monitoring and Control of
Their Solid State Synthesis, Stability, and Activity. In: Litter, M. L., Quici, N.,
Meichtry, M., Quimica, G. [ron Nanomaterials for Water and Soil Treatment.

Singapore: Pan Stanford, s. 119-148. ISBN 978-981-4774-67-3.

Kaslik, J., Kolaftik, J., Filip, J., Mediik, 1., Tomanec, O., Petr, M., Malina, O., Zbofil,
R., Tratnyek, P.G., 2018. Nanoarchitecture of advanced core-shell zero-valent iron
particles with controlled reactivity for contaminant removal. Chemical Engineering

Journal. 354, 335-345.

Semerad, J., Cvanéarova, M., Filip, J., Kaslik, J., Zlota, J., Soukupova, J., Cajthaml,
T., 2018. Novel assay for the toxicity evaluation of nanoscale zero-valent iron and
derived nanomaterials based on lipid peroxidation in bacterial species. Chemosphere.

213, 568-577.

Pechousek, J., Koufil, L., Novak, P., Kaslik, J., Navarik, J., Austenitemeter —
Mossbauer spectrometer for rapid determination of residual austenite in steels.

Measurement. Akceptovano 8. 9. 2018.

47



Literatura

PN

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

20.

21.

22.
23.

24.

25.

R. M. Cornell and U. Schwertmann, The Iron Oxides: Structure, Properties,
Reactions, Occurrences and Uses, WILEY-VCH Verlag GmbH, Weinheim, Second,
Completely Revised and Extended Edition edn., 2003.

J. P. Sanders and P. K. Gallagher, Journal of Thermal Analysis and Calorimetry,
2003, 72, 777-789.

J. Tucek, L. Machala, S. Ono, A. Namai, M. Yoshikiyo, K. Imoto, H. Tokoro,
S. Ohkoshi and R. Zbofil, Scientific Reports, 2015, 5, 15091.

L. Machala, R. Zboril and A. Gedanken, Journal of Physical Chemistry B, 2007, 111,
4003-4018.

L. Machala, J. Tuéek and R. Zbotil, Chemistry of Materials, 2011, 23, 3255-3272.

S. Lee and H. F. Xu, Journal of Physical Chemistry C, 2016, 120, 13316-13322.

S. Deka and P. A. Joy, Journal of Materials Chemistry, 2007, 17, 453-456.

M. Oc¢wieja, A. Wegrzynowicz, J. Maciejewska-Pronczuk, P. Michorczyk,
Z. Adamczyk, M. Roman and E. Bielanska, Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2017, 523, 71-80.

E. Schmidbauer and M. Keller, Journal of Magnetism and Magnetic Materials, 2006,
297, 107-117.

W. K. Jozwiak, E. Kaczmarek, T. P. Maniecki, W. Ignaczak and W. Maniukiewicz,
Applied Catalysis A: General, 2007, 326, 17-27.

U. Colombo, F. Gazzarrini and G. Lanzavecchia, Materials Science and Engineering,
1967, 2, 125-135.

H.-Y. Lin, Y.-W. Chen and C. Li, Thermochimica Acta, 2003, 400, 61-67.

D. Wagner, O. Devisme, F. Patisson and D. Ablitzer, San Diego, 2006.

O. Schneeweiss, R. Zbofil, B. David, M. Hefmanek and M. Mashlan, Hyperfine
Interactions, 2009, 189, 167-173.

K. Mondal, H. Lorethova, E. Hippo, T. Wiltowski and S. B. Lalvani, Fuel Processing
Technology, 2004, 86, 33-47.

Z. Orolinova, A. Mockovciakova, V. Zelendk and M. Myndyk, Journal of Alloys and
Compounds, 2012, 511, 63-69.

C. A. Gorski and M. M. Scherer, American Mineralogist, 2010, 95, 1017-1026.

G. M. da Costa, E. de Grave, P. M. A. de Bakker and R. E. Vandenberghe, Clays and
Clay Minerals, 1995, 43, 656-668.

J. B. Yang, X. D. Zhou, W. B. Yelon, W. J. James, Q. Cai, K. V. Gopalakrishnan,
S. K. Malik, X. C. Sun and D. E. Nikles, Journal of Applied Physics, 2004, 95,
7540-7542.

D. E. Latta, C. A. Gorski, M. L. Boyanov, E. J. O’Loughlin, K. M. Kemner and
M. M. Scherer, Environmental Science & Technology, 2011, 46, 778-786.

C. A. Gorski and M. M. Scherer, Environmental Science & Technology, 2009, 43,
3675-3680.

R. L. Rebodos and P. J. Vikesland, Langmuir, 2010, 26, 16745-16753.

R. Aragén, P. M. Gehring and S. M. Shapiro, Physical Review Letters, 1993, 70,
1635-1638.

J. Filip, R. Zboril, O. Schneeweiss, J. Zeman, M. Cernik, P. Kvapil and M. Otyepka,
Environmental Science & Technology, 2007, 41, 4367-4374.

J. Filip, J. Soukupovad, J. Kaslik, J. Slunsky and R. Zbofil, in Iron Nanomaterials for
Water and Soil Treatment, ed. M. 1. Litter, Quici, N., Meichtry, M., Pan Stanford,
New York, 2018, ch. 6.

48



26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.
47.

48.

49.

50.

51.

Y. Liu, S. A. Majetich, R. D. Tilton, D. S. Sholl and G. V. Lowry, Environmental
Science & Technology, 2005, 39, 1338-1345.

Y. Q. Liu and G. V. Lowry, Environmental Science & Technology, 2006, 40,
6085-6090.

J. Filip, F. Karlicky, Z. Marusak, P. Lazar, M. Cernik, M. Otyepka and R. Zbotil,
Journal of Physical Chemistry C, 2014, 118, 13817-13825.

P. Oprckal, A. Mladenovi¢, J. Vidmar, A. M. Pranji¢, R. Milaci¢ and J. Séanéar,
Chemical Engineering Journal, 2017, 321, 20-30.

J. Kruger and H. T. Yolken, Corrosion, 1964, 20, T29-T33.

J. X. Ma, D. He, R. N. Collins, C. S. He and T. D. Waite, Water Research, 2016, 105,
331-340.

D. Ribas, M. Cernik, J. A. Benito, J. Filip and V. Marti, Chemical Engineering
Journal, 2017, 320, 290-299.

K. Sohn, S. W. Kang, S. Ahn, M. Woo and S. K. Yang, Environmental Science
& Technology, 2006, 40, 5514-5519.

J. E. Martin, A. A. Herzing, W. Yan, X. Q. Li, B. E. Koel, C. J. Kiely and
W. X. Zhang, Langmuir, 2008, 24, 4329-4334.

E. Lefevre, N. Bossa, M. R. Wiesner and C. K. Gunsch, Science of the Total
Environment, 2016, 565, 889-901.

A. Tiraferri, K. L. Chen, R. Sethi and M. Elimelech, Journal of Colloid and Interface
Science, 2008, 324, 71-79.

T. Phenrat, T. C. Long, G. V. Lowry and B. Veronesi, Environmental Science
& Technology, 2009, 43, 195-200.

J. T. Nurmi, P. G. Tratnyek, V. Sarathy, D. R. Baer, J. E. Amonette, K. Pecher,
C. M. Wang, J. C. Linehan, D. W. Matson, R. L. Penn and M. D. Driessen,
Environmental Science & Technology, 2005, 39, 1221-1230.

F. L. Fu, D. D. Dionysiou and H. Liu, Journal of Hazardous Materials, 2014, 267,
194-205.

W. Wang, Z. H. Jin, T. L. Li, H. Zhang and S. Gao, Chemosphere, 2006, 65,
1396-1404.

J. Qiao, Y. D. Song, Y. Sun and X. Guan, Chemical Engineering Journal, 2018, 353,
246-253.

A. A. Keller, K. Garner, R. J. Miller and H. S. Lenihan, Plos One, 2012, 7, €43983.

J. Semerad, M. Cvandarova, J. Filip, J. Kaslik, J. Zlota, J. Soukupova and
T. Cajthaml, Chemosphere, 2018, 213, 568-577.

Y. Mu, F. L. Jia, Z. H. Ai and L. Z. Zhang, Environmental Science: Nano, 2017, 4,
27-45.

X. Zhao, W. Liu, Z. Cai, B. Han, T. Qian and D. Zhao, Water Research, 2016, 100,
245-266.

J. Adusei-Gyamfi and V. Acha, RSC Advances, 2016, 6, 91025-91044.

Z. Markova, K. M. Siskova, J. Filip, J. Cuda, M. Kolat, K. Safafova, 1. Mediik and
R. Zbotil, Environmental Science & Technology, 2013, 47, 5285-5293.

D. W. Elliott and W. X. Zhang, Environmental Science & Technology, 2001, 35,
4922-4926.

N. Ezzatahmadi, G. A. Ayoko, G. J. Millar, R. Speight, C. Yan, J. Li, S. L1, J. Zhu
and Y. Xi, Chemical Engineering Journal, 2017, 312, 336-350.

M. Liu, Y. Wang, L. Chen, Y. Zhang and Z. Lin, ACS Applied Materials
& Interfaces, 2015, 7, 7961-7969.

N. Cabrera and N. F. Mott, Reports on Progress in Physics, 1948, 12, 163-184.

49



52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

L. T. Kuhn, A. Bojesen, L. Timmermann, M. M. Nielsen and S. Merup, Journal of
Physics: Condensed Matter, 2002, 14, 13551-13567.

L. Signorini, L. Pasquini, L. Savini, R. Carboni, F. Boscherini, E. Bonetti, A. Giglia,
M. Pedio, N. Mahne and S. Nannarone, Physical Review B, 2003, 68, 195423.

D. O'Carroll, B. Sleep, M. Krol, H. Boparai and C. Kocur, Advances in Water
Resources, 2013, 51, 104-122.

E. Bonetti, L. Savini, A. Deriu, G. Albanese and J. Moya, Journal of Magnetism and
Magnetic Materials, 2003, 262, 132-135.

N. R. Tao, M. L. Sui, J. Lu and K. Lu, Nanostructured Materials, 1999, 11, 433-440.
B. Ileri, O. Ayyildiz and O. Apaydin, Journal of Hazardous Materials, 2015, 292,
1-8.

L. J. Matheson and P. G. Tratnyek, Abstracts of Papers of the American Chemical
Society, 1993, 205, 91-ENVR.

G. W. Reynolds, J. T. Hoff and R. W. Gillham, FEnvironmental Science
& Technology, 1990, 24, 135-142.

X. Q. Li, D. W. Elliott and W. X. Zhang, Critical Reviews in Solid State and
Materials Sciences, 2006, 31, 111-122.

C. B. Wang and W. X. Zhang, Environmental Science & Technology, 1997, 31,
2154-2156.

Y. Zou, X. Wang, A. Khan, P. Wang, Y. Liu, A. Alsaedi, T. Hayat and X. Wang,
Environmental Science & Technology, 2016, 50, 7290-7304.

Z. Q. Fang, J. H. Chen, X. H. Qiu, X. Q. Qiu, W. Cheng and L. C. Zhu, Desalination,
2011, 268, 60-67.

P. Bardos, C. Merly, P. Kvapil and H. P. Koschitzky, Remediation Journal, 2018, 28,
43-56.

H. T. Hai, H. Kura, M. Takahashi and T. Ogawa, Journal of Colloid and Interface
Science, 2010, 341, 194-199.

R. Shannon, Acta Crystallographica Section A, 1976, 32, 751-767.

J. Tucek, R. Zboril and D. Petridis, Journal of Nanoscience and Nanotechnology,
2006, 6, 926-947.

A. C. Doriguetto, N. G. Fernandes, A. I. C. Persiano, E. Nunes, J. M. Grenéche and
J. D. Fabris, Physics and Chemistry of Minerals, 2003, 30, 249-255.

J. Wang, Q. W. Chen, X. G. Li, L. Shi, Z. M. Peng and C. Zeng, Chemical Physics
Letters, 2004, 390, 55-58.

G. F. Goya, T. S. Berqud, F. C. Fonseca and M. P. Morales, Journal of Applied
Physics, 2003, 94, 3520-3528.

J. Bardeen, W. H. Brattain and W. Shockley, Journal of Chemical Physics, 1946, 14,
714-721.

Q. Wang, S. Lee and H. Choi, Journal of Physical Chemistry C, 2010, 114,
2027-2033.

S. Klimkova, M. Cernik, L. Lacinova, J. Filip, D. Jancik and R. Zboril, Chemosphere,
2011, 82, 1178-1184.

H. S. Kim, J. Y. Ahn, K. Y. Hwang, 1. K. Kim and 1. Hwang, Environmental Science
& Technology, 2010, 44, 1760-1766.

M. J. Alowitz and M. M. Scherer, Environmental Science & Technology, 2002, 36,
299-306.

50



	Nanoarchitecture of advanced core-shell zero-valent iron particles with controlled reactivity for contaminant removal
	Introduction
	Materials and methods
	nZVI synthesis
	Direct investigation of oxide shell creation
	Preparation of nZVI materials for detailed characterization and reactivity evaluation
	Reactivity evaluation
	Characterization techniques

	Results and discussion
	In situ monitoring of nZVI-surface oxidation
	Properties of advanced air-stable ZVI nanoparticles
	Structural, morphological and magnetic aspects
	Thermal and long-term stability

	Reactivity evaluation

	Conclusion
	Acknowledgement
	Author Contributions
	Supplementary data
	References

	Synthesis of flower-like magnetite nanoassembly: Application in the efficient reduction of nitroarenes

	Results and Discussion

	Conclusion

	Methods

	Materials. 
	Preparation of the magnetite catalyst. 
	General procedure for the reduction of nitrobenzene. 
	Characterization. 

	Acknowledgements

	Figure 1 Schematic illustration of the synthesis of Fe3O4 nanoflower.
	Figure 2 Evolution of X-ray diffraction patterns during in situ monitored thermally induced transformation of iron(III) oxide with ultra-small particles to magnetite in hydrogen gas atmosphere.
	Figure 3 (a) XRD pattern and (b) Mössbauer spectrum of magnetite.
	Figure 4 (a) SEM and (b) TEM image of magnetite.
	Figure 5 N2 adsorption-desorption isotherm of magnetite.
	Figure 6 Reaction conditions: Nitrobenzene (1 mmol), Hydrazine hydrate (200 µL), Fe3O4 (60 mg), EtOH (3 mL), temperature (90 °C), MW.
	Figure 7 Schematics of (a) direct reaction route for reduction of nitroarene to anilines and (b) mechanism of nitroarenes reduction over the surface of magnetite via direct route using hydrazine hydrate as hydrogen source.
	Table 1 Magnetite catalyzed catalytic reduction of nitrobenzene under microwave irradiationa.
	Table 2 Evaluation of different solvents for the reduction of nitrobenzenea.
	Table 3 Comparative evaluation of different iron species for the reduction of nitrobenzenea.
	Table 4 Catalytic reduction of nitro compoundsa.


	Button 1: 


